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The active site of the blue copper protein azurin (Azu) from
Pseudomonas aeruginosa consists of a Cu ion immobilized
by bonds to four amino acid side chains. The protein assists
in electron transfer in vivo. Replacement of Cu-ligand His117
by a Gly makes the Cu site accessible for exogenous ligands.
Incubation of the H117G Azu with n-alkane linkers carrying
imidazole groups at opposite ends leads to the formation of
noncovalently linked Azu dimers. The active site of H117G
Azu is vulnerable to Cu-catalyzed oxidative attack. Replace-
ment of CuII by ZnII leads to stable dimers, whose structures
have been determined by X-ray diffraction. These structures

Introduction
When applied to proteins, “click” chemistry can provide

decisively new insight in structure and function. Click
chemistry refers to the technique by which a side chain or
a prosthetic group is removed from a protein framework,
either chemically or by site-directed mutagenesis, and the
resulting gap is filled by exogenous compounds. In this way,
modified flavins or heme groups have been inserted into the
apo forms of flavoproteins and heme proteins.[1–3] It allows
the modification of active sites of enzymes in a simple and
straightforward manner. When the prosthetic group is ex-
tended with a linker (“hot wire”), click chemistry can also
allow for the connection of the active site of an enzyme to
a partner molecule or to an electrode.

In copper-containing proteins, the active site consists of
one or more Cu ions that are immobilized in the protein
through coordinate bonds to side chains. By replacing one
of these side chains by a small amino acid (Gly or Ala), the
Cu centre becomes directly accessible for exogenous ligands.
The technique has been successfully applied to the active
site of blue copper proteins and to the type-1 site of the
Cu-containing nitrite reductase.[4,5]
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are reported here. The similarity in the structure of the active
site between the wild type (wt) Zn-Azu and the dimer is re-
markable in light of the different relation of the coordinating
imidazole to the protein framework (covalently attached vs.
exogenous origin, respectively). The part of the “ligand loop”
running from amino acid 116 to 121 has acquired increased
flexibility in the mutant. The connected subunits have
adopted an unexpected orientation relative to each other.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

In the case of the small blue copper protein azurin (Azu)
from Pseudomonas aeruginosa, His117 has been subjected
to such modification. In Azu the Cu is bound by the Sγ
and Sδ atoms of Cys112 and Met121, respectively, and the
Nδ atoms of the residues His46 and His117. There is also
a weak interaction with the backbone carbonyl of Gly45.[6]

Azu is an electron-transfer protein, possibly involved in oxi-
dative stress response.[7] With many electron-transfer pro-
teins, a small part of the prosthetic group (flavin in the case
of flavodoxins or heme in the case of cytochromes, for in-
stance) or the active centre (the Fe-S cluster in ferredoxins
or the Cu site in cupredoxins, for instance) is directly access-
ible from the outside. In Azu this part of the structure is
formed by the Cu-ligand His117. It protrudes through the
protein surface at a shallow depression in the so-called
hydrophobic patch. His117 provides for electronic coupling
with the Cu and, presumably, represents the site where
physiological partners dock.[8,9]

Replacement of His117 by a Gly results in a slightly de-
stabilized form of the protein with a Cu site that has been
classified as Type-2 with spectral characteristics (EPR, UV/
Vis) that clearly differ from the native protein but revert to
those of the native protein upon incubation with imid-
azole.[4,10,11] So far, attempts to determine the structure of
this Azu variant by crystallography failed because the de-
stabilized Cu site appears vulnerable to Cu2+ catalyzed oxi-
dative attack by oxygen, which converts the Cys112 sulfur
into a sulfonate.[12] NMR studies showed an increased mo-
bility of the ligand loop (running from Cys112 to Met121)
on which His117 is located.[13] Click chemistry can enable
the formation of protein multimers by using multifunc-
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tional linkers. It has, for instance, been shown that the incu-
bation of H117G Azu with 1,ω-di(imidazol-1-yl)-n-alkane
linkers leads to formation of dimers when butane, pentane
and hexane are employed as the alkane moiety.[14]

In principle, the Cu-catalyzed oxidative modification of
the Cu site in H117G Azu should be avoidable by substitut-
ing the Cu by the redox-inactive Zn. It is known that in the
small blue copper proteins this substitution leads to mini-
mal distortion of the native structure and of the active site
in particular, the changes in the latter being limited to a
shortening of the M2+–Gly45 carbonyl bond and an elong-
ation of the M2+–Sδ(Met121) bond.[15]

Here we report on the preparation and characterization
of the 1,5-di(imidazol-1-yl)pentane (1,5-dip) and 1,6-di-

Figure 1. Titration of Zn-H117G Azu with linkers 1,5-dip and 1,6-dih (A): (B) Relative averaged intensity of resonance a [1,5-dip (�)]
and resonance a� [1,6-dih (�)] of Zn-H117G at increasing ratios of linker to protein (see also panels C and D). (C) and (D): High-field
regions of the 1H NMR spectra of 1 m Zn-H117G Azu upon titration with 1,5-dip (C) or 1,6-dih (D), at pH 6.5 and 305 K for different
molar equivalents of linker to Zn-H117G Azu.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3861–38683862

(imidazol-1-yl)hexane (1,6-dih) linked dimers of Zn-H117G
Azu. The results provide insight into the structural and dy-
namic properties of the H117G Azu variant. In particular,
they give an unexpected perspective on the mobility of the
ligand loop in native and H117G Azu.

Results

Dimerization of Zn-H117G Azurin

As Zn-H117G Azu is colourless, coordination of the
imidazole-based linkers can not be followed by the green-
to-blue optical transition that occurs upon coordination of
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Hot Wired Azurin Dimers FULL PAPER
imidazole to CuII-H117G Azurin.[4,10] Instead, ligand bind-
ing was monitored by 1H NMR spectroscopy. Addition of
0.7 molar equiv. of 1,5-dip or 1,6-dih to apo-H117G Azu
had no discernible effect on the 1H NMR spectrum (not
shown), whereas subsequent addition of a slight molar ex-
cess of Zn(SO4)2 to the sample led to the occurrence of
several new protein resonances in the downfield region of
the spectrum (Figure 1C, D). This demonstrates the forma-
tion of a new species for which Zn is required. The new
species exhibits a 3–4 Hz increase in line width correspond-
ing to a 40–60% increase in T2

–1. As the latter varies pro-
portionally with the rotational correlation time, τc, the in-
crease in line width reflects an increase in τc. While doub-
ling of the molecular weight should be accompanied with a
doubling of τc for a spherical molecule, the smaller increase
may reflect the nonspherical shape of the dimer. The line
broadening and the appearance of new resonances confirm
the formation of ZnII-His117Gly Azu dimers noncovalently
linked by di(imidazolyl)alkanes.

To check the stoichiometry, samples of Zn-H117G Azu
were titrated with 1,5-dip and 1,6-dih. The NMR spectra
are shown in Figure 1C and Figure 1D. In the course of the
1,5-dip titration, the signals at 12.56, 11.91 and 10.26 ppm
(Figure 1C: signals a, b and c) grew, while the peaks around
10.1 ppm, consisting of a number of partially overlapping
signals, changed shape. Similar observations were made for
signals at 12.59, 11.90 and 10.11 ppm (Figure 1D: signals
a�, b� and c�) in the case of the 1,6-dih titration. In the
latter case, signal c� almost completely overlaps with the
signals clustered around 10.1 ppm. The average intensities
of signals a and a� as a function of the added amount of
linker are shown in Figure 1B. The signal intensities depend
on the equilibria L + A i LA and LA + A i ALA, with
dissociation constants K1 and K2, respectively. Reliable de-
terminations of K1 and K2 require concentrations of the re-
actants at which there is substantial dissociation. Since K1

and K2 are expected to be in the micromolar range,[14] and

Table 1. Bond lengths and angles between ligands and the metal centre (M) in structures of Azu (P. aeruginosa).[a]

Bond lengths [Å] CuI-wt (1E5Y, 2.0 Å) CuII-wt (4AZU, 1.9 Å) ZnII-wt (1E67, 2.14 Å) Zn-H117G-1,6-dih (2.85 Å)

Gly45–M 3.02 (0.06) 2.76 (0.49) 2.32 (0.07) 1.99 (0.01)
His46–M 2.14 (0.07) 2.29 (0.29) 2.07 (0.04) 2.06 (0.02)
Cys112–M 2.29 (0.01) 2.24 (0.04) 2.30 (0.02) 2.34 (0.01)
Met121–M 3.25 (0.06) 3.15 (0.05) 3.38 (0.07) 3.51 (0.15)
His117/Linker–M 2.10 (0.07) 2.01 (0.05) 2.01 (0.03) 2.07 (0.01)

Bond angles [°]

Sγ112–M–Nδ46 133 (2) 132 (3) 128 (3) 136 (1)
Sγ112–M–Nδ117/Linker 122 (1) 122 (2) 121 (1) 98 (13)
Sγ112–M–Sδ121 113 (1) 110 (1) 103 (1) 99 (2)
Nδ46–M–Sδ121 72 (1) 77 (3) 70 (2) 67 (2)
Nδ46–M–Nδ117/Linker 105 (2) 105 (2) 110 (3) 118 (10)
Sδ121–M–Nδ117/Linker 91 (4) 87 (2) 83 (1) 81 (2)
O45–M–Nδ46 75 (1) 74 (3) 84 (1) 89 (4)
O45–M–Sδ121 145 (1) 148 (2) 152 (2) 152 (3)
O45–M–Nδ117/Linker 87 (2) 89 (1) 98 (2) 102 (4)
O45–M–Sγ112 99 (1) 105 (10) 101 (1) 107 (1)

N2S–M distance [Å] 0.09 (0.01) 0.06 (0.07) – 0.16 (0.04) – 0.32 (0.08)

[a] The bond lengths and angles were obtained by averaging over all the molecules within the asymmetric unit. Numbers between brackets
indicate standard deviations.

Eur. J. Inorg. Chem. 2006, 3861–3868 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3863

NMR measurements require millimolar quantities for the
titrations, no accurate K values could be extracted from
Figure 1B. What the data do demonstrate is that the equiva-
lence point in the titration is reached at an [L]/[A] ratio of
about 1:2, confirming that one linker molecule associates
with two Azu molecules. (The accuracy of the data points
in Figure 1B is limited by an uncertainty in the linker con-
centration and the inherent inaccuracy of the peak inten-
sities caused by line-width variations in the NMR spectra.
This explains why the equivalence points are not reached at
exactly [L]/[A] = 1:2.)

Crystal Structure of (Zn-H117G)2-1,6-dih Azurin

From diffraction data collected at 100 K, the crystal
structure of (Zn-H117G)2-1,6-dih Azu was solved to 2.85 Å
resolution (Table 3). Data collected at room temperature
showed that the resolution is directly limited by the quality
of the crystals and is not affected by the freezing process.
The asymmetric unit contains a total of four protein mole-
cules arranged as a pair of dimers (Figure 2), reminiscent
of the molecular arrangement observed in crystals of wt
Azurin.[16] Each of the molecules within the dimer is
aligned with its long axis roughly parallel to the 1,6-dih
linker. The intramolecular Zn-to-Zn distance amounts to
16.1 Å. The four molecules within the asymmetric unit are
superimposable with an RMSD of 0.4 Å for the Cα trace
of the entire protein backbone, which diminishes to 0.2 Å
when the loop region between residues 116 and 120 is ex-
cluded, indicating a well conserved core structure. The Cα
trace of Zn-H117G Azu, averaged over all four molecules
in the asymmetric unit, is superimposable with wt Zn-Azu
within 1.1 Å which diminishes to 0.5 Å when residues 116–
120 are ignored. The structural details of the metal site are
reported in Table 1.
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Figure 2. Stereo view of the (Zn-H117G)2-1,6-dih Azu dimer. The
side chains of residues G45, H46, C112, and M121 as well as the
1,6-dih linker are shown as sticks while both zinc atoms are de-
picted as spheres.

Discussion

Metal Site Structure

Although the limited resolution of the structure of the
H117G dimer reported here requires caution with the in-
terpretation of the data, averaging over all of the molecules
within the asymmetric unit permits us to compare the struc-
tural characteristics of the metal site with those in wt CuII-
and ZnII-Azu (Table 1). The main structural difference be-
tween the CuII and ZnII sites in wt Azu relates to the de-
crease in the distance between the metal and the carbonyl
of Gly45 and the concomitant increase in the metal–
Sδ(Met121) distance when Cu is substituted by Zn. Clearly,
the “hard” Zn ion is pulled over from the “soft” sulfur li-
gand to the “harder” oxygen ligand so that the Zn ion ends
up at the other side of the N2S plane as compared with
the Cu ion. A similar observation applies for wt Zn-H117G
Azurin.[15] The extent to which the structural details of the
Zn site in the dimer seem to reproduce those of the wt Zn-
Azu is remarkable, despite the fact that the imidazole ring
is not covalently attached to the protein framework in the
dimer. In particular, the positions of the three hard ligands
His46, Ser112, and His117/Linker which together form a
near-equatorial plane are well conserved. The two axial li-
gands Met121 and Gly45 show slightly larger deviations rel-
ative to wt Zn-Azu. They form weak coordinate bonds to
the Zn ion and have more positional freedom.

NMR Titration

The NMR titration data (Figure 1) clearly demonstrate
that the ZnII-H117G Azu does bind the bifunctional linkers
used for this study. The signals used to follow the titration
have not been assigned. In native wt CuI Azu there are
seven distinct high-field signals in the range of from 9.60 to
11.30 ppm.[27] They derive from the backbone amide pro-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3861–38683864

tons of Asn38, Asn47, Thr52, Ile87, Thr113, Phe114 and
Ser118. Three of these stand out because they occur at very
high chemical shift positions: 11.30 (N38), 10.58 (N47) and
10.48 (F114) ppm. Those of N47 and F114, in the wt struc-
ture, form a H-bridge with the Sγ of the Cys112 metal li-
gand; their chemical shifts to some extent reflect the charge
distribution over the metal site. The amide proton of Asn38
forms a H-bridge with the carboxyl group of Asp11 which
is located in the interface of the ZnII-H117G Azu-dimer.
One expects these three signals to stand out in the spectrum
of the dimer as well, but a definitive identification of the
high-field signals a–c and a�–c� must await a detailed as-
signment of the spectrum. The low-intensity resonances at
10.14 and 9.96 ppm derive from an apo-Azu impurity.

Ligand Loop Dynamics

Although the overall protein structure of each of the sub-
units is very similar to wt Zn-Azu, the loop on which resi-
dues 116 to 119 are located has adopted different confor-
mations in each of the four subunits in the asymmetric unit
(Figure 3A). They all have relatively high B factors indica-
tive of increased flexibility (Figure 3B) This flexibility is
understandable, given that in H117G Azu the loop is com-
prised of a series of small, flexible amino acids (Gly-Gly-
Ser-Ala) and is consistent with the finding by Jeuken et al.
that for CuI-H117G Azu the residues 116–120 display in-
creased backbone dynamics in solution relative to wt
Azu.[13]

It is interesting to note that the complete ligand loop
runs from Cys112 to Met121 but that only the part running
from residues 116–119 shows enhanced disorder. Appar-
ently residues 112–115 are sufficiently strongly anchored to
the protein framework to keep them fixed in the structure
even when His117 is replaced by a Gly. Of the residues 116–
119 in the wt structure, only the side chain of His117 is
anchored to the protein structure, namely through a bond
of the imidazole ring to the Cu. Yet, this is not what keeps
His117 in place because in apo-Azu this loop retains its
native conformation.[17] It is found that some of the ligand
loop residues of ZnII-H117G Azu occur in the disallowed
regions of the Ramachandran plot (Figure 4). These dihe-
dral angles have become accessible to the protein only be-
cause the His117 has been replaced by a Gly. It is therefore
impossible for the ligand loop in wt Azu to adopt a configu-
ration as seen here. To what extent the flexibility of the
ligand loop in Azu differs from those in other blue copper
proteins like plastocyanin, pseudoazurin and amicyanin re-
mains to be seen.

Interface Packing and Solvation

It is of interest to compare the relative orientation of the
Azu monomers in the (Zn-H117G)2-1,6-dih Azu structure
with what has been observed for wt Azu. For wt Azu, the
α-helices of the two monomers are situated on opposite
sides of the dimer (Figure 5). Covalent dimers of Azu, in
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Figure 3. Representation of structural data. (A) Stereo view of resi-
dues G45, H46, C112, H/G117 and M121 of each of the mono-
meric subunits of (Zn-H117G)2-1,6-dih Azu (grey) in the asymmet-
ric unit, superimposed on the structure of Zn-wt Azu (black). The
ligand loops between residues 115–121 are shown in cartoon repre-
sentation; the zinc atoms are shown as spheres. Labels correspond
to the ligands of wt Azu. (B) Stereo image of one of the dimers of
(Zn-H117G)2-1,6-dih Azu observed in the asymmetric unit. Darker
shading and larger tube diameter indicate increased B factors. The
1,6-dih linker is shown in stick representation; the zinc atoms are
shown as spheres. The dimer shown has the most flexible ligand
loops of the two dimers found within the asymmetric unit.

which the Azu moieties are connected through a bis(male-
imidomethyl) ether (BMME) linker also have a tendency to
adopt this orientation.[18] In contrast, the structure of the
noncovalent dimer of (Zn-H117G)2-1,6-dih Azu, in which
the metal ions are connected with the linker through coor-
dinate Zn-imidazole bonds, has both α-helices on the same
side (Figure 5). Somewhat similar orientations have been
observed for the C112D and F114A mutants of Azu (1AG0
and 1AZN, respectively).[19,20]

Although the interface area in the dimer is largely re-
tained, its solvent accessibility is slightly larger than that in
the structures of wt Azu or the BMME-linked N42C Azu-
dimer, both of which display the classical hydrophobic in-
teraction packing (Table 2).[16,18,21] A disulfide-linked N42C
Azu dimer does not fit in this comparison and is a separate
case: its intra-dimer interface is very small (ca. 360 Å2) since

Eur. J. Inorg. Chem. 2006, 3861–3868 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3865

Figure 4. Ramachandran plots of the loop residues 116-120 of (A)
Zn-wt Azu and (B) (Zn-H117G)2-1,6-dih Azu. Different symbols
are used to represent the individual amino acid chains within the
asymmetric unit.

Figure 5. Cartoon representations of (Zn-H117G)2-1,6-dih Azu
(left) and the crystal packing of Zn-wt Azu (right); the α-helical
regions are shown in dark grey. The zinc atoms are shown as large
spheres (black). Hydrogen-bonded water molecules in the protein
interface of wt Azu are shown as small spheres (light grey).

two monomers are rotated around the C42–C42 disulfide
bond as compared with the wt packing. The inter-dimer
interface is sizeable but smaller than in the wt case. The
decrease in interface for the (Zn-H117G)2-1,6-dih Azu,
however, although not large, is significant and is related to
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Table 2. Solvent accessibility and interface area in azurin dimers.

Accessible surface area [Å2] per monomer Interface area [Å2]
Free[a] Complex[b]

wt (1E5Y) inter 6579 6066 1026
N42C-BMME (1JVL) intra 6547 6050 995
N42C-disulfide bridged (1JVO) intra 6524 6343 363
N42C-disulfide bridged (1JVO) inter[c] 6524 6033 983
(Zn-H117G)2-1,6-dih intra 6687 6205 964

[a] The coordinate file used for the calculation contained a single monomer; additional monomers were removed from the asymmetric
unit. [b] The coordinate files used for the calculation were edited to contain only the molecules that share the contact surface under
consideration. [c] Numbers correspond to the intermolecular interface between two different dimers in the asymmetric unit.

the packing of the monomers. From previous experiments
on H117G Azu it was concluded that 1,5-dip gives optimal
packing of the Azu monomers and that 1,6-dih Azu is
slightly too long to let monomers approach as close as in
the wt case.[14] The increase in metal-to-metal distance in
the Zn-H117G Azu dimer (16.1 Å vs. 14.9 Å in wt Azu[16])
is in line with this conclusion. A slightly larger distance be-
tween the two Azu halves in the dimer would also mean a
smaller contact area, in agreement with the data in Table 2.

The findings reported here and in the preceding dis-
cussion show that the packing of two Azu molecules with
their hydrophobic patches together is thermodynamically
favourable. Previous experiments have shown that the gain
in free energy when two Azu molecules associate is 2.1 kcal/
mol.[14] The present data show that Azu molecules prefer to
pack with their hydrophobic patches opposite to each other,
but that the precise mutual orientation of the monomers
may vary and probably depends on small variations in the
free energy of association caused by small adjustments in
the van der Waals energy, remote charge effects and the
precise configuration of hydrogen bridges across the inter-
face.

Conclusions

Site-directed mutagenesis of the copper ligand H117 of
the blue copper protein Azu (P. aeruginosa) creates a sol-
vent-exposed aperture in the protein, which can accommo-
date a variety of ligands, thereby permitting “hotwiring” of
the protein. Incubation of the H117G variant with bifunc-
tional linkers like the 1,ω-di(imidazol-1-yl)-n-alkanes allows
the formation of Azu dimers noncovalently linked by the
functionalized alkanes. The (Zn-H117G)2-1,6-dih Azu di-
mer was crystallized and its structure was solved to 2.85 Å
resolution. Relative to wt Azu, H117G Azu shows increased
flexibility in the loop region between residues 116–120, sur-
rounding the site of mutation. The displacement of this
loop from the protein interior may facilitate the coordina-
tion of larger exogenous ligands. The structure represents a
type of dimer in which the proteins have adopted a relative
orientation distinct from those previously reported for di-
mers of Azu.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3861–38683866

Experimental Section
Protein Expression and Isolation: Apo-H117G Azu was produced
and purified as described previously. The concentration of apopro-
tein was determined from the absorbance at 280 nm (ε280 =
9.1±0.1 m–1 cm–1) recorded at room temperature (r.t.) on a Per-
kin–Elmer lambda 18 spectrophotometer.

Linkers: The bifunctional ligands (Figure 1A) 1,5-di(imidazol-1-
yl)pentane and 1,6-di(imidazol-1-yl)hexane were synthesized as
previously reported.[14] Purity and integrity of the samples after
prolonged storage was confirmed by 1H NMR and working solu-
tions of 6 m were prepared in MilliQ grade water.

NMR Spectroscopy: All 1H NMR spectra were recorded with a
Bruker Avance DMX 600 MHz spectrometer at 304 K with a spec-
tral width of 12.98 ppm in 4 K memory by using a Watergate-fil-
tered pulse sequence. Free induction decays were Fourier trans-
formed by using a squared sine window function. All samples were
prepared in potassium phosphate (KPi), pH 6.5 buffer (20 m⁾ sup-
plemented with 6% D2O for locking of the signal. The binding
of 1,6-dih to Zn-H117G Azu was assessed by addition of linker
(0.7 equiv.) to a solution of apo-H117G Azu (0.5 m⁾. After re-
cording of the 1H NMR spectrum, Zn(SO4)2 (2 equiv.) was added,
and the sample was incubated at r.t. for ca. 10 min allowing coordi-
nation of the linker to the reconstituted protein. The effects of co-
ordination of 1,6-dih or 1,5-dip on the 1H NMR spectra of Zn-
H117G Azu were compared by titration of protein (1 m⁾ in KPi,
(20 m, pH 6.5) with either of the linkers. Zn-H117G Azu was
prepared by incubating a solution of the apoprotein at the desired
concentration with ZnSO4 (1.2 equiv.) for 10 min at r.t. This solu-
tion was used as prepared.

Crystallization and X-ray Data Collection: A solution of apo-
H117G Azu (10 mg/mL) in Tris-HCl (10 m, pH 7.5) was incu-
bated with ZnCl2 (1.3 equiv.) for 2 h at r.t. Excess ZnCl2 was re-
moved by ultracentrifugation (Centricon, MWCO 10,000). The
sample was then incubated with either 1,5-dip (0.6 equiv.) or 1,6-
dih (0.6 equiv.). Prior to crystallization the samples were filtered
through a low-protein-binding, 0.22-µm filter (Millipore). Crystals
of (Zn-H117G)2-1,6-dih were obtained by sitting drop vapour dif-
fusion at 295 K by using equal volumes of protein and reservoir
solution. Crystals suitable for X-ray crystallography appeared
within 3 d, from protein solution (1 µL) mixed with reservoir solu-
tion (1 µL) containing Tris-HCl (100 m, pH 8.56) and 20% (w/v)
polyethylene glycol (PEG) 8000. No crystals were obtained for (Zn-
H117G)2-1,5-dip. X-ray diffraction data of (Zn-H117G)2-1,6-dih
were collected on an in-house beam by using a MAR345 Image
Plate detector. A crystal was mounted in a cryo-loop (Hampton
Research) and passed quickly through a cryo-protectant solution
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Hot Wired Azurin Dimers FULL PAPER
containing 20% glycerol, followed by flash-freezing in a nitrogen
gas stream at 100 K. A data set was collected to 2.85 Å resolution.
All collected data were indexed, integrated and scaled with
HKL2000.[22] Data collection and refinement statistics can be
found in Table 3.

Table 3. X-ray diffraction data collection, refinement and model
statistics.

Data collection

Space group P1
Unit cell parameters a×b×c [Å] 42.66×49.72×66.07
Resolution [Å][a] 25–2.85 (2.9–2.85)
Measured reflections 28364
Unique reflections 11979
Completeness (%) 88.2
Rmerge

[b] (%) 8.7 (34.1)
Average I/sigma (I) 9.36 (1.83)

Refinement statistics

R-factor (%) 19.2 (32.5)
Free R-factor (%) 23.3 (44.7)
Average total B-value protein [Å2] 30.5

Model statistics

Number of TLS groups 4
Number of monomers in the asymmetric 4unit
Number of protein residues 512
Number of solvent molecules 3
Number of Zn ions 4
Number of ligands 2

Ramachandran plot (%)

Most favoured region 89.5
Additionally favoured region 10.2
Generally favoured region 0.2
Disallowed region 0.1

R.m.s. deviation from ideality

Bond lengths [Å] 0.013
Bond angles [°] 1.070

[a] Values of reflections recorded in the highest resolution shell are
shown in parentheses. [b] Rmerge = Σo(|I-�I�|)/Σ(I) (scalepack out-
put). The coordinates have been deposited in the Protein Data
Bank under accession code 2IWE.

Structure Determination and Refinement: The structure of (Zn-
H117G)2-1,6-dih was solved by molecular replacement by using the
program Molrep[23] from the CCP4 program suite[24] by employing
the structure of Zn-wt Azu (PDB entry 1E67)[15] as a search model.
A solution was obtained with an R factor of 39.7% and a corre-
lation coefficient of 58.8. After several rounds of rigid-body and
restrained refinement with Refmac5,[25] the mutated amino acids
were built in manually with Xtalview,[26] followed by automatic sol-
vent building with ARP/wARP.[27] Upon inspection of an Fo – Fc

difference density map, a double conformation of the main chain
running from residue G116 to M121 of molecule A could be mod-
elled and refined, leading to an improvement of Rfree. Extra density
was also observed for this flexible loop in the three other molecules
present in the asymmetric unit but was considered too weak to
build any amino acids. Final refinement by using tight NCS re-
straints between residues 1 to 114 of each protein chain and refine-
ment of translation, liberation and screw (TLS) parameters[28] re-
sulted in a model with an R factor of 19.2% (Rfree 23.3%). The
quality of the model was checked by PROCHECK[29] and
WHATIF[30] (see Table 3). The coordinates and structure factors

Eur. J. Inorg. Chem. 2006, 3861–3868 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3867

have been deposited in the Protein Data Bank under accession code
2IWE. Figure 2, Figure 3 and Figure 5 were made in PyMOL
0.98.[31] Figure 3 was generated with the help of the color_b.py
script for colouring according to B factor (http://adelie.bioch-
em.queensu.ca/~rlc/).

Solvent Accessibility and Interface Areas: The solvent-accessible
surface area (ASA) was calculated by using the program NAC-
CESS 2.1.1 with a probe radius of 1.4 Å. The interface area was
defined as the sum of the ASAs of the individual proteins minus
the ASA of the complex.
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