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1 Introduction
Plastocyanin (PC) is a small (Mr 10
500), 'blue' copper protein which
transfers electrons from cyto-
chrome / to the primary electron
donor of photosystem I (P700) in
the photosynthetic electron trans-
port chain. It reacts rapidly with
cytochrome / in vitro and also
with several other cytochromes,
although somewhat more slowly
[1].. The crystal structures of both
oxidized and reduced poplar
plastocyanin have been determin-
ed and show that redox changes
cause only small changes at the Cu
site, leaving the structure of the
rest of the molecule essentially
unchanged [2,3]. The Cu atom and

its ligands (His-37, Cys-84, His-87
and Met-92) are located in a
hydrophobic pocket near one end
of the molecule (the "northern"
end) such that only the imidazole
ring of His-87 (the northern
histidine) is accessible to solvent
(Fig 1).

Studies with small molecules,
such as [ F e ( C N ) 6 ] 3 " and
[Co(phen)3]3+, have identified two
reaction sites on plastocyanin; one
close to the copper ligand His-87
at the northern hydrophobic patch
and the other close to the more
remote Tyr-83 at the eastern
acidic patch [4-8]. Chemical modi-
fication of the acidic amino acid
residues, inhibitory effects of
small molecules and ionic strength
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effects on electron transfer
strongly suggest that cytochrome /
binds at the remote eastern site
[9,10]. However the pathway of
electron transfer from cytochrome
/ to the copper site in plastocyanin
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Fig. 1 : Structure of Plastocyanin. The Cu
ligands and the side-chains of Tyr83 and the
residues of the eastern acidic patch are shown
here with the coordinates of poplar
plastocyanin from the Brookhaven Database,
except for substitution of Glu45 (as in pea
plastocyanin) for Ser45. ^-Strands are
shaded.

is not clear. One possibility is that
cytochrome / binds to the negative
charges of the eastern acidic patch
and donates electrons via a
tunneling pathway starting at
Tyr-83 [5,11]. However, the

distance from Tyr-83 to the
copper ion is approximately 12A,
whereas at the northern site the
copper ion is only 6A from the
surface of the molecule [11].

The recent development of
expression systems for the small
blue copper protein, plastocyanin
[12-15], has provided a valuable
tool for study of the molecular
details of its interaction with its
native reaction partners (cyto-
chrome / and photosystem I in the
photosynthetic electron transport
chain). To examine the pathway of
electron transfer from cytochrome
/ to plastocyanin we have altered
Tyr-83 to Phe-83 and Leu-83 by
site-directed mutagenesis of the
pea plastocyanin gene [13-14].
Measurements of binding cons-
tants and electron transfer rates
indicate, that Tyr-83 not only
forms part of the main route of
electron transfer from cytochrome
/ to plastocyanin but is also invol-
ved in binding to cytochrome / .

Nuclear magnetic resonance
spectroscopy has been established
as a very convenient and effective
technique for structural studies of
proteins. For haemproteins, the
characteristic hyperfine-shifted
NMR spectrum of a paramagnetic
haemprotein carries the signature
of the electronic and structural
properties of the haem group.
Measurements of spin - lattice
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relaxation (Tj) and spin-spin
relaxation (T2) times provides
useful methods for the
determination of dissociation
constants and distances of various
nuclei from the paramagnetic
centre in a protein-protein
complex. Relaxation measure-
ments were carried out to get
information about the relative
dispositions of the two proteins
(PC and cytochromes) in their
complexes.

2 Assignment of
Proton NMR reso-
nances for pea
Plastocyanin

Proton NMR measurements were
carried out on a Bruker AM 500-
MHz FT-NMR spectrometer at
300K in 50 raM phosphate buffer
(pH 6.0). Proton chemical shifts
were referred to a proton signal of
dioxan as a reference at 3.74 ppm.
Proton NMR resonances for pea PC
were assigned using 2D-NMR
spectroscopy at 300K (pH = 6.0).
The conformation of the Phe-83
plastocyanin was examined by
^-NMR. A ID spectrum in H2O,
compared with that of the wild-
type protein, clearly demonstrated
the disappearance of the amide
resonance of Tyr-83 at 9.40 ppm,

and the appearance of a new
resonance at 9.37 ppm which is
likely to be that of Phe-83 [13],
although positive identification
must await further 2D
experiments. Overall the close
similarity between the spectra of
the mutant and wild-type proteins
indicated that the replacement of
Tyr-83 with Phe-83 had not led to
major conformational changes
throughout the protein. Insuffi-
cient protein of the Leu-83
mutant was available for NMR
analysis, so its conformation was
examined by CD between 190 and
260 nm. The spectrum obtained
for the oxidized protein was
essentially identical to that of the
wild-type. The Phe-83 mutant
protein also gave a closely similar
spectrum. These results confirm
that the three proteins had
identical gross conformations.

3 Kinetics
surements

Mea-

Electron transfer from reduced
cytochrome to oxidized plasto-
cyanin was monitored at 422 nm
with an Applied Photophysics
stopped-flow spectrophotometer
(SF.17MV). The rate of binding of
plastocyanin and cytochrome was
measured by following the
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increase in absorbance of oxidized
cytochrome at 410 nm in the
stopped-flow spectrophotometer.
K& was determined by taking
advantage of the increased absor-
bance of the Soret band of
cytochrome on binding to
plastocyanin

The results reported in Table I
[13,14] demonstrate convincingly
that Tyr-83 of plastocyanin is part
of the main tunneling pathway for
the electron between the haem
rings of both cytochrome c and
cytochrome / and the Cu atom of
plastocyanin. A leucine residue in
this position is much less effective

and it seems likely that the
facilitation of electron transfer by
tyrosine or phenylalanine is due
to the aromatic nature of the ring,
as has been proposed in other
proteins. A striking difference
between the kinetics of reduction
of plastocyanin by the two
cytochromes is that the wild-type
protein and the Phe-83 mutant
behave identically towards
cytochrome c, but not towards
cytochrome / . In the latter case
the rate of reduction of the
mutant protein is about seven
times slower, a difference that can
be ascribed entirely to weaker

Table I
Kinetic parameters for reduction of pea plastocyanin by cytochromes c and/

Plastocyanin

Cytochrome
Wild type
Phe-83
Leu-83

k2 (x 10-6)
(M-V1)

c as donor
3.26
3.28
0.421

Cytochrome/as donor
Wild type
Phe-83
Leu-83

40.6
5.43
0.955

* A
(M-l)

1253
1295
1260

9890
1270
968

•*a(xlO-6)
(MrV1)

20.0
22.7
21.7

43.5
5.86
1.27

*.a(xl0<
(s-1)

16.0
17.5
17.2

4.40
4.61
1.31

*) k( (x 10-3)
(s-1)

3.11
2.96
0.340

62
58
4.0

Values are given as mean + standard deviation. Data for cytochrome/and c are from
[13].and [14] respectively.
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binding. We therefore predict that
when the structure of cytochrome
/ becomes known it will reveal a
surface residue in the region of
the exposed haem edge which is
capable of hydrogen bonding to
the -OH of Tyr-83.

4 NMR relaxation
(Ti) measurements

Protein concentrations were
determined from the following
absorption coefficients: reduced
horse heart cytochrome c, £550nm
= 2.76 x 104 M-icm"1; reduced
oil-seed rape cytochrome / ,
£554nm = 2.6 x 104 M - i c m - l ;
oxidised plastocyanin, £597nm =

4.7 x 103 M- lcm-1 . Proton NMR
relaxation measurements were
carried out on a Bruker AM 500-
MHz FT NMR spectrometer at
300K. The samples were in 0.01 M
phosphate buffer (containing 90
raM NaCl) at pH 6.0 (volume, 0.4
ml). Proton NMR spectra of Cd-PC
were obtained by accumulation of
about 160 transients at 16K data
points in quadrature mode. To
facilitate relaxation measure-
ments, a redox-inactive form of
plastocyanin was prepared, in
which Cu was replaced by Cd. 2D
NMR spectra of Cd-PC showed that
the conformations of the two

proteins are essentially the same.
For the relaxat ion time
measurements, samples were
treated with Chelex 100 (Bio-Rad)
to remove any traces of free metal
ions. To obtain the longitudinal
relaxation time ( T i o b s ) , the
inversion recovery method with
180^-T -90° pulse sequence was
used.

5 Determination of
the Apparent Disso-
ciation Constant of
Cd-PC Binding to
Cytochromes using
1H-NMR Tl Measu-
rements

Longitudinal proton relaxation
times of Cd-PC were measured in
the presence of various
concentrations of cytochrome (cor
f) to find the binding constants
and the distances from various
protons of Cd-PC to the
cytochrome iron atom. Observed
longitudinal relaxation time
( T l o b s ) o f Cd-PC proton
resonances can be considered as
the sum of the relaxation rates of
the bound and free Cd-PC
fractions and is related to Kj), T\ 5
and Tif, where Kj) is the apparent
dissociation constant of the
Cyt/Cd-PC complex, Tjb is the Ti
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of the Cyt/Cd-PC complex, and Tif
is the Ti of the Cd-PC in the
absence of the cytochrome. KTJ and
T i b f o r Cd-PC binding to
cytochrome was obtained from the
above data. Kj) obtained from NMR
relaxation measurements agreed
very well with the value obtained
from optical spectroscopy (Table
I).

6 Determination of
Distance using

Measurements

The Solomon and Bloembergen
equations were used to determine the
distance (r) of individual protons of
bound Cd-PC from the ferric centre
of cytochromes. The distances for
these protons were used to get the
relative position and conformation of
PC with respect to the ferric ion of
cytochromes. Our initial results show
that the ferric ion of cytochrome is
very near to the Tyr-83 residue of
PC, which is consistent with our
kinetics studies. This work is still in
progress.
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