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ABSTRACT: The binding of Ag- and Cd-substituted plastocyanin to reduced photosystem 1 of spinach has
been studied through the rotational correlation time of plastocyanin measured by the technique of perturbed
angular correlation ofγ-rays (PAC). Ag and Cd are used as models for native Cu(I) and Cu(II), respectively.
A dissociation constant of 5µM was found for Ag-plastocyanin, whereas the dissociation constant was
at least 24 times higher for Cd-plastocyanin. PAC was further used to characterize the structure of the
metal site of Cd- and Ag-plastocyanin. The Cd spectra are characteristic of a planar configuration of one
cysteine and two histidines. However, the spectra show an unusual peak broadening and a high degree of
internal motion, interpreted as motion of one of the histidines within the plane.111Ag decays to111Cd,
followed by the emission of twoγ-rays used for the PAC experiment. The111Ag PAC spectra indicate
that one of the coordinating histidines has a different position in the Ag protein than in the Cd protein but
that the decay of Ag to Cd causes a relaxation of the position of this histidine to the position in the Cd
protein within 20 ns. Binding of Ag-plastocyanin to photosystem I stabilized the Ag metal site structure
so that no relaxation was observed on a time scale of 100 ns. This stabilization of the Ag structure upon
binding indicates that the metal site structure is involved in regulating how the dissociation constant for
plastocyanin depends on the charge of the metal ion.

Plastocyanin is a blue copper protein of about 10 kDa
functioning as an electron carrier from cytochromeb6/f to
photosystem I (PSI)1 in chloroplasts and cyanobacteria. The
binding of plastocyanin to PSI as a function of the charge
state of the metal ion is thus central for the photosynthetic
electron transport. Studies of the absorbance of P700 after a
short flash have shown that in higher plants the reduction of
photooxidized P700 by plastocyanin is biphasic (1-9). The
fast component of 10-15 µs is in a simple model thought
to represent an intracomplex electron transfer of already
bound plastocyanin, and the slower phase is thought to
represent a bimolecular reaction of plastocyanin and PSI.
However, even at very high concentrations of plastocyanin
the fast phase is still only about 75% of the total absorbance
change and the slow phase saturates with a limiting time

constant of about 50-100 µs (1-9). These discrepancies
cannot be explained by the simple model, and more elaborate
models have been proposed. A model where the binding of
plastocyanin to the PSI complex must be followed by an
intracomplex conformational change or rearrangement prior
to electron transfer was first proposed by Bottin and Mathis
(6) and has been further developed in several papers (1-5,
7, 9). Another model has been proposed by Drepper et al.
(8) where the deviations from the simple model are explained
from differences in the reduction potentials for the bound
and unbound plastocyanin.

The process of electron transfer from reduced plastocyanin
(pcI) to P700+ can be divided into the following three steps
(with the change of free energy in each step indicated):

In the reaction scheme originally proposed by Bottin and
Mathis (6), the first step also involves a conformational
change. The total process is simply the reduction of P700+

and oxidation of plastocyanin and therefore the total energy
difference,∆Gtot ) e [Em(pc)- Em(P700)], whereEm(P700)
andEm(pc) denote the reduction potential of free P700 and
free plastocyanin, respectively.∆Gtot amounts to approxi-
mately-120 millielectron volts (8). (We will use the unit
of millielectron volts per molecule for the free energy in the
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following in order to make the comparison to the reduction
potentials simple.) The changes in free energy of the first
and the last processes are given by+kBT ln (KD

I,+) and-kBT
ln (KD

II), respectively (wherekB is Boltzmann’s constant,
KD

I,+ denotes the dissociation constant, of reduced plasto-
cyanin for oxidized P700, andKD

II denotes the dissociation
constant of oxidized plastocyanin for reduced P700). The
changes in the free energy of the middle step∆G° ) -e∆Em,
where∆Em is the driving force of the electron transfer in
the complex. Thus∆G° - ∆Gtot ) ∆(∆G) is related to the
dissociation constants by the relationship∆(∆G) ) kBT ln
(KD

II/KD
I,+). From this relationship it is clear that a weaker

binding of oxidized plastocyanin to P700 than of reduced
plastocyanin to P700+ has the price of reducing the driving
force for the electron transfer within the complex.

One problem that arises when the dissociation constants
are compared to the driving force is that usuallyKD

I is
measured instead ofKD

I,+ (KD
I denotes the dissociation

constant of reduced plastocyanin for reduced P700). These
two are only the same if the reduction potential of P700 is
independent of whether it is binding reduced plastocyanin.
For the sake of simplicity we will assume this in the
following, bearing in mind that this assumption might not
hold true and could further complicate matters.

Drepper et al. (8) investigated the dissociation constant
of copper-plastocyanin in a number of ways. One approach
was based on the ratioKD

II/KD
I. They found that the

dissociation constants depended on the PSI preparation by
up to a factor of 5. For the samples showing the strongest
binding, which had a ratio of chlorophylla to chlorophyllb
of 10, they found aKD

I of 7 µM. The dissociation constant
of Cu(II)-plastocyanin was 40µM, implying a kBT ln (KD

II/
KD

I) ) 41 meV. In a second approach, Drepper et al. (8)
measured the reduction potential of plastocyanin covalently
bound to reduced PSI. This changed the reduction potential
of plastocyanin from 360 mV for the free plastocyanin to
410 mV for the bound plastocyanin. The reduction potential
of P700 bound to oxidized plastocyanin was measured to
be 475 mV and was close to that found for PSI without bound
plastocyanin (8). Thus, if it is assumed that the reduction
potential of P700 is also unaffected by the binding to reduced
plastocyanin, then∆(∆G) is approximately 55 meV. The
third approach is based on the effect of the reduced driving
force on the equilibrium distribution of the electron at
plastocyanin and at P700, respectively. This offers a possible
explanation of the observation that the fast component of
the absorbance change saturates at 75%. If all of the limited
saturation is explained by the reduced driving force, then a
limiting saturation at 75% would imply a driving force of
28 mV corresponding to a∆(∆G) of 92 mV. One possible
source for these variations is the assumption thatKD

I ) KD
I,+

(equivalent to the reduction potential of P700 being inde-
pendent of whether it is bound to reduced plastocyanin).
Another important aspect that has been ignored in this
comparison is the conformational change suggested by Bottin
and Mathis (6), which could also contribute to the saturation
of the fast component.

The differences between the two models make it desirable
to investigate the binding of plastocyanin to reduced PSI by
a different method, which can also in the future be used to
investigate the binding to oxidized PSI. In the present paper
the binding between plastocyanin and PSI is studied by PAC

spectroscopy after the copper ion of spinach plastocyanin is
substituted with radioactive111mCd or 111Ag.

PAC spectroscopy measures the nuclear quadrupole in-
teraction (NQI) of a nucleus in the intermediate state of a
γ-γ cascade.111Ag decays to an excited state in111Cd before
theγ-γ cascade. Thus for both isotopes used in the present
study,111mCd and111Ag, the intermediate level is the excited
spin 5/2 state of111Cd. In the presence of an electric field
gradient, a specific coordination geometry will result in three
peaks in the Fourier transformed PAC spectrum, referred to
as the first, second, and third angular frequencies. From the
position and amplitude of these three peaks the two major
NQI parametersω⊥ andω| can be determined uniquely by
the relations given elsewhere (10). The method is described
in detail in the review by Frauenfelder and Steffen (11) and
with special emphasis on biological application by Bauer
(12). An introduction to the technique applied to proteins
containing metal ions is given by Bauer et al. (13).

The structure of oxidized plastocyanin has been determined
for poplar plastocyanin (14), spinach plastocyanin (15), and
reduced poplar plastocyanin (16). For oxidized plastocyanin
the copper ion is coordinated to His37, His87, and Cys84,
and axial to this plane at a distance of 2.9 Å from the copper
ion is S(Met92). For reduced poplar plastocyanin at high
pH the copper ion coordinates to the same amino acids, but
at low pH (pH 3.8) His87 is protonated and the imidazole
ring is rotated by 180° about Câ-Cγ. In this conformation
the copper ion is instead coordinated to His37, Cys84, and
Met92.

The metal site structure of the blue copper protein azurin
has been studied in detail by111mCd and111Ag PAC (17-
19). Comparison of wild-type spectra and spectra of mutant
proteins together with model calculations show that Cd and
Ag in wild-type azurin are both three-coordinated in a planar
and very rigid conformation to two histidines and one
cysteine in accordance with the structure of the copper
protein (20, 21). As shown in the present study, Cd and Ag
in plastocyanin also coordinate to two histidines and one
cysteine. Such a conformation is known to result in a value
of ω⊥ that is independent of the angular position of the
ligands in the plane but will decrease if the metal ion is
shifted out of the plane (18). The other major parameter,
ω|, depends on the angles between the histidines and the
cysteine in such a way that a smaller angle between the
histidines will increase the value ofω|. It has previously
been shown by Tro¨ger et al. (22) that plastocyanin possess
an unusual spectroscopic characteristic in the Cd PAC
spectrum, where the second and third line in the spectrum
are much wider than the first line. In the present paper we
elaborate more on the dynamics behind and structural
significance of these characteristics and include studies of
Ag-plastocyanin. These studies, which supply structural
information of the copper site in plastocyanin, also serve as
the background for the studies of the binding of Ag-
plastocyanin and Cd-plastocyanin to PSI.

There are several advantages of using the PAC technique
for studying the binding of plastocyanin to PSI in supplement
to the traditional technique, where the interaction between
plastocyanin and PSI is investigated by the absorbance
changes due to P700 rereduction following a short flash:
First, the binding observed by PAC is not influenced by the
electron transfer pathways. Second, the dissociation constant
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can be determined independently for the two different charge
states of the metal ion, where the traditional way determines
the binding of Cu(II)-plastocyanin to PSI through competition
with the binding of Cu(I)-plastocyanin to PSI and is observed
by the prevention of the functional electron transfer within
the complex formed by plastocyanin and PSI. Third, PAC
gives information about conformational changes at the metal
site of plastocyanin. It is thus possible to observe differences
in the metal site structure between the monovalent Ag ion
and the divalent Cd ion. If the structural difference relaxes
on a time scale of 10-100 ns, as in the present case, then
the relaxation time as well as the structural difference is
observable.

MATERIALS AND METHODS

Preparation of111mCd and111Ag. 111mCd has a half-life of
48.6 min and decays through the emission of two successive
γ-rays to the ground state of111Cd. 111Ag has a half-life of
7.5 days and decays to111Cd by aâ- decay. Only about
0.2% of these decays result in the successive emission of
two γ-rays suitable for PAC spectroscopy. It is important to
note that although we refer to the experiments and spectra
as Ag PAC and Ag spectra, the twoγ-rays are emitted from
Cd. The excited level in111Cd that is populated by theâ-

decay of111Ag has a half-life time of 27 ps. This is enough
time to adjust the electronic structure but, as previously
shown, not always enough to adjust the molecular structure
to that of the Cd protein (19, 23).

111mCd was produced by bombarding108Pd withR-particles
at the cyclotron at the National Hospital, Copenhagen,
Denmark. The111mCd was separated from the palladium by
the procedure previously described (13). 111Ag was produced
by neutron irradiation for 7 days of 99.99% pure palladium
foil or palladium powder enriched in110Pd to 98.64%. In
the latter case a smaller amount of palladium could be used
and therefore the palladium could be dissolved in a smaller
amount of aqua regia after the neutron activation. Otherwise
the111Ag was separated from the palladium by the procedure
previously described (19).

Preparation of PSI. Spinachia oleraceaL. was obtained
from a local market and PSI was isolated by use of the
detergentn-decylâ-maltopyranoside according to the previ-
ously described procedure (24, 25). The PSI complex
obtained after sucrose gradient centrifugation was concen-
trated by ultracentrifugation at 196000g for 22 h and the
resulting pellet was resuspended in 25 mM Hepes-KOH (pH
8.0) and 0.3% decyl maltoside. PSI prepared in this way has
a Chl/P700 ratio of about 200 and shows very high
photochemical activity (24). P700 was determined chemically
from the ferricyanide-oxidized minus ascorbate-reduced
difference spectrum with an absorption coefficient at 700
nm of 64 mM-1 cm-1. Photochemically active P700 was
determined from the flash-induced absorbance change at 834
nm with the setup previously described (26) and an absorp-
tion coefficient of 5 mM-1 cm-1. No significant difference
was found between chemically and photochemically deter-
mined P700. Chlorophyll was determined according to Arnon
(27).

Preparation of Apoplastocyanin.Plastocyanin was isolated
from Escherichia colicells transformed with expression

plasmids for spinach plastocyanin as described previously
(28). Apoplastocyanin was prepared by dialysis of 400-750
µL of 1 mM copper-plastocyanin against 5 mL of 0.1 M
KCN and 0.1 M Tris, pH 9.5. The KCN was removed by
6-fold dialysis against 50 mL of 50 mM Hepes, pH 7.5. In
each step the buffer was flushed with N2 before the dialysis
bag was transferred to the buffer. The container was closed
and the dialysis was carried out at 5°C. This resulted in an
apoprotein that could be reconstituted to 20% as judged by
the ability to regain absorbance at 600 nm by copper
incubation as well as the ability to bind radioactively labeled
Cd. The fraction that was unable to bind metal ions was
shown to contain oligomers (predominantly dimers and
trimers), possibly formed as a result of the high pH in the
KCN procedure. The content of oligomers was determined
by running an HPLC separation on a Superdex 200 HR 10/
30 column and observing the refraction index (in order to
obtain the weight concentration of the protein) as well as
light scattering (for monitoring the size of the oligomers).
The oligomers were unable to bind metal ions and thus are
not believed to interfere with the PAC experiments. No
attempts were made to remove the oligomers. The concentra-
tions of plastocyanin listed in Tables 1 and 2 are total
plastocyanin concentrations based on the absorbance of the
apoplastocyanin at 278 nm. (These concentrations are not
used in the calculations of the binding constants since we
do not expect apoprotein to bind to PSI and the concentration
of radioactively labeled plastocyanin is insignificant com-
pared to the PSI concentrations.) The apoprotein was kept
frozen at-80 °C until the experiments, when it was quickly
thawed before mixing with the aqueous solution of111Ag or
111mCd. The incubation time was at least 20 min.

Azurin.One experiment on111mCd-substituted azurin from
Pseudomonas aeruginosain 55% sucrose was performed as
described previously (17) but at a temperature of-11 °C.
This sample as well as plastocyanin samples at-11 °C were
first frozen in liquid nitrogen to ensure that they were in the
solid phase.

PAC.The PAC spectrometer consists of six BaF2 scintil-
lation detectors and is a built-out version of the PAC camera
described previously (29). The temperature of the sample
was controlled within 2°C by a Peltier element. The
experiments were carried out under conditions where P700
is mostly in the reduced state. The perturbation function was
formed from the individual coincidence spectra as described
previously (30).

Angular OVerlap Model Calculations.The NQI can be
calculated in the angular overlap model, which is a semiem-
pirical molecular orbital model based on observed NQIs for
a series of coordination compounds of Cd, based on the
assumption that each ligand contributes to the charge
distribution in a manner that is independent of the other
ligands and with axial symmetry around the metal ion-ligand
bond. In the present paper the angular overlap model is only
used to give an estimate of the difference in structure between
the metal site in Ag-plastocyanin and in Cd-plastocyanin,
respectively. Details of the calculations are given elsewhere
(18).

The angular overlap model calculations of PAC spectra
for a planar configuration of one cysteine and two histidines
is particularly simple (18). Here it suffices to say that for
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randomly oriented molecules it is described by the two major
diagonal elements of the NQI tensorωc , ωyy andωzz, where
ωyy is the diagonal element ofωc for a y-axis perpendicular
to the plane formed by the three ligands, andωzz is the
diagonal element ofωc for a z-axis almost coinciding with
the bond between the cysteine and the metal ion. These two
parameters are hereafter denotedω⊥ and ω|, respectively.
As mentioned in the introduction,ω⊥ depends on how close
the metal ion is to the plane formed by the three ligands,
andω| depends on the Cys-metal ion-His angles.

NQI Determination.The perturbation functionA2G2(t) was
analyzed by conventional leastø2 fitting routines. Each NQI
is described by the parametersω|, ω⊥, ∆ω|/ω|, ∆ω⊥/ω⊥, λ,
andA2. The two parameters∆ω|/ω| and∆ω⊥/ω⊥ are used
for describing small inhomogeneities in the NQI due to
variations from one molecule to another with respect to
conformations of the probe sites. It was found that, within
the uncertainty,∆ω⊥/ω⊥ was zero for all samples measured
at temperatures above 0°C. For samples measured at
temperatures above 0°C, the NQIs were therefore described
by a singleω⊥ and a Gaussian distribution ofω| with the
standard deviation∆ω| (this parameter was included in the
analysis by foldingG2(t) numerically with the distribution
in ω|). This special distribution gives rise to a very narrow
first angular frequency (seen as the dominating peaks in
Figure 1) and very broad second and third angular frequen-
cies. According to the angular overlap model interpretation
of ∆ω|/ω|, there is a distribution in one of the Cys-metal
ion-His angles (vide infra). It should be noted that this way
of analyzing the spectra is in contrast to the conventional
way, where the frequency distribution results in the same
relative width in the three angular frequencies. For the Ag
spectra at-11 °C the reducedø2 could be improved by
including a distribution inω⊥ as well. This was done by
introducing the conventional frequency-distribution inG2(t)
before the numerical folding (mentioned above) was carried
out.

If the rotational diffusion induced by Brownian motions
is significant on the time scale of the lifetime of the
intermediate state in the PAC isotope (the half-life is 85 ns)
but yet slower than the oscillations in the perturbation
function, it will cause an exponential damping of the three
angular frequencies. This is best observed in the perturbation
function before it is Fourier transformed. For slow reorienta-
tion the perturbation function is damped by a factor of
exp(-λt), whereλ is the inverse of the correlation time of
the rotational diffusion,τc. As λ approaches the resonance
frequencies, as is the case for plastocyanin in aqueous
solution at 1°C, the effect on the perturbation function
becomes more complicated and it is necessary to use
numerical methods when the data are analyzed (31).

The coefficientA2 gives the amplitude of the anisotropy
in the angular correlation between the twoγ-rays.A2 depends
only on the nuclear decay and has the value 0.17 for111mCd
and-0.18 for111Ag (32). In the actual experiments the solid
angles of the detectors and the size of the sample result in
lower values.

In some of the data analyses of the Cd spectra it was
necessary to include unbound Cd. This gives rise to an extra
term as an exponential decay in the perturbation function.
Including this affected the determination ofλ but did not

affect the other parameters. The amount included was 5%
in the spectrum at 1°C, 55% sucrose; 11% in the spectrum
at 30 °C, 55% sucrose; and 11% in the spectrum in the
absence of both sucrose and PSI.

Fourier Transformations.Cosine Fourier transformations
were used to compare the measured perturbation function
to the calculated perturbation function. All analyses were
carried out on the perturbation functions, and the Fourier
transforms were used only to guide the analysis. For the
spectra displayed in Figure 1 the cosine transforms were
carried out on data from 4.5 to 225 ns for the Cd spectra
and from 5 to 169 ns for the Ag spectrum. To minimize
artifacts arising from not including the first 5 ns, this part of
the perturbation function was extrapolated from the data by
use of the perturbation function of the best fit. Artifacts from
cutting off at 225 ns or 169 ns were taken care of by
windowing the data with a Kaiser-Bessel window. As
baseline the weighted average of the data was used.

FIGURE 1: (Top panel) Fourier transform (details given in Materials
and Methods) of the perturbation function of111Cd-azurin (17).
(Middle panel) Fourier transform of the111mCd-plastocyanin
perturbation function. (Bottom panel) Fourier transform of111Ag-
plastocyanin perturbation function. All three spectra were collected
at 1 °C in 55% sucrose. Note that the first angular frequency is
almost identical for all three spectra but that the second and third
angular frequencies are shifted and broadened for the plastocyanin
spectra. For111Ag this shift depends on the time window used in
the Fourier transform, such that the lines are shifted to lower
frequencies for data collected immediately after the decay from
Ag to Cd. In each spectrum, the baseline is displayed as the dotted
horizontal line.
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RESULTS

Structure of Metal Site in Cd-Plastocyanin.The Fourier
transform of the perturbation function,A2G2(t), collected at
1 °C from Cd-plastocyanin is shown in Figure 1. The Cd
PAC spectrum of wild-type azurin (17) is also displayed in
Figure 1 for comparison. It is seen that Cd-azurin and Cd-
plastocyanin have very similar spectra with almost the same
first angular frequency. The second angular frequency has,

however, shifted and in the case of plastocyanin it is wider
and of lower amplitude. The result of the leastø2 fit is shown
in Table 1. A comparison to the NQI of azurin (17) shows
that the NQIs are very similar with the major difference
occurring in ω| causing the shift in the second angular
frequency seen in Figure 1. This similarity in the spectra
shows that Cd is also coordinated to one cysteine and two
histidines in plastocyanin, but the small difference inω|

corresponds to a 4° smaller His-Cd-His angle in plasto-
cyanin than in azurin. The leastø2 fit yielded a distribution
in ω| of 2.8(1)% at 1°C in 55% sucrose (Table 1), whereas
including a distribution inω⊥ did not improve the fit. A 3%
Gaussian distribution inω| corresponds to a 4° distribution
in angle for one of the histidines. This angular overlap model
interpretation is based on the assumption that only one of
the ligands is moving and that the binding distances are
unaltered.

The NQIs of Cd-plastocyanin in 55% sucrose were also
measured at-11, 10, 14, and 30°C. The parameters varied
systematically from-11 to 30°C in the following way: ω⊥,
0.2542(2)-0.2501(7) rad/ns;ω|, 0.354(2)-0.3414(7) rad/
ns;∆ω|/ω|, 4.4(3)-1.4(4)%; andλ, 0.0049(5)-0.019(2) ns-1.
The perturbation functions of plastocyanin in 55% sucrose
at 1 and 30°C are shown in Figure 2 together with the
perturbation function of plastocyanin in sucrose free solution
at 1 °C.

Structure of Metal Site in Ag-Plastocyanin.The NQI of
111Ag-plastocyanin was determined for samples in 55%
sucrose at-11, 1, 10, 20, and 30°C. When the analysis
was restricted to the part of the perturbation function
collected after 17 ns after the emission of the firstγ-ray,
then the perturbation functions, except that collected at-11
°C, could be analyzed satisfactory with one NQI, not
significantly different from the NQI of111mCd-substituted
plastocyanin. The spectrum collected at-11 °C showed,
however, a significantly smallerω| [0.313(2) rad/ns for Ag-
plastocyanin compared to 0.354(2) rad/ns for Cd-plastocya-
nin; Table 1]. This change inω| could also be observed in
the experiments at 1, 10, 20, and 30°C if the first 17 ns of
the perturbation function were included. The reducedø2 could
be decreased by assuming the following perturbation func-
tion:

The first part represents a structure related to Ag-plastocyanin

Table 1: NQIs of111Cd- and111Ag-Plastocyanina

experimental conditions
ωyy ) ω⊥
(rad/ns)

ωzz) ω|

(rad/ns)
“∆ω⊥/ω⊥”

(%)
∆ω|/ω|

(%) λ (ns-1)
111Cd -11 °C, 55% sucrose, 37 mM Tris, pH 7.0 0.2542(2) 0.354(2) 0 (f) 4.4(3) 0.0049(5)
111Cd 1°C, 55% sucrose, average of several

experiments, 28-57 mM Hepes, pH 7.3-7.6
0.2532(2) 0.3484(4) 0 (f) 2.8(1) 0.0063(4)

111Ag -11 °C, 55% sucrose, 20.2 mM Hepes 0.2540(5) 0.313(2) 1.1(4) 11.8(5) 0.0045(9)
111Ag 1 °C, 55% sucrose, 20.2 mM Hepes 0.2551(5) 0.344(3) 0 (f) 5.9(7) 0.007(1)
111Ag 1 °C + PSI average of two experiments with PSI (see Table 2) 0.262(2) 0.320(7) 0 (f) 8(2) 0.026(6)

a Numbers in parentheses denote standard deviations on the least significant digit; an f indicates that the parameter was fixed during the data
analysis. Apoplastocyanin concentrations ranged from 5 to 80µM. Only the part of the Ag spectrum that was collected after 17 ns after the
emission of the firstγ-ray were included in this analysis.

FIGURE 2: Perturbation functions of111mCd-plastocyanin for
solutions with different viscositiesê: (top) 1 °C, no sucrose,ê )
1.7× 10-3 kg m-1 s-1; (middle) 30°C in 55% sucrose,ê ) 17 ×
10-3 kg m-1 s-1; (bottom) 1°C in 55% sucrose,ê ) 83× 10-3 kg
m-1 s-1. It is clear from the figure how the decrease of viscosity
causes an increased molecular tumbling, which again causes a loss
of phase coherence of the precessing nuclei. In the experiment at
1 °C, 5% free Cd was observed. This has been subtracted in the
displayed perturbation function and the subtracted fraction is shown
as the dashed line.

G2(t) ) e-ktG2(ω⊥,ω|,1,
∆ω|

ω|

, λ, t) +

(1 - e-kt)G2(ω⊥,ω|,2,
∆ω|

ω|

, λ, t) (b)
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and the latter represents the Cd-plastocyanin structure.2 ω⊥
was fixed to 0.254 rad/ns at all four temperatures,ω|,1 was
fixed to the value 0.313 rad/ns andω|,2 was fixed to the
value 0.348 rad/ns, and∆ω|/ω| andλ were fixed to the values
obtained for the fit “after 17 ns”. Thus the only free
parameters arek [)ln (2)/τ1/2], the amplitude, and the zero
level. The half-life of the structural relaxation determined
this way were 15(3), 11(2), 8(2), and 8(1) ns at 1, 10, 20,
and 30°C, respectively. If the difference inω| is ascribed
to a shift in the His-metal ion-His angle, it corresponds to
a 13° larger angle for Ag than for Cd. [This was calculated
in a way similar to the previously used procedure (19).]
Applying the same analysis to Ag-plastocyanin at-11 °C
did not show any decay of the structure at the observable
time range of approximately 100 ns.

Dynamics of the Metal Site in Cd- and Ag-Plastocyanin
and in Cd-Azurin.Increasing the temperature from-11 to
30 °C lead to a decrease of∆ω|/ω| from 4.4% to 1.4% and
an increase inλ from 0.0049 to 0.019 ns-1 for Cd-
plastocyanin. Both of these changes are related to the
increased mobility induced by the higher temperature and
in particular by the decreased viscosity. The decrease of
∆ω|/ω| is probably related to motional narrowing, a phe-
nomenon well-known in NMR. The apparent rotational
diffusion rates (λ) determined from the perturbation functions
for Cd- and Ag-plastocyanin in 55% sucrose at different
temperatures are shown in Figure 3 as a function of the
temperature divided by the viscosity. This motion is due to
a combined effect of internal motion (λ0) and rotational
diffusion (λr). The internal motion is assumed to be viscosity-
independent, whereas the rotational diffusion depends linearly

on the viscosity. For a rigid spherical molecule with volume
V, embedded in a solution with viscosityê, the inverse
correlation time isλr ) 1/τ ) kBT/(êV). When the two
motions are assumed to act independently in an additive way
and the temperature dependence ofλ0 is neglected, then
λ(T/ê) ) λ0 + kBT/(êV). [This dependence ofλ on T/ê has
previously been observed by PAC for181Hf-labeled trans-
ferrin (33).] The intersection with the ordinate in Figure 3
thus reflects the internal motion and the slope corresponds
to kB/V. λ0 was determined to be 0.0047(4) ns-1 and kB/V
was determined to be [0.54(8)× 103] kg m-1 s-2 K-1. The
latter value should be compared to the calculated value of
kB/V of 0.78× 103 kg m-1 s-2 K-1 [calculation based on a
hydrated volume of 1.07× 10-3 m3/kg (34) and the
molecular mass of plastocyanin, 10 kDa].

To compare the observed value ofλ0 to that of azurin, the
rotational diffusion rate,λ, of azurin at-11 °C in 55%
sucrose was determined from a111mCd PAC spectrum
collected on Cd-substituted azurin ofP. aeruginosa. The NQI
was identical to the previously observed (17) but the freezing
of the sample lead to a larger value of∆ω|/ω| of 2.6(2)%
and a smaller value ofλ of 0.0027(6) ns-1. Assuming that
the overall rotational diffusion is frozen at-11 °C in 55%
sucrose but that the internal motion is unaffected,λ from
this spectrum corresponds toλ0. These data show that the
internal motion of plastocyanin (λ0 ) 0.0042 ns-1) is almost
twice as fast as that observed for azurin (λ0 ) 0.0027 ns-1),
indicating that the metal site in plastocyanin is more flexible
than in azurin.

Binding of Cd- and Ag-Substituted Plastocyanin to Pho-
tosystem I.When111Ag- or 111mCd-substituted plastocyanin
was in aqueous solution (in the absence of sucrose) at 1°C,
the rotational diffusion rate (λ) was 0.23(2) ns-1 for 111mCd-
plastocyanin and 0.25(5) ns-1 for 111Ag-plastocyanin. This
is of the same order of magnitude asω| of plastocyanin
(Table 1). In this case the amplitude in the perturbation
function after 17 ns is zero as seen in Figure 4. When
plastocyanin binds to PSI the effective molecular mass is
increased, which results in a slower rotational diffusion. The
NQI of 111Ag-substituted plastocyanin bound to PSI was
therefore determined by analyzing the perturbation function
after the first 17 ns. In this way two problems were
avoided: (1) a possible fraction of the plastocyanin not bound
to PSI would only show up as a lack of amplitude in the
analysis, and (2) the effect of the structural relaxation from
Ag to Cd structure would also not interfere with the analysis.
This analysis results in aλ of 0.026 ns-1, which is 10 times
slower than for plastocyanin not bound to PSI. The amplitude
(A2) determined from the average of two perturbation
functions (one with magnesium acetate and one without) was
80% of the maximum amplitude (estimated from the average
amplitude of the five perturbation functions collected at
different temperatures immobilized by 55% sucrose, and with
a similar sample detector geometry). This should be com-
pared to an observed immobilized fraction of 4% ((10%)
plastocyanin in the absence of PSI as well as sucrose (Table
2). Experiments were carried out in the absence of magne-
sium as well as in 4 mM magnesium acetate, since it is
known that Mg2+ ions enhance the reactivity between
plastocyanin and PSI (35). The two perturbation functions
with and without magnesium acetate show a small difference

2 It can be shown that the relaxation of one structure to another will
not in general result in a simple decay of oneG2(t) to another as
indicated by the above equation (private communication, T. Butz). It
is expected also to result in contributions to the sine part of the Fourier
transform. This was not observed within the experimental uncertainty
of our data (results not shown), and the reducedø2 from this equation
was so low that we do not expect to improve the data analysis
significantly by a more sophisticated model. For our purpose it is
therefore sufficient to use the above equation as an approximation.

FIGURE 3: λ (inverse correlation time of rotational diffusion) as a
function of absolute temperature divided by viscosity for Cd-
plastocyanin (0) and Ag-plastocyanin (b). The line is the best fit
to all of the shown data. The viscosity was determined by
interpolation of tabulated values at 55% sucrose (40). The temper-
atures were from left to right:-11, 1, 10, 14, 20, and 30°C. The
viscosity at-11 °C was assumed to be infinite.
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in amplitude corresponding to a change in the fraction of
bound plastocyanin from about 69% ((11%) for the experi-
ment without magnesium acetate to about 91% ((11%) for
the experiment with magnesium acetate. The corresponding
dissociation constants are 5µM for the sample containing
magnesium acetate and 22µM for the sample without
magnesium acetate (see Table 2).

For 111mCd-substituted plastocyanin, we were unable to
monitor any binding to PSI by fitting all the different NQI
parameters to the perturbation function. If however, the
parameters determined for Ag-plastocyanin bound to PSI are
used for analyzing the spectra, and the data analysis is limited
to the perturbation function after 17 ns, then the amplitudes
(A2) correspond to a fraction of plastocyanin bound to PSI
of 9% ((6%) for the average of two spectra, one with and
one without magnesium acetate, corresponding to a dissocia-
tion constant of 470µM (note the large uncertainty in the
latter number, Table 2). The ratio between the two dissocia-
tion constantsKD

I/KD
II is 0.010( 0.016 (where the uncer-

tainty has been derived by propagation of error). This results
in 24 < KD

II/KD
I < ∞, with 95% confidence.

Metal Site Structure of Ag-Plastocyanin Bound to PSI.In
Table 1 the NQI values of Ag-plastocyanin bound to PSI,
Ag-plastocyanin at-11 °C, and Ag-plastocyanin at 1°C
after the relaxation are listed. The difference betweenω| of
frozen Ag-plastocyanin andω| of Cd-plastocyanin is 0.031
rad/ns; this is significant (in terms of experimental uncer-
tainty) and it is too large to be explained by second
coordination sphere changes only. It is therefore interpreted
as a change of the metal site conformation (vide ante). In
contrast to this, the difference between the NQI of frozen
Ag-plastocyanin and Ag-plastocyanin binding to PSI is
within the experimental uncertainty. Since no relaxation of
the NQI of Ag-plastocyanin bound to PSI could be observed
on the time scale of about 100 ns, this means that the binding
of Ag-plastocyanin to PSI has stabilized the metal site in a
conformation that is structurally similar to that of frozen Ag-
plastocyanin.

FIGURE 4: Perturbation functions of Ag- and Cd-substituted plastocyanin at 1°C, all in the absence of sucrose, and in the absence (upper
panels) and presence (lower panels) of PSI. It is clear how addition of PSI leaves the Cd perturbation function almost unaffected, whereas
it causes a huge impact on the Ag perturbation function. A closer analysis shows that 4%( 5% Cd-plastocyanin was bound to PSI,
whereas 91%( 11% Ag-plastocyanin was bound to PSI. (The first number differs from that in Table 2, because it is based on the experiment
in the presence of magnesium acetate). The concentrations in the experiments including PSI were, for Ag, plastocyanin 16µM, PSI 49µM,
and magnesium acetate 4.3 mM. For Cd the concentrations were plastocyanin 15µM, PSI 46µM, and magnesium acetate 4.1 mM. For
Cd-plastocyanin at 1°C, please refer to Figure 2.

Table 2: Binding of Plastocyanin to PSI under Various Conditionsa

metal
ion

plastocyanin
(µM)

PSI
(µM)

magnesium
acetate (mM)

fraction of immobilized
plastocyaninb (%) KD

c (µM)

Ag 16 49 0 69 ((11) 22 (35-12)
Ag 16 49 4 91 ((11) 5 (12-0)
Agd 15 0 4 “4 ((10)”
Cd 15 46 0-4 (two spectra) 9 ((6) 470 (260-1500)

a The temperature was 1°C, the pH was 7.5, and the buffer was 24.2 and 28 mM Hepes. The detergent was 0.2% decyl maltoside. No nonradioactive
Cd nor Ag was added.b This was determined from the amplitude of the perturbation function omitting the first 17 ns from the data analysis.c KD

was calculated with the assumption that apoplastocyanin did not bind to PSI and the fact that the concentration of radioactively labeled plastocyanin
is insignificant compared to the PSI concentrations. The numbers in parentheses gives the range given by 1 standard deviation in fraction bound.
d This sample, which contained neither sucrose nor PSI, is included for comparison.
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DISCUSSION

The binding of plastocyanin to PSI as a function of the
charge state of the copper ion is an important part of the
electron transport in photosynthesis and has previously been
studied by observing the absorbance changes of P700 after
photooxidation induced by a laser flash (8). In the present
study the binding is monitored through the rotational
diffusion of plastocyanin and, to our knowledge, this is the
first application of PAC spectroscopy to the study of
protein-protein interaction. It further focuses on the role of
the structure of the metal site in contributing to the regulation
of the reduction potential of plastocyanin for bound and free
plastocyanin, respectively. The dissociation constant was here
found to depend strongly on the metal ion.KD

II/KD
I is at least

24, which corresponds to a difference in binding energy of
kBT ln (KD

II/KD
I) ) 75 meV. It is shown in the work by

Drepper et al. (8) (see the introduction) that the dissociation
constant depends on the charge of the metal ion of plasto-
cyanin for Cu(I)/Cu(II). Together with the present results,
based on direct determination of dissociation constants, this
indicates that the driving force in the complex is significantly
different from what is obtained by the difference in the two
reduction potentials of free plastocyanin and free P700.
However, it should be noted that the difference in binding
energy for Cd- and Ag-plastocyanin to reduced P700 cannot
directly be related to the driving force in the natural complex
between plastocyanin and P700. The reason is 2-fold: first,
the substituting metal ions are not identical to the native
Cu(I)/Cu(II), and second, the binding of Ag-plastocyanin to
oxidized P700 has not yet been measured.

The present work also shows a difference between the
structure of Cd- and Ag-plastocyanin in solution and, further,
that when Ag-plastocyanin is bound to PSI, the Ag structure
is stabilized. The well-defined effect of the binding on the
structure of the metal site indicates that Ag-plastocyanin
binds to a specific site on PSI, most probably the functional
site for the electron transfer. This suggests that the metal
site structure is involved in regulating the dissociation
constant of plastocyanin to PSI in addition to the charge-
charge interactions between the two proteins suggested by
Drepper et al. (8).

Structure of Metal Site in Cd-Plastocyanin.When the PAC
spectrum of Cd-plastocyanin is compared to the PAC
spectrum of Cd-azurin (Figure 1), the first thing one notices
is the high similarity, indicating that the metal site structures
of Cd-plastocyanin and Cd-azurin are similar, in accordance
with the similarity between the Cu(II) structures based on
X-ray diffraction (14, 20). Second, one notices a significant
broadening of the second angular frequency for Cd-plasto-
cyanin. As described in the Results section, this can be related
to an in-plane distribution of the position of one of the
ligands. Also, the high apparent rotational diffusion at infinite
viscosity (here obtained by freezing to-11 °C in 55%
sucrose) indicates a high degree of flexibility of the metal
site in plastocyanin. If one assumes that this flexibility
reflects the motion of one of the ligands, then the flexible
ligand is unlikely to be the cysteine. The reason for this is
that moving the cysteine in the plane will increase one of
the Cys-metal ion-His angles, whereas the other is
decreased and the combined effect on the PAC spectrum is
very small. Thus if only one of the ligands is involved in

forming the unusual line width, it must be one of the two
histidines having an in-plane distribution of positions with
a standard deviation of approximately 4°. PAC alone cannot
distinguish between the two histidines, but the most likely
candidate is His87, which is known to become protonated
and rotate 180° about the Câ-Cγ bond at low pH for reduced
[Cu(I)] plastocyanin (16). This interpretation is based on the
assumption that only one of the coordinating amino acids is
moving. Other possible interpretations could involve several
ligands, and/or the metal ion itself, and might explain the
residual electron density observed around the copper ion by
X-ray crystallography (15).

Structure of Metal Site in Ag-Plastocyanin.The perturba-
tion functions of Ag-plastocyanin are well described as an
NQI of Ag-plastocyanin with a smaller value ofω| (0.313
rad/ns) compared to Cd-plastocyanin (Table 1). In the
unfrozen samples this structure is relaxing rapidly into the
NQI characteristic of Cd-plastocyanin with a half-life
between 15 and 8 ns depending on the temperature, but the
binding of Ag-plastocyanin to PSI prevents this relaxation
from taking place on a time scale of 100 ns. The structural
interpretation of this is that one of the histidines (presumably
His87) takes on a different position for Ag-plastocyanin than
for Cd-plastocyanin but that this difference relaxes fast after
the decay of Ag to Cd. That the structural difference involves
His87 is also supported by the stabilization of the Ag
geometry by the binding to PSI, since this amino acid is
part of the hydrophobic patch involved in the binding to PSI.
The corresponding difference in N-metal ion-N angle
between Cd and Ag is approximately 13°. Motion of His87
is the simplest model explaining these data; however, the
conformational difference could also involve more ligands
and/or the metal ion itself. It is important to note that the
difference in the spectra between Ag and Cd is not due to a
partial protonation of the Nδ of His87. If this nitrogen is
protonated and the metal ion relaxes to the plane of Met92,
Cys84, and His37 [as is the case for Cu(I)-plastocyanin at
low pH; see the introduction], then this conformation would
have theω⊥ characteristic of these three ligands and would
be observed as a shift of the first angular frequency.

Relationship between Flexibility of Cd Metal Site and
Difference between Ag and Cd Structures.To compare the
flexibility of the Cd metal site and the structural difference
between Cd- and Ag-plastocyanin in a quantitative way, we
will ignore the changes in charge-charge interactions
between plastocyanin and PSI. We will assume that all of
the increase of the dissociation constant for Cd-plastocyanin
to PSI compared to Ag-plastocyanin to PSI is due to a
conformation of plastocyanin bound to PSI that is favorable
for Ag-plastocyanin but not for Cd-plastocyanin. If we further
parametrize the conformational energy of the metal site by
the His-Cd-His angle,R, and assume that this energy
depends on the angle as a harmonic oscillator, then we get
∆G ) 1/2k(R - R0)2, whereR0 is the equilibrium value for
Cd. The difference in binding energy,kBT ln (KD

II/KD
I), of

at least 75 meV must then correspond to the increase in
energy of the Cd site by forcing it into the Ag conformation
and suggests that∆G ) 75 meV (or more) forR - R0 )
13° (from thisk can be determined). This together with the
Boltzmann distribution yields a probability density ofR:
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whereσ2 ) k/kBT. The value ofσ derived from this Gaussian
distribution with a temperature of 274 K is 5°. This is very
close to the angular distribution with standard deviation 4°
derived from the unusual frequency distribution of Cd-
plastocyanin, which affects only the second and the third
angular frequencies. To make this comparison we ignored
the charge-charge interaction and we used the lower limit
of 75 meV for∆G. Therefore we do not wish to emphasize
the numbers but rather to draw attention to the relationship
between (1) assuming that the binding of plastocyanin is
partly regulated by the position of the His87 and (2) the
distribution of the position of His87 for plastocyanin in
solution.

Comparison to Crystal Structures.The crystal structure
of oxidized poplar plastocyanin has been known since 1983
(14) and for reduced poplar plastocyanin since 1986 (16),
while the structure of oxidized spinach plastocyanin recently
was determined for the Gly8Asp mutant (15). The structure
of the (oxidized) copper site showed no significant difference
for spinach plastocyanin compared to poplar plastocyanin.
The largest differences between the two copper sites occurred
in the distances between the copper ion and the two
coordinating Nδ1 atoms of His37 (0.11 Å) and His87 (0.16
Å). We will for simplicity only refer to the poplar structures
(14, 16) in the following discussion. The major difference
between the structure of oxidized poplar plastocyanin and
the structure of reduced poplar plastocyanin at pH 7.8 is a
shift of the copper ion out of the plane (about 0.1 Å) for the
reduced plastocyanin. Such a displacement is not observed
for 111Ag-plastocyanin compared to111Cd-plastocyanin since
the first angular frequency is identical for the two PAC
spectra. This does not mean, however, that Ag is not shifted
out of the plane, as is Cu(I), but only that such a possible
shift must have relaxed within less than a few nanoseconds
after the decay from Ag to Cd, in which case it would be
unobservable by PAC.

The comparison of the two copper structures, Cu(I) at pH
7.8 (16) and Cu(II) at pH 6 (14), does not indicate that the
position of one of the histidines is shifted as observed with
Ag PAC. However, for Cu(I)plastocyanin at pH 7.0 (16) there
is an increased distance of 3.44 Å between the two
coordinating nitrogens compared to 2.97 Å for Cu(II)-
plastocyanin at pH 6 (14). This is interesting because the
protonation of His87 seems to take place between pH 5.1
and 5.9, based on the average distance of the copper ion to
the plane formed by N(His37), S(Cys84), and S(Met92). We
will therefore use the Cu(I)plastocyanin structure at pH 7.0
for the comparison. If we further assume that by PAC we
observe the geometry of the monovalent ion after it has
relaxed to the plane, then an increase of the N-N distance
from 2.97 Å for Cu(II)-plastocyanin to 3.44 Å for Cu(I)-
plastocyanin corresponds to an increase in N-Cu-N angle
by approximately 15°. The increased distance between the
two histidines is thus in very good agreement with the
increased angle observed for Ag PAC compared to Cd PAC.

Strict Complementarity in the Interaction between the Two
Proteins.The observation that the binding of plastocyanin
to PSI forces a metal site structure that favors the Ag
structure also suggests that a strong binding between the two

proteins requires a strict complementarity between the two
protein surfaces. Other observations support this require-
ment: TheB-factors of spinach plastocyanin obtained by
X-ray crystallography are low at the hydrophobic surface
surrounding His87, meaning that plastocyanin is quite rigid
in this region (15). Second, even rather small changes in the
hydrophobic patch induced by a mutation drastically lower
the binding capability to PSI. Examples of this are the loss
of the fast phase when Leu12 is replaced by Glu, Ala, or
Asn (4) and the very small amplitude of the fast phase for
the Pro36Gly mutant (2). Similar changes have been
observed for the Gly10Leu and Ala90Leu mutants (36). A
factor of at least 24 in the dissociation constants might seem
large, but the corresponding difference in binding energy of
75 meV (7.2 kJ mol-1) is not more than the typical energy
of a hydrogen bond. The observation that the Ag structure
is immobilized at-11 °C in 55% sucrose supports the
hypothesis that the structural difference also involves the
surface of plastocyanin.

PERSPECTIVE

Though PAC spectroscopy directly provides a means of
measuring the binding of a small molecule to a larger
molecule through rotational diffusion, PAC alone can only
provide information about the molecular mechanism behind
the binding if that involves the very close vicinity of the
PAC probe. In the present case a large difference in
dissociation constant was found for plastocyanin containing
divalent Cd and plastocyanin containing monovalent Ag (in
accordance with what is attractive from a biological function
point of view). At the same time a geometrical difference at
the metal site is observed for the two different metal ions.
This geometrical difference relaxes for Ag-plastocyanin in
solution when Ag decays to Cd but is stabilized if Ag-
plastocyanin is bound to PSI. This suggests that the structural
difference of the metal site is also involved in the molecular
mechanism behind the difference in binding constants.
Though it remains to be shown whether the copper protein
undergoes the same structural changes, the present study
gives a hint to the mechanism that might be behind the
regulation of the binding to PSI as a function of the redox
state of the native copper protein. If the present findings are
transferred to the native system, they suggest the following
series of events:

First, reduced plastocyanin binds to PSI. In this state the
Cu(I) ion is displaced out of the plane and the distance
between the two coordinating nitrogens is large.

Second, the electron is transferred to PSI and the nucleus
might quickly relax closer to the plane (this relaxation is
too fast to be observed by PAC at temperatures close to 0
°C.) At a slower time scale the distance between the two
coordinating nitrogens is decreased (PAC suggests that for
plastocyanin in solution this structural relaxation takes place
at a time scale of 10 ns but that it is slowed by the binding
of plastocyanin to PSI). This destroys the close structural
match between the two protein surfaces, and this together
with the change in the Coulomb interaction weakens the
binding between plastocyanin and PSI.

Third, the now oxidized plastocyanin leaves PSI. The rate
constant of this,koff

II , is on the order of 9× 103 s-1 (8). The
PAC experiments only indicate that it is slower than 40 ns,

p(R) ) exp(-∆G/kBT) ) exp(-1/2(R - R0)
2/σ2)
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judged from the fact that Ag-plastocyanin does show slow
rotational diffusion even though Ag has decayed to Cd.

This scheme of events also suggests future experiments:
The pK of the protonation of His87 could be monitored by
Ag PAC in the absence and in the presence of PSI. This
would directly reveal whether the binding of plastocyanin
to PSI affects this pK and/or whether protonation of His87
affects the binding of plastocyanin to PSI. The method could
further be used to study the binding of Ag-plastocyanin to
oxidized PSI. Such a study could give the dissociation
constant missing in order to compare the differences in
binding energies with respect to the driving force.

It seems likely that a mechanism similar to that observed
in the present study is involved in plastocyanin binding to
cytochromef. Here the binding of plastocyanin to cytochrome
f results in a lowering of the reduction potential of plasto-
cyanin by 30 mV (37). Thus the analogy would suggest that
the binding of plastocyanin to cytochromef favors the
structure of the oxidized plastocyanin. A similar mechanism
seems to regulate the electron transfer between amicyanin
and methylamine dehydrogenase, which also cannot be
explained by a simple theory (38). For this redox couple a
recent investigation has shown that the binding of reduced
amicyanin to methylamine dehydrogenase stabilizes the
conformation of His-95, to the position where it is bound to
the copper ion (39). For amicyanin not bound to methylamine
dehydrogenase this conformation is found in the oxidized
protein, but in the reduced protein the histidine can protonate
and “flip” in a way very similar to that of plastocyanin but
with a pK of about 7.5. This binding between the two redox
partners lowered the reduction potential of amicyanin by 73
mV (39). On the basis of the PAC experiments it seems likely
that what has previously been interpreted as a conformational
rearrangement of the plastocyanin-PSI complex prior to the
electron transfer is at least partly due to a decreased driving
force and a change of conformation in plastocyanin after the
electron transfer.
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