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ABSTRACT. The mechanism of the electron transfer from the soluble protein plastocyanin to the multiprotein
complex of photosystem | from spinach has been studied in detail. The two kinetic componentsof P700
reduction by plastocyanin after a laser flash, showing a constant half-life @ &hd a variable half-life

of the second-order reaction, respectively, are used to monitor the electron transfer from bound and soluble
plastocyanin. The effect of increasing concentration of reduced plastocyanin on both of these kinetic
components and the competition by oxidized plastocyanin is used to estimate the individual dissociation
constants of the complex between the proteins in each of its oxidized and reduced state. The dissociation
constant of oxidized plastocyanin is about six times larger than thaibf found for reduced plastocyanin

and purified PSI. Consistent with this result the midpoint redox potential of plastocyanin bound to
photosystem | either in equilibrium with soluble plastocyanin or after cross-linking to photosystem | is
found to be 56-60 mV higher than that of soluble plastocyanin. It is concluded that the driving force of
the intracomplex electron transfer is decreased in favor of an optimized turnover of photosystem |. Double-
flash excitation shows that oxidized plastocyanin has to leave the complex after the electron transfer
before a new reduced plastocyanin molecule can bind to photosystem |. This release of oxidized
plastocyanin with a half-life of about s limits the turnover of photosystem I. All data are consistently
described by a model including the formation of a complex at a single binding site of photosystem I.
Differences in the rate and binding constants are discussed with respect to the structure and the electrostatic
and hydrophobic interactions stabilizing the complex as well as their modification by the membrane
environmentn situ.

Photosynthetic as well as respiratory electron transport an understanding of these electron transfer reactions. The
chains involve two significantly different processes: (i) the electron transfer between soluble electron carriers and
intraprotein electron transfer between redox cofactors ar- photosynthetic reaction centers as that between plastocyanin
ranged within the stable structure of electron transfer (Pc) and photosystem I (PSI) or the analogous one between
complexes and (i) the interprotein electron transfer involving cytochrome (cyt) gand the reaction center in purple bacteria
mobile proteins which have to diffuse and bind to the reaction can be triggered by short pulses of light. These reaction
partner. The understanding of the intraprotein electron partners present suitable systems for a detailed study of the
transfer has been remarkably increased by knowledge of theelectron transfer process.
structure of the purple bacterial reaction centers (Deisenhofer p. is 4 10 kDa type | copper protein. It transfers electrons
et al., 1985; Allen et al., 1987_) and by the basic_ electron i the thylakoid lumen from cyt in the cytbf complex to
transfer theory (Marcus & Sutin, 1985). Both stimulated nqtq0xidized P700 in PSI. The structure has been resolved
detailed studies of eleqtron transfer steps [f_o_r a review seeg, oyidized and reduced poplar Pc at high resolution (Guss
Boxer (1990)] and their dependence on driving force and g Freeman, 1983: Guss et al., 1986) and was found to be

distance (Gunner. & Duttqn, ,1989; Moser et al., 1992,; Lin conserved in several other species (Moore et al., 1988, 1991;
etal., 1994). During the binding process a properly oriented ¢ ver et a1, 1990: Redinbo et al., 1993). Two conserved
pair of the redox partners has to be formed to optimize the \o4inng have been identified as recognition and binding sites
interprotein electron transfer between the active sites, a4t the surface of the molecule. a flat hydrophobic region
process which is not fully understood (Marcus & Sutin, 1985; including the copper ligand Hisé? and a negative region of
Venturoli et al., 1993). A detailed knowledge of the binding two patches adjacent to Tyr83. While Tyr83 has been

mech_anism and .Of the red_ox midpoint _potential .Of. the concluded to be involved in the electron transfer fromfcyt
reaction partners in the transient complex is prerequisite for(|_|e et al., 1991), it is His8Zia which the electrons are

transfered to P700(Sykes, 1990; Nordling et al., 1991;
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The reaction between reduced Pc and P7idduced by or in the reduced state was used immediately for kinetic
short flashes has been studied in intact chloroplasts, stromameasurements, although no change of the oxidation state was
membranes, and isolated PSI particles (Haehnel et al., 1980pbserved during several hours af©. The concentration
1989, 1994; Olsen & Cox, 1982; Bottin & Mathis, 1985, of Pc and degree of oxidation was determined spectroscopi-
1987; Nordling et al., 1991; Sigfridsson et al., 1995). The cally using an extinction coefficient of 4.9 mMcm™ at
time course of P700reduction shows two dominant kinetic 597 nm for the oxidized form (Katoh et al., 1962). Pc was
components, a fast one and a slower one (Haehnel et al.cross-linked to PSI with ethylenediaminecarbodiimide (EDC)
1971). The fast component with a half-life of 1& is as described (Hippler et al., 1989) except that a pH value of
attributed to the first-order electron transfer within a complex 6.5 was adjusted with 30 mM 3N¢morpholino)propane-
between Pc and PSI (Haehnel et al., 1980). This electronsulfonic acid (MOPS) buffer.
transfer has been partially reconstituted with isolated PSI Kinetic Measurements.The standard reaction mixture
(Bottin and Mathis, 1985). Chemical cross-linking of Pc to contained PSI particles at a concentration ofu@bof Chl/

PSI particles (Wynn & Malkin, 1988) has been shown to mL, 20 mM MOPS buffer (pH 7.0), 5 mM Mggl 0.05%
stabilize the active electron transfer complex by stoichio- Triton X-100, 1 mM sodium ascorbate, 0.2 mM methyl
metric binding of Pc to subunit PsaF (Hippler et al., 1989). viologen, 0.1 mM diaminodurene (DAD), and Pc as indi-
The half-life of the slow component was found to decrease cated. When oxidized and reduced Pc were added separately
at increasing concentrations of Pc and is attributed to thein defined stoichiometry, ascorbate and DAD were omitted.
bimolecular reaction between soluble Pc and PSI. TheseThe oxidation state of Pc in these samples was determined
findings could be rationalized by a reduction of P7Gfiter spectroscopically after the kinetic measurements. A slight
formation of a complex between Pc and PSI in equilibrium increase of the concentration of oxidized Pc by less than 5
with soluble Pc. However, Bottin and Mathis (1985) have uM was found, which is consistent with the number of
proposed an additional intermediate bound state to accountflashes applied in the experiment. The absorbance changes
for the lower limit of 110us found for the half-life of the  of P700 were measured on a single-beam spectrophotometer
slow component at high concentrations of Pc. Complex essentially as described by Haehnel et al. (1994). The
kinetics of the electron transfer from Pc to P700 in measuring light of 704 nm with 2.7 nm full width at half-
subsequent flashes were suggested to indicate also that amaximum (FWHM) was switched on by opening of a
reduced Pc bound to a second site transfers an electron tghotoshutter 5 ms before the recording was started. The
P700 bypassing owia the oxidized Pc occupying the first  cuvette containing 0.3 mL of the sample had an effective
binding site (Bottin & Mathis, 1987). optical path length of 1.2 mm. The detecting photodiode (1

In contrast to the binding of reduced Pc to PSI, the binding cn?) was placed at a distance of 35 cm from the cuvette
of oxidized Pc has received almost no attention. Therefore, and protected by an interference filter of 704 nm. The output
we have first analyzed the interaction between reduced Pcof the photodiode was amplified with an electrical bandwidth
and PSI particles in detail, providing the basis for a ranging from dc to 1 MHz with dc offset compensation by
guantitative investigation of the reactions of oxidized Pc. We a combination of 16 bit analog to digital conversion (ADC)
present several experimental approaches to the bindingand a 16 bit digital to analog conversion (DAC) withimg
properties of oxidized Pc. The results characterize the immediately before the recording. Flash excitation was from
oxidizing site of PSI on the basis of individual dissociation a frequency-doubled Nd:YAG laser (5 ns FWHM). For
and rate constants for the oxidized and the reduced form ofexcitation by a second flash applied betweernS0and 10
Pc. The values are consistent with an increased redoxms after the first flash a Xenon flash lamp was use@g?2
midpoint potential of Pc found in the bound state. The FWHM). Signal disturbance by fluorescence was monitored
driving force of the electron transfer between Pc and P700 without measuring light and subtracted when necessary.
within the complex is derived. The release of oxidized Pc  Redox PotentiometryRedox titrations (Dutton & Wilson,
from the complex is resolved, and whether this release has1974) were carried out with a 4 mL sample under argon in
to precede the binding of another reduced Pc in a subsequena cuvette with an optical path length of 10 mm. The
turnover has been studied. following redox mediators were useg:-benzoquinone and

N,N,N',N'-tetramethylp-phenylenediamine at bM, ferro-
EXPERIMENTAL PROCEDURES and ferricyanide at 1@M. The ambient redox potential was

Preparation of Materials. PSI particles (PSI-200) were varied by additions of ferricyanide or ascorbate. For
isolated from spinach leaves following the procedure of measurement of the redox potential a platinum electrode and
Wynn and Malkin (1988). Chlorophyll (Chl) concentrations a Ag/AgCI reference electrode (saturated KCI) were used.
were determined as described by Porra et al. (1989). TheThe reference electrode was calibrated with solutions of
concentration of P700 was determined from laser-induced quinhydrone at different pH at 25C. Redox potentials
absorbance changes at 704 nm where the amplitude was 80%ersus the standard hydrogen electrode were obtained
of that at the maximum of the difference spectrum at 701 according to Clark (1960).
nm (not shown). At the maximum we assumed an absor- Analysis of Kinetic Measurementdn a first evaluation

bance coefficient of 64 mM cm™! (Hiyama & Ke, 1972). absorption transients were fitted to a sum of two or three
PSI particles contained between 250 and 150 Chl per P700exponential components using Marquardt's least-squares fit
and a molar ratio of Chl a/Chl b between 3.2 andO, algorithm. For the fast kinetic component the mean value

respectively. The values are given for each preparation of of the half-life found at large amplitudes was kept constant
PSI particles. Pc was isolated from spinach leaves asin the curve-fitting of signals belonging to the same set of
described (Ratajczak et al., 1988). For stock solutions of experiments but with a small amplitude,.g., at low
fully oxidized or reduced Pc, ferricyanide or ascorbate was concentrations of Pc and at high redox potentials, to improve
added, respectively, and then separated by gel filtration the accuracy of the amplitude. A minor very slow compo-
(PD10 columns, Pharmacia). The purified Pc in the oxidized nent with a half-life in the range of 0.1 s did not depend
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systematically on the Pc concentration. For the analysis of
the two Pc dependent kinetic components the parameters of
this component were kept constant at a mean value found in

B

unrestricted fits. The half-lives of the fast and the slower
componentst; (1) andtyx(2), respectively, and the relative
amplitude of the fast componef(1)/[A(1)+A(2)] have been

used by Nordling et al. (1991) to estimate the rate constant

for binding of P¢to P700', ko, for the dissociation of the
complex ko', and the intracomplex electron transfég;,
based on the model, Pg- P700° == Pc-P700" — P¢!'-
P700. (In this paper we will use superscripts | and Il to
indicate reduced and oxidized Pc, respectively, gantb
indicate PSI with oxidized P700.) The authors assumed (i)
that the concentration of reduced Pc remains consitany,
[PC] > [P70Qy] and implicitly presumed (ii) that there was
no back electron transfer from reduced P700 thddw (iii)

that oxidation of P700 did not change the rate constants of
Pc. For this case the differential equations can be solved

and explicit equations can be derived (Drepper, 1994) to
estimate the rate constanig,, k. and ke from the
amplitudes and half-livest{ = ti(i)/In 2] by simple
arithmetic operations

(Tlfz[PC])il

konI = A(l -1
T, T, - [Tl + A + AQ) _(|_ L(Z)(Tz - Tﬂ]
1)
_ Al o
koffl = [Tl + WL(Z)(Q - T1)] - konl[PC] (@)

ket = (717 5Kn [PC]) ©)
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Ficure 1: Absorbance changes at 704 nm induced by a laser flash
in PSI particles in the presence of soluble plastocyanin. Reduced
Pc was present at a concentration of in A, 250 uM in B, 54

uMin C, and 54uM plusoxidized Pc of 196:M in D. The cuvette

contained PSI particles at 9% of Chl/mL (Chla/Chl b of 4.3), 5

mM MgCl,, 30 mM MOPS pH 7.0, 0.05% Triton X-100, and 0.2
mM methyl viologen. Five individual signals were averaged for
each trace at a repetition rate of 0.5 Hz. The time base was switched
from 0.2 to 2us/address at 0.31 ms after the flash as marked by
the dashed vertical line. The dotted horizontal line indicates the
amplitude of the slow component. The amplitudes of the two
exponential components fitted to the reduction kinetics of P700
are indicated by the two arrows. Their values and the half-lives

For simulations the concentration of individual species as a gre as follows: AAA(L) = - 0.65,ty(1) = 11us, AA(2) = —1.07,

function of time was iteratively calculated from a set of rate
equations by a fourth-order RungKutta algorithm with a
step width of 0.0dus. Initial concentrations and first- and

second-order rate constants are given in the figure legends

In a final analysis the time course of P70fduction was
fitted to the output of the numerical integration using
Marquardt's algorithm. A restricted subset of the initial

tyo(2) = 143 us; B, AA(L) = —1.44,t/(1) = 11 us, AAQ2) =
—0.31,t15(2) = 81 us; C,AA(1) = —1.10,ty(1) = 10 us, AA(2)

= —1.13,t15(2) = 105 us; D, AA(L) = —0.76, ty5(1) = 10 us,
AA2) = —1.20,t,/2) = 188 us.

reactivity. Therefore we have based our analysis on P700
accessible to Pc as represented by the two kinetic compo-

nents,A(1) andA(2). Figure 1A,B shows that an increase

concentrations and rate constants was varied during the CUVeyt the concentration of reduced Pc from 27 to 20

fitting procedure. The remaining “dependent” parameters

increases the amplitude of the fast componkfif) at the

were calculated for each subset of parameters from equation\‘ce,xpense of the slower or2). At the same time the half-

of restraints as given in the text. The restraints allowed
inclusion of additional information into the numerical
simulation,e.g, an equilibrium constant determined from
independent experiments.

RESULTS

Electron Transfer and Complex Formation between Plas-
tocyanin and Photosystem Figure 1 shows the kinetics of
P700 at 704 nm induced by a laser flash in PSI particles in
the presence of soluble Pc. After oxidation in the flash the
time course of P700reduction can be deconvoluted into
three distinct kinetic components. A fast component with
an invariant half-life of 114- 1 us at 25°C, an intermediate
or slower component with an amplitudg2), and a very
slow component not greater than 5%0% of the total signal
which is shown by the extrapolated dotted lines in Figure 1.

life of the slower component decreases as it is known for
second-order reactions. Figure 1C,D shows that addition of
an excess of 19&M oxidized Pc to 54uM reduced Pc
decreasesA(1) and increases the half-life of the slow
component. For a quantitative approach we will first analyze
the effect of reduced Pc.

Equilibrium of Complex Formation between Reduced
Plastocyanin and PhotosystemThe concentration of active
PSI without bound Pc, [P700] (for the sake of simplicity
P700 will be used instead of PSI), and that of the complex,
[PC-P700], in the dark is related to the dissociation constant

D

Ko [Pc][P700]

® [Pd-P700] )

The concentration of total P700, [P780 is given by the

The latter component is almost not affected by Pc and seemssum [P70Q] = [P700]+ [Pc-P700]. By replacing [P700]

to originate from a small fraction of PSI with very limited

with [p70Q,] — [Pc-P700], eq 4 can be rearranged to
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describe the equilibrium at a concentration of reduced Pc,
[PC], in the dark before the flash,

[PCIP70Q,]

|
[PC-P700] [Pe] + Ky

®)

However, the redox state of the components in the complex
changes in the following ways: (i) The flash of saturating
intensity att = 0 oxidizes P700 and converts the complex
Pc-P700 to PEP700. (ii) The redox potentials of Pc and
P700 should not allow a complete electron transfer from Pc
to P700 in the complex. The turnover may be limited by
the equilibrium. If we include this effect in an empirical
factorf (f < 1), then the relative amplitud&(1)/A,: observed
after the flash is related to the fraction of the reduced
complex before the flash by

A1) . [Pc-P700]

Ao | PT0Q,] ©
Combining eqgs 5 and 6 yields eq 7
Pl _ 14, Ko
ADiA, TP “

which shows that a plot of [Mloover the relative amplitude
A(1)/Aq: as a function of the concentration of 'Pshould
indicate 1f as the slope of the linear dependence athh'

as the intercept of the abscissa. This type of plot in Figure
2A shows a straight line for different batches of PSI particles.
The value of the slope is within a narrow range between 1.1
and 1.2. By contrast the value of the intercept of the absciss
indicates a rather wide range &f'. We have compared
different preparations of PSI particles (not shown) and found
extreme values of 710 and 66-70 uM for PSI particles
with a molar ratio of Chla/Chl b of about 9-10 and 3.5,
respectively.

Binding of Reduced Plastocyanin to PSI with P700The
kinetic componenA(2) follows an exponential time course
because the concentration of' Rxceeds that of P700 by
more than 2 orders of magnitude. A second-order rate
constantk, with values of (+4) x 108 M~1 s may be
estimated from the half-life;,(2) at concentrations lower
than 5uM Pc by k, = In 2/(t;(2)[PC]). However, the
reduction of P700 in the fraction of PSI without bound Pc
involves in addition to the bimolecular binding of Pc to PSI
with P700" at least the electron transfer to P70 the
complex €f. Experimental Procedures). Thus, at very high
concentrations of reduced Pc the half-life should approach
a limiting value. Therefore in Figure 2B the half-life is
shown as a function of 1/[Fc The data can be fitted to a
straight line. The intercept of the ordinate indicates a limiting
half-life for all batches of PSI particles of 50 us. This
is considerably greater than 1k, i.e., the half-life of the
intracomplex electron transfer. However, it is important to
note that at high Pc concentrations the amount of free P700
and the amplitudé\(2) approach zero, and the attribution of
this half-life needs a detailed discussion (see below). The
negative intercept of the absciss&,, the concentration at
half of the minimal half-life, in Figure 2B shows a value of
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Ficure 2: A: Amplitude of the fast kinetic component of P700
reduction as a function of the concentration of Pc in a reciprocal
plot. Measurements using different batches of PSI particles are given
by different symbols. The slope of the linear regression line and
its intercept of the abscissa are as follovs; 1.21 and—65 uM
(Chla/Chlb=3.2);®, 1.12 and—42uM (Chl &/Chl b = 4.3); A,

a1 08 and—8.5uM (Chl a/Chl b = 10), respectively. B: Reciprocal

pseudo-first-order rate of the slow component as a function of the
reciprocal value of the plastocyanin concentration. Intercepts of the
extrapolated straight lines through the data points with the vertical
and with the horizontal axis are as follows,, 54 us and—106

uM; @, 50 us and—53 uM; A, 62 us and—24 uM, respectively
(same symbols as in A).

the same order of magnitude as the dissociation constant
determined from the fast amplitud¢1) for each of the PSI
particles in Figure 2A.

Competitve Binding of Oxidized and Reduced Plastocya-
nin to Photosystem IFor a quantitative analysis of the effect
of oxidized Pc on the reduction of P70@y P¢ as shown
in Figure 1C,D, we have to consider its competitive binding
to PSI. The concentration of the complex with oxidized Pc,
[Pc!-P700], is determined by its dissociation constipt
(cf. eq 4)

.1 _ [PLIP700

= 8

® [pdP700] ®)

A flash will create P¢-P7007, which does not contribute to
the fast component of P700@eduction. HoweverKp" can

be determined from the decrease of the amplitude of the fast
component. In the presence of'Rhe concentration of total
reduced P700 is given by the sum [Pg(@= [P700]+ [Pc-
P700] + [Pc'-P700]. Replacing [PeP700], [P700], and
[P70Q./[Pc'-P700] by egs 8, 4, and 6, respectively, and
rearranging the result yield&" as a function of the relative
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amplitudeA(1)/Aq in the presence of [P

f
(A(l)/Am - 1) o

Thus, with the values for LiandKp' of 1.12 and 42uM,
respectively, taken from the plot of measurements in Figure
2A (closed circles), and the value of 0.39 (1)/A: found
with the same batch of PSI particles (with a low GAHChI
b ratio of 4.3) in the presence of 54 and 198! Pc and
Pd!, respectively, in Figure 1D, we estimate from eq 9 a
value of 297uM for Kp". A second measurement with these
PSI particles (not shown) in the presence of ARboxidized
and 1254M reduced Pc showed a relative amplitutie)/
At of 57% as compared to 65% in the absence of oxidized
Pc. The resulting value dfp" is 185uM, and the average
of the two is 24QuM. The ratio of the dissociation constants
Kp'/Kp' is 5.7 for these PSI particles. A more precise
determination has been carried out with a different batch of
PSI particles. Figure 3A (diamonds) shows the amplitude
of the 11us component as a function of reduced and oxidized
Pc at a constant concentration of total Pc. For comparison
the relative amplitudé\(1)/Aq: in the absence of oxidized
Pc (f. Figure 2A) is shown by circles and squares. The
dashed line is equivalent to the linear fit in Figure 2A with
a value of 8.5uM for Kp'. The solid line gives the fit of
the data in the presence of reduced plus oxidized Pc to eq 9
As a result a value of 46M is found forKp', which is 5.4
times higher than that dfp'.

Binding of Oxidized Plastocyanin to Photosystem | with
Oxidized P700 Comparison of Figure 1C,D shows that

y [Pc']

°Tpd
Ko

9)

oxidized Pc decreases also the rate of the slow Pc dependerig

component of P700reduction. Different from the amplitude
of the fast component, which probes the binding of Pc to
PSl in the dark prior to the flashe.,when P700 is reduced,
the rate of the slow component should reflect the binding of
Pc to PSI with oxidized P70Gafter the flash. If the binding

of Pc' to PSI reaches the equilibrium more quickly than the
second-order binding of Bg.e., for high excess of Pcover

Pd, the slow kinetic component includes P70and Pé&-
P700, and the relative amplitud®&(2)/Aw: is given byA(2)/

Aot = ([P7007] + [Pc'-P7007])/[P700Qs]. Within this
approximation [P&P7007] can be substituted by the dis-
sociation equilibrium of Ptand P700 with a constanKp'"*

(cf. eq 8).

[Pc']

I, +
KD

A@2) _[P7001(
Ao 700"

However, the electron transfer rate is determined by
[P700] alone because Pd700" cannot accept electrons
from P¢, dA(2)/dt = k[P700][Pc']. By replacing [P700]
with eq 10 the integration shows that the half-life in the
absence and presence of oxidized Pc at a concentratiti [Pc
tip andty,, respectively, can be used to determkag*
by eq 11

(10)

t1/2

KD||,+ = [Pd] :
aty,

(11)
—

wherea is the ratio of [P in the presence over that in the
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Ficure 3: Effect of oxidized Pc on the reactions between reduced
Pc and PSI. A: Amplitude of the 14s component as a function

of the concentration of reduced Pc in the absence (circles and
squares) and in the presence (diamonds) of oxidized Pc for PSI
particles with Chie/Chl b = 10. The total concentration of Pc ([Rc

+ [PcY]) in the experiments given by diamonds was 100. Only
experiments given by squares were 1 mM ascorbate and 0.1 mM
AD present. Other conditions are as in Figure 1. To the data points
in the absence of oxidized Pc, eq 7 was fitted (dashed line) with
values forKp' andf of 8.5 uM and 0.93, respectively. The solid
line is calculated from the dashed line and eq 9 Wigh = 45uM

to estimate the amount of complex between PSI arldirPthe
presence of Pic The dotted line indicates where the data points
would be expected in the presence of!' Rt the dissociation
constants of oxidized and reduced Pc were equal (at a constant
total concentration of Pc). B: Rate constant of the slow kinetic
component as a function of the concentration of reduced Pc in the
absence (circles, squares) and in the presence of oxidized Pc
(diamonds) for the same experiments as in A. The dashed line
represents a fit to the data points in the absence df &l
corresponds to the linear regression in Figure 2B (open triangles).
The solid line is the fit of eq 11 to the data in the presence 8f Pc
yielding a value foKp'"* of 80 uM, taking into account the fit by

the dashed line.

absence of P i.e., aequals 1 if [P is the same in both
experiments. The slow component of the kinetics in Figure
1C,D with a half-life of 105 and 188:s, respectively,
indicatesKp'* = 250uM. The value appears to be slightly
higher than that oKp". This has been examined in more
detail. Figure 3B presents the effect of oxidized Pc on the
reciprocal half-life of the slow component in PSI particles
with a high Chla/Chl b ratio of 10. The full circles and the
dashed line give the data and the regression line, respectively,
from Figure 2B as reference. Equation 11 is used to calculate
relative to this line the best fit to the measurements in the
presence of Pic(diamonds), yielding a value of &M for
Kp'"*. This shows more clearly that the value K" " is
about 2-fold higher than that " of 45 M in Figure 3A.
Although still an approximation, the result indicates a
decrease of the binding affinity of oxidized Pc to PSI when
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P700 becomes photooxidized. 1 » |
Redox Potential of Bound PlastocyanirA different 1.0 A _
dissociation constant of the reduced and the oxidized forms

40 uM Pc
of a molecule indicates a difference between the midpoint 08 - a\ 4
redox potential of the molecule in the free and the bound A\ o 4004M Po
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where E, denotes the midpoint potential of free Pc. An
analogous equation can be written for Pc bound to PSI with
a midpoint potentiaE,°".
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In a common systenk;, in eqs 12a,b is equal. Replacing O 1.0 | et g
the concentrations by eqs 4 and 8 shows that the difference '@ ) '05_
of the midpoint potential in the bound and the free states is - ! W =
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Our first approximation to the ratio of t.he dissociation Ficure 4; Effect of the ambient redox potential on the amplitude

constants of about 5.7 suggests an increase of the of the fast kinetic component of P700eduction. A: Relative

midpoint potential by 4345 mV of bound relative to free  amplitude of the 1s component using PSI particles (GHChI

Pc, independent of the type of PSI particles. Therefore, theb = 3.7) in the presence of 4oM (®, O) and 400«M Pc @, O).

effect of the redox potential has been studied in detail. ~ The Iimg)é?c?fl Ovjéugng%rg‘?'gzt‘fo ;?1 dl Cor:i\nggﬂ\?elto égf‘aﬁve
: . m . . .

Effect of the Ambient Redox Potential on Electron Transfer Soiﬁts were fitted by Nernst's equation (ggﬁ,d Iineg) with gmidpoint
from Soluble Pc to P700 The amount of bound Pas a potentialE2°P of 374 and 394 mV, respectively. The redox titration
function of the redox potential was studied by monitoring of Pc in solution monitoring the absorbance at 597 nm as a function
A(1). The result of such a redox titration in the presence of of the ambient redox potential is shown as contal 4) yielding
40 M PG i shown in Figure 4A (cirles). The dta are ], 350, & ATPie o e s comhanerk () nc,
fitted _to Nernst's equation with an apparen?_mldpqlnt particles with cross-iinked Pc. Solid lines represent the fit of
potentialE,**P of 374 mV. Under the same conditions with  Nernst's equation to the data wiE, values of 421 and 475 mV,
respect to ionic strength and temperature the redox titrationrespectively. The inset shows an absorbance transient induced by
of Pc in solution yielded a midpoint potentigl,™ of 360 a single_lasger flash at an ambient redox potential of 305 mV. Data
mV (triangles in Figure 4A) which is close to values reported from oxidative titrations are indicated by full, reductive titrations
previously (Katoh et al., 1962; Sanderson et al., 1986; by open symbols.

Armstrong et al., 1985). Thus, the apparent midpoint redox oxidized by the flash. The amplitude of the fast reduction
potential of the amplitud@(1) of the fast component in the representing 60% of the total amplitude of the signal indicates
presence of 4&M Pc is only slightly increased by 14 mV  the amount of PSI with Pc cross-linked in a functional
relative to that of free Pc in contrast to the expected increasecomplex. The half-life of 1%s is close to 1Ls found with

by at least 45 mV. The redox titration was repeated in the soluble Pc ¢f. Figure 1). Fits to Nernst's equation indicate
presence of 40@M Pc (Figure 4A, squares) which showed midpoint potentials of 421 and 475 mV for cross-linked Pc
an apparent midpoint potential of 394 mig.,an increase  and P700 (diamonds and triangles in Figure 4B), respectively.
of 34 mV. This effect of the concentration and the difference The small difference in redox potential of ca. 55 mV limits
of the apparent midpoint potential from the value expected the electron transfer from bound 'Ro P700 to 89% of
from the dissociation constants can be rationalized (seetotal reduced Pc and suggests from the relative amplitude
Discussion and Appendix). of 0.60 that the fraction of PSI with cross-linked Pc was

Redox Titration of Plastocyanin @alently Bound to PSI.  actually 67% of total PSI.

Pc can be cross-linked with ethylenediaminocarbodiimide Release of Plastocyanin after Intracomplex Electron
(EDC) to PSI competent in fast electron transfer (Hippler et Transfer. An important aspect of the electron transfer
al., 1989). Figure 4B shows the amplitude of the fast mechanism is the question of whether oxidized Pc has to
component and the total amplitude of the signal as a function leave its binding site at PSI before a subsequent reduction
of the redox potential. The inset of Figure 4B shows the of P700" can take place. Alternative mechanisms could be
absorbance change induced by a single laser flash at lowan electron transfer to P70€hrough the bound Pc molecule
redox potential after equilibration in the dark. The total or from a second binding site at PSI. These possibilities
amplitude gives the total amount of reduced P700 being have been investigated with Pc cross-linked to PSI particles.
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Ficure 6: Relative amplitude of the fast kinetic component of
P700 reduction following a second flash as a function of the time
: : interval between the first and the second flash in the presence of
—— — 250 uM (open circles) and 10@M (closed circles) reduced Pc.
0 02 100 1002 PSI particles at a concentration of 18§ of Chl/mL (Chla/Chl b:

TIME / ms 3.1). Time courses calculated by analytical solution for the final

FIGURE 5: Absorbance changes of P700 induced by two laser Product of three consecutive first-order reactions are shown (lines).
flashes given at = 0 and 100 ms using PSI particles with cross- For the best fit to the data points the following rate constants were

linked Pc. Experiments in the absence (traces A and B) and in theUsed: ket= 53 ms* [ty5(1) = 13 us], ko' = 9.2 ms™*, ko =5 x
presence of 7M reduced Pc (traces C and D). Experimental 10’s "M~ ky[Pc] was considered to be a pseudo-first-order rate
conditions as in Figure 1 except that 1 mM ascorbate aptyl2 ~ constant at 25aM (full line) and 100uM (dashed line) Pc
diaminodurene were added. Ten signals were averaged at a
repetition rate of 0.05 Hz. Figure 6 presents the relative amplitude of the fast component
as a function of the time interval between the two flashes in
Figure 5 shows the reduction kinetics of P7@0duced after  the presence of soluble Pc. The time course shows a lag of
dark adaptation by two laser flashes at an interval of 100 ahout 50 and 6(s and a rise with a half-life of 180 and
ms in the absence (A and B) and presence (C and D) of 220 us at 250 and 10@M Pc, respectively. It is worth
soluble Pc. In Figure 5A, after the first flash 75% of total noting that during this lag time of 6@s after the first flash,
P700 is reduced with a half-life of 1is by the cross-linked  j e, after 6 half-lives, the oxidation of bound 'Fs largely
Pc,i.e., more than 80% of total PSI was cross-linked to an complete. However, after this time a fast component is not
active Pc molecule in this preparation. After the second flash detected and the kinetics does not follow a first-order time
a small fraction of only 15% of total P700s rapidly reduced  course (not shown). Thus, oxidized Pc at the binding site
(Figure 5B). This indicates a small fraction of bound Pc, has not been replaced by reduced Pc during this period of
which is reduced by ascorbate during the time interval time. The exchange of the oxidized by a reduced Pc
between the flashes. Figure 5C,D shows the time course inmolecule at the binding site is monitored by the rising
the presence of 70M reduced soluble Pc. The two signals amplitude. The effect of the concentration indicates the
are almost identical to those in Figure 5A,B. In particular contribution of a second-order reaction to this process. The
the signals after the second flash indicate that the reductiontime course should be dominated by three consecutive
of P700" in the complex by soluble Pc in addition to the events: the first-order oxidation of bound'Rdth a half-
reduction by ascorbate is negligible during the time of 100 |ife of 10—11 us, a first-order release of oxidized'Pand

ms between the flashes. At the high concentration of 70 a second-order binding of Peith a pseudo-first-order time
1M soluble Pc, P700 would be reduced with a half-life  course

shorter than 10@s (cf. Figure 1). Thus, when the binding
site is occupied by oxidized Pc, the electron donation from Pd-P700" — Pd'-P700— P700— PcE-P700
Pd in solution to the complex in the states"FR700 and
Pd'-P700" as mdmatgd by the amphtudes and the time ith rate constantsek ko', andker[PC], respectively. Such
course, respectively, in Figure 5D is orders of magnitude 5 sequence of three first-order reactions has been integrated,
slower than that to P700n PSI with a free Pc binding site. e.g.,for the radioactive decay. Sinég is known, ke and
Thus, an electron transfer to the cross-linked compiex 1 were fitted to the data points at the two concentrations
bound Pc or to P700 directly can be excluded. of Pc by the explicit solution for the final product of three
Reactions of Oxidized Plastocyanin in the Complete consecutive first-order reactions (lines in Figure 6), yielding
Reaction Cycle.The result shown in Figure 5 emphasizes estimates of 9. 10° s *and 5x 10’ M~1 s7%, respectively.
that the release of oxidized Pc from its binding site is an The value ofk' is three times higher than that k' of 3
important step for a complete turnover in the reaction cycle x 10® s * estimated from the kinetics induced by the first
of PSI. We have probed the release of the oxidized and theflash and eqs%3. It should be mentioned that the amplitude
successive binding of soluble reduced Pc to PSI by a flashof the fast component in Figure 6 after the second flash is
given at time intervals in the microsecond range after a about one-third smaller than that after the first flash. This
preceding laser flash. After the first flash the fast component is caused by double excitation of some PSI during the xenon
of P700 reduction was very similar to that in Figure 1B flash with an intensity profile tailing as long as the half-life
showing a half-life of 1Qus and a relative amplitude é{1) of the fast component. However, the fractionAgi) should
of 0.76 in the presence of 25MM soluble reduced Pc. be constant and the time course should not be disturbed.
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Scheme 1. Model of the Binding Dynamics between Pc and 10°
PSI and Electron Transfer between the Cu Center of Pc and

P700 within a Complex with a Single Binding Site :ﬁ” e, 4
= RN o]
k},“ ~— . < L J
+ Pcl! <k7_1". PcLP700* ey d s | LN . i
on 1% ] = B A
- P700* e : 5 g
off : S~
! + Pc! = PcLP700" -z E oL el
on = C «—‘Bi
hv kef {kbet 8 F 1
i I |'u'J' i ]
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| + Pt <=, PP700 e Tt Al
e PTOQ I;C"I" I | 1 1 ] |
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+ Pc ‘kT_> Pc-P700 .
on 10" ¢ T T m
a A binding equilibrium between Pc and PSI is assumed with a F .
second-order rate constayt, for the formation and a first-order rate T L ]
constantks for the dissociation of the “enzymesubstrate complex”. ~ F 1
Superscripts | and Il indicate the participation of reduced and oxidized 8 -ﬂ\gL\ _ 'y
Pc, respectively, and superscriptindicates that of oxidized P700. A = L S 8. g v
single-turnover flash converts the binding equilibria with reduced P700 < el
(a, b) to those with the oxidized P70Qc, d). Subsequently, P700 2 2L e
re-reduction occurs within the “activated enzyme-substrate complex” o E ]
Pc¢-P700, yielding the “enzyme-product complex” P6P700. The 3 L ]
release of Ptwith the rate constark" leads to the state P700 within g r ]
the initial equilibrium (a). When oxidized Pc is present before the flash, o | B |

the binding equilibrium between PSI and"Awas to be included (b).
Under these conditions or if two flashes are given with a short interval ' ' ' . :
the state [P6P7007], a “product-inhibition complex” may be produced
(d). For the sake of simplicity we do not explicitly give the differential ] | '
equations used in the numerical simulations. But we refer to individual i " ]
reactions of this scheme which can be directly translated into a set of
linear differential equations.

DISCUSSION

The simplest and complete model of the electron transfer
from the soluble protein Pc to the multiprotein complex of
PSI includes the binding equilibrium between each of the
species in its oxidized and reduced state and the equilibrium
of the electron transfer reaction. Scheme 1 summarizes all
individual reactions and gives the rate constants with indices
as used in this paper (see Experimental Procedures). The 15 2'0 4'0 slo slo 1(')0
binding equilibria are characterized by their dissociation
constantKp = koi/kon. A laser flash will convert reduced [REDUCED PL_ASTOCYAW fum
P700 in any state to P700as indicated by the arrows labeled FIGURE 7: A, B: Rate constantko,' (A) and ks (B) determined
hv. To extend current knowledge about the dynamic by the fit of P700 reduction kinetics to the numerical solution of

. . . . S differential equations according to Scheme 1 (filled symbols). The
interaction between the proteins, the investigations were ,aan values foko, andkeg' are (3.5+ 1) x 1 M-LsLand (2.4

focused on the following aspects: (i) the effect of the + 0.5)x 108 s respectively. Open symbols give the respective
oxidation state of the two reaction partners on the dissociationrate constants calculated from egs 1 and 2 based on the two
constants of the complex; (ii) the midpoint redox potential ex%%%elsmiiﬁ\';iitsu rfgrSth'I?hSea\;g(Iau(Tse%iuggrgergitrzh%\/l\gigg the open
of_the bound reactants, Pc and PYO(?, Wthh determl_nes thefgduced Pc arge & 1PM~1stand 3.7x 103ys*1. C:pDissocigi\c‘;)n
driving force of the electron transfer; (iii) the dynamics of ¢onstant,! (full circles, determined in the absence of Pef. A

the bound reaction product'P¢iv) a quantitative description  and B), Kp' and Kp'"* (open triangles and filled squares,

of the system by a complete set of differential equations. respectively; [Pg] = 100 uM) in the presence of both oxidized
We have also derived equations which provide a reasonableand reduced Pc. Results from a fit of differential equations to the
approximation to the constants by standard methods of dat n;%atsg)zgments shown by full symbols in Figure 3 (for further details
analysis. The experimental approach can be summarized as '

follows: (i) The reactions between Pc and PSI with reduced complexes or membrane fragments show differences in some
or oxidized P700 are analyzed from the fast first-order and of the kinetic parameters but not in the mechanism.

the slower second-order reaction, respectively. (ii) In both Rate Constants for Reactions of Reduced Plastocyanin.
of these states the kinetic constants of oxidized Pc can beThe laser-induced reduction kinetics of P70@y P¢ has
estimated from the competitive inhibition of the reactions been analyzed by a two-exponential fit on the basis of a
with reduced Pc. (iii) Redox titrations are carried out to simple equilibrium of complex formation (Nordling et al.,
determine the equilibrium constant of the intracomplex 1991) as detailed above by eqs3 (cf. Scheme 1c). The
electron transfer. (iv) The second flash of a double flash is data shown in Figure 2 by open triangles have been used to
used to study the reactions involved in the turnover of the calculatek,s and ko' from eqs 1 and 2. The values are
complex. PSI preparations containing either pure PSI shown for comparison by open squares in Figure 7A,B,
complexes or PSI| associated with additional light-harvesting respectively. These rate “constants” depend considerably on

100 == R

T
B>

-

o
T
I

DISSOCIATION CONSTANT / uM
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the concentration of Pc One reason for this discrepancy is
the incomplete turnover of the complex as a consequence
of the small redox potential difference of 55 mV in the
complex {.e., ket > 0), not known previously. This effect
of the concentration led us to reanalyze the time course of
P700 in a more detailed approach including the dissociation
of P¢ (kot"*, Scheme 1c) and of Pdk", Scheme 1b),
which compete with the forwardk{) and backward ke)
electron transfer within the complex, respectively. Although
the dissociation is complex, the binding of' P& a single
second-order step. Therefore extrapolation of the slow
component of the two-exponential analysis to zero concen-
tration of P¢, where the contribution of the bound state to
the kinetics should be minimal, can be used as a good
approximation tok.,,-* as verified by fits to numerical
calculations using the complete model in Scheme 1 (not
shown). ko shows a very high value of & 1 M~1s?!

in Figure 7A. For a more quantitative approach under
reducing conditions we have to take into account as variable
parameters the ratio of the initial concentrations, [PTQ¢/
[PC-P700 =0, and five rate constantksn"*, Ko™, Ket, Koes
andky". [Pc] is assumed to be constant.

The number of independent variables can be reduced by
the following restraints: (ikeet = kefKeg The equilibrium
constantKeq = 10 is determined from redox potentials (see
also below). (ii)kon = kon"* andkos' = kot (referred to as
the average valuds,) andk.', respectively). Arguments
that the oxidation state of P700 may have a negligible effect
on the binding constants of Raill be discussed below. The
value for ko' is derived from the ratio of the initial
concentrationsy' = [P700]=o/[PC+P700 |1=okorn' [PC] (cf.
eq 4). (iii) ko" is determined from double-flash experiments
(cf. Figure 6). During the calculations it is defined by the
equation of restraint''/ko! = 2.8. This ratio is in line
with the difference between the midpoint redox potentials
for free and bound Pc (Figure 4A,B) if equal contributions
are assumed from on- and off-rates to the differences in the
dissociation constants for Pand P& (cf. eq 13). The
remaining three independent variablies., the ratio of initial
concentrations [P70Q—¢/[Pc-P7007]:=, and the rate con-
stantsk,,' andke, were determined from the fit of a numerical
solution of the differential equations (representing the
reactions in Scheme 1) to the time course of P7A@@uction.

The quality of the fits as judged from the computed sum of
the squared residuals was generally equal or better than that
with the fit of the sum of two exponentials. It is of note
that the number of fitted parameters as well as the neglected
effect of the oxidation state of P700 is the same as that used
in the two-exponential fit by Nordling et al. (1991). Figure
7A,B (filled symbols) shows that the rate constakgs and

ko' determined by the fit of the differential equations give
a consistent description of the experimental data at both low
and high concentrations of PcThe values of the rate
constank,, andk.' are (3.5 0.8) x 1®M~1stand (2.4

+ 0.5) x 10°s™%, respectively, for this batch of PSI particles.
The ratiokss' /kon' Shows a constant value oféM in Figure

7C, which is close to the value of 88/ estimated forKp'

in Figure 2A. For comparison the results of the numerical
approach and the values from the approximating equations
are summarized in Table 1.

Competitve Binding of Oxidized and Reduced Plastocya-
nin. An approximation to the dissociation const&' of

midpoint potentials (mV)
P700/P700f
EPd Em Em(Pc")
410+ 10 475+ 10 ca. 500

Pc(CU/Cu)

Emfr
360+ 5

Koet
45+ 15

electron transfér(10° s™4)

Ket
58+ 10

102+ 15

KDII +
(~250)
(~80)

(240+ 60)

40+ 6
(45+ 10)
aValues in parenthesis have been estimated from the data in FiguBearid eqs 7, 9, or 12.Chl extinction coefficients from Porra et al. (1989Rate constants are the results from final analysis of P700
reduction kinetics using the set of differential equations representing all reactions in Scheme 1 (see Figure 7 and text for explahatiatipko'/ko' is determined from fit of kinetics after two flashes at

dissociation constantM)
KDII
190+ 30
different time intervals (see Figure B)kseis calculated fromk,er = ke/exp(—AG°/RT) using the midpoint potentials from equilibrium redox titratioh&,, for P700//P700 without bound Pc is assumed to be
equal to that in the presence of' P&, in the presence of Pds estimated from dissociation constants (see téxthe fit of the time course after double flashes in Figure 6 givesxQI s™2, the limiting

42+ 12)
(8.5+ 1.5)

K
29+ 4
7+0.7

Kot
11+ 15

6.7+ 1.4

Pc release(10° s™)
Roﬁll g
8+25

24+ 05

time of 60us in Figure 2B ca. 1% 10® s, "Kp' from simulation of differential equations is based on the assumtipn= Kp'* (see text for more information). The values in brackets digeestimated

rate constant
Ko
3.2t1
as shown in Figure 2A.Extrapolation in Figure 7A givek,)'" = 6 x 10° M~1s7! as detailed in the text.

1.7+ 04

Ko
0.4+ 0.2

ko
11405
3.5+ 1

Pc binding (1 M~1s7})

Chla/Chlb
4
10

Table 1: Kinetic Parameters for Binding Dynamics and Electron Transfer between Pc and PSI for Two Typical Batches of PSI Particles and Midpoint Potentials of the Re@ox Cofactors

PSI particle,
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oxidized Pc bound to PSI with reduced P700 is given by eq
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EnPY, using egs 4, 8, and 13 and is given by eq 14 (for a

9. The approximation by eq 11 to the dissociation constant derivation see Appendix).

Kp"* for Pc' bound to PSI with oxidized P700 includes

assumptions that suggest a reexamination of the first estimate.

For a numerical solution of the differential equations
simulating the P700reduction after a flash in the presence
of both oxidized and reduced Pc we have to include the initial
concentration, [PEP7007]—o, and three rate constanks,"*,
kot *, andkon' (cf. Scheme 1), in addition to the parameters
summarized above. Therefore the rate constiatskor',
and ke, have to be determined in the absence of.Pin
addition to the restraintsHiii, we use the equation (il

= koii'[Pc!-P700]1=0/([P700]=0[PC"]) and the assumption
(V) ko' = Ckot' ™, in which the constart is initially set to

1 (i.e., ki'). However ko"* andk.,' are not set equal to
test an effect of the P700 oxidation state on the binding of
Pcd'. The values derived from the fit are included in Table

1. The difference between the two values indicates different

E 2P=E_"—50mVlog

KDII + [Pctot]) (14)
o+ [PGo]

Ex?d is estimated to be about 405 mV from both of the
experimental values dE2°P in Figure 4A, the respective
total concentration of Pc and the values of 42 Figure
2A) and 240uM found for Kp' andKp", respectively, with
this batch of PSI particles. Thus, the three independent
approaches give a consistent result for the dissociation
constants and the shift of the redox potential of bound Pc
not only in the cross-linked state but also in dynamic binding
equilibrium. Possible conformational distortions of the cross-
linked as compared to the native complex cannot be large.
A midpoint potential of 385 mV was found for the
amplitude of the fast component of P70fduction in pea

dissociation constants of the two respective complexes. 'tchloroplasts (Bottin & Mathis, 1985). The attribution of this

is attributed to equal contributions from the on- and off-
rates of Pt to the dissociation constarits" andKp'"*, i.e.,
Ko T/kon! = C = kogi''/koi" . Figure 7C summarizes the

value to theE, of Pc bound to PSI did not take into account
the effect of the dissociation constants. Equation 14 is
similar to an expression given by Dutton and Wilson (1974)

dissociation constants derived from the measurements showrfor the midpoint potential of a redox couple in the presence

by filled symbols in Figure 3 and shows values of 40 and
102uM for Kp" andKp'"*, respectively. Only at concentra-
tions of [P¢'] > [Pc] did the fit of the differential equations
converge. The value dfp'"/Kp' of 5.7 is very similar to
5.4 found with the approximation by eq 9 in Figure 3. The
value of the constaritp" ™ of 102 uM exceeds that of 80
uM determined from Figure 3B. The result is in support of
eq 11 being a reasonable approximation.

Binding Equilibria and Shift in Redox Potential of Plas-
tocyanin. The higher value of the dissociation constipt
than that ofKp' indicates a preferential binding of reduced
Pc to PSI. As a consequence the midpoint potential is
predicted to be increased by 45 mV relative to that of free
Pc, cf. eq 13. The midpoint potential of 420 mV of Pc
functionally cross-linked to PSI particles shows a slightly
larger increase of 60 mV relative to free Pc. A minor shift
of the redox potential by a conformational distortion of the

of any reagent that has a different binding affinity to the
oxidized and the reduced form. It should be pointed out
that the value oE,2Pin eq 14 is between the valuesBf"

and Ex° and that the shape of the titration curve follows
that of Nernst's equation at least for [Hic=> [P70Q.] (see
Appendix) in agreement with the experimental results in
Figure 4A.

Redox state sensitive binding has also been reported for
the interaction of soluble c-type cytochromes with the cyt
bc, complex from beef heart mitochondria (Speck & Mar-
goliash, 1984) and with bacterial reaction centerRbbdo-
bacter sphaeroide@Moser & Dutton, 1988). These studies
using gel filtration to determine particle sizes (Speck &
Margoliash, 1984) and direct measurement of the midpoint
potential of cytc in the presence and absence of reaction
centers (Moser & Dutton, 1988) indicated multiple binding
sites for cytc which may not all be involved in electron
transfer. The approach presented here specifically probes

cross-linked complex as compared to the native one may bereduced Pc functionally bound to PSI.

possible.

In solution the data in Figure 4A indicate an apparent
midpoint potential of the fast amplitude of only 374 and 394
mV in the presence of 40 and 4@M Pc, respectively. This

What Are the Interactions Tuning the Midpoint Redox
Potential of the Cofactors in the ComplexBesides the
chemical nature of the redox cofactor, it is the protein
environment and the free energy of solvation that have a

effect of the concentration can be understood because thdN@Or impact on the midpoint potentialsitu. This includes

amplitude of the fast compone®(1) monitors only Pt
P700 but not PeP700 as discussed for eqs 6 and 9. The
apparent midpoint potenti&2°? of the titrations in Figure
4A gives the redox potential at which the amount of bound
Pd is half of its maximal amount. With respect to the ratio
Kp'/Kp' of 5.7 the amount of bound Peust be significantly
lower than that of Pc The true midpoint potential of bound
Pcin eq 12b, given when [PB700] equals [PcP700], must

be higher than the apparent one. This effect would be

the interaction of the redox cofactor in its different oxidation
states with charges of the protein, induced dipoles and the
surrounding solvent. The question of interest is, how the
formation of the complex does affect each of these contribu-
tions to the free energy of the redox state transition. In the
complex between Pc and PSI the net negative charge of Pc
being decreased by one after oxidation should diminish the
attraction of Pc by the positive charges of subunit PsaF
(Ratajczak et al., 1988; Hippler et al., 1989), in agreement
with the dissociation constant&' < Kp". Thus, a more

negligible when all binding sites at PS are saturated at high positive electrostatic field at the copper center in the complex
concentrations of Pc. The analysis of the reduced complexshould indeed favor the reduced over the oxidized state and
Pc¢-P700 as a function of the redox potential has to take into increase the redox potential as compared to that in solution.

account the dissociation constamts' andKp'" as well as
the concentration of total Pc [Bf The redox potentidE,2PP
can be related to the true midpoint potential of bound Pc,

This is consistent with the effect of modifications introducing
positive charges near the conserved negative patch of Pc
which increased the redox potential of soluble Pc by about
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30—40 mV (Burkey & Gross, 1982; Sigfridsson et al., 1995; free energy of the reactiodG®, for the electron transfer
Christensen et al., 1993). within the complex? Changes in the electrostatic interaction
Another effect of the complex formation on the redox between the reactants have to be considered (Case & Parson,
potential is related to the short distance of the net positive 1971). Itis useful to discuss the electron transferAPtO0"
charge of C&" in oxidized Pc to the hydrophobic patch at — Pc'-P700 as a sequence of two processes: (i) reduction
the protein surface (Guss & Freeman, 1983). This positive of P700" in the presence of BdP¢-P700" — Pc¢-P700, and
charge of the oxidized copper center has been shown to(ii) oxidation of P¢ in the presence of P700, 'Pe700—
induce a significant electrostatic field in the protein local Pc'-P700. The first part does not correspond to a free energy
environment at the hydrophobic surface (Durell et al., 1990; change that could be measured in an equilibrium redox
Gross, 1993). It should contribute more to the solvation titration. However, assuming the binding of Rchave only
energy of Pc than the charge of Cwhich is compensated a negligible effect on th&,, of P700/P700 (see above),
by the negative thiolate ligand of Cys84. Therefore, replac- the E,, measured without bound Pc of about 475 naf. (
ing the high dielectric medium of water in this hydrophobic Figure 4B and discussion above) can be used instead to
docking region by a low dielectric medium in the complex describe the energetics of this process. The second part of
will destabilize the oxidized form and contribute to the the reaction corresponds approximately to the redox titration
increase in the redox potential of Pc when it is bound to of Pd/Pc' within the complex and can be characterized by
PSI. The extent of solvent exposure has been identified asan E, between 420 and 405 mV as measured for the cross-
one of the major factors modulating the redox midpoint linked (Figure 4B) and the non-covalent complex (Figure
potential in the tetraheme cyt subunit of the bacterial reaction 4A and discussion above), respectively. The difference

center fromRhodopseudomonasgridis (Gunner & Honig, between these valueAE,, of 55-70 mV is considerably
1991) and in soluble c-type cytochromes (Churg & Warshel, smaller than that between soluble Pc and P700 of about 120
1986; Dolla et al., 1994). mV. ConvertingAE, to the free energy of the electron

Redox Potential of P700 in the CompleS$imilar to the transfer reactionAG® defines the driving forceAG® =
redox state of Pc the oxidation of P700 may also affect the —FAE, (F, Faraday constant), for the intracomplex electron
binding affinity of Pc. The dissociation constant of oxidized transfer in the range betweetb.3 and—6.7 kJ mott. The
Pc when P700 is oxidize&p"t = 102uM, is higher by a value of the equilibrium constarkeq of the intracomplex
factor of 2.6 as compared to the valueky' when P700 is electron transferKeq = exp(—AG°/RT), is estimated to be
reduced. This indicates an increase of the redox potentialabout 10. It is of note that this conversion implies the
of P700 by about 25 mV when P¢s bound to PSI¢f. eq electrostatic interaction between the cofactors P#0@ P
13). The increase should have been observed in the redoxo be of equal magnitude as that between P700 afid Pc
titration in Figure 4B because Pc was almost completely As a consequence of this lowe, value the rapid
oxidized during the titration of the total amplitude of P700. intracomplex electron transfer with the 44 half-life would
However, the midpoint potential of 475 mV for P700/P700 be limited to about 89% of total P&700" formed by the
is close to that found with PSI without bound Pc (not shown) flash. This fraction is similar to that of the maximal relative
and is consistent with previous reportstiS& Mathis, 1980; amplitude of the fast componeA({1) ranging between 0.83
Rutherford & Heathcote, 198%5f. Golbeck, 1987). Inthis  and 0.92 (Figure 2A) as indicated by the factor of propor-
experiment the total amplitude results from 40% of total PSI tionality f betweerA(1) and the concentration of the complex
without and 60% with cross-linked Pc. The latter fraction [Pc-P700] in the dark (eq 6). Thus, the good agreement
may have contributed only a negligible increase at the suggests that the major limitation of the fast turnover is set
potentials reached with hexacyanoferrate(lll). by the redox potentials and that total PSI does form a

We tentatively attribute this effect of the P700 oxidation functional complex with Pc As compared to the midpoint
state on the binding of P¢o a potential of 25 mV of P700 potentials in solution, the driving force of the electron transfer
in the electrostatic field of bound P.c Assuming the positive  is diminished but with the advantage of a preferential binding
charge of P700and of the oxidized Cu center at a center to of reduced rather than oxidized Pc in favor of an efficient
center distance of 20 (Fromme et al., 1994) and 23 A (M. electron transfer through PSI.

Hippler, F. Drepper, and W. Haehnel, unpublished result; Process of Docking as an Additional Kinetic Step?
Hippler, 1994), an average relative dielectric constant Different from a reaction of small ions in solution, several
29 and 25, respectively, can be estimated from Coulomb’s interactions between proteins may account for deviations
law. A value fore of 19 has been estimated between cyt from an ideal model. (i) The process of docking can involve
Csse iN the tightly bound tetraheme subunit and the primary a local diffusional step in a binding niche. For Pc we
donor ofR. viridis reaction centers spaced at 21 A (Gao et estimate a negligible time of 0,s for a diffusional jump

al.,, 1990). The agreement suggests that the electrostatiacross its own diameter in water. (ii) Substrate inhibition
interaction between Cluand P700 can account for the  may account for a decrease of the second-order rate constant
observed binding properties of 'Pc It seems likely that  [cf., e.g, Margoliash and Bosshard (1983)]. This should be
additional contributions from other fixed charges of Pc as indicated in Figure 2B by a decreasing slope at increasing
those of the negative patch or removal of solvent molecules concentrations of Pc, but is not observed. (iii) There may
have a minor influence on the P70B700 midpoint poten-  be an additional but nonproductive binding or recognition
tial. Therefore, although we have not measured directly the site from which Pc moves to the productive one. This is
effect of P700 oxidation on the binding constants df Bds similar to the proposal by Marcus and Sutin (1985) that
seems to be additional support for our assumption of a reorientation of a protein that is necessary to form a properly
negligible difference between the dissociation constipts oriented pair from the primary encounter complex could
andKp"*. introduce a rate limitation. An additional kinetic step during

Driving Force and Equilibrium of Electron Transfeklow the docking of Pc to PSI has been suggested by Bottin and
can the measured midpoint redox potentials be related to theMathis (1985) analogous to the reaction of soluble @yt
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with reaction centers of purple bacteriad., Overfield et sorokinianathe reduction of 95% of total P700 after a laser
al. (1979, 1980a,b), Moser and Dutton (1988), and Tiede etflash by monophasic kinetics, with a half-life of 11 and 4
al. (1993)]. This conclusion was based on an observation s (Haehnel et al., 1989; Delosme, 1991), respectively,
that in PSI particles isolated with digitonin not more than indicates that alsin vivo total PSI can exist as an uniform
30% of total P700 showed a fast kinetic component at high productive complex with Pc. Table 1 summarizes the values
concentrations of Pc while the remainder was reduced with estimated from our experiments. We present a nearly

a Iimi'ting .half-life of 110us. Itisin c_ontradiction to the complete set of data for two preparations of PSI, one with
data in this paper and those found with intact chloroplasts ~n a/chi b 2 10 of a purified PSI complex with an intact
(Haehnel et al., 1989). A rate-limiting step during the binding site of Pc and another with CaIChl b ~ 4 of PSI

docking of Pc in this “three-state” model has also been used ; . . . . .
e associated with a larger fraction of light-harvesting proteins.
recently by Sigfridsson et al. (1995) to model the P700 Although the rate constants of the release of g (k.

reduction kinetics measured at 830 nm. However, none of ™ e :
these studies has included the electron transfer equilibriumk°ff ) ) agree within the accuracy of our expe.rlments, the
in the kinetic analysis. From our data we conclude that the major d|ﬁerenge between the two PrePara“O”S can be
limiting half-life of the slow kinetic component can be identified as a difference between the binding constaefs (
explained by the simplest kinetic (“two-state”) model if the Kon') By a factor of about 34. This explains also the
actual equilibrium of the electron transfer reaction and the difference between the dissociation constakts=< kofi/kon).
release of the produdte., oxidized Pc, is taken into account. The complex with a high value of Cl/Chl b and the
Thus, we do not observe a kinetic contribution of the docking |owest value of 6-8 uM reported so far fokp' with spinach
process. Although not all alternative possibilities can be pg js well defined for studies of the electron transfer.
excluded_ our resylts from sever.al m_dependent experimentsyg\vever, the preparation with the lower GHChl b ratio
are consistent with the mechanism in Scheme 1. may provide conditions closer to those in intact membranes.
P7%%|ezf§ ?J Oiud|zednglaf(tjocr:y?nmt:_|rr:ut§ t:: Trﬂoocfj The difference in the second-order binding process may be
P70d shouldeghosvsi‘?)r in%rezsinzagoﬁcenﬁatiiis ofnﬁ>c due to a repulsion of Pc d'urir)g the binding process by surface
charges near PSI. It is important to note that at the

limiting half-life of 11 us due to the intracomplex electron . N )
transfgr in contrast toptthat of 560 us found b;) extrapola- membrane (i) the limiting release of 'Pis not affected and

tion for about 10% of total P700(Figure 2A,B). However, (i) the_ value of K;”* is (_:Iose to that of the concentration
even at extreme concentrations of Reen total PSI is  Of PC in thylakoids (Whitmarsh, 1986). Therefore, under

converted to PeP700" by a flash, the small equilibrium oxidizing conditions a considerable fraction of PSI would
constantKeq limits the electron transfer in the complex, Not carry a bound Pc in contrast to reducing conditions. The
leaving some PeP700" in equilibrium with P&-P700. additional free Ptwould be available for reduction at the
Although the dissociation of B®700" with ko't may cyt bf complex. The environment of PSI in the membrane
diminish the amplitude of the fast component, it has no effect could modulate the binding properties of Pc in favor of the
at “infinite” concentrations of Pc The reduction of P700 electron transport through the dyt complex. For a more
can only proceed if PeP700 is removed from the equilib- quantitative discussion the dissociation constants in intact
rium by dissociation of Pc(Scheme 1b). Therefore the membranes and at low lumenal pH values have to be known.
limiting half-life of ca. 60us should indicate the value of  The rate constants at the dyt complex are more difficult

the rate constarko' (i.e., ca. 12x 10° s™!) which is in  to measure than those at PSI, but the knowledge of the rate-

good agreement with the value of 3210°s* fitted to the  |imiting release of oxidized Pc from PSI may help to
amplitude of the fast component after the second of two ynderstand more details of the electron transfer kinetics. In
flashes (Figure 6). addition, the optimized binding and release of reduced and

Our data indicate that the release of oxidized Pc from the yiqized Pc, respectively, at the expense of the driving force

binding site is prerequisite for a subsequelnt turnover of PSL. iy, the hound state may be related to the reorganization energy
Since the electron transfer from soluble’ Be the cross- of the electron transfer and is under investigation.

linked complex is more than 3 orders of magnitude slower
than that to PSI with a free Pc binding site, a functional
involvement of a second binding site is rather unlikely. In
addition, cross-linking to a second site of PSI has not been
found (Hippler et al., 1990). Thus, the release of oxidized
Pc preceding the binding of a free reduced Pc limits the
turnover of PSI at high concentrations of P@his dissocia-
tion seems also to limit the electron transfer from thelfyt
complex to PSI in intact thylakoids (Drepper, 1994). ltis

evident that the release of oxidized Pc, even being about ,
2.5 times faster than that of reduced Rt > kot'*), is The amplitude of the 1Jus component of the P700

important for a fast electron transport. At the same time reduction kinetics indicates approximately the concentration
the binding of reduced Pc is faster by about the same factor©f the complex between reduced Pc and PSI;FFO0]. This
than that of oxidized Pck{,' < ko), both being advanta- ~ concentration as a function of the ambient redox potential
geous for a fast turnover of PSI. The accelerated release ofis not directly related by Nernst's equation to the midpoint
Pc' helps also to diminish the back electron transfer from potential of the couple [P®700]/[P¢-P700]. We have to
P700 to Pt in the complex. consider the dissociation constarts' and Kp" of the
Implications for Electron Transport in Thylakoidsin equilibrium between reduced and oxidized Pc and PSI given
intact spinach chloroplasts and in the green ddpgorella by egs 4 and 8, respectively, as well as Nernst's equation
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for bound Pc ¢f. eq 12b)

l.
[PcP700]_

O(E — EnP9/50mV _ B
[PE-P700]

(A1)

whereB is introduced as a shorthand symbol for the ratio of

Drepper et al.

KDII + [PCyd

E _2P=E_""— 59mV log
T Ko' + [PGo)

(A12)

Thus, the amount of bound reduced Pc as a function of the
ambient redox potential follows a Nernst-type equation
exhibiting an apparent midpoint potential given by eq A12.

oxidized over reduced bound Pc. Total concentrations of WhenKp'" > (or <) Kp', the apparent midpoint potential

Pc and P700 are given by

[PGod ~ [PC'] + [PC] (A2)

[P70Q,] = [P700]+ [Pc'-P700]+ [PC-P700]  (A3)
Note that the only approximation used throughout this
derivation is introduced by eq A2 which is true for [i{c>
[P70Qq{.

The amount of oxidized Pc in the bound state cannot be

observed in the experiments. Therefore the r&is not
known. We write the apparent ratio

[PC"P700},,, — [PC-P700]  [PC-P700},,, ~
[PC-P700] [PC-P700]

(A4)

would be smaller (greater) than the actual redox potential
of the couple [PeP700]/[P¢-P700]. The value of,2P
depends on the concentration of Pc unless the binding site
is saturated,e.,[PGo] > Kp' and> Kp'", when it approaches
En?d.
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