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ONIOM Calculation on Azurin: Effect of Metal Ion Substitutions
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In this study an attempt has been made to investigate the effect of metal ion substitution on the structure and
spectra of azurin using two-layer ONIOM (our own N-layered integrated molecular orbital + molecular
mechanics) approach. It is evident from the results that the overall structure of the protein is not altered by
metal ion substitution; nevertheless, the metal ion binding site undergoes noticeable changes. The present
study highlights the importance of protein milieu in the prediction of structure, electronic, and spectral properties
of native and substituted azurins and illustrates the usefulness of ONIOM approach in the designing and

engineering of metalloproteins.

Introduction

Studies on metalloproteins have attracted considerable interest
among many researchers owing to their biological functions.!
Particularly copper-containing metalloproteins have received
intensive attention due to its coordination environment, redox,
and spectroscopic properties of copper as well as the surrounding
protein milieu.>* Among the copper proteins, numerous studies
have been carried out on “blue copper protein” such as
plastocyanin and azurin.** Azurin from Pseudomonas aerugi-
nosa (Pa) is a small blue copper protein with type-I copper site
and it belongs to the family of cupredoxins. It is involved in
the transport of electrons from the membrane bound complex
to a soluble nitrite reductase (cd;) in the periplasmic space of
the bacterium.%’ The X-ray structural studies have revealed that
azurin consists of a single copper ion bound to a polypeptide
chain of 128 amino acid residues. The secondary structural
organization of azurin has been characterized as a single short
o-helix, eight S-strands, and two (-sheets folded into a Greek-
key motif.?

The schematic representation of the azurin active site is shown
in Figure 1. In the active site of azurin, the copper ion is
covalently bonded to thiolate group of cystine (S”(C112)) and
coordinated with nitrogen atoms of two histidine residues
(N°'(H46) and N°'(H117)) in a trigonal planar conformation.
The thioether group of the methionine (S°(M121)) serves as an
axial ligand, resulting in a trigonal pyramidal coordination
geometry around the copper ion. A second axial group, the
backbone amide oxygen of the glycine (O(G45)), electrostati-
cally interacts with the copper ion resulting in distorted trigonal
bipyramidal (TBP) geometry around the metal ion coordination
site. The blue copper proteins exhibit three properties that differ
from what are found in the small inorganic copper complexes:
a strong absorption around 600 nm, small narrow hyperfine
coupling constants in the electron spin resonance spectrum, and
a high-reduction potential.'-3*

Many groups have investigated the structure—function rela-
tionship of blue copper proteins using both experimental and
theoretical methods.>”” Solomon et al. have made seminal
contributions to the understanding of the structure, spectra, and
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Figure 1. Coordination sphere model (QM region) shown to the right.
The rest of the protein parts are considered as MM part.

functional properties of these copper proteins.’™!? They have
employed different spectroscopic techniques combined with
high-quality electronic structure calculations to explore the
structure, spectra, and reactivity of blue copper proteins. The
active site geometries obtained from X-ray diffraction studies
have been used to predict the spectra and redox properties.
During the last decades, numerous electronic structure
calculations have been carried out on the blue copper proteins
using cluster models.'"!?> Ryde et al. have performed extensive
studies on small model systems of the active site of type-I copper
sites.'® They found an active site geometry that is remarkably
similar to the ones observed in plastocyanin, a typical type-I
copper protein that lacks the axial glycine residue observed in
azurin. Many studies have been undertaken to model the effect
of metal ion substitutions and mutation of amino acids in the
coordination environment.'®>!415 De Kerpel et al. have reported
problems in the prediction of active site geometries in the case
of native and substituted azurins.'® It has also shown in different
studies that distal mutation does not have any influence on the
structure and properties of azurin.!*>!4!5 Previous experimental
studies on Co(II), Ni(I), and Zn(II) substituted azurins revealed
the structural changes in the metal ion binding site.!” Due to
these substitutions, the geometry of the metal site varies from
distorted TBP to distorted tetrahedral (7,) leads to changes in
the activity.!® Crystal structures and NMR spectroscopy have
indicated the carbonyl oxygen (O(G45)) binds much more
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strongly in the Co(II), Ni(II), and Zn(II) substituted azurins than
in the native protein.'’~!° Thus, these metal ion substituted azurin
sites adopt a distorted 7, geometry where the metal ion moves
closer to oxygen of the backbone carbonyl oxygen (O(G45))
and simultaneously away from the axial S°(M121) residue.

Several studies have been made in the past to predict the
d—d, ligand-to-metal, and metal-to-ligand charge transfer transi-
tions using experimental and theoretical methods,'210:13:2023
Both “active site only” models and spectroscopically param-
etrized density functional theory (DFT) calculations has been
used to predict the properties of blue copper proteins. Swart et
al. have made significant contributions to the understanding of
azurin using hybrid quantum mechanics/molecular mechanics
(QM/MM) calculations.>?' In QM/MM calculations, the active
site region was treated at QM and the remaining protein along
with the solvent molecule was treated as MM.>?! It is found
that the calculated geometrical parameters are in good agreement
with the X-ray diffraction results. In the same study, the
excitation energies have been calculated using semiempirical
(CNDO/INDO) methods and the surrounding protein and solvent
environment were considered with a polarizable classical force
field. It is observed that calculated excitation energies are in
good agreement with the experimental results. Roethlisberger
et al. have carried out a study of the electronic structure and
excitation spectra of the oxidized form of the azurin using hybrid
QM/MM with time-dependent density functional theory??
(TDDFT).? In the previous study, it was shown that inclusion
of backbone hydrogen bonding interaction ((C112)S”+++N(N47))
is necessary to obtain convergence and reliable estimates of
excitation energies.>>* In the present study the QM region was
truncated to include the backbone group (—NHCHj;) of N47
residue.

In the prediction of structure and reactivity of metalloproteins,
both “active site only” models and the complete structure of
the metalloproteins have been used. The “active site only”
models are treated using QM methods whereas the full metal-
loprotein is probed using QM/MM or ONIOM approaches.
Siegbahn et al. have demonstrated the usefulness of “active site
only” models in the prediction of structure and reactivity of
metalloproteins.?*

In addition, studies on different blue copper proteins reveal
that the electrostatic field produced by the protein framework
directly influences the redox properties.>?"?3 Rothlisberger and
co-workers have shown that the importance of protein field in
the calculation of optical absorption.?® They have reported the
changes in the Kohn—Sham orbital energies, and as a conse-
quence red shifts are observed in the low-energy and high-
energy bands as well as blue shift in the central band. They
have related these shifts to the electrostatic field anisotropy along
the z-axis in the binding site produced by the a-helix, which is
at 9 A from the copper center.

In this study, a systematic work has been carried out to
investigate the effect of metal ion substitutions on the structure
and spectroscopic properties of azurin with complete protein
environment using ONIOM approach. Specifically, the effect
of substitution on Cu(Il)—azurin by Co(Il), Ni(Il), and Zn(II)
has been addressed in this study. Both ligand field (LF) and
ligand to metal charge transfer (LMCT) transitions have been
calculated using the TDDFT method combined with the ONIOM
approach. A detailed comparison has also been made with
previous experimental and theoretical investigations.

Computational Details

The usefulness of ONIOM (MO:MO) and ONIOM (MO:
MM) strategies to explore complex questions in large systems
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has been demonstrated.?>2® In this study, we have performed
ONIOM calculations on the native and substituted azurins to
predict the electronic structure and spectra. The experimental
X-ray structure of azurin from Pa was retrieved from the
Brookhaven Protein Databank (PDB ID: 4AZU).8 Charges of
amino acids were treated appropriately: glutamate and aspartate
residues were assigned as negative, while lysine, and arginine
residues were assigned as positive. All the N¢2(H) positions were
protonated. The deprotonated model of C112 residue was used
in all the calculations. The ONIOM model consists of 1927
atoms, with 56 active site atoms in the QM region and the
remaining atoms in the MM region.

The active site of azurin was modeled by including complete
protein environment using the two-layer ONIOM (QM:MM)
method (Figure 1). Spin unrestricted DFT with Becke’s*’ three-
parameter hybrid exchange functional and the Lee—Yang—Parr?
correlation functional DFT (B3LYP) were used for the active
site and the remaining protein part was treated using universal
force field” (UFF). DFT (B3LYP) optimization calculations
were performed using 6-31G* and 6-311G** basis sets.’® The
complete geometries of native and metal-substituted azurin were
optimized using the ONIOM approach. This optimized geom-
etries from 6-31G* were used for the prediction of spectroscopic
properties using TDDFT (B3LYP) employing TZVP, 6-311+G*,
and 6-311+G** basis sets. The optimized QM region was
extracted from ONIOM (QM:MM) optimized geometry. The
single point calculations were performed for the QM regions
to compute partial charges, spin densities, and molecular orbital
compositions using Mulliken population analysis (MPA), natural
population analysis (NPA), and molecular orbital coefficients
in the natural atomic orbital (NAOMO) schemes.?' All these
calculation were carried out using Gaussian 03 program package
(Revision E.01).> The native, Co(I)-, Ni(I)-, and Zn(II)-
substituted azurins are designated as Cu(Il)—Az, Co(Il)—Az,
Ni(Il)—Az, and Zn(I)—Az in the remaining part of the text.

Results and Discussion

Importance of Protein Environment. With a view to assess
the importance of protein environment on the geometrical
parameters, the “active site models” of Cu(Il)—Az, Co(Il)—Az,
Ni(Il)—Az, and Zn(I)—Az were optimized without any geo-
metrical constraints at the B3LYP/6-31G* level. The optimized
geometries for different azurin models are presented in Figure
2. It can be seen that axial ligand distances corresponding to
M121 and G45 residues are 3.476 and 3.604 A for Cu(ID—Az.
The corresponding distances from an X-ray diffraction study
are 3.149 + 0.070 and 2.967 + 0.093 A, respectively.? The
axial ligand distances in the “active site only” models are
overestimated due to absence of a protein environment. A similar
problem has been encountered with the prediction of axial ligand
distances in the “active site only” models of substituted azurins.
In addition, the M 121 residue moves completely away and forms
H-bond with the H®? of H46 residue in the substituted azurins
due to a shallow potential energy surface.>!® Further “active
site only” modeling yields much larger root-mean-square
deviation (rmsd) with reference to the geometrical parameters
obtained from the X-ray structure, which indicates the impor-
tance of the complete protein environment in the prediction of
structure and properties of metalloproteins. Hence, all calcula-
tions have been carried including protein environment using the
ONIOM approach.

Active Site Geometry. Among the different blue copper
proteins, the coordination number of the azurin is 5. The
backbone carbonyl oxygen of G45 in the axial position



ONIOM Calculation on Azurin J. Phys. Chem. A, Vol. 113, No. 30, 2009 8617

Coulombically interacts with the Cu(Il) ion. Although, this
axial interaction plays a superfluous role,!” It differentiates
azurin from the other blue copper proteins. The calculated
geometrical parameters for the native and substituted azurins
are presented in Tables 1 and 2 along with experimental and
computationally predicted values. The active site geometries
of substituted azurins are also shown in Figure 3. Table 3
shows the distance of metal ion from the plane of coordina-
tion comprising of (H46)N°'—(H117)N°'—(C112)S” atoms.
It is clearly evident that native Cu(II)—Az has distorted TBP
geometry in accordance with the X-ray diffraction and other
experimental studies.!”!8

The active site and immediate protein environment undergo
noticeable changes upon binding with Co(Il), Ni(Il), and Zn(II).
It is found that the five coordination environment in native
protein changes to four coordinate arrangements in the substi-
tuted azurin in accordance with the previous reports. It can adopt
any four coordination geometry with point group symmetry,
viz., Ty, Dy, C4y, and C,,. In this context, it is worth analyzing
the inherent tendencies of Co(II), Ni(II), and Zn(II) ions to form
various coordination environments.

The number of inorganic and organometallic compounds of
Co(Il) in various stereochemical types have been reported.’
Octahedral and tetrahedral arrangements are the most common
E ol B types. However, reasonable num.bers of f(;ur apd five coordinate
Figure 2. Active site only models of native and substituted azurins comp 'lexes are reported in the llteraFure.“ ,It is found from the
were optimized using B3LYP/6-31G* level. chemistry of Co(Il) complexes that it readily forms tetrahedral

TABLE 1: The Calculated Bond Distances? of the Native and Substituted Azurins (1&)
MII)—S”"(C112) M(II)—N°'(H46) M(II)—N°'(H117) M(D)—-S°(M121) M(II)—O0(G45)

X-ray structure of Cu(Il)—Az* 2.237 £ 0.044 2.076 £ 0.060 2.011 &£ 0.069 3.149 + 0.070 2.967 £ 0.093
Solomon et al.” 2.21 2.06 2.03 3.06 2.68

Swart et al.” 2.169 2.017 1.995 3.178 2.855
Rothilsberger et al.© 2.13 + 0.04 1.98 £ 0.06 1.99 + 0.05 3.32 + 0.28 3.20 + 0.22
Cu((ID)—Az? 2.140 1.956 1.945 3.356 2.947

X-ray structure of Co(Il)—Az* 2.337 £ 0.024 2.243 £+ 0.045 2.421 + 0.099 3.561 £ 0.126 2.230 £ 0.077
Swart et al.” 2.196 2.038 2.013 3.552 2.089
Co(I)—Az? 2.239 2.075 2.035 3.631 2.074

X-ray structure of Ni(I[)—Az* 2.39 + 0.07 2.23 £+ 0.09 222 +0.12 3.30 + 0.05 2.46 + 0.06
Swart et al.” 2.172 2.059 2.055 3.209 2.123
Ni(I)—Az¢ 2.228 2.032 2.011 3.707 2.058

X-ray structure of Zn(IT)—Az* 2.300 + 0.022 2.069 £ 0.050 2.007 £ 0.036 3.384 + 0.094 2.139 £ 0.091
Swart et al.” 2.240 2.085 2.056 3.484 2.173
Zn(I)—Az¢ 2.255 2.066 2.018 3.859 2.100

@ Hybrid QM/MM calculations. Taken from ref 2. ? The active site of the azurin was optimized, keeping the backbone C and N atom
coordinates constrained to their crystallographic positions. From ref 10g. ¢ Hybrid quantum mechanics/ molecular dynamics calculation. From
ref 23b. ¢ Present study.

TABLE 2: Calculated Bond Angles (deg)
S”(C112)— S"(C112)— S*(C112)— S"(C112)— N°'(H46)— N°'(H46)— N°'(H46)— N°'(H117)— N°'(H117)— S°(M121)—

MID—-  MID—  MID—  MID—  MID- M- M(ID— M(D)— M(ID— M(D)—
NOI(H46) NOY(HI17) O(G45)  S(MI121) NOY(HI17) O(G45)  S°(MI21) O(G45) S°(M121) O(G45)
X-ray structure 130 122 100 110 107 81 69 92 84 147
of Cu(Il)—Az*
Swart et al.* 130 127 94 111 102 85 151
Cu(Il)—Az? 131 126 108 102 103 72 74 81 95 145
X-ray structure 129 122 104 104 107 73 75 107 73 147
of Co(Il)—Az"
Co(Il)—Az" 127 116 106 95 113 87 71 94 85 156
X-ray structure 113 119 101 99 120 87 64 108 82 149
of Ni(Il)-Az*
Ni(II)-Az’ 130 125 104 97 103 88 71 90 85 157
X-ray structure 122 119 102 103 105 83 67 103 82 148
of Zn(I)-Az*
Zn(ID)-Azb 129 121 105 100 107 87 66 93 84 152

@ Hybrid QM/MM calculations. Taken from ref 2. ” Parameters of the native and substituted azurins.
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Figure 3. The optimized active site geometries of Cu(ll)—Az and
substituted azurins.

complexes when compared to other metal ions. Several inorganic
and organometallic compounds of Ni(II) have been reported in
the literature.* It can assume four, five, and six coordination
environments and all the other main structural types. When small
substituents are present, Ni(II) prefers to form planar or nearly
planar complexes. Regular tetrahedral complexes are rarely
found in Ni(I) except for the NiX,>~.!7¢3 In general, Zn(II)
can be found in small molecule structures with a variety of
coordination numbers from two to eight.35 Since, there is no
LF stabilization effect in the Zn(II) ion due to completed d (d'°)
shell, its stereochemistry is determined by consideration of size,
electrostatic, and covalent binding forces.!’*3 In most cases,
the Zn(II) tends to adopt four coordination environment. This
analysis shows that substituted azurins can form any one of the
four coordination environments. However, the calculated geo-
metrical parameters reveal that Co(Il)—Az, Ni(Il)—Az, and
Zn(II)—Az adopts distorted tetrahedral arrangement due to
inherent tendencies of the metal ions and protein environment.
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It can be found from Table 1 that M(ID)—S"(C112),
M(ID)—N°'(H46), MAD—N°'(H117), MII)—S°(M121), and
M(I)—O(G45) distances are in good agreement with the X-ray
structures>!'”'® and theoretically predicted values.>!%22% In
substituted azurin, M(II)—L distances are longer except for the
backbone oxygen ligand, which is shorter by 0.8 A. As a result,
M(II) ion moves in the direction of the G45 backbone oxygen
atom. Ni(I)—Az coordinates more strongly with the carbonyl
oxygen of O(G45) as a result Ni(I)—S°(M121) increases by
3.707 A. Substitution of Cu(Il) by Co(II), Ni(II), and Zn(II)
leads to a loss of covalency of M(I)—S°(M121) bond and as a
consequence the electrostatic interaction between the metal ion
and O(G45) increases. It can be noted from the results that the
deviations in M(I)—L distances are within experimental error.

Itis evident from the Table 2 that the calculated Ligand —M(I)—
Ligand (L—M(II)—L) angles are in reasonable agreement with
X-ray structure and other values reported in the earlier studies.>!"!8
A systematic comparison of bond angles obtained from ONIOM
calculation with X-ray diffraction values reveals that the
percentage of error in the bond angle ranges from 0.77 to 11.96,
1.55 to 12.15, 1.49 to 16.67, and 1.49 to 9.71 for Cu(ll)—Az,
Co(II)—Az, Ni(I)—Az, and Zn(II)—Az, respectively. It is worth
mentioning that the active site of Ni(I[)—Az is intermediate
between those of Cu(Il)=Az and Zn(II)—Az which is in good
agreement with the previous experimental results.!” It can be
seen from Table 3 that the axial distances of metal ions Co(II),
Ni(II), and Zn(II) with respect to the center of the coordination
plane lie below the plane by 0.24, 0.20, and 0.22 A, respectively.

Electronic Structure. Since the entire protein environment
is included in the ONIOM calculation, the point group of the
native and substituted azurin is C;. All molecular orbitals of
the systems have A symmetry. The native azurin consists of
1220 and 121 electrons. The singly occupied molecular orbital
(SOMO) is 1223, which is involved in the electron transfer and
is similar to the lowest unoccupied molecular orbital (LUMO).
Energies of 5 spin orbitals and the molecular orbital composi-
tions of native azurin obtained from NAOMO analysis using
B3LYP/TZVP method are presented in Table 4. Co(I)—Az has

TABLE 3: Axial Distance of Metal Ion from the Plane Constituted by the S?(C112), N*'(H46), and N*'(H117) Atoms (A)

M(II)—(N°'N°'S7) distance Cu(Ih)—Az Co(ID—Az Ni(Il)—Az Zn(I)—Az
X-ray structure® 0.083 £ 0.051 0.207 £ 0.071 0.18 0.164 £ 0.042
Swart et al.* 0.094 0.230 0.082 0.158
caled distance in the present study 0.108 0.238 0.202 0.215

“Hybrid QM/MM calculations. Taken from ref 2.

TABLE 4: Molecular Orbital Descriptions from Population and NAOMO Coefficient Analysis of -Spin Orbitals of Cu(II)—Az

Cu(I)? S7(C112)° N°!(H46)" NO(H117) SOM121) O(G45)"
orbital level®  energy (eV)*  occ” 3d 4s 3s 3p 2s 2p 2s 2p 3s 3p 2s 2p
122a —0.24612 0 3946 0.00 0.00 4477 1.09 324 122 376  0.00 0.01  0.00 0.02
121a —0.32502 1 1.55 0.01 0.00 290 0.03 020  0.00 0.01 0.00 8097 0.00 0.16
120a —0.34497 1 089 0.16 0.05 438 0.01 023 0.02 0.16 0.01 0.11  0.00 6.59
119a —0.34574 1 3.04 0.07 0.02 4.04 001 023 0.14 0.60  0.00 0.22  0.00 0.64
118a —0.35213 1 4.04 007 0.06 6.85 0.05 057 0.18 1.59  0.03 0.05 0.01 1.38
117a —0.35450 1 11.81 150 0.28 39.80 0.02 028 047 252 0.04 379  0.00 2.94
116a —0.36131 1 873 052 0.07 1737 0.12 080 0.12 0.80 0.07 0.14 0.01 29.08
115a —0.36200 1 17.53 025 0.01 29.02 0.87 3.62  0.14 1.30  0.01 0.03 0.00 15.72
114a —0.36739 1 1.65 0.07 0.09 353 0.07 1.13  0.09 0.56  0.09 056 0.00 23.52
113a —0.37333 1 252 0.00 0.09 0.64  0.06 1.59  0.05 028 0.16 036 0.00 2590
112a —0.40179 1 39.62 0.83 0.88 370 0.29 294 029 1542 1.70 6.60  0.06 1.81
111a —0.40625 1 3972 0.83 0.94 323 017 1.99 0.10 12.00 275 11.51 0.02 1.44
110a —0.41447 1 5454 0.04 0.12 1.78 0.03 1578 0.06 042 041 2.10 0.03 0.50

@ Occupation (occ) and MO energies were taken from population analysis. ” MO coefficients in the natural atomic orbital (NAOMO)

analysis.
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TABLE 5: Molecular Orbital Descriptions from Population and NAOMO Coefficient Analysis of f-Spin Orbitals of Co(IT)—Az

Co(11)? SY(C112)° NO!(H46)" NO(H117) SOM121)* O(G45)°
orbital level”  energy (eV)*  occ” 3d 4s 3s 3p 2s 2p 2s 2p 3s 3p 2s 2p
122a —0.1508 0 7330 217 0.18 0.10 007 118 0.06 098 031 072 0.55 1.33
121a —0.1631 0 7472 0.00 0.05 1120 036 143 072 218 0.01 0.00  0.01 0.10
120a —0.1779 0 73.04 0.86 0.04 901 020 037 008 037 0.02 0.07  0.00 0.39
119a —0.3096 1 1469 002 001 7223 001 011 0.00 010 0.00 0.10  0.02 0.19
118a —0.3181 1 081 003 0.02 087 000 002 000 001 000 8476 0.00 0.02
117a —0.3391 1 2030 0.89 343 5693 002 002 004 028 0.04 0.69  0.00 0.09
116a —0.3487 1 0.73 006 0.07 323 000 0.04 000 001 0.00 0.02  0.00 0.65
115a —0.3506 1 37.68  0.13  0.05 354 001 005 0.00 .79 0.01 055 0.02 0.92
114a —0.3545 1 29.01  0.03 0.17 059 000 0.17 0.00 018 0.02 0.11  0.08 1.36
113a —0.3563 1 28.33  0.12  0.00 363 001 019 0.01 029  0.00 0.12  0.08 1.00
112a —0.3591 1 60.37  0.02 0.09 951 001 104 0.00 001 0.00 0.03  0.01 3.37
111a —0.3711 1 329 0.00 0.00 040 001 043 0.00 009 0.06 023 0.00 0.03
110a —0.3947 1 297 004 030 147 001 447 0.00 0.02 0.05 0.15 0.00 24.28

@ Occupation (occ) and MO energies were taken from population analysis. ” MO coefficients in the natural atomic orbital (NAOMO)

analysis.

TABLE 6: Molecular Orbital Descriptions from Population and NAOMO Coefficient Analysis of -Spin Orbitals of Ni(I)—Az

Ni(Il)? S7(C112)° N°!(H46)" NO'(H117) S°(M121)" 0(G45)"
orbital level®  energy (eV)*  occ” 3d 4s 3s 3p 2s 2p 2s 2p 3s 3p 2s 2p
122a —0.1937 0 68.50 0.07 0.08 1636 0.83 274 073 218 0.00 0.05 0.01 0.20
121a —0.1959 0 80.65 240 0.17 1.69  0.03 022 0.21 1.01  0.16 059 075 2.99
120a —0.3166 1 1396 030 024 6274 0.00 0.14  0.30 1.35  0.00 523  0.02 0.25
119a —0.3217 1 331 0.00 0.02 1325 0.03 020 0.00 0.04 0.00 6877 0.00 0.04
118a —0.3244 1 13.18 1.68 053 5587 0.37 1.24  0.11 045 0.01 11.25 0.00 0.28
117a —0.3477 1 0.10 0.00 0.01 0.10  0.00 0.02 0.00 0.00 0.00 0.00  0.00 0.36
116a —0.3524 1 0.17 0.00 0.02 0.39  0.00 0.09 000 062 0.03 0.57 0.03 0.41
115a —0.3529 1 0.67 0.02 0.01 0.58 0.01 0.01 0.02 0.07 0.01 0.02  0.00 1.98
114a —0.3678 1 030 0.01 0.06 0.73  0.00 1.02 000 002 0.14 0.57  0.00 0.14
113a —0.3867 1 4556 0.03 3.67 1378 0.10 050 0.00 7.70 0.01 0.02 0.01 2.70
112a —0.3912 1 18.40 0.04 0.04 0.79  0.01 0.78  0.00 1.99  0.08 025 0.00 23.90
111a —0.3971 1 5464 0.05 0.81 290 0.05 .13 0.11 049  0.04 0.16 045 2743
110a —0.4101 1 2797 0.05 0.08 2.14 002 1215 0.02 088 324 1453 0.03 8.55

@ QOccupation (occ) and MO energies were taken from population analysis. ” MO coefficients in the natural atomic orbital (NAOMO)

analysis.

122a and 1197 electrons. The 1194 is the highest occupied
molecular orbital (HOMO) and 1203 are the LUMO. The
Ni(Il)—Az consists of 1220 and 1208 electrons. The HOMO
and LUMO of Ni(Il)—Az are 1205 and 1215, respectively.
Energies of B spin orbitals and its NAOMO compositions
obtained from B3LYP/TZVP method for Co(Il)—Az and
Ni(II)—Az are shown in Tables 5 and 6, respectively.

Atomic Charge and Spin Density. The important electronic
properties of the blue copper protein are the distribution of
unpaired spin density and charge density. In this context, it is
important to mention the previous studies on the calculation of
spin density of blue copper protein.?*® Solomon and co-workers
have applied various density functional as well as different
population schemes and basis sets to derive the correct trend in
the charge and spin density values on the blue copper proteins. '
Rothlisberger and co-workers have made detailed analysis on
the origin of the discrepancy between the calculated and
experimental values of charge and spin density of native azurin.?
They have clearly elicited the importance of electrostatic
environment created by the surrounding protein milieu and
method of calculation of spin density. It is found that the various
density functionals used in the calculation and the choice of
population scheme would influence the predicted spin density
values.?®

The partial charge and spin densities on each atom have been
calculated for the active site of native and substituted azurin
using MPA and NPA analysis at B3LYP/6-31G*. These results

are presented in Tables 7, 8, 9, and 10. The partial charge and
total spin density on the metal ion and S”(C112) depends on
their distance. The calculated spin density values for Cu(Il) and
S7(C112) are 54.66% and 35.37%, respectively. These results
are reasonably closer to the corresponding experimental values
of Cu(Il) and S”(C112) atoms, respectively.?*® This clearly
indicates that spin density is strongly delocalized over the
Cu(Il)—S”(C112) bond.

The calculated spin density for metal ion and S”(C112) atoms
of Co(II)—Az and Ni(Il)—Az are 91.73% for Co(II) and 4.86%
for S”(C112) and 87.77% for Ni(Il) and 6.69% for S"(C112),
respectively. In accordance with the decrease in the
MI)—S”(C112) bond lengths, the spin densities on the metal
atoms decrease due to reduction in the M(II)—ligand mixing
which vary as Cu(Il) > Ni(Il) > Co(II). The electron density
isosurface of important orbitals of Cu(Il)—Az, Co(Il)—Az, and
Ni(Il)~Az are shown in Figure 4. It can be seen that 1224
LUMO of Cu(ll)-Az has 3d2-,» orbital character which
interacts with the 3p, orbital of S”(C112). Further the 3d2_,
orbital overlaps with the 2p, orbitals of N°'(H46) and
N°'(H117). The side views of the isosurface shows the extent
of mixing of metal ion and ligand orbitals. The decrease in the
overlap of these two orbitals can be found from the electron
density isosurface of Co(II)—Az and Ni(II)—Az. The interaction
of metal ion 3d2 orbital with axial ligand (S°(M121) and
0(G45)) is evident from the electron density isosurface. The
decrease in the overlapping between metal ion and ligand
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TABLE 7: Partial Atomic Charges and Total Spin Densities on Each Atom by MPA and NPA for the Cu(Il)—Az

MPA NPA
residue atom atomic charge (a.u.) atomic spin density (%) atomic charge (a.u.)
Cu 0.658351 54.664100 1.282200
Cl112 ch —0.583542 —1.643000 —0.789360
N —0.193890 35.373700 —0.429860
H46 C 0.607892 —0.012600 0.682600
(6] —0.532290 0.088600 —0.642530
N —0.587358 0.007200 —0.646310
Cce —0.058330 —0.102100 —0.124750
cf —0.354292 0.082400 —0.498880
Ccr 0.297323 0.176400 0.124380
No! —0.583040 3.623700 —0.667680
c” 0.252594 0.197800 0.220680
cel —0.547797 —0.192700 —0.539280
N2 —0.019184 0.191100 —0.063720
H117 (e} —0.559007 0.087000 —0.722520
Ccr 0.280735 0.182100 0.133640
No! —0.585236 4.510200 —0.686950
c” 0.256101 —0.474600 0.221480
(e —0.547171 0.058600 —0.540680
N¢2 —0.019576 0.238400 —0.074310
G45 C 0.590916 —0.010500 0.714440
(6] —0.523360 0.010500 —0.705110
Cc“ —0.530817 —0.001200 —0.747770
Mi21 Ccr —0.589815 —0.025400 —0.808770
S0 0.063075 —0.023000 0.148500
(e —0.599794 —0.001300 —0.809870
N47 N —0.605753 0.304100 —0.640020
(6 —0.320543 0.006500 —0.481570

TABLE 8: Partial Atomic Charges and Total Spin Densities on Each Atom by MPA and NPA for the Co(Il)—Az

MPA NPA
residue atom atomic charge (a.u.) atomic spin density (%) atomic charge (a.u.)
Co 0.872421 91.729600 1.448020
Cl112 (e —0.573128 —0.388700 —0.783730
S” —0.337478 4.862633 —0.557630
H46 C 0.618500 —0.054967 0.687530
(0] —0.526034 0.066167 —0.637170
N —0.560771 0.144133 —0.612350
Cc* —0.078304 0.180300 —0.141240
(e —0.338775 0.009733 —0.495440
(24 0.277042 0.058033 0.116740
No! —0.601347 0.558667 —0.659070
02 0.252163 —0.035667 0.214900
cel —0.549594 0.058367 —0.545690
N#2 —0.013899 0.109833 —0.067980
H117 c? —0.552632 0.024200 —0.721330
(24 0.282593 0.094433 0.143030
No! —0.594399 0.653833 —0.668800
02 0.260229 0.049800 0.208910
cel —0.548586 0.082767 —0.543080
N2 —0.021438 0.041467 —0.077470
G45 C 0.624609 0.046300 0.732220
(0] —0.585773 0.808367 —0.773260
(0 —0.532891 0.097967 —0.741750
Mi21 (24 —0.586986 0.037467 —0.808790
S0 0.069106 0.178133 0.155360
(e —0.598068 —0.027900 —0.810760
N47 N —0.615827 0.100700 —0.648830
(0 —0.319070 —0.024600 —0.480900

orbitals is in accordance with the calculated charge and spin
density values.

Excitation Energy Calculation. Several groups have inves-
tigated the spectroscopic properties of blue copper proteins in
general and in particular native and substituted
azurins. >~ 7107131620723 Solomon et al. have used CuCly>~ as the
prototype model system.'” The spectroscopic data including
ground-state spin densities, excitation energies, and their as-

signments formed the basis for the calibration of various density
functionals.!’ They have used pure generalized gradient ap-
proximation (GGA) based Becke exchange and the Perdew—Wang
correlation (BP86) functional and hybrid density functionals
such as B3LYP and BHandHLYP to study the electronic
structure and spectra of blue copper proteins.'% In addition, they
have evaluated the basis set dependence of these functionals in
predicting above-mentioned electronic properties. As mentioned,
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TABLE 9: Partial Atomic Charges and Total Spin Densities on Each Atom by MPA and NPA for the Ni(II)-Az

MPA NPA
residue atom atomic charge (a.u.) atomic spin density (%) atomic charge (a.u.)
Ni 0.815346 87.769850 1.432690
Cl112 (e —0.571113 —0.159150 —0.784230
N —0.297808 6.693750 —0.549760
H46 C 0.615340 —0.009400 0.682750
(0] —0.533149 0.018200 —0.641640
N —0.560895 —0.046800 —0.611880
(O —0.079687 —0.032250 —0.143750
(e —0.346059 0.032500 —0.496690
Cr 0.279777 0.009250 0.114420
No! —0.595372 1.271250 —0.658230
c 0.249485 —0.139750 0.213880
ce! —0.548272 0.044700 —0.541090
N¢2 —0.011685 0.132700 —0.062470
H117 (e —0.564100 0.009300 —0.726740
Cr 0.278981 0.050650 0.135800
N —0.586874 1.286850 —0.672210
c 0.261729 —0.276650 0.213560
(o —0.546667 0.030000 —0.541010
N¢2 —0.015054 0.150500 —0.071470
G45 C 0.620482 0.016000 0.731430
(0] —0.562319 1.836150 —0.761310
(6 —0.534591 0.210400 —0.741990
MIi21 Ccr —0.586922 0.051150 —0.809550
N 0.066958 0.250850 0.156560
(4 —0.598720 —0.006750 —0.813550
N47 N —0.606995 0.091950 —0.639810
(6 —0.318298 0.002900 —0.480790

TABLE 10: Partial Atomic Charges on Each Atom by MPA
and NPA for the Zn(II)—Az

MPA NPA
residue atom atomic charge (a.u.) atomic charge (a.u.)
Zn 0.812088 1.545940
Cl12 (el —0.566415 —0.780340
N —0.317623 —0.600100
H46 C 0.615369 0.683640
(@) —0.534443 —0.643480
N —0.566569 —0.615420
Cc* —0.081066 —0.142810
(el —0.340749 —0.496030
Ccr 0.277909 0.120450
No! —0.589555 —0.690630
o2 0.252995 0.218110
ce! —0.545993 —0.539570
Ne#2 —0.009239 —0.062290
H117 (el —0.559743 —0.725840
cr 0.282450 0.144390
No! —0.590002 —0.717500
o2 0.265668 0.219240
ce! —0.544172 —0.538160
Ne#2 —0.016792 —0.071300
G45 C 0.617137 0.735690
(@) —0.565876 —0.791790
Cc* —0.531724 —0.741330
Mi21 cr —0.585246 —0.809350
S0 0.059317 0.156190
Ct —0.593152 —0.812320
N47 N —0.607209 —0.640320
c* —0.319869 —0.481950

Rothlisberger and co-workers have carried out similar analysis
and brought out the importance of protein environment in the
prediction of excitation energies.?’

The ground state of free Cu(Il) ion is *D. Due to the splitting
of this free ionic state by the ligand environment, five ligand
field (d — d) transitions (LFT) are possible.'® Free Co(Il) ion
has a “F ground state, with a second quartet state “P lying at

14500 cm™!. Under the influence of a tetrahedral field these
levels will split up into *A,(F), *Ty(F), *“T\(F), and “T,(P)
arranged in order of increasing energy. It is well-known that
ten LFT are possible for this system.!®3¢ De Kerpel et al. have
calculated both LF and LMCT transitions of Cu(Im),(SH)(SH,)"
and Co(Im)>(SH)(SH,)"(HCONH,) using CASSSCF/CASPT2
approach employing B3LYP geometry.!® Using these model
systems, they have predicted both LF and LMCT transitions of
plastocyanin and Co(II)—Az. The ground and first excited states
of free Ni(Il) ion are °F and °P, respectively.®® Under the
influence of a tetrahedral field these levels split into
3T1(F),’Ta(F), *T1(P), and*Ax(F) arranged in order of increasing
energy. Funk et al. have used X-ray magnetic circular dichorism
to explore the oxidation states and electronic structure of
Ni(IT)—Az. In the same study, they have used DFT calculations
to analyze the electronic structure of Ni(Il)—Az.%’

Solomon et al.'® have explained the origin of intense blue
transitions in blue copper proteins. It is well-known that
electrons are excited from filled d orbitals into half-occupied
3de-y2 levels, leading to a weak LFT. The ligand-based orbitals
are excited into the half-filled 3d,>—,> leading to strong LMCT
which are more intense when compared to the LFT. Calculated
LMCT values at the B3LYP level using different basis sets for
native and substituted azurins are listed in Table 11 along with
the same reported by others.>!%23 These values are in good
agreement with the experimental excitation energies.'® It can
be observed from the results that the TDDFT (B3LYP)
calculations combined with ONIOM approach reliably predict
the excitation energies. It is observed from various studies on
the blue copper proteins that the LMCT energy and the intensity
of this transition depend on the charge transfer and mixing
between 3d,2—,> orbital of M(IT) and 3p;, orbital of S*(C112).!2102%
It can be seen from Tables 4, 5, and 6 that mixing of metal ion
3d orbitals with 3p, orbital of S”(C112) decreases as Cu(Il) >
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Figure 4. Isodensity surface (isovalue = 0.02 au,) of the empty 3d; orbitals: (a) 3d,2—,2 and (b) 3d.2 in the active site of Cu(Il)—Az, Co(Il)—Az,

and Ni(I)—Az.

TABLE 11: Calculated Excitation Energies for the Oxidized State of Cu(Il)—Az, Co(II)—Az, and Ni(II)—Az Using Various

Basis Sets
calculated excitation energy (nm)
6-31G* 6-311G** TZVP 6-3114+G* 6-3114+G** exptl excitation energy (nm)“
Cu(Il)—Az present study 615 614 642 633 632 629
Solomon et al.? 620
Swart et al.¢ 605
Rothlisberger et al. 590
Co(I)—Az present study 322 332 347 349 350 330
Ni(I)—Az present study 447 482 501 505 505 440

@ Taken from refs la, 10g, 2, and 23b. ® Taken from refs la, 10g, 2, and 23b. ¢ Taken from refs la, 10g, 2, and 23b. ¢ Taken from refs la,

10g, 2, and 23b.

Ni(II) > Co(Il), which is also evident from the electron density
isosurface of some important orbitals of native, Ni(I[)—Az, and
Co(I)—Az.

Further analysis of orbitals provides further insight into the
origin of excitation energies. Co(Il)=Az and Ni(Il)—Az have
three (3d,2-2/3d2/3d,,) and two (3d,>-,>/3d2) holes, respectively,
in the high-spin ground state.'® The additional hole in the
Co(I)—Az and Ni(ID—Az 3ds orbital, 3d2 orbital is more
localized than the other orbitals due to the interaction of axial
ligands with the 3d. orbital.” It is observed that the pseudo-
o-antibonding interaction of S”(C112) with 3d orbitals deter-
mines the overall composition of the empty 3dg orbital. The
isosurface presented in Figure 4 clearly exemplifies the charge
and spin redistribution in the Co(II)—Az and Ni(I)—Az due to

the pseudo-o (in the 3d.2) and 7 (in the 3d,2-?) interaction of
metal ion d orbital with the p orbital of S*(C112).

It has been found from the previous DFT calculations on the
model Cu(II)—Az that the equatorial plane of the trigonal site
is composed of following interactions involving the metal ion
and ligand:*7!1%1316 (i) the 3d,>_,> orbital of Cu(II) strongly mixes
with sulfur 3p, orbital from the equatorial C112 residue. It has
a strong s-antibonding interaction between the metal and
equatorial ligand (Cu(I)—S”(C112)). (ii) the o-antibonding
interaction between the 3d,2-,2 orbital of Cu(Il) and NO'(H46)
and N°!'(H117) equatorial residues. These two interactions are
modulated by the substitution of metal ion by Co(Il)—Az,
Ni(Il)—Az, and Zn(Il)—Az. It is interesting to find that the
interaction involved in the stabilization of native and substituted
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TABLE 12: Calculated Excitation Energies and Oscillator Strengths of Native and Substituted Azurins

excitation energy (cm™!)

oscillator strength

no. Cu(ID—Az Co(ID—Az Ni(I)—Az Cu(Ih)—Az Co(ID)—Az Ni(ID—Az
1 6608.86 (1513) 6032.27 (1658) 5709.75 (1751) 0.0002 0.0001 0.0001
2 10826.61 (924) 6834.76 (1463) 6116.88 (1635) 0.0004 0.0001 0.0001
3 14159.89 (706) 7945.15 (1259) 7942.31 (1259) 0.0009 0.0001 0.0002
4 14690.54 (681) 10844.46 (922) 10453.47 (957) 0.0050 0.0010 0.0001
5 15555.49 (642) 13018.29 (768) 14550.75 (687) 0.0010 0.0005 0.0002
6 16881.63 (592) 15142.34 (660) 16471.21 (607) 0.0085 0.0036 0.0015
7 17172.69 (582) 18815.38 (531) 17029.97 (587) 0.0034 0.0026 0.0080
8 17813.88 (561) 21576.84 (463) 19924.68 (501) 0.0011 0.0011 0.0405
9 19120.82 (523) 24731.66 (404) 21287.92 (470) 0.0707 0.0027 0.0152
10 20009.60 (500) 24942.63 (401) 21928.38 (456) 0.0026 0.0005 0.0037
11 20986.36 (477) 25423.94 (393) 24748.19 (404) 0.0002 0.0023 0.0023
12 22415.49 (446) 28120.69 (356) 25143.95 (398) 0.0001 0.0010 0.0024
13 23076.04 (433) 28607.39 (350) 27616.68 (362) 0.0003 0.0222 0.0005
14 31110.00 (321) 28796.87 (347) 28313.37 (353) 0.0002 0.0464 0.0006
15 32209.23 (310) 30068.86 (333) 28373.62 (352) 0.0001 0.0188 0.0002
16 34800.77 (287) 31781.34 (315) 28640.99 (349) 0.0003 0.0004 0.0000
17 34886.97 (287) 32628.56 (306) 29428.21 (340) 0.0000 0.0003 0.0005
18 35056.97 (285) 33377.84 (300) 29753.05 (336) 0.0000 0.0012 0.0017
19 38115.57 (262) 33755.27 (296) 31234.38 (320) 0.0000 0.0007 0.0005
20 38276.05 (261) 33877.63 (295) 31728.91 (315) 0.0021 0.0003 0.0000

“ Excitation energy (in nm) values are given in parentheses.

azurins are different owing to the splitting of the 3ds orbitals.
In these substituted systems, the splitting of the 3d,2-,> and 3d,,
orbitals are significantly smaller, whereas the 3d. energy is
much higher which is due to the enhanced o-antibonding
character of 3d2.*" As a result, a shorter M(II)—0(G45) bond
is formed. Concomitantly, the decrease in the splitting between
3d,2-2 and 3d,, leads to formation of a longer M(II)—S"(C112)
bond.”’

Calculated LF and LMCT transition energies along with the
oscillator strength for Cu(Il)—Az, Co(I)—Az, and Ni(Il)—Az
are presented in Table 12. The calculated excitation energies
for Cu(Il)—Az range from 6608 to 38276 cm™!. With the model
system, it has been shown that excitation energies of native
azurin which range from 5237 to 15403 cm™! are related to the
LF transitions. The two transitions at 15403 and 21506 cm™!
are assigned as CT transitions. In the present study, the
characteristic CT transition corresponding blue copper proteins
occurs at 15555 cm™! (640 nm), which, involves the transition
from 1174 — 122f orbital. The TDDFT calculation provides
existence of another possibility of transition from 1158 — 1224.
The NAOMO analysis of these orbitals clearly shows the metal
ion and ligand characters of 122 and 1155/11783 orbitals,
respectively, shown in Table 4.

The calculated excitation energies for Co(Il)—Az and
Ni(Il)—Az vary from 6032 to 33877 cm™' and 5709 to 31728
cm™!, respectively. It is found from the earlier calculation on
model system that excitation energies in the ranges of
3483—20864 and 25865—33280 cm™! are assigned to LF and
CT transitions, respectively. In this study, the transitions from
1198 — 1218, 1178 — 1208, 117 — 1214, and 1175 — 1223
correspond to the experimental value of 330 nm for the
Co(I)—Az. As evident from Table 5, the atomic composition
analysis reveals that 119/ have the higher ligand character. The
LMCT related to experimental value of 440 nm for Ni(I[)—Az
corresponds to transition from 1205 — 122/ and 1184 — 1223
orbitals. The NAOMO analysis of these orbitals clearly shows
120 orbital has higher ligand nature as depicted in Table 6.

Conclusions

The following important results emerge from the detailed
calculations on the native and substituted azurins: (i) The overall

protein structure is not modified drastically upon metal ion
substitution. However, the metal ion binding site undergoes
noticeable changes upon metal ion substitution. (ii) The inclusion
of protein environment is necessary to predict the active site
geometries of metalloproteins. (iii) The substitution of native
Cu(II) by Co(II), Ni(II), and Zn(II) leads to a loss of covalency
(M(II)—S°(M121)) and concomitantly the ionic interaction
(M(II)—0(G45)) increases. (iv) The LMCT transition decreases
on metal ion substitution due to the reduction in the overlap of
metal ion and ligand orbitals. (v) The calculated geometrical
parameters clearly reveal the importance of protein environment
in the prediction of structure of the metalloproteins. It is found
from the results that ONIOM approach is a powerful strategy
to probe the structure and spectra of metalloproteins.
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