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ABSTRACT: A set of plastocyanin (Pc) mutants, probing the small acidic patch (Glu59, Glu60, and Asp61)
and a nearby residue, GIn88, has been constructed to provide further insight into the electron transfer
process between Pc and photosystem 1. The negatively charged residues were changed into their neutral
counterparts or to a positive lysine. All mutant proteins exhibited electron transfer kinetics qualitatively
similar to those of the wild type protein over a wide range of Pc concentrations. The kinetics were slightly
faster for the GIn88Lys mutant, while they were significantly slower for the Glu59Lys mutant. The data
were analyzed with two different models: one involving a conformational change of thghBtosystem

1 complex that precedes the electron transfer step (assumed to be irreversible) [Bottin, H., and Mathis, P.
(1985) Biochemistry 246453-6460] and another where no conformational change occurs, the electron
transfer step is reversible, and dissociation of products is explicitly taken into account [Drepper, F., Hippler,
M., Nitschke, W., and Haehnel, W. (199B)ochemistry 351282-1295]. Both models can account for

the observed kinetics in the limits of low and high Pc concentrations. To discriminate between the models,
the effects of added magnesium ions on the kinetics were investigated. At a high Pc concentration (0.7
mM), the ionic strength dependence was found to be consistent with the model involving a conformational
change but not with the model where the electron transfer is reversible. One residue in the small acidic
patch, Glu60, seems to be responsible for the major part of the ionic strength dependence of the kinetics.

Electron transfer (ET)reactions play a central role in the One soluble redox protein in the photosynthetic ET chain
metabolism of all living organisms, especially in energy- is plastocyanin (Pc). It functions as an electron carrier
converting processes such as photosynthesis and respiratiorbetween the membrane-bound protein complexes cytochrome
These reactions have received considerable attention from(cyt) bsf and photosystem 1 (PS1), and several of the non-
both theoreticians and experimentalists; in particular, studiesET steps listed above are involved in these reactions. The
of photosynthetic reaction centers have provided much interaction with PS1 is particularly amenable to kinetic
information (, 2). For these systems, the ET can be initiated studies since the reaction can be initiated with a flash to
with a flash and monitored through absorption changes with photooxidize P700 (the reaction center chlorophyll of PS1)
high time resolution. Another advantage with reaction centers and the ET is readily monitored through absorption changes
is that the redox centers are located at fixed positions in anof the latter.
environment known from X-ray crystallographic studies.  Pc is a rather small protein (10.4 kDa), and the redox
However, many biological ET reactions occur between sol- center consists of a copper ion coordinated by amino acid
uble proteins, and the redox centers are not fixed in space.residues in a special geometry, a so-called type 1 copper
In addition to the elementary ET step that occurs in the reac- site. A charge transfer transition involving sulfur prbitals
tive complex, there are now other processes that need to beof the Cys84 ligand and copper d orbitals gives the protein
understood: the diffusive approach of reactants (presumablya strong blue color in the oxidized state. The structures of
guided by electrostatics), specific recognition between Pc isolated from a variety of organisms have been determined
partners, possible rearrangement of the encounter complexoy X-ray crystallography and NMR, and recently, the crystal
to an active conformation, and dissociation of produgjs ( structure of a spinach Pc mutant was determi®dRigure
1). There are three regions that are important for the
T This work was supported by the Swedish Natural Science Researchinteraction with its redox partners, a hydrophobic patch and

Council. two acidic patches. The ET to PS1 is generally believed to
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theoretical results are sufficiently general that they can be
used for other systems of flash-induced ET between soluble
redox partners where conformational changes or reversible
ET might be involved.

In a recent paper, we presented results on the involvement
of the large acidic patch (residues-445) in the reaction
with PS1 (1). Strong effects were observed upon mutation
of residues in positions 43 and 44 but weaker effects for a
double mutant in the small acidic patch (residues-69);
see Figure 1. Other studies have shown1@) ¢r only small
impairment of the ET reaction upon mutation of residues in
the small acidic patchb( 19). To clarify the role of this area,
we have created single mutants where the original acidic
amino acids have been replaced with their neutral counter-
parts or with the positive lysine. Another residue close to
this area, GIn88, has also been replaced by a lysine.
Altogether, seven mutant proteins have been produced, and
their interactions with PS1 have been studied with flash
photolysis over a large range of Pc concentrations (up to
1.0 mM). In addition, the dependence on ionic strength was
studied at a high Pc concentration (0.7 mM) where the
binding site on PS1 is saturated with Pc. Both kinetic models
Ficure 1: Schematic view of the structure of spinach plastocyanin. mentioned above can account for the Pc concentration
The amino acids in the large acidic patch (residues4), small — gependence of the P700 reduction kinetics. However, the

acidic patch (residues 5%1), and position 88 are labeled. Also . . . .
shown as balls and sticks are the copper ligands. The hydrophobicrnOdeI involving a conformational change can better explain

patch is located above the copper ion in this orientation. The picture the ionic strength dependence.
was drawn with MolMol 84) using coordinates from file 1ag8)(
in the Brookhaven Protein Data Bank. MATERIALS AND METHODS

from parsley, barley, and algae. Other negative residues in _Site-Directed Mutagenesis, Expression, and Purification
the vicinity could compensate for this. The high degree of Of PlastocyaninConstruction and production of the mutants
conservation of these patches and the ionic strength depenWere carried out as described by Ejdeloat al. @0). Briefly,
dence of the reaction between Pc andfogt PS1 suggest ~ the mutants were constructed in a two-step PCR according
an important function of these charges in the association of 0 the method of Landt et al2{). The plasmid pUG223t
the reacting proteins and fine-tuning within the formed Which contains the wild type spinach gene, was used as a
complex. The role of the acidic patches has therefore beent€émplate, and the mutations were incorporated with mu-
studied extensively by cross-linking, chemical modification, t@genic primers containing a mismatch. The PCR products
competitive inhibition, and site-directed mutagene&is (  Were cloned into pUC18 and transformed ifiischerichia
13). A recent NMR study shows a close contact between coli DH5a cells. The gene for each mutant protein was
the hydrophobic patch on Pc and the heme region orf cyt Sequenced and found to be correct.
and also that electrostatic interactions between the two The mutant proteins were overexpressed in the periplasm
proteins are important1d). It has been suggested that of E. coliRV308 grown at 37C and 150 rpm for 16 h. As
electrostatic forces also take part in the interaction of Pc with an expression medium, LB broth containing 100 mg/L
the PsaF subunit of PS1 from higher plants, algae, and someampicillin, 100uM CuSQ,, and 0.5 mM IPTG was used. Pc
cyanobacteria4, 5). This interaction probably first evolved =~ was extracted from the periplasm by osmotic lysis of the
for the reaction between PS1 and cyt but later also for outer membrane followed by removal of some contaminating
the reaction with Pci(). proteins by precipitation at pH 5.0. The protein was separated
The kinetic mechanism for the Pc to PS1 electron transfer from other proteins by chromatography in an anion exchange
reaction differs among organisms. In the cyanobacterium step (Whatman DE32), in a size exclusion step (Sephacryl
Anabaenasp. PCC 7119, no fast phase was detected in the S-100HR), and on a Resource Q anion exchange FPLC
P700 reduction kinetics and a simple collisional mechanism column. To reduce the risk of loosening copper, all buffers
was proposedl). For Pc and PS1 from green algae and except for the last dialysis buffer contained 100 CuSQ,.
higher plants, the reaction is more complicated as evidenced Spectroscopic and Biochemical Characterizatiohll
by the multiphasic kinetics. It has been suggested that acharacterization experiments were performed as described
conformational change of the PES1 complex precedes the previously 6, 11). The g of the mutant proteins was
ET (16, 17). An alternative model involves a reversible ET determined on a PhastGel Dry IEF rehydrated in Ampholine
step in the reaction mechanish8f. Herein, we will refer 3.5-5.0. Optical spectra were recorded between 240 and 900
to these models as the CC and RE models, respectively, ancdaim on a Cary 4 UV/Vis spectrophotometer at room tem-
one aim of the present work is to identify the model which perature. X-Band EPR spectra were recorded at 77 K with
best describes the interaction. It will be shown that both a Bruker ER 200D-SRC spectrometer. The reduction poten-
models give rise to a similar set of differential equations tials were determined at pH 6, 7.5, and 9 by monitoring the
but with different rate constants and initial conditions. The absorbance at 597 nm as the ratio of potassium ferricyanide
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Ficure 2: General kinetic model for the flash-induced electron transfer between a donor (D) and an acceptor (A). The complexation state
of the reduced (red) and oxidized (ox) proteins is indicated with a subscript where the free proteins are denoted with an f and proteins
bound in inactive (distant) or active (close) conformations are denotédandtor c,respectively. The vertical arrows indicate the flash at

time zero.

to ferrocyanide was varied. An average value from three
independent measurements was determined.
Kinetic Measurement&.he kinetics of the ET from Pc to

where K% is the dissociation constant for the inactive
conformation(s) andK[fcd is an equilibrium constant for the

conformational change. The superscript red signifies that A

PS1 were studied by monitoring the flash-induced absorption js reduced.
changes at 830 nm due to oxidized P700. Excitation of PS1 A flash at time zero oxidizes A (a suitable oxidant is
was obtained by a short flash from a Nd:YAG laser (Spectra presumed to accept the e|ectron), and the equi”brium

Physics GCR 190-10, wavelength of 532 nm, pulse duration constants may now be different from those before the flash:

of 8 ns, pulse energy of 5 mJ/énThe photooxidation and
reduction of P700 were monitored with a continuous-wave
diode laser (Melles Griot 06DLD203A 1 mm x 10 mm

x 45 mm (thickness< width x height) cuvette was placed
with the flat surface at 90to the excitation beam and at

45° to the measuring beam. In the studies of the ionic strength

dependencea 2 mmx 10 mmx 45 mm cuvette was used.

All experiments were carried out at room temperature. PS1

with a chlorophylla/b ratio of 6.6 was prepared in the dark
using fresh, dark-adapted, hydroponically grown spinach
according to the method of ref2. The standard reaction
mixture contained, unless otherwise noted, Pc in 20 mM Tris
buffer (pH 7.5), PS1 to a final chlorophyll concentration of
1 mg/mL, 2 mM sodium ascorbate, 0.1 mM methyl viologen,
and 7 mM MgC}. This corresponds to an ionic strength of
40 mM, taking into account the contributions from the Tris
buffer, the sodium ascorbate, and the MgQdlhe sodium

ascorbate was added to keep Pc reduced between the flashe

For a similar reason, methyl viologen was added to oxidize
the R and R iron—sulfur centers in PS1. The absorption

changes were monitored with a home-built detector consist-

ing of an UDT PIN-10D silicon photodiode and different
preamplifiers (bandwidth, 8 Hz to 14 or 30 MHz). For each

Pc concentration, two sets of 16 traces with a spacing of 20
s were collected on two different time scales, averaged, and

stored in digitized form using a Nicolet 490 oscilloscope. A
sum of three decaying exponentials was fitted to the
transients using the Levenberlylarquardt algorithm in the
Igor program (WaveMetrics Inc.).

Theory. A very general model for flash-induced ET
between a diffusable donor D (Pc) and a photooxidizable

acceptor A (P700) can be formulated as shown in Figure 2.

Both D and A are reduced before the flash, and an
equilibrium is set up between free molecules (subscript f)
and complexes, which possibly can exist in different
conformations, inactive (“distant”, subscript d) and active
(“close”, subscript ¢). The overall effective dissociation
constant is given by

red

(K redyeff _ diss

@ 4K

E =q red
kc dc

red
diss

%:rK

wherekqs, kg, andk. are first-order rate constants akg is

a second-order rate constant. The effective dissociation
constant when A is oxidized is given by the equatioRe®

= Kgisd(1 + Kqo). In the general case, the ET is reversible
(rate constantk andk_¢) and the dissociation constant after
the ET K= ki#/ki,) is different from before the ET. The
oxidized donor is subsequently restored to its reduced state
by a suitable reductant.

Two of the commonly used models for the H@S1
reaction can be viewed as special cases of the general model.
In the model involving a conformational change (here
denoted the CC model) introduced by Bottin and Math@),(
the ET is irreversible et = 0) and the dissociation of
Sroducts need not be considered. A similar model has earlier
been suggested for the oxidation of solublechy reaction
centers in purple bacteri2d); see, however, re?4. The
CC model can account for the presence of two kinetic phases
in the P700 reduction kinetics, even at saturating Pc
concentrations, and the fact that the slow phase has a limiting
rate constant of 1820 x 10° s (6). Recently, Drepper et
al. (18) suggested an alternative model (here denoted the
RE model) in which the conformational change is omitted
(binding of Pc occurs directly to the active conformation),
the ET is allowed to be reversible, and the dissociation of
products is explicitly taken into account.

The CC and RE models can both be depicted with the
reaction shown in Scheme 1. The &ates and the rate

Kdiss = ch =

Scheme 1

Cs

constantsk; have different meanings in the two models as
summarized in Table 1. The rate constant for binding of oxi-
dized donor K3 = k. [D;**]) has been set equal to zero in
the RE model. This is because{f) is low (less than or
equal to the PS1 concentration) and also because oxidized
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Table 1: Definitions of Quantities Used in the Two Models for the the initial (_:_On_ditions' The latter conditior_ws are_ determined
Reaction between Plastocyanin (D) and P700 (A) in Photosystem 1 by the equilibrium set up before the flash, i.e., with A reduced

quantity RE model CC model (Table 1). .

We have calculated the rate constants and amplitudes of
c(t) A Ay [A]/ At . : i
() (AT Act (A Ac the three exponentials iIgt) as a function of donor
ca(t) [A e/ Ay (A At concentration with the help of matrix diagonalization routines
Ca(t) (A At [AceY/ Aot in MatLab (Math Works); see Figure 3 for an example. From
E(t) %JFDC}%] E{l)JFDCgeOT Cs simulations with a large range of plausible parameters, the
o, kof”f[ ! kof”f[ ! following qualitative behavior is observed for both the CC
Kos Ket Kq and RE models. At very low donor concentrations, there are
kaz K-et ke only two exponentialsg =~ 0). ks is approximately constant,
kaa téff/ o tet . while a; and ks increase linearly with concentration. At
gz 2 (Ezlz rka2) rliﬁql%é/;/tnb intermediate concentrations of the donor (around AR,
Cao 0 1Ky kot all three amplitudes are non-zero, and thus, the observed
Ca0 0 0 signal is expected to consist of three exponentials. Finally,

aThe RE model incorporates a reversible electron transfer step, and@t high dpnor concentrations, there are again only two
the CC model involves a conformational change between inactive and exponentials &, ~ 0), and both the rate constants and the
active conformations of the P®S1 complex. The time-dependent amplitudes of these are independent of the concentration

normalized concentrations of the different<fates are denoted lay « ian” e eimi
: ; ; ) saturation”). The value ok; is similar toky at very low
(i=1, 2, 3, or 4).Aq is the total PS1 concentration, asdis the ((:ionor conce)ntrations ki Kot y

observed signal. The mechanistic rate constant for conversion from

state Gto G is designated wittk;, and the initial concentrations are The fact that the signal consists of only two exponentials
given bycio = c(t = 0). See the legend of Figure 2 for the definitions in the limits of low and high donor concentrations suggests
of the other symbols: 7 = rkizksz + Keiqkez + rkizkes that the systems behavior can be approximated by simplified

models. In the limit of low donor concentrations (when
Pc only binds weakly to PS11§). Replacing the Cu ionin  almost no donor is bound), we have done this by settiag
Pc with Cd* (25) or Zr#* (K. Olesen, unpublished results)  (k_;andk; in the RE and CC models, respectively) equal to
to mimic the C@* form also results in weak binding (if any).  zero. In the other limit, we have neglected thestate, i.e.,
The observed absorption sigr&t) (due to oxidized P700,  assuming that the binding site on PS1 is saturated with Pc.
AOX) and the initial conditions are different in the two models The resumng set of differential equations in each limit

(Table 1), but their time evolution is governed by the same consists of only two coupled equations. Thus, standard

set of differential equations: methods can be used to derive analytical expressions for the
_ 0y = amplitudes and rate constants of the two exponentials in the
) =K-c(t), c(0)=¢ observed signal. The resulting equations are summarized in

Table 2. Using these relations, it is possible to determine
the mechanistic parameters from the observed parameters.
As an example, expressions fieg are given in the last row

wherec(t) is a column vector of normalized concentrations
ci(t) (i =1, 2, or 3) anK is the matrix

—ky, Ky 0 of Table 2 (the expression for the CC model has been derived
under the assumption that= 1). Specifically, the observed
K=| ki —Kyp —kog Kap parameters at high donor concentratiokisks, anday) can
0 Kos —Kgp —Kgy be used to calculate the equilibrium constants for the con-

formational change in the CC modé{ = ky/k:;) and for
It is assumed that D is in sufficient excess over A so that the ET step in the RE modeK{ = ke/k—ey). It turns out that
the variation ofky> = ko[D®9 over time can be neglected. the mathematical expressions are the same;Kg.+= Ket
K will then be independent of time, and a solution of the  In previous work, we have used approximate expressions

differential equations can be written to calculateky, k., and ket from ki, ks, and as (denotedks,
Komax @ndRmax respectively, in the earlier workL{). The
c(t) = T-D(t)-Tflc0 approximate expressions resulkiyvalues that are 1.5 times
larger than those calculated with the more correct relations
whereD is a diagonal matrix with elements = exp(—kit) derived in the work presented here.
(i=1, 2, or 3and-k; are eigenvalues df) andT contains
the corresponding eigenvectors. Each componec(tpill RESULTS

consist of a sum of three exponentials, and the same is tru

for the observed signal: eExpressmn Yields

The expression yields of the mutants in the small acidic
St) =a,e '+ aet +ae patch were similar to that of the wild type or slightly lower.
A more drastic effect had the mutation Glu88Lys, which
The observed rate constants (subscripts vf, f, and s indicatereduced the expression level 4-fold.

very fast, fast, and slow components, respectively) depend
only on the mechanistic rate constants through the eigen-
values ofK but will vary with the donor concentration (due The isoelectric points of all mutants were higher than the
to the variation ink;;). On the other hand, the observed wild type value (Table 3). This is expected since all mutations
relative amplitudesays, &, andas) depend on bothK and reduced the total negative charge of the proteins. A larger

Spectroscopic and Biochemical Characterization
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Ficure 3: Kinetics of P700 reduction by the Asp61Lys plastocyanin mutant simulated assuming a model where the electron transfer is
reversible (RE model). The rate constants (left) and relative amplitudes (right) of the three phasesy(fast;--, fast; and - - -, slow)

in the decay of the normalized concentration of P700 were calculated as a function of plastocyanin concentration (a value of 100 on the
abscissa corresponds to 1 mM) with matrix diagonalization methods (see the text for details). The mechanistic parameters were taken from
Table 5 for the Asp61Lys mutant. The experimental values (* &h@re those obtained for this mutant.

Table 2: Expressions for the Observed Rate Constén)tar{d Relative Amplitudesa() in the Limits of Low and High Donor Concentrations
As Derived from the Two Models for the Reaction between Plastocyanin and P700

quantity RE model CC model
Low Donor Concentratiords
Kyt Koft 1 Ket Ket
ks Kott Kot + Ka
Ks ketkon[ D"/ (Kotr + Ker) kakon[ D"/ (Kott + ko)
a [Ked (Kot + ke ]{ [DFed)/([D e + K29} KaKon[D1"ed/[(Ket — Kot — Ka)Ked
Y 0 0
High Donor Concentrations
k\,f 29 [o9]
ke + ks Ket + Koet 1 Koyt Ko 4 Ka + ket
kiks Ket Kot Kaket
avt 0 0
a (ket — ko)l (ks — ks) [1/(k — ko)l[keks/ (ke + ka) — ki
ket af(kf - ks) + ks (kf + ks) - {kka[af(kf - ks) + ks]}

2 The expressions for the CC model at low donor concentrations were derived under the assumption dhatl andc,o = 1.

Table 3: Isoelectric Points (p Reduction PotentialE(), and Observed Kinetic Parameters Describing the Electron Transfer to Photosystem 1
at pH 7.5 for Wild Type and Mutant Plastocyahin

plastocyanin b E°pn75(MV) ki (x103s™) Ksmax(x 10° s7%) Cus (uM) Afmax Car (uM)
wild type 3.82 384 80 12 43 0.67 26
GIn88Lys 4.03 379 87 14 42 0.79 26
Glu59GIn 3.90 388 71 10 29 0.67 40
Glus59Lys 4.08 394 67 10 53 0.56 38
Glu60GIn 3.90 384 77 6 13 0.59 4.7
Glu60Lys 4.15 388 69 4.8 6.4 0.73 3.5
Asp61Asn 3.95 390 80 11 38 0.70 26
Asp61Lys 4.09 393 73 5.7 8.8 0.77 8.3
Glu59Lys/Glu60GIlA 4.08 401 67 9.1 66 0.60 20

aThe kinetic parameters were obtained from flash-induced absorbance changes of P700 as described ifi Eraadit. this mutant were
taken from refll

increase in the isoelectric point was observed for the lysine dependence in the investigated interval from pH 6.0 to 9.0,
mutants of the small acidic patch, which can be explained and the values at pH 7.5 are listed in Table 3.

by the reduction of the negative charge by 2 units. The .

integrity of the copper site was unchanged by the mutations Kinetic Measurements

as indicated by their wild type-like U¥vis and EPR spectra The reactivity of the mutants toward PS1 was investigated
(26). The reduction potential exhibited no significant pH with time-resolved absorption measurements at 830 nm. The
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Ficure 4: Absorption transients at 830 nm of photooxidized P700
in the presence of reduced wild type plastocyanin (B) or the mutants
Glu59Lys (A) or GIn88Lys (C) at pH 7.5. Each sample contained
photosystem 1 particles (chlorophyll concentration of 1 mg/mL)
and 50uM plastocyanin in a 20 mM Tris buffer supplemented with
0.1 mM methyl viologen, 2 mM sodium ascorbate, and MgCl
which was added to give a final total ionic strength of 40 mM in
a cuvette wih a 1 mmthickness. Each trace is the average of 16
flash-induced transients recorded with a spacing of 20 s. For clarity,
only a fraction of the total recorded time scale is shown.

absorption coefficients of P700and P& are 5500 and 1000
M~1 cm™?, respectively, while the reduced forms do not
absorb at this wavelengtii 7, and references therein). As
exemplified in Figure 4, flash illumination of a mixture of
Pced and PS1 results in a rapid absorption increase, due to
photooxidation of P70€, which is followed by a decay that
reflects the ET from P&, When all P708 has been reduced,
there remains an absorption from°Pthat amounts to 18%
(=1000/5500) of the initial amplitude, and subsequently, this
absorption decays due to the reduction oy ascorbate
on a time scale of second8)(

The reduction kinetics of P700are biphasic for all the
mutants and for wild type Pc at the concentrations used to
produce the data depicted in Figure 4, although there are
differences in the details. The Glu59Lys mutant (Figure 4A)
exhibits significantly slower kinetics than the wild type
(Figure 4B), with less contribution from the fast phase and
with a smaller rate constant for the slow phase. The
GIn88Lys mutant is faster than the wild type in that the rate
constants of both phases are higher (Figure 4C).

Effect of Pc Concentration on the KineticBhe kinetics
were examined at different Pc concentrations, up to 1.0 mM,
and the absorption transients have been subjected to a curv
fitting analysis. The rate constant of the fast phdgsewas
found to be independent of Pc concentration (Figure 5A),
and the values obtained for the different mutants are
summarized in Table 3. The rate constant of the slow phase,
ks (Figure 5B), as well as the fraction of the fast phase in
the reduction kinetics of P709 & (Figure 5C), display a
saturation at high Pc concentrations. The limiting values,
denotedksmax @ndamax, Were obtained by fitting the data to
rectangular hyperbolae (lines in panels B and C of Figure
5), and these values are listed in Table 3 together with the
Pc concentration€ys andCy at which half of the saturating
values are obtained. As a comparison, we have also listed
the parameters previously observed for the double mutant
Glu59Lys/Glu60GIn 11).

Olesen et al.
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Ficure 5: Effect of plastocyanin concentration on the reduction
kinetics of photooxidized P700 by the plastocyanin mutants
Glu59Lys @), Asp61Lys @), and GIn88Lys 4). The experimental
conditions were as described in the legend of Figure 4. The panels
show the rate constants of the fagt{ @) and slow phasesk{ B)

and the fraction of the fast phas®,(C) as obtained from a curve-
fitting analysis of absorption transients at 830 nm as described in
the text. The curves in panels B and C are hyperbolic functions
(parameters are given in Table 3) that best fitikhandas points,
respectively. The solid lines represent averages of a large set of

€data for wiid type plastocyanin.

The observed parameters are interpreted differently in the
two mechanistic models as described in the Theory section
in Materials and Methods. For the CC model, k., andket
were calculated from the observed parameters in the limit
of high Pc concentration®( ksmax andamay) given in Table
3 using the relations in Table 2. The results are listed in
Table 4. The calculatekl was then used together with the
observed rate constant of the fast phase at low Pc concentra-
tions and the slopek(= ksmal/Cs and a; = ama/Cas) to
calculatek,, and ky. The equilibrium constantkgiss Kge,
andKgsEM were calculated as described in the Theory section
in Materials and Methods.
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Table 4: Calculated Mechanistic Parameters for Wild Type Plastocyanin and Mutants Describing the Electron Transfer to Photosystem 1
Assuming a Model That Involves a Conformational Change

plastocyanin kon(x1P M5 kot (x10°s)  Kaiss(uM)  ka(x10Ps™h)  k(x10°sh) Ko Kais (uM) ket (x10°s7h)

wild type 1.5 57 37 13 4.1 3.2 8.7 75
GIn88Lys 1.8 63 35 15 2.6 5.7 5.2 84
GIu59GIn 1.8 45 25 11 3.4 3.1 6.0 67
Glus9Lys 1.0 46 47 10 4.9 2.2 15 61
GIu60GIn 5.2 67 13 6.4 3.4 1.9 4.4 73
Glu60Lys 10 60 6.0 4.9 1.5 3.2 1.4 67
Asp61Asn 1.7 59 34 12 3.4 35 75 76
Asp61Lys 7.4 61 8.2 5.8 1.4 4.2 1.6 71
GIu59Lys/Glu60GIn 0.9 52 60 9.8 41 2.4 18 62

aThe parameters were calculated from the data in Table 3 as described in the text.

Table 5: Calculated Mechanistic Parameters for Wild Type Plastocyanin and Mutants Describing the Electron Transfer to Photosystem 1
Assuming a Model That Involves a Reversible Electron Trafsfer

plastocyanin  kon (x10° M~1572) Ko (x 108 SY) Kgiss (M) KEL (M) Ket(x10P 578 Koer(x 1085 AES(MV) K (x 108 s Ky (MM)

wild type 0.40 23 56 28 57 18 30 17 1.1
GIn88Lys 0.41 16 38 27 72 12 45 17 0.54
Glu59GIn 0.48 20 42 43 51 16 29 14 0.56
Glu59Lys 0.29 25 87 43 42 19 20 15 2.1
Glu60GIn 0.73 29 40 5.0 48 25 16 10 111
Glu60Lys 1.0 17 17 3.6 51 16 30 6.4 0.33
Asp61Asn 0.39 21 53 28 59 17 32 15 0.72
Asp6lLys 0.82 15 19 8.5 58 14 37 7.2 0.19
Glu59Lys/Glu60GlA 0.21 23 109 22 44 18 22 14 15

aThe parameters were calculated from the data in Table 3 as described in the text.

The mechanistic parameters derived assuming the RE For most of the Pc mutants at a concentration of 0.7 mM,
model are given in Table %, k-, andky; were calculated  there are only small variations in the rate constant of the
from the observed parameters in the limit of high Pc con- fast phasek;, around the values determined at 7 mM MgCl
centrations given in Table 3 using the relations for the RE and reported in Table 3 (see Figure 6A). However, for wild
model in Table 2. The calculatdg: was then used together type Pc (Figure 6A®) as well as for the mutants Glu6OLys
with the observed rate constant of the fast phase at low Pc(Figure 6A, 0) and Asp61Asn (not shown), there is a

concentration and the slopdé$ and & defined above to  significant increase if with about 20% in the investigated

calculatekon, ko, andr (=KgisdKi oy WhereKgss and K ionic strength interval. For the GIn88Lys mutant, there is a

are the dissociation constants before ET with P700 oxidized slight drop ink: at both low and high ionic strengths (Figure
and reduced, respectively) (see the Theory section in Mate-6A, A).

rials and Methods). The ET driving force within the complex 1.4 i : f the dat ints in Fi BA i t
(the difference in reduction potentials between P700 and Pc € dispersion ol fhe gata points In Figure IS No

. - uniform over the investigated range of ionic strength. The
\lév)hﬁ\rzkf Jiise‘)b(?rl:]r:g itsorZIi 3[2 dviistﬁglglijf:‘?riixgbetv(vzgn spread be_co_mes larger at high .ionic strengths (see_ Figure
the reduction potentials of free P700 [490 nmi®7)] and Pc 64, @). Th|§ 'S peqause the fraction .Of the fast ph"ﬁb_'s
(Table 3) through the following thermodynamic relation: smaller at high lonic strength_s (see Figure 6C), and this Ie_ads
to a larger uncertainty in the fitted value of the corresponding
RT Kl rate constantkf). For a similar reason, the rate constant of
—In = AE— AE] the slow phasekf) exhibits a larger dispersion at low ionic
F o Kaiss strengths (Figure 6B) where its relative amplitude is small
where Kgiss and Ki;;,c are the dissociation constants for the (& is large; see Figure 6C).
Pc—PS1 complex before and after the ET, respectively. The Overall, the rate constant of the slow phakg.and the
resultingKl,,. values are listed in Table 5. amph?udg ratio,a, both dec.rease monotonically with in-
Effect of lonic Strength on the KineticEhe effect of ionic creasing ionic strength for wild type Pc and the mutants that
strength on P700 reduction was investigated at pH 7.5 by Were studied (panels B and C of Figure 6, respectively). The
gradually adding MgGl (from 0 to 90 mM). The studies  Asp61Lys mutant is an exception in tHatdecreases when
were performed at a high Pc concentration (0.7 mM) with going to very low ionic strengths (Figure 6®,). A striking
the purpose of trying to discriminate between the CC and feature displayed by the Glu6OLys (Figure B) and
RE models since they predict different kinetic behaviors Glu60GIn (not shown) mutants is the fact that the ionic
when the binding site on PS1 is saturated with Pc (see thestrength dependence is very weak. Biitanda; decrease
Discussion). A similar behavior is expected for the two very little with increasing ionic strength. A general feature
models at low Pc concentrations. However, we had problemsof most mutants is also that the decreasl is not uniform.
at low concentrations (around %M) for several of the Pc  After an initial decrease, a plateau is reached around 50 mM,

mutants in that they seemed to be unable to transfer electronsand thenks drops more rapidly as the ionic strength is
to PS1 at an ionic strength above 100 mM. increased (Figure 6B).
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Mutations in the large acidic patch have been shown to

influence the ET reaction to a larger extent than mutations

in the small acidic patchb( 10, 11, 19). However, mutations

in the small acidic patch have larger effects on the reduction

potential because of the shorter distance to the copper site,
and this could have effects on the driving force for ET.

In this work, we have studied the effect of single mutations
in the small acidic patch of Pc on the reactivity with PS1.
Single mutations generally result in small structural changes
within the closest vicinity, and they are expected to have
only small effects on packing and thereby on protein stability.
A distortion in the packing upon mutation is often accom-
modated by a small structural reorganization of the overall
structure. To reduce any size effects of the mutations on the
Pc structure as well as on the interaction with PS1, the
aspartate in position 61 was replaced with an asparagine and
the glutamates at positions 59 and 60 were replaced with
glutamines. No changes in their spectral parameters were
observed, nor was there any effect upon substituting these

T
00 01 O
. 2
Square root of ionic strength (MU )

Ficure 6: Effect of ionic strength on the reduction kinetics of

residues with a lysine. This is expected since these residues
are surface-exposed and quite far from the copper site. The
photooxidized P700 by wild type plastocyan®)(and the mutants glutamine res'que at pOS.|t|0n 8,8 IS more_ buried and_ closer
Glu60Lys (0), Asp61Lys @), and GIn88Lys £). The experimental 10 the copper site (the neighboring His87 is a copper ligand).
conditions were as described in the legend of Figure 4 except thatA lysine in this position might therefore influence both the
the plastocyanin concentration was 0.7 mM, the cuvette thicknessstability of the protein and the geometry of the copper site.
was 2 mm, and the ionic strength was varied by addition of small gjnce copper is known to stabilize the folded structure of
aliquots of a concentrated MgCsolution. The panels show the . .
rate constants of the faski( A) and slow phases B) and the ~ LYP€ 1 copper proteins2g, 29), a distorted geometry may
fraction of the fast phaseaf C). Panel D shows the natural result in a less stable protein, lower expression levels, and
logarithm of the equilibrium constait calculated from the data  altered spectral characteristics. However, no change either
in panels A-C. K corresponds tdq. andKe in the CC and RE i the reduction potential or in the spectral parameters was
models, respectively. The curves were obtained by fitting the data observed for this mutation. The wild type-like characteristics
of the mutant proteins suggest a structure similar to that of

to a parallel-plate model. See the text for details.

the wild type and suggest that the same kinetic mechanism
it is possible to calculate the equilibrium constaldtg and can be used in the evalugnon of the klngtlc data.
Ket in the CC and RE models, respectively. The numerical Eff_ect of Pc Concentration on the KineticEhe observed
values are the same, and the result has been plotted in Figur§In€tic parameters presented in Table 3 show that the fast
6D as InK) versus ionic strength. With the exception of the Phase is largely unaffected by the mutations. The maximum
mutants in position 60, all Pc proteins display a similar V&lue of the rate constant of the slow phasgd) is reduced
behavior: After an initial plateau at low ionic strengths, In- 2Y @oout 50% by the Glu60GIn, Glu60Lys, and Asp61Lys
(K) decreases with a similar slope and eventually levels off mutations, and this implies that the equilibrium for the ET
at high ionic strengths. The slope is significantly lower for StéP (RE model) or the conformational change (CC model)
the GIu6OLys (Figure 6DI) and Glu60GIn mutants (not has been affected. The half-saturating values of the slow

Square root of ionic strength (Mm)

Using the observed parameters reported in Figure GA

shown) phase Cis) and the fraction of fast phas€4) are reached
' already at low Pc concentrations. The opposite is observed
DISCUSSION for the Glu59Lys mutant, which exhibits higher half-

saturating concentrations than the wild type. These effects

An alignment of 24 plant, six algal, and seven cyanobac- reflect changes in the binding to PS1.
terial Pc sequences shows that residues4®in the large One purpose of the work presented here is to compare
acidic patch are identical in plants and algae. The small acidictwo theoretical models for the interaction between Pc and
patch exhibits a lower degree of conservation. Glu59 is PS1, the CC and RE models. In the following, it will be
replaced with a glutamine in four plant sequences. The shown that both models can be used to explain the Pc
residue in position 60 does not carry a negative charge inconcentration dependence of the kinetics for the different
four plant sequences, and it is deleted in algae. The highestP¢c mutants.
conserved residue in the small acidic patch is the aspartate The observed parameters can be interpreted assuming the
(or glutamate) in position 61, where a negative charge is CC model. The binding to PS1 is stronger for the Glu60GIn,
found in all eukaryotic sequences but one. In the cyanobac-Glu60Lys, and Asp61Lys mutants than for the wild type Pc
terial Pc sequences, residues—%H are often histidine,  as evidenced by their smaller dissociation constants given
lysine, and glutamine, respectively, but the degree of in Table 4. An effective dissociation constant that takes into
conservation is lower. account binding of Pc in both the inactive and active

Site-directed mutagenesis studies in this and earlier work conformations can be calculated, and the conclusion is
have shown that the association between Pc and PS1 isimilar. The largest contribution to the lower effective
governed by both electrostatic and hydrophobic interactions. dissociation constant comes frak, since thekos and Kgc
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values of these mutants are similar to those of the wild type. complementarity between the two protein surfaces could
It should be noted, however, that the individual values for explain why Cd-Pc binds at least 24 times weaker to PS1
kot andk,, calculated in the CC model are less reliable than than Ag—Pc. It should be noted that the CC model does not
their ratio, i.e.,Kgiss This was learned from simulations of exclude the possibility that Ptand P¢® can bind with

the type described in Figure 3, which showed only small different strengths to PS1. However, inclusion of this
variations in the observable kinetics whiepy andk. were possibility in the model leads to more mechanistic parameters
changed by similar amounts. The Glu59Lys mutant reveals than can be assigned from the observable parameters in our
an increased dissociation constant, and its ET rate was thekinetic studies.

one most affected despite the wild type-like reduction 1o conclude, both models can provide reasonable explana-
potential. tions for the observed kinetics, and it is not possible to

The rearrangement between the inactive and active con-discriminate between the models. However, in this work, we
formations was hindered in both directions in the Glu60GIn, have emphasized the kinetic data obtained in the limits of
Glu6OLys, and Asp6lLys mutants but to similar extents, low and high Pc concentrations. At intermediate concentra-
resulting in aKg: similar to the wild type value. The tions (around 10@&M), we predict that the P700 reduction
rearrangement to the active conformation was promoted bykinetics are triphasic (see the Theory section in Materials
the GIn88Lys mutation, and an ET rate constant higher thanand Methods and Figure 3) and that the two models should
that for the wild type Pc was observed. This residue has behave differently. Preliminary analysis of data for wild type
previously been replaced with a glutamate and an asparagind>c acquired at an improved signal-to-noise ratio indeed
with preserved wild type-like kinetic( 30). This residue indicates the presence of a third phase with a rate constant
is a glutamine in most eukaryotic Pc sequences; however,intermediate between the two reported here (K. Olesen and
an alanine is sometimes found here. In the seven alignedO. Hansson, unpublished results).

cyanobacterial sequences, the residue in this position is |rregpective of which model is used for the data interpreta-
always an arginine. A positive charge in this position may o some general conclusions can be drawn about the effect
favor an active conformation in which the ET rate constant f the mutations. Evidently, changing the negative charge
is higher. at position 60 or 61 to a positive results in a stronger binding
The data can also be interpreted on the basis of the REbetween P& and PS1. One may therefore ask why these
model. At low Pc concentrations, the behavior of both models negative charges are conserved to such a high degree among
reflects the binding process and thus similar conclusions areeukaryotic sequences (see above). However, an excessively
drawn. Note, however, that the dissociation constants cal- strong binding of P€¢may not be an evolutionary advantage
culated with the RE model (Table 5) are generally larger since then P¥ also may bind strongly which will limit the
than the effective dissociation constant calculated with the overall turnover of the ET chain. There is also a possibility
CC model (Table 4). Three mutants, the same as in the CCthat the negative charges are necessary for a favorable
model, exhibited an increased level of binding to reduced interaction with cytf. The high degree of conservation of
PS1 as indicated by their low dissociation constants (18% GIn88 may also indicate that this residue is important for
of the wild type value). The Glu59Lys mutant exhibited an the latter interaction despite our finding that a lysine in this
increased dissociation constant. The equilibrium constant for position results in a faster ET to PS1.
the ET (related to the driving force in the compleX=) Effect of lonic Strength on the Kineti®®oth the RE and
corresponds tqc in the CC model. In the RE model, this  cc models can be used to interpret the influence of Pc
equilibrium is dependent on the dissociation constant after ¢,ncentration on the P780reduction kinetics, at least in
ET. Kiss The latter was most reduced in the GluBOLys and he jimits of low and high Pc concentrations. To discriminate
Asp6lLys mutants, which have a stronger binding to PS1 peqyeen the two models, we decided to investigate how well
even after the electron has been transferred. The fastefney can account for the ionic strength dependence of the
kinetics observed for the GIn88Lys mutant are consistent yinetics. Both models predict a similar behavior at low Pc
with its higher driving force for ET within the complex. concentrations since the kinetics are mainly determined by
One important consequence of using the RE model in the the binding of Pc to PS1. However, at high Pc concentrations,
data interpretation is that the dissociation constant after ET the presence of two kinetic phases is mainly due to the
seems to be much larger than before ET. This applies to all equilibrium between the £and G states (see the Theory
Pc mutants studied here as well as to wild type Pc. For the section in Materials and Methods). In the CC model, this

wild type protein, P& binds 38 times weaker than Ptto step corresponds to a conformational change in theFd

PS1 with P700 in the reduced state (&f;. and Ko, in complex, while in the RE model, it represents a reversible
Table 5). As a comparison, Drepper et al. fduem 6 times ET. As outlined below, these processes are expected to be
larger dissociation constant for ¢han for Péed(18). This affected differently by changes in ionic strength. The

change was suggested to be due to a diminished electrostatiequilibrium constant for this process)(has been calculated
attraction between Pc and PS1 since the net negative chargérom the observed kinetic parameters and found to decrease
of Pc decreases by 1 upon oxidation. Another possibility is as the ionic strength is increased (see Figure 6D). In this
that the structure of the metal site and the protein surfacecontext, it is worth pointing out that the ionic strength
around His87 changes upon oxidation as suggested in adependence of equilibrium constants is generally more
recent study with perturbed angular correlation spectroscopyamenable to a theoretical analysis than that of individual
(25. The metal site structure was found to be slightly mechanistic rate constants suctkgandk.s. The theoretical
different in the Ag and Cd" derivatives of Pc (which mimic ~ expressions for these are much more complicated than those
the Cu and C@d' forms, respectively), and a loss of for equilibrium constants3({).
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In the RE modelK corresponds td&e; which is thermo-

Olesen et al.

such mutants as well as kinetic studies with an improved

dynamically related to the dissociation constants for the Pc  signal-to-noise ratio at intermediate Pc concentrations.

PS1 complex beforeKiis9 and after Ky, the ET:

where AE? is the difference between the reduction poten-
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