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The C-terminal copper-binding loop in the �-barrel fold of the
cupredoxin azurin has been replaced with a range of sequences
containing alanine, glycine, and valine residues to assess the
importance of amino acid composition and the length of this
region. The introduction of 2 and 4 alanines between the coordi-
nating Cys, His, and Met results in loop structures matching those
in naturally occurring proteins with the same loop lengths. A loop
with 4 alanines between the Cys and His and 3 between the His and
Met ligands has a structure identical to that of the WT protein,
whose loop is the same length. Loop structure is dictated by length
and not sequence allowing the properties of the main surface
patch for interactions with partners, to which the loop is a major
contributor, to be optimized. Loops with 2 amino acids between
the ligands using glycine, alanine, and valine residues have been
compared. An empirical relationship is found between copper site
protection by the loop and reduction potential. A loop adorned
with 4 methyl groups is sufficient to protect the copper ion,
enabling most sequences to adequately perform this task. The
mutant with 3 alanine residues between the ligands forms a
strand-swapped dimer in the crystal structure, an arrangement
that has not, to our knowledge, been seen previously for this
family of proteins. Cupredoxins function as redox shuttles and are
required to be monomeric; therefore, none have evolved with a
metal-binding loop of this length.

loop modeling � metalloproteins � protein engineering �
protein folding � strand-swapped dimerization

Loops link the main secondary structure elements of all
globular proteins and are invariably found at the molecular

surface. These regions play essential roles by contributing to
active sites and facilitating protein interactions. Surface loops
can be determinants of protein interactions, and loops that
disfavor association may help to maintain a protein as a mono-
mer to enable rapid diffusion in a cell (1). Loop variations are
therefore important for altering functionality without influenc-
ing a protein’s core structure, and can also play a vital role in
protein folding (2–4). Despite their importance, de novo loop
design is only at a preliminary stage of development, and
loop-forming amino acid sequences have not been established.
The relationship between loop composition and structure is a
feature of protein architecture that is currently poorly under-
stood. Metalloproteins constitute �1/3 of structurally charac-
terized proteins and it has been estimated that up to 50% of all
proteins bind a metal ion (5). Those metalloproteins whose
function necessitates an interaction with a protein partner
invariably bind their cofactor via loop residues. The require-
ments for metal coordination by such loops provide additional
constraints to these regions. Altering metal-binding loops can
simultaneously tune the properties of a metal site and an
important interaction surface.

The �-barrel motif is one of the most widely occurring and the
second most abundant in the Protein Data Bank (6, 7). This fold
is particularly stable and the �-strand-linking loops are nearly
always the location of active sites. In some cases the loops also
bind metals, and the cupredoxins are probably the best-studied

family of metal-binding �-barrels (8–12). These proteins utilize
a type 1 (T1) copper site for electron transfer (ET) in energy
transducing processes (10–12). The majority of the ligands;
usually a Cys, His and Met, are provided by a single loop, which
links the 2 C-terminal �-strands, and makes a sizable contribu-
tion to the main interaction surface (10). The His ligand on the
loop is in the center of this recognition patch and is the
purported conduit for ET. The cupredoxin fold protects the T1
copper site, preventing possible adverse reactivity, and allowing
efficient ET. A cupredoxin such as azurin (AZ), which has been
characterized in detail and utilized for an array of ET and protein
engineering studies (13–23), provides an ideal model system for
assessing metal-binding loops.

Studies assessing the role of the T1 copper-binding loop have
focused on swapping native sequences between cupredoxins
(20–22, 24). In this study, we investigate the importance of
metal-binding loop length alone by analyzing AZ variants in
which nonnative loops containing only 1 repeating residue,
whose side-chains cannot form hydrogen bonds, are introduced
[the ligands are not mutated in these studies (see Table 1)]. We
have used mainly alanine as it does not impose large backbone
alterations and generally does not have significant steric require-
ments (25). We discover that length and not sequence dictates
loop conformation at a T1 copper site. Side-chain variations
within the loop can therefore control surface properties and
hence facilitate interaction with a particular partner. A loop
adorned with methyl groups is sufficient to provide a stable
metal site protected from solvent. An empirical relationship is
found between solvent accessibility and the Em value of a T1
copper site. A loop of nonnative length results in the formation
of a strand-swapped dimer structure.

Results
Protein Isolation. For all of the mutants prepared (see Table 1) the
molecular weights determined by matrix assisted laser desorp-
tion ionization time-of-f light mass spectrometry (MALDI-TOF-
MS) are all in agreement with theoretical values (see Table S1).
AZ1A1A did not express well, could not be purified (because of
the low amounts produced and multiple forms) and did not bind
copper (see SI Text). Pure Cu(II) AZ2G2G is not particularly
stable in solution (see SI Text), which prevented a detailed
characterization of this variant. During the purification of
AZ3A3A, blue noncovalently linked dimeric species were ob-
served (see SI Text); possibly a precursor to the arrangement
seen in the crystallographic studies (see below).
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Spectroscopic Studies. The UV/visible (UV/Vis) spectra of the
copper-binding loop variants are compared in Fig. 1A. The
positions and molar absorption coefficients of the main S(Cys)
3 Cu(II) ligand to metal charge-transfer (LMCT) transition,
and the weaker LMCT band at higher energy, characteristic of
a T1 copper site, are listed in Table S1. The position of the main
LMCT band is shifted to slightly higher energy in all cases with
the largest effect being 14 nm in AZ2G2G, AZ3A3A, and
AZ4A4A.

The electron paramagnetic resonance (EPR) spectra of the T1
copper-binding AZ loop variants are shown in Fig. 1B and the
parameters are listed in Table S1 (simulations are shown in Fig.
S1). All loop mutations have little effect on the EPR spectrum
with small changes observed in the separation between gx and gy.
In all loop variants gz decreases and Az increases compared with
the values found for the WT protein. Certain loop variants
exhibited more than 1 T1 copper signal in their EPR spectra,
which is most apparent for AZ2G2G (see Fig. S2; for a detailed
explanation, see SI Text). This behavior is indicative of metal-site
flexibility that is not present in the WT protein, but has been
observed in other T1 copper site mutants (15–17, 24).

Active Site Accessibility. Titrations with azide monitored by UV/
Vis spectrophotometry were used to test the accessibility of the
copper site in AZ2G2G, AZ2A2A, AZ2V2V, AZAMI [AZ
mutant in which the short loop of the cupredoxin amicyanin
(AMI) has been introduced (see Table 1)], and the WT protein.
The addition of azide to AZ2G2G, AZ2A2A, AZ2V2V, and
AZAMI results in a decrease in absorbance for the S(Cys) 3
Cu(II) LMCT band at �600 nm with a band at �400 nm (407
nm, 401 nm, 392 nm, and 410 nm for AZ2A2A, AZ2G2G,
AZ2V2V, and AZAMI, respectively) appearing, which is due to
an azide3 Cu(II) LMCT transition. These changes are identical
to those seen before in experiments with T1 copper site variants
in which the axial ligand has been removed (17, 26) and indicate
azide binding to the T1 copper site. Dissociation constants for
azide of 0.3, 2.4, 6.6, and 6.9 M for AZ2G2G, AZ2A2A,
AZ2V2V, and AZAMI respectively are obtained. In the case of
AZ there is no indication of azide binding (no change in the
UV/Vis spectrum), even at very high concentrations (1.5 M).

Effect of Loop Mutations on Reduction Potentials. AZ2G2G,
AZ2A2A, AZ2V2V, and AZ4A3A yield quasi-reversible re-
sponses on modified gold electrodes giving Em values of 336 mV
(pH 7.4), 410 mV (pH 7.6), 426 mV (pH 6.5), and 323 mV (pH
7.5), respectively. For AZ3A3A and AZ4A4A, the electrochem-
ical responses were poorer. AZ3A3A gave a decent response at
pH 7.5 and an Em of 332 mV could be determined, in good
agreement with a value of 344 mV measured from a redox
titration at pH 7.0. In the case of AZ4A4A, an acceptable
electrochemical response was obtained at pH 6.5 giving an Em of
397 mV, consistent with a value of 395 mV from a redox titration
at pH 7.0 (further details are available in SI Text).

Electron Self-Exchange Reactivity. The electron self-exchange
(ESE) reaction provides a measure of ET capability, which is not
influenced by alterations in Em (no driving force). The ESE rate
constants (kESE values) for AZ2A2A and AZ4A4A, the variants
with the shortest and longest poly-alanine loops, measured using
1H NMR (NMR) at 40 °C, are 5.0 � 104 M�1�s�1 and 1.7 � 104

M�1�s�1 respectively (a more detailed explanation is available in
SI Text; see also Fig. S3).

Crystal Structures. Structures have been determined for
AZ2A2A, AZ3A3A, AZ4A3A, and AZ4A4A. In all cases,
overall folds are remarkably similar to the �-barrel arrangement
of AZ. This is demonstrated by the C� overlays with the WT
protein, which give rmsds of 1.20, 0.44 and 0.84 Å for AZ2A2A,
AZ4A3A, and AZ4A4A, respectively [loop residues are ex-
cluded from these comparisons except in the case of AZ4A3A,
and chain A of 4AZU is used (14)]. The close similarity to AZ
is also apparent at the copper sites, which only undergo minor
modifications upon making the AZ2A2A, AZ4A3A, and
AZ4A4A mutations (see Fig. S4 and Table S2). Comparison of
the Cu(II) and Cu(I) (crystals reduced with ascorbate before
data collection) structures of AZ2A2A and AZ4A4A reveal
little change at the metal sites (see Tables S2 and S3).

The most remarkable aspect of the structures of the loop
mutants is the arrangement that the mutated loop adopts. In the
case of AZ2A2A, the introduced loop has a conformation
analogous (rmsd of 0.22 Å) to that found in AMI (27), a
cupredoxin that naturally possesses the same spacing between
the ligands (see Fig. 2A and Table 1) and AZAMI (21) (rmsd �
0.23 Å). For AZ4A3A the ligand spacings on the loop are the
same as those in the WT protein (see Table 1) and the structural
similarity is even greater (rmsd � 0.15 Å, see Fig. 2B). Overlays
of the ligand-containing loops of rusticyanin (28) and auracyanin
B (29), which have 4 intervening residues between the Cys and

Table 1. Loop sequences in the two series of AZ variants
prepared in this work compared with those of the WT protein
and also AMI

Protein Loop sequence Protein Loop sequence

AMI* C-T-P-H-P-F-M AZ1A1A† C-A-H-A-M

AZ2G2G C-G-G-H-G-G-M AZ2A2A C-A-A-H-A-A-M

AZ2A2A C-A-A-H-A-A-M AZ3A3A C-A-A-A-H-A-A-A-M

AZ2V2V C-V-V-H-V-V-M AZ C-T-F-P-G-H-S-A-L-M

AZ4A3A C-A-A-A-A-H-A-A-A-M

AZ4A4A C-A-A-A-A-H-A-A-A-A-M

*AMI possesses the shortest naturally occurring T1 copper binding loop.
†This variant did not bind copper.

Fig. 1. Spectroscopic properties of the loop variants. UV/Vis (A) and EPR (B)
spectra of the loop variants of AZ compared with the WT protein. UV/Vis
spectra were obtained at 25 °C in 20 mM Tris pH 8.0 for AZ2G2G, AZ2A2A,
AZ2V2V, and AZ4A3A; 50 mM Hepes pH 7.6 for AZ3A3A and AZ4A4A; and 10
mM phosphate pH 8.0 for AZ. All EPR spectra were measured at �196 °C and
for AZ, AZ2G2G, and AZ3A3A were recorded in 25 mM Hepes pH 7.6 contain-
ing 40% glycerol, and those of AZ2V2V, AZ2A2A, AZ4A3A, and AZ4A4A were
measured in 50 mM Hepes pH 7.6.
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His and the His and Met ligands, with AZ4A4A give rmsds of
0.39 and 0.22 Å, respectively (see Fig. 2C).

A strand-swapped dimer is found in the crystal structure of
AZ3A3A (see Fig. 3A). This involves the C-terminal �-strand of
1 monomer completing the �-barrel of an adjacent molecule in
the crystal lattice. The structure of the monomer overlays well
with that of the WT protein until residue 114 (rmsd of 1.67 Å).
After this point loop structure is lost and the arrangement is
completely different to that in the WT protein (see Fig. 3B). The
final �-strand from Met-120 to Leu-126 (the C-terminal residue
is not observed) forms in AZ3A3A as in AZ, making the same
hydrogen bonding contacts with strand 2 and the penultimate
strand in the barrel, but these interactions are all with the
adjacent monomer (see Fig. 3A). A possible distorted tetrahedral
copper site is formed at the dimer interface via the S� of
Met-64 and the N�1 of His-116 (distances of �2.0 and �2.2 Å,
respectively).

Discussion
A range of AZ variants have been characterized in which the
native copper-binding loop has been replaced with sequences
made up from, Ala, Gly and Val residues (Table 1). Certain loop
lengths studied match those found naturally in single domain
cupredoxins, and some loops of nonnative length have been
incorporated. In all cases (except AZ1A1A, which did not bind
copper), the introduction of these loops, containing residues
whose side chains have no capacity to form hydrogen bonds, can
have remarkably little effect on the properties of the T1 copper
site. The Cu(II) variants have only subtly altered spectroscopic
properties compared with AZ. Therefore, the geometry of the
Cu(II) center is largely unaffected by these dramatic variations
in loop length and composition. The active site structures,
determined crystallographically, of AZ2A2A, AZ4A3A, and
AZ4A4A are almost identical to that of the WT protein, with
main-chain hydrogen bonding patterns comparable to those of

Fig. 2. Stereoviews of the copper-binding loops. Overlays of AZ2A2A (slate) and AMI (yellow) (A), AZ4A3A (green) and AZ (gray) (B), and AZ4A4A (red)
and auracyanin B (cyan) (C). The loop residues are shown as stick models, and the copper ions as spheres. Ligands are numbered as in AZ2A2A (A) and
AZ4A4A (C).
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cupredoxins that possess loops of the same length (see below).
The Em values are all typical for this family of ET proteins and
those of AZ4A3A and AZ are very similar (same spacings
between the ligands). It therefore appears that the side chains in
the AZ loop have little influence on this key physiological
feature, providing that the copper is sufficiently protected from
solvent (see below).

The most impressive feature of the AZ2A2A, AZ4A3A, and
AZ4A4A variants is the almost identical structure of the C-
terminal loop when compared with members of the family that
have the same length metal-binding loops, but with very differ-
ent sequences. The AZ2A2A loop conformation is identical to
those of AMI (27) and AZAMI (21), the AZ4A3A loop to that
of the WT protein (14, 19) and the AZ4A4A loop to those of
rusticyanin (28) and auracyanin B (29). In all cases, this results
in the Ala C� atoms being in almost identical positions as the C�

atoms of the corresponding residues in the native loops (see Fig.
2). It is interesting to note that multiple alanine substitutions
have been made in a range of proteins, most notably in bovine
pancreatic trypsin inhibitor where �1/3 of the residues have been
mutated to Ala, with retention of native structure and function
(30). Analysis of conserved structural and functional features of
cupredoxins has identified a common core that forms a column
extending to the copper site (9). Residues in the ligand-
containing loop were not highlighted in this study, but conser-
vation of loops that surround the copper ligands was suggested
to be important for maintaining the orientation of coordinating
amino acids. Our studies with AZ demonstrate that the structure
of the metal-binding loop is dictated by length and is essentially
independent of sequence.

Why would a widely used biological ET system, based on a
common structural motif, have evolved to have a surface ex-
posed metal-binding loop whose structure is independent of
sequence? To answer this question, the contribution that the
metal binding loop residues make to the key surface feature for
interactions needs to be considered (see Fig. 4). This typically
nonpolar region surrounds the His ligand on the loop and is the
only interaction surface identified in this family of proteins (10).
The AZ2A2A and AZ4A4A mutations both decrease homo-
dimer formation, which occurs via this hydrophobic patch, as
indicated by significantly lower kESE values (structures indicate
that this is the most likely cause of the kESE decreases, although
changes in reorganization energy and electronic coupling cannot
be discounted). Physiological partners for AZ in Pseudomonas
aeruginosa have not been identified (31), but the effect on kESE
indicates that the metal-binding loop is important for protein
interactions. The observation that the conformation of this
segment is not influenced by sequence means that loops have
been able to evolve to provide a surface patch optimized for
interacting with a particular partner without compromising a
copper site capable of supporting rapid ET.

Many metalloproteins whose function involves interacting
with a protein partner have metal sites bound by surface loops,
and we suggest that sequence variability is also present in these
regions. One family where this seems to be relevant are the
metallochaperones, which protect the metal ion and collect it
from, and deliver it to, the correct location. Uptake of metal
seems to stabilize the structure of the metal binding loop (32,
33), and may lead to the formation of a structure conducive to
interaction with the correct partner. In these proteins the metal
needs to be accessible, and the strong preference for a particular
oxidation state can provide protection against adverse reactivity.
In the cupredoxins, the metal binding loop is not influenced by
the presence of the copper ion, because the loop structure is very
similar in apo-AZ (34) (loop rmsd � 0.34 Å). This is an
important attribute for a site where metal dissociation is not part
of the protein’s function.

A comparison of the AZ2G2G, AZ2A2A, and AZ2V2V
variants allows the influence of solvent accessibility of the
copper site to be uncovered. The AZ2G2G mutant exhibits
Cu(II) site flexibility (as demonstrated by EPR) and is not stable.

Fig. 3. C� traces showing the structure of AZ3A3A. (A) The strand-swapped
dimer arrangement of AZ3A3A. One monomer is slate and the other is gray;
the purported copper ion is a red sphere; and the N- and C-termini are labeled.
Because of breaks in the electron density Ser-66 to Asp-71 and Lys-103 to
Glu-106 are not modeled and dashed lines link these regions. (B) Overlay of
AZ3A3A (slate) with AZ (pale green) with the copper-binding loop and the
metal red in the former and purple in the latter.

Fig. 4. The surface exposed ligand-containing loop. Surface representations
showing the contributions that the C-terminal ligand-containing loop (red)
and the central His ligand (green) make to the important hydrophobic inter-
action patch.
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Both features are probably a consequence of a more exposed
copper as identified by the relatively high affinity of the site for
azide [the Kd value is similar to those for the Met-121 variants
of AZ missing an axial ligand (17)]. The copper site of AZ2A2A
is much less accessible, as demonstrated by the 8-fold lower
affinity for azide, consistent with the buried nature of the copper
ion in the crystal structure, and the AZ2V2V site is even more
protected (to a similar extent as in AZAMI). The Em value of
AZ2G2G is the lowest, with that of AZ2V2V considerably
higher, just above the value for AZ2A2A. A number of features,
including solvent accessibility, copper site geometry, hydrogen
bonding, and the dipoles of residues in the vicinity of a T1 copper
site (10, 11, 22, 35–39) have been proposed as determinants of
Em. The Cu(II) sites in this series of AZ variants are similar (as
judged spectroscopically) and the hydrogen bonding pattern
around the active site is not expected to vary. We therefore
assume that as the active site becomes more protected (molec-
ular models of AZ2G2G and AZ2V2V based on the AZ2A2A
structure are consistent with this observation), and the copper
environment less polar, the Cu(I) form is stabilized resulting in
an increased Em. Adequate protection from solvent is achieved
by a short loop adorned with 4 methyl groups, and therefore most
sequences will perform this task. The loop length is the same in
AZAMI, yet this variant has a much lower Em, which is the same
as that of AMI. The loop structure, including side-chain rota-
mers, of AZAMI matches that in AMI, and in this case it is
thought that the dipoles of residues in the loop are a significant
factor controlling Em (22, 37).

The AZ3A3A variant has a tendency to form stable dimers in
solution and a strand swapped dimer in the crystal structure.
Domain swapping involves a �-strand breaking its interactions
within 1 barrel and reforming them with an identical partner. All
of the noncovalent bonds that stabilize the monomer are still
present except in the hinge region, which is the mutated loop. A
strand-swapped dimer arrangement has not been seen for a
cupredoxin, but in nitrosocyanin an extended �-hairpin between
the first 2 strands is involved in trimer formation (40). It thus
appears that the loop in AZ3A3A, which only differs in length
by 1 residue to that of the WT protein and AZ4A3A, alters
stability and favors the formation of a strand-swapped dimer,
rather than the desired monomeric �-barrel. Strand-swapped
dimerization has been investigated and shortening the hinge
region commonly leads to domain swapping (41–43). In AZ,
loop contraction is not the only determinant, because AZ2A2A,
and other AZ variants with a shortened active site loop (includ-
ing AZAMI), do not form such structures (21, 22). Loop design
experiments have highlighted the importance of Pro residues for
this feature, and studies with another �-barrel protein suggest
Pro-containing loops prevent domain swapping by not allowing
this region to open (44). However, studies on a domain consisting
of a 4-stranded �-sheet and a single �-helix have found that a
designed Pro in a loop can favor domain swapping (45). In AZ,
the native loop has a Pro at position 115, but this is removed in
all of the variants studied herein. Only the AZ3A3A mutant
forms a strand-swapped dimer, indicating that loop length is the
key determinant, and that 3-residue spacings between the ligands
on the loop favors domain swapping. For a single domain ET
shuttle, this should be avoided and therefore a cupredoxin (or
any T1 copper site) has not evolved with this length metal-
binding loop.

Materials and Methods
Loop-Mutagenesis. Loop mutagenesis was carried out using the QuikChange
(Stratagene) site-directed mutagenesis kit. pTrcAZ, a pTrc99a derivative harbor-
ing the azruin (AZ) gene from Pseudomonas aeruginosa including the signal
peptide, was used as the template (20). The Cys112 to Met121 loop of AZ was
mutated from C112TFPGH117SALM121 to C112AH114AM116, C112AAH115AAM118,
C112GGH115GGM118, C112VVH115VVM118, C112AAAH116AAAM120,

C112AAAAH117AAAM121, and C112AAAAH117AAAAM122 (Table 1), using the pairs
of primers listed in Table S4. Both strands of the mutated plasmids (pTrcAZ1A1A,
pTrcAZ2V2V, pTrcAZ2A2A, pTrcAZ2G2G, pTrcAZ3A3A, pTrcAZ4A3A and
pTrcAZ4A4A) were sequenced to verify the mutations.

Cell Growth, Protein Isolation, and Purification. Procedures used for growing
cells and isolating and purifying proteins are described in detail in the SI Text.
Pure oxidized AZ2G2G and AZ2V2V have A280/A614 and A280/A622 ratios of �4.1
and 2.4, respectively, whereas AZ2A2A, AZ3A3A, AZ4A3A, and AZ4A4A,
respectively, have A280/A624, A280/A614, A280/A617, and A280/A614 ratios all in the
1.8 to 2.0 range. All of these variants gave single bands on 15% SDS/PAGE gels.

UV/Vis Spectrophotometry. UV/Vis spectra were measured at 25 °C on a Perkin-
Elmer � 35 spectrophotometer in either 20 mM Tris pH 8.0 or 50 mM Hepes
pH 7.6.

Azide Titrations. Azide titrations were carried out in 20 mM Tris pH 8.0 at 25 °C.
The influence of adding various amounts of azide from a �5 M stock solution
in 20 mM Tris pH 8.0 (this stock solution had a pH of �8.5) on the UV/Vis
spectrum was analyzed. The concentration ranges of azide used for the
titrations were as follows: 0.05 to 239 mM for AZ2G2G (20 �M); 0.11 to 894 mM
for AZ2A2A (22 �M); 0.06 to 1,400 mM for AZ2V2V (32 �M); 5.41 to 1,537 mM
for AZ (25 �M) and 5.3 to 1763 mM for AZAMI (29 �M) (pH changes in these
experiments were all �0.3).

Determination of Metal Concentrations and Molecular Weights. The concen-
tration of copper and zinc were determined by atomic absorption spectro-
photometry, on a Thermo Electron Corporation (Cambridge) M Series spec-
trophotometer as described in ref. 21. Molecular weights of all proteins were
determined by MALDI-TOF-MS.

EPR Spectroscopy. X-band EPR spectra were recorded as described in ref. 20. A
sample of diphenylpicrylhydrazyl was used as an external reference, and
spectral simulations were generated with the program SIMFONIA (Bruker).

Measurement of Reduction Potentials. The direct measurements of reduction
potentials (Em values) were carried out at ambient temperature (22 � 1 °C),
using an electrochemical setup described in ref. 20. Redox titrations with
AZ3A3A and AZ4A4A, using the [Fe(CN)6]3�/4� couple were performed at
25 °C in 50 mM phosphate pH 7.0 (46). Further details are provided in the
SI Text.

Samples and 1H NMR Spectroscopy. Samples for 1H NMR experiments on Cu(II)
and Cu(I) proteins and also mixtures for kESE determinations were prepared as
described in ref. 47. Samples were usually in 10 or 20 mM phosphate pH* 8.0
(kESE of AZ2A2A was determined in 10 mM phosphate pH* 8.0 while that of
AZ4A4A was measured in 20 mM phosphate pH * 8.0) and most spectra were
acquired at 40 °C. Spectra were obtained using standard 1D and WEFT pulse
sequences on a Jeol Lambda 500 spectrometer and were processed as de-
scribed in ref. 47. Spin-spin (T2) relaxation times were derived from peak
widths at half-height, using the relation �1⁄2 � (�T2)�1.

Crystallization and Structure Determination. Crystallization conditions are
described in the SI Text, along with data collection and processing statistics
(Table S5). Briefly, X-ray data were collected either in-house or at synchrotron
radiation sources, processed with MOSFLM/iMOSFLM (48) and scaled with
SCALA [as implemented in the CCP4 suite (49)]. Structures were solved, where
necessary, using molecular replacement programs MOLREP and PHASER [as
implemented in the CCP4 suite (49)]. Final structures were completed using
repeated cycles of interactive model building in COOT (50) and refinement
with REFMAC5 [as implemented in the CCP4 suite (49)]. Final structures were
validated using COOT and MOLPROBITY (51). LSQMAN (52) was used to
superimpose structures and determine rmsds for C� atoms and PYMOL (see
http://pymol.org) was used for preparing all protein structure figures. The
coordinates and structure factors were deposited in the Protein Data Bank
{PDB ID codes 3FS9 [Cu(II) AZ2A2A, pH 7], 3FSA [Cu(I) AZ2A2A, pH 7], 3FSV
(AZ3A3A), 3FSW [Cu(II) AZ4A3A, pH 8], 3FSZ [Cu(II) AZ4A4A, pH 7.6], and 3FT0
[Cu(I) AZ4A4A, pH 7.6]}.
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