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Abstract 

Crystals of the blue copper protein azurin, from Ale. denitrificans, have been prepared in 

the apo (metal-free) and reduced (Cu(I)) forms by soaking oxidised (Cu(II)) azurin 

crystals in solutions containing cyanide and ascorbic acid, respectively. The apo and 

reduced azurin crystals are isomorphous with the oxidised crystals, containing two 

protein molecules in the asymmetric unit. A CAD4 diffractometer was used to collect 

X-ray diffraction data from these crystals, to 2.2A resolution for apo-azurin and 1.9A for 

reduced azurin. Both crystal structures have been refined using restrained least-squares 

methods, treating the two protein molecules of the asymmetric unit independently, to give 

final R-factors of 0.158 for apo-azurin (1956 protein atoms and 275 solvent atoms) and 

0.166 for reduced azurin (1967 protein atoms and 269 solvent atoms). 

Analysis and comparison of these structures with that of the oxidised form show that the 

protein structure is essentially identical between all three forms. However, very small 

changes, which are consistent between the two independent molecules of the asymmetric 

unit, are apparent at and near the copper binding site. Upon reduction of the oxidised 

form, all copper distances (left unrestrained during refinement) increase by 0.05-0. lOA, 

while the geometry remains unchanged. Thus the copper in reduced azurin is bound 

strongly by one thiolate sulphur (Cys-112) and two imidazole nitrogens (His-46 and His-

117) in a trigonal arrangement, while a thioether sulphur (Met -121) and a carbonyl 

oxygen (Gly-45) approach the copper from axial directions to complete a distorted 

trigonal bipyramidal geometry. The Cu ... So 121 distance is 3.2A, and does not agree 

with the 2.7A distance predicted by EXAFS studies despite attempts to restrain this 

distance during refinement. Two S .. . HN hydrogen bonds, between the cysteine sulphur 

and peptide NH groups, are shortened by ""o.2A upon reduction of Cu(IT) to Cu(I). 

The configuration of the copper ligands and the surrounding structure are maintained 

when the copper is removed. This shows that the folding of the polypeptide chain 

determines the conformation of the metal ligands, enforcing a distorted geometry on the 

copper centre in both oxidised and reduced forms. The structure of the copper binding 

site in the apo form is more similar to the oxidised form than to the reduced form. 

The observations made in the analysis of these three forms of azurin have implications for 

the biological function of the protein, which is thought to be electron transfer. The 

distorted geometry of the copper, which is enforced upon the metal by the protein, 

supports the concept of the entatic state, whereby the copper is held in a geometry 

approximating the transition state between the coordination preferences of Cu(II) and 
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Cu(I). Since minimal changes at the active site occur upon reduction, the protein 

accomplishes its function of fast electron transfer by minimising the activation energy of 

the process. 



Erratum 

p. 45 Reference number 395 should be 210. 

v 
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Chapter 1 : Introduction 

1.1 Copper in Biology 

Copper is an essential element for many biological systems, being the third most 

abundant trace metal in humans, after zinc and iron 1. In many proteins. copper is 

necessary for biological function. Of the copper proteins currently known to date, the 

metal provides for a wide variety of functions including electron transfer, (h transport, 

substrate catalysis and copper acquisition2,3,4. 

In recent years, there has been considerable research into copper proteins. The emphasis 

has focussed on the role of the metal in the active sites of these proteins, because of the 

diversity of functions performed. Also, many of the copper centres display unusual 

physical and chemical properties, which are seldom observed in low molecular weight 

copper complexes. These unusual properties have encouraged chemists to design models 

of these active sites in an effort to understand the nature of the copper and its role in the 

protein. Several reviews on copper proteins have appeared in the literature over the years 

(for examples see Fee (1975)5 or Adman (1991)2, including a comprehensive series 

edited by R. Lontie (1984)3). 

Classification of copper proteins has been based on the different spectroscopic properties 

of the copper centres. VanngArd proposed a classification which differentiated them into 

three types, namely, type 1, type 2 and type 3 5,6. Type 1 copper in the cupric form is 

intensely blue coloured and exhibits an unusual electron paramagnetic spectrum. Hence, 

proteins containing this copper centre are often called the "blue" copper proteins. Type 2 

copper is more typical of inorganic copper complexes, and is sometimes referred to as the 

"non-blue" copper. The last class of copper centres, type 3, is diamagnetic instead of 

paramagnetic, as is expected for Cu(II), in the cupric state. Of course, some 

metalloproteins contain active copper centres which do not conform to this classification, 

but these copper centres have received less attention than the other three types. Although 

this classification has some drawbacks, it does have the advantage of also separating the 

copper sites according to their most likely biological functional roles. 

1.1.1 Type 1 Copper centres 

Metalloproteins with type 1 copper centres have been studied extensively, because of their 

unique spectral properties (for reviews see Fee (1975)5, Lappin (1981)7, Farver and 

Pecht (1984)8, Ryden (1984)9 and Adman (1985)10). These proteins are found in plants, 



2 

bacteria, vertebrates, fungi and some algae, either as a single type 1 centre as in the small 

blue copper proteins2,5,9,1O, or in conjunction with other types of copper centres (type 2 

and type 3) as in the larger blue oxidases2,3,4,5. In both groups, the type 1 copper is vital 

for activity. The small blue copper proteins (e.g. plastocyanin and azurin) range in 

molecular weight from 10-20kDa, and are found in bacteria, plants and some algae. The 

multi-copper blue oxidases which contain type 1,2 and 3 copper centres (e.g. ascorbate 

oxidase and laccase), however, are found in the more highly evolved plants and in 

animals, and range in size between 80-140kDa. The type 1 copper centre in these multi

copper oxidases acts in conjunction with the other copper centres to perform the overall 

function of the protein. Some of the blue oxidases (e.g. ceruloplasminll and ascorbate 

oxidase7, 12, 13) are thought to contain more than one type 1 copper centre. However, 

recent crystallographic analysis has shown only one type 1 copper present in ascorbate 

oxidase 14. 

The function of the type 1 centre in all of the blue copper proteins is assumed to be 

electron transfer, although the specific physiological redox partners are known only for 

some of these proteins (e.g. amicyanin15-20, plastocyanin9,2 1 and pseudoazurin22). The 

transfer of electrons may take place either between two redox proteins (as for the small 

blue copper proteins), or between a substrate and a copper centre (as for the blue copper 

oxidases). Kinetic studies show that the electron transfer exchange rates are very fast both 

between small blue copper proteins and their physiological partners (=107 

Ms-I )23,7,24,25, as well as between copper centres in the multi-copper proteins (:=:<1()6 

Ms-l) 1 1,26. Electron transfer in the self-exchange (ESE) reaction between two molecules 

of the same protein was also found to have a high rate (=1()6 Ms-I) from NMR 

experiments27 ,28. 

Early interest in the blue copper proteins focussed on the unique spectral properties of the 

type 1 copper site. The most prominent feature in the UV -Visible spectra of type 1 copper 
centres is the intense absorption near 600nm (ernax = 3000 - 5000 cm-I), which gives 

these proteins their characteristic deep blue colour. Raman and metal substitution studies 
have suggested this absorption is mainly due to a S(Cys)cr -7 Cu charge transfer band 

with small contributions from the other ligands2,7,1O. Type 1 copper centres also show 

very unusual electron paramagnetic resonance (EPR) spectra in the oxidised, 

paramagnetic Cu(II), state. The EPR spectral parameters, gil and g..L, are similar to those 

of small Cu(II) complexes, but the the hyperfme splitting constant, All, is unusually small 

«100 cm-I). Also, the redox potential for these proteins is unusually high ranging from 

=200-6OOmV5,7,8,1O. These properties will be discussed in more detail in Section 1.2. 
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Prior to the availability of hard structural data, type 1 copper sites were thought to contain 
nitrogen and sulphur ligands, but little was known about their coordination until the 

structure of the copper site was detennined by X-ray diffraction methods 14,29-41. These 

studies show that the copper generally has four ligands arranged in a irregular geometry 

(see Figure 1.1.1.1). The distorted geometry is a special feature of these copper sites, and 

is thought to explain some of their unusual properties. The structure of the blue copper 

proteins will be discussed in more detail below (see section 1.2.7). S' 
S�C\ .. 

N 

N 
Figure 1.1.1.1 The basic arrangement of ligands in the "type 1" copper site. 

1.1.2 Type 2 copper centres 

Most type 2 copper centres are involved in the biological oxidation of substrates2,4,5,42, 

although the role of the copper ion in these processes is as yet unclear. The mono-copper 

oxidases (e.g. amine oxidase43 and glactose oxidase44), the multi-copper blue 

oxidases11,26,45 and Cu/Zn superoxide dismutase46 all contain type 2 copper centres 

which are critcal to the function of these proteins42. In some cases, other cofactors 

participate with the type 2 copper site in the protein function, especially when a two 

electron oxidation is involved (e.g. galactose oxidase2). Type 2 copper containing 

proteins are located in many biological systems. For example, the mono-copper oxidases 

are found in fungal, plant and mammalian tissues42. 

The type 2 copper centre has spectral properties similar to those found in low molecular 

weight Cu(II) complexes with nitrogen and/or oxygen ligands arranged in square planar 

or distorted tetragonal geometries47. These copper sites absorb weakly in the 320, 450-
480, and/or 600nm regions of the visible spectrum2,4,5,42 and have EPR parameters of gil 
",,2.3, gl.. ""2.0 and All =200 x 10-4 cm-1 43,44,46,48,49. Originally, the type 2 
classification was intended to include only the copper centers which were neither type 1 
nor type 3 in the multi-copper oxidases, but superoxide dismutase and the mono-copper 
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oxidases have since been included in this classification despite the differences in chemical 

reactivity, because of their similar spectroscopic properties5. 

X-ray crystal structures have been determined for two proteins with type 2 copper 

centers, bovine Cu/Zn superoxide dismutase50 and galactose oxidase from the fungus 

Dactylium dendroides 51. These proteins, each of which has only one type 2 copper 

centre have been refined to 2.oA resolution and 1.7A resolution, respectively. The 

structure of superoxide dimutase has shown the type 2 copper atom to be coordinated to 

four imidazole nitrogens of histidine side-chains with a distorted tetrahedral or square 

planar geometry. The type 2 copper site in ascorbate oxidase14 is actually part of a 

trinuclear copper site, and will be dealt with in section 1.1.4. In the structure of galactose 

oxidase, the copper is bound in a square pyramidal geometry by two histidines, two 

tyro sines and one acetate (one tyrosine forms the axial ligand). Figure 1.1.2.1 depicts the 

copper geometries of type 2 centres. 

N. N "" _____ N _ "h ---...2J°C - u 

"'N 
a) 

o 

b) 

Figure 1.1.2.1. Two examples of type 2 copper centers from a) superoxide dimutase and b) galactose 
oxidase. 

1.1.3 Type 3 copper centres 

Type 3 copper centres have received much attention because they are binuclear and have 

the ability to bind molecular oxygen. The proteins which contain this copper centre fulfil a 

variety of different biological functions, including oxygen transport (e.g. hemocyanin52), 

hydroxylation (e.g. tyrosinase53), and the four electron reduction of D2 to H20 (e.g. 

laccase and ascorbate oxidase6,l1,26,45,54,55). Type 3 copper centres may occur as an 

isolated binuclear site, as in hemocyanin, or as part of a trinuclear cluster as in the blue 

oxidase ascorbate oxidasel4. Hemocyanin is typically found in arthropods and 

molluscs2,52, the blue oxidases in plants and vertebrates, while tyrosinase can be found 
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in bacteria, fungi, plants and mammals53 

In the oxidised Cu(m-Cu(II) state, the nonnally paramagnetic Cu(II) ions are EPR silent. 

This EPR silence is the result of the two copper atoms lying within close proximity 

(3-4A) to each other, and coupling through a strong antiferromagnetic interaction 2,56,52. 

This coupling of the coppers also accounts for the intense optical absorption at 33Onm, 

which is assigned to a en2-�Cu(II) charge transfer band55,57. An endogenous bridging 

ligand has been proposed on the basis of spectroscopic analysis58, but has not been seen 

in structural analyses14,59. How the en molecule binds to the copper pair has not yet been 

fully established, but a model where the dioxygen binds as a peroxide bridging two the 
coppers in a cis Jl- l ,2 fashion (Figure 1.1.3.1b) explains EPR, resonance Raman60-62 

and UV /visible spectra52,53,55. N \ ;:"'N N .... j"\\Cu........ "
"C\ 

"1' '" N N 
a) b) 

Figure 1.1.3.1. Schematic diagrams of a) the copper pairs in hemocyanin as seen in the crystal 
structure at 3.2A resolution59, and b) a possible model for 0:2 binding from resonance Raman studies. A 
question mark (?) indicates a possible endogenous bridging ligand. 

X-ray crystallographic analyses have been carried out on two copper proteins with type 3 

centres; hemocyanin from Panulirus inte"uptus 59 and the multi-copper protein ascorbate 

oxidase from zucchini14. In both structures, the two copper atoms are approximately 

3.4A apart and are coordinated by a total of six imidazole nitrogens, three bound to each 

copper (see Figures 1.1.3.1a and 1.1.3.2). It should be mentioned, however, that in 

ascorbate oxidase, the ligand assignment is tentative, as the primary sequence is only 

partially known14. For ascorbate oxidase, the partial structural analysis has established 

that the type 2 and type 3 copper centres are close enough together to be considered as a 

trinuclear type 2-type 3 copper cluster (with a type 2 to type 3 copper separation of 

4.oA) 14. The copper which is labelled type 2 in ascorbate oxidase 14 has two imidazole 

nitrogen ligands from histidines and a possible third ligand as OH- or H20, which may 

suggest that this copper centre is directly involved with en or an oxygen complex during 

the biological activity of the protein. On the basis of EPR studies, such a trinuclear cluster 

is also thought to occur in mammalian ceruloplasmin, where the cluster is essential for 



N 
N.... .. .. .. ···.1" �.$' 

N 

/ ... . 

___ -- :'�'!9� type 3 

O? ---- eu------------- : /"""" N 
type..z • .... --. ' "N .... -.... I -.. . 

N 

6 

Figure 1.1.3.2. A schematic diagram of the trinuclear copper site of ascorbate oxidase. A hydroxyl 
group (designated O?) may possibly bind to the type 2 copper. 

efficient transfer of an electron to �63. 

1.1.4 Other copper centres 

Other types of copper centres exist apart from the those classified as type 1, 2 or 3. 
Technically, the trinuclear copper centre in ascorbate oxidase does not come under the 
type1-3 classification, but spectroscopically the coppers are distinct, and prior to X-ray 
structural studies the two copper types were considered separatell,14,26,45. Examples of 
other copper proteins which have copper centres that can not be classed as type 1-3, are 
copper-metallothionein64, cytochrome c oxidase65,66, nitrous oxide reductase67,68, nitrite 
reductase2,69 and uricase2,69. Here, only three of these copper centres will be discussed. 

The metallothioneins are low molecular weight proteins rich in cysteine (approximately 
33% of amino acid residues)4,64. These proteins are thought to be in involved in 
acquisition and/or detoxification of metals such Hg, Cd, Zn or Cu. A recent report has 
suggested that a possible role for copper-metallothionein is the reconstitution of 
plantacyanin, a basic blue copper protein 70. The structure of the copper sites in 
metallothionein, as determined by EXAFS71, is thought to be four coordinate with 
cysteine sulphurs as single ligands and/or bridging ligands, giving rise to CuS clusters. 

A novel copper site has been proposed for the copper in cytochrome c oxidase 72-74 and 
nitrous oxide reductase68, designated CUA. Although the EPR spectrum of CUA is like 
that of type 1 copper centres, the visible spectrum is not (nitrous oxide reductase has a 
pink form and a purple form)2. EXAFS measurements have indicated that CUA has two 
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nitrogen (or oxygen) and two sulphur ligands75. This is supported by EPR spectroscopy 
and electron nuclear double resonance (ENDOR) which confinns that the CUA site may be 
accounted for by a monomeric Cu(II) ion with two histidine nitrogen and two cysteine 
sulphur ligands 73,76 (not to be confused with the N2SS' coordination of the type 1 
copper centre). In the case of cytochrome c oxidase which also contains a heme group, a 
second copper site, CUB, is proposed to bind 02 in association with the heme65 as a 
binuclear CufFe heme centre. This was suggested by Palmer et al.77 after the discovery of 
the absence of any EPR signal for both CUB and Fe heme. Many researchers now favour 
a model where the molecular oxygen binds as a J...l-peroxo ligand between the CUB and Fe 

heme a3 centres (see Figure 1 . 1 .4. 1 )78-80. 

Figure 1.1.4.1. The proposed model for the binuclear CUB/Fe heme centre in cytochrome c oxidase 78-
80 
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1.2 Properties of the blue copper proteins 

1.2.1 Electronic Absorption spectra 

The ultraviolet and visible spectrum of the blue copper proteins is made up of several 
bands81. The most prominent feature of the spectra is the intense absorption (c: "" 2000-

5000 M-1cm-1) in the visible region near 600nm giving the proteins their characteristic 

blue colour. This band is flanked on both sides by weaker bands at about 450nm and 

780nm, and a poorly resolved d-d absorption is found in the near infrared between 

900nm and llOOnm10,82,83. The two bands near 600nm and 780nm are assigned as 
S(Cys)0"-tCU(dx2_y2) and S(Cys)1t-tCu(dx2_y2) ligand-tmetal charge-transfer 

transitions (respectively) between the cysteine sulphur and the copper(II) atom81,82,83. 
The higher energy band near 450nm is assigned to a N(His)1t-tCu(dx2_y2) charge 
transfer transition84. Table 1.2.1.1 gives the Amax of these transitions for some of the 

blue copper proteins. 

Table 1.2.1.1. Electronic Spectral Assignments for some selected Blue Copper Proteins, Amax (nm). 

Assignment Ale. denitrieans Ps. aeruginosa Spinach Rhus vernicifera 
azurin azurin plastocyanin stellacyanin 

N(His)1t�Cu(dx2_y2) 460 481 490 450 
S(Cys)(J�Cu(dx2_y2) 619 625 597 608 
S(Cys)1t�CU(dx2_y2) 780 779 780 850 

d-d 900-1000 ""llOO - -
Reference 82 81 5 5 

Comparison of the intense S(Cys)()-tCu(dx2_y2) charge transfer band in azurins and 

plastocyanins shows that the band is at a characteristically higher energy, lower 
wavlength, in plastocyanins than in azurins (Amax "",600nm compared to �620nm)7,82. 

The origin of this difference is not understood, but it does imply that there is some 

variation in the electron density on the copper atom. Since the Cu-S(Cys) bondlength 

appears to be very similar in both proteins from EXAFS results, two other possible 

explanations that have been put forward are; 1) a variation in the weak axial interaction of 

the methionine sulphur, which may withdraw electronic charge from the copper atom85, 

and 2) a variation in the number and strength of the S . .. HN hydrogen bonds made to the 

cysteine sulphur may affect the charge transfer band31. 

A shift to shorter wavlengths is observed in the 600nm absorption band at higher pH 

values, and appears to be a general feature of the blue copper proteins. In azurin, when 

the pH is increased from 10.5 to 11.4, the band at 619nm moves to 6 l0nm82. A similar 

change is seen in stellacyanin which shows a change from 604 to 588nm between pH 9 
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and 115,87. Shifts of this nature are seen in other blue copper proteins, for example 

laccase87,88, mavicyanin89, umecyanin90 and ascorbate oxidase88. Since these bands are 
assigned to charge transfer transitions at the copper center, the shift to higher energy 
suggests a build up in the electron density at the copper possibly associated with changes 

in the copper bond lengths and angles91. Note that these changes parallel modifications 

seen in the EPR spectrum of the blue copper proteins (see section 1.2.2). 

1.2.2 Electron paramagnetic resonance spectra 

One of the most distinctive features of the blue copper proteins is their unique electron 
paramagnetic resonance (EPR) spectra. The EPR spectra of these copper centres are axial 

(2.0 < g-L < gil), with some proteins displaying a small rhombic distortionS,7,1O,8l, with a 
characteristically small hyperfine coupling constant (All < 100 x 10-4 cm-1). The g-values 

of the spectrum indicate that the dx2-y2 orbital is the ground state of the unpaired electron. 

Initially, the spectra were explained in terms of an asymmetric copper geometry 

tetragonally flattened from a tetrahedral geometry7,lO,81,93. Since then, however, the 

X-ray crystal structures of several blue copper proteins suggest that a N2S donor set is 
sufficient to define these spectra82. Also, the variation of the Cu ... S(Met) distance 

between proteins has little effect on the EPR spectrum82. Futhermore, analysis of single 

crystal EPR spectra, and ligand field calculations on plastocyanin show that the dx2_y2 
orbital of the unpaired electron lies roughly in the plane of imidazole nitrogens and 

thiolate sulphur83. On theoretical grounds, because of the rhombicity of the g-values, the 

density of the unpaired electron in plastocyanin is 40% localised over the dx2-y2 orbital of 

the copper and 36% delocalised over the P1t orbital of the thiolate sulphur92,93. 

Theoretical analysis of model complexes with Cs or Cl geometry rationalises the low All 

value seen in the blue copper proteins as a result of a high degree of delocalisation of the 

unpaired electron in the dx2-y2 orbital onto the P1t orbital of the thiolate sulphur92. In 

general, the g-values and the hyperfine splitting constant, All, can be largely accounted for 

by a high degree of delocalisation of the unpaired electron over the copper and thiolate 

sulphur, which results in copper-sulphur bonding with a high covalent character92. 

Studies involving model compounds have had little success in mimicking the EPR 
properties of the blue copper site (for a recent reveiw see Bouwman et al. (1990)94). 

What has been shown, however, is that thiolate coordination alone does not produce the 

low All value, although the g-values of these model complexes are similar to the blue 

copper centres. A low All value was reported to be observed in the cluster 

[CuI1OCUII2L12(MeCN)4](BPh4h, where the Cu(II) centres have a distorted square 

pyramidal geometry and N3S2 donor set9S. Upon re-examination of the spectra, 
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however, there are five unevenly spaced hyperfine lines in the gil region, and it was 
concluded that the initial interpretation was over simplified82. One model, a Cu(II) 

substituted insulin incorporating a coordinated pentafluorothiophenol, mimics remarkably 
well the spectroscopic characteristics of the blue coppper proteins (Amax = 626nm, tmax = 

2. 0 mM-lcm-l; All = 80 x 10-4 em-I, gil = 2.281, gl.. = 2.079)96. The Cu(U) ion is 

presumed to be bound to three histidine residues supplied by three protein subunits, with 

the fourth ligand as the pentafluorothiophenol completing a distorted tetrahedral 

geometry. In site directed mutagenesis studies on azurin, the characteristic EPR spectrum 

disappears when one of the histidine ligands is mutated into a glycine97. However, the 

spectrum returns after the addition of N -methylimidazole to the mutant protein, indicating 

that the imidazole ligands are also necessary for the blue copper site. In another site 
directed mutagenesis experiment, replacing the methionine with a leucine only slightly 

alters the EPR parameters, implying that the methionine sulphur is not necessary to 

produce the characteristically small hyperfine splitting (see Section 1.2. 8)98. 

Table 1.2.2.1. EPR parameters of some blue copper proteins and the type 1 copper centres of the blue 
oxidases. 

Protein/Source 

azurin 
Pseudomonas aeruginosa 93 

pH 5.2 
pH 9.2 

azurin 
Alcaligenes denitrificans 82 

pH 6. 5 
pH 11. 4 

rusticyanin 
Thiobacillus ferroxidans99 

plastocyanin 
spinach 1 00 

umecyanin 
horseradish root101 

stellacyanin 
lacquer tree8? 

cucumber basic protein 
cucumber seedlings102 

mavicyanin 
green squash fruit89 

laccase 
Rhus vernicifera 88 

ascorbate oxidase 
Cucumis sativus88 

EPR 

rhombic 

axial 

rhombic 

axial 

axial 

rhombic 

rhombic 

rhombic 

axial 

axial 

g.l gil All 
(x 1O-4cm-l) 

2.035,2.052 2.263 56 

2.035,2.051 2.276 51 

2.059 2.255 60 
2.058 2.278 69 

2.019,2.064 2.229 65,2, 45 

2.053 2.26 50 

2.05 2. 317 35 

2.03,2.08 2.29 57,29, 35 

2.02,2.08 2.207 60, 10, 55 

2.03,2.08 2.29 57,29, 35 

2.055 2.298 48 

2.050 2.230 65 

EPR spectra have been measured under different pH conditions for many of the blue 
copper proteins 82,93,87,88,103-106. In the pH range of 4-10, the EPR properties remain 

unchanged. Above pH 10, the EPR spectrum is modified slightly for some proteins, 

although the copper coordination site maintains its type I properties (e. g. azurin82, 
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stellacyanin87,106, umecyanin90 and plantacyanin10 5 ). Other proteins (e.g. 

plastocyanin 103, ascorbate oxidase88 and laccase87,88) are observed to undergo an 

autoreduction of the copper centre at alkaline pH. In plastocyanin this occurs at pH 10.2. 

Note that for laccase, the pH dependence of the EPR spectrum was originally interpreted 

as a modification87 instead of an autoreduction88 at high pH. 

For Ps. aeruginosa and Ale. denitrifieans azurins, the effect of pH on the EPR 

properties is similar to those seen in other blue copper proteins. Between pH 5.2 and 9.2, 

the EPR spectrum of Ps. aeruginosa azurin changes from 2.263 to 2.276 in gil, and from 

56 to 51  x 10-4 cm-1 in All 93. This effect has been tentatively assigned to changes in the 

conformation of His-35 which is in the second coordination sphere of the copper site93. 

The EPR spectrum of Ale. denitrificans azurin does not change in the pH range 4.0-10.5 

(gil = 2.255 and All = 60 x 10-4 cm-I), but over the pH range 10.5- 1 1 .4 the values of gil 

and All increase slightly to 2.278 and 69 x 10-4 cm-I, respectively. 

1.2.3 Redox potential 

Another special feature of the blue copper proteins is their relatively high redox potential 

(EO) with respect to the aqueous Cu(ll)/Cu(I) couple (+ 153m V). The redox potential for 

blue copper proteins ranges from +1 84mV in stellacyaninlO to +680mY for 

rusticyanin107 (see Table 1.2.3.}7,82,85,91,109-111). Azurins as a group have EO values 

between 230m V and 308m y82. The high redox potentials are attributed to the mixture of 

imidazole nitrogen and sulphur ligands in the copper site, and reflect a stabilisation of the 

Cu(I) state. 

Table 1.2.3.1. Redox potentials of some blue copper proteins. 

Protein EO (mV) Protein EO (mV) 

azurin (Ale. denitrificans) 276 pseudoazurin (Ach. cycloclastes) 245 
azurin (Ps. aeruginosa) 308 rusticyanin (Th.ferrooxidans) 680 
azurin (Alc. /aecalis) 266 rnavicyanin(zucchUri) 285 
plastocyanin (spinach) 370 umecyanin (horseradish) 283 
stellacyanin (R. vernicifera) 184 plantacyanin (cucumber seedlings) 317 

Recent studies on copper complexes show that sever81 factors govern the value of the 

redox potential. Although ligand type is important, other factors such as the metal 

geometry and the surrounding environment of the copper site are just as important. In 

general, sulphur ligands raise EO (thioether sulphurs more than thiols112-114), oxygen 

ligands lower EO, and nitrogen ligands can do either, lowering EO if saturated or raising 

EO if aromatic114-116. The geometry of the copper greatly effects EO, as is clearly shown 

in the comparison of two similar N2S4 macrocycles, where a change in the copper 



12 

geometry from octahedral (N2S4) to tetrahedral (N2S2) is accompanied by an increase in 

EO of 316my117. Ainscough et al.82 have suggested that the ""lOO mY difference in EO 

between plastocyanin (370mY) and azurin (276mY) is due to the differences in copper

ligand distances and geometry. Furthermore, substitution of the methionine ligand in Ps. 

aeruginosa azurin with the softer ligand seleno-methionine raises the EO by 2SmY. This 

effect is expected since the softer Se(Met) group is Cu(I) stabilising118. The surrounding 

environment of the copper site also effects the value of EO as shown by site directed 

mutagenesis studies (see Section 1.2.8), where a more hydrophobic environment 

destabilises the oxidation state with the higher electronic charge, resulting in a higher EO. 

The redox potential for many blue copper proteins varies with pH119, usually dropping 

with increasing pH (e.g. pseudoazurin, plantacyanin and stellacyanin). The redox 

potentials of both plastocyanins and azurins also have been shown to decrease with 

increasing pHlOO,120,121. In the case of plastocyanin, the change in EO with respect to pH 

is thought to be correlated with a change in the copper site resulting from protonation of 

one of the copper ligands in the reduced Cu(I) state 122. NMR studies on azurin from 

Ps. aeruginosa have suggested that the structure undergoes a pH-dependent 

conformational change28,123-127. Protonation of a histidine residue (His_3S)123-127, 

and/or changes in the Cu-S(Met) interaction123 have been proposed as explanations for 

the pH dependence of EO in Ps. aeruginosa azurin. X -ray crystallographic studies on this 

protein at two pH values (S.S and 9.0), however, show that the copper site is identical at 

high and low pH41. In addition, the azurins from Ale. denitrifieans and Ale. faeealis do 

not appear to undergo similar conformational changes with pH, despite the pH 

dependence of EO 110,128. An interesting point is that the EO values for these two proteins 

(276my82 and 266myllO, respectively) are more typical of those found for azurins than 

the value for Ps. aeruginosa (308m y109). The latter is the highest of the azurins82. 

1.2.4 Resonance Raman Spectra 

Resonance Raman (RR) spectroscopy has been used as a probe of the internal vibrational 

modes of the copper site in analysing several blue copper proteins. Several approaches 

have been used,  including isotopic substitution of copper, hydrogen-deuterium 

exchange82,129, spectral enhancement at cryogenic temperatures 130-132 and theoretical 

analysis 133-135 . Although the spectra are not understood in detail, basic features have 

been established, despite subtle variations which reflect minor differences in structure. 

In the blue copper proteins, RR peaks due to vibrational fundamentals appear below 

500cm-1, and are enhanced by wavelengths near 600nm, arising from the Cu-S(Cys) 
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charge transfer chromophore. Above 500cm- 1 ,  the spectra are dominated by  overtones 
and combinations of the fundamentals82,129,132,136. Two sets of fundamental RR bands 
at ",,27Ocm- 1 and �OOcm-l are characteristic of blue copper centres. Four very strong 
peaks are usually observed in the 400cm- 1  region, and are assigned to Cu-S (Cys) 
stretching modes 129,132. Normal coordinate analysis calculations on tetrahedral CuN2SS' 
models predicts a considerable mixing of vibrational modes, particularly from the Cu
S(Cys) coordinate 1 34. Originally, variations in the RR spectra were thought to reflect 
differences in the coupled vibrations of Cu-S(Cys) modes with other ligands82, but more 
recent studies show that the diversity stems from the difference in the peptide structure 
surrounding the copper site13S. Although no single peak in the 400cm-1 region is due to 
pure Cu-S(Cys) stretch, this stretch is the main contributor to peaks in this region, with 
extensive coupling to skeletal deformations from the protein structure1 35. For azurin and 
plastocyanin, two of four peaks in the 400cm-1 region are thought to have contributions 
from the Sy-C�- Co. angle bend. The other two have mixed modes involving as yet 
unestablished internal ligand coordinates, which could arise from deformations of the 
histidines and/or the Co. of the cysteine129,132. 

The bands at 27Ocm-1 have been assigned to the Cu-N(imidazole) stretching modes with 
contributions from the other ligand coordinates, because of a marked deuterium isotope 
effect129,137 .  In Alc.  denitrificans azurin and laccase, however, the assignment of these 
bands to Cu-Sy-C� deformation may be more appropriate82,134,137, since no deuterium 
isotope effect is shown. Consequently, the assignments of these peaks for some proteins 
may include internal deformations due to the cysteine ligand coupling to the Cu-N(llis) 
stretches129. Previously these bands were assigned to Cu-S(Met) stretching modes based 
on model copper thioether complexes 129,139, but this assignment has been questioned134 
because refined crystal structures of blue copper proteins show the Cu-S(Met) distance to 
be very long for a bond (2.7-3. 1 A)31 ,32,34,41 .  Also, where Met- 121 has been replaced by 
seleno-methionine in Ps. aeruginosa azurin, the RR spectrum was shown to be 
indistinguishable from that of the native protein 134. 

Of particular interest is the RR spectrum of stellacyanin132,140,129,137, which shows the 
greatest variation among blue copper proteins. Some of the RR peaks are proposed to 
contain contributions from a Cu-S(disulphide) stretch129,139, but one peak at 1 233cm-1 
has been unambiguously assigned to the amide vibration of a peptide group, which is 
thought to coordinate to the copper through a backbone carbonyl oxygen129. 

Although there is a wealth of RR spectral data available, it is still difficult to relate the 
subtle differences in spectra to differences in structure82. The current knowledge of these 
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spectra has only laid down a partial framework for interpreting those from other less well 
characterised copper sites (e.g. nitrite reductase 1 30). Once the RR spectra of different blue 
copper proteins c an be interpreted precisely in terms of bonding and structure, the 
variations in the blue copper proteins will be better understood. 

1.2.5 Nuclear Magnetic Resonance Spectra 

Experiments in nuclear magnetic resonance (NMR) have provided much information on 
structure and behaviour of the blue copper proteins 141- 146. Initially NMR experiments 
were carried out to identify the copper ligands ,  and the residues making up the 
surrounding environment125,147,148. Later, more sophisticated experiments were carried 
out to determine structural changes dependent on pH, to measure the electron self 
exchange rate27,28,128 and to compare the Cd-substituted binding sites of different blue 
copper proteins 14 3. Three-dimensional structures of three plastocyanins have also been 
determined by high field NMR experiments 145,149,150,1 5 1 .  Here, only the main points 
regarding the NMR spectra of azurin are discussed, since the work on all of the blue 
copper proteins is very extensive. 

The copper ligands of azurin were determined by utilising the paramagnetic broadening 
effects of the Cu(II) ion, and comparing the spectra of the apo, Cu(I) and Cu(II) 
forms 125,147,149. The paramagnetic Cu(II) ion broadens resonances in the aromatic and 
aliphatic region indicating that the copper site is buried in the hydrophobic interior, 
inaccessible to the solvent medium125,148. The appearance of two non-titratable histidine 

side-chains was considered evidence for these as possible copper ligands 125,147,148 . 
U gurbil et al.125 also suggested the possibility of an amide group coordinated to the 
copper on the basis of 1 3C NMR data. The assignment of the Met- 1 2l copper ligand was 
not clear in early NMR experiments, but after the determination of the crystal structure, 
the methyl group of Met-1 2l was found to lie above an aromatic ring, and could be easily 
identified from the ring current shifts of their signals.  Several papers have noted that this 

aromatic ring appears to be structurally conserved in all blue copper proteins 10,31-36,40. 

NMR spectroscopy has also been utilised to determine changes which occur upon the 
oxidation or removal of the Cu(I) ion in reduced azurin. The experiments show that on 
oxidation the overall structural changes are small, with a few effects distant from the 
copper center126. S imilarly, comparison of the apo spectra with the reduced, Cu(I), 
spectra shows that removal of the copper does produce some shifts, which are interpreted 

as only small changes in the structure126. One of the histidines, presumed to be bound to 
the copper becomes freely titratable upon removal of the copper126,148, while the pKa of 
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another histidine becomes distinctly lower in the apo form than in the Cu(I) form126. 

Futhermore, removal of the metal from azurin markedly increases the NH proton lability 

and presumably their accessibility to solvent126. This increased NH proton lability has 

been noticed in plastocyanin152, and the authors concluded that the presence of the copper 

did not alter the overall organisation of the protein, but did stabilise the structure 

somewhat. 

In the recent past, interest has focussed on the pH dependence of the redox activity of 

azurin27,28,123,128. NMR experiments have suggested two different conformers of 

His-35 are involved in the pH dependent electron exchange mechanism between Ps. 

aeruginosa azurin and cytochrome C55128,125,126,153. The imidazole ring of His-35 (pKa 

"'" 7 .1) appears to become protonated under acidic conditions and this is followed by a 

considerable reorientation of the side-chain (a 1.37ppm difference in the resonance of the 

Cel proton occurs between low and high pH forms)28,123. The conformational shifts at 

His-35 in Ps.aeruginosa azurin are thought to cause changes in the environment of 

His-46 and Met-I2l and possibly alter the geometry of the copper28. However, similar 

experiments have shown no significant pH-dependent conformational changes in His-35 

or the copper site for either Alc. jaecalis or Alc. denitrificans azurins93,128,154. In Alc. 

denitrificans azurin, the side-chain of His-35 becomes protonated below pH 4.599 (pKa 

",,4.893,128). This is accompanied by a small shift of O.39ppm128 in the Cel proton 

resonance, but has no effect on the copper site. Very recently, the crystal structure 

analysis of Ps. aeruginosa azurin at pH 5.5 and pH 9.0 has clarified the behaviour 

ofHis-35, and has shown that the protonation of this residue does not affect the copper 

site. Other results from the crystal structure analyses of native Alc. denitrificans azurin31 

and Ps. aeruginosa azurin mutants155, show that the combined effect of sequence 
changes between the two bacterial strains is a shift in one of the �-strands which opens a 

cleft in Ps. aeruginosa azurin allowing His-35 to become protonated at higher pH, while 

the corresponding side-chain in Alc. denitrificans azurin remains buried and inaccessible 

to solvent155. As far as the pH-dependent redox reaction between Ps. aeruginosa azurin 

and cytochrome C551 is concerned, temperature jump experiments on site directed azurin 

mutants show that His-35 is not the site of electron transfer, although these studies also 

demonstrated that the protonation of His-35 is responsible for a second relaxation phase 

in the electron transfer kinetics156 (see section 1.2.8). 

A mixture of oxidised and reduced azurin molecules will undergo electron self-exchange 

(ESE). The ESE rate has been measured directly by NMR techniques for azurins in 

partially reduced protein solutions 27,28,128, and found to be independent of pH, buffer 
and ionic strength, and very fast (1.3 x 106 M-1s-l and 4 x 105 M-1s-l for Ps. aeruginosa 
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and Alc. denitrificans proteins, respectively). This also suggests that the site of the ESE 

reaction is not at His-35128, but is more likely to be at His-I 17 which is located at the 

centre of the hydrophobic patch of azurin31,157. Note that, the hydrophobic patch is a 

surface feature which appears to be conserved in all structurally characterised blue copper 

proteins, suggesting it has some functional importance. 

Substitution of the copper atoms of plastocyanin, stellacyanin, and azurin (Ps. aeruginosa 

and Ale. denitrificans strains) with 1 13 Cd has allowed study of the metal binding sites by 

113Cd NMR 143. The 113Cd chemical shifts of these proteins appear in the same region as 

those of other Cd(II) thiolate containing complexes158,159, and there is little doubt that the 

Cd (II) ion binds in the blue copper site. Resonances of the Cd(II) derivatives of 

stellacyanin, Ps. aeruginosa azurin and Ale. denitrifieans azurin are virtually identical 

(38Oppm, 372ppm and 379ppm, respectively), whereas the plastocyanin derivative 

resonates 50 ppm further down-field at 432ppm. The differences in these chemical shifts 

reflects a difference in the geometry and coordination number of the cadmium sites in 

these proteins143. Since the stellacyanin 113Cd shift is much closer to that of Ale. 

denitrifieans azurin, it has been suggested that the copper site of stellacyanin may be 

more like that of azurin (distorted trigonal bipyramid31) than plastocyanin (distorted 

tetrahedraI32)143,82. In Ps. aeruginosa azurin, the 113Cd resonance varies only slightly 

as the pH is decreased (372.5ppm to 371.7ppm), which indicates a subtle change in the 

cadmium environment, presumably the result of the changes at His-35 as discussed 

above27,28,41,123,128,143. Unfortunately, the 113Cd spectrum for Ale.  denitrificans 

azurin was only measured between pH 7.7 and 8.7, where no change in the resonance 

was observed, so no comparison of the pH dependence of the two azurins can be made. 

1.2.6 X-ray Absorption Spectra Studies 

X-ray absorption spectroscopy has provided a method for determining the metal-ligand 

distances in the primary metal environment of several metalloproteins. The copper 

absorption edge fine structure of the X-ray spectra (EXAFS) has been measured for 

azurin160,161, plastocyanin162,163, umecyaninl64, arnicyanin165, stellacyaninl66,167 and 

rusticyanin 168. The EXAFS results clearly indicate that models fitting the spectra of the 

blue copper proteins all have in common two nitrogen (or oxygen) ligands at normal 

distances to the copper, and a short copper to sulphur bond. Presumably, these ligands 

correspond to the two histidine side-chains and a cysteine side-chain. The copper-ligand 

distances agree with those values determined from crystallographic studies32,33,36,38. 

The presence of other copper ligands, especially the methionine sulphur, have been 
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difficult to establish from these spectra. Copper-S(Met) distances could be determined for 

only a few of the proteins, and usually this distance is associated with a large error, so 

that the value is assigned only tentatively. Table 1 .2.6. 1 gives copper-ligand distances 

determined from EXAFS studies of blue copper proteins. 

Table 1.2.6.1. Copper distances of some type 1 blue copper sites determined from EXAFS 
experiments in both the oxidised and reduced forms. Where references gave more than one copper-ligand 
distance, average values are given. "n.d." indicates a contribution not dedected. The Cu-S and Cu-S' 
correspond to the first and second (if any) copper to sulphur distances. 

azurin1 6O,1 6 1 
pH 4 .1-5.5 
pH 9.1-9.2 

amicyanin 165 
pH 5.2-6.6 
pH 9.2-8.9 

plastocyanin16O, 169 

rusticyanin 168 

stellacyanin 166, 1 67 

umecyaninl64 
pH 7.5 

j)H 10.5 

Cu-N distance (A) 
oxidised reduced 

1.95 1.97 
1.95 1.97 

1.91 1.89 
1.95 2.02 

1.97 2.05 

1.99 2.07 

1.93 1.98 

1.99 2.03 
1.99 2.03 

Cu-S distance (A) Cu-S' distance (A) 
oxidised reduced oxidised reduced 

2.19 2.24 n.d. 2.70 
2.23 2.21 n.d. 2.74 

2.13 2.18 n.d. 2.41 
2.11 2.19 n.d. n.d. 

2.10 2.22 n.d. n.d. 

2.16 2.17 2.84 2.80 

2.21 2.25 n.d. 2.66 

2.13 2.21 n.d. n.d. 
2.13 2.21 n.d. n.d. 

The case of plastocyanin illustrates the difficulties in determing the Cu-S(Met) distance. 

The presence of a Cu-S(Met) bond could not be detected by preliminary EXAFS studies, 

and so the thennal motion of the copper and methionine sulphur was presumed to be 

uncorrelated. It was thought that this uncorrelated motion could be the result of disorder 

in the methionine side-chain. To detect any such disorder, low temperature (4K) X-ray 

absorption spectra for Cu(I!) plastocyanin were recorded. It was reasoned that if the lack 

of contribution from the methionine sulphur is the result of uncorrelated thermal disorder, 

then it should be possible to reduce this effect by lowering the temperature. Edge spectra 

were tested for a fit with two possible conformations of the methionine sulphur, but the 

analysis revealed that the methionine sulphur does not contribute significantly to the 

EXAFS at 4K162. 

Further experiments on plastocyanin were conducted to establish the influence of the 

methionine sulphur and provide a possible explanation for the absence of its 

contribution 163. From the crystal structure of plastocyanin, it is known that the Cu

S(Met) bonds lie approximately parallel to the i! axis of the crystaI32,38. This unique 

situation was exploited by measuring the 'polarised' X-ray absorption spectra of oriented 
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plastocyanin crystals. The ability to detect the contribution from the methionine sulphur 
should be enhanced when the Cu-S(Met) bonds are parallel to the polarisation vector of 
the incident X-rays. Comparison of the X-ray spectra from two orientations,  one 
expecting maximum contribution and the other expecting minimum contribution from the 
methionine sulphur showed little difference, confIrming that the methionine sulphur in 
plastocyanin makes little or no contribution to the copper EXAFS and that the interaction 
between the copper and methionine sulphur is very weak. 

Another finding from the EXAFS experiments on the blue copper proteins is the increase 
in the copper-ligand distances upon reduction from Cu(II) to Cu(I). Although the effect 
varies in magnitude from protein to protein, results show that for all proteins, especially 
azurin161, plastocyanin 167 and umecyaninl64, the copper-sulphur distance increases by 

as much as o. l A  upon reduction. The effect is less prominent for copper-nitrogen 
distances, with an increase of roughly o.o5A for most of the blue copper proteins .  For 
amicyanin, however, distances actually decrease between pH 5.2-6.6, possibly due to a 
conformational change at the copper site165. 

Experiments on the copper EXAFS of azurin (Ps. aeruginosa ) have been conducted on 
the oxidised and reduced forms at both low and high pH to determine whether any 
changes occur at the copper site 161 . In the oxidised state, the Cu-N distances and Cu-S 
distance were calculated at 1 .95A and 2.21A, respectively, while no second Cu-S 

distance could be detected. Upon reduction, the copper-ligand distances increase slightly, 
and a tentative second copper-sulphur distance of 2.7 A appears. The effect of pH (pH 
4.2-9.2) is very small on the EXAFS in either redox state, with no signifIcant changes 
occuring in the bond-lengths for the major ligands. These results indicate that the copper 

site is independent of pH despite the structural changes suggested by NMR studies on 
azurin27,28,123 , 128 . 

1.2.7 Three-Dimensional S tructural Studies 

The structures of several blue copper proteins have been analysed by single crystal X-ray 
diffraction methods. Structures have been reponed for three azurins (Ps. aeruginosa, Alc. 

denitrificans and Ps. denitrificans)29,30,3 1 ,35,36,4 1 , 155, two plastocyanins (Poplus nigra 

and Enteromorpha prolifera )32,33,38, cucumber basic blue protein40, pseudoazurin or 
cupredoxin (Alc. faecalis S_6)34,37,39, and ascorbate oxidase (zucchini)14. Although the 
crystal structure of stellacyanin is as yet undetermined, the structure of this protein from 

Rhus vernicifera has been modelled by potential energy calculations 170 .  These results, 

however, should be treated with caution since they are based on a sequence alignment 
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with plastocyanin 170, and conflict with other results based on sequence alignment with 

cucumber basic blue protein40. The fold of the polypeptide chain of two plastocyanins 

(Scendesmus obliquus and spinach) has been determined from 2-dimensional NMR 

techniques145,149,150, and these structures were found to be identical to the crystal 

structure of plastocyanin32,33,38. 

All of the single type 1 blue copper proteins structurally characterised to date share several 

common structural features, supporting the proposal that they have evolved from a 

common ancestorl71. In each case, the polypeptide chain is folded into a single domain, 
the main part of which forms a �-sandwich; eight �-strands for all of these proteins, 

except for cucumber basic blue protein which has five. Two �-sheets are packed face-to

face, with hydrophobic side-chains in the interior and charged side-chains on the exterior 

of the protein. The single copper atom is bound by side-chains from the loops which 

interconnect the �-strands at the "north" end of the molecule. Figures 1.2.7.1-1.2.7.5 

illustrate the folding patterns of four of these proteins. A similar �-sandwich topology is 

also found in the tertiary structure of ascorbate oxidase from zucchini, and it has been 

suggested that the ancestral gene of the type 1 copper proteins may have been inserted 

into the larger copper protein somewhere along its evolutionary pathway14. 

Several important structural differences are apparent in the type 1 copper proteins. The 

most obvious of these are the insertions in the polypeptide sequence which have given 
rise to folded sections separate from the main structural element, the �-sandwich. Two 

examples are the "flap" region of azurin31 and the "C-terminal extension" of 
pseudoazurin34 which fold into a-helices and loops.  It is possible that these differences 

have a functional significance, since the insertions occupy a region which is spatially 

equivalent to the "negative patch" in plastocyanin, a possible binding site for 

physiological redox partners32. 

The copper site of each protein is buried in the interior of the structure by several loops at 

the "north" end of the molecule. Three strongly binding copper ligands are provided by 

the side-chains of two of these loops; two histidine imidazole nitrogens (Cu-N = 1.9-

2.1A) and one cysteine thiolate sulphur (Cu-S = 2.1-2.2A). The Cu-S(Cys) bond is short 

compared to those in small molecule Cu(II) complexes (2.19-2.65A), while the two 

Cu-N(imidazole) bond lengths are similar to those found in Cu(II) complexes with 

tetrahedral geometry (1.98-2.05A)172,173. 

A fourth ligand, a methionine thioether sulphur, forms a weak bond with the copper with 

a bond distance ranging from 2.7A in Alc. jaecalis pseudoazurin39 to 3 .1A in Alc. 
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Figure 1.2.7.1. A Cn trace (blue) of the folding pattern of poplar plastocyanin (copper atom in pink). 
Coordinates obtained from the Protein Data Bank. 

Figure 1.2.7.2. A Cn trace (blue) of the folding pattern of azurin from Alc. denitrificans (copper atom 
in pink). 
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Figure 1.2.7.3. A Cn trace (blue) of the folding pattern of pseudoazwin from Ale. faeealis S -6 
(copper atom in pink). Coordinates obtained from the Protein Data Bank. 

Figure 1.2.7.4. A Cn trace (blue) of the folding pattern of cucumber basic protein (copper in pink). 
Coordinates obtained from the Protein Data Bank. 
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denitrifieans azurin3 1 .  In the case of stellacyanin, which has no methionine, the fourth 
ligand has been proposed to be either a side-chain carbonyl oxygen from a Gln102, or a 
sulphur from a disulphide bridge1 70,174-178. The Cu-S(Met) distance is long compared 
with Cu(II)-S(thioether) bond lengths of 2.24-2.45A in tetrahedral low molecular weight 
complexes , and 2.57-2.92A in tetragonal complexes (for reviews on copper coordination 
c hemistry s ee, e .g. Hathaway and Billings47).  Variations in the length of the 
Cu-S(thioether) bond may provide a possible means for tuning the redox potential of the 
copper site82, 10. 

Structure analyses of azurin from both Ale. dentriJieans and Ps. aeruginosa have shown 
a possible fifth ligand may be provided by a main-chain carbonyl oxygen at ",,3. 1 A  from 
the copper3 1 ,4 1 , 1 5 5 .  The corresponding distance in the other blue copper protein 
structures is greater than 3.5A (e.g. 3.8A in pseudoazurin34). A distance of 3. 1 A  
between a copper and the carbonyl oxygen is far greater than typical Cu-O axial distances 
(=2.6A), and consequently, it is considered to be at the extreme limit for a Cu-O 

interaction31 .  The possibility of a fifth ligand in the copper site is important because RR 
spectra129, 1 13Cd NMR143 and potential energy calculations 170 suggest that a carbonyl 
oxygen might be a copper ligand in stellacyanin. 

Several features near the copper site are conserved in the structures of all of these 
proteins. At least one peptide NH . . .  S hydrogen bond is made to the cysteine sulphur 
atom of the copper site. A hydrogen bond is also formed between a main-chain carbonyl 
oxygen and the more buried histidine ligand, while the other histidine ligand is on the 
protein surface at the center of a hydrophobic patch. S ome residues near the the copper 
site are conserved. For instance, Asn- l 1 and Thr-79 of pseudoazurin39 link together the 

loops containing the copper ligands by means of a hydrogen bond. Corresponding 
residues appear in plastocyanin32 and azurin3 1 ,  and function in the same manner. 
Similarly, the methyl group of the methionine copper ligand is capped by a phenyl ring in 

all of these proteins .  Although, this aryl residue is not invariant, the aromatic nature is 
conserved (e.g. as Tyr- 1 5  in Ale. dentrifieans azurin3 1 ,  but Phe-1 8  in pseudoazurin39, 
and Trp- l l  in cucumber basic blue protein40). 

1.2.8 Site Directed Mutagenesis Studies on a zurin 

Very recently, the genes encoding azurin (azu ) from Ale. denitrifieans 179, Ale. jaeealis 

179 and Ps. aeruginosa 180 along with their structural flanking regions have been cloned 

and sequenced. A 19 amino acid signal peptide precedes the mature protein of 1 28-129 
amino acids, and is designed to enable transport of the protein across one or more 
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membranes181 ,1 82. The azurin gene from Ps. aeruginosa has also been expressed in E. 

coli 1 83 .  Analyses of the azu gene sequence have strengthened the assumption that 

azurins are involved in the nitrite/nitrate respiration pathway 1 80,179,1 84. 

A primary reason for cloning and expressing azurin is to study its structure-function 
relationships by altering the residues in and around the copper site using site directed 
mutagenesis techniques. To date, changes have been made at seven different locations in 
the sequence of azurin. These are listed in Table 1 .2.8. 1 .  One of the most significant of 

these changes is the mutation at Met- 1 2 1  to all other amino acids and the stop 

codon98, 185. All of these mutants display the strong blue colour and characteristic EPR 
signal of type 1 Cu(II) proteins at both low pH and high pH, except for Met- 121 -7Glu 

(M1 21E) and Met- 12I -7Lys (M1 21K) I85 which change at high pH. Differences in the 

spectral properties of all these mutants are small when compared to the wild type, 

indicating that the blue copper site remains intact. This implies that the methionine is not 

an essential component of the blue copper site. The same conclusion was previously 

drawn from the observation that stellacyanin does not contain any methionine in its 

sequence yet has similar properties to the other blue copper proteins. The optical 
absorption maximum (I..max) for these mutants varies between 608nm (M1 21R) and 

63 1 nm (M1 2 1 T),  with the extinction coefficients ranging from 4.0-6.0 mM-1cm-I .  The 

EPR parameters for the Leu, Ala, Thr, Val, TIe and Trp mutants closely resemble those of 

the wild type, while Asn, Asp, GIn, and His mutants have stellacyanin-like EPR spectra, 

and the spectra of GIy, Ser, Phe and Tyr mutants fall in between these categories. A pH 

dependence is observed for the Lys, Glu and "Stop" mutants, where at low pH (""pH 4) 

the EPR and optical spectra are stellacyanin-like, but at high pH (""pH 7) All increases to 
over 100 x 10-4 cm-I.  An increase of 70mV in EO is also seen in M121L mutant (the only 

mutant for which EO was reported), presumably because the active site becomes more 

hydrophobic and has lost any apical eu-S(Met) interaction. Interestingly, the copper 

occupancy of all of these mutants is less than 100%, and it is thought that, even if the 

methionine i s  not a vital part of the blue copper site, it may confer a greater stability on the 

structure, which may explain why this methionine is conserved in most blue copper 

proteins98. 

Another important azurin mutation is the His- I I7 -7Gly mutant, removing one of the 

histidine side-chains that binds the copper97. This change drastically alters the visible and 

EPR spectra of the protein so that it becomes characteristic of a type 2 copper centre. The 
optical spectrum exhibits a strong absorption near 420nm (E > 2.0 mM-1cm-I) ,  and the 

EPR parameters are 2.283 and 139 x 1 0-4 cm-1 for gil and All, respectively. However, 

addition of N-methylimidazole to the protein solution causes the reappearance of the 
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characteristic EPR and visible spectra of a type 1 copper centre that is almost identical to 
the wild type protein (Amax = 630nm, E > 4.7 mM-Icm-I , gil = 2.266, gl. = 2.055 and Au 

= 57 x lO-4 cm- l). 

Table 1.2.8.1. Spectral and redox properties of site directed azurin mutants from Ps. aeruginosa 
currently known to date. "kese" refers the electron self exchange rate between two azurin molecules. "k12" 
refers to the second order rate constant for the electron exchange with cytochrome c551.  t EPR values for 
Met-I2 l  �Leu azurin98. 

Amax Emax 
Mutant Ref. (nm) (M-1cm-1) 

Wild type 156, 628 5300/5700 
188, 189 

His-35�Lys 188 628 -
His-35�Gln 155, 156 628 5500 

189 
His-35�Leu 1 55,1 56 622 5300 
His-35�Phe 156 628 5500 
Met-44�Lys 156, 189 625 5300 

Glu-91�Gln 188 628 -
Phe-1 14�Ala 1 88 621 -
His- 1 17�ly 97 630 >4700 
Met-121�All 98, 185 608-631 4000-6000 

All £0 (PH 7) 
(cm-l) (mV) 

56 x 10-4 31 1/319 

56 x 10-4 306 
- 268 

- 299 
- 301 

64 x 10-4 372 

56 x 10-4 306 
52 x 10-4 350 
57 x 1 0-4 -

39 x 1O-4t 375t 

£0 (PH 6) 
(mV) 
338 

334 
-

-
-

361±1O 

324 
359 

-
375t 

k12 or kese 
(Ms-l) 

k12"'6x1 06 
kese'" 1 .3x106 
kl 2",9x1 06 
kese'" 1 .3x106 
k12",2.7x106 
k12",4.8x106 
k12",2.5x106 
kese< 103 pH 5 
kese> 105 pH 9 
k12", lOxlO6 
k12",6x1 06 

-

-

Other mutations in the vicinity of the copper site have been made to try and identify loci 

concerned with electron transfer by the protein. Of particular interest are the mutations at 

His-35,  a proposed site of electron transfer with cytochrome C55 1 (a  presumed 

physiological partner) 127, 186, 187. This residue has been mutated to Lys1 88, Gln1 89,156, 
Leu1 56 and Phe1 56, all of which have produced little or no changes in EO or in the 

spectra. Similar results have been obtained for the mutant Glu-9 1 �Gln1 88 , on the 

surface of the protein, near His-353 1 ,36. These experiments have conclusively shown that 

changes to the His-35 do not alter the electron transfer rate between azurin and 

cytochrome C55 1 . Futhermore, the electron transfer rates between these mutants and nitrite 

reductase, the other physiological partner of azurin are similar to the rate with the wild 

type protein156. These findings have led to the conclusion that His-35 is not part of the 

pathway which transfers electrons to or from cytochrome C551 or nitrite reductase156. 

Although the spectra of the Met-44�Lys mutant remain unaltered from the wild type, the 

mutation is of particular interest because it places a potentially charged side-chain in the 

hydrophobic patch which has been proposed as a site for the ESE reaction27,28, 123,128. 

This mutant shows an ESE rate which is dependent on pH (faster with increasing pH), 

while the wild type shows pH independent behaviour. Presumably, the pH dependence is 

caused by the protonation of the Lys side-chain at low pH conditions, where the positive 
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charge causes a repulsion of the two azurin molecules. The redox potential also increases 

by 50m V, possibly because of the extra positive charge near the copper site156,1 89. 

One mutation in the second coordination sphere of the copper site does alter both the 

spectra and redox potential of azurin. Changing Phe- 1 14 to Ala188, increases the redox 

potential by 20-30mV, shifts the optical absorption maximum 7nm to a shorter 

wavelength and drops the hyperfine splitting constant, All, slightly, by 4 x 1 0-4 cm- l .  

Yet, the rate constant for electron exchange with cytochrome C551 is the same a s  for wild 

type azurin. The Phe- 1 14�Ala mutant is also considerably slower than the wild type in 

binding copper. The changes to the spectra, redox potential, and the fact that Phe- 1 14 is 

somehow involved indirectly with copper uptake is of interest, because this side-chain 

lies adjacent to the copper ligand His- I 17 in the hydrophobic patch. 

In the expression of azurin in E. coli, no differences were observed between the 

expressed protein and the Ps. aeruginosa azurin, except that a non-reconstitutable azurin

like protein could be separated from the holo-protein183. This azurin-like protein, referred 

to as azurin*, resembles apo-azurin in electrophoretic (SDS-PAGE and IEF) and 

spectroscopic (UVNis, IH NMR, static and dynamic fluorescence) properties ,  but has 

lost the ability to bind copper ions. Crystallographic and chemical studies have shown, 

however, that azurin* contains Zn(II) bound in the copper binding site, which explains 

the inability of azurin* to bind copper ions 190. This may also explain why less than 100% 

of the protein molecules, for many mutants, do not appear to bind copper. 

Several points can be made regarding the site directed mutagenesis studies on azurin from 

Ps. aeruginosa. The Met-121  mutations have shown that methionine is not vital for the 

formation of the type I copper centre98, although the His- I 17 �Gly mutant strongly 

indicates that the presence of the imidazole ring of residue His- l 1 7  is  essential if the 

characteristics of a type 1 centre are to be maintained97. This suggests that cysteine and 

two histidine ligands form the basis of the blue copper site. The studies also have 

implications for the two proposed sites for electron transfer for azurin, His-35 and the 

hydrophobic p atch. Mutations at the His-35 siteI 56, 188, 189 have had little effect on 

electron exchange with either cytochrome C551 or nitrite reductase, indicating that this is 

not a part of the electron transfer pathway. Certain changes at the hydrophobic patch 

(Met-44�Lys189 and Phe- 1 14�Ala188), on the other hand, have shown an effect on the 

electron exchange rate with cytochrome C55I compared to the wild type. The small effect 

observed on the electron transfer rate as a result of the Phe- 1 14�Ala mutation is not 

unexpected, because this mutation maintains the hydrophobic character of the side-chain. 

However, the most direct evidence to date implicating the hydrophobic patch as a site of 
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electron transfer is given by the Met-44�Lys mutant189, where IH NMR experiments 

have found that the ESE rate becomes pH-dependent. The most likely cause of this pH 

effect is the protonation of the lysine side-chain, which could prevent the formation of the 

ESE association complex between the two protein molecules prior to electron transfer189. 
Finally, EO and spectral properties show larger changes when the mutation is closer to the 

copper site. This makes structural sense, since changes near the copper site (e.g. 

Met- 121)  will perturb its configuration more than those further away and at the surface of 
the protein (e.g. GIu-91 188). 
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1.3 Structure-function relationships of azurin and plastocyanin 

1.3.1 General description of the structure of azurin 

With the interest in the spectroscopic and redox properties of azurin, it soon became 

evident that structural information was required in order to gain a better understanding of 

its properties. Structures of oxidised azurln from three different bacterial strains (Ale. 

denitrifieans, Ps. aeruginosa and Ps. denitrifieans) have been determined by X-ray 

crystallographic methods. In all three structures, the folding of the polypeptide chain is 

virtually the same. Crystal structures have been solved for wild type Ps. denitrifieans 

azurin at 3.oA resolution35 ,  wild type Ale.  denitrifieans azurin (pH 6.0) at 1 .8A 

resolution31 ,  wild type and two mutants of Ps. aeruginosa azurin (pH 5.5 and pH 9.0) at 

1 .9A resolution41 and 2.oA resolution 155, respectively. 

Azurin is a single domain protein of 128-1 29 amino acid residues. The main secondary 
structural element is an eight-stranded twisted f3-sandwich, consisting of two f3-sheets, 

one of � and the other of 4� f3-strands (see Figure 1 .3 .0. 1 ). These are connected by 

loops of varying length. The only disulphide bridge in the structure links the flrst and 
third f3-strands at the 'south' end of the molecule. Between residues 5 1  and 8 1 ,  the 

polypeptide chain breaks away from the f3-barrel motif to form a "flap" region which lies 

against one of the f3-sheets. The first half of the "flap" region contains three turns of the 

only a.-helix in the structure, while the remainder of this region folds into three 

consectutive turns (see Figure 1 .3.0.2). 

The single copper atom of azurin is located at the 'northern' end of the molecule, in a 
crevice between the two f3-sheets. Loops in the polypeptide chain surround the copper 

site, effectively burying the copper atom 6-7 A in the hydrophobic interior of the protein. 

The copper geometry found in the reflned structures of azurin from Ale. denitrifieans and 

Ps. aeruginosa is best described as distorted trigonal or trigonal bipyramidal (see Figure 

1 .3.0.3). The copper is bound strongly in a trigonal plane by two imidazole nitrogens 

from His-46 and His-1 17, and the thiolate sulphur from Cys-1 12. Two axial approaches 

are made to the copper, from the thioether sulphur of Met-121 and the peptide carbonyl 

oxygen of Gly-45. The copper atom is displaced o. lA out of the plane deflned by the 

nitrogen and thiolate sulphur ligand atoms (N 2S plane), towards the sulphur of Met -121 .  

It is  thus much closer to the N2S plane than in any of the other blue copper proteins 

structurally characterised, where the copper atom is usually displaced about O.3A from 

the N2S plane7,14,32,33,34,40. Average copper distances and angles for the four reflned 

structures of azurin31 ,4 1 , 155 are listed in Tables 1 .3.0. 1 and 1.3.0.2. Interestingly, the 
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Figure 1.3.0.1. Ca trace (blue) of the polypeptide chain folding of azurin (Ale. denitrifieans ), 13-
strands are highlighted in yellow (copper atom in pink). 

Figure 1.3.0.2. Stereo view of the ea trace (blue) of the polypeptide chain folding in azurin (Ale. 

denitrifieans) showing the 'flap' region and a-helix in yellow, and the disulphide bridge in orange. 
(Copper atom in pink.) 
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Figure 1.3.0.3. Stereo view of the copper site of azurin (Ale. denitrificans) with the Ca trace in blue. 
the copper ligands in yellow and the copper in pink. 

copper site of Ps. aeruginosa azurin was originally described as a distorted tetrahedron36. 

Now, with the refined structures of the wild type and two mutants4 1 . 155, the copper site 

is seen to be essentially identical to that of Ale. denitrifieans azurin. Also noteworthy is 
the fact that EO varies somewhat despite the virtually identical copper sites (A le. 

denitrifieans wild-type: EO = 276mV, Ps. aeruginosa wild-type: EO = 308mV, Ps. 

aeruginosa mutants His-35�ln: EO = 268mV and His-35�Leu: EO = 299mV). 

Table 1.3.0.1. Average copper distances of oxidised (Cu(ll) azurin from Ale. denitrificans (A.d.) and 
Ps. aeruginosa (P.a.); wild-types (WT). His-35-+Gln (H35Q) and His-35-.Leu (H35L) mutants. A dash 
"-" indicates a value not supplied by published results. 

Average �r WT (A.d.) WT (P.a.) WT (P.a.) H35Q (P.a.) H35L (P.a.) 
distances ( ) pH 6.0 pH 5.5 pH 9.0 

Cu . . .  Gly-45 0 3 .12  2.97 2.95 3 .09 3.09 
Cu . . .  His-46 NOI 2.08 2. 1 1  2.09 2.03 2.09 

Cu . . .  Cys- 1 1 2  S1 2. 15  2.25 2.26 2.05 2.20 

Cu . . .  His-I l7 NOI 2.00 2.03 2.04 2.05 2.03 

Cu . . .  Met- 121 So 3. 1 1  3.15 3.12 3 .04 3 .01  

Other distances 
o 45 . . .  So 121 5.99 - - - -
Sy 1 12 . . .  N 47 3.49 - - 3.56 3 .60 
Soy I l2 . . .  N 1 14 3.58 - - 3.75 3 .56 
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Table 1.3.0.2. Average copper angles of oxidised (Cu(II» azurin from Ale. denitrifieans (A.d.) and Ps. 
aeruginosa (P.a.): wild-types (WT), His-35�ln (H35Q) and His-35�Leu (H35L) mutants. 

Average copper angles WT (A.d.) WT (P.a.) WT (P.a.) WT (P.a.) WT (P.a.) 

{") pH 6.0 pH 5.5 pH 9.0 H35Q H35L 
o 45-Cu-Nol 46 74 73 77 80 73 
o 45-Cu-S'Y 112 103 98 98 95 97 
o 45-Cu-NOl 117 79 89 88 91 87 
o 45-Cu-So 121 147 149 149 152 149 

Nol 46-Cu-Sy 112 135 133 134 133 135 
Nol 46-Cu-Nol 117 104 103 103 100 101 
Nol 46-Cu-So 121 78 78 74 72 77 
Sy I I2-Cu-No! 117 119 123 122 127 122 
Sy l I2-Cu-Sa 121 107 llO 110 107 109 
Nol 1 17-Cu-So 121 96 87 88 89 93 

The copper to imidazole nitrogen bondlengths of 2.oA and 2.1A (His-46 and His-117, 
respectively) in azurin are typical for blue copper proteins, as is the copper to thiolate 
sulphur (Cys-112) bond-length of 2.1A. The Cys-112 sulphur makes two hydrogen 
bonds to NH groups of the polypeptide chain (Sy 112 . . .  HN 47 and Sy 112 . . . HN 114). 
A striking feature of the copper site of azurin is the long copper to methionine sulphur 
distance of 3.1A, which is much longer than Cu-S(thioether) bond distances found in 
small molecule copper complexes, and is also the longest Cu-S(Met) distance reported for 
the blue copper proteins. The distance of 3.1A between the copper and carbonyl oxygen 
of Gly-45 is unique to azurin, since the corresponding distances in other proteins are 
greater than 3.8A34.3 9. Although the distance is at the limit for any interaction, the 
carbonyl may be considered as a possible fifth ligand because it is favourably orientated 
towards the copper, and is surrounded by a hydrophobic environment without any nearby 
potential hydrogen bonding partners. 

Two important surface features appear in the structure of azurin. The most significant is 
an extensive hydrophobic patch of 14 or more residues surrounding the outer edge of one 
of the copper ligands, His- I 17 • illustrated in Figure 1.3.0.4. Of the 17 residues of the 
hydrophobic patch in Ale. denitrificans azurin31, seven are invariant and another six 
maintain their hydrophobic character in other azurinslO. The hydrophobic patch is a 
conserved feature of the blue copper proteins, and is an obvious candidate for the electron 
transfer site. The other main surface feature found in Ale. denitrificans azurin, is a 
sulphate binding site located in a cleft formed between the flap region and the f1-sandwich 
(see Figure 1.3.0.5). The sulphate anion binds weakly to the protein, and bridges the gap 
of the cleft via two hydrogen bonds from His-83 and Gly-7631. Interestingly, the 
sulphate binding site of azurin spatially corresponds to a patch of negatively charged side
chains in plastocyanin3 2 which has been suggested as a site for physiological redox 
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Figure 1.3.0.4. The hydrophobic patch of Alc. denitrificans azurin, with the ea atoms of the 
polypeptide chain in blue, the side-chains of the patch in yellow and the copper atom in pink. 

Figure 1 .3.0.5. The sulphate binding site of Alc. denitrificans azurin, showing the sulphate in 
yellow and the two parts of the protein to which it binds to in orange. 



32 

partners. 

The proposed pH-linked conformational change in Ps. aeruginosa azurin, thought from 

NMR studies to involve His-35, has been explained by the analyses of the crystal 

structures of this azurin at two pH values (PH 5.5 and pH 9.0)4 1 .  In the high pH form, 

the imidazole ring of His-35 makes two hydrogen bonds to other parts of the protein; 

Nol 35 . . . N 37 and Ne2 35 . . .  0 44. Upon protonation of the side-chain of His-35, the 
peptide bond linking Pro-36 and Gly-37 rotates 1 800 so that a new hydrogen bond, 

No! 35 . . .  0 36, is formed (see Figure 1 .3.0.6).The imidazole ring, however, only 

moves by a small amount (=0.2A), and does not affect the copper site at all. 

Ale. denitrifieans azurin does not undergo a similar pH-dependent change because of a 

crucial difference in the amino acid sequence between Ale. denitrifieans and Ps. 

aeruginosa azurins41 .  In Ale. denitrifieans azurin, residue 36 is a valine not a proline, as 

in Ps. aeruginosa azurin. This allows the formation of a hydrogen bond between N 36 

and 0 9  in Ale. denitrificans azurin, that is prohibited in Ps. aeruginosa azurin. This 

sequence difference shifts the polypeptide chain so that it covers the cleft in which the 

imidazole ring of His-35 is located, preventing its interaction with the solvent 
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Figure 1.3.0.6. Schematic diagram of the peptide flip in Ps. aeruginosa azurin showing the change in 
hydrogen bonding at His-35. 
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1.3.2 Comparison of azurin and plastocyanin 

Of all the blue copper proteins, the azurins and plastocyanins have been the most 

extensively studied. At present, plastocyanin is the only blue copper protein for which 

crystal structure analyses have been completed on its oxidised, Cu(II)32, reduced, 

Cu(I) 1 22, and apo forms191 . By comparing the structures of the different forms of 

plastocyanin, the redox behaviour of the protein could be explained. Structural studies on 

the reduced and apo forms of azurin, however, have not been reported. Despite the many 

similarities between azurins and plastocyanins, there are some important differences that 

suggest that some of the changes upon reduction or release of the copper are not the 

same. Below is a short summary of the differences between azurin and plastocyanin, and 

how they relate to the properties of the two proteins. The review on the structure and 
function of the blue copper proteins by Adman 10 covers more thoroughly the differences 

between azurin and plastocyanin. 

Despite having similar characteristic properties (which have led to the suggestion that the 

blue copper proteins have evolved from a common ancestor1 7 1 , 192) , azurin and 

plastocyanin are isolated from very different sources. Azurins have been found in 

denitrifying bacteria (e.g. Pseudomonas, Alcaligenes 10), and are thought to play an 

electron transfer role in the denitrification pathway between cytochrome C55 1 and nitrite 

reductase8,lO,1 87. Plastocyanins on the other hand, are found in many plants and some 

algae193. They are known to function as an electron transport protein in photosystem I, 

passing an electron between cytochrome f and P7()()+ 194, 195. 

The changes during evolution which have led to differences between azurin and 

plastocyanin are mainly concerned with insertions and deletions in some of the loops 

connecting secondary structural elements. The loop which holds the first histidine ligand 

is much larger in azurin than in plastocyanin, and this may be the reason for the closer 

approach of the carbonyl oxygen to the copper31. The loop which provides the other three 

ligands is of the same length in the two proteins ,  but changes in sequence have slightly 

altered the positions of the copper ligands. 

The general organisation of the azurin and plastocyanin molecules is the same, although 
there are several small differences in and around the �-sandwich. Within the �-sandwich, 

small conservative sequence changes have resulted in a shift of the relative disposition of 
the two �-sheets, because the different volumes of the internal residues has caused the 

opposing �-sheets to modify their packing196. Plastocyanins do not have any disulphide 

bridges in their structures, while azurins contain one which links the two �-strands at the 
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'south' end of the molecule, probably contributing to the overall structural stability of the 
J3-sandwich. The largest difference in the sequence and the structure between these two 

proteins occurs as a large insertion in azurin which forms the "flap" region. This "flap" 
region is separate from the J3-sandwich structure, and folds into three turns of an a-helix, 

followed by several j>-turns. The area which the flap region covers in azurin corresponds 

to a cluster of negatively charged side-chains, known as the "negative patch" in 

plastocyanin. This patch has been suggested as a possible binding site for inorganic redox 

reagents and physiological redox partners in plastocyaninl22. 

The most important contrast between azurin and plastocyanin is at the copper site. In 
azurin, the copper geometry may be described as distorted trigonal bipyramidal with two 

imidazole nitrogens and a thiolate sulphur in the equatorial plane, while a thioether 

sulphur and a carbonyl oxygen approach the axial positions. The copper atom is 

approximately o. IA above the plane of the equatorial ligands towards the thioether 

sulphur3 1 .  The copper geometry of plastocyanin, however, is closer to a flattened 

tetrahedron, with the two imidazole nitrogens and thiolate sulphur acting as the base, and 

the thioether sulphur as the apical ligand. The copper atom, however, lies O.3A above the 

plane of the base ligands38• The length of the Cu-S(Met) interaction in plastocyanin at 

2.9A is significantly shorter than the 3 .1A distance for azurin. These differences in the 
copper geometry and the Cu-S(Met) distance may account for the difference in the EO of 

the two proteins31,82, and are presumably due to the differences in the sequence near the 

copper site. Figure 1 .3.2. 1 shows the two oxidised copper sites superimposed on each 

other. 

The structure surrounding the copper site also shows important differences. In azurin the 

copper ligand His-46 has its side-chain oriented by a hydrogen bond to the main-chain 

carbonyl oxygen of residue 10, whereas in plastocyanin the corresponding ligand, 

His-37, is bound to 0 33 from a different part of the structure. An extra S . . .  HN 

hydrogen bond between the main-chain and the cysteine sulphur ligand is also found in 

azurin. This extra S . . .  HN interaction has been suggested as the cause of the different 
Aruax of the charge transfer band in azurin compared to plastocyanin82. 

Some significant changes in internal residues also occur between azurin and plastocyanin. 

For instance, the side-chain of His-35, which packs against the ligand His-46 in azurin, 

is an asparagine in plastocyanin. Similarly, the residues which sandwich the histidine 

ligand on the surface of the protein (His- 1 17 in azurin) are different in the two proteins. 

In azurin, the hydrophobic patch near the copper site is more extensive than in 

plastocyanin, being composed of as many as 17 residues compared to eightlO• It has, 
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Figure 1.3.2.1. The superimposed Cu(ID sites of azurin31  (blue) and plastocyanin32 (yellow). The 
superposition was done using the side-chain atoms of the cysteine, methionine and two histidines of the 
copper site. 

however, been proposed as a site of electron transfer for both proteinsl 86. 

1.3.3 Reduction of plastocyanin and azurin 

The crystal structure analysis of reduced poplar plastocyanin at different pH values has 

answered many questions regarding its redox behaviour and function l22. Changes in the 

protein structure upon reduction showed why the electron transfer rate of plastocyanin is 

fast with physiological partners, and why it "switched off" at low pHl72,193. 

Upon reduction, the bulk of the structure of plastocyanin remains essentially unchanged 

from the oxidised form. However, small but significant changes occur at the copper site. 

The initial structure analysis of reduced plastocyanin gave cause for concern since one of 

the copper-ligand distances appeared to lengthen drastically, such that it could be no 

longer considered a bond. Such a change was unexpected because in order for 

plastocyanin to function as a fast electron transfer protein, changes at the active site need 

to be kept to a minimum122. Further investigation revealed that in the reduced state, the 

copper site geometry was found to alter with pH. Two forms of reduced plastocyanin 

were proposed to exist; an "active" high pH form and an "inactive" low pH form. 
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At alkaline pH (pH � 7), the Cu(I) geometry shows negligible differences from the Cu(m 
site of the oxidised structure. The virtually identical geometries between the two oxidation 

states at high pH have been attributed to the rigid surrounding structure of the copper 

sites, and satisfy the requirements for fast electron transfer. Since no bonds are broken 

and the structural changes are small upon reduction, the process must have a low Franck

Condon reorganisational barrier . A low barrier will optimize the blue copper site of 

plastocyanin for fast, efficient, outer sphere electron transfer122 . 

Under conditions of low pH (pH S 4), the copper site of reduced plastocyanin is 

appreciably different from the oxidised form. The Cu(I) becomes three coordinate instead 

of four coordinate, with one nitrogen (His-37) and two sulphurs (Cys-84 and Met-92) as 

ligands. The CU-Nal (His-87) bond is broken after Nal 87 becomes protonated and then 
rotates 1800 to interact with the solvent. With a more trigonal copper geometry, one less 

nitrogen ligand and a shorter Cu-S(thioether) bond, the metal strongly prefers its reduced 

state . Thus the low pH form has a higher redox potential,  and electron transfer is 

prevented until the copper geometry reverts to the high pH form. Consequently, the low 

pH form is regarded as redox 'inactive'122. 

The existence of two pH-dependent forms of reduced plastocyanin explains the 

pH-dependent behaviour of the redox potential l72 ,193. For spinach plastocyanin, the 

redox potential increases by approximately 60mV per pH unit below pH 5.438. This is 

supported by crystal structures determined at intermediate pH values (pH 3.8-7.8)12 2  

which show the copper geometry to undergo a gradual change from the distorted 

tetrahedron of the high pH form to the trigonal arrangement of the low pH form. This can 

be related to three progressive changes noted in the crystal structures analysed between 

pH 7.8 and pH 3.8: 1) a lengthening or breaking of the CU-NS1 (His-87) bond, 2) a 

shortening of the Cu-Ss(Met-92) bond and 3) a 0.68A shift of the copper atom into the 

NSS' plane. The authors proposed that the structures at intermediate p H  values were 

weighted averages of both extreme pH forms of plastocyanin, so that when the pH drops, 

the average copper geometry converts from an 'active' to an 'inactive' form. This 

proposal is also supported by studies of electron transfer rates with inorganic 

oxidants 172 , 193. 

Like plastocyanin, azurin is involved in biological electron transfer.  One of the presumed 

physiological partners of azurin, cytochrome C551153,197, exchanges electrons with azurin 

at a very fast rate, between 1.4 x 106 and 8 x 107 M-ls·l 24,198 , which approaches the 

diffusion limit of lOS-109 M-1s-I .  Similarly, the ESE rates for azurins, ranging from 7 x 

105 to 2 x 1 ()6 M-ls-1, are also very fast as judged from NMR experiments27,28,128. The 
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rates with physiological partners are far greater than with inorganic redox reagents198. 

The effect of pH on the electron transfer rates of azurin has been the subject of 
considerable debate. The redox potential, EO, for several azurins drops approximately 

60m V between pH 5 and pH 9199. The electron transfer rates were discovered to be pH

dependent with a number of inorganic redox reagentst, including FeEDTA2- 200, 

Co(phenh3+ 199 and Fe(CN)63- 199, while with others the reaction is pH-independent 

(e.g. Co(4,7-DPSphen}J3- 199). Originally, the electron exchange rate between azurin and 

cytochrome C551 was reported to be pH-independent24, but later it was proposed that 

there were pH-dependent transitions between the redox forms of these proteins153,200. 

This proposal was also supported by the redox reactivity of flavocytochrome b2 
derivatives with azurin and stellacyanin23. Contrary to the results with inorganic and 

biological redox partners, however, the ESE rate deduced from NMR spectra was 

pH-independent27,28,123,128. This varied redox behaviour of azurin led to the conclusion 

that there must be different sites for electron transferlO. 

It has since been shown conclusively by crystal structure analysis, that the pH induced 

conformational changes in Ps. aeruginosa azurin at His-35, suggested by I H  NMR 

experiments, do not structurally affect the copper site27,28,41.123. This agrees with results 

from other methods (EPR82,93 and EXAFS161) which suggest that the copper site is not 
affected by pH. Crystal structure analyses also show why the pH-dependence seen in Ps. 

aeruginosa azurin does not occur for Ale. denitrifieans and Ale.jaeealis azurins128 (see 

Section 1 .3. 1 ). Finally, site directed mutagenesis studies on Ps. areuginosa azurin, in 

which His-35 has been changed to GIn, Leu and Phe, have discredited the possibility that 

pH-dependent changes at His-35 cause a deactivation of the copper site156. These studies 

did, however, show that His-35 is responsible for a second relaxation phase in the 

electron transfer kinetics found in the wild type protein, but not in the mutants. Any pH

dependent redox activity with inorganic reagents is probably a reflection of a 

conformational change on the surface of the protein where the reagent binds (e.g. at the 

sulphate binding site, where the protonation of His-83 may have an effect). 

1.3.4 Apo-plastocyanin and a po-azurin 

The structure of apo plastocyanin has been determined by X-ray diffraction methods to 

1 .8A resolution191. Comparison of this structure with that of oxidised plastocyanin32 

shows shows that the apo structure closely resembles the holo form. Superimposing the 

t Abbrevations used: phen, 1 , 1O-phenanthroline; 4,7-DPSphen, 4,7-{di(phenyl-4'-sulphonate)-1,lO
phenanthroline. 
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apo structure onto the oxidised and reduced (pH 3.8) structures (using only the main
chain atoms) gives r.m.s. deviations in main-chain atom positions of 0 .12A and 0 . 21A, 
respectively. Five residues, however, do undergo significant changes upon copper 
removal. The most interesting change is at the His-87 imidazole ring, which provides the 
shortest route between the copper atom and the solvent. The position of the His-87 
imidazole ring shifts on average by 0.39A, but an examination of the surrounding solvent 
structure shows that it has rotated 1800 about the C�-C'Y bond. The other significant 
changes also occur in the copper binding site, and in the nearby residue Pro-36. The other 
copper binding groups (except for His-87) move into the space vacated by the copper 
atom, although by amounts less than the movements seen for His-87 (His-37 ""Q.31A, 
Cys-84 ",,0 .20A and Met-92 ""Q.12A) . The change at Pro-36, which forms part of the rim 
of the hydrophobic patch in plastocyanin, on the other hand, is a movement away from 
the copper binding site, and may be a relaxation of the polypeptide chain related to the 
1800 rotation of the His-87 imidazole ring. 

The fact that the bulk of the structure of plastocyanin is essentially identical between the 
apo and holo forms suggests that the folding of the polypeptide chain is stable and 
independent of copper binding. Small conformational changes of 0.1-0 .4A at the vacant 
copper site show this region to be relatively rigid in structure, held by the hydrogen 
bonds and packing interactions surrounding the active site. This implies that the distorted 
tetrahedral geometry of the copper is dictated by the protein, which imposes the particular 
ligand geometry found. Consequently, it has been suggested that the protein "tunes" the 
copper coordination to acquire the high redox potentiall91. 

Some insight was also gained into a possible mechanism of copper incorporation into apo 
plastocyaninl91 . The 1800 rotation of His-87 in apo-plastocyanin has led to a proposed 
"revolving door" mechanism which would allow the copper atom access to the active site. 
The proposal implies that the copper binds first to N51 87, which then undergoes a 1800 
rotation to carry the copper into its eventual binding site. Unfortunately, there is no 
published kinetic data on the uptake of copper by apo-plastocyanin to test this proposal, 
but results from kinetic studies on azurin and stellacyanin show two-step 
mechanisms201 ,202 which could agree with the proposal. However, other conformational 
changes may just as easily explain the two-step kinetics of copper incorporation. 

For azurin, NMR studies indicate that the apo protein has similar secondary structure to 
the holo-protein 126, 148. This suggests that, like plastocyanin, most of the tertiary 
structure in azurin is stable and unchanged in the absence of the copper. However, small 
changes in the 1 H NMR spectra are discernible, suggesting that copper removal may 
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cause some small structural changes. One of the most notable of these is the release of 

one histidine residue for titration126. Another significant obsetvation is that the removal 

of the metal markedly increases the lability of several N-H protons126, a phenomena also 

found in plastocyanin203. 

Results from differential scanning calorimetry204 and Fourier transform infrared spectral 

analysis (Ff-IR)205show that the thermal stability of azurin drops when the copper is 

removed. While Cu(II) azurin shows remarkable thermal stability, with a single melting 

transition at :::=80°C in calorimetric scans, the apo protein shows an extra irreversible 

melting phenomenon at ;::::65°C204. The temperature of the extra transition is pH sensitive 

and drops from 69°C to 58°C between pH 5.5 and 9.0, suggesting the involvement of 

histidine side-chains which titrate in this pH range. In addition, the copper binding ability 

is irreversibly lost when apo azurin is annealed above 75°C. The authors speculated that 

the extra melting phenomena may be due to the unfolding of the flap" region of azurin, 

while the majority of the f)-sandwich structure remains intact204. Interestingly, this extra 

melting phenomena is not seen for apo-plastocyanin, but does occur for 

apo-stellacyanin204. Ff-lR spectra also indicate that although the secondary structure of 

apo-azurin is practically indistinguishable from Cu(II) protein at room temperature, there 

is a slight reduction in the content of the J3-structure at 67°C, and complete melting of the 

f)-strands at 86°C205. 

Similarly, enzymes such as trypsin or chymotrypsin can digest apo-azurin while the 

holo-protein is resistant to this degradation206. Binding Co(II) to apo-azurin can protect 

the protein from digestion206, and in calorimetric scans, metal substituted derivatives of 

azurin (Hg(II), Cd(II) , Zn(II), Ag(l) and Co(II» show a single melting transition at 

:::=80°. Presumably, incorporation of most metal ions into the protein is able to "tighten" 

the structure in a way that protects it from thermal denaturation and proteolytic digestion. 

The evidence above suggests that the protein structure is largely unchanged by metal 

removal, although the metal does confer extra stability. This stabilising effect appears to 

be greater for azurin than for plastocyanin, and may relate to deeper burial of the metal in 

azurin, making it more difficult to remove. 

1.3.5 Proposed structural stUdies on reduced and apo-azurin 

Reduced, Cu(l), azurin 

There are many reasons for a crystallographic analysis of the reduced structure of azurin. 
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First, fast electron transfer, the presumed biological function of azurin, requires that the 
reorganisation of the structure upon oxidation/reduction be small. To quantify this, the 
structures of both the oxidised and the reduced forms need to be known and compared. 
Furthermore, it would be interesting to see whether changes in the copper geometry 
reflect the coordination preferences for Cu(I) and Cu(ll). For instance, does the copper 
atom move closer to the methionine sulphur and further away from the carbonyl oxygen 

upon reduction as suggested by EXAFS experiments l60,161? And if so, does this result 
in a more tetrahedral like copper geometry for the reduced protein? 

Although high res olution structures are available for both oxidised and reduced 
plastocyanin, the comparison was complicated by the pH-dependent conformational 
change which inactivated the protein32,122. This meant that at intermediate pH values the 
reduced structure was a mixture of two forms, so that true active reduced structure had to 
be deduced by extrapolation122. For azurin, however, the protein is not inactivated at low 
pH, and there is no evidence of a pH-dependent conformational change at the copper site. 
Futhermore, the only pH-dependent change near the copper site is that by Ps. aeruginosa 

azurin alone. It involves a peptide flip at residues 36-37, and has no effect on the copper 
site and function41 .  

The copper site o f  azurin is  also different in many important respects from that of 
plastocyanin. The Cu-S(Met) bond is longer in azurin, and there is the close approach of 
a carbonyl oxygen (Gly-45) which may interact weakly with the copper (a shift in this 
oxygen atom may support the suggestion of a Cu . . .  O 45 interaction3 1 ). The cysteine 
sulphur makes two S . . . HN hydrogen bonds compared to only one in plastocyanin, 
possibly further constraining the position of the side-chain of Cys- 1 12. The copper is 
also more deeply buried in azurin, and the loop preceding the fIrst histidine ligand, which 
is flexible and moves in plastocyanin, is longer and different in azurin. Therefore, the 

structural relationships between the oxidised and reduced forms may be different for 
azurin. Eventually, the structural knowledge of the changes made upon reduction will 
also aid the classification of the blue copper proteins into different sub-classes as has 
recently been proposed by Adman2,1O. 

Apo, copper free, azurin 

Determination of the apo-azurin structure will test the hypothesis that the metal site of 

azurin is result of the protein imposing structural constraints on the configuration of the 
metal ligands. This concept is referred to as "rack-induced bonding" 1 29 ,207, or as the 
"entatic state" 208, where the protein structure imposes a transition-state like geometry, 
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which has functional advantages, on the metal. The alternative to "rack-induced bonding" 
or the "entatic state", is that the active site is modified by binding of the metal, so that 
there is some element of an induced fit. 

Calorimetric scans have shown that for all metals examined (except for Ni(II)) ,  the 
presence of a metal ion thermally stabilises the protein structure, and that removal of this 
ion adds an extra melting transition at lower temperatures, which is irreversible and 
renders the protein incapable of binding metals again204. This extra melting transition 
does not occur in the calorimetric scans of plastocyanin204. A structural analysis of 
apo-azurin and examination of the thermal parameters may be able to establish which part 
of the polypeptide chain is likely to unfold in this extra melting transition. 

It will also be of interest is to determine whether the apo site resembles the Cu(I) site or 
the Cu(II) site of azurin since this would have relevance to the redox potential of the 
protein. A more Cu(I) like site in apo-azurin would imply that the high redox potential is 
the result of a structural preference for Cu(I) over Cu(II). 

A comparison of the apo structure with the oxidised and reduced structures has been done 
for plastocyanin 191 ,  but the findings made could not be related directly to published 
kinetic data on the uptake of copper by plastocyanin. However, kinetic data on the uptake 
of copper by azurin has been published201,202, and so any structural changes which lead 
to a proposed mechanism for copper uptake can be tested against the kinetic data. 
Futhermore, the proposed "revolving door" mechanism for plastocyanin may not apply to 
azurin because the metal binding site is more deeply buried. Finally, any changes in the 
loop preceding Gly-45 may bear on the suggestion that the Cu . . .  O 45 distance in oxidised 
azurin is a weak interaction31 .  
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Chapter 2 : Experimental 

2.1 Preparation of reduced and apo-azurin crystals 

2.1.1 Preparation of reduced (Cu(I)) azurin crystals 

Crystals of oxidised Cu(II) azurin were prepared from buffered ammonium sulphate 
solutions according to the protocol set out in the thesis of Dr. G. Norris209. Needle-like 
crystals as long as 1mm were grown by vapour diffusion against reservoirs of 70% 

s aturated ammonium sulphate, buffered to pH 5 .5-6.5 .  Crystals appeared after 3-4 
months at 37°. 

Azurin was reduced by soaking the oxidised crystals in a stabilising solution (75% 

s aturated ammonium sulphate buffered to pH 5.5 with phosphate) containing O. lM 

ascorbate. The crystals were soaked over a 8-12 hour period, to allow the reducing agent 
to diffuse completely through the solvent channels of the crystal lattice. The colourless 
crystals were then removed from the reducing solution and mounted in X-ray capillary 
tubes in the presence of the mother liquor. Under these conditions the crystals were stable 

in the X-ray beam for approximately 3-4 days, at the end of which time they appeared 
pale blue in colour as irradiation with X-rays caused the protein to oxidise. 

Table 2. 1 . 1 . 1  lists the axial lengths of the reduced azurin crystal and shows that the 
reduced crystals are isomorphous with the oxidised crystals .  These observations indicate 
that the molecular structure of the protein is only slightly changed when the copper site is 
reduced. Full details of the unit cell for reduced azurin are given in Appendix C. l .  

Table 2.1.1.1. Average unit cell dimensions in A of oxidised and reduced azurin. 

a �A� b ��� c �A� 
oxidised azurin 75.0 74.2 99.6 reduced azurin 75. 1 73 .8 100. 1  

2. 1.2 Preparation of apo-azurin crystals by soaking in cyanide 

The method used to prepare crystals of copper-free azurin is similar to that used for 

removing copper in solution209, and has been used by Guss et al. in the preparation of 
apo-plastocyanin crystals191 .  Crystals of oxidised Cu(lI) azurin were soaked in stabilizer 
solutions of O. lM potas sium phosphate buffer and 75% saturated ammonium sulphate 
containing 0. 1-0.2M potassium cyanide. The solutions were replaced every 1 -2 months, 
for up to one year. Depending on the pH of the soaking solution, the crystals slowly lost 

I 
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their blue colour over a period of 2-6 months. Even after several months, however, some 

apo-azurin crystals soaking under acidic conditions (PH 5-7) had not completely lost their 

blue colour, indicating that some copper still remained bound. Eventually, such crystals 

were transferred to fresh potassium cyanide solutions under more basic conditions (pH 7-

8), and the remaining blue colour disappeared over several months. 

The dependence of the rate of copper removal on pH can be understood as a function of 

the relative concentrations of cyanide ion and hydrogen cyanide. In the presence of 

hydrogen ions, cyanide forms hydrogen cyanide according to the equlibrium; 

HCN :::;!::: H+ + CN- Kruss = 4 x 10-10 mol 1-1 

At pH 5, the ratio between the concentrations of cyanide ion and hydrogen cyanide is 

4 x 10-5, while at pH 8, this ratio is a thousand fold higher at 4 x 10-2. The difference 

in the relative cyanide ion and hydrogen cyanide concentrations between pH 5 and pH 8 

may explain the pH-dependence of copper removal. 

The other possibility is that there are pH-dependent changes in the protein conformation 

which prevent the removal of copper. The reconstitution of the copper into apo-azurin 

was noted to be faster at higher pW01, and the pH profile suggested the involvement of a 

residue with a pKa of 6.75. This suggests that the side-chain of His- 1 17 needs to be 

deprotonated before the copper is incorporated into the protein. Also, in the structural 

analysis of reduced copper(I) plastocyanin at several pH values122, it was suggested that 

a possible biological function of the low pH form of reduced plastocyanin is to prevent 

the loss of copper122. 

The above experiments indicate that the optimum conditions for soaking the crystals are 

0.2M potassium cyanide, 0. 1 50-0. 175M potassium dihydrogen phosphate and 75% 

saturated (NH4)S04, pH 7 .2-8.0. The cyanide solutions were replenished periodically, 

since the pH drops over time through the loss of ammonia. Replenishing with fresh 

solution also removes any copper in the form of Cu(CN)43-, preventing it from re

entering the protein. 

The apo-azurin crystals, judged copper free by the absence of any blue colour, were 

transferred to a O. IM potassium phosphate buffer stabilizer solution, 75% saturated with 

ammonium sulphate, pH 6.0, just prior to data collection. This served to adjust the pH to 
a value similar to that used for the oxidised and reduced structures, and to remove any 

excess copper in solution. No detectable trace of blue colour returned to the crystals 
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during or after data collection. This is evidence that all of the copper has been removed, 

and not reduced, since a blue colour did return to the reduced crystals during the data 

collection. 

Finally, as a test to ensure that the apo-azurin crystals were truly copper free and not just 

converted to the reduced copper(n form, crystals were transferred to O.OIM K3Fe(CN)6 

solutions to reoxidise any remaining copper. At first, a sample of small colourless 

crystals were soaked for 24 hours in O. IM potassium phosphate stabilizer solution pH 

5.7 to dialyse out the potassium cyanide, and were then transferred to a stabilizer solution 

containing O.01M K3Fe(CN)6. After 24 hours and several changes of oxidising solution, 

the crystals of apo-azurin remained colourless, indicating no copper present in the 

protein. The above reoxidation procedure was repeated on one of the crystals used for 

X-ray data collection to further verify that no copper had been present in that crystal. No 

blue colour returned even after 120 hOUTS. After six months, the crystal still had no colour 

apart from a faint yellow tinge (presumably due to remaining K3Fe(CN)6 ), indicating an 

absence of copper in the protein. 

Conclusions regarding the removal of copper from azurin crystals 

Unlike plastocyanin, azurin does not appear to have a fast mechanism for copper removal 

when in the crystalline state. This is clear when the length of soaking times is compared 

between the two proteins. In the case of plastocyanin, removal of the copper took 72 

hours, while for azurin, the time required for complete removal was as long as a year. 

This difference in the rate of copper removal can be explained by comparing the contacts 

between neighbouring protein molecules for azurin and plastocyanin. In plastocyanin, the 

closest intermolecular contact to His-87 is 5.6A away32. In addition, the side-chain of 

His-87 is very accessible to solvent since it is part of the protein surface adjacent to a 

large cavity in the crystal lattice (see Figure 2.2. 1 . 1) .  The corresponding side-chain in 

azurin (His-1 17) is buried away from the bulk solvent by the packing of an opposing 

molecule at the hydrophobic patch. Figure 2.2. 1 .2 shows this packing arrangement of the 

two molecules of azurin which effectively blocks off any easy access to the copper site 

from the solvent. 

2.1.3 C rystallization of apo-azurin from solution 

Although crystals of the apo form of azurin could be obtained by soaking oxidised 

crystals in potassium cyanide solutions, attempts were also made to grow crystals directly 
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Figure 2.2.1.1. The solvent channel which provides easy access to the copper site through the 
side-chain of His-87 (pink) in plastocyanin. Coordinates obtained from the Protein data bank395. 

Figure 2.2.1.2. The crystal packing which effectively excludes solvent access to the copper site 
through His-I 17 (Pink) in azurin. 
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from solutions of apo-azurin. This would determine whether the constraints of the crystal 
lattice prevent the protein from taking up its preferred confonnation if the copper is 
removed from azurin in the crystalline state. 

Apo-azurin was prepared by treating oxidised azurin solutions with 0.1-0.2M potassium 
cyanide, 0. 1 0-0. 1 8M potassium phosphate at pH 8.0-8.521 1 • Material for the preparation 
came from two sources; 1 )  dissolved small crystals and 2) further purified frozen protein 
from a previous preparation of azurin. The initial protein solution was concentrated to 
approximately 200J.11 using Centricon YM- lO centrifuge microconcentrators. Then fresh 
potassium cyanide solution was added (approximately 2ml), and the solution was 
concentrated to 200J.1l again. The procedure was repeated every 2-4 hours for 1 6  hours or 
until all visible trace of blue colour disappeared. After the total loss of blue colour from 
the protein solution, the cyanide solution was replaced in the same manner over 8 hours 
with O. lM potassium phosphate, 50% saturated ammonium sulphate buffer solutions pH 
5.6-7 .6. The optical densities of these freshly prepared apo-azurin solutions 
(concentration ""'1mg/ml) were then measured at 280nm and 625nm, and found to have 
negligible absorbance at 625nm indicating either the removal of the copper atom or its 
reduction to copper(I). No colour returned to the protein solutions after "",24 hours, 
indicating that they were copper-free, since the reduced protein slowly oxidises in the 
absence of reducing agents. 

Two vapour diffusion methods were employed to crystallize apo-azurin from solution. In 
the first method, 1OJ.11 droplets of apo-azurin solutions (10- 12mg/ml protein in 0. 1M 
potassium phosphate, 50% ammonium sulphate buffer) were placed on siliconised glass 
slides, and were hung over a solution of 60-75% saturated ammonium sulphate (referred 
to as the "hanging drop" method). The other method used involved setting up 50-100J.11 
of protein solution in siliconised or plastic tubes, which were then placed in sealed bottles 
containing 1 ml of 60-70% saturated ammonium sulphate solution (referred to as the 
"batch" method). 

Although the best oxidised azurin crystals are obtained at 37°C2ff), a report by Engeseth 

and McMillin204 suggests that apo-azurin is less thermally stable than the oxidised fonn. 
To avoid the possibility of denaturation during the crystallization experiments, it was 
decided to keep the crystallizations at room temperature (18-25°C). Microcrystals of ape-

azurin appeared after three months, but larger crystals took 6-1 8  months to grow. All 
crystals contained some faint blue colouration depending on their size. The addition of 

chelating agents (potassium cyanide, thiourea and EDTA) at approximately 0.01M 
concentration to the crystallizing solutions had no effect on completing the removal of the 
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copper from the protein solution. Buffer and stabilizer solutions for the crystallizations 

were made up of ultra pure chemical stock (less than 0.2ppm of copper and 0.5ppm of 

other metals) and put down a Chelex column to remove residual metal ions. All glassware 

used in setting up the crystallizations were acid washed (except for siliconised and plastic 

tubes), then rinsed repeatedly with deionised distilled water. Nevertheless, it must be 

assumed that either some copper contamination of the buffers, etc. did occur, or that a 

small amount of the copper remained as Cu(I) after cyanide treatment The concentrations 

of the solutions which the protein solutions diffuse against were occasionally increased 

by 2-4% if no further sign of crystallization occurred within 3-6 months. Table 2. 1 .3 . 1  

lists the results of the crystallization experiments, and the details for each experiment are 

given in the footnote. 

The best apo-azurin crystals were grown after 1-2 years by vapour diffusion from "batch" 

method crystallization experiments with 1Omg/ml protein buffered to pH 5.6-6.4 with 

0. 1M potassium phosphate and 70% saturated ammonium sulphate. The fIrst signs of 

crystallization appear after three months, after which the concentrations of the reservoirs 

need to be increased to 70% saturated ammonium sulphate. Large crystals also appeared 

in the hanging drop experiments under similar conditions, at pH values between 6.8-7.6 

and reservoir concentrations of 70-75% ammonium sulphate. These crystals grew faster 

(3-9 months) than those at lower pH and in the batch method, but often appeared 

twinned. Stringent methods were used to keep the protein solutions copper-free,but 

despite this, completely colourless large crystals could not be grown, reflecting the high 

affinity of apo-azurin for copper2()1 .  Futhermore, apo-azurin crystals regained some blue 

colour after removal from the crystallization solution, indicating that the protein can still 

easily pick up copper from solution. 

One crystallization experiment produced a new crystal form of apo-azurin mixed in with 

the usual crystal form. A single large crystal with hexagonal habit was found, but has not 

yet been characterised. 

Full details of the unit cell for apo-azurin are given in Appendix C. l .  
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Table 2.1.3.1. Crystallisation results of apo-azurin solutions t. 

Initial <NH4)2S04 
concentration pH 5.3 pH 5.4 pH 5.6 pH 6.0 pH 6.4 ..£.H 6.8 pH 7.2 pH 7.6 

60% - - m1 
saturated L2 

64% - - m l 
saturated L2 

66% s9 s10 p6 
saturated p7 

p8 

s9 

68% s9 s10 m1 
saturated LH2 

p6 

p7 

p8 

s9 

70% s9 s10 p6 
saturated p7 

s9 

72.5% - - -

saturated 
75% - - -

saturated 

t Descriptions of results are given a one letter code: 

c = cluster of crystals. 
d = dried out solution. 
H = hexagonal crystal form. 
L = Large crystals. 
m = microcrystalline material. 
p = precipitate. 
s = small crystals (too small for X-ray work). 

m1 

L2 

c1 

L2 

p6 

p7 

p8 

m l 

L2 

p6 

p7 

p8 

p6 

p7 

-

-

* = crystals transferred to potassium cyanide solutions. 

Each experiment is denoted with a superscript number: 

m1 pj mp3 m3 

s2 

m l p3 mp3 m3 

L2 

p6 - - -

p7 

p8 
s10  

ml 

s2 
p3 L3 m3 

p6 

p7 

p8 
p10 

po - - -

p7 

�10 
- L3 s3 p3 

- L3 s3 c3 

L*4 L� s4 
L5 sc5 d5 

1 = Hanging Drop Method (purified frozen protein), 1 0  J,1L of 12 mg/ml apo-azurin, O.1M potassium 
phosphate, 50% saturated ammonium sulphate, 4 months 

2 = Batch Method (purified frozen protein), 12 mg/ml apo-azurin, O.1M potassium phosphate, 50% 
saturated ammonium sulphate, precipitant concentrations increased by 2% then to 70%, 18 months. 

3 = Hanging Drop Method (purified frozen protein), 10  J,1L of 12 mg/ml apo-azurin, O.IM potassium 
phosphate 50% saturated ammonium sulphate, 3 months. 

4 = Hanging Drop Method (purified frozen protein), as for #3, plus 10 J,1L of precipitant. 3 months. 
5 = Hanging Drop Method (purified frozen protein), as for #3, plus 10 J,1L of 0.2 M potassium cyanide 

buffer, 3 months. 
6 = Batch method (dissolved crystals), 50 ).11 in siliconised tubes, IOmg/m1 protein, O. IM potassium 

phosphate buffer, potassium cyanide added as chelating agent. 1 month. 
7 = Batch method (dissolved crystals), as for #6, but EDTA added as chelating agent. one month. 
8 = Batch method (dissolved crystals), as for #6, but thiourea added as chelating agent. one month. 
9 = Batch Method (dissolved crystals), 100 ).11 in plastic tubes, 10 mg/ml apo-azurin, 50% saturated 

ammonium sulphate, O.05M ammonium/acetate buffer, 4°C then later 2ooC, 9 months. 
10 = Batch Method (dissolved crystals), as for #9, plus O.OIM EDTA, 4°C then later 20°C, 9 months. 



2.2 X-ray data c ollection and processing 

2.2.1 Data collection 
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X-ray diffraction data were collected from reduced and apo-azurin crystals on an Enraf
Nonius CAD4 diffractometer with Cu-Ka radiation using a 600mm helium filled long 

arm detector. Data to 1.9A resolution were collected from a total of eight crystals of 

reduced azurin; four for data to 2.1A resolution, and four for data from 2.1A to 1.9A 

resolution. Data to 2.2A resolution were collected on two crystals of apo-azurin, but an 

attempt to collect higher resolution data to 1.9A resolution was unsuccessful because of 

poorly diffracting crystals. 

Unit cell parameters were initially determined from low angle reflections and then refined 

using higher angle reflections for the final cell parameters. A similar list of reflections was 

used for each crystal to determine the fmal unit cell parameters, which are given in Table 

2.2.1.1. The average unit cell axial lengths (standard deviations in parentheses) from the 

eight crystals of reduced azurin are a=75.2(1)A, b=73.8 ( l )A and c=100.1(1)A., and 

a=75.1(1)A, b=74.3(1)A. and c=99.0(1)A for the two crystals of apo-azurin. 

Table 2.2.1.1. Data collection information for reduced azurin and apo-azurin crystals. a "Resolution 
limits" apply to the regions where the bulk of the data was collected for each crystal. b "Number of 
reflections" are the total number of measurements made including common reflections for each crystal. 
Note that for crystals 5 and 6 of reduced azurin the data collection was stopped because =90% of 
reflections were very weak (see below). 

Crystal Unit cell parameters 

a 
Reduced azurin 

1 75.21A 
2 75.15A 
3 75. 15A 
4 75. l 1A 
5 75.23A 
6 75.24A 
7 75.24A 
8 75.31A 
Apo-azurin 
1 I 75.12A 
2 75.14A 

b c 

73.82A lOO.07A 
73.80A loo.ooA 
73.87A 99.96A 
73.nA l00.16A 
73.82A loo.ooA 
73.8SA lOO.27A 
73.81A lOO.04A 
73.87A 99.99A 

74.35A 99.01A 
74.3 1A 99.08A 

Resolution 
limitsa 

00 - 2.80A 
3.60 - 2.40A 
2.40 - 2.lOA 
2.80 - 2.lOA 
2.10 - l .90A 
2.10 - l .90A 
2.10 - l .90A 
2.10 - l .90A 

00 - 2.64A 
2.64 - 2.19A 

Max. steps 
No. % abs. x 

refs.b dooiy corr. scan 
width 

7918 16 1 .486 7 x 0.040 
5576 20 1 .667 7 x 0.050 
4268 22 1 .323 7 x 0.050 
3191 26 l .393 7 x 0.040 
1604 9 l .374 7 x 0.050 
2284 12 1 .597 7 x 0.050 
4562 20 1 .233 8 x 0.050 
5728 22 1 .473 8 x 0.040 

8233 25 1 .565 7 x 0.040 
7970 38 1 .212 8 x 0.040 

Fast data collection techniques were employed, for three reasons, 1) the large number of 

reflections to be measured, 2) the relatively high rate of intensity decay and 3) the 

reoxidation of reduced azurin crystals in the X-ray beam. For these reasons a limited step 

scan routine212 was used to record the intensity of each reflection. This involves scanning 

across a reflection in a limited number of discrete steps so that the profile of each peak is 

recorded213. Variations in peak position are also tolerated using this method, which is 
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desirable because protein crystals are subject to slight movements during the data 

collection213. Later, during data processing, the profiles are fitted to a Gaussian curve to 

give an integrated intensity, I, and standard deviation, <JI214. Reflection intensities were 

measured at constant scan speeds as 7-8 steps of 0.04-0.050 to give total scan widths of 

0.28-0.400 • Scan speeds were adjusted to allow for differences in crystal size and 

intensity of diffraction. 

A set of five standard reflections were measured every three hours to monitor the decay in 

intensities and check for any crystal movement Reduced azurin crystals deteriorated 25% 
in 3-4 days, by which time the crystal colour had also become faintly blue, a sign of 

reoxidation. Apo-azurin crystals deteriorated at a faster rate, 25-40% in 3-4 days. No 

background intensity measurements were made, since this would waste valuable time in 

data collection; instead backgrounds were estimated from weak reflections of the data (see 

below). At the end of the data collection, absorption curves were measured for each 

crystal using the method of North et aI. for each crystai215. 

2.2.2 Data p rocessing 

Data reduction 

Processing the X -ray diffraction data was done using a set of three programs designed to 

handle raw intensity data from a CAD4 diffractometer216. The program PREPRO 

determines a background function from weak reflections217 and a deterioration curve 

from the intensity standards. FITC3 determines a seven-parameter function to fit the 

profiles of strong reflections to a Gaussian curve. The seven-parameter function is then 

applied in REDUCER to detennine I and 01, and corrections are made for deterioration, 

absorption and Lorentz polarization effects. 

A key part of the fast data collection stategy was the ability to estimate background levels 

for the data as a whole using the weak reflections217• Reflections are defined as weak and 

used for background estimation if Peak < Ratio x BG; where Peak is the average of the 

two highest adjacent step counts, and BG is the average of the two outer most steps or the 

average of the two smallest adjacent steps (which ever is least). The value for Ratio was 

generally taken as either 1 .35 or 1.50 depending on the number of weak reflections 

available. 

The program PREPRO begins by calculating a deterioration correction from the fall off of 

the intensities of the standard reflections. These intensities are integrated using a Gaussian 
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fit to their profiles, and a polynomial is determined as a function o f  intensity decay and 
exposure time. The deterioration correction for each reflection is computed from this 
curve and applied to the intensites in REDUCER. 

PREPRO then finds the weak reflections below the threshold and extracts the steps to be 
used for the background. A polynomial first determines the variation as a function of e, 
then applies it to put all backgrounds on a common level prior to constructing a look-up 
table. These corrected backgrounds are tabulated into 10° blocks of cp and X, and then 

smoothed by averaging over adj acent blocks to give the look-up table from which 
backgrounds could be obtained for the data as a whole. As a check, the smoothed 
backgrounds were compared against a small sample of weak reflection profiles from the 
raw intensity data to ensure that they reflected the true background level. 

The advantage of averaging the backgrounds is the removal of statistically random errors 
which can seriously affect weak reflections. The b ackgrounds are used by the programs 
FITC3 and REDUCER to determine peak profiles and integrated intensities respectively. 

Absorption corrections were determined empirically from azimuthal scans, measured at 
1 0° intervals of cp, of a single strong reflection near X = 90°. Absorption curves were 

drawn by hand to smooth any statistical errors in the azimuthal scans, and then were 
written into a file for later use by REDUCER. Table 2.2.2. 1 gives the maximum and 

minimum absorption corrections for the crystals of reduced azurin and apo-azurin. 

Table 2.2.2.1 Absorption corrections. Values in parentheses are the cI> angles for the minimum and 
maximum absorption corrections. 

Crystal I reflection 
Reduced azurin 
1 2 0 19 
2 -2 0 19 
3 -2 0 19 
4 2 0 19 
5 2 0 19 
6 -2 0 19 
7 - 1  1 15 
8 0 0 20 

�azuim 
1 I 0 0 -20 
2 0 0 -20 

maximum correction minimum correction 

1 .486 (286°) 1 .000 (196°) 
1 .667 (65°) 1 .000 (325°) 
1 .323 (233°) 1 .000 (128°) 
1 .393 (85°) 1 .013 (355°) 
1 .374 ( 165°) 1 .000 (245°) 
1 .597 (356°) 0.971 (86°) 
1 .233 (149°) 1 .000 (49°) 
1 .471 (289� 1.000 (19°) 

1 .565 ( 133°) 1 .014 (223°) 
1 .215 (103°) 1 .000 (193°) 

Intensities were detennined from the step-scan data using the method developed by 
Hanson et al.2 14 . The method involves a two-pass procedure, where the profiles of 

strong reflections are fitted to a Gaussian curve, and the infonnation from these profiles is 

then applied to the weaker reflections to give their integrated intensities. One advantage of 
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using a profIle fitting method for determining the intensities is that the curve fitting 

procedure, which removes some of the statistical fluctuations in the step intensities, can 

reduce the standard deviation of intensity measurements by 50% for the weak and 
moderate reflections2 13,2 14,218. 

More specifically, the program FITC3 determines a seven-parameter function for the peak 

width (C3) by selecting and then fitting the profIles of all reflections above a certain 

threshold. Typically the threshold is PeaklBackground � 2.0, where Peak is the average 

of the highest two adjacent steps, and Background is taken from the smoothed function 

calculated in PREPRO. The Gaussian curve fitted to the steps of the reflection profiles 

has the form; 

where Yi = intensity at step i (background corrected) 

Cl = peak height 
C2 = the centroid of the scan (0) 

C3 = peak width CO) 

( 1 )  

Xi-C2 = displacement of step i from the centroid CO). 

A seven-parameter function is then refmed against these reflections to derive an empirical 

formula, which describes the peak width, C3, as a function of location in reciprocal 

space. 

C3 = Li Lj aiajAij - ktana 

or 

C3 = alalAll+ala2A12+ala3A13+a2a2A22+a2a3A23+a3a3A33 - ktane 

(2) 

Aij are the elements of a symmetric tensor, which describes the variation of the peak 

width anisotropically in reciprocal space, and aj are the direction cosines of the diffraction 
vector. The ktana term acounts for the spectral dispersion effect on the peak width2 14. 

An advantage of this function is that it allows for variation in the peak width due to the 

non-uniform mosaic structure and shape of a protein crysta1214. This profile information 

is then used in the program REDUCER to derive the integrated intensities of all the 

reflections. 

The most important practical aspect in calculating the C3-function, is to obtain plenty of 

well defined profIles for determining the coefficients of the function. This assumes that 
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the only difference in the profile of a strong and weak reflection is a scale factor213. 

Shells with many weak reflections will typically have fewer profiles for fitting. This can 

be resolved to some extent by lowering the threshold level, but difficulties arise when the 

step scan data has very few clear profiles from which to determine an accurate C3-

function, even with a low threshold level. Experience has shown that at least 500 
reflections above a threshold of 1 .5, for Peak/background, are required for accurate 

determination. Lowering the threshold below 1 .5 does not improve the C3 function, 

despite the extra reflections, because statistical fluctuations in the step intensities of these 

weak reflections give poor profiles (See Table 2.2.2.2 below). 

The program REDUCER converts the step scan data into integrated intensities. All 

integrated intensities were detennined using the calculated peak width (C3) values which 

were calculated for each reflection from the seven parameter function provided by FITC3 

(equation 2). These can then be used in equation 1 ,  along with the individual steps (Yi) 
and peak centroid eC2), to determine the peak height (Cl). The intensity of each reflection 

is proportional to the product of Cl and C3 (Le. I oc: Cl x C3). Corrections are then 

applied to the intensities for absorption, deterioration, Lorentz and polarization effects, 

and the data is output as structure factor amplitudes. 

Arguably, a Gaussian curve is only an approximation to the actual peak profile, and may 

be crude in some instances. Stepping across the entire peak with as many as 20 steps is a 

more accurate method (e.g. see the method proposed by Diamond213),  but using only the 

top of the peak and a limited number of steps is faster without losing too much 

information214. Usually the shape of a reflection profile is symmetrical, and a Gaussian 

curve should give a good estimate of the intensities of reflections214. This assumption 

breaks down, however, when the profiles of the data are significantly asymmetric, as 

may arise from twinned or poor quality crystals. Table 2.2.2.2 outlines the results of data 

reduction from reduced azurin and apo-azurin crystals. 

For some of the shells the number of reflections with 1>201 is zero. This is because there 

are very few (<500) strong reflections which could be used to defme the parameters in the 

C3-function. Consequently, the C3-function parameters are poorly determined (i.e. they 

are associated with a high level of error), and this reflects in the levels of the standard 

deviations. Also it was noted that in the low resolution shells (oo-4.5A or 9<10°), it can 

be difficult to obtain enough weak reflections to calculate an acccurate background 

function, because most reflections in this region are strong and well defined. 
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Merging of the data 

Data for both apo and reduced azurins were collected as a set of shells, which covered 

different resolution limits. In some cases, the data were collected in blocks which 

spanned different values of the I index (e.g. in reduced azurin crystal 1 ,  the data in shells 
2 and 3 span the resolution limits of 3.6-2.8A, but shell 2 contains data with I=O� 14, 
while shell 3 contains data with 1=14�36). 

As a general strategy, a certain amount of overlap was allowed for when choosing the 

limits of each shell. This was done so that there would be a pool of common reflections 

which could be used in the scaling and merging of the data sets. Two methods of 

generating common reflections were used: 1 )  A small shell of "scaling data" would be 

collected at the end of the data collection for the crystal. This small shell would typically 

span a wide resolution range, but would be collected over a small range in one of the 

indices (e.g. apo-azurin crystal 2 shell 4 consists of two sets of data between 00 and 2.2A 
resolution, where the indices ranged from h,k=O�5, 1=1O�45 for one set and h=6�34, 
k=O�5, I=O� 1 0  for the other). These "scaling data" shells are labelled " +" in Table 

2.2.2.2. 2) The limits of each shell were set to give a small overlap in the indices. For 
example, between reduced azurin crystals 6 and 7, the shells spanned 1=1 3�31 (crystal 

6) and 1=30�52 (crystal 7) to give an overlap with indices in the range 1=30�3 1 .  By 

generating a pool of common reflections, each shell contained some data which 

overlapped with one of the other shells, thereby ensuring that the its scale factor could be 

calculated. It should be noted that some shells (denoted nt'') are repeats of earlier shells 

which contained data made up of mostly weak reflections. These repeat shells are from 

reduced azurin crystals 7 (shell 2) and 8 (shells 1 and 2), and have generated a large 

overlap in the data between 2. IA and1 .9A resolution. 

Two programs were utilised to merge together the data from different crystals and shells. 

The program INT A V3219 calculates the scale factors for each crystal or shell, while the 

program INT A V 4 applies these scale factors and then merges all of the reflections into 

one data set. In an initial pass of the data, INT A V3 calculates a set of scale factors from 
all of the common reflections with I above a threshold value (1 > 0'1), and then the scale 

factors are recalculated after rejecting those common reflections which give poor 

agreement with the average F, i.e. reject Fi if; 

where 



ki = scale factor of crystal i 

Wi = weight for IFil = 1 
(lqoj)2 

Two types of discrepancy factors are calculated; 

where 

and 

where 

R2a = LLiLj Wij (kilFil - kjlFjl)2 
LLiLj Wij 1Favl2 

LLi Wi (IFavl - kilFil)2 
LLi Wi IFil2 
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Different sets of scale factors were generated and compared by adjusting the threshold 
and rejection criteria of the reflections. The final criteria used to scale the reduced azurin 
data ( 1 .9A resolution) were set at F > OF and IF-Favl < 60F. (A threshold of F > 20F 
would have been used, but there are few common reflections above this threshold in the 
higher resolution shells.) The data gave discrepancy factors of R2a = 0. 146, R2b = 0.069 
for a total of 6177 common reflections. The criteria chosen for the apo-azurin data set 
(2.2A resolution) were F > 20F and IF-Favl < 6<Jp, which gave discrepancy factors of R2a 
= 0.0949, R2b = 0.0421 for 1303 common reflections. Table 2.2.2.3 lists the scale 
factors of the reduced azurin and apo-azurin data sets along with their standard 
deviations. 

The second program, INTAV4, applies the calculated scale factors from INTAV3 (or 
from elsewhere) for the merging of F and OF. INTA V 4 uses the following formulae to 
calculate the final Fs and aps: 

where 

O - ktrue av -
...J'tiWi 
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Table 2.2.2.2. Data reduction results for apo-azurin and reduced azurin shells. "Fitted" = number of 
reflections used to determine the C3 function. "Total" = total number of reflections in the shell. "1>0" = 

number of reflections with I greater than zero (i.e. not negative or misset). "Misset" = number of 
reflections with the two adjacent highest steps at scan edge. "Negative" = number of reflections with 
negative 1. "I>2crI" = number of reflections with 1>2crI. 

Crystal Shell Fitted Total I >  2crI 1 > 0  
Reduced azurin 

1 00 -3.6A 2934 3545 3165 3306 
1 3.6-2.8A 976 1695 1219 1482 
1 3.6-2.8A 1 108 2218 1492 1813 
1:j: 00 -2.8A 298 460 191 397 
2 2.8-2.4A 1563 4745 2365 3953 
2:j: 3.6-2.8A 468 83 1 589 742 
3 2A-2. IA 997 4268 1999 3538 
4 2A-2.1 A  791 2528 1272 2088 
4:j: 2.8-2AA 186 663 29 540 
5 2.1- 1 .9A 186 1604 0 1207 
6 2.1 - 1 .9A 38 2284 0 1746 
7 2.1- 1 .9A 286 2443 944 2013 
7t 2.1- 1 .9A 77 2119 0 1732 
8t 2.1 - 1 .9A 737 4459 1499 3591 
8t 2.1 - 1 .9A 109 1269 0 1027 

Totals 3 5 1 3 1  1 4 7 6 4  2 9 1 7 5 
AJx>-:azurin 

1 oo -3.56A 3009 3522 3314 3453 
1 3.56-2.64A 2155 471 1  3550 4308 
2 2.80-2.64A 151 300 0 266 
2 2.64-2.38A 1055 3162 2373 2908 
2 2.38-2.19A 636 2981 1 830 2683 
2:j: 00 -2.19A 842 1527 1226 1395 

Totals 1 6 203 1 2 2 9 3  1 50 1 3  

Table 2.2.2.3. Scale Factors of apo-azurin and reduced azurin data sets. 

Crystal Shell 

1 
2 
3 
4 
5 
6 
7 
7 
8 
8 

1 
1 
2 
2 
2 
2 

Reduced azurin 
oo-2.8A 

2.8-2.4A 
2A-2. 1A 
2.8-2. 1A 
2. 1 -1 .9A 
2.1 -1 .9A 
2. 1 -1 .9A 
2. 1 -1 .9A 
2. 1-1 .9A 
2.1 -1 .9A 

A�azurin 
00 -3.56A 

3.56-2.64A 
2.80-2.64A 
2.64-2.38A 
2.38-2.19A 

00 -2.19A 

scale factor standard deviation 

30.5086 0. 1 375 
29.9857 0.1247 
28.1778 0.5907 
29.1093 0. 1 330 
1.4817 0.0406 
1 .0990 0.1 553 
1 .0000 0.0201 
1 . 1765 0.0283 
1.2343 0.0246 
1 .4873 0.0412 

1.8094 0.0031 
1 .628 1 0.0126 
1 . 1802 0.2686 
1 .0000 0.0306 
1.0985 0.0464 
1 .4301 0.0020 

Misset Negative 

5 1  188 
8 1  132 
146 259 
28 35 

450 342 
47 42 

520 210 
290 150 
71  52 

306 9 1  
481 57 
227 203 
340 47 
543 325 
199 43 

3 7 8 0  2 1 7 6  

38 3 1  
220 183 
16 18 

147 107 
223 75 
58 74 

7 0 2  4 8 8  

Number of common 
reflections 

655 
2338 
145 

1736 
670 
14 

1385 
1213 
1780 
771 

709 
377 
42 
106 
90 

1240 



57 

ki = scale factor of batch i 

ktrue = externally applied scale factor 

Any badly agreeing measurements are rejected from the calculation of the final data set 

The criteria for rejection were set down as in Table 2.2.2.4 and the worst measurements 

identified by these criteria are removed from the data and Fav recalculated. 

Table 2.2.2.4. Rejection c riteria used for reduced and apo-azurin data sets. 

Reject F if reduced azurin criteria apo-azurin criteria 

IF-Favl > N (Jav 3 (Jav 2 (Jav 
1Fmax-Fminl > N (Jav 4 (Jav 4 (Jav 
IFmax - Favl > N (Jav 3 (Jav 2 (Jav 
1Fav-Fminl > N O"av 3 (Jav 2 (Jav 

Decisions on the final data set were made after comparing the merging R-factors and the 

number of discarded reflections generated from different rejection criteria. INTA V 4 
determines merging R-factors according to the formula; 

Merging R-factors were calculated between individual batches, for each batch with 

respect to the entire merged data, and for the merged data set with and without badly 

agreeing measurements. Examination of these R-factors also gave a good indication of the 

least reliable shells.  The overall merging R-factors after omitting poorly agreeing 

reflections are 0.052 for apo-azurin (129 rejected reflections out of 16203) and 0. 1 16 for 

reduced azurin (461 rejected reflections out of 35 13 1) .  The relatively high merging 

R-factor for reduced azurin is due to the large number of common reflections in the 2. 1 -
1 .9A resolution range which contains much weak data. Tables 2.2.2.5 and 2.2.2.6 give 

the merging R-factors between individual shells for both reduced and apo-azurin data 

sets . 

As a check on the data, the scale factors and the merging R-factors of the final data were 

compared to those calculated from two other sources;  1 )  scale factors based on the 

intensity standards, and 2) scale factors based on another azurin data set (e.g. oxidised 

azurin). Scale factors based on intensity standards were calculated from the first set of 

five standards after correcting for absorption. Scaling against a data set of another azurin 

form was done using the program INTAV3 after combining this data together with the 

data shells. Scaling by the latter method assumes that the differences in intensities are 

random between both azurin forms.  Results are listed in Tables 2.2.2.7 and 2.2.2.8. 
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Table 2.2.2.5. Inter-batch R-factors for reduced azurin 1.9A resolution data. Values in parentheses are 
the number of contributing reflections common between the two shells. 

crystal shell 

2 2.8-2.4A 0.055 
(706) 

3 2.4-2.lA - -

4 2.8-2. l A  0.066 0.087 0.064 
(13j (>1000) (24) 

5 2.1 - 1 .9A - - 0.102 -
(36) 

6 2. 1-1 .9A - - 0.1 1 5  - 0.121 
(40) (52) 

2.1-1 .9A - - 0.091 0.095 - 0.126 
7 (39) (23) (188) 

7 2.1 - 1 .9A - - 0.1 1 1  - 0.131  0.128 -
(52) (>1000) (369) 

8 2.1-1 .9A - - 0.109 0. 102 0. 122 0.142 0.105 0. 128 
(82) (26) (131) (>1000) (>1000) (474) 

8 2. 1-1 .9A - - 0.1 10 - 0. 121 - - 0. 1 19 -
(32) (784) (858) 

resolution (A) 00-2.8 2.8-2.4 2.4-2.1  2.8-2.1 2. 1 - 1 .9 2.1-1 .9 2.1-1 .9 2.1 - 1 .9 2. 1 - 1 .9 

9}'stal 1 2 3 4 5 6 7 7 8 

Table 2.2.2.6. Inter-batch R-factors for apo-azurin 2.2A resolution data. Values in parentheses are the 
number of contributing reflections common between the two shells. 

crystal shell 

1 3.56-2.64A -

2 2.80-2.64A - 0.086 
(69) 

2 2.64-2.38A - 0.065 -
(6) 

2 2.38-2.19A - - - -

2 00 -2.19A 0.044 0.052 0.1 13 0.089 0. 1 14 
(722) (357) (6) (134) (1 10) 

shell oo-3.56A 3.56-2.64A 2.80-2.64A 2.64-2.38A 2.38-2. 19A 

crystal 1 1 2 2 2 

For the data sets of both reduced and apo-azurin the best merging R-factors are obtained 
when the internal common reflections are used. Comparison of the fmal scale factors with 
those based on intensity standards or from another azurin form shows that the general 
trend between shells is similar for the different scale factor sets. For the apo-azurin data, 
scale factors vary on average by only 10%, where the largest difference is in the set of 
scale factors based on intensity standards in the 00-3.56A resolution shell. A significant 

difference is seen in the scale factors of reduced azurin data for batches below 2. IA 
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Table 2.2.2.7. Comparison of different scale factors for reduced azurin. a R-merge calculated using all 
reflections. b R-merge calculated using only reflections with F > OF. 

Crystal Shell Scale factors from Scale factors based on Scale factors based on 
INTAV3 Intensity standards Oxidised azurin data 

1 00-2.81\ 30.5086 23.4448 21.3826 
2 2.8-2,4A 29.9857 23.1014 23.3363 
3 2,4-2. 1A 28.1778 22.6061 25.3728 
4 2.8-2.A 29.1093 22.5389 24.2288 
5 2.1 -1 .9A 1 .4817 1 .2093 1 .5005 
6 2.1 -1 .9A 1 .0990 1 .2807 1 .0926 
7 2. 1-1 .9A 1 .0000 1 .0000 1 .0000 
7 2. 1-1 .9A 1 .1765 1 .0582 1 . 1890 
8 2. 1-1 .9A 1 .2343 0.9497 1 .2186 
8 2. 1- 1.9A 1 ,4873 0.9746 1 ,4900 

R-merge O.1 16a 0 .182a 0 . 156b 

Table 2.2.2.8. Comparison of different scale factors for apo-azurin. a Scale factors based on Reduced 
azurin data were calculated with F><rp reflections. 

Crystal Shell Scale factors from Scale factors based on Scale factors based on 
INTAV3 Intensity standards Reduced azurin dataa 

1 oo -3.56A 1 .8094 1 .6049 1 .9 1 10 
1 3.56-2.64A 1 .628 1 1 .5840 1 .7827 
2 2.80-2.64A 1 . 1802 1 .2183 1 .2636 
2 2.64-2.38A 1 .0000 1.1 192 1 .0744 
2 2.38-2. 19A 1.0985 1 .0000 1 .0000 
2 oo -2.19A 1 .430 1 1 .3796 1 .5486 

R-mer�e 0.052 0.098 0.079 

resolution. This difference is presumably a temperature factor effect between each crystal 
and is corrected for in part by the scale factors from INTAV3, since the X-ray data was 
collected in shells. The other two sets of scale factors, however, do not take this into 
account. Also, using the intensity standards as a basis for scaling does not allow for the 
fact that they may not be representative of the shell being collected. This is particularly 
true of higher resolution shells where no reflections are strong enough to use as intensity 
standards. Note that the scale factors of reduced azurin from intensity standards are 
similar to those based on the oxidised azurin data, a data set which was also scaled using 
the intensity standards. 

As a means of determining the quality of the X-ray data for apo-azurin and reduced 
azurin, the final data sets were divided into even shells of resolution and the percentage of 
"observed" reflections (I > 0'1 or 20'1) in each shell were plotted against resolution. Figure 

2.2.2. 1 clearly shows that the data in both forms of azurin is weak at high resolution. In 
particular, the apo-azurin data shows a marked drop in the percentage of I > 20'1 at the 
upper limit of the data (2.2A resolution). 
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Figure 2.2.2.1. Plot of the percentage of reflections with I>2C1l and I>CIl as a function of resolution 
for apo and reduced azurin data sets. 



61 

2.3 Refinement methods 

2.3.1 The starting model 

Since crystals of apo and reduced azurins are isomorphous with the oxidised form, only 

small changes were expected in the overall structure of the protein. Consequently, the 

coordinates of oxidised azurin, refined to 1 .8A resolution3 1 ,  were used as a starting 

model for refinement of both apo and reduced structures . 

2.3.2 Restrained refinement 

For small molecule crystallography, full matrix least squares routines can be used in 

refining the structure because the ratio between the number of observations (X-ray 

diffraction data) and atom parameters (x,y,z,B) is relatively high (e.g. 3000-6000 
observations for a 30-40 atom structure) . In protein crystallography, this method is 

inappropriate because this ratio is low (e.g. 20000 observations for a 2000 atom structure 

at 2.oA resolution), and much of the X-ray data from protein crystals at high resolution is 

weak. Thus a method of restrained refmement is necessary. 

Refinement of both the reduced and apo structures of azurin was completed by employing 

the restrained least squares program of Konnert and Hendrickson, PROLSQ220-224. The 

restrained least-squares method of PROLSQ utilises structural knowledge, acquired from 

previously deterrmined small molecule crystal structures, to restrain the stereochemistry 

of the model close to "ideal" values. The method treats the geometrical restraints as 

"observations", much like the X-ray diffraction data, and these are then combined into the 

equations to supplement the X-ray data. Thus a composite function (P) of X-ray and 

geometrical "observation" terms is minimised in PROLSQ to determine the shifts in the 

atomic parameters of the model. The types of geometrical restraints imposed on the 

protein model are the distances, planes, chiral volumes, thermal parameters, van der 

Waal's contacts and torsion angles (non-crystallographic symmetry can also be imposed, 

but this was not used); i.e the composition function minimised is; 

P = Px-ray + Pdistances + Pplanes + Pchiral + Pthermal factors + Pvan der Waal + Ptorsion 

where 

Px-ray = kx-rayL 1Fo-Fc12 

Pdistances = kdistancesL Idideal-dmodell2 

etc . . .  

for all reflections 

for all 1 -2, 1-3 and 1 -4 distances 



62 

The relative weighting for each contribution (kx-ray, kdistances, . .  ') to the function P is 
controlled by the input file of PROLSQ. The geometrical "observations" (i.e all of the 
bonds, angles, planes, chiral centres, etc.) are defined in a file created by the program 
PROTIN which uses a dictionary of "ideal" geometrical values220-224. This allows the 
user to adjust the restraints and redefine any of the "ideal" geometry as required. The 
benefit of restrained refinement is that the ratio between contributions from experimental 
observations (X-ray data) and ideal geometry can be varied, but the main drawback with 
this method is that geometrical restraints may prevent the model from reaching the correct 
minimum. 

Normally, the restraints on the geometry of the model were kept relatively tight 
throughout the refinements of reduced and apo-azurin. But, when improvement of the 
R-factor ceased, the restraints on the geometry were loosened for a few cycles, and then 
gradually retightened by decreasing the weight of the X-ray contribution to the function 
P. By this method the refinement allowed the structure to move out of local minima, and 
then refine closer to the correct solution when the constraints were tightened. More 
specific changes to the weights of the geometrical restraints were also made, for example 
by loosening and retightening only the distances. The success of this method can be seen 
in the sections which describe the course of refinement of the reduced and apo structures. 

2.3.3 PROLSQ and HKPROLSQ(FFT) 

An important difference in the method of refinement used for apo and reduced azurin 
structures was the version of the PROLSQ program used. The structure of reduced azurin 
was refined with a version of PROLSQ which uses conventional least squares methods 
for the calculation of structure factors and shifts, while the apo structure was refined with 
a version of PROLSQ which uses fast Fourier transform algorithms225 (FFT) for its 
calculations226. The main advantage of the FFf version (HKPROLSQ) is the enhanced 
speed of the calculations, which cuts down on refinement time and computer costs. 

Both of these programs minimise the function ; 

where Fo hId and Fe hId are the observed and calculated structure factors for the reflection 
hkl, and WhkI. is some applied weight. What makes these versions different is the 
approach to calculating structure factors and shifts. In PROLSQ, the program employs 
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standard analytical methods to calculate structure factors and to generate the normal 
equations to be solved for the shifts in the parameters227.228. HKPROLSQ on the other 
hand, uses FFI's to calculate the structure factors, and to give the elements of the normal 
matrix and gradient vector, which determines the shifts in the atom parameters. For 
example, the computation of the structure factors is done in two steps; ftrst, an electron 
density map of the model is built from the atomic coordinates, and then the three 
dimensional FFI' of this map is done to give Fc226,229. For a more detailed description of 
how FFI's are utilised in crystallographic refmement see Agarwal226 or Ten Eyck230. 

2.3.4 Rebuilding the models 

At periodic intervals during the reftnements, when convergence of the least-squares 
process had been reached, the protein structure would be examined visually and where 
necessary manually rebuilt. Parts of the protein structure were selected for checking 
and/or rebuilding if 1) the B-value of any atom in the main-chain was above 3sA2, in 
which case the whole residue was rebuilt, 2) the B-value of any atom in the side-chain 
was above SoA2, in which case the side-chain was rebuilt, or 3) the group was involved 
in a contact less than 2.6A (for potential hydrogen bonds), or less than 3.oA (between a 
carbon and any other atom). 

The groups selected for rebuilding were omitted from the model, and the structure reftned 
over three cycles of PROLSQ. Two Fourier maps were then calculated, one map with the 
coefftcients (2Fo-Fc), and the other a difference map with coefficients (Po-Fe map), i.e.; 

(21F ol-IFcl)e-iac 

(IFol-IFcl)e-iac 

where IFoI = observed structure factor amplitude 
1Fcl = calculated structure factor amplitude 
<Xc = calculated phase 

The ftrst map should show the electron density of the molecule including that of the 
omitted residues or side-chains, while the latter map shows only the electron density of 
the group concerned with minimal bias towards the current model. 

Rebuilding of the selected parts of the protein was then done manually, with an interactive 
graphics system (Evans & Sutherland PS-330) and the program FROD0231, using the 
Fo-Fc and 2Fo-Fc maps as guides to ftt the groups correctly into the density. For a few 
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side-chains, on the surface of the molecule, the groups could not be adequately built into 

the density, since the Fourier maps were unclear. This is caused either by the group being 

flexible and its electron density becoming smeared out over several different 

confonnations, or by errors in the X-ray data. 

Non-crystallographic symmetry restraints were never imposed on the two independent 

protein molecules of the asymmetric unit at any stage of either refinement. At one point in 

the apo-azurin refinement, however, advantage was taken of the non-crystallographic 

symmetry to help rebuild sections of the protein which were clearer in one molecule than 

in the other. Also, it was noted that the "poor" molecule had consistently higher B-values 

in these regions than in the "good" molecule. Rebuilding was done by superimposing the 

clearer protein molecule onto the poorer one, and then rebuilding the unclear region using 

the clearer molecule as a guide. Unfortunately, this did not significantly improve the 

structure as judged by the the change in the B-values of the rebuilt region. The structures 

of these regions may therefore be different because of crystal packing or genuine 

structural microhetereogenity, or have refined back to their false minima. 

2.3.5 Inclusion of the solvent structure 

During refinement, solvent molecules were included in the model. This was done only 

after the protein structure had been refined after one "round" of rebuilding. Most of the 

solvent molecules included into the two structures of azurin were treated as water 

molecules. Exceptions to this were a sulphate anion bound to each of the protein 

molecules, and another possible sulphate anion (disordered) on a two-fold 

crystallographic axis. Peaks were located in difference Fourier maps and were labelled as 

water molecules if 1) the density was well defined, 2) the peak height was above =2 

r.m.s.  deviations (",,20) of the Fo-Fe density and 3) the geometry of interactions with 

potential hydrogen bonding partners was good. A decrease in the size and quality of the 

Fo-Fe peaks assigned to water molecules could be observed during the progress of 

refinement. For the apo-azurln refinement, in the first round, water molecules appeared as 

difference Fourier peaks greater than 40', and made good contacts with to hydrogen 

bonding partners. In the following rounds, the assignable peaks were smaller (",,30) and 

geometry poorer, until only peaks just greater than 20 could be labelled as water 

molecules. This trend makes sense, since the most well ordered solvent molecules will be 

clearly resolved in the Fo-Fe maps and consequently entered into the structure early in the 

refinement, whereas the least well ordered solvent molecules will be poorly resolved in 

the Fo-Fe maps and entered into the structure towards the end of the refmement. Although 

occupancies for solvent molecules were not refmed, these will be largely taken up by the 
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individual B-values. 

At several stages of each refinement, the solvent structure was checked against omit maps 

to find any errors. Solvent molecules were omitted from the model and checked as 

described earlier (i.e. if B > 50-60A2 or if it made a contact of less than 2.6A). In many 

cases, recentring the position of the solvent molecule was required. but in a few instances 

this created a short hydrogen bonding contact (<2.6A) despite repeated attempts at 

rebuilding and refinement. Presumably, such short contacts in the solvent structure are a 

result of statistical errors in the X-ray data, errors in the model or the limited resolution. 

Near the end of refinement, the difference Fourier maps of both reduced and apo-azurin 

structures were checked against the solvent structure of oxidised azurin3 1, to locate any 

overlooked solvent molecules. 
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Chapter 3 : Reduced azurin 

3.1 Course of the refinement 

The initial model for the refinement of reduced azurin was the refined structure of 
oxidised azurin at 1 .8A resolution3 1 . The program PROLSQ was used throughout the 
refinement. In the first half of the refinement (cycles 1 -85), the structure was refined 
against 12629 observations (F > O.60p between lOA and 2. 1 A), after which the data was 
extended to 1 .9A resolution (19278 observations) and the refinement completed (cycles 
86- 1 57). Initially, unit weights were used for the X-ray data, but at cycle 44 this was 
changed to a function applying a Sin en., term (see below) which emphasised and gave 
better agreement for the higher resolution data. Later at cycle 75, the X-ray weights were 
returned to unity, but were again reset at cycle 1 19 to the previous function in Sin erA for 
the same reasons. Restraints on the geometry of the protein molecule were kept fairly 
tight during refinement, but at cycles 32, 43, 57, 65 and 1 18,  the restraints were relaxed 
and then retightened to allow the structure to escape from local minima. The geometrical 
restraints used and the r.m.s deviations for the final model with respect to ideal geometry 
are listed in Table 3. 1 . l .  The course of the refinement is outlined in Table 3. 1 .2. 

Table 3.1.1. Values of geometrical constraints and the r.m.s. deviations in the final model of reduced 
azurin. a An upper limit for shifts in the atom coordinates and the thermal parameters was set to prevent 
any excessive shifts in the model. The values under "R.m.s. deviations" here represent the r.m.s. shift in 
the positions and B-values in the last cycle of refmement. 

Geometry Restraint R.m.s. deviation 
Distances 

1-2 bonded distances o.o2oA O.02IA 
1-3 angle distances o.04oA o.os9A 
1 -4 intraplanar distances o.osoA o.06oA 

Planar groups 
o.o2oA O.0 18A deviation from plane 

Chiral centers 
chiral volume O.15A3 O.22SA3 

Non-bonded contacts 
single torsion o.soA O.214A 
multiple torsion O.50A O.22SA 

Thermal factors 
main-chain bond 2.50A2 2.989A2 
main-chain angle 3.50A2 4.3 1SA2 
side-chain bond 3.ooA2 4 . 1 18A2 
side-chain angle 3.50A2 s.90sA2 

Excessive shifts a 
o.30A O.026A positional parameters 

thermal parameters 3.ooA2 O.38A2 

The initial model, consisting of the protein atoms of the oxidised structure, gave an 
R-factor of 0.250. This demonstrated that the reduced structure is similar to the oxidised 
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structure. Ten cycles of refinement dropped the R-factor to 0. 198,  at which point the 
copper and its ligands were removed, and the structure refined for another three cycles (R 
= 0.21 8). The copper site was then rebuilt and 43 water molecules input followed by 2 1  
refinement cycles (R = 0. 1 88,  cycle 32). A further 7 6  water molecules were input and 
refinement contined for 1 1  cycles (R = 0. 170). At this stage the weights on the X-ray data 
were changed because the agreement in the shells at higher resolution had not improved, 
while the lower resolution shells had. The weight for the X-ray data was changed from 
unit weights to : 

1 w = -(j2 

cr = 60 - 100 
(Si� e 

-
� J 

Within three cycles this reduced the R-factor in the highest resolution shell (2.25-2. lOA) 
by 0.034. The geometrical restraints were then loosened (r.m.s.�stances = 0.08 1A) and 
retightened (r.m.s.�distances = o.o17A) over 10 cycles (R = 0. 168, cycle 57). In the next 
34 cycles, another 99 water molecules were input, the protein structure and the copper 
site rebuilt, and two sulphate anions input (R = 0. 153,  cycle 90) .  The X-ray data was 
then extended to 1 .9A resolution (R = 0. 177). The refinement continued with several 
rounds of rebuilding of the protein, inclusion of solvent molecules and refmement cycles 
until the R -factor reached 0. 1 66 at cycle 1 48. Three hydrogen bond distances (0 17 . . .  � 
1 10, Dy1 30 . . .  Oyl 96 and Oel 4 . . .  Ne2 32) were restrained because these interactions 
kept refining below 2.5A. At cycle 142, four side-chains were modelled as disordered 
groups (see below). These were to be the final cycles, but nine cycles of HKPROLSQ 
refinement on just three residues were necessary, while the rest of the structure was 
fixed, to make sequence corrections as determined by the DNA sequence (Asp- 1 6�Asn, 
Ser-42-tVal and Glu-57�Gln)179. The final model contains 1 956 protein atoms, 259 

water molecules ,  three sulphate anions (one as a sulphur atom) and 1 1  disordered atoms, 
for a final R-factor of 0. 168. 

Various parts of the protein were rebuilt manually during the refinement to correct and 
improve the structure. Rebuilding of the protein was done in six rounds at cycles 57, 77, 
9 1 ,  1 1 8, 145 and 149. Omit maps were generated for the regions which either had high 
B-values or made short van der Waals contacts. These were rebuilt manually as described 
earlier. During the rebuilding of the protein structure, four side-chains were modelled as 
disordered (Lys-34A, Lys-41 A, Thr-61 A  and Gln-57B), since two conformations were 
clear enough to be included into the structure (total 1 1  atoms). The relative occupancies of 
each pair of the alternate conformations were adjusted to make the B-values roughly 



Table 3.1.2. Course of the refinement for reduced azurin 

Cycle 

1 
10 
13 
32 

43 
47 

57 

65 

74 
77 

85 

9 1  
103 
1 1 8  

130 

139 

142 
145 
148 

151  
1 57 

R-factor 

0.250 
0. 198 
0.218 
0.188 

0.170 
0.169 

0. 168 

0.173 

0. 162 
0. 157 

0.153 

0. 177 
0.183 
0. 174 

0. 167 

0. 167 

0. 167 
0.169 
0.166 

0. 167 
0.168 

rms �ist 
(A) 

0.019 
0.019 
0.019 
0.018 

0.017 
0.017 

0.017 

0.017 

0.019 
0.017 

0.016 

0.021 
0.017 
0.021 

0.021 

0.021 

0.021 
0 .020 
0.021 

0.021 
0.021 

Total Comments 
atoms 
1954 Protein atoms of oxidised azurin 
1954 10 cycles 
1924 3 cycles with copper ligands removed (except for C�s). 
1997 Copper ligands built in, restraints loosened then retightened. 

1954 protein atoms, 43 water molecules 
2073 Input 76 water molecules, restraints loosened and retightened. 
2073 Changed X-ray weight to emphasise the higher resolution data 

(i.e. dependent on sin ao .. ), which improved R-factor by 0.034 
for data at 2. IA resolution. 

2073 Loosened distance restraints to rms6.(dist)= 0.082A, then 
retighted to rms6.(dist)= 0.017A. 

2073 Rebuilt copper site, protein side-chains and waters with 
B>soA2. Loosened and retightened restraints. 

2173 Input 100 waters 
2173 Changed to unit weights for X-ray data 

(Total 1954 protein atoms and 219 waters) 
2182 Rebuilt side-chains, input 2 sulphate anions and 12 waters, 

removed 13 waters 
2182 Introduced new X-ray data (1 .9A resolution). 
2200 Rebuilt side-chains and waters, input 18 waters 
2200 1954 protein atoms 

236 waters 
10 sulphate atoms 
Restraints on distances and planes loosened and retightened. 

2265 Side-chains, waters and copper site rebuilt, input 65 waters (total 
301). 

Changed X-ray weight to emphasise the higher resolution data 
(i.e. dependent on sin alA), which improved the R-factor for the 
higher resolution data. 

2228 Removed 37 waters. Mterwards, protein and water structure were 
checked against the oxidised structure. 

2240 Input 1 1  atoms of disordered side-chains. 
2240 Repositioned waters with short hydrogen bonding contacts. 
2235 Rebuilt short van der Waals contacts involving carbon, 5 waters 

removed. 
2236 DNA sequence changes Ser-42 to Val, only Val-42 refmed. 
2236 DNA sequence changes Asp-16 to Asn and GIu-57 to Gin, only 

Asn-16, Val-42, Gin-57 and sulphate refined. 

Final model : 
1956 protein atoms 
258 water molecules 
2 sulphates as S042-
1 sulphate as S atom 
1 1  atoms of disordered side-chains 

68 
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equal. 

Solvent molecules were located from difference Fourier maps, and included in the 

structure as water molecules if good contacts were made to the surrounding structure. At 

cycles 57, 85, 1 1 8, 1 30, 1 39 and 142 selected solvent molecules were checked (see 

section 2.3 for the criteria). This was done by omitting them from the structure and then 

calculating difference Fourier maps to see if the corresponding peaks reappeared. Finally 

towards the end of the refinement (cycle 139), the solvent structure was checked against 

the positions of the solvent molecules in oxidised azurin, but no extra solvent molecules 

were found in this way. At cycle 77, a large Fo-Fe peak was found in the crevice formed 

between Gly-76 and His-83 in each of the protein molecules. These peaks were assigned 

as sulphate anions because, 1) the measured distances from the centre of the peaks to the 

NH groups of Gly-76 and the imidazole ring of His-83 are too long (z4A) for the them to 

be water molecules, 2) the shape of each peak is tetrahedral, and it is possible to orient a 

sulphate anion so that the oxygen atoms make good hydrogen bonds to the protein, and 

3)  the protein was crystallized from a solution 70% saturated with (�hS04. Sulphate 

anions are also present in the same region in oxidised azurin3 1 •  A large peak was also 

found on a two-fold crystallographic axis. This was also found in oxidised azurin31 ,  and 

has been tentatively assigned as a disordered sulphate because the distances it makes to its 

nearest neighbours, which are hydrogen bond donors, are =4A. 

No constraints were imposed on the copper . . .  protein distances, so that the copper 

geometry could refine freely. The structure of the copper site was closely monitored 

thoughout the refinement, but it became apparent early on that any changes due to 

reduction were minimal. Initially, the structure was allowed to refine for 22 cycles 

without the copper and its ligands. The copper site was then built into the Fo-Fe density. 

Accuracy of the structure 

The accuracy of the atomic coordinates of the final model can be estimated from the 

discrepancies between the observed and calculated structure factors232. Figure 3 . 1 . 1  

shows the plot of R-factor against resolution for the refined structure. Apart from the data 

at low resolution ( l 0-5A),  where the disordered solvent is inadequately modelled, the 

analysis suggests that the maximum average error in atomic coordinates of the model is 

0.20A. Since the Luzzati analysis assumes that differences in the observed and calculated 

structure factors only arise from discrepancies in the modeI233,234, a more realistic 

average error should be less than this, considering that much of the weak data has been 

included in the structure refinement. (Weak X-ray data contains a significant component 

of statistical error, and this will be reflected in the discrepancies between the observed and 
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Figure 3.1.1. Luzzati plot of the refined structure of reduced azurin. Error lines are for non-centric data, 
and indicate a maximum error of o.2oA. 

calculated structure factors.) 

An alternative indication of the accuracy of the reduced azurin structure can be obtained 

by the comparison of the two independent molecules in the asymmetric unit, and a 

complete analysis of this is presented in Section 3.3.  A summary of these results is given 

here for the benefit of the comparison of the reduced and oxidised structures in Section 
3.2. In general, the two reduced azurin molecules agree best for those parts of the 

structure which are well defmed. Superposition of 95% of the main-chain atoms gives an 

r.m.s. deviation of 0.30A in their positions. However, a breakdown of this shows that 
the main-chain atoms in the a-helix and �-strands agree within 0.25A, while those 

main-chain atoms contained in the polypeptide loops show less agreement (0.3-0.6A). 
Differences in side-chain atom positions are generally greater than those for main-chain 
atom positions. The smallest differences are seen for internal side-chain groups (g).3A), 
while those on the surface of the protein differ in position by as much as 1 -4A. At the 

active site, a well defined part of the structure, the r.m.s. deviations in copper distances 
and angles are o.06A and 3.7°, respectively. The r.m.s. deviations of other structural 

parameters are 8. 1 ° for main-chain torsion angles, 1 3.2° and 63.2° for internal and 

external side-chain torsion angles, and 0.20A and 10.3° for hydrogen bond distances and 
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angles. 

Restrained refinement of the Cu . .  .s(Met) distance 

EXAFS experiments have been done on Ps . aeruginosa azurin at the copper edge in both 
oxidised and reduced statesl60,161 .  The results give values for the metal-ligand distances 

of the primary coordination sphere around the copper site. For oxidised azurin, EXAFS 

measurements reveal the presence of a short copper to sulphur bond (2. lOA) and two 

coordinated nitrogens at normal distances ( 1 .97A), but no clear evidence for a second 

Cu . . .  S interaction can be determined. Later experiments on the reduced form suggested a 

second Cu . . .  S distance of 2.70A161 .  If this result is correct, then the Cu . . .  S(Met) 
distance changes from =3. 1A (from the crystallographic structure3 1 )  to =2.7A upon 

reduction. Such a change could occur if the copper atom moves towards the methionine 
sulphur into a more tetrahedral geometry characteristic of Cu(I) coordination. The effect 

of pH was also investigated, and the results clearly show no significant dependance on 
pH of the bond lengths at the copper site161• 

During the course of the refinement, it became apparent that the results of the EXAFS 
experiments on reduced azurin did not agree totally with those from crystallography. The 

distances to the three main ligands of the copper site agree within experimental error, but 
the fourth distance, to Sy 121 ,  differs markedly from the crystallographic value (2.70A 

versus 3.23A), and the possibility of a fifth interaction, with the carbonyl oxygen of 
Gly-45, was not detected. To check the validity of the crystallographic distance and to 

ensure that the refinement was proceeding towards the correct structure, restrained 

refinement was carried out on a model on which the EXAFS distance of 2.7 A between 

the copper and the Met- 121  sulphur was imposed. At two stages in the refinement 

(following cycles 1 18 and 1 5 1 )  the Cu . . .  S (Met) distance was rebuilt, each time trying 

two different approaches. 

Table 3.1.3 Comparison of crystal structure copper distances with those determined by EXAFS for 
reduced azurin. A hyphen "-" indicates no detected copper distance. 

Copper ligand Crystal structure distance EXAFS distance Difference 
(A) (A) (A) 

0 45 3 .23 - -

No1 46 2. 13  1.89 / 2.04 0.24 / 0.09 
Sy 1 12 2.27 2.24 0.03 

NO! 1 17 2.05 1 .89 / 2.04 0. 16 / 0.01 
So 121 3.23 2.70 0.53 
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In the first method, the copper atom was moved o.sA directly towards the sulphur of 
Met- 12l .  This rebuilt model was then refined with the Cu . . .  S(Met) distance restrained at 
2.70A. Distances to other copper ligands were reasonable, and were allowed to refine 

freely. Two sets of PROLSQ refmement were completed; one with a moderate constraint 
(cr = o.oSA) and another with a very tight constraint (cr = o.01A) on the Cu-S(Met- 12l )  

distance. When using moderate constraints on the Cu . . .  S(Met-12l)  distance, six cycles 

of refinement saw the copper shift back to its original position and the Cu . . .  S (Met- 12l)  
distance return to =3.2A. Consequently, a tighter constraint was tried, and the experiment 

repeated. During this refinement, the target value for the Cu . . .  S (Met) distance was 

periodically updated to the mean value for the two independent molecules. Refinement 
continued in this way until the model converged. During this procedure the copper atom 
shifted back to within O. l lA of its original position in the first six cycles, but dragged the 

S5 atom O.3 lA towards the original copper position to maintain the Cu . . .  S (Met) distance 

(see Figure 3 . 1 .2). After 3S further cycles, the methionine side-chain eventually returned 
to its original position and a Cu . . .  S (Met) distance of 3. 17 A. Results of this test are listed 

in Table 3. 1 .4 and illustrated schematically in Figure 3 .1 .2. 
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Figure 3.1.2. Schematic diagram of the test refmement of the Cu . . .  S(Met) distance tightly restrained 
(<1 = o.OlA). In a the copper site is shown after unrestrained refinement of copper distances. In b ,  the 
copper is shifted o.sA towards So 121.  Mter six cycles of refinement, the copper returns to its normal 
position, but drags the sulphur closer to the copper postion (c). 41 cycles later, the Cu . . .  S(Met) distance 
returns to its original value despite the tight restraint imposed. 

The test refinement of the Cu . . .  S(Met-12l )  distance was also repeated at the end of 

refinement, using FFT refinement procedures (HKPROLSQ). The results were 

essentially identical to those obtained at an earlier stage of refinement Within 14 cycles of 
HKPROLSQ refinement, the copper returned close to its original position with a mean 

Cu . . .  S(Met) distance of 3. 1 sA. 
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Table 3.1.4. Course of the test refinement on the tightly restrained Cu . . .  So 121 distance using 
PROLSQ (cycle 1 18) and HKPROLSQ (cycle 151). Values are the mean distances between the original 
position (Cu and So 121) and those during refinement (Cu' and S5 121 '), so that before cycle 1 
<Cu' . . .  Cu>=0.5A and <S5 121 '  . . .  So 121>=oA. 

PROLSQ <So 121 '  . . .  S5 121> <Cu' . . .  Co> <Cu' . . .  S5 121 '> HKPROLSQ <Cu' . . .  S5 121 '> 
Cycle of (A) (A) (A) Cycle of (A) 

refmement refinement 
6 0.308 0.105 2.83 2 2.82 
12 0.257 0.069 2.9 1 4 2.92 
15  0.213 0.057 2.97 6 2.99 
18 0.176 0.048 3.02 8 3.06 
21 0.148 0.043 3.05 10 3.09 
29 0.091 0.032 3.12 12 3 . 13  
35 0.064 0.026 3.16 14 3 . 15  
41  0 .048 0.022 3.17 

In the second method the copper atom was left in place and the methionine side-chain was 
rebuilt so that its sulphur atom was moved to within =2.7 A of the copper. Upon 

rebuilding this side-chain, however, it became evident that the methionine side-chain 
could not extend far enough to reach the desired position by simply adjusting the side
chain torsion angles. Instead, rebuilding the side-chain required the "stretching out" of the 

side-chain bonds. To improve the geometry in the "stretched out" side-chain, the sulphur 

atom was fixed =2.7A from the copper atom, and then the residue regularised so that 
better agreement with "ideal" geometry was obtained. The first six cycles of HKPROLSQ 

refmement were completed with the sulphur atoms of both Met-121 side-chains frozen in 

position approximately 2.7A from the copper atoms. This allowed the rest of Met- 121 
and surrounding protein structure to accomodate to the rebuilt copper site, and to 

minimise any non-ideal geometry, without affecting the Cu . . . S (Met) distance. These six 

cycles were necessary to prevent the geometrical restraints on the side-chain from pulling 

the sulphur atom back to the original position. A significant improvement was seen in the 

geometry of the side-chain before the sulphur atom was released for refinement (see 

Figure 3 . 1 .3) .  

The refinement was then continued with the So 121 atoms released, and a very tight 
restraint (0' = o.olA) on the Cu . . .  So 121  distance. Over 15 cycles of HKPROLSQ 

refinement, the Cu . . .  So 121 distance gradually increased to =3. 1A, close to the original 

value of =3.2A. Figure 3. 1 .4 plots the Cu . . .  So 1 2 1  distance with respect to the 

refinement cycle number. Also it was found that the B-value of So 1 2 1  increased, until 

the Cu . . .  So 121  distance refined above 2.95A (cycle 12) after which the B-value then 

gradually dropped over the remaining cycles. 

These refmement tests clearly show that, despite tightly restraining the Cu . . .  S (Met) 
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Figure 3.1.3. Geometry of the rebuilt Met-121 side-chain prior to refinement and after six cycles with 
the Ss 121 atom positions frozen (underlined values). Ideal geometry values are Ca-Cj3= 1 .522A, 
CI3-Cy=1.509A, Cy-SS=1.829A and SS-CE=1.803A. 
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Figure 3.1.4. Change of Cu . . .  SS 121 distance after rebuilding the side-chain of Met-121 towards the 
copper atom, and refming with this distance restrained at 2.7A (0- = o.01A). 

distance to 2.7A (the result from the EXAFS studies), this distance reverted back to the 

crystallographic value of =3.2A. Hence, it seems likely that the EXAFS value is 

incorrect. 

EXAFS studies on other blue copper proteins have also revealed difficulties in accurately 
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detennining the Cu . . .  S(Met) distance162,163. The difficulty in detennining this distance in 
plastocyanin was originally attributed to a very large thermal motion of the methionine 
sidechainl62, but even at cryogenic temperatures thermal motion could not be frozen out 
and the contact detected162. Eventually, polarised X-ray absorption spectra were taken on 
single crystals of plastocyanin in order to maximise the Cu-S(Met) contribution, yet still 
no definitive result regarding this distance to the methionine sulphur was found 163. The 
absence of a clear Cu . . .  S(Met) signal from EXAFS spectra may indicate that the 
methionine sulphur contributes only weakly to the ligand field of the copper, a conclusion 
supported by EPR spectra which show that the methionine sulphur has, at most, a small 
effect the ligand field of the copper83. 
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3.2 The structure of reduced azurin and its comparison with 

oxidised azurin 

The structure of reduced azurin is essentially the same as that of oxidised azurin31• The 
polypeptide chain folds into a single domain, with an eight stranded f3-sandwich as the 
dominant secondary structural element. The remaining parts of the structure consist of 
loops and turns connecting the f3-strands, and a three-turn a-helix in the "flap" region. 
The single copper atom is deeply buried in the "northern" end of the molecule in a cavity 
which is formed between the two sheets of the f3-sandwich and several interconnecting 
loops. A general description of the oxidised structure was given in Chapter 1 to outline 
the main features of the protein. In this section a detailed discussion of the reduced azurin 
structure, including a comparison with the oxidised structure, will be given. Figure 3.2. 1 
is a schematic diagram of the overall structure of azurin, depicting the f3-strands as 
arrows, the single a-helix as a coil, and showing the relative location of the copper 
binding site. A Ca, plot showing the location of specific residues is given in Appendix 
C.2, together with the amino acid sequence of azurin. 

Despite the overall similarities between the oxidised and reduced structures of azurin there 
are some differences. The problem, however, is that the largest differences are almost 
certainly not due to the process of reduction. These involve the side-chains on the surface 
of the molecule and some of the loops of the polypeptide chain, and simply reflect the the 
poor definition, or flexibility, of these regions. Any real structural changes due to 
reduction are at a much lower level, and the problem is then to identify them. For this, 
changes which are consistent between the two independent molecules of the asymmetric 
unit offer the best indication. 

3.2.1 C rystal packing 

The crystal packing of reduced azurin (Ale. denitrificans ) is essentially identical to the 
crystal packing of oxidised azurin31. The space group is orthorhombic, C2221. with 16  
molecules in  the unit cell (a=75. 1 3A, b=74.82A and c=100. lOA). This gives two 
independent, but virtually identical protein molecules in the asymmetric unit. The two 
molecules are related to each other by a two-fold non-crystallographic axis which runs 
approximately parallel to the a-b diagonal in the x-y plane of the unit cell, and also passes 
through the interface between hydrophobic patches of the two molecules (see Figure 
3.2. 1 . 1 ) .  The crystal packing of the azurin molecules is  shown in Figure 3.2 . 1 .2. The 
transformation of best fit for superimposing molecule B (XB,YB ,ZB) on to molecule A 
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Figure 3.2.1. A schematic diagram of the structure of reduced azurin. �-sheets in purple, a-helix in 
green, and copper in pink. 

(XA,y A,zA,) using all of the main-chain atoms except for the N- and C-termini (residues 1-

2 and 128-129) is XA=R·XB+T, or; 

[ XA ] [ -0.09673 0.99505 0.02277 ] [ XB ] [ 19.897 ] 
YA = 0.99495 0.09605 0.02930 x YB + -17.635 
ZA 0.02697 0.02549 -0.9993 1 ZB -12.395 

where R=rotation matrix and T=translation vector. The corresponding transformation for 

the oxidised structure is almost identical, the differences presumably due to the small 

changes in the unit cell parameters, i.e.; [ XA ] [ -0. 10162 0.99460 0.02093 ] [ XB ]  [ 19.839 1 
YA = 0.99438 0.10093 0.03 184 x YB + -17.375 
ZA 0.02956 0.02404 -0.99927 ZB -12.540 
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Figure 3.2.1.1. The packing of the two molecules of reduced azurin. The non-crystallographic 2-fold 
axis passes through the interface between the hydrophobic patches, and runs through the white sphere 
nonnal to the page. 

Figure 3.2.1.2 Crystal packing of reduced azurin from Ale. denitrificans. Only one protein molecule of 
the asymmetric unit is shown for clarity. 
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(Note that the transfonnation published for the oxidised structure31 is different because of 
a different choice of the asymmetric unit) 

The non-crystallographic symmetry is noticeable in X-ray diffraction photographs as 
pseudo-tetragonal symmetry. The unit cell dimensions of the pseudosymmetric unit cell 
are a=b=53. 12A and c= 100. lOA. It is interesting to note that crystals of azurin from Ps. 

denitrificans grow in the tetragonal space group P4122 or P4322 (a=b=52.3A, c=99.3A) 
with only one molecule per asymmetric unit35. The converse is also true; azurin from Ps. 

aeruginosa crystallizes in the space group P2}2121 (a=58.9A, b=79.oA and c=108 .5A), 
with four molecules in the asymmetric unit, that are related by 222 symmetry36. 

3.2.2 Conformational angles 

Main-chain torsion angles (</J,vr) 

The Ramachandran plots in Figure 3.2.2. 1 ,  which plot the torsion angles ($,'1') of the 
backbone of the polypeptide chain, shows the predominance of f3-character in the 
structure of azurin through the concentration of values about (- 120°, 1 35°) .  Another 
cluster around (_60°, -30°) represents residues of a-character i.e. some turns and the 0.

helix in the flap region. Residues Met-13 ,  Asp-7 1 and Tyr-72 are the only non-glycine 
residues in the left-handed a region. Of these, residues 7 1-72 are part of a type ill' turn, 
and the confonnation of Met-13  may be a result of the intermolecular contacts made to its 
side-chain. 

The main-chain conformational angles of reduced azurin closely resemble the angles of 
the oxidised structure. The overall difference between the redox forms gives a r.m.s. 
deviation in $ and \jf of 6.3° and 6.3°, respectively. These differences are smaller than the 
differences found in $ and 'I' between the two molecules of the asymmetric unit of 
reduced azurin (rms �$=8.5° and rms �'I'=7.7°). The $ and 'I' angles differ least for the 
residues which make up the [3-strands (r.m.s. �$=5.5° and r.m.s. �'I'=5.6°) while those 
for the a-helix (r.m.s. �$=6.3° and r.m.s. �'I'=6.2°) are comparable with the overall 
values for the whole structure. The largest differences appear at residues 53-54, 74-76 
and 105-106 which are surface residues with high thermal parameters in both the reduced 
and oxidised structures (see Table 3 .2.2. 1) .  

Very few of the changes in the main-chain torsion angles can be attributed to reduction. 
The only indication of a change in $ or 'I' is in the stretch of residues between Met-44 and 
Asn-47. In this segment, six of eight $,'1' angles change by 8- 14° (see Table 3.2.2.2). 
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Figure 3.2.2.1 Ramachandran plot of the main-chain torsion angles (<I>.'l') for both molecules of 
reduced azurin (molecule A on the left and molecule B on the right). 
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Figure 3.2.2.2. Change in the main-chain torsion angles, 1�<I>'l'I, between reduced and oxidised 
azurins, where 1�<I>'l'I=.,J«�<I>2+�'I'2)/2). Values off the scale are at residues 1B (148°), 2A (122°), 2B 
(122°), 3A (151°), 129A (66°) and 129B (172°). 
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The changes are evident in both molecules of the asymmetric unit, and are above the error 
in </>, 'I' for this stretch in the oxidised and reduced structures (r.m.s. A</>", are 6.9° and 
6. 1 ° for oxidised and reduced azurins, respectively). Results from the consistent shift 
analysis (see below) also suggest changes in the main-chain atom positions for Gly-45 
and His-46, and consequently these changes in the main-chain torsion angles may be real. 
The changes in the region Met-44 to Asn-47 are discussed further in Section 3.2.6, 
dealing with the copper site. 

Table 3.2.2.1. The largest differences in the backbone conformational angles, except for those at the N 
and C-termini, between oxidised and reduced azurin. The differences are given in terms of r.m.s. deviations 
in Aq,'I' for each segment along with the average B-value of the main-chain atoms for each section. 

residue segment r.m.s. Aq,'I' (0) <B> mainchain atom (A2t 
53-54 10.7 39 
74-78 1 1 .7 40 

105-106 25.1 56 

Table 3.2.2.2. Shifts in the q, and 'I' angles in the stretch of residues from Met-44 to Asn-47 between 
oxidised and reduced azurin (Oxidised - reduced). 

Molecule A Molecule B Average change 
Aq, A'I' Aq, A'I' <A4» <A'll> 

Met-44 0 -11 +7 -16 +4 -14 
Gly-45 +6 -14 + 1 1  -8 +9 -12 
His-46 +3 -9 +5 -14 +4 -12 
Asn-47 +9 -9 +6 -7 +8 -8 

Side-chain torsion angles (Xl-XSJ 

As was found for the main-chain torsion angles (</>,"'), the torsion angles for the side
chain groups in azurin are also essentially unchanged after reduction to the Cu(J) form. 
As a general rule, the side-chain conformational torsion angles vary more than the main
chain torsion angles, and and the variation tends to increase for those torsion angles 
which are further away from the backbone of the polypeptide chain. This is presumably 
because there are fewer constraining forces acting on the side-chain atoms than the main
chain atoms, and any constraints on the side-chain atoms generally diminish further out 
from the backbone of the protein chain. 

The r.m.s. deviations in the side-chain torsion angles between the oxidised and reduced 
forms of azurin are 16. 1° for 92% of Xl angles, 22.7° for 89% of X2 angles, 46.6° for 
78% of X3 angles and 48.6° for 79% of X4 angles. (Large differences were omitted from 
the calculation of the r.m.s. AX, if AXI � 60°, AX2 � 60°, AX3 � 90° and AX4 � 120° .) 
For buried side-chains, defined as those residues which have a solvent accessibility less 
than 5A2 per atom235, the conformational torsion angles are less variable, with r.m.s. 
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Figure 3.2.2.3. Plot of the r.ffi.S. deviations in X angles between oxidised and reduced azurins. 

deviations in 6Xl -6X3 of 10.9°, 22.6° and 24.4° , respectively. Similarly, those side

chains which make strong hydrogen bonds also have more rigid side-chain torsion 
angles. For X I -X3 of these side-chains, the r.m.s. deviation is 1 1 .8°, 1 0.5° and 33.6° ,  

respectively. These side-chains are restricted by packing interactions and hydrogen 
bonds, and consequently their conformational angles show less difference between the 

two redox forms. At the other end of the spectrum, the largest changes in the side-chain 

conformational angles occur in the those located on the surface of the protein. These are 

almost certainly not associated with reduction. The r.m.s. deviations between the 
oxidised and reduced azurin structures, for angles of surface side-chains, are 41 .4° , 

5 1 .5°, 7 1 . 1  ° and 79.4° for XI-X4 angles, respectively. 

Changes which may be due to reduction are seen only in some of the side-chains near the 
copper site. These are at His-46 « �X l > = +9°), Ser- 1 1 3  (<6Xl > = + 1 3°) ,  Phe-1 l4 
« 6X l > = - 10°) and His- l 17 « 6X2> = _6°), see Table 3 .2.2. 1 .  The majority of these 

changes are lower than the r.m.s. deviation in torsion angles for buried side-chains, but 

what distinguishes them from those which occur in the more mobile parts of the structure 
is that these changes are located in the most well ordered part of the protein, and appear in 

both molecules of the asymmetric unit. More importantly though, many of the above 

changes in the side-chain torsion angles are associated with other changes observed in the 

X 5 
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Table 3.2.2.1. Changes in side-chain torsion angles (oxidised-reduced) between oxidised and reduced 
azurin. 

Molecule A Molecule B Ave�e.1x 
.1X1 llX2 llXl llX2 <llXl> <.1X2> 

His-46 + 8  -3 + 9  -9 + 9  -6 
Ser-I13 + 1 5  - +1 1 - + 1 3 -

Pile-1 14 +2 - 1 0  0 · 1 0  +1 · 1 0  
His-II7 +4 · 7  +5 · 5  +5 · 6 

structure, such as the hydrogen bond geometry. The effect of these changes with respect 

to the reduction of the copper atom will be discussed in Section 3.2.6. 

3.2.3 Hydrogen bonds 

Virtually all of the potential hydrogen bond donors and acceptors of reduced azurin form 

hydrogen bonds either with other parts of the protein or with the solvent. Only 12.5% of 

potential donors and acceptors are not involved in explicit hydrogen bonds. Most of these 

are polar groups on the surface of the molecule, and are in contact with the bulk solvent. 

All internal polar atoms are involved in hydrogen bonds except for three; the c arbonyl 

oxygen of Gly-45, which is directed towards the copper atom, the side-chain imide group 

of Trp-48, which is surrounded by hydrophobic groups, and the carbonyl oxygen of Pro-

1 1 5 which is effectively buried by crystal packing in the interface between the 

hydrophobic patches of the two protein molecules. 

To analyze the hydrogen bonds, hydrogen atom positions were calculated and input into 

the coordinate set for all non-amino nitrogens u sing the programs DISTANG236 and 

ORDER237 (amino hydrogens are excluded because of the free rotation about the N-C 

bond). The criteria for the hydrogen bond geometry were taken from the review of Baker 

and Rubbard238. An acceptor-donor pair is considered a hydrogen bond if; 1 )  O . . .  N, 

0 . . .  0 and N . . .  N distances, without a calculated hydrogen atom, are less than 3 .5A, or 

O . . .  R and N . . .  R distances, with a calculated hydrogen atom, are less than 2.5A, and 2) 
if the hydrogen bond angle at both donor and acceptor atoms is greater than 90° (Le. 

O(N) . . . R-N angle > 90° or O(N) . . .  O(N)-C angle > 900). 

Main-chain . . .  main-chain hydrogen bonds 

/3-sheets 

Most of the hydrogen bonds found in azurin are main-chain . . .  main-chain interactions. 
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Figure 3.2.3.1. Schematic diagram of the main-chain . . .  main-chain hydrogen bonds in the �-sheets of 
reduced azurin. �-strand numbers are given on the left, and �-sheet numbers are given on the right 

The hydrogen bonds are made between the l3-strands, linking these strands together to 

form two l3-sheets. The l3-sandwich is then created by bringing together the hydrophobic 

faces of the two l3-sheets. Sheet I comprises four strands, 1 ,  3, 6, and the fIrst half of 

strand 2, while Sheet II is made up of fIve strands 4, 5, 7 ,  8, and the second half of 
strand 2. Both l3-sheets contain parallel and anti-parallel /3-strands. Connections between 

the sheets, apart from the hydrophobic interactions in the interior of the protein, are 

limited to a "kink" in strand 2 (residues 16- 1 8) which joins the two halves of that strand, 

and two main-chain . . .  side-chain hydrogen bonds between strands 5 and 6 (N 85 . . .  002 
93 and N 88 . . .  0e1 9 1). Figure 3 .2.3. 1 portrays the main-chain . . .  main-chain hydrogen 
bonding structure in the l3-sandwich. 

Helices 

The structure of azurin contains only one signillcant length of helix and a few loops 

which can be classed as single helical turns. The principal helix is found in the "flap" 

region and has three turns between residues 55-67. The hydrogen bonds made within the 
a-helix are classical 1 -5 hydrogen bonds between the main-chain atoms, which then 

tighten at the fmal turn into a 3 1O-helix. Figure 3.2.3.2 shows the hydrogen bonds of this 

helix schematically. Two loops, residues 40-44 and 1 17- 1 2 1 ,  contain a single 1-5 
hydrogen bond, and can be regarded as single a-helical turns (a-turns). A double turn, 

which contains two consecutive 1 -4 hydrogen bonds, is found at residues 98-102, and 

can also be classed as a single turn of a 3 1O-helix239. 
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Figure 3.2.3.2. Schematic diagram of the main-chain . . .  main-chain hydrogen bonds in the a.-helix of 
the "flap" region of reduced azurin. 

Loops and turns 

The remaining structure of reduced azurin consists of loops and turns which are found 
between the individual (3-strands and in the non-helical sections of the flap region. The 

majority of the loops are 3 1 O-bends (l3 -turns), which contain a single 1 -4 

main-chain . . .  main-chain hydrogen bond. This is by far the most common type of turn in 

globular proteins2 3 8 .  Only two loops (40-44 and 1 17- 1 2 1 )  have 1 -5 

main-chain . . .  main-chain hydrogen bonds, and as was mentioned above can be 
considered as single turns of a-helix. In fact, the main-chain . . .  main-chain hydrogen 

bonds of these loops are bifurcated and show both 1 -4 and 1-5 type interactions, which 

are somewhat more frequent in loops than a single 1 -5 type hydrogen bond238. There is 
only one example of a x-turn in azurin, a 1-6 type hydrogen bond followed by a 2-5 

hydrogen bond, which occurs after the a-helix of the "flap" region. Consecutive turns 

appear in two parts of the protein structure; in the "flap" region where a type IT (residues 
74-77) and then a type ill (residues 77-80) turn follow the x-turn (residues 67-72), and 

near the copper site (residues 1 14- 121)  where a type-II turn (residues 1 14-1 17)  is 
followed by an a-turn (residues 1 17-121). The only part of the structure which can not 
be classified as either turn, helix or l3-structure is the short segment of residues 37-39. 

Here, the only main-chain . . .  main-chain hydrogen bond formed is between the carbonyl 

oxygen of Met-39 and the amide group of Gly-89. Presumably, these interactions in the 

loops of the polypeptide chain help to stabilise the conformation of the backbone, 

allowing it to fold back upon itself. Table 3.2.3. 1  lists types of secondary structural 

elements along with their corresponding residues. 
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Table 3.2.3.1. The secondary structure elements of reduced azurin. 

B-strands Strand no. Helices tvoe Turns type 
3-10 1 55-67 a 1 0-13  type-I 

14-22 2 98-102 3 1 0  23-26 type-I 
27-36 3 40-44 a-turn 
45-51 4 52-55 type-ill 
8 1-87 5 67-72 1t-tum 
9 1-99 6 68-71 type-I 

107-1 12 7 70-73 type-nr 
121-128 8 74-77 type-II 

77-80 type-ill 
88-91 type-II 

103-106 type-II 
1 14·1 1 7  type-II 
1 17·121 a-tum 

Main-chain . . .  side-chain hydrogen bonds 

Thirty-one main-chain . . .  side-chain hydrogen bonds exist in the structure of reduced 
azurin.These interactions may be divided into two groups; "local" hydrogen bonds 

between groups within four residues of each other, and long range or "crosslinking" 
hydrogen bonds between residues that are sequentially far apart. Table 3.2.3.2 gives the 

main-chain . . .  side-chain hydrogen bonds of reduced azurin. 

Nearly half ( 14) of the main-chain . . .  side-chain hydrogen bonds are local; most of these 
( 1 0) occur in reverse turns of the structure, and probably help to direct and stabilise the 
conformation of the main-chain. Six main-chain . . .  side-chain hydrogen bonds (Asn- lO, 

Asp-23, His-35, Asp-77, Asp-98 and Cys- 1 1 2) may be classified as Asx turns, where 

the side-chain of residue n makes a hydrogen bond with the main-chain NH of residue 
n+2 238,240,241 . Four of these Asx turns are associated with �-turns (Asn- lO, Asp-23, 

Asp-77 and Asp-98), and similar turns involving cysteines have been noted previously in 

the iron-sulphur proteins242,243. 

The next most common feature are four n . . .  On+l interactions, which appear at Thr-5 1 ,  
His-83, Thr-84 and Ser- 1 28. His-83 and Thr-84 are located in the middle J3-strand, and 

their interactions may help to orient the side-chain. In particular, the hydrogen bond for 
His-83 is probably important for forming part of the sulphate binding site. There is only 
one main-chain . . .  side-chain hydrogen bond in the a-helix of azurin (o.yl 6 1 .  . .  0 57), 

and it is typical of a n . . .  ( n-4) hydrogen bond to the main-chain carbonyl. 

Crosslinking hydrogen bonds, formed between residues that are sequentially distant, play 
an important role in drawing together different parts of the structure and stabilising the 
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Table 3.2.3.2. Main-chain . . .  side-chain hydrogen bonds in reduced azurin, divided into "local" and 
"crosslinking" interactions. Side-chains invariant in other azurins are double underlined, while those 
replaced by similar hydrogen bonding groups are singly underlined. The terminology for the location of 
crosslinking interactions is "North" , referring to the copper site end of the protein molecule, and "South" 
referring to the opposite end. 

Local 
Asn-lO OOl . . .  HN 12 
Asn-lO OOl . . .  HN 14 
Asp-16 002 . . .  HN 16 
Am:23. OOl . .  ·HN 25 
His-35 NOl . . .  HN 37 
Thr-51 Oyl . . .  HN 52 
Thr-61 Oyl . . .  HN 57 
Asp-77 OOl . . .  HN 79 
His-83 No1 . . .  0 84 
Thr-84 Oy1 . . .  0 85 
Glu-91 OEl . . .  HN 88 
Asp-98 002 . . .  HN 100 
Cys- 1 12 Sy . . .  HN 1 14 
Ser-128 Oy . . .  O 129 

Type 
n . . .  HN(n+2) 
n . . .  HN(n+4) 
n . . .  HN(n) 
n . . .  HN(n+2) 
n . . .  HN(n+2) 
n . . .  0(n+1) 
n . . .  O(o-4) 
n . . .  HN(n+2) 
n . . .  O(n+l) 
n . . .  0(n+1) 
n . . .  HN(n-3) 
n . . .  HN(n+2) 
n . . .  HN(n+2) 
n . . .  0(n+1) 

Cross-linking 
Ser-9 Oy . . .  O 34 
Asp-ll  Ool  . . .  HN 3 9  
Asp-ll  002 . . .  HN 38 
Tyr-15 � . . .  O 47 
Asn- 16 Ool . . .  HN 8 
His-35 NE2 . . .  0 44 
His-46 NE2 . . .  0 10 
Asn-47 Ool . . .  HN 1 1 3  
Asn-47 N52 . . .  0 7 1  
Am:.Il 001 . . .  HN 86 
Thr-84 Oyl . . .  N 48 
Asp-93 052 . . .  HN 85 
Tyr-108 � . . . NH 103 
Tyr-1 10 � . . . O 17 
Cys-1 12 Sy . . .  HN 47 
S�r-1 l3. Oy. . . 0 72 

Location 
North 
North 
North 
North 
Middle 
North 
North 
North 
North 
North 
Middle 
Middle 
South 

Middle 
North 
North 

final folding pattern of the protein244. Sixteen crosslinking hydrogen bonds appear in the 

structure of azurin. The hydrogen bonds made to the side-chain of Asn-47 are good 

examples of this, joining together the two loops containing the copper ligands and the 

"flap" region to the bulk: of the �-sandwich. Many of the side-chains involved in 

crosslinking hydrogen bonds are internal, with the exception of the Asp side-chains, 

which are on the surface of the molecule, presumably because of their negative charge. 

Asp and Tyr are the most common side-chains in crosslinking interactions in azurin. The 

Tyr OH binds to carbonyl oxygens and the Asp carboxylate oxygens bind to the peptide 

NH groups of the main-chain. 

Four crosslinking hydrogen bonds join adjacent �-strands. The hydrogen bond Or 9 . . . 0 

34 bridges strands 1 and 3, and 0r1 84 . . .  N 48 links strands 4 and 5 .  There is also a link 

from the end of the strand 7 to strand 4 (Sr 1 12 . . . N 47) and another just prior to the 

"kink" in strand 2 to strand 1 (N 8 . . . 0�H 16).  No crosslinking hydrogen bonds are 

made to the a-helix in the "flap" region. 

The majority ( 1 1) of the crosslinking hydrogen bonds are found in the " northern" end of 

the molecule in the vicinity of the copper site, providing for the extra stability and rigidity 

of this region of the structure3 1 .  At the "southern" end of the molecule, only one cross-
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linking hydrogen bond (Tyr-108 o" . . .  HN 103) is found, linlcing residues that belong to 
the same extended loop. Consequently, the "southern" region of the molecule exhibits 
higher mobility and poorer agreement between the two independent molecules. 

Conservation of the main-chain . .  .side-chain hydrogen bonds in azurins 

The importance of main-chain . . .  side-chain hydrogen bonds is apparent when the 
sequences of different azurins are compared. Of the 31  hydrogen bonds, 17 involve 
side-chains which are invariant in all azurin sequences. A further eight side-chains are 
conservatively changed with the residues replaced by similarly hydrogen bonding groups. 
The conservation also extends to other blue copper proteins. For instance the 
neighbouring residues of Cys- 1 l2, Asn-47 and Ser(Thr)- 1 l 3, are conserved in all 
azurins, and their corresponding residues in plastocyanin, Asn-38 and Ser-85, are also 
invariantlO. The cross-linking hydrogen bond of Tyr-15,  which is near the copper ligand, 
Met- 121 ,  does not appear in most azurins, however, as this residue is usually Phe31 .  

Side-chain . . .  side-chain hydrogen bonds 

A total of eleven side-chain . . .  side-chain hydrogen bonds appear in the structure of azurin. 
These are listed in Table 3.2.3.3. This number is very low considering the number of 
polar residues in the sequence. Some of the side-chains involved in such hydrogen bonds 
have high thermal parameters (e.g. Glu-4, Asp-98 and Glu-l06), and their interactions 
may not be important, but a few interactions, for instance NS2 47 . . .  Oy 1 13, probably do 
help to stabilise the surrounding structure. Three side-chain . . .  side-chain hydrogen bonds 
appear in the P-structure. These are concentrated in one region of p-sheet I; one 

interaction joins strands 1 and 3 (Del 4 . . .  Ne2 32), while the other two join strands 3 
and 6 (Oyl 30 . . .  Oyl 96 and Nol 32 . . .  Oyl 94). These hydrogen bonds may help stabilise 
the P-structure, since Thr-30, Ser-94 and Thr-96 are invariant in other azurins. The 

remaining interactions of this type are associated with the loops and turns of the 
polypeptide chain. One salt bridge is found, a set of three hydrogen bonds from Asp-62 
and Asp-77 to Arg-79. These three residues, Asp-62, Asp-77 and Arg-79, are invariant 
in azurins, and may help to stabilise this part of the flap region. 

Hydrogen bonds involving sulphur 

The structure of azurin contains two hydrogen bonds which involve a sulphur atom as an 
acceptor. Both of these hydrogen bonds are made to the thiolate sulphur of eys- 1 12, 
which is strongly bound to the copper, and their implications will be discussed in section 
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3.2.7. Here, a description of the general nature of sulphur hydrogen bonds will be given, 
since these hydrogen bonds are affected by the reduction of azurin. 

Table 3.2.3.3, Side-chain . . .  side-chain hydrogen bonds in reduced azurin. Invariant side-chains are 
double underlined, while those replaced by similar hydrogen bonding groups in other azurins are singly 
underlined. 

Side-chain . . .  side-chain hydrogen bonds 
Oe1 4 . . .  Na 32 
No2..lQ . . . Oe2 14 
Qo 1..23. . . .  Or 25 
Qyl 30 . . . llil 96 
NS1 32 . . . Qy 94 
�S2 47 . . .  �1 13 

QSl 62 . . .  Nn2 79 
QSl 77' ' '�E 79 
Qsz 77· . .  �ii2 79 
QS2 98 . . .  Or 100 
OEl 106 . . . � 108 

Hydrogen bonds involving sulphur atoms are longer than those involving nitrogen or 
oxygen, because of the greater radius of the sulphur atom (van der Waals radius of 1 .80A 
compared to 1 .55A and 1 .50A, respectively256). They are also weaker because of the 
lower electronegativity of sulphur245-250. In proteins, sulphur containing side-chains are 
not usually hydrogen bonded, except for some cysteines. The average cysteine sulphur 
hydrogen bond length is 3.5(±O. 1)A for 54 possible interactions found in the Protein 
Data Bank by Ippolito et al.245 (S . . .  D or S . . .  A, where A=acceptor and D=donor). The 
average C-S . . .  D/A angle is 104±27°, and the C-C-S . . .  D/A torsion angle shows a slight 
preference for donors/acceptors in the gauche orientation. The average hydrogen bond 
length is long when compared to S . . .  HN interactions in crystal structures of sulphur
containing organic compounds examined by Donohue247 where the S . . .  HN hydrogen 
bonds have S . . .  N distances in the range 3.25-3.55A. 

Several S . . .  HN hydrogen bonds have been found in the metal sites of the FeS proteins 
ferredoxin242,243,25 1, rubredoxin252 and high potential iron protein (HiPIP)243. Adman 
et al. calculate an average distance of 3.6A for these interactions, which range from 3.1A 

to 4.oA. These include some long interactions where the amide hydrogen points directly 
at the sulphur and are considered "incipient" hydrogen bonds242. Five types of S . . .  HN 
hydrogen bonds have been identified. In two types, the cysteinyl sulphur atom binds to 
the amide hydrogen two residues along the sequence, i.e. n . . .  n+2.  These two types are 
geometrically similar to NH . . .  O hydrogen bonds in type I and type II (3 10) turns253. The 
third type of hydrogen bond involves sequentially distant parts of the protein, as in 
crosslinking hydrogen bonds, and this often completes a nearly tetrahedral arrangement 
about the cysteinyl sulphur. In the fourth type of S . . . HN hydrogen bond, the amide 
hydrogen is directed towards an inorganic sulphur atom (S2-), while the fifth type is a 
n . . .  n+ 3 interaction, which is found in the copper site of pseudoazurin34. 
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In azurin, the two S . . .  HN hydrogen bonds belong to the type I, n . . .  n+2,  category 

(Sy 1 12 . . . HN 1 14), and the crosslinking category (Sy 1 12 . . .  HN 47). The amide 

hydrogens are directed towards the sulphur atom in such a way as to complete a 

tetrahedral arrangement about the sulphur with the copper and C� atoms (see Figure 

3.2.3.3). No hydrogen bonds involving methionine sulphur as a hydrogen bond acceptor 

are found in the strucure of azurin. Methionine as a hydrophobic residue, however, has 

been found to prefer dipole-quadrupole interactions with aromatic side-chains254. This 

type of interaction occurs between Met-121 and Tyr-15 in azurin. 

Figure 3.2.3.3. S . . . HN hydrogen bonds of the copper site viewed down the Cu-S(Cys) bond. Ca trace 
in blue, and selected atoms in pink (copper as a pink cross). 

Changes in the hydrogen bonds upon reduction 

The only hydrogen bonds which undergo reduction dependent changes are the two 

S . . .  HN interactions between the side-chain of Cys- 1 12 and two peptide NH groups. 

Since Cys-1 12 is part of the copper site, these changes will be discussed in section 3.2.7. 

Changes in the rest of the hydrogen bonds of azurin upon reduction are small, and 

probably not significant. 

There are only a few hydrogen bonds which do not appear in both redox forms of azurin, 
and these are restricted to regions of the molecule which have higher flexibility (as judged 
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Table 3.2.3.4. Differences in hydrogen bonding between oxidised and reduced forms of azurin. A "../" 
indicates the presence of a hydrogen bond. Those in parentheses are "marginal" hydrogen bonds. 

Hydrogen bond Oxidised azmin Reduced azurin 
A B A B 

main-chain . . .  main-chain 
o 1O . . .  N 13  ../ (../) 
o 4 1 . . .N 45 (../) 
o 53 . . .  N 56 (../) (../) 
o 61 . . .N 65 (../) (../) 
o 64 . . .  N 67 (../) 
o 67 . . .  N 70 (../) (../) (../) 
o 70 . . .  N 73 (../) (../) (../) 
o 74 . . .  N 77 ../ ../ 
o 77 . . .  N 80 ../ (../) 

o 128 . . .  N 24 ../ 

main-chain . . .  side-chain 
2 0£l . . .  3 N ../ 

10 Oal . . .  IO N (../) 

23 Oal . . .  25 N ../ ./ ../ 
47 Oal . .  .47 N (../) 

86 0 . .  .41 Nt; ./ 
93 Oal . . .  94 N (../) (../) 

98 002 . . .  100 N ../ ./ 
123 0 . . .  122 Nt; ../ (../) 

128 0 . . .  24 Nt; (../) 

128 0"( . . .  129 N (./) 
129 0£ . . .  24 Nl; ../ 

side-chain . . .  side-chain 
0£l 4 . . .  Na 32 ../ ../ ../ 
O£l 8 . . .  Nl; 34 ../ 
Oal 23 . . .  O,,( 25 ./ (../) ../ 

002 23 . . .  0,,( 128 (../) (../) 

O£! 53 . . .  Nl; 56 (../) 

O£! 53 . . .  Nl; 122 ../ (../) 

Oat 62 . . .  Nt; 74 ../ ../ 
001 77 . . .  N£ 79 ../ ../ ../ 
O£l 9 1 . . .Nl; 4 1  ../ 
001 93 . . .  Nl; 8 5  (../) ../ 
002 98 . . .  Nl; 27 ../ 
Oat 98 . . .  0,,( 100 ../ ../ 

Oy! 124 . . .  Ne 122 ( ..... ) 

by B-values) than the rest of the structure. Hydrogen bonds which do not appear in both 

molecules of the oxidised and reduced structures are listed in Table 3.2.3.4. Ten of these 
are main-chain . . .  main-chain interactions, 13 are main-chain . . .  side-chain interactions and 

14 are side-chain . . .  side-chain interactions. Many of these show poor agreement between 

the two reduced azurin molecules, and have "marginal" geometry; where either 1) O . . . N 
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or O . . .  H distances are greater than 3.3A or 2.3A, respectively, or 2) an angle is less than 
100°. In contrast, those hydrogen bonds which are common to both redox states exhibit 

only minor differences in hydrogen bond geometry. 

Most of the non-conserved main-chain . . .  main-chain hydrogen bonds appear in the more 

poorly defined, flexible parts of the polypeptide chain. One is at the C-terminus, where 

there is a conformational variation from crystal packing effects, while another two are 

located at the " southern" end of the molecule, where B-values are high. Most ( 14 out of 

19) are interactions which have "marginal" hydrogen bond geometry. 

Non-conserved hydrogen bonds involving side-chain atoms are all on the surface of the 

molecule; many ( 19) involve side-chains of residues in loops and a few (5) are associated 

with the termini of the polypeptide chain. In particular, 22 out of 24 of these interactions 

involve the side-chains of lysines, glutamic acids and aspartic acids. These charged 

groups are exposed to the solvent, and generally have high thermal parameters 

« B>",,50A2). Surprisingly, many of these hydrogen bonds ( 1 1 )  involve sequentially 

distant regions of the protein; three are main-chain . . .  side-chain interactions (all involving 

lysine side-chains), and nine are side-chain . . .  side-chain interactions (six of which involve 

lysine side-chains). All but two of the 1 1  crosslinking variety are between loops that are 
spatially adjacent in the structure. As for the main-chain . . .  main-chain hydrogen bonding, 

many of the differences in the side-chain hydrogen bonding are hydrogen bonds with 

"marginal" geometry. 

For the main-chain . . .  main-chain interactions common to all molecules of both redox 

forms, the hydrogen bond distances (O . . . H) and angles (O . . .  H-N) have r.m.s.  
deviations of O. 1 3A and 6.4°, respectively, for 1 10 pairs. Those main-chain . . .  main-chain 
hydrogen bonds that make up the j3-sheets and a-helix show comparable differences 

(r.m.s. deviations for distances and angles are O. 12A and 6. 10  for j3-sheets, and O. 14A 

and 6.30 for the a-helix, respectively), whereas those hydrogen bonds involved in loops 

and turns show larger differences; r.m.s. deviations of O. 19A and 8.7° for distances and 

angles, respectively. 

Overall, main-chain . . .  side-chain hydrogen bonds have r.m.s deviations of O. 1 8A for 
distances and 6. 1 0  for angles. When these are separated into local (within four residues) 

and crosslinking interactions, the local interactions are more varied with r.m.s. deviations 
of O.21A and 6.50 for distance and angles, respectively; while those for crosslinking are 

much less varied, r.m.S. deviations is O. 1 4A for distances and 5.80 for angles. The 

reason for crosslinking hydrogen bonds being less varied between the redox forms of 
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azurin is that most of these interactions are buried in the protein interior, whereas virtually 
all local hydrogen bonds are found on the surface of the protein in loops and turns. 

Side-chain . . .  side-chain hydrogen bond geometry shows the least agreement between the 
oxidised and reduced forms. The r.m.s. deviation in distances is O.22A, while for angles 
the r.m.s. deviation is 9.60• Since side-chain atoms are usually less constrained than 
main-chain atoms, the poorer agreement seen for side-chain . . .  side-chain interactions than 
for main-chain . . .  side-chain or main-chain . . .  main-chain interactions is expected. 

3.2.4 Superposition of the reduced and oxidised azurin structures 

To give an indication of the size of the overall changes in the structure of azurin after 
reduction, the two molecules of oxidised azurin were superimposed onto the 
corresponding molecules of reduced azurin. The method of superposition used here is 
that of Kabsch255, which minimises the square of the deviation in atom positions. 
Superposition of the oxidised molecules on to the corresponding reduced molecules (i.e. 
oxidised A on to reduced A and oxidised B on to reduced B) using all of the atoms in the 
protein gives an r.m.s. deviation in atom positions of O.8 1A and O.88A for molecules A 
and B,  respectively. For main-chain atoms (residues 3-127 ,  omitting the N- and C
termini) the corresponding figures are O. 17A and O. 1 8A. Table 3.2.4. 1 gives the r.m.s. 
deviations of atom positions for different sets of atoms. 

Table 3.2.4.1 .  Rms values from superimposing oxidised and reduced azurins. Superposition of the 
�-strands uses the main-chain atoms of residues 3-10,14-16, 18-22,27-36,45-51,8 1-87,9 1-99,108-1 12,121-
127. The "Copper environment" atom set consists of the main-chain atoms of residues 9-15,35-37,41 -
48,85-88, 1 1 1 -122 and the sidechain atoms of 9,1 1 , 15,35,37,45-48,86-88,1 1 1-1 17, 121 (i.e. internal 
side-chains). The "Copper site" set includes Gly-45,His-46,Cys-1 12,His-117 and Met-121 .  

Atom Set R.m.s. Ax. R.m.s. Ax. 
molecule A molecule B 

All protein atoms (977 atoms rermed) O.8llA O.880� 
Main-chain atoms of residues 3 - 127 (500 atoms refined) O.174A O. 182A 
�-strand main-chain atoms (244 atoms rermed) O. 154A O. l34A 
Copper enviroment (215 atoms refined). O. l60A O. I71A 
Copper site (38 atoms refined) O. 153A O. 162A 

It should be noted that the agreement between molecule A of the oxidised structure and 
molecule A of the reduced structure (and similarly for molecule B) is significantly better 
than the agreement between molecules A and B of either the oxidised or reduced forms 
(Lm.s.  deviations of o.30A and O.28A for reduced and oxidised, respectively, see 
Section 3.3). This implies that the changes to the structure upon reduction are actually 
smaller than those differences which are due to crystal packing effects, 
microheterogeneity or to error in the structure. 
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Figure 3.2.4.1. Average main-chain atom displacement between oxidised and reduced azurin. 

Main-chain atom positions 

The average deviations in main-chain atom positions for each residue are plotted in Figure 
3.2.4. 1 ,  and show that very few differences exist between the polypeptide chains of 
reduced and oxidised azurin. The largest displacements appear at the N- and C-termini, 
which are poorly defmed in the electron density maps, and are involved in lattice contacts 
causing variations in the main-chain conformation. Otherwise there are no major 
differences in the polypeptide folding between the oxidised and reduced structures .  
Displacements greater than 0.2sA in average main-chain atom position occur i n  the some 
of the loops that interconnect the �-strands and a-helix. These regions are residues l I 
B, 53-55, 64, 75-76 and 103-107 ,  and are located on the surface of the molecule where 
the thermal parameters are high (average B=41A2). Residues 1 03-107 show particularly 
poor agreement between the oxidised and reduced forms, perhaps because there are very 
few constraints from packing effects or hydrogen bonding to other parts of the protein. 
Consequently this region is less well ordered than other parts of the structure, resulting in 
poor definition of the electron density. Regions of the main-chain which have the lowest 
average deviation in atom positions are the �-strands, the a-helix and the copper site. The 
r.m.s. deviation for such areas is O. 14A, O. 1 8A and 0. 16A for the �-strands, the a-helix 
and the copper site, respectively. 
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Comparison of the J3-structure in reduced and oxidised azurin 

The copper atom in azurin lies between the loops at one end of the �-sandwich. This 

raises the question of whether there is any expansion or contraction of the distance 
between the two �-sheets when the protein is reduced. Visual inspection on an interactive 

graphics system shows no obvious change, but to be sure, distances were measured 
between opposing Co. atoms from each �-sheett, and were then compared between the 

oxidised and reduced forms. Differences in 52 pairs of Co.-Co. distances on average 

increase by O.014A and decrease by o.OO4A in molecules A and B, respectively. Such 

differences are effectively nil when compared to the r.m.s. deviations of the Co.-Co. 

distances between molecules A and B of the reduced protein (r.m.s. = O. I IA), and 
suggest no expansion in the distance between the �-sheets. As a further test, the 

differences in Co.-Co. distances were divided into three regions, those at the "north" end 
of the �-sandwich near the copper site, those in the middle and those at the "south" end of 
the �-sandwich. This should indicate whether reduction has caused the relative distance 

between the �-sheets to increase locally near the copper site, but not elsewhere. Co.-Cn 

distances between the �-sheets on average change upon reduction in the "north" by 

+O.o3A (21 distances), in the middle by o.ooA (16 distances) and in the "south" by -

o.o2A ( 1 5  distances). These results imply that there is no significant change in the 
separation distance between the �-sheets after reduction. 

Side-chain atom positions 

Changes in the side-chain atom positions were determined by fIrst superimposing the 

main-chain atoms (residues 3- 1 27) of the oxidised and reduced structures and then 

calculating the average deviation in side-chain atom positions. Figure 3 .2.4.2 illustrates 

the average shift in side-chain atom position for each residue. The largest changes in 

position, those greater than 1 .0A, occur at Ala- I ,  Gln-2, Lys- 1 8 ,  Lys-27, Gln-28, 

Lys-34, Lys-41 ,  Lys-52, GIn-57 , Met-64 and Asn- 1 29 for molecule A, and Ala- I ,  

Gln-2, Glu-4, Met- l3, Lys- 18 ,  Glu- 19, Lys-27, Lys-41 ,  GIu-53, GIn-57, Lys-1 22 and 

Asn- 129 for molecule B. Average shifts in side-chain atom positions of o.5-l .0A are 

seen at Glu- 19, Val-21 ,  Lys-24, Lys-38, Met-39, Met-44, Lys-52, Lys-85, Lys- l01 ,  

Met- 120. Lys-1 22 and Lys-1 26 for molecule A,  and Glu-14, Val-21 ,  Lys-24, Met-44, 

t Ca-Ca distances used were; 1) 14-121 ,  14- 1 12, 14-46, 15-122, 15- 1 1 1 , 15-47, 10-45, 10-46, 9-1 12, 9-
46, 33-48, 33- 1 12, 33-84, 34-47, 34-86, 35-46, 35-87, 36-45, 91-87, 92-87 and 92-47 for "top" region; 
2) 8-47, 8-1 1 1 , 7-48, 7-1 10, 7-123, 6- 1 10, 6-123 , 32-48, 32-84, 93-85, 93-47, 94-84, 94-48, 95-83 and 
95-49 for "middle" region; 3) 5- 19, 5-20, 5- 125, 4-22, 4-21 , 3-22, 3-23, 29- 126, 29-22, 30-21 , 30-21 ,  
30-125, 31-1 10, 3 1 -49, 96-82, 96-50 and 97-81 for "bottom" region. 
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Lys-52, Lys-56, Met-64, Glu-70, Lys-74 and Lys-85 for molecule B.  Approximately 
half of these residues are lysines (21 out of 45), and another 1 1  are either glutamic acids 

or glutamines. All of these side-chains, which have an average displacement in their atom 

positions above o.5A, are located on the surface of the protein molecule, are in contact 

with the solvent (except for Met-l3) , and are usually associated with high B-values. This 

includes the seven methionines, except for Met- l3B for which changes are due to a 

crystal lattice contact with the opposing protein molecule. Changes elsewhere in azurin 

upon reduction are smaller « o.sA), and occur in side-chains which are buried or well 

defmed in the structure. In particular, the shifts in side-chain atom positions which make 

up the copper site are among the smallest in the protein (see Figure 3.2.4.2). 
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Figure 3.2.4.2. Average side-chain atom displacement between oxidised and reduced azurin. The four 
main copper ligands (His-46, Cys-1 l2, His-I l7 and Met- l2I) are indicated as either hollow (molecule A) 
or fllied (molecule B) dots. The ftUed dot for His-1 17B is not evident because it is covered by the hollow 
dot of His-l 1 7A. 

The superposition studies clearly indicate that the largest shifts in atom positions occur in 
those parts of the structure which are at the surface of the molecule. These changes, 

however, are probably not significant and are not a result of reduction. Instead, these 

changes presumably reflect either the poor definition or flexibility of these regions. 

Changes in the other parts of the structure are much smaller, and those which may be due 

to reduction can not be clearly identified by this method. Consequently, other methods are 

required to determine the structural changes (if any) which occur upon reduction. 
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3.2.5 Consistent Shift Vector Analysis 

Since the changes upon reduction of azurin were shown to be small, compared to the 
error in the structure and the differences due to crystal packing effects ,  a method is 
required for identifying those areas where reduction does cause small but consistent 
changes. The two independent molecules of the asymmetric unit can be utilised for this 
purpose. A shift vector can be calculated for each atom of the protein molecule, 
describing the movement of the atom upon reduction, and then these vectors of molecule 
B can be superimposed on to those of molecule A to compare the shifts in the atom 
positions between the two molecules. This was done using the two molecules of reduced 
and oxidised azurin to search for the regions in the structure where the shift upon 
reduction is consistent. 

A function was developed to highlight the atoms and residues which undergo consistent 
shifts in both molecules when azurin is reduced. This function u ses  the lengths of the 
shift vectors for both molecules , and the angle between them (see Figure 3.2.5. 1). 

Weights are also set in order emphasize those regions of the structure which are well 
defined (low B-values) and down-weight those which are poorly defined (high B
values). Additional weights were also used to down-weight shift vectors which are very 
different in length between the two molecules, and those atoms that might be well defmed 
in one molecule but not in the other (i.e. if L\B is large between the two molecules ,  then 
the atom position is well defined in one molecule but not the other, and similarly for the 
shift vector). The empirical function below was used to express the consistency in shift 
vectors of an atom when the protein is reduced. 

where 

L\xA, L\xB = length of the shift vector for an atom in molecule A or B (A). 
e = angle between the shift vector pairs (0). 
<BA>, <BB> = mean B-value of an atom between the oxidised and reduced 

forms for molecule A or B. 

Bmax-oxIBmin-ox = ratio of the B-value for an atom between molecules A and B of 
oxidised azurin. 

Bmax-redfBmin-red = ratio of the B-value for an atom between molecules A and B of 
reduced azurin. 
= ratio of the shift vector lengths. 
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The (Cos9 + 1 )4 term acts as a weight to give those vector pairs that are virtually parallel 

(9 "", 0°) a high value, those pairs that are orthogonal (9 = 90°) a value close to unity, and 

those that point in opposite directions (9 "'" 1 80°) a value close to zero. Down-weighting 

vector p airs which have a large difference in length is handled by the �max/�min term. 

The weight for regions in the structure which are very clear in one molecule (low 

B-value), but not clear in the other molecule (high B-value), is expressed by the 

Bmax-oJBmin-ox and Bmax-roo'Bmin-red term. 

To determine the shift vector in the transition from oxidised to reduced azurin, the 

superposition of the protein molecules was done in two steps. First, molecule B of 

reduced azurin was superimposed on to molecule A of the same form (using the main

chain atoms of residues 3-127). Then oxidised molecule A was superimposed on to 

reduced molecule A, and oxidised molecule B was superimposed on to the new 

coordinates of reduced molecule B . This eliminates any effects due to the differences in 

unit cell dimensions of oxidised and reduced azurin crystals. 

OXidi� 
o 

a) reduced b )  

Figure 3.2.5.1. Schematic diagram describing the 2-dimensional case of an atom shifting position in 
molecule A (hollow circles) and in molecule B (filled circles). In a), the shift vectors in molecules A and 
B are very similar in size and direction (i.e. high consistency), whereas in b), the shift vectors are very 
different (i.e. low consistency). 

Shift vectors were then calculated for both molecules, A and B,  for the transition from 

oxidised to reduced structures. Theoretically, in the regions where the structure is 

dependent on the redox state, the shift vectors of molecule A should be roughly parallel to 

those of molecule B. The values of a and the angle between the shift vectors (9) were 

inspected to identify regions with consistantly high a values and low 9 values. Regions 

where only a single atom scored high in E, while the surrounding structure has low 

scores, were usually ignored. 

Upon reduction of azurin, areas of high a scores (E > 50) and parallel vectors are listed 
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Table 4.2.5.1 .  Results from the consistent shift analysis between reduced and oxidised azurin 
structures. 

Residue - Average angle Average distance 
between shift shifted 

vectors (0) (A) 
::: > 100 
GIn-2 (s.c.) 1647.07 69.96 5.509 
Val-21 (s.c.) 208.34 20.85 0.575 
Met-44 (m.c.) 1 14.06 42.4 1 0.226 
Met-44 (s.c.) 100.81 40.66 0.61 1 
Glu-53 (s.c.) 192.89 1 02.32 1 .200 
GIn-57 (s.c.) 583.19 70.07 1 .753 
Met-64 (s.c.) 213.62 58.49 0.976 
Ser-92 (s.c.) 1 12.82 39. 1 8  0.294 
Pro-1 15  (m.c.) 1 86. 16 23.24 0.244 
Pro-1 15 (s.c.) 212.45 20.94 0.249 
Gly- 1 1 6  (m.c.) 1 19.92 4 1 .87 0.244 
Trp-1 18 (s.c.) 122.05 22.86 0.383 

100 > ::: > 50 
Tyr-15 (m.c.) 63.58 24.73 0. 177 
Tyr-15 (s.c.) 50. 1 5  47.52 0. 145 
His-32 (s.c.) 62.28 3 1 . 14 0.230 
His-35 (s.c.) 58.8 1 44.25 0.197 
Gly-45 (m.c.) 80.62 40.52 0.153 
His-46 (m.c.) 62.82 69.9 1 0.166 
Val-49 (s.c.) 56.63 4 1 .89 0. 143 
Thr-51 (s.c.) 80.50 35.87 0.221 
Lys-56 (s.c.) 91 .96 79.77 0.552 
His-83 (s.c.) 72.47 54. 1 5  0.191  
Val-99 (s.c.) 98.34 46.82 0.290 
Lys- 101 (s.c.) 74.29 59.38 0.740 
Leu- l02 (s.c.) 73.93 63.39 0.246 
Pbe- 1 14 (m.c.) 52. 1 3  45.72 0.162 
His-1 17  (m.c.) 75.72 29.90 0.164 
His-1 17  (s.c.) 62.50 33. 12  0. 150 
Trp-1 18 (m.c.) 65.34 17.28 0.141 

in Table 3.2.5. 1 .  These regions were then checked visually to see if the shifts did appear 

to be significant In general, the results show that consistent changes during reduction are 

small, and comparable to the differences between the two molecules of the asymmetric 

unit. 

The residues with the highest scores in S (S > 100 for either the main-chain atoms or 

side-chain atoms) are Gln-2, Val-21 ,  Lys-38, Met-44, Glu-53, GIn-57, Met-64, Ser-92, 

Pro-1 15,  Gly- 1 16  and Trp- 1 1 8. Some of these shifts can be eliminated, because the large 
value of S is caused by a flexible side-chain of one redox form having a different 

conformation which, however, still occupies the same general space. For instance, the 
side-chain of Lys-38 has a high S score because in the reduced form the conformation is 

different at CE-N� with respect to the oxidised form (see Figure 3.2.5.2). Presumably 

this is the result of flexibility. Furthermore, for many of these groups the average 

r A 
l 

, I 
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deviation in atom positions between the two reduced azurin molecules i s  considerably 
greater than their average consistent shift, and the significance of their shifts is doubtful. 
All of the shifts with 8 scores above 100 can all be eliminated for these reasons, except 
possibly for those at Pro-l 15, Gly- 1 16 and Trp-1 18. 

The residues Pro-U5,  Gly- 1 l 6  and Trp�U 8, show definite shifts of 0.2-0AA that 
appear to be dependent on the redox state of the protein. The most obvious of these is the 
shift in the indole ring of Trp-1 18 shown in Figure 3.2.5.3, where the side-chain group 
moves in the plane of the ring. At Pro-l 15, the pyrrolidene ring appears to move away 
from the copper centre upon reduction (see Figure 3.2.5.4), and this movement seems to 
be coupled to the shifts in Gly- 1 16. The changes in Pro- l 15 and Gly- 1 l 6  are more 
difficult to describe than those at Trp- 1 18, but seem to be consistent and part of a 
movement of the loop as a whole. Interestingly, all three residues are part of the loop 
between Cys- 1 12  and Met-121,  and are also part of the hydrophobic patch surrounding 
His- l 17 . These shifts will be further discussed in Section 3.2.7. 

Other regions which have high 8 scores (100 > 8 >  50) are at Tyr- 15, Lys-24, His-32, 
His-35, Gly-45, His-46, Val-49, Thr-51 ,  Lys-56, His-83, Lys-lOl ,  Leu-l 02, Phe-1 l4, 
and His- l 17. Many of these residues are buried (Tyr- 15, His-35, Gly-45, His-46, 
Val-49, Thr-5l ,  Leu- 102, Phe- 1 14 and His- 1 17), and all of them, except for Leu-l 02, 
are at or near the copper site. These shifts (0. 1 -0.2A) will be treated in the section 
describing the environment surrounding the copper site 

The remaining residues with 8 scores in the range 50-100 are located on the surface of 
the protein (Lys-24, His-32, Lys-56, His-83, and Lys- lOl), and their shifts may not be 
significant The shifts in His-32 and His-83 are in the plane of the imidazole ring, and are 
illustrated in Figures 3 .2.5.5 and 3 .2.5.6. The significance of these shifts is doubtful 
because they are smaller than the average deviation in atom positions between the two 
reduced azurin molecules (average deviations of 0.57 A and 0.24A compared to average 
shifts of 0.23A and 0. 19A, respectively). The shifts in the atoms of the side-chain of 
Lys-56 are surprisingly consistent since lysine side-chains are generally flexible. 
However, it is interesting to note that the shift in the side-chain of Trp- l 1 8, a neighbour 
3-4A away, is in the same direction as that of Lys-56 (see Figure 3.2.5.7). At Lys-24 and 
Lys-lOl  the shifts are a result of the side-chains being built differently in electron density 
("out-of-phase") between the oxidised and reduced structures, but still occupy the same 
general region of space (Figure 3.2.5.8). 

Since most of the consistent shifts are small, and are of the order of the deviation in atom 
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Figure 3.2.5.2. Side-chain confonnation of Lys-38 in the four molecules of reduced (NB=red/pink) 
and oxidised (NB=blue/light blue) azurins, notice the differences in the CE·N� region which has caused a 
high score in 2. 

Figure 3.2.5.3. Shift in the side-chain of Trp- 1 18.  Oxidised azurin molecules in blue (A) and light 
blue (B), and reduced azurin molecules in red (A) and pink (B). 
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Figure 3.2.5.4. Shift in the residues Pro-1 1 5  and GIy-1 16. Oxidised azurin molecules in blue (A) and 
light blue (B), and reduced azurin molecules in red (A) and pink (B). 

Figure 3.2.5.5. Shift in the side-chain of His-32. Oxidised azurin molecules in blue (A) and light blue 
(B), and reduced azwin molecules in red (A) and pink (B). 
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Figure 3.2.5.6. Shift in the side-chain of His-83. Oxidised azurin molecules in blue (A) and light blue 
(B), and reduced azurin molecules in red (A) and pink (B). 

Figure 3.2.5.7. Shift in the side-chain of Lys-56, note the similar shift and proximity of the side
chain of Trp- 1 18. Oxidised azurin molecules in blue (A) and light blue (B), and reduced azurin molecules 
in red (A) and pink (B). 
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Figure 3.2.S.8. Shift in the side-chain of Lys-24, note how the side-chain atoms of the reduced 
structure are "out-of-phase" with the oxidised structure. A similar situation appears with the side-chain of 
Lys-lOl. Oxidised azurin molecules in blue (A) and light blue (B), and reduced azurin molecules in red (A) 
and pink (B). 

positions between the two molecules, this type of analysis of the shift of atom positions 

can not stand on its own as conclusive evidence for structural changes upon reduction. 
However, in the other sections describing the reduced structure, the shifts noted by this 

analysis will be used as support in clarifying the changes in the structure upon reduction. 

3.2.6 The Copper Site 

The copper site of reduced azurin is very similar to that of the oxidised form. However, 

small, but important, differences are apparent. The overall copper geometry can be 
described as either distorted trigonal or trigonal bipyramidal. Three ligands bind the 

copper strongly in a distorted trigonal plane about the copper; two of these are imidazole 

nitrogens (Nol) from the sidechains of His-46 and His- 1 17, and the other is the thiolate 

sulphur (S1) from Cys- 1 1 2. Approaches are made by the carbonyl oxygen of Gly-45 and 
the sulphur of Met- 121 to the axial positions of the copper on either side of this equatorial 

plane. Both axial groups (Gly-45 and Met- 121)  make angles which deviate away from the 

normal of the equatorial plane of the copper site. Whether the copper geometry is 

considered trigonal or trigonal hipyramidal depends on to what extent the axial groups are 

considered to interact with the copper atom. Figure 3.2.6. 1 illustrates the overall changes 

to the copper site. 
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Figure 3.2.6.1. The superimposed oxidised (blue) and reduced (red) copper sites of azurin (molecule 
A). 

In both molecules the copper site undergoes a general expansion, with distances to the 
copper increasing on average by O.OS-O. 12A. Table 3 .2.6. 1 lists the distances to the 
copper atom in both oxidised and reduced azurins. The average increase in the Cu
N(imidazole) bonds of His-46 and His- l 17 is o.osA, which gives mean bond lengths of 
2. l8A and 2.osA, respectively. The average Cu-S(thiolate) bond distance lengthens by 
O. 12A to an average value of 2.27k Both of the axial groups shift roughly o. lOA further 
away from the copper atom to give mean copper distances of 3.22 and 3.23A, for Gly-4S 
and Met- 12 l ,  respectively. 

Table 3.2.6.1. Copper distances (A) of oxidised and reduced forms of azurin. 

Ligand Oxidised Reduced Average 
molecule A molecule B molecule A molecule B change 

0 45 3 . 16  3.09 3 .25 3 . 19  + 0 . 1 0  
No! 46 2.08 2.09 2 . 17  2.09 + 0 . 0 5  

Sy 1 12 2 . 12  2 . 17  2.22 2.3 1 + 0 . 1 2  

NO! 1 17 2.01 1 .99 2 .05 2.05 + 0 . 0 5  

So 1 2 1  3 . 12  3 . 10  3 .2 1  3 .25 + 0 . 1 2  

Angles about the copper atom in reduced azurin are very similar to those in the oxidised 
structure. These are listed in Table 3.2.6.2, and a comparison shows that most changes 
between the redox forms are below 5°. The copper atom rests on average O. 14A below 
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Table 3.2.6.2. Angles at the copper atom in oxidised and reduced azurins reduction. 

Angle (0) Oxidised � Average 
molecule A molecule B molecule A molecule B change 

o 45-Cu-NOl 46 72 76 69 68 -6 

o 45-Cu-Sy 1 12 103 104 105 103 + 1  
o 45-Cu-Nol 1 17 78 81  82 85 +4 
o 45-Cu-So 121 146 148 142 144 -4 
Nol 46-Cu-Sy 1 12 135 l35 132 131 -4 
Nol 46-CU-Nol 1 17 101 108 100 108 -1 
Nol 46-Cu-So 121 79 75 77 79 -1 
Sy I 12-Cu-Nol 1 17 122 1 16 126 1 19 +4 
Sy l 12-Cu-So 121 109 105 109 109 +2 
Nol 1 17-Cu-So 121 94 98 90 94 -4 

the plane defined by the three atoms Nol 46, Sy 1 12 and N�H 1 17 towards Met-1 2 1  in 
reduced azurin, essentially the same as the mean displacement in the oxidised structure 
(0. 1 3A). 

In comparing the two molecules of the asymmetric unit, the r.m.s. differences in the 
copper distances and angles are 0.063A and 3.70 for the reduced structure, and 0.041A 
and 3.90 for the oxidised structure, respectively (see Section 3 .3.6). The changes in 
copper distances upon reduction are either slightly larger than or equal to the r.m.s. 
deviation of the copper distances, and it could be argued that because the changes upon 
reduction are of similar magnitude, these changes are not signifcant. It is important to 
note, however, that the differences in the copper site are seen in both molecules of the 
asymmetric unit, which were refmed independently. This suggests that the changes are a 
real effect of the change in oxidation state. 

The overall changes at the copper centre upon reduction from Cu(II) to Cu(I) make 
physical and chemical sense. Reduction introduces an electron to the copper site, which 
causes an expansion in the copper radius by 0.o5A256,172, and the changes in the copper 
equatorial bond lengths reflect this trend. With respect to the axial groups, the increase in 
the copper distances is greater, suggesting that the closer approaches made in oxidised 
azurin reflect the ability of Cu(II) to make long axial interactions, so that the Cu . . . O and 
Cu . . .  S (Met) distances actually decrease when azurin is Qxidised to the Cu(II) form. In 
this respect, the copper site can be considered to change upon reduction from a more 
trigonal bipyramidal geometry, characteristic of Cu(II), to a more trigonal geometry, 
preferred by Cu(l). 

The basic configuration of the copper ligands is also maintained during reduction. Apart 
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from the increase in the distances to the copper atom, other small changes occur in the 

side-chain and main-chain atoms. As the distance between the carbonyl oxygen of Gly-45 

and the copper atom increases during reduction, the segment of atoms from Ca 45 to N 

47, rotates in a fashion such that the carbonyl group of Gly-45 swings away from the 

copper atom, with N 46 as the axis of rotation. Figure 3.2.6.2 illustrates the change in 

conformation of this segment of the main-chain. This may explain changes found in the 

main-chain torsion angles and in the consistent shift analysis, where the <I> and 'I' angles of 

Gly 45 change on average by +9° and - 12°,  respectively, and the length of the mean shift 

vector of Gly-45 is 0. 15A, (8=41°, 3=8 1) .  The shift in 0 45 away from the copper atom 

combined with the other changes suggests that an interaction does exist between 0 45 and 

Cu(I!) in oxidised azurin. 

Figure 3.2.6.2. Shift in the carbonyl oxygen of Gly-45 upon reduction of azurin. Oxidised azurin 
molecules in blue (A) and light blue (B). and reduced azurin molecules in red (A) and pink (B). 

The configuration of the His-46 side-chain does not change during reduction; the lone 

pair of electrons of N�)I remains directed at the copper atom to within 4° of the ideal 

(where the ideal is 0°, such that the angles Cy-Nal-Cu and eel-Nal-CU are equal). The 

copper atom is displaced on average 0.27A out of the plane of the imidazole ring of 

His-46, compared to 0.24A in oxidised azurin, and the imidazole ring is roughly coplanar 

with the N2S plane (average 23°, virtually identical to the oxidised value of 25°). The 

side-chain atoms of His-46 do not move during reduction. Lengthening of the Cu-No1 

distance is achieved by a small shift of the copper atom. 
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The lone pair of electrons at NSI 1 17 are also directed at the copper to within 4°. In 
contrast to His-46, however, the imidazole ring of His- 1 17 makes an angle of 41  ° to the 

N2S plane of the copper site, while the copper atom lies on average 0.35A further out of 

the plane of the imidazole ring in reduced azurin (mean 0.42A) than in oxidised azurin 

(mean 0.07 A). This difference is seen in both molecules and is possibly a consequence of 
a 6° rotation in X2 (see Figure 3 .2.6.3). The net result is that the torsion angle, which is 

virtually eclipsed in oxidised azurin « X2> = - 1 69°), becomes less so in the reduced form 
« X2> = - 1 63°). Two possible effects could explain this change. One is that an electronic 

interaction such as x-bonding between the Cu(II) and imidazole ligand has been altered 

by reduction, but a more likely explanation is that steric effects from the side-chains of 
Phe- 1 14 and Met - 1 3, which tightly sandwich the imidazole ring, force this 6° change as 

the CU-NOI distance increases, pushing the imidazole ring away from the copper. 

Figure 3.2.6.3. Structural changes at His-I 17 upon reduction of azurin. Oxidised azurin molecules in 
blue (A) and light blue (B), and reduced azmin molecules in red (A) and pink (B). 

Although the configuration of the thiolate side-chain of Cys- 1 12 is very similar between 

the oxidised and reduced forms, several small changes are noticeable. In both redox 

states, the average Cu-SrC� angle is very close to tetrahedral, so that a lone pair of 
electrons of the sulphur is directed towards the copper atom. The angle is more acute in 
reduced azurin (average of 102° compared to 107°), however, becoming distorted from 
the ideal value of 109.5° because the C� and main-chain atoms do not move on reduction, 

while Sy does. At the same time the average C<x-C�-Sy angle becomes more acute on 
reduction, from 1 05.5° to the low value of 102.4°, and Sy 1 12 moves towards the amide 
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nitrogens of residues 47 and 1 14. This produces a shortening of the two S . . .  HN 
hydrogen bonds (see Section 3.2.7). The average Xl torsion angle also changes slightly 
(+5°) on reduction, from 173° in the oxidised to 178° in the reduced structure. However, 
the average torsion angle Cu . . .  SrC�-Ca does not alter ( 190° reduced and 191°  

oxidised). This metal side-chain conformation is  common in  other proteins containing 
metal-thiolate bonding, and is preferred because the fully extended conformation places 
the copper atom the furthest from the main-chain atoms257• 

Figure 3.2.6.4. Shifts in the side-chain of Met-121 and the copper upon reduction in azurin. Oxidised 
azurin molecules in blue (A) and light blue (B), and reduced azurin molecules in red (A) and pink (B). 

The configuration of the Met-121  side-chain is little affected by the reduction of the 
copper. The orientation of the sulphur of Met- 121  is such that neither lone pair of 
electrons points directly at the copper (assuming tetrahedral sulphur). In the reduced 
structure, the mean Cy-So . . .  Cu and Ce-So . . .  Cu angles are 103° and 1 38°, respectively, 
no different from the average values of 102° and 142°, respectively, in the oxidised 

structure. The conformational angles of the side-chain of Met- 121 in the reduced state are 
also similar to those of the oxidised structure, but the variation between the two molecules 
of the asymmetric unit of both redox forms obscures any changes which may have 
occurred. The increase in the Cu . . .  S(Met) distance, however, is a result of a small shift in 
the position of So 121 ,  combined with the shift in the copper atom away from So 121  
(see Figure 3.2.6.4). This shift is also seen in the separation between 0 45 and So 121 ,  
which increases on average by o. 13A from 5.99A in the oxidised form to 6. 12A in the 
reduced form, further confIrming that the axial groups 'move away from the copper on 
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reduction. 

Comparison with EXAFS results 

A s  noted in Section 3 . 1 ,  distances to the copper agree with those from EXAFS 
experiments16 1 except for the value of the Cu . . .  S(Met) distance for which the EXAFS 
distance is probably incorrect. Prior to the determination of the crystal structure of 
reduced azurin, the results from the EXAFS experiments implied that the Cu . . .  S(Met) 
distance shortens considerably on reduction, changing from 3.1A (the crystallographic 
oxidised distance3 1 )  to 2.7A (the reduced EXAFS distance16 1).  Such a change could 
occur if the copper atom moved towards the methionine sulphur, to change the copper 
geometry from distorted trigonal bipyraroidal to distorted tetrahedral, which is favoured 
by Cu(I) (see Figure 3.2.6.5). However, the crystallographic results here clearly show 
that such a change upon reduction does not occur in azurin. Rather, the Cu . . .  S(Met) 

distance increases from 3. 1 lA to 3.23A, and the copper geometry changes from more 
trigonal bipyramidal-like to more trigonal-like. 
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Figure 3.2.6.5. Schematic diagram of the change in the copper geometry upon reduction as implied by 
the EXAFS results. 

Comparison of Copper(J) distances with model compounds 

There are very few examples of model compounds which contain the particular 
coordination characteristics of the copper site of azurin. Mononuclear model complexes 

which contain the N2S configuration usually have Cu-N(imidazole) and Cu-S(thioether) 
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coordination, but few with thiolate coordination have yet been synthesised. This is in part 

because Cu(l) thiolate systems have a strong tendency to form CuS clusters instead of 

mononuclear complexes, making their synthesis difficult. In the following section, the 

copper distances in reduced azurin will be compared with those determined from small 

molecule Cu(I) complexes.  For an extensive review of copper chemistry see 

Hathaway258, and for blue copper site model complexes see Bouwman et aZ.94. 

Cu(J) . .  .o distances 

Only a small number of crystal structures have been determined on Cu(I) complexes 

which contain Cu(I)-O coordination. This is not surprising since the hard Lewis base 

characteristics of oxygen ligands are not compatible with the soft Lewis acid character of 

Cu(I), which prefers ligands containing sulphur, phosphorous or aromatic nitrogen 

atoms. Cu(I)-O bond lengths range from 1 .828A to 2.43A259-276. Bond lengths below 

2.oA are uncommon, and are usually found in Cu(I) centers which are either two

coordinate (linear) or three-coordinate (trigonal)259,269,271 . The majority of Cu(I)-O 

distances fall in the 2.0-2.3A range, many involving oxygen atom(s) from either 

oxyanions or carboxylate groups260-266. Virtually all of these copper centres have 

tetrahedral or C2 geometry. Oxygen ligands also bridge Cu(I) centres in multi-nuclear 

complexes267-276, and here the Cu-O distances vary between 1 . 828A271  and 2.3 1A272. 

The longest Cu(l)-O distance reported is 2.43A in a carbon monoxide complex involving 

a coordinated perchlorate group275.  Longer Cu(I) . . .  O distances, as are found in Cu(IT) 

complexes, are presumably not formed because of the difference in the electronic 

configuration (dIO for Cu(I) and d9 for Cu(II» 258 . However, two long Cu(I) . . . N 
distances of 2.77A and 2.92A, and one long Cu(I) . . .  O distance of 3.56A have been 

reported277,278. The 2.77A distance is found in a binuclear Cu(I) complex, where the 

coppers have near linear geometry, and the Cu(I) . . .  N(amino) distance is an approach 

caused by steric effects of the configuration of the ligand277. The other distance (2.92A) 

is found in a mixed valence Cu(I)Cu(II) cluster where one Cu(I) centre, which has two 

imidazole nitrogen donors coordinated in a linear fashion, is  approached by a 

methylcyanide solvent molecule to complete a nT-shaped" geometry277. The Cu(l) . . .  O 

distance of 3.56A is much too long to be considered an interaction, but it is an extreme 

case of a counter ion (a perchlorate) being forced to approach the copper centre by crystal 

packing forces. In this case the perchlorate anion occupies the vacant axial site of the 

trigonal pyramidal Cu(!) centre278. 

The Cu(l) . . .  O 45 distance in reduced azurin (average 3.23A) is much longer than any 

known bonding Cu(I) . . .  O distance. When compared to the sum of the van der Waals 
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radii of Cu(O) and oxygen (2.90A)256, the Cu(I) . . . O 45 distance is too long to be 

considered a bond. This suggests that the Cu(I) . . .  O 45 distance is the result of a steric 

effect. as is seen above in the long Cu(I) . . . O and Cu(I) . . .  N distances. Furthermore, the 

charge on the Cu(I) ion is neutralised by the thiolate anion of Cys- 1 12, effectively 

removing any possibility of an electrostatic attraction between the Cu(I) ion and the 
carbonyl oxygen. In the oxidised form, the charge on the Cu(ll) ion is not neutralised, so 

that this charge combined with the partial negative charge on the carbonyl oxygen can 

form a weak: electrostatic interaction. Also, because the Cu(II) ion has a d9 electronic 

configuration its shape is considered to be ellipsiodal rather than spherical, favouring the 

weak: bonding of axial groups and leading to the term " semi-coordinated" 279,280, 

Consequently there is a difference of o.6A in the covalent radii of the major and minor 

axes of Cu(ll), putting the in-plane colvalent radius at 1 .30A and the out-of-plane radius 

at 1 .90A281.  

Cu(/)-N(imidazole) bond lengths 

Cu(I)-N(imidazole) and Cu(I)-N(benzimidazole) bond lengths range from 1 . 867 to 
2.064A 95,277,282-288. The Cu-N bond length is dependent on the coordination number 

of the copper, with values of 1 .867-1 .92A for linear 2-coordinate95,277,283, 1 .9 1 0- 1 .92A 

for trigonal planar or "T-shaped" 3-coordinate283, and 1 .977-2. I00A for tetrahedral 4-

coordinate complexes95,282,286-288. This trend of increase in the Cu(I)-N(imidazole) 

bond length with increasing coordination number is found for other nitrogen ligands, 

where the average Cu(I)-N distances are 1 . 88A, 1 .97A and 2.04A for 2, 3 and 

4-coordinate complexes, respectively258. In reduced azurin, the average Cu-N(imidazole) 

bond lengths are 2. 13A and 2.05A for His-46 and His- l 17,  respectively, and although 

the Cu-NOl 46 bond length is a bit long, the CU-Nol 1 17 bond length is typical when 
compared to model complexes. The extra length in the Cu-No! 46 distance is attributed to 

a steric repulsion from the hydrogen atom of Ca 46, pointing directly at the copper 

making an average H . . .  Cu contact of z2.6A. 

Cu(I)-S(thiolate) bond lengths 

The Cu(I)-S(thiolate) bond distance in reduced azurin (average 2.27A) is similar to those 

found in many small molecule Cu(I) complexes (2. 1 34-2.474A)288-307. Unfortunately, 

however, there are very few examples of Cu(I)-S(thiolate) complexes which contain one 

copper coordinated to a single thiolate sulphur288. This is understandable since Cu(I)

S(thiolate) systems strongly prefer to form clusters rather than single mononuclear 

complexes, and the thiolate sulphurs aid the cluster formation by acting as bridging 
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ligands between copper centers. The copper geometry in Cu(I)-S(thiolate) clusters is 
usually trigonal289-299,301-303, but some clusters do contain tetrahedral288,302,304,305 
and/or linear290,300,306,307 Cu(I) centers. Only a few mononuclear Cu(I)-S(thiolate) 
complexes exist, for which the copper geometry is either linear300, trigonal301 or 
tetrahedral288,304. The bridging ability of thiolate sulphur seems to have little effect on the 
Cu(I)-S(thiolate) bond length, but the coordination number of the copper center does. 
Trigonal Cu(I) centers have Cu(I)-S bond lengths ranging from 2. 1 86-2.368A289,303, 
whereas linear Cu(I) centers have shorter bonds between 2. 1 34-2. 175A306,307, and 
tetrahedral Cu(I) centres have longer bonds between 2.308-2.358A304 (except for one 
tetrahedral complex with a Cu-S(thiolate) distance of 2.19A288). The Cu(l)-S(Cys) bond 
lengths of the two molecules of reduced azurin (2.22-2.31A) lie in the range found for 
trigonal Cu(I)-S(thiolate) clusters and mononuclear complexes (2. 19-2.37 A). In all of the 
Cu(I)-S(thiolate) clusters, the sulphurs bind and bridge to the copper centres in a 
pyramidal ( sp3) disposition, which points the sulphur lone pairs of electrons at the metal 
centers289-297,302-307. This geometry is also found for the thiolate sulphur of Cys- 1 12 in 
reduced azurin, where one lone pair of electrons of the sulphur is directed at the copper, 
while the other two lone pairs form hydrogen bonds with the backbone amide nitrogens 
of residues 47 and 1 14 (see scection 3 .2.7 below). Overall, the stereochemistry of the 
Cu(I)-S(thiolate) interaction in reduced azurin is very similar to that found in small 
molecule thiolate complexes. 

Cu . . .s(thioether) distances 

Many crystal structures have been completed on Cu(I) complexes containing coordinated 
thioether sulphur. The most common copper geometry for these complexes is tetrahedral, 
although some have trigonal pyramidal geometry308-31 l , while very few have trigonal 
g e o m e try  2 8 3 .  Cu(I)-S (thioether) bond lengths vary from 2.22 1 A  to 
2.469A258,287,308,309,3 12-321 . The Cu . . .  S(Met) distance in reduced azurin of 3.23A 
(average) is much longer than the typical Cu(I)-S(thioether) bond length found in small 
molecule CU(I) complexes. The longest reported Cu(I)-S(thioether) distance, which can 
only be considered a weak: bond, is 2.66A (average) and is found in a tetranuclear cluster 
where the thioether sulphur bridges two Cu(I) centres (see Figure 3 .2.6.5a)322. 
However, a few Cu(I) complexes do have Cu(I) . . .  S (thioether) distances longer than 
2.66A, the result of "steric approaches" where the sulphur atom is forced to be near the 
copper centre by the configuration of the ligand. In a bent CuN2 chromophore 
(N-Cu-N=168°), a Cu(I) . . .  S(thioether) distance of 2.867A has been described as "at best 
weakly interacting" (see Figure 3.2.6.5b)94,284. A long Cu(I) . . .  S(thioether) distance of 
3.039A is seen in the dimer of [Cu(2,2'-bithiazolidinyl)12(CI04)z, which involves a 
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Figure 3.2.6.5. Schematic diagrams illustrating some of the long Cu(I) . . .  S(thioether) distances found 
in small molecule complexes. a) Cu(I) . . .  S=2.64-2.68A322 b) Cu(I) . . .  S=2.867A284 c) Cu(I) . . .  S=3.039A 
323 d) Cu(I) . . . S=3.3 18A31 1  e) Cu(I) . . .  S=3.276-3 .396A324 1) Cu(I) . . .  S=3.660-3.614A287 

tetrahedral CuN3S centre with an approach by a sulphur atom bound to the other copper 
centre (see Figure 3 .2 .6 .5c)323 . In another binuclear Cu(I) complex, [CU2-
([ 1 8] aneS6) (NCMeh]2+, the coppers are coordinated to three thioether donors and one 
methylcyanide nitrogen in a tetrahedral fashion, but there is a Cu(I) . . .  S approach of 
3.3 1 8A, which is described as a "long range interaction",  distorting the copper geometry 
towards trigonal bipyramidal (see Figure 3 .2.6.5d)3 1 1 . Distances of 3 .276-3.396A are 
made to a mononuclear Cu(I) centre by three separate thienyl sulphur atoms, and are 
described as " too great for any bonding interaction" (see Figure 3.2.6.5e)324. However, 
this copper centre is coordinated in a trigonal pyramidal geometry to four nitrogens, and 
the copper centre rests O.275A above the equatorial plane, away from the apical nitrogen 
and towards these sulphurs. The longest reported Cu(I) . . .  S (thioether) distance (3.614-
3. 660A) appears in a distorted tetrahedral CuN2S2 chromophore, where the Cu . . .  S 
approach is very clearly the result of the ligand configuration forcing the sulphur atom 
close to the copper atom (see Figure 3.2.6.5e)287. 

Whether these long Cu(l) . . .  S(thioether) distances represent actual interactions is unclear 
for some of the complexes. In the examples a and b (see Figure 3.2.6.5), the possibility 



1 15 

of an interaction between the copper and sulphur is relatively certain, because the Cu . . .  S 
distance (2.6-2.9A) is significantly shorter than the sum of the van der Waals radii of 
Cu(O) and sulphur (3.20A), which can be used as an upper limit256 and a definite 
distortion exists in the copper geometry. For the longer Cu . . .  S distances in the complexes 
c to e (3.0-3 .4A), it is doubtful whether these are real interactions, but two points are 
noteworthy; 1 )  the ligands of these complexes are neutral, and 2) the copper atoms are 
displaced in a direction towards the sulphur atom. Consequently, the possibility that these 
distances are weak electrostatic interactions can not be totally dismissed. In the last case, 
the Cu . . .  S distance (3.6A) is much longer than the sum of the van der Waals radii, and 
the copper geometry is not distorted towards the sulphur, and thus no interaction exists 
between the copper and the sulphur. The situation for reduced azurin falls into the 
marginal category, since the Cu . . .  S(Met) distance (average 3.23A) is equal to the sum of 
the van der Waals radii. But, unlike the ligands discussed above, there can be no 
electrostatic interaction, because the charge on the copper is neutralised by the charge on 
the thiolate sulphur. Hence the possibility of any interaction between the copper and 
methionine sulphur is rather doubtful. 

3.2.7 Constraints on the copper site 

In the region surrounding the copper ligands there are several hydrogen bonds and steric 
packing constraints which appear to impose the observed ligand configuration and copper 
geometry on to the copper site. Upon reduction, only minimal changes are observed in 
these contacts (the r.m.s. deviation in atom positions is 0. 17 A). Nevertheless, there are 
some important small changes which appear to be due to reduction. 

S"f . .HN Hydrogen bonds at Cys-1 12 

The most significant change in the protein structure around the copper site occurs in the 
two hydrogen bonds from the peptide nitrogens N 47 and N 1 14 to the thiolate sulphur of 
Cys-1 12. These hydrogen bonds restrain the position of the sulphur atom. In the oxidised 
fonn, they are nearly linear (average S . . .  HN angles of 1 68° and 1 5 8°, respectively) and 
have mean S . . .  N distances of 3.49A and 3.58A, respectively. Upon reduction of the 
copper site, both of these S . . .  HN hydrogen bonds shorten by approximately 0.2A,the 
largest consistent structural change to occur near the copper site. Table 3 .2.7 . 1  lists the 
S . . .  HN hydrogen bond geometry, and Figure 3 .2.7 . 1  illustrates this change. 

S . . .  H-N hydrogen bonds have also been found in other blue copper proteins. In the 
structure of oxidised pseudoazurin, which has been refined to very high resolution 
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Figure 3.2.7.1. Changes in the S . . .  HN hydrogen bonds at Cys- 1 12. Superposition was done using 
the all of the main-chain atoms of residues 3-127. Oxidised azurin molecules in blue (A) and light blue 
(B), and reduced azurin molecules in red (A) and pink (B). 

Table 3.2.7.1. Cys-1 12 S . . . HN hydrogen bond geometries of reduced and oxidised azurin. Differences 
in distances and angles are as reduced-oxidised. 

C�-Sy . . .  H angle (0) 
A 

Sy . . . HN 47 
oxidise<! I 104 
reduced 104 
change 0 

Sy . . .  HN 1 14 
oxidised 1 17 
reduced 1 15 
change - 2  

B 

1 10 
105 
- 5  

1 16 
1 16 
0 

Sy . . .  H distance (A) 
A B 

2.53 2.48 
2.4 1 2.34 

- 0 . 1 2  - 0 . 1 4  

2.54 2.72 
2.40 2.43 

- 0 . 1 4  - 0 . 2 9  

Sy . . . N distance (A) Sy . . .  H-N angle (0) 

A B A B 

3.52 3.45 1 70 167 
3.37 3 .29 160 159 

- 0 . 1 5  - 0 . 1 6  - 1 0  - 8  

3.50 3.66 161 155 
3.36 3.37 163 158 

- 0 . 1 4  - 0 . 2 9  + 2  + 3  

( 1 .55A)34, the copper ligand sulphur of Cys-78 makes two S . . .  R-N hydrogen bonds; 
one to N-R 41 and another to N-R 81 .  The S . . .  HN hydrogen bond geometry of oxidised 
pseudoazurin is given in Table 3.2.7.2, and these bonds are longer by O. I -0.2A than 
those in oxidised azurin . In the blue copper protein plastocyanin, for which crystal 
structures have been determined in both the reduced and oxidised s tates32,122, the 
corresponding thiolate sulphur makes only one hydrogen bond (Sy 84 . . .  R-N 38) to a 
peptide nitrogen instead of two. The geometries of these interactions in plastocyanin and 
pseudoazurin have been calculated from coordinates deposited with the Brookhaven 
Protein Data Bank210, and are given in Table 3.2.7.2. 
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Table 3.2.7.2. S . . .  H-N hydrogen bond geometries of plastocyanin and pseudoazurin. Hydrogen atom 
positions at ",l .OA from the nitrogens were determined manually by using an interactive graphics system. 

Plastocyanin Pseudoazurin 
angle / distance oxidised redoced redoced apo angle / distance oxidised 

pH 3.8 pH 7.0 
S1 84 . . .  N 38 3.41A 3.59A 3.46A 3.55A Sy 78 . . .  N 41  3.61A 
Sy 84 . . . N 87 4. 19A 3.83A 3.94A 4.21A Sy 78 . . .  N 81  3.76A 

Cu . . .  Sy 84 . . .  N 38 1 10° 97° 104° - Cu" , S1 78 . . . N 41 105° 
Cu . . .  Sy 84 . . . N 87 86° 108° 93° - Cu . . .  Sy 78 . . .  N 81 89° 

S1 84 . . .  H-N 38 165° 170° 167° 167° Sy 78 . . . H-N 41  161° 
S1 84 . . .  H-N 87 126° 141° 146° 131°  Sy 78 . . . H-N 81  151° 

S1 84 . . . H 38 2.44A 2.59A 2.49A 2.60A S1 78 . . .  H 41 2.65A 
Sy 84 . . .  H 87 3.5 1A 2.99A 3.08A 3.50A Sy 78 . . .  H 81  2.86A 

Cu" , S1 84 . . . H 38 1 14° 99° 105° - Cu . . .  Sy 78 . . . H 41  108° 
Cu . . .  Sy 84 . . .  H 87 97° 1 17° 101° - Cu . . .  Sy 78 . . .  H 81  96° 

In the structure of plastocyanin, there is no hydrogen bond directly analogous to the 
S . . .  HN 1 14 hydrogen bond in azurin, because the residue equivalent to Phe- 1 14 is a 
proline. However, the peptide nitrogen of residue 87, adjacent to Pro-86, is nearby and is 
directed at the sulphur of Cys-84 (Sy 84 . . .  N 87 = 4. 19A). During the reduction o� the 
copper site of plastocyanin, the S . . .  H-N 38 hydrogen bond does not shorten, t-ut >; :rye .. rs 

to lengthen slightly by 0. 1 8A in the low pH form and by o.osA in the high pH i .. xm. T1} 

contrast, the distance between N 87 and Sy 84 shortens considerably by 0.36:" 1n b�� 
low pH form and by 0.2sA in the high pH form. Although the Sy 84 . . .  N 87 distance� 
are long in the reduced plastocyanin (3.83-3.94A), they are just outside the upper limit of 
a s  . . . HN hydrogen bond (3.7SA)242. 

Shortening of S . . .  HN hydrogen bonds on reduction has been previously reported in the 
Fe4S4S(CYS)4 clusters of high potential iron protein (HiPIP)242,243,325 . In HiPIP, the 
S . . . N hydrogen bond distances decrease by 0.07-0. 19A and the S . . .  N-C angles change 
by as much as 10° when the metal cluster is reduced325 . The overall change in the 
S . . . HN hydrogen bond geometry upon reduction is a shortening of the S . . .  N distance to 
a similar extent to that seen in azurin. Although the S . . .  HN angles do change slightly on 
reduction, they do not necessarily become more linear, another sign of increased 
hydrogen bond strength. 

The shortening of the S . . .  HN hydrogen bonds made to cysteine sulphurs in HiPIP has 
been explained as a response to the increase in negative charge at the redox site325,326. 
By increasing the electron density on the sulphur through the reduction of the metal site, 
the electrostatic interaction with the H-N group326,327 is strengthened. Ab initio 

calculations conducted on S . . . HN hydrogen bond systems (where the sulphur is bound 
to an arbitrary atom in place of a metal), show that the increase in electronic charge at the 
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metal centre is transmitted on to the sulphur atom. This in turn, polarises the hydrogen 
bond further, thereby increasing the electrostatic interaction between donor and acceptor, 
and strengthening the hydrogen bond327. Strengthening of an S . . .  H-N hydrogen bond 
also arises if the S . . .  H-N angle becomes more linear325, but there is no obvious change 
in the S . . .  H-N angles in azurin. Figure 3.2.7.2 is a diagrammatic representation of the 
change in hydrogen bond stereochemistry at the thiolate sulphur in the copper sit.e of 
azurin; note also that the sulphur atom appears to lift above the equatorial plane of the 
oxidised structure. 
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Figure 3.2.7.2. S . . . HN shift in azurin upon reduction. The shaded area represents a lone pair of 
electrons and shows an increase in the electron density on the sulphur atom. 

One interesting point to note is that the decrease in S . . . N distances is roughly the same 
between HiPIP and azurin, but in HiPIP there is one electron distributed over four iron 
centres, while in azurin the electron is distributed over only a single copper centre. The 
shortening of the S . . . N distances would be expected to be smaller in HiPIP because the 
net increase in electronic charge is 1/4 electron, yet the change is comparable to that found 
in azurin. A possible explanation for this is that the Fe(lll) centres are more electrostactic 
in nature than the Cu(II) centres which are more covalent, and thus the increase in charge 
is more influential. Also, the covalency of the Cu-S(Cys) bond is promoted by an extra 
S . . . HN hydrogen bond at the sulphur which draws away electronic charge from the lone 
pair of electrons that interact with the copper. 

Carter et al. have proposed that the S . . . HN hydrogen bonds might stabilise the reduced 

state of FeS proteins by raising the redox potential243.  The number of S . . .  HN hydrogen 
bonds is considered to be one factor which could increase the redox potential of the Fe4S4 
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cluster by stabilising the extra negative charge on the redox site326,328,329. The effect is 

presumably partly responsible for the difference in redox potentialst of 400mY in 

ferredoxin ( 1 6  hydrogen bonds242) and -35OmY in HiPIP (5 hydrogen bonds242)325,328. 

For the blue copper proteins, the situation is reversed. Where azurin contains two S . . . HN 

hydrogen bonds and a reduction potential of 276my82, plastocyanin has only one 

S . . .  HN hydrogen bond and a reduction potential of 370my 122. This difference is 

explainable since the Fe4S4(CYS)4 clusters in ferredoxin and HiPIP are negatively 

charged sites, while the copper sites of azurin and plastocyanin are positive<ly charged 

sites, and both redox sites reside in the hydrophobic interior of the protein. 

Consequently, the S . . .  HN hydrogen bonds can only exert a stabilising effect when an 

extra negative charge is added to a negatively charged redox site325. The effect of S . . .  HN 
interactions at a positively charged redox site, such as azurin, is the reverse, i.e. the extra 

S . . . HN hydrogen bonds destabilise the reduced state, because these hydrogen bonds 

withdraw electronic charge from the metal, creating a higher positive charge for the whole 

redox centre. However, the relative number of S . . . HN hydrogen bonds is not the only 

factor determining the redox potential, and work by Krishnamoorthi and Markley on 

different HiPIPs shows that the redox potentials are influenced by a combination of 

factors of which the number of S . . .  HN hydrogen bonds is only one328. 

Na-H(His) . . .  0 Hydrogen bonds at His-46 and His-I ll 

A similar effect between the oxidation state and hydrogen bond strength has also been 

proposed for those hydrogen bonds made to imidazole rings which are bound to a 

meta1330. In the systems examined, the imidazole ring is bound to a haem iron through 

Nf2, while N�)l makes a hydrogen bond with a peptide carbonyl oxygen. The ab initio 

calculations done on this system indicated that the strength of the hydrogen bond is 

sensitive to the charge on the imidazole ring and therefore also the oxidation state of the 

metal. It was predicted that a more favourable hydrogen bond geometry would result in a 

greater stabilisation of the oxidised form. However, out of three haem proteins for which 

X-ray structural data is available in both oxidation states, only one protein (tuna 

cytochrome c) shows a significant difference in the Nol . . .  0 distance (::::: l .OA) between the 

oxidised and reduced forms. In the other cases, the differences in hydrogen bond 

geometry are comparable to or smaller than the level of error in the protein coordinates 

t Note that the redox potentials of ferredoxin (Fd) and HiPIP are usually given as -400mV and +350mV. 
respectively. for oxidation: 

Fd(Fe4S4Cys43-) � Fd(Fe4S4Cys42-) + e
HiPIP(Fe4S4Cys42-) � HiPIP(Fe4S4Cys41 -) + e-

However, the redox potentials given in the text are for r�x)wtjon. 

EO:::-4OOmV 
EO:::+350mV 
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In azurin any changes in hydrogen bonds to the imidazole ligands are barely detectable 
considering the magnitude of the error in atom positions. For His-46, the Ne l . . .  0 
distance increases by 0. 17 A in one protein molecule, but decreases by o.osA in the other, 
while the Ne l-H . . .  O angle becomes more linear in both molecules .  (Note that the 
imidazole ring binds through N�H to the metal in the blue copper proteins, not Ne2 as for 
the haem proteins.) No indication of a change is apparent for the hydrogen bond between 
the His- l 17 and OW 162. This is not surprising since the error in position of a water 
molecule at this resolution is probably more than 0.2A. Tables 3 .2.7.3 & 3.2.7.4 list the 
hydrogen bond geometries for the side-chains of His-46 and His- 1 17  of azurin. Overall 
there are no changes seen in the hydrogen bonds of the side-chains of His-46 and His-
1 17 during reduction, except for possibly the Nel 46-H . . .  0 10 angle. 

Table 3.2.7.3. Changes in the hydrogen bond geometry of His-46 Ne2-0 10. 

C-N£2. · .0 NE2 . .  ·0 H . . .  O NE2-H . . .  O 
angle (0) distance (A) distance (A) angle e) 

A B A B A B A B 

oxidised 1 19 121 2.81 2.60 1 .85 1 .67 161 154 
reduced 121 125 2.76 2.77 1 .77 1 .80 169 165 

I::!. +2 +4 -0.05 +0. 17 -0.08 +0. 13  +8  +9 

Table 3.2.7.4. Changes in the hydrogen bond geometry of His- 1 l 7  Ne2-0W 162. 

C-NE2. · ·0W N£2 . . .  0W H. . .  OW NE2-H . . .  OW 
angle (0) distance (A) distance (A) angle n 

A B A B A B A B 

oxidised 126 1 19 2.65 2.78 1 .65 1 .79 177 170 
reduced 120 123 2.72 2.72 1 .75 1 .74 161 166 

I::!. -6 +3 +0.07 -0.06 +0. 10 -0.05 -16 4 

Changes at His-35 and Met-44 

Much interest has focussed on His-35 in azurin because it has been suggested to be 
involved in electron transfer and to play a role in the pH dependence of the electron 
transfer rate with cytochrome c5S 1 153 . Although site directed mutagenesis studies have 
now shown that His-35 is not involved in electron transfer with cytochrome C551 156, and 
crystallographic studies have identified the pH dependent structural change as being due 
to a peptide flip41 (see Chapter 1) ,  this residue is structurally important since it provides a 
packing constraint for the copper ligand of His-46. Results from the consistent shift 
analysis show a net average shift of 0.20A (6=440) in the side-chain of His-35 . Changes 

in this region show that the side-chain of His-35 forms a more linear hydrogen bond with 
the carbonyl oxygen of Met-44 (see Table 3 .2.7.5). The change in the geometry appears 
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as shifts in the NE2-H . . .  O and H . . . O-C angles of + 1 8° and +9°, respectively. The O-C . . .  
NE2 angle also changes on average by 9° ( 14° and 5° in oxidised and reduced azurin, 
respectively) . At the same time the mean planes of the Met-44-Gly-45 peptide and the 
imidazole ring of His-35 become more coplanar upon reduction (the angle between them 
decreasing from 1 1° to 5°) .  Inspection of this region by superimposing all of the 
molecules of oxidised and reduced forms illustrates that the changes are actually due to 
the shifts in the main-chain of Met-44 (mean shift of O.23A, 6=41°) rather than the shifts 
in His-35 (see Figures 3.2.7.3 and 3.2.7.4). Although the changes in orientation seem 
consistent, the H . . . 0 hydrogen bond length change, however, is far from consistent 
(Table 3.2.7.5), suggesting some error in this region. 

Table 3.2.7.5. Changes in the hydrogen bond geometry of His-35 N£2-0 44. Differences in distances 
and angles are given as reduced-oxidised. 

N£2-H . . .  O N£2· · ·0 H . . .  O H . . .  O-C 
angle e) distance (A) distance (A) angle 0 

A B A B A B A B 
oxidised 1 54 155 2.9 1 2.91 2.02 1 .99 148 151  
reduced 168 176 3 .00 2.62 2.07 1.65 1 55 162 

� +14 +21 +0.09 -0.29 +0.05 -0.34 +7 + 1 1  

The net shift in the carbonyl group of Met-44 i s  also apparent in the main-chain torsion 
angle \jf. Upon reduction, the \jf angle for Met-44 decreases on average by 14° ( 1 1 ° and 
16° for molecules A and B, respectively). This change in the \jf angle of Met-44 is also 
accompanied by other nearby changes in the main-chain torsion angles from Met-44 to 
Asn-47. Table 3.2.7.6 lists these changes between the the oxidised and the reduced forms 
of azurin, which presumably result from changes in the 0 45 interaction to copper, and 
the S . . .  HN hydrogen bond between Cys- 1 12 and Asn-47. Although the changes are 
small (the r.m.S. deviation in main-chain torsion angles is 6° and 7° for the reduced and 
oxidised structures,  respectively), they are the same in both molecules of the asymmetric 
unit. Figure 3 .2.7.5 illustrates these changes in the segment of residues from Met-44 to 
Asn-47 . 

Table 3.2.7.6. Main-chain torsion angle changes in the stretch of residues from Met-44 to Asn-47. 
Changes above 10° in magnitude are given in bold. Differences are oxidised-reduced values. 

Molecule A Molecule B Average � 
M) �\If �4> �\If <�4» <�'If> 

Met-44 0 + 1 1  -7 + 1 6 -4 + 1 4 
Gly-45 -6 + 1 4  - 1 1  +8 -9 + 1 2  
His-46 -3 + 9  -5 + 1 4  -4 + 1 2  
Asn-47 -9 +9 -6 +7 -8 +8 
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Figure 3.2.7.3. View of the side-chain of His-35 ,  normal to the imidazole ring, showing the shift in 
the imidaziole ring away from the copper site. Oxidised azurin molecules in blue (A) and light blue (B), 
and reduced azurin molecules in red (A) and pink (B). 

Figure 3.2.7.4. View of the NE2 35 . . .  0 44 hydrogen bond showing the twist in the Met-44 

main-chain. Oxidised azurin molecules in blue (A) and light blue (B), and reduced azurin molecules in red 
(A) and pink (B). 
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Figure 3.2.7.5. Stereo view of the changes in the stretch of residues from Met-44 and Asn-47. 
Oxidised azurin molecules in blue (A) and light blue (B), and reduced azurin molecules in red (A) and pink 
(B). 

Figure 3.2.7.6. Change in the Pro- 1 15-Gly-1 l6 section of the polypeptide chain upon reduction of 
the copper site of azurin. Oxidised azurin molecules in blue (A) and light blue (B), and reduced azurin 
molecules in red (A) and pink (B). 
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Changes in residues 1 15-116  

Another change i n  the copper environment occurs i n  the loop between Phe- 1 14 and 

His- 1 17 ,  which forms part of the hydrophobic patch. For Pro- 1 l 5 and Gly- 1 l 6, the 
atoms move on average O.24A in the direction away from the copper site (8=29°) .  The 

change is illustrated in Figure 3 .2.7.6. A plausible explanation for this change is that the 

shift is a consequence of the increase in the Cu-NSI 1 17 bond length on reduction. On the 

opposite side of the imidazole ring of His- 1 17 from the copper atom, a contact is made 

between Co2 1 17 and 0 1 1 5 (average distance 3.22A and 3 . 1 4A in oxidised and reduced 

azurins ,  respectively). Upon reduction, as the Cu-N�)1 1 17 bond length increases, and the 

imidazole ring shifts away from the from the copper atom, it is possible that the C62 atom 

of His- 1 17 pushes against the c arbonyl oxygen of Pro- 1 1 5 ,  and hence the 1 1 5- 1 1 6 

peptide, causing the change seen in Figure 3 .2.7.6. 

Other changes 

The remaining residues which can be considered to constrain the configuration of the 

copper site, do not show any significant changes upon reduction. The side-chain of His-

1 17 is sandwiched between the side-chains of Phe- 1 14 and Met- 1 3. Despite the shift in 

the imidazole ring of His- 1 17 caused by the increase in the bond to the copper, neither of 

the side-chains of Phe- 1 14 or Met- 1 3  moves significantly in any way. This supports the 

view that the His- 1 17 ligand to the copper is constrained by these contacts. Similarly, the 

surrounding environment of Met- l 2 1  also shows little change on reduction. The only 

change, as suggested by the consistent s hift analysis , is at Tyr- I 5 ,  where the average 
shift is O. 1 5 A  (8=25°)  and O. 1 8 A  (8=48° ) ,  for the main-chain and side-chain atoms , 

respectively. However, the shift appears to have little or no effect on the other parts of the 

protein (see Figure 3 .2.7.7). 

Overall, some changes are observed in the protein environment surrounding copper site 

when the protein is reduced. These changes, however, are small, but can be detected by 

comparing the changes in the two independent molecules of the asymmetric unit. The 

largest c hange is in the hydrogen bonding of the thiolate sulphur of Cys- 1 1 2, where the 

N . . .  S(thiolate) distances shorten on average by o.2A upon the reduction of the copper 

site. Elsewhere, smaller changes are observed. A consistent shift is seen in the region of 

Pro- 1 1 5 to Gly- 1 1 6, which may be a result of the increase in the CU-No l  1 17 bond. 

Other changes appear in the section of chain around Gly-45. 
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Figure 3.2.7.7. Stereoview of the small shift in Tyr- 15 ,  which packs against the copper ligand 
Met- 12 1 ,  upon reduction. Oxidised azurin molecules in blue (A) and light blue (B), and reduced azurin 
molecules in red (A) and pink (B). 

3.2.8 Surface features of reduced azurin 

All of the surface features of reduced azurin are essentially the same as in the oxidised 
structure. A few minor changes which may be due to the oxidation state change appear in 
the hydrophobic patch. The distance between the opposing side-chains of His- 1 17 of the 
two molecules in the asymmetric unit has shrunk by O. 1 2A to a value of 6.50A. This is 
expected since the increase in Cu-NSI 1 17 bond length pushes the imidazole rings of the 
opposing molecules towards each other (see Figure 3.2.8. 1 ) . Also, the angle between the 
mean planes defined by the imidazole rings of His- l 17 increases from 25 .8° to 35.9°. 
Other changes in the hydrophobic patch are at Pro- 1 15 ,  Gly- 1 1 6 and Trp- 1 1 8, previously 
described. 

At the sulphate site of reduced azurin, the anion is bound by the same two hydrogen 
bonds as in the oxidised structure, from the NE2 atom of His-83 and the peptide NH of 
Gly-76. As the thermal parameters suggest, the sulphate anion is probably only partially 
occupied or disordered in the site (average B=91A2) .  Figure 3 .2 .8 .2 shows the 
orientation of the sulphate in the binding site of azurin for four separate protein 
molecules, two from reduced azurin and two from oxidised azurin. Much variation exists 
in the position and orientation of the anion, but most of the water structure which 
surrounds the sulphate anion is maintained upon reduction. Twenty-eight water molecules 
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Figure 3.2.8.1. Changes in the orientation of the two opposing His-I l7 side-chains which are at the 
centre of the hydrophobic patches. Oxidised azurin molecules in blue and reduced azurin molecules in red. 

Figure 3.2.8.2. The sulphate site of oxidised and reduced azurin. Oxidised azurin molecules in blue 
(A) and light blue (B), and reduced azurin molecules in red (A) and pink (B). 
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associated with the sulphate sites are found in both redox fonns of azurin (15  in molecule 
A and 1 3  in molecule B). These waters are in the crevice fonned between the "flap" and 
the �-sandwich, and are hydrogen bonded to the protein and/or to the sulphate anion. The 

few water molecules which are not found in both forms of azurin are located further away 
from the protein in the solvent medium (see section 3,2, 10 for the analysis of the solvent 
structure). 

Table 3.2.8.1. Salt bridge geometries in oxidised and reduced azurin. Distances (A) are H . . .  O, and 
angles (0) are N-H . . .  O and H . . .  O-C; or if no hydrogen atom poSition could be calculated N . . . O, C-N . . .  O 
and N . . .  O-C. Values in bold belong to salt bridges which are common between all molecules of oxidised 
and reduced azurin. 

Oxidised azurin Reduced azurin 
Salt bridge molecule A molecule B molecule A molecule B 

angle dist angle angle dist angle angle dist angle angle dist angle 
Nt; 34 . . .  0£1 8 
Nt; 126 . . .  0£1 19  
Nt; 24 . . .  129 Ot 
Nt; 27 . . .  98 OSl 
Nt; 4 1 . . .9 1  0101 
Nt; 56 . . .  0101 53 
Nt; 122 . . .  0£1 53 
Nt; 74 . . .  0&1 62 
NTl2 79 . . . 001 62 
Ne 79 . . .  0&1 77 
N'l12 79 . . .  0&1 77 
N� 85 . . . 93 0&1 

155 
-
-
-

120 
-

129 
166 
1 0 6  

1 5 1  

1 3 6  
-

3.08 
-
-
-

3.24 
-

2.61 
2.79 
1 . 7 4  

2 . 0 2  

1 . 7 1  
-

1 1 6  - -
- 87 2.64 
- 1 17 2.90 
- - -

126 - -
- - -

128 1 12 3.40 
125 - -

1 3 2  1 3 8  2 . 1 3  

1 0 4  1 6 8  1 . 6 4  

1 1 6  1 5 5  1 . 8 2  
- 128 3.38 

- - - - - -
1 17 - - - - -
161 - - - - -
- 160 2.70 104 - -
- - - - - -
- - - - 97 3.47 

1 34 - - - - -
- 177 2.64 124 - -

1 1 2  1 1 3 2 . 0 3  1 0 1  1 3 9  2 . 3 0  

1 3 1  1 0 7  2 . 9 2  1 2 1  1 6 3  2 . 0 3  

1 0 2  1 2 4  2 . 1 8  1 0 8  1 5 1  1 . 5 2  

1 13 - - - 134 3.03 

In the structure of oxidised azurin, charged side-chains are evenly distributed over the 
surface of the protein, yet only one salt bridge is common to the two independent protein 
molecules3 1 . This involves three residues;  Asp-62, Asp-77 and Arg-79, A similar 
situation exists in reduced azurin. The same salt bridge appears in both reduced azurin 
molecules, although the precise nature of the interaction appears to vary. The difference, 
however, is probably a result of poor definition in this region. The other salt bridges in 
azurin are distributed over the rest of the structure (see Table 3.2.8 . 1) ,  but all involve 
poorly defmed side-chains. 

3.2.9 Thermal parameters 

In general, the thennal parameters of reduced azurin are very similar to those of the 
oxidised structure. Figure 3.2.9 .1  illustrates the extent of the similarities in the average 
main-chain B-values for each residue between the oxidised and reduced structures. The 
thennal parameters of reduced azurin are on average higher by 2 .83A2, which is a 
reflection of the overall B-value of the reduced crystal structure with respect to the 

-
-
-
-
-

138 
-
-

9 5  

1 0 8  

1 1 4  

107 
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oxidised structure. 

The thennal parameters of both redox fonns make structural sense. The lowest B-values 
occur for internal atoms,  which are constrained by the steric packing forces of 
surrounding atoms. Thennal parameters are also low for main-chain atoms of the 
�-strands and the loops surrounding the copper site (averages of 24A2 and 22A2, 

respectively). When the average main-chain B-value is plotted against the distance from 
the copper atom to the en atom of each residue, it is apparent that the protein becomes 
more constrained closer to the copper site. 

The largest differences in the thennal parameters of reduced azurin compared with 
oxidised azurin are at the N-tenninus of the polypeptide chain. Here the B-values are 
lower in the reduced structure than in the oxidised structure; 56A2 compared to 99A2. The 
reason for this is unclear, but it suggests that the conformation in oxidised azurin could be 
in error. 

3.2.10 Solvent structure 

The solvent molecules in the crystal structure of reduced azurin have been modelled as 
water molecules except for three sulphate anions,  one in the sulphate site of each protein 
molecule (see section 3.2.8), and one which is tentatively assigned as a sulphate ion on a 
2-fold crystallographic axis . No water molecules are located in the protein interior, but 
two are buried in pockets created by the packing of the hydrophobic patches of the two 
independent azurin molecules. These two water molecules are related by the 2-fold non
crystallographic axis, and each makes three hydrogen bonds bridging the two protein 
molecules; two interactions to one protein molecule (Ne2 1 17 and 0 43) and another to 
the opposing protein molecule (0 1 16) (see Figure 3 .2. 10. 1 ). Similarly, many of the 
other water molecules ( 140 of 258 in total) are also related by the same 2-fold non
crystallographic axis (these are discussed further in section 3.3. 10). 

The differences in solvent structure between oxidised and reduced azurin are few and 
small, not surprisingly since the two crystal fonns are isomorphous. As compared to 
oxidised azurin3 1 ,  slightly fewer solvent molecules have been located in the crystal 
structure of reduced azurin (258 verses 281 molecules). Of these, 195 (94 in molecule A 
and 101 in molecule B) are within 2.oA of a solvent molecule position in the oxidised 
structure. These "common" solvent molecules are labelled with the corresponding solvent 
number in oxidised azurin. Figure 3 .2 .10.2 illustrates the even distribution of the solvent 
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Figure 3.2.10.1. The two solvent molecules in reduced azurin buried in the pockets between the 
hydrophobic patches of the two independent azurin molecules. Ca trace in blue, and solvent molecules in 
white. 

Figure 3.2.10.2. Solvent structure of reduced azurin. Large blue spheres are solvent molecules which 
are "common" to oxidised azurin, and small pink spheres are those which are "unique" to reduced azurin. 
The copper atoms are shown in orange, and the Ca trace in green . .  



1 3 1  

2.0,-------------------------------�.----�-------------------, 

1.5 -

1.0 -

0.5 

c 
• 

Molecule A 

Molecule B 

• 

• 

• 

o • 
• 
• 

� co • 

'b 0 
• • 

• 

• 

c 

o • 

O.O��--T--T--r_,�--r-��,�,-�--�-�.�--r--r--r-����� 
o 20 40 60  80  1 00 

Average B-value (A**2) 

Figure 3.2.10.3. Plot of the differences in position of the solvent molecules between oxidised and 
reduced azurin. 

around the two reduced azurin molecules. Those solvent molecules which are not close to 
a corresponding solvent molecule position in oxidised azurin, i.e. are "unique" to reduced 
azurin, are relatively few (total 63) and are more poorly defined than the other solvent 
molecules. The average B-value of these "unique" solvent molecules is higher (74A2) 
than those that are "common" (52A2). Of these, 28 are associated with molecule A and 35 
with molecule B (see Figure 3.2. 10.2). They are also distributed evenly over the surface 
of the protein. Possible reasons for these "unique" solvent molecules not being found in 
oxidised azurin are 1 )  their electron density is too close to the noise level to be detected, 
2) they were missed in the oxidised structure or 3)  they are errors in the reduced 
structure. (In the coordinate file, these solvent molecules are numbered above 300.) 

The differences in the positions of the solvent molecules which are "common" between 
reduced and oxidised azurin are correlated with the average B-value of the solvent 
molecule (see Figure 3.2. 10.3). Solvent molecules with a low average B-value typically 
show smaller differences in position betwen the two redox forms than those with a high 
average B-value. This suggests that the differences in the solvent structure between the 
two redox forms are smallest for those solvent molecules which are well ordered in both 
structures. 
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3.3 Comparison of the two independent molecules 

As for oxidised azurin, the crystal structure of reduced azurin contains two independent 

molecules in the asymmetric unit3 1 .  These two molecules are related by a 2-fold non

crystallographic axis and are essentially identical in structure. Although this effectively 

doubles the size of the crystallographic problem, a comparison between the two 

independent molecules can give an indication of the accuracy of the structure and the 

reliability of different regions .  The usual method for determining the overall accuracy of 

the model is from an analysis of the agreement between the observed and calculated 

structure factors (Le. a Luzzati plot232, see section 3. 1) ,  but this method assumes that all 

errors in the structure are randomly distributed through out the structure232. However, 

more detailed information on the accuracy of the structure is available from the 

comparison of the two reduced azurin molecules since they were treated independently 

during refinement. Differences between the two independent molecules may indicate 

errors, regions of flexible structure, or regions affected by crystal packing forces. The 

analyses presented below show, as expected, that flexibility in the protein structure 

occurs at the surface and in the loops between secondary structural elements, while the 

structure around the copper site appears to be better defined than the rest of the protein. 

3.3.1 Intermolecular Contacts 

Since the two molecules of reduced azurin are found in a pseudo-tetragonal cell (see 

section 3.2. 1 ) ,  many of the lattice contacts to adjoining molecules are similar between the 

two independent molecules. Fourteen intermolecular hydrogen bonds are made between 

molecule A and other protein molecules of the crystal lattice, while 1 5  intermolecular 

hydrogen bonds are found for molecule B.  Differences between the two molecules occur 

only at residues 2,4,24,36,57,61 ,65,92 and 1 29. For many of the differences in the 

lattice contacts between the two molecules, either one or both of the groups involved are 

associated with regions of the protein structure which have high thermal parameters and 

poorly defined electron density (e.g. the N- and C-termini). None of the lattice contacts 

are salt bridges. Table 3.3. 1 . 1  lists the intermolecular hydrogen bonds of reduced azurin 

and the symmetry operations required to generate the neighboring molecules. 

There are other intermolecular contacts less than 3.5A, which are not hydrogen bonds. 

Four of these occur across the interface between the hydrophobic patches of the 

molecules A and B. A further two intermolecular contacts are more isolated; between the 

side-chains of residues Ser-94A and His-32B, and between the main-chain of residue 
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Table 3.3.1.1. Intennolecular hydrogen bonds in reduced azurin 

Hydrogen bond Distance Symmetry Hydrogen bond Distance Symmetry 
(A) operation (A) operation 

Na 2B-O S7B 3.25 l-x,-l/2+y,l/2-z 
Na 2B-00 1 61B 2.85 l-x,- l/2+y,l/2-z 
Oe2 4B-Oy 92A 3.17 - l/2+x,l/2+y,z 

002 23A-N02 65A 2.73 - l/2+x, l/2-y,-z 01)2 23B-N02 65B 2.79 l-x,-l!2+y,ll2-z 
o 24A-N 68B 2.89 - l!2+x, 112-y,-z o 24B-N 68A 2.88 -x.l!2+y, I/2-z 

N; 24A-001 129B 3 . 12 1/2-x,-y,-l/2+z N� 24B-081 129A 2.80 l!2-x,-y,-l/2+z 
o 38A-N 40A 2.77 l!2-x,y,l/2-z o 38B-N 40B 2.76 X,-Y,-z 
N 40A-0 38A 2.77 l!2-x,y,l/2-z N 40B-0 38B 2.76 x,-y,-z 

o 57B-Na 2B 3 .25 l -x,-l!2+y,l/2-z 
0.,1 61B-Na 2B 2.85 l -x,- l/2+y, 1/2-z 

N02 65A-002 23A 2.73 - l/2+x, l/2-y.-z N02 65B-002 23B 2.79 l -x.-l/2+y,l/2-z 
N02 65A-0 129A 3.20 l!2+x,l/2-y,-z 

N 68A-0 24B 2.88 -x, l/2+y, l!2-z N 68B-0 24A 2.89 -1/2+x, l/2-y,-z 
0., 92A-Oe2 4B 3 . 17  -l/2+x,I!2+y,z 

o 129A-N02 65A 3.20 l!2+x,l/2-y,-z 
01)1 129A-NI; 24B 2.80 1/2-x,-y,-II2+z 01)1 129B-N1;, 24A 3 . 12 l/2-x,-y,- I/2+z 

Table 3.3.1.2. Non-hydrogen bonding lattice contacts of reduced azurin. a Disordered side-chain of 
GIn-57. 

Lattice Contact Distance Symmetry 
(A) operation 

Ce 13A-Ce 13B 3.06 x,y,z 

N� 34A-C� IB 3.29 -l/2+x,l!2+y,z 

Ca 9OA-Ne1 57Ba 3.42 -x,y,ll2-z 
0., 94A-C£1 32B 3.24 - l/2+x,l/2+y,z 

o 1 15A-Ca 1 16B 3.39 x,y,z 
Ca 1 16A-0 l 15B 3.30 x,y,z 
C� 1 19A-0 43B 3.43 x,y,z 
Ce 120A-So 13B 3 . 14 x,y,z 

Lattice Contact 

C� IB-N; 34A 
SI) 13B-Ce 120A 
Ce 13B-Ce 13A 
Ce1 32B-Oy 94A 

o 43B-C� 1 19A 
&Ne1 57B-Co: 90A 

o USB-Co: 1 16A 
Co: 1 16B-0 l lSA 

Distance Symmetry 
(A) operation 

3 .29 - l!2+x,l!2+y,z 
3 . 14 x,y,z 
3.06 X,Y,z 
3 .24 - l/2+x,l/2+y,z 

3 .43 x,y,z 
3 .42 -x,y,ll2-z 

3 .30 X,Y,z 
3 .39 x,y,z 

90A and the disordered side-chain of Gln-57B. Table 3.3. 1 .2 lists those lattice contacts 
which are not hydrogen bonds. 

Many intennolecular contacts are made via bridging water molecules. Twenty-six solvent 
molecules link together crystallographic ally different protein molecules in the crystal 
structure. Of these 26, only three are found for both of the molecules of the asymmetric 
unit, OW 137, OW 139 and OW 162. 
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3.3.2 Conformational angles 

Main-chain torsion angles (q" VI) 

The main-chain conformational angles for the two molecules of reduced azurin are 

represented as Ramachandran plots in Figures A. I and A.2 of Appendix A. The <I> and 'V 

angles of the two molecules agree well for the bulk of the structure. The r.m.s. deviation 

for 95% of the main-chain structure is 8.50 for <I> angles, and 7 .70 for 'V angles. The 

largest differences in the main-chain torsion angles, where �<I> or �'V > 300, appear at 

residues 2-3, 74-75, 105- 106 and 127-128. The differences at residues 2-3 and 1 27- 128 

are associated with the polypeptide chain termini, which have high thermal parameters 

and appear to have different conformations. The other regions are associated with loops 

of the structure. Residues 105-1 06 and 74-75 are parts of long unrestrained loops on the 

surface of the protein, and are poorly resolved in electron density maps. Figure 3.3.2. 1 

plots the differences in <1>, 'V angles between the two molecules of reduced azurin. 

Figure 3.3.2.1. Absolute differences in the main-chain torsion angles between the two molecules of 
reduced azurin. Differences in ($,'1') for those residues off the scale are at residues 3 (1�$1= 165°) and 128 
(1�$1=86°). 
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Side-chain torsion angles 

Differences also occur in the confonnational angles of the side-chains <Xl -S). A plot of the 

average difference in side-chain torsion angles (see Figure 3.3.2.2) shows that the largest 

differences appear in those side-chains which are located on the surface of the protein and 

are not involved in hydrogen bonds. The r.m.s. deviation in side-chain conformational 

angles is 1 3.2° for internal side-chains. 1 5.7° for hydrogen bonded side-chains and 

63.2° for external side-chains. Overall, the r.m.s. deviation is 26.4°. 
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Figure 3.3.2.2. Plot of r.m.s. deviation in side-chain torsion angles (x 1-4) between the two reduced 
azurin molecules. 

Variations in side-chain torsion angles increase further away from the backbone of the 

protein molecule for flexible fuctional groups such as lysines and glutamic acids. The 

r.m.S. deviations for the individual torsion angles X 1-:X4 are 48. 1  0, 53.7°, 9 1 . 1  ° and 

86.0°, respectively, for all lysines, asparagines, glutamines, methionines, aspartic acids 

and glutamic acids. There are notable exceptions to this trend in the case of side-chains 

which are internal or form strong hydrogen bonds. For example, Asn-47 is an internal 

side-chain and its functional group makes three hydrogen bonds. Other exceptions in 

reduced azurin are Asp- l 1 ,  Asp-55, Arg-79 and Asp-93 which also make important 

contacts linking different parts of the structure. 
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3.3.3 Comparison of the Hydrogen bonds 

Similar hydrogen bonding occurs in the two reduced azurin molecules in the asymmetric 

unit. A few hydrogen bonds are found in only one or the other molecule; these are listed 

in Table 3.3.3. 1 .  These hydrogen bonds are found in the loops and at the C-terminus of 

the polypeptide chain. All are on the surface of the protein, and many belong to the most 
flexible regions, with high B-values. Most hydrogen bonds of this group are far from the 

copper site, only two being near the copper site, i.e. 0 1O . . .  N 1 3  and 0 41 .  . . N 45, both 

in molecule A. 

Table 3.3.3.1  Hydrogen bonds found only in one or o ther molecule. O . . . H distances are in Angstroms 
(A), and C-O . . . H and O . . .  H-N angles are in degrees e). Where no hydrogen atom position was calculated, 
distances and angles are e ither O . . .  N, C-O . . .  N and O . . .  N-C, or 0 . . .  0, C-O . . .  O and O . . . O-C. Values in 
italics are considered marginal hydrogen bonds. 

molecule A molecule B 
C-O . . . H O . . . H O . . . H-N C-O . . .  H O . . . H O . . .  H-N 

main-chain . .. main-chain 
o 10 . . .  N l3 108 2.36 163 
o 41 . . .N 45 128 2 .42 113 
0 53 . . .  N 56 107 2.50 164 
o 74 . . .  N 77 153 2.03 128 
o 77 . . .  N 80 96 2.40 156 

o 128 . . .  N 24 162 2.18 123 
main-chain . . .  side-chain 

OOl IO . . . N 14 157 2 .48 153 
001 47. . .N 47 104 2.34 100 

o 86 . . .  N� 41 147 2.98 102 
001 93 . . .  N 94 101 2.32 126 
o 127 . . .NC 24 97 3.00 144 

o 128 . . .  Nl; 24 112 3.23 91 

Oyl 128 . . .  N 129 98 1 .73 135 

side-chain . . .  side-chain 
001 77 . . .  Ne 79 108 2.03 163 
001 23 . . .  Oy 25 150 2.54 106 

002 23 . . .  Oy 128 105 3.37 110 

Oel 53 . . .  NC 56 138 3.47 97 

001 62 . . .  Nl; 74 124 2.64 177 
001 93 . . .  NC 85 107 3.03 134 

001 98 . . . Oy 100 132 2.78 136 
001 98 . . .  Nr 27 104 2.70 160 

Some of these differences can be attributed to perturbations in the structure due to crystal 

packing effects. Six of these hydrogen bonds are close to (within one residue) or are 

involved in intermolecular contacts ; 0 4 1 A  . . .  N 45A, 0 5 3B . . .  N 56B, 

o 128A . . . N 24A, Oyl 128A . . . N 129A, 082 23B . . .  Oy 128B and 001 23A . . .  Oy 25A. 

The difference at 002 23, is a good example of a hydrogen bond affected by crystal 

packing. In both molecules 082 23 forms a hydrogen bond with NS2 65 of an adjacent 



Table 3.3.3.2. Lattice contacts near the hydrogen bonds which differ between the two molecules. 

Hydrogen bonds 
OM 23A . . .  Or 25A 
0/52 23B . . .  Oy 128B 

0 41A. .. N 45A 

o 53B . . .  N 56B 

Nearby lattice contacts 
002 23A . . .  N02 65A 
002 23B . . .  N02 65B 

o 24A . . .  N 68B 
0 24B . . .  N 68A 

N� 24A . . .  0/51 129B 
Nt; 24B . . .  001 129A 
o 129A . . .  No2 65A 
001 129A . . .  Nt; 24B 
0/51 129B . . .  Nt; 24A 

N 40A . . .  0 38A 
N 40B . . . 0 38B 
o 57B . . .  Na 2B 

Hydrogen bonds Nearby lattice contacts 
o 127 A . . .  N� 24A 0/52 23A . . .  N02 65A 
o 128A . . .  N 24A 002 23B . . .  N02 65B 
o 128B . . .  N� 24B o 24A . . .  N 68B 

o 24B . . .  N 68A 
N� 24A . . .  001 129B 
Nt; 24B . . .  Ool 129A 
o 129A . . .  N/52 65A 
0/51 129A . . .  Nt; 24B 
0/51 129B . . .  N£: 24A 

Or1 128A . . .  N 129A o 129A . . .  N02 65A 
001 129A . . .  Nt; 24B 
001 129B . . .  N£: 24A 
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molecule, but in molecule B, 002 23 also forms a hydrogen bond with Oy 128 .  The 

hydrogen bonds which are affected by lattice contacts are listed in Table 3.3.3.2. 

About half ( 12  out of 21)  of these differences in the hydrogen bonding structure are due 

to interactions which are "marginal", i.e. O . . . H distances greater than 2.3A, or an angle 

less than 100°. For instance, the 0 41 . . .  N 45 hydrogen bond is marginal with an O . . .  H 
distance of 2.42A, close to the defined maximum of 2.50A. Other apparent differences 

arise because the geometry in one molecule falls just short of the defined criteria for a 

hydrogen bond238, and hence there is actually little difference. For example, 0 1O . . . H-N 
14 has a distance of 2.36A in molecule A, but is 2.53A in molecule B, just beyond the 

defined criteria. 

Agreement of hydrogen bond geometry 

The majority of hydrogen bonds in reduced azurin, though, are found in both molecules 

of the asymmetric unit. A comparison of these hydrogen bond pairs demonstrates the 

agreement of hydrogen bond geometry. The hydrogen bond geometry was unconstrained 

during refmement, and variation in it gives an indication of accuracy of the structure. The 

r.m.S. deviation of all the hydrogen bonds lengths in the reduced structure (excluding 

those made to water molecules) is o.2oA for 94 pairs. A breakdown of these results into 

main-chain . . .  main-chain, main-chain . . .  side-chain, and side-chain . . .  side-chain bonds 

(Table 3.3.3.3) shows that interactions with the side-chain atoms are associated with 

larger differences. This is because side-chains are typically more flexible than main-chain 

groups, as judged by their higher thermal parameters. Conversely, better agreement is 
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Table 3.3.3.3. Hydrogen bond geometry r.m.s. deviations for reduced azurin 

R.m.s. !l values 
distance (A) an�le (0) 

main chain-main chain atoms (60 pairs) 0 . 17  9.2 
main chain-side chain atoms (25 pairs) 0.23 7.6 
side chain-side chain atoms (9 pairs) 0.33 19.5 
copper environment (23 pairs) 0 . 15  8 .2 
overall (94 pairs) 0.20 1 0.3 

seen in hydrogen bonds with main-chain atoms, presumably because these atoms are 

more tightly constrained. 

Around the copper site, the r.m.s. deviation in hydrogen bond lengths is 0.1 5A, less than 
the r.m.s. deviations for other regions, showing that the copper site enviroment is better 

defined and more rigid than the. rest the protein structure. The largest differences in 

hydrogen bond geometry at the copper site are seen at Ne2 35 . . .  0 44, N 44 . . . 0 40 and 

NOi 35  . . .  N 37. An examination of the thermal parameters of these residues shows that 

the residues 35-40 have consistently higher B-values in molecule A (average B = 26A2) 
than in molecule B (21A2). This may indicate that this section of the structure has not 

refined completely. Table 3.3.3.4 lists the geometry of hydrogen bonds made to copper 
ligands. 

Table 3.3.3.4. Hydrogen bond distances and angles made to copper ligands of reduced azurin 

Hydrogen bond N-H . . .  O angle (0) N-H . . . O distance (A) 
distances (.�.) A B !l A B !l 

o 1O-NE2 46 169 165 4 1.77 1 .80 0.03 

Sy 1 12-N 47 160 159 1 3.37 3.29 0.08 

Sy 1 12-N 1 14 163 158 5 3.36 3.37 0.01 

3.3.4 Comparison of the main-cbain atom positions 

Superposition of the polypeptide backbone of the two independent molecules using the 

same transformation as in section 3.3. 1 (i.e. the main-chain atoms of residues 3-127) 
shows that the two molecules are essentially identical, and gives an r.m.s. deviation in 

main-chain atom positions of 0.30A. A stereoview of the Co. plot of the two superposed 

molecules of reduced azurin is shown in Figure 3.3.4. 1 ,  and the average deviation in 

main-chain atom positions (�x» is plotted against residue number in Figure 3.3.4.2. 
The positions where there are differences in the backbone atoms above the r.m. s. 
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Figure 3.3.4.1. A stereo view of the Ca plot of the two superimposed molecules of reduced azurin. 

Copper atom in yellow. molecule A in red and molecule B in blue. Sections which are white are 
overlapping regions between the two molecules. 
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Figure 3.3.4.2. Average difference in the main-chain atom positions after superposition plotted 
against residue number. 
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deviation, are similar to those found in structure of oxidised azurin3 1, namely at the chain 

tennini and in cenain connecting loops between secondary structure elements. 

More specifically, these differences in the reduced structure occur at residues 1 to 2, 1 1  to 

1 4, 25 to 27, 38 to 42, 5 1  to 56, 66 to 69, 76 to 77, 90 to 94, 96 to 105 and 1 27 to 129, 

and their average deviations for the main-chain atoms are listed in Table 3.3.4. 1 .  All of 

these residues are located on the surface of the protein, and most are found at the southern 

end of the molecule. The largest differences, those greater than 1 .0A, are located at the 

termini of the polypeptide chain. Deviations in the N-terminus of the polypeptide chain, 

residues 1 to 2, are probably the result of disorder or high flexibility in this region which 

is characterised by weak electron density. At the C-terminus, residues 127 to 129, crystal 

intermolecular contacts have forced two distinctly different conformations between the 

two molecules. Other differences can also be ascribed to crystal intermolecular contacts. 

These occur at residues 25 to 27, 38 to 42, and 66 to 69, where intermolecular contacts 

presumably cause small fluctuations in the structure. The remaining regions of the 

main-chain structure which show variations above O.3A (residues 1 1  to 14, 5 1  to 56, 76 

to 77 and 90 to 105), however, are not involved in intermolecular contacts, and their 

differences probably are the result of the flexibility of these regions. error or 

conformational microheterogeneity. 

Table 3.3.4.1. Residues whose average main-chain atom deviations are above the r.m.S. value for 
reduced azurin, along with the diffemces in main-chain torsion angles and the average B-value. 

Residue rue �4> �'" <B> Residue rue Aq> A'I' <B> 
(A) e) (0) (A2) (A) e) e) (A2) 

1 6.418 - - 61  76 0.425 36 10 44 
2 2.142 2 18  55 77 0.374 8 34 40 
1 1  0.337 2 1 27 90 0.375 1 2 26 
12 0.380 16 12 30 91 0.376 1 4 21 
13 0.359 13 12 28 92 0.366 2 9 23 
14 0.327 12 16 25 93 0.3 14 9 5 23 
16 0.340 25 2 29 94 0.354 4 4 22 
21 0.320 12 3 28 96 0.383 1 1  3 28 
25 0.432 6 1 27 98 0.363 0 6 30 
26 0.413 4 4 26 99 0.355 6 0 29 
27 0.399 9 4 29 100 0.422 6 4 37 
38 0.336 1 7 24 101 0.440 8 20 39 
40 0.323 3 2 19 102 0.430 3 6 36 
42 0.496 12 9 28 103 0.598 2 1 1  44 
51  0.330 12 6 24 104 0.515  3 3 53 
53 0.377 19 9 38 105 0.650 58 19 58 
54 0.322 12 14 40 127 0.706 34 14 36 
56 0.421 10 8 35 128 1 .556 170 26 52 
66 0.368 17 9 29 129 2.893 - - 73 
67 0.386 0 23 26 
68 0.523 7 14 25 
69 0.427 1 1 28 
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The thennal parameters for many of the main-chain atoms whose positions deviate more 
than 0.3A. are above the average B-value for all main-chain atoms (B=27.5A2). This 
correlation is consistent, since B-values physically represent the thennal motion of an 
atom, or any positional disorder. Similarly, these sections of the polypeptide chain, also 
correspond to the large differences in main-chain torsion angles (<1> and 'll). Differences in 
<1> or 'V angles between the two molecules have an r.m.s. deviation of 30° for these 
residues, which is well above the r.m.S. value for the overall protein (r.m.s.=8°). 

The sections of the main-chain structure which superpose best occur in the l3-sheets and 
a-helix. and around the environment of the copper. Most of the average deviations for 
residues in the l3-sheets and a-helices are less than 0.3A. The exception to this is the 13-

strand 91-98 which fonns an edge of a l3-sheet. This strand is less constrained than the 
other edge strands. because it makes fewer contacts to other parts of the protein or to 
adjoining protein molecules of the crystal lattice. 

For main-chain atoms of the l3-sheet (residues 3- 10, 14- 16. 1 8-22, 27-36, 45-5 1 . 8 1 -87, 
9 1 -99, lOS- 1 1 2  and 121 - 127) the r.m.s. deviation is 0.25A, while the r.m.s. deviation 
for the main-chain atoms of the a-helix is 0.21A. Similarly, the main-chain torsion angles 
of residues in the l3-sheets and a-helix agree very well between the two molecules of 
reduced azurin. The r.m.s. deviation of '1',<1> are lower than the overall molecule (r.m.s. 
6,'l'=6.5°, r.m.s. 6,<1>=7.3°). The better agreement in secondary structural elements is 
understandable since l3-strands and a-helices form the structural framework of the protein 
and are often tightly constrained by packing effects and hydrogen bonding. 

3.3.5 Comparison of the side-chain atom positions 

In general, much larger deviations are found in the side-chain atom positions than in the 
main-chain atom positions. This is  expected, because side-chains have more 
confonnational flexibility than the main-chain. The side-chains can be separated into three 
groups; those side-chains with an average deviation in atomic positions above lA, those 
between 0.6A and lA, and those below 0.6A. The side-chains of the two molecules were 
superposed using the same transfonnation as for the main-chain (i.e. superimposed using 
the main-chain atoms of residues 3-127). The average deviation in side-chain atom 
positions is plotted against residue number in Figure 3.3.5. 1 .  

Twenty-one residues have side-chains for which the average deviation in atomic positions 
is greater 1 .0A (see Table 3.3.5 . 1 ) .  All of these are located on the surface of the azurin 
molecule, and are associated with high thennal parameters (average B=4SA2). Nine of 
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Figure 3.3.5.1. Plot of the average deviation in side-chain atom }J9sition against residue number. 
Values off the scale are residues 1 (9.692A), 2 (4.612A) and 129 (5.520A). 

these side-chains are involved in lattice contacts (residues I ,  2, 4, 13 ,  24, 34, 57, 120 
and 1 29), most of them lysines, glutamines, or other residues which have long side
chains that are flexible and can occupy different conformations (3 GIn, 2 Lys, 2 Met, 1 

Asn and 1 Ala). The difference in Ala-1 is an anomaly, since it is due to differences in the 
conformation of the main-chain. Large differences are apparent in these side-chain torsion 
angles. The overall rms AX of these torsion angles is 9 1  0, while separate values of rms 
AXI-AU are 69°,80° , 1 1 8° and 98° respectively; this illustrates the way that the torsion 
angles of these sidechains become more variable further out from the backbone of the 
molecule. 

A further 1 2  residues have average deviations in side-chain atom positions of 0.6A to 
1 .0A. These side-chains are also located on the surface of the protein molecule, and have 
a relatively high average B-value (39 A2). Only the side-chains of residues 38 and 6 1  are 
invloved in lattice contacts. Four side-chains are involved in hydrogen bonds (Ser-25, 
Thr-61 ,  Lys-74 and Glu-9 1), most of which are local interactions, and a further four 
make contacts to water molecules (Gln-28, Lys-38, Gln-70 and Lys-101 ). The variation 
in torsion angle is less than the previous group, as expected since there are more 
constraining interactions. The overall rms AX is 47°, and the separate r.m.s. AXI -AX4 

values are 32°, 28°, 70° and 52°, respectively. 
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Table 3.3.5.1. Average difference in side-chain atom positions greater than lA (residues labelled with a 
"*" are involved in intermolecular contacts in one or both mOlecules). 

Residue <L\x> <B> L\Xl L\X2 L\X3 L\X4 (A) (A2) (� (0) e) JO) 
Ala-l * 9.69 58 - - - -
GIn-2 * 4.61 72 32 62 4 -
Glu-4 * 1 .36 42 92 40 163 -
Met-13 * 1 . 17 38 34 6 174 -
Lys-18 2.63 52 8 20 55 64 
Glu-19 1 .42 56 88 60 41  -
Lys-24 * 1 .21 42 10 26 179 103 
Lys-27 1 .70 47 57 128 56 40 
Lys-34 * 1 .87 3 1  17 158 175 155 
Lys-41 1 .62 35 160 10 148 147 
GIu-53 2.03 53 21 1 1 1  79 -
GIn-57 * 1 .39 43 28 34 13 -
Thr-78 1.35 43 40 - - -
Lys-85 1 .07 40 15 1 67 137 
Asp-98 1 .45 49 62 60 - -
Met- 120 * 1 .06 41  1 46 175 -
Lys-122 3 .47 46 179 166 9 6 
Lys- l26 2.76 45 9 74 138 81 
Leu 127 1 .64 36 58 1 1 1  - -
Ser-128 3 .64 53 13 - - -
Asn-129 * 5.52 77 69 21 - -

Table 3.3.5.2. Average side-chain differences between 0.6A and lA for reduced azurin. (Residues 
labelled with a "." are involved in lattice contacts in either or both molecules). 

Residue <L\x> <B> L\Xl L\X2 L\X3 L\X4 (A) (A2) (� (0) (0) (0) 
Ser-25 0.658 31  30 - - -
Gln-28 0.629 46 16 19 21 -
Lys-38* 0.681 30 15 24 17 5 
Met-44 0.742 30 69 61 139 -
Lys-52 0.607 46 2 33 99 28 
Thr-61 * 0.638 3 1  1 3  - - -
Met-64 0.71 5  35 3 1 62 -
Gln-70 0.689 33 2 0 27 -
Lys-74 0.682 40 22 31  6 100 
Glu-91 0.791 33 49 9 99 -
Lys-101 0.794 55 44 22 19 4 
Pro-I04 0.689 52 (4) - - -

By comparison, side-chains which are buried or are make strong hydrogen bonds are 
more constrained. Completely or partially buried sidechains have a average difference in 
atom positions of O.29A, while those side-chains which make strong hydrogen bonds 
have a average difference of 0.48A. Differences in torsion angles for both of these groups 
are small (r.m.s. L\;O-L\X3 = 1 0.8° , 9.7° for buried side-chains and 1 5.2°, 14.7°, 24.7° 
for those involved in hydrogen bonds, respectively, see above). The difference in atom 
postions is comparable to the difference found in main-chain atoms. 
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3.3.6 Comparison of the Copper site and its surrounds 

Superposition of the copper site and its surrounding enviroment show that this is the most 
well ordered part of the reduced azurin molecule. The r.m.s. deviation of the atom 
positions after superposing the copper site atoms and residues 10- 12, 15,  35, 44-47, 
1 12- 1 17 and 121 is O.21A, while for the copper site (residues 45, 46, 1 12, 1 17, 121 and 
copper atom) it is even less at O. 16A. Both of these values are significantly lower than for 
the main-chain atoms (residues 3- 127, r.m.s.=O.30A). Figure 3.3.6. 1 is a stereoview of 
the copper site of reduced azurin after superposing the two molecules and shows how 
well the two independent molecules agree. 

Figure 3.3.6.1. Stereo view of the copper site of reduced azurin after superposition. Molecule A in red 
and molecule B in green. 

The individual copper distances and angles to the ligands are listed in Tables 3.3.6. 1 and 
3.3.6.2. The differences in the copper geometry between the two molecules are small, 
with r.m.s. deviation of o.06A for distances and 3.7° for angles. This level of agreement 
suggests that the changes seen in the copper distances upon reduction (O.05-0. 12A) are 
not large enough to be considered statistically significant, because the changes are only 1-
2 times the level of the r.m.s. deviation in copper distances. However, it is important to 
note that the changes observed are consistent in both protein molecules, implying that 
these changes are in fact real. The only structural change upon reduction which is truly 
significant is the shortening of the two S . . .  RN hydrogen bonds by o.2A (r.m.s. 
deviation in S . . .  N distances of O.06A, see Table 3.3.6.3). 
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Table 3.3.6.1. Copper to ligand distances (A) for reduced (Cu(I» azurin. 

Molecule A Molecule B Average Difference 
Cu . . .  0 45 3.25 3.19 3 .22 0.06 
Cu . . .  N01 46 2.17 2.09 2. 13 0.08 

Cu" , S1 1 12 2.22 2.31 2.27 0.09 

Cu . . .  NO! 1 17 2.05 2.05 2.05 0.00 

Cu . . .  So  121 3.21 3.25 3.23 0.04 

Table 3.3.6.1. Angles at the copper atom (0) for reduced (Cu(I) azurin. 

Molecule A Molecule B Averap;e Difference 
o 45-Cu-Nol 46 68.5 68.0 68.3 0.5 

o 45-Cu--S1 1 12 105.2 102.9 104.1 2.3 

o 45-Cu--NOt 1 17 82.0 84.7 83.4 2.7 

o 45-Cu--So 121 142.5 144.4 143.4 1 .9 

Nol 46-Cu-S1 1 12 132.3 131 .3 13 1.8 1 .0 

NO! 46-Cu--Nol 1 17 100.2 1 08.1 104.2 7.9 

Nol 46-Cu--So 121 77.3 78.9 78. 1 1 .6 

S1 I l2-Cu-NOt 1 17 126.4 1 1 8. 122.7 7.5 

S1 1 12-Cu--So 121 109.1 108.7 108.9 0.4 

NOt 1 17-Cu-So 121 89.5 93.8 91 .7 4.3 

Table 3.3.6.3. Cys-I I2 S . . .  HN hydrogen bond geometries of reduced and oxidised azurin. 

Sy I l2 . . .  N 47 
distance (A) 

Sy 1 12 . . .  H-N 47 Sy 1 12 . . .  N 1 14 
distance (A) 

Sy 1 12 . . . H-N 1 14 
angle (0) angle (0) 

A B A B A B A B 
oxidised 3.52 3.45 170 167 3.50 3.66 161 155 
nxIuced 3.37 3.29 160 1 59 3.36 3.37 163 158 

The agreement of the copper geometry in the two reduced azurin molecules is similar to 

that of the two copper sites of oxidised azurin31 , where the r.m.s. deviations for copper 

bond distances and angles are o.04A and 3 .9°, respectively, and the r.m.s. deviation in 

the atom positions of the oxidised copper site and its surrounds is 0. 17 A. 

3.3.7 Com parison of B-values 

Thermal parameters for the reduced azurin structure were refined individually for each 

atom and independently for each of the two protein molecules. Figure 3.3.7. 1  is a plot of 

the average B-value for the main-chain atoms and Figure 3.3.7.2 is a plot of the average 

B -value for the side-chain atoms of both molecules. As can be seen, there is a good 

correlation of the B-values of the two molecules. The r.m.s. deviation in average B-value 

is 3 .94A2 for all residue pairs. 
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The agreement between the thennal parameters of both molecules is best where the 

protein structure is clearly defined. At the copper site, the r.m.S. deviation in B-value is 
2. 16A2. Main-chain atoms associated with the �-strands also show good agreement (rms 

�B=3.23A2). Many of the thermal parameters in the loops between the �-strands and in 

the "flap" region are more varied. This is reasonable, since these loops are at the surface 

of the molecule, and are apt to show more flexibility due to a lack of constraining forces. 

Differences in thermal parameters of side-chains are closely tied to the differences found 
in the main-chain. Virtually all side-chains have the same sign and similar magnitude of 

�B as their corresponding main-chain atoms. The largest differences in the thermal 

parameters of side-chains occur at residues which are on the surface of the protein 

molecule and extend out into the solvent. Typical examples are Glu-4, Lys-24, Lys-38, 
residues 75-80, Val-99 and residues 126- 128 .  These are also areas of the protein which 

are better resolved in electron density maps of one molecule than of the other. 

Valuable information on the structural model is also held in the differences of the thermal 

parameters between the two molecules. Consistently large differences in B-values may 
indicate that a section in one molecule is misplaced. An example of this for reduced azurin 

is at residues 55 to 72, where the B-values are consistently lower in molecule A than in 

molecule B, suggesting that this region of structure in molecule B may be misplaced. This 

type of error may not be detected when inspecting electron density maps. Such subtle 
errors could be caused by the region refining to a local minimum near to the correct 
structure. A possible means of rectifmg the situation would be to superpose the better of 

the two molecules onto this region, and use the better molecule as a guide in rebuilding 

the poorer molecule. However, this technique was attempted during the refinement of 
apo-azurin with limited success (see Section 4. 1). 

Comparison of thermal parameters and deviations of the main-chain atom positions of 

reduced azurin shows that the smallest deviations in atom positions occur where the 

thermal parameters are lowest. Figure 3.3.7.4 shows this trend in the main-chain and 

side-chain atoms for each residue. The larger average deviations in side-chain positions 
compared to main-chain positions is due to the higher conformational flexibility of 

side-chains (see Section 3.3.5). 

3.3.8 Solvent structure 

Since the crystal structure of azurin contains two independent molecules in the 

asymmetric unit, related by a non-crystallographic two-fold axis, much of the solvent 
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Figure 3.3.7.1. Comparison of the average main-chain B-values against residue number. 
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structure is also related by the same two-fold axis. To detennine which solvent molecules 
have equivalent partners, solvent molecules of protein molecule B were superimposed on 
those of protein molecule A using a transformation calculated from the main-chain atoms 
of residues 3-127. Where a superimposed solvent molecule of protein molecule B had a 
position within 1 .5A of a solvent molecule associated with protein molecule A, the pair of 
solvent molecules were considered related to each other by the two-fold non
crystallographic axis. Solvent molecules were also considered related if they made 
hydrogen bonds to the same parts of the protein and are within 3.oA of each other after 
superposition. Using these criteria, 70 solvent molecule pairs have been identified as 
related by the two-fold non-crystallographic axis. Figure 3.3.10.1 shows the regions 
which contain solvent molecules that are related by the non-crystallographic two-fold 
axis, and those which are not. 

Figure 3.3.10.1. Solvent molecules in reduced azurin which are related by the two-fold non
crystallographic axis are shown in blue, while those that are "unique" are shown in smaller spheres, light 
blue for molecule A and pink for molecule B. 

Differences in the relative positions of the 2-fold related solvent molecules, after 
superposition, show a correlation with the number of hydrogen bonds made by the 
solvent molecule to the protein. Solvent molecule pairs which make three or more 
hydrogen bonds to the protein show the best agreement in their relative positions, 
whereas those that make only one or no hydrogen bonds to the protein have the largest 
differences (see Figure 3.3.10.2). This correlation reflects the better agreement seen in 
2-fold related solvent molecules which make more contacts to protein and are 
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consequently more tightly constrained. 

A similar correlation is seen in the average B-value of the solvent molecule pair. Where 

the B-value is low the difference between the positions is small, while for higher average 

B-values the deviation is larger (see Figure 3.3. 10.2). This correlation is understandable, 

since those solvent molecules with lower B-values are more clearly defined in the 

structure (i.e. higher occupancy, less disorder and less thermal motion) due to greater 

number of interactions with the protein. 
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Chapter 4 : Apo-azurin 

4.1 Refinement of apo-azurin 

Since the crystals of apo-azurin are isomorphous with those of oxidised azurin, the 
coordinates of the latter structure could be used as a starting model. The program 
HKPROLSQ was used throughout the refinement, except when the residual copper 
occupancies were refined with the program TNf230. The geometrical constraints used 
were similar to those used for the reduced azurin refmement, and are listed in Table 4. 1 . 1  

along with the r.m.s. deviations from ideal geometry of the final structure. Torsion angles 
and the hydrogen bond distances were left unrestrained except where the hydrogen bond 
distance was short (i.e. N . . .  O less than 2.6A). The course of the refinement is 
summarised in Table 4. 1 .2. 

Table 4.1.1. Values of geometrical constraints and the r.m.s. deviations in the final model of 
apo-azurin. aAn upper limit for shifts in the atom coordinates and thermal parameters was set to prevent 
any excessive shifts in the model. The values under "R.m.s. deviations" here represent the r.m.s. shift in 
the positions and B-values in the last cycle of refmement. 

Geometry Restraint R.m.s. deviation 
Distances 

1-2 bonded distances 0.020A o.o1 3A 
1-3 angle distances o.04oA 0.047A 
1-4 intraplanar distances 0.050A 0.049A 

Planar groups 
deviation from plane 0.020A o.o12A 

Chiral cenlers 
chiral volume 0.15;\3 0. 154;\3 

Non-bonded COnlacts 
single torsion 0.50;\ 0.210;\ 
multiple torsion 0.50A 0.267;\ 

Thermal factors 
main-chain bond 2.50A2 2.707;\2 
main-chain angle 3.50;\2 4.370;\2 
side-chain bond 3 .ooA2 3.957A2 
side-chain angle 3.50;\2 6. 143A2 

Excessive shiftsa 
0.30;\ 0.005;\ positional parameters 

thermal parameters 3 .00;\2 0.07;\2 

The initial R-factor for the starting model (oxidised protein atoms minus the copper, its 
ligands and the solvent molecules) was 0.302, which dropped to 0.257 (r.m.s. 
�stance=O.015A) after 13 cycles against data to 2.lA resolution ( 13233 observations 1>0 
between 5A and 2.2A resolution). To encourage further refinement, the geometrical 
restraints were relaxed for six cycles (r.m.s. L\iistance=0.078A), and then gradually 
retightened over 16  cycles to R=O.240 (r.m.s. �stance=O.014A, cycle 35). The copper 
ligands were then built in from Fo-Fc maps using the interactive graphics system23 1,331. 
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The configurations of the copper ligands were clear and found to be similar to those in the 

oxidised structure. The R-factor dropped from 0.225 to 0.204 after nine cycles (r.m.s. 

L\iistance=O.0l 4A, cycle 5 1). Geometrical restraints were relaxed again for five cycles 

(r.m.s. drustance=O.046A), and retightened over 1 8  cycles bringing the R-factor to 0. 191  
(r.m.s. L\iistance=o.016A, cycle 69). 

At this stage of refmement, solvent molecules were identified from Fo-Fc maps, and were 
included as water molecules in the model if the peak height was greater than 20. 1 9 1  

solvent molecules ( 189 waters and the sulphur atoms of two sulphate anions) were clearly 

identified, and the R-factor dropped to 0. 164 after 10 cycles (cycle 79). Another 39 water 

molecules were found, while 9 were removed. The geometrical restraints were then 

relaxed over 12 cycles (cycle 92, R=0. 1 5 1 ,  rms L\iistances=0.063A), and gradually 

retightened over 35 cycles (cycle 127, R=O. 1 65, rms �stance=0.014A). Several parts of 

the protein were then rebuilt (regions with high B-values and short van der Waals 

contacts), more solvent molecules found (58 waters), and the structure further refined to 

R=O. 163 (cycle 1 39). Solvent molecules were checked against Fo-Fc maps after omitting 

those with B>60A2 and were removed if the Fo-Fc peak did not reappear. A total of 1 3  
water molecules were removed using this method, while a sulphate anion on a 2-fold axis 

was added as a sulphur atom (see below). Distance restraints were imposed on some poor 

hydrogen bonding contacts involving protein atoms, and the structure refined for eight 

cycles (R=O. 161 ). Residual copper was then accounted for (see below) by introduction of 

copper atoms with occupancies visually estimated from Fo-Fc maps (5% and 10% for 

molecules A and B, respectively). With the residual copper atoms included, the R-factor 

dropped, over six cycles, to 0.160. Six cycles of Tl"ITT refinement were conducted to 

refine the residual copper occupancies, which converged quickly, to 18% and 22% for 

molecules A and B, respectively (cycle 1 60, R=O. 1 59). Refmement was terminated after 

12  cycles with a final R-factor of 0. 1 58 (cycle 172, nTIS .6distances=O.013A). The final 

model contained 1 954 protein atoms, two copper atoms, two sulphate anions as S042-, 

one sulphate as S and 264 water molecules. 

The apo protein structure was rebuilt at three stages during refmement (at cycles 80, 128 

and 1 48), and the experience gained in rebuilding the reduced structure was used to avoid 
pitfalls. While rebuilding, particular attention was given to the torsion angles (XI-XS), 

especially when rebuilding poorly defmed side-chains for which the omit density could be 

satisfied by more than one conformation, or which did not provide a clear configuration. 
In these cases, energetically unfavorable configurations (e.g. Xl=OO) were avoided, so 

that a structurally realistic model could be built. Although non-crystallographic symmetry 

restraints were never imposed on the two protein molecules during refinement, at cycle 
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128 advantage was taken of this symmetry to help rebuild two sections of the main-chain 
in molecule A (residues 5 1 -58 and 104- 107) by comparing the sections in molecule B 
which had consistently lower B-values. Towards the end of the refinement (cycles 140 
and 167), a few hydrogen bond lengths remained below 2.5A, despite continued attempts 
at rebuilding. As a final solution, these distances were rebuilt and tightly restrained to 
realistic values. These hydrogen bonds were 001 2 3  . . .  0y 25, Oyl 3 0  . . .  0yl 96, 
N01 32 . . .  Oy 94, 001 62 . . .  NT12 79, 0 72 . . .  0y 1 1 3, and 002 1 1 .  . . N 38. 

Virtually all of the solvent molecules in the structure were included as water molecules. 
Water molecules were input to the model at cycles 7 1 ,  80 and 128,  while some were 
removed at cycles 80 and 140. Near the end of refinement (cycle 148), a difference 
Fourier map was checked against the solvent structure of oxidised azurin3 1 , and no 
assignable peaks were found close to positions of oxidised azurin water molecules. Two 
sulphate anions found in sites corresponding to the sulphate binding sites of oxidised and 
reduced azurin, and were included into the structure at cycle 7 1 ,  as sulphur atoms, while 
another one, lying on a two-fold axis, was included as a sulphur atom at cycle 140. Later, 
oxygen atoms were added to the former two sulphate anions, after their positions were 
found from difference Fourier maps (cycle 1 48 for molecule A and cycle 1 54 for 
molecule B). 

Residual Copper in the binding site 

Early in the refinement, it became apparent from difference Fourier maps that not all of 
the copper was removed from the protein, since a small peak of positive density existed at 
the original copper position after the ligands were built in. Initially, it was thought that 
this peak may be a result of bias towards the starting model, but continued refinement did 
not see the peak disappear, suggesting that it was real. The possibility that the peak could 
be a water molecule was dismissed, since the cavity size is too small (average radius  of 
1 .2 I A) .  

Attempts to account for the peak by including a hydrogen atom on the cysteine ligand, or 
rebuilding the copper ligands into the residual density as a disordered site, failed to 
satisfactorily remove it from the difference map. The best model for this peak was as a 
metal ion in the active site, possibly copper, although substitution of another metal can 
not be ruled out. The initial visual estimation of the copper occupancies was made by 
comparing this residual density with that of a nearby water molecule (OW 162) which is 
well ordered and bound to the ligand His- 1 17, after first omitting this water molecule 
from the model. By this method, the residual peak appeared to be half the height of the 
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peak of the water molecule, suggesting an occupancy of 3-4 electrons or a copper 
occupancy of � 1O%. The two partial copper atoms were given B-values which were 

averages of the B-values from No! 46, Sy 1 12 and Nol 1 17.  Including these residual 

copper atoms, with occupancies 5% and 10% for mole-,cules A and B, respectively, 

reduced the R-factor from 0. 1 63 to 0. 160. Difference Fourier maps from this model 

revealed that most of the residual peak was removed. The copper occupancies and 

positions were then refmed (B-values fixed) using the program 'fNT230, while the rest of 

the structure was frozen (positions and B-values). After six cycles of TNT, the 
occupancies converged quickly from 5 and 1 0% to 18% and 22% for molecules A and B, 

respectively, with negligible shifts in position. It is inte,resting to note that an average 
copper occupancy of �20% (�6 electrons) does not agree with the visual estimation of 

half a water molecule. Difference Fourier maps suggest that the residual peak shape is 
elliptical, which may indicate that the density would be more appropriately modelled with 

anisotropic B-values. This has not been attempted. 
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Figure 4.1.1. Luzzati plot for the refined structure of apo-azurin to 2.2A resolution. Error lines of 
a.IOA, O.15A and a.lOA are for acentric data. 

Accuracy of the model 

A Luzzati plot for the refined structure of apo-azurin is shown in Figure 4. 1 . 1232. The 

plot of the R-factor against resolution indicates that the maximum average error in the 
atomic coordinates is between 0. 15A and 0.20A. However, as was seen in structural 
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Table 4.1.2. Summary of the refinement of apo-azurin. 

Cycle R-factor RmS �ist Comments 
0 0.302 0.0 1 5  Starting coordinates taken from the refined model of oxidised 

azurin, minus the solvent molecules, copper atoms and ligands 
(main-chain of Gly-45. and side-chains of His-46, Cys-1 12, His-

1 3  0.257 
1 17  and Met-I2l). 

0.01 5  1 3  cycles 
20 0.225 0.078 Geometric restraints loosened over 7 cycles. 
35 0.240 0.014 Geometry gradually retightened, over 15  cycles. 
36 0.223 0.01 5  Copper ligands built in (main-chain of Gly-45, and side-chains of 

His-46, Cys-1 l2, His-I 17 and Met- 12I). 
46 0.204 0.014 10  cycles 
54 0. 1 82 0.044 Geometry loosened over 8 cycles. 
63 0. 188  0.0 1 6  Geometry retightened over 9 cycles. 
69 0. 1 9 1  0.01 6  Geometry involving planar groups tightened (rms �planes from 

O.016A to O.OI IA). 
7 1  0. 175 0.01 6  1954 protein atoms, 189 H20, 2 sulphates as sulphur atoms. 
79 0. 1 64 0.0 1 3  8 cycles 
80 0. 185  0.0 1 3  All solvent molecules checked with omit maps, 9 removed and 39 

added; poor van der Waals contacts rebuilt, side-chains rebuilt and 

0. 178 
copper ligands checked and rebuilt 

83 0.0 1 3  3 cycles 
92 0. 1 5 1  0.063 9 cycles with relaxed geometric restraints 
127 0. 1 65 0.014 35  cycles, geometry gradually retightened. Lowest R-factor in past 

cycles, R=O.1484 with lms Amst=O.053A. 
128 0. 1 75 0.020 Short van der Waals contacts and some protein rebuilt. Copper 

binding site checked. 58 waters input. Superposition of the two 
protein molecule main-(;hain atoms (residues 3-127) gives an r.m.s. 

1 39 0. 1 63 0.01 3  
deviation in atom positions of O.296A. 
I I  cycles 

140 0. 1 66 0.0 1 5  Checked water molecules with B-values above 6OA2, removed 13 
and added I sulphate as a sulphur atom. Restraints imposed on a 

0. 1 6 1  
few very short hydrogen bonding contacts. 

148 0.01 4  8 cycles 
0. 1 63 0.017  Rebuilt C-termini and sulphate(A) input as  S042- (B=80A2). 

149 0. 1 62 
Checked solvent structure against oxidised azurin solvent structure. 

0.017  Input copper atoms at 5%  and 10% occupancies for molecules A & 
B, respectively. Occupancies estimated from omit maps of a nearby 
water molecule. At this point, attempted to the model residual 
density with a disordered Cys-1 12 side-chain, and a thiol hydrogen 
atom. 

1 54 0. 1 60 0.01 3  6 cycles 
1 60 0. 1 59 0.0 1 3  Refined copper occupancy values and position over 6 cycles of 

TNT refinement, all other atoms frozen. 
166 0. 158  0.0 1 3  6 cycles. Copper occupancies at 18% and 22%. 
167 0 . 1 60 0.017  Short van der Waals contacts rebuilt, and sulphate(B) input as 

S042- (B=8oA2). 
172 0. 1 58 0.01 3  5 cycles 

Final model 
1954 protein atoms 
2 copper atoms 
2 sulphates as S04 2-. 
1 sulphate as a sulphur atom 
264 water molecules 
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analysis of reduced azurin, the actual error in the apo-azurin structure may be lower than 

this, because all of the weak X-ray data were included in the refinement, and this breaks 

down the assumption of the Luzzati analysis that the discrepancies between the observed 

and calculated structure factors are solely due to errors in the mode1233,234. In section 

4.3, the two independent apo-azurin molecules are compared to give an indication of the 

level of error in the structure. 
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4.2 The Structure of Apo-azurin 

The general organisation of the apo-azurin molecule is essentially the same as for the 

oxidised and reduced forms of azurin3 1. The bulk of the polypeptide chain folds into an 

eight-stranded f3-sandwich. The f3-strands run the length of the molecule, with the 

hydrophobic residues occupying the space between the two f3-sheets, and the charged 

residues on the surface. A cavity is formed at the "top" of the molecule between the two 

f3-sheets, where the copper atom resides in the oxidised and reduced forms of azurin. The 

30 residue segment, referred to as the "flap" region, packs against the side of the 13-

sandwich, and contains the only piece of a-helix in the structure. A hydrophobic patch on 

the surface of the molecule surrounds the copper ligand, the side-chain of His- 1 17. In the 

following sections, the structure of apo-azurin at 2.2A resolution will be discussed with 

respect to the oxidised, Cu(II), and reduced, Cu(I), forms. Many of the structural 

differences simply reflect flexibility or poor defmition of certain parts of the structure, but 

there are some consistent changes which appear to be real effects caused by the the 

removal of the copper. 

4.2.1 Crystal packing 

The crystal packing arrangement of the apo-azurin molecules in the crystal lattice is 

essentially identical to that of the crystal structures of oxidised and reduced azurln. This is 

expected, since the apo form of the protein was prepared in the crystalline state from 

oxidised azurin crystals and was found to be isomorphous with the other forms of azurin. 

To verify that the crystalline state does not restrain the apo structure from its preferred 

conformation, crystals were also prepared from solutions of the apo-protein. Precession 

photographs show that the crystals from apo-protein solutions are also isomorphous to 

those produced by soaking in cyanide solutions (see Table 4.2. 1 . 1 ) .  Consequently, it is 

presumed that the crystal packing arrangement has no major effect on the protein folding. 

Table 4.2.1.1 Unit cell parameters of apo-azurin crystals produced by two methods, one from crystals 
soaked in cyanide solutions and another from crystals grown from the apo-protein solution. 

a (A) b e;\)  c (At  
Cyanide soaked crystals 75.13 74.33 99.05 
Solution grown crystals 75.05 74. 10 99.50 

The asymmetric unit of the crystal structure of apo-azurin contains two independent 

protein molecules related by a local two-fold axis passing through the interface between 

the hydrophobic patches of the two molecules, as in the oxidised and reduced forms. 

Using the method of Kabsch255, the transformation for superimposing molecule B on to 
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molecule A with the best fit from 97% of the main-chain atoms (excluding the N- and C

tennini) is ; 

[ -0. 1 1692 0.99285 0.02389 ] [XB ] [ 20.08621 ] [XA ] 
0.99249 0. 1 1 593 0.03908 x Y B + - 16.96780 = YA 
0.03603 0.02828 -0.99895 ZB -12.74946 ZA 

where the transformation is expressed as a rotation matrix (R) and translation vector CD, 
such that R.2ffi + T = � , with M and 2ffi as the orthogonal coordinates of the protein 

molecules A and B, respectively. This transformation equates to a rotation of 179.5° 

between the two protein molecules, which is similar to the values found for oxidised and 

reduced azurins ( 179.7° and 179.8°, respectively). 

4.2.2 Conformational angles 

The main-chain torsion angles (<\>,'1') for the two molecules of apo-azurin are essentially 

the same as those in the oxidised and reduced structures of azurin,with two highly 

populated regions representing the �-strands (-120°, l35°) and the interconnecting loops 

and helices (-60° , -30°) of the molecule. The only residues which lie outside the 

allowable regions are glycines, and the same three residues which occupy the left handed 

ex region in the oxidised and reduced structures also appear in the apo structure (Met-l3, 

Asp-7 1 and Tyr-72). Ramachandran plots of (<\>,'1') for the two apo-azurin molecules are 
given in Appendix A, Figures A.3 and AA. 

The combined r.m.s. deviation in the (<\>,'1') angles is 6.4° between the apo and oxidised 

forms, and 7.60 between the apo and reduced forms. The largest differences in (<\>,'1') are 

found in the residues which make up the more flexible loops of the structure. Figures 

4.2.2. 1 and 4.2.2.2 show the changes in the main-chain torsion angles between the apo 

and oxidised and between the apo and reduced structures, respectively, for each residue 

as IL\<\>'I'I (where 1L\<\>\jfI = ..J«L\�+L\'I'2)/2» . 

The largest differences in the apo structure with respect to either redox form are at the 

termini of the polypeptide chain, while other smaller differences are located in residues at 

the more flexible loops of the structure (e.g. residues 53-56 and 103-106). Differences at 

these loops are similar to those found in the comparison between the oxidised and 

reduced structures (see Section 3.2.2). The plots of 1.1.$'1'1 also illustrate that the main

chain torsion angles of apo-azurin are more similar to the oxidised form than the reduced 

form. This may just reflect the fact that the oxidised structure was used as a starting 

model in the refmement of apo-azurin. However, using the reduced structure as a starting 
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model gives a higher initial R-factor (see Section 4.2.4). Of particular interest is that there 

appear to be some small changes in ($,'1') in the sections of the polypeptide chain 

containing the copper ligands (Met-44 to Asn-47 and Cys- 1 12 to Met- 121). 

Comparison of apo and oxidised azurins 

Consistent changes in the main-chain torsion angles upon removal of the copper from the 

oxidised protein are isolated to a few residues. In the entire structure, changes greater 
than 9° ( 1 .5 r.m.s.) which occur in both protein molecules are restricted to the residues 

Lys-27 , GIn-57, Glu- 1 06, Ala- 1 19 and Met- 1 2 1  (see Table 4.2.2. 1 ). Three of these 

residues (Lys-27, GIn-57 and Glu-106) are found in flexible or poorly defined parts of 

the polypeptide chain, and their differences are probably not due to the removal of the 

copper. The changes in Ala- 1 1 9 and Met- l 2 1  may be the result of copper removal, 

because they belong to a loop of the copper binding site. However, there are other large 

changes in this loop (residues 1 1 3- 1 2 1 )  which are not consistent (r.m.s .  deviation in 

($,'1') of 8.6°, see Table 4.2.2.2). In fact, a number of non-consistent changes occur in 

the residues 45-46 and 1 1 2- 1 2 1 ,  which supply the copper ligands, suggesting that these 

sections of the polypeptide chain may have become more flexible upon the removal of the 

metal (see Section 4.2.8 on thermal parameters) .  

Table 4.2.2.1. Consistent changes in  the main-chain torsion angles between apo and oxidised azurins. 
Differences are as apo - oxidised, and those greater than 9° are highlighted in bold 

Molecule A Molecule B Average change 
A<l> A'll A<l> A'll <A<l» <A'll> 

Lys-27 -1 - 1 1  +4 · 1 0  +2 - 1 1  
Gly-57 - 19 + 1 5 -3 + 1 0 - 1 1  + 1 3 
Glu-106 + 1 1  + 1 3 -30 + 1 1  -10 + 1 2  
Ala- 1 l9 - 9  +7 - 1 0  +3 - 1 0 +5 
Met-I2l + 1 0 -3 + 1 7 -2 + 1 4 -3 

Table 4.2.2.2. Changes in the main-chain torsion angles of apo and oxidised azurins, including non
consistent changes, for residues near the copper binding site. Differences are apo - oxidised, and those 
greater than 9° are highlighted in bold 

Molecule A Molecule B 
A<l> A'll A<l> A'll 

Gly-45 + 1  + 1 7 + 1  +6 
His-46 - 1 0 +6 -3 + 1 1  
Ser- I 13 -1 +5 -5 + 1 6  
Phe-114 -4 -5 - 1 1  0 
Pro-U5 + 1 6  -5 +6 -3 
Gly- 1 16 - 1 l  + 1 9 +3 -4 
His-I 17 - 1 1  -5 -7 +5 
Trp-l IS +2 + 9  - 1  +2 
Ala- 1 l9 - 9  +7 - 1 0  +3 
Met- 120 -5 +1  + 9  - 1 7  
Met-I2l + 1 0  -3 + 1 7  -2 
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Table 4.2.2.3. Consistent changes in the main-chain torsion angles of apo and reduced azurins. Values 
in bold are changes above 100 (apo - reduced). 

Molecule A Molecule B Average change 
d$ d'll d$ d'll <d$> <d'll> 

Met-44 -6 - 1 3  - 1  · 1 7  -4 - 1 5  
Thr-61 0 - 14 -4 - 1 4  -2 · 14 
Ser-94 · 1 0  + 1  - 1 0  +5 · 10 +3 
Val-95 -2 + 1 1  -6 + 1 0  -4 + 1 1  
Thr-96 - 1 3 +3 - 1 0  .. 5 - 1 2 -1 
Gly-1 16 -9 + 1 9 -4 + 1 2 -7 + 1 6  
Ala-1 l9 - 1 1  0 · 1 1  + 1  · 1 1  + 1  
Met-I21 + 1 2  -8 + 1 5  -2 + 1 4 -6 

Table 4.2.2.4. Changes in the main-chain torsion angles of ape and reduced azurins, including non
consistent changes, for residues near the copper binding site. Differences are apo - reduced, and those 
greater than 100 are highlighted in bold. 

Molecule A Molecule B 
d{j) d'll d{j) d'll 

Ala-43 -8 + 1 5 0 +6 
Met-44 -6 · 1 3  -1  - 1 7  
Gly-45 + 1  + 1 7  + 1  +6 
Cys- 1 l2 · 1 1  -2 +2 +3 
Ser-I l 3  0 -3 · 1 0  + 1 5  
Phe-1 14 0 + 1  -6 +3 
Pro-1 15  +4 -2 +5 -6 
Gly-1 16 -9 + 1 9  -4 + 1 2  
His-1 17 · 1 3 -3 -8 +9 
Ttp-1 I8 +5 +8 0 -5 
Ala- 1 l9 - 1 1  0 · 1 1  + 1  
Met-120 +3 -6 + 1 4  - 2 0  
Met-I21 + 1 2  -8 + 1 5  -2 

Comparison of apo and reduced azurins 

More consistent changes in the main-chain torsion angles occur between apo and reduced 

azurins than between apo and oxidised azurins. Changes above 100 ( 1 .5 r.m.s.) in both 

independent molecules are in residues Met-44, Thr-61 , Ser-94, Val-95, Thr-96, Gly- 1 16, 

Ala-l 19 and Met- 121 (see Table 4.2.2.3). Some of these residues are D.Ql near the copper 

binding site; Thr-61 is in the a-helix of the "flap" region, while residues 94-96 are in a �-

strand. The changes in these sections are not understood; however all of these residues 

are on the surface of the protein, and Ser-94 is near an intermolecular contact in molecule 

A. The changes in Met-44, Gly- 1 16, Ala- 1 19 and Met-121  are near the copper binding 

site, and thus may be related to the removal of the copper. However, as was seen in the 

comparison of apo and oxidised azurins, there are other large (> 1 0°) non-consistent 

changes in the two copper binding loops of azurin (see Table 4.2.2.4). The r.m.s. 

deviations in ($,,,,) for residues 43-45 and 1 12- 121  are 9.30 and 8.50, respectively, and 

the changes in these loops may be a sign of increased flexibility, as was suggested earlier. 
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4.2.3 Hydrogen Bonding 

The hydrogen bonding of apo-azurin is very similar to that of the reduced and oxidised 

forms. Figures 3.2.3 . 1  and 3.2.3 .2, which are schematic diagrams illustrating the 

hydrogen bonding of the �-sheets and a-helix of reduced azurin, apply equally well to 

the structure of apo-azurin. A complete list of the hydrogen bonds in apo-azurin, as well 

as their geometries, is given in Appendix B. The r.m.s. differences in the hydrogen bond 

geometry between the apo-azurin and the other two forms are given in Table 4.2.3. 1 ,  and 

show that the changes are small for most of the structure. The differences are similar to 

those found between reduced and oxidised forms in Section 3.2.3. The larger differences 

in the side-chain . . .  side-chain geometries was also seen in the comparison of the reduced 

and oxidised forms; these differences result from the less well defined positions of the 

side-chain atoms. 

Table 4.2.3.1 .  R.m.s. differences in hydrogen bond geometry between apo and oxidised azurins and 
apo and reduced azurins. The number of hydrogen bond pairs for each category is in brackets. For 
hydrogen bonds which do not have a calculated hydrogen atom position, the distances are X . . .  Y, and the 
angles are X . . .  Y-C. 

Main-chain . . .  main-chain 
Main-chain . . .  side-chain 
Side-chain . . .  side-chain 

Apo & Oxidised 
O . . .  H-N (0) O . . .  H (A) 

6.1 (1 14) 0. 12 (106) 
6.5 (54) 0.1 3  (49) 
1 1 .6 (20) 0.21 (19) 

Main-chain . .  main-chain hydrogen bonds 

Apo & Reduced 
O . . . H-N (0) O . . .  H (A) 

6.3 (109) 0.12 (107) 
6.5 (51) 0. 13  (44) 
9.4 (17) 0.21 (17) 

Only a few minor changes occur in the hydrogen bonding of azurin upon removal of the 

copper. The differences in main-chain . . .  main-chain hydrogen bonding are listed in Table 

4.2.3.2, where a tick ( ..... ) represents the presence of a "non-marginal" hydrogen bond 

(Le. where O . . . R is less than 2.3A and all angles are greater than 100°). Two thirds (4 

out of 6) of the differences in the main-chain . . .  main-chain hydrogen bond between the 

three forms of azurin occur in the "flap" region. Of these differences, only one appears in 

the a-helix (0 6 1 .  . .  N 65), while the rest appear in the set of loops between residues 67-

8 1 .  Other differences are in the loops inter-connecting the �-strands, and only one 

involves a main-chain . . .  main-chain hydrogen bond in the "northern" part of the molecule 

(0 IO  . . . N 1 3). Overall, the changes in hydrogen bonding between the apo, oxidised and 

reduced forms are located on the surface of the protein in the loops of the polypeptide 

chain, and may represent structural microheterogeneity. 
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Table 4.2.3.2. Differences in the hydrogen bonding structure of apo, oxidised and reduced azurins. A 
tick "./"  signifies the presence of a "non-marginal" hydrogen bond, and one in parentheses signifies a 
"marginal" hydrogen bond 

oxidised apo redoced 
A B A B A B 

main-chain . . .  main-chain 
o 1O . . .  N 1 3  ./ (./) 
o 6 1 . . .N 65 (./) (./) ./ (./) 
0 67 . . .  N 70 (./) ./ (./) (./) (./) 
o 74 . . .  N 77 ./ ./ ./ 
o 77 . . .  N 80 ./ (./) (./) 

o 128 . . .  N 24 (./) ./ 
main-chain . . .  side-chain 

O£l 2 . . .  N 3 ./ ./ 
01>1 1 1 . . .N 39 (./) ../ (./) ../ (./) 
o 16  . . .  N; 18 ./ 
o 57 . . .  Oyl 61  (./) ./ ./ ./ 
o 8 1 . . .N; 101  ../ ./ 
o 86 . . .  Nl; 4 1  ./ ./ ../ 

01)2 98 . . .  N 100 ./ ./ ../ 
O£ 129 . . .  Nl; 24 ./ 

side-chain . . .  side-chain 
0£1 4 . . .  Ne2 32 ./ ../ ../ 

OEl 14 . . .  N1)2 1 0  ./ ./ ./ ./ ./ 
N1)1 46 . . .  1 12 Sy ../ ./ 
0£1 53 . . .  N; 122 ./ (./) (./) 
001 62 . . .  N/; 74 ./ ../ ./ 
001 77 . . .  Ne 79 ./ ../ ../ ./ ./ 
0£1 9 1 . . .N; 4 1  ./ (./) 
01)1 93 . . .  N; 85 (../) ./ ./ 
01)1 98 . . .  N; 27 ../ 

001 98 . . . 0"( 100 ../ ./ ./ 
Nol 1 1 7 . . .  Sy 1 12 ./ ./ 
OE 129 . . . 0"( 128 ./ 

Main-chain . . .  side-chain hydrogen bonds 

Eight differences in the main-chain . . .  side-chain hydrogen bonding are observed between 

apo, oxidised and reduced forms of azurin. Two of these differences are due to "non

marginal" hydrogen bonds which occur in only one out of the six molecules (from the 

three forms of azurin). The majority (7) of these differences are in or near loops (5), or 

involve the tennini (2) of the polypeptide chain. One difference appears in the "kink" of 

�-strand 2 (0 16  . . . N, 1 8). Four differences are crosslinking hydrogen bonds, of which 

two are located at the "northern" part of the molecule (Oal 1 1  . . .  N 39 and 0 86 . . .  N, 41). 
The reasons for the differences in the main-chain . . .  side-chain hydrogen bonding are the 

.nru same as those found for the main-chain . . .  main-chain hydrogen bonding, instead the 
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differences are mostly the result of poor definition for these parts of the structure, since 
five out of eight interactions involve lysine side-chains or the termini of the polypeptide 
chain. 

Side-chain . . .  side-chain hydrogen bonds 

A similar situation occurs with the side-chain . . .  side-chain hydrogen bonds as with the 
main-chain . . .  side-chain hydrogen bonds, where most of the differences in the hydrogen 
bonding are at the surface of the molecule in poorly defined regions. Many of the these 
hydrogen bonds involve lysine side-chains which are poorly defined in the structure (5 
out of 1 2), a trend also seen in the differences between the reduced and oxidised 
structures. At the copper binding site, however, two new hydrogen bonds are formed, 
linking at the sulphur of Cys- 1 12, presumed to be a thiol, to the imidazole nitrogens of 
His-46 and His- I 17 . These are discussed in detail in Section 4.2.6. 

Although there are many differences ( 12) in side-chain . . .  side-chain hydrogen bonding, 
there are six hydrogen bonds which are common to all of the molecules in the three forms 
of azurin. Two are located in the flap region (001 62 . . .  NT\2 79 and 002 77 . . .  NT\2 79), 
and two are found on 13-sheet 1 (Oyl 30 . . .  Oyl 96 and Nol 32 . . .  0y 94). Of the remaining 
two, one is in the loop that links 13-strands 1 and 2 (OSl 23 . . .  Oy 25), and the other is an 
internal hydrogen bond near the metal binding site (No2 47 . . . Oy 1 13). Other common 
side-chain . . .  side-chain hydrogen bonds, appearing in five of the six protein molecules, 
are N02 10 . . .  Oe1 14, O�H 77 . . .  Ne 79 and Oe1 106 . . .  0" 1 08. The only salt bridge which 
is common to all of the molecules in the three forms, is that formed between the 
side-chains of Asp-62, Asp-77 and Arg-79. Other salt bridge interactions which exist in 
at least half of the six molecules are between Oe1 53 . . .  N� 1 22, 001 62 . . .  N� 74 and N� 
85 . . .  001 93. Interestingly, of the side-chain . . . side-chain hydrogen bonds, those that are 
found in most of the molecules of the three forms usually involve at least one hydrogen 
bonding partner which is invariant in all azurins, and may indicate that the these hydrogen 
bonds are important for stabilising local configurations in the structure31 . 

4.2.4 Superposition 

When the apo protein is superimposed on the oxidised and reduced structures using all 
the protein atoms (method of Kabsch255), the r.m.s. deviation in the atom positions is 
0.57 A between the apo and the oxidised structures and 0.85A between the apo and the 
reduced structures. For the main-chain atoms, excluding the polypeptide chain termini, 
the r.m.S. deviation in atom positions is less at 0. 1 6A between the apo and oxidised 
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structures and 0.21A between the apo and reduced structures. The differences between 
apo-azurin and the other two forms of azurin are less than those between the two 
apo-azurin molecules of the asymmetric unit, a result also found in the structural analysis 
of reduced azurin. 

Although all three forms are very similar to each other, the r.m.s. deviation in atom 
positions suggests that the apo structure is more like the oxidised than the reduced 
structure. To test that this is not an artefact of starting the refinement with the oxidised 
azurin coordinate set, two R-factors were calculated against the X-ray data of apo-azurin; 
one with the oxidised azurin coordinates and the other with the reduced azurin 
coordinatest . The R-factor from the oxidised set (R = 0.276) was much lower than the 
reduced set (R ::: 0.322), supporting the suggestion that the apo-azurin structure is more 
like oxidised azurin. Ideally, parallel refmements starting from both oxidised and reduced 
coordinates could have been done to determine if the convergence is towards the same 
structure. Other aspects of this structural analysis also show that the apo form is more like 
the oxidised structure of azurin. 

Comparison with the oxidised structure 

To compare the apo with the oxidised structure, the same method of superposition was 
used as in the analysis of the reduced structure (Le. the best fit was obtained using all of 
the main-chain atoms, except for the N- and C-termini)255. Figure 4.2.4. 1 illustrates the 
average differences in main-chain atom position between the apo and oxidised structures. 
The largest differences clearly occur at the termini of the polypeptide chain, while other 
large deviations (>O.3A or 2 r.m.s.) appear at residues which belong to loops of the 
structure. 

Among side-chains, the largest differences between the apo and oxidised structures occur 
for those groups which are on the surface of the protein molecule. Twenty-seven side
chains between the two structures have an average difference in atom positions above 
0.5A; these include 9 Lys, 5 G1u, 3 Met, 3 Thr, 2 GIn, 1 Ala and 4 at the N and C
termini. Those where differences are seen for both molecules, apart from the N- and C
termini, are Lys-52, Glu-53, Thr-61 ,  Met-64, G1u- 106 and Lys- 1 22. These differences 
are due to poor definition in the structure for these regions, a result of the flexibilty of 
these side-chains (e.g. Glu-53, Glu- 106 and Lys-1 22). 

t Note that the fractional coordinates were used to account for the differences in the unit cell dimensions 
between apo, oxidised and reduced azurins. 
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Figure 4.2.4.2. Average difference in side-chain atom positions for each residue between apo and 
oxidised azurins. Off scale values are at residues lA  (2.490A), IB (3.266A) and 129B (4.()96). 
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Comparison with reduced azw"in 

There are larger differences between the apo and reduced structures than between the apo 

and oxidised structures (see Figure 4.2.4.3). This is apparent in the greater number of 

residues which have an average devation in 
"
main-chain atom positions above O.3A. All of 

these residues are at the surface of the protein, and most are located in the loops of the 

polypeptide chain. An unexpected difference in the main-chain structure is in the loop of 

residues 1 12- 121  which supplies three of the copper ligands, where several of the 

residues have an average difference in main-chain atom positions between 0.25-0.35A. 
Differences in this region between the apo and oxidised structures are less. 

A comparison of the side-chains of apo and reduced azurins also shows that the largest 

differences appear on the surface of the protein. There are approximately twice as many 

side-chains whose average difference in position is greater than 0.5A as there are between 

the apo and oxidised structures. These consist of 21  Lys, 9 Glu, 8 GIn, 7 Met and 1 0  
Va.l!Thr, including both molecules of the asymmetric unit 
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Figure 4.2.4.3. Average difference in main-chain atom positions for each residue between apo and 
reduced azurins. Off scale residues are at lA (5.085A), IB (5.674A), 2A (1 .924A), 2B (1 .073A), 105A 
(0.628), 129A (O.761A) and 129B (O.756A). 
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Figure 4.2.4.4. Average difference in side-chain atom positions for each residue between apo and 
reduced azurins. Ofr scale values are at residues lA (8.170A). lB (6.882A). 2A (5.91SA), 2B (5.023A) 
and 122A (3.234A) 

4.2.5 Consistent Shift Analysis 

In the previous section, the largest differences between the structures of apo-azurin and 

the two redox forms of azurin were attributed to the flexible nature and poor definition of 

those residues which were located on the surface of the protein. However, to identify the 

more subtle changes in the structure which result from removal of the copper, the 

consistency of shifts in the atom positions must be examined. The method used is 

described in the consistent shift analysis section for reduced azurin (Section 3.2.5), Here, 

two sets of consistent shift vectors are calculated, one between the apo and oxidised 

structures and the other between the apo and reduced structures. 

Consistent shifts between apo and oxidised azurins 

When the apo protein molecules are analysed for consistent shifts between the apo and 

oxidised forms, eight side-chains give S scores above 100. Most of these shifts are small 

« O.5A), and appear unrelated to the removal of the copper from the protein. These small 

changes are normally the result of small changes in the torsion angles. One shift, 

however, may be related to the removal of the copper, since it is a translation in the 
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phenyl ring of Phe- 1 14, which fOTIns part of the surrounding environment of the copper 

site (see Figure 4.2.5. 1). 

A further sixteen consistent shifts in the oxidised to apo transition have S scores between 

50 and 100. Most of these shifts also appear unrelated to the removal of the copper, 

except possibly the changes in the main-chain atoms of Ala-43, Met-44 and Gly-45. Here 

the average shifts are small (0. 1 2-0. l 8A),  but as Figure 4.2.5.2 illustrates, these shifts 

may be caused by the carbonyl oxygen of Gly-45 moving away from the space vacated 

by the copper. 

Table 4.2.5.1. Results from the consistent shift analysis between apo and oxidised azurin structures. 

Residue ..... Average angle Average distance 
between shift shifted (A) 

vectors (0) 
;::: > 100 
Ala-I (s.c.) 474.06 48.27 2.878 
Val-21 (s.c.) 160.43 20.30 0.395 
Val-31 (s.c.) 1 14.79 38.89 0. 152 
Thr-61 (s.c.) 191 .67 67.68 0.708 
Leu-68 (s.c.) 24 1 .94 15.28 0.259 
Ser-92 (s.c.) 208.72 38.66 0.398 
Val-95 (s.c.) 101 .58 34.34 0.223 
Phe-1 14 (s.c.) 174.67 12.95 0.235 

Table 4.2.5.2. Results from the consistent shift analysis between apo and oxidised azurin structures. 

Residue ..... Average angle Average distance 
between shift shifted (A) 

vectors (0) 
100 > ;::: > 50 
Leu-I7 (s.c.) 73.36 34.44 0.306 
Met-20 (s.c.) 53.38 4 1 .36 0.725 
Cys-26 (s.c.) 62.60 37.03 0.197 
Lys-27 (s.c.) 54.93 86.89 0.770 
Val-31 (m.c.) 56.48 44.27 0. 143 
Ala43 (m.c.) 52.05 33. 1 6  0. 132 
Met-44 (m.c.) 84.74 25.58 0. 122 
Gly45 (m.c.) 56.32 49.46 0.176 
Trp48 (s.c.) 59.06 4 1 .69 0 .144 
Val-73 (m.c.) 69.7 1 80.99 0.212 
Val-73 (s.c.) 96.03 25. 16 0.222 
Ala-82 (s.c.) 68.09 3 1 .53 0 .184 
De-87 (s.c.) 52.8 1 64.05 0 . 197 
Ser-94 (s.c.) 95.49 27.69 0.245 
Lys-122 (s.c.) 67. 17  76.06 0.726 



171 

Figure 4.2.5.1. The small shift in  the phenyl ring of Phe-1 14, which is  part of the surrounding 
structure of the copper binding site. Oxidised azurin is in two shades of blue; dark blue (molecule A) and 
light blue (molecule B), while apo-azurin is in yellow (molecule A) and light yellow (molecule B). 

Figure 4.2.5.2. The shift in the main-chain atoms of Ala-43, Met-44 and Gly-45, possibly a result of 
the movement in the carbonyl oxygen of Gly-45. Oxidised azurin is in two shades of blue; dark blue 
(molecule A) and light blue (molecule B), while apo-azurin is in yellow (molecule A) and light yellow 
(molecule B). 
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Consistent shifts between reduced and apo-azurin 

The analysis of the consistent shifts between the apo and reduced forms of azurin shows 

more changes in the structure than between the apo and the oxidised forms. As was 

shown before for the oxidised to apo transition, the majority of the consistent shifts are 

changes unrelated to the removal of the copper and are the result of small movements of 

flexible groups. However, three noteworthy shifts, with E scores above 1 00, are seen at 

Cys- 1 12, Pro- l IS and Gly- 1 16. The change in Cys- 1 12 is very clear as the Sy 1 12 atom 

moves towards the position vacated by the copper atom (see Figure 4.2.5.3), while the 

shifts at Pro- 1 1 5 and Gly- 1 16 seem to be in the direction away from the copper binding 

site (see Figure 4.2.5.4). 

Table 4.2.5.3. Results from the consistent shift analysis between apo and reduced azurin structures. 

Residue � Average angle Average distance -

between shift shifted (A) 
vectors (0) 

S >  100 
Ala-I (s.c.) 108.03 1 12.58 7.526 
Gln-2 (s.c.) 1609.00 76.32 5 .469 
ne-7 (s.c.) 101 .82 63.66 0.174 
Val-21 (s.c.) 32 1 . 10 46.89 0.589 
Lys-38 (s.c.) 146.94 68.39 0.609 
Met-44 (s.c.) 149.35 27.28 0.597 
Val-49 (s.c.) 169.40 103.54 1 .088 
Lys-52 (s.c.) 127.42 47.99 0.759 
GIn-57 (s.c.) 343.65 69.4 1 1 .654 
Leu-68 (s.c.) 1 54.96 36.68 0.291 
ne-87 (s.c.) 307.69 40.97 0.356 
Ser-94 (s.c.) 1 80.78 30.44 0.342 
Lys- lOl (s.c.) 153.43 43.76 0.889 
Leu- l02 (s.c.) 168.21 65.74 0.315  
The-l03 (s.c.) 204.49 25. 16  0.548 
Cys-l 12 (s.c.) 129.49 56.92 0.207 
Pro- l lS (s.c.) 1 19.67 40.27 0.267 
Gly-1 l6 (m.c.) 1 84.73 19.82 0.274 
Trp-1 l8 (s.c.) 135.58 58.22 0.597 

Other smaller indications of consistent shifts (E = SO- l (0) are also seen near the copper 

binding site. These are at Ala-40, Met-44, Phe- 1 I4, Pro- l IS,  Trp- 1 I 8, Ala- 1 19 and 

Met- 1 2 1 .  The changes at Ala-40 and Met-44 result in a subtle change in the bifurcated 

hydrogen bond made from 0 40 to N 44 and N 43. Figure 4.2.S.S shows the carbonyl 

oxygen of 0 44 changing orientation to point more toward N 44 than N 43 in the apo 

structure. The changes in Phe- 1 1 4 are a small translation in the phenyl ring, and a 

movement in the peptide nitrogen which makes a hydrogen bond to Sy 1 12 (see Figure 

4.2.S.6). The shifts in Trp- 1 I 8 (main-chain) and Ala- 1 19 are less clear, but may be due 

to the changes in the loop structure that forms part of the copper binding site. Finally, the 

shift in Met- 1 2 l  is actually the result of the Ce 1 2 1  atom shifting on average by O.3A 



173 

Table 4.2.5.4. Results from the consistent shift analysis between apo and reduced azurin structures. 

Residue - Avemge angle Average distance 
between shift shifted (A) 

vectors e) 
100 > E > 50 
Met-13 (s.c.) 74.91 71 .82 0.863 
Lys-24 (s.c.) 58.67 99.61 0.838 
Ala40 (m.c.) 53.30 91 .47 0. 177 
Met-44 (m.c.) 83.49 47.97 0.216 
Glu-53 (s.c.) 76.64 100.71 0.966 
Thr-61 (s.c.) 62.04 82.48 0.627 
Met-64 (s.c.) 86.71 53.65 0.727 
Val-73 (m.c.) 77.24 24.69 0.233 
Ala-82 (s.c.) 83.55 14.27 0.238 
Lys-85 (s.c.) 50.25 72. 1 7  0.776 
Ala-I 09 (s.c.) 69.70 15.8 1 0.363 
Phe-1 l4 (m.c.) 70.89 57.08 0.244 
Phe-1 I4 (s.c.) 70.6 1 37.97 0. 189 
Pro-1 I5 (m.c.) 96.89 24.29 0.209 
Trp-1 18 (m.c.) 63.82 50.47 0.265 
Ala-1 19 (s.c.) 64.54 46.73 0.335 
Met-121 (s.c.) 50.45 62. 14 0.290 

Figure 4.2.5.3. The shift of S'Y 1 12 into the space vacated by the copper. Reduced azurin is in red 
(molecule A) and pink (molecule B), while apo-azurin is in yellow-green (molecule A) and yellow 
(molecule B). 
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Figure 4.2.5.4. The shifts in Pro- l lS to Gly- 1 l6 away from the copper binding site. Reduced azurin 
is in red (molecule A) and pink (molecule B). while apo-azurin is in yellow-green (molecule A) and 
yellow (molecule B). 

Figure 4.2.5.5. The shifts in the 0 40 . . .  N 44 and 0 40 . . .  N 43 hydrogen bonds. Reduced azurin is in 
red (molecule A) and pink (molecule B). while apo-azurin is in yellow-green (molecule A) and yellow 
(molecule B). 
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between the reduced and apo fonns. 

4.2.6 The Copper binding site 

The copper binding site of apo-azurin is structurally very similar to the oxidised and 

reduced sites, except for the absence of the copper ion. The site is well buried in the 

protein interior, and contains a cavity which could accomodate an ellipsiod of dimensions 
1 .2A x 1 .2A x 3.oA. The same residues which are the copper ligands in the oxidised and 

reduced azurins, also fonn the border of the cavity (Gly-45, His-46, Cys- 1 1 2, His- l 17  

and Met - 1 2 1 ). As with the oxidised and reduced fonns of azurin, the side-chains of His-
46, Cys- 1 12 and His- 1 17, are arranged in a trigonal fashion around the cavity, while the 

carbonyl oxygen of Gly-45 and the side-chain of Met- 121  cap off either the end of the 
cavity. Figures 4.2.6. 1 and 4.2.6.2 are two views rotated 90° degrees with respect to 

each other, and show the van der Waals surfaces of the copper binding site. Figure 
4.2.6. 1 looks down the long axis nonnal to the N2S plane of His-46, Cys- 1 1 2 and His-

1 17,  while Figure 4.2.6.2 looks along this plane. 

Figure 4.2.6.1. Van der Waals surface (75%) of the copper binding site of apo-azurin, looking down 
the 0 45 . . .  SI) 121 axis nonnal to the N2S plane of His-46, eys- l l2 and His-l l7.  (Sulphur atoms in 
yellow, nitrogen atoms in blue, oxygen atoms in red and carbon atoms in white.) 
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Figure 4.2.6.2. Van der Waals surface (75%) of the copper binding site of apo-azurin, along the N2S 
plane of His-46, Cys- 1 l2 and His- I  17 , and 90° to Figure 4.2.6. 1 .  (Sulphur atoms in yellow, nitrogen 
atoms in blue, oxygen atoms in red and carbon atoms in white.) 

With the removal of the copper atom from the active site, there are several reasons to 

believe that the sulphur of Cys- 1 12 is protonated. First, thiol groups have a pKa=8 .2, 

and under the pH conditions at which the crystals were soaked (=pH 6.0), the cysteine 
sulphur should be protonated. Second, Cys- 1 1 2 is buried in the interior of the protein, 
and if the thiolate was left unprotonated, this would leave a negative charge in the 

hydrophobic core of the protein, and would effectively destabilise the protein 

configuration. Unfortunately, the resolution of the X-ray data from the apo-azurin 

crystals (2.2A) is too low to observe any hydrogens in electron density maps, but the 

configuration of the surrounding structure near the side-chain of Cys-1 1 2  suggests that a 

thiol hydrogen in a staggered conformation is feasible, since no unfavorable contacts to 

the surrounding structure would be made. 

With the side-chain of Cys- 1 12 protonated as a thiol, this group is found to be positioned 
such that it can act as a hydrogen bond donor to two other residues. Three distinct 

possibilities arise for thiol hydrogen bonding by Cys-1 1 2; 1) a hydrogen bond to NOI of 

His-46, 2) a hydrogen bond to Nol of His- 1 17,  or 3) bifurcated forming hydrogen bonds 

to His-46 and His- 1 17. Figure 4.2.6.3 shows schematically the different possibilities for 

the formation of a thiol hydrogen bond between Cys- 1 12, His-46 and His- 1 17.  Note that 

for both imidazoles the N £2 atom is assumed to be protonated, because both of these 

atoms bind to hydrogen bond acceptors; for His-46, Na binds to the carbonyl oxygen of 
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Figure 4.2.6.3. Schematic representations of possible thiol-type hydrogen bonds at the copper binding 
site of apo-azurin. The SH group interacts with a) His-46 only. b) His- l I7 only or c) both as a bifurcated 
interaction. 

Table 4.2.6.1. Distances (A) between the atoms of the copper binding site. 

Molecule A Molecule B Avenure 
o 45 . . .  No1 46 3 .16 3 .25 3.21 
o 45 . . .  S1 1 12 4.29 4.24 4.27 
o 45 . . .  NSl 1 17 3.42 3.57 3.50 
o 45 . . .  So 121 6.01 6.08 6.05 
N01 46 . .  ,S1 1 12 3.67 3 .87 3.77 
NOI 46 . . .  NOI 1 17 3 .19 3.36 3.28 
NOI 46 . . .  So 121 3.3 1 3 .38 3.35 
S1 1 12 . . .  Nol 1 17 3 .59 3.49 3 .54 
Sy 1 12 . . .  So 121 4.12 4.17 4. 1 5  
NSl 1 17 . . .  So  121 3.89 3 .92 3 .91 

residue 10, while for His-1 17, Ne2 makes a hydrogen bond to a solvent molecule which 
is also hydrogen bonded to two carbonyl oxygens (0 43 and 0 1 16), one of which is in 
the other protein molecule (0 1 16). 

Table 4.2.6. 1 gives the "inter-ligand" distances of the copper binding site, and shows that 
the average distances between the cysteine sulphur and the two N01 atoms of His-46 and 
His- l 17 are 3.77A and 3.54A, respectively. Both of these distances are within the 
theoretical limits for a sulphur to nitrogen hydrogen bond; thus the thiol group appears to 
form a bifurcated hydriogen bond. Since N01 of His- 1 17 is on average :=::0.2A closer to 
the cysteine sulphur than N01 of His-46, this suggests that a slightly stronger interaction 
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is made to His- 1 17 than to His-46. The possibilities of the thiol forming a hydrogen bond 
to either the carbonyl oxygen of Gly-45 or the thioether sulphur of Met- 121  are remote 
since these atoms are too far from the thiol sulphur and make unfavorable orientations for 
a hydrogen bond (average distances of 0 45 . . .  Sy 1 12 = 4.27A and So 1 2 1 .  . .  Sy 1 12 = 

4. 1 5A). 

The orientation of the side-chains of His-46, Cys- 1 12 and His- 1 17 also supports the 
possibility of a bifurcated thiol hydrogen bond. All of the C-N . . .  S and N . . .  SoC angles 
are sufficiently close to 1 200 or 1 09°, respectively, to consider the interactions as 
hydrogen bonds (see Table 4.2.6.2) .  This geometry is comparable to those of thiol 
hydrogen bonds found in two surveys on hydrogen bonds involving sulphur in high 
resolution protein structures245,246. These surveys report that S-H groups can be 
involved in hydrogen bonds, but that this is not a frequent occurrence since free S-H 
groups usually form disulphide bridges. For those S-H groups found, however, the 
surveys revealed similar results, i.e. that the average Sy . . .  X (X = 0 or N) distance is 
3 .5±O. IA245, and ean be as large as 3.7A246. 

Table 4.2.6.2. SH . . .  N thiol hydrogen bond geometries of the two molecules of apo-azurin. S . . .  N-C 
angles defined by Cy atom. 

Molecule A Molecule B 
SH . . . N C-S . . .  N (0) S . . .  N (A) S . . . N-C (0) C-S . . .  N (0) S . . .  N (A) S . . .  N-C (0) 
Sy 1 12 . . . N�>1 46 1 13 3 .67 142 1 12 3.87 138 
Sy 1 12 . . .  NIH 1 17 1 19 3 .59 144 1 12 3 .49 144 

Table 4.2.6.3. SH . . .  N thiol hydrogen bond geometries of apo-azurin with calculated thiol hydrogen 
atom positions. H . . .  N-C angles defined by Cy atom. 

Molecule A Molecule B 
SH . . . N S-H . . .  N (0) H . . . N A  H . . .  N-C (0) S-H . . .  N (0) H.  . .  N A  H. . .  N-C (0) 
SoH 1 12 . . .  No1 46 156 2.42 1 16 144 2.7 1 121 
SoH 1 12 . . . Nol 1 17 121 2.72 1 14 132 2.45 1 15 

Since the STC� bond is free to rotate, there is no restraint on the position of the thiol 
hydrogen atom. Potential energy calculations could determine a theoretical hydrogen atom 
position which would place it in the best position for a hydrogen bond, but this was not 
done. Instead, as an approximation, a hydrogen atom position was determined from the 
coordinates of Sy 1 12, C� 1 12 and CIl 1 12, assuming the torsion angle of CIl-C�-S-H is 
1 80° (S-H bondlength of 1 .34A and C�-S-H angle of 1 00° 332, see Table 4.2.6.3) The 
possibility of thiol hydrogen bonding at the copper binding site was not discussed in the 
structure of apo-plastocyanin 191 , although the geometry can easily be calculated from the 
Protein Data Bank coordinates (see Table 4.2.6.4 and refer below). 
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Table 4.2.6.4. SH . . .  N thiol hydrogen bond geometries of apo-plastocyanin with calculated thiol 
hydrogen atom positions. H . . .  N-C angles defined by Cy atom. 

Molecule B 
SH . . .  N S-H . . .  N e) H . . .  N A H . . .  N-C (0) 

S-H 84 . . .  N01 37 141 2.34 1 16 

S-H 84 . . .  NOl 87 1 1 1  3 . 1 1  1 1 1  

Table 4.2.6.5. Distances and angles at the residual copper atom in apo-azurin. 

Molecule A Molecule B Average 
Copper distances (A) 
o 45 . . .  Cu 2.96 3.1 1  3.04 
No! 46 . . .  Cu 1 .94 2.13 2.04 

S1 1 12 . . .  Cu 2.10 2.18 2.14 

N01 1 17 . . .  Cu 2.02 1 .88 1 .95 

So 12L.Cu 3.33 3.21 3.27 
Copper angles (0) 
o 45-CU-N01 46 77 74 76 
o 45-Cu-S,,( 1 12 1 15 105 1 10 
o 45-Cu-Nol 1 17 85 88 87 

o 45-Cu-So 121 146 148 147 

N�H 46-Cu-S1 1 12 130 128 129 
NO! 46-Cu-Nol 1 17 107 1 14 1 1 1  
NO! 46-Cu-So 121 73 75 72 

S1 l I2-Cu-Nol 1 17 121 1 18 120 

S1 1 I2-Cu-So 121 96 99 98 
No! I 17-Cu-So 121 90 98 94 

Residual metal in the copper binding site 

The peak of residual electron density found at the position previously occupied by the 
copper in the oxidised and reduced structures implies either that the removal of the copper 
was not complete, or that another metal(s) has gained access to the copper binding site. 
The crystals are colourless, suggesting that if copper is present, either its occupancy is 
extremely low, or it is present as Cu(I). With the latter possibility in mind, an apo-azurin 
crystal was treated with potassium ferricyanide, to re-oxidise any remaining copper in the 
protein. Despite treatment for six months, no blue colouration developed. Thus the 
possibility of a partially substituted metal(s) other than copper must be considered, 
although every effort was made to remove all metal ions from the soaking solutions. 
Metals which have a high affinity for thioI groups (e.g. Hg), would be possible 
candidates for a substituted metal in the metal binding site. 

For the purposes of refinement, the peak of residual electron density was treated as a 
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partial copper atom. The relative occupancy of the residual copper is also an unresolved 

question. Of the two methods used, one gives an occupancy of =20% (TNT refmement), 

while the other gives a value closer to = 1 0% (as estimated from a comparison of the 

electron density of a nearby solvent molecule). Whether the occupancy is closer to 10% 

or 20% does not change the fact that the at least 80% of the protein molecules in the 

crystal lattice are metal free, which is sufficient to consider the structure as that of the apo 

protein. Table 4.2.6.5 lists the distances between the residual metal and the copper 

ligands. Note that the agreement of these distances and angles is rather poor between the 

two independent molecules (r.m.s. deviations are 0. 14A and 5. 1 °, respectively), which is 

not surprising since the metal atom has a low occupancy, and has not been well refmed. 

Comparison with the copper sites of oxidised and reduced azurins 

As noted earlier, the configuration of the copper ligands in apo-azurin is essentially 

unchanged from the oxidised and reduced forms of azurin. The r.m.s. deviations in the 

atom positions of the five residues at the copper site are 0. 1 4A between the apo and 

oxidised structures, and 0. 1 7  A between the apo and the reduced structures. This 

reinforces the earlier observation that the apo structure is more like the oxidised form than 

the reduced form. In the next two sections it will be shown that small movements do 

occur upon removal of the copper atom, and that these are different between the oxidised 

and reduced structures of azurin. 

Comparison with the oxidised copper site 

Upon removal of the copper atom from the oxidised protein, all of the metal ligands shift 

0. 1 -0.2A from their oxidised positions. The mean differences in main-chain and side

chain atom positions are shown in Table 4.2.6.6. Figure 4.2.6.4 is a stereo view of the 

apo-azurin site superimposed on to the oxidised copper site. 

Table 4.2.6.6. Average differences in position of the metal ligands between apo and oxidised fonns of 
azurin. The superposition was done using all atoms of residues Gly-45, His-46, Cys- 1 l2, His-l 17 and 
Met-121.  

Molecule A Molecule B 
main-chain atoms side-chain atoms main-chain atoms side-chain atoms 

Gly-45 0.1 9  - 0.09 -

His-46 0. l 3  0.16 0. 1 0  0.07 
eys-1 12 0. 1 1  0 .13  0.09 0. 1 1  
His-l 17 0. 12 0.10 0.08 0. 1 1  
Met-121 0.10 0.20 0. 16 0. 1 1  
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Figure 4.2.6.4. Stereo view of the superposition of the apo (yellow) and oxidised (blue) copper sites 
of azurin (molecule A). 

Table 4.2.6.7. Distances (A) between the atoms of the copper binding site. 

Apo-azurin Oxidised azurin Change 
A B AVera2e A B Averasre (apo-ox) 

o 45 . . .  NIH 46 3.16 3.25 3 . 2 1  3.18 3.27 3 . 2 3  -0 .02  
o 45",S1 1 12 4.29 4.24 4 .27  4. 17 4.19 4 . 1 8  +0 . 09  
o 45 . . .  Nl)1 1 17 3.42 3.57 3 . 5 0  3.36 3.39 3 . 3 8  + 0 . 1 2  
o 45 . . .  Sl) 121 6.01 6.08 6 . 0 5  6.01 5.96 5 . 9 9  + 0 . 0 6  
Nl)1 46 . .  ,S1 1 12 3.67 3.87 3 . 77  3.88 3.94 3 . 9 1  - 0 . 14  
Nl)1 46 . . .  N01 1 17 3.19 3.36 3 .2 8  3.15 3.30 3 . 2 3  + 0 . 0 5  
N01 46 . . .  S l)  121 3.31 3.38 3 . 3 5  3.39 3.26 3 . 3 3  + 0 . 0 2  
S1 1 12 . . .  N01 1 17 3.59 3.49 3 . 5 4  3.60 3.53 3 . 5 7  -0 .03  
S1 1 12 . . .  S l)  121 4.12 4.17 4 . 1 5  4.3 1 4.21 4 . 2 6  -0 . 1 1  
N01 1 17 . . .  So 121 3.89 3.92 3 . 9 1  3.81 3.90 3 . 86 + 0 . 0 5  

Several small changes are noticeable between the apo and oxidised sites, and these 

changes can be expressed by comparing the average inter-ligand distances between the 

two structures (see Table 4.2.6.7). All of the changes in the inter-ligand distances are less 

than O. 15A, with shifts of o. lA or greater occurring in the distances of 0 45 . . .  Sy 1 12, 
o 45 . . .  N�)1 1 17, NOI 46 . . .  Sy 1 12 and Sy 1 12 . . . So 121 .  Although most of these shifts 

are consistent between the two protein molecules, they are not truly significant, because 

they are comparable to the r.m.s. differences in inter-ligand distances between the two 

apo-azurin molecules (O. l lA, see Section 4.3.5). Small changes in the side-chain torsion 

angles of the residues at the copper binding site are also seen upon the removal of the 
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Table 4.2.6.8. Changes in the side-chain torsion angles (0) between apo and oxidised azurins of the 
residues at the apo site (apo - oxidised) 

�Xl (0) �X2 e) �X3 (0) 
Molecule A B A B A B 
His46 -10 -5 +2 +2 
Cys- 1 12 +4 +4 
His- I  17 -5 -2 4 +4 
Met-I21 -15 -5 -12 -1 +25 +3 

Figure 4.2.6.5. Stereo view of the structural change at Gly45 between apo and oxidised azurins. The 
two independent molecules of the asymmetric unit from both apo and oxidised azurins are superimposed 
on each other. Oxidised azurin molecules in blue (A) and light blue (B), and apo-azurin molecules in 
yellow-green (A) and yellow (B). 

metal (see Table 4.2.6.8); while the directions of some of these changes are consistent, 
the magnitudes are not. 

The changes in the inter-ligand distances can be accounted for by two structural 
movements. One is a movement of the carbonyl oxygen of Gly-45 away from the centre 
of the copper binding site (see Figure 4.2.6.5). This increases the distances to the other 
ligands, except for His-46. However, it should be noted" that the 0 45 . . .  50 121 distance 
increases (oxidised ---7 apo) in only one protein molecule of the asymmetric unit (no 
change in molecule A and an increase of O. 12A in molecule B). A movement of 0 45 
would be significant because in the crystallographic analysis of oxidised azurin the extent 
to which the carbonyl oxygen of Gly-45 interacted with the copper centre was 
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questioned31 .155. It was suggested that a Cu . . .  O distance of 3. 1A was probably at the 
limit of any interaction, although it was also pointed out that the carbonyl oxygen was 1)  
buried in a hydrophobic environment, 2)  not close to any potential hydrogen bonding 
partners and 3) oriented in such a way that a lone pair of electrons from the oxygen was 
directed towards the copper. If the carbonyl oxygen of Gly-45 does move away upon the 
removal of the copper, this is then suggestive of a weak interaction between 0 45 and Cu 
in oxidised azurin. 

Figure 4.2.6.6. Superposition of the active sites of apo and oxidised azurins. illustrating the small 
shift in s.y 1 12 upon removal of the copper. Oxidised azurin molecules in blue (A) and light blue (B). and 
apo-azurin molecules in yellow-green (A) and yellow (B). 

The second shift in the active site occurs in the side-chain of Cys-1 12. This movement is 
a shift of the Sy atom into the space left by the copper atom, and shortens the Nol 46 . . .  Sy 
1 12 distance by O. 14A (average). Again, this movement is consistent, but the magnitude 
is below the level of significance. Interestingly, the histidine ligands do not shift into 
space left by the copper atom, since the N�H 1 17 . . .  8y 1 12 distance does not shorten 
significantly (average of o.o3A) and the Nol 46 . . .  Nol 1 17 distance actually increases on 
average by o.o5A. The changes at Cys- 1 1 2  are shown in Figure 4.2.6.6. From the 
analysis of consistent shifts between the apo and oxidised forms (Section 4.2.5), the S 
score of the Cys-1 12 side-chain is low (S = 44) compared to the other changes described, 
but the small angle between the shift vectors (8 = 28°) is a strong suggestion that this 
change occurs in both of the independent molecules, although the shift is small (average 
of O. 13A for Sy 1 12). The shift in Cys- 1 12 was not discussed in section 4.2.5, because 
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the ::: score was just below the threshold of 50 points. Note that no other consistent shifts 
are observed in the ligands His-46, His- l 17 or Met- 121  (see Table 4.2.6.9). The 
movement of Sy 1 12 is presumably to fill the void left by the removal of the copper. This 
movement may also be affected by the formation of thiol to nitrogen hydrogen bonds, 
since the lone pair of electrons of both NOI 46 and NOI 1 17 point directly towards the 
position of a thiol hydrogen atom. 

Table 4.2.6.9. Consistent shifts in the residues of the copper binding site of azurin between apo and 
oxidised forms. 

� Theta e) Mean shift (A) 
main-chain side-chain main-chain side-chain main-chain side-chain 

Gly-45 56.32 - 49.46 - 0. 176 -
His-46 34.78 1 .84 59.44 93.83 0.1 32 0. 120 
Cys- 1 12 to.8 1 44.21 54.84 28.38 0. 102 0. 1 18 
His- I  17 2.88 5.35 106.82 79.54 0. 104 0.098 
Met- 12I 7.06 10.83 79.90 88.95 0. 167 0. 188 

The largest changes which occur in the side-chain torsion angles of the residues of the 
copper binding site are in Met- 121 .  These changes, however, are not consistent in 
magnitude, (see Figure 4.2.6.7). 

Figure 4.2.6.7. Stereo view of the changes at Met-121  between apo and oxidised azurins. Oxidised 
azurin molecules in blue (A) and light blue (B), and apo-azurin molecules in yellow-green (A) and yellow 
(B). 
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Comparison with the reduced copper site 

The overall differences between the apo and reduced sites are larger than betweeen the 
apo and oxidised sites. These differences are shown in Figure 4.2.6.8, as a stereo 
diagram with the copper binding sites of the apo and reduced fonns superimposed. The 
mean deviations for the main-chain and side-chain of each residue are listed in Table 
4.2.6. 10. Table 4.2.6. 1 1  shows that most of the changes in the side-chain torsion angles, 
which are similar to those seen between the apo and oxidised structures, do not appear to 
be significant. 

Figure 4.2.6.8. Stereo view of the superposition of the copper binding sites of apo and reduced 
azurins (molecule A). Reduced azurin in red and apo-azurin in yellow. 

Table 4.2.6.10. Average deviations (A) in position of the metal ligands between apo and reduced 
forms of azurin. Superposition done using the atoms of residues Gly-45. His-46. Cys- 1 12. His- 1 1 7  and 
Met-12I .  

Molecule A Molecule B 
main-chain atoms side<hain atoms main<hain atoms side<hain atoms 

Gly-45 0. 10 - 0.14 -
His-46 0. 1 1  0.16 0.1 1  0. 10 

Cys-1 12 0. 14 0.16 0.12 0.29 
His-I 17 0. 10 0. 1 1  0.21 0. 14 
Met-121 0. 16 0.20 0.19 0.25 
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Table 4.2.6.1 1. Changes in the side-chain torsion angles (0) of the copper ligands between apo and 
reduced azurins. 

dXl (0) dX2 (0) dX3 (0) 
Molecule A B A B A 
His-46 -2 +4 - 1  -7 
Cys- I l2 -3 +2 
His-I l7 -1 +3 - 1 1  - 1  
Met-121 - 1  - 19 · 7  · 1 3 + 1 0 

Table 4.2.6.12. Distances in Angstroms (A) between the atoms of the copper binding site. 

Apo-azurin Reduced azurin 
A B Average A B Average 

o 4S . . .  No1 46 3 . 16 3.25 3 . 2 1  3 . 1 8  3 .09 3 . 1 4  

o 45" , S1 1 12 4.29 4.24 4 . 2 7  4.39 4.34 4 . 3 7  

o 45 . . .  Nol 1 17 3.42 3.57 3 .5 0  3.59 3.63 3 . 6 1  

o 45 . . .  So 121 6.01 6.08 6 .0 5  6. 1 1  6 . 13  6 . 1 2  

Not 46 . . .  S1 1 12 3 .67 3.87 3 . 7 7  4.02 4.01 4 . 0 2  

Not 46 . . .  Nol 1 17 3 . 19  3.36 3 . 2 8  3.24 3 .35 3 . 3 0  

NIH 46 . . .  S o  121  3 .31  3.38 3 . 3 5  3.46 3.51 3 . 49 

$1 1 12 . . .  Nol 1 17 3 .59 3.49 3 . 5 4  3.8 1 3.75 3 . 7 8  

S1 1 12 . . .  S o  121  4 .12 4. 17  4 . 1 5  4.46 4 .55 4 . 5 1  

Nol 1 17 . . .  So 121 3.89 3.92 3 . 9 1  3.79 3 .96 3 . 8 8  

B 

+ 3 2  
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A comparison of the inter-ligand distances shows that the copper binding site is 
contracted relative to the reduced site, since virtually all of the distances decrease upon 
removal of the metal. The average changes (apo � reduced) in the inter-ligand distances 
range from +0.07 A to -0.36A between the apo and reduced forms. The largest of these all 
involve the side-chain of Cys-1 12, and are Sy 1 12 . . .  So 1 2 1  (-0.36A), NOI 46 . . .  Sy 1 12 
(-0.25A) and Sy 1 12 . . .  NOl 1 17 (-0.24A). 

Inspection of the two superimposed structures shows that the largest atom shift in the 
active site is seen at the side-chain of Cys-1 12, where the Sy atom moves on average 
0.31 A  into the space vacated by the copper atom. This shift accounts for most of the 
decrease in the inter-ligand distances, and is also accompanied by a change in the average 
SyC�-Co: angle from 102°, which is rather acute, in the reduced form, to 1()90, which is 

virtually a tetrahedral angle, in the apo form. The movement of Sy 1 12 between the apo 
and reduced forms is similar to the movement seen between the apo and oxidised forms 
except that it is larger (0.3 1 A  versus o. 13A, respectively). The shifts in Cys-1 12 imply 
that the distance from Sy 1 12 to the center of the active site gradually increases from apo 
to oxidised to reduced forms of azurin. This is understandable as a sterlc effect, since the 
the larger Cu(I) ion will cause Sy to move away (apo � reduced), and the Sy-C�-Co: 
angle to become more acute. Figure 4.2.6.9 shows the changes in the side-chain of Cys-
1 12. 
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Figure 4.2.6.9. Stereo view of the movement of Cys-1 12 between apo and reduced azurin. Reduced 
azurin molecules in red (A) and pink (B), and apo-azurin molecules in yellow-green (A) and yellow (B). 

Movements of the other copper ligands are much smaller than that of Cys- 1 12 (see Table 
4.2.6. 13). No consistent shifts are evident at Gly-45, which was shown to shift when the 
apo form was compared to the oxidised form. At His-46 and His- 1 17, the shifts in the 
atom positions suggest that these ligands are essentially static, which seems to be 
confirmed by the small changes in the inter-ligand distances. Some consistent changes 
seem to occur in the side-chain torsion angles of Met- 121  (see Table 4.2.6. 1 1 ); these 
would be considered significant except that the average difference in XI-3 for Met- 121 
between the two reduced azurin molecules is  22°. Despite this, these changes may be 
related to a small shift in So 121  which moves towards the space vacated by the copper, 
and causes an average decrease in the 0 45 . . .  So 121  distance of 0.07A (see Figure 
4.2.6. 1 0) .  

Table 4.2.6.13. Consistent changes in the residues of the active site of azurin between apo and reduced 
azurin. 

� Theta e) Mean shift (A) 
main-chain side-chain main-chain side-chain main-chain side-chain 

Gly45 1 . 1 5  - 1 12.22 - 0. 145 -

His46 4.52 1 1 .84 103.42 80. 14 0. 13 1  0. 1 19 
Cys- 1 12 32. 1 1  129.49 67.93 56.92 0. 1 50 0.207 
His- I 17 12.60 28.06 61 .84 48.03 0. 174 0. 158 
Met-121 48.70 50.45 46.72 62. 14 0.225 0.290 
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Figure 4.2.6.10. Changes in the side-chain torsion angles between apo and reduced azurin at Met-121.  
Reduced azurin molecules in red (A) and pink (B), and apo-azurin molecules in yellow-green (A) and 
yellow (B). 

Overall the copper binding site of apo-azurin is remarkably similar to the copper sites of 
the two redox forms of azurin. Atom positions agree to within 0.2A between these 
structures, which implies that the copper binding site of azurin is maintained in a 
configuration dictated by the protein. The only effects that the copper atom has on the 
protein configuration are very small, the most significant being a movement of the side
chain of Cys- 1 12. 

Comparison with apo-plastocyanin 

One striking difference between the structures of apo-azurin and apo-plastocyanin is the 
conformation of the histidine ligand at the surface of the protein. In plastocyanin, the 
side-chain of His-87 undergoes a 1800 rotation so that N�l is exposed to the solvent 
medium. In azurin, this corresponding sidechain (His- 1 17) does not rotate, but stays in 
the same conformation as found in the oxidised and reduced forms. 

There are two possible reasons for this difference in behaviour between azurin and 
plastocyanin. The first is that the histidine side-chain in azurin is more tightly constrained 
(sandwiched between the side-chains of Phe-1 14 and Met- 1 3) than the corresponding 
residue in plastocyanin. The shortest contacts to Phe- 1 14 and Met- 1 3  from His-l 17,  in 
azurin, are :::3.3A and :::3.6A, respectively; whereas the distances to the two residues 
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Figure 4.:!.6.1l. Superposition of apo-azurin (blue) and apo-plastocyanin (yellow) showing the 
differences in packing of the copper ligands His-87 (plastocyanin) and His-I 17 (azurin). 

Figure 4.2.6.12. Two possible hydrogen bonds at His-I 17, if its side-chain rotated 180°. 
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which sandwich the side-chain of His-87 of plastocyanin, Leu- 12 and Pro-86, are longer 

at z3.9A and z4.5A, respectively. Figure 4.2.6. 1 1  illustrates the differences between the 

ligands. 

The second reason involves the different crystal packing arrangements between azurin 

and plastocyanin. In plastocyanin, His-87 is exposed to a solvent channel of the crystal 

lattice, while the side-chain of His- 1 17 in azurin is linked to another protein molecule 

through a solvent molecule which is buried in the interface between the two azurin 

molecules (see Section 3 .2.9). A rotation of the His- 1 1 7  side-chain, as in 

apo-plastocyanin, could make two possible hydrogen bonds to other parts of the protein 

(0 45 and 0 1 15), but these interactions may be too long (0 . . .  H>2.5A), and this rotation 

would destroy the favourable hydrogen bond geometry of the buried solvent molecule 

and would also direct a C-H group towards it. The possible hydrogen bonds of a rotated 

His- l I7 side-chain are shown in Figure 4.2.6. 12, along with the buried solvent 

molecule. 

A further difference betweeen apo-azurin and apo-plastocyanin is the presence of a peak 

of residual electron density at the centre of the copper binding site of apo-azurin. In 

apo-plastocyanin, no residual electron density was found in the binding site, and a 

"revolving door" mechanism, which facilitated the entry and exit of the copper to and 

from the binding site, was proposed for plastocyanin191• The incomplete removal of the 

copper from azurin is presumably due to the tighter packing of the His- I 17 side-chain in 

azurin and the crystal lattice contacts made in this area, which effectively exclude all but 

two solvent molecules. The combined effect is to make the removal of the copper in 

azurin more difficult than in plastocyanin. In solution, however, removal of the copper 

from azurin is complete within 8- 12  hours (see Section 2.2), suggesting that the crystal 

packing is the main factor which hinders the removal of the copper. However, the tight 

packing around the side-chain of His-I 17 also suggests that the mode of copper removal 

may not be a facile "revolving door" mechanism. 

The overall changes in the protein structure when the copper is removed from either 

azurin or plastocyanin show several similarities. Table 4.2.6. 14 gives the inter-ligand 

distances of the three forms of plastocyanin (apo, oxidised and reduced (pH 7.0)) to 

compare changes with those of azurin. 

In particular, the movement of the cysteine sulphur atom of plastocyanin is almost 

identical to the :=::O.3A shift of Sy 1 12 in azurin. From superposition of the three forms of 

plastocyanin, the Sy atom shifts :=::O.2A between apo and oxidised structures and "",O.4A 
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Table 4.2.6.14. Inter-ligand distances of apo ,  oxidised and reduced (PH 7.0) plastocyanins. Distances 
to the carbonyl oxygen of Pro-36 are given to compare with the corresponding distances of Gly-45 in 
azurin. All distances were obtained from Protein Data Bank coordinates. 

Distance (A) aoo oIastocvanin oxidised pIastocyanin reduced pIastocvanin 
o 36 . . .  NO! 37 3.47 3.44 3.5 1 
o 36 . . .  Sy 84 4.83 4.68 4.81 
o 36 . . . Nol 87 (Co2 87) 4.02 3.81 3.91 
o 36 . . .  So 92 6.81 6.46 6.60 

Nol 37 . . .  Sy 84 3.48 3.81 3 .98 

Nol 37 . . .  Nol 87 (Co2 87) 3.35 3.09 3 .44 

NO! 37 . . .  So 92 3.65 3.41 · 3.51 
Sy 84 . . .  Nol 87 (Co2 87) 3.79 3.72 3.73 
Sy 84 . . .  So 92 4.01 4. 10 4.23 
Nol 87 (Co2 87) . . .  So 92 4.33 3.94 4.22 

Figure 4.2.6.13. Superposition of the apo (yellow), oxidised (blue) and reduced, pH 7.0 (red), sites of 
pIastocyanin showing the shift of the Sy atom between each form. 

between apo and reduced structures. Figure 4.2.6. 1 3  illustrates these movements. It is 
also interesting to note that the Sy 84 . . . Nol 37 distance in apo-plastocyanin (3.48A) is 
short enough to imply a single, strong thiol (SR . . .  N) hydrogen bond, whereas in azurin 
two weaker thiol hydrogen bonds are possible. The copper ligands in apo-plastocyanin 
differ in position by o. I -0.3A from the oxidised Cu(II) plastocyanin structurel91 . The 
size of the shifts is similar in apo-azurin and shows that in both proteins the polypeptide 
chain enforces this configuration of copper ligands. The copper ligands in apo-azurin 
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shift by o. 1-0.3A compared to the reduced azurin structure, and O. I-0.2A compared to 

the oxidised structure. 

The binding site of azurln is changed less than that of plastocyanin when the copper is 

removed. The r.m.S. deviation of the copper ligands of apo-azurin is O. 135A between the 

apo and oxidised forms, and O.168A between the apo and reduced forms; while for 

plastocyanin the corresponding values are O. 1 83A and O.183A, respectively. The smaller 

changes may be the result of a more deeply burled copper site in azurin than in 

plastocyanin. 

4.2.7 The surrounding environment of the binding site of apo-azurin 

In the previous section , it was shown that the copper ligands made only small shifts 
upon removal of the copper. In the crystallographic analyses of several blue copper 

proteins it has been proposed that the distorted geometry of the copper centre is imposed 

by the protein through hydrogen bonds and sterlc packing effects from the surrounding 
structure3 1-34,39,40,155. This surrounding environment is very similar between the three 

forms of azurin. The r.m.S. deviation in atom positions (main-chain and side-chain) for 

the structure around the binding site is O. 150A between the apo and oxidised forms, and 

is O. 196A between the apo and reduced formst. The greater likeness of the apo form to 
the oxidised form as opposed to the reduced form, noted previously, also applies to this 
region. 

Changes in the S . .  EN hydrogen bonds 

Despite the similarities in the protein environment of the active site in the three forms of 

azurin, subtle changes are apparent upon removal of the copper. The most significant of 

these changes occur in the S . . . HN hydrogen bonds involving the Sy atom of eys-1 12. 

These hydrogen bonds are weaker in the structure of apo-azurin. compared to oxidised 

and reduced azurins. Table 4.2.7. 1 lists the geometries of the two S . . .  HN hydrogen 
bonds for all three forms of azurin along with the net change between them. 

When the S . . .  HN hydrogen bond geometries of apo-azurin are compared to those of the 
oxidised form, in going from oxidised to apo, a small decrease in the strength of both 

interactions is observed. The S . . .  N distance of the Sy 1 12 . . . N 1 14 hydrogen bond 

increases on average by O. 17A, while the Sy 1 12 . . .  N 47 hydrogen bond only increases 

t Residues used for the superposition are 9, 10*, 1 1, 12*-14*, 15, 35, 36*, 37, 41*-44*, 45-48, 85*, 86, 
88*, 1 1 1 - 1 17,  1 18*-120*, 121 ,  and 122*; where * indicates main-chain atoms only. 
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Table 4.2.7.1. Sy 1 12 . . .  HN 47 and Sy 1 12 . . .  HN 1 14 hydrogen bond geometries at Cys- 1 12 for apo, 
oxidised and reduced azurins. 

molecule A molecule B 
C-S . . .  H S . . .  H S . . .  N S . . .  H-N C-S . . .  H S . . .  H S . . . N S . . .  H-N 

e) (A) (A) e) (0) (A) (A) (0) 
Sy 1 12 . . .  HN 47 

apo 101 2.62 3 .57 160 109 2.54 3 .5 1  163 
oxidised 104 2.53 3.52 170 1 10 2.48 3.46 167 

apo-oxidised - 3  + 0 .0 9  + 0 .0 5  - 1 0  - 1  + 0 . 0 6  + 0 .0 6  - 4  

reOred 104 2.4 1  3 .37 160 105 2.34 3 .29 159 
apo-redoced - 3  + 0 . 2 1  + 0 .2 0  0 + 4  + 0 . 2 0  + 0 . 2 2  + 4  

Sy 1 12 . . .  HN 1 14 

apo 1 1 1  2.76 3.72 160 106 2.80 3 .77 163 
oxidised 1 17 2.54 3.50 161 1 16 2.72 3.65 155 

apo-oxidised - 6  + 0 . 2 2  + 0 . 2 2  - 1  - 1 0  + 0 . 0 8  + 0 . 1 2  + 8  
rerum 1 15 2.40 3 .36 163 1 16 2.43 3 .37 158 

apo-redoced - 4  + 0 .3 6  + 0 . 3 6  - 3  - 1 0  + 0 .3 7  + 0 .40  + 5  

Figure 4.2.7.1. Stereo view of the changes in the S . . .  HN hydrogen bonds at Cys- 1 12 upon removal 
of the copper from azurin. Oxidised in blue, reduced in red and apo-azurin in yellow. 

by o.06A on average. The changes in these interactions between the apo and the reduced 

forms (reduced � apo) are even more pronounced, with the S . . . N distance increasing by 

O.21A for Sy 1 12 . . . N 47, and even further by 0.38A for Sy 1 12 . . . N 1 14. These changes 

in the S . . .  HN hydrogen bonds are seen in both molecules of apo-azurin, and are very 

consistent in magnitude 

In plastocyanin, for which crystal structures are available for apo, oxidised and reduced 
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forms32,122,191 , the single S . . . HN hydrogen bond shows changes between the apo and 

oxidised structures similar to those in azurin (see Table 4.2.7.2) .  The increase (oxidised 

� apo) in the S . . . N distance of 0. 14A in plastocyanin is comparable to the average 

increase of 0. 17 A in azurin. Changes in the S . . .  N distances between the apo and reduced 

structures of plastocyanin are different from those in azurin, because the reduced site of 

plastocyanin exists in two different pH-dependent conformations. At low pH (3.8), the 

S . . .  N distance actually decreases (reduced � apo) by o.04A upon removal of the copper, 

and this change is probably affected by the change in the configuration of the copper site 

at low pH. The change in the S . . .  N distance from the high pH (7.0) reduced to the apo 

form of plastocyanin is similar to that seen in azurin, except that the increase (reduced � 

apo) in the S . . . N distance is significantly less (o.09A in plastocyanin compared to the 

average of 0.30A in azurin). 

The changes observed in the S . . . HN hydrogen bond lengths upon removal of the copper 

from azurin are caused by the shift of the S1 1 12 atom into the space vacated by the 

copper. As the S1 1 12 atom moves into this void, it shifts away from the hydrogen bond 

donors, N 47 and N 1 14. In addition, any interaction between the thioi hydrogen of Cys-

1 12 and the side-chains of His-46 and His- 1 17 would encourage the shift of S1 1 12 and 

the lengthening of the S . . .  HN hydrogen bonds. The protonation of Sr on the removal of 

the copper atom would also deplete some of the electronic charge on Sr' thereby 

diminishing its electrostactic interaction with the amide nitrogens and increasing the S . . .  N 
distances. It is interesting to note that the electronic effect is the reverse of that seen upon 

the reduction of Cu(IT) azurin, where an increase in the electronic charge on S1 following 

reduction causes a decrease in the S . . .  N distances. These changes in S . . . N distances 

(oxidised � apo and oxidised � reduced) are consistent with the change in the electronic 

charge on Sr. The changes in the S . . . HN hydrogen bonds are shown in Figure 4.2.7. 1 .  

Changes in the polypeptide loop preceding Gly-45 

Any changes to the protein structure near Gly-45 are of special interest because these 

changes may indicate whether 0 45 interacts with the copper. When the apo and oxidised 

structures are compared, small consistent changes are observed in the a.-turn preceding 

Gly-45 (residues 40-45). These were noted in earlier sections, in the analyses of the 

consistent atom shifts, the hydrogen bonds and the main-chain torsion angles. All of the 

changes are small (shifts of 0 . 12-0. 1 8A in main-chain atom positions and 7- 1 2° in 

($,'1'»), and are of the order of the average difference in main-chain atom positions 

between the two apo-azurin molecules (0. 1 -0.2A) .  In addition, changes in the hydrogen 

bonds of this region (see Table 4.2.7.2) are below 0.20A and 1 0° ,  and do not 
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Table 4.2.7.2. Changes in the hydrogen bonds 0 4 1 . . .N 45 and 0 40 . . .  N 43 between apo and 
oxidised azurins. 

molecule A molecule B 
C-O . . .  H O . . .  H O . . .  H-N C-O . . . H O . . .  H O . . .  H-N 

CO) CA) (0) (0) (A) (0) 

o 41 . . .HN 45 
apo 1 18 2.44 124 1 19 2.45 122 

oxidised 126 2.60 1 10 123 2.57 1 17 
apo-oxidised - 8 - 0 . 1 6  + 1 4 - 4  -0 . 1 2  + S  

0 40 . . .  HN 43 
apo 105 2.32 140 109 2.37 147 

oxidised 107 2.26 134 1 17 2.26 148 
I apo-oxidised - 3  + 0 .0 6  + 6  - 8  + 0 . 1 1  - 1  

Figure 4.2.7.2. Changes in the hydrogen bonds 0 4 1 . . .N 45 and 0 40 . . .  N 43 between apo and 
oxidised azurins. Oxidised azurin molecules in blue (A) and light blue (B). and apo-azurin molecules in 
yellow-green (A) and yellow (B). 

significantly alter the strengths of these interactions. 

Most of the changes in this region between the apo and the reduced structures are of the 
same order of magnitude as those between the apo and oxidised forms. Consistent shifts 
of 0. 1 8-0.22A are seen for Ala-40 and Met-44, while changes in angles as large as 10-
15°  are apparent for Met-44 and Gly-45. A larger change, however, is seen in the 

hydrogen bond 0 40 . . . HN 43, where the O . . . H distance increases by ""oAA on removal 
of copper, and is accompanied by consistent changes in the angles of another hydrogen 
bond (0 40 . . . HN 44) of 10- 18° (see Table 4.2.7.3). The significance of these changes 
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Table 4.2.7.3. Changes in the hydrogen bonds 0 40 . . .  N 43 and 0 40 . . .  N 44 between apo and reduced 
azurins. 

molecule A molecule B 
C-O . . .  R O . . .  R O . . .  R-N C-O . . .  R O . . .  R O . . .  R-N 

(0) (A) CO) (0) (A) CO) 
0 40 . . .  HN 43 

apo 105 2.32 140 109 2.37 147 
redoced 1 14 l .97 137 125 l .90 1 52 

apo-reduced - 9  + 0 . 3 5  + 3  - 1 6  + 0 . 4 7  - 5  
0 40 . . .  HN 44 

apo 151 2.00 149 150 2.01 160 
redoced 159 1 .72 173 161 2.00 172 

apo-reduced - 8  + 0 . 2 8  - 2 4  - 1 1  + 0 . 0 1  - 1 2  

Figure 4.2.7.3. Stereo view showing the changes in the hydrogen bonds 0 40 . . . N 43 and 0 40 . . . N 
44 between apo and reduced azurins. Reduced azurin molecules in red (A) and pink (B), and apo-azurin 
molecules in yellow-green (A) and yellow (B). 

is not clear. They could be related to the movement of Gly-45, but they could also simply 

identify this as a region in which small adjustments in the copper site can be taken up. 

Increasedflexibility of the 1 12-121 loop 

In the discussion of the thermal parameters of apo-azurin (section 4.2.8), the relative 

B-values of residues 1 17 - 121  are shown to be significantly higher in the apo structure 

than in the oxidised and reduced structures. This is graphically shown as a plot of the 

average main-chain B-value against the residue number (see Figures 4.2.8 .3-4), and 
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suggests that the 1 17 - 121 loop is somewhat more flexible in the absence of the copper. 

Other indications of the increased flexibility of this loop upon the removal of the copper 

are given by the average deviation in the atom positions of residues 1 12-1 2 1 ,  and in the 

weakening of the No2 47 . . .  Oy 1 13 hydrogen bond. The average difference in main-chain 

atom positions of residues 1 12- 121 between the two protein molecules of the asymmetric 

unit for apo-azurin is o.22A compared to o. 17A and O.lBA for oxidised and reduced 

azurins, respectively. Although the agreement in this region is only slightly less in apo

azurin, it may perhaps indicate that this region is less well defined in the absence of the 

copper ion. Another possible indication that the 1 12-121 loop has become more flexible is 

the small change of the hydrogen bond No2 47 . . .  Oy 1 13 which links the two loops 

providing the ligands of the copper site. Although the changes are small, they are 

consistent between both independent protein molecules (see Table 4.2.7.3), and more 

importantly occur for a hydrogen bond between two buried residues. The H . . .  O distance 

increases on average by O.lBA from the oxidised to the apo form, and by O.23A from the 

reduced to apo form. 

Table 4.2.7.4. No2 47 . . .  0,. 1 13 hydrogen bond geometries for apo. oxidised and reduced azurins. 

Molecule A Molecule B 
N-H. . .  O H. . .  O H . . .  O-C N-H . . .  O H . . .  O H . . .  O-C 

apo 150 2.12 166 141 2.07 174 
oxidised 148 1 .89 169 143 1 .94 175 

apo-oxidised + 2  + 0 . 2 3  - 3  - 2  + 0 . 1 3  - 1  
redoced 148 2.00 172 146 1 .74 177 

aro-reduced + 2  + 0 . 1 2  · 6  - 5  + 0 . 3 3  - 3  

If the loop of residues 1 12-121  is really more flexible in the apo structure, then this may 

be related to certain observations made on azurin in IH NMR experiments126, Fourier

transform infrared spectra205 and differential scanning calorimetry204. In IH NMR 

experiments, a small number of NH protons observed to be inert to IH-+2H exchange in 

Cu(I) azurin, were found to be more labile upon the removal of the copper. Studies of the 

infrared spectra of azurin also found that IH-¥H exchange could be thermally induced in 

apo-azurin at 55°C, and that the thermal stability of the apo form is significantly reduced 

from the native form205. Furthermore, calorimetric experiments show that apo-azurin 

melts with an additional transition prior to the single main transition (assigned to the 

unfolding of the main secondary structural element, the �-sheets) seen in oxidised azurin 

and all other metal-substituted derivatives of azurin204. Although the additional melting 

transition in apo-azurin could not be specifically assigned to any structural element, the 

authors did suggest that this transition may involve the "flap" region of the protein 

molecule, since it is near the copper binding site. The "flap" region, however, is not 
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directly linked to the copper binding site of azurin, but rather makes only a small 

contribution to its surrounding environment. Instead, this extra melting transition is more 

likely to involve the unfolding of some or all of the loops surrounding copper binding site 

because they supply the metal ligands. Since the loop 1 17-121 has increased B-values in 

the apo form, it may be involved in the additional melting transition seen in the 

calorimetric scans, and could also be responsible for the lower thermal stability of apo

azunn. 

Figure 4.2.7.4. Stereo view of the interface between the hydrophobic patches of the two protein 
molecules of the asymmetric unit. Note the relative absence of any residual electron density peaks (white 
and red) between the two protein molecules. 

Conservation of the solvent structwe near the side-chain of His-117 

In plastocyanin, changes in the conformation of the copper ligand His-87, which is at the 
surface of the molecule, were discovered because of a change in the solvent structure 

associated with this copper ligand. No change in the solvent structure, however, is 

apparent near the corresponding side-chain, His-I 17, in azurin (see Figure 4.2.7.4). The 

single solvent molecule, OW 162, which is bound to the side-chain of His- 1 17 is well 

ordered in the structure (<8> = 23A2), and makes three strong hydrogen bonds arranged 

in a trigonal geometry (average OW . . .  O or N ..,  2.7A to hydrogen bonding partners). In 
fact, the hydrogen bonding environment of this solvent molecule is virtually identical 

between apo, oxidised and reduced azurins (see Figure 4.2.7.5). This solvent molecule is 

also present in the crystal structures of wild type and mutant azurins from Ps. aeruginosa 
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Figure 4.2.7.5. Hydrogen bond distances of the water molecule OW 162. Note top distances are for 
molecule A, bottom distances are for molecule B. The water molecule bridges to the carbonyl oxygen of 
residue 1 16 of a neighbouring protein molecule. 

4 1 , 1 55, and has been identified in solution by NMR studies333 ,  suggesting that this 

solvent molecule is a conserved feature in the structure of azurins. 

4.2.8 Thermal parameters 

The patterns and trends in the B-values for apo-azurin are very similar to those for the 

oxidised and reduced structures. The average difference in the main-chain B-values is 

3.4A2 between the apo and oxidised forms and o.6A2 between the apo and reduced 
forms. The average B-value for each residue is shown in Figure 4.2.8 . 1 ,  along with the 

corresponding B-values of the oxidised and reduced structures. The close similarity 

between the apo and reduced structures is especially interesting since different algorithms 

were used in the refinement of the two structures (HKPROLSQ and PROLSQ). 

B-values are generally low for residues which make up the P-strands (average main-chain 

B = 19.8A2), whereas the loops of the polypeptide chain on the surface of the protein 

have higher B -values (average main-chain B = 24.6A2). An exception to this, however, 

are the loops which suround the copper-binding site. These loops have low B-values 

(average main-chain B == 19.sA2), compared to the loops furthest from the copper 

binding site (average main-chain B = 3 1 .5A2). This feature is also seen in the oxidised 

and reduced forms of azurin, where the structure is more restrained closer to the copper 

binding site. Figure 4.2.8.2 shows that the average B-value increases as a function of the 
distance of each residue (Co. position) from the centre of the copper binding site. 

Another feature of the thermal parameters of the apo structure is that the B-values of the 
1 17 - 121  loop (an (X-turn), which supplies two of the ligands to the copper binding site, 

increase upon the removal of the copper. When the B-values of this section are compared 
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to the oxidised and reduced structures, they are found to be higher in the apo fonn by 
9 . 1A2 (apo-oxidised) and 7. 1A2 (apo-reduced) (see Figure 4.2.8.3). A similar effect is 
seen for the other copper ligand, His-46, where the main-chain B-values increase by 
6.3A2 (apo-oxidised) and 5.8A2 (apo-reduced) on copper removal (see Figure 4.2.8.4). 
However, the average B-values in residues 1 12-1 17, the type II turn which procedes loop 
1 17- 121 ,  are only slightly higher, by ;::;:3A2, than those of oxidised and reduced azurins 
(see Figure 4.2.8.3). These increases in B-values may be related to the removal of the 
copper since they supply the copper ligands. Also, the 1 17-121  loop is on the surface of 
the protein and does not make any hydrogen bonds to sequentially distant parts of the 
protein, which might restrain the thennal motion of this loop. Furthennore, the side-chain 
of His- 1 17 is the only copper ligand which is not hydrogen bonded to another part of the 
protein, and it is thus possible that it could become more free upon removal of the copper, 
as judged by the increase in the B-values. Other indications that the 1 17-121  tum has 
become more flexible are also seen in the agreement between the two apo-azurin 
molecules of the asymmetric unit; especially in the main-chain torsion angles and in the 
deviation of atom positions after superposition (see Section 4.3.2). 

4.2.9 Solvent structure 

As in oxidised and reduced azurins, most of the solvent structure of apo-azurin has been 
modelled as water molecules. The exceptions are the sulphate anions in the sulphate 
binding sites of the two protein molecules, and one possible disordered sulphate anion on 
a 2-fold crystallographic axis. Most of the solvent molecules in the apo fonn are located 
within 2A of a position which corresponds to a solvent molecule in the oxidised fonn 
(201 out of 269). In the atom coordinates, these are given the same labels as their 
counterparts in oxidised azurin ( 132 to 283). When compared to the solvent structure of 
reduced azurin, there are fewer solvent molecules ( 167) in the apo fonn that are within 2A 
of a corresponding position in reduced azurin. Of these solvent molecules which are 
common to the reduced fonn, only 13  are not found in the solvent structure of oxidised 
azurin (these are 193B, 199B, 217A, 240B and those with labels above 300). In fact, 
only 5 1  solvent molecules have positions which are "unique" to the solvent structure of 
apo-azurin (labelled as 401 to 45 1) .  The average B-value for these "unique" solvent 
molecules « B> = 70A2) is higher than those which are at positions corresponding to 
solvent molecules in oxidised and reduced azurins « B> = 56A2). Figure 4.2.9. 1  shows 
the differences in the positions of solvent molecules between the apo, oxidised and 
reduced azurins as a function of the average B-value. 

The resemblance of the solvent structure between the three fonns of azurin is expected 
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since the crystal forms are isomorphous with each other. The few differences which do 

occur could be the result of small changes in the unit cell parameters between oxidised, 

reduced and apo azurins. It is possible, however, that the differences could simply reflect 

the fact that these are mostly the more poorly defined water molecules whose density is 

close to the noise level in electron density maps; their appearence would therefore be very 

sensitive to small errors in the data, or the model, and differences in refinement, etc. It is 

interesting to note that the greater similarity between the protein structures of apo and 

oxidised azurins when compared to those of apo and reduced azurins, as shown in earlier 

sections, also extends to the solvent structure. 

2.5,-----------------------------------------------------------� 
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Figure 4.2.9.1. Plot of the differences in position of the solvent molecules between apo, oxidised and 
reduced azurins. 
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4.3 Comparison of the two apo-azurin molecules 

As for reduced azurin, the two independent protein molecules in the asymmetric unit of 

apo-azurin crystals can be compared to estimate the reliability of the structure, because no 

non-crystallographic symmetry restraints were imposed on them during refinement. Since 

the structure of apo-azurin has been refined at a lower resolution than reduced azurin, the 

agreement between the two independent molecules of apo-azurin is expected to be poorer 

than that found for reduced azurin. 

4.3.1 Lattice contacts 

Since the crystal packing arrangement in apo-azurin is similar to the oxidised and reduced 

forms of azurin, with the pseudo-tetragonal symmetry of the crystals maintained, the two 

independent molecules of apo-azurin have similar lattice contacts. These contacts are 

listed in Tables 4.3. 1 . 1 and 4.3. 1 .2. The criteria used to define a lattice contact are the 

same as for the reduced structure (i.e. any non-hydrogen atom distance below 3.5A). Of 

a total of 46 intermolecular hydrogen bonds in the crystal structure, 10 pairs are found in 

corresponding regions of the two protein molecules. These contacts which are common to 

both molecules involve residues 23-24, 38, 40, 65, 68 and 1 29. Differences between the 

two molecules occur at residues 2A, 4B, 24A, 28A, 34B, 92A, 92B, 128A, 129A and 

129B; these differences involve the side-chains of Glu, GIn and Lys residues, and the 

chain termini, for which the structure is poorly defined. 

Eighteen of the 46 lattice contacts in the structure of apo-azurin correspond to contacts 

found in the structure of reduced azurin, and 25 correspond to contacts in the oxidised 

structure. Hydrogen bonds which are underlined in Table 4.3. 1 . 1  indicate that a similar 

contact is made in reduced azurin, while those in bold are found in the oxidised structure. 

The differences in the lattice contacts between the apo- and two other redox forms involve 

flexible or poorly defined parts of the structure (e.g. 9 of these hydrogen bond contacts 

involve the C-termini of the polypeptide chains). 

The crystal structure of apo-azurin contains twenty-two non-hydrogen bonding lattice 

contacts « 3.5A) of which only three are common to both protein molecules. Many of the 

these lattice contacts are associated with intermolecular hydrogen bonds but five contacts 

are made between atoms in the hydrophobic patches of the two molecules. Of special 

interest is the absence of contacts between the main-chain atoms of residues 1 15 and 1 16, 
which are present in the oxidised and reduced forms of azurin. In apo-azurin these 

contacts are >3.5A, but are 3. 1 8-3.38A and 3.30-3.39A in the oxidised and reduced 
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structures, respectively. This suggests there could be a slight repacking of the molecules, 

accompanying the small change in the unit cell dimensions. Table 4.3. 1 .2 lists the non

hydrogen bonding contacts of apo-azurin, and includes some additional contacts with 

distances beyond 3.5A (in italics) for comparison with the oxidised and reduced forms. 

In addition to the lattice contacts made between protein molecules, 29 lattice contacts are 

made through bridging water molecules. Of these water molecules, only three pairs of 

solvent molecules (OW 1 37 ,  OW 1 39 and OW 162) make hydrogen bonds to 

equivalent regions of the two protein molecules. 

Table 4.3.1.1. Intennolecular hydrogen bonds in the crystal structure of apo-azurin. 

Hydrogen bond 

O El 2A.NI; 34B 

.!U;2 23A-rsS2� 
Q �:lA-rs tiSU 

N I; 24A-0 65B 
NI; 24A-0 129B 

NI; 24A-O£ 129B 
O £t 28A-N 92B 

Nc2 28A-O 92B 

Q JSA-IS :iDA 
IS :lOA-Q J8A 
Q Si�A-IS,� 

!io2 6SA-QS2--llA 
IS IISA-Q �:lU 

Oy 92A-Ocl 4B 

Q.y 92A·QE2� 
Oy 94A-Oa 4B 

Oy 128A-NS2 129B 
o 129A-NI; 24B 

.!U;t U2A-rs,..l:lB. 

NS2 129A-0 l29B 

Distance 
(A) 

3.01 

2.80 
3.00 
2.66 
3.21 

2.77 
3 .05 
3 . 12 

2.92 
2.92 
3.08 
2.80 
2.84 

3.04 
3 .26 
3 . 10  
3. 1 1  
2.75 

2.90 

2.7 1 

Symmetry Hydrogen bond Distance 
operation (A) 

- 1/2+x, 1/2+y,z 
0£1 4B-Oy 92A 3 .04 

Q.e2�y...2M 3.26 

0£2 4B-Oy 94A 3 . 10 
-1/2+x, l/2-y,-z .!U;2 23B·rsS2....6.5Jl 2.95 
-1/2+x, 1/2-y,-z Q �:lU·rs liSA 2.84 
-1/2+x, l/2-y,-z IS..s �:lB-Q II�A 3.08 
l/2-x,-y,-l/2+z 

IS..s 24B-QSl..mA 2.90 
l/2-x,-y,-I/2+z 
-l/2+x, l/2+y,z 
- 1/2+x,l/2+y,z 

N I; 34B.0£1 2A 3.01 
l/2-x,y,1/2-z Q J8B-IS :laB 2.80 
l/2-x,y,1/2-z IS :lflB-Q JBB 2.80 

-x, l/2+y, 1/2-z o 65B-NI; 24A 2.66 
- l/2+x, l/2-y,-z IS.o2 6SB-QS2..m 2.95 
-x,l/2+y, I/2-z IS IISB-Q �:lA 2.80 

N 92B-0£1 28A 3 .05 
o 92B-Na 28A 3 . 12 

- 1/2+x,l/2+y,z 
-1/2+ x, 1/2+y,z 
- 1/2+x, l/2+y,z 
1/2-x,-y,-l/2+z 
1/2-x,-y,-l/2+z o 129B-NI; 24A 3.21 

o 129B-NS2 129A 2.71 
l/2-x,-y,-l/2+z O SI 129B-N1; 24A 3 . 12 

NS2 129B-Oy l28A 3 . 1 1  
l/2-x,-y,-l/2+z 

O£ 129B-NC 24A 2.77 

Symmetry 
operation 

- l/2+x,I/2+y,z 
- 1/2+x,I/2+y,z 
- 1/2+x,l/2+y,z 

l-x,-l/2+y,l/2-z 
-x,l/2+y, l/2-z 
-x,l/2+y,l/2-z 

l/2-x,-y,-l/2+z 

- l/2+x, l/2+y ,z 
x,-y,-z 
x,-y,-z 

- l/2+x, l/2-y,-z 
l -x,-I/2+y,I/2-z 
- l/2+x, l/2-y,-z 
- l/2+x,l/2+y,z 
- 1/2+x,I/2+y,z 

1/2-x,-y,-I/2+z 
l/2-x,-y,-I/2+z 
l/2-x,-y,-I/2+z 
l/2-x,-y,-I/2+z 

l/2-x,-y,- l/2+z 
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Table 4.3.1.2. Non-hydrogen bonding lattice contacts in the crystal structure of apo-azurin. 

Lattice Contact Distance Symmetry Lattice Contact Distance Symmetry 
(A) operation (A) operation 

N lB-Cy2 6lB 2.89 l-x,-l/2+y,l/2-z 
C� IB-Ca 58B 3.16 l-x,-l/2+y,l/2-z 

� 2.67 x,y,z � 2.67 x,y,z 
o 25A-CD2 68B 3.36 -l/2+x, l/2-y,-z o 25B-C1)2 68A 3.24 -x, l/2+y,1/2-z 

�1 32B-OO 94A 3.39 -l/2+x, I/2+y,z 
CE 38A-O 1 19B 3.53 1/2-x,y, l/2-z CE 38B-O 1 19A 3.37 x,-y,-z 

C� 40B-O 89B 3.29 x,-y,-z 
o 43A-CI3-ll21! 3.61 x,y,z o 43B-Cjill2A 3 .45 x,y,z 

&1 �lB-Ca 2QA 3 .14 -x,y,l/2-z 
Ca 58B-C� lB 3.16 l-x,-l/2+y,l/2-z 
Cy2 6lB-N lB 2.89 l-x,-l/2+y,I/2-z 
CE 64B-Cy 1 15A 3.20 x,y,z 

CI)2 68A-O 25B 3.24 -x,l/2+y,l/2-z CI)2 68B-O 25A 3.36 -l/2+x, I/2-y,-z 
0 89B-C� 40B 3.29 x,-y,-z 

Co 90A-N£1..illi 3.14 -x,y,l/2-z 
Qy 24A-C£1 32B 3.39 -l/2+x,I/2+y;Z 
Cy 1 15A-C£ 64B 3.20 x,y,z 

Q USA-Ca-1l.6ll 3.65 x,y,z Q 11 �B -C a--1.liA. 3.55 x,y,z 
c.a 116A-Q 11SB 3.55 x,y,z c.a 116B·Q l1SA 3.65 x,y,z 

o 1 19A-CE 38B 3.37 x,-y,-z o 1 19B-CE 38A 3 .53 l/2-x,y,l/2-z 
CR 1 19A-O 43B 3.45 x,y,z CR 1 19B-O 43A 3.61 x,y,z 

4.3.2 Comparison of the main-chain structure 

Overall, the differences in the main-chain between the two apo-azurin molecules follow 
the same pattern as for the two molecules of reduced azurin. To avoid repetition, these 
will not be dicussed in detail. 

Superposition of the main-chain 

Superposition of the two molecules of apo-azurin was done as for reduced azurin (section 
3 .3)255. All main-chain atoms were used except for the N- and C-termini (residues 1 -2 
and 1 28- 1 29), since these regions have large differences in their main-chain 
conformations between the two molecules .  The transformation for superimposing 
molecule B on to molecule A with the best fit is given below, such that R.� + T = XA ,  
where R is the rotation matrix, T the translation vector, and XA, 2m the orthogonal 
coordinates of molecule A and B, respectively. i.e. 

[ -0. 1 1692 0.99285 0.02389 ] [XB ] [ 20.08621 ] [XA ] 
0.99249 0. 1 1 593 0.03908 x YB + - 16.96780 = YA 
0.03603 0.02828 -0.99895 Z B  - 12.74946 ZA 
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Alternatively, the transformation can be expressed as a rotation of 1 79.So about the local 

2-fold axis. Figure 4.3.2. 1 plots the average deviation in main-chain atom position as a 

function of residue number. The r.m.s. deviation for main-chain atom positions between 

residues 3 and 1 27 is 0.288A. The regions with the least agreement between the two apo

azurin molecules (L\x > o.sA) are at residues 1 -2, 2S, 69, 1 03- 1 04 and 1 27-129, which 

belong to the termini and certain loops on the surface of the protein. The best agreement 

between the main-chain atoms appears in the residues which correspond to the �-strands 

and the single a-helix of the structure, where average deviations in main-chain atom 

positions range from o.osA to 0.2sA. When separated into secondary structural 

elements, the r.m.s. deviation in main-chain atom positions is 0.22A for residues of the 

�-strands, and 0.2 1A for residues of the a-helix. 

1 .2 �--------------------------------------------------------�;' 
5.579A 3.012A 

O.O��-r-,T-,,��r-.�'--r��-'I�r-T-��,�r-T-�-r��-'--r-.� 
o 1 0  20 3 0  4 0  5 0  60  7 0  8 0  90  100 1 1 0  120 130 

Residue Dumber 

Figure 4.3.2.1. Average deviation in main-chain atom positions between the two superimposed 
molecules of apo-azurin. 

Comparison of the main-chain torsion angles 

The main-chain torsion angles (<\>,'1') agree well between the two apo-azurin molecules. 

The r.m.s. deviation in torsion angles calculated from all residues is 1 9.3°, but this value 

drops to 7.0° when residues 1 -2 and 1 28- 1 29 are excluded. Figure 4.3.2.2 shows the 

differences in <\> and 'V between the two molecules of apo-azurin. While for the majority of 
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the residues torsion angles agree within 10°, a few isolated values disagree by as much as 

20°. These poorly agreeing sections include residues 56-57 and 105-106, which are 

loops on the surface of the protein and are remote from the copper binding site. The 
sections of the main-chain with the best agreement in $ and ", are in the �-strands with an 

r.m.s. deviation in ($,,,,) of 6.0°, and the a.-helix, for which the agreement is slightly less 

(r.m.s. �$'" = 8.0°).  

30 
.........•....... , �«I>I 

20 

� 
0 

10 
� <l 
T 

0 
:e: <l 

-10 

o 1 0  20 30 40 50 60 70 80 90 1 00 1 1 0 120 130  

Residue Number 

Figure 4.3.2.2. Deviation in the main-chain torsion angles (<1>,'1'). Values for (I�<I>I,I�'I'D for the N
and C- termini are Ala-I :::: (-, 173), Gln-2 :::: (164, 1 10), Ser-128 :::: (102, 5), Asn-129 :::: (24, - ). 

Thermal parameters 

Figure 4.3.2.3 shows the level of agreement in the average main-chain atom B-values 

between the two apo-azurin molecules. These give an r.m.s. deviation of only 4.2A2. 

Since the B-values were refined independently for each protein molecule, the agreement 

testifies to the validity of these parameters as a representation of the thermal motion and 

disorder of the structure. As in the reduced structure, the highest B-values correspond to 

those sections of the main-chain which have the largest deviation in atom position. 

Similarly, the lowest B-values in the main-chain correspond to those residues with the 

smallest deviations in atom position. 
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Figure 4.3.2.3. Average B-values for main-chain atoms of apo-azurin. 

4.3.3 Comparison of the side-chain structure 

Superposition of the side-chains 

The same transfonnation matrix used to superimpose the main-chain structure was used 

to compare the side-chains between the two apo-azurin molecules. Figure 4.3.3. 1 shows 

the average deviation in side-chain atom positions for each residue, and as in the reduced 

structure, the agreement between the two molecules can be divided into three general 

categories, i.e. with the average deviation 1 )  <o.6A ( 1  r.m.s.) ,  2) O.6- 1 .2A (2 r.m.s.) 

and 3) >1 .2A. 

The fIrst category « o.6A) contains most of the sidechains which are buried in the interior 

of the molecule, and in particular, includes the side-chains of the binding site. The next 

category (O.6- 1 . 2A) comprises many side-chains which reside on the surface of the 

protein molecule, and are in contact with the solvent. Of charged residues in this group, 

there are 8 Lys, 4 Giu and 1 Asp. The last division (> 1 .2A) contains the N- and C

termini, 3 Lys, 3 GIu, 2 Met and 1 Asp. Virtually all of these side-chains are poorly 

defined in electron density maps of either one or both protein molecules, with the 

exception of Met- 1 3  and Met-64 for which the differences are caused by intermolecular 

contacts (see section 4.3. 1 ). 
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Figure 4.3.3.1. Average deviation in  side-chain atom positions between the two molecules of 
apo-azurin. 

Overall the differences in the positions of the side-chains of apo-azurin are similar to 
those found in reduced azurin, i.e. the largest deviations in position occurring in 
side-chains on the surface of the protein, and the smallest in the most well defined or 
buried side-chains. However, some exceptions are appaIent, since a few side-chains on 
the surface of the protein show good agreement between both molecules, despite being 
poorly defined in the electron density maps. For several of these, however, the side
chains were rebuilt during refinement according to the conformation observed for 
whichever molecule had clearer electron density (e.g. GIu··53, Glu-55, Thr-61 and Lys-
10 1 ) . 

Comparison of side-chain torsion angles 

As expected, the side-chain torsion angles, which were left unrestrained during 
refinement, are very similar between the two protein molecules. The r.m.s. deviations in 
XI-X4 are 12.8° (95 pairs), 19. 1 °  (62 pairs), 40.7° (24 pairs) and 42. 1 °  ( 13  pairs), 
respectively. This shows the same trend as was observed in the reduced azurln structure, 
where the agreement is best for Xl and gradually deteriorates until X4. The relationship 

between buried side-chains (defined as those residues with a solvent accessibility less 
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Figure 4.3.3.2. R.m.s. deviations in side-chain torsion angles (X l-4) of apo-azurin for buried, 
hydrogen bonded, surface and overall side-chains. 
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Figure 4.3.3.3. Average B-values for the side-chain atoms of the two apo-azurin molecules. 
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than sA2 per atom23 5), hydrogen bonded side-chains and surface side-chains in 
apo-azurin is identical to that found in reduced azurin (see Figure 4.3.3.2). R.m.s. 
deviations in X I -X3 for buried residues are 9.2° ,9.4° and 25.2° , respectively; for 
hydrogen bonded side-chains are 1 1 .4°, 1 2.7° and 3 1 .9°, respectively; and for surface 
side-chains are 44.9°, S 1 .So, 76.4° and 60.3°, respectively. 

Thermal parameters 

Analysis of the side-chain B-values of apo-azurin gives a similar conclusion to that found 
for the main-chain B-values. The B-values between the two protein molecules agree well 
(r.m.s deviation for the average B-value of side-chains is 6. 1 1A2), and also confIrms 
their validity as physical parameters (see Figure 4.3.3.3). As was noted before, the 
largest differences in the B-values occur in those parts of the protein which are more 
clearly defIned in one molecule than the other (e.g. residues 53-56). 

4.3.4 Comparison of the hydrogen bonds 

Since most of hydrogen bonds were not geometrically re:strained during refInement, a 
comparison of the hydrogen bonds between the two indc�pendent molecules will give 
another indication of the accuracy of the structure. The hydrogen bonds were calculated 
and analysed in the same manner as for reduced azurin. The same criteria for defIning a 
hydrogen bond were also used, (i.e. distances less than 3 .sA without a hydrogen atom or 
2.sA with hydrogen atom, and hydrogen bond angles greater than 90°). 

Hydrogen bonding structure 

There are very few differences in the hydrogen bonding structure between the two 
apo-azurin molecules. These differences are listed in Table 4.3.4. 1 ,  and those hydrogen 
bonds which have "marginal" geometry (Le. O . . .  H>2.3A or O . . . N>3.3A for distances, 
or any angle less than 100°) are in italics. All of the residues involved in these hydrogen 
bonds reside on the surface of the protein molecule, and are either in regions where the 
electron density is poorly defmed or belong to flexible parts of the molecule. About half 
( 10 of 22) of the hydrogen bonds are "marginal" .  Some of the differences may be the 
result of differences between the crystal lanice contacts of the two molecules, especially at 
Gln-2, Met-39, Ser- 128 and Asn- 129. 
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Table 4.2.3.1. Differences in the hydrogen bonding between the two apo-azurin molecules. Where 
there are 0 . . . H-O interactions the geometry is listed as C-O . . .  0, 0 . . .  0 and O . . .  O-C. 

molecule A molecule B 
N-H . . .  O H . . .  O H . . .  O-C N-H. . .  O H . . .  O H . . .  O-C 

(0) (A) (0) (0) (A) (0) 

main-chain . . .  main-chain 
N 24  . . .  0 128 132 2 .32 134 
N 56 . . .  0 53 160 2.39 103 
N 73 . . .  0 70 160 2 .45 120 

N 77 . . .  0 74 134 2.10 148 
N 80 . . .  0 77 162 2 .40 109 
main-chain . . .  side-chain 
N 3 . . .  0£1 2 151  1 .84 129 
N 10 . . .  001 10 1 02 2 .45 98 

N 14 . . .  001 10 146 2 .37 157 

N 39 . . .  001 1 1  141 2.34 114 

Nt; 4l . . .0 86 125 3 .08 146 
N 47 . . .  001 47 109 2 .39 101 

N 94 . . .  0�H 93 133 2.33 90 

N 100 . . .  002 98 158 1 .48 146 
Nt; 101. . .0 81 135 2.96 143 
side-chain . . .  side-chain 
N02 10 . . .  0£1 14 161 2.22 146 
Nt; 4 1 . . .0£1 91 1 73 3 .30 117 

Nt; 74 . . .  001 62 167 2.65 126 
Nt; 85 . . .  001 93 116 3 .23 1 14 
Or 100 . . . 001 98 126 2.83 131  
0T! 108 . . .  0£1 106 100 3.28 103 
Nt; 122 . . .  0£1 53 93 2.66 125 
Oy 128 . . .  0£ 129 128 3 . 15  125 

Variation in the hydrogen bond geometry 

The variation in the hydrogen bond geometry between the two apo-azurin molecules is 

similar to that found in the reduced structure. The r.m.s. deviation between 60 pairs of 

main-chain . . .  main-chain hydrogen bond distances and angles, is O. 16A (58 pairs) and 

7 . 1 0  (57 pairs), respectively. Main-chain . . .  side-chain interactions, both local and 

crosslinking (total 25 pairs) show less agreement, with r.m.s. deviations of O.22A for 

distances (22 pairs) and 7 .30 for angles (23 pairs) . In contrast, side-chain . . .  side-chain 

hydrogen bonds, including salt bridges (total 9 pairs), show rather good agreement, 

r.m.s. deviations of O. 12A for distances and 8.60 for angles. However these latter are 

few in number, and several had to be restrained during refinement as they were otherwise 

too short. Thus their level of agreement is probably artificially low (see Section 4. 1 ). 

When the hydrogen bonds are analyzed with respect to their secondary structure 

assignment, the r.m.s. deviation of hydrogen bond distances and angles in the �-sheets is 
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0. 17A and 5 .9°, respectively. The values are similar for the hydrogen bonds in the a,

helix, 0. 14A for distances and 10.4° for angles.  In contrast, hydrogen bonds associated 
with the loops of the structure agree somewhat less  well between the two molecules; 
r.m.s. deviations in distances and angles of 0. 19A and 10.9°, respectively. Generally, the 
agreement in the hydrogen bond geometries between the two molecules of apo-azurin is 
similar to that found in the structure of reduced azurin. 

4.3.5 Comparison of the binding sites and their surrounds 

Like the copper sites of the other forms of azurin, the binding site of apo-azurin shows 
less variation in structure between the two protein molecules than the rest of the protein. 
Superposition of the residues which make up the binding site (Gly-45, His-46, Cys- 1 12, 
His- 1 17 and Met- 121 )  gives an r.m.s .  deviation in atom positions of 0. 15A. Figure 
4.3.5 . 1  is a superposition of the two binding sites, illustrating the good level of 
agreement. This level of agreement is comparable to that found for the copper sites of the 
other two forms of azurin (0. 14A oxidised and 0. 1 6A reduced azurin). The r.m.s. 
deviation in the atom positions for the protein structure surrounding the binding site is 
0.20A, a value comparable to the agreement in the reduced form of azurin (r.m.s. = 

0.21 A). Of the hydrogen bonds which surround the binding site (22 pairs), the r.m.s. 
deviation in their geometries is 0. 19A and 7.90 for hydrogen bond lengths and angles, 

respectively. Omitting three "outliers" reduces these r.m.s. deviations down to 0. 1 3A and 
6.0°, respectively. 

The agreement in the torsion angles between the two binding sites is also comparable to 
the agreement found in the copper site of the reduced structure. The r.m.s. deviation for 
main-chain torsion angles (<»,'11) and side-chain torsion angles (X) of the binding site 
(Gly-45, His-46, Cys- 1 12, His- l  17 and Met- 1 2 l )  is 8.0° and 6.6°, respectively. Note, 
however, that the r.m.s .  �<»'II drops to 5 . 10  if the two largest values are omitted (Cys-I I2 
�<» = 14° and His- 1 l7 �'II = 1 5°). 

In the structural analyses of oxidised and reduced azurins, the copper distances were 
compared between the two molecules of the asymmetric unit to give an indication of the 
accuracy at the active site. Although copper distances can not be given for the binding site 
of apo-azurin, distances can be measured between the copper binding atoms, i.e. 0 45, 
N 01 46, Sy 1 12,  No 1 1 17 and So 1 2 1 .  Table 4.3 .5 . 1  lists these distances for both 
molecules. The r.m.s. deviation for all of these distances is O. I IA, which drops to o.o8A 
if the two largest differences are omitted. In comparison, the r.m.s. deviation in copper 
distance is o.o6A for the reduced azurin and o.o4A for the oxidised azurin.  Similarly, an 



215 

Figure 4.3.5.1.  Stereo view of  the copper binding sites from the two apo-azurin molecules 
superimposed on each other using the atoms of Gly-45, His-46, Cys-1 12, His- l 1 7 and Met-121 .  
Molecule A in yellow and molecule B in blue. 

Table 4.3.5.1. Distances in Angstroms (A) between the atoms of ·the apo-azurin binding site. 

Molecule A Molecule B Avenme 
o 45 . . .  N�1 46 3 . 16 3.25 3.21 

o 45 . . .  Sy 1 12 4.29 4.24 4.27 

o 45 . . .  N�1 1 17 3.42 3.57 3.50 

o 45 . . .  S� 121 6.01 6.08 6.05 

N�l 46 . . .  Sy 1 12 3.67 3.87 3.77 

N�l 46 . . .  N�l 1 17 3 . 19  3.36 3.28 

N�l 46 . . .  S� 121 3.3 1 3.38 3.35 

Sy 1 12 . . .  N�l 1 17 3.59 3.49 3.54 

Sy 1 12 . . .  S� 121 4.12 4. 17  4.15 

N�l 1 17 . . .  S� 121 3.89 3.92 3.9 1 

indication of the agreement in the angles of the binding site can be obtained by comparing 

the angles between the various ligands (e.g. 0 45" .S1 1 12 . . .  So 12 1).  This gives an 
r.m.s. deviation in angles of 3.00, compared to 3.90 and 3.70 for the copper angles of 

oxidised and reduced azurins, respectively. 

Hydrogen bonds involving the sulphur of Cys-l12 

With the absence of a copper atom in the active site, the sulphur at Cys- 1 12 is assumed to 
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be protonated at pH 6.0, resulting in two extra possible hydrogen bonds. The occurrence 

of these thiol (SH . . .  N) hydrogen bonds was discussed in section 4.2.7. Here, a 

comparison between the two protein molecules is presented. Table 4.3.5.2 lists the 

hydrogen bond geometries for the S . . .  HN and SH . . .  N interactions. The geometry of the 

S . . . HN interactions agrees well, with differences of 0.04-0.08A for S . . . H distances and 

3-8° for S . . .  H-N angles. Including a thiol hydrogen atom in a staggered conformation 

(torsion angle of Cn-Cf3-SrH = 180°), the variation in SH . . .  N geometry is greater than 

that for the S . . . HN hydrogen bonds with differences of 0.29A for H . . .  N distances, and 

5- 1 2° for S-H . . .  N angles. Note that with a calculated thiol hydrogen atom, the H . . .  N 

hydrogen bond distances suggest that the thiol hydrogen binds more strongly to His-46 in 

molecule A, but more strongly to His- l 17 in molecule B, whereas the S . . .  N distances 

suggest that the thiol binds more strongly to His- 1 17 in both molecules. This is 

presumably due to slight variations in the orientation of the Cn and Cf3 atoms of Cys-1 12, 

and the consequent difficulty in defining the hydrogen position. 

Table 4.3.5.2. S . . .  HN and SH . . .  N hydrogen bond geometries of the two apo-azurin molecules. 

Molecule A Molecule B 
S . . .  HN C-S . . .  H S . . .  H S . . .  H-N C-S . . .  H S . . .  H S . . .  H-N 
SI' 1 12 . . . H-Nol 47 101° 2.62A 160° 109° 2.S4A 163° 
SI' 1 12 . . . H-NOl 1 14 1 1 1° 2.76A 160° 106° 2.soA 163° 

SH . . .  N C-N . . .  H N . . .  H N . . .  H-S C-N . . .  H N . . .  H N . . .  H-S 
No! 46 . . . H-Sy 1 12 1 16° 2.46A 1490 1210 2.7SA 1400 
N�)1 1 17 . . . H-Sy 1 12 1 17° 2.7SA 1 170 1 120 2.49A 1290 

4.3.6 Comparison of the solvent structure 

Of the 265 solvent molecules in the asymmetric unit of apo-azurin, there are 78 pairs in 

which the two molecules are related to each other, within 2A, by the 2-fold non

crystallographic axis. Only three of these pairs are "unique" to the crystal structure of 

apo-azurin (labelled 401-403), while the remaining pairs are located in positions which 

correspond to solvent molecules in either oxidised or reduced azurin.  Those solvent 

molecules which do not have a 2-fold equivalent ( 109) generally have large B-values 

(>60A2). 

Three sulphate anions are present in the asymmetric unit. Two of these are equivalent, 

located in the sulphate binding site of each molecule, and show the same level of variation 

in position (average difference in atom positions is 0.65A) as was seen in reduced azurin 

(see Figure 4.3.6. 1) .  The other anion lies on a 2-fold crystallographic axis. 
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Figure 4.3.6.1. Variation in the positions of the sulphate anions in the sulphate binding site of the 
two molecules of apo-azurin. Molecule A in yellow and molecule B in purple. 
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Chapter 5 : Conclusions and Discussion 

The crystal structures of apo and reduced azurins have been determined by X-ray 

diffraction methods, and refined to high resolution (2.2A and 1 .9A, respectively). 

Analysis and comparison of these structures show that they are virtually identical with the 

structure of oxidised azurin 3 1. Of the differences which are apparent in structure between 

the three forms, most are small with the largest appearing in the more flexible and poorly 

defined regions of the protein. Such differences can not be considered !fJJ1. changes 

caused by the reduction of the protein or the removal of the copper. Instead, they reflect 

the low accuracy of the structure for these regions. There are, however, some small 

changes near the copper binding site, a well ordered part of the protein, which may be 

dependent on the redox state or presence of the copper. These changes are just above the 

level of accuracy, and because of the limited resolution of these structures, most of them 

can not be considered truly significant. However, these changes are consistent between 

the two independent molecules of the asymmetric unit, and are discussed and summarized 

in the sections below. 

The structural differences between apo, oxidised and reduced azurins also have 

implications for protein function. The comparison of the three structures has presented an 

opportunity to relate the changes made upon reduction or copper removal to the ability of 

azurin to provide fast, efficient, electron transfer. In Section 5.3,  this is discussed in 

terms of how the protein utilises the copper at the active site to achieve its functional role. 

Finally, some suggestions are made in Section 5.4 for future research into the structure 

and properties of azurin. 

5.1 Conclusions from the structure of reduced azurin 

5.1 . 1  Structural changes upon reduction 

The structure of reduced azurin and its comparison with the oxidised form, show that 

upon reduction the protein undergoes minimal change either at the copper site or 

elsewhere. The majority of the changes in the structure are located on the surface of the 

protein either in loops of the polypeptide chain or in side-chains which extend out into the 

solvent. Since these regions are associated with high B-values or are unclear in electron 

density maps, their differences are probably not significant and can not be regarded as 

real changes related to the process of reduction. 

Although the majority of the differences in the protein structure between the oxidised and 
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reduced fonns can not in all probability be attributed to the process of reduction, there are 
a few small changes which can, especially since these changes are consistent between the 
two independent molecules of the asymmetric unit. All of the reduction dependent 
changes are at or near the copper site, and include 1 )  an increase in all of the copper
ligand distances by 0.05-0. l OA, 2) a decrease in the S . . .  N distances by "",0.2A for the 
two S . . .  HN hydrogen bonds involving Cys- 1 12, 3) small changes in the main-chain 
torsion angles for the (X-turn which precedes Gly-45, and 4) small shifts in the main-
chain atom positions of the 1 12- 1 17 loop. The overall copper geometry and the general 
arrangement of the copper ligands, however, remains essentially unaltered upon 
reduction. 

All of the structural changes which occur at the copper site upon reduction can be 
explained in tenns of the chemical coordination preferences of the two oxidation states, 
Cu(J) and Cu(II). The copper geometry alters slightly from trigonal bipyramidal in the 
Cu(IJ) state towards a more trigonal geometry in the Cu(I) state. The increases in the Cu
N(His) and Cu-S(Cys) distances are typical of the differences in the metal-ligand bond 
lengths between Cu(IT) and Cu(I) complexes47,l72,258. This expansion can also be seen 
as a steric effect in response to the increase in the metal radius by 0.05A2S6, where the 
physically larger Cu(I) ion effectively pushes these ligands further out from the center of 
the active site. The increases in the copper distances to the carbonyl oxygen of Gly-45 
and the thioether sulphur of Met - 121  also reflect the change in the preferences of the metal 
oxidation state. The ability of Cu(IJ) centres to fonn long metal-ligand bonds is well 
known, a result of the lahn-Teller effect on its d9 electronic configuration. Cu(I) centres 
on the other hand, do not have this tendency to fonn long metal-ligand interactions 
because their electronic configuration is dlO. Furthennore, the loss of a positive charge at 
the copper would cause a reduction in any electrostatic interaction between the metal and 
these groups .  

Other changes near the copper site, however, were less expected than those above. The 
most prominent change is the shortening of the S . . .  HN hydrogen bonds made to Cys-
1 12. This change can not be a steric effect, because the increase in the Cu-S(Cys) bond 
length ("",o. l A) is less than the distance shortened in these hydrogen bonds ("",o.2A), and 
the direction of the Cu-S(Cys) bond is nearly perpendicular to the direction of the S . . .  HN 
hydrogen bonds. Instead, this change is explicable on electrostatic grounds. As the 
copper site is reduced, the electron density on the S,. 1 12 increases due to the extra 
electron which is delocalised between the sulphur and copper. This in turn strengthens the 
electrostatic interaction between the sulphur and amide hydrogens. Such shifts in S . . . HN 
hydrogen bonds have been previously noted in high potential iron protein, where the 
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Fe4S4Cys4 cluster expands by 0. 16A upon reduction, and the S . . .  HN hydrogen bond 

lengths shorten by 0. 1 -0.2A243,325. The magnitude of the S . . .  HN shift might be 

expected to be greater in azurin because the additional electron is confined to one metal 

centre rather than being distributed over four metal centres as in HiPIP. That it is not 

could be due to chemical or structural differences between the two redox centres, 

although it should also be remembered that the changes concerned are small. 

Another unexpected structural change upon reduction occurs in the polypeptide loop 

preceding Gly-45. Here, some of the main-chain torsion angles (4),\11) were shown to alter 

by up to 1 5° (the r.m.s. deviation for the whole molecule is 8°). Presumably, these 

changes are related to the increase of ""o.IA in the Cu . . .  O 45 distance. If so, then these 

changes could be viewed as a re-adjustment of the protein structure after being released 

from a weak interaction between 0 45 and the Cu(II) centre. The shifts in the main-chain 

torsion angles are very small, and consequently, the magnitude of the interaction between 

o 45 and Cu(II) can probably not be considered a covalent bond, however weak. Rather 

the Cu(Il) . . .  O 45 interaction is more likely to be electrostatic, since in the oxidised form 

the +2 charge on the copper is only countered by the - 1  charge of the thiolate sulphur of 

Cys-1 12. Upon reduction, the charge is effectively neutralised by the reducing electron, 

and most of the electrostatic interaction between the copper and 0 45 is lost. 

Finally, small shifts are also observed in the two residues Pro- 1 15 and Gly- 1 16, which 

form part of the loop between the copper ligands Cys- 1 12  and His- 1 17, and reside on the 

surface of the protein. The shift is small (",,0.2A), and like the changes in the loop 

preceding Gly-45, they are probably a re-adjustment of the protein structure due to the 

changes at the copper site. In particular, the movements may be related to the increase in 

the Cu-No! 1 17 bond length, because the carbonyl oxygen of Pro- 1 15 makes a van der 

Waals contact of "" 3A with the imidazole ring of His-1 17 . 

Comparison with plastocyanin 

When comparing the structural changes in azurin upon reduction with those in 

plastocyanin, it should be noted that the structures of reduced plastocyanin are 

complicated by the presence of two pH-dependent forms of the copper site; one redox 

"inactive" and the other redox "active". At intermediate pH values, the copper site of 

plastocyanin is a weighted average of the two pH forms. Consequently, to determine the 

actual Cu(I) geometry of the redox "active" form, since the crystals could not withstand 

basic pH conditions, the copper distances were extrapolated from those obtained at 

intermediate pH values. In the reduced structure of azurin, however, the copper site is not 
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complicated by the presence of a redox "inactive" form, and hence the "active" Cu(I) 

geometry can be determined directly. 

Some of the changes in the copper geometry of plastocyanin, as determined by 

extrapolation, are comparable to those found in azurin. Both Cu-N(His) bonds in 

plastocyanin lengthen by ""O.os-o. l oA upon reduction, similar to the increases in the 

corresponding ligands in azurin (""o.oSA). The copper-sulphur distances on the other 

hand do not change significantly in plastocyanin, in definite contrast to the ""o. lOA 

increase in Cu-S(Cys) and Cu-S(Met) in azurin. Although no comment was made by 

Guss et al. 122, there are also changes to the S . . . HN hydrogen bond (Sy 84 . . .  N 38) upon 

reduction. At both pH extremes the S . . .  N distance increases rather than decreases as in 

azurin. At pH 3.8,  the lengthening of the S . . .  HN hydrogen bond (",,0. 1 8A) can be 

attributed to the shift in the Sy 84 atom as the copper site changes from the "active" to the 

" inactive" form, while the increase in the S . . .  N distance in the pH 7.0 form is smaller at 

o.osA. Although, the Sy 84 . . .  HN 38 hydrogen bond appears to increase upon reduction, 

an "incipient" S . . .  HN interaction between residues 84 and 87 does decrease in distance 

upon reduction by �.2-0.4A in both "active" and "inactive" forms. 

5.1.2 The Cu . . .  Ss 121 distance and EXAFS 

One important fmding from the crystal structure of reduced azurin is the relationship (or 

lack of it) between the copper distances determined crystallographic ally and those from 

EXAFS experiments. Copper distances determined from EXAFS experiments have 

identified a possible Cu-S(Met) distance of 2.7A for reduced azurin161 • The results from 

�he crystallographic refinement, however, disagree with fuis distance, and instead, put the 

eu-S(Met) distance at ::::::3.2A. Two different attempts at refming the Cu-S(Met) distance 

to the EXAFS value of ::::::2.7A, saw the distance return to the original value of ",,3.2A, 

despite tightly restraining it in both cases. Note that for plastocyanin and oxidised azurin, 

EXAFS experiments could not determine any value for the Cu-S (Met) distances 

160,162,163. Consequently, in light of the difficulties in determining this distance and the 

crystallographic evidence, the Cu-S (Met) distance of ::::::2.7 A from the EXAFS 

experiments is incorrect. (It must be noted, however, that the authors only tentatively 

assigned this distance at ::::::2.7A 161 . ) 

Certain conclusions can be drawn from the EXAFS experiments on reduced azurin and 

the other blue copper proteins. Copper distances to the three strongest binding ligands, 

the two imidazole nitrogens and the fuiolate sulphur, are probably close to the true copper 

distances as there is good agreement between crystallography and EXAFS. Beyond this 
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though, especially where weak bonds to the copper are concerned, EXAFS techniques 

have failed to resolve the correct distance between the copper and ligand. Reasons for this 

may be 1 )  the inability of atoms involved in such weak bonds to backscatter sufficiently 

to be detected, or 2) interference by the atoms of other ligands, especially when these 

atoms are at a distance from the metal centre similar to that of the weakly bonded ligand. 

This means that EXAFS experiments can probably provide reasonable metal-ligand 

distances for the primary coordination sphere, where the ligands are bound tightly to the 

metal, but for weaker bonds or interactions, the method fails to give reliable results. 

EXAFS techniques, however, show promise of being able to detect pH-dependent 

changes in the copper sites of blue copper proteins. This has already been shown for 

amicyanin 165 and umecyanin 164 for which crystal structures are not yet available. The 

copper site of arnicyanin appears to undergo a pH-dependent change similar to that seen 

in plastocyanin, where the Cu(I) geometry changes to NSZ coordination at low pH, 

whereas the copper coordination of umecyanin was shown to independent of pH, as for 

azurin161. 

5.1.3 pH-independent redox activity 

As noted previously, one of the most significant differences between azurin and 

plastocyanin is that the redox activity of plastocyanin is pH-dependent, switching off at 

low pH, whereas the redox activity for azurin is pH-independent. This raises the question 

of what structural elements of these proteins lead to the pH-dependence or independence 

in the redox activity. Although it is not possible give a definitive answer to this yet, some 

of the differences between the blue copper proteins may help in the understanding this 

"switching off' behaviour, and eventually lead to designing experiments which could 

provide an answer. 

Of the blue copper sites which to date have been structurally determined at high resolution 

(plastocyanin, azurin and pseudoazurin), all show the same basic ligand arrangement. 

Superimposing the main-chain and side-chain atoms of the four residues which make up 

the copper site (i.e. those corresponding to His-46, Cys- 1 12, His- l 17  and Met- 1 2 1  in 

azurin) gives r.m.s. deviations in the atom positions of 0.44A between azurin and 

plastocyanin, 0.49A between azurin and pseudoazurin and O.2 1A between plastocyanin 
and pseudoazurin (see Figures 5. 1 .3. 1 - 5 . 1 .3.3). The agreement between these three 

different copper sites reveals that there are only small differences in the arrangement of 

the copper ligands, and that the sites are so similar that the copper geometry is probably 
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Figure 5.1.3.1. Superposition of the copper sites from azurin (blue) and plastocyanin (yellow). 

Figure 5.1.3.2. Superposition of the copper sites from azurin (blue) and pseudoazurin (orange). 
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Figure 5.1.3.3. Superposition of the copper sites from pseudoazurin (red) and plastocyanin (yellow). 

not responsible for the pH-dependent/independent redox activity. Thus if the redox 
activity with respect to pH is not determined by the copper geometry the next option is to 
consider the protein structure surrounding the copper site. 

In plastocyanin, the pH-dependence of the redox activity is associated with the 
protonation and rotation of the copper ligand His-87 (equivalent to His-I 17  in azurin). 
Thus the most obvious candidates which may affect the pH-dependence of the redox 
activity are the residues which flank: either side of the imidazole ring of His-87(1 I7) on 
the surface of the protein. In plastocyanin, these groups are Leu- I2 and Pro-86, and pack 
around the copper ligand rather loosely (contacts of 3.9-4. IA and 4.5-4.9A, 
respectively). The corresponding residues in azurin, Met- I3  and Phe- 1 14, make much 
shorter contacts of ==3.6A and ==3.3A, respectively, and this results in a tighter constraint 
on His- I 17  , which may not allow rotation and protonation of the ring. These differences 
between azurin and plastocyanin, may explain the pH-dependence of the redox activity in 
plastocyanin and the lack of such an effect in azurin. 

An observation which bears on this question is that in site directed mutagenesis 
experiments on azurin, the Phe- 1 14� Ala mutant does not show significant pH
dependent redox activity between pH 6.0 and pH 7.01 88. Removing the phenyl ring 
which packs against His- I 17 would be expected to loosen the constraint on this copper 
ligand if the structure is maintained. However, this mutant was noted to have perturbed 
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optical and EPR spectra, and to be considerably slower in picking up Cu(II) than the wild 
type334, suggesting there has been some rearrangement of the structure. 

The only other blue copper protein with confirmed pH-dependent redox activity is 
amicyanin165,335-337. Unfortunately the 3-dimensional structure of amicyanin has not 
been determined yet, but a comparison of the amino acid sequences shows that the loop 
between the cysteine and the second histidine is almost identical to those in plastocyanin 
and pseudoazurin (see Table 5 . 1 .3. 1 ). Furthermore, the following loop is also small, 
suggesting that these two tight loops in amicyanin may leave the histidine less 
constrained. 

Table 5.1.3.1. Sequence alignments of the main binding loops in plastocyanin, azurin, pseudoazurin 
and amicyanin. 

plastocyanin 1 0 
poplar 

azurinlO 
Ale. denitrifieans 

pseudoazurin37 
Ale.faeealis S-6 

amicyanin 1 65 ,337 
Thiobacillus versutus 

84 
C 

1 1 2 
C 
7 8  
C 
93  
C 

A - P -

S F P G 

T - P -

T - P -

87  92 
H - Q G A G M 

1 1 7 1 2 1  
H - W - A M M 
8 1  86  
H - Y A M G M 
96  99  
H P F - - - M 

Consideration of the above loop sequences, together with the 3-dimensional structures of 
azurin3 1 ,  plastocyanin32 and pseudoazurin34, further suggests that plastocyanin, 
pseudoazurin and amicyanin form part of a larger family which is distinct from the 
azurins. The presence of a proline at the "n+2 " position following the cysteine prevents 
the formation of a hydrogen bond directly analogous to the Sy 1 12 . . .  HN 1 14 interaction 
in azurin. However, in both plastocyanin and pseudoazurin there is a weaker interaction 
involving the "n+3" amide (Sy 84 . . . HN 87=3.83A in plastocyanin and Sy 78  . . .  HN 8 1  
=3.76A in pseudoazurin). S imilarly, pseudoazurin34 shows the same rather loose 
packing around the imidazole ring of His-8 1  (closest contacts; Met-1 6  3.8-4.oA and Pro-
80 4. 1 -4.3A) as is seen in plastocyanin. 

Given these structural relationships it seems likely that amicyanin will show the same 
looser packing around His-96 as is shown by plastocyanin and pseudoazurin, and that 
this contributes to the pH-dependence of its redox activity. Further it seems likely that 
pseudoazurin will show the same pH-dependence, becoming redox inactive at low pH. 
The answers to these speculations, however, must await careful measurements of the 
effect of pH on the redox activity of pseudoazurin. 

It is also worth noting that the relative strengths of the S . . .  HN hydrogen bonds at the 



226 

copper site probably do 11121 play a role in the pH-dependence of its redox activity. 

Although the thiolate sulphur position may be more constrained in azurin as compared to 

plastocyanin (two strong interactions versus one strong interaction) and thereby 

preventing the formation of the redox "inactive" form, the shift in the position of Sy 
between the redox "active and "inactive" forms of plastocyanin is less than o. lA 122; a 

movement too small to be prevented by an extra S . . .  lIN interaction. 
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5.2 Conclusions fro m  the structure of apo-azurin 

5.2.1 Structural changes upon copper removal 

The basic configuration of the copper ligands is maintained after the removal of the 

copper atom. Although the copper binding site is very similar to the oxidised and reduced 

sites of azurin, there are small changes which are consistent between the two independent 

molecules of the asymmetric unit. The largest structural change occurs at the side-chain of 

Cys- 1 12, where the S1 1 12 atom moves towards the space vacated by the copper atom. 

This shift results in a lengthening and presumed weakening of the S . . .  HN hydrogen 

bonds made to the polypeptide chain. Also associated with the shift in S1 1 12 is the 

formation of two weak bifurcated SH . . .  N hydrogen bonds between the SH group of 

Cys- 1 1 2  and the N(5} atoms of His-46 and His- l 17 .  The contraction of the distances 

between the copper ligands, His-46, Cys- 1 1 2  and His- 1 17,  is primarily due to the shifts 

in side-chain atoms of Cys-1 12. 

Other changes at the copper binding site are smaller, and were identified by searching for 

the consistent shifts between the two independent molecules of the asymmetric unit. The 

carbonyl oxygen of Gly-45 moves away from the space vacated by the copper atom, with 

a resulting small increase in the 0 45 . . .  S(5 121  distance. Also observed are subtle changes 

in the main-chain structure of the a-turn preceding Gly-45, which cause slight changes in 

the geometries of the hydrogen bonds made at 0 40. A possible implication of the small 

increase in the 0 45 . . .  S(5 1 2 1  distance and the changes at the a-turn are that the carbonyl 

oxygen of Gly-45 does interact, albeit weakly, with the Cu(I!) centre in oxidised azurin. 

Since shifts similar to this occur upon reduction of oxidised azurin, it seems likely that 

some form of a weak electrostatic interaction between the Cu(II) centre and 0 45 exists. 

Furthermore, in apo-azurin the orientation of Gly-45 is more like that of reduced azurin 

than oxidised azurin. This is the only part of the apo-azurin structure which is more like 

the reduced form than the oxidised form and fits with the suggestion of a weak 

electrostatic interaction between Cu(II) and 0 45. Removal of the Cu(II) ion would 

remove a net + 1 charge from the active site, just as occurs in the reduction of azurin. 

Figure 5.2. 1 . 1 illustrates the differences at Gly-45 between apo, oxidised and reduced 

azurins. 

The overall structure of apo-azurin shows greater similarity to the oxidised structure than 

to the reduced structure. This is also the case for the copper binding site, as is most 

clearly shown in the conformation of the side-chain of Cys- 1 l2 and in the S . . .  HN 

hydrogen bond distances. In fact, a trend is apparent in the geometry of the side-chain of 
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Figure 5.2.1.1. Schematic diagram illustrating the changes in Gly-45 with respect to the protein 
fonn. Met-l21 has been omitted for clarity. 

I 
H 

I , , 

I 
, 

• 

I , 
I , , , 

I ' 
I " 

I ,  
" 

H-S 'O 

'\ 

, , 
, , , 

, 

C�-Ca 

apo 
a) 

' ".,. . N 
I .::..,.". 

H N 
, H

' 
, I I , , , , , 

, " , , , , 
I , , , 

Cu2+-S '1 -"( 

\ 
C�- Ca 

oxidised 
b) 

Increasing negative charge on Sy 1 12 

'- ,N 
I 

H 

• I 
I ' 
I I 

Cu1+ - S-i -

\ 

, , , , 

C�- Ca 

reduced 
c) 

Figure 5.2.1.2. Schematic diagram illustrating the trend of increasing electronic charge on the S"( 1 12 
atom between the apo, oxidised and reduced forms of azurin. 

Cys-1 12, relating the hydrogen bond lengths and the position of the sulphur atom to the 

charge density on Sy 1 12. In the apo form there is no charge on Sy 1 1 2  because the 

side-chain is protonated (see Figure 5.2. 1 .  2a) , and this results in only a weak interaction 

with the amide nitrogens of residues 47 and 1 14. With the incorporation of the copper, 

Sy 1 12 becomes deprotonated, giving it a formal charge of - 1 .  This negative charge, 

however, is reduced by the fonnal +2 charge on the eu(II) ion, but still results in 

stronger hydrogen bonding interactions between the Sy 1 12 atom and the amide nitrogens 
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(see Figure 5 .2. 1 .2b). In the reduced state, the formal charge of - I on Sy 1 12 is less 

reduced than in oxidised azurin, because of the lower formal charge on the Cu(I) ion, and 

the S . . .  HN hydrogen bonding interactions are further strengthened (see Figure 5.2. 1 .2c). 

Finally, an increase in the thermal parameters of the polypeptide loop between residues 

1 17 and 121  upon the removal of the copper atom suggests that this loop, which is Of'. the 

surface of the protein, becomes more flexible. This indicates that although the copper 

atom does not influence the configuration of the protein structure, it does tighten this part 

of the structure. The flexibility of the 1 17-121  loop may account for the decrease in the 

thermal stability of apo-azurin compared to most other metallated forms of the protein. 

The fIrst of two melting transitions in the differential calorimetric scans of apo-azurin was 

tentatively assigned by Engeseth and McMillin204 to an unfolding of the "flap" region in 

azurin. However, this transition may be better assigned to the 1 17- 1 2 1  loop, since it is 

actually bound to the copper atom, whereas the "flap" region is not. 

5.2.2 Rate of copper removal 

Despite the rigorous conditions required to remove the copper ion from crystals of 

oxidised azurin (several months in cyanide solutions), only a slow rate of copper loss is 

observed. The reasons for this are obvious when the crystal packing for azurin is 

considered. With the two molecules packing via their hydrophobic patches, virtually all of 

the solvent is excluded from the most direct route to the copper atom, i.e. through the 

side-chain of His- 1 17 (see Figure 5.2.3. 1 ) .  This contrasts with plastocyanin where the 

corresponding region in the crystal structure191 is exposed to a solvent channel, and 

would be directly accessible by chelating agents. This probably explains 1)  why the 

copper atom in plastocyanin can be completely removed from crystals within a matter of 

hours191 ,  and 2) the diffIculty experienced in completely removing copper from azurin, 

indicated by the presence of residual electron density at the center of the copper binding 

site (as much as 20% copper). In solution, however, there may be little difference in the 
rate of copper removal, as the copper is removed from azurin solutions within 1 2  hours. 

5.2.3 Mechanism for copper incorporation 

Copper binding to apo-plastocyanin has been proposed to occur via a "revolving door" 

mechanism. This suggests that the copper enters the active site in a two step mechanism, 

where it first binds to the imidazole ring of His-87, on the surface of the protein, and then 

the ring and its bound copper rotate to allow the copper to bind to the other ligands. Two 

step mechanisms consisting of a fast complexation step and a slow rearrangement have 
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Figure 5.2.3.1. Schematic diagram of the proposed "revolving door" mechanism of apo-plastocyanin 
for incorporation of the copper into the active site as applied to azurin. 

been observed in kinetics studies of azurin201 and stellacyanin338, and it is possible that 

the same mechanism applies to these proteins also. However, an interesting aspect of the 

"revolving door" mechanism is that the side-chain of His- I 17 in azurin is more tightly 

sandwiched than the side-chain of His-87 in plastocyanin. It then follows from this 

mechanism, that the second slow rearrangement step should be slower in azurin than in 

plastocyanin, and this should be reflected in the kinetics of copper uptake. Unfortunately, 

there have been no reports in the literature on the kinetics of the uptake of copper by 
plastocyanin to compare with those on azurin201,202 to verify this mechanism. 
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5.3 Implications for Biological Function 

The structures of apo and reduced azurins have several implications for its biological 

function and for the function of proteins generally. In particular, the structures provide 

evidence for the theoretical concept of the entatic state, by which a protein is designed to 

optimise its activity. The concept of the entatic state is introduced below, and the 

implications of this concept are discussed in relation to the structure and function of 

azurin. 

The Entatic State 

In 1968 Vallee and Williams introduced the concept of the entatic state to explain aspects 

of the catalytic behaviour of certain enzymes208. In essence, the concept considers that 

the reactivity of the enzyme is the result of the active parts of the protein containing 

"atypical" chemical or structural character as compared to simple small molecules or 

catalytically "inert" regions of the protein. These "atypical" regions are described as 

structural andlor electronic abnormalities which are intimately associated with the catalytic 

activity of the enzyme, making it a better catalyst 

In enzyme catalysis, the enhancement of the reaction rate is attributed to stabilisation of 

the transition state, which reduces the activation energy, and thereby makes it easier for 

the transition state to be reached by the reactants (see Figure 5.3. 1 )339. The idea of 

transition state stabilisation asserts that the catalytic action arises from the enzyme binding 

the transition state of the substrate more strongly than its ground state (see Kraut339 for a 

recent discussion of this and references therein). This is the fundemental concept behind 

rack-type mechanisms whereby the enzyme forces the substrate into a conformation 

resembling the transition state. A good example of this is lysozyme, where the saccharide 

is forced into the "half chair" conformation as opposed to the ground state "chair" 

conformation340 . 

The idea of the entatic state, however, differs from this by going a step futher. It is 

proposed that a region of a protein is "energised" or "activated" relative to the ground 

state of a catalyst or simple molecule, so that the reaction starts at a grQund state which is 

� to the transition state, thus reducing the activation energy even further in a manner 

somewhat different from simple stabilisation of the transition state (see Figure 5.3.2)341-

343 

Since the entatic region is an "activated" part of the protein, it is thus a property of the 
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Figure 5.3.1. The potential energy diagram for a "normal" reaction, and the lowering of its transition 
state energy in an catalysed reaction. 

Transition State 

E + P  
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Cat + P  

Reactants 
Products 

Reaction coordinate 

Figure 5.3.2. Potential energy diagram showing how the entatic region of a protein is "activated" or 
"energised" relative to a catalyst, leading to a lower activation energy. E=entatic protein or enzyme, 
Cat=catalyst, S=substrate and P=products. 

protein, and should be present in the absence of any substrate. Therefore, if a substrate 

molecule enters the entatic region, it comes under attack by "activated" groups resulting in 

a small activation energy. Note, however, that the entatic state is not the only source of 

catalytic activity, although it may provide an important component to catalysis. 

Furthennore, the concept of an entatic state does not give any infonnation about the role 

the substrate plays in complexing to the enzyme or lowering the activation energy. 

As such, Vallee and Williams defined the entatic state as a site which is "poised for 
catalytic action in the absence of a substrate"208. This is not to be confused with the rack
type mechanisms, where the protein molecule applies a strain on to the substrate as a 

means of catalyzing the reaction341.  The question remains, however, as to how enzymes 

generate such "activated" or "poised" regions? The "activation" of the entatic region of the 
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protein is attributed to the protein as a whole, such that in order to minimise the free 

energy of the whole protein (in its most stable conformation) some regions adopt unusual 

conditions relative to simple molecules. For example, this may occur in the creation of a 

hydrophobic pocket in the protein, which is a high energy region for the solvent 

(presumably water). In other words, the free energy of the protein molecule as a whole is 

at a minimum, but some parts of the protein fold into conformations which are "activated" 

or less favourable to achieve this minimum free energy208,341-343. A yet fuller definition 

of the entatic state given by Vallee and Williams208 is: 

". , .a state of entasis: the existence in the enzyme of an area with energy closer to that of a 

unimolecular transition state than to that of a conventional, stable molecule, thereby 

constituting an energetically poised domain. ,,,, 

The difference between such an enzyme and simple molecules which act as models, is 

that these conventional molecules do not have the geometry of the transition state of the 

chemical reaction. Instead, they are relaxed into conventional stable geometries and 

electronic configurations. Such differences might also reflect the different constraints on 

the active centre, such that in the enzyme this may occur as a specific type of tertiary 

structure. For example, the constraints of the protein may provide an unusual disposition 

of metal 1igands, thereby forcing an irregular geometry on to a metal centre. Thus the 

metal and its ligands (the protein) generate the entatic state jointly. Note that the term 

"rack-induced bonding" 129,207 applies equally as well to this type of situation. 

In electron transfer, the exchange of an electron between two redox sites results in a 

subsequent change in the electronic charge on both centres. This would be expected to 

cause a re-arrangement of the bond lengths and and angles of both redox centres so that 

the geometry of the system conforms to the new oxidation state. Thus an entatic region 

which is well suited for electron transfer should then be a redox centre in which the bond 

lengths and angles provide a ground state which is a compromise between the two 

oxidation state preferences, and is thus closer to the transition state341. 

For a metal centre such as iron, in the low spin state, this only involves forming a metal 

site which has Fe-ligand bond lengths between those typically found for Fe(U) and 

Fe(III) complexes, since the preferred geometry of both oxidation states is the same 

(octahedral). Consequently, the activation energy can be lowered by developing a ground 

state iron complex which has Fe-ligand bond lengths between the values for the Fe(IT) 

and Fe(ITI), 
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Figure 5.3.3. Potential energy diagram for the oxidation-reduction process of a copper system which 
heeds the coordination preferences between Cu(l) and Cu(ll) centres. 

For a system which uses copper as its redox centre, such as azurin, the differences in the 

coordination preferences between Cu(n and Cu(II) are much greater than those for Fe (II) 

and Fe(III). Where Cu(I) centres prefer tetrahedral geometry (4-coordinate) with "soft" 

Lewis base donors (e.g. sulphur ligands), Cu(II) centres prefer tetragonal geometry 

(6-coordinate) with "moderate" Lewis base donors (e.g. nitrogen ligands). This large 

difference in oxidation state preferences would be expected to create a particularly large 

activation energy barrier for electron transfer (see Figure 5.3.3) because in order to 

satisfy the preferences of both oxidation states, the system must 1)  alter the coordination 

number by two (either bond formation or bond cleavage), 2) change the ligand type, and 

3) drastically alter the metal geometry. The final result is a system, if it conforms to these 

preferences, which can only transfer electrons slowly. 

In the redox system of azurin, however, the copper site only undergoes minimal changes 

(so.2A) in its structure. This was clearly shown in the comparison of the structures of 

oxidised and reduced azurins (Section 3.2). Such minimal changes upon reduction are 

consistent with the fast elctron transfer ability of azurin, and imply that the active site of 

azurin is specifically designed for this function. 

An inspection of the active site of azurin shows that the copper site is in a state of entasis. 

The copper site can be viewed as a compromise of Cu(I) and Cu(II) oxidation state 

preferences in the following ways: 1 )  The coordination number of the copper centre is 

between 3 and 5, depending on the extent to which the apical groups are considered to 

interact or coordinate with the metal. 2) A mixture of aromatic nitrogen and sulphur 

ligands provides a combination of soft and moderate Lewis base donors. 3) A 
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Figure 5.3.4. Potential energy diagram showing the reduction in the activation energy when changing 
the redox system from tetragonal-tetrahedral to trigonal bipyramid-trigonal with mixed sulphur and 
nitrogen ligands. 

compromise in the copper geometry is apparent, not between tetragonal and tetrahedral, 

but between the less frequently observed geometries of trigonal bipyramid (Cu(II» and 

trigonal (Cu(I) . Thus a copper redox centre which contains a mixture of nitrogen and 

sulphur ligands, and forms into a trigonal bipyramidal geometry for Cu(II) and trigonal 

geometry for Cu(I), effectively lowers the energy level of the transition state as compared 

to the tetragonal-tetrahedral system. With these two geometries in use, the only barrier to 

electron transfer is the cleavage (or formation ) of two copper-ligand bonds, since the 

bond angles and ligand types remain the same. In other words, such a system is a better 

catalyst for the process of electron transfer than the tetragonal-tetrahedral copper system 

(see Figure 5.3.4). 

However, the copper distances to the apical groups in azurin are not those of strong 

bonds. Instead these groups interact with the copper at a much weaker level, where the 

Cu . . .  S(Met) and the Cu . . .  O(Gly) distances may be considered a weak bond and a weak 

electrostatic attraction, respectively, at best. Thus the copper site of azurin employs a 

copper geometry which is basically trigonal with weak to marginal apical interactions, and 

can be viewed as an "activated" or "energised" state of a trigonal bipyramidal (or trigonal) 

geometry, as is postulated for the entatic state. Thus by utilising these characteristics of 

copper coordination chemistry, the active site of azurin reduces the activation energy by 

raising the ground state of the redox centre (see Figure 5.3.5). In other words, the copper 

site of azurin is very close to the transition state between the trigonal bipyramid of Cu(II) 

and the trigonal of Cu(I). It is effectively in a state of entasis, reducing the activation 
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Figure 5.3.5. Potential energy diagram of the reaction coordinates of the electron transfer process of the 
trigonal bipyramidal-trigonal redox system and that of azurin which is "activated" towards the transition 
state. 

energy for electron transfer and giving a functional advantage to the protein. 

The structure of apo-azurin shows that the configuration of the copper ligands is 

essentially identical to that of the oxidised and reduced forms of the protein. This implies 

that the protein conformation determines the geometry of the copper site of azurin, forcing 

the copper to accept a ground state geometry which is like the transition state for the 

electron transfer reaction. Thus, the active site is a consequence of "rack-induced 

bonding" 129,207
, where the distorted geometry of the copper is the result of a "rack" 

mechanism (note that the copper atom is nm the substrate, rather the substrate is the 

electron). The protein does this through a network of hydrogen bonds and packing effects 

which orient the copper ligands into position. The only effect on the protein which is 

induced by the binding of the copper is a tightening of the polypeptide loop from His- 1 17 

to Met-12 1 ,  containing two of the copper ligands. 

Finally, the structure of apo-azurin shows that the overall folding of the polypeptide chain 

is a stable configuration. This is in accord with the concept that the protein molecule as a 

whole is at minimum free energy. It should be noted that no part of apo-azurin contains 

strained geometry, but that the entatic region of the protein is generated by the metal and 

the protein jointly. 
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Tuning of the redox potential 

The blue copper proteins as a family show a diverse range of redox potentials, from 
+ 1 84mY through to +680mY. Even among the different strains of the same protein, the 
redox potential can vary; for example, for azurins EO ranges from 230m Y to 308m y82. 

As the protein imposes a distorted geometry on to the copper centre, it also tunes the 
redox potential of the active site to the required value for electron transfer with its 
physiological redox partner. 

The redox potential is determined by three factors. The fIrst two are associated with the 
copper site; 1)  the copper geometry and 2) the nature of the copper ligands. These two 
factors probably explain the consistently higher EO values in plastocyanins (340-
370mYlO) as compared to the azurins (230-308my82), since the copper geometry in 
plastocyanin is more tetrahedral, a geometry preferred by Cu(I). The approach of the 
carbonyl oxygen to the copper centre in azurin would also lower the EO relative to 
plastocyanin. 

Since the structure of the copper site of Ps. aeruginosa azurin41 is virtually identical to 
that of Ale. denitrificans azurin3 1 ,  the variation in the redox potential must also be 
controlled by other factors beyond the copper site. Electrostatic contributions from the 
surrounding environment contribute to the value of EO, and site directed mutagenesis 
studies show that single amino acid changes can alter the EO by as much as 
7Omy98,155,156,188,189. The exent of the effect is dependent on the distance between the 
residue and the copper centre, so that a charged residue far from the active site will have 
only a small contribution to EO, while a residue closer will have a larger contribution. It 

should also be noted that the copper binding site of apo-azurin is structurally more similar 
to the copper site of oxidised azurin than reduced azurin. This suggests that the high EO 

value, relative to the copper-aquo complex, is not a result of a structural preference for 
Cu(I) over Cu(II) by the protein. 

Models for the association complex of the electron self-exchange reaction 

The crystal packing arrangement of azurin provides a model for the association complex 
of two azurin molecules during the electron self-exchange reaction. The two independent 
molecules of the asymmetric unit are arranged in the unit cell with their hydrophobic 
patches facing each other, and the copper atoms making a closest approach to each other 
of �14A. As has been conflffiled by site directed mutagenesis studies, this hydrophobic 
patch is the main candidate for the site of electron transfer in the electron self-exchange 
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reactionI89. Using the hydrophobic patch as the site of electron transfer has other 
advantages as well as the bringing of the copper sites as close together as possible, since 
it provides a secure intennolecular environment free from charged residues which might 
perturb the medium through which the electron must travel or prevent the formation of the 
association complex. 

At the centre of each hydrophobic patch in azurin is the side-chain of the copper ligand 
His- I 1? In the crystal packing arrangement, the side-chains of the His- 1 I? residues of 
the two molecules oppose each other, separated by a gap of =6.5A. This gap could 
accommodate a water molecule except that there are no potential hydrogen bonding 
partners directed towards it (see Figure 5.3.6). The distance between the side-chains of 
the two histidines is suitable for a "through-space" electron transfer mechanism344-346 
according to Marcus theory347. This explains the fast electron transfer rate observed, and 
also accounts for the discrepancy between the electron transfer rate and the large 
separation distance of the two copper atoms. Thus it appears that the protein extends the 
electron transfer molecular orbital on the copper atom through the conjugated imidazole 
ring, so extending the reach of the redox site by 3-4A. Furthennore, the orientation of the 
two imidazole rings is approximately coplanar (an angle of 26-36° between the mean 
planes of the imidazole rings), which is favourable for optimising the overlap between the 
molecular orbitals of the two groups. 

Figure 5.3.6. View of the gap between the two opposing His-I 17 imidazole rings at the interface 
between the two hydrophobic patches. Copper atoms in yellow, Ca trace in blue and selected atoms in 
pink. 
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Figure 5.3.7. Orientation of the atomic orbitals of the His-I 17 side-chain in Ale. denitrifieans azurin, 
where the 1t molecular orbitals are nearly coplanar to provide "maximum" overlap for elecbOn transfer. 
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Figure S.3.S. Orientation of the atomic orbitals of His- I l7 in Ps. aeruginosa azurin, where the 1t 
molecular orbitals are set perpendicular to one another, thus minimising the overlap for elecbOn transfer. 

A similar model for the association complex between two azurin molecules has been 
proposed from the crystal structure of azurin from Ps. aeruginosaI55. Although the 
crystal packing arrangement of Ps. aeruginosa azurin is not quite the same as that in Alc. 

denitrificans azurin crystals, in both cases there are intermolecular contacts between two 
protein molecules at their hydrophobic patches. The distance of 6.6A between the 
imidazole rings of the two His- I 17 residues for P s. aeruginosa azurin still agrees with 
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the theoretical distance from Marcus theory347. However, the molecules are differently 
oriented, so that the two imidazole rings of His- I 17 in Ps. aeruginosa crystals are almost 
perpendicular to each other (the dihedral angle being 80-85°), very different from the near 

coplanar arrangement seen in Ale. denitrifieans azurin (see Figures 5.3.7 and 5.3.8). 

Presumably, this difference between the two packing arrangements is a result of the 

differences in the crystal packing between these two proteins (in turn caused by 
differences in structure and sequence), and simply reflects the rather non-specific nature 
of the interactions between the hydrophobic surfaces. 

The near perpendicular orientation of the imidazole rings in Ps. aeruginosa azurin is not 
conducive for a "through-space" electron transfer mechanism, because this orientation 
minimises the orbital overlap between these groups, hindering electron transfer (see 
Figure 5.3.8). Instead, the orbitals in the Ale. denitrifieans model are better orientated to 

provide the overlap necessary for electron transfer (see/Figure 5.3.7). The gap or cavity 
between the two Ps. aeruginosa azurin molecules, however, is filled by two solvent 
molecules, presumably water. Two such solvent molecules are also found buried between 
the hydrophobic patches, bound to His- I 17 , in Ale. denitrifieans azurin, but here the 
solvent molecules do not lie in the direct path between the two imidazole rings. These two 
solvent molecules in Ps. aeruginosa azurin bridge the gap between the imidazole rings 
through a set of three hydrogen bonds (Nf2 1 17 . . .  OW . . .  OW . . .  Nf2 1 17,  see Figure 
5.3 .9) 1 55. This means that although the Ps. aeruginosa model is not suitable for a 
through-space electron transfer mechanism, it is conducive for a "through-bond" electron 
transfer mechanism 155.348.349. 
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Figure 5.3.9. Orientation of the two solvent molecules bound to the side-chains of His- 1 17 in Ps. 
aeruginosa azwin. allowing electron transfer to proceed via a "through-bond" mechanism .. 

Although the "through-bond" mechanism for electron transfer normally applies to 

covalent bonds, the mechanism still applies to hydrogen bonds. This is because electron 
transfer through a hydrogen bond is similar to electron transfer through two OH covalent 

bonds where one bond is slightly longer than the other344. Compared to a "through-
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space" mechanism, a "through-bond" mechanism is considered to be more efficient for 

electron transfer, but the zig-zag nature of the pathway in the "through-bond" mechanism 

creates a longer distance between azurin molecules than in the "through-space" 

mechanism. Consequently, the rates of electron transfer are expected to be roughly equal 

between the two models. 

With two models for the ESE association complex equally valid, it is apparent that instead 

of only one structural model for the ESE reaction, there are many, where the two azurin 
molecules are shifted and rotated with respect to each other. In particular, the through 

hydrogen bond mechanism, overcomes the problem of a poor orientation between the 

imidazole rings, and suggests that either "through-space" or "through-bond" mechanisms 

can be employed to transfer the electron, depending on the orientation of the two protein 

and two solvent molecules. Finally, it is also interesting to note that NMR studies have 

shown that this particular solvent molecule can be detected in the spectra, indicating that it 

is a conserved feature in solution333. 
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5.4 Future directions for research on azurin 

With the cloning of the gene for Alc. denitrificans azurin there is now an opportunity to 
further investigate the relationships between structure and function through site directed 
mutagenesis 179. Mutants of azurin can be �ade and characterised, with the intention of 
determining their crystal structures to investigate their properties compared to the native 
molecule. Other directions for future research should also include X-ray crystal structure 
analyses of metal substituted azurins, as well as analyses of minor variations of the apo, 
oxidised and reduced forms of azurin. 

5.4. 1 Suggestions for site directed mutants 

Site directed mutagenesis studies have already been initiated for Ps. aeruginosa azurin 
(see Section 1 .2.8). Several of the mutants from these studies have contributed answers 
to some long-standing questions. Mutations such as Met- I2I �Leu98, have shown that 

the second sulphur is not essential for the spectral properties characteristic of the blue 
copper proteins, while mutating Met-44�Lys 189 has given direct evidence for the 

hydrophobic patch as the site of electron transfer in the electron self-exchange reaction. 

Creating a pH-dependent copper site of azurin 

Many other possibilities exist for site directed mutagenesis experiments, which may 
provide more information on the origin of the structural basis of the properties of azurin 
and other blue copper proteins. One aspect worth probing is to attempt to create mutants 
which will change the copper site of azurin from pH-independent to pH-dependent, and 
thus determine which parts of the protein are responsible for this difference in azurin and 
plastocyanin. The first suggestion is to mutate the two side-chain residues (Met- 13  and 
Phe- 1 14) which tightly sandwich the copper ligand His- 1 17,  to smaller side-chain groups 
such as alanine. This will test whether the restraints on this ligand prevent the imidazole 
ring from undergoing the rotation seen in inactive plastocyanin. The Phe-1 14�Ala 

mutation has already been made188, and preliminary results show a pH-independent 
redox activity between pH 6-7, but this pH range is probably to narrow to be conclusive, 
and further investigations are needed to establish the effects of this mutation. A 
Met- I3�Ala mutation would test the constraint on His- I 17 as above. Since the residue is 

also semi-conserved as Leu in plastocyanin, and Met in pseudoazurin, however, 
removing this bulky side-chain would probe the overall role this residue plays in orienting 
His- l 17.  The double mutant Met-13�Ala, Phe- 1 14�Ala, could also be made. Crystal 

structures of these mutants would be required, however, to determine the extent to which 
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the restraints on the His- 1 17 side-chain are loosened 

Another possible strategy for creating a pH-dependent azurin mutant would be to replace 
either or both of the two loops which provide the copper ligands in azurin, with those in 
plastocyanin and amicyanin. Since these are the only two blue copper proteins known to 
"switch off' their redox activity at low pH, this would determine if either of these loops 
are responsible for this type of redox behavior. This mutation would also shorten the 
loops, and make the copper more accessible to the solvent. 

Redox potential and spectra studies 

The determinants of the spectroscopic properties and redox potential of azurin could be 
investigated by mutating various residues so as to alter the geometry of the copper site. 
The most obvious of these is to mutate Met- 121  into other side-chains to alter the ligand 
type bound to the metal. In particular, altering Met- 121 �Gln would place an oxygen in 

range of the copper. Such a stereochemistry could mimic the copper site in stellacyanin, 
which has no methionine in its sequence, and the lowest redox potential of the blue 
copper proteins, and is thought to have an oxygen as a fourth ligand to the copper. 
Although cassette mutagenesis of Met- 121  has been done for Ps. aeruginosa azurin185, it 
should be remembered that according to 1 13Cd NMR studies the cadmium site of 
stellacyanin is slightly more like Alc. denitrificans azurin than Ps. aeruginosa azurin143. 

The effect of the carbonyl oxygen of Gly-45 on the copper of azurin is unknown. 
Insertion or deletion of residues in the loop preceding Gly-45 (residues 39-44) may alter 
the distance to the copper centre. Of special interest would be to insert residues in the a

turn preceding Gly-45 in an effort to move the carbonyl oxygen closer to the copper, and 
observe the changes in the redox potential and spectra. These experiments may indicate 
how the Gly-45 oxygen contributes to the properties of azurin. 

Other site directed mutagenesis studies could include altering one of the copper ligands to 
a second cysteine sulphur. This would be of interest because recent EXAFS studies have 
suggested that the copper denoted CUA in the membrane bound protein cytochrome c 
oxidase2 and some of the copper atoms in nitrous oxide reductase350, which has a high 
redox potential of =+700mV, have two thiolate sulphurs35 1 .  Again careful design is 
necessary, because the proximity of two cysteine side-chains may cause the formation of 
an unwanted disulphide bridge. 

Finally, replacing the thiolate sulphur of Cys- 1 12 with a selenium atom may highlight 
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some important chemistry between sulphur and selenium. Also this may point out 
differences in the metal binding of the active site. 

Other targets for site directed mutagenesis 

Another suggestion is to create an azurin " mutant which has only one S . . .  HN hydrogen 
bond as in plastocyanin, by making the changes Asn-47�Pro and/or Phe- 1 14�Pro. Of 

these two, changing Phe- 1 14 may be a simpler option, because the Asn-47 side-chain 
makes several hydrogen bonds to different parts of the protein. However, both mutants 
and even a double mutant which blocks off both S . . .  HN hydrogen bonds, should be 
made to test the proposal that these hydrogen bonds can effect EO. It would be interesting 
to see if a copper site could be created which has no S . . .  HN hydrogen bonds, or if the 
structure would rearrange itself to make a s  . . .  HN hydrogen bond to a different residue. 

Site directed mutagenesis experiments should also be carried out on those residues which 
are conserved in the blue copper proteins. For example, all of the structures determined to 
date contain an aryl residue which caps the methionine copper ligand (Tyr- 15 in azurin). 
Changes in this residue would test the extent to which it constrains the copper site and in 
particular the Cu . . .  S(Met) distance. Suggested mutants to try are Tyr- 15�Ala, removing 
the phenol ring with a small group, or Tyr- 15�Trp, replacing the side-chain with a larger 

group. Other possible experiments should include changing Asn-47 and Ser- 1 13  to non
polar side-chain groups. These two residues, through their side-chains, make hydrogen 
bonds which link together the two loops containing the copper ligands, and removing the 
hydrogen bonds here would determine their role in maintaining the configuration of the 
copper site. 

5.4.2 Metal substitution of azurin 

Cd(l/) azurin 

Future experiments on azurin could include crystallographic analyses on other metal 
substituted forms of the protein. In particular, the three dimensional structure of Cd(n) 
substituted azurin would be of interest since 1 13Cd NMR experiments on azurin and 

stellacyanin show single resonances at nearly identical chemical shifts 143. Hence, if 
Cd(U) binds in the active site, a crystallographic analysis of Cd(II) azurin would give 
some insight into the structure of the blue copper site of stellacyanin which lacks 

methionine in its amino acid sequence 102. The fourth ligand of the copper site in 

stellacyanin has been suggested as either an oxygen from a glutamine102, and/or a 
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sulphur from a disulphide bridgeI70,174- 178. Work on this is currently underway in our 

laboratory, and results are awaited with interest 

Hg(Il) azurin 

Apart from the high binding ability of Hg(II) to apo-azurin, calorimetric scans of the 

Hg(II) substituted protein as a function of the metal ion/protein ratio show that a species 

appears at about the 1 :2 (metal:protein) molar ratio point prior to the fonnation of the 

stoichiometric 1 :  1 metal substituted protein204. An analogous set of scans for Cu(II) 

azurin also reveals the possibility of intennediate fonns at sub stoichiometric levels of 

Cu (II)204. The shorter retention time of the 1 :2 Hg(II) azurin on a Sephadex 0-75 

column as compared to eu(II), 1 :  1 Hg(II) and apo-azurins, which all have the same 

retention time, suggests that the intennediate species has a higher molecular weight, 

consistent with the formation of a dimer bridged by a single Hg(II) ion. A structure 

analysis of this Hg(II) substituted dimer would be of interest because it may provide an 

insight into the intennediates formed during the incorporation of the metal into the active 

site. The crystal packing arrangement in azurin crystals suggests that possible binding 

sites for this Hg(II) dimer may be in the cavities formed between the two hydrophobic 

patches of two protein molecules. In particular, a possible candidate is the cavity occupied 

by the solvent water molecule which makes hydrogen bonds to Ne2 1 17, 0 43 and 0 

1 16' in a near perfect trigonal arrangement. Preparation of this Hg(II) dimer could be 

attempted by co-crystallizing the apo protein with a half molar equivalent of Hg(II). 

5.4.3 Further structural stUdies on azurin 

Reduced azurin 

Although the results from the crystallographic analysis of reduced azurin suggest that the 

copper site does not undergo a pH-dependent conformational change which switches off 

the redox activity, X-ray crystallographic analysis should also be carried out on this form 

at high and low pH conditions (""pH 8 and ""pH 4). These analyses will determine if the 

protein structure shows any pH-dependent confonners at the copper site. The low pH 

study should be below pH 4.5, because NMR experiments27,28,123,128 suggest that His-

35 is protonated below this, rather than at the usual pKa of imidazole groups. This would 

also determine whether the pH-dependent change in oxidised Ps. aeruginosa azurin, a 

peptide flip, occurs in Ale. denitrificans azurin4 1 .  
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Apo-azurin 

In the analysis of the structure of apo-azurin described here, the copper was removed 
from oxidised azurin in the crystalline state. Crystal packing forces, however, may then 
prevent the protein from relaxing into its preferred conformation. Consequently, it was 
decided that crystallographic analysis should be carried out on crystals grown from 
apo-azurin solutions. As mentioned earlier (Section 2. 1 .3), such crystals have been 
grown and were found to be isomorphous with the cyanide soaked crystals. The 
crystallographic analysis of the solution grown apo-azurin crystals is currently underway 
in our laboratory. 

Oxidised azurin 

Finally, at high pH ( 10.5- 1 1 .4) small changes the electronic and EPR spectra are 
observed which suggest that the blue copper site is modified slightly without losing the 
essential components for a blue copper site82. Such small changes in the electronic and 
EPR spectra have been noticed for other blue copper proteins86,87,89,90. The spectral 
changes are reversible, and identification of the associated structural changes would give 
a clearer indication of the parts of the protein which influence the characteristic spectra of 
the blue copper proteins. Many protein crystals, however, can not withstand such high 
pH values. If oxidised azurin crystals are robust enough to withstand these alkaline 
conditions (they have withstood several months of soaking in cyanide solutions up to pH 
8.5), an analysis of an oxidised azurin crystal structure at high pH could be seriously 
considered. 
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Appendix A.I. Ramachandran plot of main-chain torsion angles (<1>,,,,) for reduced 

azurin molecule A. Glycine residues indicated as squares. 
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Appendix A.2. Ramachandran plot of main-chain torsion angles (<\>,'11) for reduced 

azurin molecule B. Glycine residues indicated as squares. 
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Appendix A.3. Ramachandran plot of main-chain torsion angles (<\>."') for apo-azurin 

molecule A. Glycine residues indicated as squares. 
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Appendix A.4. Ramachandran plot of main-chain torsion angles (<1>,'1') for apo-azurin 
molecule B. Glycine residues indicated as squares, 
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Appendix B.1. Main-chain . . .  main-chain hydrogen bonds of azurin. The geometry is given in the order C-O . . .  H angle, O . . .  H distance and 
0 . . .  H-N angle. 

Oxidised Oxidised Apo Apo Redoced Redoced 

A B A B A B 

(0) A (0) (0) A (0) (0) A (0) (0) A (0) (0) A (0) (0) A (0) 

3 0-30 N 137 2.06 1 55 138 2.04 161 142 2.03 156 127 2.18 151 139 2.09 158 134 2.04 160 

5 0-32 N 159 1 .85 169 164 1 .90 177 146 1 .8 1  162 154 1 .85 167 161 1 .79 168 153 1 .99 167 

7 0-34 N 168 2.06 1 58 155 2.03 160 154 2.01 156 154 2.26 162 158 2.06 163 156 2.09 167 

8 0-16 N 147 2.27 129 145 2.09 137 145 2.23 1 3 1  150 1 .89 131  146 2.07 126 141 2.08 134 

9 0-36 N 168 1 .83 152 108 2.46 160 168 1 .89 162 166 2.05 167 169 2.17 159 173 2.02 153 

10 0-1 3  N 178 1 .98 162 108 2.36 163 

14 0- 10 N 147 2.36 144 151 2.39 135 151 2.45 136 156 2.44 142 

18 0-124 N 144 1 .90 156 138 1 .90 151  136 1 .84 158 142 1 .88 157 151 1 .70 162 1 39 1 .85 150 

20 0- 126 N 151 2.16 155 156 2.15 157 152 2. 15  157 150 2.39 154 153 1 .99 152 160 2.33 154 

22 0-1 28 N 151 1 .98 165 17 1 1 .88 140 164 1 .90 165 166 1 .84 137 142 1 .96 153 171 1 .81 132 

23 0-26 N 123 1 .99 156 127 1 .86 161 1 16 2.30 152 1 19 1 .91  153 120 2.06 157 120 2.02 156 

27 0-99 N 134 2.12 165 131  2.03 166 139 1 .83 1 5 1  137 2.14 162 127 1 .88 162 135 1 .87 160 

29 0-97 N 155 1 .66 154 161 2.02 164 162 1 .83 157 171 1 .95 158 151 1 .82 1 5 1  157 1 .92 ' 157 

30 0-5 N 157 2.18 151  161 1 .96 145 158 2 . 13  149 156 2.23 137 164 2.13 153 151  2.15 141 

3 1 0-95 N 149 1 .92 157 144 1 .98 150 150 2.07 153 150 1 .98 149 146 2.09 147 143 2.03 152 

32 0-7 N 158 1 .88 170 161 1 .95 164 160 1 .87 165 150 1 .91  157 155 1 .75 163 164 1 .87 165 

33 0-93 N 147 1 .9 1  161 150 2.09 162 149 1 .96 154 152 1 .98 154 148 1 .87 150 154 1 .99 154 

34 0-9 N 154 1 .90 155 159 2.05 148 156 1 .9 1  150 155 2.16 150 163 1 .85 164 153 2.14 147 

35 0-90 N 138 2.18 136 139 2.02 149 133 2.08 1 39 136 2.21 1 36 132 1 .86 1 32 140 2.12 1 39 

39 0-89 N 163 1 .94 152 157 1 .76 151  167 1 .79 1 55 163 1 .82 149 170 1 .92 161 167 1 .67 155 

40 0-43 N  107 2.26 1 34 1 17 2.26 148 105 2.32 140 109 2.37 147 1 14 1 .97 137 125 1 .90 152 

40 0-44 N 163 1 .89 159 163 2.07 171 151  2.00 149 150 2.01 160 159 1 .72 173 161 2.00 172 

4 1 0-45 N 1 18 2.44 124 1 19 2.45 122 128 2.42 1 13 

46 0-87 N 143 1 .97 171 152 1 .89 1 59 150 1 .90 162 145 1 .84 153 144 2.05 166 

48 0-84 N 150 1 .77 170 155 2.06 157 150 2.17 146 156 2. 1 1  154 150 2.08 158 159 2. 10 158 

49 0- 1 1 1  N 151 2. 1 3  153 140 1 .94 147 144 2.03 149 139 2. 19 151  159 1 .84 157 156 2.05 158 

50 0-81 N 144 1 .97 147 154 1 .86 148 154 1 .80 145 160 1 .71  148 152 2.10 147 147 1 .80 156 

5 1 0- 109 N 162 1 .88 150 145 2.12 149 164 1 .85 159 146 2. 15 146 168 1 .7 1  161  148 2.00 146 

52 0-55 N 158 1 .90 155 1 1 1  2.03 140 1 14 2.35 128 108 2.26 127 1 12 2.04 130 123 1 .92 146 

53 0-56 N 1 14 1 .90 1 30 109 2.4 1  167 103 2.39 160 107 2.50 164 

55 0-59 N 161 2.00 162 146 2.25 153 174 2.09 171 159 2. 1 1  162 167 2.07 157 155 1 .99 153 

2 5 1 



Appendix B.1. (continued). Main-chain . . .  main-chain hydrogen bonds of azurin. The geometry is given in the order C-O . . .  H angle, O . . .  H 
distance and O . . .  H-N angle. 

Oxidised Oxidised Apo Apo Redu:ed Redu:ed 

A B A B A B 

(0) A (0) (0) A (0) (0) A CO) CO) A (0) (0) A (0) (0) A (0) 

56 0-60 N 143 2.14 143 149 2.02 151  124 2.42 142 145 2.20 151  160 2.24 164 159 2.01 151  

57 0-61 N 139 1 .98 147 147 2.10 158 128 2.22 141 140 2.12 156 14 1 2. 15 155 142 2.16 160 

58 0-62 N 141 2.03 167 140 2.06 160 143 2.1 1  163 149 2.03 169 135 2.26 164 129 2.24 147 

59 0-63 N 131 1 .98 142 135 1.95 138 139 1 .73 146 131 1 .93 139 140 1.84 147 129 2.03 140 

60 0-64 N 146 2.07 167 139 1 .99 157 130 2.00 156 141 1 .98 153 15 1 1 .98 163 150 2.06 166 

61 0-65 N 139 2.49 148 139 2.36 148 144 2.21 143 149 2.43 154 

63 0-66 N 106 1 .89 145 1 12 1 .80 150 1 10 1.98 147 1 12 1 .88 155 1 12 1 .8 1  155 1 1 1  1 .66 154 

64 0-67 N 1 10 2.49 148 

67 0-70 N 109 2.39 149 104 2.20 146 102 2.30 138 101 2.44 141 1 18 2.40 137 

67 0-72 N 149 2.12 150 150 2.05 154 148 2. 13  149 149 2.03 157 145 2.20 148 141 2.27 156 

68 0-71 N 108 2.05 151 107 2.03 152 107 1.86 162 106 2.08 148 106 1 .77 152 1 18  2.02 150 

70 0-73 N 1 1 1  2.47 149 120 2.45 160 1 1 5  2.42 153 1 15 2.47 152 

74 0-77 N 146 2.22 124 148 2.10 134 153 2.03 128 

77 0-80 N 104 2.27 153 109 2.40 162 96 2.40 156 

82 0-50 N 173 2.02 161 176 2.16 155 174 1 .92 165 173 1 .91  157 171 1 .93 158 168 1 .90 161 

87 0-46 N 149 2.07 165 151 2.05 162 150 2.17 154 153 1 .93 156 158 1 .99 161 151 2. 1 1  154 

88 0-91N 131 2.33 147 143 2.38 141 150 2.27 141 151  2.03 148 135 2.41 140 145 2.18 148 

91 0-35 N 169 1 .84 164 160 2.02 173 172 1 .93 165 159 2.09 172 163 2.01 169 161 2.00 172 

93 0-33 N 169 1.75 151  176 1 .86 160 156 1 .82 151  160 1 .91  148 169 1 .93 153 168 1 .86 164 

95 0-3 1 N 163 1.77 156 162 1 .97 172 173 1 .72 161 173 1 .83 164 162 1 .61 159 165 1 .93 170 

97 0-29 N 156 1 .71 164 147 1 .96 147 158 1 .95 160 157 2.14 158 155 1 .84 164 143 1 .89 147 

98 0-101 N 113  2.33 147 109 2.34 155 119 2.10 154 1 13 2.12 155 1 17 2.21 161 1 18  2.19 142 

99 0-102 N 109 2.13 142 1 15  1 .89 149 125 1 .98 164 107 2.18 152 1 13  2.05 155 1 15 1 .95 150 

103 0-106 N 138 2.32 147 129 2.24 154 129 2.27 151 159 2.06 150 129 2.01 140 155 2.22 135 

108 0-125 N 133 1 .77 161 133 1 .87 166 141 1 .86 163 143 1 .82 162 134 1 .92 161 136 1 .94 167 

109 0-51 N 164 1 .95 173 170 2.21 172 168 2.00 174 169 2.26 174 171 1 .90 174 165 2.01 167 

1 10 0-123 N 158 1 .86 146 151 1 .91  149 164 2.07 134 160 1 .69 150 149 2.10 140 153 1 .86 151  

1 1 1  0-49 N 143 2.10 141 151 2. 1 1  144 152 1 .85 144 143 2.07 141 151 1 .89 142 142 2.03 132 

1 14 0-1 17 N 144 2.10 166 153 1 .86 157 155 2.08 148 161 1 .84 154 152 1 .98 164 151  1 .96 148 

1 17 0-120 N 1 18 2.33 151  108 2.45 146 129 2.12 162 107 2.47 142 1 16 2.10 154 122 2.32 158 

1 17 0-121 N 154 2.09 146 155 2.09 151  161 2.08 157 167 1 .99 166 146 2.14 142 153 2.16 151  

2 5 2  



Appendix B.1. (continued). Main-chain . . .  main-chain hydrogen bonds of azurin. The geometry is given in the order C-O . . . H angle, O . . .  H 
distance and 0 . . .  H-N angle. 

Oxidised Oxidised Apo Apo Redoced Redlx:ed 
A B A B A B 

(0) A (0) (0) A (0) (0) A (0) (0) A (0) (0) A (0) (0) A (0) 
121 0-1 12 N 152 2.07 146 147 2.16 152 158 2.29 147 152 2.16 155 146 2.46 157 149 2.23 1 58 
123 0-1 I0 N 143 1 .99 168 135 2.08 163 139 2.22 162 132 1 .97 161 139 1 .92 170 137 2.26 1 72 
124 0-20 N 152 1 .8 1  1 56 160 1 .92 156 153 1 .87 156 149 2.02 1 53 145 1 .92 155 154 1 .89 161 
125 0-108 N 153 1 .96 144 158 1 .93 167 159 2. 16 153 162 1 .76 1 7 1  152 2.12 154 159 1 .85 160 
126 0-22 N 150 1 .78 167 146 1 .98 168 149 1 .82 169 151  1 .92 170 162 2. 18 123 148 2. 16 172 
128 0-24 N 133 2.32 1 32 162 2. 18 123 

2 5 3  



Appendix B.2. Main-chain . . .  side-chain hydrogen bonds of azurin. The geometry is given in the order C-O . . .  H angle, O . . .  H distance and 
O . . .  H-N angle; or C-A . . .  D angle, A . . .  D distance and A . . .  D-C angle for those without a calculated hydrogen atom (where, A=acceptor and 
Ir-donor). 

2 0£1-3 N 
10 0-46 N£2 
10 Oal -lO N 
10 Oal - 12  N 
10 Oal -14 N 
1 1  Oal-39 N 
1 1  Oa2-38 N 
16 OM-8 N 
16 Oal-16 N 
16 0-18  Nt;; 
17 0-1 10 � 
23 Oal-25 N 
34 0-9 Oy 
35 Nal -37 N 
44 0-35 N£2 
47 0-1 5  � 
47 Oal -47 N 
47 Oal-1 1 3  N 
52 0-5 1 0.,1 
57 0-61 0yl 
7 1  0-47 Na2 
7 1  Oal -86 N 
72 0-1 13 0., 
77 Oal -79 N 

(0) 

1 39 
95 
100 
159 
106 
109 
128 
104 
131  
106 
126 
124 
109 
1 54 
1 38 

1 33 
120 
152 
154 
1 14 
132 
161 

Oxidised 
A 
A (0) (0) 

106 
1 .85 161 138 
2.39 107 
2.17 142 1 13 
2.48 140 144 
2.32 157 1 16 
1 .75 176 1 13 
1 .93 167 1 19 
2.27 1 16 103 
3.04 100 
2.68 134 104 
2.02 162 
2.89 1 17 1 19 
2.20 151 1 15 
2.02 148 155 
2.59 127 150 

1 .93 165 1 19 
2.94 95 125 
2.94 95 148 
2.20 123 1 50 
1 .91 168 105 
2.64 1 1 1  1 34 
1 .89 150 129 

Oxidised Apo 
B A 
A (0) (0) A (0) 

2.07 165 
1 .67 154 146 1 .92 1 57 

98 2.45 102 
2.07 145 101 2.14 145 
2.46 151 157 2.37 146 
2.29 144 
1 .86 174 1 10 1 .90 168 
1 .80 178 1 14 2.06 173 
2.44 1 10 108 1 .95 1 1 1  

2.63 124 98 2.62 125 
1 16 2.08 159 

3.25 120 126 2.76 127 
2.24 145 108 2.33 150 
1 .99 151  159 1 .82 156 
2.59 137 142 2.63 124 

2.02 153 130 2.01 155 
2.81 108 129 2.85 100 
2.66 1 16 
2.32 128 149 2. 17 1 19 
1 .89 173 122 1 .84 164 
2.50 1 13 136 2.57 1 1 1  
2.17 156 137 2.29 167 

Apo Redoced Redoced 
B A B 

e) A e) (0) A (0) (0) A (0) 

129 1 .84 151 
148 1 .64 152 137 1 .77 169 143 1 .80 165 

1 1 3  2.07 150 103 2.16 143 109 2.10 146 
157 2.48 153 

1 14 2.34 141 1 14 2.28 154 1 1 1  2.35 142 
107 1 .98 169 109 1 .66 176 105 1 .80 164 
1 18 1 .59 169 120 1 .83 174 1 18 1 .71 174 
101 2.19 1 15 108 2.10 1 1 3  102 2.15 1 13 

1 12 2.64 130 109 2.48 ' 1 3 1  1 10 2.54 134 
1 14 2 .19 156 120 2.09 157 1 12 2.50 150 
121  3.29 1 17 123 3.02 1 12 126 3.05 129 
1 14 1 .89 147 1 17 2.10 149 121 2.38 143 
159 2.17 140 168 2.07 155 176 1 .65 162 
140 2.7 1 131  140 2.64 128 146 2.79 127 
109 2.39 101 104 2.34 100 
1 12 2.04 144 130 1 .96 164 1 12 2.04 150 
126 2.86 108 124 2.90 97 121 3.07 109 

160 3.08 105 152 2.62 105 
1 55 2.39 125 153 2. 14 1 30 158 2.20 134 
98 2. 1 1  172 123 1 .80 168 109 1 .96 173 
1 3 1  2.54 1 16 1 32 2.72 109 129 2.62 103 
1 39 1 .95 163 1 56 1 .82 149 160 2.03 146 
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Appendix B.2.(continued). Main-chain . . .  side-chain hydrogen bonds of azurin. The geometry is given in the order C-O . . .  H angle, O . . .  H 
distance and 0 . . .  H-N angle; or C-A . . . O angle, A . . .  O distance and A . . .  O-C angle for those without a calculated hydrogen atom (where, A=acceptor 
and D=donor). 

Oxidised Oxidised Apo Apo Redoced Redoced 
A B A B A B 

(0) A (0) (0) A (0) e) A (") e) A (0) (0) A (0) (0) A (0) 

81  0-101 N� 134 2.72 148 143 2.96 135 
84 0-83 N51 137 1 .82 154 130 1 .77 163 137 1 .66 161 138 1 .73 147 1 34 1 .64 153 1 34 1 .82 152 
84 OyI-85 0 1 14 2.88 133 107 2.87 127 109 2.91 1 30 107 2.92 128 1 1 3  2.88 1 3 1  1 1 1 2.93 127 
84 OyI-48 N 1 3 1  2.44 135 136 2.20 136 133 2.37 135 137 2.40 132 129 2.46 126 1 34 2.21 141  
86 0-41 N� 1 36 2.77 141 146 3.08 125 147 2.98 102 
9 1 0£1-88 N 101 1 .87 144 1 12 1 .80 176 92 2.23 143 121  1 .64 167 100 2.39 149 98 2.03 162 
93 051 -94 N 93 2.50 128 90 2.33 133 101 2.32 126 
93 052-85 N 129 2.00 165 132 1 .88 166 135 1 .84 159 145 1 .90 177 1 3 1  2. 10 168 133 1 .98 169 
98 052- 100 N 128 2.04 168 146 1 .48 158 109 1 .78 1 74 
108 011-103 N 121 2.17 158 1 1 3  2.29 141 126 1 .79 163 1 17 2.3 1 136 126 1 .90 160 1 18 2.23 142 
1 12 Sy47 N 104 2.53 170 1 10 2.48 167 101 2.62 160 106 2.80 163 104 2.4 1 160 105 2.34 159 
1 12 Sr1 14 N 1 17 2.54 161 1 16 2.72 155 1 1 1  2.76 161 109 2.54 163 1 15 2.40 163 1 16 2.43 158 
123 0-122 N� 99 3 . 12 95 
127 0-24 N� 97 3.00 144 
128 0-24 N� 1 12 3 .23 91  
128 Oy-129 N 98 1 .73 135 
129 0£-24 NC 161 2.90 1 17 
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Appendix B.3. Side-chain . . .  side-chain hydrogen bonds of azurin. The geometry is given in the order C-O . . .  H angle, O . . .  H distance 
and O . . .  H-N angle; or C-A . . .  D angle, A . . .  D distance and A . . .  D-C angle for those without a calculated hydrogen atom (where, 
A=acceptor and D=donor). 

Oxidised Oxidised Apo Apo ReW:ed ReW:ed 
A B A B A B 

(0) A (0) (0) A (0) (0) A (0) (0) A (0) (0) A (0) (0) A (0) 
4 0£1-32 N£2 101 2.09 166 1 10 1.83 169 102 1 .73 151 

14 0£1�1O N62 123 2.21 168 144 1 .97 173 146 2.22 161 138 2.16 159 152 2. 1 1  162 

23 061-25 Oy 146 2.57 103 141 2.67 99 149 2.64 101 14 1 2.62 104 150 2.54 106 

23 062-128 0"( 1 18 3.42 99 105 3.37 1 10 

30 OyI-96 Oyl 125 2.54 1 19 1 19 2.39 1 16 1 14 2.79 1 17 120 2.75 1 10 126 2.53 1 15 1 16 2.49 122 

53 0£1-56 N� 
138 3.47 97 

53 0£1-122 N� 128 2.61 129 134 3.40 1 12 125 2.66 93 

62 061-74 N� 125 2.79 166 126 2.65 167 124 2.64 177 

62 061-79 NTl2 106 1 .74 132 1 12 2. 1 3  138 101 1.82 1 32 120 1 .67 150 101 2.03 1 13 95 2.30 139 

77 061-79 N£ 104 2.02 1 5 1  1 3 1  1 .64 168 109 1.71 166 1 15 1 .66 167 108 2.03 163 

77 062-79 NTl2 1 16 1 .71 136 102 1 .82 155 1 1 1  1 .80 140 107 1 .64 151  108 2. 1 8  124 1 14 1.52 151  

9 1  0£1-4 1  N� 126 3.24 120 1 17 3.30 173 

93 061-85 N� 128 3.38 1 13 1 16 3.23 1 14 1 34 3.03 107 

94 0r32 N61 145 2.08 129 1 1 8  1 .38 169 134 1.89 151  125 1 .76 153 156 1 .98 136 1 17 1 .60 152 

98 061-27 N� 
104 2.70 160 

98 061-100 0"( 139 2.49 145 131  2.83 126 132 2.78 136 

106 0£1-108 � 134 3.22 93 1 18 3. 16  95 103 3.28 100 137 3.08 93 1 10 3.27 99 

1 13 Oy-47 N62 148 1 .89 169 143 1 .94 175 150 2. 12 166 14 1 2.07 174 148 2.00 172 146 1.74 177 

1 12 Sy-46 N61 1 1 3  3.67 142 1 1 2  3.87 138 

1 12 Sr1 17 N61 1 19 3.59 144 1 1 2  3.49 144 

124 0,,(1-122 N� 132 3 .45 149 

129 0£-128 0'1 125 3 . 15  128 
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Appendix C.I. Unit cell details for the various forms of azurin. 

Crystal systeme : Orthorhombic 

Cell dimensions : 

I a (A) I b (A) I c (A) 
Oxidised azurin (Cu(ll)) 75.0 
Reduced azurin (Cu(I)) 7 5 . 1  
Copper-removed azurin a 

(Cyanide soaked crystals) 75. 1 
Apo-azurinb 

(Solution grown crystals) 7 5 . 1  

Space groupe : C2221 

Molecules per unit celie : 1 6  

VMe.d : 2.39 A3/dalton 

Solvent contente.d : 4 8 . 5 %  

a See p42. 
b See p44. 

e All forms. 

74.2 
73 .8  

74.3 

74. 1 

d Matthews, B.W. (1968) J. Mol. Bioi., 33, 491-497. 

99.6 
100. 1 

99. 1 

99.5 

90 
90 

90 

90 

257a 

90 90 
90 90 

90 90 

90 90 
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Appendix C.2.I. A Cn plot of azurin showing the location of specific residues. 

12 
12 

Appendix C.2.2. The amino acid sequence of Alcaligenes denitrificans azurin. Amino 
acid residues are given as one letter codest. 

Residue Residue 

number 1 5 10 number 

0 A Q C E A T I E S N 10 

10 D A M Q y N L K E M 20 

20 V V D K S C K Q F T 30 

30 V H L K H V G K M A 40 

40 K V A M G H N W V L 50 

50 T K E A D K Q G V A 60 

60 T D G M N A G L A Q 70 

70 D Y V K A G D T R V 80 

80 I A H T K V I G G G 90 

90 E S D S V T F D V S 100 

100 K L T P G E A Y A Y 1 10 
1 10 F C S F P G H W A M 120 
120 M K G T L K L S N 130 . 

t IUPAC-IUB Commission on Biochemical Nomenclature (1968) 1. Bioi. Chern., 243, 3557-3559. 
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