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The heat released by all primary processes occurring within the first few microseconds after a laser flash of 
677 nm was measured by optoacoustic spectroscopy of Photosystem I and II particles isolated from the 
cyanobacterium Synechococcus  sp. The heat production was calibrated either 'internally' by inhibiting 
photochemistry, i.e., closing the reaction centers, or by using solutions of CuCI 2 as calorimetric standard. By 
this method detailed information on the energy partitioning between fluorescence, photochemistry and heat 
dissipation is obtained for each photosystem. The photoproducts formed within 1 .4±0 .1  ~ts in the 
Photosystem I and II particles, i.e., the states P +-700 A 1 and Z +P-680 IQA, were found to be associated 
with a relative energy storage of 0.83 ( ±  0.08) and 0.65 ( ±  0.07), respectively. From these data a difference 
of midpoint potentials (AEm) between P+-700 /P -700  and A ~ / A  1 of 1520 ± 150 meV was calculated, 
which implies an Em(A Y / A t )  of -(1040-l-  160) meV. The midpoint potential difference between Z + / Z  
and Q A / Q A  was 1190 ± 100 meV. The consequences for the value of Em(Z + / Z )  are discussed on the basis 
of the variability of E m values reported for the quinone aceeptors in the literature. In the case of 
Photosystem II particles with closed reaction centers a fraction of 5% of the absorbed energy stored for a 
time longer than 1.4 gs is attributed to the formation of triplet P-680. Data from intact Synechococcus  cells, 
excited at 628 and 677 nm, is explained in terms of the results obtained from the isolated particles and the 
coupling of the antenna pigments in the phycobilisomes to Photosystem II. 

Introduction 

In a photosynthetic reaction center (RC) the 
excitation energy absorbed by the antenna pig- 

Abbreviations: RC, reaction center; PAS, photoacoustic spec- 
troscopy; LIOAS, laser-induced optoacousfic spectroscopy; PS 
II, Photosystem II; PS I, Photosystem I; Chl, chlorophyll; Mes, 
4-morpholineethanesulphonic acid; EG, ethylene glycol; 
DCMU, 3-(3,4-dichlorophenyl)-l,l'-dimethylurea; PC, phyco- 
cyanin. 
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ments is for the most part converted into electro- 
chemical energy of the photoproduct,  i.e., a radi- 
cal pair, which is stabilized by consecutive reac- 
tions in the (sub)nanosecond time scale [1]. A 
smaller fraction is emitted as fluorescence. A third 
fraction is dissipated as heat during the primary 
processes. Kinetic and mechanistic information 
about the primary processes of excitation trap- 
ping, charge separation and primary charge sta- 
bilization in an RC is provided by fluorescence 
and absorption studies with picosecond time res- 
olution. The energetics of these processes, i.e., the 
fraction of energy dissipation and of energy stor- 
age, have been usually calculated from equilibrium 
constants. Those are obtained from midpoint re- 
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dox potentials of the respective components in- 
volved in the electron-transport chain, or from the 
analysis of kinetic data (see, e.g., Ref. 2 for a 
review). 

A direct measurement of the energy dissipated 
as heat is possible with photothermal techniques 
[3]. Some years ago, conventional photoacoustic 
spectroscopy (PAS) was introduced to measure the 
heat evolved in a photosynthetic system upon 
irradiation with amplitude-modulated continuous 
light [4]. A gas-coupled microphone was used as 
detector. This method allowed for the first time in 
vivo measurements of the photosynthetic energy 
storage by comparing the heat from a photosyn- 
thetically active sample to that obtained from an 
inhibited sample ('internal' heat calibration) and 
was applied to intact leaves and cells of algae 
deposited in layers on filter paper [5,6]. However, 
since the experimental time window of PAS is in 
the millisecond-to-second time scale, the heat 
evolution of the primary and many secondary 
electron-transfer steps is monitored. It is not pos- 
sible by this method to obtain information on 
early intermediates and heat dissipation during 
the primary processes alone. Furthermore, the PAS 
signal contains a contribution from 'modulated 
oxygen evolution', which increases with decreasing 
modulation frequency. After analysis and sep- 
aration of this effect [7], PAS in photosynthetic 
systems is now preferentially applied as an al- 
ternative technique to measure electron-transport 
rates and to monitor processes like Emerson en- 
hancement and state transitions [8,9]. 

In laser-induced optoacoustic spectroscopy 
(LIOAS), the heat emitted by a sample after ab- 
sorption of a short laser pulse is detected as an 
acoustic pulse by a piezoelectric transducer [10]. 
The time resolution of the method is determined 
by the effective acoustic transit time z a = 2R/v  a 
that the induced sound pulse in the sample medium 
takes to cross the laser beam diameter 2R, where 
v a is the velocity of sound [11,12]. For aqueous 
systems, r~' is in the nanosecond-to-microsecond 
range, depending on the beam diameter. Processes 
occurring on a longer time scale give no detectable 
contribution to the signal amplitude. Therefore, 
LIOAS allows the selective detection of the heat 
evolved during the formation of early in- 
termediates in the RC. 

We have applied the LIOAS method to study 
selectively the energetics of processes occurring in 
the Photosystem I (PS I) and Photosystem II (PS 
II) within a time window of 1.4 + 0.1 ~s. To avoid 
any interference between both photosystems we 
used PS I and PS II particles, which were isolated 
from the cyanobacterium Synechococcus sp. We 
also studied the situation in vivo using intact 
Synechococcus cells. Compared to whole leaves 
[5,13] and to condensed cell layers [6], the investi- 
gation of aqueous suspensions of isolated particles 
or cells offers also technical advantages: (a) the 
control of temperature, redox potential and pH in 
the sample is straightforward; (b) the control of 
pigment concentration and of photon density is 
possible; (c) the acoustic coupling of the photo- 
synthetically active protein complexes to the 
medium is improved and the signal contribution 
from scattered light is significantly reduced; (d) 
for homogeneous suspensions the heat production 
of the system can be calibrated not only 'inter- 
nally' (see above) but also 'externally' using a 
CuC12 reference solution (see Materials and 
Methods). Thus, a detailed picture can be gained 
for the energy distribution between fluorescence, 
photochemistry and heat dissipation associated 
with all the processes occurring within a few txs 
for both Photosystems I and II. 

Materials and Methods 

Samples 
Cells of the thermophilic cyanobacterium Syn- 

echococcus sp. (obtained from Prof. S. Katoh, 
University of Tokyo, Komaba, Meguro-Ku, Tokyo 
153, Japan) were grown under conditions given in 
Ref. 14. From this species oxygen-evolving PS II 
particles with a ratio of about 80 Chl/P-680 were 
isolated using the detergent sulfobetaine 12 
according to Ref. 15. From the resulting PS II- 
lacking membrane fragments P S I  particles with 
about 100 Chl/P-700 were isolated by a further 
detergent treatment with Triton X-100 (Schatz, 
G.H., unpublished data). 

The P S I  particles were suspended in 50 mM 
phosphate buffer (pH 7) containing 0.1% (w/w) 
Triton X-100. The PS II particles were suspended 
in a buffer solution (500 mM sucrose, 10 mM 
MgC12, 2 mM K2HPO 4, 5 mM CaC12 and 10 



mM Mes-NaOH (pH 6)). Samples containing in- 
tact cells were directly taken from the Synechococ- 
cus cultures. In order to obtain larger optoacoustic 
signals the buffer solutions were diluted with 33% 
(v/v)  ethylene glycol (EG). The amplitude of the 
pressure pulse is directly proportional to the ratio 
fl/cp of the medium [10] (fl is the cubic expansion 
coefficient, Cp is the specific heat capacity); EG is 
a convenient additive, since the value of fl/Cp for 
EG is about 5-times larger than that for water 
[17]. Addition of EG did not affect the electron 
transport from water to K3Fe(CN)6 in PS II 
particles. Measurement of K3Fe(CN)6 reduction 
under saturating continuous red light (X > 630 
nm) showed no difference between samples with 
and without 33% EG. The Chl concentration for 
all samples was about 5-6  ~tM and the absorbance 
at 677 nm due to Chl was about 0.4. 

By inhibition of the photosynthetic activity an 
internal calibration for maximum heat production 
can be obtained for each photosystem, since no 
energy is stored by secondary products under these 
conditions [4]. The RCs of the P S I  particles were 
kept open by adding 1 mM sodium ascorbate and 
dark adaptation, and were closed by oxidation of 
P-700 upon adding 1 mM K3Fe(CN)6 and back- 
ground illumination (Xexc > 695 nm, 300 W.  m-2) .  
The RCs of the PS II particles were kept open by 
adding 1 mM K3Fe(CN)6 and dark adaptation, 
and were closed by reducing the primary quinone 
acceptor QA upon adding 50 #M DCMU or 2 
mM dithionite and white background illumination 
(1500 W.  m -2, 400-720 nm). In the intact cells 
the RCs were closed by white background light 
(1500 W.  m -2, 400-720 nm) and addition of 50 
/~M DCMU. 

CuC12 • 2H20 (Merck z.A.), dissolved in a 1 : 2 
(v /v)  EG/wa te r  mixture was used as an indepen- 
dent calorimetric standard [18]. 

Apparatus 
The LIOAS set-up was similar to the one 

described in Refs. 12 and 19 with the following 
changes. 

(a) A 15-ns pulse from an excimer-pumped dye 
laser (Lambda Physics) at a repetition rate of 1 Hz 
was used for excitation at 628 and 677 nm (DCM 
or Pyridine 1 as laser dyes in methanol, Lambda 
Physics). The laser beam diameter 2R was varied 
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with several pinholes between 0.4 and 6 mm, 
corresponding to effective acoustic transit times %' 
in the E G / w a t e r  mixture between 270 ns and 4.5 
~s [19]. For  diameters above 1 mm the beam was 
expanded by two convex lenses (f---25 and 40 
mm) before passing through the pinhole. The laser 
output energy was varied by means of neutral 
density filters between 70 nJ and 35 ~J per pulse. 

/ 
At our standard condition at 2R = 2 mm (T a = 1.4 
+ 0.1 ~ts) and X = 677 nm this corresponds to 
excitation energy densities ranging from 3 btJ per 
cm 2 per pulse to 3 mJ per cm 2 per pulse or 
fluences ranging from 1013 photons per cm 2 per 
pulse to 1016 photons per cm 2 per pulse. For PS II 
particles with 80 Chl /RC,  0.07-70 pho tons /RC 
are absorbed under our conditions (5 ~tM Chl). 

(b) The samples were thermostated at 17 °C in 
an external reservoir and pumped (20 ml /min)  
through a 1-cm pathlength cuvette in order to 
replace the irradiated sample volume after every 
laser pulse and to prevent sedimentation of the 
intact cells. The reservoir could be illuminated by 
the appropriate background light (fiber optics, 
Oriel 77501) as specified above. 

(c) In order to increase the signal-to-noise ratio 
at low pulse energies a combination of two 4 mm 
thick, 400 kHz piezoelectric transducers (PZT 
ceramic, Vernitron) attached to opposite walls of 
the flow cuvette was used. If the laser beam passes 
exactly through the middle of the cuvette the 
signals from both detectors are in phase and can 
be superimposed. They were added (Tektronix 
7A12) and further amplified, averaged (100 x ) 
and energy-normalized as described [19]. The sig- 
nal trace that is due to the ringing of the piezo- 
ceramic (Fig. 1) was independent on beam diame- 
ters between 0.4 and 2 ram; however, widening up 
the beam to 6 mm diameter led to a significant 
broadening and decreasing of the expansion and 
contraction peaks. Nonresonant piezoelectric films 
[12,19] could not be used here, since they are less 
sensitive than the ceramic elements [20]. 

(d) An additional signal contribution due to 
scattered-light absorption by the detectors was 
observed as a small shoulder prior to the first peak 
when using intact cells (size, approx. 5 ~tm) (Fig. 
la). To correct for this artefact, signals only due 
to scattered light were generated with emulsions of 
phospholipids in E G / w a t e r  mixtures of matched 
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Fig. 1. Signal traces (h¢xc = 677 nm, beam diameter 2R = 0.9 mm, E 0 = 5 I~J, single shot) obtained from (a) an EG/buffer solution 
containing intact cells and (b) a phospholipid emulsion in a EG/water mixture. Note the tenfold expansion of the scale in (b). The 

turbidities were matched by comparing the absorbances at 750 nm. (c) Difference between signal (a) and signal (b). 

turbidity at 750 nm (Fig. lb). They were sub- 
stracted f rom the measured signals in order to 
obtain the corrected signals originating only from 
the absorption of the excitation light by the sam- 
ple (Fig. lc). This procedure is as used in an 
earlier LIOAS study of intact leaves [13]. How- 
ever, the scattered-light signals from cells were 
generally one order of magnitude smaller than 
those from leaves. No  scattered light-induced sig- 
nals were detected from PS II  and P S I  particles 
which are known to have diameters less than 20 
nm [21]. Sample absorbances were measured with 
a Perkin-Elmer 356 spectrophotometer in a com- 
partment  close to the end-on photomultiplier tube. 

Signal amplitudes from samples with open and 
closed RCs were measured over a wide energy 
range (see above). Intact  ceils and PS II  particles 
were excited with 628 and 677 nm, the absorption 
maxima of phycocyanin (PC) and Chl a, respec- 
tively. P S I  particles were excited at 677 nm only. 

Heat  calibration 

For a dilute sample the voltage amplitude H of 
the optoacoustic signal (Fig. lc) is given by Eqn. 1 
[10,20] 

H = K o t E  o (1 - 10-A ) (1) 

where K is a proportionality factor containing 
apparative, geometrical and thermoelastic parame- 

ters, E 0 the incident excitation energy, A the 
sample absorbance and a the fraction of the ab- 
sorbed energy that is dissipated as heat within the 
effective acoustic transit time r" [11,22]. For a 
calorimetric standard like CuC12, which releases 
all energy absorbed by ' p r o m p t '  thermal deactiva- 
tion processes within a few nanoseconds, a is 
equal to unity [18]. For a sample in which some 
energy is stored by products for a time longer than 
r a' or lost by  fluorescence, a becomes less than 1 
and the slope of a plot of H vs. E 0 is proportion- 
ally decreased. Internal heat calibration in photo- 
synthetic systems can be achieved by measure- 
ments on closed RCs at the same sample ab- 
sorbance and excitation energy as that used for 
the open RCs [5]. Then, a is obtained according to 
Eqn. 2 from the ratio of the signal amplitudes of 
samples with open RCs, H °p, and closed RCs, 
H cl. The latter is corrected for fluorescence: 

a =  (1 - - t~?  ! V~ef ) H°P 
H el (2) 

~ l  denotes the fluorescence quantum yield for 
closed RCs. ~'e and vf are the radiation frequen- 
cies of excitation and the weighted average of 
fluorescence, respectively. For PS II  v f / v  e = 0.99 is 
obtained. For P S I  this ratio is somewhat smaller, 
but since qb~ 1 for PS I is negligible (vide infra), the 
first term in Eqn. 2 becomes unity for P S I .  



Curve fitting 
Computer fits of the energy-dependencies of 

the normalized optoacoustic signals according to 
Eqn. 3 (vide infra) were performed by a nonlinear 
least-square optimization program (Levenberg- 
Marquardt algorithm). 

Results and Discussion 

Signal energy dependence 
In Fig. 2 the signal amplitude H from P S I  

particles (with 1 mM sodium ascorbate) for a laser 
beam diameter of 2 mm (%' = 1.4 ~ts) and a laser 
wavelength of 677 nm is plotted vs. the pulse 
energy E 0. Around E 0 = 1 ~tJ a significant in- 
crease in the slope is observed. For  comparison, a 
plot of H vs. E o for a CuC12 solution with the 
same absorbance at 677 nm and under the same 
geometrical conditions is shown in the same fig- 
ure. A straight line passing line through the origin 
results for this standard. Its slope does not change 
even at higher energies (more than 30 rtJ, not 
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Fig. 2. Amplitude H of the signal peak plotted vs. the laser 
energy E 0 (o )  for an EG/buf fe r  solution containing PS I 
particles with 1 mM sodium ascorbate and ( + )  for a CuCI 2 
solution at matched absorbance at Xcxc = 677 rim; 2R = 2 mm. 
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shown) and represents the maximum prompt heat 
production. 

According to Eqn. 1 the change of the slope 
H / E  o for the PS I particles from an initial small 
to a higher value with increasing laser energy 
means that a smaller fraction of the absorbed 
energy is stored under the latter condition. This 
can be explained by a closure of the RCs by the 
excitation light. Since the laser pulses used have a 
duration of approx. 15 ns FWHM, the probability 
of double hits of the RCs at high laser energies is 
not negligible. A change in the H / E  o slope was 
already observed during the optoacoustic studies 
of leaves at pulse energies above 1 ~tJ but could 
not be well resolved [13]. Owing to the improved 
sensitivity of our present detection system and the 
better acoustic coupling of the photosynthetic 
membranes to the medium we were able to de- 
crease the pulse energy far below 1 ~tJ. By ad- 
ditional expansion of the laser beam to a diameter 
above 1 mm the fluence was further reduced so 
that an average of less than one photon per RC 
was absorbed and double hits were negligible. 
Thus, the flat slope obtained at low energies corre- 
sponds to the heat released from open RCs, while 
the steeper one at high energies to that from 
closed RCs, respectively. In the following the sym- 
bols H °p and H cl denote the signal amplitudes 
from RCs which had been opened and closed, 
respectively, prior to the measurement by chem- 
ical and photochemical treatment. This terminol- 
ogy is maintained in each case over the entire 
fluence range. Thus, H °p denotes also signal am- 
plitudes from RCs which were closed by laser 
pulses with high fluence. With every system studied 
a change in the value of the slope H °p vs. E o was 
obtained. 

We prefer to show here semilogarithmic plots 
of the energy-normalized signals H~ p (=  H°P/Eo) 
vs. the pulse energy E 0. Such a plot should exhibit 
an inflexion point separating two H i  p levels: a 
lower one, representing the thermal loss under 
conditions where each photon absorbed in the 
antenna initiates a charge separation in the RC (at 
the low energy limit), and a higher one repre- 
senting the maximum heat production by the RCs 
closed by the excitation light itself (at the high 
energy limit). The ' t rue '  value of H~ p is the value 
obtained at low energies. 



206 

P S I  particles 
In Fig. 3 a semilogarithmic plot of rtop ~*N VS. E 0 

for P S I  particles and Xe× c = 677 nm at different 
laser beam diameters 2R is shown. The complete 
inflexion behavior can be observed only for 2R = 2 
mm, i.e., at the lowest fluence. Decreasing the 
beam diameter from 2 to 0.4 ram, i.e., increasing 
the fluence by a factor of 25, results in a propor- 
tional shift of the inflexion point on the log E 0 
axis (from approx. - 5 . 7  to approx. -7 .0) .  This 
shift clearly demonstrates the energy-dependent 
closure of the RCs by multiple hits. For all diame- 
ters the pulse energy at the inflexion point corre- 
sponds to a fluence of approx. 60 ~J per cm 2 per 
pulse or to approx. 1.5 photons per RC. No 
mathematical fitting was performed for the points, 
since these experiments should only ilhistrate the 
variation of the inflexion point with the beam 
diameter. Thus, opposite to Fig. 4 (vide infra) the 
solid curves were drawn by hand. 

In Fig. 4 the values of H~ from P S I  particles 
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Fig. 3. Energy-normal ized  L I O A S  signals  H ~  p f rom P S I  
par t ic les  (with 1 m M  sod ium ascorbate)  a t  Xex ¢ = 677 n m  for 
var ious  laser  b e a m  d iamete r s  (2 R )  p lo t t ed  vs. the loga r i thm of 

the laser  energy E 0. 2 R  = 0.4 m m  (zx), 0.9 m m  (D), 1.5 m m  (v),  
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nm. The solid curve represents a Poisson fit according to Eqn. 
3 with A=l.2.102 V.J ~, B=7.6.102 V-J -1 and C=0.9 

ixJ -1.  

with chemically preoxidized RCs (P+-700), in 
which the charge separation P*-700A 1 ~ P + -  
700A~- is not possible, are compared to the corre- 
sponding H~  p values. For the samples with in- 
hibited charge separation an energy-independent 
H~ value identical with the H~  p level at high E 0 
was observed. S i n c e  ~ 1  is negligible for PS I 
(approx. 0.002 (Schatz, G.H.,  unpublished data)), 
the internal calibration for P S I  is equivalent to 
the total t ransformation of the absorbed energy 
into heat. This was confirmed by the coincidence 
of the H~  values with the energy-normalized sig- 
nals from a CuC1 z reference solution over the 
entire E o range (Fig. 4). It  can also be seen from 
the original plots of H vs. E 0 in Fig. 2. At low 
energies H~P/H~ = 0.25 and with Eqn. 2, a ---- 0.25 
were obtained for P S I  particles (see Table I). 



The energy-dependence of the H~ p values was 
fitted to a cumulative one-hit Poisson distribution 
[23] according to Eqn. 3: 

HN = A + B (  1 1--e-CE°) 
CE ° (3) 

The parameter C is related to the unit absorp- 
tion cross section. From the result of the optimal 
fit (solid curve in Fig. 4), i.e., C = 0.9 ~tJ -1 and 
the Chl absorption cross section o = 1.6.10 -16 
cm 2 at 677 nm a value of 0.8 photons per 100 Chl, 
i.e., approx. 1 photon per RC is calculated. This 
point, corresponding to e -1 of the amplitude B, 
defines the beginning closure of the RCs by dou- 
ble and multiple hits within the 15 ns laser pulse 
with increasing fluence. The parameter A is used 
as H N offset at low fluence. 

PS H particles. Effect of singlet-singlet annihilation 
and triplet P-680 formation 

The energy dependence of the signals for the 
PS II particles excited at 677 nm and with a beam 
diameter of 2 mm (%' = 1.4 + 0.1 ~s) was quite 
different from that for the P S I  particles. Again 
the energy-normalized signals, H~ p, strongly in- 
crease with pulse energy, up to the values for PS II 
particles with closed RCs, H~ (Fig. 5). However, 
no plateau for H~ p at high E 0 is reached. The 
values for closed RCs, H~, are nearly constant at 
low energies but increase significantly at higher 
E 0, following a sigmoidal curve. The inflexion 
region corresponds to energy densities between 
approx. 40 ~J per cm per pulse and 80 ~J per cm 
per pulse, i.e., to 1-2 photons absorbed per RC. 
By variation of the laser beam diameter this region 
can be shifted on the log E 0 axis in the same way 
as it was observed for the inflexion point of the 
H~ p curves for the P S I  particles (see above). 

For closed RCs, i.e., a system that does not 
react photochemically, an energy-dependent en- 
hancement of the heat production can be under- 
stood in terms of a decrease of the concurrent 
process, i.e., fluorescence. A decrease of the fluo- 
rescence quantum yield and a shortening of the 
fluorescence lifetime are known to occur at high 
fluences in photosynthetic units as a consequence 
of singlet-singlet annihilation according to 

1Chl* +lChl* --.lChl* +lChl+heat 
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This effect was studied, e.g., with purple 
bacteria, using picosecond flashes [24] and with 
Chlorella, using nanosecond flashes [23] of increas- 
ing intensities. With the same PS II particles as 
those used in this work, picosecond studies have 
shown that singlet-singlet annihilation becomes 
important at fluences corresponding to more than 
0.2 photons per RC [25]. In the LIOAS experi- 
ment described in this work the threshold fluence 
is about one order of magnitude higher (1-2 pho- 
tons per RC). This apparent difference is ex- 
plained by the different laser pulse widths used, 
since completely different fluence dependencies of 
the annihilation effect are expected for pulse dura- 
tions shorter and longer than the average exciton 
lifetime. While in Ref. 25 pulses of approx. 10 ps 
F W H M were used, being much shorter than the 
average exciton lifetime, in the LIOAS experiment 
the excitation energy is distributed over a laser 
pulse of approx. 15 ns FWHM, i.e., a time interval 
much longer than the average exciton lifetime. 

Using CuC12 as reference solution under the 
same experimental conditions as for the PS II 
particles the energy-normalized signals showed 
constant H N values over the whole energy range 
(Fig. 5). At high E 0 the H~ signals (error less 
than 1%) from the PS II particles approach the 
CuC12 signal level. This means that under these 
conditions ~ l  approaches zero owing to almost 
complete annihilation of the Chl singlet states. At 
lower E 0 (signal error, approx. 5%) the difference 
between the CuC1 z signals and the H~ signals is 
about 10-15%. ~1  for the PS II particles used 
here is known to be in the order of 0.05-0.1 [25]. 
Hence, a fraction of (5 _+ 5)% of the absorbed 
energy is neither released as fluorescence nor de- 
tected as heat within r a' (1.4 _+ 0.1 ~s for 2R = 2 
mm) at low energies. However, also this fraction is 
converted to heat at high energies, where no signal 
difference between CuC12 and PS II particles is 
observed. Thus, for PS II an energy-independent 
internal heat calibration cannot be obtained. This 
result can be explained by (a) the energy-depen- 
dent fluorescence quantum yield and (b) a partial 
deactivation of the reduced state P+-680I-QA of 
closed RCs in PS II via triplet P-680 [26], which is 
formed 'promptly '  (in nanoseconds) but decays to 
the ground state in a time longer than the experi- 
mental time window (in microseconds). About 5% 
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of the absorbed energy are stored by such a pro- 
cess at low excitation energies. This must be taken 
into account in the calculation of c~ at low en- 
ergies, in addition to the correction for the fluores- 
cence in Eqn. 2. Under the rough assumption that 
the triplet energy content is close to that of the 
first excited singlet, the triplet yield can be esti- 
mated to be in the range of (5_+ 5)%. At high 
fluences nearly the whole energy absorbed by the 
antenna Chls is dissipated by prompt thermal 
deactivation processes, since singlet-singlet anni- 
hilation becomes dominant compared to exciton 
trapping (i.e., charge separation and eventual tri- 
plet P-680 formation). Therefore, no difference is 
observed for the 'energy-normalized heat produc- 

fl uence / c rn "2 pulse "~ 

1013 1014 1015 1016 
I I I I 

11 

5 

o o° 

o 
o 

3 

0 I i I i I J 

-7 -6 -5 

log (E o /J) 

Fig. 5. Energy-normalized LIOAS signals H N from PS 11 
particles (©) with 1 mM K3Fe(CN)6, (0) with 2 mM di- 
thionite, and from a CuC12 solution ( + ) ;  2R = 2.0 mm (% = 
1.4 ~ts). Absorbances matched at h ~  = 677 nm. The upper 
solid curve is a Poisson fit according to Eqn. 3 with A = 8.74. 
102 V-J t, B =1.61.102 V.J  -1 and C = 0.3 I~J -1. The lower 

solid curve is the sum of two fits according to Eqn. 3, one with 
A = 3 . 5 . 1 0 2  V . j - i ,  B = 5 . 9 . 1 0 2  V . j - 1 ,  C = 0 . 9 5  ~ j -1  
(dashed curve) and a second one with A = 0 ,  B=0 .9 -102  

V.J  -1 and C = 0.04 ~ j -1  (not shown). 

tion', H N, between CuC12 and closed PS 1I at 
high energies. At low energies u o p / u c l  = 0.45 and J ' N  /~LN 
c~ = 0.4 were obtained for the PS II particles at 
677 nm (see Table I). 

The above explanations of the signal energy-de- 
pendence for PS II particles are supported by 
computer fits of the H~ and H~ p values. The 
upper solid curve in Fig. 5 (H~]) again is a Poisson 
fit according to Eqn. 3. It corresponds to the 
so-called 'Poisson saturation' [23] and describes 
the gradual decrease of the fluorescence quantum 
yield for closed RCs (Fm~) with increasing fluence. 
It should be noted, however, that the H~ values 
are not only related to the fluorescence quantum 
yield o~l but also reflect the energy storage by the 
triplet P-680 as described above. From the fit 
C =  0.3 ~j -1  is obtained, which corresponds to 
2.2 photons per 100 Chl, i.e., approx. 1.8 photons 
per RC in the PS II particles, at Be 1. The lower 
solid curve (H~  p) is the sum of two fitted compo- 
nents according to Eqn. 3. The first component 
(dashed curve) represents the H~ p energy depen- 
dence, neglecting fluorescence and taking into 
account the fraction (5%) of energy that is stored 
by the triplet P-680 in closed RCs at low fluence 
but contributes to the 'energy-normalized heat 
production' at high fluence. For this reason, the 
high fluence plateau of the dashed curve is some- 
what higher than the low fluence plateau of the 
H~ fit. C = 0.95 ~J 1 is obtained for the dashed 
curve, which compares well to the value for the PS 
I particles (0.9). This was to be expected, since the 
antenna sizes for both particles are similar. For 
the second component (not shown) C = 0.04 jxJ 1 

is obtained,  corresponding to approx. 13 
p h o to n s /RC at B.  e -1. This component, shifted 
towards lower fluence by one order of magnitude 
compared to the H~ fit, may reflect the S-S 
annihilation in photosynthetic units with the RCs 
in the open state prior to the measurement [23,24]. 
It should be noted that also the second component 
was obtained by a 'singlet-hit' Poisson distribu- 
tion and not by a 'multiple-trap' function as pos- 
tulated in Ref. 23. However, such details, also 
considering the different values of F 0 and Fm~ ×, 
cannot be obtained from our data, since the fluo- 
rescence yield was not directly measured, but 
rather represents one of the contributions to the 
optoacoustic signal. 
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Calorimetric evaluations for PS  I and PS  H par- 
ticles 

Provided no closure of the RCs by the laser 
pulse occurs, the fraction of heat dissipated 
promptly, a, can be used to calculate the relative 
storage by the photoproducts formed within the 
effective acoustic transit time ~'a' (see Table I). a is 
related to the product of the quantum yield of the 
photoreaction, ~r, and the molar energy content 
of the photoproduct, AE r, by simple energy bal- 
ance considerations [4,18] 

NA hl, e = aNA h~, e + ~ P N A h u  f + (~rAEr (4) 

N g is the Avogadro number, h the Planck con- 
stant, and ~'P denotes the fluorescence quantum 
yield for open RCs. a is obtained from Eqn. 2. 
Rearrangement of Eqn. 4 leads to Eqn. 5: 

A E r 1 - a - cb~P 

NA h ~'e ¢I)r 
(5) 

secondary donors of PS I occur in the micro-to- 
millisecond time range and are not monitored by 
our experiment. 

The relative energy storage by the photoprod- 
uct formed in PS II particles was calculated analo- 
gously: an a value of 0.4 is obtained from ~ 1 =  
0.07 a n d  H ~ P / H ~  = 0.45 (which is reduced by 5% 
correcting for the energy stored by triplet P-680 
for a time longer than 1.4 gs). With ~/i~'p = 0.02 
and a quantum yield for charge stabilization in 
open PS II, q~r = 0.9 [37], a value of AEr/NAhl'  e = 
0.65 (_+0.07) is calculated (Table I). This means 
that about one-third of the absorbed light energy 
is released by fast stabilization processes within 
1.4 t~s and about two-thirds remain stored in the 
system. According to known kinetic data [1,25,29] 
for the electron-transport chain in PS II this time 
window includes the charge separation processes 
which yield the secondary radical pair Z+P- 
680IQ A according to 

The relative energy storage (A Er/Ngh ~'e) by the 
photoproduct formed in PS I particles within 1.4 
~ts was calculated as follows. 

Using T4op / 14cl = -- Y / ' "  N Ct = 0.25 and (~j~p ~- ~)~1 = 

0.002, and assuming ~r = 0.9, AEr/NAhv ¢ = 0.83 
( +  0.08) was obtained (Table I). From this it fol- 
lows that about 20% of the absorbed light energy 
are released by fast stabilization processes within 
ra' (! .4 ~s for 2R = 2 mm), whereas about 80% 
remains stored in the system. This time window 
includes the charge separation between P-700 and 
A 1 [27]: 

P*-700A 1 --* P+-700A~- 

The subsequent electron-transfer steps to the 
ferredoxin acceptors Fx, F A and F a and to the 

Zp . . 680 IQA 80 p s  Zp+_680i_ QA 500 p s  Zp+_680IQA 

> 25 n s  Z+ P.680IQA ' 

where I is a pheophytin, the primary electron 
acceptor, Q A  the first quinone acceptor, and Z the 
secondary donor in PS II. A comparison of the 
AEr/NAhv e values obtained for P S I  and PS II 
particles shows that the energy loss in the forward 
electron transfer in the RCs of P S I  (approx. 20%) 
is only about half of that in the RCs of PS II 
(approx. 35%). This result can be rationalized by 
comparing the number of components and elec- 
tron-transfer steps involved in the formation of 
the radical pairs within 1.4 ~s in both photosys- 

TABLE I 

Fraction of energy-normalized signal amplitudes, o ct H ~ ' / H  N, prompt  heat dissipation, a, relative energy storage by photoproducts,  
A E r / N A h v  e, and difference between midpoint  potentials of the components ,  AEm, obtained for P S I  particles, PS II particles and 
intact cells at different excitation wavelengths, Xexc 

~exc o cl H ~ f  / H N ot A E r / N h  J'e A E m 
(nm) (meV) 

PSI  particles 677 0.25 0.25 0.83 1520 
PS II particles 677 0.45 0.4 0.65 1190 
Intact cells 628 0.4 - - _ 

677 0.65 - - _ 
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tems: while in PS I the positive charge remains on 
the primary donor, it is further stabilized in PS II 
on the donor Z. An increase of heat production 
with the number of electron-transfer steps in- 
volved in the photosynthetic charge separation is 
expected, since each step is associated with a 
free-energy decrease. An experimental condition 
to monitor also radical pair states with P+-680 
demands for a transit time in the range within 
some tens of nanoseconds. So far, it is not possi- 
ble to obtain calorimetric informations about 
processes occurring in the picosecond-to-nanose- 
cond range by the LIOAS method, e.g., the primary 
charge separation and stabilization in PS II. Re- 
cently, LIOAS was applied to measure lifetimes of 
species down to 60 ns using laser beam diameters 
below 1 mm or even focussed beams [12,19,30]. As 
shown above, the decrease of the beam diameter is 
limited to 2 mm (~a' = 1.4 ~tS) for photosynthetic 
systems. With smaller diameters, affording smaller 
time windows, the pulse energy must be decreased 
far below 100 nJ in order to avoid closing of the 
RCs. Even with our improved detection using two 
piezoceramic elements reliable signals could not 
be obtained at these low energies. 

In order to increase the time window to its 
highest possible value, we expanded the laser beam 
to a 6 mm diameter, which corresponds to "r a' = 4.5 
~s. Only PS II particles were measured and no 
change in "'NL/°P//4cl/'~N relative to the smaller time 
window (1.4 /~s) was observed. This was to be 
expected, since all secondary reactions in these PS 
II particles, i.e., Z + reduction by the water-split- 
ting system complex and QA oxidation by QB, are 
known to occur in the time range from 30 ~ts to 
several ms [31]. Hence, there is no contribution by 
such secondary processes to the heat production 
in LIOAS. This method is therefore a powerful 
tool to monitor exclusively the primary steps in 
the photosynthetic electron-transport chain. 

Intact cells 
For intact cells, excited at 677 nm (Chl absorp- 

tion), the same type of energy-dependence as for 
PS I particles was observed (not shown) for the 
scattering-corrected and energy-normalized signals 
H~ p and H~. This is expected, since excitation at 
677 nm mainly activates P S I  (vide infra). How- 
ever, excitation with 628 nm (phycobiliprotein ab- 

sorption) yielded energy-dependent signals ,.yrt°P 
and H~ as observed for the PS II particles (not 
shown). This is consistent with findings that the 
energy absorbed by the phycobiliproteins in 
phycobilisomes is preferentially transferred to the 
Chl antenna of PS II with high efficiency. At low 
energies t4op/~4cl values of 0.4 and 0.65 at 628 ~ N  / ~ N  

and 677 nm, respectively, were obtained (Table I). 

Comparison between isolated particles and intact 
cells 

By comparing I4op/r4cl from P S I  and PS II ~ N  / ~ N  

particles to those from intact cells further infor- 
mation can be obtained about the role and inter- 
action of the two photosystems: 

Internal heat calibration for the intact cells was 
obtained by adding DCMU, which leads to an 
accumulation of QA in its reduced state, thus 
closing the RCs of PS II. The PS I / P S  II ratio in 
Synechococcus is about 3:1,  and Ch l /RC I > 
C h l / R C  II, i.e., excitation at 677 nm (Chl) 
activates mainly P S I .  Under the assumption that 
the electron transport to P S I  is totally inhibited in 
the presence of DCMU, one should obtain for the 

~4op/~c, value close to that cells at 677 nm an - y / ~ , N  
from isolated P S I  particles (at least 0.25). Alter- 
natively, a value close to unity would be expected 
if only PS II is inhibited by DCMU and back- 
ground white illumination. In fact, the obtained 
value of 0:65 indicates that PS I is only partially 
affected by the inhibition procedures. This may be 
due to an electron-transfer pathway to P+-700 
which is not dependent on PS II as electron source. 
A very rapid electron donation to P+-700 in Syn- 
echococcus is known to occur from cytochrome 
c-553 and cytochrome f [32]. 

A lower fraction of the absorbed energy re- 
leased as heat was observed at 628 nm (0.4) than 
at 677 nm (0.65) for intact cells. Since the proce- 
dures for internal heat calibration in vivo mainly 
affect PS II, the data indicate that a higher pro- 
portion of energy absorbed at 628 nm than that 
absorbed at 677 nm is used for PS II photochem- 
istry. The fact that the values obtained for isolated 
PS II particles at 677 nm (0.45) and for intact cells 
at 628 nm (0.4) are similar again is consistent with 
an efficient energy transfer from the phyco- 
biliproteins to PS II in vivo. 



Conclusion 

With the assumption that the entropy changes 
due to the electron-transfer processes are small as 
compared to the enthalpy changes, we can esti- 
mate the standard free energy levels of the states 
formed within our time window of 1.4 ~s. Based 
on this assumption and neglecting the Coulombic 
interactions between the charged donors and 
acceptors as a first approach one can convert the 
relative energy storage A E r / N A h u  e into a corre- 
sponding value of midpoint-potential difference, 
AEm, between the components involved (Table I 
and Fig. 6). 

A value of Em(A~-/A1) = - (1040  + 160) meV 
is derived for P S I  particles from the experimental 
energy storage of 83% (corresponding to AE m = 
1520 meV) and the mean Em(P+-700/P-700) of 
480 meV (see Ref. 1 for a review). The obtained 
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Fig. 6. Energetic scheme of components involved in the elec- 
tron-transport processes in PS II and P S I  leading to the 
formation of the radical pairs Z + P-680IQ/~ and P+-700Ai-, 
respectively. P-680 is the primary donor, I the primary accep- 
tot, Q the first quinone ficceptor, and Z the secondary donor in 
PS II. P-700 is the primary donor, A 1 the primary aceeptor and 
F x the first ferredoxin acceptor in PSI.  Closed rectangles and 
full lines correspond to known data, whereas open rectangles 
denote estimated data. Striped rectangles and broken fines 
represent data obtained form the LIOAS measurements of this 

work. 
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value of Em(Ai-/Aa) compares well to the 
expected range, where the lower limit is given by 
the E m value of the excited donor P*-700 (ap- 
p r o x . -  1300 meV) and the upper limit by 
E ( F x / F x )  = - 700 meV [33]. 

From the energy storage of 65% in PS II par- 
ticles we obtain a difference E m ( Z + / Z ) -  

Em(QA/QA) of 1190 meV. However, there is a 
well-known problem of heterogeneity in PS II 
quinone acceptor potentials [34]. Identifying QA 

with the so-called high potential Q (QH) and 
attributing to it an E m value of typically - 1 3 0  
meV [34] results in an Em(Z+/Z) of 1060 _+ 100 
meV. This compares reasonably well with the 
estimated value of 1 eV [35]. On the other hand, 
when choosing the value of E m ( Q L / Q L ) =  - 3 0 0  
meV typical for the low potential Q (QL) as 
reference value, we arrive at Em(Z+/Z) = 850 
meV. This would not be sufficient to drive oxida- 
tion of water (at Em = 800 meV) through the 
known series of intermediates [34]. Hence, we can 
conclude that the midpoint potential of QA is 
most likely that of QH and also similar to the 
midpoint potential of the primary quinone accep- 
tor in isolated bacterial RCs. 

Taking into account the possible Coulombic 
interaction between the positively charged donor 
and the negatively charged acceptor in the states 
Z+-680IQA and P+-700A~-, respectively, would 
generally have the consequence that the expected 
midpoint potential of ( A 1 / A a )  will be more nega- 
tive and that of (Z+/Z)  more positive. The 
expected midpoint potential shifts could be in the 
order of up to 100 meV. Such a value can be 
calculated for static point charges when assuming 
a Z + -  QA distance in PS II of at least 3.2 nm 
(based on the P -  QA distance in bacterial RCs 
[36]) and a homogeneous dielectric with e r = 4.5. 
However, it is most likely that for RC complexes 
disintegrated from a membrane substantial elec- 
tric depolarization has occurred already within our 
time window (a few ~ts). Hence, the Coulombic 
energy will be converted into heat and detected in 
our experiments. Therefore, the midpoint poten- 
tial shift is probably negligible due to an almost 
complete dielectric relaxation of dipoles and 
charges within the microenvironment of Z + and 
QA. A similar conclusion has been derived in 
Refs. 16 and 28, where the standard free enthalpy 
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of  the s tate  P + Q A  in  R Cs  a n d  c h r o m a t o p h o r e s  of 
Rhodobacter sphaeroides was o b t a i n e d  by  c o m -  
p a r i n g  the i n t e n s i t y  of de layed  a n d  p r o m p t  f luo-  
rescence,  respect ively.  A d i f fe rence  of  120 m e V  
b e t w e e n  the  s t a n d a r d  free e n t h a l p y  a n d  the  esti-  

m a t e d  m i d p o i n t  po t en t i a l  d i f fe rence  was  o b t a i n e d  
for the  c h r o m a t o p h o r e s  whereas  n o  d i f fe rence  was 

o b t a i n e d  for the i so la ted  RCs.  
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