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Abstract 

Copper-containing proteins play crucial roles in biological systems. Azurin is a copper-containing 
protein which has a Type 1 copper site that facilitates electron transfer in the cytochrome chain. 
Previous research has highlighted the significant impact of mutations in the axial Met121 of the 
copper site on the reduction potential. However, the mechanism of this regulation has not been 
fully established. In this study, we employed theoretical modeling to investigate the reduction of 
the Type 1 copper site, focusing on how unnatural amino acid substitutions at Met121 influence 
its behavior. Our findings demonstrated a strong linear correlation between electrostatic 
interactions and the reduction potential of the copper site, which indicates that the perturbation of 
the reduction potential is primarily influenced by electrostatic interactions between the metal ion 
and the ligating atom. Furthermore, we found that CF/π and CF…H interactions could induce 
subtle changes in geometry and hence impact the electronic properties of the systems under study. 
In addition, our calculations suggest the coordination mode and ion-ligand distance could 
significantly impact the reduction potential of the copper site. Overall, this study offers valuable 
insights into the structural and electronic properties of the Type 1 copper site, which could 
potentially guide the design of future artificial catalysts. 
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Highlights 

• Linear correlation between electrostatics and the reduction potential of azurin 
• Fluorine-involved interactions subtly change the properties of the metal site 
• Coordination mode of Cu site would significantly impact its reduction potential 
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Graphic Abstract 

 

Synopsis for Graphic Abstract The strong correlation observed between the experimental 
reduction potentials for both azurin and its five mutants, and the reduction energies resulting from 
electrostatic interactions between the metal ion and ligating atoms, strongly suggests that 
electrostatic interactions play a dominant role in influencing the reduction potential of T1Cu. 
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Introduction 

Copper-containing proteins play important roles in various biological processes such as 
electron transfer,1-5 catalysis,6, 7 and signaling.8-10 One of the most common copper sites in proteins 
is the type 1 copper (T1Cu) center, which is found in a wide range of proteins such as the blue 
copper proteins (BCPs)11-15 and multicopper oxidases (MCOs).16, 17 

Azurin, a small copper-containing protein, is present in Pseudomonas, Bordetella, and 
Alcaligenes bacteria. It facilitates electron transfer between enzymes involved in the cytochrome 
chain. At its core, Azurin contains a crucial T1Cu center (see Figure 1), essential for its functions, 
making it a prototype for studying electron transfers mediated by T1Cu proteins. In Azurin, the 
T1Cu coordinates with two histidines (His46 and His117) and one cysteine (Cys112) in the 
equatorial positions, giving rise to its characteristic blue color.18, 19 Additionally, it weakly bonds 
with methionine (Met121) and backbone carbonyl glycine (Gly45) in the axial positions. The 
stable coordination of these ligands during the switching of oxidation states between Cu2+ and Cu+ 
results in a small reorganization energy, facilitating the ET transfer processes.20-23 

Moreover, the free energy change of the ET reaction can be fine-tuned by adjusting the redox 
potential of the metal site. Previous studies have involved mutating the axial Met121 in Azurin to 
its unnatural amino acid isostructural analogs, including oxomethionine (OxM), selenomethionine 
(SeM), difluoromethionine (DFM), trifluoromethionine (TFM), and norleucine (Nle) (Figure 1). 
These mutations resulted in a considerable variation of ~230 mV in the reduction potential.24, 25 
Importantly, these mutations have had a minimal impact on the protein structure, which allowed 
researchers to isolate the effect of residue 121 from other parameters like steric and geometric 
factors and solvent exposure. As a result of these investigations, a strong correlation was 
discovered between the hydrophobicity of the axial ligand and the reduction potential of the copper 
site.25 

 
Figure 1. The type 1 copper (T1Cu) site in Azurin (Az). It has Met121 in in the axial position. Its 
unnatural analogs: oxomethionine (OxM), selenomethionine (SeM), difluoromethionine (DFM), 
trifluoromethionine (TFM), norleucine (Nle), and Nle-F2, are also shown and investigated in the 
present study. The metal site structure was built based on PDB entry: 1JZF,26 with the amino acids 
were capped by changing the C𝛼 atoms to methyl groups and the geometry of Met121 was 
optimized afterwards. The axial coordination bonds are shown in dash lines. 

Although such a correlation was discovered, the molecular mechanism of such a regulation 
has not been fully understood. Moreover, previous QM/MM study successfully reproduced the 
redox potentials of different mutants and suggested these regulations are mainly electrostatic in 
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nature.20 In the present study, we conducted a comprehensive investigation of the electrostatic 
interactions between residue 121 and the Cu complex, using quantum mechanical (QM) and 
molecular mechanical (MM) calculations. Our results reveal a compelling linear correlation 
between the electrostatic interaction between the metal ion and ligating atom, and the reduction 
potential of the T1Cu site. We observed a transition from a combination of electrostatic and vdW 
interactions between Met121OxM/Met121SeM/Met121DFM/Met121TFM and the Cu site to pure 
vdW interactions between Met121Nle and the Cu site. Furthermore, our research highlighted 
intriguing C-F/π and C-F/H interaction pairs in the Met121DFM mutant, which were found to 
influence both the geometry and electronic properties of the protein. Additionally, we delved into 
the impact of 5-coordinated and 6-coordinated Cu sites, analyzing how the reduction energy is 
dependent on the metal-ligand distance. The results indicated that the reduction energy of the 6-
coordinated Cu site is more sensitive to perturbations in the ligand environment. Understanding 
the factors that govern reduction potential holds significant promise for gaining insights into the 
electronic properties and reactivity of metal sites, thereby guiding relevant molecular designs. Our 
findings offer valuable molecular insights into the physical properties of the T1Cu site and have 
potential implications for designing artificial metalloproteins with tailored reactivity. 

Methods 

PDB entry 1JZF was used to model the T1Cu site of Pseudomonas aeruginosa azurin, which 
is a X-ray structure with a resolution of 1.5 Å.26 Hydrogen atoms were added by using GaussView. 
Alongside the wild-type, we investigated five mutants: Met121OxM, Met121SeM, Met121DFM, 
Met121TFM, Met121Nle (see Figure 1). These mutations were shown to induce minimal 
structural perturbation, as confirmed by experimental measurements including ultraviolet-visible 
(UV-Vis), electron paramagnetic resonance (EPR), and X-ray absorption spectra (XAS).27 It is 
reasonable to presume that residues beyond the first coordination sphere exert a consistent 
background effect on the reduction potentials of these mutants. Given our focus on discerning 
differences rather than absolute values of reduction potentials, we specifically examined the first 
coordination shell of the T1Cu site, encompassing Cu2+, Gly45, His46, His117, Cys112, and 
Met121 (see Figure 1). Accordingly, the mutants were manually generated based on the PDB 
entry 1JZF. To model the metal site, we used a Cα truncated model, where the Cα atoms were 
substituted with methyl groups. Because Gly45 coordinates to the Cu2+ ion with its backbone 
carbonyl group, the peptide bond between Gly45 and His46 was kept, while the -NH group of 
Gly45 and -CO group of His46 were replaced by hydrogen atoms. To mimic the protein 
environment, during the optimization, the Cα atom of residue 121, Cu2+ ion, and other residues 
were kept frozen, with only the other atoms of the residue 121 were allowed to move.  

This approach was adopted because residue 121 exhibits notably weaker interaction with the 
Cu site compared to other ligating residues. Therefore, mutating residue 121 would have minimal 
impact on the coordination modes of other metal site residues, as confirmed by experimental data 
from UV-Vis, EPR, and XAS measurements.27 Meanwhile, given its weak coordination to the 
metal site, it was crucial to treat residue 121 as flexible during optimization. The optimization was 
carried out using the Berny algorithm with GEDIIS.28 Following the optimization of residue 121 
at the Cu2+ site, the same optimized geometry was employed to calculate the energy of the metal 
site in the reduced state (i.e., Cu+ state). We believe this treatment is reasonable because of the 
minimal structural changes caused by the reduction of T1Cu in Azurin.20, 23, 25 By taking the energy 
difference between the two states, we obtained the reduction energy for each of the wild-type and 
mutants. 
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Density functional theory (DFT) calculations were performed using the Gaussian 16 program 
(version C.01),29 employing the ωB97XD functional.30 The ωB97XD functional could well model 
the weak interactions between residue 121 and the metal site due to it includes atom-atom 
dispersion correction. The Cu atom was treated with the def2-TZVP basis set,31 while all other 
atoms were treated with the 6-31G* basis set.32 Our tests demonstrated that extending Def2-TZVP 
to S atoms minimally affected the Cu-S distance between Cu and Met121, in agreement with a 
previous study showing insensitivity to the basis set.33 To account for the protein environment 
around the metal site, the PCM implicit solvent model34 with a dielectric constant of 4.0 was 
utilized.35 The nature of the stationary points was verified by frequency analyses. The optimized 
structures and coordinates can be found in the supporting information (SI). In particular, the 
optimized structures and coordinates of all the systems listed in Table 1 (below) are included in 
the SI. 

Results and Discussion 

Table 1 presents the optimized distances between the Cu ion and ligating atoms in residue 
121 (denoted as RCu-R121(a)) for both the wild-type and the five mutants of Azurin. For the DFM 
mutation, two cases were studied, with Met121DFMd and Met121DFMu represent the DFM 
residue in the downward and upward configuration, respectively, with more details are provided 
below. Due to the Met121Nle mutation coordinates to copper ion through the CH2 group, the 
distance between copper and the closest atom in the CH2 group is reported. Table 1 also indicated 
that the calculated relative reduction energy (ΔΔE) among the mutants successfully reproduces the 
experimental trend of reduction potential,25 thus affirming the reliability of the current approach 
in modeling the redox property of the T1Cu site. Previous study indicates the reduction potential 
of the Met121DFM system is sensitive to the environment.25 Our calculations indicate the 
Met121DFMd system showed better agreement with experimentally determined reduction 
potential than the Met121DFTMu system as it showed the second lowest reduction potential among 
the series (Table 1), implying it is the dominant structure of the Met121DFM system. In addition, 
the closely matched values in ΔΔE and RCu-R121(a) between Met121 and Met121SeM imply their 
comparable covalencies, which aligns with the findings from a previous study.33 
 
Table 1. Selected Bond Lengths (unit: Å) and Energies (unit: kcal/mol) of the Type 1 Cu Site of 
Azurine and Mutants 

 QM calculations Exp.a 

 RCu-R121(a) 
(Å) 

DE 
(kcal/mol) 

DDEb 
(kcal/mol) 

𝐸° 
(mV) 

DGc 
(kcal/mol) 

DDGb 

(kcal/mol) 

Met121OxM 3.05 -89.58 4.25 222 -5.12 5.23 
Met121 3.21 -90.26 3.57 341 -7.86 2.49 

Met121SeM 3.28 -90.66 3.17 348 -8.03 2.33 
Met121DFMd 3.31 -89.71 4.12 329 -7.59 2.77 Met121DFMu 3.52 -91.46 2.36 
Met121TFM 3.58 -91.61 2.22 379 -8.74 1.61 
Met121Nle 2.52d -93.82 0.00 449 -10.35 0.00 

Met121Nle-F2 2.61d -89.45 4.37 N/A 
a Measured at pH=4, with the data from Ref. 25; b with respect to Met121Nle;  c Based on the Nernst equation Δ𝐺 =
−𝑛𝐹𝐸∘; d Distance to the closest atom in Residue 121. 
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Among all the studied systems, the optimized Met121OxM exhibits the smallest RCu-R121(a)  
value as 3.05 Å. This result can be attributed to the relatively small van der Waals (VDW) radii 
and strong electronegativity of O (1.55 Å, 3.50 √𝑒𝑉) in comparison to those of S (1.80 Å, 2.44 
√𝑒𝑉 ) and Se (1.90 Å, 2.48 √𝑒𝑉 ) atoms.36, 37 In order to gain insights into the influence of 
electrostatic interactions on the reduction energy, we performed calculations to determine the 
electrostatic energy between the metal ion and the ligating atom of residue 121. These calculations 
were based on their respective electrostatic potential (ESP) charges by considering the excellent 
performance of ESP charges in modeling intermolecular electrostatic interactions. Specifically, 
the electrostatic energy was computed using Coulomb's law, which allowed us to examine the 
electrostatic contributions to the overall reduction energy: 

𝐸"#$ = 332
𝑞%𝑞&
𝑟  

Herein, q1 represents the charge of Cu, q2 denotes the charge of the coordinate atom of residue 
121, and r refers to RCu-R121(a). q1 and q2 are given in atomic units, and r is in Å. The conversion 
factor 332 was used to convert the energy unit to kcal/mol. To prevent unrealistic charges on the 
metal ion, as it is buried within the metal site, we conducted separate Merz-Kollman population 
analyses38, 39 for residue 121 and the remaining complex based on the optimized structures of the 
complexes. This treatment is reasonable due to the relatively large RCu-R121(a) value (> 3 Å, see 
Table 1), suggesting a noncovalent interaction between them.20, 25, 40, 41 As mentioned earlier, we 
only optimized residue 121 while keeping the remaining part of the complex frozen. However, the 
distance between Cu and the ligating atom in Met121 (RCu-R121(a)) in its reduced state (Cu+ state) 
is 4.46 Å after optimization, contrary to the QM/MM study, which reported an RMSD of less than 
0.1 Å for the heavy atoms in the active site of the azurin protein after Cu2+ reduction.20 The reason 
for this discrepancy is that we did not explicitly consider the protein environment in our QM 
modeling. As a result, for each system we used the optimized structure of the oxidized state for 
the corresponding reduced state. We believe this treatment is reasonable due to the minimal 
structural changes caused by the reduction of T1Cu in Azurin.20, 23, 25 

Using the aforementioned settings, we conducted separate calculations of the electrostatic 
energy for the ion and ligating atom in both the oxidized and reduced states. By subtracting these 
energies, we derived the reduction energy values, as summarized in Table 2. Remarkably, the 
computed electrostatic energy relative to Nle (ΔEEle) demonstrates a highly significant correlation 
with the experimental reduction potential, yielding a R-squared value of 0.96 and a slope of 1.09 
(Figure 2). These results strongly suggest that electrostatic interactions between the metal ion and 
ligating atom play a predominant role in determining the difference in reduction potential. 

Table 2. The ESP charges and Reduction Energies Calculated Based on the ESP Charges 
 Q(Cu2+) 

(e) 
Q(Cu+) 

(e) 
QR121(a)a 

(e) 
DEEleb 

(kcal/mol) 
𝐸'()∘ c 
(mV) 

without Res121 0.248 0.119 N/A 0.00 439 
Met121OxM 0.248 0.119 -0.399 5.61 196 

Met121 0.248 0.119 -0.256 3.42 291 
Met121SeM 0.248 0.119 -0.174 2.28 341 

MET121DFMd 0.248 0.119 -0.232 3.01 309 
MET121DFMu 0.248 0.119 -0.251 3.05 307 
MET121TFM 0.248 0.119 -0.187 2.23 343 

Met121Nle 0.248 0.119 0.013d -0.22 449 
Met121Nle-F2 0.248 0.119 -0.244d 4.00 266 
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a the charge of the coordination atom of residue121; b based on Coulomb's law; c The reduction potentials due to 
electrostatic interactions, the values were calculated by treating the experimental reduction potential of Nle as 
reference and shifting the other values respect to Nle; d the charge of the closest atom to metal ion. 

 
 

Figure 2. The experimental reduction potential versus the reduction energy due to electrostatic 
interaction between the metal ion and ligating atom for azurin and the five mutants. For the case 
of Met121DFM, the Met121DFMd configuration was used. To facilitate comparison, all the values 
were obtained by treating the Met121Nle system as the reference. 

 
As indicated in Table 2, the S atom in Met121 possesses a charge of -0.256 e. In contrast, the 

presence of the -CF3 group in Met121TFM diminishes the nucleophilicity of its coordinating S 
atom, which bears an ESP charge of -0.187 e. This alteration weakens the electrostatic interaction 
between the metal center and Met121TFM. Furthermore, the CF/π interaction between the CF3 
group and His46 in the Met121TFM mutant elongates the F… π distance, as depicted in Figure 
3B. This observation is consistent with a DFT study of interactions between fluorinated alkane and 
benzene, which revealed a 0.7 Å longer C-F/π distance compared to the C-H/π distance in the 
optimized structures.42 Consequently, the presence of the CF3 group pushes the Met121TFM group 
away from Cu2+, leading to a longer RCu-R121(a) distance of 3.58 Å when compared to the wild-type 
system (RCu-R121(a) = 3.21 Å, as shown in Table 1). This spatial change, together with the less 
negative charge on the ligating atom, results in a significantly reduced electrostatic interaction 
between the metal ion and Met121TFM than between the metal ion and Met121. 
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Figure 3. The optimized structures of the (A) Met121, (B)MET121TFM, (C) MET121DFMd 
where the two -F groups point downwards, and (D) MET121DFMu where the two -F groups point 
upwards. Selected C-F/π distances and C-F/H distances are shown in black numbers. 

Previous study indicated the reduction potential of DFM is sensitive to the environment.25 
Besides the Met121TFM system, the CF/π interaction was also observed in the Met121DFMd 
system when the two -F groups were oriented towards histidine, as depicted in Figure 3C. An 
analysis of the different conformations of Met121DFM (DFMd and DFMu) revealed that its RCu-

R121(a) distance is sensitive to the environment. Specifically, the Met121DFMd system contains two 
RCH…F interaction pairs, resulting in a shorter RCu-R121(a) value of 3.31 Å compared to 
MET121DFMu (3.52 Å), which only contains one RCH…F interaction pair (Figure 3 and Table 1). 
This observation indicates that this distance is sensitive to the environment. In addition, all these 
RCH…F distances are smaller than the sum of VDW radii of F (1.47 Å) and H (1.20 Å),43 suggesting 
the occurrence of CF…H interactions. Previous studies have shown that the interaction energy of 
CF…H is stronger than that of CH…H or CF…F.44 These results underscore the subtle roles of 
different interactions in influencing the geometry and hence the reduction potential of the metal 
site. 

Furthermore, acknowledging fluorine's higher electronegativity compared to oxygen, we 
expanded our investigation to include the Met121Nle-F2 mutant (see Figure 1). Encouragingly, 
our QM calculations predicted that this mutant exhibits an even lower redox potential than 
Met121OxM (Table 1). However, such a trend could not be solely attributed to electrostatic 
interactions, as suggested in Table 2. These findings suggest the involvement of additional subtle 
factors or interactions beyond electrostatics in influencing the redox potential of the Met121Nle-
F2 mutant. These insights may be helpful for relevant experimental studies in the future. 

A previous study demonstrated a direct correlation between the reduction potential of the 
T1Cu site in Azurin and the logP value of residue 121 in octanol-water systems.25 The logP, 
defined based on the partition coefficient (P), is delineated below: 
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log 𝑃 = log%+
[-.(/0)]"#$%&"'
[-.(/0)](%$)*

  (1) 

When the solute is evenly dispersed between octanol and water, P equals 1, resulting in a logP 
value of zero. Hydrophobic residues typically yield logP values greater than 0, indicating increased 
hydrophobicity. Conversely, hydrophilic residues exhibit logP values less than 0. Furthermore, P 
is directly related to the transfer free energy of the solute between octanol and water: 

[solute]230)4
∆6+5⎯7 [solute].7038.(						  (2) 

When ∆𝐺9 is zero, the solute achieves equal distribution between octanol and water, resulting in 
a P value of 1. Notably, P equates to the equilibrium constant K. 

𝑃 = 𝐾 = [-.(/0)]"#$%&"'
[-.(/0)](%$)*

= 𝑒:
∆-+
./   (3) 

log 𝑃 = log%+ 𝐾 = log%+𝑒
:∆-+./   (4) 

∆𝐺9 = −𝑅𝑇 ln𝑃  (5) 

We showed the logP values for different residues in Table 3, along with their corresponding ∆𝐺9 
values. Remarkably, there exists a strong correlation between ∆GT (X axis) and ∆G (Y axis), as 
illustrated in Figure 4. It's reasonable to expect that a residue with a ligating atom carrying a larger 
negative charge would exhibit greater hydrophilicity. Additionally, it would stabilize Cu2+ more 
effectively than Cu+, resulting in a less negative reduction energy (defined as E(Cu+)-E(Cu2+)) and 
reduction free energy (∆G). Simultaneously, the residue would have a smaller equilibrium constant 
(K), as 𝐾 = [-.(/0)]"#$%&"'

[-.(/0)](%$)*
, leading to a decrease in the logP value. Given that ∆𝐺9 = −𝑅𝑇 ln𝑃, 

where there is a negative sign, an increase in ∆𝐺9 would occur. Therefore, a notable correlation 
between ∆G and ∆𝐺9 is observed in Figure 4. 

Table 3. The logP and ∆𝐺9 values for wild-type T1Cu and mutants. 

 Exp. 𝐸° 
(mV) 

∆Ga 
(kcal/mol) logPb ∆GTc 

(kcal/mol) 
Met121OxM 222 -5.12 0.481 -0.66 

Met121 341 -7.86 1.371 -1.88 
Met121SeM 348 -8.03 1.571 -2.16 

Met121DFM 329 -7.59 1.817 -2.49 

Met121TFM 379 -8.74 2.48 -3.40 
Met121Nle 449 -10.35 2.81 -3.86 

aBased on the Nernst equation Δ𝐺 = −𝑛𝐹𝐸∘ 
bFrom Ref25 
cBased on equation 5 at T = 300 K. 
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Figure 4. Correlation between ∆G and ∆𝐺9 values for the wild-type T1Cu and mutants. The fitted 
line is shown as solid line, while its equation and R2 value are shown on the left-up corner. 

Although an excellent R2 was observed between ∆G and ∆𝐺9, the slope deviates from 1.0, with 
∆G exhibiting a larger range compared to ∆𝐺9. This discrepancy may arise from the intrinsic 
differences in the nature of these two free energies. Typically, the solvation of a molecule involves 
both enthalpy change (∆H) and entropy change (∆S), with the hydrophobic effect primarily driven 
by ∆S. Consequently, ∆𝐺9  encompasses a significant contribution from both ∆H and ∆S with 
enthalpy-entropy compensation.45-49 In contrast, the reduction potential of Cu2+ in Azurin is 
primarily influenced by ∆H, with minimal contribution from ∆S due to the limited reorganization 
of the metal site during reduction. This disparity leads to a slope deviating from 1.0 in the 
correlation between ∆G and ∆𝐺9, with ∆G having a larger range than ∆𝐺9. This difference may be 
attributed to the enthalpy-entropy compensation effect in ∆𝐺9, where ∆S counteracts ∆H, resulting 
in a smaller overall free energy change compared to ∆G. 

Cu2+ typically exhibits a coordination number of five or six. To explore the impact of 
coordination mode and ion-ligand distance on the reduction energy of Cu2+, we conducted 
calculations on two illustrative systems: [Cu(H2O)5]2+ and [Cu(H2O)6]2+ (see Figure 5), 
representing five- and six-coordinated copper sites, respectively. We anticipate that insights 
gleaned from these systems might be applicable to biological Cu sites with both five and six 
coordinated ligands. Both systems were thoroughly optimized, and their optimized structures and 
coordinates are provided in the SI. Afterwards, for each system, we performed a rigid scan along 
the Cu2+-water distance to assess the reduction energy changes. The presence of the Jahn-Teller 
effect necessitated separate consideration of the ligands in the equatorial position (XY-plane) and 
axial position (Z-axis), as they exert different influences on the reduction energy of the copper ion. 
Consequently, we carried out two scans for each system, one with a water molecule at the 
equatorial position and the other with a water molecule at the axial position. By using the reduction 
energy at the equilibrium geometry as a reference, we computed the relative reduction energy 
during the scanning of the Cu2+-water distance. The results of these calculations are presented in 
Figure 5. 
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Figure 5. The optimized geometries of the (A) [Cu(H2O)5]2+ and (B) [Cu(H2O)6]2+ systems. The 
distance between copper and water in the equatorial or axial position is denoted in black number. 
Additionally, the relative reduction energy (kcal/mol) is presented, defined as the energy 
difference between the reduced state and oxidized state, i.e. E(Cu+)-E(Cu2+), with respect to the 
equilibrium position, along with the rigid scan of RCu-ligand in the (C) [Cu(H2O)5]2+ and (D) 
[Cu(H2O)6]2+ systems. In this context, a positive value indicates that the system stabilizes Cu2+ 
more than Cu+ compared to the equilibrium state. Conversely, a negative value suggests the 
opposite scenario, where the system stabilizes Cu+ over Cu2+ relative to the equilibrium position. 
In panels C and D, the black and red solid curves are the relative reduction energies obtained by 
QM calculations. The black and red dash curves are the relative reduction energies calculated by 
using classical force fields. The blue dash lines are marks for the equilibrium distances. 

Indeed, our findings indicate that the water molecule in the equatorial position exerts a 
significantly different influence on the reduction energy of the metal center compared to the water 
in the axial position. Specifically, for both the [Cu(H2O)5]2+ and [Cu(H2O)6]2+  systems, the curve 
representing the axial ligands exhibits a maximum. This suggests that there exists an optimal 
distance for the axial ligands to maximize their reduction energy. This observed maximum cannot 
be solely explained by electrostatic interactions, as electrostatic interactions would predict a 
monotonous increase in the curve as the ion-ligand distance decreases, without a maximum point. 
On the other hand, the curve for the equatorial ligands does not exhibit a maximum within the 
plotted range. Instead, it shows a monotonous increase as the ion-ligand distance decreases. These 
results highlight the nuanced interplay of various factors beyond electrostatic interactions in 
determining the reduction energy with respect to ion-ligand distances. 

Furthermore, we observed significant differences between the [Cu(H2O)5]2+ and [Cu(H2O)6]2+  
systems. Specifically, in the [Cu(H2O)5]2+ system, the curve of the equatorial ligand displayed a 
comparable slope to that of the axial ligand at the corresponding equilibrium distance. This 
suggests that the equatorial and axial ligands exert similar influences on the reduction energy of 
the metal site. This finding aligns with a recent study investigating how mutations on the equatorial 
His117 impact the reduction potential of the T1Cu site in Azurin.23 The study observed that the 
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His117Ntr mutation caused a ~200 meV shift in reduction potential at pH=7 and ~100 meV shift 
at pH=4. These magnitudes are comparable to the influence of the mutation on the axial Met121 
residue (see Table 1). In contrast, for the [Cu(H2O)6]2+ system, the equatorial ligand exhibited a 
significantly larger slope compared to the axial ligand at the corresponding equilibrium distance. 
This suggests that the number of equatorial ligands has a strong impact on the electrochemical 
properties of the copper center. The reduction energy of the 6-coordinated Cu2+ is more sensitive 
to the ligand environment than that of the 5-coordinated Cu2+ for the Cu2+-aqueous complexes. 

The properties of azurins are largely impacted by the primary coordination sphere and 
secondary coordination sphere.22, 27, 50, 51 Our results implied that one can tune the redox potentials 
and hence chemical reactivity of a Cu-site by engineering its coordination modes and ion-ligand 
distances. This agrees with a previous study by Lu et al.50 Specifically, it was found that the 
mutation of H46E and M121H transforms the coordination mode of wild type azurin from trigonal 
planar geometry to a tetragonally distorted square planar geometry, leading to its reactivity in S-
nitrosylation which was not observed in the wild type azurin. This study highlighted that we the 
strategy for regulating the reactivity and reduction potential of the Cu site by tuning its 
coordination mode. Similarly, our results suggest that engineering the T1Cu site into a 6-
coordinated octahedral metal site could result in a different reduction potential and consequently 
alter its chemical reactivity. 

To further elucidate the influence of electrostatic interactions on the reduction potentials of 
[Cu(H2O)5]2+ and [Cu(H2O)6]2+ , we conducted calculations of the relative reduction energy along 
the scans using classical force fields. In this approach, the Cu2+ and Cu+ ions were assumed to have 
the same VDW parameters. The TIP3P water model52 was utilized to represent the water molecules, 
with fixed geometry and atomic charges. Specifically, the three atoms in the moving water were 
assumed to lie in the same plane as the copper ion, with the central axis of the water molecule 
crossing the copper ion. The results are presented in panels C and D of Figure 5 as red and black 
dashed curves. In these calculations, we considered only the influence of electrostatic interactions 
on the reduction potential. Comparing the results of the QM calculations with classical force fields, 
we observed a reasonably good agreement in the long-range (i.e. the solid curve agrees well with 
the dash curve beyond the equilibrium distance). However, as the distance approached the short-
range, the agreement started to deviate. This trend is consistent with the notion that in the long-
range, the point-charge approximation can reasonably model molecular interactions, but it fails in 
the short-range. Consequently, based on the point-charge representation, one can estimate the 
influence of the ligand on the reduction potential, as demonstrated in Table 2. 

Furthermore, we utilized the QM method to calculate the reduction energy for the T1Cu site 
along with the metal ion and ligand distance, employing OxM, Met, and Nle as examples. The 
results demonstrated distinct trends for the Met121OxM, Met121, and Met121Nle systems 
(Figure 6). Notably, Met121OxM and Met121 exhibited similar trends, indicating a decline in 
energy with ion-ligand distance increases. In contrast, Met121Nle showed an almost unchanged 
reduction energy along with ion-ligand distance, revealing the absence of electrostatic interactions 
in Met121Nle. As a result, the reduction potential remained unaffected by changes in the ion-
ligand distance. Both Met121OxM and Met121 exhibited slopes, with the former showing a larger 
slope. This difference can be attributed to the stronger electrostatic attraction between Cu and 
oxygen in Met121OxM, when compared to the electrostatic attraction between Cu and sulfur in 
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Met121. These findings emphasize the significant role of electrostatic interactions in influencing 
the relationship between the reduction potential of the T1Cu site and the ion-ligand distance. 

 

Figure 6. The relative reduction energy (kcal/mol) along the rigid scan of RCu-ligand in the T1Cu 
center of Azurin. The reduction energy is defined as E(Cu+) - E(Cu2+), with the relative reduction 
energy is respect to the equilibrium position during the rigid scan. A positive value indicates that 
the system stabilizes Cu2+ more than Cu+ when compared to the equilibrium state. On the other 
hand, a negative value indicates the opposite scenario, where the system favors Cu+ over Cu2+ 
relative to the equilibrium position. The blue dash lines are marks for the equilibrium distances of 
the three systems. 

Conclusions 

In this study, we conducted a systematic investigation of the redox properties of T1Cu through 
theoretical calculations. By modeling the wild-type Pseudomonas aeruginosa azurin and its five 
mutants, we successfully reproduced the trend in experimentally measured reduction potentials of 
the metal site. Our findings revealed that the major difference introduced by mutations is caused 
by electrostatic interactions between the metal ion and ligating atoms. Among these mutations, the 
interaction between copper ion and Met121Nle is governed by van der Waals interactions. 
Moreover, our results indicated the CF/π and CF…H interactions in Met121DFM and 
Met121TFM mutants could perturb the equilibrium geometry and consequently regulate the 
reduction potential of the metal site. Our results also indicated that the coordination mode and ion-
ligand distances can significantly impact the reduction potential of the metal site. Our study 
underscores the nuanced roles that various interactions play in determining the intricate physical 
properties of the metal site. These insights would offer valuable guidance for future engineering 
endeavors focused on copper sites. 
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