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Abstract

We present a cluster model for the active site of oxidized azurin, and investigate the
electronic structure of the active site of oxidized azurin by using density functional
calculations with polarizable continuum model. The singly occupied molecular or-
bital (SOMO) and spin density in the model widely distribute around the Cu 3dx2

−y2

and S(Cys112) 3p orbitals. The dependency of electronic properties such as partial
charge density and spin density on the dielectric constant is discussed. We find that
partial spin density and charge density on the copper ion become larger, when the
dielectric constant increases.
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1. Introduction

Azurin is one of blue copper proteins with function of the electron transfer. The

active site of azurin consists of a copper ion and five residues, which are His46,

Cys112, His117, Met121, and Gly45. The copper ion is strongly connected to

His46, Cys112, and His117 with coordination bonds and is weakly bonding to

other residues, and the structure around the copper ion is a distorted trigonal

bipyramid. The active site of blue copper proteins is generally characterized by

an intense absorption at about 600 nm (blue color), an electron paramagnetic

resonance spectrum with narrow hyperfine splittings, and a high reduction

potential[1].

Solomon and co-workers [2–5] have summarized functions of blue copper pro-

teins and have investigated electronic structures of the active sites in the

proteins by quantum chemical calculations with computational models. For

these metalloproteins, the metal ion and its environment are important from

the viewpoint of catalysis in active sites. The functions of metalloproteins are

summarized in Ref.[5]; (1) allosteric interactions between the active sites in

different subunits, (2) organization of metal sites within a protein molecule

for directional electron transfer (ET) to a catalytic site, (3) surface recog-

nition sites for interactions with donor and acceptor proteins, (4) covalent

ET pathways within the protein, (5) forming substrate access channels to the

active site, (6) providing an active site hydrophobic environment within the

protein in aqueous solution, (7) forming a substrate binding pocket near the

metal active site, (8) assembling additional reactive covalently or non cova-

lently bound organic cofactors for catalysis, (9) providing specific charge and

hydrogen-bonding residues near the metal site to assist in catalysis, and (10)

imposing a unique geometry on the metal site.

Recently, the blue copper proteins including azurin have been investigated

experimentally and theoretically by many groups[1,6–12]. The geometry of

the active site of azurin has been estimated by the density functional theory

(DFT) with B3LYP method[7] and quantum mechanics/molecular mechanics

(QM/MM) method[8]. The hyperfine coupling constants in the active site have

been calculated by DFT with B1LYP[9] and B3LYP[10] methods, and also by

QM/MM approach[11]. The electronic structure and the g-tensor of the active

site of azurin have been investigated by ab initio multireference determinantal

configuration interaction (MRD-CI) calculations[12].

2



Solvent effects on electronic structure of molecules have been investigated by

many chemists and physicists to understand molecular structure, mechanism

of chemical reactions in solution, etc. by using quantum-chemical calculations

and molecular dynamics simulations. Physical properties such as geometry of

molecules and charge distribution in solution often vary from those in vac-

uum[13]. Ryde et al. [7] have also performed a geometry optimization of the

active site of blue copper proteins including azurin by quantum-chemical cal-

culations with polarizable continuum model (PCM)[14]. Their results suggest

that weak axial bond of Cu-S(Met121) in solution is more elongated than that

in vacuum.

In this study, we investigate solvent effects on electronic structure of active site

of oxidized azurin by density functional calculations. A cluster model for the

active site of oxidized azurin is presented, and we calculate physical properties

such as charge density and spin density of the model cluster involving solvent

effects. We also present the dependence of those properties on the dielectric

constant. Finally, we discuss the charge or electron transfer in the active site

of azurin in relation to solvent effect.

2. Computational method

We present a cluster model for the active site of oxidized azurin and methods

used in this study.

2-1. Computational model for active site

We consider a cluster model, which consists of a copper ion and five residues

as shown Fig.1, for the active site of oxidized azurin. In the configuration of

the cluster model, we use the coordinate of atoms around the active site of

Pseudomonas aeruginosa azurin (code 4AZU) in Protein Data Bank, which is

determined by X-ray diffraction results at pH 5.5[6]. The configuration of all

hydrogen atoms in the cluster model is determined by Hartree-Fock/3-21G*

geometry optimization with fixed configuration of other all atoms. Ligand

distances, angles, and dihedral angles of the cluster model used in this study

are summarized in Table 1. In the calculations of this study, we use a condition

that the total charge of the cluster model is +1.
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2-2. Solvent effect using polarizable continuum model

We perform density functional calculations with Becke’s three-parameter hy-

brid exchange functional[15] and the Lee-Yang-Parr correlation functional[16]

(B3LYP) for the cluster model as shown in Fig. 1 by Gaussian03 program

package[17]. We calculate partial charge and partial spin density on each

atom by Mulliken population analysis (MPA) and natural population anal-

ysis (NPA)[18] with 6-31G* split-valence basis set[19].

For investigation of electronic structure of the active site of oxidized azurin in

solution, we use polarizable continuum model (PCM)[14] in DFT calculations.

An integral equation formulation model (IEF-PCM)[20] is adopted. In present

calculations, values of dielectronic constant εr are arbitrarily selceted in the

region from 2 to 78.

3. Results and discussion

3-1. Spin density and charge density in vacuum

Figure 2(a) shows the singly occupied molecular orbital (SOMO) of the cluster

model by unrestricted B3LYP/6-31G* calculation. We can find 3dx2
−y2 orbital

π antibonded to the sulfur atom in the Cys112 and σ antibonded to the

nitrogen atoms in His46 and His117. SOMO distributes on the nitrogen atoms

in His46 and His117, and is not much on other atoms in His46 and His117. On

the other hand, we can find that the distribution of SOMO widely lies over

Cys112. SOMO largely distributes on the sulfur atom, two H atoms in CβH2

in Cys112, and the nitrogen atom in backbone of Cys112. We also find small

distribution of SOMO around O atom in Gly45. Figure 2(b) shows the spin

density of the cluster model. The spin density distributes around copper ion,

S(Cys112), N(His46) and N(His117) atoms, and we also find small distribution

of spin density on the H atoms in CβH2 and the nitrogen atom in backbone of

Cys112. In three coordination bonds to copper ion, SOMO widely distributes

to only the bonding direction to the side of Cys112. These results suggest

that histidine or imidazole has a role of restraint of spatial distribution for the

direction of the coordination-bonding of the nitrogen atom to the copper ion.
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Table 2 summarizes the atomic charge and spin density of the cluster model in

vacuum by Mulliken population analysis(MPA) and natural population anal-

ysis(NPA). From partial spin density by MPA in Table 2, we find the largest

value about 53.2% on the copper ion and the second largest value about 38.8%

on the sulfur ion in Cys112. From NPA, we find that the valence of the copper

ion becomes 1.26. Atomic charges and Mulliken spin densities of the similar

cluster model to the present model in vacuum have been presented in Ref.[12].

3-2. Spin density and atomic charge in solution

Tables 3 and 4 show the spin densities and the charge distribution for various

dielectric constants, respectively. The dielectric constants εr is varied from 2 to

78. In general, εr = 78 corresponds to water molecule. We find asymptotical

changes of spin density and atomic charge between the copper ion and the

sulfur ion in Cys112. As increasing εr, the spin density of Cu ion becomes

increasing, and the spin density of Sγ(Cys112) is decreasing. On the other

hand, the atomic charge of Cu ion increases from 0.644 to 0.681, and the

atomic charge of Sγ(Cys112) decreases from -0.160 to -0.233. These changes of

atomic charge and spin densities suggest that electron with β spin on copper

ion slightly moves to the sulfur ion in Cys112 in the case of increasing the

dielectric constant. From this electron transfer, the spin density of the copper

ion becomes larger than that in vacuum, and the charge distribution also

becomes larger.

3-3. A simple model for solvent effect

In this subsection, we briefly discuss the solvent effects of electronic properties

presented in previous subsection by using a simple Hubbard model[21–23]. In

this study, we focus dx2
−y2 orbital of the copper ion and py orbital of sulfur ion

in Cys112 in the active site of azurin. We assume on-site repulsion U on only

copper site, because it is well known that the on-site coulomb repulsion U of

the copper ion is large (about 8eV). Therefore, for the most simple case, we can

consider a 2-site system with 3 electrons as a simple model for the active site.

By solving electronic structure of this simple model, we can find that partial

charge of d-orbital becomes larger than that of p-orbital, when t/U � 1, and

that partial spin of d-orbital becomes smaller. On the other hand, in the case
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of t/U � 1, partial charge on d-orbital becomes smaller, and partial spin on

d-orbital becomes larger, because of the large on-site repulsion. In the case

of the active site of oxidized azurin, we can expect that the transfer integral

becomes smaller than the on-site repulsion on the copper ion in the active site.

Next, we consider a simple model for solvent effects. We assume the effec-

tive electron-electron interaction W between sites in the system and solvent

molecules. The effective interaction is clearly related to the polarization of

the solvent molecules. If solvent molecules have large dielectric constant, the

effective interaction W becomes large. In the frame work of a Random Phase

Approximation[24,25], the effective on-site coulomb potential Ueff on the d

orbital can be written as

Ueff =
U

1 − U2W 2
. (1)

From Eq.(1), we find that the effective interaction Ueff becomes larger than

the bare interaction U , when the dielectric constant is larger than that in

vacuum. Therefore, from Eq.(1), we can expect that spin density of copper ion

in the active site of oxidized azurin in solution with large dielectric constant

becomes larger than that in vacuum. This effect arises from the strong electron

correlation on the copper ion. Since on-site coulomb interactions of p orbitals

are small, the solvent effects of electronic correlation in p orbital might be

small.

4. Concluding remarks

In this study, we have presented a computational model for the active site

of oxidized azurin and have investigated the electronic structure of the active

site model by using the density functional methods with polarizable continuum

model. The partial atomic charge and spin density on some ions have been

calculated for various dielectric constants. We have presented a simple model

for the active site of oxidized azurin by a Hubbard model, and have discussed

the dependence of the charge and spin distributions on the dielectric constants.

For the cluster model in vacuum, the distribution of SOMO and the spin

density widely lie over Cys112. The distribution of them over histidines is not

so much. In solution, the partial spin and charge of the copper ion become
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larger than that in vacuum, when the dielectric constant is larger. The spin

and charge of sulfur ion in Cys112 become smaller. These results suggest

that electron with β spin moves from the copper ion to the sulfur ion, if the

dielectric constant becomes larger. We have found the electron moving because

of the strong electron correlation on the copper ion by using a Hubbard model.

Since the active site of azurin is surrounded by many residues, the electronic

structure of active site of azurin is weakly interacted with solvent molecules.

We need to consider larger systems and to use other excellent computational

methods such as QM/MM method. The contribution to the electronic struc-

ture of the active site of azurin from neighbor residues around the active site

will be presented elsewhere. Electronic structure of another cluster model ter-

minated by H atoms for N- and C- termini in each residue in the cluster

model presented in this study will be also presented elsewhere. The electronic

structure of the new model also becomes the same tendency to the present

model.

H.N is grateful for a financial support of the Ministry of Education, Science

and Culture of Japan (Research No.15550010).
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Table 1
Ligand distances, angles, and dihedral angles of active site model used in this study.

parameter

Distance (Å) Cu-O(Gly45) 2.955

Cu-N(His46) 2.064

Cu-S(Cys112) 2.267

Cu-N(His117) 1.978

Cu-S(Met121) 3.164

Angle (deg) N(His117)-Cu-N(His46) 108.3

S(Cys112)-Cu-N(His117) 123.7

S(Cys112)-Cu-S(Met121) 110.5

S(Cys112)-Cu-O(Gly45) 100.3

Dihedral angle (deg) N(His117)-Cu-S(Cys112)-Cβ 91.6

S(Cys112)-Cu-N(His46)-Cγ -13.6

S(Cys112)-Cu-N(His117)-Cγ -40.7

S(Cys112)-Cu-S(Met121)-Cγ 46.9

S(Cys112)-Cu-O(Gly45)-C 82.8



Table 2
Partial atomic charges and partial spin densities on each atom by Mulliken Popu-

lation Analysis(MPA) and Natural Population Analysis(NPA).

MPA NPA

Residue Atom atomic charge(a.u.) spin density(%) atomic charge(a.u.)

Cu 0.6448 53.227 1.2605

Cys112 Cα -0.0080 -0.007 -0.1594

Cβ -0.4464 -1.520 -0.5852

Sγ -0.1603 38.769 -0.3691

His46 Cγ 0.2931 -0.052 0.1339

Nδ1 -0.5662 2.415 -0.6495

Cδ2 0.2263 -0.301 0.1956

Cε1 -0.5139 0.025 -0.5038

Nε2 -0.0195 0.268 -0.0798

His117 Cγ 0.2728 -0.126 0.1460

Nδ1 -0.5264 3.601 -0.6627

Cδ2 0.2308 -0.424 0.1899

Cε1 0.0138 0.341 -0.0742

Nε2 -0.5239 0.047 -0.5012

Gly45 C 0.5979 -0.015 0.6871

O -0.5303 0.022 -0.7012

Cα -0.2391 -0.001 -0.3368

Met121 Cγ 0.1987 -0.023 -0.5907

Sδ 0.0769 -0.051 0.1822

Cε -0.1603 0.005 -0.5678



Table 3
Dependency of spin density (%) on dielectric constant by MPA.

εr vacuum 2 4 8 16 24 32 78

Cu 53.227 55.803 57.630 58.788 59.462 59.704 59.830 60.059

Sγ(Cys112) 38.769 36.151 34.127 32.793 32.002 31.714 31.565 31.290

Cβ(Cys112) -1.520 -1.437 -1.370 -1.324 -1.297 -1.287 -1.282 -1.272

Nδ1(His117) 3.601 3.871 4.074 4.206 4.283 4.312 4.326 4.353

O(Gly45) 0.022 0.005 0.004 0.003 0.003 0.003 0.002 0.002

Sδ(Met121) -0.051 -0.057 -0.061 -0.064 -0.065 -0.066 -0.066 -0.067



Table 4
Dependency of atomic charge (a.u.) on dielectric constant by MPA.

εr vacuum 2 4 8 16 24 32 78

Cu 0.644 0.660 0.670 0.676 0.679 0.680 0.680 0.681

Sγ(Cys112) -0.160 -0.185 -0.205 -0.212 -0.228 -0.231 -0.233 -0.236

Cβ(Cys112) -0.446 -0.444 -0.442 -0.440 -0.439 -0.439 -0.439 -0.439

Nδ1(His117) -0.526 -0.580 -0.583 -0.585 -0.586 -0.587 -0.587 -0.587

O(Gly45) -0.530 -0.414 -0.429 -0.438 -0.443 -0.448 -0.446 -0.447

Sδ(Met121) 0.077 0.076 0.075 0.075 0.074 0.074 0.074 0.074



Figure captions

Figure 1 Cluster model for active site of oxidized azrin.

Figure 2 SOMO and spin density of the cluster model. (a)Distribution of SOMO

(isovalue = 0.02 a.u., and orbital energy = -9.1931 eV). (b)Distribution of

spin density (isovalue = 0.0012 a.u.).
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