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The pH-dependence of copper(i/1) reduction
potentials in variants of P. aeruginosa azurin with
surface histidine variations

Sara Ghodrati Dolatshamloo, 2 Nikta Ghazi and Jeffrey J. Warren (2 *

Proteins that mediate redox transformations almost always display a degree of pH dependence in their
reduction potentials. It is appreciated that surface charges can influence the physical properties of
embedded sites. Less clear is the role that the distance between pH-sensitive (titratable) surface sites and
embedded metal ions plays in regulating redox reactions. Here, we explore how the distance between
pH-sensitive histidine sites and the copper ion in Pseudomonas aeruginosa azurin influences the pH
dependence of the Cu(i)/Cu(l) reduction potential. Pourbaix diagrams were constructed for six azurin
variants and effective pK, values for the oxidized and reduced forms of the proteins were determined.
While the reduction potentials are mostly insensitive to the locations of the histidine amino acid
substitutions, the effective pK, values do change. There is little correlation with the histidine-copper
distance, and a more significant correlation with the histidine—histidine distance. The results support that
redox-dependent protonation of amino acid sites is coupled to both the long-range electrostatic
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Introduction

More often than not, aqueous reduction potentials are pH
dependent, or ‘proton-coupled’. The pH dependence is often
tightly coupled and a Nernstian E/pH relationship is observed,
as is the case for small biomolecules like quinones, phenols
(tyrosine) and flavins.”® However, many redox-active proteins
(e.g., metalloproteins) also show pH-dependent reduction
potentials, but those potentials do not typically show a simple
nH'/ne” relation. Some examples include copper,*® heme,’
and iron-sulphur cluster proteins.®® The factors that influence
the behaviours of embedded metal sites have long been known
to be diverse,'™'" and it is clear that charges at protein surfaces
are one of the key factors. In this work, we explore how solution
pH affects Cu(u)/Cu(i) reduction potentials in azurin (Az) vari-
ants where titratable histidine residues are introduced at
different protein surface sites.

The protein Az is a prototypical member of the large class of
“blue copper” electron transfer proteins.”*** This family of
proteins has distinct physical properties that support their
functions as biological electron carriers and mediators of redox
reactions. Az's folded stability, tolerance to amino acid substi-
tutions, and ease of recombinant expression have made it
a useful model for the investigation of a wide range of chemical
and biochemical properties.”>** Of particular importance are

the many investigations of its intermolecular and
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interactions of embedded cofactors and to other ionisable amino acid residues.

intramolecular redox reactions.'®® The literature examples are
too numerous to list, so the above citations are for a few key
review articles. Herein, we investigate the pH-dependent redox
properties of Az variants where histidine (His) amino acid
residues are placed at six different surface sites of the Az
structure.

The pH dependence of the Az Cu(u)/Cu(r) redox couple has
been extensively investigated, including in other single amino
acid substituted variants.*® Azurin's reduction potential
exhibits a well-characterized pH dependence, which has been
attributed mainly to the protonation states of two non-
coordinating, surface exposed His residues: H83 and H35.*°
NMR™?° and electrochemical®** studies have shown that H35,
located ~8 A from the copper site, undergoes protonation after
electron transfer, when the copper centre becomes reduced
(Cu(u) — Cu(r)). H83 is somewhat more solvent exposed and
farther from the Cu ion (i.e., ~12 A from the copper centre).
These residues account for nearly all the measured charge
regulation in azurin, as indicated by both experimental and
computational analyses.

The pH-dependent redox behaviour of wild type (WT) Az has
been modelled using a proton-coupled thermodynamic frame-
work (Scheme 1), yielding effective pK, values of 6.26 (in the
oxidized, or Cu(u), form) and 7.31 (in the reduced, or Cu(i),
form).> The scheme follows conventions used in thermochem-
ical ‘square schemes’ that are discussed in detail elsewhere.'”
The combined protonation effects of H83 and H35 can lead to
reduction potential shifts of up to 60 mV over the physiological
pH range. This behaviour has been explored computationally,*
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Az-Cu2* = Az-Cu*
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(H*)AZ-Cu?* <t em (H*)AZ-Cu*
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Scheme 1 Proton-coupled reaction scheme for the pH dependence
of the azurin copper(i/i) formal reduction potentials (E).

and more recently, the degree to which both H35 and H83
change pK, with respect to the oxidation state of the Cu ion was
investigated with experiment and theory.>*** Ultimately, the role
of these residues in affecting Cu reduction potentials provides
a basis for rational engineering of charge-sensitive redox
properties in Az.

Given the well-known influence of distance on the rates of
electron transfer reactions in Az,"”'® we rationalized that Az
variants with different distances between a titratable histidine
and the Cu ion would display an analogous distance depen-
dence. Given that replacement of H35 has a negligible effect on
the Cu ion,* we opted to employ variants where H35 was
constant and other histidine sites were introduced at known
locations in Az.'”*®* The pH dependence of the Cu(u)/Cu()
reduction potentials in six Az variants is explored below.

Materials and methods

Additional experimental details and data are provided in the SI.
Plasmids encoding for each Az variant were prepared using an
established polymerase chain reaction and the primers used are
set out in the SI. Each of the known Az variants were expressed
and purified to homogeneity. Mass spectrometry and UV-visible
spectroscopy protein characterization data that confirm
production of each Az variant are provided in the SI (Fig. S1-S7).

Electrochemical measurements were carried out using
a standard 3-electrode cell with a basal plane graphite (BPG)
working electrode,* a platinum counter electrode, and a silver/
silver chloride (saturated KCl) reference electrode. Potentials
were calibrated with respect to cobalt(u)tris(2,2'-bipyridyl) (PFe),
at all pH values. Acetate-phosphate-borate (APB) buffer was
used for each experiment. The APB buffer composition was:
20 mM sodium acetate, 20 mM sodium phosphate, 20 mM
sodium borate, and 100 mM potassium chloride. Protein
concentrations were 30 pM for all electrochemistry experi-
ments. In cyclic voltammetry (CV) measurements, the scan rate
was 50-100 mV s~ . Differential pulse voltammetry (DPV) data
were collected at 3 mV increments with 50 mV pulse amplitude,
50 ms pulse width, 16.7 ms sample width, and 500 ms pulse
period. All electrochemistry experiments used 2 s quiet time
prior to data collection. Peak-to-peak separations for CV were
between 100 and 150 mV, in agreement with previous obser-
vations for Az in solution.?**” The full width at half maximum
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for the DPV scans was 108 &= 5 mV across all pH values, which is
close to the theoretical limit for reversible couples (90.4 mV).?®

GROMACS*” was wused for simulations with the
charmm36m?® forcefield port.* Starting from the X-ray coordi-
nates for Az (PDB ID 4AZU*), the A-chain was selected for
simulations. Forcefield parameters for the Cu site were taken
from the literature.** Following solvation and ionic strength
adjustment, the system was equilibrated for temperature and
pressure.* For each protein, 15 ns simulations were carried out.
Clusters were identified using the gromos algorithm?® with
a 0.115 nm cutoff and using the last 4 ns of the simulations.
RMSD and RMSF plots for all simulations are shown in the SI.

Results and discussion

A series of known Az variants were prepared from the wild-type
(WT) plasmid.* Site-directed mutagenesis was used to produce
plasmids encoding for the following amino acid substitutions:
HS$3Q, H83Q/Q107H, H83Q/M109H, H83Q/K122H, HS83Q/
T124H, and H83Q/T126H. As noted above, these variants have
been used in studies of long-range electron transfer reac-
tions.***” Importantly, these amino acid variations do not affect
the structure or the properties of the Az copper active site.>”***
Successful expression and purification was confirmed using
MALDI mass spectrometry and UV-visible (UV-vis) spectroscopy.
In accord with past reports, the optical spectra are unaltered by
the replacement of surface sites with histidine. This is an
indication that the Cu site is not affected by surface substitu-
tions, i.e., as characteristic cysteine112-copper charge transfer
band at 628 nm is the same as WT Az.

Electrochemical data were collected as described above. Both
the cyclic voltammetry (CV) and the differential pulse voltam-
metry (DPV) techniques were explored. In both cases, the values
of the Cu(u)/Cu(r) couples were in line with many past studies of
other Az variants, including solution measurements and
graphite-adsorbed Az.**>>**~*>While the CV data were clearest at
low pH waves (pH 4-5), at pH > 6, the redox waves were
subsumed by background currents and any correction proved
unsatisfactory. Some representative electrochemical data are
shown in the SI (Fig. S8). In contrast, DPV scans yielded clear,
reproducible peaks with symmetric shapes (an indication of
reversibility), so the DPV technique was used to collect the data

Table1 Summary of reduction potential and pK values for Az variants®

Variant Elow Ehigh pKox pKrcd
WT? 0.349 0.292 7.31 6.26
H83Q 0.346 0.288 6.98 5.98
H83Q/Q107H 0.349 0.288 7.07 6.07
H83Q/M109H 0.348 0.278 7.01 5.79
H83Q/K122H 0.349 0.279 7.16 5.98
H83Q/T124H 0.336 0.273 711 6.02
H83Q/T126H 0.334 0.276 6.86 5.88

¢ Errors associated with E values are + 5 mV with respect to scan-to-scan
variability and the error on the pK fits was +0.07 (95% confidence). The
PK values are from fits to eqn (1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between pH 4 and 9, as shown in Table 1 and in Fig. 1. The
errors associated with electrochemical measurements are
+5 mV with respect to scan-to-scan variability. We note that the
potentials obtained from CV scans between pH 4 and 5
corroborate the values obtained from DPV.

The collected DPV data (Fig. 1) were analysed using the
established E°-pH relation for Az and its variants (eqn (1)):**

RT (K;ed + [H*])

E° (pH) = E° (low pH) + —In
(p ) ( p ) nF Karcd+[H+]

1)
where E° (pH) is the observed formal potential at a given pH, E’
(low pH) is the formal potential (pH independent) at acidic pH
values, R is the universal gas constant, T is temperature, 7 is the
number of electrons involved in the redox process, F is the
Faraday constant, the respective K, values correspond to the net
ionization constants of the oxidized and reduced protein states
and [H'] is the proton concentration at a given pH value. The
Ejow values were fixed at the measured values at ca. pH = 4 for
each variant.

The pK values from nonlinear least squares analysis of the
data in Fig. 1 using eqn (1) are set out in Table 1, along with
known data for WT Az. The error associated with the pK values
for each fit (95% confidence bounds) was £0.07 pK units. First,
the low and high pH reduction potentials are similar (344 + 7
mV), as are the low pH values (282 £+ 7 mV). As such, the AE
values also are similar (62 + 6 mV). The values are very nearly
within error of each other, which is perhaps not surprising
given the single amino acid variations. The small size of the Az
protein means that all single-site His variations are less than
about 26 A of the Cu ion. The pK values from fits to eqn (1) show
a similarly low degree of variability, with fit pK,.q values of 5.99

0.36

H83Q 0.36
0.34 0.34 5
s =
3 0.32 3 o032
tu tu
0.3 0.3
.
0.28 —— -
4 5 6 7 8 9 0-284 5
pH
0.34/
~ 032/
3
= 03]
w
0.28/
4 5 6 7 8 9 4 5

View Article Online

RSC Advances

=+ 0.15 and pK,x values of 7.06 & 0.15. The average ApK value is
1.07 £ 0.09. Note that the above errors are one standard devi-
ation of the mean.

To gain more insight into the Az structures and any local
interactions that can influence His pK, values, we carried out
molecular dynamics (MD) simulations and used the equili-
brated structures to estimate pK, values. Examples of local
interactions around each histidine are set out in the SI (Fig. S9-
S21). The RMSF and RMSD plots for each simulation are shown
in the SI (Fig. S22-523). Using the gromos-identified cluster
structures, the DeepKa***” algorithm was used to estimate pK,
values of H35 and the other variant His sites, as well as the
protein isoelectric points (pI). The results are tabulated in the SI
(Table S1). Unfortunately, the calculated pK, values differ from
experimental values, although they are in an appropriate range.
The pI values are lower than the reported value of 5.6.** With
respect to the pK values, in the oxidized from of Az, the pK,
value for H35 has been reported to be around 6.*° The corre-
sponding values for His83 is about 7.5.>%*” This is, in terms of
magnitudes, opposite the calculation. We think that the
discrepancy between experiment and theory is likely due to
exclusion of the Cu ion. Correlations between experimental and
calculated pK values are shown in the SI (Fig. S24).

The structures from MD simulations also provide a more
realistic view of distances between protein locations. To a first
approximation, the degree of ‘interaction’ between the Cu ion
and the surface His site can be described by the physical
distance between the sites. This is the basis for both approaches
to rationalizing electron transfer kinetics***” and for under-
standing distant electrostatic interactions in proteins.>*** With
respect to Az, there exists great deal of research into

H83Q/M109H

H83Q/Q107H |

0.28 |

0.34

H83Q/T124H ||

H83Q/T126H

0.32

0.3

E~cu"

0.28

Fig. 1 Pourbaix diagrams for the six Az variants studied here. The solid red line is a fit to eqn (1). The E* values are referenced to SHE.
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intramolecular electron transfer in proteins, including but not
limited to Az.'”**%%%° Importantly, the Az-histidine variants
presented here are directly connected to the Cu ion via
a continuous B-strand, either via the M121 of the C112 Cu ion
ligands. The exception is H83, but this residue is in a privileged
site where the electronic coupling to the Cu ion is strong.>**’

Again, using the MD structure clusters, the average distance
(in A) from the histidine ring centroid to the Az-Cu ion were
determined and the values are set out in Table 2. To our
surprise, there was no obvious correlation between the
distances and any of the experimental pK or E values (Table 1).
Plots showing these correlations (or lack thereof) are shown in
the SI (Fig. S25-S28). For example, using either a distance
dependence for electron transfer model or the distant-
dependent Coulomb-like model, there is no correlation with
the pK,y or pK;eq values. There is, of course, no correlation with
the reduction potentials at high and low pH since they are
nearly the same within experimental error.

So far, the focus has been on how the redox properties of the
Az-Cu ion are influenced by the location of the histidine sites.
However, there also exist examples of the influence of two or
more charged sites on each other's properties.”** In Staphylo-
coccus nuclease (a non-redox protein), replacement of anionic
amino acid residues (glutamate or aspartate) with cationic
(lysine) or neutral (alanine) induces marked shifts in pK, values
of histidine sites in a distance dependent manner. The idea is
supported by theoretical approaches® and by combined
experiment/theory analysis of protein pK, values.*® Likewise,
studies of heme proteins also show a distance dependence on
electrostatic interactions of charged hemes.*

Plots of pKox and pKieq as a function of histidine-histidine
distance (i.e., the ring centroid of H35 to the ring centroid of
HX, where X = 83, 107, 109, 122, 124, or 126) show a roughly
linear correlation (Fig. 2). The correlation is much stronger for
the pK,.q values, where the Cu site is overall neutral in charge.
This is likely because in the oxidized state (formally Cu(u)) the
active site bears a net +1 charge. Due to the locations of the two
histidine sites (H35 and HX), this effectively places the Cu ion
between the two residues. Note that the above citations
describing the distance dependence of charge-charge interac-
tions use different forms of the Poisson-Boltzmann equation
and Coulomb's law to rationalize interactions. The models are
not strictly linear, but the distances considered here are too

Table 2 Distance metrics for histidine Az variants

Variant d (HX-Cu)” d (H35-HX)*
WT 14.1 4 0.4 16.2 + 0.4
H83Q 7.5 +0.1° N/A
H83Q/Q107H 231+ 0.4 28.8 + 1.0
H83Q/M109H 16.3 £ 0.3 23.9 + 0.7
H83Q/K122H 12.3 + 0.4 19.0 £ 0.7
H83Q/T124H 18.4 £ 0.4 23.2+0.5
H83Q/T126H 21.4 + 0.4 26.6 + 0.5

“ distances are averages and standard deviations (in A) from MD
simulations. ? Crystallographic average from PDB ID 4AZU.*!
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Fig. 2 Correlations of pKox and pKyeq Values with the histidine—histi-
dine distances in Az variants. The distance metrics are given by the two
centroids of the histidine imidazole rings.

large to present any curvature, which is more commonly
observed at distances shorter than 10 A. In the end, the place-
ment of the histidine sites appear to have a greater effect on one
another than they do on the pH dependence and overall
reduction potentials of the Cu ion in Az.

Conclusions

The pH dependence of the Az Cu(Il/I) reduction potential was
investigated in six variant proteins where the native H35 was
held invariant and other histidine sites were systematically
introduced around the protein. The Az Cu(u/i) reduction
potentials themselves are nearly independent of the site(s) of
histidine in the Az variants studied. Using a known model that
describes the pH dependence of E°(Cu(u/1)) in Az, effective pK,
values for the oxidized and reduced proteins were determined.
The changes in effective pK, values are sensitive to the location
of the histidine sites, but they do not show an obvious corre-
lation with histidine-Cu distance. However, there exists a weak
linear correlation with the pK values for the reduced (Cu())
proteins if the histidine-histidine distances are considered. An
even weaker correlation exists for the oxidized (Cu(u)) proteins,
but in this case the Cu ion lies between the two histidine sites.
Thus, our results suggest that the long-range electrostatic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interaction between the two histidine sites could play a large
role in affecting each other's properties, and the charge on the
Cu ion adds another layer of influence, especially in the
oxidized protein. The network of electrostatic interactions that
mutually influence protein pK and E values is clearly complex
and more work is still needed in this area.

The weak influence of the histidine variants on the overall
pH dependence of the Az reduction potentials is worth
comment. The resilience of function in proteins with amino
acid variations has been commented on with respect to
‘compensating’ electrostatic interactions.” The idea also has
been proposed with respect to evolutionary changes in cyto-
chrome c oxidase proteins.®® Based on our results, we proposed
that H35 is able to more (or less) compensate for the natural pH
dependence of Az in such a way that the variant proteins exhibit
behaviours that are very similar to the wild type protein. This is
supported by the fact that variants at H35 (while retaining H83)
show a pH-dependence that is the same as for the wild-type
protein.* It also is interesting to note that smaller pK;q values
occur when (i) H35 is the only ionisable histidine (i.e., the H83Q
variant), when the two His are farthest apart (e.g., H83Q/T126H),
and when a cationic site is replaced with histidine (i.e., H83Q/
K122H). However, the correlation is not perfect; the H83Q/
Q107H variant is an outlier. We think that much more work is
needed to fully understand the interplay of redox reactions (and
active site charge) and protonation state of surface sites in
proteins. The idea that charge regulation can be tied to the
outer-sphere reorganization energy in redox proteins*** is one
example of how proton-coupled electron transfer reactions can
play unexpected roles in biological redox reactions. Developing
further understanding of how long-range electrostatic interac-
tions influence biological redox reactions is
important.
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