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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 of-rays (PAC). Ag and Cd are used as models for native Cu(l) and Cu(ll), respectively.

A dissociation constant of BM 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 pldisg decays to''Cd,
followed by the emission of twg-rays used for the PAC experiment. TH&Ag 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 | 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 constant of about 50100 us (1—9). These discrepancies
functioning as an electron carrier from cytochroimé to cannot be explained by the simple model, and more elaborate
photosystem | (PSHin chloroplasts and cyanobacteria. The models have been proposed. A model where the binding of
binding of plastocyanin to PSI as a function of the charge plastocyanin to the PSI complex must be followed by an
state of the metal ion is thus central for the photosynthetic intracomplex conformational change or rearrangement prior
electron transport. Studies of the absorbance of P700 after ao electron transfer was first proposed by Bottin and Mathis
short flash have shown that in higher plants the reduction of (6) and has been further developed in several pafders(
photooxidized P700 by plastocyanin is biphadie-9). The 7, 9. Another model has been proposed by Drepper et al.
fast component of 1815 us is in a simple model thought  (8) where the deviations from the simple model are explained
to represent an intracomplex electron transfer of already from differences in the reduction potentials for the bound
bound plastocyanin, and the slower phase is thought toand unbound plastocyanin.

represent a bimolecular reaction of plastocyanin and PSI.  The process of electron transfer from reduced plastocyanin
However, even at very high concentrations of plastocyanin (pc) to P700 can be divided into the following three steps

the fast phase is still Ol’l|y about 75% of the total absorbance (W|th the Change of free energy in each Step indica‘[ed):
change and the slow phase saturates with a limiting time

kg T In(Kp! 1) AG® = —eAE, (complex)
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following in order to make the comparison to the reduction spectroscopy after the copper ion of spinach plastocyanin is
potentials simple.) The changes in free energy of the first substituted with radioactive*"Cd or 1*Ag.

and the last processes are giverttgg T In (Kp"+) and—ksT PAC spectroscopy measures the nuclear quadrupole in-
In (Kp"), respectively (wherég is Boltzmann's constant, teraction (NQI) of a nucleus in the intermediate state of a
Kp"* denotes the dissociation constant, of reduced plasto-y—y cascadel!?Ag decays to an excited state'iCd before
cyanin for oxidized P700, anidp" denotes the dissociation they—y cascade. Thus for both isotopes used in the present
constant of oxidized plastocyanin for reduced P700). The study,**'"Cd and'!!Ag, the intermediate level is the excited
changes in the free energy of the middle st} = —eAE, spin %/, state of''!'Cd. In the presence of an electric field
where AE,, is the driving force of the electron transfer in  gradient, a specific coordination geometry will result in three
the complex. Thua\G°® — AGy: = A(AG) is related to the peaks in the Fourier transformed PAC spectrum, referred to
dissociation constants by the relationstfAG) = kgT In as the first, second, and third angular frequencies. From the
(Kp"/Kp"*). From this relationship it is clear that a weaker position and amplitude of these three peaks the two major
binding of oxidized plastocyanin to P700 than of reduced NQI parameterswy andw, can be determined uniquely by
plastocyanin to P700has the price of reducing the driving the relations given elsewhergq). The method is described

force for the electron transfer within the complex. in detail in the review by Frauenfelder and Stefféd)(and
One problem that arises when the dissociation constantswith special emphasis on biological application by Bauer
are compared to the driving force is that usualy' is (12). An introduction to the technique applied to proteins

measured instead dfp"t (Kp' denotes the dissociation containing metal ions is given by Bauer et dl3),
constant of reduced plastocyanin for reduced P700). These The structure of oxidized plastocyanin has been determined
two are only the same if the reduction potential of P700 is for poplar plastocyaninld), spinach plastocyaniri§), and
independent of whether it is binding reduced plastocyanin. reduced poplar plastocyanih®). For oxidized plastocyanin
For the sake of simplicity we will assume this in the the copper ion is coordinated to His37, His87, and Cys84,
following, bearing in mind that this assumption might not and axial to this plane at a distance of 2.9 A from the copper
hold true and could further complicate matters. ion is S(Met92). For reduced poplar plastocyanin at high
Drepper et al. §) investigated the dissociation constant pH the copper ion coordinates to the same amino acids, but
of copper-plastocyanin in a number of ways. One approachat low pH (pH 3.8) His87 is protonated and the imidazole
was based on the rati&p"/Kp'. They found that the  ring is rotated by 180about G—C. In this conformation
dissociation constants depended on the PSI preparation bythe copper ion is instead coordinated to His37, Cys84, and
up to a factor of 5. For the samples showing the strongest Met92.

binding, which had a ratio of chlorophydito chlorophyllb The metal site structure of the blue copper protein azurin
of 10, they found &p' of 7 uM. The dissociation constant has been studied in detail BY*"Cd and''*Ag PAC (17—
of Cu(ll)-plastocyanin was 48M, implying aksT In (Kp"/ 19). Comparison of wild-type spectra and spectra of mutant

Kp') = 41 meV. In a second approach, Drepper et 8. (  proteins together with model calculations show that Cd and
measured the reduction potential of plastocyanin covalently Ag in wild-type azurin are both three-coordinated in a planar
bound to reduced PSI. This changed the reduction potentialand very rigid conformation to two histidines and one
of plastocyanin from 360 mV for the free plastocyanin to cysteine in accordance with the structure of the copper
410 mV for the bound plastocyanin. The reduction potential protein @0, 21). As shown in the present study, Cd and Ag
of P700 bound to oxidized plastocyanin was measured toin plastocyanin also coordinate to two histidines and one
be 475 mV and was close to that found for PSI without bound cysteine. Such a conformation is known to result in a value
plastocyanin §). Thus, if it is assumed that the reduction of wp that is independent of the angular position of the
potential of P700 is also unaffected by the binding to reduced ligands in the plane but will decrease if the metal ion is
plastocyanin, them\(AG) is approximately 55 meV. The shifted out of the planel®). The other major parameter,
third approach is based on the effect of the reduced driving w;, depends on the angles between the histidines and the
force on the equilibrium distribution of the electron at cysteine in such a way that a smaller angle between the
plastocyanin and at P700, respectively. This offers a possiblehistidines will increase the value . It has previously
explanation of the observation that the fast component of been shown by Tiger et al. 22) that plastocyanin possess
the absorbance change saturates at 75%. If all of the limitedan unusual spectroscopic characteristic in the Cd PAC
saturation is explained by the reduced driving force, then a spectrum, where the second and third line in the spectrum
limiting saturation at 75% would imply a driving force of are much wider than the first line. In the present paper we
28 mV corresponding to A(AG) of 92 mV. One possible  elaborate more on the dynamics behind and structural
source for these variations is the assumption kpat= Kp"* significance of these characteristics and include studies of
(equivalent to the reduction potential of P700 being inde- Ag-plastocyanin. These studies, which supply structural
pendent of whether it is bound to reduced plastocyanin). information of the copper site in plastocyanin, also serve as
Another important aspect that has been ignored in this the background for the studies of the binding of Ag-
comparison is the conformational change suggested by Bottinplastocyanin and Cd-plastocyanin to PSI.
and Mathis 6), which could also contribute to the saturation There are several advantages of using the PAC technique
of the fast component. for studying the binding of plastocyanin to PSI in supplement
The differences between the two models make it desirableto the traditional technique, where the interaction between
to investigate the binding of plastocyanin to reduced PSI by plastocyanin and PSI is investigated by the absorbance
a different method, which can also in the future be used to changes due to P700 rereduction following a short flash:
investigate the binding to oxidized PSI. In the present paper First, the binding observed by PAC is not influenced by the
the binding between plastocyanin and PSI is studied by PAC electron transfer pathways. Second, the dissociation constant
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can be determined independently for the two different charge plasmids for spinach plastocyanin as described previously
states of the metal ion, where the traditional way determines(28). Apoplastocyanin was prepared by dialysis of 4060

the binding of Cu(ll)-plastocyanin to PSI through competition xL of 1 mM copper-plastocyanin against 5 mL of 0.1 M
with the binding of Cu(l)-plastocyanin to PSI and is observed KCN and 0.1 M Tris, pH 9.5. The KCN was removed by
by the prevention of the functional electron transfer within 6-fold dialysis against 50 mL of 50 mM Hepes, pH 7.5. In
the complex formed by plastocyanin and PSI. Third, PAC each step the buffer was flushed with before the dialysis
gives information about conformational changes at the metal bag was transferred to the buffer. The container was closed
site of plastocyanin. It is thus possible to observe differences and the dialysis was carried out afG. This resulted in an

in the metal site structure between the monovalent Ag ion apoprotein that could be reconstituted to 20% as judged by
and the divalent Cd ion. If the structural difference relaxes the ability to regain absorbance at 600 nm by copper
on a time scale of 18100 ns, as in the present case, then incubation as well as the ability to bind radioactively labeled
the relaxation time as well as the structural difference is Cd. The fraction that was unable to bind metal ions was

observable. shown to contain oligomers (predominantly dimers and
trimers), possibly formed as a result of the high pH in the
MATERIALS AND METHODS KCN procedure. The content of oligomers was determined

by running an HPLC separation on a Superdex 200 HR 10/
Preparation of'**"Cd and'*'Ag.'**"Cd has a half-life of 30 column and observing the refraction index (in order to
48.6 min and decays through the emission of two successivepbtain the weight concentration of the protein) as well as
y-rays to the ground state &f'Cd. 1*?Ag has a half-life of |ight scattering (for monitoring the size of the oligomers).
7.5 days and decays #'Cd by ap~ decay. Only about  The oligomers were unable to bind metal ions and thus are
0.2% of these decays result in the successive emission ofnot believed to interfere with the PAC experiments. No
two y-rays suitable for PAC spectroscopy. It is important to attempts were made to remove the oligomers. The concentra-
note that although we refer to the experiments and spectrations of plastocyanin listed in Tables 1 and 2 are total
as Ag PAC and Ag spectra, the twerays are emitted from  plastocyanin concentrations based on the absorbance of the
Cd. The excited level ir*'Cd that is populated by thg~ apoplastocyanin at 278 nm. (These concentrations are not
decay of''!Ag has a half-life time of 27 ps. This is enough used in the calculations of the binding constants since we
time to adjust the electronic structure but, as previously do not expect apoprotein to bind to PSI and the concentration
shown, not always enough to adjust the molecular structureof radioactively labeled plastocyanin is insignificant com-
to that of the Cd proteinl®, 23. pared to the PSI concentrations.) The apoprotein was kept

1mcd was produced by bombardit§Pd witha-particles frozen at—80°C gn_til the_ experiments, when i_t was quickly
at the cyclotron at the National Hospital, Copenhagen, thawed before mixing with the aqueous solutiortéAg or
Denmark. Thé1"Cd was separated from the palladium by ‘**"Cd. The incubation time was at least 20 min.
the procedure previously described), *?Ag was produced Azurin.One experiment ob'"Cd-substituted azurin from
by neutron irradiation for 7 days of 99.99% pure palladium Pseudomonas aeruginosa55% sucrose was performed as
foil or palladium powder enriched i%%Pd to 98.64%. In described previouslyl(y) but at a temperature of11 °C.
the latter case a smaller amount of palladium could be usedThis sample as well as plastocyanin samples®t °C were
and therefore the palladium could be dissolved in a smaller first frozen in liquid nitrogen to ensure that they were in the
amount of aqua regia after the neutron activation. Otherwise solid phase.

the'!Ag was separated from the palladium by the procedure  pAC.The PAC spectrometer consists of six Baintil-
previously describedlQ). lation detectors and is a built-out version of the PAC camera
Preparation of PSI. Spinachia oleraceéa was obtained  described previously2Q). The temperature of the sample
from a local market and PSI was isolated by use of the was controlled within 2°C by a Peltier element. The
detergenh-decyl -maltopyranoside according to the previ- experiments were carried out under conditions where P700
ously described procedure24, 25. The PSI complex is mostly in the reduced state. The perturbation function was
obtained after sucrose gradient centrifugation was concen-formed from the individual coincidence spectra as described
trated by ultracentrifugation at 1960§@r 22 h and the  previously G0).
resulting pellet was resuspended in 25 mM Hepes-KOH (pH  Angular Querlap Model CalculationsThe NQI can be
8.0) and 0.3% decyl maltoside. PSI prepared in this way hascalculated in the angular overlap model, which is a semiem-
a ChlI/P700 ratio of about 200 and shows very high pirical molecular orbital model based on observed NQIs for
photochemical activity24). P700 was determined chemically a series of coordination compounds of Cd, based on the
from the ferricyanide-oxidized minus ascorbate-reduced assumption that each ligand contributes to the charge
difference spectrum with an absorption coefficient at 700 distribution in a manner that is independent of the other
nm of 64 mM* cm™. Photochemically active P700 was ligands and with axial symmetry around the metakitigand
determined from the flash-induced absorbance change at 834ond. In the present paper the angular overlap model is only
nm with the setup previously describe2b and an absorp-  used to give an estimate of the difference in structure between
tion coefficient of 5 mM* cm™. No significant difference  the metal site in Ag-plastocyanin and in Cd-plastocyanin,
was found between chemically and photochemically deter- respectively. Details of the calculations are given elsewhere
mined P700. Chlorophyll was determined according to Arnon (18).

(27). The angular overlap model calculations of PAC spectra
Preparation of Apoplastocyaniflastocyanin was isolated  for a planar configuration of one cysteine and two histidines
from Escherichia colicells transformed with expression 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 F ‘ T ' v v
diagonal elements of the NQI tensor wyy, andw,, where Cd-azurin

wyy is the diagonal element @) for a y-axis perpendicular o L

to the plane formed by the three ligands, ang is the g
diagonal element ob for a z-axis almost coinciding with ;. i

the bond between the cysteine and the metal ion. These two £
parameters are hereafter denoted and w), respectively. ?

As mentioned in the introductiom depends on how close

the metal ion is to the plane formed by the three ligands,

and w; depends on the Cysnetal ion-His angles. i [

NQI DeterminationThe perturbation functioA;G,(t) was Cd-plastocyanin
analyzed by conventional leggtfitting routines. Each NQI L P y ]
is described by the parameteng wo, Aw)/wy, Awdwg, 4, *2 | |
and A,. The two parameterAwy/w, and Awd/wp are used >
for describing small inhomogeneities in the NQI due to = | ]
variations from one molecule to another with respect to _Tg,'
conformations of the probe sites. It was found that, within <

the uncertaintyAwp/wn was zero for all samples measured
at temperatures above C. For samples measured at
temperatures above°C, the NQIs were therefore described ]
by a singlewy and a Gaussian distribution af; with the Ag-plastocyanin
standard deviatiow, (this parameter was included in the
analysis by foldingG,(t) numerically with the distribution

in wy). 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 Aw)/wy, there is a distribution in one of the Cymetal
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 FIGURE 1: (Top panel) Fourier transform (details given in Materials

11 o 2 ; and Methods) of the perturbation function BfCd-azurin (7).
spectra at-11 °C the reducedy® could be improved by (Middle panel) Fourier transform of thé'™Cd-plastocyanin

including a distribution inwy as well. This was done by perurbation function. (Bottom panel) Fourier transform6Ag-

: L L
T T T T

Arbitrary units

025 050 075 1.00 1.25
frequency (radians/ns)

introducing the conventional frequency-distributiorGg(t) plastocyanin perturbation function. All three spectra were collected
before the numerical folding (mentioned above) was carried at 1 °C in 55% sucrose. Note that the first angular frequency is
out. almost identical for all three spectra but that the second and third

. e . . angular frequencies are shifted and broadened for the plastocyanin
If the rotational diffusion induced by Brownian motions  spectra. Foft!Ag this shift depends on the time window used in

is significant on the time scale of the lifetime of the the Fourier transform, such that the lines are shifted to lower

intermediate state in the PAC isotope (the half-life is 85 ns) frequencies for data collected immediately after the decay from

but yet slower than the oscillations in the perturbation A9 t0 Cd. In each spectrum, the baseline is displayed as the dotted
. L . . horizontal line.

function, it will cause an exponential damping of the three

angular frequencies. This is best observed in the perturbation i he ofh h included 506
function before it is Fourier transformed. For slow reorienta- 2116t the other parameters. The amount included was 5%

tion the perturbation function is damped by a factor of N the spectrum at 1C, 55% sucrose; 11% in the spectrum
exp(—At), where/ is the inverse of the correlation time of &t 30 °C, 55% sucrose; and 11% in the spectrum in the
the rotational diffusionz.. As A approaches the resonance @absence of both sucrose and PSI.
frequencies, as is the case for plastocyanin in aqueous Fourier TransformationsCosine Fourier transformations
solution at 1°C, the effect on the perturbation function were used to compare the measured perturbation function
becomes more complicated and it is necessary to useto the calculated perturbation function. All analyses were
numerical methods when the data are analy24l ( carried out on the perturbation functions, and the Fourier
The coefficientA; gives the amplitude of the anisotropy transforms were used only to guide the analysis. For the
in the angular correlation between the tyroays.A; depends spectra displayed in Figure 1 the cosine transforms were
only on the nuclear decay and has the value 0.174%6€d carried out on data from 4.5 to 225 ns for the Cd spectra
and—0.18 for'!Ag (32). In the actual experiments the solid and from 5 to 169 ns for the Ag spectrum. To minimize
angles of the detectors and the size of the sample result inartifacts arising from not including the first 5 ns, this part of
lower values. the perturbation function was extrapolated from the data by
In some of the data analyses of the Cd spectra it was use of the perturbation function of the best fit. Artifacts from
necessary to include unbound Cd. This gives rise to an extracutting off at 225 ns or 169 ns were taken care of by
term as an exponential decay in the perturbation function. windowing the data with a KaiseBessel window. As
Including this affected the determination &fbut did not baseline the weighted average of the data was used.
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Table 1: NQIs off!'Cd- and*'*Ag-Plastocyanif

Qyy = Wn Wzz= Wy “AC()D/(,{)D” AC()”/(,{)H
experimental conditions (rad/ns) (rad/ns) (%) (%) A(nsY)
icd —11°C, 55% sucrose, 37 mM Tris, pH 7.0 0.2542(2) 0.354(2) 0 (f) 4.4(3) 0.0049(5)
1cd 1°C, 55% sucrose, average of several 0.2532(2) 0.3484(4) 0 (f) 2.8(1) 0.0063(4)
experiments, 2857 mM Hepes, pH 7.37.6

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

aNumbers 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 taM0 Only the part of the Ag spectrum that was collected after 17 ns after the
emission of the firsty-ray were included in this analysis.

' ' - ' ' however, shifted and in the case of plastocyanin it is wider
and of lower amplitude. The result of the legsfit is shown
0.061 1 in Table 1. A comparison to the NQI of azuriag) shows
that the NQIs are very similar with the major difference
S 0.04 o ; e
= occurring in w; causing the shift in the second angular
2- 0.02 | frequency seen in Figure 1. This similarity in the spectra
' shows that Cd is also coordinated to one cysteine and two
0.00 i i histidines in plastocyanin, but the small differencean
) corresponds to a°4smaller His-Cd—His angle in plasto-
— cyanin than in azurin. The leagt fit yielded a distribution
in wy of 2.8(1)% at 1°C in 55% sucrose (Table 1), whereas
0.06 - i including a distribution inwp did not improve the fit. A 3%
Gaussian distribution im; corresponds to a°4distribution
S 0.04 in angle for one of the histidines. This angular overlap model
o) interpretation is based on the assumption that only one of
< 002 the ligands is moving and that the binding distances are
unaltered.
0.00 -y The NQIs of Cd-plastocyanin in 55% sucrose were also
measured at-11, 10, 14, and 30C. The parameters varied
systematically from-11 to 30°C in the following way: w,
0.2542(2)-0.2501(7) rad/nsqy, 0.354(2)-0.3414(7) rad/
0.06F ns; Awyawy, 4.4(3)-1.4(4)%; andt, 0.0049(5)-0.019(2) nst.
= o004 The perturbation functions of plastocyanin in 55% sucrose
= at 1 and 30°C are shown in Figure 2 together with the
3 0.02 perturbation function of plastocyanin in sucrose free solution
’ at 1°C.
0.00 | Structure of Metal Site in Ag-Plastocyanifihe NQI of
v Ag-plastocyanin was determined for samples in 55%
. . ‘ ‘ ‘ ‘ . sucrose at-11, 1, 10, 20, and 30C. When the analysis
25 50 75 100 125 150 175 was restricted to the part of the perturbation function
time (ns) collected after 17 ns after the emission of the fipstay,
FiGUrRe 2: Perturbation functions of!™Cd-plastocyanin for  then the perturbation functions, except that collected &t
solutions with different viscositie§: (top) 1°C, no sucroses = °C, could be analyzed satisfactory with one NQI, not

1.7x 10 kg m s (middle) 30°C in 55% sucrose; = 17 x significantly different from the NQI of*"Cd-substituted

10-3kg m1sL; (bottom) 1°C in 55% sucroses = 83 x 103 kg ) o
m-1s1 It is clear from the figure how the decrease of viscosity Plastocyanin. The spectrum collected-a11 °C showed,

causes an increased molecular tumbling, which again causes a losfowever, a significantly smalles, [0.313(2) rad/ns for Ag-
of phase coherence of the precessing nuclei. In the experiment aiplastocyanin compared to 0.354(2) rad/ns for Cd-plastocya-
1 °C, 5% free Cd was observed. This has been subtracted in thenin; Table 1]. This change i, could also be observed in

displayed perturbation function and the subtracted fraction is shown the experiments at 1, 10, 20, and <D if the first 17 ns of
as the dashed line. : ; .
the perturbation function were included. The redugecbuld
RESULTS tti)gnqecreased by assuming the following perturbation func-
Structure of Metal Site in Cd-Plastocyanifhhe Fourier Aw
transform of the perturbation functioA;G(t), collected at G,(t) = ekth(a)D,a)” L —”, A, t) +
1 °C from Cd-plastocyanin is shown in Figure 1. The Cd Ty
PAC spectrum of wild-type azurirl{) is also displayed in ikt Aw,
Figure 1 for comparison. It is seen that Cd-azurin and Cd- (1 — e )Gy|wnwy "o 4,1 (b)
plastocyanin have very similar spectra with almost the same !
first angular frequency. The second angular frequency has,The first part represents a structure related to Ag-plastocyanin
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Ficure 3: A (inverse correlation time of rotational diffusion) as a
function of absolute temperature divided by viscosity for Cd-
plastocyanin{) and Ag-plastocyanin®). The line is the best fit
to all of the shown data. The viscosity was determined by
interpolation of tabulated values at 55% sucro$®.(The temper-
atures were from left to right-11, 1, 10, 14, 20, and 3. The
viscosity at—11 °C was assumed to be infinite.

and the latter represents the Cd-plastocyanin struétwre.
was fixed to 0.254 rad/ns at all four temperatureg, was
fixed to the value 0.313 rad/ns ang, was fixed to the
value 0.348 rad/ns, antlw,/w, andA were fixed to the values
obtained for the fit “after 17 ns”. Thus the only free
parameters ark [=In (2)/t1/7], 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 im, 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 procedul®)(]
Applying the same analysis to Ag-plastocyanin-dtl °C

Danielsen et al.

on the viscosity. For a rigid spherical molecule with volume
V, embedded in a solution with viscosity, the inverse
correlation time isi; = 1 = kgT/(EV). When the two
motions are assumed to act independently in an additive way
and the temperature dependenceipfis neglected, then
MTIE) = Ao + ksT/(EV). [This dependence of on T/£ has
previously been observed by PAC f&fHf-labeled trans-
ferrin (33).] The intersection with the ordinate in Figure 3
thus reflects the internal motion and the slope corresponds
to ke/V. 1o was determined to be 0.0047(4) hsand ke/V

was determined to be [0.54(8) 10°] kg m™* s 2 K~% The
latter value should be compared to the calculated value of
ks/V of 0.78 x 10° kg m ' s2 K1 [calculation based on a
hydrated volume of 1.07x 10°° m¥kg (34 and the
molecular mass of plastocyanin, 10 kDa].

To compare the observed value/gfto that of azurin, the
rotational diffusion ratel, of azurin at—11 °C in 55%
sucrose was determined from &'™Cd PAC spectrum
collected on Cd-substituted azurinPfaeruginosaThe NQI
was identical to the previously observdd) but the freezing
of the sample lead to a larger value &fv/w, of 2.6(2)%
and a smaller value of of 0.0027(6) ns'. Assuming that
the overall rotational diffusion is frozen at11 °C in 55%
sucrose but that the internal motion is unaffectedrom
this spectrum corresponds 9. These data show that the
internal motion of plastocyanii{ = 0.0042 ns?) is almost
twice as fast as that observed for azurig=£ 0.0027 ns?),
indicating that the metal site in plastocyanin is more flexible
than in azurin.

Binding of Cd- and Ag-Substituted Plastocyanin to Pho-
tosystem IWhen'Ag- or 1*1"Cd-substituted plastocyanin
was in aqueous solution (in the absence of sucrosey@t 1
the rotational diffusion ratelj was 0.23(2) nst for 1*"Cd-
plastocyanin and 0.25(5) nsfor 1?Ag-plastocyanin. This
is of the same order of magnitude ag of plastocyanin

did not show any decay of the structure at the observable(Tame 1). In this case the amplitude in the perturbation

time range of approximately 100 ns.

Dynamics of the Metal Site in Cd- and Ag-Plastocyanin
and in Cd-Azurinincreasing the temperature fromll to
30 °C lead to a decrease dfw,/w, from 4.4% to 1.4% and
an increase inA from 0.0049 to 0.019 n$ for Cd-

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 '1!Ag-substituted plastocyanin bound to PSI was
therefore determined by analyzing the perturbation function

plastocyanin. Both of these changes are related to thegfior the first 17 ns. In this way two problems were

increased mobility induced by the higher temperature and 5iged: (1) a possible fraction of the plastocyanin not bound
in parthular by the decreased w;cosny. The_decrease ofio PSI would only show up as a lack of amplitude in the
Aanfay is probably related to motional narrowing, a phe-  5navsis, and (2) the effect of the structural relaxation from
nomenon well-known in NMR. The apparent rotational aq 15 Cd structure would also not interfere with the analysis.
diffusion rates {) determined from the perturbation functions g analysis results in &Aof 0.026 ns?, which is 10 times
for Cd- and Ag-plastocyanin in 55% sucrose at different gy er than for plastocyanin not bound to PSI. The amplitude
temperatures are shown in Figure 3 as a function of the (z) getermined from the average of two perturbation
temperature d|¥|ded tf)y the V'SICOS'tY' This motion is du? 10 functions (one with magnesium acetate and one without) was
a combined effect of internal motionld) and rotational  gno4 of the maximum amplitude (estimated from the average
diffusion (1,). The internal motion is assumed to be ViScosity- gmpjitude of the five perturbation functions collected at
independent, whereas the rotational diffusion depends linearly jittarent temperatures immobilized by 55% sucrose, and with
a similar sample detector geometry). This should be com-
2|t can be shown that the relaxation of one structure to another will pared to an observed immobilized fraction of 4%10%)
not in general result in a simple decay of o@g(t) to another as -
indicated by the above equation (private communication, T. Butz). It Plastocyanin in the absence of PS| as well as sucrose (Table
is expected also to result in contributions to the sine part of the Fourier 2). Experiments were carried out in the absence of magne-
transform. This was not observed within the experimental uncertainty sjum as well as in 4 mM magnesium acetate, since it is
of our data (results not shown), and the reduggfiom this equation known that M@" ions enhance the reactivity between
was so low that we do not expect to improve the data analysis plastocyanin and PSBE). The two perturbation functions

significantly by a more sophisticated model. For our purpose it is P ! : -
therefore sufficient to use the above equation as an approximation. with and without magnesium acetate show a small difference
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Ficure 4: Perturbation functions of Ag- and Cd-substituted plastocyanin°gt, &ll 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 3% 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, plastacygris189uM,

and magnesium acetate 4.3 mM. For Cd the concentrations were plastocyariif, B5l 46uM, and magnesium acetate 4.1 mM. For
Cd-plastocyanin at 2C, please refer to Figure 2.

Table 2: Binding of Plastocyanin to PSI under Various Condifions

metal plastocyanin PSI magnesium fraction of immobilized

ion (uM) (M) acetate (mM) plastocyanih (%) Kp® (uM)

Ag 16 49 0 69 £11) 22 (35-12)

Ag 16 49 4 91 411) 5 (12-0)

Agd 15 0 4 “4 (+10)"

Cd 15 46 0-4 (two spectra) 9+6) 470 (260-1500)

2 The temperature was°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.This was determined from the amplitude of the perturbation function omitting the first 17 ns from the data ahKlysis.
was calculated with the assumption that apoplastocyanin did not bind to PSI and the fact that the concentration of radioactively labeledmplastocyani
is insignificant compared to the PSI concentrations. The numbers in parentheses gives the range given by 1 standard deviation in fraction bound.
4 This sample, which contained neither sucrose nor PSlI, is included for comparison.

in amplitude corresponding to a change in the fraction of tainty has been derived by propagation of error). This results
bound plastocyanin from about 69%:11%) for the experi- in 24 < Kp'/Kp' < o, with 95% confidence.
ment without magnesium acetate to about 9H%41%) for Metal Site Structure of Ag-Plastocyanin Bound to RSI.
the experiment with magnesium acetate. The correspondingTable 1 the NQI values of Ag-plastocyanin bound to PSI,
dissociation constants are/® for the sample containing  Ag-plastocyanin at-11 °C, and Ag-plastocyanin at iC
magnesium acetate and 2&aM for the sample without  after the relaxation are listed. The difference betwegnf
magnesium acetate (see Table 2). frozen Ag-plastocyanin ang, of Cd-plastocyanin is 0.031
For 11'™Cd-substituted plastocyanin, we were unable to rad/ns; this is significant (in terms of experimental uncer-
monitor any binding to PSI by fitting all the different NQI  tainty) and it is too large to be explained by second
parameters to the perturbation function. If however, the coordination sphere changes only. It is therefore interpreted
parameters determined for Ag-plastocyanin bound to PSl areas a change of the metal site conformation (vide ante). In
used for analyzing the spectra, and the data analysis is limitedcontrast to this, the difference between the NQI of frozen
to the perturbation function after 17 ns, then the amplitudes Ag-plastocyanin and Ag-plastocyanin binding to PSI is
(A2) correspond to a fraction of plastocyanin bound to PSI within the experimental uncertainty. Since no relaxation of
of 9% (£6%) for the average of two spectra, one with and the NQI of Ag-plastocyanin bound to PSI could be observed
one without magnesium acetate, corresponding to a dissocia-on the time scale of about 100 ns, this means that the binding
tion constant of 47Q«tM (note the large uncertainty in the of Ag-plastocyanin to PSI has stabilized the metal site in a
latter number, Table 2). The ratio between the two dissocia- conformation that is structurally similar to that of frozen Ag-
tion constantKp'/Kp'" is 0.0104+ 0.016 (where the uncer-  plastocyanin.
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DISCUSSION forming the unusual line width, it must be one of the two
o . . histidines having an in-plane distribution of positions with
The binding of plastocyanin to PSI as a function of the 3 gtandard deviation of approximateli; #AC alone cannot

charge state of the copper ion is an important part of the yisinguish between the two histidines, but the most likely
electron transport in photosynthesis and has previously beerbandidate is His87, which is known to become protonated

studied by observing the absorbance changes of P700 afte(tmd rotate 180about the ¢—C bond at low pH for reduced

photooxidation induced by a laser flas$).(In the present [Cu(] : s L
L : . . plastocyanin 16). This interpretation is based on the
ZE#SZiot:%f b'|gg't2% ;iir?q;):étotrg%utrhlzﬂggvrlleéhz {ﬁg:’?ﬁ; assumption that only one of the coordinating amino acids is
first a IicaFt)ion Ofy PAC s ,ectrosco to t%e, study of moving. Other possible interpretations could involve several
PP b by y ligands, and/or the metal ion itself, and might explain the

protein—protein interaction. It further focuses on the role of idual electron density ob d dth ion b
the structure of the metal site in contributing to the regulation residual electron density observed around the copper ion by
X-ray crystallography 15).

of the reduction potential of plastocyanin for bound and free
plastocyanin, respectively. The dissociation constant was here Structure of Metal Site in Ag-PlastocyaniFhe perturba-
found to depend strongly on the metal it /Kp' is at least tion functions of Ag-plastocyanin are well described as an
24, which corresponds to a difference in binding energy of NQI of Ag-plastocyanin with a smaller value af; (0.313
keT In (Kp"/Kp') = 75 meV. It is shown in the work by  rad/ns) compared to Cd-plastocyanin (Table 1). In the
Drepper et al. &) (see the introduction) that the dissociation unfrozen samples this structure is relaxing rapidly into the
constant depends on the charge of the metal ion of plasto-NQI characteristic of Cd-plastocyanin with a half-life
cyanin for Cu(l)/Cu(ll). Together with the present results, between 15 and 8 ns depending on the temperature, but the
based on direct determination of dissociation constants, thisbinding of Ag-plastocyanin to PSI prevents this relaxation
indicates that the driving force in the complex is significantly from taking place on a time scale of 100 ns. The structural
different from what is obtained by the difference in the two interpretation of this is that one of the histidines (presumably
reduction potentials of free plastocyanin and free P700. His87) takes on a different position for Ag-plastocyanin than
However, it should be noted that the difference in binding for Cd-plastocyanin but that this difference relaxes fast after
energy for Cd- and Ag-plastocyanin to reduced P700 cannotthe decay of Ag to Cd. That the structural difference involves
directly be related to the driving force in the natural complex Hisg7 is also supported by the stabilization of the Ag
between plastocyanin and P700. The reason is 2-fold: ﬁrSt:geometry by the binding to PSI, since this amino acid is
the substituting metal ions are not identical to the native part of the hydrophobic patch involved in the binding to PSI.
Cq(l_)/Cu(II), and second, the binding of Ag-plastocyaninto Tpe corresponding difference in Nnetal ion-N angle
oxidized P700 has not yet been measured. between Cd and Ag is approximately°13/otion of His87

The present work also shows a difference between thejs the simplest model explaining these data; however, the
structure of Cd- and Ag-plastocyanin in solution and, further, conformational difference could also involve more ligands
that when Ag-plastocyanin is bound to PSI, the Ag structure and/or the metal ion itself. It is important to note that the
is stabilized. The well-defined effect of the binding on the ifference in the spectra between Ag and Cd is not due to a
structure of the metal site indicates that Ag-plastocyanin partial protonation of the Bl of His87. If this nitrogen is
binds to a specific site on PSI, most probably the functional protonated and the metal ion relaxes to the plane of Met92,
site for the electron transfer. This suggests that the metalcy384’ and His37 [as is the case for Cu(l)-plastocyanin at
site structure is involved in regulating the dissociation |, pH: see the introduction], then this conformation would

constan.t of plag,tocyanin to PSlin addition'to the charge have thewp characteristic of these three ligands and would
charge interactions between the two proteins suggested bybe observed as a shift of the first angular frequency.

Drepper et al. §). Relationship b Flexibility of Cd Metal Si d
Structure of Metal Site in Cd-Plastocyanivhen the PAC Di ﬁeer:::ggsb é?wegalvzgnandeéldIgi/ru?:tu%s Cg:sp;gihaen
spectrum of Cd-plastocyanin is compared to the PAC flexibility of the Cd metal site and the structural difference

spectrum of Cd-azurin (Figure 1), the first thing one notices b Cd- and Ag-ol o o
is the high similarity, indicating that the metal site structures gtwgen - and Ag-p asto'cyanln ina quant|.tat|ve way, we
will ignore the changes in chargeharge interactions

of Cd-plastocyanin and Cd-azurin are similar, in accordance X )
between plastocyanin and PSI. We will assume that all of

with the similarity between the Cu(ll) structures based on : X o :
X-ray diffraction (L4, 20. Second, one notices a significant the increase of the dissociation constant for Cd-plastocyanin

broadening of the second angular frequency for Cd-plasto-{© PSI compared to Ag-plastocyanin to PSI is due to a
cyanin. As described in the Results section, this can be relatectOnformation of plastocyanin bound to PSI that is favorable
to an in-plane distribution of the position of one of the for Ag—pla_stocyanln but not for Cd-plastocyanin. If we further
ligands. Also, the high apparent rotational diffusion at infinite Parametrize the conformational energy of the metal site by
viscosity (here obtained by freezing tell °C in 55%  the His-Cd—His angle,a, and assume that this energy
sucrose) indicates a high degree of flexibility of the metal depends on the angle as a harmonic oscillator, then we get
site in plastocyanin. If one assumes that this flexibility AG = Y2k(a — ao)?, whereay is the equilibrium value for
reflects the motion of one of the ligands, then the flexible Cd. The difference in binding energisT In (Kp"/Kp'), of
ligand is unlikely to be the cysteine. The reason for this is at least 75 meV must then correspond to the increase in
that moving the cysteine in the plane will increase one of energy of the Cd site by forcing it into the Ag conformation
the Cys-metal ion-His angles, whereas the other is and suggests thafG = 75 meV (or more) fora — o =
decreased and the combined effect on the PAC spectrum isl3° (from thisk can be determined). This together with the
very small. Thus if only one of the ligands is involved in Boltzmann distribution yields a probability density af
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p(a) = exp(—AG/k;T) = exp(—llz((x — ao)zlaz) 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 {5). 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 Leul2 is replaced by Glu, Ala, or
Asn (@) and the very small amplitude of the fast phase for
the Pro36Gly mutant 2). Similar changes have been
observed for the Glyl0Leu and Ala90Leu mutar86)( 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 moll) is not more than the typical energy

whereo? = kiksT. The value ofy derived from this Gaussian
distribution with a temperature of 274 K i$.5This is very
close to the angular distribution with standard deviatién 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 forAG. 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. ) of a hydrogen bond. The observation that the Ag structure
Comparison to Crystal Structure3he crystal structure s immobilized at—11 °C in 55% sucrose supports the

of oxidized poplar plastocyanin has been known since 1983,y othesis that the structural difference also involves the
(14) and for reduced poplar plastocyanin since 1986),( surface of plastocyanin.

while the structure of oxidized spinach plastocyanin recently
was determined for the Gly8Asp mutaidsf. The structure ~ pERSPECTIVE
of the (oxidized) copper site showed no significant difference
for spinach plastocyanin compared to poplar plastocyanin. Though PAC spectroscopy directly provides a means of
The largest differences between the two copper sites occurredneasuring the binding of a small molecule to a larger
in the distances between the copper ion and the two molecule through rotational diffusion, PAC alone can only
coordinating N* atoms of His37 (0.11 A) and His87 (0.16 provide information about the molecular mechanism behind
A). We will for simplicity only refer to the poplar structures  the binding if that involves the very close vicinity of the
(14, 19 in the following discussion. The major difference PAC probe. In the present case a large difference in
between the structure of oxidized poplar plastocyanin and dissociation constant was found for plastocyanin containing
the structure of reduced poplar plastocyanin at pH 7.8 is a divalent Cd and plastocyanin containing monovalent Ag (in
shift of the copper ion out of the plane (about 0.1 A) for the accordance with what is attractive from a biological function
reduced plastocyanin. Such a displacement is not observedoint of view). At the same time a geometrical difference at
for 111Ag-plastocyanin compared #'Cd-plastocyanin since  the metal site is observed for the two different metal ions.
the first angular frequency is identical for the two PAC This geometrical difference relaxes for Ag-plastocyanin in
spectra. This does not mean, however, that Ag is not shiftedsolution when Ag decays to Cd but is stabilized if Ag-
out of the plane, as is Cu(l), but only that such a possible plastocyanin is bound to PSI. This suggests that the structural
shift must have relaxed within less than a few nanosecondsdifference of the metal site is also involved in the molecular
after the decay from Ag to Cd, in which case it would be mechanism behind the difference in binding constants.
unobservable by PAC. Though it remains to be shown whether the copper protein
The comparison of the two copper structures, Cu(l) at pH Undergoes the same structural changes, the present study
7.8 (16) and Cu(ll) at pH 6 {4), does not indicate that the ~9ives @ hint to the mechanism that might be behind the
position of one of the histidines is shifted as observed with "€gulation of the binding to PSI as a function of the redox
Ag PAC. However, for Cu(l)plastocyanin at pH 7.6 there state of the native copper protein. If the present findings are
is an increased distance of 3.44 A between the two transferred to the native system, they suggest the following
coordinating nitrogens compared to 2.97 A for Cu(ll)- Series of events:
plastocyanin at pH 61¢). This is interesting because the First, reduced plastocyanin binds to PSI. In this state the
protonation of His87 seems to take place between pH 5.1 Cu(l) ion is displaced out of the plane and the distance
and 5.9, based on the average distance of the copper ion tdetween the two coordinating nitrogens is large.
the plane formed by N(His37), S(Cys84), and S(Met92). We  Second, the electron is transferred to PSI and the nucleus
will therefore use the Cu(l)plastocyanin structure at pH 7.0 might quickly relax closer to the plane (this relaxation is
for the comparison. If we further assume that by PAC we too fast to be observed by PAC at temperatures close to 0
observe the geometry of the monovalent ion after it has °C.) At a slower time scale the distance between the two
relaxed to the plane, then an increase of theNNdistance coordinating nitrogens is decreased (PAC suggests that for
from 2.97 A for Cu(ll)-plastocyanin to 3.44 A for Cu(l)- plastocyanin in solution this structural relaxation takes place
plastocyanin corresponds to an increase inQNI—N angle at a time scale of 10 ns but that it is slowed by the binding
by approximately 15 The increased distance between the of plastocyanin to PSI). This destroys the close structural
two histidines is thus in very good agreement with the match between the two protein surfaces, and this together
increased angle observed for Ag PAC compared to Cd PAC. with the change in the Coulomb interaction weakens the
Strict Complementarity in the Interaction between the Two binding between plastocyanin and PSI.
Proteins. The observation that the binding of plastocyanin  Third, the now oxidized plastocyanin leaves PSI. The rate
to PSI forces a metal site structure that favors the Ag constant of thiskq", is on the order of & 10° s71 (8). The
structure also suggests that a strong binding between the twd®AC experiments only indicate that it is slower than 40 ns,
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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 K 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 i§ 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
cytochromd. Here the binding of plastocyanin to cytochrome
f results in a lowering of the reduction potential of plasto-
cyanin by 30 mV 87). Thus the analogy would suggest that
the binding of plastocyanin to cytochronfefavors 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 theong®). 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 ion39). 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 plastocyaniASI 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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