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ABSTRACT: In order to investigate the effects of the secondary coordination sphere in fine-
tuning redox potentials (E°′) of type 1 blue copper (T1Cu) in cupredoxins, we have
introduced M13F, M44F, and G116F mutations both individually and in combination in the
secondary coordination sphere of the T1Cu center of azurin (Az) from Pseudomonas
aeruginosa. These variants were found to differentially influence the E°′ of T1Cu, with M13F
Az decreasing E°′, M44F Az increasing E°′, and G116F Az showing a negligible effect. In
addition, combining the M13F and M44F mutations increases E°′ by 26 mV relative to WT-
Az, which is very close to the combined effect of E°′ by each mutation. Furthermore,
combining G116F with either M13F or M44F mutation resulted in negative and positive
cooperative effects, respectively. Crystal structures of M13F/M44F-Az, M13F/G116F-Az,
and M44F/G116F-Az combined with that of G116F-Az reveal these changes arise from steric
effects and fine-tuning of hydrogen bond networks around the copper-binding His117
residue. The insights gained from this study would provide another step toward the
development of redox-active proteins with tunable redox properties for many biological and biotechnological applications.

■ INTRODUCTION
Type 1 copper (T1Cu) proteins are a widely studied class of
electron transfer (ET) proteins with reduction potentials (E°′)
spanning a range of >500 mV. The ability of T1Cu proteins to
attain a wide range of potentials is one of the reasons they are
ubiquitously found as ET centers in critical biological
processes, including respiration, photosynthesis, and biomass
conversion.1−8 Because T1Cu centers are exceptionally
efficient at ET, they have been proposed to serve as electron
carriers in bio-inspired devices, such as fuel cells.9−13

Despite exhibiting a wide range of E°′, all T1Cu proteins
utilize an almost identical primary coordination sphere (PCS)
consisting of the thiol sidechain of one cysteine (Cys) and the
imidazole sidechain of two histidine (His) residues in a
distorted trigonal planar (Figure 1A) geometry.14−16 Muta-
tions to any ligand within the conserved PCS not only alter the
spectroscopic characteristics of the T1Cu site but also lower
the ET rate and efficiency.17−19 These results suggest that in
order for T1Cu proteins to possess such a wide range of E°′
without affecting ET efficiency, noncovalent interactions in the
secondary coordination sphere (SCS) of the T1Cu site�such
as hydrophobicity, hydrogen bonding interactions, and dipole
effects�must play an important role.6,8 Therefore, a major
focus in the current field of ET proteins is to elucidate the
effects of these noncovalent interactions on E°′. Success in this
endeavor will not only result in a deeper understanding of bio-
coordination chemistry and ET properties but also aid in
tailoring highly efficient redox agents for practical applications,
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Figure 1. T1Cu center in Az from Pseudomonas aeruginosa (PDB:
4AZU).1 (A) PCS of the T1Cu consisting of Gly45, His46, Cys112,
His117, and the weakly-bound Met121 coordinated to T1Cu; (B)
Met13, Met44, and Gly116 located in the SCS as candidate residues
for their mutations to Phe to tune the hydrophobicity in the SCS and
thus E°′ of T1Cu.
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ranging from biophysical studies of redox processes to
alternative energy systems.
In comparison to studying PCS effects, probing the SCS is

often more challenging, as the latter typically induces more
subtle electronic and structural perturbations and thus requires
more careful experimental design and detailed characterization.
Toward this goal, several studies have contributed to the
advance of this field that include not only T1Cu proteins20−28

but also other redox-active proteins such as those containing
purple CuA center,29−32 iron and manganese superoxide
dismutase,33−36 the heme-CuB active site cytochrome c
oxidase37,38 and Fe-S proteins.6,39−42 In previous publications,
we have shown that E°′ of T1Cu azurin (Az) can be fine-tuned
across a wide range of E°′ under physiological conditions, i.e.,
from −1 to +1 V vs standard hydrogen electrode (SHE) (all
E°′ stated hereafter are vs SHE) by altering the hydro-
phobicity, hydrogen bond interactions, and the coordinated
metals (Cu vs Ni) in the SCS of the T1Cu center.21,43 The
introduction of phenylalanine (Phe) to the SCS has been
critical in accomplishing this tuning, as it allows the
hydrophobicity of the T1Cu to be modulated. For example,
the introduction of M44F and G116F to the N47S/F114N/
M121L-Az variant resulted in an increase of E°′ from ∼690 to
970 ± 20 mV at pH 5.0, the highest E°′ of any engineered
copper protein to date.21,43 Despite these successes, the
structural basis for such hydrophobicity-based redox tuning
using Phe has not been elucidated.
Herein, we report a systematic study of M13F, M44F, and

G116F mutations in Az, both individually and in several
combinations (Figure 1). Through a combination of UV−vis
absorption and electron paramagnetic resonance (EPR)
spectroscopies together with electrochemical and X-ray
crystallographic characterization, we have investigated the
effects of these mutations on the redox and electronic
properties of Az. As a result, we have found that the
introduction of Phe at different SCS locations and in varying
combinations with other mutations can modulate E°′ in
significantly different ways. X-ray crystal structures of these
mutants reveal different spatial orientations of both Phe
residues and hydrogen bond networks around the T1Cu-
coordinating His117, which are responsible for such effects.
Together, our findings suggest that the exact positioning of the
introduced Phe is critical to successfully tuning E°′ of the
T1Cu center.

■ EXPERIMENTAL SECTION
Expression of Az Variants. Az mutants were constructed,

expressed, and purified in the apo form (i.e., no Cu added) using a
previously reported procedure.44 All variants were further purified by
size-exclusion chromatography, and only the monomer fractions were
selected for other experiments. Holoprotein was obtained by stepwise
titration of 5 mM CuSO4 (1 μL each) into apoprotein and monitored
by UV−vis spectroscopy. Titration was continued until ∼Abs620 was
constant with further copper addition. The holoprotein was then
concentrated in Milipore-Amicon Centrifugal Filter (10,000 Da
cutoff), washed with 50 mM NH4OAc buffer at pH 6.35, and passed
through a disposable prepacked PD-10 column (Cytiva, USA) to
remove excess Cu2+.
Spectroscopic Studies of Az Variants. Mass spectra were

recorded on a Macromass Quattro II Mass Spectrometer using
nondenaturing solvent (50 mM NH4OAc, pH 6.35) at 50 °C, cone
voltage of 30 V, capillary voltage of 2.4 V. The obtained spectra were
processed by the Waters MassLynx data system. UV−visible
absorption spectra were recorded on a Varian Cary 3E UV−visible
spectrophotometer at ambient temperature and pH 6.35. EPR

samples were prepared as frozen glass in a mixed buffer containing
50 mM NH4OAc, 40 mM MOPS, 40 mM MES, 40 mM Tris, 40 mM
CAPS, and 100 mM NaCl at pH 7:glycerol (1:1) and measured with a
Varian E-line 12″ Century Series X-Band CW spectrometer at
frequency 9.04 GHz; power 0.2−2.0 mW; modulation amplitude 4 G;
temperature 60 K.

The instrument was equipped with an APD Helium cryostat and
was maintained by the Illinois EPR Research Center (IERC).
Simulation of EPR spectra was performed using the Simpow6
software package to determine g and A∥ values.45,46 Extinction
coefficients were calculated based on the absolute amount of Cu in
protein samples measured by inductively coupled plasma-mass
spectrometry (ICP-MS) (performed at the Jackson School of
Geosciences at the University of Texas at Austin).

Electrochemical Measurement. Cyclic voltammetry (CV) was
performed on a CH Instrument model 620A Electrochemical
Analyzer (Austin, Texas), using a mixed buffer containing 50 mM
NH4OAc, 40 mM MOPS, 40 mM MES, 40 mM Tris, 40 mM CAPS,
and 100 mM NaCl (ranged from pH 4 to 9). All the buffer solutions
were degassed by bubbling with nitrogen prior to data collection.
Pyrolytic graphite edge (PGE) working electrodes were assembled by
a previously published procedure.47 A platinum wire auxiliary
electrode and Ag/AgCl reference electrode (Bioanalytical Systems,
West Lafayette, 1 N, 3 M NaCl) were also connected to the
potentiostat. The Ag/AgCl reference electrode was calibrated against
a standard calomel electrode (SCE) (E°′ = 0.253 V at 4 °C). The
PGE electrode was then polished with 0.05 μm alumina on a nylon
polishing pad, followed by sonication in deionized water to remove
excess alumina. The protein solution, typically 2 μL of 2−4 mM
protein, was then applied to the graphite surface. 3−4 min of
incubation at 4 °C was sufficient to absorb enough protein. The
electrode was then immersed in the cold, degassed electrolyte solution
for 2 min to equilibrate and then scanned for redox potential.
Voltammograms were collected at a scan rate of 0.1 V/s, and no scan
rate dependence of the peak positions was observed for all samples.
Three measurements were performed on the same batch of each
mutant using at least three different PGE electrodes. The average is
reported as E°′ in Table 1. All reported readings were converted to
normal hydrogen electrode (NHE) potentials by adding 210 mV to
the value obtained vs the Ag/AgCl reference.

Protein Crystallization and Optimization. Az variants were
crystallized using vapor diffusion with hanging drop format. Variants
are concentrated to 3 mM in a buffer of 50 mM NH4OAc at pH 6.35.
Crystals of M44F/G116F Az were obtained by mixing the protein
sample with an equal volume of reservoir solutions consisting of 80
mM NaOAc-HOAc at pH 6.0, 0.29 M CaCl2, 0.25 M LiNO3, and
20% polyethylene glycol (PEG) 10,000. Blue crystals used later for X-
ray diffraction studies were obtained after 1 week at 4 °C. Crystal of
M13F/M44F Az was obtained under crystallization condition
containing 0.1 M Tris−HCl at pH 8.0, 20 mM CaCl2, 0.1 M
LiNO3, and 20% PEG 4000. The crystal was harvested after 6 months
at room temperature. Crystals of both G116F Az and M13F/G116F
Az were obtained using the protein sample at 1.5 mM in the
crystallization condition containing 100 mM Tris−HCl at pH 8.0, 100

Table 1. E°′ of the T1Cu Center in WT-Az and Its Variants
Containing Phe Mutations at pH 7.0 Midpoint potentials
are reported vs SHE.

variants E°′ (mV) ΔE°′ (mV)

WT-Az 278 ± 3
M13F-Az 256 ± 8 −22
M44F-Az 325 ± 3 47
G116F-Az 282 ± 3 4
M13F/M44F-Az 304 ± 4 26
M13F/G116F-Az 242 ± 4 −36
M44F/G116F-Az 342 ± 3 64
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mM LiNO3,10 mM CuSO4, and 20% PEG4000, using a volume ratio
of 3:1 for protein sample over mother liquor at 4 °C. Plate-shape blue
crystals appeared after 3−7 days. Despite repeated trials, we were
unable to obtain the crystals for M13F Az and M44F Az.
Structure Determination and Refinement. X-ray diffraction

data were acquired at the beamline 5.0.2 at the Advanced Light
Source (ALS) of the Lawrence Berkeley National Laboratory or
beamline 23-ID-B at the Advanced Photon Source (APS) of the
Argonne National Laboratory. Diffraction images were processed and
reduced with Xia2-DIALS48,49 and AIMLESS50 in the CCP4 software
suite.51,52 Molecular replacement solution was identified using
wildtype Az protein (PDB: 4AZU) as the initial searching model
using Phaser in the Phenix software suite.53 The model building and
refinement were performed in the Phenix.refine-WinCoot inter-
face.54,55 The final models were evaluated using Molprobity and
ProCheck.56,57 All structures were visualized and presented by the
ChimeraX software suite.58 The statistics for data collection and
structure refinement are presented in Table S4.

■ RESULTS AND DISCUSSION
Spectroscopic Studies of Az Variants. The purity of the

azurin mutants was confirmed by electrospray ionization mass
spectrometry (ESI-MS) before spectroscopic characterization,
which shows that the mass of all variants matches the
calculated mass and within the experimental errors (±5 Da)
(Figure S1). The addition of Cu2+ into the purified Az resulted
in intense blue color for all variants studied. The UV−vis
absorption spectra of these Az variants show a strong
absorption band around 625 nm (ε = 2340−5835 M−1

cm−1) (Figure 2A), consistent with the SCys(pπ) →
Cu2+(3dx2−y2) ligand-to-metal charge transfer (LMCT) band
observed in WT-Az.2,59−61 The X-band EPR spectra of these
variants also appear very similar to WT-Az, exhibiting similar
values for g|| and A|| (Figure 2B, Table S1). Taken together, the
UV−vis and EPR spectroscopic data of the variants containing
Phe mutations show that these mutations did not perturb the
characters of the T1Cu center. The difference in the
absorption intensity of the 625 nm band by different mutants
at the same concentration, as shown in Figure 2A, is possibly
caused by partial Zn incorporation at the T1Cu site, which
commonly occurs during the recombinant expression of azurin
in Escherichia coli.62 To verify this hypothesis, we carried out
ICP-MS experiments. Cu and Zn were detected and quantified
in the Cu-reconstituted form of all variants (Table S2). The
extinction coefficients calculated from the actual Cu concen-
trations are similar (5300−6367 M−1 cm−1), which is
consistent with the similar absorption wavelength and EPR
pattern observed among all mutants.
Electrochemical Studies. All variants exhibit reversible

one-electron redox processes as evidenced by CV, suggesting
the structural integrity is maintained on the electrode (Figure
S2). The resulting E°′ for all variants investigated in this study
is listed in Table 1. The observed E°′ for WT-Az (278 ± 3 mV
at pH 7.0) is consistent with the published values measured by
redox titration and CV with both free and immobilized
proteins.21,63 Substitution of single Phe at positions 13, 44, and
116 have different effects on E°′: M13F-Az decreases E°′ by 22
mV relative to WT-Az; M44F-Az raises E°′ by 47 mV; G116F-
Az has a minimal effect on E°′, increasing by only 4 mV
(slightly above the standard deviation of ±3 mV). These data
suggest that the incorporation of Phe produces substantially
different effects on E°′ of the T1Cu center depending on the
precise spatial location.

Interestingly, the double mutant M13F/M44F-Az increases
E°′ by 26 mV relative to WT-Az, which is very close to the
combined effect of E°′ by each mutation (i.e., −22 mV from
M13F-Az and + 47 mV from M44F-Az) suggesting an additive
effect between these two mutations. In contrast, although the
G116F mutation alone has a minimal effect on the E°′,
introducing the G116F mutation into M13F-Az decreases E°′
by 36 mV, 14 mV lower than the M13F mutation alone.
Meanwhile, the introduction of the G116F mutation into
M44F-Az increases E°′ by 64 mV, a 17 mV greater increase
than the M44F mutation alone. These data suggest that while
some Phe mutations are additive, others are cooperative.

Structural Analysis of M13F/M44F-Az. To better
understand the structural basis of the effects of M13F and
M44F mutations on E°′ of the T1Cu center, we have obtained
an X-ray crystal structure of M13F/M44F-Az at 3.0 Å
resolution. Both the overall scaffolds (Figure 3A) and the
T1Cu PCS (Figure 3B) of M13F/M44F-Az are almost
superimposable to those of WT-Az. The bond lengths between
Cu and the PCS residues are summarized in Table S3. A
distance parameter R is defined by the difference between the
bond length of Cu-S(Cys) and the average of two Cu-N(His)
to evaluate the PCS pattern (Table S3). The M13F/M44F-Az,
as well as other variants, shows similar R values compared to
WT-Az. The highly similar metal coordination sphere and the

Figure 2. UV−vis (A) and X-band EPR (B) spectra of WT-Az and
the Az variants.
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overall folding provide a structural explanation for the
similarity of UV−vis and EPR spectra between M13F/
M44F-Az and WT-Az. As shown in Figure 3C, Met13 in
WT-Az is spatially close to His117, a T1Cu ligand with its
imidazole ring partially exposed to solvent. The side chain of

Met13 has evolved to closely pack next to His117, blocking the
access of bulk solvent to His117. Even though Phe is more
hydrophobic than Met and expected to increase E°′ of the
T1Cu center,5,64,65 Phe13 does not fit into the groove normally
filled by Met13. As a result of this steric constraint, the Phe
ring adapts an orientation extending the phenyl ring into the
solvent away from His117 (Figure 3D), making the area less
hydrophobic than in WT-Az. This structural alteration caused
by the mutation explains the unexpected decrease of E°′
observed in M13F-Az.
In contrast, the side chain of residue 44 is less spatially

restricted by the surrounding residues. The aromatic ring of
Phe44 is oriented toward His117, increasing the hydro-
phobicity of the T1Cu site. As a result, Phe44 exerts a greater
hydrophobic effect than Met44, and thus increases E°′ as
shown in Table 1. Additionally, although Met13 and Met44 are
spatially close to one another, their mutations to Phe do not
generate any steric clashes (Figure 3D). Therefore, the
observed E°′ of the M13F/M44F-Az double mutant is additive
to the individual mutations.

Structural Analyses of G116F-Az, M13F/G116F-Az,
and M44F/G116F-Az. Crystal structures of G116F Az and
M13F/G116F Az were acquired at 2.2 and 1.5 Å resolution,
respectively. An overlay of crystal structures of G116F Az and
M13F/G116F Az with WT-Az are shown in Figure 4A,B.
Among all three mutants, the M13F/G116F-Az shows the
smallest structural deviation of the PCS compared to the WT,
with the change of Cu-X bonds not greater than ±0.1 Å (Table
S3). Both M44F/G116F-Az and G116F-Az have shortened
Cu-O(Gly45) bonds by −0.3 and −0.5 Å, respectively, and
lengthened Cu-N(His117) bonds by +0.2 and +0.2 Å. Similar
levels of PCS changes have been observed in previous studies,

Figure 3. Superposition of M13F/M44F-Az (green) with WT-Az
(gray; PDB: 4AZU) for (A) Az monomers and (B) at the T1Cu
binding sites. (C and D) Residues at positions 13 and 44 and their
hydrophobic encapsulation on His117 are highlighted in (C) WT-Az
and (D) M13F/M44F-Az. Labels for Cu binding sites and unmutated
residues are in red and black, respectively.

Figure 4. Crystal structure overlay of (A) G116F Az (purple, PDB 7U2F) and (B) M13F/G116F Az (gold, PDB 7TNC) with WT-Az (gray, PDB
4AZU). The PCS Cu coordination by His46, His117, and Cys112 are shown separately. The hydrogen bond triangle around Phe114 of (C)
G116F-Az and (D) M13F/G116F Az is also shown. The two important hydrogen bond interactions (the “hydrogen bond triangle”) are labeled in
magenta to make a direct comparison between (C) and (D). Positions of the Phe13 and Phe116 residues in M13F/G116F are highlighted in (E).
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which nevertheless do not impose a certain consistent effect on
E°′66−69 to a degree comparable to SCS tuning.21,43

The crystal structure of the single mutant G116F-Az shows
that the Phe116 residue is solvent-exposed and points outward
from the protein surface (Figure 4C). Similar orientations of
Phe116 are also observed in the other two double mutants,
M13F/G116F (Figure 4D) and M44F/G116F (Figure 5D). As

a result, introducing Phe at the Gly116 position introduces
minimal additional hydrophobic effect on the T1Cu site. This
structural finding explains the negligible effect of the single
Phe116 substitution on E°′ compared to WT-Az (Table 1).
This includes minimal perturbation of the hydrogen bonding
network consisting of the interactions of the backbone atoms
involv ing Oca r b on y l (Phe114)/Nam i d e(Phe116) , and
Ocarbonyl(Phe114)/Namide(His117) (Figure 4C).
As indicated by the experimental results, combining Phe116

with M13F or M44F shows negative and positive cooperative
effects in tuning the T1Cu potential, respectively (Table 1).
When M44F is combined with G116F, the aromatic rings of
both Phe44 and Phe114 block His117 from the surrounding
water, causing an increase in hydrophobicity and thus an
increase in reduction potential relative to WT-Az (Figure 5D).
On the other hand, when M13F is incorporated into the
G116F variant, the orientation of Phe13 in M13F/G116F is
perpendicular to the His117 residue (Figure 4E), which leaves
a relatively open site for the solvent to access and thus lowers
the E°′. Importantly, the hydrogen bond between
Ocarbonyl(Phe114) and Namide(Phe116) is lengthened by 0.2 Å
in the M44F/G116F variant (Figure 5D) compared to the

WT-Az (Figure 5C), and further by 0.3 Å compared to the
M13F/G116F (Figure 4D) variant. In previous studies, we
have demonstrated that Phe114 is an important residue in the
SCS hydrogen bond network and the nonlocal electrostatic
interactions that govern E°′ of Cu.21,43,70 The different
conformations of Phe13 and Phe44 relative to His117 and
the subtle change of the hydrogen bond between Phe114 and
Phe116 may result in the inversed cooperative E°′ tuning effect
between M13F/G116F and M44F/G116F.

■ CONCLUSIONS
In the present study, we have shown that the introduction of
phenylalanine residues around the T1Cu in Az (i.e., M13F,
M44F, and G116F mutations) results in different, and
sometimes opposite, effects on E°′, wherein single mutations
either increase, decrease, or have little effect on E°′ depending
on spatial positioning. Likewise, these effects can be either
additive or cooperative when mutations are combined. Hence,
simply introducing Phe in the vicinity of the T1Cu center is
insufficient to induce a predictable increase based on
increasing hydrophobicity, and both the location of the
mutation and choice of single mutation combinations are
important in determining the outcome on E°′. The exact
positioning of the mutations is important to controlling factors
that can negate any hydrophobicity effects that should raise the
E°′, including steric conflicts, solvent exposure, and changes in
hydrogen bonding. The insights gained from these detailed
structural studies are critical toward understanding the
molecular effects of such mutations, aiding in the rational
design of metalloproteins with predictable E°′ and functional
properties associated with E°′.
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