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The effect of mutat ions in the vicinity of the putative electron transfer path on the metal center 
of the electron transfer protein plastocyanin (spinacea) is investigated by monitoring the nuclear 
quadrupole interaction of 1 U m C d in Cd-derivatives of the protein via time differential perturbed 
angular correlation. The spectra for the wild type protein and the mutants were rather similar. All 
spectra exhibit a peculiar line profile which points towards a small scale intramolecular flexibility 
of the metal center. 
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Introduction 

Plastocyanin (Pc) is a small (between 97 -104 
aminoacids, molecular weight % 10 kD) copper-bind-
ing protein which acts as an electron carrier between 
the cytochrome b 6 / a n d photosystem I complex in the 
photosynthetic electron transfer chain (for reviews see: 
[1-3]). Due to its spectroscopic properties, especially 
its strong optical absorbance around 600 nm and the 
associated intense blue colour, it is referred to as a 
blue copper protein. Other members of this family of 
small blue copper proteins are e.g. azurin, stellacyanin 
and amicyanin [4], These proteins owe their strong 
blue colour to the characteristic coordination geome-
try of the Cu(II)-site, usually denoted as "Type 1" site. 

The structure of oxidized Pc (populus nigra) was 
determined by Guss and Freeman [5]. Copper is coor-
dinated by two histidines (His 37, His 87, C u - N -
bonds), one cysteine (Cys 87, Cu-S-bond) and a me-
thionine (Met 92, Cu-S-bond). Whereas the two 
nitrogens (His 37, His 87), the sulfur (Cys 84), and cop-
per are almost in a plane with typical bond lengths 
between 2.0 Ä and 2.1 Ä, a longer axial approach 
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(bond length 2.9 Ä) is made by sulfur of the Met 92. 
Since the Cu-S-Met 92 distance is quite long, the 
involvement of Met 92 in binding to copper is difficult 
to assess. Only the metal ligand His 87 is exposed to 
the surface of the protein. 

Pc has two potential binding sites on the surface for 
reaction partners. One of these sites is the hydropho-
bic patch around the Cu-ligand His 87 [1], Plasto-
cyanin mutants in which the amino acid leucine (LI2) 
in the vicinity of the hydrophobic patch is replaced by 
the amino acids alanine (A), asparagine (N), and gluta-
mine (E) via site directed mutagenesis [6] show a dras-
tically reduced affinity to the photosystem I compared 
to the native protein [6]. 

We replaced isomorphously Cu by l l l m C d in native 
plastocyanin (spinacea) and in the mutants mentioned 
above to study the influence of these mutations on the 
metal site by monitoring the 1 U mCd-nuclear quadru-
pole interaction via time differential perturbed angu-
lar correlation. 

Experimental Methods 

Wild type Pc (spinacea) was used from two different 
provenances (Chalmers, Cambridge). The overexpres-
sion of Pc in E. coli, the site directed mutagenesis, and 
protein purification steps are described in detail in [6]. 
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Protein (O ! h rel.frac. OJ2 12 rel.frac. 
[M rad/s] [%] [Mrad/s] 

12 
[%] 

Pc(wt) * 420(2) 0.427(10) 36(9) 420(2) 0.469(7) 64(9) 
Pc(wt)** 420(2) 0.421(8) 44(8) 420(2) 0.470(7) 56(8) 
Pc(L12A) 426(3) 0.444(12) 28(12) 425(2) 0.490(7) 72(12) 
Pc(L12E) 418(3) 0.431(10) 70(16) 418(5) 0.487(16) 30(16) 
Pc(L12N) 416(2) 0.438(9) 20(5) 406(1) 0.565(5) 80(5) 

Table 1. The fitted hyperfine para-
meters for Pc and its mutants. The 
^ . -^-dis t r ibut ion is modelled by 
two closely lying NQI's. The con-
version from the precession fre-
quency o) and r] into vQ = eQ V.Jh is 
described in [9], 

From Cambridge. ** From Chalmers. 

The copper was removed from the proteins by dialysis 
as described in [7], 

The 11 l m Cd activity was supplied by the mass sepa-
rator ISOLDE/CERN at Geneva: l l l m C d from the 
radioactive beam was implanted into ice (from Milli-
Q plus water) at about 100 K. The ice was thawed 
(100 pi) and then added directly to the apo-proteins 
(100 pi, protein concentration 3 mg/ml) in 0.1 M TRIS 
buffer at pH = 7.2. No inactive Cd was added to avoid 
unbound Cd. After an incubation time of about 
30 min sucrose was added with 57 wt% in order to 
immobilize the proteins. All the preparation steps 
with proteins were performed at 0°C. We also carried 
out experiments with l l l m C d obtained by the cy-
clotron reaction 1 0 8 Pd(a , n) l l l m C d at the Niels Bohr 
Institute, Copenhagen, chemically separated from the 
Pd-target [7], In this case, experiments were performed 
with and without carrier. 

The TDPAC experiments were carried out using the 
high efficiency TDPAC-Camera [8] equipped with 
BaF2-scintillators to achieve a time resolution of 
about 750 ps F W H M at l l l m C d energies. The pH of 
the TDPAC samples ranged between 7.2 and 7.5, the 
measurement temperature was 0°C. 

Results and Discussion 

The 1 U m C d - T D P A C spectra and their Fourier 
transforms are shown in Figure 1. Obviously, the 
spectra for the wild type plastocyanin and its mutants 
are rather similar, Pc (L12N) being the only system 
with obvious differences to the other systems. All 
Fourier transforms show a peculiar line profile of a 
relatively sharp fundamental with broadened har-
monics (Figure 1, right). These line profiles suggest a 
correlated distribution of the largest component of the 
electric field gradient tensor (EFG) Vzz and the asym-
metry parameter t] = (Vxx— Vyy)/Vzz. This correlated 

distribution was modelled by two closely lying NQI 's 
in the least squares fitting analysis (see Table 1). 

In order to unravel this correlated distribution we 
performed a cross-correlation analysis [10], In this 
type of analysis the experimental Fourier spectrum is 
cross-correlated with a theoretical spectrum for all 
possible values of vQ and tj. The results are displayed 
in Fig. 2 for a simulated spectrum with instrumental 
linewidth, i.e. no distribution of Vzz and r], and for Pc 
(wt) and its mutants. In this type of plot, the co-called 
Czjzek-plot [11], which is shown in Fig. 3, lines of 
constant Vzz (or vQ = eQVz:/h) are straight lines which 
are perpendicular to the upper boundary. In fact, both 
axes are in units of eQ/h. In this way, the ordinate 
gives directly vQ at the q = 0 boundary. Lines of con-
stant q are straight lines ranging from the upper 
boundary (// = 0) down to the horizontal (r]= 1). It is 
immediately obvious that in Pc and its mutants the 
K..-77-spot, which is roughly circular in the simulated 
spectrum (see Fig. 2 a), is elongated along the trajec-
tory (i.e. the line of constant line position in the 
Fourier spectrum) for the fundamental frequency 
which is forming an angle of roughly 60° with the 
horizontal. This correlated K,-f/-distribution is char-
acteristic for trigonal in-plane flexibility in planar ge-
ometries. 

The argument is as follows: suppose, the charge 
density distribution around the central atom in a pla-
nar geometry can be split into a radial part and an 
angular part; furthermore, the radial part is assumed 
to be constant while the bond angles vary. In this 
situation, one of the E F G tensor components is per-
pendicular to the plane due to symmetry and does not 
depend on the bond angles of the ligand, i.e. it is 
constant. For a certain range of bond angles, this E F G 
tensor component happens to be the largest compo-
nent (in magnitude), Vzz, and forms a straight line 
inclined at 60 : in the Czjzek-plot [11] (see Figure 3). 
This line extends linearly into the upper half (F z z>0), 
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Fig. 1. TDPAC spectra and their Fourier transforms of the l l l m Cd-der iva t ives of the wildtype plastocyanin and the plasto-
cyanin mutants Pc(L12A). Pc(L12E), and Pc(L12N). 

where both Vzz and rj vary with bond angles. Here Vyy 

(or Vxx) is constant. This follows from the fact, that the 
non-constant EFG-tensor components depend lin-
early on each other due to the fact that the trace of the 
EFG-tensor must be zero. Such a tensor can be writ-
ten after diagonalization as 

•1/2 0 / n 0 
0 - 1 / 2 0 + a 0 - l 

0 
0 0 1 / * vo 0 0 / 

where a contains all angular information. This is a 
consequence of the structure of the quadratic equation 
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Fig. 3. Czjzek-plot. The bold line represents the trajectory 
describing torsions in planar geometry. 

which has to be solved in order to diagonalize the 
tensor. The trajectory corresponding to this tensor for 
variable a is shown as a bold line in Figure 3. The 
lower endpoint at rj = 0 correspond to a geometry with 
axial symmetry and Vzz pointing perpendicular to the 
plane. For three identical ligands, e.g., this would be a 
trigonal geometry with 120° ligand-metal-ligand bond 
angles. Any deformation of this geometry would in-
crease r] at constant Vzz until at t] = 1 the sign changes 
and Vzz now flips to an in-plane orientation. The up-
per endpoint at r\ = 0 corresponds to a collinear geom-
etry with Vzz being parallel to this line. Of course, 
spatial constraints would restrict the accessible range 
of this trajectory. In particular, the horizontal port ion 
of the trajectory is never accessible. For a three-fold 
planar coordination, with a dominating contribution 
to the E F G from the cysteine sulfur, as deducd for 
azurin [7], Vzz is in the plane and Vyy = const. Due to 
the similarity of the N Q I parameters between azurin 
and plastocyanin we believe that the same situation 
prevails. It should be mentioned that we did not deter-
mine the sign of Vzz. Therefore we arbitrarily placed 
the F2,/7/-pair for Pc in the upper half of the Czjzek-
plot. The essential feature in the Czjzek-plot (Fig. 2) is 
the fact that for sufficiently large ^-values the line of 
constant fundamental line position in the Fourier 
spectrum forms roughly an angle of 60° with the hor-
izontal, i.e. it is parallel to the trajectory for planar 

geometries. Hence any angular variation in this geom-
etry will stretch the Vzz, r\-spot along this trajectory. 

One might argue that the Cu-rep!acement by Cd 
induces the small scale intramolecular in-plane flexi-
bility and that this is not characteristic for the biolog-
ically active Cu-protein. However, we believe that this 
is not true. In fact, Pc is the only native protein where 
such a distribution of Vzz and r] is observed. Other 
native proteins such as azurin, stellacyanin [7] or the 
multi-copper proteins ascorbate oxidase and laccase 
[12] do not exhibit such distributions. Admittedly, we 
frequently observe two slightly inequivalent coordina-
tion geometries for azurin Ml21 mutants judging 
from the splitting of Fourier peaks into double peaks 
[7]. It seems that any modification of the native 
protein leads to small scale intramolecular bistabili-
ties as revealed by the l l l m C d - N Q I . However, the 
important feature in Pc is the fact, that even the native 
protein seems to lack a unique coordination geometry 
on a ± 2 ° angular variation level. An estimate of this 
sensitivity can be obtained using a point charge 
model. This flexibility is possibly related to the 
changes in coordination geometry as a function of pH, 
as revealed by X-ray crystallography for reduced Cu(I) 
plastocyanin [13]. It should be mentioned that Cd 2 + 

has a d1 0-electron configuration. Whether this flexibil-
ity is of functional importance or not remains specula-
tion at present. 

In conclusion, TDPAC is a very sensitive tool to 
reveal intramolecular instabilities in macromolecules 
via the detection of NQI's . 
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