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1.8 A~ Resolution 
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Abstract 

The structure of apo-azurin from Alcaligenes deni- 
trill'cans has been determined at high resolution by 
X-ray crystallography. Two separate structure ana- 
lyses have been carried out, (i) on crystals obtained 
from solutions of apo-azurin and (ii) on crystals 
obtained by removal of copper from previousl],' 
formed crystals of holo-azurin. Data to 1.8A 
resolution were collected from the apo-azurin 
crystals, by Weissenberg photography (with image 
plates) using synchrotron radiation and by diffrac- 
tometry, and the structure was refined by restrained 
least-squares methods to a final R value of 0.160 for 
all data in the range 10.0-1.8 A,. The final model of 
1954 protein atoms, 246 water molecules (66 half- 
weighted), four SO4- ions, and two low-occupancy 
(0.13 and 0.15) Cu atoms has r.m.s, deviations of 
0.012, 0.045 and 0.013A, from standard bond 
lengths, angle distances and planar groups. For 
copper-removed azurin, data to 2.2 A, were collected 
by diffractometry and the structure refined by 
restrained least squares to a final R value of 0.158 for 
all data in the range 10.0-2.2 A,. The final model of 
1954 protein atoms, 264 water molecules, two SO4: 
ions, two low occupancy (0.18 and 0.22) metal atoms 
and one unidentified atom (modelled as S) has r.m.s. 
deviations of 0.013, 0.047 and 0.012 A, from standard 
bond lengths, angle distances and planar groups. 
The two structures are essentially identical to each 
other and show no significant differences from the 
oxidized and reduced holo-azurin structures. The 
ligand side chains move slightly closer together 
following the removal of copper, with the radius of 
the cavity between the three strongly binding 
ligands, His 46, His 117 and Cys 112, shrinking 
from 1.31 A, in reduced azurin to 1.24 A, in oxidized 
azurin and 1.16 A, in apo-azurin. There is a sug- 
gestion of increased flexibility in one of the copper- 
binding loops but the structure supports the view 
that the copper site found in holo-azurin is a stable 
structure, defined by the constraints of the poly- 
peptide structure even in the absence of a bound 
metal ion. 
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Introduction 

Azurin is a small, single-domain electron-transfer 
protein of 128-129 amino-acid residues (=  14.6 kDa), 
found principally in denitrifying bacteria. Its func- 
tion is dependent on the presence of a single type I 
Cblue') copper atom, which changes oxidation state 
between Cu I and Cu ~1 during electron transfer. 
Azurin can therefore be grouped with other single- 
copper proteins such as plastocyanin, pseudoazurin, 
stellacyanin and amicyanin, collectively known as 
cupredoxins (Adman, 1985, 1991 ). These proteins all 
participate in one-electron transfer, and in their oxi- 
dized, Cu I~, states show the striking spectroscopic 
properties which are characteristic of the blue copper 
proteins (for reviews see Gray & Malmstr6m, 1981: 
Adman, 1985, 1991). 

The blue copper proteins have long been con- 
sidered as classic examples of proteins where a ~rack' 
mechanism (Gray & Malmstr6m, 1983) or 'entatic 
state' (Vallee & Williams, 1968) applies. Both con- 
cepts hold to a similar view of the nature of the 
relationship between the metal and the protein, i.e. 
that the metal fits into a prepared site which is 
determined by the structural and energetic con- 
straints of the protein molecule. This is further 
believed to have functional advantages, by placing 
the metal in a structural and electronic state which is 
optimal for its particular functional role. Support for 
these ideas has come from an elegant series of 
crystallographic studies on plastocyanin (Colman, 
Freeman, Guss, Murata, Norris, Ramshaw & 
Venkatappa, 1978; Guss & Freeman, 1983; Garrett, 
Clingeleffer, Guss, Rogers & Freeman, 1984; Guss, 
Harrowell, Murata, Norris & Freeman, 1986; 
Church, Guss, Potter & Freeman, 1986). In particu- 
lar, a structure analysis of apo-plastocyanin, at 1.9 A, 
resolution (Garrett, Clingeleffer, Guss, Rogers & 
Freeman, 1984), showed that the copper binding site 
was hardly changed when the copper was removed. 
The only significant changes appeared to be the 
'flipping' of one of the two His ligands, and some 
increased loop flexibility near the copper site. 

Azurin provides a somewhat different test, when 
compared with plastocyanin. The copper site is more 
buried, with more extensive loops above the copper 
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site and tighter hydrophobic packing around the one 
semi-exposed His ligand, His 117 (Norris, Anderson 
& Baker, 1983; Baker, 1988). Azurin does not 
undergo the pH-dependent conformational change in 
the copper site which occurs in plastocyanin (Guss, 
Harrowell, Murata, Norris & Freeman, 1986) and its 
copper coordination is also different from that of 
plastocyanin. In azurin the copper geometry is best 
described as trigonal planar or trigonal bipyramidal 
(Norris, Anderson & Baker, 1986); the Cu atom lies 
essentially in the plane of three strongly bound 
ligands, His 46, His 117 and Cys 112, with bonds of 
2.0-2.2 A, while two other atoms, the thioether S 
atom of Met 121 and the peptide carbonyl O atom of 
Gly 45, make longer approaches of approximately 
3.1 A (Fig. 1). The same geometry has been 
determined independently in the high-resolution 
structure analyses of Alcaligenes denitrificans azurin 
(Norris, Anderson & Baker, 1986; Baker, 1988) and 
Pseudomonas aeruginosa azurin (Nar, Messersch- 
midt, Huber, van de Kamp & Canters, 1991). In the 
case of plastocyanin, however, the Met S atom is 
closer at 2.9 A (Guss & Freeman, 1983), and the 
peptide O atom much further away, at 3.8 A, so that 
the geometry is most often described as distorted 
tetrahedral. 

Crystal structure analyses of oxidized and reduced 
azurin, from Alcaligenes denitrificans, at 1.8 and 
1.9 A, respectively (Norris, Anderson & Baker, 1983; 
Baker, 1988; Shepard, Anderson, Lewandoski, 
Norris & Baker, 1990), have shown that there is 
minimal structural change when the oxidation state 
is changed, giving obvious advantages for rapid elec- 
tron transfer. Here we present a structure analysis of 
the copper-free form of the protein, aimed at exam- 
ining the extent to which the binding site is affected, 
if at all, by metal removal or insertion. Two analyses 
have been carried out. In one, copper was removed 
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Fig. I. Copper coordination in the oxidized holo-form of 
Alcaligenes denitrificans azurin. 

from crystals of the holo-protein, by soaking in CN 
(as was done for plastocyanin). In the other, the 
apo-protein was directly crystallized from solution; 
this latter analysis was considered desirable in case 
packing constraints in the holo-protein crystals 
might prevent the molecules from adopting the pre- 
ferred apo-azurin structure after the removal of the 
metal. 

Experimental 
Crystal data 

Azurin was extracted and purified from 
Alcaligenes denitrificans (NCTC 8582), as previously 
described (Norris, Anderson, Baker & Rumball, 
1979). Crystals of apo-azurin were prepared in two 
ways. Firstly azurin was crystallized as the holo- 
protein, in its oxidized, copper(lI), form as described 
by Norris, Anderson, Baker & Rumball (1979) and 
the copper was subsequently removed by soaking 
these crystals in mother liquor containing CN -. This 
required soaking over a period of 3-6 months in a 
solution comprising 0.2 M potassium phosphate 
75% saturated with ammonium sulfate, and 0.1 M 
KCN, at pH 7.5. The resulting colourless crystals 
were then returned to pH 5.5, the pH at which 
oxidized and reduced structures were determined 
(Baker, 1988; Shepard, Anderson, Lewandoski, 
Norris & Baker, 1990). These crystals are referred to 
as copper-removed azurin. 

Secondly, solutions of apo-azurin were prepared 
by dialysing solutions of oxidized azurin in 0.18 M 
potassium phosphate against 0.1 M KCN at a pH of 
8.0-8.5. Dialysis was carried out for 18 h, with 
changes every 2-4 h, until all trace of the visible blue 
colour had disappeared; dialysis was then continued 
for a further 12 h. The solution appeared free of 
copper as judged by its negligible absorbance at 
625nm either with or without treatment with 
K3Fe(CN)6. Crystals of apo-azurin were prepared by 
vapour diffusion, using 50-100 ~1 samples of apo- 
azurin solution, in 0.1 M potassium phosphate, 50% 
saturated with ammonium sulfate at pH 5.6-6.0; 
these solutions, in small open plastic tubes, were 
sealed in vials containing a similar solution, 70% 
saturated with ammonium sulfate. All crystals pre- 
pared by this method had only a very faint blue 
colour. 

Both the apo-azurin and copper-removed azurin 
crystals were isomorphous with the holo-azurin crys- 
tals, having space group C222~, with two molecules 
in the asymmetric unit and the following cell dimen- 
sions: apo-azurin a=75 .1 ,  b=74.1 ,  c = 9 9 . 5 A ;  
copper-removed azurin a =  75.1, b = 74.3, c = 
99.0 A; cf. oxidized azurin a = 75.0, b = 74.2, c = 
99.6 ,~. 
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Data collection 

A complete set of X-ray data to 1.93 A resolution 
(20--23.5 ) was collected from a single apo-azurin 
crystal on an Enraf-Nonius CAD-4 X-ray diffrac- 
tometer, equipped with a helium-filled diffracted 
beam path. Limited-step scan methods (Hanson, 
Watenpaugh, Sieker & Jensen, 1979) with profile 
fitting and background averaging were used, as 
described previously (Baker, 1988). Data were col- 
lected in shells, from high resolution to low resolu- 
tion, and the 18 550 measured reflections represent 
approximately 92% of possible data to 1.93 A 
resolution. A total of 16 593 reflections (89%) had 
intensities I >  2o-~, while in the outermost shell 
(resolution 2.0-1.93 A) the proportion with I >  2ot 
was still 79%. Data were corrected for radiation 
damage (intensity fall-off 28% over 6 d, estimated 
from five standard reflections) and absorption 
(North, Phillips & Mathews, 1968). 

A second set of apo-azurin data, to 1.8 A resolu- 
tion, was collected by screenless Weissenberg photo- 
graphy using a Weissenberg camera equipped with 
imaging plates developed by Dr N. Sakabe at the 
Photon Factory synchrotron radiation source, 
Tsukuba, Japan (Sakabe, 1991). Data were collected 
from two crystals, mounted about their b and c axes, 
respectively. In each case a rotation range exceeding 
90 ,  and including both non-rotation axes, was 
covered; each image plate covered a rotation of 14, 
with an overlap of 0.5 between successive plates, 
giving a total range of 108.5: for eight exposures. 
The exposure time for the recording of each image 
was approximately 2 rain, giving each crystal a total 
exposure in the X-ray beam of 16 min. With a 
camera radius of 430 mm and X-ray wavelength of 
1.0 A, the maximum resolution was 1.8 A. Diffrac- 
tion images were processed using the program WEIS 
(Higashi, 1989). From a total of 63 360 measured 
reflections to 1.8 A resolution, 18 545 unique reflec- 
tions were obtained with a merging R value (R -- ~" I 
- l i /X~ of 0.035. 

Finally, the diffractometer and synchrotron data 
sets were scaled and merged to give an overall data 
set of 24 722 reflections to 1.8 A resolution, of which 
89% had intensities I > 2o-~ (74% with I > 2o-~ in the 
highest resolution shell, 1.8-1.9 A). The merging R 
value for the diffractometer and synchrotron data 
sets was 0.055. 

Crystals of copper-removed azurin were smaller 
and more weakly diffracting (perhaps because of the 
prolonged soaking in C N - )  and at the time we did 
not have access to a synchrotron source. Therefore 
data were collected on a CAD-4 diffractometer, as 
described above, using two crystals to obtain data to 
a maximum resolution of 2.2 A. This data set com- 
prised 16 203 unique reflections of which 12 293 

(76%) had intensities I > 2oi (60% with I > 2o-~ in 
the highest resolution shell, 2.2-2.3 A). The overall 
merging R value for redundant data between the two 
crystals was 0.050. 

R~:[inement 

For both apo-azurin and copper-removed azurin 
the isomorphism of the crystals with those of the 
holo-protein implied that the latter could be used as 
the starting model for crystallographic refinement. 
Thus coordinates for the initial models were taken 
from the oxidized azurin structure (Baker, 1988) 
except that the Cu atoms, the metal-binding ligands 
(side chains of His 46, Cys 112, His 117 and Met 
121) and all solvent molecules were removed. 

Crystallographic refinement was carried out using 
the fast Fourier version of the restrained least- 
squares program PROLSQ (Hendrickson & Kon- 
nert, 1980). Parameters which were restrained 
included bond lengths, inter-bond angle distances, 
planar groups, non-bonded contact distances, chiral 
volumes and B factors. No non-crystallographic 
symmetry restraints were imposed on the two crystal- 
lographically independent molecules in the asym- 
metric un i t .  Refinement proceeded in a series of 
rounds, during each of which the geometrical 
restraints were relaxed and then tightened again. An 
overall B factor was used in the first round of 
refinement, after which individual B factors were 
refined, first with tight restraints, later with looser 
restraints. At intervals, between rounds, refinement 
was interrupted for manual model rebuilding on an 
Evans and Sutherland PS 330 interactive graphics 
system, using the program FRODO (Jones, 1978). 
Both 2 E , -  F,. and E , -  F,. maps were examined each 
time and extensive use was made of 'omit' maps to 
examine particular parts of the structure (the resi- 
dues or solvent molecules in question were omitted 
from the model and refinement continued for 3-5 
cycles prior to calculation of the maps in order to 
minimize model bias). 

The course of refinement for each of the two 
structures is shown in Table I. A similar strategy was 
used in each case. During most of the refinement the 
lower resolution limit for included data was 5.0 A 
but this was changed to 10.0 A towards the end. All 
data within the resolution range were used, with no 
o- cut-off. The side chains of the potential copper 
ligands, His 46, Cys 112, His 117 and Met 121, were 
built into the model after the first round of 
refinement cycles (R-~0.24), and the first solvent 
molecules were introduced after round two ( R -  
0.20). Peaks in the electron density were only inter- 
preted as solvent molecules if their heights (in F, , -  F, 
maps) were greater than three times the r.m.s, devia- 
tion of the map, and they occupied stereochemically 
reasonable positions (i.e. were within hydrogen- 



334 APO-AZURIN 

Round* R value 
(a) Apoazurin 
1 0.318-0.255 

2 0.248-O.207 

3 0.2124).!70 

4 0.175-0.159 

Table 1. Course of refinement 

Comments 

5 . 0 - 1 . 9  A data. Positional refinement. 1924 protein atoms. 
Overall B factor of 25 A:. 

Ligand side chains added. Atomic positions, individual B 
factors refined. 1954 protein atoms. 

Solvent molecules added. Atomic positions, individual B 
factors refined. 1954 protein atoms, 114 water. 

Further solvent added• Atomic positions, individual B 
factors refined• 1954 protein atoms, 202 water, 4 SO~- 
ions. 

5 0.190-0.173 10.0-1.8 A data. Atomic positions, individual B factors 
refined. 1954 protein atoms, 209 water, 4 SO 2 ions. 

6 0.180-0.164 Model checked extensively. Further solvent added. Atomic 
positions, individual B factors refined. 1954 protein 
atoms, 266 water, 4 SO~- ions. 

7 0.164-0.160 Water with B > 65 A: given occupancy = 0.5. Two Cu 
atoms (occupancy = 0.15) added. Atomic positions, 
individual B factors refined. 1954 protein atoms, 266 
water, 4 SO 2-, 2 Cu. 

8 0.165-0.162 Model checked extensively. Half-occupancy waters with B 
> 65 A ~ removed. Full-occupancy waters with B > 65 A: 
reduced to 0.5. Atomic positions, individual B factors 
refined• 1954 protein atoms, 247 water, 4 SO~ , 2 Cu. 

9 0.162-0.160 Copper occupancies refined with TNT. Solvent rechecked. 
Final refinement of atomic positions, B factors with 
PROLSQ. 1954 protein atoms, 247 water, 4 SO~-, 2 Cu. 

(b) C o p p e r - r e m o v e d  azur in  
l 0.3024).240 5.0-2.2 A data. Positional refinement• 1924 protein atoms. 

Overall B factor 25 A z. 
2 0.223-0.191 Ligand side chains added. Atomic positions, individual B 

factors refined• 1954 protein atoms• 
3 0.195-0.164 Model checked extensively, solvent added. Atomic 

positions, B factors refined. 1954 protein atoms, 189 
water, 2 SO 2-. 

4 0.185-0.165 I0.0-2.2 A data. All solvent checked with 'omit' maps. 
Atomic positions, B factors refined. 1954 protein atoms, 
229 water, 2 SO~-. 

5 0.175-0.163 Added further solvent• Atomic positions, B factors refined. 
1954 protein atoms, 287 water, 2 SO~-. 

6 0.163-0.158 Model checked extensively. Termini rebuilt. All w a t e r  w i t h  

B > 60 A e checked. Two Cu atoms (occupancy 0.1) 
added. One S atom (disordered SO~-) added. Atomic 
positions, B factors refined. 1954 protein atoms, 264 
water, 2 SO~-, l S, 2 Cu. 

7 0.160-0.158 Copper occupancies refined with TNT. All water with B > 
60 A z checked. Final refinement of atomic positions, B 
factors with PROLSQ. 1954 protein atoms, 264 water, 
2 SO 2-, l S atom, 2 Cu. 

* E a c h  re f inement  r o u n d  general ly  compr i sed  15-30 cycles in w h i c h  

geomet r ica l  res t ra in t s  were loosened  (typically to r.m.s, dev ia t ions  in b o n d  
l e n g t h s  o f  - 0 . 0 6 - 0 . 0 8  A)  t hen  re t igh tened .  

Sulfate ions were located in both structures (two in 
copper-removed azurin, four in apo-azurin). These 
were identified by the size and shape of their 
electron-density peaks (e.g. Fig. 2) and by their 
environments; in each case the site when modelled as 
water had no hydrogen-bonded contacts within 
3.5 A, but when modelled as SO 2- was found to 
have several favourable contacts, including one or 
more from positively charged protein groups. 

Towards the end of refinement it had become 
apparent that in both structures some residual den- 

~ . 

C") 

bonding distance of other hydrogen-bonding groups 
and were not close to protein groups whose confor- 
mations were in doubt). Protein groups and solvent 
molecules with high B factors ( >  50 A 2) were omit- 
ted from the model on a number of occasions for 
rebuilding or checking in 'omit' maps. 

Solvent molecules were initially all modelled as 
water molecules, with unit occupancy. Towards the 
end of refinement (R = 0.17) some solvent molecules 
which had high B factors (B > 65 A 2) but which 
consistently reappeared in 'omit' maps, were re- 
examined. No change was made to the lower resolu- 
tion copper-removed model, but for apo-azurin these 
solvent molecules were given new occupancies of 0.5. 
On further refinement the B factors of a few of these 
continued to increase steadily, and these were 
removed from the model. Most, however, stabilized 
with B factors of 40-50 A 2 and were retained in the 
model as half-weighted water molecules. 

• . ¸  

• . 

i /  I ~, ii 

Fig. 2. Electron density for the two sulfate ions bound to molecule 
A of apo-azurin, taken from an omit map in which these ions 
did not contribute to the phasing. (a) The sulfate ion, which is 
also found in the oxidized and reduced holo-azurin structures, 
bound to His 83N e2 and Gly 76NH. (b) The sulfate ion bound 
between Lys 56 and Lys 122, with a third Lys side chain (from 
Lys 38 of a neighbouring molecule) and a water molecule 
completing the site. 
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sity remained at each copper site (Fig. 3). To esti- 
mate the extent of this residual density it was 
modelled as Cu atoms of  partial occupancy. The 
initial occupancies were estimated by comparison 
with the electron density of  the best-ordered water 
molecule in the structure (OI4,'133, attached to 

His117 N'2), as it appeared in an 'omit '  map. The 
occupancies were then refined using the restrained 
least-squares program T N T  (Tronrud, Ten Eyck & 
Matthews, 1987). The B factors of  the two Cu atoms 
were set at values comparable with those of  the 
surrounding protein structure while the occupancies 
were refined to convergence over six cycles; the 
occupancies were then fixed at these values and the B 
factors refined. 

(a) 

F i n a l  m o d e l s  

The final model for apo-azurin comprises 1954 
protein atoms (from two apo-azurin molecules), 246 
water molecules (66 of  them half-occupancy), four 
SO 2- ions and two partial-occupancy (0.13 and 0.15) 
Cu atoms. That  for copper-removed azurin consists 
of  1954 protein atoms, 264 water molecules, two 
SO 2- ions, two partial-occupancy (0.18 and 0.22) 
'Cu'  atoms and one unidentified atom treated as the 
sulfur of  a disordered SO42- . Both protein models are 
constrained close to standard geometry; for apo- 
azurin r.m.s, deviations from standard bond lengths, 
angle distances and planar groups are 0.012, 0.045 
and 0.013/~, respectively, while for copper-removed 
azurin the corresponding values are 0.013, 0.047 and 
0.012A. Both give excellent agreement with the 
observed X-ray data. For  apo-azurin the final crys- 
tallographic R value is 0.160 for all data (22 667 
reflections) in the resolution range 10.0-1.8 A, while 
for copper-removed azurin R = 0.158 for all data 
(16 003 reflections) in the range 10.0-2.2 A. The fit of  
the models to the final 2Fo - F~ electron-density maps 
is also excellent (see Fig. 4, and discussion below). 

(b) 
:ig. 3. Electron density in the binding sites of (a) apo-azurin and 

(b) copper-removed azurin, showing the low level of residual 
density at the copper position. In (a) the protein density is from 
a 217o- Fc map, contoured at a level of 10., while at the copper 
position, marked with a cross, the yellow contour is from an Fo 

- F¢ map at a level of 3tr. The level of copper density can be 
compared with that of the water molecule attached to His 117 
N ~2. This water molecule, previously omitted from the model is 
represented by contours at 30- (yellow) and 60. (red). In (b) the 
2Fo - F~ map for copper-removed azurin is contoured at a level 
of ltr. 

Fig. 4. Electron density for three strands of the fl-sheet in the 
apo-azurin molecule. From a 2Fo - Fc map contoured at a level 
of 1.5o'. 
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The atomic coordinates for both structures have 
been deposited in the Brookhaven Protein Data 
Bank.* 

Table 2. Comparisons between the two non- 
crystallographically related molecules of  each 

s t r u c t u r e  

Structure of apo-azurin 
Quality of  the models 

Several different methods have been used to esti- 
mate the accuracy of the two structures. Luzzati 
plots (Luzzati, 1952) are consistent with average 
coordinate errors of 0.15 and 0.18 A for apo-azurin 
and copper-removed azurin, respectively (Fig. 5a). 
As noted previously (Baker, 1988) these can be taken 
as maximum average errors over most of the struc- 
ture, with well ordered regions (e.g. the binding site) 
being better than this and some of the loops and 
more mobile side chains distinctly less well defined. 
A ~rA plot (Read, 1986) for each structure (Fig. 5b) 
gives similar values of 0.20 and 0.27 A. 

* Atomic  coordinates  and structure factors for apo-azur in  
(Reference: IAZB,  R I A Z B S F )  and copper - removed  azurin 
(Reference: 1AZC, R I A Z C S F )  have been deposited with the 
Protein Data  Bank, Brookhaven  Nat ional  Labora tory .  Free 
copies may be obta ined through The Technical  Editor ,  Interna- 
tional Union o f  Crystal lography,  5 Abbey  Square,  Chester  C H I  
2HU,  England (Supplementary  Publicat ion No. SUP 37076). A 
list o f  deposited data  is given at the end o f  this issue. 
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Fig. 5. Error  estimates for apo-azur in  (m---II) and copper - removed 
azurin ( e  ...... e )  structures. (a) Luzzati plots o f  R as a function 
of  resolution with er ror  levels shown as full lines (a = 0.10, b -- 
0.15, c = 0.20 A). (b) 0"4 plots (Read,  1986). 

R.m.s. deviations are given for various structural parameters. 

Apo-azurin Copper-removed azurin 
Main-chain atom positions* (A) 0.28 0.29 
Binding-site sur roundst  (A) 0.13 0.20 
Binding-site residues~ (A) 0.12 0.15 
Distances in binding site (A) 0.06 0.10 
Hydrogen-bond distances (A) 0.10 0.16 
Torsion angles§ ¢, ( ) 6.1 6.6 

( ) 5.7 6.2 
B factors main chain (A "~) 4.0 4.2 

side chain (A -~) 4.9 4.8 

* Residues 3 127 (N, C °, C, O atoms). 
"t Residues 10-12, 15, 35, 44-47, 112-117, 121 (all atoms). 

Residues 45, 46, 112, 117, 121 (all atoms). 
§Excluding 5% of angles with deviations greater than 3 × r.m.s. 

deviation. 

Comparisons of the two molecules in each asym- 
metric unit give a further independent, check of 
accuracy, although again these are likely to represent 
upper limits, as the two crystallographically indepen- 
dent molecules experience slightly different crystal- 
packing forces. Main-chain atoms (N, C ~, C, O) can 
be superimposed with r.m.s, deviations of 0.28 and 
0.29 A for apo-azurin and copper-removed azurin, 
respectively (omitting the poorly defined N- and 
C-terminal residues, 1-2 and 128-129, for each mol- 
ecule). Distances in the copper binding sites agree 
much more closely; r.m.s, deviations are 0.08 and 
0.10 A, respectively. Other measures of similarity 
between the two independent molecules for each 
structure are discussed below and summarized in 
Table 2. 

The fit to the electron density has been quantified 
by calculating real-space correlation coefficients 
which express the fit of the model to the electron 
density; the method used was that in the CCP4 suite 
of programs for protein crystallography (SERC 
Daresbury Laboratory, 1986). For apo-azurin, at 
1.8 A resolution, 94% of residues have correlation 
coefficients greater than 0.8 for their main-chain 
atoms (73% greater than 0.9), and 63% have corre- 
lation coefficients greater than 0.8 for side-chain 
atoms. Only seven residues (Ala 1, Gin 2, Gin 28 and 
Ser 128 of molecule A and Ala 1, Lys 24 and Ala 40 
of molecule B) have correlation coefficients less than 
0.7 for main-chain atoms, and 15 residues (Ala 1, 
Ala 5, Asn 10, Lys 18, Lys 101, Ala 107 and Ala 119 
of molecule A, and Ala 1, Thr 30, Ala 43, Lys 52, 
Ala 54, Thr 78, Lys 85 and Ala 107 of molecule B) 
have correlation coefficients less than 0.5 for side- 
chain atoms. For copper-removed azurin, at lower 
resolution (2.2 A), correlation coefficients are even 
better. 

The most poorly defined residues are identified by 
their high B values, and are the same in both mol- 
ecules and in both structures - there is no significant 
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difference between the apo-azurin and copper- 
removed structures in this respect. Those parts of the 
molecule with B > 50/~2 are the N- and C-terminal 
residues, 1-2 and 129, and the loop 104-107, 
together with the side chains of Glu 4, Gin 14, Lys 
18, Glu 19, Lys 27, Gin 28, Lys 52, Glu 53, Gin 57, 
Lys 74, Thr 78, Lys 85, Asp 98, Lys 101 and Lys 126. 
Almost all of these are Lys and Glx residues which 
project from the surface of the molecule and are 
clearly mobile. 

Conformational angles ¢p and ~ agree very well 
between the two molecules of each structure and 
between structures (r.m.s. deviation 6.1 ~: for ¢p and 
5.T for ~ for 95% of residues over all four mol- 
ecules) and are clustered in the allowed regions of 
conformational space (Fig. 6). Side-chain torsion 
angles ,¥~ are clustered around the preferred values of 
- 6 0 ,  60 and 180 ~:, with r.m.s, deviations from these 
ideal values of 13.2, 11.2 and 6.8 ° (overall 11.2~:~). 

Crystal packing and non-crystallographic ,wmmetry 

Both the apo-azurin and copper-removed azurin 
crystal structures are isomorphous with that of oxi- 
dized azurin (maximum change in any unit-cell edge 
is 0.5%), and thus share the same crystal packing. 
This has been described in detail for oxidized azurin 
(Baker, 1988). In the apo-azurin and copper- 
removed azurin crystal structures the only inter- 
molecular contacts which are not conserved are 
several involving highly mobile or disordered groups. 

As for oxidized azurin, the asymmetric unit of 
each structure contains two molecules related by a 
non-crystallographic twofold axis which lies approxi- 
mately along the [110] direction. The spherical polar 
angle rotations which relate molecule B to molecule 
A are: apo-azurin to=89.0 ~0=47.8 X=179.6°; 
copper-removed azurin to = 88.7 q~ =48.4 it' = 179.5°; 
cf. oxidized azurin to=88.9 ~o=47.9 2 "= 179.7 °, 
where to is the angle between the z axis and the 
rotation axis, q~ is the angle between the y axis and 
the projection of the rotation axis in the xy plane, 
and k' is the rotation angle. The transformations that 
give the optimal superposition of molecule B (x2, Y2, 
Z2) on molecule A (x], yl, zl) are 

(x~ (-  0.09878 0.99495 0.01764 

y~ = 0.99469 0.09821 0.03085 

zl ~ 0.02896 0.02060 -0.99937 

for apo-azurin and 

x~) (-  0.11769 0.99277 0.02368 

y~ = 0.99237 0.11670 0.03971 

zl 0.03666 0.02818 -0.99893 

for copper-removed azurin. 

x2 0.73842 ) 

Y2 + -1.06938 

z2 24.49976 

1.00501 

+ -1.09668 

24.25116 

Various comparisons of the two molecules in the 
asymmetric unit of each structure are summarized in 
Table 2. Superpositions, carried out by the method 
of Kabsch (1978), show a similar level of agreement 
to that in oxidized azurin (Baker, 1988). For the 
polypeptide chain the agreement is poorest at the N 
and C termini, where the density is weak and confor- 
mations appear to differ between the two molecules, 
and at some of the loops between secondary struc- 
ture elements (see Fig. 7). Conformational differ- 
ences in the latter arise either from slight differences 
in lattice contacts, which affect residues 23-27 and 
38-42, or simply from conformational flexibility as in 
the loop 103-107, which has B factors in the range 
50-80 A 2. The differences in loops are all lateral 
displacements rather than configurational differ- 
ences, and in fact an N M R  analysis of Pseudomonas 
aeruginosa azurin gives the same types of turns as are 
seen in the crystal structures (van de Kamp, Canters, 
Wijmenga, Lommen, Hilbers, Nar, Messerschmidt & 
Huber, 1992), even for those which have high B 
factors in the crystal structures. 

Agreement between the two independent mol- 
ecules is closer for the secondary structure elements, 
especially the fl-structure (r.m.s. deviations 0.22 and 
0.20,~ for apo-azurin and copper-removed azurin, 
respectively), and for residues in and around the 
copper sites (r.m.s. deviations 0.12-0.20 A, see Table 
2). These figures are similar to the error estimated 
from the X-ray data. Global superpositions are, of 
course, affected by any rigid-body movements of 

o 

I - 

÷,v, 
: .........-"'"" 
! .:" 

• ÷ ~. 

.... ": 
"-...... .I~ ÷ ~  "-... 

""" ._ ÷ . ~ "  ÷'%... . . . .  

: . . . . . . .  ~ ~ 

÷..'t..i 

: ! 

;'..... ~ 
.o 

i 

6 
(:]D ": ...... i~ . . . . . . .  Oi"" 0 0  

I 
- 8 0 .  - 9 0 .  0. 

~o (°) 
Fig. 6. Ramachandran plot (Ramachandran & Sasisekharan, 

1968) for the two independcnt molecules of apo-azurin, with 
glycine rcsidues shown as squarcs and all other residues as 
crosses. 

! 

9 0 .  180  



parts of a molecule, and the accuracy of local struc- 
tural features is more properly described by the 
r.m.s, deviations in hydrogen-bond lengths and non- 
bonded contacts, which were not significantly 
restrained in these refinements. For example, for 
apo-azurin the r.m.s, deviation for non-bonded dis- 
tances in the binding site is - 0.06 A (14 contacts < 
4 A), similar to the r.m.s, deviation in copper-ligand 

1.0 

bond distances for oxidized azurin (0.04/k; Baker, 
1988). For the lower resolution copper-removed 
structure the agreement is less close (0.10 A). 

Other molecular features also agree closely. As 
shown in Fig. 7(b), the main-chain B factors for the 
two apo-azurin molecules follow each other very 
closely. A similar pattern is seen for copper-removed 
azurin. There are also no significant differences in 
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Fig. 7. Plots showing the 
agreement between the two 
independent apo-azurin mole- 
cules in the asymmetric unit, as 
a function of  residue number. 
(a) The r.m.s, deviation in main- 
chain atom positions (average 
of N, C", C, O) after 
superpositions. (b) Average 
main-chain B factors. In both 
cases secondary structures are 
indicated (/3-strands) 
and 0000O (helices) and 
copper-binding residues (O). 
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Table 3. Superpositions of  apo-azurin on copper- 
removed, oxidized and reduced azurin structures 

Values given for molecule A followed by those for molecule B. 

Main-chain atoms (residues 
3-127) 

Main-chain atoms, ~-stn~ture 
(residues 3-10, 14-22, 27-36, 
45-51, 81-87, 91-99, 
107-112, 121-127) 

All atoms, Cu site surrounds 
(~-'s~dues 10-12, 15, 35, 
44-47, 112-117, 121) 

All atoms, Cu site 
(residues 45, 46, 112, l l7,  
121) 

R.m.s. deviations (A) for apo-azurin 
Cu-removed Oxidized Reduced 

0.16 0.17 0.20 
0.15 0.14 0.19 
0.13 0.13 0.16 
0.13 0.13 0.15 

0.15 0.13 0.19 
0.15 0.13 0.25 

0.13 0.14 0.15 
0.16 0.14 0.20 

main-chain torsion angles or in hydrogen bonding 
(except, in the latter case, for some of the more 
flexible, less well defined side chains). 

Polypeptide-chain conformation 

The overall organization of the azurin molecule 
has already been described in detail (Baker, 1988). 
The polypeptide-chain conformations of apo-azurin 
and copper-removed azurin are essentially identical 
to each other and to oxidized and reduced holo- 
azurins, within the accuracy of the crystallographic 
analyses (see Fig. 8). The electron density for the 
N-terminal residues, Ala 1 and Gin 2, is better for 
apo-azurin than for any of the other structures and 

r" " L 

1 
/ 

their conformation in this structure is correspond- 
ingly more reliable - this is the major site of dis- 
agreement. Results of superpositions of the four 
structures are summarized in Table 3, with molecule 
A superimposed on molecule A in each case, and 
molecule B on molecule B, to minimize the effects of 
crystal-packing differences. The r.m.s, deviations are 
of the order of 0.12-0.15 A for comparisons of apo- 
azurin with copper-removed and oxidized azurins, 
and slightly higher (0.16--0.18A) with reduced 
azurin. The differences are generally the same 
whether main-chain atoms or more restricted 
regions, e.g. the copper binding sites, are compared. 
Thus it is apparent that the protein structure is not 
significantly perturbed by the removal of the Cu 
atom, nor is there any difference whether the apo- 
protein itself is crystallized or the copper is removed 
from the holo-azurin crystals. 

The copper binding site 

Just as the polypeptide chain is left undisturbed by 
the removal of the metal ion, so the immediate 
copper binding site is also unchanged (see Fig. 9). 

Fig. 8. Superposition of C" plots for apo-azurin (yellow), copper- 
removed azuldn (green), oxidized azurin (blue) and reduced 
azurin (purple). 

Fig. 9. Superposition of the copper binding sites of apo-azurin 
(yellow), copper-removed azurin (green), oxidized azurin (blue) 
and reduced azurin (purple). The copper position in oxidized 
azurin is shown with a cross. 
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Superpositions, either of just the metal-binding resi- 
dues or of the wider copper site, show very close 
correspondence between the apo-azurin and oxidized 
azurin structures (r.m.s. deviation 0.12-0.15 A) (see 
Table 3). The only change is a small inwards 
movement of the three equatorial copper ligands, His 
46, Cys 112 and His 117, such that the distance 
46NS'...l17N 81 is reduced from 3.23 to 3.03A, 
46N~...112S ~' is reduced from 3.91 to 3.77 A, and 
112S~.-.117N 81 is reduced from 3.57 to 3.53A. 
(These distances are averages for the two indepen- 
dent molecules, but in each case decreases occur for 
both.) 

In apo-azurin the S atom of Cys 112 will be 
protonated, and assuming the expected tetrahedral 
geometry for this atom, the H atom should be 
directed towards the position occupied by copper in 
the holo-protein. The orientation is maintained by 
the two N--H.. .S hydrogen bonds, from 47NH and 
114NH, which stabilize the sulfur position and main- 
tain a tetrahedral geometry around it (Baker, 1988). 
The imidazole N ~ lone pairs will then be directed 
approximately towards the H atom which could be 
regarded as forming a bifurcated hydrogen bond 
(approximate distances 46N ~--- H 2.59 and 
l17NS~...H 2.40,~). These interactions should help 
maintain the stability of the ligand arrangement in 
the absence of a bound metal ion. 

An indication of the extent to which the metal site 
shrinks in apo-azurin can be obtained by calculating 
the radius of the cavity between the equatorial liga- 
nds His 46, His 117 and Cys 112. Using radii of 
0.71 A for nitrogen and 1.06 A for sulfur, the radius 
of this central cavity is 1.16 A in apo-azurin and 
1.21/~ in copper-removed azurin, compared with 
1.24A in oxidized azurin and 1.31 ,& in reduced 
azurin. The value for the 
removed structure is the 
others agree well between 

lower resolution copper- 
least accurate, but the 
the two molecules (1.14 

and 1.18 A for apo-azurin, 1.22 and 1.25 A for oxi- 
dized azurin, and 1.31 and 1.31 A for reduced 
azurin). Thus although the differences are small, the 
figures indicate a steady gradation from apo- to 
oxidized to reduced azurin. 

Other features of the binding site are as in holo- 
azurin. The distance between the two weak axial 
ligands, Gly 450 and Met 121S ~ is hardly changed 
from that in oxidized azurin (5.97 compared with 
5.99 A) and the hydrogen bonds and packing inter- 
actions which fix the positions and orientations of 
the other ligands are also unchanged. His 46 is 
hydrogen bonded through N ~2 to the C---O group of 
Asn 10 (2.75 cf 2.71 A), His l17N "2 is hydrogen 
bonded to a tightly bound water molecule, 133 O W 
(2.78 cf 2.72 A) and sandwiched between the side 
chains of Met 13 and Phe 114, and Cys 112S ~ 
receives hydrogen bonds from the peptide NH 

Table 4. Comparisons of average main-chain B factors 
(A 2) 

Apo-azur in  Coppe r - r emoved  Oxidized 
All main chain* 20.0 22.8 17.8 
Residues 36-46 15.7 18. I 13.7 
Residues 112 -117 14.0 17.3 11.8 
Residues 117 121 18.0 26.5 15.1 

* Omit t ing  residues I 2, 103 107 and 129 from each molecule. 

groups of Asn 47 (3.42 cf. 3.49 A) and Phe 114 (3.62 
of. 3.58 A). 

In both the apo-azurin and copper-removed crys- 
tal structures a small amount of residual density 
remains at the copper sites (Fig. 3). In the case of 
apo-azurin the very pale blue colour of the crystals is 
consistent with a low copper occupancy, estimated at 
15% from difference electron density and 14% from 
refinement. In the case of copper-removed azurin the 
crystals were completely colourless and remained so 
even when soaked in the oxidizing agent K3Fe(CN)6, 
suggesting that the density could represent a low- 
occupancy metal other than copper, perhaps zinc or 
mercury. In both structures, however, the occupancy 
is low enough (< 20%) that it does not alter any of 
the structural conclusions. 

B factors 

The pattern of B factors in both structures is 
similar to that for oxidized azurin. The regions of the 
polypeptide chain with the highest B factors (50- 
80A 2) are the N terminus (residues 1-2), the C 
terminus (Asn 129), the loop 103-107 at the 
'southern' end of the molecule, remote from the 
binding site, and parts of the 'flap' region (residues 
53-54 and 75-78). Omitting residues 1-2, 103-107 
and 129, the mean values of the B factors for the 
main-chain atoms are 20.0 A 2 for apo-azurin and 
22.8 A 2 for copper-removed azurin, compared with 
17.8 A 2 for oxidized azurin (Table 4). 

Considering the difficulty of comparing the abso- 
lute values of B factors from one structure to 
another, given that they are influenced by data col- 
lection and refinement protocols, there is little evi- 
dence for increased flexibility following the removal 
of copper. The higher mean B factor for copper- 
removed azurin could, however, result in part from 
disorder produced by the prolonged treatment 
required for copper removal from the holo-azurin 
crystals. The copper ligands come from two loops 
which connect/3-strands in structure, i.e. Gly 45 and 
His 46 from the loop 36-46 joining strands 3 and 4, 
and Cys 112, His 117 and Met 121 from the loop 
112-121 joining strands 7 and 8 (Baker, 1988). Resi- 
dues 36-46 and 112-117 show no increase in B 
factors beyond the overall increase (Table 4), but 
residues 117-121 do show a marked increase in the 
copper-removed structure. NMR studies have 
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already indicated that this region may be rather more 
flexible (van de Kamp, Canters, Wijmenga, 
Lommen, Hilbers, Nar, Messerschmidt & Huber, 
1992). 

Solvent structure 

The solvent model for apo-azurin has been com- 
pared with that of oxidized azurin, since both struc- 
tures have been refined at similar resolution (1.8 A). 
For this comparison,, the two solvent models were 
treated in the same way. Firstly, all water molecules 
were sorted according to whether their closest pro- 
tein atom belonged to molecule A or molecule B. 
Molecule B and its associated waters was then super- 
imposed on molecule A and its waters, using protein 
main-chain atoms to define the transformation. 
Where molecule B water positions were within 2.0 A 
of molecule A waters these were regarded as 
common to both molecules, while those which did 
not correspond in this way were regarded as indivi- 
dual to molecule A or molecule B. By these criteria 
the apo-azurin model contains 168 common water 
molecules (84 pairs) and 78 individual, compared 
with 184 common (92 pairs) and 97 individual for 
oxidized azurin. 

Secondly, apo-azurin molecule A and its waters 
was superimposed on oxidized azurin molecule A 
and its waters, using the protein main-chain atoms to 
define the transformation, and the same procedure 
was repeated for the molecules B. This allowed the 
solvent models for apo-azurin and oxidized azurin, 
which were established completely independently by 
different researchers, to be compared. A total of 138 
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Fig. 10. His togram showing the numbers  of  water molecules 
c o m m o n  to both apo-azurin and oxidized azurin structures, as a 
function o f  the differences in their positions. The shaded 
port ion represents those which are c om m on  to both molecules 
of  both structures. 

(56%) of the apo-azurin water molecules are also 
found in the oxidized azurin structure, using a 1.0 A 
cut-off for equivalence, and it is clear from Fig. 10 
that the vast majority of these (114) are water mol- 
ecules which are common to the two crystallo- 
graphically independent molecules of the asymmetric 
unit. That is, approximately 60 water molecules are 
found in equivalent positions in both molecules of 
both structures. These conserved waters tend to have 
relatively low B factors (mean 42 A 2) and multiple 
protein hydrogen-bond partners. 

In addition to the solvent molecules modelled as 
water, the apo-azurin structure contains two sulfate 
ions which are also found in oxidized azurin; these 
are bound in a shallow depression between the 
'flap' and the main body of the molecule (Baker, 
1988), hydrogen bonded between His 83N ~2 and Gly 
76NH, and to ordered water, on each of the two 
non-crystallographically related molecules. The apo- 
azurin structure also contains two further sulfate 
ions which replace apparent waters in oxidized 
azurin. These are found in equivalent positions on 
both independent molecules and are clearly sulfate 
ions by their density (Fig. 2) and environment; both 
are bound between the amino groups of Lys 56 and 
Lys 122, and there is an approach from a third 
Lys side chain (Lys 38) from a neighbouring mol- 
ecule. 

Discussion 

The structure seen here for apo-azurin is essentially 
identical to that of the holo-protein (Baker, 1988), 
with the same polypeptide structure and minimal 
change in the copper binding site (movements no 
more than 0.1~).2 A). This is true irrespective of 
whether the apo-protein is crystallized directly or the 
copper is removed from previously formed crystals 
of the holo-protein. Thus it is consistent with the 
idea that the unique irregular blue copper site is 
defined by the constraints of the polypeptide chain, 
as in the related copper protein plastocyanin 
(Garrett, Clingeleffer, Guss, Rogers & Freeman, 
1984). The copper ligands are held in place by a 
combination of hydrogen bonds and van der Waals 
interactions and the surrounding structure is the 
most tightly constrained, least-flexible part of the 
whole molecule (Baker, 1988). This structure is also 
maintained when different metals are bound, as for 
zinc (Nar, Huber, Messerschmidt, Fillipou, Barth, 
Jaquinod, van de Kamp & Canters, 1992) and cad- 
mium (Baker, 1991); binding of these metals results 
in only small differences in the metal position and in 
the peptide carbonyl of Gly 45. 

This apo-azurin structure does not, however, 
explain how copper is incorporated into the apo- 
protein following synthesis. In contrast to plas- 
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tocyanin, where the imidazole ring of His 87 (the 
analogue of His 117 in azurin) is rotated 180 ° in the 
apo-protein, leading to a 'revolving-door' mechanism 
for copper incorporation (Garrett, Clingeleffer, 
Guss, Rogers & Freeman, 1984), no movement is 
seen in the azurin binding site. The answer to this 
question comes from a parallel study on Pseudo- 
monas aeruginosa azurin (Nar, Messerschmidt, 
Huber, van de Kamp & Canters, 1992). The asym- 
metric unit of the P. aeruginosa azurin crystals con- 
tains four independent molecules; in the holo-protein 
crystals these all have essentially identical structures, 
but in the apo-protein crystals the crystal packing is 
slightly different and two distinct structural forms 
are found. Two of the apo-azurin molecules have a 
structure similar to that seen in our study, i.e. closely 
superimposable on holo-azurin with only a slight 
movement of the ligand groups towards the vacated 
copper position. In the other two molecules, how- 
ever, His 117 has swung outwards by hinging in the 
main-chain segment 116-118, leaving a water mol- 
ecule in the copper site and some rearrangement of 
other neighbouring groups. This then provides a 
plausible model for copper incorporation. 

It is apparent that (i) the structure found in holo- 
azurin is stable even in the absence of the metal since 
it is found, essentially unchanged, in both apo-azurin 
structures, but that (ii) a second form is also accessi- 
ble by apo-azurin, in which His 117 is swung out- 
wards, and which provides a mechanism for copper 
incorporation. Presumably an equilibrium exists in 
solution, as has been previously proposed (Nar, 
Messerschmidt, Huber, van de Kamp & Canters, 
1992), although which is predominant under a par- 
ticular set of conditions is difficult to know. The 
crystal structures give snapshots of states which are 
energetically accessible in solution in what must be a 
dynamic process. 

Azurin can be seen as part of a spectrum of 
metalloproteins with differing degrees of constraint 
on their metal sites and different degrees of exposure 
to the outside environment. They are therefore likely 
to differ in the extent to which the metal site is 
altered by metal insertion or removal. Apart from 
the blue copper proteins there are now a number of 
other metalloproteins for which comparative crystal- 
lographic analyses have been carried out on both 
metal-bound and metal-free forms. These include 
proteins which bind zinc, as in alcohol 
dehydrogenase (ADH) (Schneider, Eklund, 
Cedergren-Zeppezauer & Zeppezauer, 1983) and car- 
boxypeptidase A (CPA) (Rees & Lipscomb, 1983); 
iron, as in lactoferrin (Lf) (Anderson, Baker, Norris, 
Rumball & Baker, 1990) and ribonucleotide reduc- 
tase (RNR) (Aberg, Nordlund & Eklund, 1992); 
manganese, as in concanavalin A (ConA) (Reeke, 
Becker & Edelman, 1978); and calcium, as in 

proteinase K (PRK) (Bajorath, Raghunathan, Hin- 
ticks & Saenger, 1989). 

In both ADH and CPA the catalytic Zn atoms are 
relatively exposed in the active site, and their 
removal causes only very small local changes; in 
ADH one of the ligands, S ~ of Cys 46, moves 2.5 A 
and the imidazole ring of His 67 rotates slightly, 
while in CPA a small movement of one ligand, 
His 196, and the nearby Glu 270, apparently allows a 
water molecule to occupy the site. In ConA the 
removal of manganese induces significant changes in 
the protein structure around the metal sites, although 
the nature of the changes has not yet been clearly 
defined and confirmed by high-resolution refinement. 
In PRK the removal of calcium causes small, con- 
certed movements of five loops and two helices 
which perturb the active site some 17 A away, and in 
the helix-loop-helix calcium-binding proteins (Stry- 
nadka & James, 1989) conformational change is also 
associated with metal binding. These binding sites all 
involve exposed surface loops, however, which would 
be expected to be more mobile than the buried, 
constrained site in azurin. 

Both Lf and RNR have more deeply buried sites. 
In RNR removal of the two Fe 3+ ions of the binu- 
clear metal site causes the ligands to move together 
to form a hydrogen-bonded network, but with no 
other change in the protein structure (Aberg, Nord- 
l u n d &  Eklund, 1992). Thus this protein resembles 
azurin in its response. In Lf, iron removal from one 
site is associated with a large-scale domain 
movement which opens the binding cleft, but the 
other site remains closed even though no metal ion is 
bound (Anderson, Baker, Norris, Rumball & Baker, 
1990). This suggests another parallel with azurin, 
with two conformational states (open and closed) 
accessible to the apo-protein. 

The degree of rigidity in the metal site (or the 
degree to which it is pre-formed) can be related to 
biological function. In azurin and plastocyanin the 
requirements for fast electron transfer are that the 
metal site should undergo minimum structural 
reorganization (Marcus & Sutin, 1985) and a highly 
constrained metal site which is stable even in the 
absence of the metal achieves this end. In the metal- 
loenzymes ADH, CPA and RNR the metal sites are 
essential to enzymatic activity and are therefore 
integral parts of the protein structure with defined 
geometrical requirements; these sites, too, change 
little when the metal is removed. In the calcium- 
binding proteins, on the other hand, conformational 
change accompanying metal binding is the essence of 
biological activity and the sites are designed accord- 
ingly. 

We thank Dr Gillian Norris, who prepared the 
original holo-azurin crystals, and Dr N. Sakabe, for 
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help with data collection at the Photon Factory 
synchrotron source. 
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