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Abstract

Tyrosine-83 in spinach plastocyanin (Pc) has been modified by site-directed mutagenesis to a histidine. An NMR titration yields a pK
value of 8.44 for this residue. The high value is probably due to the acidic residues close to this site. The reduction potential is increased
by 35 mV at pH 7.5, but only slightly, if at all, at pH 8.9. EPR and optical absorption bands associated with the copper site are not
affected by the mutation, either at pH 7.5 or at pH 8.9. The electron transfer (ET) to Photosystem I (PS 1), as studied by a flash-photolysis
technique, is pH dependent for the mutant, being slower than the wild type at pH 7.5 but more similar to it at pH 8.9. The data have been
interpreted with a model that includes a rate-limiting conformational change in the Pc-PS I complex which precedes the intracomplex ET
(Bottin, H. and Mathis, P. (1985) Biochemistry 24, 6453—6460). The slower kinetics at the lower pH for the mutant is attributed to a dual
effect of the protonation of the His-83 residue: (i) A destabilization of the ‘close’ bound conformation, i.e., the one competent in electron
transfer, and (ii) a smaller intracomplex ET rate constant, partly due to a smaller driving force for ET. From this it is concluded that the

Tyr-83 residue is not a part of the ET pathway to PS 1.
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1. Introduction

Plastocyanin (Pc) is a small, blue copper protein which
acts as an electron carrier between the cytochrome b f and
Photosystem I (PS I) complexes in the photosynthetic
electron transfer (ET) chain. The photooxidized reaction-
center chlorophyll P700 in PS I is reduced by Pc and the
oxidized Pc is in turn reduced by cytochrome f (reviewed
in [1]).

Two areas on the surface of Pc were identified as being
of importance in the ET reactions already when the three-
dimensional structure was first reported [2]. One is the

Abbreviations: ET, electron transfer; P, P700, reaction-center chloro-
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hydrophobic patch around the copper ligand His-87, and
the other is an acidic patch around Tyr-83. These regions
are also referred to as the adjacent and remote sites,
respectively [3]. Support for this suggestion has come from
studies of chemically modified Pc and of the reactivity
between Pc and low-molecular weight complexes (re-
viewed in [3]).

In order to further elucidate the role of particular
amino-acid residues, site-specific mutations were recently
introduced in the structural gene for Pc from spinach [4,5]
and pea [6]. For one mutant, where Leu-12 in the hy-
drophobic patch is replaced with a Glu residue, the ET to
PS I was found to be much slower than for the wild type,
suggesting an important role for this region in the interac-
tion with PS I [4]. This was further supported by the
findings that replacement of Gly-10 and Ala-90 in the
hydrophobic patch with Leu also result in a strong impair-
ment of the reaction with PS I [5]. On the other hand,
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studies of Leu- and Phe-mutations of Tyr-83 suggest a
crucial role for this residue in the reaction with cy-
tochrome f [6].

A straightforward interpretation of the mutant studies
would be that Pc employs different pathways in the reac-
tions with its redox partners, Tyr-83 in the acidic patch
when accepting electrons from cytochrome f and His-87 in
the hydrophobic patch when donating electrons to PS 1.
The situation is, however, not entirely clear. For example,
in the case of cytochrome f, a Leul2-Asn plastocyanin
mutant showed a marked increase in binding constant
while the kinetics of reduction of an Asp42-Asn mutant
were not significantly different from wild type, despite the
loss of a negative charge in the acidic patch [7]. With
regards to the reaction with PS I, a Tyr83-Leu mutant from
spinach displayed altered ET kinetics [5] while the same
mutation of Pc from pea did not (He, S., Sigfridsson, K.,
Modi, S., Bendall, D.S., Hansson, O. and Gray, J.C,
unpublished observations).

In the present work, special attention is paid to a
Tyr83-His mutant of spinach Pc (hereafter denoted
Pc(Y83H)). This mutant displayed a significantly higher
reduction potential than the wild type (Pc(WT)), as well as
a markedly slower ET reaction with PS I at pH 7.5 [4]. The
possible cause for this behavior has now been examined in
detail. The increase in reduction potential is found to be
due to an influence from the protonated form of His-83.
The reduction potential is decreased by approx. 30 mV
upon deprotonation of this residue. These results are in
qualitative agreement with those obtained from kinetic
studies of the reactivity of Pc(Y83H) with inorganic redox
partners [8].

The earlier studies of the PS I reaction have been
extended to include the effect of varying Pc concentrations
and elevated pH. The data are interpreted in terms of a
model that includes a rate-limiting conformational change
in the Pc-PS I complex which precedes the intracomplex
ET. This model, originally proposed by Bottin and Mathis
[9], accounts better for the kinetics than the simple model
used in the previous work [4]. For the Pc(Y83H) mutant, it
is found that the details of the ET kinetics depend critically
on the protonation state of the His-83 residue.

2. Materials and methods

2.1. Preparation of Pc and PS I

Recombinant wild-type plastocyanin and the Pc(Y83H)
mutant were prepared using the previously described sys-
tem for overexpression of Pc in E. coli [10] employing the
expression vector pUG101t, [4]. The mutant protein was
constructed using polymerase chain reaction (PCR)
amplification according to the method of Landt et al. [11]
with the modifications described in [4]. After mutagenesis
the entire gene of the mutant protein was sequenced and
found to be correct. Growth and fractionation of E. coli
cells and purification of Pc was made as in [4] with the
following exceptions. The bacterial strain used was E. coli
RV308 (ATCC 31608) [12]. A Sepharose HP(26/10)
(Pharmacia) FPLC column was used in the last ion-ex-
change chromatography and an ordinary Sephacryl S-100
column was used in the final gel-filtration step. The buffer
was changed to 20 mM Tris-HC! (pH 7.5 or pH 8.9)
during the gel filtration. The Pc-containing fractions after
each of these steps were pooled and concentrated by
dialysis against dry polyethylene glycol. The absorbance
ratio A,;q/Ase; was 1.1 for Pc(Y83H). The concentration
of holo-Pc was determined spectrophotometrically under
oxidizing conditions using an absorption coefficient of
4900 M — 1cm ™! at 597 nm [13].

Digitonin-solubilized PS 1 particles (D-144 particles)
with 240 chlorophyll /P700 were prepared from spinach
according to [14]. The particles were suspended in 20 mM
Tris (pH 7.5) and stored at 77 K until use.

2.2. Redox titration of Pc

The reduction potential of Pc was determined by spec-
trophotometric titration in 20 mM Tris at pH 7.5 and 8.9.
For measurements at pH 8.9, enough NaCl was added to
give an ionic strength equal to the one at pH 7.5. The
reduction potentials obtained are summarized in Table 1.
The values for Pc(WT) are similar to previously reported
values, which range from 370 [13} to 382 mV [15].

Table 1

Reduction potentials and parameters describing the electron transfer to Photosystem I for wild-type and Tyr83-His plastocyanin mutants
Plastocyanin pH E® k, Kmax Cps R Cr

(mV) (10*s™1) (10°s™h) (uM) (M)

Wild type 7.5 384 74 19 52 0.74 36
Wild type 8.9 388 75 20 88 0.65 40
Tyr83-His 7.5 419 41 7 24 0.37 35
Tyr83-His 89 390 51 12 41 0.53 37

The reduction potential (£°) was determined in 20 mM Tris (pH 7.5 or 8.9) by monitoring the 597 nm absorbance as the ratio of (potassium) ferricyanide
to ferrocyanide was varied. The kinetic parameters were obtained from analysis of flash-induced absorption changes of P700 under the same conditions as

for Fig. 4 but using a range of plastocyanin concentrations. k; is the average value of the apparent rate constant of the fast phase. k,p,,, and R

max are the

saturating values of the apparent rate constant of the intermediary phase and of the fraction of the fast phase in the P700 decay kinetics. C, and Cy are the

plastocyanin concentrations at which half the saturating values are obtained.
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2.3. NMR spectroscopic pH titrations

Pc(Y83H) was transferred to 20 mM sodium phosphate
(pH 6.4) in D,0, and brought to a final Pc concentration
of 1 mM. Small amounts of dithionite in 0.1 M NaOD was
used to reduce the protein. NaOD and DCI (0.1 M and 1.0
M) were used for pH adjustments and pH and pK values
quoted (as pH* and pK *) refer to direct meter readings
without correction for the deuterium isotope effect. Due to
the experimental procedure the ionic strength varied be-
tween approx. 40 to 60 mM.

A Varian Unity 500 MHz NMR spectrometer with an
inverse detection probe was used to collect 64 transients at
each pH" value at 25°C. The acquisition time was 1 s and
the sweep width 8 kHz. The data were zero-filled from 16
to 32 kbyte and a line-broadening factor of 1 Hz was
applied before Fourier transformation. Difference spec-
troscopy was used to follow the titration of the His-83
residue. The titration parameters were obtained by non-lin-
ear least-squares curve-fitting of the NMR data to a sig-
moidal curve. The line broadening was measured in spec-
tra that had only been zero-filled before the Fourier trans-
formation.

2.4. Optical absorption and EPR spectroscopy

The Po«(WT) and Pc(Y83H) mutant were investigated
spectroscopically at pH 7.5 and 8.9 for a possible influence
of the mutation or the pH on the electronic structure of the
copper site. No effects were, however, discernible from the
visible absorption or EPR spectra. The parameters obtained
for the low-field part of the EPR spectrum, g, = 2.24 and
A= 6.4 mT, agree with the values for Pc prepared from
spinach [16]. Optical spectra were obtained at room tem-
perature with a Shimadzu UV-160A spectrophotometer.
EPR spectra were recorded at 11 K with a Bruker ER
200D-SRC spectrometer operating at 9.4 GHz and equipped
with an Oxford Instruments ESR-9 helium-flow cryostat.

2.5. Kinetic methods

The kinetics of the ET from Pc to PS I were studied by
monitoring the flash-induced absorption changes at 830
nm due to oxidized P700. Pc in 20 mM Tris (pH 7.5 or
8.9) was mixed with PS I to a final chlorophyll concentra-
tion of 0.9 mg/ml. Sodium ascorbate (2 mM) and methyl
viologen (0.1 mM) were added in order to reduce Pc and
oxidize the PS 1 acceptor side, respectively, between the
flashes (spaced 20 s apart). MgCl, (7 mM at pH 7.5 and 9
mM at pH 8.9) was added to give a final ionic strength of
38 mM. The ET from Pc to PS I is known to be facilitated
by millimolar concentrations of MgCl, in this type of
digitonin-solubilized PS I particles [17,18]. From studies at
different MgCl, concentrations it was found that the con-
centrations given above resulted in an optimal binding of
Pc to PS L.

The experimental setup was essentially as described in
[19]. Excitation of PS 1 was obtained by short (10 ns)
flashes (532 nm) from a Nd:YAG laser. Photooxidation
and reduction of P700 was monitored at 830 nm with a
continuous wave diode laser using an silicium photodiode
(UDT PIN-10D) connected to a home-built amplifier (gain,
50; bandwidth, 8 Hz to 30 MHz). The diode laser was
driven with a Melles Griot 06DLD203 unit. Acquisition of
the transient absorption signals and fitting of the signals to
a sum of exponentials was made as previously described
[19]. Other experimental conditions are given in the figure
legends.

3. Results
3.1. NMR titration of Pc(Y83H)

The '"H-NMR spectrum of the Pc(Y83H) mutant (Fig.
1) is almost identical to the Pc(WT) spectrum (not shown),
suggesting very small conformational changes in the mu-
tant protein. The most obvious changes in the Pc(Y83H)
spectrum are the disappearance of a signal at 6.52 ppm,

7.5 ppm 6.60 6.50 6.40 ppm

Fig. 1. Effect of pH" on the 500 MHz 'H-NMR spectrum of reduced
Pc(Y83H). The figure shows two parts of the aromatic region at pH*
values of 7.05 (A), 7.35 (B), 8.50 (C), 9.35 (D) and 9.75 (E). The
positions of the His-83 C2H and C4H proton resonances are indicated
with a ‘V’. The concentration of Pc was 1 mM in 20 mM sodium
phosphate in D,0. The NMR conditions were as described in Section 2.
The additional changes in the amide region (above 7.7 ppm) that are
observed at the higher pH ™ values are mainly due to an exchange of 'H
for 2H during the titration.
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which has been assigned to the Tyr-83 C2,6H protons [20]
and thus should be missing, and the presence of two
singlet peaks at 6.6 and 8.4 ppm at pH™ 6.40. Based on
the chemical shift of the new peaks, their pH dependence
as well as their inertness to deuterium exchange, these
peaks are assigned to the His-83 residue of the mutant
protein. The signal at 8.4 ppm is tentatively assigned to
C2H (C_,H) and the signal at 6.6 ppm to C4H (C;,H).

The resonance peaks from the His-83 C2H and C4H
protons are continuously shifted upfield with increasing
pH* (Fig. 2), indicating a rapid exchange with solvent
deuterons. A curve-fitting analysis of the data yields a
chemical-shift difference, Av,g, of 543 and 161 Hz for the
C2H and C4H protons, respectively, and a pK * value of
8.44 for both data sets. The maximal line broadening of
the C4H signal was found to be 4 Hz at a pH"* close to
pK* (Fig. 3). In the following, the line-broadening data
will be used to estimate the deuteron (proton) exchange
rate.

Removal of a proton from an acid is generally base-
catalyzed, and, for an imidazole (Im), includes both a
direct proton dissociation:

20
ImH*+H,0 = Im + H,0* (1)
I3
as well as an attack of hydroxide upon ImH" (with a
second-order rate constant k2 ):
SR
ImH*+ OH™ = Im+ H,0 (2)

OH™
koff

Buffer molecules may contribute in a manner similar to
Eq. (2). For buffer-free systems the observed increase in

@

Chemical shift (ppm)

~
T
1

pH*

Fig. 2. Effect of pH* on the chemical shift of the His-83 C2H (upper
part) and C4H (lower part) proton resonances of reduced Pc(Y83H). The
experimental conditions were as in Fig. 1. The solid curves are theoretical
fits to the data from which chemical-shift differences, Av,gz, of 543
(C2H) and 161 Hz (C4H) and a pK * value of 8.44 were obtained.
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Fig. 3. Effect of pH" on the exchange line-broadening of the C4H proton
resonance of reduced Pc(Y83H). The experimental conditions were as in
Fig. 1. The solid curve was calculated using Eq. (3) in the text with the
following parameters: pK = 8.44, Ay, =161 Hz, ki =3.0-10° s7!
and kO~ =7.5-103s71.

the line broadening, Av,,,
change limit by [21]:

= 47 ( Avyg Py Py)’
Yx T p HT L p (OH ()
AMoff B ™off

is approximated in the fast-ex-

where P, and Py denote the fractions of protonated and
deprotonated forms of the imidazole, respectively, and
k5. and k%" are first-order rate constants according to
Egs. (1) and (2), respectively.

It is often assumed that kM >> k9%  for a titrating
imidazole. Then it follows from Eq. (3) that the maximal
line broadening would appear at P, = 1/3 which, in the
present case, would correspond to pH 8.74. However, the
maximal line broadening for His-83 in Pc(Y83H) occurs
very close to the pK * for the titration, which can happen
when kY. and kS8 are of the same order of magnitude
[21]. At the pK *(P, = Pz = 0.5) the line broadening is
Ay, = 4 Hz and this, together with Ay, = 161 Hz, yields
an exchange rate kM +k% =10* s~! from Eq. (3).
Separate values of the two rate constants can be obtained
from a fit of the experimental line-broadening data to Eq.
(3) at all pH values studied. The best fit was obtained with
the rate constants kM =3.0-10° s™! andkQ =17.5-10>
s™1 (Fig. 3).

3.2. Kinetic measurements

The ET from Pc to PS I was investigated for a possible
effect of the mutation on the kinetics. As shown in Fig. 4,
flash-excitation of a mixture of PS I particles and Pc
results in an instantaneous absorption increase at 8§30 nm
(due to photooxidation of P700) followed by a multiphasic
decrease (due to reduction of P700°* by Pc™; where



32 K. Sigfridsson et al. / Biochimica et Biophysica Acta 1228 (1995) 28-36

‘ox/red’ = oxidized /reduced species). At pH 7.5 the de-
cay kinetics for the Pc(Y83H) mutant are slower than for
Pc(WT) (Fig. 4A,C). Increasing the pH to 8.9 results in a
faster kinetics for Pc(Y83H) (Fig. 4B) while Pc(WT) is
unaffected (not shown). The absorption transients have
been analyzed with a non-linear least-squares curve-fitting
program. At all Pc concentrations studied (20 uM to 1
mM), good fits could only be obtained if the model
function consisted of a sum of at least three decaying
exponentials (Fig. 4D,E). The amplitudes and apparent
first-order rate constants of the exponentials will be de-
noted by A, and k;, i = 1-3.

In a first, exploratory step, the transients were subjected
to an analysis in which all A; and k,, i=1-3, were
allowed to vary freely. The result for k,, the apparent rate
constant of the fastest component, is shown in Fig. 5 as a
function of Pc concentration for Pc(WT) and Pc(Y83H) at
pH 7.5 and 8.9. The large spread in &, within each data
set reflects the considerable uncertainty that results when
this many parameters are fitted. Despite this, it is clear that
the estimated k, values are independent of the Pc concen-
tration and that k, is larger for Pc(WT) than for Pc(Y83H).
The k, value for the mutant, but not for Pe(WT), increases
significantly upon changing the pH from 7.5 to 8.9. The
dashed lines in Fig. 5 indicate the average of k, for each
data set and the average values are also listed in Table 1.

The apparent rate constant of the slowest component,
k,, was also largely independent of the Pc concentration.
An average value of 330 s™! was obtained for both
P«(WT) and Pc(Y83H), irrespective of pH.

As will be discussed below, &, is largely determined by

/I\ 0.1 ms

ﬂ D x10

E Yol

Fig. 4. Flash-induced absorption transients at 830 nm of PS I particles
with Pe(WT) at pH 7.5 (A) and with Pc(Y83H) at pH 8.9 (B) and 7.5 (C).
Each sample contained PS I particles (0.9 mg chlorophyll/ml), 2 mM
sodium ascorbate, 0.1 mM methyl viologen and 1 mM Pc in 20 mM Tris
buffer (pH 7.5 or 8.9). MgCl, was added to a final ionic strength of 38
mM at both pH values. The cuvette (thickness, 1 mm) was placed at 45°
to the measuring beam. The traces shown are the averaged effect of 16
flashes spaced 20 s apart. The lower part of the figure shows the residuals
obtained from a curve-fitting of trace A to two (D) and three (E) decaying
exponentials.
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Fig. 5. Apparent rate constant of the fast phase, k,, in the decay kinetics
of oxidized P700 as a function of Pc concentration for Pc(WT) (squares)
and Pc(Y83H) (triangles) at pH 7.5 (filled symbols) and 8.9 (open
symbols). The experimental conditions were as in Fig. 4. k; was obtained
from a curve-fitting analysis of the absorption transients using a model
function that consisted of a sum of three decaying exponentials. All three
amplitudes and rate constants were allowed to vary freely until a best fit
was achieved. The average values of k, are indicated by dashed lines.

k.., the rate constant for the intracomplex ET from Pc to
P700. Thus, the &, values in Table 1 indicate that %k is
different for the Pc(Y83H) mutant. The change is towards
a smaller rate constant which is in qualitative agreement
with the reduced driving force for ET from Pc to P700.
The reduction potential, E®, of P700 is 0.49 V for this
preparation, independent of pH [4,22]; E® for Pc(WT) and
Pc(Y83H) are given in Table 1. The increase in k; with
pH for the mutant is also largely as expected, since E® for
Pc(Y83H) decreases with pH, resulting in a larger driving
force at pH 8.9.

More quantitative conclusions about the ET kinetics
require a consideration of the other decay components. In a
second step of the analysis, all absorption transients were
again subjected to a curve-fitting procedure, but now with
k, fixed at the values listed in Table 1 and k; fixed at 330
s~ 1. This procedure resulted in a much less spread in the
remaining free parameters k,, A;, A, and A,. The esti-
mated k, values are displayed in Fig. 6, and Fig. 7 shows
the relative contribution of the fast phase to the decaying
kinetics, defined as the amplitude ratio R =A,/(A; +A,).
Both k, and R saturate at high Pc concentrations, as has
been noted previously [9]. In order to describe the satura-
tion quantitatively, k, and R were fit to hyperbolic func-
tions k,_, [Pcl/(C,, +[PcD and R, [Pcl/(Cg + [Pc]),

2max
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where k, .. and R_, denote the saturating values and
C,, and Cy are the Pc concentrations at which half the
saturating levels are reached. These descriptive parameters
are listed in Table 1. Evidently, the mutation has resulted
in decreased values for all these parameters except Cg,
which remains at the Pc(WT) value of 3540 uM.

The amplitude A, of the slowest, millisecond, compo-
nent was found to be constant at about 20% of the total
initial amplitude at Pc concentrations above 200 uM in all
four data sets. Since the absorption coefficient of Pc®™ at
830 nm is 18% of that of P700°%, it is reasonable to
ascribe this component to the reduction of Pc®* by ascor-
bate [4,9). This reaction is expected to take place in the
seconds range and the true rate constant is therefore ob-
scured by the low-frequency cut-off of the AC amplifier (8
Hz). The remaining two components are ascribed to the
decay kinetics of P700°.

At Pc concentrations below 200 uM there was an
increase in A, with decreasing Pc concentration at the
expense of the two faster components. Since the amplitude
of the signal from Pc™ is expected to remain constant (at
18% of the total initial amplitude) this means that an
additional, third, component appears in the P700°* decay
kinetics at low Pc concentrations. Fits with four decaying
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Fig. 6. Effect of Pc concentration on the apparent rate constant of the
intermediary phase, k,, in the decay kinetics of oxidized P700 for
Pc(WT) (squares) and Pc(Y83H) (triangles) at pH 7.5 (filled symbols)
and 8.9 (open symbols). The experimental conditions were as in Fig. 4.
k, was obtained from a curve-fitting analysis as in Fig. 5, but this time
the apparent rate constants of the fastest and slowest phases, k; and &,
were kept fixed at the average values obtained in the analysis for Fig. 5.
The dashed curves are hyperbolic functions that best fit the &, points.
Characteristic parameters of the hyperbolae are given in Table 1.
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Fig. 7. Effect of Pc concentration on the fraction of the fast phase,
defined as the amplitude ratio A, /(A, + A,) in the text, in the decay
kinetics of oxidized P700 for Pc(WT) (squares) and Pc(Y83H) (triangles)
at pH 7.5 (filled symbols) and 8.9 (open symbols). The experimental
conditions were as in Fig. 4 and the amplitudes of the fast and intermedi-
ary decay components, A; and A,, were obtained from a curve-fitting
analysis as in Fig. 6. The characteristic parameters of the hyperbolic
functions (dashed curves) are given in Table 1.

exponentials (three submillisecond and one millisecond
component) were, however, found to be unreliable. The
following analysis will therefore only be based on the data
from the high Pc concentration range (> 200 M), where
a three-component fit was sufficient.

4. Discussion

The pK ™ value of 8.44 reported here for His-83 in the
Pc(Y83H) mutant compares well with those obtained from
the pH dependence of the oxidation kinetics of the same
mutant with [Fe(CN);’~ (pK =7.9) and [Co(phen),]**
(pK = 8.4) [8]. This value is unusually high for a protein
histidine, in comparison with a pK of 6.90 for the model
compound glycyl-L-histidylglycin [23]. A similar result has
been reported by Andersson et al. [24], who found an
increase in pK of approx. 1.5 pH units for the deprotona-
tion of NO,-modified Tyr-83 of spinach Pc compared to
the model tyrosine tripeptides, which were used as a
control. They found an increase in pK values from 7.0 to
8.6 and 8.3 for reduced and oxidized Pc, respectively
(values of 8.78 and 8.10 were reported by Christensen et
al. [25]).

Assuming no major conformational change in spinach
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Pc compared to the crystal structure of poplar Pc, the high
pK observed for His-83 in Pc(Y83H) might be under-
standable. Residue 83 is located in the acidic patch of Pc,
surrounded by six acidic residues (Asp or Glu) with their
negative charges within 1 nm from the side chain of
residue 83 [26]. These charges could stabilize a proton on
His-83. In the case of Pc from Scenedesmus obliquus, a
high pK of 7.8 was found for His-59, a residue which also
is located in an acidic surrounding, but this residue is not
present in the higher plant plastocyanins [27].

The exchange rate of His-83 corresponds to a lifetime
of 100 ws, a value normally found for a freely titrating
surface histidine [21]. Residue 83 in Pc is sometimes
referred to as partially exposed [28], and one would thus
expect a longer lifetime than 100 ws. However, Chothia
and Lesk [29] have calculated an accessible surface area of
0.40 nm? for Tyr-83 in poplar Pc, thus describing it as an
exposed residue. NMR studies on french bean (Phaseolus
vulgaris) Pc [30] and spinach Pc [31,32], show that the two
ortho protons of Tyr-83 are equivalent, as are the two
meta protons, consistent with a relatively large mobility of
the side chain of this residue.

The reduction potential of Pc(Y83H) decreases by 29
mV upon deprotonation (Table 1). This is similar to the
20~-25 mV decrease observed when NO,-modified Tyr-83
in spinach Pc is deprotonated [25] (see however [33],
where no pH dependence could be observed), but larger
than the 7-15 mV decrease that accompanies the deproto-
nation of His-59 in S. obliquus [27]. The large shift
observed here can hardly be ascribed to a pure electrostatic
interaction since residue 83 is exposed to the solvent,
where the dielectric constant is high, and since the distance
to the Cu ion is large (approx. 1 nm). However, it is
possible that part of the interaction is mediated by struc-
tural changes of the protein. This is supported by the
findings in [34] which indicate that residue 83 is involved
in redox state-dependent conformational changes. The
structural change at the Cu site must, however, be small in
nature since, in the present work, no effects could be seen
in the EPR or optical absorption spectra upon deprotona-
tion of His-83.

The ET from Pc to PS I is slower for Pc(Y83H) than for
Pc(WT) (Fig. 4A,C). This was already reported in [4] and
an analysis suggested that it was the intracomplex ET rate,
k., that had become slower by the mutation. The earlier
kinetic studies have now been extended to include the
effect of varying Pc concentrations and elevated pH. This
will allow a more quantitative description of the effect of
the mutation.

A curve-fitting analysis of the 830 nm absorption tran-
sients reveals a complicated behavior. At Pc concentrations
above 200 uM there are three exponential decay compo-
nents while at lower concentrations an additional phase
appears. A slow component, ascribed to the reduction of
Pc®* by ascorbate [4,9], is always present at an amplitude
of 20% of the initial amplitude. The remaining decay

components {two at high Pc concentrations and three at
low Pc concentrations) are attributed to the reduction of
P700°* and they will now be related to possible kinetic
models.

Consider first the following model (Scheme 1) in which
the intracomplex ET is preceded only by the complex-for-
mation step (determined by the rate constants k,, and k ;
P stands for P700):

4 konlPc] 4 ket g
Pc™d + PoX == Ppcred. pox 5 peox . pre
koff

Scheme 1.

At low Pc concentrations ([Pc] < k., /k_,) this scheme
would result in two components in the P700°* reduction
kinetics with apparent rate constants of k, = k., + k; and
k, = (k,/k)k[Pc] and with an amplitude ratio of R =
(ket/kl)[PC]/(Kdiss + [PCD’ Where Kdiss = koff/kon‘ At
high Pc concentrations ([Pc] > k., /k,,) k, would saturate
at k, = k,, while k;, would increase as k; = k_ [Pc] + kg,
but the amplitude of this component would approach zero
resulting in a monoexponential decay of P700°*.

From the results reported here it is clear that (i) the
reduction kinetics of P700°* are biexponential at high Pc
concentrations, and — at least — triexponential at low
concentrations (< 200 wM); and (ii) the saturating value
of k,, kypmay, is far below the value of k, (Table 1). The
model in Scheme 1 cannot account for these observations
and must therefore be discarded as too simple.

The second observation above was also made by Bottin
and Mathis [9] and two alternative schemes were put
forward, a ‘linear’ one and a ‘parallel’ one. The linear
scheme includes two conformations of the Pc - PS I com-
plex, with Pc bound in a ‘close’ (Pc-P) or a ‘distant’
(Pc - - - P) conformation that are in equilibrium. The close
bound state is assumed to be an obligate intermediate in
the ET from the distant bound state, i.e., the conforma-
tional change constitutes a rate-limiting step (determined
by the rate constants k, and k_):

4 ko, [Pc] J kg J
Pc™ + P = Pc™ ... P = Pc? P
koff kc

E; Pco* - Pred

Scheme 2.

This scheme, which is similar to a model used for the
ET from cytochrome ¢, to the reaction center in
Rhodobacter sphaeroides [35-37)], can account well for
the results presented here and it will be shown that the
kinetic data can be used to estimate the rate constants k_,
ks and k.

Consider first, however, the parallel scheme of Bottin
and Mathis [9]. This was assumed to consist of two
different binding sites for Pc on PS I, a ‘close’ and a
‘distant’, with Pc reacting at each site according to Scheme
1 but with different rate constants for the two sites. In
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particular, the ¢, ,, for ET was suggested to be 12 and 110
ws for the two sites (corresponding to rate constants of
58-10% and 6.3 - 10° s~ ) [9]. In later double-flash experi-
ments the same workers showed that two Pc molecules can
be bound simultaneously to PS I and that the second,
‘distant’ bound Pc can donate an electron to P700%, either
directly, or, via the ‘close’ bound one with a #, ,, of 110
us [38]l. The direct transfer alternative would then corre-
spond to the earlier proposed parallel scheme.

A parallel scheme cannot account for the present find-
ings. At high Pc concentrations, when both sites are occu-
pied, this model would result in a monoexponential decay
of P700°*, with an apparent rate constant given by the sum
of the ET rate constants for the two sites (i.e., 64 - 103
s~ 1), contrary to the observed biexponential decay. There-
fore, the parallel scheme has to be ruled out. However, it is
still possible that two Pc molecules can donate electrons to
P700° but then the ET from the ‘distant’ bound one has
to occur via the ‘close’ bound one in order to obtain
consistency between the double-flash experiments [38] and
the present results.

Returning to the linear Scheme 2, this model generally
gives rise to three phases in the decay kinetics of P700
but at high Pc concentrations one of these has a zero
amplitude. When going from a high to a low Pc concentra-
tion, the number of decay components is therefore ex-
pected to increase from two to three. This is consistent
with the observed behavior. However, it was not possible
to resolve the third phase. Instead it made its appearance as
an addition to the amplitude of the slow, millisecond,
component due to Pc®™. The way in which the slow phase
manifests itself depends critically on how the curve-fitting
analysis is performed. Here, the apparent rate constant of
the slowest phase, k;, was kept fixed at all Pc concentra-
tions. If, in addition, its amplitude, A, was kept fixed, this
resulted in a sigmoidal dependence of the apparent rate
constant of the intermediary phase, k,, on the Pc concen-
tration. Such a sigmoidal dependence was reported in [39]
and was suggested to reflect a cooperativity in the binding
of Pc. The present analysis offers an alternative explana-
tion. However, the complex nature of the P700°* kinetics

Table 2

makes it difficult to draw any firm conclusions about the
binding process (i.e., k,, and k. in Scheme 2).

Turning to the limit of high Pc concentrations, when the
binding site for Pc is saturated, it can be shown from
Scheme 2 that the apparent rate constants of the two
nonzero components are well approximated by

kl = kc + ket (4)
ky, = kyko /Ky » (5)
and their amplitude ratio by

R=k,/(k.+ky) (6)

These relations have been derived under the assumption
that k, <k, i.e., that the conformational change is rate-
limiting.

Egs. (4-6) can be solved for k_, k; and k,,, and Table
2 lists the values obtained when the experimental estimates
ki, kpmax and R, (Table 1) are used in the equations. As
seen from Table 2, k,, for Pc(Y83H) is less than half the
value for Pc(WT) at pH 7.5. When the pH is increased to
8.9, k., for Pc(Y83H) increases with a factor of 1.4. An
increase is as expected from the larger driving force at the
higher pH, but it is less than the factor of 1.75 that is
expected from ET theory [40] if the driving force is the
only pH-dependent parameter. Other factors, such as the
reorganization energy may, however, contribute.

The rate constants k, and &, determine the equilibrium
constant K, (=k,/k.) for the conformational change.
From Table 2 it is seen that K. is approx. 1 for Pc(Y83H)
at pH 7.5, significantly lower than the value of 4 for
Pc(WT). Increasing the pH leads to an increase in K, for
the mutant protein. Thus, the protonation state of the
His-83 residue seems to have an influence on the confor-
mational change of the Pc-PS I complex.

In summary, the slower kinetics that are observed for
the Pc(Y83H) mutant at the lower pH can be attributed to
a dual effect of the protonation of the His-83 residue: (i) A
destabilization of the ‘close’ bound conformation, i.e., the
one competent in electron transfer; and (ii) a smaller
intracomplex ET rate constant, partly due to a smaller
driving force for ET. Since the effects are only relatively

et?

Rate constants for wild-type and Tyr83-His plastocyanin mutants calculated assuming that the electron transfer to P700 is preceded by a conformational

change of the plastocyanin-Photosystem I complex

Plastocyanin pH E° kg k, k.,

(mV) (10°s™1) 10*s™1) 10*s™hH
Wwild type 7.5 384 20 5 69
Wild type 8.9 388 22 8 67
Tyr83-His 7.5 419 9 10 31
Tyr83-His 8.9 390 14 8 43

The rate constants k., k4 and %, defined in the kinetic Scheme 2 in the text, were calculated from the experimental estimates k,, k., and R

1), using Egs. (4-6) in the text.

(Table

max
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small and indirect, it is concluded that the Tyr-83 residue
is not a part of the ET pathway to PS L.
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