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ABSTRACT: When the biosynthesis of phylloquinone is inhibited in Synechocystis sp. PCC 6803 by
interrupting the menA or the menB gene, photosystem I (PS I) recruits plastoquinone-9 (Ap) to occupy the
A sites. In PS I from the menA and menB null mutants, forward electron transfer from the quinone to the
FeS clusters occurs approximately 1000 times slower than in wild-type PS I [Semenov, A. Yu., Vassiliev,
I. R., van der Est, A., Mamedov, M. D., Zybailov, B., Shen, G., Stehlik, D., Diner, B. A., Chitnis, P. R.,
and Golbeck, J. H. (2000) J. Biol. Chem. 275, 23429—23438]. To investigate the effect on thermodynamics,
the enthalpy and volume changes of charge separation in PS I in the menA and menB mutants were
measured using pulsed time-resolved photoacoustics on the nanosecond and microsecond time scales.
The observed thermodynamic data are the same for the menA and menB mutants. This is expected because
the recruited quinone (Ap) is the same in both mutants. The volume change of PS I from the mutants
following charge separation on both time scales was —17 £ 2 A3, less than that of the wild type, —21 A
The quantum yield of charge separation was found to be slightly lower (85 £ 9%) than that of wild-type
PS 1 (96 4 10%). The observed reaction is assigned to the formation of Psp"Ap~ from P;op*Ap. An
enthalpy change (AH) of —0.69 £ 0.07 eV was obtained for this reaction. In contrast, a larger enthalpy
change —0.8 eV for the formation of P;g9"A;~ from P;y* and an apparent entropy change (TAS, T = 25
°C) of —0.2 eV were obtained in wild-type PS I [Hou, H. J. M., and Mauzerall, D. (2006) J. Am. Chem.
Soc. 128, 1580—1586]. Taking the free energy to be —0.70 eV in PS I of the mutants, the apparent
entropy is close to zero in the mutants. Since the apparent entropy change for the overall reaction of the
production of Pspy"Fap~ from Pspo* is very likely the same as that of the wild type, +0.35 eV, this
implies that the reaction of P00 Ap Fas — PoTApFap~ in the mutants is almost completely entropy
driven (AG = —0.07 eV and TAS = +0.40 eV). These results show that not only the kinetics but also
the thermodynamics of electron transfer reactions in PS I are significantly affected by the recruitment of

the foreign plastoquinone-9 into the A, site.

Two types of photosynthetic reaction centers exist in
nature. Type I reaction centers incorporate a phylloquinone
or menaquinone as secondary acceptor, A,," and three tertiary
iron—sulfur cluster acceptors, Fx, Fg, and F5. Type II reaction
centers incorporate two quinone acceptors; Q, undergoes a
one-electron reduction, and Qg undergoes a two-electron
reduction with concomitant protonation. Oxygenic photo-
synthesis in cyanobacteria, algae, and higher plants involves
the serial cooperation of photosystem I (PS I), a type I
reaction center, and photosystem II (PS II), a type II reaction
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center (/). Both types of photosynthetic reaction centers
contain a quinone that operates as an intermediate electron
acceptor and as a one-electron carrier. However, the local
protein environment and chemical properties of the quinone
in these two types of reaction centers must be different. For
example, EPR measurements revealed that there are striking
differences in the binding and function of phylloquinone (A;)
in PS I and ubiquinone (Q,) in the bacterial center of
Rhodobacter sphaeroides, a type Il reaction center (2, 3).

! Abbreviations: A;, phylloquinone molecule a secondary electron
acceptor in wild-type PS I; Ap, plastoquinone-9 molecule recruited into
the A, site in PS I mutants replacing the phylloquinone; Asc, sodium
ascorbate, DM, n-dodecyl 3-D-maltopyranoside; HEPES, N-(2-hydroxy-
ethyl)piperazine-N’-2-ethanesulfonic acid; menA, gene that codes for
the 1,4-dihydroxy-2-naphthoate octaprenyl transferase in Synechocystis
sp. PCC 6803; menB, gene that codes for the 1,4-dihydroxy-2-naphthoic
acid synthase in Synechocystis sp. PCC 6803; MOPS, 3-(N-morpholi-
no)propanesulfonic acid; PA, photoacoustic(s); PMS, phenazine metho-
sulfate; PS I, photosystem I; TE, thermal efficiency; ®, quantum yield
of photochemistry in PS I; o, optical cross section; o’, apparent
expansivity, which is the thermal expansivity divided by the heat
capacity and density; k, compressibility; &, dielectric constant.
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Cyanobacterial PS I, a pigment—protein complex consist-
ing of at least 11 polypeptides embedded in the photosyn-
thetic membrane, catalyzes light-induced electron transfer
from reduced plastocyanin (or cytochrome c¢s) to oxidized
ferredoxin (or flavodoxin) (4, 5). The kinetics of electron
transfer in PS I has been established (6, 7). The energy of a
photon is absorbed by the light-harvesting chlorophylls. The
absorbed light energy is efficiently transferred to the primary
donor P (a pair chlorophyll @ molecules) in several hundred
femtoseconds. The excited P;o* passes an electron to the
primary acceptor A, (a chlorophyll ¢ monomer) in 3—14
ps. The reduced A, donates its electron to the secondary
acceptor A; (a phylloquinone) in 50 ps. The reduced A,
delivers its electron to Fx (an iron—sulfur cluster) in 20 and
200 ns. Finally, the reduced Fx~ gives its electron to F and
Fg in 50—200 ns.

The recent three-dimensional structure of cyanobacterial
PSTat 2.5 A resolution (8) and plant PS I at 3.4 A resolution
(9) has revealed much of the detailed orientation and binding
site of phylloquinone, thereby providing a solid basis for
structure and function studies at an atomic level. The kinetic
data of site-directed mutants from Chlamydomonas rein-
hardtii suggest that both of the phylloquinones in PS I are
involved in active electron transfer albeit with different
kinetic constants (/0—12). This observation is intriguing
because it indicates that both branches of electron transfer
factors are nearly equally active (about 60—65% A-side
electron transfer) in PS I of green alga. In contrast,
experimental data reported in cyanobacteria imply an asym-
metric electron transfer with approximate 75—80% A-side
electron transfer contribution (/3—16).

It has been generally accepted that unlike ubiquinone (Q4)
in bacterial centers from Rb. sphaeroides, which can be easily
replaced by a wide variety of different quinines, phyllo-
quinone is difficult to dislodge from the A; binding sites in
PST1(17, 18). A biological method to replace phylloquinone
was recently devised. Targeted inactivation of the menA and
menB genes that code for phytyl transferase and naphthoate
synthase in the phylloquinone biosynthetic pathway (/9)
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) has been
recruited into the A; site and functions as an efficient one-
electron electron carrier (20). Time-resolved optical studies
indicate the forward electron transfer from A;,” to Fx is
slowed 1000-fold, to 15 and 300 us, compared to 20 and
200 ns in the wild type (27). Given the altered kinetics of
electron transfer, it was of interest to investigate the effect
of these molecular replacements on the thermodynamics of
electron transfer in PS L.

Pulsed time-resolved photoacoustics can provide a direct
measurement of thermodynamic parameters such as volume
changes (AV) and enthalpy changes (AH) that accompany
electron transfer reactions (22—41). With prior knowledge
of the change in Gibbs free energy of the corresponding
reactions, the entropy change (TAS) of the reaction can be
calculated. This is an important parameter, knowledge of
which is required to fully understand the mechanism of
electron transfer, and it has been largely underreported in
the literature. The AH, AV, and TAS of electron transfer
in the photosynthetic reaction center from Rb. sphae-
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roides (18, 39) have been measured using pulsed photoa-
coustics. In oxygenic photosynthetic systems, the same
parameters of electron transfer in PS I trimers and in Mn-
depleted PS II reaction center cores from Synechocystis sp.
PCC 6803 and higher plants have been investigated using
similar techniques (33, 42). These data were confirmed by
photoacoustic measurements on whole cells of Synechocystis
sp. PCC 6803 (34). The thermodynamic parameters of
bacterial reaction centers were found to be similar to those
of PS I and dramatically different from those of PS II.

Using the fit by convolution of photoacoustic waves on
the nanosecond and microsecond time scales, we were able
to resolve the thermodynamic parameters of different kinetic
steps in Synechocystis PS 1 (35). We obtained a large negative
enthalpy (—0.8 eV) and large volume change (—23 A?) for
the P;o0* — A, Fx step and a positive enthalpy (+0.4 eV)
and a small volume change (—3 A3) for the A;"Fx — Fap™
step. For the fast reaction the free energy change for the
P7o0* — A, Fx step is —0.63 eV, and the entropy change
(TAS, T =25 °C) is —0.2 eV. For the slow reaction, A; Fx
— Fap™, the free energy is —0.14 eV (43), and the entropy
change (TAS) is positive, +0.54 eV. The positive entropy
contribution is even larger than the positive enthalpy,
indicating that the A"Fx to Fa~ step in Synechocystis PS 1
is entropy driven.

The objective of the present work is to extract the
thermodynamic parameters of electron transfer in the menA
and menB null mutants of PS I (hereafter known as menA/B
PS I) on both the nanosecond and microsecond time scales.
In these two mutants, phylloquinone in the A; site of PS I
has replaced by plastoquinone-9. We carried out the present
studies to explore possible differences caused by molecular
replacement of phylloquinone with plastoquinone-9 on the
thermodynamics of the peculiar A~ to Fpp™ step.

EXPERIMENTAL PROCEDURES

Preparation of Purified PS I Trimers. PS I trimers from
the menA and menB null mutants and the wild-type strains
of Synechocystis sp. PCC 6803 were isolated and purified
according to published methods (19, 44, 52, 53).

Photoacoustic Measurements. The microsecond time-
resolved photoacoustic setups are designed for the PA
measurements on an ~1 us time scale at a time resolution
of ~100 ns (/8), and the procedures for measurement were
described previously (32) as were the nanosecond time-
resolved photoacoustic measurements with a time resolution
of ~10 ns (39).

RESULTS

Volume Contraction on the Microsecond Time Scale. The
photoacoustic signal is detected as a pressure wave in the
medium caused by a time-dependent volume change, both
thermal and intrinsic, upon excitation with light. Figure 1
shows the typical photoacoustic signals of the purified PS I
trimers prepared from the menA/B null mutants and the wild-
type strains of Synechocystis sp. PCC 6803 on the micro-
second time scale. The PA reference ink (Figure 1, curve 1)
showed a large, positive amplitude upon illumination at 25
°C, which is the fast heat release of all of the light energy
absorbed by the ink. Its amplitude is the measure of the
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FIGURE 1: PA signals of menA PS 1, menB PS 1, and wild-type PS
I on the microsecond time scale. (1) PA reference ink, the OD value
at 680 nm was ~2.0/cm, pH 8.0, 10 mM HEPES, 0.03% DM, 25
°C, flash energy at ~2 uJ cm™2. (2) WT PS 1, 60 uM PMS, 2 mM
Asc, 3.8 °C. (3) menA PS I, 60 uM PMS, 2 mM Asc, 3.8 °C. (4)
menB PS 1, 60 uM PMS, 2 mM ASC, 3.8 °C.

photon energy absorbed by the sample (E,), the piezo film
sensitivity (F), the apparent expansivity (o’ = thermal
expansivity/heat capacity x density), and the compressibility
(1) (32).

The PA signals produced by forming a charge-separated
radical pair upon light excitation of PS I trimers consist of
at least two major components: (1) the heat output (Qgc),
which includes the enthalpy change of the reaction and other
rapidly released heat, and (2) the volume change of the
reaction (AVrc). The thermal signal disappears at the
temperature of maximum density of the suspending medium,
T, near or below 4 °C, because at that temperature, o” = 0,
thus leaving only the volume term. Wild-type PS I trimers
produced large negative PA signals at 3.8 °C (Figure 1, curve
2) which originate directly from the volume contraction via
electrostriction (22). The wild-type PS I signal has a relative
amplitude of —1.3, corresponding to —25 A?, when normal-
ized to peak-to-peak amplitude of the PA reference signal.
In contrast, menA/B PS 1 shows a smaller signal with a
relative amplitude of —0.9 (Figure 1, curves 3 and 4). There
is no major difference in the volume contraction between
menA PS 1 and menB PS 1. This may be expected since
plastoquinone-9 is present in the A, sites in PS I in both
mutants (/9).

To confirm the values of the volume change and to
estimate the quantum yield of charge separation in menA/B
PS 1, we used two different approaches: (1) volume yield
measurements and (2) saturation measurements. The detailed
description of these two procedures has been given previ-
ously (32).

The fits of the volume yield curves for the mutants and
wild-type PS I are shown in Figure 2. The apparent volume
contractions of menA PS I and menB PS I are —14 and —16
A3, respectively, compared to —25 A3 for wild-type PS I
(Table 1). It is worthy of note that, in this first method, at
low energy one obtains the apparent volume change, which
is the volume per center (AV,) multiplied by the quantum
yield (®). An easy explanation of the smaller values in the
mutant PS I samples may be a low quantum yield, for
example, ® = ~0.5. However, as shown below, our
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FIGURE 2: Volume yield curves of menA PS I, menB PS 1, and wild-
type PS I on the microsecond time scale. pH 8.0, 10 mM HEPES,
the OD value of PS I samples at 680 nm was ~2.0/cm, 60 uM
PMS, 2 mM Asc, 0.03% DM, excitation at 680 nm, 3.8 °C. The
vertical axis is volume per absorbed photon per center. The lines
are the fit of experimental data using the equation AV, /E = NAV,
(1 — e ®F)NoE. (1) WT PS I, AV, = 24.6 £ 2 A%, 0 = 200 i
20 A2 (2) menA PS 1, pAV, = 14 £ 2 A3, 0 = 176 + 18 A% (3)
menB PS 1, pAV, = 16 + p) A3, 0 = 165 + 18 A2. For detailed
theory, see ref (32).

experimental data in the second method show that this is
probably not the case.

In the second saturation method, we aim to excite every
PS I complex to obtain the maximum PA signal. In this
method, one must calculate the number of PS I centers in
the illuminated volume of the cell (~0.34 mL), N, to obtain
the real volume change AV;. We stress that, in this analytical
method, the volume change does not contain the quantum
yield. As shown in Figure 3, the saturation value of volume
change (AV,) in menA/B PS I was ~—17 A3, which is slightly
higher than that using the volume yield method. These
findings confirm the previous results and argue that the
quantum yield of photochemistry in the mutants is not low.
We will now discuss this issue in more detail.

The quantum yield of photochemistry can be estimated
from measurements of the effective cross section (®a), which
is directly obtained from the fit of the saturation curves (Table
1). Taking the calculated cross section of 195 A2 for PS I
(32), the quantum yield of charge separation in menA/B PS
I was estimated to be 85% (Table 1), a value slightly lower
than the 96% quantum yield in wild-type PS L

This view is supported by the fact that the volume changes
obtained by the two methods are very similar. In menA PS
I and menB PS 1, the volume change (PAV,) is —14 to —16
A3, respectively, which is ~15% (i.e., ® = 0.85) smaller
than the saturation value (AV;) of —16 to 18 A3. The latter
is the absolute number, calculated without assumptions, of
the quantum yield assuming all centers are successfully “hit”.
Note that these two plots (Figures 2 and 3) are of the same
data, differently weighted. However, the calculation of AV
is completely different. The first, being linear, is a simple
ratio to the reference. The second requires knowledge of the
number of centers in the light-saturated volume. Taken
together, they suggest that the volume contractions in menA/B
PS I on the microsecond time scale are —17 =4 2 AS, and
the quantum yields of photochemistry are ca. 85 £+ 10%.
The observed reaction on the microsecond time scale is
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Table 1: Volume Contraction, Effective Optical Cross Section, Quantum Yield, Thermal Efficiency, and Enthalpy of Charge Separation on the
Microsecond Time Scale in menA and menB PS 1 and Wild-Type PS I Trimers Isolated from Synechocystis sp. PCC 6803

sample” DAV, (A% AVE (A o (AY) D4 (%) TE, (%) AH? (eV)
menA PS 1 —154+2 —1742 165+ 18 8349 53+5 —0.64 + 0.06
menB PS 1 —16+2 —1842 170 + 17 87+9 51+5 —0.74 + 0.07
WT PS 1 —2542 —26 42 190 + 19 96 + 10 76 +£3 —0.40 £ 0.04

“pH 8.0, 10 mM HEPES, 0.03% DM, 60 uM PMS, and 2 mM Asc. * The limiting value of the low energy yield curve fit at 3.8 °C. ¢ The maximum
value of saturating PA signal at 3.8 °C when all reaction centers are excited. 4 The values are obtained from the ratio of calculated optical cross sections
of PS I, 195 A% at 680 nm, to the effective optical cross sections ®o. ¢ The enthalpy changes are corrected by the measured quantum yield (35).
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FIGURE 3: Saturation curve of menA PS 1, menB PS 1, and wild-
type PS I on the microsecond time scale. Experimental conditions
are the same as in Figure 2. The vertical axis is in units of volume
per center. The lines are the fit of experimental data using the
equation AV = NAV((1 — e 7). (1) WT PS I, AV, = 26 + 2 A,
0 =190 & 19 A% (2) menA PS 1, AV, = 17:i:2A3 o=165+
18 A2 (3) menB PS I, AV, = 18 = 2 A3, ¢ = 170 £ 18 A2. For
detailed theory, see ref 32.

attributed to the formation of P;ogtFas~ from excited Pop*
for the wild-type PS I and of Py "Ap~ for menA/B PS L

Thermal Efficiency and Enthalpy Change on the Micro-
second Time Scale. As stated above, PA signals produced
by PS I trimers are composed of two components: a volume
change (AV) and the release of heat (Qrc). When we vary
the temperature from 4 to 25 °C, the heat release should
increase. In fact, the PA signals produced by menA/B PS 1
and wild-type PS T show a good linear dependence on o
when corrected for the effects of temperature on the
compressibility factor (Figure 4). The intercept at o” = 0 is
the volume change. The ratio of slopes between the PS I
trimers and PA reference ink gives the heat released
during the electron transfer reaction in PS I (32). The values
of thermal efficiency (TE) and enthalpy changes in the
mutants and the wild-type PS I are listed in Table 1. The
TE is the ratio of stored energy to that of the trap.

The thermal efficiency at 680 nm in menA/B PS 1is ~52%,
which is lower than the wild-type value of 76% (Table 1).
Taking the quantum yield of 85% and a trap energy of 1.77
eV, the enthalpy changes (AH) of electron transfer in menA
and menB PS I were calculated to be —0.64 &= 0.1 and —0.74
+ 0.07 eV, respectively. Since it is the complement of TE,
the AH of electron transfer on the microsecond time scale
in menA/B PS 1 is larger (—0.69 eV) than that in wild-type
PS 1(—0.40 eV).

Volume Contraction and Thermal Efficiency on the
Nanosecond Time Scale. Figure 5 is the typical photoacoustic
wave produced by a 0.1 mm photoacoustic cell, which
enables one to focus on the fast nanosecond time scale
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FIGURE 4: Analysis of the us photoacoustic data of menA PS 1,
menB PS 1, and wild-type PS I on the microsecond time scale. pH
8.0, 10 mM HEPES, the OD value of PS I samples at 680 nm was
~2.0/cm, 60 uM PMS, 2 mM ASC, 0.03% DM, flash energy is
~2 ulJ/cm?, excitation at 680 nm, 3.8 °C. Lines are the linear fit of
the PA data of PA reference and the wild-type and mutant PS Is.
The volume contraction and thermal efficiency of the menA PS 1,

menB PS 1, and wild- type PS T were calculated by the intercept of
the fits and difference in slopes: (1) menA PS I, AV=15+2 A3,

TE = 53 4+ 6%; (2) menB PS 1, AV = 16:|:2A3 TE =51 + 5%;

(3) WIT PS I, AV =25 + 2 A3, TE = 76 + 8%. For detailed
calculation, see ref 32.

reaction (for details see ref 35). Curve 1 is the positive signal
from a photoacoustic reference at 25 °C, and curves 2, 3,
and 4 show large negative signals from wild-type PS I, menA
PS I, and menB PS 1, respectively, at 3.8 °C. They indicate
that the volume contractions of the mutants are roughly two-
thirds of the wild type and are similar to those on the
microsecond time scale.

Figure 6 shows the analysis of photoacoustic data of the
mutants and the wild type on the nanosecond time scale.
We find that the volume changes during charge separation
in menA/B PS 1 were smaller, —17 A3, than that of wild-
type PS I, —21 A? (Table 2). These values are identical to
those of the mutants on the microsecond time scale, which
indicate that there are no kinetic volume components between
the 20 ns and 1 us time scales in the mutants, in line with
the kinetic data published previously (27). It also demon-
strates that the photoacoustic methodology on both time
scales is reliable and supports, indirectly, our conclusion of
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FIGURE 5: PA signals of menA PS 1, menB PS 1, and wild-type PS
I on the nanosecond time scale. (1) PA reference ink, the OD value
at 680 nm was ~20/cm, pH 8.0, 10 mM HEPES, 0.03% DM, 25
°C, flash energy at ~4 uJ cm 2 (2) WT PS 1, same OD value at
680 nm, 300 uM PMS, 2 mM Asc, at 3.8 °C. (3) menA PS T at 3.8
°C. (4) menB PS I at 3.8 °C.
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FIGURE 6: Analysis of the nanosecond photoacoustic data of menA
PS I, menB PS 1, and wild-type PS I. The conditions are the same
as in Figure 5. Calculation followed the same procedures as in
Figure 4. The results were as follows: (1) menA PS I,OAV =15+
2 A%, TE = 48 £ 6%; (2) menB PS 1, AV =14 £ 2 A3, TE = 55
+ 5%; 3) WTPS 1, AV =25+2 A3 TE = 44 & 5%.

a large enthalpy change in wild-type PS I on the nanosecond
time scale (35).

The data in Figure 6 indicate that the thermal efficiency
on the nanosecond time scale is 48—55% (Table 2), which
is very close to that on the microsecond time scale. Thus
we believe that no submicrosecond kinetic components are
present in the mutants as judged by our photoacoustic results
and by previous kinetic data.

Convolution Analysis of PA Signals. Our PA pressure wave
signals are produced by volume changes of PS I trimers
during the photochemical reaction. The convolution 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 PA compo-
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Table 2: Volume Contraction, Thermal Efficiency, and Enthalpy of
Charge Separation on the Nanosecond Time Scale in menA and menB
PS I and Wild-Type PS I Trimers Isolated from Synechocystis sp. PCC
6803

sample” DAV (A3 TEy” (%) AH" (eV)
menA PS 1 —15+2 48+5 —0.75 4+ 0.08
menB PS 1 —14 42 55+5 —0.65 % 0.07
WTPS I —2542 4 +3 —0.99 + 0.1

“ pH 8.0, 10 mM HEPES, 0.03% DM, 60 uM PMS, and 2 mM Asc.
® Thermal efficiency and enthalpy change were calculated with the trap
energy of 1.77 eV (35).

nents (25, 31, 35, 40, 45). Optical kinetic studies on wild-
type PS I show the time constant of electron transfer from
Pp0* to Fap to be less than 200 ns (46—50). Convolution
of the PA signal of the wild type with that of the reference
resolved a <200 ns component with amplitude of —3 A’
and a prompt amplitude of —21 A? at 3.8 °C (35). Using
this convolution analysis we also resolved the positive
enthalpy changes associated with the electron transfer step
from A;” to Fpap in PS T (35).

For menA/B PS 1, optical kinetic studies showed that
electron transfer from Ap~ to Fx is much slower, with time
constants of 15 and 300 us (27). Our convolution analysis
on the mutant data indicates there is at least one component
with a lifetime longer than 10 us at 3.8 °C with an uncertain,
but substantial, amplitude (data not shown). The photoa-
coustic signal is a pressure wave caused by the rate of heat
or volume production; thus the amplitude of the PA
measurement is weighted by the rate constant of the heat-
producing step. It is difficult to resolve steps longer than 10
us because of the decrease in the signal amplitude and
mixture with reflections in the cell. The analyses at higher
temperatures to obtain AH were inconclusive because of the
small time-resolved microsecond signals: the negative vol-
ume and positive enthalpy changes cancel.

To resolve the possible fast (nanosecond) components in
the mutants, we conducted the photoacoustic measurements
using our fast photoacoustic apparatus with a time resolution
of ~10 ns. The results showed that the volume change (—15
A3) and thermal efficiency (~50%) in menB PS 1 are well
in line with those (—17 A3 and ~51%) on the microsecond
time scale (data not shown). This suggests that there is no
fast component in the ~10 ns to 1 us time range, which
agrees with the kinetic data on the same mutant (27).

DISCUSSION

The menA gene codes for the 1,4-dihydroxy-2-naphthoate
octaprenyl transferase enzyme in the phylloquinone biosyn-
thetic pathway (/9). The interruption of the menA gene in
the cyanobacterium Synechocystis sp. PCC 6803 would be
expected to block the attachment of the phytyl tail to
the 2-carboxy-1,4-naphthoquinone substrate. The menB gene
codes the 1,4-dihydroxy-2-naphthoic acid synthase enzyme
in the phylloquinone biosynthetic pathway. The inactivation
of the menB gene would be expected to block the cyclization
of the ring to produce a 2-carboxy-1,4-naphthoquinone from
the O-succinyl benzoyl-CoA substrate. The menA and menB
null mutants of Synechocystis sp. PCC 6803 thus preclude
the biosynthesis of phylloquinone and would be expected to
show a similar phenotype (/9). Both indeed lack phyllo-
quinone, and both contain plastoquinone-9 in the A, sites of
PS I
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There are two equally important factors for understanding
mechanisms of electron transfer: kinetics and thermodynam-
ics. Kinetics describes the details of electron transfer rates
and intermediate states of electron pathways. Thermodynam-
ics emphasizes the energy levels and driving forces of
electron transfer in their initial and final states. The kinetic
results, obtained by use of time-resolved optical and EPR
techniques, showed that plastoquinone-9 functions as an
efficient electron transfer cofactor in PS I, but with altered
forward electron transfer kinetics (27). In terms of thermo-
dynamics, only the redox potential of plastoquinone-9 in the
A, site of PS I had been estimated (—0.61 V). Until the
present work, there had been no information on volume,
enthalpy, and entropy changes in PS I that contains plasto-
quinone-9. Here, we applied a pulsed photoacoustic technique
to measure directly the volume change and heat release in
electron transfer between excited Py and the foreign quinone
acceptor.

Volume Contraction. The volume contraction upon charge
separation in photosynthesis is most likely produced by
electrostriction. This parameter is directly related to charge
separation and is an ideal measure of photochemical activity.
The volume change in wild-type PS I is ca. —26 A3 (Tables
1 and 2), which is the same as the value reported previously
(32). It is associated with electron transfer on formation of
P00 Fap~ from Psoo*Fass. In the case of menA/B PS 1, PA
measurements on the microsecond time scale reveal the
volume contraction to be —17 A3 (Table 1). Considering our
time window of 0.1—10 us, this value is assigned to the
formation of PsootAp~ from Psg0*Ap. We infer that the
intermediate step of electron transfer from Py Ap Fass to
P00t ApFas~ would be accompanied by a volume change
of —9 A’ assuming the replacement of A; with Ap causes
no change in the Fup clusters. This agrees with our
convolution analysis of a slow negative component (ampli-
tude uncertain).

For menA/B PS 1, the size of the benzoquinone ring in
plastoquinone-9 (Ap) is smaller than the naphthoquinone ring
in phylloquinone. Electron spin—echo modulation experi-
ments showed that the distance between P;g™ and Ap~ (25.3
A) in menA/B PS 1is the same as the distance between P7g"
and A;” in wild-type PS I (20). The volume contraction of
electron transfer from Py to Ap is estimated to be larger
(—30 A3 than the observed one (—17 A3). Thus a positive
volume due to a protein conformational change may be
possible. The volume changes (+30 to +70 A% due to
protein conformational changes were observed in the pho-
toreaction of bacteriorhodopsin and rhodopsin (25, 40, 60).

We offer a molecular explanation of the difference in the
volume change predicted via electrostriction and that of the
observed value (—17 A%. A simple explanation would be
that the quantum yield of photochemistry is lower (for
example, ~0.7) in menA/B PS 1. This, however, is unlikely
because our pulse saturation data revealed a quantum yield
of ~85% in PS I from both mutants (Table 1), which is only
sufficiently lower than the quantum yield of 96% in wild-
type PS I to explain less than half of the effect. Further
support for a high quantum yield is that the light saturation
dependence of the flavodoxin reduction rate in menA/B PS
I is similar to that of wild-type PS I (/9). These two
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Table 3: Volume Change, Enthalpy, and Apparent Entropy of Electron
Transfer Reaction in PS I from the Wild Type and menA/B Null
Mutants of Synechocystis sp. PCC 6803

WT“ menA/B"
AV (A%) —21+2 —17+2
—-3+2 942
AH (eV) —0.8+0.1 —0.70 £ 0.08
+0.4 +0.3 +0.3 +£03
—TAS (eV) +0.17 £ 0.1 0+0.1
—0.54+ 0.3 —0.37+0.3

“ The thermodynamic parameters in each row in the column are from
the ref 35 for producing the Pso"A;~ from Pyoo* and the Pspo Fap™
from P;0"A,” in the wild-type PS I, respectively. ” The values in the
column represent the thermodynamic parameters for the formation of
P7()[fl< to P700+Ap7 and of the P700+Ap7 to P700+FA/37 in the menA/B PS I,
respectively, where the volume change, enthalpy, and entropy of the
latter step are inferred assuming the overall reaction of the production of
P00 Fas™ from P;o0* is the same as that of the wild type.

arguments are consistent in showing that the smaller volume
change in the menA/B PS I is not caused by a low quantum
yield.

The smaller volume contraction may be caused by the
following two factors: compressibility of protein and polarity
of quinone pocket. The first factor is the effect of the foreign
plastoquinone on the compressibility of the local environment
of the protein. The orientation and distance of plasto-
quinone-9 in the mutants are known to be similar to
phylloquinone in the wild-type PS I (20). However, since
the pocket of A; is adapted to phylloquinone, the smaller
plastoquinone with the longer tail may not fit well into the
protein. If the effect of the larger tail is to crowd the
hydrophobic site, this could decrease the compressibility of
the local domain and so decrease AV. Alternatively, the
A, binding region in menA/B PS I may be more polar; i.e.,
it has a larger effective &, compared to the wild-type PS 1.
This could be due to the small size of plastoquinone-9,
allowing a water molecule to be present. This possibility also
could explain the change in potential of the quinone because
of hydrogen bonding to the water.

Free Energy, Enthalpy, and Entropy. The driving force
of electron transfer (AG) can be directly determined from
the difference of the in situ redox potentials of the cofactors
(measured separately, however). The trap energy of PS I is
estimated as the energy of exciting light, 1.77 eV, and from
the redox potential of P, reported in the literature, +0.45
V (35, 54). However, knowledge of the redox potential of
plastoquinone-9 in the menA and menB mutants is required
to calculate the free energy of electron transfer associated
with Ap. There are no directly measured data available. By
use of the electron transfer theory and kinetic data, the redox
potential of plastoquinone at the A, site was estimated to be
—0.61 V (21, 55). However, we believe the error to be at
least 0.1 V. The AG for producing P70 Ap~ from Py is
then —0.71 eV. Similarly, the free energy for producing
P700+FA/137 from P700*FA/B is —0.77 eV (35) Thus we infer
that the free energy of P7()()+Ap7FA/B to P700+APFA/37 reaction
is —0.06 = 0.10 eV in the mutants (Table 3).

Pulsed photoacoustics provides directly the enthalpy
change of electron transfer reactions in PS I. Knowing the
free energy of the electron transfer step in wild-type PS I
and menA/B PS 1, the entropic contribution (TAS) can be
determined by the Gibbs relation AG = AH — TAS. As
shown in Tables 1 and 2, the enthalpy change occurring on
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B. Enthalpy change (AH)

*
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p7l>0*Al’
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700 T A/B P7l)()iF/\JB-
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FIGURE 7: Thermodynamic parameters of charge separation in menA/B PS I and wild-type PS I from Synechocystis 6803. Panel A shows
the volume contractions of charge separation. Panel B shows enthalpy changes of photoreaction in PS I measured by either nanosecond or
microsecond photoacoustics. Panel C shows free energy changes based on the redox potentials of each individual cofactor in situ. Panel D
shows the apparent entropy changes calculated by the thermodynamic relation AG = AH — TAS. The solid lines (—) represent the excited
state of Py and final state of P;og"Fas~, respectively. The dash lines (++) are the intermediate state of Prgo"A;~ (WT) or P700+Ap’ (mutants).
The open arrows (=) are the reaction forming PootA;~ (WT) or P700+Ap’ (mutants) from P;op* and the closed arrows (—) the following

reaction producing P7oo Fap~ from Py

the formation of P7ogtAp~ from Pygy* in menA/B PS 1is —0.7
4 0.07 eV. This is close to the estimated free energy of this
reaction (—0.70 eV), and thus the apparent entropy change
is close to zero (Table 3). Considering the enthalpy change
(—0.4 eV) of the overall reaction for the formation of
Poo Fap™ from Py* in the wild-type PS I, we infer that
the electron transfer reaction from Ap~ to Fap would be
associated with a positive enthalpy change of +0.3 eV and
thus is completely entropy driven as the free energy is zero
in the mutants. The environmental changes postulated to
explain the volume changes could affect the enthalpy
changes.

The entropy of electron transfer reactions is often assumed
to be zero. However, the free energy calculated from kinetic
measurements of reverse electron transfer in bacterial reaction
centers shows that the free energy is time- and temperature-
dependent, particularly on the less than nanosecond time
scale (56—58). The kinetics of these decays can only be
described as “distributed”, and simple analysis in terms of a
single component is not trustworthy. Protein dynamics may
play a key role in this electron transfer step (59). However,
the question of whether these ‘“relaxations” are enthalpy
and/or entropy driven remains to be answered. The slow
(microsecond) component observed in wild-type PS I could
be such a relaxation, but only the AV was determined. We
have labeled the difference between observed enthalpies and
estimated free energies as entropies to highlight the problem.
In addition to reaction centers of Rb. sphaeroides (18), we
have observed similar positive entropic contribution in PS I
preparations of Synechocystis sp. PCC 6803 (32), but not in
PS 1I preparations (33). Charge movement, but not charge
separation due to proton transfer, may be the difference in
PS II on the 1 us time scale. Clear-cut and large negative
entropic contribution is seen in the model system of triplet
porphyrin-to-ferricyanide electron transfer in aqueous solu-
tion (31), where “relaxations” are too fast to be relevant.

To summarize the thermodynamic data, we present the
volume changes, free energies, and enthalpy and entropy

changes on menA/B PS I in comparison with those on the
wild-type PS I in Figure 7. Opened arrows are the early step
forming P7ootA;” from P;po* for the wild-type PS I or
P;0o"Ap~ from Pygo* for the mutants, and solid arrows are
the number of the following reaction: Poo" Ap~ — P7go"Fap ™
As shown in panel A, the volume contraction of the early
step of the photoreaction in the mutants (—17 A%) is smaller
than that in the wild type (—21 A%). Similarly, the enthalpy
change (—0.7 eV) of the early step in the mutants is smaller
than that (—0.8 eV) in wild-type PS I (Figure 7B). Assuming
a redox potential of —0.6 V for plastoquinone-9 in the A,
site (21), the free energy (—0.7 eV) of this early reaction in
the mutants is larger than the value (—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 is
calculated to be +0.2 eV. Since the apparent entropy change
for the overall reaction of the generation of P7oy™Fa~ from
P7go* is +0.35 eV (32), it implies that the latter reaction in
the mutants, i.e., the P7go"Ap Fas — P70o™ApFap~ reaction,
is almost completely entropy driven (TAS = +0.4 eV and
AG = —0.1 eV) (Figure 7D). Therefore, on the basis of 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 driving force of electron transfer in photosynthetic
systems is not only dependent on the bonding energy of the
cofactor and interaction energy with the protein (enthalpy)
but also dependent on the available states of interaction with
the protein (entropy). Entropy changes are important to
completely understand the molecular mechanisms of electron
and/or proton transfer in condensed phases, in particular
when proteins are involved, and photoacoustics is a direct
way to ferret them out.
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