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ABSTRACT. We have previously reported the thermodynamic data of electron transfer in photosystem |
using pulsed time-resolved photoacoustics [Hou et al. (2B@ighemistry 407109-7116]. In the present

work, using preparations of purified manganese-depleted photosystem Il (PS Il) core complexes from
Synechocystisp. PCC 6803, we have measured 8¢ AH, and estimated AS of electron transfer on

the time scale of Ls. At pH 6.0, the volume contraction of PS Il was determined te-Bet 1 A3. The
thermal efficiency was found to be 52 5%, which corresponds to an enthalpy change-0f9+ 0.1 eV

for the formation of the statesitQa~ from Psgg*. An unexpected volume expansion on pulse saturation

of PS Il was observed, which is reversible in the dark. At pH 9.0, the volume contraction, the thermal
efficiency, and the enthalpy change wer8.4 + 0.5 A3, 37 + 7%, and—1.154+ 0.13 eV, respectively.

The AV of PS Il, smaller than that of PS | and bacterial centers, is assigned to electrostriction and analyzed
using the Drude Nernst equation. To explain the smaAlV for the formation of Rsg"Qa~ or Yz°Qa~, we
propose that fast proton transfer into a polar region is involved in this reaction. Taking the free energy of
charge separation of PS |l as the difference between the energy of the excitedsstated*he difference

in the redox potentials of the donor and acceptor, the apparent entropy chiari®yédr charge separation

of PS Il is calculated to be negative0.14+ 0.1 eV at pH 6.0 (B¢"Qa~) and—0.24 0.15 eV at pH 9.0
(Yz°Qa™). The thermodynamic properties of electron transfer in PS Il core reaction centers thus differ
considerably from those of bacterial and PS | reaction centers, which Advef ~—27 A3, AH of

~—0.4 eV, andTAS of ~+0.4 eV.

Oxygenic photosynthesis in cyanobacteria, algae, andand interaction of cofactors and protein suburt)s it shows
higher plants involves the cooperation of two photosystems that the heart of PS Il consists of the D1 and D2 proteins,
(PS)t PS 1 and PS 11 ). PS Il is an integral membrane which bind Rgo (primary electron donor), pheophytin
protein complex of more than 19 subunits and carries out (primary acceptor), and Qand @ (quinone secondary

the initial step of oxygenic photosynthesis. It utilizes light acceptors). ¥, the tyrosine electron donor tedg", is located
energy to generate oxidized primary electron dongs”and at the D1-161 position.

) P
reduced quinone electron acceptok Q Pesg” OXidizes The kinetics of the electron-transfer steps in photosynthetic

g‘r(\?vsal?; \c()zii\é\/:tli(c:)?’n |tnotg)r(n Oé(r']d'zes the Mn cluster, the site reaction centers has been thoroughly investigated over the
. . Yg ' ~_ complete time scale of femtoseconds to many seco8ds (
The first three-dimensional structure of a water-oxidizing 4). The early processes occurring in PS Il revealed by
PS Il complex fromSynechococcus elongatas 3.8 A jyafast spectroscopy can be divided into several steps: (a)
resolution provides direct information of detailed orientation absorption of light quanta by antenna to form excited states
of pigments; (b) trapping of excitation energy by the primary
t This work is supported by grants from the NSF (MCB 99-04522) electron donor Ry in the reaction center on the picosecond
and NIH (GM 25693) to D.M. and from NRICGP/USDA (97-35306-  time scale; (c) primary charge separation from the singlet

4882) to B.A.D. ; ; ;
* Corresponding author. E-mail: mauzera@rockvax.rockefeller.edu. excited state of & to the primary acceptor Pheo in about

Fax: (212) 327-8853. 3—20 ps; (d) stabilization of the separated charges from the
zThe Rockefeller University. radical pair Rgs"Pheo on the acceptor side by electron
| Eufséan Academy of Sciences. transfer to @ in about 200 ps and to on the hundreds-
. |. du Pont de Nemours & Co. . . .
1 Abbreviations: Ches, 2N-cyclohexylamino)ethanesulfonic acid; ~ Of-microseconds time scale; and (e) on the donor side, an
DM, dodecylB-p-maltoside; FeCy, potassium ferricyanide; Hepe62- electron is supplied to reducegf from a tyrosine residue
hydroxyethyl)piperazinéy¥ -2-ethanesulfonic acid; Mes, 2{morpho- () on the nanosecond to microsecond time scale. It has

lino)ethanesulfonic acid; Mops, 3morpholino)propanesulfonic acid,; .
PA, photoacoustic(s): PS, photosystem; PTRPA, pulsed time-resolvedP@€n reported that the electron transfer fromtd Psgo" is

photoacoustics; TE, thermal efficiency. dependent on the ambient pH of the PS Il preparatiéns (
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6). The rate of electron transfer of this step is between tens
to hundreds of nanoseconds in intact PS Il at physiological
pH and hundreds of nanoseconds in apo-PS Il at pH 9.
However, at acidic pH this rate in apo-PS Il is slowed about
10—100-fold, i.e., to>10 us. There are no studies on the
thermodynamic properties of these intermediates.

Photoacoustic (PA) measurements have proven to be a

useful tool for the study of the thermodynamics of electron
transfer in chemical and biological systenis-0). Although

it is the free energy which determines the equilibrium of a
chemical reaction, decomposition of this energy into terms
of enthalpy and entropy allows an initial separation of the
driving forces of the reaction: bonding or interaction energies

and entropic or available states of the system. This decom-

position is particularly important for reactions involving

proteins where entropic changes can be large and can

characterize the often hypothesized but rarely observed
changes in conformation.

By use of pulsed time-resolved photoacoustics (PTRPA)
one can measure directly the volume changd/)( the
enthalpy AH), and, via the free energ\A@G), the entropy
(TAS) in electron-transfer reaction8)( We have previously
measured these parameters in the photosynthetic reactio
center complexes frolRhodobacter sphaeroid€s). In the
preceding paperlQ), our study of the thermodynamics of
electron transfer in the PS | trimer complex fro8yn-
echocystisPCC 6803 similarly revealed a large negative

Hou et al.
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Ficure 1: PA signal of the Mn-depleted PS Il core complex and
carbon ink reference: 10 mM Mes, pH 6.0, 0.03% DM, D=
0.12/mm €16 ug of Chl/mL), pulse energy 14J cnt? at 674
nm. Curve 1, carbon ink, 28C; curve 2, carbon ink, 3.7C; curve

3, PS Il core complexes, 2€M benzidine, 0.1 mM FeCy, 2 mM

€aCh, 3.7 °C; curve 4, PS Il core complexes with the same

additions at 25C.

were adjusted te-0.2 per mm at the excitation wavelengths
for PA measurements. Global convolution analysis of PA

volume change, a small enthalpy change, and thus adata was performed according to the previous papé). (

significant positive entropy change on electron transfer. It

is of interest to explore these issues in PS Il using the sameRESULTS

technique. In this work PTRPA was used to obtain the

thermodynamic parameters of flash-induced electron-transfer

reaction of the purified PS Il core complexes from cyano-
bacteriumSynechocystisp. PCC 6803.

MATERIALS AND METHODS

Preparation of the Purified PS || Core Complex®@sirified
oxygen-evolving PS Il core complexes were prepared from
the WT cyanobacteriunsynechocysti§803 as previously
described 11, 12). The Mn cluster was removed by treating
the core complexes for 30 min at300 ug/mL with 5 mM
NH,OH plus 1 mM EDTA in buffer Il (50 mM Mes, pH
6.0, 25% glycerol, 5 mM Cagl5 mM MgCl, and 0.03%
DM) plus 30 mM MgSQ. The cores were then passed
though an Econo-Pak 10 DG desalting column equilibrated
with buffer 1l only. The core complexes were then concen-
trated to~200 ug of Chl/mL by spinning overnight in
Centricon 100s (Millipore) according to the manufacturer’s
direction. All treatments were at4C. The core complexes
were stored at-80 °C until use. The glycerol was removed
for PA measurements by centrifuging using Centriprep YM-
50 (Millipore) and placed in the 10 mM Mes, Hepes, or Ches
buffer and 0.03% DM. The chlorophyll to Qratio was
determined by the method described in tdfand showed
that the purified PS Il core complexes contain 40 Chl per
photoreducible @. These preparations were frozen and
stored in liquid nitrogen prior to the PA measurements.

Photoacoustic Measurementhe procedure is similar to
the methodology described elsewhe®e X0). Laser pulses
of 5 ns at 625 and 674 nm were used to excite the PS I

Photoacoustic Signals of PS Il Core Complexgébe
typical PA signals of isolated PS Il core complexes are shown
in Figure 1. In our experiments with PTRPA, we used flashes
at 674 nm for excitation of the PS Il core complexes. Curve
1 and curve 2 in Figure 1 are the PA signal of the thermal
reference, carbon ink, at room temperature and at the
temperature of maximum solution density4 °C, respec-
tively. As expected, the thermal PA signal was zero-dt
°C. The photochemical reaction of PS Il core complexes
produces PA signals from two sources. The first is the
thermal signal, which is heat released by the system in the
measured time window. The other is the volume change of
the reaction center itself following the photochemical reac-
tion. At the temperature of maximum density of wate#
°C, the thermal signal disappears, leaving only the volume
change of the reaction centers. The PA signal of Mn-depleted
PS Il core complexes @ynechocysti§803 shows a volume
contraction at~4 °C (curve 3) but an expansion at 2&
(curve 4). This observation is different from those of PS |
trimer complexes fronsynechocysti8803 (L0) and bacterial
reaction centers fronRbh. sphaeroides(9), which show
negative signals even at room temperature. This implies that
the enthalpy change of electron transfer in PS Il is larger
and/or theAV is smaller than that of PS | and bacterial
centers.

As the averaging of several low-energy flashes is required,
the recovery time of reaction centers must be measured in
order to ensure that the centers have returned to their initial
state before the next actinic pulse. Following the same
protocol as in the preceding pap&©) we have determined

core complexes. The OD values of the PS Il core complexesthe recovery time of the Mn-depleted PS Il core complex of
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Table 1: Photochemical and Thermodynamic Parameters of PS Il Core ComplexeSyin@chocysti6803

lex,
buffer nm ®g, A2 D% AVy,c A3 AV, A3 TEo, % AH, eV TASeeV
pH 9.0, Ches 674 8Z 9 83+ 8 —3.4+05 —2.6+0.5 37+ 7 -1.1540.13  —0.23+0.13
pH 7.5, Hepes 674 104 10 99+ 10 —7.3+2 -11.8+2 43+5 —1.04+0.1 —0.27+0.1
pH 6.0, Mes 625 323 114+ 15 -8.8+1.0 —10.6+ 2 52+5 -0.9+0.1 -0.1+0.1

a Buffer concentrations are 10 mM with addition of 2 benzidine, 0.2 mM FeCy, 2 mM Cagland 0.03% DMP The values of quantum
yield ® are obtained from the ratio of calculated optical cross sections of PS II, 105 and &86%4 and 625 nm, respectively, to the effective
optical cross section®o. ¢ The limiting value, in & per molecule, of the yield curve fit at low energies &Gt @ The maximum value, in Aper
molecule, at #C when all reaction centers are excitedG is estimated to be-0.77 eV at pH 6-7.5 and—0.92 eV at pH 9.0 (from data in Tables
3 and 4)."With correction for the quantum yield of 83%.

Synechocysti§803 in the presence of benzidine (2M)

and FeCy (2 mM) at £C. There are two components: a
fast phase with a time constant of less than 0.1 s (11%) and
a slow phase of 0.4 s (89%). Thus the recovery time of PS
Il is less than 1 s, and we used a pulse rate of 1 Hz at low
excitation energy €10% centers excited) and0.5 Hz at
near saturation energies to allow full recovery of the reaction
centers.

We recorded the light saturation curve~a4 °C and thus
obtained the quantum yield of photochemistry of the samples
using measured versus calculated optical cross sections (see
ref 10 for details). Table 1 lists the quantum yield of
photochemistry in PS Il core complexes fr@ynechocystis
6803. The quantum yield of photochemisty in PS Il was close
to unity with two different preparations at pH 6 and 7.5 using Pulse energy (pJ cm’)

two excitation wavelengths, 625 and 674 nm (Table 1). Ficure 2: Volume yield of PS Il core complexes versus light pulse

However, it decreas:ed t‘? a3 ,8% at pH 9.0. . energy at 3.7C: medium with 2uM benzidine, 0.2 mM FeCy,
Volume Contraction Light-induced charge separation 2 mM CaC}, 0.03% DM. The excitation area of the sample within
produces a volume contraction in both PS | and PS Il reaction the PA cell is about 1.43 cmThe fits areAV/E = AV,(1 — e )/

centers. Comparing the amplitude of PA signals, we found (0E). Curve 1 (closed circles): 10 mM Mes, pH 6.0, 5= 0.106/

that PS Il showed a smaller PA signal than PS | mm (~14 ug of Chl/mL), excitation at 625 nm; solid line is the fit

. : ith ®o = 32 + 4 A%, AV, = —8.7 + 2 A3 Curve 2 (open
We used two different methods to obtain the volume \g'rdes)? 10 mM Ches, pHyg_O, Qp, = 0.151/an1 \(120 ﬂ(gpof

changes of the reaction centers nedC4 (1) volume yield Chl/mL), excitation at 674 nm; dashed line is the fit witly = 87
method and (2) saturation method (see preceding paper, ref: 9 A2, AV, = —2.6+ 0.5 A3,

10). In the first method, as shown in Figure 2, increasing

the excitation energy of the flash reduced the yield of the is that of the secondary reaction, add and oy, are the
negative volume change. This is caused by multiexcitation optical cross sections of the centers for charge separation in
of the “filled” reaction center and waste of energy. Therefore, initial and for charge neutralization in charge-transferred
the true volume contraction of the reaction center is that at States, respectively. As shown in TableAlNs of ~—11 A®

the lowest excitation energy. However, the low energy and~—3 A3were obtained at pH 6 and pH 9, respectively.
produced a PA/E signal with significant error. To improve These data are in line with that of the first method. Because
the signal-to-noise ratio, we used the curve fitting method of the many unknowns (four) in this equation, we fixed the
to obtain the limiting volume change of the samples (Figure values of®o to those obtained by the first method and of
2: see refLOfor details). The results are listed in Table 1. It AVmas—2AVe. Theonwas found to be-7 A2 independent

Volume yield (A3/hv)

was found that the volume contraction of PS Il is abe8t8 of wavelength at 674 and 625 nm. This indicates that the
+1.0A3atpH 6.0,—7.3+ 2 A%atpH 7.5, and-3.4+ 0.5 target is not all the antenna chlorophyll molecules. The
A3 at pH 9.0. candidate is one or a few molecules with broad absorption

The second method uses the maximum PA signal of the spectra 13). This reaction was completely reversible, since
reaction center of PS Il. Surprisingly, the PA signal of PS Il no change in the volume contraction was observed at low
core reaction center decreases when the pulse energy exceedi@sh energies after saturation experiments aC4
~100uJd/cn? at 674 nm and~200uJ/cn? at 625 nm (Figure Thermal Efficiency and Enthalpyhe positive PA signal
3). This phenomenon may result from excitation of the of PS Il at room temperature implied a lower thermal
initially photogenerated charge-separated state producing aefficiency or significant enthalpy change of electron transfer
large positive volume chang&Vy,, presumably by charge in PS Il. Using the difference of slopes of d(RAda. of the
neutralization. We fit the curves with nonlinear least squares PS Il core reaction center and of the ink reference, wkere
to the equatiodV = AV4(1 — e ®9F) + AV (1 — e *9F)(1 and a. are the compressibility and expansivity of water,
— e %%F), whereE is the photon energy absorbed by the respectively, thermal efficiencies per trap of PS Il on the
sample, ® is the quantum yield of the photochemical microsecond time scale were obtained (sed @dbr theory).
reaction, AV is the observed volume chang&s is the The thermal efficiency per trap was found to be-6%% at
maximum volume change of charge separation in P&\, pH 6.0. It decreased at higher pH values, 43%% at pH
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-8 T T T Table 2: Comparison of Analytical Results of Global Convolution
and Peak-to-Peak PA Data for the PS Il Core Coniplex

method AVy, A3 TE, %  AH,eV TAS, eV

global analysis —7.0+£2 454+8 -1.0+0.15 —0.23+£0.15
peak-to-peak —7.3+15 43+5 —-1.04+0.1 —-0.27+0.1
analysis

apH 7.5, 10 mM Hepes; the excitation wavelength is 674 nm.

'
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T

'
A
H

[l core preparation fronChlamydomonas reinhardtieported
by Delosme et al.14). However, they are smaller than the
value for PS Il membranes from spinach§0%) measured
@ by the same authorsl4). This discrepancy could be
o1 -—~G9‘3@-€?--1'0 — ””1'60 — attributed to a contamination of PS | in the BBY preparation.
Taking the trap energy of the PS Il reaction cent&y,
Pulse energy ( uJ cm”) = 1.82 eV, the enthalpy of reaction in PS Il in the time
Ficure 3: Saturation curves of PS Il core complex volume change window of 0.1-10s is determined to be 0.9+ 0.1 eV at
at 3.7°C: medium with 20uM benzidine, 0.2 r?wM FeCy, 2 mM % PH 6.0,-1.0+ 0.1 eV at pH 7.5, and-1.15+ 0.2 eV at
CaC}, 0.03% DM. The excitation area of the sample within the pH 9.0 (Table 1).

'
N
T

Volume contraction (A3)

PA _Cq?”Eis 1.43_cr§. The fits areAV = AV(1 — & %) — AViy(1 Global Analysis of Volume and Enthalpy Changéke
G T e ), assumingsVm lo be tlcel Vs ith ebposite above thermodynamic data analysis was based on the peak-
sign. Curve 1 (closed circles). 10 mM Hepes, pH 7.5,¢0 to-peak PA signals. Using a global convolution analysis of

0.180/mm €23 ug of Chl/mL), excitation at 674 nm; solid line is . e .
the fit with AVs = —10.6+ 2 A3, do = 105 A2 (assumed, Table ~ PA data under given conditions at all of the different

1), om = 6.6+ 1 A2 Curve 2 (open circles): 10 mM Mes, pH 6.0, temperatures and pH 7.5 between 4 and@5we obtained
ODgzs = 0.106/mm €14 ug of Chl/mL), eXCitgttion at 625 nm,  a thermal efficiency of 45 8%, volume contraction of 7.0
?::shueg;a”ebefgigt "z"'tgﬁg/si—l Kzll-s +2 A% @0 =32 A + 2 A3, and enthalpy of-1.0 & 0.1 eV. These data agree

' m ' ' with the peak-to-peak analysis (Table 2).
—T T T T T Kinetic Analysis by Carolution of PA Signals The
advantage of PTRPA is that data analysis by convolution
can be used to obtain the time-resolved PA compondsis (
58). The acoustic pressure signal is caused by the rate of
heat production. Thus the amplitude of the PA measurement
is weighted by the rate constant of the heat producing step
(8). The time window in the present study was 910 us.

The Yz — Psgo electron/proton transfer is dependent on
pH (17—18, 28, 44, 45). At pH ~6 this reaction occurs at
room temperature ir 10 us and at pH~9 in <1 us. Using
our convolution method we would expect to resolve the fast
components at high pH unless they occur<iti00 ns.

The fits of the entire time course of the PS Il signal via
convolution at pH 6.0 indicated that there were two negative
components: a fast component of rise timé&00 ns with
~90% amplitude and a-15 us component with~10%
amplitude at £C. The deconvolution showed no indications
of a positive component20%) in our time window. In
the case of pH 9.0 the convolution of PA data also resolved
no positive PA component, which would be expected if
6 ool cancellation of charge viayY oxidation by Rgs" occurred.

al0(C) Our results suffered from the small volume contraction
FiGURE 4: The product of the photoacoustic signal and water observed and the limited signal-to-noise ratio, especially at

compressibility £) versus water thermal expansivity)(for carbon pH 9.0.

ink reference and PS Il core complexes: medium with: 20

benzidine, 0.2 mM FeCy, 2 mM Cag£0D.03% DM; Oz, = 0.12/ DISCUSSION

mm (~16 ug of Chl/mL), excitation at 674 nm, pulse energy.®

cm2, Curve 1 (open circles): carbon ink reference. Curve 2 (closed  Volume Contraction and Electrostrictio@harge separa-

gg%rzf/):_lgszMAggjr’ngs S()(.:?C,)Sseod"?:ill’lcnlgsl)s' ”1‘8 mv'ntnhé’lﬁpH tion in reaction centers induces a volume contraction via

6.0 solid line is the fit with TE = 48%. AV = —10.3 A2, ’ electr_ostnctlon that is revealed _by pulsed photoacoustics. The
reaction centers dRb. sphaeroidesindergo a—28 A3 per
molecule volume contraction on excitatiofd),(and PS |

7.5 and 304+ 7% at pH 9.0 (Table 1 and Figure 4). Since trimer reaction centers contract by26 A3 (10). What about

the quantum yield at pH 9.0 was 83% (Table 1), this the oxygenic photosynthetic reaction center of PS I1?

increases the true thermal efficiency to 37%. These values Since the structure and organization of PS Il is proposed

are in line with the energy storage o#40% in a similar PS  to be similar to that of bacterial reaction cente2§,(21),
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the volume change of photoinduced charge separation of PSa) is.. HY; Pex*Qa —&20 5 His | HY, Posy' Qe —242239 5 His || Y, His Peso Qa
Il is expected to be about the same. However, the observedB) ST Yy PagQy e 1
volume contraction of PS Il at pH 6.0 was only one-third e e
this value and even smaller at higher pH (Table 1). This is © HisH'"..HY; Pe*Qa His...HY; Poss Qa™ + polar proton
not an artifact of the PA measurements or the low photo- 5238, i Y,* PasoQu” + polar proton
chemical activity of our PS Il samples as discussed below.

The quantum yield of PS Il reaction centers is a very D) His..Ys Pa*Qq —eis His... Y7 Pog'Qu —e22 His Yo" PouQa”
fundamental parameter, but there are no good data availableg) stroma
in the literature. This parameter is often assumed to be unity.
Using pulsed photoacoustics we were able to obtain these Em@
crucial data. As shown in Table 1, the quantum yield of Mn- Qa
depleted PS Il core reaction centers fr8ynechocysti6803
at pH 6 was determined to be 1#415% from its effective
optical cross section assuming the ChI/RC ratio of 40.
Additional support is provided by the similar maximal
volume change using both the yield and the saturation
methods (Table 1). This finding indicates the quantum yield
is close to unity since the yield method depends on the
quantum yield and the saturation method does not. Thus the
smaller volume contraction of PS Il is not caused by a low
yield. However, the quantum yield is lower (83%) at pH 9
(Table 1).

+ polar proton

Jast(stepl.4)
—Jarloepld)

hv 1

P680

2 /'3
YH  *HisH
¥4
AN Bm (polar region) /I

e H307 (bulk)

lumen

Ficure 5: (A—D) Possible electron- and proton-transfer reactions
in Mn-depleted PS Il core complexes. (E) The solid line stands for
the direction of electron transfer and the dashed line for proton

it transfer. D1/D2 are the reaction center core subunits. CP47 and
Arata and Parsorbf) have proposed that the light-induced CP43 are the peripheral light harvesting proteins. Upon the

volume change of reaction centers is attributable to elec- photoinduced charge separation (1), at pH 6 the electric field of

trostriction, which has been described thermodynamically by the cation induces a fast proton transfer from protonated His near
Drude and Nernst2Q). According to thermodynamics and Yz (3), possibly D1-His-190. The proton is most likely released to

electrostatics, the volume contraction is described by the the polar region (4) and then to the aqueous solution. At pH 9,
extended DrudeNernst equation for two ions of opposite proton transfer from ¥YH to neutral histidine is induced (3),

IAG,,
ST

charge: followed by electron (2) and proton transfer (4). The electron
2

_(Z€\(8Ine\f1 1 2 1)

2¢ \oInV|lr, r_ 1y

where AV is electrostriction,AG is the Born charging
energy,P is pressurez is the charge on the spherical ions,
K« is compressibility of the proteirV is its molar volume¢
is its dielectric coefficienty; andr_ are the radii of the
donor and acceptor (assumed previously neutral),rarisl
the distance between the two ions.

Effect of Size of lons oAV. The size of Py in the PS |
reaction center fronSynechocysti6803 is expected to be

transfer from .~ to Psgg™ cancels the charges, induces a volume
expansion, and thus gives a small volume change in the overall
reaction. For details see text.

~—3 A% at pH 9.0. We use the Druddlernst equation to
discuss the possible charge-transfer reactions.

The K, for Yz has been estimated to ber—8 (17, 28)
but see Hays et al4f) for a contrary opinion, i§; = ~10.
The electron donor toggy", redox-active tyrosine ¥, would
thus be deprotonated at pH 9.0 before it is oxidized ky™P
(Figure 5D). Therefore, at the time of light-induced charge
separation, the electric field of the positivgs§® would be
partly canceled by the negative charge of \at a distance

the same (or somewhat smaller because of less overlap an@f 12 A (2). This would reduce the volume contraction

thus charge delocalization) as that affof the bacterial
reaction center oRh sphaeroidesBut the radii of k, Fa,
or Fg iron—sulfur centers £5.2 A, an estimation in this
paper, and 4.9 A in re23) are larger than that of QYradius
of ~2.5 A) in the reaction center d®h. sphaeroideslt is
thought that the core charge changes frofito +2 but is

around Rggt and can be calculated by an extension of eq 1
for three ions, using pairwise interactions, i.e., three inter-
ion terms with appropriate signs. The calculation results in
a volume contraction of-22 A3, ~7 times that observed.
By adding more negative charge neagoPone could further
decrease the electrostriction. However, all of this negative

surrounded by four negative cysteinates bounded to the ironscharge would decrease the redox potential &§, Rvhich is

From the viewpoint of electrostatics it is the total charge
change—1 to —2 and the total volume of the charge
delocalization over the E8(cysteinate) complex that
counts. Our estimate of this radius is 8 A, and this leads to
a predictedAV of ~—23 A3, Together with the-8 A3 of

the Pog" the total,—31 A3is reasonably close to the observed
—26 A3 (10). Also, the distance betweengPand R or Fs

is about 42 or 54 AZ4, 25), respectively, considerably larger
than that betweengh and Q in reaction centers oRb.
sphaeroidesabout 28 A 26, 27). Taking this change into
account, the calculated volume contraction-i80 A3 for

PS I. However, in the case of PS I, the observed volume
contraction is unexpectedly smatk—9 A2 at pH 6.0 and

necessarily much higher than chlorophyll in solution and thus
is unlikely to be present. If the transfer of charge frognrY
to Psgo" occurs in<100 ns, the electrostriction of both ions
will vanish. It has been demonstrated that the oxidized Y
is a neutral radical1(7, 29 for a review see reb). The
resulting volume change for this reaction step; Rss0™Qa™~

— Y"PssQa, is estimated to ber29 A3, taking a radius
of 2.2 A for Y7 and distance 12 A between,¥and Rg (2,
30—34). It has been reported that the distance betwegn Y
and Q is 32—35 A (35—38). Using these values, the total
volume change forming ¥ and Q= from Yz~ Pssg*Qa iS
then estimated to be-3 A3 The difference between this
value and the observed3 A3 s close to the error and could
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some nonprotonated histidine can account for the difference

an ensuing change in protein conformation. Another pos- from observation.

sibility is that Yz may be incompletely deprotonated. It is
estimated that~60% of Yz may be deprotonated by the

Effect of Compressibility and Dielectric Coefficient AN.
What about the other parameters in the Drublernst

comparison of difference spectra (pH 6.0 minus pH 9.0) of equation that we have assumed constant? The negative term

oxidized-minus-reduced Xwith that (pH 7.4 minus pH 12)
of tyrosine in water 17). The estimated\V is then—2 A3,
usingAV observed at pH 6 as the protonat®d (see below).

d1In €/9 In V is the change in relative with relative volume
or reciprocal density. This is the least known term for
proteins, but changes little even over a wide range of

Optical measurements indicate that the charge transfer ofsubstances4@) and is why we write the equation in this

Pssg™ to tyrosine Yz at acidic pH at room temperature in the
absence of Mn occurs on thel0 us time scale 39—41).
All measurements of gg" reduction and of ¥ oxidation
agree on a wide distribution of reaction times in the®0
107 s range 42—47). The particular time constant and its
contribution in amplitude vary widely depending on the

form. The compressibility of proteins, when corrected for
changes in hydration, is fairly constad9( 50) since they
are usually close-packed. The dielectric coefficientof
proteins is still a subject of some controversy, and the
measurement of electrostriction may be a good way to obtain
this important parameter16). Accommodation of our

presence or absence of the Mn cluster and in the case of the@bservedAV in PS | would require only an increase of the
latter on the pH. The particular preparations used here haveeffective dielectric coefficient from-4 to ~5. However,

“most” of the Rgo—Y 2 reaction occurring ir-10 us at pH

accommodation of our data on PS Il would require a tripling

6 and<1 us at pH 9 when measured by absorption changes of the effective dielectric coefficient in PS II relative to

at room temperature in the UV and visible region. A possible bacterial reaction centers. An even greater increase is required
complication in the optical measurements is the use of high- at alkaline pH. This seems extravagant given that the proteins
intensity, saturating flashes. As shown clearly in our flash and their structure are quite similar.

saturation curve (Figure 3), there is a decreasgAi| at

An estimate of the effect of a higher dielectric (water

high flash energies. Our analysis shows that a secondary80) adjacent to the protein (effectiee= 4—6, via electro-
reaction causes a large, reversible, positive volume changestriction; Mauzerall, to be published) can be made by the
indicating charge neutralization. If this reaction is a proton method of images5(l). Even if the polar interface is situated

movement, it could be invisible optically. No such positive

at the radius of the ion, the electrostriction would only be

volume change is seen in PS | and bacterial reaction centerseduced by a factor of 2. Movement of the polar interface

(9, 10).

If only Pggo™Qa~ formation were observed at more acidic
pH, a volume change o6f28 A3is expected, not the observed
—3to—9 A3, A possibility, much discussed in the literature
(17, 19, 28, 44, 45), is that a base, histidine, is hydrogen
bonded to ¥H (Figure 5A). The reaction HisHY zPs55*Qa
— His*+*HY zPss5"Qa~ would produce a\V of —28 A3, If
the field of the Rggt cation forced proton transfer from the
tyrosine to the histidine, rapid electron transfer would
OcCcur: HiS...H\éPego*QA - [HiSH+"'Y27P580+QA7] -
HisH"--Y *PsgdQa~. However, the estimated electrostriction
would be—65 A3. Thus the charge of any proton involved
must move to a more polar region #1100 ns. The overall
reaction is His-*HY zPsgg*Qa — His*-Y 7°PsgoQa~ + polar
proton with estimated\V of ~—25 A3, If proton transfer
occurred in the complex, i.e., HisH-Y; PsstQa —
His+-Y *PssQa~ + polar proton, then the calculated elec-
trostriction would be+28 A3 because of the small size of
the histidine cation and loss of its electrostriction. Thus if
some 40% of the tyrosinrehistidine were in the ionized form,

a AV of —6 A3 is predicted, as is observed. The solvent
accessibility of Y, and Yp by deuterium isotope effect on

by another ion radius, i.e., having the iéf in the polar
region would however cause reduction by a factor of 8. Thus
bulk water would have to be less thd@ A from the center

of Psggt, and its contribution is only-8 A3 out of the—28

A3 expected. The water would also have to be less than 2 A
from Qa~ to reduce its contribution to less than one-half,
and that is not likely. Note that the distance of any of these
ions to the water interface in the RC, radius-e20 A, is

far less than the Coulomb radius (the distance where
univalent ions interact with energy k), 270 A in a protein

of e = 2. The effectivee, 4—6, thus includes considerable
effect of the nearby water as expected. As noted above and
pointed out by Gilson et al5(Q), the effectivec depends on
the distance from the polar interface.

We conclude that our data are best accommodated by a
mixture of neutral and anionic tyrosine and neutral and
cationic histidine with ratios dependent on pH. A mixture
of neutral (Figure 5A) and ionic forms (Figure 5B) would
result in a small volume change. As the pH becomes more
acidic, the histidine is protonated and the photoformed cation
field forces the proton out (Figure 5C), with a volume change
of +6 A3. The proton is most likely released to the polar

Y2 oxidation and ESEEM technique demonstrated that the region (step 4) and then to aqueous solution on a slower

environment of ¥ is more polar than that of Y (17, 57).

time scale. The steps are shown in Figure 5E. It was reported

Kinetic measurements using site-directed mutants alsothat the half-time of proton transfer to aqueous solution is

showed that ¥ is located in a significant polar region in
contrast to ¥ (44). Thus the ionization of tyrosine by
histidine is quite possible.

~40 us in the Mn-depleted PS Il reaction cente28)( If
the base in the polar region is a carboxylate anion, e.g.,
glutamate, then a further contribution of “electroexpansion”

At pH 6.0, the histidine is expected to be protonated. On will occur as charge is neutralized. As the pH becomes more

photoformation of the &¢" cation, its electric field will
decrease thelfy of the histidine, causing movement of the
proton to the polar region (Figure 5B). The reaction is
HisH"++Y zHPs55*Qa — His*++Y zHPsg5"Qa~ + polar proton.
The volume change calculated4s6 A3. An admixture of

alkaline, the tyrosine ionizes and the total charge transfer to
Yz (Figure 5D) produces a volume change 68 A3. A
mixture of these forms will explain our observation as
outlined above. Note that such a mixture guarantees several
time constants for the oxidation of tyrosine.Y
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Table 3: Redox Potentials of Cofactors in the PS Il Reaction this reaction occurs with a deprotonation of histidine (see
Center above onAV) with pK, = 6.9-7.5 (before charge separa-
tion), thenAG will increase by 0.1 eV (i, < 6 after charge

cofactor Em, V reference . :

T 113123 6 (theoretical limD) separation) andAS will decrease to-0.2 eV.

680 680 . ~ 1. .
Proc /ot 11124005 52 (exptl estimation) Thus we concl_ude that th_e entropy of electr_on transfer in
Qu/Qa™ —0.08 53 (Oz-evolving PS 1) PS Il core reaction center is small but negative no matter
QalQa~ +0.065 53 (apo-PS ) what the pH of the solution, in contrast with those of PS |
YNz +0.97+0.02 o4 and bacterial centers. Since the unexpected positive entropy

of the bacterial and PS | centers was assigned to the liberation
Table 4: Free Energy of Electron Transfer in the PS Il Reaction of counterions by charge neutralization on charge formation,

Center this process does not occur in PS Il centers since there is no
electron-transfer reaction  AG, eV reference charge formation on the microsecond time scale.
Y Pess” — Y 7Poso —0.075 41(pH 5.0, apo-PS II) _ Compa_rison of the Thermodynamics of Electron Transfer
Y7~ Peas™ — Y 7*Pago —0.12 55 (pH 6.0, apo-PS 1) in Bacterial PS I, and PS Il CentersThe volume changes
Y7 Poad*Qa— Y7'PesdQa~  —0.92 estimated from Table 3 (—28 A3) for the formation of B'Qa~ in the bacterial
. L - for apo-PS I reaction centers and that of PS426 A3) forming Prog"Fa/
PesdQa — Peso’ Qa 0.77 es}f(')’:]gt)%cfgg’w Table3 £ - are quite similarg, 10). In the present paper a smaller

volume contraction, about-9 A3 for the formation of
YZP680+QA7 and about—3 A3 for YzQa™, in PS 1l is
Enthalpy The pulsed, time-resolved photoacoustic meth- measured. The former data can be explained by electro-
odology that we have developed is suitable for investigation striction, but assuming similar dielectric and thermoelastic
of the thermodynamics of photosynthetic systems on a properties, the data on PS Il require that if the donorsig, P
nanosecond to microsecond time scale. By use of this method pe linked to rapid proton expulsion, and if tyrosine is the

we have successfully measured the enthalpy of chargedonor, it must be partly in the anionic form. Proton transfer
separation in reaction centersi®lb sphaeroide¢9) and PS to polar environment must occur 1100 ns.

| reaction centers ofSynechocysti$803 (L0). Here the The enthalpies of electron transfer in bacterial and PS |
enthalpy of electron transfer in PS Il was obtained at different reaction centers were found to bed.44 and—0.35 eV,
pH values. The enthalpy of reaction at pH 6.648.9+ 0.1 respectively (9,10). The similar differences in redox
eV,—-1.0+ 0.1eVatpH 75, and-1.15+ 0.2 eV at pH potentials of the donor and acceptor produce similar entropies
9.0 (Table 1). Comparing the enthalpy of electron transfer of reaction. However, our PA data indicate that the enthalpy
in the bacterial reaction center & sphaeroide—0.44  change of photochemistry on the time scale in PS Il is
eV) and the PS | reaction center@.39 eV), the large  |arger (-1 eV) than that of PS | and bacterial reaction centers
enthalpy of PS Il reaction centers is surprising. (—0.4 eV). The entropy of electron transfer in PS Il is
The electron-transfer reaction in PS Il core complexes, negative, which is normal for charge formation in solution
involving Yz oxidation in this study on the as time scale,  (8). The electron-transfer reaction in PS Il is associated with
is coupled with proton transfer. In the case of bacterial and proton transfer, which is favored by a more polar environ-
PS | reaction centers, it is a pure electron-transfer processment in the complex. Overall, our thermodynamic data of
on the same time scale. The large enthalpy change in PS llpacterial, PS I, and PS Il reaction centers show that the
may be produced by the rapid proton-transfer step associatentropy of electron transfer is complex and depends on the
with electron transfer. microenvironment of the protein and may involve coupling
Entropy The entropy of electron-transfer reactions is often with proton transfer in PS II. This complexity of electron-
assumed to be zero. However, recent photoacoustic studieand electron/proton-transfer reactions requires detailed and
have shown that such an assumption may not be 8te ( systematic studies using pulsed photoacoustics in order to
10). Using the triplet state of zinc uroporphyrin in agueous understand the mechanism of electron transfer in photosyn-
solution as electron donor and naphthoquinone-2-sulfonatethetic systems.
as electron acceptor, it has been demonstrated that the entropy Recently, we have obtained in vivo PA data of PS | and
of this electron-transfer reaction is quite large and negative, PS Il in Synechocystigsing selective excitation wavelengths.
—0.6 eV, as expected for a liquiB)( The recent PA data of  This has revealed volume contractions of abe@? A3 (PS

bacterial reaction centers &b. sphaeroide$9) and PS | I) and—2 A3 (PS Il) and enthalpy values 6f0.4 eV (PS 1)
(10 revealed unexpected positive entropies, which have beenand —1 eV (PS 1) 66). These findings provide strong
attributed to bound counterion release. supporting evidence of our in vitro studies using purified

The electron-transfer rate in Mn-depleted PS Il core PS | and PS Il complexes from the same cyanobacterium.
complexes depends on the pH of the solution. At high pH  If our hypothesis of proton transfer in PS Il is correct, it
(~9.0) it is proposed that the electron can transfer frogn Y must occur in<100 ns, too fast to be time-resolved using
to Psgo™ in <1 us (17, 44, 45) at room temperature. If so, microsecond pulsed photoacoustics. We have developed a
we may estimate the apparent entropy of the reaction for fast pulsed, time-resolved photoacoustics setup with time
formation of Yz°Qa~ from excited Rgg*. Note that we refer resolution of<10 ns. Experiments with this cell may allow
to an apparent entropy since the free energy may be differentone to time-resolve the components of the Y~ Peggt
in an unrelaxed state of the protei®).(The TASis —0.23 reaction which we predict to have large and opposite volume
+ 0.13 eV, assuming the free energy-8.92 eV (Tables 3  changes. Another test would be Yless mutant [e.g., D1-
and 4). If at pH 6 the reaction only proceeds 1@:FQa~, Tyrl61Phe %5)] PS Il core complexes, which is expected
with free energy of-0.77 eV, theTASis —0.1+ 0.1 eV. If to form PsgQa~ upon photoinduced charge separation on



7124 Biochemistry, Vol. 40, No. 24, 2001

Hou et al.

a microsecond time scale. This preparation would enable one 17. Diner, B. A., Force, D. A., Randall, D. W., and Britt, R. D.

to measure the volume contraction and enthalpy producing
the RgstQa~ from excited Rgg* without interruption of the
electron/proton-transfer step from;.Y

CONCLUSION

We obtained thermodynamic data on primary photoreac-
tions of PS Il core reaction center complexes from the
cyanobacteriunSynechocystisp. PCC 6803 using pulsed
photoacoustics. Volume contraction was determined to be
—8.8 4+ 1.0 A% at acidic pH (6.0) and-2.8 + 0.5 A® at
alkaline pH (9.0) on the ks time scale. On the basis of
estimations of electrostriction using the Drugéernst
equation and experimentalV values of PS II, we propose
that (1) the pH dependence is caused by a mixture of
protonated and nonprotonated states paMd (2) fast proton
transfer is involved in these reactions. The enthalpy of the
electron-transfer reaction in PS 1l on the:4 time scale is
—0.9+ 0.1 eV at pH 6.0 and-1.154+ 0.13 eV at pH 9.0,
respectively. These data allow one to calculate a negative
apparent entropy changéAS= —0.1+ 0.1 eV at pH 6.0
and—0.23+ 0.1 eV at pH 9.0) for electron transfer from
Pssoand Yz to Qa in PS II. These values differ considerably
from those of PS | and bacterial centers.
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