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ABSTRACT: The X-ray structure of an engineered purple CuA center in azurin fromPseudomonas aeruginosa
has been determined and refined at 1.65 Å resolution. Two independent purple CuA azurin molecules are
in the asymmetric unit of a newP21 crystal, and they have nearly identical conformations (rmsd of 0.27
Å for backbone atoms). The purple CuA azurin was produced by the loop-engineering strategy, and the
resulting overall structure is unperturbed. The insertion of a slightly larger Cu-binding loop into azurin
causes the two structural domains of azurin to move away from each other. The high-resolution structure
reveals the detailed environment of the delocalized mixed-valence [Cu(1.5)‚‚‚Cu(1.5)] binuclear purple
CuA center, which serves as a useful reference model for other native proteins, and provides a firm basis
for understanding results from spectroscopic and functional studies of this class of copper center in biology.
The two independent Cu-Cu distances of 2.42 and 2.35 Å (with respective concomitant adjustments of
ligand-Cu distances) are consistent with that (2.39 Å) obtained from X-ray absorption spectroscopy with
the same molecule, and are among the shortest Cu-Cu bonds observed to date in proteins or inorganic
complexes. A comparison of the purple CuA azurin structure with those of other CuA centers reveals an
important relationship between the angular position of the two His imidazole rings with respect to the
Cu2S2(Cys) core plane and the distance between the Cu and the axial ligand. This relationship strongly
suggests that the fine structural variation of different CuA centers can be correlated with the angular
positions of the two histidine rings because, from these positions, one can predict the relative axial ligand
interactions, which are responsible for modulating the Cu-Cu distance and the electron transfer properties
of the CuA centers.

Purple CuA centers, found in cytochromec oxidase (COX)
of eukaryotic mitochondria and some aerobic bacteria (1),
and in nitrous oxide reductase (N2OR) of dinitrifying bacteria
(2), are a new class of copper centers in biology. Like the
classic blue (type 1) copper proteins (3, 4), they are involved

in long-range electron transfer (ET) (5, 6). However, rather
than adopting the active site structure of the blue copper
proteins that contains a mononuclear Cu(II) with one cysteine
and two histidines in a trigonal plane (7), purple CuA centers
contain a mixed-valent binuclear [Cu(1.5)‚‚‚Cu(1.5)] center
with one histidine bound to each copper and two cysteines
serving as bridging ligands (8-11). Understanding the
structure-function relationship of this class of copper centers
has been the focus of intense research (12), including many
excellent biochemical (13-15), spectroscopic (for example,
see refs16-28), and electron transfer (5, 6, 29-32) studies
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on either the water-soluble fragments containing the CuA

center of native enzymes (33-35), engineered CuA centers
(36-38), or inorganic model compounds (39, 40). One
central question is how the electron transfer function of
purple CuA centers is modulated with respect to those of blue
copper centers.

To answer this question, we (37) and others (38) have
succeeded in converting the blue copper center into the purple
CuA center using loop-directed mutagenesis. Comprehensive
spectroscopic characterization of the engineered azurin from
Pseudomonas aeruginosa(called purple CuA azurin) has
demonstrated the striking similarity between the purple CuA

azurin and the native CuA centers (20, 37, 41-44). From
the study, a correlation between the high-energy Cu-Cu σ
f σ* transition and the Cu-Cu core compression was noted.
A detailed investigation by Gamelin et al. (20), who used a
combination of electronic spectroscopic characterization and
molecular orbital calculations, demonstrated that both valence
delocalization and the axial ligand interaction are important
for modulation of the electronic structure and control of both
ET redox potential and reorganization energy. It was
proposed that the weakening of the axial ligand interaction
can result in more Cu-Cu compression, stronger valence
delocalization, and smaller reorganization energy, and there-
fore more efficient ET. A comparison with the electronic
structural description of the blue copper centers indicates
that weakened axial interactions also occur, although no
valence delocalization can be operative in the blue copper
centers. More importantly, an ET study of the engineered
purple CuA azurin showed that, within the same protein
framework and despite a∼70 mV lower driving force, the
mixed-valent purple CuA center transfers an electron about
3 times faster than the blue copper center, which can be
attributed to the lower reorganization energy of the CuA

center (45).
To provide a basis for understanding the results from both

spectroscopic and ET studies, high-resolution structures
containing different Cu-Cu and axial ligand-Cu distances
are required. To date, three crystal structures of proteins
containing the purple CuA center, namely, COX from bovine
heart (8, 9) and fromParacoccus denitrificans(10, 11) at
2.8 Å and quinol oxidase (CyoA) construct (46) at 2.3 Å,
have established medium-resolution structures for the purple
CuA centers. Here we present the high-resolution structure
of the engineered purple CuA azurin determined by X-ray
crystallography (Figure 1) from which the structure of the
mixed-valence binuclear Cu2S2(Cys) core is defined in an
unprecedentedly clear manner. This high-resolution structure
allows us to correlate the structure with results from many
spectroscopic studies, and to define structural elements that
are important for modulation of the functional properties of
the center. Furthermore, the purple CuA azurin is engineered
using loop-directed mutagenesis (37). In contrast to site-
directed mutagenesis, loop-directed mutagenesis has been
used only recently for protein engineering purposes (36-
38). Therefore, understanding structural elements determining
the success of loop-directed mutagenesis can help make this
technique more applicable to other proteins.

MATERIALS AND METHODS

The purple CuA azurin was constructed and expressed in
Escherichia coli, and the holoprotein was purified to

homogeneity as described previously (37, 43). The loop-
engineering strategy is outlined in Figure 1A. The copper
binding loop in blue copper azurin is replaced by the CuA

binding loop ofP. denitrificansCOX in purple CuA azurin.

FIGURE 1: (A) Schematic ribbon drawing illustrating the loop-
engineered strategy of producing the binuclear purple CuA auzrin
from the native blue copper azurin. The blue copper binding loop
in azurin (amino acids 112-119) is replaced by the CuA-binding
loop of COX (P. denitrificans) containing theCSELCGINHA
sequence as shown in the top panels of the figure. (B) The ribbon
diagram of the crystal structure of the purple CuA azurin of molecule
A. The other independent molecule B in the asymmetric unit is
very similar to molecule A. The ribbon diagram was produced using
the algorithm of Kabsch and Sander (53) of MIDAS (University
of California, San Francisco).
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The numbering system of the wild-type blue Cu azurin is
used. The amino acids that serve as ligands to Cu ions are
bold and underlined. The engineered CuA arzurin has a
molecular mass of 14 295 Da.

Crystallization was performed by vapor diffusion using
10 µL of 23 mg/mL protein in 50 mM ammonium acetate
(pH 5.1) and 10µL of a dip solution containing 0.2 M
ammonium acetate, 0.1 M sodium acetate (pH 4.6), and 30%
polyethylene glycol 2000. The above solution was allowed
to equilibrate with 31.5 mL of a reservoir solution containing
0.2 M ammonium acetate, 0.1 M sodium acetate (pH 4.6),
and 20% polyethylene glycol 4000 at 5°C. Purple-colored
crystals appeared as clusters of rectangular thin plates. A
single 0.2 mm× 0.4 mm× 0.05 mm crystal was used for
data collection. Data were collected at-150 °C using a
Rigaku R-Axis IIc image plate system mounted on an RU-
200 rotating-anode X-ray generator (CuKR at 1.5418 Å). The
crystal data are listed in Table 1.

The volume of the unit cell (112 217 Å3) suggests that
there are two CuA azurins in the asymmetric unit, resulting
in a reasonableVm value of 1.96 Å3/Da. A self-rotation search
indicated that the two molecules are related by an almost-
perfect noncrystallographic 2-fold rotational axis with a
rotational angle of 179.86°. The structure was solved by the
molecular replacement method using X-PLOR (A. Brunger,
X-PLOR, version 3.1) (47) using the wild-type azurin
structure (PDB file name 4azu) as a search model. The
structure was first refined by the simulated annealing
procedure as set up in X-PLOR. Subsequently, it was refined
by SHELX-97 (48) with individual isotropic temperature
factors. Water molecules were then located and added to the
refinement using the procedure implemented in SHELX-97
(48). Five hundred six water molecules were located in
electron density envelopes at the>1.0σ level. The final
R-factor for 26 124 reflections [>2σ(I)] between 20 and 1.65
Å resolution is 0.189. Allφ andψ angles and other protein
conformational parameters, calculated by WHAT_CHECK
(49), are within acceptable values. Representative electron
density maps, shown in Figure 2, indicate the high-resolution
(1.65 Å) nature of the structure. The last shell (1.75-1.65
Å) of the data is 56.4% complete for>2.0σ(I) reflections,
and the R-factor is 0.355 (Table 1S in the Supporting
Information). The final refinement statistics are listed in
Table 1. The final atomic coordinates of the two molecules
have been deposited at the Brookhaven Protein Data Bank

(file name 1cc3 for the atomic coordinates and r1cc3sf for
the structure factor entry).

RESULTS AND DISCUSSION

OVerall Structure.There are two independent purple CuA

azurin molecules (denoted molecule A and molecule B) in
the asymmetric unit of a newP21 crystal lattice. The two
independent purple CuA azurin molecules in the asymmetric
unit are very similar to each other, with a root-mean-square
deviation (rmsd) of 0.27 Å between them (using all common
backbone atoms except residue 1). The overall structure of
the CuA azurin (Figure 1B) is nearly identical to the native
blue copper azurin. The rmsd ofR-carbon backbones between
molecule A and native azurin (PDB file name 4azu) is 0.80
Å when the ligand loop (corresponding to Thr112-Leu120
in the native blue copper azurin) is not considered in the
calculation. This result indicates that, as in the case of site-

Table 1: Crystal and Refinement Data of CuA Azurin

crystal data refinement data

a (Å) 35.63 no. of reflections
[>2.0σ(I)] (20-1.65 Å)

23262

b (Å) 62.33 R-factor/R-free (5% data)
[>0.0σ(I)]

0.201/0.263

c (Å) 51.23 R-factor/R-free (5% data)
[>2.0σ(I)]

0.189/0.242

â (deg) 99.50 rmsd for bond distances
(Å)/rmsd for angles (deg)

0.009/2.47

space group P21 no. of protein atoms
(〈B〉 ) 11.9 Å2)

2 × 988

resolution (Å) 1.65 no. of Cu ions
(〈B〉 ) 10.1 Å2)

4

no. of reflections
[>0.0σ(I)]

26467 no. of waters
(〈B〉 ) 23.8 Å2)

506

Rmerge(%) 10.5
completeness (%) 97.8
WilsonB-factor (Å2) 19.8

FIGURE 2: (A) The 2Fo - Fc electron density map (contoured at
2.0σ level) of the CuA sites at 1.65 Å resolution. The densities of
the two copper atoms are well-resolved. The electron density
envelope is continuous at the 1.4σ level throughout the entire protein
backbone of both molecules in the asymmetric unit. (B) The 2Fo
- Fc electron density map (contoured at the 2.0σ level) of the core
region around Trp48.
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directed mutagenesis, loop-directed mutagenesis does not
perturb the overall structure of the protein significantly and
new biological activity can be introduced. Consequently, we
conclude that this strategy can be generally used in protein
engineering.

The newly engineered CuA azurin crystallizes in a space
group (P21) that is different from that of the wild-type azurin
(P212121). In the crystal of the wild-type azurin, a dimer of
dimeric azurins form a tetramer with a pseudo 222 symmetry.
The blue Cu centers of azurin are facing toward each other
with several amino acids at the protein-protein interface
implicated in the electron transfer process. In the CuA azurin
crystal, the purple CuA center of one azurin is making
contacts with the other end of the protein (away from the
CuA center) (Figure 1S in the Supporting Information).

The insertion of a longer loop did result in a hinged
movement between the domain loop of residues 52-80
(colored dark blue in Figure 1B) and the main seven-stranded
â-barrel body (colored in light blue) of the protein in CuA

azurin which accommodated the larger binuclear Cu2S2(Cys)
core. The separation of the two parts causes a rearrangement
of some amino acid side chains at the interface (Figure 3).
Interestingly, the conformation of the loop of Cys112-
Met123 is similar between the two independent CuA azurin
molecules (rmsd of 0.20 Å), and to the CuA site of the native
COX from bovine heart (8, 9) and fromP. denitrificans(10,

11) with respective rmsds of 0.69 and 0.73 Å, respectively.
The conformation of the loop derived from COX is

different from that from the blue copper azurin (Figure
1A,B). The insertion of the COX loop places the Glu114
side chain between residues Tyr72 and Leu86. The bulky
and negatively charged side chain of Glu114 pushes the
R-helix domain (amino acids 52-82) away from the main
â-barrel body (Figure 3B). The newly inserted loop provides
most of the Cu-binding ligands, including the Sγ of Cys112
and Cys116, the Nú of His120, the Oε of Glu114, and the Sγ
of Met123. The remaining ligands are provided by the Nú

of His46 and the carbonyl oxygen of Gly45.
Structure of the Cu-Binding Site.The two copper atoms

in the binuclear Cu2S2(Cys) core are completely resolved in
the final electron density maps (Figure 2A). The detailed
environments at and around the two independent binuclear
Cu2S2(Cys) cores are shown in Figure 4A. An important
finding is that the two independent Cu-Cu distances are 2.42
and 2.35 Å, respectively, shorter than any of the Cu-Cu
distances previously observed in CuA (8-11, 46). There are
concomitant changes in the associated Cu-ligand distances.

In molecule A, the Cu1-NHis46 distance is 2.01 Å and the
two Cu-SCys distances are 2.42 and 2.29 Å. In contrast, the
Cu2-NHis distance is 2.06 Å, and the two Cu-SCys distances
are 2.17 and 2.30 Å. In molecule B, the Cu1-NHis distance
is 2.01 Å and the two Cu-SCys distances are 2.30 and 2.44
Å, whereas the Cu2-NHis distance is 2.26 Å and the two
Cu-SCys distances are 2.15 and 2.33 Å.

The nonequivalence of the two Cu-NHis bonds has been
noted in both ENDOR (26) and paramagnetic1H NMR (27,
28, 44, 50-52) studies of several CuA centers. For example,
14N ENDOR studies of three COXs found that their two
nitrogenous ligands have quite different coupling constants,
one in the range of 6-11 MHz and the other in the range of
14-17 MHz. Consistent with this observation, a paramag-
netic NMR study of purple CuA amicyanin indicated that
the histidine in the ligand loop (His101 in amicyanin,
corresponding to His120 here in azurin) has about half of
the electron spin density of the other histidine ligand. These
results make sense because the Cu-NHis120 bond distance
(2.06 Å) is longer than that (2.01 Å) of Cu-NHis46 in
molecule A and 2.28 versus 2.08 Å for the respective values
in molecule B.

The asymmetry of the Cu2S2 core has been reflected by
the unusually high Cu-S Debye-Waller term in XAS study
(24), and by the different chemical shifts of theâ-CH2

protons of the two cysteines (27, 28, 44, 50-52).
For comparisons, the corresponding values of COX from

P. denitrificans (10, 11) and engineered CuA in quinol
oxidase (CyoA) (46) are shown in panels B and C of Figure
4, respectively. A notable difference among the three CuA

structures is the short Cu-Cu distances (2.42 and 2.35 Å
for molecules A and B, respectively) in the CuA azurin. These
distances are consistent with results obtained from EXAFS
(2.39 Å) for the same CuA azurin (42, 43), and are among
the shortest Cu-Cu distances in proteins and inorganic
complexes. Interestingly, the values in CuA azurin appear to
be more similar to those in COX than to those in CuA

quinoloxidase. In particular, the Cu-Nú distances of 1.83
and 1.73 Å in CuA quinoloxidase are substantially shorter
than those (2.01-2.26 Å) of the other two structures. These
differences may be responsible for the observation that

FIGURE 3: (A) van der Waals drawing of the blue copper azurin
(left) and CuA azurin (right). These two drawings are viewed from
the side opposite of that in Figure 1B. The Cu-binding loops are
shaded. It can be seen that theR-helix domain is moved to the
right side in CuA azurin. (B) The superposition of the protein
protions that are enclosed by the rectangular box in panel A. The
part from the CuA azurin is darkly shaded, and that from the wild-
type azurin is lightly shaded. Note that the part from theâ-barrel
core domain (located on the left side of the figure) is not shifted,
whereas theR-helix domain is shifted due to the crowding of the
side chain from Glu114 of the CuA loop.
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spectroscopic properties of CuA CyoA are different from
those of CuA in native COX (19), while CuA azurin exhibits
spectra strikingly similar to those of CuA in native COX (20,
37, 41-43).

In both CuA azurin molecules, the NHis-Cu-Cu-NHis line
is not straight, and the two NHis atoms (NHis46 and NHis120)
are slightly out of the binuclear Cu2S2(Cys) plane by 0.17
and 0.91 Å in molecule A and by 0.04 and 0.56 Å in
molecule B, respectively. Deviation of the two NHis atoms
from the Cu2S2(Cys) plane can also be found in other CuA

crystal structures (8-11, 46) (Figure 4B,C, right panels).
A detailed analysis of vibrational data from resonance

Raman studies suggested that both histidine nitrogens are
removed from the Cu2S2 plane (21). A detailed electronic
spectroscopic chracterization and molecular orbital calcula-
tions also indicated that the angular position of the histidine
nitrogen with respect to the Cu-Cu axis is expected to fine-
tune the electronic structure of the CuA center (20), and
therefore its spectroscopic and functional properties.

Weak axial ligand interactions are observed in both
molecules, and those interactions are provided by the
thioether sulfur of Met123 and the carbonyl oxygens of E114,
H120, and G45 (Figure 4A). Similar interactions are found
in CuA centers from other proteins (Figure 4B,C). The unique
feature of the CuA azurin structure is the relatively shorter
distance from the copper to the carbonyl oxygens of E114
(2.17 and 2.15 Å for molecules A and B, respectively) and
G45 (3.13 and 3.04 Å for molecules A and B, respectively)
than to the corresponding carbonyl oxygens in other CuA

structures. The engineered purple CuA from quinol oxidase
(purple CyoA) shown in Figure 4C exhibits spectroscopic
properties quite different from those of other CuA centers
such as native CuA from COX (19). This difference was
attributed to the short bond distance (2.28 Å) between the
carbonyl oxygen of E218 and Cu in CyoA. However, we
found that the corresponding distance in purple CuA azurin
is even shorter at 2.15-2.17 Å, yet the purple CuA azurin
has been shown to possess spectroscopic properties that are

FIGURE 4: Schematic diagram of the CuA site of different CuA-containing proteins, detailing the geometric parameters. (A) In CuA azurin.
Numbers in the top and bottom rows are for molecules A and B, respectively. The left view is oriented in a manner similar to that of the
electron density map of Figure 2A. The right view is the side view of the CuA site. (B) In COX. (C) In engineered quinol oxidase. The
NHis-NHis distances for the three structures are 6.33 (molecule A), 6.48, and 5.91 Å, respectively. For axial ligands, sulfur and oxygen
atoms are shown with dark and gray shades, respectively.
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almost identical to those of native CuA centers (20, 37, 41-
43). This shorter distance of the Cu2-E114 bond in CuA
azurin may be compensated somewhat by the longer Cu-
NHis distances. Therefore, all four “weak” axial ligand
interactions are involved in the maintenance and the fine-
tuning of the properties of the CuA center.

Relationship of the Angular Position of the Histidine Rings
and the Axial Ligand Interaction with the Copper Center.A
comparison of the purple CuA azurin structure with those of
native CuA in COX fromP. denitrificansand engineered CuA

in CyoA (Figure 4) reveals an important relationship between
the angular position of the two NHis atoms with respect to
the Cu2S2(Cys) core plane and the distance between the Cu
and the axial ligand.

The angular position of the two NHis atoms with respect
to the Cu2S2(Cys) core plane is correlated to the distance
between the Cu and the axial ligands. The larger the angle,
the longer the distance between Cu and the proximal axial
ligand. For example, in the COX structure, the angle between
the H172 histidine plane and the Cu2S2(Cys) core plane is
∼30° toward the M171 side. Such an angular position results
in a very long Cu1-SMet171 axial distance (4.82 Å) on the
proximal side and a short Cu1-OMet218 axial distance (2.56
Å) on the distal side. In contrast, the angle between the H215
histidine plane and the Cu2S2(Cys) core plane is∼0°,
resulting in more equal Cu2-O axial distances. Similar
observations are found in the other two CuA protein
structures.

It has been proposed that both the angular position of the
two NHis atoms with respect to the Cu2S2(Cys) core plane
(20, 21) and the axial ligand interactions with the copper
centers (20) are important in fine-tuning the electronic
structure and functional properties of the CuA center. Our
structure at high resolution provides a firm molecular basis
for these contributions. More importantly, our finding of a
relationship between the two factors strongly suggests that
the fine structural variation of different CuA centers can be
described by the angular positions of the two histidine rings
because, from these positions, one can predict the relative
axial ligand interactions.

CONCLUSION

In summary, a number of spectroscopic studies using UV-
vis absorption, MCD, multifrequency EPR, and EXAFS have
argued strongly not only for the similar geometric structures
but also for similar bonding characteristics and electronic
structures among the CuA centers that have been either
isolated from native COX and N2OR or engineered from
other proteins such as ours. Nonetheless, there are fine
structural differences between each member of the purple
CuA family, and it is those fine differences that could account
for subtle variations in electronic structure and ET function.
Our results indicate that the subtle variation occurs between
CuA centers of difference proteins. It is remarkable that the
engineered purple CuA azurin is rigid enough to impose the
rack/entatic state to establish the structure of the purple CuA

center yet, at the same time, can be flexible to allow different
conformations of the same protein sequence to modulate
geometric properties such as the Cu-Cu and ligand-Cu
distances and angles.
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