Biochemistry1996, 35, 2693-2698 2693

A Comparative Thermodynamic Analysis by Laser-Flash Absorption Spectroscopy
of Photosystem | Reduction by Plastocyanin and Cytochraogme Anabaena
PCC 7119Synechocysti®CC 6803, and Spinath

Manuel Herva, JoseA. Navarro, Antonio Daz, and Miguel A. De la Rosa*

Instituto de Biogimica Vegetal y Fotdatesis, Uniersidad de Salla y CSIC, Facultad de Biology,
Apartado 1113, 41080-%#a, Spain

Receied August 10, 1995; Rised Manuscript Receed Naember 27, 1995

ABSTRACT. A comparative thermodynamic analysis of photosystem | (PSI) reduction by plastocyanin (Pc)
and cytochromes (Cyt) has been carried out by laser-flash absorption spectroscopy in the cyanobacteria
AnabaenaPCC 7119 andynechocysti®CC 6803 as well as in spinach. These three organisms have
been reported to exhibit different reaction mechanisms [Hervh, Navarro, J. A., Caz, A., Bottin, H.,

& De la Rosa, M. A. (1995Biochemistry 34, 11321-11326]. Whereas the activation free energy for

the overall reaction is mainly enthalpic in nature, long-range electrostatic interactions appear to be attractive
in Anabaenabut repulsive inSynechocystiand spinach. The net interaction between PSI and its two
donor proteins inAnabaenais similarly affected by ionic strength (the rate constant decreases with
increasing salt concentration), but the activation parametefsand AS' show different dependencies

on ionic strength. A compensation effect between entropy and enthalpy at varying ionic strength is found
in all these Pc/PSI and Cyt/PSI systems, except with Cyt and PSlAmabaena Such a compensation

effect is proposed to be mainly due to stabilization of the intermediate electrostatic complex by hydrophobic
forces. The electron transfer step seems to be well optimized iAlabaenaCyt/PSI couple, which
exhibits a temperature-independent fast kinetic phase and, therefore, a low activation energy barrier. Short-
distance forces appear to have gained relevancy in the reaction mechanism of PSI reduction by Cyt and
Pc throughout evolution, whereas long-range interactions are prevalent in less evolved organisms.

In higher plants, the type | copper-protein plastocyanin  Whereas the structure and physicochemical properties of
(Pc) acts as a soluble electron carrier between the two Pc are well documented in the literature (see Redietoal.
membrane-embedded complexes cytochrdmpeand pho- (1994), for a review), the crystal structure of Cyt from the
tosystem | (PSI) (see Chitnet al. (1995), for a review). In green alga€hlamydomonas reinhard@éindMonoraphidium
some cyanobacteria and green algae, the physiological rolebraunii has been solved only recently (Ffaz al,, 1995a,b;
of Pc can also be played by the classtype cytochrome; Kerfeld et al, 1995). Comparison of the structures of
(Cyt), depending on the availability of copper in the culture MonoraphidiumCyt and Chlamydomona$c has allowed
medium (Sandmann & Byger, 1980; Wood, 1978). The us to identify regions in the Cyt molecule equivalent to those
common physiological role of these two metalloproteins is in Pc, namely, a hydrophobic north pole close to the exposed
reflected by their similar sizes and redox potentials (Ho & part of the heme group and an east negative patch (De la
Krogmann, 1984; Sandmann, 1986). Both Pc and Cyt are Rosaet al, 1995; FraZa et al, 1995b). Such a structural
acidic in green algae, as is the copper-protein in higher plants,identity can explain the fact that PSI reduction by either Pc
but they can be either neutral, basic, or acidic in cyanobac-or Cyt isolated from the same organism follows almost
teria, thereby suggesting that the two evolutionarily unrelated identical kinetics. Very recently, the reaction mechanism
proteins may have co-evolved in response to alterations/of electron transfer from these two interchangeable metal-
mutations in common reaction partners (Ho & Krogmann, loproteins to photooxidized P700 in isolated PSI particles
1984). has been studied in a comparative way by laser-flash

absorption spectroscopy in a number of different organisms
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Investigacim Cientfica y Tecnica (DGICYT, Grant PB93-0922) and ~ (Hervas et al, 1995). As summarized in Scheme 1, the

Junta de Andaldel (PAI 3182). proposed models assume either an oriented collisional kinetic
5 ooy to whom correspondence should be addressed. F&&  mechanism (type 1), a minimal two-step mechanism involv-
® Abstract published idvance ACS Abstract&ebruary 1, 1996. ing complex formation followed by intracomplex electron

! Abbreviations: Cyt, cytochrome; I, ionic strengthke, bimolecular transfer (type Il), or rearrangement of the reaction partners
rate constantKa, equilibrium constant for the complex formation  ithin the transient complex before electron transfer takes

reactionker, effective second-order rate constant of the overall reaction; .
ke, electron transfer first-order rate constakj;s observed pseudo- place (type Ill). As a general rule, the type | mechanism

first-order rate constanKg, equilibrium constant for rearrangement ~ Should correspond to monophasic reduction of P7@fpe
of redox proteins within the reaction complex; Pc, plastocyanin; p |l to biphasic reduction, and type Ill to triphasic reduction.

isoelectric point; PSI, photosystem ki, half-ime; AG*, AH', and ~ Hgwever, with the different protein/PSI systems under study
AS, activation free energy, enthalpy, and entropy of the overall reaction, ' !

respectively;AGe, AHe, and AS,, activation free energy, enthalpy, W€ have' observed monophasjc k_inetics for the type  and Il
and entropy of electron transfer, respectively. mechanisms, and biphasic kinetics for the type Ill mecha-
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Scheme 1: Proposed Models for the Redox Interaction of Photosystem | (PSI) with either Cytochmmitastocyanin
(Protp

ket
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Proteq + PSIgx <> [Protyreq =+ PSIgx ] <> [Protpeq = PSIgy ] * —ﬂ> Prot ox + PSIpeq

. |

aType | corresponds to an oriented collisional reaction mecharkgmtype Il requires formation of an intermediate complés) prior to
electron transferlgy); and type Il involves association of the reaction partnéts)(rearrangement of the resulting complésg), and electron
transfer key). The asterisk states for the transient complex after rearrangement. See text for explanation.

nism. The proposal has been made that PSI first optimizedet al, 1993). Spinach PSI particles were obtained upon
its interaction with positively charged Cyt and that the treatment with digitonin according to Boardman (1971). PSI
evolutionary replacement of the heme-protein by Pc in higher particles fromAnabaenaand Synechocystisvere obtained
plants involved structural modifications in both the donor by -dodecyl maltoside solubilization as described by Rer
protein and PSI (Herset al., 1995). et al. (1990) and modified by Hefgaet al. (1994). The

The transition state theory has been successfully appliedP700 content in PSI samples was calculated from the
to study the activation parameters for the electron transfer photoinduced absorbance increase at 820 nm using an
step in redox reactions between inorganic complexes andabsorption coefficient of 6.5 mM cm™ (Mathis & SHif,
proteins (Goldberg & Pecht, 1976; Segal & Sykes, 1978), 1981). The same batches of PSI and metalloprotein prepara-
as well as in proteins involved in the photosynthetic electron tions were used throughout these studies.

transfer chain when interacting with their physiological redox | aser-Flash Kinetic SpectroscopyKinetics of flash-
partners (Cox, 1975; Takals¢ al, 1983; Wood & Bendall,  induced absorbance changes in PSI were followed at 820
1975). Bottin and Mathis (1985) have determined the nm as described previously (Hésvat al, 1995). Unless
activation parameters for the fast kinetic phase of PSI otherwise stated, the standard reaction mixture contained,
reduction by Pc in spinach. These studies have shown thatin a final volume of 0.2 mL, 20 mM Tricine/KOH (pH 7.5),
changes in entropy usually account for most of the energy an amount of PSl-enriched particles equivalent to 0.75 mg
barrier of the rate-limiting step. of chlorophyll mL2, 0.1 mM methyl viologen, 2 mM sodium

On the basis of a (minimal) two-step kinetic mechanism ascorbate, 10 mM MgGl and Pc or Cyt at the indicated
involving complex formation followed by intracomplex concentrations; at pH 5.5, the buffer used was 20 mM MES/
electron transfer, Bz et al. (1994a) have recently carried  KOH. For the thermodynamic analysis of the so-called fast
out a thermodynamic analysis of Pc and Cyt oxidation by phase of electron transfer in spinach axhbaengsee the
PSI from the green algslonoraphidium braunii This study introduction), the reaction mixture was in glycerol/water (1:
allowed us to conclude that the association of the reaction1). A circulating bath with a water/ethylene glycol (1:1)
partners to form the transient complex is an exergonic mixture was used to keep the reaction cell (1 mm path length)
process, and that the following step has to overcome a highthermostated at the desired temperature. To avoid water
energy barrierda. 70 kJ mof™) in which the entropic term  condensation on the cuvette outer walls at low temperature
accounts for most of the energy requireddPet al, 1994a). (<15 °C), the reaction cuvette was placed under a water-
Changes in NaCl concentration and pH induced significant free atmosphere by passing a nitrogen gas flow through the
changes in the activation free energy of the overall reaction sample compartment. Each kinetic trace was the average
(AG") both with Pc and with Cyt, even though the corre- of 16-20 measurements with 3@5 s spacing between
sponding values for activation enthalpgH*) and entropy  flashes. For most experiments, the estimated error in the
(AS) underwent changes in opposite directions. A similar gpserved rate constantg) was <10%, based on reproduc-
compensation effect between enthalpy and entropy has beefbility and signal-to-noise ratios. For analyses of the fast
reported for the reaction of the copper-proteins Pc and azurinkinetic phase with spinach PSI at pH 7.5, errors could be as
with inorganic complexes (Segal & Sykes, 1978). large as 20%.

This paper reports a comparative thermodynamic analysis  kinetic and Thermodynamic Analyse®ata collection

of Pc and Cyt oxidation by PSI in the cyanobacteria methods were as described previously (Herzal, 1995).
AnabaenaPCC 7119 andsynechocysti®CC 6803 and in - gijlloscope traces were treated as sums of several expo-
spln_ach, as the three organisms exhibit reaction mechanisms,qntial components; exponential analyses were performed
of different types. using the Marquardt method with the software devised by
MATERIALS AND METHODS P. S’egif. Kinetic apalyses were carried out accgrding to the
reaction mechanisms previously proposed (Hemtaal,
Purification Procedures.Pc and Cyt fromAnabaendCC 1995). Theoretical thermodynamic parameters were esti-
7119 were purified according to Medire al. (1993). Pc mated by calculating the electrostatic potential energies of
and Cyt from Synechocysti®CC 6803 were obtained as protein—PSl interactions (Watkinst al, 1994) and the rate
described previously (Azet al, 1994b; Hervaet al,, 1993). constants at varying temperature. Entrejythalpy com-
Spinach Pc was purified according to Yocum (1982). Protein pensation was analyzed by comparing the experimental data
concentration was determined using absorption coefficientswith those obtained using the Watkins model for electrostatic
of 4.5 mMtcm™ at 597 nm for oxidized Pc, and 25 mi¥ interactions, in which the rate constants extrapolated at
cmtat 552 nm for reduced Cyt (Bzet al,, 1994b; Herva infinite ionic strength were previously fitted to a temperature-
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Ficure 1: lonic strength dependence of the observed rate constants = 10
(kob9 for PSI reduction by plastocyanin and cytochromein
Anabaenaat varying temperatures (A, D), as well as effect of the

ionic strength on the apparent activation free enery@ (B, E), 0 T w0 e
enthalpy AH¥), and entropy AS)) (C, F) of the overall reaction. Glycerol (%)

In panels A and D, the temperature values were #3283 (), . ;

282 ©), 293 (a), and 298 Kp-) The thermodynamic pzarar(r?gters F'(?&JREb?" EﬁSCt of gliycetr.‘)' ton PSI trgd(ugtlgg(;y(t;ytocgrg(r)%}e ©
: ' y : : in AnabaenaUpper: kinetic traces at 0 (a), 6 (b), an 0 (c
in the middle and lower panels were calculated from experimental glycerol concentration (v/v). Lower: first-order rate constaad (

%zaetgl;gpfoaégﬁ]ls A and D at 298 K. Samples were /80 in (A) and percentage of fast phase (B) at varying glycerol concentra-
) tions. Samples were 15@M in cytochromecs.

rate constant drastically increases with temperature, such an

effect being even more evident at low ionic strengths.

The temperature dependence of the effective second-order
rate constantk}s) of AnabaenaPSl reduction by Pc or Cyt
corresponds to linear Eyring plots with no breakpoints (data
not shown). From the slope of the lines and the intercept at
1/T = 0, the apparent enthalpyAH*) and entropy AS)

» values can be determined, which in turn allow calculation
of the activation free energyAG¥). The ionic strength
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Ficure 2: Dependence of the effective second-order rate constants o : .
(ke) on the apparent activation free energyQ@) (A), and dependence of the activation parameters is presented in

correlation between the apparent activation entrop$’) and Figure 1 (middle and lower panels), in which the apparent
enthalpy AH*) (B) for PSI reduction by cytochrome; (®) and activation free energy at 298 K increases by 2.5 kJ 7ol
plastocyanin ©) in Anabaena Experimental data were obtained for Pc and 5.4 kJ motl for Cyt from 0 to 0.2 M NaCl (i.e.,
asin Figurle }1at varying NaCl or Mg&toncentrations. Units for — rom 0.2 to 0.5 M2 /I ). Itis interesting to note that the
kert are M+ 572 change inAG* is the result of opposite changes in the
enthalpic and entropic terms with Pc but not with Cyt. Upon
increasing NaCl from 0 to 0.2 M at 298 K with Pc (Figure
1C), the term—TAS' raises the activation barrier as it
increases by 5.3 kJ nmidl (i.e., entropy decreases by 17.8 J
RESULTS mol~* K1), but this is in part compensated by a parallel
decrease of 3.2 kJ mdlin AH*. Such a compensation effect
Reduction of P700in PSI particles from the cyanobac- is not observed with Cyt: the termTAS' slightly raises
terium AnabaenaPCC 7119 has been shown to follow the activation barrier as it increases by 1.6 kJ Thdi.e.,
different kinetic mechanisms as PSlI interacts with either Pc entropy decreases by 5.5 J mbK=1), and AH* does not
or Cyt. Actually, the laser-flash kinetics of PSI reduction decrease but increases by 3.8 kJ Th@Figure 1F).
show no fast phase with Pc, but exhibit a sharp fast phase Similar results were obtained with both Pc and Cyt when
that reaches up to 35% of the total absorbance change withNaCl was replaced by Mggl This finding suggests that
300uM Cyt (Hervas et al.,, 1995). Here we have first studied Mg?" cations do not play irAnabaenathe same specific
the effect of ionic strength () on the observed pseudo-first- role—formation of magnesium bridges between negatively
order rate constantk4g9 of both the monophasic kinetics charged regionsas they play in other organisms (Hésva
with Pc and the slower phase of the biphasic kinetics with et al, 1994; Takabeet al, 1983). Figure 2A shows the
Cyt at varying temperatures (Figure 1A,D). Increasing ionic exponential relation between the effective second-order rate
strength induces a monotonous decreasek,y3 which constant k.¢) and the apparent activation free energys)
indicates the existence of attractive electrostatic interactionsin Anabaena Most of the changes in activation free energy
between the donor proteins and PSI as described previouslyof PSI reduction by Cytbut not by Pe-are a consequence
(Medinaet al, 1993). It also becomes clear that the reaction of changes in enthalpy rather than in entropy (Figure 2B).

w

dependent empirical function (Watkiret al, 1994); the
effect of changes in solvent viscosity on the rate constants
was thus implicit in the calculations.
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£ 1= Table 1: Apparent Activation Parameters for the Overall Reaction
2 1z g at Varying pH inAnabaenaand Synechocystis
% w > AH* AS AG*
< [ i) protein pH (kImolrY) (I mortK-Y)  (kJ mold)
40 D — -16 Anabaena
0203 04 05 plastocyanin 7.5 36.8 29.9 27.9
Square Root of Tonic Strength M172) p|a3tocyanin 55 34.9 20.2 28.9
FicurRe4: lonic strength dependence of the observed rate constants ~ cyiochromess 7.5 30.4 11.4 27.0
(kobg for PSI reduction by cytochrome in Synechocystiat varying cytochromecs 5.5 29.8 9:5 27.0
temperatures (A), as well as effect of the ionic strength on the SYynechocystis
apparent activation free energh@*) (B), enthalpy AH?), and p:astocyan!n gg gi jgg ggg
entropy AS) (C) of the overall reaction. In panel A, the temperature gyati%%i:‘ge 75 8 28.9 333
values were 2738€), 283 (), 288 (©), 293 (&), and 298 K ®). cytochromeze 5.5 410 50.8 321

The thermodynamic parameters in panels B and C were calculated
from experimental data in panel A at 298 K. Samples were 100  2The buffers used were either 10 mM Tricine/KOH, pH 7.5, or MES/
uM in cytochromecs. KOH, pH 5.5. Temperature was 298 K.

In the AnabaenaCyt/PSI system, no temperature effect
was found either on the kinetic rate constant of the fast phasebetween the effective second-order rate constant and the
or on the contribution of the fast phase to the total absorbanceapparent activation free energy 8ynechocystjsaaccording
change (data not shown). However, glycerol drastically again to the Eyring equation. The apparent activation
affects the relative contribution of fast phase, even though enthalpy and entropy for the overall reaction are linearly
the electron transfer rate constakg)(remains practically  related (Figure 5B).
unchanged (Figure 3). This effect does not appear to be Table 1 shows the apparent thermodynamic parameters
specific to glycerol as similar results were obtained with for the overall reaction with Pc and Cyt #inabaenaand
dimethyl sulfoxide and ethylene glycol. Synechocystigt pH 5.5 and 7.5. The fact that pH has

A similar thermodynamic analysis has been carried out in practically no effect on the thermodynamics of PSI reduction
the cyanobacteriurBynechocystiPCC 6803, in which the  makes sense iAnabaena considering that the isoelectric
redox reaction of PSI with the two metalloproteins Pc and point (pl) of the two metalloproteins is quite highl(p 9),
Cyt follows a bimolecular mechanism involving formation but it is difficult to explain inSynechocystig which the p
of an undetected transient complex, i.e., an oriented colli- of Pc and Cyt is 5.5 (Hefsaet al., 1995).
sional mechanism in whiclk; is the second-order rate A thermodynamic analysis of PSI reduction has also been
constant of the overall reaction (Hépvet al., 1994, 1995) carried out in spinach, for which Pc is the only electron
(see also Scheme 1). Figure 4A shows the ionic strengthdonor. Previous fast kinetic experiments had revealed the
dependence of the observed rate constantSyoechocystis  existence of fast and slower phases, with half-times in the
Cyt at different temperatures; similar results were obtained range of tens and hundreds of microseconds, respectively.
with Pc. A significant increase ikopsis observed not only  Here we have studied the ionic strength dependence of the
upon increasing the ionic strengtthus indicating the  second phase at varying temperatures. Plots of the rate
existence of long-distance repulsive electrostatic interactionsconstantsersusionic strength were bell-shaped curves, with
between the donor proteins and PSI (Hemfeal., 1994)-but maxima at 50 mM NaCl. The apparent activation free energy
also upon increasing the temperature. From the linear Eyringof this slower phase decreases by 2.5 kJthfsbm 0 to 60
plots of data, the apparent thermodynamic parameters of themM NaCl, and then increases at higher salt concentrations
overall reaction were determined. As shown in Figure 4B,C, (data not shown). As is the caseMonoraphidium(Diaz
the decrease ihG* of 4.1 kJ mof? upon increasing NaCl et al., 1994a) andSynechocystihis work), the change in
from 0 to 0.2 M at 298 K is the result of opposite changes AG is the result of opposite changes in enthalpy and entropy
in the entropic and enthalpic terms, a¥AS" decreases by  with either NaCl or MgCJ. The thermodynamic analysis
8.7 kJ mot! but AH* increases by 4.6 kJ ntdl.  Note that of the fast kinetic phasethat is, the electron transfer step
the salt dependences of the terrid* and —TASf for Cyt itself—at pH 7.5 and 5.5 yields Eyring plots with no
and Pc fromSynechocystiare just reversed as compared to breakpoints (Figure 6), from which the values for free energy
AnabaenaPc. Figure 5A shows the exponential relation (AGey), enthalpy AHe) and entropy AS.) are calculated
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58 The effect of solvent on reaction rates, both for small
organic molecules and for proteiprotein interactions,
involves a certain entropyenthalpy compensation in such
a way that the interaction between the reaction partners shifts
the equilibrium between the different structural solvent forms
(Jencks, 1987; Parker, 1969). These changes can affect the
activation parameters in two ways: first, the structural
4.6 e changes in solvent molecules contribute to changes in the
3.6 38 4.0 4.2 - . .
energy required to form the complex; second, changes in
1T x 103 (K-1) - . . .
e 6: Eyring plots for the fast electron transfer f duced the activity of solutes (including the reactants) modify the
IGURE O: er rrom reduce il ; H
plastocyanin to PSI in spinach at pH 78)@nd 5.5 @). Samples solvent egu|l|br|um. The Iattgr, i.e., the relaxation term, does
were 150uM in plastocyanin. Units foke are s*. not contribute to changes in the total free energy of the
reaction but is responsible for parallel changes in enthalpy

Table 2: Effect of pH on the Thermodynamic Parameters for the ~ and entropy. A high compensation effect thus reveals a high

55

52+

In (kgy/T)

49

Fast Phase of Electron Transfer from Plastocyanin to PSI in participation of the solvent in the reaction. We can then
Spinach infer from our data that the role played by solvent molecules
AHet ASe AGe in the AnabaenaCyt/PSI system is rather insignificant and

pH (kd mof™) (I mol* K™ (kJ mof™) that the changes in activation parameters can only be
75 4.2 —140 45.9 attributed to attractive electrostatic interactions (see above).
55 13.2 —104 44.2 Note that the kinetic mechanism of PSI reduction in
aThe buffers used were either 10 mM Tricine/KOH, pH 7.5, or MES/ Anabaenaseems to be much simpler with Pc than with Cyt,

KOH, pH 5.5. Temperature was 298 K. the latter involving rearrangement of the intermediate

complex between the donor protein and PSI prior to electron

(Table 2). There is no significant changeAGe, with pH, transfer (Hervaet al, 1995). . _

but this is again the result of opposite changesliy, which In the AnabaenaCyt/PSI system, ne|ther_the_ reaction rate
increases by 9 kJ mol when lowering the pH from 7.5 to constant of the fast phase nor the contribution of the fast
5.5, and in the term-TAS,, which decreases by 10.7 kJ phase to the total absorbance change was modified in the

mol-1. 259-298 K range, a finding which is in contrast to the results
obtained with other redox systems (Mathas al., 1994;
DISCUSSION Venturoli et al, 1993). Our data suggest that the electron

transfer step is particularly optimized in th&nabaena

The thermodynamic analyses herein presented on thesystem, which exhibits a low activation energy barrier and
kinetic mechanism of PSI reduction by Cyt and Pc indicate a high rate constanttyf, = 4 us) as compared with the
that the long-range electrostatic interactions between thespinach Pc/PSI couple. Actually, the plant system has to
reaction partners are repulsiveSynechocystiand spinach overcome a high activation energy barrier and involves long-
but attractive inAnabaena A compensation effect between distance repulsive interactions. The effect of glycerol on
entropy and enthalpy at varying ionic strengths has beenthe relative contribution of the fast phase in #eabaena
found in all these protein/PSI systems, with the exception Cyt/PSI system suggests that this compound decreases the
of the AnabaenaCyt/PSI couple. This compensation effect proportion of effective Cyt/PSI complex but does not alter
has been proposed to be due in other systems to reorganizathe electron transfer rate constant within the properly
tion of water molecules during association of the reaction arranged complexes. This would suggest some steric
partners (Edsall, 1935; Tanford, 1973) and/or burying of hindrance as glycerol can take the place of water molecules
hydrophobic groups upon complex formation (Rosen & during complex formation; however, the difference in polarity
Pecht, 1976; Sturtevant, 1977). lAnabaena the net between water and glycerol molecules may also explain the
interaction between PSI and its two donor proteins is affected disappearance of the fast kinetic phase at high glycerol
similarly by ionic strength K,,s decreases with increasing concentrations.
ionic strength), but the activation parametéid* and ASF The enthalpy-entropy compensation observed 8yn-
show different dependences on ionic strength. Actually, the echocystis which occurs in the same direction as in
changes in entropy and enthalpy occur in the same directionMonoraphidium (Diaz et al, 1994a), indicates that the
with Pc (bothAH* and ASf decrease with increasing ionic  intermediate electrostatic complex is stabilized by hydro-
strength), but occur in opposite directions with Cyt. Even phobic interactions (see above). As calculated from data in
though the ionic strength dependenceAd®* in Anabaena Figure 5B, the slope of the isokinetic line 8ynechocystis
is mainly due to the electrostatic nature of the complex (5.56 x 102 K™%) is much higher than that expected from
between PSI and Pc or Cyt, the factors controlling the a pure solvent relaxation effect (3.4¢ 1073 k™) for the
electron transfer process differ from each other. With Pc, temperature range herein considered. Such a difference and
the electrostatic complex can be stabilized by hydrophobic the small changes in the activation parameters observed at
forces, as proposed by Chothia and Janin (1975). An increasing ionic strength indicate that the hydrophobic forces
increase in ionic strength should thus induce a decrease intake part in Synechocystigo a lesser extent than in
both AH* andAS' because of destabilization of the complex Monoraphidium in which the slope of the isokinetic line
and concomitant weakening of hydrophobic forces. With (3.42 x 102 K™) is clearly due to the enthalpyentropy
Cyt, however, the absence of any entrenthalpy com- compensation effect (e et al, 1994a). In principle, the
pensation indicates that the electrostatic complex with PSI slope of the isokinetic lines could be easily explained by
is stabilized by attractive ionic forces. assuming contributions of both electrostatic interactions
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(estimated to be 14.4% 103 K~1 by computer simulation) Biosphere (Mathis, P., Ed.) Vol. I, pp 539542, Kluwer
and solvent effect (for which it should be expected a slope _ Academic Publishers, Dordrecht.

. . Diaz, A., Herva, M., Navarro, J. A., De la Rosa, M. A., & Tollin,
approximately equal to the inverse of the mean temperature G. (1994a)Eur. J Biochem222, 10011007,

value in the range used in the experiments). The slopepiaz "A. Navarro, F., Hersa M., Navarro, J. A., Che&z, S.,
observed irSynechocystis close to the mean of these two Florencio, F. J., & De la Rosa, M. A. (1994BEBS Lett. 347
theoretical values. Similar data were obtained with the 173-177.

AnabaenaPc/PSI system, in which the experimental value Edsall, J. T. (1935J. Am. Chem. Soc. 51506-1507.

: P _ Fraza, C., Dias, J. M., Matias, P. M., Romao, M. J., Carrondo
3 1 ’ 1 i i l l ’ ’ )
of the slope of the isokinetic line was 4.6910 2 K1 (see M. A. Hervas, M., Navarro, J. A. De la Rosa, M. A.. &

Figure 2B), whereas the theoretical slope, assuming a pure  gheldrick, G. (1995ajicta Crystallogr. D51232-234.
electrostatic behavior, was calculated to be 6<8603 K1, FraZa, C., Soares, C. M., Carrondo, M. A., Pohl, E., Dauter, Z.,

In summary, it can be stated that an enthalpptropy g:g%rr]i’cf 2 (qgg’sé%hgﬁ‘r’ggoifé@:l?gg? Rosa, M. A., &

compensation effect is clearly observed in most of the Cyt/ gojdnerg, M., & Pecht, I. (1L976Biochemistry 154197-4208.
PSI and Pc/PSI systems analyzed so far. This effect iSHervas, M., Navarro, F., Navarro, J. A., Obez, S., Daz, A.,
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