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Abstract 

Stellacyanins are  blue  (type I) copper glycoproteins that differ from other members of the cupredoxin family in their 
spectroscopic and electron transfer properties. Until now, stellacyanins have eluded structure determination. Here we 
report the three-dimensional crystal structure of the 109 amino acid, non-glycosylated copper binding domain of 
recombinant cucumber stellacyanin refined to 1.6 8, resolution. The crystallographic R-value for all 18,488 reflections 
((T > 0) between 50-1.6 8, is 0.195. The overall fold is organized in two P-sheets, both with four P-strands. Two 
cy-helices are found in loop regions between P-strands. The P-sheets form a P-sandwich similar to those found in other 
cupredoxins, but some features differ from proteins such as plastocyanin and azurin in that the P-barrel is more flattened, 
there  is an extra N-terminal a-helix, and the copper binding site is much more solvent accessible. The presence of a 
disulfide bond at  the  copper binding end of the protein confirms that cucumber stellacyanin has a phytocyanin-like fold. 
The ligands to copper are two histidines, one cysteine, and  one glutamine, the latter replacing the methionine typically 
found in mononuclear blue copper proteins. The Cu-Gln bond is one of the shortest axial ligand bond distances observed 
to date in structurally characterized type I copper proteins. The characteristic spectroscopic properties and electron 
transfer reactivity of stellacyanin, which differ significantly from those of other well-characterized cupredoxins, can be 
explained by its more exposed copper site, its distinctive amino acid ligand composition, and its nearly tetrahedral ligand 
geometry. Surface features  on the cucumber stellacyanin molecule that could be involved in interactions with putative 
redox partners are discussed. 
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plastocyanin; X-ray crystallography 

Stellacyanins, mononuclear copper-containing glycoproteins of un- 
known function, are members of the “blue” or “type I” copper 
protein family. Proteins in this family are characterized by intense 
electronic absorption bands in the visible spectrum zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A,,, 600 
and  450 nm), which give them their characteristic blue to blue- 
green color  (Adman, 1985; Lu et al., 1993). For those cases where 
function has been established, they act as freely diffusible electron 
transfer proteins (Adman, 1991; Canters & Van de Kamp, 1992; 
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ber  basic protein (plantacyanin); CST, Cucumis sarivus stellacyanin; EPR, 
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Solomon et al., 1992; Solomon & Lowery, 1993; Wuttke & Gray, 
1993; Malmstrom, 1994; Guckert et al., 1995). These proteins 
have collectively been named cupredoxins by analogy with the 
iron-containing electron transfer proteins termed ferredoxins (Ad- 
man, 1985, 1991). Blue copper centers also occur in multicopper 
blue oxidases (ceruloplasmin, ascorbic acid oxidase, laccase) and 
in copper-containing nitrite reductases. In such multicopper pro- 
teins, the type I copper center typically accepts an electron from an 
external electron donor and subsequently shuttles it to another 
metal center within the same protein for use in catalysis. 

The coordination environment of copper in stellacyanins differs 
dramatically from that of other cupredoxins. High-resolution X-ray 
crystallographic studies have revealed that most cupredoxins have 
a defining structural motif consisting of a nearly trigonal planar 
Cu(His)*(Cys) center with a fourth, more remote axial ligand pro- 
vided by a thioether sulfur from a Met  side chain (Baker, 1988; 
Petratos et al., 1988; Cuss et al., 1992; Durley et  al., 1993). [Azur- 
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in is found to have an additional, fifth axial ligand weakly bonded 
to copper, a carbonyl oxygen from a glycine residue (Baker, 1988).] 
These four liganding amino acid residues, two His, one Cys, and 
one Met, are conserved in all available sequences of blue copper 
proteins other than stellacyanins. By contrast, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARhus vernicifera 
(Japanese lacquer tree) stellacyanin (STC), the first-discovered 
and most intensively studied stellacyanin, contains no Met at all, 
and it has for some time been assumed that it uses another amino 
acid as an axial ligand (Peisach et al., 1967; Bergman et al., 1977) 
(see below). 

STC additionally has been found to differ from other mononu- 
clear blue copper proteins in that it undergoes redox reactions with 
small inorganic complexes or electrodes at unusually fast rates. 
These observations have led to the prediction that the STC copper 
center is considerably more solvent exposed than those of other 
cupredoxins (Wherland  et al.. 1975; Holwerda et al., 1976; Mauk 
et al., 1980; Tollin et al., 1986). In support of this conclusion, 
electron spin echo envelope modulation (ESEEM) studies have 
indicated a greater accessibility to solvent for STC relative to 
azurin (Mims  et al., 1984). It was also suggested that the fast redox 
rates observed for  STC might be attributed to an enhanced inter- 
action with the glassy carbon electrode due to hydrophobic inter- 
actions (Ikeda zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Sakurai, 1994). 

Because X-ray crystallographic data for stellacyanins have been 
lacking, only conjectural models based on amino acid sequence 
analysis have been available. From such studies, it was suggested 
that a sulfur atom from a disulfide bridge in the vicinity of the 
copper binding site contributed to copper coordination (Wherland 
et al., 1988). It was subsequently suggested that the carbonyl ox- 
ygen or, at high pH, the amide nitrogen of a Gln residue functions 
as the fourth ligand to the copper atom, in place of the Met usually 
found in cupredoxins (Peisach  et al., 1982; Fields et al., 1991; 
Thomann et al., 1991; Strange et al., 1995). Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 shows a 
sequence comparison of cucumber stellacyanin (CST) copper bind- 
ing domain with that of Rhus  vemiciferu stellacyanin (STC) and 
cucumber basic protein (CBP; also known as plantacyanin). The 
levels of sequence identity of copper binding domains of CST with 
STC and CBP are  34 and 33%, respectively (expressed as fractions 
of the shorter polypeptide). The two stellacyanins have Gln at the 
position corresponding to the axial copper ligand (amino acid 99 in 
cucumber stellacyanin), while CBP has Met. Further support of 
this Gln ligand hypothesis came from the finding that the replace- 
ment of the Met ligand by Gln in  an engineered azurin alters some 
of the physical properties of the copper site making them more 
similar to those of stellacyanin (Romero et al., 1993). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P J .  Hart  et ul. 

Rhus verniciferu stellacyanin has long been an intriguing can- 
didate for high resolution X-ray structural analysis due to its un- 
usual sequence,  spectroscopic,  and  electrochemical  properties 
relative to other cupredoxins (Nersissian  et al., 1996). Unfortu- 
nately, the gene  for  STC has not been cloned, and efforts to crys- 
tallize the protein in many laboratories have been thwarted, probably 
because of heterogeneity caused by glycosylation [approximately 
40% of its molecular weight (Peisach  et al., 1967)] and by poly- 
ploidy (Obokata et al., 1993) and other post-translational modifi- 
cation (Nersissian  et al., 1996). To bypass these obstacles, we 
crystallized a recombinant stellacyanin from Cucumis sativus (cu- 
cumber) after removal of the non-copper binding domains and the 
glycosylation sites by site-directed mutagenesis (Nersissian et al., 
1996). Here we report the refined 1.6 8, resolution X-ray crystal 
structure of the 109 amino acid, non-glycosylated copper binding 
domain of the cucumber stellacyanin protein. 

Results 

Quality of the  final model 

The refined CST model consists of 110 amino acid residues, 852 
protein atoms, 109 water molecules, and a single copper ion. An 
N-terminal Met residue (Met') is incorporated as a translation 
initiator in the protein expression system used (Nersissian et al., 
1996). All atoms are present in the final structure with the excep- 
tion of the Met' and Asn"' side chains because their density was 
not observed. These two residues were thus modeled as glycine. 
Amino acid residues SerbS-Glu7' have weak electron density due 
to high thermal parameters. Temperature factors average 25.44 and 
27.82 8,' for backbone and all atoms, respectively. Notably high 
temperature factors for a protein that diffracts to 1.6 8, are found 
for the N-terminal two residues (values of roughly 40 A2), the 
disordered region of the variable strand (values between 80 and 
90 A*), and the C-terminal two residues (values of roughly 70 A*). 

RMS deviations from ideality for bond lengths and angles are 
0.01 8 8, and 2.50", respectively. Ninety-seven percent of the amino 
acid residues have 4 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIC, angles that fall in the allowed regions 
of a Ramachandran plot (Ramachandran & Sasiskharam, 1968). 
Three residues, Amb7, Asp68, and Valb9, amino acids located in the 
poorly defined variable strand region described above, fall outside 
the allowed regions. The maximum overall RMS coordinate error 
is 0.17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, as estimated from a SIGMAA plot (Read, 1986) and 
0.20 8,, as estimated from a Luzzati plot (Luzzati, 1952). Because 
all the measured data have been used without a cutoff, the actual zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 1. Alignment of the amino acid sequences 
of the copper binding domains of cucumber 
stellacyanin (CST) (Nersissian et al., 1996). Rhus 

wernicifera stellacyanin (STC) (Bergman et al., 
1977), and  cucumber  basic  protein (CBP) (Mu- 
rata et al.,  1982). Residues that are identical  in 
two or  more of the sequences are boxed. Dashes 
indicate gaps introduced to allow optimal align- 
ment. Symbols used to indicate side chain char- 
acter are: (Cu) the known or postulated copper 
ligands; -S-S- disulfide bridge between the res- 
idues CysM and C Y S ~ ~ .  Numbering  refers to the 
amino acid positions in  cucumber stellacyanin. 
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average  error  must  be  lower  than  this,  as the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASIGMAA and  Luzzati 
analyses  assume  that  all  the  discrepancies  between Fo  and  Fc 
result  from  errors  in  the  model. We estimate  that for P-strands, 
loops  around  copper  site,  all  internal  side  chains,  and  other  well- 
defined  parts of the  structure,  the  positional  error is 0.1 8 or  less. 
In  support  of this,  copper-ligand  bond  distances  varied  less  than 
0.08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, during  the  course of the  refinement  (no  stereochemical 
restraints  imposed). 

Overall protein fold 

As in other  cupredoxins, C. sativus stellacyanin  has an overall 
Greek  key  P-barrel  topology.  The  refined  structure is similar to  the 
phytocyanin  CBP (Guss et  al.,  1996),  as  expected  from  the  use of 
molecular  replacement.  CST  and CBP cy-carbon atoms  super- 
impose  with  an RMSD of  1.10 8 for 88 target  pairs.  CST  has  two 
cy-helices  and eight  p-strands  [as  determined  in  SETOR  (Evans, 
1993)],  with the  strands  organized  into  two  P-sheets.  Strand  num- 
bers 1, 2,4, and 6  form  the  first  P-sheet,  and  strand  numbers  3, 5, 
7, and 8 form  the  second.  Strand #2 forms  only  one  hydrogen  bond 
to  strand #4 in sheet #I .  The  second  p-sheet  is  unusual in that it is 
highly  distorted,  exhibiting  a  severe  degree of  twist. The  two  sheets 
come  together to form  a  flattened  P-sandwich  structure.  Figure  2 
illustrates  the  protein  structure  in  ribbon  format.  The  copper  bind- 
ing  site  is  located  at  the  “northern” or top  end of  the  molecule 
[taking  the  description  used for the  related  plastocyanin  structure 
(Guss & Freeman,  1983)].  The  CST  ligand  residues  are  an  “up- 
stream”  histidine (His46), which  comes  from  the  loop  connecting 
P-strands #4 and #5, and  a  Cys-His-Gln  triad ( C Y S ~ ~ ,  His94, Glnw), 
coming  from  a  single  loop  positioned  between  P-strands  #7  and 
#8. As  in  CBP (Guss et  al.,  1996).  the  disulfide  bridge in CST 
between  residues 60 and 95 does not  play  a  role  in  copper  coor- 
dination, but does  anchor  the  C-terminus of a  small  helix  (residues 
53-59)  and  the so-called  “variable”  strand  (residues 62-73) to  the 
rest of the  molecule. 

Copper binding site 

The  CST  copper  coordination  geometry  can  best  be  described  as 
distorted  tetrahedral,  with C U - H ~ S ~ ~ ,   C U - C Y S ~ ~ ,  and C U - H ~ S ~ ~  li- 
gand  distances of  1.96,  2.18,  and  2.04 8, respectively.  Andrew 
et  al. (1994) have  described the distance of the  copper  from  the 
plane  of the  strong  ligands  as  a  feature  allowing  comparison of the 

copper  binding  sites  in  cupredoxins. In  CST, the  copper  ion  resides 
0.33 8 out  of the  nitrogen-sulfur-nitrogen  equatorial  plane  formed 
by the  liganding  atoms of these  three  residues  in  the  direction of 
the  axial  ligand. The axial  liganding  atom,  the  E-oxygen or €-nitrogen 
of Glnw, is  at a  distance of 2.21 8 from  the  copper  ion,  one of the 
shortest  axial bond distances  found  to date in any  naturally  occur- 
ring  cupredoxin. We modeled  the  E-oxygen  as  the  liganding  atom, 
although this could  not  be  distinguished  from  the  €-nitrogen by the 
electron  density.  However,  the  position of the  aromatic  ring of 
TrpI3  relative  to  the  non-liganding  €-atom of Glnw provides an 
important  clue  as  to its identity.  The  center of the  plane  formed by 
Trp” CG,  CD1,  CD2,  CE2,  and  NE1 atoms is 3.25 8 from  the 
non-ligandmg eatom of Gln99. If the NE2 atom  of Gln99 is the 
non-liganding  atom, its hydrogen  atoms  would  point  directly  into 
the  negatively  charged  “hole”  formed  by  the 7~ electrons of the 
atoms  of  the  Trp13  ring.  An ~-oxygen/Trp’~ ring  face  interaction, 
by contrast,  would  be  electrostatically  unfavorable.  The  distorted 
tetrahedral  geometry of the  copper  binding site of CST  is  consis- 
tent  with the  rhombic  nature of its EPR  spectrum  and  the  band  at 
450 nm  in its  visible  absorption  spectrum (Lu et  al.,  1993;  Andrew 
et al.,  1994).  Figure  3  illustrates  the  copper  and its ligands  super- 
imposed  on  1.6 8, electron  density for this  region.  The  bond  dis- 
tances  and  angles for c. sativus stellacyanin and a  number  of other 
type I copper  proteins  are  listed  in  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. 

Discussion 

Overall protein fold 

The  overall  fold of C. sativus stellacyanin  is  similar  to  that of  CBP, 
and  the hypothesis  that  stellacyanins  have  a  “pytocyanin-like”  fold 
as  evidenced by the  position and structural  role of the  disulfide 
bond  at the  northern  end of the  molecule  is  confirmed (Guss et  al., 
1988;  Fields  et al., 1991).  The  protein  backbone  atomic  positions 
are  conserved  between  the  two  molecules  except  in  regions of 
amino  acid  insertion  and  in  part of the  variable  strand  (CST  resi- 
dues 62-72). As seen in the  sequence  alignment  in  Figure  1,  there 
is both an N-terminal  and  C-terminal  extension of three  residues in 
CST.  If CST  is  a  cell  wall  protein,  as  the  presence of  the extensin- 
like  domain  suggests  (Nersissian et al.,  1996),  the  function of the 
C-terminal  residues may  be to  space  the  copper  binding  domain 
away  from  the cell  wall.  In  addition,  a  five-residue  insertion be- 
tween  residues Phei3 and  Trp18 (in  CBP)  must  be  accommodated 

Fig. 2. The  cucumber  stellacyanin  backbone  and  copper 
binding site. The  copper ion is shown as a blue  sphere, 
copper  ligands are  in green,  and  the disulfide bond is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin 
yellow. The  protein fold is composed of eight P-strands 
(purple  with  arrows)  and  two a-helices (red) as determined 
by  the  graphical  program  SETOR (Evans, 1993). The  anat- 
omy of a  cupredoxin has been  described (Guss & Freeman, 
1983; Adman, 1991). The  copper is bound  at  the  “northern” 
end of the molecule, and  is  coordinated  by  an  “upstream” 
(N-terminal)  and  “downstream”  (C-terminal) His ligand. 
The  “backside” of the molecule (away  from  the viewer in 
this  figure)  contains  the  “variable”  strand  (residues  C-termi- 
nal to the disulfide bond  and  N-terminal to pstrand #6). 
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ing  site  superimposed  on  1.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR electron 
density.  The  electron  density map  is  of  the 
form (2Fo-Fc)q contoured  at 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcr. The  metal 
ion is  coordinated by a  nearly  tetrahedral 
arrangement of the  Cys(His)zGln  li  ands, 
with  bond  lengths  averaging  2.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. The 
unusual  axial  Gln  ligand (GlnW) has  been 
modeled  with its  side  chain  €-oxygen form- 
ing  the  bond  with  copper. Two water  mol- 
ecules are shown as gray  orbs  hydrogen 
bonded to the  copper-distal  imidazole  ni- 
trogens of the histidine  ligands. 

in the CST  structure.  The  accommodations of CST  in this region 
create  a  larger  loop  (residues 14-19)  plus  an a-helix (residues 
20-28) that  is  absent  in  CBP (Cuss et al., 1996). 

The  variable  strand  (Adman,  1991)  adopts  differing  motifs  in 
the  mononuclear  blue  copper  proteins.  Azurin  contains  a  back 
“flap”  (Baker,  1988),  while  plastocyanin  contains  an  “acidic  patch” 
(Guss et al., 1992)  thought  to  be  responsible for interaction with its 
electron  donor cytochromef. CST  contains  a  partially  disordered 
string of residues of sequence Phe6’-Val-Asn-Ser-Asp-Asn-Asp- 
Val-Gl~-Arg-Thr-Ser~~. The  analogous  string of residues in cu- 
cumber  basic  protein  is  hydrogen  bonded  to  the  adjacent  strand in 
the  molecule (Guss et al., 1996),  but this string of residues  is 
beyond  hydrogen  bonding  distance  from this interior  strand  in 
cucumber  stellacyanin,  possibly due to the  influence of His49, 

which is on the  adjacent  interior  strand. His49 has two conforma- 
tions.  The  positions of this “variable”  strand  in  the two molecules 
differ by  roughly 8 A. Also, the  types of amino  acid  residues  that 
are  found  on  the  backside of the  molecule  differ.  CST  has  nine 
acidic  and two basic  residues,  and CBP has  one  acidic  and  four 
basic  residues.  Superposition of CBP  and  CST  can  be  viewed  in 
the  electronic  appendix. 

Copper binding site 

The  crystal  structure of  an engineered  azurin  mutant, Metl21Gln, 
which  mimics  some  of  the  properties of  the copper  binding  site in 
CST was  reported  previously  (Romero  et  al.,  1993).  While  the 
Cu-ligand  bond  distances  are  nearly  the  same in CST  and  the 

Table 1. Comparison of copper site geometry in cucumber stellacyanin with other crystallographically 

characterized cupredoxins: plastocyanin (PCY) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Guss et al., 1992), azurin (AZ) (Baker; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1988), and its M121Q 

mutant (AZM121Q) (for two crystallographically independent molecules per asymmetric unit) 

(Romero et al., 1993), pseudoazurin (PAZ) (Petratos et  al. 1988), and amicyanin (AMC) (Durley et al., 1993)a 

PCY A Z I  A22 PAZ AMC CBP CST AZMI2IQ 

Cu-ligand  bond  lengths 

CU-N(HiSl)  1.91  2.08  2.09  2.16  1.95  1.93  1.96  1.91  1.96 
cu-S(Cys) 2.07  2.12  2.17  2.16  2.15  2.16  2.18  2.13  2.11 
Cu-N(His2)  2.06 2.01  1.99  2.13  2.00  1.95 2.04 2.06  2.03 
Cu-S(Met)  2.82  3.12  3.10  2.76  2.89  2.61 
Cu-O(Gln)  2.21  2.25 2.28 

N(Hisl)-C~-(Cys) 
N(Hisl)-C~-N(His2) 
N(His1)-Cu-S(Met) 
N(Hisl)-Cu-O(Gln) 
S(C~S)-CU-N(H~S~) 
S(Cys)-Cu-S(Met) 

N(His2)-Cu-S(Met) 
N(His2)-Cu-O(Gln) 

S(cys)-C~-O(Gln) 

Ligand-Cu-ligand  bond  angles  (deg) 

132  135  135  136  135  138  134  141  133 
97 101  108 100 109  99  101 97 105 
88 79  75  87 83  83 

94 87  91 
121  122  116  112  109  110  118 116 117 
110  109 105 108 109 111 

101  106  103 
101  94 98 112 104 112 

102 98 97 

and  His2  refer to the up- and  downstream  histidine  ligands,  respectively. 



Crystal structure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof cucumber stellacyanin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2179 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
azurin mutant, there  are  four notable differences between the  two 
proteins: (a)  the  copper binding site  in CST  is much more solvent 
exposed. (b) The  copper displacement from the equatorial plane in 
CST is  greater than that for  Metl21Gln azurin (0.33 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, vs. 0.26 8,). 
(c)  The fifth  axial  ligand, a carbonyl  oxygen from Gly45  in 
Metl21Gln azurin, is at an  average  distance of 3.37 8, from the 
copper, while the analogous carbonyl oxygen from Ala45 in CST is 
3.97 8, away. (d)  Metl21Gln azurin does not exhibit the pH- 
dependent reversible changes in EPR and visible absorption spec- 
tra observed in stellacyanins (Nersissian  et al., 1996). 

The copper binding site in CST is stabilized by two hydrogen 
bonds formed between residues immediately adjacent to the His46 
and Cysg9 ligands. The side chain of hydrogen bonds with 
a backbone amide proton from Thr90 as well as  the y-oxygen atom 
of that residue. The unusual Gln ligand residue (G I I I~~ )  is  found 
sandwiched between two  apolar  side  chains,  two residues apart 
(TrpI3  and Val”). This feature  is commonly seen for the axial Met 
copper  ligands in other  cupredoxins (Adman, 1991). However, the 
degree of solvent exposure of the copper binding site  in CST is 
quite unlike those of the  other cupredoxins. The copper resides 
only about 3 8, beneath the surface of the protein and, hence, is 
much more exposed to solvent than in poplar plastocyanin and 
azurin from Alcaligenes denitrijicans, where it is buried by 5 8, or 
more (Baker, 1988). 

The upstream His (His46  in CST) in other  blue  copper proteins 
is found to be in a buried nonpolar environment, and  it  forms a 
hydrogen bond with a side chain or main chain atom from an 
adjacent strand. In the case of the downstream His ( His94 in CST) 
in other cupredoxins, the edge of the imidazole ring protrudes from 
a hydrophobic face. In C. sativus stellacyanin, however, the situ- 
ation is different because the copper binding site is much more 
open to solvent. Both His ligands protrude from the protein sur- 
face, which is composed of both nonpolar (Val”, Ala43, 
Ala45, Ala59, Cysa, Phe62, Valg1, Gly92, C Y S ~ ~ )  and polar 
(Ser14, Sed7, Ser”,  Asn4,Asn6’, A ~ n ~ ~ , A r g ~ ’ ,  Thr93, Ser96, 
residues. Figure 4 shows a space-filling model of CST, azurin, and 
plastocyanin in the same orientation relative to the (His)lCys triad, 
highlighting the relative degrees of solvent exposure for the His 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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ligands in these three molecules. Water molecules form strong 
hydrogen bonds with the distal imidazole nitrogens of both the up- 
and downstream CST His ligands (2.64 8, for  HisM and 2.76 8, for 
His94). The highly solvent-exposed nature of the copper binding 
site of C. sativus stellacyanin offers explanation for  the unusually 
fast electron transfer rates observed for Rhus vernicifera stellacya- 
nin as well as its ability to undergo oxidation and reduction directly 
with electrodes without the assistance of mediators (Wherland 
et al., 1975; Holwerda et al., 1976; Mauk et al., 1980; Tollin et al., 
1986). 

The sulfur atom exists in a tetrahedral geometry, inter- 
acting with the copper, the P-carbon of CysS9, and  two backbone 
amide hydrogen atoms donated from residues Val9’ and 
CST is only the second cupredoxin to have two of these NH-S 
bonds (azurin is  the other). All the other cupredoxins have Pro at 
the Valg1 position. This extra NH-S bond coupled with the unusu- 
ally short axial ligand distance probably contribute to CST’s un- 
usual spectroscopic characteristics. In the azurin structure, a carbonyl 
oxygen is located trans to the Met ligand; the copper geometry 
must be described as five- rather than four-coordinate (Baker, 1988). 
In the case of CST, the carbonyl oxygen closest to the copper atom, 
analogous to the copper carbonyl ligand in azurin, comes from 
Ala45 at a distance of 3.97 8,. The geometry, with a C45-045-Cu 
angle of 123.3”. and the environment, which is predominantly 
nonpolar, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare both favorable  for  an oxygen<opper interaction. The 
distance from the  copper ion is too large, however, for such an 
interaction to be very strong. 

Comparison with plastocyanin and azurin 

Figure 5 shows a superposition of the CST, azurin (Baker, 1988) 
and plastocyanin (Guss et al., 1992) copper ligands, highlighting 
their similarities and differences. The electronic appendix contains 
the full plastocyanin and azurin molecules rotated onto the CST 
coordinate reference frame based on the (HishCys ligand super- 
position. The ( H i ~ ) ~ C y s  ligand side  chains of azurin and plasto- 
cyanin superimpose on those of cucumber stellacyanin with a RMSD 
of 0.18 and 0.24 A, respectively. a-Carbon atoms of plastocyanin 

6 

1 
Fig. 4. Degree of solvent  exposure of up-  and  downstream His ligands  (red)  in left) cucumber  stellacyanin,  center)  poplar  plastocyanin, 
and  right) azurin from Alcaligenes denitrijicans. The  plastocyanin  and azuM molecules are  shown  in  an  orientation  equivalent to that 
of cucumber  stellacyanin  based on the  structural  alignment  procedure  described zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin Materials  and  methods.  The  upstream His ligand 
is on the left and  the  downstream His ligand is on the  right  in  all  three molecules. 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASuperposition  of  cucumber  stellacyanin (blue), azurin (green), and plastocyanin (red) copper  ligands.  Structural  alignment  was 
accomplished  as  described  in  Materials  and  methods by superimposing  the  Cys  and His ligands.  Ligand  numbering  corresponds  to  that 
found in  CST. 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAazurin superimpose on CST backbone atoms with RMSDs of 
1.47 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, (66 target pairs) and 2.86 8, (91 target pairs), respectively. 
The largest differences in the  copper binding residues in Figure 5 
are  observed  in  the position of the axial liganding atoms, the 
thioether sulfur of the methionine side chain in plastocyanin and 
azurin, and the oxygen of the glutamine  side chain in cucumber 
stellacyanin. In CST, the oxygen of the glutamine side chain ex- 
tends much closer to the  copper ion, dipping an  average distance 
of 0.78 8, closer to the trigonal plane than the thioether sulfurs of 
plastocyanin and azurin. Azurin’s fifth axial ligand, a carbonyl 
oxygen from  the residue immediately N-terminal to the upstream 
His ligand (His46 in CST) makes the closest approach to the trig- 
onal  plane from the  opposite  direction,  coming 0.24 8, closer than 
the analogous carbonyl oxygen from plastocyanin and 0.71 8, closer 
than that from CST. Although the copper binding sites of CST, 
PCY, and AZ are different as described above, their overall archi- 
tecture is strikingly similar, even though CST has less than 16% 
overall sequence identity with either protein. 

Sugace features and possible electron transfer pathways 

The physiological role of C. sativus stellacyanin (and of the other 
stellacyanins) and phytocyanins such as CBP remains unknown. 
Some immunochemical evidence implicates spinach plantacyanin 

(and by inference, CBP)  as being associated with PS-II particles in 
chloroplasts, leading to the suggestion that it may be involved in 
the evolution of O2 (Nersissian zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Nalbandyan, 1990). In cucum- 
ber stellacyanin, a chimeric protein is  formed from two structurally 
and functionally distinct protein domains, a type I copper electron 
transfer center and an extensin-like cell wall structural element 
(Nersissian  et al., 1996). The presence of the extensin-like domain 
suggests that stellacyanin may have a function other than that of a 
diffusible electron transfer protein, conceivably participating in 
redox reactions localized at the plant cell wall, which occur in 
response to wounding or infection of the plant. 

Whether cucumber stellacyanin is diffusible or fixed in the cell 
wall, we may look for potential electron transfer pathways in CST 
and to compare them to those known or inferred in other cupre- 
doxins. The most likely pathway for electron transfer is via one of 
the solvent accessible His ligands (the “northern” pathway). In 
addition, the backside of the molecule (which contains the variable 
strand) in CST is a cup-shaped depression lined with negatively 
charged amino acid side chains, forming an acidic patch reminis- 
cent of plastocyanin. Figure 6 illustrates this region of the protein. 
The distribution of negative charges is similar to that of plastocy- 
anin, although CST has one more negative charge, and  the distri- 
bution encircles a solvent exposed His residue (His49) with two 
conformations. 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. Backbone of the  cucumber  stellacyanin  molecule 
highlighting  the  variable  region  to  show a potential  dock- 
ing site for a biological  partner. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAll negatively  charged 
amino acids (Asp/Glu) are shown in  red,  and all positively 
charged  amino acids (ArgLys) are  in  blue.  The  histidine 
with two  conformations (see text) is in dark  gray. 
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His4’ is a candidate as a site for electron transfer because of its 
position at the center of this acidic ring of charge, with only two 
intervening residues between it and copper ligand His46. A second 
potential electron transfer pathway from the copper atom to His4’ 
is possible via the CysS9 copper ligand, through a hydrogen bond 
formed between the carbonyl oxygen of and the backbone 
nitrogen of His49 (see electronic appendix). When CST and plas- 
tocyanin are structurally aligned, His49 is close to Tyr83 of plas- 
tocyanin, with the NE2 atom of one of the rotamers of CST His49 
only 2.5 A from the solvent-exposed OH atom of PCY Tyr”. PCY 
Tyr83 has been implicated in electron transfer (the “remote path- 
way”) with PS-I (Farver  et al., 1982; Haehnel et al., 1994) and 
has also been shown to be functionally involved in the oxidation of 
cytochrome f (Modi et al., 1992). Tyrosines analogous to PCY 
Tyr83 (in terms of solvent accessibility and general location in the 
three-dimensional structures) are conserved in cupredoxins, includ- 
ing CST Tyrx6, STC Tyr8’, and CBP  CST Tyr8’ and CBP 
Tyr76 are solvent accessible and, therefore, could also serve as 
“remote pathway” electron transfer sites. When CST and azurin 
from Alcaligenes denirrijicans are structurally aligned, His4’ oc- 
cupies the analogous position in space (although it sits on a dif- 
ferent P-strand) to His”,  a residue conserved in all azurins and 
implicated in electron transfer in several studies (Farver zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Pecht, 
1981; Cho et al., 1984; Margalit et al., 1984)  (see electronic 
appendix). 

Experiments on electron transfer in STC also suggest that CST 
His49 participates in a remote pathway of electron transfer. Farver 
et  al. (1987) reduced STC with Cr(I1) leaving the Cr(II1) product 
bound to the protein at the site zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof electron transfer-Asp4’. Notice 

Table 2. Crystallographic data for  cucumber  stellacyanina 

Space group P3121 
Unit cell dimensions (A) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = b = 59.18, c = 74.21, 

a = b = 90”, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg = 120” 
Asymmetric unit  
Temperature (“C) 
Wavelength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A) 
Crystal-to-plate distance (mm) 
Oscillation range (”) 
No. of observations 
No. of unique reflections 
Completeness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(%)b 

Resolution limit (A)1.60 
R, , ,  (%)* 

1 stellacyanin molecule 
20 
1.54 
75 
L 

82,930 
18,488 
90.9 (53.5‘) 

7.3 (33.2‘) 

‘5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApL of protein solution at -40 mg/mL in I O  mM acetate buffer pH 5.5 
was mixed with 2 pL of reservoir solution (solution C4, ammonium sulfate 
Grid Screen, Hampton Research) containing 100 mM Hepes pH 7.0, 2.4 M 
ammonium sulfate, and allowed to equilibrate at 4°C. Large, block-like 
prisms (0.5 X 0.5 X 0.3 mm) grew within two weeks in space group  P3,21 
with unit cell parameters a = b = 59.2 A, c = 74.2 A. Three-dimensional 
diffraction data were collected to 1.6 8, resolution using a Rigaku RAXIS 
IIc imaging plate detector. The X-ray source was a Rigaku RU-200 gen- 
erator with focusing mirrors running at 50 kV, 100 mA. Crystals were 
rotated about +, and oscillation images were collected every 2”. The data 
were reduced using the program DENZO (Otwinowski, 1993) to 1.6 8, 
(90.9% complete) with an R,, (on I)  of 7.3%. Data in the highest reso- 
lution shell (1.66-1.60 A) were 53.5% complete. 

hOf all reflections to 1.60 A. 
dThese numbers denote completeness in the highest resolution shells 

dRsvm = conventional discrepancy R-factor for scaling symmetry-related 
(1.661.60 A). 

intensities. 

in Figure 1 that STC Asp4’ aligns with CST His49. We expect that 
STC and CST  are structurally similar, based on the alignment of 
their sequences. Thus, both STC Asp49 and CST His49 are acces- 
sible to solvent, and are both potential sites of electron transfer. It 
should be noted, however, the residues responsible for the negative 
ring of charge in CST are hydrophobic or positively charged in the 
STC sequence. The implication is that the specificity of interaction 
between the two proteins and their putative electron transfer donors/ 
acceptors is different. 

Although cucumber stellacyanin is assumed to exist as a mono- 
mer in solution, lattice packing indicates that a  dimer interface is 
formed about a twofold axis of rotation centered on Ile76, and that 
it is held together by both electrostatic and hydrophobic inter- 
actions. The association of two monomers in the crystal lattice to 
form the dimer results in the formation of a negatively charged 
depression. It is attractive to speculate that such a surface, coupled 
with the accessibility of the symmetrically related His4’ residues, 
could function in the docking of putative electron donors or ac- 
ceptors. Ultimately, further biochemical studies are needed to elu- 
cidate both the localization and function of stellacyanins in general 
and cucumber stellacyanin in particular. 

Materials and methods 

Cucumber stellacyanin was cloned, expressed, and spectroscopi- 
cally characterized as previously described (Nersissian et al., 1996). 
Briefly, the protein precursor consists of four sequence domains: 
(I)  a 23-amino acid hydrophobic N-terminal signal peptide, (11) a 
109-amino acid copper binding domain, (111) a 26 amino acid 
hydroxyproline- and serine-rich peptide characteristic of motifs 
found in the extensin family, and ( IV)  a 22-amino acid hydropho- 
bic C-terminal extension. Domains I, 111, and IV were removed 
using PCR. The glycosylation sites (a single N-linked site via 
Asn’09 and multiple 0-linked sites via several hydroxyproline res- 
idues of domain 111) were, thus, engineered out of the molecule in 
this process. The copper binding domain (domain 11)  of the non- 
glycosylated protein was expressed in E. coli, refolded, and met- 
allated. The spectroscopic characteristics of the protein were found 
to be virtually identical to those of Rhus vernicijera stellacyanin 
(Nersissian et al., 1996). 

Crystals of the non-glycosylated copper binding domain of CST 
were obtained by the hanging drop vapor diffusion method and 
contain one molecule per asymmetric unit. High resolution crys- 
tallographic data were collected to 1.6 8, resolution on a rotating 
anode X-ray generator equipped with an imaging plate detector. 
Table 2 summarizes crystallization methods and data collection 
parameters and statistics. The 1.8 8, resolution refined model of 
cucumber basic protein (coordinates kindly provided by  Dr. Hans 
Freeman, Sydney, Australia) was employed as the search model in 
cross rotation and translation functions. Where amino acid residues 
were in common in  both CBP and CST  as shown in Figure I ,  their 
side chains were retained in the molecular replacement searches. 
The remaining amino acid side chains were truncated to alanine in 
CBP. Rotation and translation functions were carried out with the 
XPLOR program package (Briinger, 1988) using 15-3.0 8, data 
and varying radii of integration. The rotation searches gave an 
unambiguous solution after Patterson Correlation (PC) refinement. 
Translation searches revealed the correct enantiomer to be space 
group P3,21. The initial R-value was 44.1 % (R,,, = 5 1.6%) after 
rigid body refinement (10-2.5 A data). 
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Model building was undertaken using all data (no zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu cutoff) 
during 14 rounds of crystallographic refinement in XPLOR. A 
“round” of refinement is defined as sequential utilization of posi- 
tional, simulated annealing, and isotropic temperature factor re- 
finement routines followed by visual inspection of electron density 
maps coupled with manual model building (when necessary), using 
the molecular graphics program FRODO (Jones, 1978). No ste- 
reochemical constraints were imposed on the coordination geom- 
etry of the active site copper ion during refinement. As refinement 
in XPLOR continued, higher resolution data shells were system- 
atically added to a final resolution of ! .6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8,. Model atom positions 
were verified by the examination of conventional and simulated 
annealing omit maps (Hodel et al., 1992). 

Further refinement was subsequently performed using the pro- 
gram SHELXL-93 (Sheldrick zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Schneider, 1995). Thirteen rounds 
were undertaken with the starting model being the product of the 
XPLOR refinement. One hundred nine water molecules were in- 
corporated into the model during this process, with a final R-value 
of 0.195 (Rrree = 0.237)  for all 18,488 reflections in the 5C1.6 8, 
shell. Luzzati and SIGMAA analyses were calculated using all data. 

Structural alignments with azurin from Alcaligenes  denitrificans 

(PDB2AZA) (Baker, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1988), poplar plastocyanin (PDB IPLC) (Guss 
et al., 1992), and cucumber basic protein (PDB2CBP) (Guss et al., 
1996) were accomplished using a modified version of the program 
ALIGN (Satow et al., 1986). The azurin, plastocyanin, and cucum- 
ber basic protein (His)2Cys ligand side chains were superimposed 
on the cucumber stellacyanin (His)zCys ligand side chains. The 
resulting rotation and translation vectors were applied to all the 
atoms of azurin, plastocyanin, and cucumber basic protein mol- 
ecules, respectively, to put them on the same coordinate basis as 
cucumber stellacyanin. Figures were created with the program 
SETOR (Evans, 1993). Atomic coordinates and observed structure 
factors have been deposited with the Protein Data Bank with entry 
codes 1 JER and R I JERSF respectively. 
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