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ABSTRACT: The volume and enthalpy changes for charge transfer in the 0.1-10 µs time window in
photosynthetic reaction centers of the intact cells ofSynechocystisPCC 6803 were determined using
pulsed, time-resolved photoacoustics. This required invention of a method to correct for the cell artifact
at the temperature of maximum density of water caused by the heterogeneous system. Cells grown under
either white or red light had different PS I/PS II molar ratios,∼3 and∼1.7, respectively, but invariable
action spectra and effective antenna sizes of the photosystems. In both cultures, the photoacoustic
measurements revealed that their thermodynamic parameters differed strongly in the spectral regions of
predominant excitation of PS I (680 nm) and PS II (625 nm). On correcting for contribution of the two
photosystems at these wavelengths, the volume change was determined to be-27 ( 3 and-2 ( 3 Å3

for PS I and PS II, respectively. The energy storage on the∼1 µs time scale was estimated to be 80(
15% and 45( 10% per trap in PS I and PS II, respectively. These correspond to enthalpies of-0.33(
0.2 and-1 ( 0.2 eV for the assumed formation of ion radical pairs P700

+FAB
- and YZ

•P680QA
-, respectively.

Taking the free energy of the above reactions as the differences of their redox potentials in situ, apparent
entropy changes were estimated to be+0.4 ( 0.2 and-0.2 ( 0.2 eV for PS I and PS II, respectively.
These values are similar to that obtained in vitro for the purified reaction center complexes on the
microsecond time scale [Hou et al. (2001)Biochemistry 40, 7109-7116, 7117-7125]. The constancy of
these thermodynamic values over a 2-fold change of the ratio of PS I/PS II is support for this method of
in vivo analysis. Our pulsed PA method can correct the “cell” or heterogeneous artifact and thus opens
a new route for studying the thermodynamics of electron transfer in vivo.

In oxygenic photosynthetic organisms, the reaction centers
of PS1 I and PS II convert the absorbed light energy into
stable biochemical products, i.e., reduced ferredoxin and
oxygen (see reviews in refs1-4). This conversion involves
a variety of electron-transfer reactions on different time
scales. Thermodynamic properties of these steps can be
investigated by pulsed, time-resolved photoacoustic spec-
troscopy (5), which was applied both to the primary processes
of photosynthesis in the microsecond time window (6-10)
and to the terminal charge stabilization on a time scale of
milliseconds (11, 12).

In the liquid phase, fast photoacoustic signals are sensitive
not only to the enthalpy of photosynthetic electron-transfer
reactions, detected by the thermal expansion of the solution,

but also to the large negative (contraction) volume change
of photochemical reaction centers (13-17). However, except
for data from Delosme et al. (9, 10), earlier photoacoustic
studies (6-8) on oxygenic photosynthesis in the microsecond
time window have neglected the contraction signal. This
makes questionable the estimations of energy storage. In
particular, the relative energy storage in PS I was found to
be >70% in both the isolated particles (6) and intact
cyanobacterial cells (7, 8). This is significantly larger than
the values of∼58% and 52% calculated from the midpoint
potential differences (a free energy) for states P700

+FAB
- and

P700
+Fd-, respectively. In contrast, Delosme et al. (9) have

estimated that the charge separation in the PS I complex from
Synechocystisis accompanied by a volume contraction of
-20 Å3 and energy storage of∼55%. They did not determine
the volume change for PS II. The data of Figure 5 in ref9
implies a contraction of∼-11 Å3 for “DEAE” PS II from
Chlamydomonas reinhardtii. However, their data on the
energy storage differed greatly for different types of PS II
particles.

Thus, to date, there is no complete and valid information
about the in vivo thermodynamic properties of the photo-
induced charge separation in PS I and PS II on the
microsecond time scale.

† This work is supported by grants from the NSF (MCB 99-04522)
and NIH (GM 25693).

* Corresponding author. Fax: (212) 327-8853. E-mail: mauzera@
rockvax.rockefeller.edu.

‡ The Rockefeller University.
§ Russian Academy of Sciences.
1 Abbreviations: ES, energy storage; FAB, iron-sulfur clusters in

photosystem I centers; PA, photoacoustics; PS, photosystem; P700,
photosystem I primary donor; QA, primary electron acceptor quinone
in photosystem II; RC, reaction center; RL, red light; WL, white light;
YZ, tyrosine-161 on subunit D1 of photosystem II.

7126 Biochemistry2001,40, 7126-7132

10.1021/bi010374k CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/23/2001



In the present work, we report results of a global analysis
of the photoacoustic data for the primary reactions of PS I
and PS II in the intact cells of the cyanobacteriumSyn-
echocystissp. PCC 6803 for comparison with the same
parameters of isolated reaction complexes described in
separate papers. This required corrections for both the cell
artifact caused by the heterogeneous system and the relative
excitation efficiency for PS I and PS II.

MATERIALS AND METHODS

Culture and Growth Conditions. Experiments were per-
formed on 5-7-day-old cell cultures ofSynechocystissp.
PCC 6803 incubated at 20°C in shaken conic flasks with
200 mL of Kratz-Mayers C medium. Two different light
regimes of altered spectral composition were used to change
the PS I/PS II molar ratio. Light intensity was 15-20 µE
m-2 s-1 under either a “cool white” fluorescent lamp or an
incandescent lamp covered with a red transparency (the
fraction of photosynthetically active radiation in the spectral
region >650 nm was estimated to be∼2% and 80%,
respectively). The cultures had similar absorption spectra
with the ratios of 0.95( 0.1 for optical density at 625 and
680 nm.

Functional ActiVity Measurements. Light-saturated rates
of oxygen evolution in the presence of artificial electron
acceptors and dark respiration rates in the cells were
measured by a Clark electrode. Polarographic measurements
of a microsecond flash-induced O2 gas exchange related to
photochemical activity of both PS II (O2 evolution) and PS
I (photoinhibition of respiration), and their action spectra and
optical cross sections were performed using a bare platinum
electrode as previously described (18, 19). Assays of cells
deposited on the surface of the rate electrode in 50 mM
sodium phosphate buffer with 50 mM KCl, pH 6.8, had a
chlorophyll equivalent layer density of∼1 µg cm-2. O2

evolution with actinic light was recorded in the presence of
a weak continuous illumination>700 nm. Photoinhibition
of respiration was separately recorded in the presence of 10
µM diuron. Action spectra were recorded using the intermit-
tent actinic illumination of 1 s light flashes with variable
20-60 s dark intervals. During scanning of the spectra, the
spectral half-width of the monochromatic beam was 1-3
nm, and its intensity was below 0.2 nE cm-2 s-1. Effective
antenna sizes of the photosystems were calculated using the
in situ values of an optical cross section for a single
chlorophyll molecule, 2.3( 0.1 and 2.68( 0.04 A3 in
isolated PS I and PS II complexes fromSynechocystisPCC
6803 at 675 and 680 nm, respectively.

Photoacoustic Apparatus. Photoacoustic (PA) measure-
ments were carried out using samples of∼0.15 optical
density per mm at 675 nm in a 1 mmcell designed according
to Arnaut et al. (20). The back side of the PA cell was
assembled with a dielectric mirror (99% reflection for 600-
700 nm, Newport) which was acoustically coupled to a 128
µm piezoelectric film via a stainless steel holder. A Nd:YAG
laser (Surelite II, Continuum) and optical parametric oscil-
lator with a red filter were used to produce 7 ns pulses of
625 or 680 nm light. The beam was focused through a 1
mm hole and recollimated on the cell following a 1.2 cm
diameter iris. The light pulse energy from a beam pickoff
was measured with a Molectron 2000 detector and J3-09

probe and was read by a computer HP 360 using the
calibrated ratio to the light incident on the cell estimated
with a J25LP-2 probe. The signal from the piezoelectric film
was amplified by an Amtek preamplifier, filtered to pass 3
kHz/400 kHz, and further amplified by an Ithaco 1201
preamplifier before being digitized (Tektronix 710) and
stored in the computer. The temperature of the cell was
controlled to (0.1 °C (Neslab RTE-5) using a type T
thermocouple inserted in the brass cell holder and was also
stored in the computer. Programs for analysis of data were
written by D. Mauzerall.

Photoacoustic Measurements. An external calorimetric
reference, which degrades absorbed photons to heat faster
than the resolution time, was a carbon black ink adjusted to
the same optical density as the sample at a given wavelength
in the same buffer medium. The internal calorimetric
reference for intact cyanobacterial cells was the heat emission
by the closed photochemical reaction centers under strong
(∼50 µE m-2 s-1) background illumination. Low flux was
used for excitation of samples because of the large optical
cross section in vivo. The samples were often replaced in
the PA cell during an experiment, and no change of PA
signals was found.

The difficulty in the PA measurement of intact cells is
the heterogeneous or “cell” artifact at the temperature of
maximum density of near 4°C described in the Results
section. The following procedure allows us to obtain both
the∆V and∆H, and thus the efficiency, of the photosynthetic
system in vivo in the presence of the “cell artifact” of the
heterogeneous sample. It requires five measurements instead
of the usual three. One measures the PA signal of the cell
suspension at temperature, T, and in the dark, D, with pulse
energy low enough to obtain true efficiency: PA(cell,T,D)
and another in background saturating light, S: PA(cell,T,S).
The two measurements are repeated at the temperature of
maximum density, near 4°C: PA(cell,M,D) and PA-
(cell,M,S). The reference sample of the same absorbance is
measured at temperature T to calibrate the scales: PA(ref,T).
These measurements are

whereFT ) piezo film sensitivity at temperature T,κT )
compressibility of water at temperature T, andR(w,T,t or
c,T,t) refers to the complex thermal expansion/heat capacity
times the density of the water or the cell cytoplasm, now a
function of time (t) because of the thermal diffusion from
cell to water with differingR’s. Note that this does not occur
in a homogeneous system because as thermal diffusion occurs
into a larger volume, decreasing the temperature, the volume
increases, keeping∆V ) RV∆T constant. This is exact for
a linear response.ED refers to that fraction of the absorbed
energyEA that is emitted as heat. For simplicity we will
assume that the responses are fast, i.e., within less than the
response time of the system.I(t) is the impulse response of
the system. The symbol * refers to the convolution operation.
It is also assumed that the small effects of differingκ’s in

PA(ref,T))
FT

κT
(EARTI(t)) (1)

PA(cell,T,D))
FT

κT
[ED(1 + R(w,T,t))*R(c,T,t) + VT]* I(t)

(2)
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water and cells are negligible. In saturating background light:

At the temperature of maximum density, M, the termR-
(w,T,t) is zero and the equations for PA(cell,M,D or cell,M,S)
are the above without this term. Upon normalizing to the
reference sample, the equations become

whereR′ refers to the convolution of the time-dependentR’s
with the impulse response and normalized toR of water at
T. It is seen that, assumingVT ) VM:

Thus the efficiency and the reaction volume are obtained
directly from the five measurements with no assumptions
of how theR(t)’s vary with temperature or time.

Absorbance Spectrometry. Absorption spectra were re-
corded using an Aminco DW2000 spectrophotometer with
an opal glass between the detector and closely placed sample
to minimize distortion due to light scattering. Chlorophyll
concentration in the cells was estimated using the extinction
coefficients of Porra et al. (21) following extraction in
dimethylformamide.

RESULTS

Synechocystiscultures were grown under lights of two
different spectral compositions, changing the PS I/PS II molar
ratio (22). As shown in Table 1, the red light (RL) grown
cells had a 1.5 times increased maximum O2 evolution rate
in the presence of artificial electron acceptors and a 1.5 times
decreased dark endogenic respiration rate compared to the
white light (WL) grown cells. The flash yield measurements
of PS II-mediated O2 evolution and PS I-mediated photoin-
hibition of respiration indicated a virtually invariable content
of the competent PS II reaction centers but a selective 2-fold
decrease of the content of competent PS I reaction centers
in the RL-grown culture compared to the WL-grown culture.
Such change in the photosystem stoichiometry is a common
phenomenon for many species of cyanobacteria (23). There
was only a small∼15% increase of the effective phycobilin
antenna of PS II in RL-grown cells as shown from the
comparison ofσ625 for the cultures (Table 1). In contrast,
both the effective chlorophyll antenna sizes and action spectra

of PS I and PS II units were virtually invariable by the
different light regimes (Table 1, Figure 1). Taking into
account the PS I/PS II ratio and their optical cross sections,
we calculated a relative spectral efficiency of the photosystem
excitation in two cultures (Figure 2). The spectra showed
predominant excitation of PS II at the 625 nm band of
phycocyanin and predominant excitation of PS I at the 680
nm band of chlorophyll that was used to discriminate activity
of the two photosystems in our PA measurements.

Even at room temperature low energy (∼1 µJ/cm2) trains
of laser pulses produced negative (contractive) photoacoustic
signals in the microsecond time window from the competent
reaction centers in intact cells ofSynechocystis(Figure 3).
In contrast, positive (expansive) signals were observed from

PA(cell,T,S))
FT

κT
[EA(1 + R(w,T,t))*R(c,T,t)]* I(t) (3)

PA′(cell,T,D) )
ED

EA
(1 + R′(w,T,t))*R′(c,T,t) +

VT

EART
(4)

PA′(cell,T,S)) (1 + R′(w,T,t))*R′(c,T,t) (5)

PA′(cell,M,D) )
FMκTED

FTκMEA
R′(c,M,t) +

VM

EART
(6)

PA′(cell,M,S))
FMκT

FTκM
R′(c,M,t) (7)

ED

EA
)

PA′(cell,T,D) - PA′(cell,M,D)

PA′(cell,T,S)- PA′(cell,M,S)
(8)

V
EART

) PA′(cell,T,D) -
ED

EA
PA′(cell,T,S) (9)

Table 1: Functional Characteristics ofSynechocystisPCC 6803
Cells Grown under White Light (WL) or Red Light (RL)a

parameter WL-grown cells RL-grown cells

O2 evolution rate,µmol
(mg of Chl)-1 h-1

122( 10b 185( 20b

O2 uptake dark rate,µmol
(mg of Chl)-1 h-1

12 ( 2 7 ( 2

RC I/Chl, au 1c 0.48c

RC II/Chl, au 0.34d 0.28d

RC I/RC II 2.92 1.71
σ680 (PS I activity), Å2 196( 10c 188( 10c

σ625 (PS II activity), Å2 425( 20d 515( 30d

NI, chlorophylls 85( 5c 82 ( 5c

NII , chlorophylls 44( 5d 48 ( 5d

a Representative data or when shown are the averages( SE forn )
3. b O2 evolution rate was measured at white light of∼400 µE cm-2

s-1 in the presence of 0.2 mM dichlorobenzoquinone/1 mM ferricyanide.
c Relative content of competent reaction centers (RC), effective optical
cross sectionσ, and effective antenna sizeN for PS I were calculated
from light saturation curves of photoinhibition of respiratory O2 uptake
(in the presence of 10µM diuron) upon one-turnover flashes.d The
same parameters for PS II were calculated from flash-induced O2

evolution yields under continuous weak background illumination at
>700 nm.

FIGURE 1: Action spectra of PS I and PS II activity in WL- and
RL-grown cells ofSynechocystisPCC 6803. Polarographic mea-
surements of both PS II-mediated O2 evolution and PS I-mediated
photoinhibition of respiratory O2 uptake (in the presence of 10µM
diuron) were carried out sequentially in the same assays at a
chlorophyll equivalent layer density of 0.7µg cm-2. The spectra
were recorded using actinic intermittent illumination of 1 s light
flashes with 20 s dark intervals and, in the case of PS II activity
measurements, under a weak continuous background light atλ >
700 nm. The spectral half-width of the actinic beam was 3 nm,
and its intensity was<0.2 nE cm-2 s-1. The spectra are normalized
to the maximal activities.
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the reference ink solution and photochemically inactive
centers closed by a strong background light.

In the measurements of intact cells, the internal reference
peak-to-peak signal of closed reaction centers showed a
significant deviation from the ink reference at low temper-
atures (Figure 3, curve 2), similar to that previously reported
by Bruce and Salehian (8). The thermal diffusion in the cell

matrix allows it to thermally expand until cooled by the
surrounding water. Thus, this heterogeneous artifact depends
on the cell size. It will occur only when the thermal relaxation
time of the absorbent is longer than the resolution time of
the PA detection system. A correction for the cell artifact
required use of the eqs 8 and 9 to obtain the thermodynamic
parameters as described in Materials and Methods. A global
analysis program was written which used all the time-
dependent PA data in these equations. A plot of the efficiency
or volume versus time then showed when and if these values
were constant. The use of all the time data increased
confidence in the quoted values.

The pulse saturation curve of the volume contraction
signals at 4°C using 680 nm photons (Figure 4) was fit with
a cross sectionσ of 185 Å2 that is close to the value of∼190
Å2 for PS I units estimated by polarographic measurements
(Table 1) and corresponds to an effective antenna size of 80
( 5 chlorophyll molecules.

Photoacoustic data were obtained for both the external and
internal references and samples excited at 625 and 680 nm
over the range of 0-25 °C. The product of water compress-
ibility κ and PA signal, corrected for the cell artifact, versus
the thermal expansion coefficient of water was fit to a straight
line with standard deviation∼5% (Figure 5). The slopes were
used to estimate enthalpy changes, and the intercept of the
sample plot at the temperature of the maximum density of
the solution (R ) 0) was used to obtain the volume change
of reaction centers. The reference ink PA signal at 25°C
was used to calibrate the enthalpy and volume changes per
absorbed photon.

Table 2 summarizes the thermodynamic characteristics
obtained for two cultures ofSynechocystisPCC 6803
measured at 625 and 680 nm, the spectral maxima of
phycobilisomes and chlorophylla. Basically, the PA tech-
nique does not distinguish the origin of the charge separation.
As shown in Table 2, the estimated volume contraction of
reaction centers excited in the spectral region of the phyco-
bilisome band was∼2 times smaller than those excited in
the chlorophyll band of the same sample. Energy storage

FIGURE 2: Spectral dependence of relative excitation efficiency for
PS I and PS II inSynechocystisPCC 6803. The efficiency was
calculated from the data in Table 1 and Figure 1 as a product of
the number of competent reaction centers and optical cross section
for photoreaction. Curves: (1) WL-grown cells, PS II; (2) WL-
grown cells, PS I; (3) RL-grown cells, PS II; (4) RL-grown cells,
PS I.

FIGURE 3: Pulsed, time-resolved photoacoustic signals in a typical
experiment onSynechocystisPCC 6803. RL-grown cells in 10 mM
Hepes buffer, pH) 7.2, OD680 ) 0.15, pulse energy∼2 µJ cm-2

at 680 nm: (1) cells, 4°C; (2) cells under saturating background
light, 4 °C; (3) cells, 25°C; (4) cells under saturating background
light, 25°C; (5) carbon ink solution of the same OD680 in the same
medium, 25°C; (6) carbon ink solution, 4°C. All curves are
averages of 256 repetitions at 1 Hz (curves 1 and 3) or 10 Hz
(curves 2 and 4-6) laser pulse frequency.

FIGURE 4: Laser pulse energy saturation curve of the photoacoustic
signal for WL-grown cells ofSynechocystisPCC 6803 at 4°C.
The volume contraction signal was measured at a time of zero
crossing by the internal reference signal at saturating background
light (see curve 2, Figure 3). Each point is an average of 256 to 32
repetitions (from low to high laser pulse energy at 680 nm) at 1
Hz frequency. The fit is the cumulative one-hit Poissonian withσ
) 185 Å2 that corresponds to 80 chlorophyll molecules.
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per quantum was also consistently larger in the latter spectral
region. However, there was not so much difference between
the thermodynamic parameters of WL- and RL-grown cells,
which provided different PS I/PS II ratios. Obviously, the
wavelength dependence of the volume changes and enthalpy
in the cells varies with the significant difference of these
parameters for PS I and PS II. Using the data on spectral
distribution of the excitation efficiency for PS I and PS II at
625 and 680 nm (Figure 2) and assuming a linear contribu-
tion of each to the observed values of volume changes and
energy storage per absorbed quantum, it is possible to
estimate the individual thermodynamic parameters for the

charge separation in PS I and PS II. Table 3 shows the results
of such fit, indicating very significant differences between
the parameters for PS I and PS II. The volume changes and
enthalpy were estimated to be-27 ( 3 Å2 and -0.33 (
0.2 eV for PS I, contrasting sharply with the values of-2
( 3 Å2 and -1 ( 0.2 eV for PS II. Invariability of the
volume changes in response to the PS I/PS II ratio of the
cells is direct evidence of a small value of this parameter
for PS II. The rather large error of our calculated values of
thermodynamic parameters, particularly that of energy stor-
age, was caused by accumulated errors in the determination
of the relevant factors by differing methods under differing
experimental conditions.

DISCUSSION

According to the known data on kinetics and energetics
of photosynthetic reactions (1-4), in the microsecond time
window, separated charges should be stabilized mainly in
states YZ•P680QA

- and P700
+FAB

- or P700
+Fd-. Photosynthetic

reaction centers produce upon photoexcitation both a negative
photoacoustic signal of the volume contraction and a positive
signal of fast heat emission. The former is most likely due
to electrostriction, which can be an internal probe of the
dielectric coefficient surrounding charges in the reaction
center proteins and of their local compressibility (15, 17).
Previously, the volume contraction of bacterial reaction
centers has been estimated to vary from-12 to-35 Å3 (13-
16) but most likely is-28 Å3 (17). In oxygenic photosyn-
thesis studies, the only previously reported value is-20 Å3

for a PS I preparation fromSynechocystis(9).
The present in vivo PA data confirm our results on the

isolated reaction centers in vitro (24, 25) that PS I and PS II
strongly differ in the volume changes in the microsecond
time window. Taking into account the action spectra and
the change in molar ratio of PS I/PS II inSynechocystis6803
(Figures 1 and 2, Table 1), one expects equal excitation of
PS I and PS II at 625 and 680 nm. A 2-fold difference of
the contraction signals in the cells excited at these wave-
lengths (Figure 5) implies a larger contraction of the PS I

Table 2: Thermodynamic Characteristics of Intact Cells ofSynechocystis6803a

λex ) 625 nm λex ) 680 nm

cells ∆V, Å3 ES, % ES, eV/hν ∆V, Å3 ES, % ES, eV/hν

WL grown -11 ( 1 58( 5 1.15( 0.1 -21 ( 2 75( 10 1.37( 0.2
RL grown -10.5( 0.5 50( 9 1.0( 0.2 -21 ( 1 72( 7 1.3( 0.15

a Data are the averages( SE for n ) 3-5. Volume change∆V was measured at 4°C and calculated relative to the carbon ink reference at 25
°C with a correction for the cell artifact. Energy storage (ES) was calculated as described in Materials and Methods by a global analysis of the data
in the temperature range from 4 to 25°C. Data obtained at 625 nm were corrected to the excess excitation energy.

Table 3: Thermodynamic Parameters of the Photoinduced Charge-Transfer Reactions in PS I and PS II in the Intact Cells ofSynechocystis
6803 Compared to the Isolated Complexes

EA
a at 625 nm EA

a at 680 nm

sample PS I PS II PS I PS II ∆VI, Å3 ∆HI, eV ∆VII , Å3 ∆HII , eV

WL cells 0.41 0.59 0.79 0.21 -26.5( 3 -0.33( 0.2 0( 3 -0.91( 0.2
RL cells 0.30 0.70 0.71 0.29 -28.5( 2 -0.31( 0.2 -3 ( 2 -1.06( 0.2
PS I trimer -26 ( 2b -0.39( 0.1b

apo-PS II core -3 ( 0.5c -1.15( 0.1c

-9 ( 1d -0.9( 0.1d

a The fractions of absorbed energyEA for each photosystem were estimated from Figure 2. The volume changes∆V and enthalpy∆H for the
individual reactions are the fit of the data in Table 2 using the contributions of parameters of PS I and PS II at 625 and 680 nm to solve the system
of two equations with two unknowns.b Data from ref24. c Data from ref25, pH 9. d Data from ref25, pH 6.

FIGURE 5: Photoacoustic signal times compressibility of water
versus the thermal expansion coefficient of water forSynechocystis
PCC 6803 cells and the carbon ink reference. Data are corrected
for the cell artifact as described in Materials and Methods. RL-
grown cells in 10 mM Hepes buffer, pH) 7.2, pulse energy∼2
µJ cm-2, OD ) 0.17 ( 0.01 at both 625 and 680 nm: (1) cells,
680 nm; (2) cells, 625 nm; (3) ink reference of the same OD; (4)
the fit of the PS I signal at 680 nm; (5) the fit of the PS II signal
at 680 nm. Each point is an average of 256 to 1024 repetitions at
1 Hz (curve 1) or 10 Hz (curves 2 and 3) laser pulse frequency.
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center (Table 3). The contraction signal excited at 680 nm
is mainly from PS I as shown by the effective antenna size
of ∼80 chlorophylls (Figure 4). The same antenna size has
been reported for the isolated PS I core complexes from
Synechocystis6803 (24, 26).

The fit of individual contributions of each photosystem
to the observed values of volume changes (Table 2) from
data in Figure 2 revealed-27 and-2 Å3 for PS I and PS II
(Table 3), respectively. A much smaller∆V in PS II
compared to PS I was also observed in the isolated core
complexes in vitro (Table 3) (25). The small contraction of
PS II reaction centers is very likely due to the fast electron
transfer from YZ

- to P680
+ and possible proton emission (4)

canceling the charges of the pair (for a detailed discussion,
see ref25).

In contrast to the contraction signal, the thermal photo-
acoustic signal is temperature-dependent and allows estima-
tion of the energy storage and enthalpy in the microsecond
time range from the ratio of slopes of theκPA vsR plot for
sample and references between 0 and 25°C (Figure 5).

From the excitation energy of P680* and P700* and the
known data on the redox potential differences in the states
YZ

•P680QA
-, +0.97/-0.08 V (27, 28), and P700

+FAB
-, +0.49/-

0.54 V (3) and excitation energy of P680* and P700*, the free
energy of these reactions in vivo is-0.77 and-0.74 eV,
respectively. If a contribution of entropy to these reactions
is assumed to be zero, as often done, then the expected
energy storage in both PS II and PS I should be∼58% of
the trap energy or∼1.05 eV per absorbed quantum. This
value has been reported by Delosme et al. (9) in a
photoacoustic study of spinach PS II heavy particles and PS
I preparations fromSynechocystis. However, even though
these authors, unlike earlier studies (6-8), considered the
contribution of the volume change, the experimental condi-
tions in their PA measurements were probably not optimal.
In particular, the extremely high chlorophyll concentrations
(OD675∼ 7-20 mm-1) used in the measurements of Delosme
et al. (9) will distort the PA signal and significantly change
the thermal expansion properties of the medium. This is
evidenced by the record of positive instead the expected
negative PA signal for the PS I particles under saturating
background illumination at 0°C (see Figure 2 in ref9).

The fit of the individual contribution of each photosystem
to the observed values of energy storage per absorbed
quantum in the cells (Table 3) indicated∼80% and∼45%
per trap for PS I and PS II, respectively. Similar values of
the thermal efficiency were found in the isolated PS I and
PS II complexes in vitro (24, 25). Note that the thermal
efficiency of PS I on the millisecond time scale is∼40%
(11, 12). The enthalpies for the formation of states P700

+FAB
-

from P700* and YZ
•P680QA

- from P680* in vivo were estimated
to be about-0.3 and-1 eV, respectively. Comparison of
these values with the free energies of the reactions indicates
a significant contribution of the apparent entropy changes
T∆S, +0.4 and-0.24 eV for the formation of ion radical
pairs in PS I and PS II, respectively (Figure 6). We refer to
this as an apparent entropy because the free energy may be
different in an unrelaxed state of the protein (17). Likewise,
a positive entropy change has been recently found in the
primary reaction of bacterial reaction centers (17) and PS I
trimers (24) that was assigned to the release of counterions
from the reaction center surfaces when the charge transfer

cancels the dominant opposite charges at the interfaces.
Unlike PS I and bacterial centers, the entropy of electron
transfer in PS II is negative, which is normal for charge
formation in solution (29). The electron-transfer reaction in
PS II is associated with proton transfer favored by a more
polar environment in the complex. For a detailed discussion
see the preceding paper (25). Thus the protein contributes
to the thermodynamics of electron-transfer processes. Our
method of canceling the cell or heterogeneous artifact now
allows accurate PA measurement on whole cells, opening a
broad vista of investigations. The artifact itself may contain
valuable information on cell size and water content.
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