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Plastocyanin functions as an electron carrier between the cytochrome bsf complex and
photosystem I. The crystal structures of the wild-type and E43K/D44K double mutant from
the higher plant, Silene, have been determined at 2.0 and 1.75 A resolution, respectively.
The wild-type plastocyanin comprises two monomers per asymmetric unit, one of which
shows the unusually great distance between the copper ion and the N,, atom of H87 because
of the hydrogen bond network formation between H87 and symmetry-related G10. The root
mean square deviation for Ca atoms between the wild-type and mutant plastocyanins is
0.44 A, however, the electrostatic potential maps of their molecular surfaces are remark-
ably different. The low electron-transfer rate in the E43K/D44K mutant results from the
hindrance of electrostatic interactions, not from the structural change due to the mutation.
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Plastocyanin is a blue copper protein which functions as an
electron carrier between the cytochrome b^f complex and
P700+ of photosystem I. Plastocyanin is a component of the
photosynthetic electron transfer system in higher plants
(1-3).

A number of three-dimensional structures of plastocya-
nins have been determined by protein crystallography and
NMR methods. In higher plants, the crystal structures of
plastocyanins from poplar (4) and spinach (5), and the
solution structures of plastocyanins from French bean (6)
and parsley (7) have been solved. These studies revealed
that plastocyanin has a /?- sandwich structure composed of
eight /S-strands. The side chains of H37, H87, C84, and
M92 coordinate with the copper atom with a tetrahedral
geometry.

Solvent-exposed H87 is located at the hydrophobic site
and Y83 at a negatively charged site composed of two acidic
patches comprising positions 42 to 45 and 59 to 61. These
two sites around H87 and Y83 are considered to be essential
for electron-transfer from the results of kinetic studies (8,
9). An acidic patch surrounds Y83 and appears to interact
with cytochrome / and photosystem I (20). The residues of
both acidic patches in plastocyanin from the higher plant,
Silene (SilPc), were replaced with asparagine or lysine by
site-directed mutagenesis (11). Mutants as to residues 59
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and 60 do not change the rates of electron-transfer from
cytochrome / and to P700+ of photosystem I, however,
replacement of residues 42-44 decreases both rates. In
particular, the E43K/D44K double mutant shows compar-
ative decreases. As a consequence, the acidic patch com-
prising positions 42 to 45 seems to be important for
electron transfer. To determine whether the comparative
decrease of the electron-transfer rate in the case of the
mutant SilPc is due to the structural difference or to the
difference in the electrostatic potential map on the molecu-
lar surface between the wild-type and mutant SilPcs, we
have solved the crystal structures of both the wild-type and
E43K/D44K double mutant SilPcs.

MATERIALS AND METHODS

Crystallization—Crystallization of the wild-type SilPc
has already been reported (12). A mutant SilPc was ex-
pressed in Escherichia coli and purified by the procedure
described by Lee et aL (11). Screening for the crystalliza-
tion conditions was carried out in a similar way to that for
the wild-type crystallization using ammonium sulfate as a
precipitant. Crystallization was performed by the hanging-
drop vapor diffusion method (23). The drops consisted of 3
//I of a protein solution and 3 fi\ of a precipitating solution.
Plate-like crystals (0.4x0.4x0.6 mm) were obtained at
room temperature after 2-3 weeks in 2.8 M ammonium
sulfate and 100 mM potassium phosphate (pH 7.0) when
the protein solution was concentrated to 13 ing-ml"1 in
Milli-Q water.

X-Ray Diffraction Study—X-Ray diffraction experi-
ments were carried out using an R-AXIS lie imaging-plate
area detector mounted on an Rigaku RU-300 rotating-
anode source with CuKa radiation. The space group of the
wild-type SilPc crystals was determined to be trigonal
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P3,21 or P3,21 with unit cell parameters of o= 6=76.6,
and c= 65.5 A. Assuming two molecules of wild-type SilPc
per asymmetric unit, the Matthews constant (14) is Vm =
2.64 A3-Da"1. The space group of the mutant SilPc crystals
was determined to be tetragonal P4,2,2 or P432,2 with
unit cell parameters of a= 6 = 55.9, and c= 68.2 A. Assum-
ing one molecule of mutant SilPc per asymmetric unit, the
Matthews constant is Vm = 2.54 A3«Da~'. The diffraction
data were processed using programs DENZO and SCALE-
PACK (15). The final data for the wild-type SilPc crystals
comprised 11,515 independent reflections and complete-
ness of 94.2% from 44,196 total reflections in the range of
30-2.0 A with an overall i^erge of 6.0%. The final data for
the mutant SilPc crystal comprised 10,737 independent
reflections and completeness of 93.6% from 52,627 total
reflections in the range of 30-1.75 A with an overall Rmene
of 5.6%.

Structure Determination—The crystal structures of the
wild-type and mutant SilPcs were solved by the molecular
replacement method. The search model for wild-type SilPc
was based upon poplar plastocyanin (PDB code 1PCY) (4).
The search model for mutant SilPc was based upon the
wild-type SilPc. Molecular replacement calculations were
performed using program AMoRe (16). Supposing that the
space group of wild-type SilPc belonged to P3221, two
outstanding peaks appeared with an .R-factor of 30.7% (8-4
A) on translation function calculations. In the mutant SilPc,
supposing that the space group belonged to P432i2, a clear
solution was found. The model was refined by the use of
programs X-PLOR (17) and REFMAC (18). After the
application of one round of the simulated annealing proto-
col, multiple cycles of alternate model fitting and refine-
ments were performed. The quality of the final model was
assessed by means of Ramachandran plots and analysis of
the model geometry with program PROCHECK (19). The
plots for the wild-type and mutant SilPcs indicated that
90.6 and 91.2% of the residues lay in the most favored
regions, and 9.4 and 8.8% in additional allowed regions,
respectively. The final R and ftree factors for all reflections
between 20.0 and 2.0 A resolution for the wild-type SilPc
were 0.189 and 0.225, respectively. The final R and R,ree
factors between 20.0 and 1.75 A resolution for the mutant
SilPc were 0.180 and 0.199, respectively. The refinement
statistics are summarized in Table I. The coordinates for
the wild-type and mutant SilPcs have been submitted to the

TABLE I. Refinement statistics.

Resolution (A)
No. of protein molecules
No. of protein atoms
No. of water molecules
No. of reflections

Working set
Test set for ft™

R(%)
•Rwork (%)

ftr« (%)
Root mean square deviation from standard

Bond length (A)
Bond angle (degrees)

Ramachandran plot
Residues in most favored regions (%)

Wild-type
20-2.0

2
1464

78

10,929
568
18.9
19.7
22.5

geometry
0.016
2.46

90.6
Residues in additional allowed regions (%) 9.4

Mutant
20-1.75

1
733
73

10,216
515
18.0
18.8
19.9

0.013
2.46

91.2
8.8

Protein Data Bank under accession numbers 1BYO and
1BYP, respectively.

RESULTS AND DISCUSSION

Quality of the Final Mode/—The final model for the
wild-type SilPc is made up of two monomers per asym-
metric unit inclusive of 78 water molecules. The root mean
square deviations from the ideal geometry of the bond
lengths and angles are 0.016 A and 2.46", respectively. The
final model for the mutant SilPc is made up of one monomer
per asymmetric unit including 73 water molecules. The
root mean square deviations from the ideal geometry of the
bond lengths and angles are 0.013 A and 2.46', respective-
ly. Both the wild-type and mutant SilPcs remained close to
the standard geometry throughout the refinement. Well
defined electron density maps were obtained for all resi-
dues in both the wild-type and mutant SilPcs. The mean
coordinate errors for the atoms estimated from Luzzati
plots are 0.217 and 0.164 A for the wild-type and mutant
SilPcs, respectively (20). The quality of the final model is
summarized in Table I.

Overall Structures—The wild-type SilPc comprises two
monomers per asymmetric unit (SilPc A and B). A ribbon
drawing of SilPc A is presented in Fig. 1. The two plas-
tocyanin monomers show root mean square deviations for
all protein atoms of 0.82 A. Both SilPcs consist of two
/?-sheets in common with other plastocyanins. The sec-
ondary structures of the SilPcs were determined with
program DSSP (21). SilPc A has eight ft-strands and one
a-helix, however, SilPc B has no «-helix. The secondary

1)44

Pig. 1. Schematic representation of the structure of SilPc A.
The numbers are those of the /?-strands. This figure was drawn by
means of program MOLSCRIPT (23) and rendered by means of
program RASTER3D (24).
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structures of SilPc A are identical with those of poplar and
spinach plastocyanins. The mutant SilPc as well as SilPc A
have eight /3-strands and one a-helix. The mutant SilPc as
well as poplar and spinach plastocyanins have a 3i0 helix at
residues 85-87. Compared with SilPc A and B, there are
significant structural differences in the main chain of
residues 8-10 and the side chains of residues 42-45. The
root mean square deviation for the side chain atoms of
residues 42-45 between SilPc A and B is 1.60 A. The
carboxylate oxygen atoms of these side chains have rela-
tively high temperature factors of more than 45 and 41 A2,
respectively. These side chains indicate that the side chains
of residues 42-45 have flexibility. The flexibility of resi-
dues 42-45 is significant because the side chains of these
residues are essential for electron transfer {11). In the
structure of the complex of spinach plastocyanin and turnip
cytochrome / determined by means of NMR and molecular
dynamics, the side chains of D42, E43, and D44 in plas-
tocyanin are close to those of R209, K187, and K185 in
cytochrome / , respectively (22). The flexibility of these
side chains seems to be effective for the formation of ion
pairs between plastocyanin and cytochrome / .

Copper Geometry—In plastocyanins, the copper site

exhibits a distorted tetrahedral geometry. The copper
geometries of SilPc A and the mutant SilPc show little
difference with those of other plastocyanins. The distance
between the copper ion and the NJI atom of H87 in SilPc B
is a little greater (2.31 A) than those in SilPc A and other
plastocyanins (Fig. 2A). The side chain of H87 in SilPc B
forms a hydrogen bond bridge to the main chain carbonyl
oxygen of GlO from neighboring SilPc B through a water
molecule (Fig. 2B). That of H87 in SilPc A also forms a
hydrogen bond with a water molecule, however, there is no
hydrogen bond bridge to GlO. The side chain of H87 in SilPc
B undergoes a van der Waals interaction with that of
symmetry-related L12 (3.5 A apart) (Fig. 2B). These
interactions cause the unusually great distance between the
copper ion and the N»r atom of H87 in SilPc B.

Comparison with Other Higher Plant Plastocyanins—
The sequence identity between SilPc and poplar or spinach
plastocyanin is 71 and 79%, respectively. The root mean
square deviation between SilPc A and poplar or spinach
plastocyanin is 0.52 or 0.57 A for the Ca atoms, respective-
ly. The structure of SilPc is similar to those of poplar and
spinach plastocyanin. On Comparison of the wild-type
SilPc, and poplar and spinach plastocyanins, significant

H87

Fig. 2. A: Stereo-view of the
copper binding site of SilPc A
(thick and light lines) compared
with that of SilPc B (thin and
dark lines). B: Stereo-view of
the structures around H87 of
SilPc B (thick and light lines)
and the symmetry-related posi-
tions 10 to 12 (thin and dark
lines). These figures were drawn by
means of program MidasPlus (25,
26).
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Fig. 3. Electrostatic surface potentials of SilPc A (A) and the mutant SilPc (B) as viewed in relatively the same orientation. Red
areas correspond to negatively and blue ones to positively charged potentials. These figures were drawn by means of program GRASP (27).

structural differences were found in the main chain of G67.
In poplar and spinach plastocyanins, the amide nitrogen of
G67 forms a hydrogen bond with the carbonyl oxygen of
N31. In the wild-type SilPc, there is no corresponding
hydrogen bond, however, the e-amino group of K30 forms
an ion pair with the carboxylate group of E2. On comparison
of the wild-type SilPc and spinach plastocyanins, significant
structural differences were also found in the main chains of
E59 and E60. In spinach plastocyanin, crystal packing
interactions were observed around these residues, which
resulted in the structural differences (5).

Comparison of the Wild-Type and Mutant—The root
mean square deviation for Cat atoms between mutant SilPc
and SilPc A is 0.44 A. On comparison of the wild-type and
mutant SilPcs, significant structural differences were found
in the main chain of G67. In the mutant SilPc as well as the
wild-type one, the amide nitrogen of G67 forms no hydro-
gen bond with the carbonyl oxygen of N31. In the mutant
SilPc, the £ -amino group of K30 forms an ion pair with the
carboxylate group of E69 instead of that of E2 in the wild-
type one. The root mean square deviation for backbone
atoms of residues 42-45 between SilPc A and the mutant
SilPc is 0.18 A. The main chain structure of the mutant
SilPc around residues 43 and 44 is very similar to that of
the wild-type SilPc. Therefore, there is little structural
change due to mutation of residues 43 and 44 between the
wild-type and mutant SilPcs.

Features of the Molecular Surface and Its Relationship
with the Acidic Patch—An electrostatic potential map of
the molecular surface shows a large negatively charged
region in the wild-type SilPc (Fig. 3A). In the mutant SilPc,

the negatively charged region is divided into very small
sites (Fig. 3B), suggesting that residues 43 and 44 of
plastocyanin play a primary role in the formation of the
negatively charged surface region. The side chains of these
two residues in SilPc are exposed and located in the
outermost surface region of the molecule. Thus, they seem
to play an important role in the molecular recognition of the
electron transfer reaction. The decrease in the negatively
charged surface region which results from mutations of
residues 43 and 44 is linked to those of the electron-trans-
fer rates from cytochrome / and to P700+, because little
structural differences around the main chains of residues 43
and 44 were found between the wild-type and mutant
SilPcs. That is to say, the decrease in the negatively
charged surface region must cause those in the electron-
transfer rates.
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