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Abstract: Umecyanin (UMC) is a type 1 copper-containing protein which originates from horseradish roots
and belongs to the stellacyanin subclass of the phytocyanins, a ubiquitous family of plant cupredoxins.
The crystal structures of Cu(ll) and Cu(l) UMC have been determined at 1.9 and 1.8 A, respectively. The
protein has an overall fold similar to those of other phytocyanins. At the active site the cupric ion is
coordinated by the N°* atoms of His44 and His90, the S” of Cys85, and the O<! of GIn95 in a distorted
tetrahedral geometry. Both His ligands are solvent exposed and are surrounded by nonpolar and polar
side chains on the protein surface. Thus, UMC does not possess a distinct hydrophobic patch close to the
active site in contrast to almost all other cupredoxins. UMC has a large surface acidic patch situated ~10—
30 A from the active site. The structure of Cu(l) UMC is the first determined for a reduced phytocyanin and
demonstrates that the coordination environment of the cuprous ion is more trigonal pyramidal. This subtle
change in geometry is primarily due to the Cu—N°}(His44) and Cu—O<(GIn95) bond lengths increasing
from 2.0 and 2.3 A in Cu(ll) UMC to 2.2 and 2.5 A, respectively, in the reduced form, as a consequence
of slight rotations of the His44 and GIn95 side chains. The limited structural changes upon redox
interconversion at the active site of this stellacyanin are analogous to those observed in a typical type 1
copper site with an axial Met ligand and along with its surface features suggest a role for UMC in interprotein
electron transfer.

Introduction stellacyanins are all thought to possess associated carbohydrate
and a cell wall anchoring domatUmecyanin (UMC) is the
stellacyanin fromArmoracia laphatifolia(horseradish) roots,
and paramagnetic NMR studies on the Ni(ll)-substituted protein
have recently confirmed the presence of an axially coordinating
glutamine®

Crystallographic studies on a number of cupredoxins have

Cupredoxins are a key class of electron-transfer (ET) proteins
found in both prokaryotes and eukaryotes which possess a
mononuclear type 1 copper sit&tellacyanins are members of
the phytocyanin subclass of the cupredoxins which are found
in all vascular seed plants and whose exact physiological

) . 2 . ;
functlon remains unkn.ow%r The phytocygnln famlly. al§q . demonstrated that their overall structures are &fikéconsisting
includes the plantacyanins and the uclacyanins, and their division . .

. - o of B-strands arranged into twe-sheets forming a Greek key
has been made on the basis of domain organization, glycosy-

lation, and the nature of the axial ligah&equence comparisons p-barrel structure (the so-called “cupredoxin” fold). There are
. . . . variable amounts oft-helical secondary structure present, but
have indicated that all stellacyanins possess an axially coordi- y P

. . . .—_this never contributes to the core of the protein. The copper
nating glutamine whereas the plantacyanins and uclacyanins,

. . ion is situated at one extreme of the molecule and is usually
and most other cupredoxins, have a Met ligaritl.The coordinated in a distorted tetrahedral fashion, with strong ligands

T The atomic coordinates of Cu(ll) (1X9R) and Cu(l) (1X9U) UMC have  (4) Paul, K. G.; Stigbrand, TBiochim. Biophys. Actd97Q 221, 255-263.

been deposited in the Protein Data Bank. (5) Dennison, C.; Harrison, M. Dl. Am. Chem. So2004 126, 2481-2489.
# Max-Planck-Institut fu Biochemie. (6) Adman, E. T Adv. Protein Cheml&?gl 42, 144-197.
§ University of Newcastle upon Tyne. (7) Adman, E. T.C.urr. Opin. Struct..BloI 1991 1, .89&904. . ) .
Il Technische Uni tavinch (8) Colman, P. M.; Freeman, H. C.; Guss, J. M.; Murata, M.; Norris, V. A.;
o echnische UniversitaMunchen. o . Ramshaw, J. A. M.; Venkatappa, M. Rature 1978 272, 319-324.
Present address: Institute for Cell and Molecular Biosciences, Uni- (9) Inoue, T.; Nishio, N.; Suzuki, S.; Kataoka, K.; Kohzuma, T.; Kai,JY.
versity of Newcastle upon Tyne. Biol. Chem 1999 274, 17845-17852.
(1) Nersissian, A. M.; Shipp, E. LAdv. Protein Chem2002 60, 271—340. (10) Adman, E. T.; Jensen, L. Hsr. J. Chem 1981, 21, 8—12.
(2) Nersissian, A. M.; Immoos, C.; Hill, M. G.; Hart, P. J.; Williams, G.; (11) Nar, H.; Messerschmidt, A.; Huber, R.; van de Kamp, M.; Canters, G. W.
Herrmann, R. G.; Valentine, J. 8rotein Sci 1998 7, 1915-1929. J. Mol. Biol. 1991, 221, 765-772.
(3) Dennison, C.; Harrison, M. D.; Lawler, A. Biochem. J2003 371, 377— (12) Crane, B. R.; Di Bilio, A. J.; Winkler, J. R.; Gray, H. B. Am. Chem.
383. Soc 2001 123 11623-11631.
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provided by the thiolate sulfur of a Cys and the imidazole Overexpression, refolding, and purification of UMC were as described
nitrogens of two His residues. The active site structure is elsewhere? and the protein was used at a concentration of ca. 11 mg/
typically completed by an unusually long bond to an axial Met ML in 5 mM Tris (pH 7.5) for crystallization experiments.

ligand. In the case of azurin the backbone carbonyl oxygen of ~ Crystallization and Crystal Preparation. Crystallization of oxi-

a Gly residue provides a second axial ligand, resulting in a dized UMC Wgs_achieved with a reservoir buffer containing 25% PEG
trigonal bipyramidal geometrdf~12 The HisCys equatorial 330 0.1 M Bicine (pH 5.0), and 0.2 M Mg£ICrystals were grown
ligand set is always maintained in cupredoxins, but the residue using the sitting drop method by addingR of the reservoir buffer to

. . L - . 2 uL of the protein solution. Crystals with a maximum size of 400
found in the axial position can vary, as in the stellacyanins “ P y

inatesis 14 T ’ 300 x 300um were obtained which could be frozen by soaking in a
where a Gin coordinates.>** The imidazole group of the cryobuffer (made by adding 10% PEG 600 to the reservoir buffer). A

C-terminal His ligand is always solvent exposed and iS crystal of Cu(ll) UMC was reduced using cryobuffer containing 10
surrounded by a surface hydrophobic patch which is important mm sodium ascorbate. Reduction was considered to be complete when
for the interaction of cupredoxins with their redox partriérs? the crystal was totally colorless.

The crystal structures of three phytocyanins have been solved Data Collection. Data sets were collected on a Mar345 imaging
in the oxidized forms. These are the stellacyanin fl@atumis plate detector system (Marresearch, Norderstedt, Germany) with
sativus (CST) and the plantacyanins fror@. satius (this graphite-monochromated CucKradiation ¢ = 1.5418 _A) at 50 kv/
protein is commonly referred to as cucumber basic protein, 100 mA from a Rigaku (Tokyo, Japan) RU 300 rotating anode X-ray
CBP'8) and spinach (PN®). The structures of these proteins generator at 100 K to_a resolution of_1.9 A for Cu(ll) UMQ and 1.8 A
have a number of unusual features as compared to otherfor_the reduced protein. Photoreduction of Cu(ll) UMC did not oceur

L . e . . as judged from the color of the crystal before and after data collection.
cupredoxins including a disulfide bridge which connects an .

. . . . S The crystal of Cu(l) UMC was still completely colorless after the data

active site loop with am-helix, and a twist in one of the

L h set was collected, indicating no oxidation had occurred. Determination
pB-sheets that makes up tlfiebarrel, giving a topology which

: ) of the space group and unit cell, as well as the integration of reflection
has been described as fsandwich'® The nature of the
phytocyanin fold is such that the imidazole rings of both His

intensity, was carried out with the program DENZOFurther data
analysis was performed with the HKL program pack&gé&he data

ligands are solvent exposed. The unusual active site geometrycollection and refinement statistics are shown in Table 1.
of the stellacyanins was demonstrated by the structure of the Structure Solution and Refinement. The initial phases of the

C. satwus protein, where the axial GIn ligand was found to

oxidized UMC structure were determined by molecular replacement

coordinate in a monodentate fashion via its side chain amide with the program AMoR# using theC. satius stellacyanin structure

oxygen aton?? which is supported by paramagnetd NMR
studies®
It has been notédhat the phytocyanins may represent one

of the largest families of plant proteins (at least 50 sequences

are expected to be found in tiheabidopsis thalianayenome).

(PDB entry 1JEF) as the template. After initial rigid body minimiza-

tion 2% refinement was performed by alternating model building carried

out with the program & and crystallographic refinement using
CNS2z25 All graphical representations were prepared using the
programs MOLSCRIPT BOBSCRIPT?’ RASTER3D? ALSCRIPTZ

and GRASP? Final Ramachandran plot analysis was performed with

This observation and the fact that the exact physiological the program PROCHECK For the superposition of the different 3D

function of phytocyanins remains unknown make them a key
target for investigation. Furthermore, the influence of the natural
type 1 copper site variation found in the stellacyanins on ET
reactivity is not well understood. In this paper, we present the
crystal structure of both oxidized and reduced UMC. The
structure of Cu(l) UMC is the first determined for a reduced
phytocyanin and along with the surface properties of the
molecule provides information which is key to understanding
the physiological function of these ubiquitous plant proteins.

Material and Methods

Protein Isolation and Purification. Escherichia coliBL21(DE3)
cells were transformed with a pET11a derivative harboring an artificial
coding region for the 106 amino acid residue cupredoxin domain of
UMC (Glul to Gly106) which was synthesized in a manner described
elsewherg? This construct also contains an N-terminal start codon
(Met0) as a translation initiator which is present in the purified pratein.

(13) Hart, P. J.; Nersissian, A. M.; Herrmann, R. G.; Nalbandyan, R. M.;
Valentine, J. S.; Eisenberg, [Protein Sci 1996 5, 2175-2183.

(14) Vila, A. J.; Fernadez, C. OJ. Am. Chem. S0d 996 118 7291-7298.

(15) Chen, L.; Durley, R.; Poliks, B. J.; Hamada, K.; Chen, Z.; Mathews, F. S;
Davidson, V. L.; Satow, Y.; Huizinga, E.; Vellieux, F. M. D.; Hol, W. G.
J. Biochemistry1992 31, 4959-4964.

(16) Ubbink, M.; Ejdeback, M.; Karlsson, B. G.; Bendall, D.S8ructure1998
6, 323-335.

(17) Crowley, P. B.; Otting, G.; Schlarb-Ridley, B. G.; Canters, G. W.; Ubbink,
M. J. Am. Chem. So@001, 123 10444-10453.

(18) Guss, J. M.; Merritt, E. A.; Phizackerely, R. P.; Freeman, HJ.QViol.
Biol. 1996 262 686-705.

(19) Einsle, O.; Mehrabian, Z.; Nalbandyan, R.; Messerschmidt, Biol. Inorg.
Chem 200Q 5, 666-672.

(20) Harrison, M. D.; Dennison, Rroteins2004 55, 426—-435.

structures, the program LSQMARwas applied.

Results

Quality of the Final Model. The refined models for the
oxidized and reduced forms of UMC each comprise one
homodimer, two copper ions, and 272 or 215 water molecules,
respectively, and maintain small deviations from standard
geometry (Table 1). In both structures, the residues MetO,
Gly105, and Gly106 are missing in both subunits of the dimer
and Ala104 in molecule B only because there was no electron
density observed for these residues. The final crystallographic
R-factor and freeR-factor are 21.8% and 26.5% (1.9 A
resolution) for the oxidized form and 19.9% and 24.4% for the
reduced one (1.8 A resolution). The mean positional errors of

(21) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307—326.

(22) Navaza, JActa Crystallogr 1994 A50, 157—-163.

(23) Brunger, A. T.; Adams, P. D.; Clore, G. M.; DeLano, W. L.; Gros, P.;
Grosse-Kunstleve, R. W.; Jiang, J. S.; Kuszewski, J.; Nilges, M.; Pannu,
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta
Crystallogr. 1998 D54, 905-921.

(24) Jones, T. A.; Zou, J. Y.; Cowan, S. W.; Kjeldgaard, Atta Crystallogr
1991, A47, 110-119.

(25) Brunger, A. T.Nature 1992 355, 472-475.

(26) Kraulis, P. JJ. Appl. Crystallogr 1991, 24, 946-950.

(27) Esnouf, R. MJ. Mol. Graphics Modell1997, 15, 132-134.

(28) Merritt, E. A.; Bacon, D. JMethods Enzymoll997, 277, 505-524.

(29) Barton, G. JProtein Eng 1993 6, 37—40.

(30) Nichals, A.; Sharp, K.; Honig, BProteins1991, 11, 281-296.

(31) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J. M.

Appl. Crystallogr 1993 26, 283-291.

) Kleywegt, G. J.; Jones, T. AA Super PositionESF/CCP4 Newsletter;
1994; Vol. 31, pp 9-14.
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Table 1. Data Collection and Refinement Statistics
data set Cu(ll) uMC Cu(l) uMC
Data Collection
no. of unique reflns 18450 21408
multiplicity? 8.6 (8.2) 6.6 (6.2)
space group P6s P6s
cell constants a=b=09269A a=b=9265A
c=47.31A c=47.70A
a=p=90,y=120¢ oa=p=90,y=120C
limiting resolution (A) 1.90 1.80
completeness of data (%) 100.0 (99.8) 98.2 (100.0)
Rmerg® (%) 5.9 (26.9) 7.7 (44.5)
llo 45.0 (16.0) 27.5(3.2)
Molecular Replacement
Reryst(%0) 51.0
correlation factoC (%) 20.1
Refinement
RerystRiree® (%) 22.8/26.8 19.8/24.0
no. of non-hydrogen protein atoms 1639 1639
no. of copper atoms 2 2
no. of water molecules 272 215

RMSDX (bonds (A)/angles (deg)/bonded B’s%h
mean temp factors (protein/copper/solvent)

0.017/2.83/1.25
21.8/18.2/27.7

0.016/1.75/2.50
24.9/23.2/31.4
0.17A

dispersion precision indicator (DPI) (A) 0.21A

aValues in parentheses correspond to the highest resolution shell between 1.96 and 1.90 A [Cu(ll) UMC] and 1.85 and 1.80 A [CublRWMGE
Shyilli(hkl) — m(hk) VY Ry ili(hkl). © Reryst = SnllFo(hkl)| — [Fe(hkl)[|/3nlFo(hKD)|. ¢ Root-mean-square deviations of temperature factors of bonded atoms.

the atoms determined by Luzzati ptsre 0.27 and 0.18 A

for Cu(ll) and Cu(l) UMC, respectively. The more realistic DPIs
(dispersion precision indicators) as developed by Cruicksiank
are lower with values of 0.21 and 0.17 A obtained for the
oxidized and reduced proteins, respectively. The accuracy of «l
the copper ligand bond distances is even higher as reflected by
standard deviations of better than 0.06 A (these were derived
from the individual bond distances in the two independent
molecules in each structure). The copper site geometry was
refined with no stereochemical restraints imposed. The main
chain dihedral angles of all non-glycine residues are within

energetically allowed regions of the Ramachandran plot [92%
and 94.3% in the most favored regions, 8.0% and 5.1% in
additionally allowed regions for the Cu(ll) and Cu(l) structures,

respectivelyE®
: ~ : dimer arrangement in the asymmetric unit of the oxidized protein. The
Overall Structure of UMC. UMC exists as &z-symmetric noncrystallographic 2-fold rotation axis lies perpendicular to the plane of

dimer in the asymmetric unit with intermolecular contacts of the paper betweef-strand 5 of the two molecules. The disulfide bridge is
510 A2 which corresponds to ca. 9% of the complete surface included as are the coordinating side chains, with the copper ion shown as
of the molecule (Figure 1). UMC does not form dimers in @ cyan sphere.
solution as the presence of such species was never detected on
the gel filtration step used during the purification procedfiire.  -strand 5 possesses a Cys residue which forms a disulfide
The secondary structure of UMC is made up of ejgistrands bridge with a Cys found on the copper binding loop (see below).
and twoo-helices (see Figures 1 and 2). The strands form two The arrangement of the two UMC molecules in the asymmetric
antiparallelg-sheets which give UMC #-sandwich topology.  unit involves contacts between residues from the neighboring
One of theB-sheets (formed froni-strands 2, 4, 5, 7, and 8) is  B-strands 5 and 6 (and algbstrand 3; see Table S1 in the
twisted as in other phytocyanins, and thus, the tertiary structure Supporting Information). The copper binding site of UMC is
of UMC lacks the continuity of the Greek k¢lbarrel topology located at one extreme of the molecule (see Figure 1), with the
typically found in cupredoxin&? The two a-helices of UMC ligands Cys85, His90, and GIn95 found on the active site loop
are situated on one side of tAesandwich, witho-helix 1 being which links -strands 7 and 8. The coordination of the copper
longer in UMC than in CBP, but with a length similar to that ion is completed by His44, which is located on the loop
found in CST. The second-helix is shorter than the first and  connectingg-strands 3 and 4. The overall structure of Cu(ll)
precedeg-strand 5, which is irregular in the phytocyanins and UMC is similar to that of oxidized CS® as demonstrated by
other cupredoxin8. The polypeptide linkinga-helix 1 and  the fact that the Catoms superimpose with an RMSD of 0.94
A (see Figure 3). There is also close homology to the structures
of CBP'8 and PNC!° and these overlap with RMSDs of 1.19
(34) Cruickshank, D. W. JActa Crystallogr.1999 D55, 583-601.

(35) Ramachandran, G. N.; SasisekhararAd. Protein Chem1968 23, 283~ and_ 123 ’B_" r?SpeCtlvely’ whereas the S|m|Iar|ty to the Cupre-
438. doxin azurif! is lower (RMSD of 1.96 A).

160 J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005

Figure 1. Structure of UMC showing the two molecules that make up the

(33) Luzzati, V.Acta Crystallogr 1952 5, 802-810.
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1 10
UMC MEDYDV[EGDME/KRP
CSsT QSTVHI VIEIDNT G SVP
STC TVYTVEIDSAGIIKVP
CBP AVYVVEGS GGIT
PNC AVY NI S
—
b1
v
60
uUmMcC FD NMKKENPI SHM T
CSsT FD AMNFVNSDNDVER
STC YQ SMEHNDTTPI A SYN
CBP FS TEMHNTPAGAK VYT
PNC GYASMSAP RG ARTY
| 3 —
b5 b6

b7 b8

Figure 2. Amino acid sequence alignment of UMEC. satius stellacyanin (CSY), the stellacyanin fronRhusvernicifera (STC®), the plantacyanin

from C. sativus (CBP?9), and spinach plantacyanin (PKAC Identical residues in the sequences are highlighted in dark blue. A high level of conservation

is indicated in blue, while the regions of relatively low conservation are light blue. The copper binding residues are identified by dark bluenartbes,

two Cys ligands which form the disulfide bridge are indicated with yellow arrows. The secondary structure elements of UMC are indicated as dark blue

cylinders (-helices) and blue arrowg<{strands).

Figure 3. A stereoview of an overlay of the®Craces of Cu(ll) UMC

(blue) and CST (red). The copper atoms are shown as blue and red spheres,

respectively, for the two proteins, and the different arrangemerfistaind
5 in UMC and CST can be observed.

UMC possesses a number of Asp and Glu residues close

actifg site aciiy_e _site -

Figure 4. A stereoview of the surface properties of UMC showing the
acidic patch and the exposed active site His ligands.

together on its surface which form an acidic patch. This is made the backbone CO of GIn95, which assists in stabilizing the

up of Glul, Asp2, Asp4, Asp8, and Glul0 frgpestrand 1 and
Asp33, Glu34, Glu36, and Asp38 g¢gi-strand 3. These two

copper-binding loop. There are a number of hydrogen-bonding
interactions along the loop (Cys85 to GIn95) including those

strands are situated next to each other in the UMC structure,between the backbone CO groups of Asp89 and His90 and the
and thus, a large region of negative charge is found on onebackbone NH of Val93. The backbone CO of Asp89 also

side of the protein (see Figure 4).

Active Site. The coordination geometry of oxidized UMC is
distorted tetrahedral with typical Cu(f)N%i(His44) and Cu-
(1) —N%(His90) distances of 2.0 A (see Figure 5 and Table 2).
The Cu(ll)-S(Cys85) bond length of 2.2 A is short for a Cu-
(1) —thiolate but is in the range usually found for type 1 copper

accepts a hydrogen bond from the side chain of Arg92 (the side
chain of Asp89 is also involved in a salt bridge with the side
chain of Arg13). The residue Asp45, next to the ligand His44,
makes a number of key hydrogen-bonding interactions at the
active site of UMC. The side chain of Asp45 accepts hydrogen
bonds from the backbone NH groups of Thr86 and Val87 and

sites (see Table 2). The copper ion is displaced from the planethe side chain @ of Thr86. The backbone CO of Asp45 is

of these three equatorial ligands 0.4 A in the direction of
the axial GIn95, which coordinates to Cu(ll) via its!@tom at

a distance of 2.3 A. Coordination via the?N, moiety of GIn95
would require deprotonation, which is unlikely given its high
pKa (~15). Furthermore, coordination of GIn95 via its!@tom
positions the NH group such that a favorabteamide interac-
tion occurs with the indole ring of Trpll. The backbone
carbonyl oxygen of Met43 is found trans to the axial GlIn ligand
3.8 A from the Cu(ll) ion.

hydrogen bonded to the indole<! of Trpll, while its
backbone NH hydrogen bonds to the thiolate sulfur of the Cys85
ligand. The coordinating sulfur of Cys85 also accepts a hydrogen
bond from the backbone NH of Val87.

The active site of UMC is solvent exposed, with the imidazole
rings of both His ligands protruding through the surface of the
protein (the copper is-4 A from the surface). The solvent
accessibilities of the two His ligands in UMC have been
calculated and are shown in Table 3 along with those of other

UMC possesses a number of hydrogen-bonding interactionscupredoxins. The degree of solvent exposure is much greater

around its active site which are structurally important. The
backbone NH of Cys85 is involved in a hydrogen bond with

in the phytocyanins than in other cupredoxins. The solvent
exposures of the His ligands in UMC are approximately equal,

J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005 161
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residues are randomly arranged, and this region of the protein’s
surface does not have any uniform properties.

Structural Changes upon Reduction.The overall structure
of UMC is only slightly altered upon reduction, which is
reflected in an RMSD of 0.49 A for the superimposition of the
Cu(ll) and Cu(l) structures. Small changes occur in the protein
backbone around the C- and N-termini and also in the Gly6 to
Met9 and the Ala24 to Lys27 regions. The positions of Pro62,

A Pro69, and Pro70 are slightly different in the structures of Cu-
(I) and Cu(l) UMC. These proline residues are situated at the
start of 8-strands 5 (Pro62) and 6 but are not within 11 A of
the copper ion. The conformations of some side chains on the
surface of UMC are altered upon reduction, but the effects are
minor.

There are subtle changes at the active site of UMC upon
reduction (see Figure 5 and Table 2) which result in a more
trigonal pyramidal coordination geometry for the Cu(l) center.
An increase in the copper ligand bond distances upon reduction

B is anticipated due to the larger ionic radius of Cu(l); however,

these occur in an anisotropic manner. The Cul¥(His90)

and Cu(l}-S(Cys85) bond lengths only increase 0.1 A

compared to those of the Cu(ll) protein, whereas the Cu(l)

N%i(His44) and Cu(B-O<}(GIn95) bond lengths both increase

by ~0.2 A. The changes in the GIN°}(His44) and CuO¢!-

(GIn95) bond lengths are significantly higher than the largest

standard deviation in the bond distances (0.06 A; see Table 2)

and are due to small rotations in the side chains of these two
ligands. The displacement of the metal ion from the,8is
plane in Cu(l) UMC (0.3 A) is very similar to its position in
the oxidized protein. The distance from the Cu(l) ion to the
backbone carbonyl oxygen of Met43 (found trans to the axial

GIn ligand) is very similar to that in Cu(ll) UMC~3.8 A).

His&0

GIngs GIngs

Discussion

In this study we have determined the structure of UMC, the
cupredoxin domain of the stellacyanin from horseradish roots
(the stellacyanins are a subclass of the phytocyanins) in both
the Cu(ll) and Cu(l) forms. The structure of the oxidized protein
is very similar to that of CST3 the only other available
stellacyanin structure. This work represents the first determi-
nation of the crystal structure of a Cu(l) phytocyanin (active
Figure 5. (A) A stereoview of the active site of Cu(ll) UMC including  site information has been published for reduced ¢Syt a
the 2, — F; electron density map at 1.9 A resolution contoured a61.0  complete structure is not available) and demonstrates the

(B) A stereoview of the active site of Cu(l) UMC also showing th& 2- . . . . .
F. electron density map at 1.8 A resolution contoured ab 116 (C), the changes that occur in this family of ET proteins upon reduction.

active site structures of Cu(ll) (left) and Cu(l) (right) UMC are compared Overall Structure of UMC. The dimeric arrangement of two
and t_he coor_dinating residues are shown as ball-and-_stick_ m(_)dels, with theymcC molecules as seen in the asymmetric unit is not prevalent
Cu—ligand distances (A) and angles (deg) at the active site included. (D) . . .
A stereoview of an overlay of the active sites of Cu(ll) (cyan backbone M solution. AnalOgOlj'S arrangements have be_en observed in a
and bonds) and Cu(l) (white backbone and bonds) UMC. number of cupredoxin crystal structures, and in all cases these
are not thought to have any physiological relevance. The
whereas in the other cupredoxins the C-terminal His (HisB) is sequence homology between UMC and CST is 46% (see Figure
much more exposed. In the structure of UMC, tiéHNof His44 2), and their overall structures are very similar. This is
is hydrogen bonded to a water molecule in both the oxidized demonstrated in Figure 3, where th€é €aces of these two
and reduced structures but there are no water contacts to His9Gmolecules are compared. The structure of UMC is also similar
in either structure. to those of the plantacyanins CBP and PNC even though the
The exposed imidazole rings of His44 and His90 are sequence homology to these proteins is only 30% and 27%,
surrounded by a protein surface which is made up of both respectively (see Figure 2). These molecules all possess distinc-
nonpolar and polar residues in UMC. The hydrophobic side tive structural features characteristic of the phytocyanin subclass
chains in this region are provided by Ala40, Met43, Val87, of the cupredoxins. The region of largest difference between
Gly88, and Val93. The polar side chains arise from Glu10, UMC (and CST) and the plantacyanins involves the region from
Lys12, Argl3, Serl5, and Asp89 (and His44 and His90). These Trpl11 to Trp23 which formsx-helix 1 in the stellacyanins,
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Table 2. Geometry of the Active Site of Cu(ll) and Cu(l) UMC and Other Cupredoxins

Cu(lly Cu(l) Cu(lly Cu(l) Cu(lly Cu(lly Cu(lly Cu(l) Cu(lly Cu(l)
umce umca csT? csTe CBpP? PNCe PAZ' PAZ' Az9 Az9
Cu—Ligand Bond Distances (A)
Cu—N°Y(His44) 2.0(0.05) 2.2(0.02) 1.96 2.07 1.93 2.03 1.95 2.04 2.02 2.06
Cu—9(Cys85) 2.2(0.06) 2.3(0.01) 2.18 2.28 2.16 2.18 2.13 2.19 221 2.23
Cu—N°(His90) 2.0(0.04) 2.1(0.03) 2.04 2.19 1.95 1.99 1.92 211 2.08 212
Cu—0<Y(GIn95) 2.3(0.05) 2.5(0.01) 2.21 2.68
Cu—S’(Met) 2.61 2.67 271 2.85 3.32 331
Cu to O(Met43) 3.8 3.8 3.97 ha 3.85 4.04 3.94 4.04 2.60 2.67
Angles (deg)

His44—Cu—Cys85 132 132 134 na 138 137 135 132 132 133
His44—Cu—His90 99 98 101 na 99 100 100 102 105 105
His44—Cu—GIn95(Met) 95 88 94 na 83 81 87 90 72 73
Cys85-Cu—His90 121 125 110 na 110 112 114 116 123 122
Cys85-Cu—GIn95(Met) 107 110 101 na 111 113 107 107 110 110
His90—Cu—GIn95(Met) 95 91 102 na 112 109 107 104 85 87

aAt pH 5.0. The values quoted are the average of those in the two molecules in the asymmetric unit, and standard deviations are included in parentheses.
b The stellacyanin fron€C. satius (at pH 7.0, PDB entry 1JER) in which His46, Cys89, His94, and GIn99 are ligéidee backbone carbonyl oxygen of
Ala45 is trans to the axial GIn99 liganéThere is very little information available for the structure of the reduced stellacyaninGramtivus4! ¢ Cucumber
basic protein (at pH 6.0, PDB entry 2CBP) in which His39, Cys79, His84, and Met89 are liffahius backbone carbonyl oxygen of Met38 is found trans
to the axial Met89 ligand® Plantacyanin from spinach (at pH 5.4, PDB entry 1F56) in which His34, Cys74, His79, and Met84 are ifgEhesackbone
carbonyl oxygen of GIn33 is found trans to the axial Met89 ligdriRseudoazurin fromchromobacter cycloclastgat pH 6.0; Cu(ll), PDB entry 1BQK;
Cu(l), PDB entry 1BQR] in which His40, Cys78, His81, and Met86 are ligdrise backbone carbonyl oxygen of Gly39 is found trans to the axial Met86
ligand. 9 Azurin from Pseudomonas aeruginogat pH 6.5-8.0; Cu(ll), PDB entry 1JZF; Cu(l), PDB entry 1JZG] in which His46, Cys112, His117, and
Met121 are ligand& The backbone carbonyl oxygen of Gly45 is found trans to Met? 2k = information not available.

Table 3. Solvent Accessibilities of the His Ligands in the class of plant cell wall proteins, the arabinogalact&nghe
Structures of Cupredoxins presence of carbohydrate close to the link between the cupre-
solvent accessibility? (A%) solvent accessibility® (A?) doxin and C-terminal arabinogalactan-like domain suggests a
protein HisA HisB protein HisA HisB role in either protecting this region from proteolytic enzymes
UMCP 20.3 24.0 PNE 13.0 293 or in maintaining a specific spatial arrangement of the two
CST 15.4 35.9 azurin 0 4.5 domains. In the CST structure Asn109, the site of glycosylation,
CBM 11.7 26.7 is also situated very close to the interdomain redithis
aCalculated using FastSétfand a probe radius of 1.4 RHisA = stellacyanin also po_sses;e_s about 19% carbohydrate, which
His44, HisB= His90.¢ Stellacyanin fromC. satbus (PDB entry 1JER), ~ Probably has a function similar to that in UMC.
gggp:l—?isA‘lE’HHizng _HiBSEﬁ? 8d4?auceupr?r basic Ff’fotein ,(PDE ?JS'BV The prominent surface feature of UMC is a large acidic patch
entry %'FSI(?),ﬁis,IAS: H|s3|$4‘1 ﬁisész I-.|is79.13r:2%?irr]1l?rc;’r?1nll.sgg]r%(g:]in(osa on one side of the molecule (see Figure 4). CST possesses a
(PDB entry 4AZU), HisA= His46, HisB= His1171 similarly sized acidic patch (eight residues), but this is made

o ] ] ) up of residues frong-strands 46. Thus, the acidic patch of
which is absent in the plantacyanins (see Figures 1 and 2). jmc is found on the side of th@-sandwich, whereas in CST
B-Strand 5 of the cupredoxins is varied in available structfires, it is located on the front. Comparison of available phytocyanin
and in UMC this strand is closer to strand 4 than in the CST sequencés? indicates that the only other member which
structure; thus, the two proteins show larger differences in this possesses an acidic patch in the same position as UMC is BCB,
region (the RMSD of the € positions of UMC and CST in 5 gte|lacyanin fromh\. thaliana The cupredoxin domain of this
this strand is up to 3 A, whereas in the other parts of the ga|jacyanin has-81% identity to that of UMC, and a recent
molecule it is less than 1.0 A see Figure 3). The polypeptide gy,4y has demonstrated the similarity between the active sites
linking a-helix 2 andf-strand 5 contains a Cys residue that ot the two proteing® No other phytocyanin possesses an acidic
forms a .dlsulﬁde:\.brldge' with 'a Cys on the I|gand-conta|n|ng patch in a position similar to that found in CS$T The two
loop, which stabilizes this region of the structure. In the dimer gy ,cyrally characterized plantacyanins CBP and PNC are basic
arrangement in the asymmetric unit of UNiStrand Sis found 1\ teins and have large positively charged surface patches. These
at the interface between the two molecules, and the compactyre found in positions completely different from those of the
arrangement of this part of the structure of UMC enables a ,gic surfaces on UMC and CST and are located at the opposite
§tr0ng dimer interface. The structurefbtrand 5 is very similar _ end of thes-sandwich to the copper site. It has been suggested
in both Cu(ll) and Cu(l) UMC, and therefore, the fact that this 5 the exposed nature of the active sites of the phytocyanins
area is variable does not mean that it is flexible. indicates interaction with small molecule redox partrier&

Native UMC is glycosylated at Asn76, with the amount of 15 ever, the presence of surface-charged regions on the
carbohydrate varying between 2% and 4 he recombinant phytocyanins would suggest a role in protejotein ET as a
protein studied herein lacks the surface sugar but has spectro, ,mper of cupredoxins possess charged surface patches which
scopic properties identical to those of the native proteifihe are key to their interaction with physiological redox part-
residue Asn76 is located at the bottom/btrand 6 close to

the C-terminus of the protein. Native UMC possesses a (37) Mann, K.; Schier, W.; Thoenes, U.; Messerschmidt, A.; Mehrabian, Z.;
_ ; ; inh i ; Nalbandyan, RFEBS Lett 1992 314, 220-223.
C-terminal domain which is closely related to those found in a (38) Bergman. C.: Gandvik, E.-A - Nyman. P. O.- Stridiochem. Biophys.
Res. Commurl997, 77, 1052-1059.
(36) Van Driessche, G.; Dennison, C.; Sykes, A. G.; Van Beeumdtrpfein (39) Murata, M.; Begg, G. S.; Lambrou, F.; Leslie, B.; Simpson, R. J.; Freeman,
Sci 1995 4, 209-227. H. C.; Morgan, F. JProc. Natl. Acad. Sci. U.S.A982 79, 6434-6437.
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ners!®43-47 The fact that the stellacyanins possess cell wall

anchoring domains does not preclude a role in interprotein ET.

The site of glycosylation in UMC (Asn76) is situated some
distance from the majority of the acidic patch, and thus, the
relatively small amount of sugar is unlikely to mask this surface
feature.

interaction of the cupric ion with the GIn ligand in the
stellacyanins, which results in a weakening of the Ce{8)-

(Cys) bond. However, given the resolution of the available
crystal structures, we cannot be sure that these differences are
really significant.

The close similarity of the active site structures of Cu(ll)

Almost all cupredoxins possess a hydrophobic patch sur- ymC and CST is surprising when their spectroscopic features

rounding the exposed imidazole ring of the C-terminal His
ligand&7 This region is important for the interaction with ET

partnerst>~17 and it is thought to be exclusively used as the
route of entry and exit of electrons to and from the copper site.
In the structure of UMC, as in those of all other phytocya-
nins131819poth His ligands are solvent exposed (vide infra),

are compared. The UV/vis spectrum of Cu(ll) UMC is domi-
nated by an intense S(Cys) Cu(ll) LMCT band at 606 nm
with a second weak LMCT transition (also involving the Cys
ligand) at 463 nn%:2254The low intensity of the 463 nm band,
along with the axial EPR spectrum for the protein, results in
UMC having a classic type 1 copper stt&:5In most other

but the protein surface in this area is not exclusively hydrophobic stellacyanins (including CST) the LMCT band-a#50 nm is
(see Figure 4). The region not only contains polar residues butmore intense, and they have rhombic EPR spectra, which
also possesses charged side chains. The lack of a cleajndicates the presence of perturbed type 1 copper ceme?s.
hydrophobic patch around the exposed His ligands is a feature|t has been suggest&dhat the displacement of the copper ion
shared by CST and thus may be common to the stellacyanins.from the HisCys ligand plane, as a consequence of a stronger
In CBP and PNC (plantacyanins) there are also hydrophobic axjal interaction, results in a site with perturbed spectroscopic
and hydrophilic side chains in this area, although there are noproperties. However, the distances of the Cu(ll) ion from this
charged residues. Furthermore, there is a clear hydrophobicplane are similar in both UMC and CSF0.4 and 0.3 A,

patch around the exposed imidazole ring of the C-terminal His

respectively). More recently, the electronic properties of type 1

ligand in the two plantacyanin structures. This supports the ideacopper sites with an axial Met ligand have been rationalized

that the lack of a hydrophobic patch is a feature common to

by the coupled distortion mod@lin which a more perturbed

the stellacyanins (and not all phytocyanins) and must be relatedcenter is associated with an enhanced-Gt(Met) interaction,

to the partners with which these molecules interact. The variable which leads to a weaker Gt8(Cys) bond and collectively
features of the surface patches of the phytocyanins suggest thagesults in a JahnTeller distortion. This alteration is quantified
relatively relaxed evolutionary constraints have been imposed py the angle between the NCuNyis and Sy<CuSyet planes,

on the protein scaffold, which has allowed a range of attributes with a smaller value consistent with a perturbed site. The angles

to evolve for binding to specific partners.

Active Site. The distorted tetrahedral geometry of the Cu(ll)
site of UMC, with GIn95 coordinating in a monodentate fashion
via its O°'* atom and providing a fourth strong ligand (see Figure
5), is remarkably similar to that of oxidized CST (see Table 2).

between the MsCuNyis and &yCuQgin planes are 8%and 84

in Cu(ll) UMC and CST, respectively. This difference, along
with the slightly longer Cu(IB-0O<4(GIn95) bond in UMC (see
Table 2), could account for the electronic variations compared
to CST.

This arrangement is also analogous to that found at the active 5 unique feature of the active site of the stellacyanins is the

site of the Cu(ll) Met121GIn azurin mutafftwhich was made

as a model for the active site of the stellacyanins. The interaction

of the cupric ion with the three equatorial ligands in all of these
proteins is similar to that seen in cupredoxins with a weak axial
Met ligand8-1218.19A possible exception to this is the Cu@)
S'(Cys) bond, which appears slightly longer in the stellacyanins.
This is consistent with the results of various spectroscopic
investigation®1449-53 and has been attributed to the strong

(40) Mann, K.; Eckerskorn, C.; Mehrabian, Z.; Nalbandyan, R.Bibchem.
Mol. Biol. Int. 1996 40, 881-887.

(41) Nersissian, A. M.; Hart, J. P.; Valentine, J. S.Handbook of Metallo-
proteing Messerschmidt, A., Huber, R., Poulos, T., Wieghardt, K., Eds.;
John Wiley and Sons: Chichester, U.K., 2001; pp 121934.

(42) Tsodikov, O. V.; Record, M. T.; Sergeev, Y. ¥. Comput. Chen2002
23, 600-609.

(43) Kannt, A.; Young, S.; Bendall, D. ®iochim. Biophys. Actd996 1277,
115-126.

(44) Sato, K.; Kohzuma, T.; Dennison, &.Am. Chem. So2004 126, 3028—
3029.

(45) Kukimoto, M.; Nishiyama, M.; Ohnuki, T.; Turley, S.; Adman, E. T.;
Horinouchi, S.; Beppu, TProtein Eng 1995 8, 153-158.

(46) Williams, P. A.; Filbp, V.; Leung, Y. C.; Chan, C.; Moir, J. W. B.; Howlett,
G.; Ferguson, S. J.; Radford, S. E.; HajduNat. Struct. Biol 1999 2,
975-982.

(47) De Rienzo, F.; Gabdoulline, R. R.; Menziani, M. C.; Wade, RP@tein
Sci 200Q 9, 1439-1454.

(48) Romero, A.; Hoitink, C. W. G.; Nar, H.; Huber, R.; Messerschmidt, A.;
Canters, G. WJ. Mol. Biol. 1993 229, 1007-1021.

(49) DeBeer, S.; Randall, D. W.; Nersissian, A. M.; Valentine, J. S.; Hedman,
B.; Hodgson, K. O.; Solomon, E. J. Phys. Chem. BR00Q 104, 10814~
10819.

(50) Bertini, I.; Ferdadez, C. O.; Karlsson, B. G.; Leckner, J.; Luchinat, C.;
Malmstram, B. G.; Nersissian, A. M.; Pierattelli, R.; Shipp, E.; Valentine,
J. S.; Vila, A. J.J. Am. Chem. So@00Q 122, 3701-3707.
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interaction of the axial ligand with the indole ring of a Trp
residue. Coordination of the GIn via its“Oatom results in a
N¢<2H moiety pointing toward the center of the five-membered
ring of the Trp. This provides a favorable interaction between
the m-electron density of the indole and the partial positive
charge on the amide proton. In the plantacyanins the methyl
group of the axial Met ligand points to the center of the side
chain of the corresponding Trp residtfé¢?A conserved feature

of cupredoxins is that the axial ligand is sandwiched between
two hydrophobic residuesput the interaction appears to be
stronger in the phytocyanins (the GIn/Met to Trp separation in
the phytocyanins is-3.5 A, whereas in other cupredoxins the
distance to the corresponding, usually aromatic, residuetis

A). The importance of the interaction of the axial ligand with
the indole ring in the phytocyanins is currently under investiga-
tion by site-directed mutagenesis.

The intricate hydrogen-bonding pattern at the active site of
UMC is similar to that found in other phytocyanins (and

(51) Andrew, C. R.; Yeom, H.; Valentine, J. S.; Karlsson, B. G.; Bonander, N.;
van Pouderoyen, G.; Canters, G. W.; Loehr, T. M.; Sanders-Loelir, J.
Am. Chem. Sod 994 116 11489-11498.

(52) LaCroix, L. B.; Randall, D. W.; Nersissian, A. M.; Hoitink, C. W. G.;
Canters, G. W.; Valentine, J. S.; Solomon, EJ.IAm. Chem. S0d998
120, 9621-9631.

(53) Solomon, E. |.; Szilagyi, R. K.; De Beer George, S.; BasumallickGthem.
Rev. 2004 104, 419-458.

(54) Dennison, C.; Lawler, A. TBiochemistry2001, 40, 3158-3166.



Crystal Structures of Stellacyanin ARTICLES

cupredoxins) and is key to stabilizing the active site structure. picture of the redox-induced active site changes in stellacyanins.
The residue Asp45, next to the His44 ligand, is involved in a It appears from the reported structural details that the 8u
number of these interactions. This residue is an Asn in almost (Cys) bond also increases more upon reduction in CST than in
all other phytocyanins and cupredoxins (see Figure 2 and ref UMC. However, recent EXAFS studies on CST have reported
1). The presence of an Asp in UMC has very little influence on a much smaller change in the coppéhiolate bond length upon
the number of hydrogen-bonding interactions. The thiolate sulfur reduction®® In UMC the limited alterations at the active site
of Cys85 accepts hydrogen bonds from the backbone NH groupsupon reduction are not too dissimilar from those observed at
of Asp45 and Val87. The second hydrogen bond is not found the copper centers of cupredoxins with axial Met ligands (see
in cupredoxins which have a Pro two residues after the Cys Table 2). Thus, the active site of UMC is an example of an
ligand (plastocyanin, amicyanin, and pseudoazurin, for example). entatic state where the rigid protein holds the copper center in
Azurin and probably all phytocyanins have this hydrogen bond, a geometry which undergoes only small changes upon redox
which has been suggested to possibly be important for control- interconversion, and thus, the inner sphere reorganization energy
ling the reduction potential and spectroscopic properties of a js minimized®! It is interesting to note that the electron self-
type 1 copper sifeand also the i, of the C-terminal His ligand  exchange (ESE) rate constant of UMC is relatively small for a
(vide infra) in reduced cupredoxirg. cupredoxin, and that the GIn95Met UMC variant has enhanced

In UMC, as in all phytocyanin structures, the copper ion is (5-fold) ESE reactivity, demonstrating that an axial Met ligand
closer to the surface~d A) than usually found in cupredoxins g actually preferable for fast E°.

(~5—7 A). This leads to increased solvent accessibility of the
active site, and the imidazole rings of both His ligands protrude
through the surface of the protein (see Table 3). In UMC His90
is slightly more solvent exposed than His44, but the difference
is not as large as in the other phytocyanins. The overall solvent
accessibility of the active site of UMC seems to be slightly
higher than in the plantacyanins, but is less than that found in
CST, which is consistent with the results of NMR studiés.

The rigid copper site environment of UMC is interesting when
considering the alkaline transition in phytocyanins. This effect
leads to a change in color of the Cu(ll) protein from blue at
neutral pH to violet at pH> 9-1035463 A number of
suggestions have been made for the structural cause of the
alkaline transition, with flexibility of the active site being
proposed as a major contributing factdf3 The structures of

The reduction potential of UMC is 290 m¥ whereas those of .Cu(.”? and Cu(l) UMC shgw that the qc'tllve .Slte of this prot.eln
is rigid, strongly suggesting that flexibility is not responsible

CST, CBP, and PNC are 260 nA804 mV?2° and 345 m\k® i o% ! A
respectively. The stellacyanin froRi vernicifera(STC), whose Iicz)rr:h:nalﬁilIgllekgﬁr?:ltflg?r.nAgfegszi)tou?\sl)?lCv:trreuiz;a:clgfeosr;?j
structure has not been determined, has the lowest reduction . . o
potential known (185 mV/) for a type 1 copper sitGhere does due to the instability of the crystals under these conditions.
not appear to be any direct relationship between the solvent The crystallographic studies on UMC were carried out at pH
exposure of the active sites of the phytocyanins and their 5.0, and in the reduced structure there is no evidence that either
reduction potentials. This is consistent with the results of Of the His ligands is becoming protonated and is dissociating
recently published quantum mechanical calculations which from the metal ion [the CaN°%(His44) bond does lengthen
indicate that desolvation of type 1 copper sites is not a significant slightly upon reduction]. Protonation and dissociation of the
determinant of their relative reduction potenti#s. C-terminal His ligand has been observed in a number of reduced
The changes in the structure of the active site of UMC upon cupredoxin&!®°including some phytocyanirt8:> This effect
reduction (see Table 2) can partly be rationalized by the is important as it has a dramatic influence on the reduction
increased size of the Cu(l) ion. The largest change involves thepotentia® and also the ET reactivity®® of a type 1 copper
axial GIn95 ligand, which twists away from the metal ion upon site. Herein, we demonstrate that there is very little change in
reduction, resulting in a0.2 A increase in the Cu to®  the Cu-N°(His90) bond length upon reduction, which is
distance. We consider the resulting Cu(l) t&(@In95) separa-  supported by NMR studies which show that both His ligands
tion of 2.5 A to represent a bor¥8? albeit a relatively weak  are not protonated at pH 3.5 in Cu(l) UME€The additional
one. This change and the lengthening of the-Gid}(His44) hydrogen bond to the thiolate sulfur of the Cys85 ligand from
bond by~0.2 A upon reduction cause a subtle alteration in the backbone NH of Val87 may help to stabilize the active site
geometry from distorted tetrahedral to more trigonal pyramidal loop in UMC, thus lowering the i, for the His ligand in the
in Cu(l) UMC. The full structure of Cu(l) CST has not been Cu(l) protein'® However, this hydrogen bond is present in
published, but some active site information has been repdrted
including an increase in the GO<Y(GIn) distance 0f~0.5 A (60) DeBeer George, S.; Basumallick, L.; Szilagyi, R. K.; Randall, D. W.; Hil,
upon reduction (see Table 2) and the suggestion that there is @ So oo B i Am. Chen Sa003 198 15914 11338 9% K- O
break in electron density between the copper and the oxygen.(61) Gray, H. B.; Malmstim, B. G.; Williams, R. J. PJ. Biol. Inorg. Chem
The Met121GIn azurin variant undergoes even greater active gy ﬁoa‘iﬁs%n{Si}*gS?benmson @hemBioChen2004 5, 1579-1581
site alterations upon reduction, resulting in the Cu(l) ion being (63) Ferriadez, C. O.; Sannazzaro, A. I.; Vila, A. Biochemistry1997, 36,

. - 10566-10570.
2-coordinate? and therefore does not provide an accurate (1) Guss, J. M.; Harrowell, P. R.; Murata, M.; Norris, V. A.; Freeman, H. C.

J. Mol. Biol. 1986 192, 361—-387.

(55) Battistuzzi, G.; Borsari, M.; Loschi, L.; Sola, M. Biol. Inorg. Chem (65) Dennison, C.; Lawler, A. T.; Kohzuma, Biochemistry2002 41, 552—
1997, 2, 350-359. 560.

(56) Battistuzzi, G.; Borsari, M.; Loschi, L.; Sola, M. Inorg. Biochem1998 (66) Armstrong, F. A.; Hill, H. A. O.; Oliver, B. N.; Whitford, DJ. Am. Chem.
69, 97-100. Soc 1985 107, 1473-1476.

(57) Li, H.; Webb, S. P.; lvanic, J.; Jensen, JJAm. Chem. SoQ004 126, (67) Sato, K.; Kohzuma, T.; Dennison, £.Am. Chem. So@003 125 2101~
8010-8016. 2112.

Reedijk, J.J. Am. Chem. Sod 982 104 3607-3617. Winkler, J. R.J. Am. Chem. Sod 998 120, 7551-7556.

(58) Hendricks, H. M. J.; Birker, P. J. M. W. L.; van Rijn, J.; Verschoor, G. C.;  (68) Di Bilio, A. J.; Dennison, C.; Gray, H. B.; Ramirez, B. E.; Sykes, A. G.;
(59) Sorell, T. N.; Malachowski, M. Rinorg. Chem 1983 22, 1883-1887. (69) Sato, K.; Dennison, C. Unpublished results.
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phytocyanins in which this effect has been demonstreitetl, confirms that these ubiquitous plant proteins function in
and the structural causes of His ligand protonation remain protein—protein electron transfer.
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