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Abstract Using a novel, pulsed micro-second time-

resolved photoacoustic (PA) instrument, we measured

thermal dissipation and energy storage (ES) in the intact

cells of wild type (WT) Chlamydomonas reinhardtii, and

mutants lacking either PSI or PSII reaction centers (RCs).

On this time scale, the kinetic contributions of the thermal

expansion component due to heat dissipation of absorbed

energy and the negative volume change due to electro-

striction induced by charge separation in each of the

photosystems could be readily distinguished. Kinetic

analysis revealed that PSI and PSII RCs exhibit strikingly

different PA signals where PSI is characterized by a strong

electrostriction signal and a weak thermal expansion

component while PSII has a small electrostriction compo-

nent and large thermal expansion. The calculated ES effi-

ciencies at *10 ls were estimated to be 80 ± 5 and

50 ± 13% for PSII-deficient mutants and PSI-deficient

mutants, respectively, and 67 ± 2% for WT. The overall

ES efficiency was positively correlated with the ratio of

PSI to PSI ? PSII. Our results suggest that the shallow

excitonic trap in PSII limits the efficiency of ES as a result

of an evolutionary frozen metabolic framework of two

photosystems in all oxygenic photoautotrophs.
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Introduction

The photoacoustic (PA) effect, discovered by Bell (1880),

measures the conversion light energy to acoustic waves.

The PA technique has been applied in many fields, such as

biomedical imaging (Xu and Wang 2006), tomography

(Paltauf et al. 2007), and has also been used to directly

assess the overall thermal dissipation in PSII and PSI as a

result of heat loss in the photosynthetic reactions (Callis

et al. 1972; Cahen et al. 1978; Malkin and Cahen 1979;

Feitelson and Mauzerall 1993; Malkin and Canaani 1994;

Mauzerall et al. 1995a, b, 1998; Malkin 1996). In spite of

the seemingly straightforward physics, practical applica-

tions of the PA technique in photosynthesis research and

ecophysiology remain limited by the complexity of the

intermediate biophysical processes in photochemical

energy transduction, the cost of existing laser-based PA

systems, and low sensitivity (Fork and Herbert 1993;

Malkin and Canaani 1994; Herbert et al. 2000; Delosme

2003).

Absorption and conversion of light energy in photo-

synthetic reactions may lead to negative volume change

due to contraction of the reaction centers (RCs) by elec-

trostatic force induced by charge separation. This electro-

striction effect is superimposed on the thermal expansion

pressure wave (Braslavsky and Heibel 1992; McClean

et al. 1998; Wegewijs et al. 1998; Borsarelli and Braslav-

sky 1998, 1999; Losi et al. 1999; Herbert et al. 2000;

Delosme 2003). Hence, the quantitative interpretation of

the PA signals requires the knowledge of the thermal
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expansion coefficient of the medium. Although, most of the

PA signals from a suspension of algae are caused by

thermal expansion of water (Braslavsky and Heibel 1992;

Fork and Herbert 1993; Herbert et al. 2000; Delosme

2003), the cellular constituents (lipids and proteins) have

different thermal expansion properties (Boichenko et al.

2001), which further complicates the interpretation of PA

signals.

Thermal dissipation and electrostriction can suddenly

expand or shrink the surrounding medium, inducing

pressure waves that can be detected by a piezoelectric

transducer in an aqueous phase (Brumfeld et al. 1999).

These two types of PA signals can be distinguished by

comparing the measurements at different temperature

(Callis et al. 1972; Arata and Parson 1981; Delosme

et al. 1994; Edens et al. 2000). Here, we developed a

compact PA system with excitation by short flashes from

light-emitting diodes (LEDs) and PA wave recording by

a fast-response resonance piezoelectric detector, which

achieves microsecond time resolution. The introduction

of LEDs instead of previously used pulsed lasers allowed

us, for the first time, to build a compact PA instrument

that is particularly convenient for both laboratory and

field studies. The PA system also allows measurements

of fast induction phenomena, including S states of the

oxygen evolving complex in leaf tissue (Canaani et al.

1988; Mauzerall 1990), the earliest steps of photosyn-

thetic electron transport (Delosme 1998; Edens et al.

2000; Boichenko et al. 2001; Hou et al. 2001a, b), and

energy storage (ES) in PSI or PSII (i.e., the ratio of the

energy stored in the photochemical products to the

absorbed energy; Malkin and Canaani 1994; Boichenko

et al. 2001; Hou et al. 2001a, b). Previous PA studies

showed that the ES efficiency in PSI on the microsecond

time scale was [70% in both the isolated particles

(Nitsch et al. 1988) and intact cyanobacterial cells

(Mullineaux et al. 1991; Bruce and Salehian 1992).

Pulsed PA systems also have been used to measure ES

during steady state photosynthesis in intact cells and

leaves (Kolbowski et al. 1990; Boichenko et al. 2001;

Hou et al. 2001a, b).

Using our newly developed PA system, we present the

kinetic patterns for the individual photosystems in vivo in

the green alga, Chlamydomonas reinhardtii at microsecond

time resolution. Our approach allows kinetic separation of

the thermal and electrostrictive components of the photo-

chemical reactions and hence the contributions of each to

the ES efficiencies of each RC. The data suggest funda-

mental biophysical limitations in PSII, resulting from the

energetically shallow excitonic trap, constrain photo-

chemical energy conversion efficiency in oxygenic

photosynthesis.

Materials and methods

Culture growth condition

All cultures were provided by the Chlamydomonas Center at

Duke University. In addition to the wild type (WT) clone,

CC-125, we grew the PSI-deficient mutants CC-4134 and

CC-1042, the PSII-deficient mutants CC-4151 and CC-1051

in 500 ml flasks containing liquid Sueoka’s high salt med-

ium with acetate addition (Sueoka 1960) at pH 7.0 and 25�C

under a 12/12 h light/dark cycle supplied by cool-white

fluorescent tubes. For optimal growth conditions, the WT

was cultivated at 200 lmol quanta m-2 s-1 while the

mutants were kept at 50 lmol quanta m-2 s-1. All cultures

were bubbled with filtered CO2-enriched air (5% CO2).

Growth rates were determined by direct cell counts. During

the light part of the cycle, algal cells were harvested at the

late exponential phase (about 8.0 9 106 cells ml-1) by

centrifugation at 20009g for 5 min and washed and resus-

pended in media to achieve the final concentration of

1.5 9 106 cells ml-1 for the experiments.

Low-temperature fluorescence spectroscopy

Fluorescence emission spectra were measured at 77 K in

dark-adapted cells. Triplicate, quantum corrected spectra

were obtained with an SLM/Aminco 4800 spectrofluo-

rometer (Rochester, NY) using an internal standard with an

excitation wavelength of 435 nm. Quantum corrected

emission spectra were deconvoluted in the wavenumber

domain, assuming a Gaussian distribution of the excited

states (Mimuro et al. 1982).

PA apparatus and measurements

PA kinetic measurements were obtained with a custom

built, LED-based instrument (Fig. 1). The instrument

incorporates a suite of ultra-bright LEDs (Lumileds Co.) as

a source of microsecond pulses to induce the PA signal.

The LEDs emit flashes of red light at 640 nm wavelength

with a 30 nm half bandwidth. Pulse duration is adjustable

from 1 to 25 ls. The optimal flash duration was selected at

8 ls to match the oscillation semi-period of the piezo-

acoustic resonance-based detector.

A set of continuous-wave ultra-bright blue LEDs

(470 nm wavelength, 30 nm half bandwidth) was incor-

porated into the optical scheme to provide a source of

saturating illumination. The intensity of the saturating light

was adjusted to ca. 4,000 lmol quanta cm-2 s-1 to ensure

closure of RCs. The excitation from both red and blue

LEDs was focused into the 40 mm2 spot in the sample

chamber. The sample chamber was a 50-mm diameter
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quartz cuvette with 1 cm optical path. A high-reflective

dielectric mirror (99.5% reflection between 600 and

700 nm, Newport) was installed behind the cuvette fol-

lowed by a custom-built microphone detector that contains

a 5 mm ceramic Lead Zirconite Titanates piezo-disk in a

stainless steel holder.

The pulsed signals from the piezoelectric detector were

amplified by a charge sensitive amplifier (Amptek A-203),

averaged over a preset number of pulses (ranging from 200

to 500, depending on the signal) using a digital oscillo-

scope (Tektronix TDS 544A or similar), and stored.

In order to avoid saturation effects, weak measuring

pulses (equivalent to \0.1 hits per RC per pulse) were

applied to generate PA signals. The pulse intensity (in units

of hits per RC) was estimated by titrating the PA signals

versus the pulse energy and approximating the resulting

profile with a one-hit Poisson distribution, as described by

Charlebois and Mauzerall (1999). While measuring PA

signals for open RCs, we applied the measuring pulses

following at low repetition rate (\5 Hz). While measuring

PA signals for closed centers, the repetition rate was

increased to *100 Hz to avoid a prolonged exposure of

the sample to strong saturating light. Three to five repli-

cates were measured for each sample.

Results

Low-temperature fluorescence spectra

In green algae, the spectrum of fluorescence emission at

77 K reflects the relative abundance of PSII and PSI. Two

fluorescence emission bands, one at *685 nm and second

at *695 nm, are derived from PSII core antenna pigment

proteins, CP43 and CP47, respectively (Krause and Weis

1991), whereas a longer wavelength, broad band between

710 and 735, is ascribed to PSI antenna pigments (Murata

et al. 1966). In C. reinhardtii grown under different light

regimes, the 77 K fluorescence ratios (FPSI/FPSII) correlate

closely with photosystem stoichiometries (PSI/PSII)

and have the following linear relationships: PSI/PSII

(mol/mol) = 0.87 9 FPSI/FPSII or PSI/(PSI ? PSII) (mol/

mol) = 0.92 9 FPSI/(FPSI ? FPSII) (Murakami1997).

Analytical decomposition of the 77 K fluorescence

emission spectra (Figs. 2, 3) revealed the presence of these

components in the WT cells (Fig. 2) but the lack of the

respective RCs in the 4 mutants (Fig. 3). The characteris-

tics of the component bands and PSI/PSII stoichiometries,

based on integrated areas under the respective emission

bands are summarized in Table 1. These results reveal that

Fig. 1 Schematic diagram of the photoacoustic system: L1 pulsed LED flasher; L2 continuous-wave LEDs, S temperature-controlled sample

chamber, M dielectric mirror, D piezo-electric detector, A charge sensitive amplifier, Ts trigger signal, and PAs PA signal

Fig. 2 Deconvolution analysis of 77 K fluorescence emission spectra

of wild type of C. reinhardtii, fitted to Gaussian components.

Fluorescence emission spectra were measured with the excitation at

435 nm. The original 77 K spectrum was pre-smoothed at 2% level

using a Gaussian convolution method and then deconvoluted using

software PeakFit v4. The three fluorescence bands, corresponding to

the excitation at 685, 695, and 715 nm, respectively, are shown. All

the fluorescence bands between 710 and 735 nm were integrated into

one 715 nm band, representing the PSI component. The bottom panel
shows the residuals between the measured spectra and the best fit. The

spectrum was normalized to the maximal activities
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the two PSII-deficient mutants lack the 695 nm component

(Fig. 3c and d; Table 1), although a low amount of the

685 nm component was retained. For different types of

cells, the emission peaks of PSI fluorescence emission

varied between 710 and 718 nm (718, 715, 717, and

710 nm), but the emission peaks of PSII are fairly constant

at approximately 685 and 695 nm, respectively. As shown

in Figs. 2, 3 and in Table 1, we integrated the fluorescence

bands between 710 and 735 nm into one 715 nm band,

representing the PSI component. These results revealed

that the mutants contain small quantities of the comple-

mentary RCs, but the ratios of PSI/PSII differed markedly

from the WT (Table 1). Our calculated PSI/PSII ratio of

1.03 for the WT is in good agreement with the previously

published values of 1.16 (Polle et al. 2000) and 0.87–0.98

(Murakami et al. 1997).

Kinetics of the PA signals

In this study, the PA signals were attributed to either

thermal expansion and/or electrostriction since there is no

O2 evolution in *10 ls time window. The electrostriction

produces a negative volume change, resulting in 180�
phase shift in the PA signal compared to the thermal

expansion. We used black ink as an external calorimetric

reference, which was adjusted to the same optical density

as the sample at a given wavelength in the same buffer

medium. The ink dissipates all absorbed photons into heat

much faster than the PA resolution time scale (Boichenko

et al. 2001). We also utilized the internal calorimetric

reference of the algal sample upon exposure to saturate

background illumination when the heat dissipation was

maximum due to fully closed RCs (Boichenko et al. 2001).

The separation of thermal expansion component relies on

PA measurements at 4�C (e.g., the maximum density of

liquid water), where thermal expansion signal is abolished

since the thermal expansion of water is zero at 4�C (Callis

et al. 1972; Arata and Parson 1981; Delosme et al. 1994;

Edens et al. 2000) while electrostriction remains unaltered

(Malkin and Canaani 1994). The contribution of electro-

striction varies dramatically with the state of RCs, being

maximal when RCs are open, and minimal to zero in fully

closed RCs, (e.g., under saturating background illumina-

tion) (Hou et al. 2001a, b). Therefore, the PA spectrum will

only contain the thermal expansion signal of the total

absorbed light under saturating background illumination.

The combination of the measurements at different tem-

peratures and different background illumination permits

separation of the PA profiles into the thermal expansion

and electrostriction components.

Fig. 3 Deconvolution analysis

of 77 K fluorescence emission

spectra of C. reinhardtii
mutants, fitted to Gaussian

components. a CC-4134; b CC-

1042; c CC-4151; and d CC-

1051. Fluorescence emission

spectra were measured with the

excitation at 435 nm. The

original 77 K spectrum was pre-

smoothed at 2% level using

Gauss convolution method and

then deconvoluted using

software PeakFit v4. Only three

florescence bands corresponding

to the excitation at 685, 695,

and 715 nm, respectively, are

showed while others were

removed. All the fluorescence

bands between 710 and 735 nm

were integrated into one 715 nm

band, representing the PSI

component. The bottom panel
showed the residuals between

the measured spectra and the

best fit
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When the RCs were closed by saturating light, a positive

phase PA signal was observed at 25�C (Fig. 4, curve 1).

This signal had the same shape and phase as the reference

signal from ink (Fig. 4, curve 5). In contrast, the signal of

open RCs (Fig. 4, curve 3) was a phase shifted by 180�,

which is indicative of the overall negative volume change

and, hence, the dominance of electrostriction. A negative

PA wave with larger amplitude was created in the absence

of background light at 4�C (Fig. 4, curve 2) because of the

absence of the thermal signal. Upon the closure of the RCs

with saturating background light at 4�C, a weak wave was

observed (Fig. 4, curve 4). No PA signal (Fig. 4, curve 6)

was observed from carbon ink at 4�C.

In intact cells, the thermal expansion coefficients of

cellular constituents differ from those of the surrounding

water. This may lead to a residual PA signal measured

under continuous saturating light at 4�C (Fig. 4, curve 4)

called the ‘‘cellular artifact’’ (Boichenko et al. 2001). We

corrected all three PA profiles by subtracting this ‘‘artifact’’

(see below for details) and then smoothed them with

Savitzky–Golay filter function in the Origin 6.0 program.

Typical, corrected PA profiles are shown in Fig. 5. The PA

profiles of PSI-deficient mutants (CC-4134 and CC-1042)

have different patterns than PSII-deficient mutants (CC-

4151 and CC-1051). The latter were similar to WT cells

(Fig. 4, 5). Curve Am (25�C) refers to the PA signal

observed at 25�C with continuous saturating background

light, which is the pure thermal expansion signal. Curve A0

(4�C) is the PA signal produced under weak measuring

pulsed light at 4�C, which, theoretically is the pure elec-

trostriction signal. Curve A0 (25�C) is the combined PA

signal generated under weak pulse background light at

25�C. The electrostriction effect is dominant over the

thermal expansion in PSII-deficient mutants (Fig. 5a, b).

In contrast, the thermal expansion is dominant over elec-

trostriction in PSI-deficient mutants (Fig. 5c, d), indicating

that PSII is a major site for photochemical heat dissipation.

Similar to the PSII-deficient mutants, a negative (contrac-

tive) PA signal was observed in the microsecond time

window from the competent RCs in intact cells with open

centers, even at room temperature (Fig. 4, curve 3), which

implies that the volume contraction of PSI is larger than

that of PSII. The PA signals of PSI-deficient mutants were

dominant with the volume contraction at 4�C, but thermal

expansion at 25�C.

ES efficiencies of PSII and PSI

Analysis of PA signals requires a correction for any fluo-

rescence emission, prompt heat loss, and immediate heat

release when the incident energy is beyond the trap energy

(Cha and Mauzerall 1992; Malkin and Canaani 1994).

These corrections are often negligible. The heat diffusion

in the cell matrix allows it to thermally expand until it is

cooled by the bulk medium. Thus, this heterogeneous

artifact depends on the cell size (Boichenko et al. 2001).

We used Eq. 8 in Boichenko et al. (2001) to correct for the

‘‘artifact’’ and calculate the ESm:

ESm ¼
PAm � PAo

PAm

¼ 1� PAo

PAm

ð1Þ

PAo

PAm

¼ PAoð25Þ � PAoð4Þ
PAmð25Þ � PAmð4Þ

: ð2Þ

Here, ESm is the maximum ES efficiency instead of the

maximum ES in the sample; PAm is the amplitude of PA

signal produced when all RCs are closed and the vast

majority of absorbed energy (*95%) is dissipated as heat.

Under this condition, the PA signal is maximal with a

Table 1 Characteristics of the component bands and PSI/PSII stoichiometries originated from PSII (F685 and F695) and PSI (F685) of 77 K

fluorescence emission spectra

Culture FPSII FPSI FPSI/FPSII
b FPSI/(FPSI ? FPSII)

c PSI/PSIId PSI/(PSI ? PSII)e

F685
a F695

a F715
a

WT 7.77 9.11 20.00 1.18 0.54 1.03 0.50

CC-4134 4.87 15.79 5.63 0.27 0.21 0.23 0.19

CC-1042 8.95 14.15 3.35 0.15 0.13 0.13 0.12

CC-4151 10.00 – 34.06 3.40 0.77 2.96 0.71

CC-1051 8.25 – 34.21 4.15 0.81 3.61 0.75

a All fluorescence values were calculated by measuring the area enclosed by the fluorescence spectra at each excitation wavelength (685, 695,

and 715 nm, respectively)
b The ratio of FPSI/FPSIIwas calculated as F715/(F685 ? F695)
c The ratio of FPSI/(FPSI ? FPSII) was calculated as F715/(F685 ? F695 ? F715)
d The ratio of PSI/PSII was calculated as PSI/PSII = 0.87 9 FPSI/FPSII (Murakami 1997), on the assumption that each PSI contains the

fluorescence bands F715 and each PSII contains two fluorescence bands, F685 and F695

e The ratio of PSI/(PSI ? PSII) was calculated as PSI/(PSI ? PSII) = 0.92 9 FPSI/(FPSI ? FPSII) (Murakami 1997), on the assumption that

each PSI contains the fluorescence bands F715 and each PSII contains two fluorescence bands, F685 and F695. All values were relative (r2 [ 0.90)
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positive phase and serves as an internal calorimetric

reference (Callis et al. 1972; Lasser-Ross et al. 1980);

PAo is the amplitude of PA signal generated by a weak

light pulse. All the RCs are open for photochemical

reaction; therefore the ES is maximal. PAo(25) refers to the

amplitude of PA signal generated under weak pulse light at

25�C (Fig. 4, curve 3), which is the combined PA signal

due to both contraction volume change, thermal expansion,

and cellular ‘‘artifact’’; PAo(4) is the amplitude of PA

signal produced under weak pulse light at 4�C (Fig. 4,

curve 2), which is attributed to the volume contraction and

cellular ‘‘artifact’’; PAm(25) is the amplitude of PA signal

generated under continuous saturating background light at

25�C (Fig. 4, curve 1), caused by thermal expansion and

cellular ‘‘artifact’’; PAm(4) is the amplitude of PA signal

generated under continuous saturating background light at

4�C (Fig. 4, curve 4), which is the signal produced by the

cellular ‘‘artifact’’. Due to low signal-to-noise ratio, we

smoothed the PA data and normalized them according to

Eq. 2. The PAo and PAm signal profiles of different types

of cells are summarized in Fig. 6. We noticed that the PA

signal from the cell artifact (Fig. 4, curve 4) was relatively

Fig. 4 Photoacoustic profiles of C. reinhardtii wild type cell. Curve 1
25�C, closed RCs, saturating background light; curve 2 open RCs,

4�C; curve 3, open RCs, 25�C; curve 4 closed RCs, 4�C; curve 5
black ink solution, 25�C; curve 6 black ink solution, 4�C; curve 7
optical excitation pulse of 8 ls duration

Fig. 5 Photoacoustic profiles

corrected for cell ‘‘artifacts’’

a CC-4134 and b CC-1042

(PSI-deficient mutants); c CC-

4151 and d CC-1051 (PSII-

deficient mutants). Curve A0

(25�C), weak pulsed light at

25�C; curve Am (25�C),

saturation continuous

background light at 25�C; curve
A0 (4�C), weak pulsed light at

4�C; all the data were smoothed

using the Savitzky–Golay filter

in the Origin 6.0 program
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weak, as expected for large cells (Boichenko et al. 2001).

Combining Eqs. 1 and 2, the real ES can be calculated as:

ESm ¼ 1� PAoð25Þ � PAoð4Þ
PAmð25Þ � PAmð4Þ

: ð3Þ

PAo and PAm were determined as the amplitude of its

first corresponding PA waveforms recorded at 20 ls (see

Fig. 4). In essence, PAo and PAm are the magnitudes of the

oscillations recorded by a resonance-based PA detector.

Based on Eq. 3, we obtained ES efficiencies per on the

microsecond time scale as following: ESWT = 67 ± 2%;

ESCC-4134 = 63%; ESCC-1042 = 37%; ESCC-4151 = 75%;

ESCC-0151 = 85%; or 67 ± 2, 80 ± 5, and 50 ± 13% per

trap in WT, PSI, and PSII, respectively. As shown in

Fig. 7, the ES efficiencies are increasing along the gradient

of the PSI content in all four mutants, implying the

dependence of the ES efficiencies on PSI content in the

algal mutants.

Discussion

Generally, long-wavelength fluorescence emissions at 77 K

of vascular plants, red algae, green algae, and

cyanobacteria are composed of three major fluorescence

bands, F685, F695, and F710–735 (Murata et al. 1966). The

origin of each fluorescence band has been assigned based

on their specific action spectra (Murata et al. 1966)

obtained from the PSI and PSII complexes (Satoh 1980),

and from PSI- or PSII-deficient mutants of cyanobacteria

Fig. 6 Corrected PAo and PAm

spectra. a WT; b CC-4134 (PSI-

deficient mutant); c CC-1042

(PSI-deficient mutant); d CC-

4151 (PSII-deficient mutant);

e CC-1051 (PSII-deficient

mutant). Solid line PAm; dotted
line PAo. All data were

normalized according to Eq. 2

Fig. 7 The relationship between energy storage efficiency (ES%) and

PSI/(PSI ? PSII) ratios of C. reinhardtii WT and mutants. The solid
line is the least curve fit
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(Nilsson et al. 1992; Shen and Vermaas 1994). Our 77 K

spectral fluorescence measurements confirmed that both

CC-4134 and CC-1042 are deficient in the PSI core com-

plex, while CC-4151 and CC-1051 are deficient in PSII.

The variability in PSI/PSII ratio was reflected in the PA

signals. The PA profiles of PSI-deficient mutants with open

RCs had a positive phase at 25�C, but a negative phase at

4�C (Fig. 5a, b, respectively), which suggests that at room

temperature the PA signal is dominated by thermal

expansion. In contrast, PSII-deficient mutants showed a

large negative amplitude at 25�C and an even larger effect

at 4�C (Fig. 5c, d), which strongly suggests that the PA

signal in these cells is dominated by volume contraction of

the RCs. Further, PSII-deficient mutants exhibited negative

signals even at room temperature, suggesting that the

thermal losses in PSII are greater than in PSI. This dif-

ference reflects the difference in the change in enthalpy of

the two photosystems. The enthalpy and volume changes in

PSI are similar to those in bacterial RCs of Rhodo-

pseudomonas sphaeroides (Edens et al. 2000). The same is

supposed to be true for PSII, since the structure and

organization of PSII are assumed to be similar to that of

bacterial RCs (Trebst 1986; Michel and Deisenhofer 1988;

Lancaster et al. 2000; Zouni et al. 2001). However, the PA

measurements clearly suggest that the energy migration

and photochemical processes in PSII exhibit significantly

lower ES efficiency. These results indicate that PSI con-

tributes more to the ES than PSII in photochemical reac-

tions at *10 ls, which is consistent with previous studies

on intact cyanobacteria (Boichenko et al. 2001) and iso-

lated PSI and PSII complexes (Hou et al. 2001a, b).

The volume contraction of PSI RCs reflects the forma-

tion of the radical pair P700
?FA/FB

- in the microsecond time

window (Nugent 1996; Golbeck 1994; Brettel 1997; Diner

and Babcock 1996; Hou et al. 2001a). Similar to the bac-

terial RCs (Yeates et al. 1987), there are excess charges

(?13) on the A1 side and (-1) on the P700 side of the

membranes, respectively, which could facilitate the trans-

membrane electron transfer (Hou et al. 2001b). The elec-

trostriction caused by the pure electron-transfer process

could induce great volume contraction in PSI, as evident

from Fig. 5c, d. The volume contraction of PSI RCs

reflects the formation of the radical pair P700
?FA/FB- in

the microsecond time window (Nugent 1996; Golbeck

1994; Brettel 1997; Diner and Babcock 1996; Hou et al.

2001a). Similar to the bacterial RCs (Yeates et al. 1987),

there are excess charges (?13) on the A1 side and (-1) on

the P700 side of the membranes, respectively, which could

facilitate the transmembrane electron transfer (Hou et al.

2001b). The electrostriction caused by the pure electron-

transfer process could induce great volume contraction in

PSI, as evident from Fig. 5c, d. In contrast, a smaller

volume contraction is observed in PSII (Fig. 5a, b). PSII

contains a donor tyrosine residue, D1-Tyr-161 (YZ), which

is absent in bacterial and PSI RCs. If YZ is deprotonated

before its oxidation by P680
? (Tommos and Babcock 2000;

Diner 2001), the electron transfer from YZ
- to P680

? would

form YZ*QA
-. Therefore, the volume contraction in PSII

would be relatively small, only differed by the radii of QA

and YZ (Mauzerall et al. 2002). If the deprotonation takes

place after the formation of P680
?, we ascribe the small

volume contraction in PSII to a rapid proton transfer from

oxidized YZ to a polar region. The electric field of P680
?

could increase the acidity of the protonated histidine that is

close to YZ, causing a rapid proton transfer to a polar

region while leaving YZH unoxidized, thus the charge

would be neutralized with very small electrostriction (Hou

et al. 2001a, Mauzerall et al. 2002). The volume contrac-

tion was estimated to be about -9 Å3 by forming

YZP680
?QA

- and -3 Å3 by forming YZ*QA
- in PSII com-

plex (Hou et al. 2001a; Mauzerall et al. 2002), in contrast

to -26 Å3 by forming P700
?FA/FB

- in PSI complex (Hou

et al. 2001b).

The ES efficiency depends on the early steps of electron

transport within the RCs. In the microsecond time window,

separated charges should be stabilized mainly in states

YZ*P680QA
- for PSII and P700

?FA/FB
- for PSI or Fd- in the

whole cells (Golbeck 1994; Nugent 1996; Brettel 1997;

Diner and Babcock 1996; Hou et al. 2001b; Santabarbara

et al. 2010). Contrary to previous interpretations, but in

agreement with Hou et al. (2001a, b), our results show that

PSI-deficient mutants have lower ES efficiency (*50%)

than PSII-deficient mutants (*80%). This phenomenon

could be due to higher energy losses in the PSII core

antenna than in PSI (Delosme et al. 1994). It should be

noted that the photoacoustically measured ES efficiency

within a certain time scale is an important parameter in

defining the electron transport steps under observation. For

example, about 40% of electrons are transferred from the

RC to photoacoustically silent acceptors in PSII on the

millisecond time scale (Cha and Mauzerall 1992; Charle-

bois and Mauzerall 1999). Nonetheless, it is clear that the

inherently low ES efficiency in PSII is a consequence of a

shallow excitonic trap, which although capable of oxidiz-

ing water, was appropriated from bacterial photosynthetic

RCs and is not capable of reducing NADPH without a

second photosystem. The inefficiency of PSII clearly

means that non-radiative energy dissipation is inherently

large in this RC.

In this study, we used intact cells and mutants to mea-

sure the PSI and PSII ES in vivo, instead of the commonly

used invasive methods in the previous studies, such as

extracting the PSI or PSII particles in vitro (Boichenko

et al. 2001; Hou et al. 2001a, b), using specific wavelength

excitation light to isolate a specific photosystem (Boi-

chenko et al. 2001; Hou et al. 2001a, b; Herbert et al.
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2000), or inhibitors (e.g., DCMU) (Cha and Mauzerall

1992). Our measurements revealed that the ES efficiency in

C. reinhardtii mutants is positively correlated with the ratio

of PSI to PSI ? PSII. Also, we demonstrated the utility and

convenience of the novel PA instrument using simple

LEDs instead of complex lasers in measuring the photo-

synthetic ES efficiency. Moreover, the PA-derived elec-

trostriction characteristics can be applied as an internal

reference for the dielectric coefficient of the protein in the

RCs and local compressibility of the medium (Mauzerall

et al. 1995a, b; Edens et al. 2000). The PA technique offers

new opportunities to understand the reaction dynamics of

many photochemically active proteins (McClean et al.

1998), by developing a microphotoacoustic spectrometer

for the study of protein dynamics (Herbert et al. 2000).
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