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Abstract: We have previously reported the enthalpy and volume changes of charge separation in
photosystem | from Synechocystis 6803 using pulsed photoacoustics on the microsecond time scale,
assigned to the electron-transfer reaction from excited-state P7qo* to Fag iron sulfur clusters. In the present
work, we focus on the thermodynamics of two steps in photosystem I: (1) Pzo0* — A1 Fx (<10 ns) and (2)
A1 Fx — Fag™ (20—200 ns). The fit by convolution of photoacoustic waves on the nanosecond and
microsecond time scales resolved two kinetic components: (1) a prompt component (<10 ns) with large
negative enthalpy (—0.8 & 0.1 eV) and large volume change (—23 + 2 A3), which are assigned to the Pqo*
— A Fx step, and (2) a component with ~200 ns lifetime, which has a positive enthalpy (+0.4 £+ 0.2 eV)
and a small volume change (—3 + 2 A3) that are attributed to the A;"Fx — Fas™ step. For the fast reaction
using the redox potentials of AjFx (—0.67 V) and P (+0.45 V) and the energy of P7qo* (1.77 eV), the free
energy change for the Pzg0* — A1~ Fx step is —0.63 eV, and thus the entropy change (TAS, T= 25 °C) is
—0.2 £+ 0.3 eV. For the slow reaction, A;"Fx — Fas™, taking the free energy of —0.14 eV [Santabara, S.;
Heathcote, P; Evans, C. W. Biochim. Biophys. Acta 2005, 1708, 283—310], the entropy change (TAS) is
positive, +0.54 + 0.3 eV. The positive entropy contribution is larger than the positive enthalpy, which
indicates that the A~Fx to Fas™ step in photosystem | is entropy driven. Other possible contributions to the
measured values are discussed.

Introduction electron transfer in cyanobacteria is still widely supported.
Kinetic investigations by means of time-resolved spectroscopic
methods have established the main electron-transfer pathway
in the PS | reaction centérlt is generally believed that (1)
upon the absorption of light, the excitation energy is transferred

Photosystem | (PS 1) is a pigmenprotein complex that
consists of at least 11 polypeptides embedded in the photosyn-
thetic membrane. It drives light-induced electron transfer from
reduced pla:_stocyanin (qr cytoc_hrorfny)to oxidized ferredoxin from light-harvesting chlorophylis to the primary donaoeia
(or flavodoxin), generating as its final product NADPH. pair of chlorophylla molecules) in several hundred femtosec-

The three-dimensional structure of PS | fr@ynechococcus  onds; (2) the excited&gg* delivers an electron to the primary
elongateshas been provided at 2.5 A resolutidithe precise acceptor A (a chlorophylla monomer) in about 314 ps; (3)
orientation of pigment and other cofactors and their interaction the reduced 4 donates its electron to the secondary acceptor
with protein subunits in PS | are used in structure and function A; (a phylloquinone) in approximately 50 ps; (4} Apasses

studies. There are two phylloquinone moleculesx(And Ag) its electron to k (an iron sulfur cluster) with two time constants,
located in the PsaA and PsaB subunits in PS Based on the ~20 and~200 ns; and (5) finally the reduceg Ftransfers its

structure of PS |, recent kinetic studies with site-directed mutants electron to &k and K in about 50-200 ns.

from Chlamydomonagave evidence for two active electron A recent review by Santabara, Heathcote, and Evans has
branches in PS4.However, the contrary view of asymmetric  symmarized the conflicting evidence on this pathWaihey
conclude that not only must reverse reactions be considered but

" Gonzaga University. that the entire sequence is close to isoenergetic, including the
“The Rockefeller University. Ao and A along the alternate symmetric pathway. The complex
(1) Chitnis, P. RAnNU. Re. Piant Phys. Plant Mol. Biol2001, 52, 593 o an g Y P Y- omp
626. kinetic scheme they propose accounts for the observations, and
(2) Jordan, P.; Fromme, P.; Witt, H. T.; Klukas, O.; Seanger, W.; Krauss, N.
Nature 2001, 411, 909-917. (7) (a) Ramesh, V. M.; Gibasiewicz, K.; Lin, S.; Bingham, S. E.; Webber, A.
(3) Klukas, O.; Schubert, W.-D.; Jordan, P.; Krauss, N.; Fromme, P.; Witt, H. N. Biochemistry2004 43, 1369-1375. (b) Cohen, R. O.; Shen, G
T.; Saenger, WJ. Biol. Chem.1999 274, 7361-7367. Golbeck, J. H.; Xu, W.; Chitnis, P. R.; Valieva, A. |.; Van der Est, A.;
(4) Golbeck, J. HAnnu. Re. Biophys. Biomol. Struc2003 32, 237—256. Pushkar, Y.; Stehlik, DBiochemistry2004 43, 4741-4754. (c) Hastings,
(5) Bittl, R.; Zech, S. G.; Fromme, P.; Witt, H. T.; Lubitz, VBiochemistry G.; Sivakumar, VBiochemistry2001, 40, 3681—3689.
1997 36, 12001-12004. (8) (a) Brettel, K.Biochim. Biophys. Actd997 1318 322-373. (b) Brettel,
(6) (a) Joliot, P.; Joliot, ABiochemistry1999 38, 111306-11136. (b) Guergova- K.; Leibl, W. Biochim. Biophys. Act2001, 1507, 100-14.
Kuras, M.; Boudreaux, B.; Joliot, A.; Joliot, P.; Redding, Rroc. Natl. (9) Santabara, S.; Heathcote, P.; Evans, CBitichim. Biophys. Act2005
Acad. Sci. U.S.A2001, 98, 4437-4442. 1708 283—-310.
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the observable time constants are complex functions of thosens25-2° However, the analysis of Santabara et al. indicates
of the individual steps. The average time constant for the’ complex equilibria between the various spefidhe enthalpy
to Fa<>Fg partition is close to the step we observe, and we will and volume changes associated with this reaction and with the
use their formulation for consistency. We note that none of our charge separation of the;Jg* — A reaction seem unknown,
conclusions would be altered by the use of the other parametersso we investigated these reactions by fast pulsed photoacoustics
only the magnitude of the quoted enthalpies and entropies wouldon the nanosecond time scale. Unexpectedly and strikingly, a
be larger. larger enthalpy change was observed by the peak-to-peak PA
Thermodynamics of charge-transfer reactions in biological (photoacoustic(s)) analysis on this time scale than that observed
systems are as important as kinetics to fully understand theon the microsecond time scale. Convolution of photoacoustic
molecular mechanisms in detail. However, the thermodynamic Signals on nanosecond and microsecond time scales resolved
data are relatively limited. In recent years, the thermodynamic enthalpy and volume changes of two steps and produced a
parameters on the microsecond time scale, such as volumepositive enthalpy for the second step. The results indicate that
changes AV) and enthalpy changesAd) accompanying the entropy is the driving force in the charge-transfer step
electron-transfer reactions, have been obtained by means offorming Prog Fas™ from Proo"A1 Fx. Such reactions are of
pulsed time-resolved photoacoustics in chemical solutions andinterest because, unlike most chemical reactions, which are
in biological system$%-13 especially in photosynthesié.24 driven by changes in bond energy or similar energetic processes,
Photoacoustic pressure waves at room temperature contain botithese are driven by the increased probability of the reaction.
thermal and intrinsic molecular volume changes produced by Systems that allow large changes in degrees of freedom, such
thermal expansion and, for example, by charge separation. Atas proteins, are the most likely to show this property.
~4 °C in dilute aqueous solution, the thermal signal is null as
the thermal expansivitys] is zero, and thus the intrinsic volume
change of reaction can be measured directly. The change of Preparation of Purified PS | Trimers. PS | trimers were isolated
photoacoustic pressure wave signals with temperature can pdrom Synechocystisp. PCC 6803 and purified according to published
used to determine the thermal components of the charge-transfef€thods?*! For PA measurements, the sample buffer was replaced

; ; : : - by ultrafiltration over a Centriprep YM-50 membrane with pH 8.0, 10
reaction. .Assumlng' the change in .Glbbs free energy is glyen mM N-[2-hydroxyethyl]piperazinéN'-2-ethanesulfonic acid (HEPES),
by the difference in redox potentials of the corresponding

. . and 0.03% dodecyd-b-maltoside (DM) without sucrose or glycerol.
charge-transfer reactions, the entropy change of the reaction may Fast Photoacoustic MeasurementsThe fast pulsed time-resolved

be calculated using the Gibbs relation. A significant positive ppotoacoustic setup on the nanosecond time scale is similar to that on
entropy change on formation of'Ra~ in the photosynthetic  the microsecond time scal&;1? except the photoacoustic cell path is
reaction center fronRb sphaeroidesvas found as the change  0.10 mm instead of 1.0 mm. In brief, the light beam was produced by
in enthalpy was only about one-half of the change in free a Nd:YAG laser (Surelite) and an optical parametric oscillator (OPO,
energy%7 Further photoacoustic measurements revealed that theSurelite). An excitation wavelength of 680 nm was selected to excite
entropy change of electron transfer in PS | trimer from the PS | centers. The PA cell consistéé& mmmethacrylate window,
Synechocystisp. PCC 6803 on the microsecond time scale is 2 0.10 mm spacer, a dielectric mirror (99% reflection, Newport), and
the same as that in bacterial centérén contrast, electron 2 Pi€zo-film (284). The mirror (5 mm thickness) delays the measured
transfer in PS Il core complexes froBynechocystisp. PCC photoacoustic signak1 us) and eliminates possible electric or light

. . . artifacts produced by laser pulses. The voltage produced by the piezo-
6803 is accompanied by a small negative entropy chéhge. film was amplified and filtered (Ithaco 1201), with a gain typically of

These observations were confirmed using intact living cells of 109, The signal was digitized with a Tektronix RTD 710 and read into
the same organisAf. the computer (HP 340) for analysis. A photoacoustic reference is an
The observed thermodynamic parameters in PS | on fii® 1- inert absorber that degrades all absorbed photons to heat in a time
time scale were assigned to the formation of charge-separatecshorter than the PA resolving time. Two types of photoacoustic
species Ro Fap™ from excited Ryg*.18 The time constant of reference were used: (1) the internal reference was the PS | complex

Experimental Procedures

charge transfer from A to Fag is reported to be 26200 sample with saturated background illuminatidhand (2) the external
reference was Sheaffer Jet black ink suspended in 10 mM HEPES (pH

(10) Rudzki, S. J.; Libertini, L. J.; Small, E. VBiophys. Cheml992 42, 20— 8.0) buffer.

48. Convolution Analysis of Photoacoustic WavesTwo different

88 ;ﬁgﬁgog _J,-\}l;\{'fz‘gfgﬁa'&%pﬁg%’sj(13386';‘17%928110_%;398‘703- convolution programs were used to analyze the photoacoustic signals

(13) Feitelson, J.; Mauzerall, 3. Phys. Chem. 002 106, 9674-9678. generated in cyanobacterial PS | samples: (1) a photoacoustic convolu-

(14) Arata, H.; Parson, WBiochim. Biophys. Actd981 636 70-81. tion method as described elsewhérand (2) a commercial software

(15) Igf_losme‘ R.; Beal, D.; Joliot, Biochim. Biophys. Acta994 1185 56~ Sound Analysis (Version 1.50D) kindly provided by Dr. Small from

(16) Nagyl, Lé;7Kiss, V.; Brumfeld, V.; Malkin, SPhotochem. PhotobioR001, Quantum Northwest, Inc. The results of the programs agreed within

a7) Edens, G.l J.; Gunner, M. R.; Xu, Q.; Mauzerall, D.Am. Chem. Soc the rather large errors of the analysis.

200Q 122 1479-1485.
(18) Hou, J.-M.; Boichenko, V. A.; Wang, Y.-C.; Chitnis, P. R.; Mauzerall, D. ~ (25) Brettel, K.; Vos, M. HFEBS Lett 1999 447, 315-317.

Biochemistry2001, 40, 7109-7116. (26) Shinkarev, V. P.; Vassiliev, I. R.; Golbeck, J. Biophys. J.2000 78,
(19) Hou, J. M.; Boichenko, V. A.; Diner, B. A.; Mauzerall, Biochemistry 363—-372.
2001, 40, 7117-7125. (27) Setif, P.; Brettel, KBiochemistryl993 32, 7846-54.
(20) Boichenko, V. A.; Hou, J.-M.; Mauzerall, Biochemistry2001, 40, 7126~ (28) Schlodder, E.; Falkenberg, K.; Gergeleit, M.; BrettelBiachemistry1 998
7132. 37, 9466-9476.
(21) Herbert, S. K.; Han, T.; Vogelmann, T. Bhotosynth. Re001, 66, 13— (29) Brettel, K.; Vos, M. HFEBS Lett.1999 447, 315-317.
31. (30) Sun, J.; Ke, A.; Jin, P.; Chitnis, V. P.; Chitnis, P. Rethods Enzymol.
(22) Mauzerall, D.; Hou, J.-M.; Boichenko, V. Ahotosynth. Re2002 74, 1998 297, 24—-139.
173-180. (31) Johnson, T. W.; Shen, G.; Zybailov, B.; Kolling, D.; Reategui, R;
(23) Losi, A.; Yruela, I.; Reus, M.; Holzwarth, A. R.; Braslavsky, S. E. Beauparlant, S.; Vassiliev, I. R.; Bryant, D. A.; Jones, A. D.; Golbeck, J.
Photochem. Photobiol. S&2003 2, 722-729. H.; Chitnis, P. RJ. Biol. Chem 200Q 275 8523-8530.
(24) Delosme, RPhotosynth. Re003 76, 289-301. (32) Malkin, S.; Cahen, DPhotochem. Photobioll979 29, 803-813.
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Figure 1. Peak-to-peak amplitude analysis of the nanosecond and microsecond photoacoustic data of PS |, showing similar volume changes but very
different enthalpies. Conditions: pH 8.0, 10 mM HEPES, the absorbency value of PS | samples at 680 n#0nzer mm and 30@M PMS for the 0.1

mm cell and 0.2 per mm and 160 PMS for the 1 mm cell, 2.0 mM sodium ascorbate (ASC), 0.03% DM, flash energ®i8uJ/cn?, excitation at 680

nm. Panel A: nanosecond data; the upper curve is a linear fit of the PA signal for PA reference by the equation=sflP3¥+ 0.241x 10°. The lower

curve represents the fit of PA signals of the PS | sample by the equation af PA*8.4 — 0.053 x 10fa.. Panel B: microsecond data; the upper curve

fits the PA signals of the reference by the equation of PA*20.5+ 4.09 x 10°a. The lower curve is the PA signal from the PS | sample and is fit with

the equation PA¢¥ = —1440+ 0.705x 1CPa. The intercepts of the PS | sample were used to calculate the volume change, and the difference in slopes was
used to calculate the thermal efficiency and enthalpy change of reaction (for details, see ref 18). The voluma ¢lzamtbenthalpy chang&H were listed

in Table 1.

Results different from that (76%AH of —0.4 eV) of charge separation

Peak-to-Peak Analysis of Photoacoustic Wavedo mea- O the microsecond time scale (Figure 18B).
sure the enthalpy and volume changes of charge separation in There are four possibilities to explalnl the dlsqrepancy of the
PS | forming Fs~ from A~ from that forming Rog"A:~ from TE and enthalpy changes. on the two different time scales. We
the excited state ofg, we extended our pulsed photoacoustic Will check each of these issues as follows.
methodology to the nanosecond time scale. The pressure waves First, the experimental conditions may not be optimized; for
showed a half-width 0f~250 ns, narrower than that-2 us) example, the concentration~600 «M) of electron donor/
on the microsecond time scale. The time resolution limit depends acceptor phenazine methosulfate (PMS) in the nanosecond cell
on the S/N and is~20 ns in this fast PA system. When the May be too high as compared to that in the microsecond cell
temperature is cooled to 3%, the reference photoacoustic (~160uM). This could induce unexpected side-reactions in PS
signal decreases to zero. The expansibility of the aqueous! @ PMS can serve as both an acceptor and a donor and is
solution is zero at this temperature, and this indicates that the highly chemically reactive. We varied the concentration of PMS
fast PA system responds only to the volume change as expectedffom 600 to 30Q:M in the nanosecond cell. The volume change
In contrast, with the purified photosystem | sample, the and thermal efficiency of charge separation were the same,
photoacoustic signals at both 25 and 3@ showed a large  indicating that the low thermal efficiency is not due to the
negative signal, larger at the lower temperature, indicating that concentration of PMS.
the volume change on charge separation in photosystem | on Second, the quantum yield of chemistry may notde0%
the nanosecond time scale, as on the microsecond time scalebut only ~50%. To test the quantum yield in the PS | samples,
is a volume contractiot? we measured the volume change and thermal efficiency on the

We analyzed the overall photoacoustic signals (peak-to-peakmicrosecond time scale using the same experimental conditions
value) on the nanosecond and microsecond time scales (Figureas reported previously where we showed that the quantum yield
1) according to the methodology described previod&yhe was 118 The same thermodynamic parameters were observed
volume contraction was-25 + 2 A3 on the nanosecond time  on these preparations as those reported previously, and thus the
scale, the same as thatZ6 A3) on the microsecond time scale quantum yield is close to 100%.
within the error®20 However, a low thermal efficiency (TE, Third, the concentration of PS | trimer on the nanosecond
44 + 5%), which is the ratio of light energy stored in the time scale is~10 times higher than that on the microsecond
photosystem to the absorbed light energy, was obtained on thetime scale because of the shorter path length. This may affect
nanosecond time scale (Figure 1A). This corresponds to a largethe state of PS | centers; for example, aggregation may occur.
enthalpy of—0.9 4+ 0.1 eV. The TE and\H are dramatically The state of PS | may be different from that of dilute PS |
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samples. We used the PS | trimer sample with the same high
concentration{2.0 Asggymm) and directly measured the volume
change and thermal efficiency of photoreaction on the micro-
second time scale. The large negative volum&g A% and
high thermal efficiency (78%) were obtained. These values are
the same as those-26 A3 and 76%) of the dilute PS | samples
with an Asgo of ~0.2/mm. Thus, the state of PS | at high
concentration has no effect.

Finally, the measurement system of nanosecond photoacoustic

apparatus may not be optimized, and there is always the
possibility of systematic error. To verify the validity of our
nanosecond photoacoustic apparatus, we chosaénét and
menB PS | mutants ofSynechocysti$803. In these two
mutants, the genes afenA or menB' that are responsible for
the biosynthesis of phylloquinone are deletéds a result, the
native phylloguinone (4 in PS | of both mutants was missing.
Multiple spectroscopic techniques revealed that a foreign
plastoquinone (A) is recruited into the Asite33-35One of the
most interesting features is that the kinetics of electron transfer
from Ap to Fx are slowed 1000-times from 2@00 ns to 15
300us 33735 The microsecond photoacoustic system has a time
window of 0.1-10 us with a time resolution 050 ns and the
nanosecond photoacoustic apparatus with a window of-6102
us with a time resolution of~20 ns. Thus, using these two
different photoacoustic setups would be expected to give
identical results, as there are no kinetic components between
10 ns and 1Q«s in themenA andmenB mutant PS I's. The

observed results on these two mutants on both time scales (data

not shown, to be published) indeed revealed the same volume
change €17 & 2 A3) and thermal efficiency (68 5%, AH of

—0.7 eV) as those measured in the first step of the WT reaction.
This excludes the possibility of systematic error in the nano-
second PA measurements.

Therefore, we conclude that the enthalpy of charge separation
in PS | of Synechocysti6803 on the nanosecond time scale is
truly large and negative using the peak-to-peak analysis. This
result implies that the electron-transfer steps, thatzgtB Ar
and A~ to Fas, may have dramatically different enthalpy
changes with the second step being positive.

Convolution Analysis of Photoacoustic WavesThe con-
volution analysis on photoacoustic data allows one to time-
resolve the individual step of photoreacti®i3The convolution

analysis on the nanosecond photoacoustic data is shown in

Figure 2A. We are able to resolve one lifetime €100 ns
(curve 3) and a prompt component sR0 ns (curve 2). The
lifetimes on adding a second component were not reproduc-
ible: there may well be a distribution of time constants. The
amplitude analysis of the nanosecond PA signal is shown in
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Figure 2B. The molecular volume change and enthalpy changes

are summarized in Table 1. The prompt component is assigned
to the charge separation for the formation gfgPA;~ from
excited-state f3q*, which takes place in picoseconds, faster than
the time resolution. The volume contraction of the charge
separation is-21 + 2 A3, and the enthalpy change s0.83

(33) Zybailov, B.; Van der Est, A.; Zech, S. G.; Teutloff, C.; Johnson, T. W.;
Shen, G.; Bittl, R.; Stehlik, D.; Chitnis, P. R.; Golbeck, J.JBiol. Chem
200Q 275 8531-8539.

(34) Semenov, A. Yu.; Vassiliev, I. R.; Van der Est, A.; Mamedov, M. D.;
Zybailov, B.; Shen, G.; Stehlik, D.; Diner, B. A.; Chitnis, P. R.; Golbeck,
J. H.J. Biol. Chem200Q 275, 23429-23438.

(35) Johnson, T. W.; Zybailov, B.; Jones, A. D.; Bittl, R.; Zech, S.; Stehlik, D.;
Golbeck, J. H.; Chitnis, P. Rl. Biol. Chem2001, 276, 39512-39521.

Figure 2. (A) Convolution fit of a typical nanosecond photoacoustic
pressure wave of PS | via the PA cell path of 0.10 mm. Upper panel: curve
1 is a photoacoustic reference signal at Z5. Curve 2: observed
photoacoustic signal of photosystem | center at@5Curve 3: simulation

by two componentsp < 20 ns with relative amplitudéo, = —0.67 andt;

= 100 ns withA; = —0.14. Lower panel: amplified scale of residues of
the simulation, average value0.5%. Sample conditions: the absorbency
of photosystem | sample or photoacoustic black ink was 2.0 per mm at 680
nm, 10 mM HEPES, pH 8.0, 0.03% DM, flash energy~&&.0 «J cnr?,

160 uM PMS. (B) Plots of amplitude times compressibility versus
expansivity. Curve 1 is the reference. Curve 2 is 40 ns component
showing positive enthalpy and small volume change. Curve 3 is the prompt
component with larger negative enthalpy and large volume change. The
enthalpies and volume changes are listed in Table 1.
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Table 1. The Molecular Volume and Enthalpy Changes of Charge Separation Revealed by Convolution Analysis of Photoacoustic Waves of

PS | Trimers from Synechocystis sp. PCC 6803

71 (<10 ns)® 7, (~200 ns)
PMS? ODggo? Ea AV AH AV AH
time scales (uM) (/mm) (udlem?) (A%) (eV) (A%) (eV)
nanosecond 60 ~2.0 ~3.0 —21+2 —0.83+0.10 —-35+15 +0.35+ 0.2
microsecond 300 ~0.20 ~1.0 —24+2 —0.80+0.10 —-3+2 +0.4+0.3

aQther conditions are pH 8.0, 10 mM HEPES, 0.03% DM, and 2 mM ASThe ODsgo of 0.20/mm of the PS | sample is equivalent to M Chl.

¢ The time resolution limit for the microsecond photoacoustics% ns.

eV. The~100 ns component is attributed to the A to Fas (A)_
step, following the format of Santabara ef #s volume change B
is —3.5 & 1.5 A3. The most interesting finding is that the
enthalpy change associated with this step is positi@35+ L
0.20 eV. The solution cools during the reaction. The data are |
summarized in Table 1. L

To confirm these results, we also analyzed the microsecond
time scale data by convolution (Figure 3A). The typical residues L
for fitting the photoacoustic waves are smatb2%) and gave
evidence of a fractional microsecond component with positive L
enthalpy. However, the changes of the time constants with
temperature had limited reproducibility. Once again, we resolved ! 1 L L L 1 1 L
a component with a lifetime of500 ns at 3.8C and a fast 0 ! 2 3 4 5 6 7
component €~50 ns). A halftime longer than that found on (B)
the nanosecond time scale is expected because of the lower 60 5
temperature, and, from a distribution of time constants, the 50 ! L
slower scale weights the longer halftimes. The amplitudes are 40 ‘ ©
plotted in Figure 3B. As is shown in Table 1, the prompt 30 e
component €50 ns) has a large enthalpy change-d3.8 + 20 o
0.20 eV and a volume change o224 + 2 A3. In contrast, the 10
~500 ns component has a small volume chang@é+£ 2.0 A%) ol &
and a positive enthalpy chang&H = +0.4 + 0.30 eV) quite v 0] ol 2
consistent with the nanosecond results within the large errors. :f 20 = % -t .-
Discussion -301

-40 4

Using pulsed time-resolved photoacoustic spectroscopy, the 50.]
thermodynamic parameters of electron-transfer reactions have 0] >
been measured in bacterial photosynthesis and oxygenic i 3
photosynthesis¥24 as well as in chemical solutioHs'® and 707
photobiological system®-38 The accessible thermodynamics -80
parameters are the molecular volume change (e.g., electrostric- -90“1
tion or conformational change), enthalpy, and, assuming the free -100 T —T T—
energy changes are known, entropy changes, associated with 500 50 100 150 200 250 300
the individual photoreaction steps. In previous work, we have a*10°
measured volume change26 A3 and enthalpy change-0.4
eV) of charge separation in photosystem Byhechocysti8803 Figure 3. (A) Convolution fit of a typical microsecond photoacoustic

on the microsecond time scdfeThese values are similar to
those in the bacterial reaction center frdth. sphaeroide¥
In contrast, these parameters in photosystem 8yafechocystis

pressure wave of PS | via the PA cell path of 1.0 mm. Curve 1:
photoacoustic reference signal at Z5. Curve 2: observed photoacoustic
signal of photosystem | center at 3°€. Curve 3: convolution fit of
experimental data: prompt amplitudel.25, amplitude of the 500 ns

6803 are dramatically different with a small volume change component-0.1. Curve 4: the residues of the fit multiplied by a factor of

(~ —3 to —10 A3 and a large negative enthalpy changd (1
eV).1® These measurements provide important and insightful

5. Sample conditions:

the absorbency of photosystem | sample or
photoacoustic black ink was 0.20 per mm at 680 nm, 10 mM HEPES, pH
8.0, 0.03% DM, flash energy at1.0uJ cnt2 (B) Plots of amplitude times

information on thermodynamics of electron transfer in biological compressibility versus expansivity. Curve 1 is the reference. Curve 2 is the
systems. They reveal that the driving force in the photosynthetic 500 ns component showing positive enthalpy and small volume change.

reactions may be both enthalpic and entropic. However, most CUrve 3 is the prompt component with larger negative enthalpy and large
volume change. The enthalpies and volume changes are listed in Table 1.

(36) Strassburger, J. M.; Gartner, W.; Braslavsky, SBiphys. J.1997, 72,
2294-2303.

(37) Losi, A.; Wegener, A. A.; Engelhard, M.; Braslavsky, SJEAm. Chem.
S0c.200], 123 1766-1767.

(38) Nishioku, Y.; Nakagawa, M.; Tsuda, M.; Terazima, Blophys. J2002
83, 1136-1146.

of the thermodynamic parameters using photoacoustics are on
thelus time scale. To obtain detailed information on intermedi-
ates in the PS | reactions, we measured the volume change and
enthalpy change on the nanosecond time scale.
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Entropy-Driven Reaction in PS |

ARTICLES

A Poo*A,
\~ P700+A1 7Fx P700+A l’FX
KN"""*-.“__”P700+FA/B-
B
AV="21+2A3
AV=-3+2A3
I A

Calculated (electrostriction) : —21A3 Calculated: —2A3

C

m AH=+0.440.3
| ]

AG=-0.63

AH=-0.8+0.1 AG=-0.14

~TAS=-0.54+0.3
-TAS=+0.2+0.1

Figure 4. Thermodynamic and kinetic assignments of photoacoustic
measurements in PS | 8fynechocystisp. PCC 6803. Panel A: Assignment

of possible electron transfer reactions. Panel B: Volume contractions
obtained experimentally and calculated using eq 1. Panel C: Thermody-

namic parameters of electron-transfer reactions in PS |. Closed arrows are

methodology:® Using eq 1, we calculate a value ef26 A3,

the same as that observed experimentally, if we assume that
the acceptor (kg) is a super-complex (B84)(Cys;) with a
charge change from1 to —2 and radius of 8 A. The detailed
calculation and discussion have been publistied.

The volume change of the photoreaction could be also caused
by a particular kind of conformational change, which creates
or destroys volume. Such conformational changes were observed
during the photoreaction of bacteriorhodopsin and bovine rhod-
opsin3%~38 However, the observed data of volume contraction
in photosynthetic reaction centers are fit well with the Drude
Nernst equatiorR?39suggesting that the protein structure in these
centers is fairly rigid and there is probably no significant confor-
mational change during the initial charge separation reaction
in PS | centers. This is consistent with the fact that these primary
electron-transfer reactions can occur at cryogenic temperatures.

Free Energy, Enthalpy, and Entropy. Thermodynamic
parameters such as the free energy (redox potential of cofactors
in situ), enthalpy, and entropy are crucial information to fully
understand the reaction mechanism of electron transfer at the
molecular level. The thermodynamics of electron transfer in
biological system have been of great interest during the past
decade, and the accumulated evidence supports the view that

the volume changes in panel B and the free energies in panel C, open arrowshe entropy changes in electron- and proton-transfer reactions
stand for the enthalpy changes obtained in this work, and dashed arrowsjn chemical and biological system are significant and cannot

refer to the entropy changes calculated using the Gibbs relatkdh:=
AH — TAS The free energy is the difference of the redox potentials of the
cofactors given in a previous publicati&f.

Volume Contraction via Electrostriction. The intrinsic
molecular volume change of photoreaction in biological systems
arises from two different causes: (1) electrostriction effect and
(2) protein volume conformational change.

The volume contraction caused by electrostriction can be
calculated using the modified Drud®lerst equatioR?

(ezig)x z 7 22+z] @

— 4+ — 4+

rp r_ ry
whereAVg is electrostrictionAGe is the Born charging energy,
P is pressurez; andz- are the signed charge on the positive
and negative ionsg is compressibility of the proteirV is its
molar volume e is its dielectric coefficient or relative perme-
ability, ry and r— are the radii of the donor and acceptor
(assumed previously neutral), and is the distance between
the two ions.

The volume changes of charge separation in photosystem |
of Synechocysti6803 are summarized in Table 1 and Figure
4. We are able to measure the early step of photoreaction in P
| producing Pog™ A1~ from Progt, which is associated with a
volume contraction of-22 + 2 A3, Assuming the radii of A
(4 A) and Pqo (7.5 A), separated by30 A, a volume change
of —21 A3 was calculated (Figure 4), which is reasonably close

G,

aP

dlne y
alnV

el —

be neglected’20:40.41

We summarize the free energy, enthalpy, and entropy changes
of PS | in Figure 4. The solid arrows are the free energies of
reaction obtained from the redox potentials of cofactors in situ,
the open arrows are the enthalpy changes observed by means
of photoacoustic data, and the dashed arrows are the calculated
entropy changes using the Gibbs relatid® = AH — TAS A
discussion of errors in the estimates of free energy will be given
soon by Mauzerall. They include the fact of the long time scale
of electrochemical measurements and of measuring only a single
one of the pair of redox partners, thus neglecting any interaction
between them. We will use the free energy compilation of
Santabara et al., but none of our conclusions are critically
dependent on the exact values used. The alternative free energies
increase the magnitude of the enthalpies and entropies. Taking
the redox potential of A (—0.67 V) and Ry (+0.47 V) and
the trap energy of B¢* (1.77 eV), the free energy for the early
step of electron transfer forming;@" A1 Fx from Prog* is
—0.63 eV. The convolution fits on both the nanosecond and
the microsecond time scales show an enthalpy chang®®@&
+ 0.1 eV (Table 1), and thus the apparent entropy change is
negative,—0.2 + 0.1 eV. All entropies will be quoted aRAS

Swith T = 25 °C. The following step is the electron-transfer

reaction from A~Fx to Fass, with relatively small free energy,
—0.14 eV. The enthalpy change for this step revealed by
convolution is positive;+0.4+ 0.3 eV (Table 1). The apparent
entropy change for this step i60.54 + 0.3 eV, large and

. Lpositive, but with considerable error. This entropy is larger than

et all® and Mauzerall et &? The following electron-transfer
reaction from A~ to Fag produces a small volume change of
—3 £ 2 AS. We calculated the volume change from=Ato
Fae to be —2 A3 (Figure 4). The overall step for producing
P00 Fas ™~ from excited-state B¢+ is —22 + (—3) = —25 AS,
which agrees well with the previously observed valu@6 +

1 A3 for the same preparations using microsecond PA

that of the free energy. We conclude that theFQ to Fas step
in cyanobacterial photosystem | is entropy driven. PS | releases
significant energy of the exciting light as heat into the

(39) Drude, P.; Nernst, WZ. Phys. Chem1894 15, 79-85.

(40) Woodbury, N. W.; Allen, J. P. IiAnoxygenic photosynthetic bacteria
Blankenship, R. E., Madigan, M. T., Bauer, C. E., Eds.; Kluwer Academic
Publishers: Norwell, MA, 1995; pp 527%57.

(41) Xu, Q.; Gunner, M. RJ. Phys. Chem. B00Q 104, 8035-8043.
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environment but stores energy as negative entropy in the earlyto +0.4 eV, while the others have very small negative enthalpies.
steps of electron transfer in the PS | system. This is followed The authors explain the enthalpies in terms of electrostatic
by absorption of heat from the environment, a positive enthalpy, interactions with the protein dipoles. All of the reduction
driven by release of positive entropy in the second electron- entropies are negative as anticipated from the increase in charge
transfer step. Thus, the thermodynamics of charge separatiorand seem to vary in magnitude opposite from the enthalpies.
in protein systems can be more complex than anticipated. In Thus, the positive enthalpy of the;AFx to Fag reaction may
some cases, enthalpy contribution predominates in the freebe assigned in part to the FeS cluster reduction. The positive
energy and the entropy component is small. In other cases, bothentropy may have contributions from the freeing of oriented
enthalpy and entropy may play roles in the electron-transfer polar groups on quinone anion oxidation. The previous step has
reaction. In this work, the experimental data show that in the a negative entropy as expected.

case of the AFx to Fas Step in cyanobacterial PS | the entropy Entropy-driven reactions are of inherent interest because the
component is the driving force. majority of reactions are well explained simply in terms of

Given the unusual result of these measurements, we mustenergetics, thatis, changes in enthalpy. Entropy-driven reactions
see if other explanations can be found. The spread of time Nave a larger positive entropy than the positive enthalpy, thus
constants for the & to Fag reaction has been explained as forming the required negative free energy. Statistical mechanics
alternate paths along the symmetric A and B chains of explains this as a large increase in the number of available states
acceptor$. If the fraction of a given path were temperature N the products relative to the reactants. Examples are the
dependent, then the measured amplitudes of the PA signals could€naturation of proteins or the dissolving of ammonium nitrate
be contaminated by this change. Note that this would require in water. Sturtevant gave an analysis of the causes of large
that the enthalpy of the two paths differ substantially. If they €ntropy changes involving proteifsOf the half-dozen effects
are the same, then varying their proportions will have no effect. ne conS|de.red,. the hyd.rophob|c effept and changes in .|0W
The data of Agalarov and Brettel are ambiguous on this mitter. frequency vibrations are likely the most important. Conformation
On fitting their reduction kinetics of Awith two exponentials, ~ changes very likely make their largest contributions through
the thermal effect on the amplitudes over our “ZDrange is vibrational effects. An example of a reaction claimed to be
negligible (their Figure 2B). However, a better fit with three €ntropy driven by the hydrophobic effect is the assembly of
exponentials shows large thermal effects on the “fixed” (300 the heptameric co-chaperonin protein‘tThe present simpler
ns) and “slow” (1xs) components (their Figure 2D). The effects system is most likely explained by the vibrational effect. This
are in opposite directions with almost equal amplitudes, sug- ¢&n be ascribed to the loosening of the structure because of loss

gesting a fitting problem. The “fixed” component would appear ©f charge or of the movement of a protein helix away from
as a positive enthalpy in our plots, but the value of the ©Otherhelices and the ensuing decrease in interaction of the side
component amplitudes indicates that the effect would be to chains. Because the electrostrictive volume changes in this step
decrease the observed positive enthalpy<iiy2 eV. The slow are small (Figure 4), the conformatign chan_ge is _favored. The
component would actually increase the positive enthalpy by €SS hindered movements of the side chains will add lower
about the same amount. Correction for the reduced amplitudefreauency vibrations. When their frequencies are in the range
of the slow component in the PA measurements would increase©f KT/h, they much increase the number of available states at a
their values by~30%. Given these ambiguities, we prefer to g.lven.temperature. Wg estimate that a dozen such low-frequency
adopt the simplest hypothesis that the slow components of theViPrations would explain the observed entropy change. We note
A1~Fx to Fag reaction have the large positive enthalpy quoted that Fx is at the interface of PsaA/B and PsaC components of
in Table 1 with appropriate errors. Because we cannot resolve PS |- Itis thus at the correct position for protein movement.
the fast component of smaller amplitude of this reaction from  Pulsed direct photopressure spectroscopy on the millisecond

the faster Ryg* to A reaction, we cannot state its enthalpy. to second time scale was recently developed in the Iaborato-ry
(for methodology, see refs 46,47), and we plan to use this

Another r f complication in th lectron-transfer . ; . .
other source of complicatio the electron-transfe method to investigate the electron-transfer reactions in PS | from

kinetics is the ensuing transfers fr Fa and then 3 . .
et cs S the ensuing transfers oM f Fa and then to Synechocysti$803 to uncover the thermodynamics of these
The time constants for these reactions are about the same as

those quoted above for the fast and sloywréduction, with Ik slower steps.

to Fa being slower. Thus, we cannot distinguish between the  Acknowledgment. This work was supported by past grants
various FeS complexes, and that is why we refer to them asfrom the National Science Foundation (MCB-9904522) and the
Fas. There may be an equilibrium among the FeS clusters as National Institutes of Health (GM 25693) to D.M., and by a
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a large positive enthalpy, and because the free energy difference.a AO54870Y

are small, particularly for an observable equilibriuw0(1 eV),

it must also have a large, positive entropy. (43) Battistuzzi, G.; D'Onofrio, M.; Borsari, M.; Sola, M.; Macedo, A. L.; Moura,
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(Cys), proteins have positive enthalpies of reductioned.3 (46) Mauzerall, D.; Liu, Y.; Edens, G. J.; Grzymski,Rhotochem. Photobiol.
Sci. 2003 2, 788-790.
(47) Edens, G. J.; Liu, Y.; Grzymski, J.; Mauzerall, Rey. Sci. Instrum2003
(42) Agalarov, R.; Brettel, KBiochim. Biophys. Act2003 1604 7—12. 74, 2523-2529.

1586 J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006





