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Chapter 1

General Introduction

1.1 Introduction to The Thesis

This doctoral thesis is a summary of my research interest in theoretical studies on
electronic properties, in particular redox potential, of metalloprotein, i.e. copper protein
and iron-sulfur protein. As for the copper protein, I investigated the electronic structure
and properties of type I copper center in copper protein and the contribution of axial
ligand to redox potential of type I copper center. As for the iron-sulfur protein, I
investigated the redox properties and pK, of iron-sulfur cluster in the protein with
respect to possible spin structure of coupled irons. The outline of my research studies
at Graduate School of Natural Science and Technology from October 2015 to June 2018

can be presented in the following steps:

The Electronical Structure and Properties of Type 1 Copper Center

We have investigated the electronic structure and properties of type 1 copper center in
several copper proteins, i.e. Plastocyanin, Azurin, Stellacyanin, and Multicopper Ox-
idases (MCOs). Several properties, such as molecular orbital, atomic partial charge,
atomic partial spin, bond constant, etc. were calculated by using two typical density
functional theory (DFT) functionals, i.e. B3LYP and M06. We discussed the depen-
dence of those properties to DFT functional, especially in relation to copper-axial ligand

interaction.

Isman Kurniawan, Takahiro Matsui, Satoshi Nakagawa, Kazutomo, Kawaguchi, Hidemi
Nagao. Theoretical studies on association/dissociation process of plastocyanin and cy-

tochrome f in photosynthesis. Journal of Physics: Conference Series, 2018 (Accepted)
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Isman Kurniawan, Kazutomo Kawaguchi, Kimikazu Sugimori, Takeshi Sakurai, Hidemi
Nagao. Theoretical Study of the Electronic Structure of Type I Copper Center in Copper

Proteins. Science Report of Kanazawa University, 2018 (in preparation)

Quantum Chemical Study of the Axial Ligand Effect on the Electronic
Properties of Type I Copper Protein

We have investigated the effect of the axial ligand on the electronic properties of type
I copper protein. Several DFT functional were utilized, including pure generalized gra-
dient approximation, hybrid DFT, and long-range corrected DFT. We discussed the
contribution of the axial ligand to several properties, i.e. bond constant, redox potential
and maximum absorption wavelength, of type I copper protein, We also discussed the
contribution of long-range correction scheme and hybrid scheme of DFT to improve the

calculation accuracy.

Isman Kurniawan, Kazutomo Kawaguchi, Kimikazu Sugimori, Takeshi Sakurai, and
Hidemi Nagao. Quantum Chemical Study of the Axial Ligand Effect on the Electronic
Properties of Type I Copper Protein. Chemistry Letters, 2018 (Accepted)

Theoretical Study on the Contribution of Spin Structure to Redox Po-

tential of [2Fe-2S] Core Cluster from Iron-Sulfur Proteins

We have investigated the contribution of possible spin structure of coupled iron atoms to
redox potential and pK, of iron-sulfur protein. The properties were calculated by using
two typical DFT functionals, i.e. B3LYP and M06. To handle the spin state of couple
irons, we utilized several spin approximations, i.e. high spin, low spin, approximated
spin projected, and J spin coupling. We discussed the contribution of DFT functional,

basis set, and spin approximation to the accuracy of calculation.

Isman Kurniawan, Kazutomo Kawaguchi, Mitsuo Shoji, Toru Matsui, Yasuteru Shigeta,
and Hidemi Nagao. A Theoretical Study on Redox Potential and pKa of [2Fe-2S] Clus-
ter Model from Iron-Sulfur Proteins. Bulletin of the Chemical Society of Japan, 2018
(Accepted)
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1.2 Introduction to Copper Protein

Copper protein is a metalloprotein containing one or more copper ions in their active
sites, and can be isolated from animal, plant, fungal, and bacterial sources.[4] This
proteins involve in reduction-oxidation reactions as oxidoreductase proteins or electron
carrier proteins, and also take a part in oxygen transport processes. Copper protein
can be classified into three groups according to their properties under spectroscopic and
magnetic measurement, i.e. type 1 copper (T1Cu), type 2 copper (T2Cu), and type
3 copper (T3Cu). T1Cu present a strong absorption at around 600 nm and narrow
hyperfine splitting in the electronic paramagnetic resonance (EPR) spectrum. T2Cu
does not produce intense absorption at 600-700 nm and also present hyperfine splitting
of EPR spectrum in normal magnitude. Different with T1Cu and T2Cu, T3Cu can not

be detected by EPR spectrum due to strong antiferromagnetic interaction.

Copper protein containing a T1Cu only is called cupredoxin or blue copper protein.
There are several blue copper proteins such as Azurin, Plastocyanin, Stellacyanin, etc.
This proteins have unusually high reduction potential and take a part in various electron
transfer processes.[5—7] For example, Azurin takes a role in multi-step denitrification pro-
cesses in some bacterias by transferring an electron to heme-containing nitrite reductase
and cytochrome ¢551.[8] Meanwhile, during photosynthesis processes of plant and algae,
Plastocyanin has a role as electron carrier between cytochrome f and P7004. Plasto-
cyanin is also involved in electron transfer process from cytochrome f (photosystem II)
to chlorophyll (photosystem I). In T1Cu of blue copper protein, the copper ion (Cu)
is coordinated to three ligands in trigonal plane, i.e. two histidines (His), one cysteine
(Cys), and an axial ligand at a longer distance. Methionine (Met) residue is usually
bound to the copper as axial ligand in many blue copper protein, except for Stella-
cyanin and related proteins. In those proteins, the copper ion coordinated to glutamine
(Gln) as axial ligand, instead of methionine. As for Azurin, the axial ligand found in
T1CC is not only methionine, but also glycine (Gly) residue as additional axial ligand to
generate a five-coordinate site. One of His, Cys and Met ligands come from C-terminal
loop of the protein, while the other His ligand located in S-sheet backbone.[7, 9-11] The

secondary structure of blue copper protein is presented in Figure 1.1.

The existence of sulfur atoms of cysteine ligand in T1CC have been revealed by X-
ray photoelectron experiments[12], while the presence of two histidine ligands have been
unveiled by recent nuclear magnetic resonance (NMR) study.[13] In T1Cu of blue copper
protein, a highly covalent = bond was formed between Cu and Cys where p orbital
from sulfur atom overlap with d orbital of Cu.[14] Regarding the study of copper(II)
substitution by cobalt(II) in several blue proteins, the high intense 600 nm absorption

of T1Cu is originated from ligand-to-metal charge-transfer (LMCT) transition between
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FIGURE 1.1: The secondary structure of Azurin protein (PDB ID: 4AZU[1]) where Gly
ligand is neglected.

F1curg 1.2: Ball and stick structure of T1Cu in Azurin protein.

copper(II) and sulfur atom of cysteine.[15-17] The study by Resonance Raman spectra
point outs the coupling of LMCT excitation with vibrational motions around the active
site in the region of 350-450 cm~2.[18, 19]

Meanwhile, the existence of T1Cu not only found in blue copper protein, but also in
Multicopper Oxidases (MCOs). According to spectroscopic characterization, MCOs
containing all type of copper center, i.e. T1Cu, T2Cu, and T3Cu. As found in other
copper protein, T1Cu in MCOs is comprised of Cu coordinated to one Cys and two His
residues in trigonal plane, and coordinated to Met as axial ligand. A strong absorption
around 600 nm is also observed from this copper center that arises from Cu to Cys

charge-transfer excitation, and lead to the intense blue color. T1Cu in MCOs located at
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FiGUurRE 1.3: The secondary structure of Multicopper Oxidase protein (PDB ID:
4ANER|[2])

the substrate binding site and can interact with other substrates as electron acceptor.
Unlike T1Cu, T2Cu and T3Cu in MCOs located at a same site and the combination of
both copper center is known as tri-nuclear copper (TNC) center.[20] T2Cu located at
one side of TNC center and bound to two His residues and a water molecule. This copper
center is depicted by a typical EPR signal, but not detectable in the UV - visible region.
Meanwhile, each T3Cu ion bound to three His ligands and also bound to a hydroxide
molecule as bridging atom. A coupled pair of this copper center lead to antiferromagnetic
state that characterized by 330 nm absorption band, which arising from a charge-transfer
transition between Cu and hydroxide ion.[21] The distance between T1Cu site and TNC
site is found around 13 and linked by a His-Cys-His peptide chain. This link is known
as the pathway of electron-transfer process between those sites. The secondary structure

of MCOs is presented in Figure 1.3.

Depending upon the substrate specificity, MCOs can be classified into two classes. The
first class oxidize organic substrate and transition metal ions, e.g. Laccase, Ascorbate
Oxidase,[22, 23], while another class only oxidize transition metal ions, e.g. Fet3p,
Ceruloplasmin, CueO.[24, 25] The catalysis processes in both classes occurred by an
outer-sphere electron transfer mechanism, wherein chemical bridge between substrate
and enzyme do not necessary to be established.[26] MCOs utilize four electrons obtain

from one-electron oxidations of a substrate to reduce dioxygen molecule to water by
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reductive cleavage of O-O bonding as follows[20]
Oy +4de™ +4H* 2925 91,0

In this redox process, T1Cu center takes a role in catching electrons from other sub-
strate and transfer the electron to TNC center, while TNC center will use the electrons
to reduce dioxygen molecule to water.[27] According to the reaction mechanism that
is presently accepted, the reaction begin by the oxidation of substrate by T1Cu and
followed by electron transfer process from T1Cu to TNC site, where the reduction of
oxygen takes place.[20] The reduction of Cu(II) ion to Cu(I) in T1Cu causes a minimal
change of protein structure and resulting a low activation energy and thus a fast electron

transfer.[28]

1.3 Introduction to Iron-Sulfur Protein

Iron-sulfur proteins are almost the oldest metalloproteins that existed on the earth.
They are found in many kinds of living organisms and take a role in a variety biological
processes such as photosynthesis and respiration. Iron-sulfur proteins have a wide range
of redox potential and allow them to interact with many kinds of substrates by acting
as electron carriers.[29, 30] In 1960, this proteins were discovered regarding on their
unique g = 1.9 of electron paramagnetic resonance (EPR) signal, which is not observed
in the measurement of other metalloproteins.[31-33] Despite their function as electron
carriers, iron-sulfur clusters are also involved in several processes such as reduction
of disulfide bonds and initiation or stabilization of radical chain reactions,[34] or act
as Lewis acids.[35] Furthermore, iron-sulfur clusters can also stabilize the structure of

protein[34, 36] and used to store sulfur or iron atoms.[36, 37]

Iron-sulfur proteins contain a core structure or cluster that is composed by iron atoms
bound to sulfide ion, the so-called acid- sulfur. This cluster connects to the chain of
polypeptide through thiolate side chain of cysteine residues. Iron-sulfur clusters are
classified with respect to the number of iron and sulfur atoms found in the cluster.[3§]
Besides, the clusters are also classified on the basis of protein type, such as structural
motifs and spectroscopic and electrochemical properties. According to this classification,
iron-sulfur proteins are divided into several major groups, i.e. rubredoxin ([1Fe-4S]),
ferredoxins ([2Fe-2S], [4Fe-4S], [3Fe-4S], [3Fe-4S][4Fe-4S], and [4Fe-4S|[4Fe-4S]), Rieske
proteins ([2Fe-2S]), and high-potential iron-sulfur proteins (HiPIPs, [4Fe-4S]). Despite
the structure difference of iron-sulfur proteins, the cluster geometries are found to be
quite similar between each others, especially within the cluster class. The cluster presents

a distorted tetrahedral geometry in all iron-sulfur proteins.
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Ferredoxin is one of sub-class of iron-sulfur protein that refer to a wide range of small, low
molar mass iron sulfur protein. This protein involves in several biological processes and
takes a role as electron carriers in different biological pathways including photosynthesis
and respiration.[39] Ferredoxin is highly acidic protein that contain iron and inorganic
or acid-labile sulfurs.[39] The cluster of this protein is found to present spin-coupled
structure.[40] In the oxidized state, iron-sulfur cluster in ferredoxin contains two ferric
ions bound to sulfur ligand in almost tetrahedral structure, which the ferric ions are

found in high spin and five unpaired d-electrons.

The optical properties of iron-sulfur cluster are confirmed by the Mdssbauer analysis and
EPR spectra. A broad absorption bands are observed in visible region for measurement
of ferredoxin in oxidized state, which indicate a charge-transfer transitions from both
sulfide ions and thiolate ligands to ferric ions. As for infrared analysis, there are some
weaker absorptions bands observed in the region between 700 and 1200 nm that arise
from d — d transitions of high spin ferric ions. In both oxidized and reduced state,
ferredoxin exhibits very intense natural circular dichroism (CD) in the visible region,

which present the distinctive feature of two iron proteins.[41]

Ferredoxin has a low redox potential with the average of -400 mV and cover a range of
800 mV, The value of redox potential correspond to the cluster type, H-bonding network,
protein structure, and water solubility. The broad range of redox potential allow them
to act as redox partners for a variety of substrate in a number of important biological
reactions. According to CD and optical rotatory dispersion studies, the environment
of polar active site around the cluster in all ferredoxins is found to be very similar,
which is correspond to ligand charge transfer and similar electronic structure of the
iron center.[42] Furthermore, ferredoxins are classified on the basis of the number of
iron atom contain in the cluster, in which one of the class is [2Fe-2S] ferredoxins. The
secondary structure of [2Fe-2S] ferredoxin is presented in Figure 1.4, while [2Fe-2S]

cluster is presented in Figure 1.5.

The [2Fe-2S] cluster contain two iron atoms coordinated to two inorganic sulfurs and
four cysteine thiolates from the protein. This cluster is not fully planar but there is any
tilt in the plane of the first and second irons. The cluster of [2Fe-2S] ferredoxin located
close to the surface of protein and surrounded by hydrophobic residues. The surface of

[2Fe-28S] ferredoxins is known to be highly acidic, except the vicinity of the cluster.
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FIGURE 1.4: The secondary structure of ferredoxin protein (PDBID 1A70).

@4

&

FI1GURE 1.5: The iron-sulfur cluster obtained from ferredoxin protein.

1.4 Introduction to Density Functional Theory

Fifty years ago, a theorem has been proved by Hohenberg and Kohn[43] as a solution of
Schrodinger equation.[44] Since the publication in 1926, the Schrédinger equation has
been a challenge to be solved. Two years later, Dirac said in his paper on the quantum

theory of the electron:[45]

The underlying physical laws necessary for the mathematical theory of a
large part of physics and the whole of chemistry are thus completely known,
and the difficulty is only that the exact application of these laws leads to

equations much too complicated to be soluble.

In spite of this somewhat discouraging comment, an effort to solve the Schrédinger
equation for real condition has opened a new discipline of chemistry, which is called ab

initio theory. The rapid increase of computational resource and software applications
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has encouraged the study of molecular system with exceptionally high accuracy. One
of main goals of quantum chemistry is obtain the calculation results with high accuracy

compare to experimental measurement.

Schrodinger Equation

The schrodinger equation for a molecular system with N-electrons and M nuclei can be
written as
HY = EV (1.1)

where the Hamiltonian operator H is expressed as
ﬁ:‘A/ezxt+T+‘7e>e (12)
and the wave function ¥ is formulated as

U = U(ry,ry,r3,...,ry). (1.3)

The kinetic energy operator T is expressed as

T=-—

DN |

N
> v (1.4)
=1

the electron-electron repulsion operator is given by

and the external potential owing to the M nuclei as
N M 74
Vext = — _. 1.6
LR R o

In the equation 1.6, r; and R4 represent electron coordinate and nucleus coordinate,
respectively, and Z 4 represent the charge of nucleus R4. To obtain the energies, equation
1.1 is solved for a set of ¥ subject. The lowest energy, Fjy, is defined as the ground
state energy and the probability density to find an electron with any particular set of

coordinates is symbolized as |¥ql?.

The average total energy for a certain state is specified by a particular ¥ and expressed

as
EU| = /\I/*ﬁ\l/dr = <\I/u£r\\p> (1.7)
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The notation of || stressed the point that the energy is a functional of the wavefunction.
The calculated energy is always higher than that of the ground state unless ¥ equivalent

to Wg. This theorem is called the variational theorem and expressed as
Elv| > B (1.8)

To obtain the energy that is close to ground state one, all possible wavefunction is used
to minimize the total energy. Instead of use random wavefunction, an ansatz for the
structure of ¥ is provided by Hartree Fock theory. In this theory, ¥ is assumed as
antisymmetric product of of functions (¢) that depends on the coordinate of a single

electron, which expressed as

Upyp = \/iv—!det[¢1¢2¢3---¢N] (1.9)

where ”det” means a matrix determinant.[46]

The substitution of this ansatz into ¥ in Schrédinger equation resulting Hartree Fock

energy that is expressed as

N
EHF = /¢;k(1‘) (—; ZViV + Véa:t) ¢z(r)dr

Z/ ¢; (r1 ¢>z|:1 (T2)¢J(T2)dr1dr2

i — 1]

B Z/ ¢; (r1 ¢] r1)¢i(r2)¢] (r2)dr1dr2 (1.10)

r; — 1

The second and third term represent the classical Coulomb energy written in terms of

the orbitals and the exchange energy, respectively.

The determination of ground state orbitals are performed by utilizing the variation
theorem to this energy expression with the constraint of orthonormal orbitals, which

lead to Self Consistent Field equation as

[—;V2 + Vet (T) + /)/|dr’] ¢i(r) + /vx(r, ') (v))dr' = e;¢;(r) (1.11)

p
r—

where the non-local exchange potential (v,) is expressed as

/vx(r,r')@( Ydr' = — /(ﬁ"r_r,’ di(r')dr'. (1.12)

The Hartree-Fock equations explain non-interacting electrons that is affected by a mean
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field potential consisting of the classical Coulomb potential and a non-local exchange po-
tential. From this point, several methods have been developed to approximate the value
of ¥ and Ejy, which directly proportional to the required computational cost. Moreover,
to obtain an accurate solutions, the flexibility of wavefunction’s spatial variation should

be also considered, e.g. increasing the basis set.

Density Functional Theory

In 1964, two theorems have been proved by Hohenberg and Kohn and lead to the fun-

damental of density functional theory, which is expressed as

5FM—M/MHM—N4=0 (1.13)

According to equation 1.2, the energy functional that consists of three term, i.e. the
kinetic energy, the interaction with the external potential and the electron-electron in-

teraction, can be re-written as
Elp] = T[p] + Vet [p] + Veelp], (1.14)

with the interaction with the external potential is trivially derived from

Vet p] = / Veatp(r)dr. (1.15)

Kohn and Sham suggested an approach to approximate the functional of kinetic energy
and electron-electron interaction.[47] They introduced N-non-interacting electrons sys-
tem that is represented by a single determinant wavefunction. The kinetic energy and

electron density of this system are obtained directly from the orbitals as

|
Ti[p] = —§Z<¢i|v2|¢i>- (1.16)

The density of a non-interacting electrons system will reproduce the true ground state

density as
N

p(r) = loil*. (1.17)

()

By introducing the exchange-correlation functional, the energy functional can be rear-
ranged as
Elp] = Ts[p] + Vear[p) + Virlp] + Exelp] (1.18)
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where Vi[p] is classical Coulomb interaction or Hartree energy that is formulated as

VH[p] = ;/mdrldrg (1.19)

and F,.[p] is exchange-correlation functional that is expressed as

Exelp] = (T[] = Tslpl) + (Veelp] — Vi[p))- (1.20)

Simply, Ey.[p] represents the accumulation of error from the approximation of a non-
interacting kinetic energy and classical electron-electron interaction. By applying the
variational theorem (Equation 1.13) to the explicit term of energy functional (Equation
1.18) in terms of the density constructed from non-interacting orbitals, the orbitals that

minimize the energy will be obtained and satisfied the following set of equations

1 r’
—5V2 + Veat (T) + / If)(_ El‘dr/ + Vge(r) | Gi(r) = ichi(r). (1.21)
A local multiplicative potential is introduced as the functional derivative of the exchange
correlation energy regarding the density, which is formulated as

_ 0E.[p]

Vge(r) = 5y (1.22)

The set of non-linear equations describe how non-interacting electrons behave under an
effective local potential. For the exact functional, the orbitals will produce an exact
ground state density and exact ground state energy by applying Equation 1.17 and
1.18, respectively. The Kohn-Sham equations show a similar form with the Hartree-
Fock equation (Equation 1.11) where the non-local exchange potential is substituted by
the local exchange-correlation potential. For practical reasons, the exchange correlation

energy can be partitioned into exchange and correlation energy as

Eqelp] = Ex[p] + Ec[p). (1.23)

Local Density Approximation (LDA) Functionals

The development of method to approximate FE,. has accelerated the expansion of re-
search field. So far, several functional has been developed, which are more or less suitable
to be used for any specific study. In judging a calculation results, a direct comparison
with experimental data is required. However, it is important to understand the deriva-
tion and structure of functionals when choosing a functional for certain study. The

early phase of the development is the implementation of a functional to one particular
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system in which closely exact results could be obtained, i.e. homogeneous electron gas.
In this system, the electrons suppose to have a constant external potential and, as the

consequnce, the charge density will be constant.

In the early of 1920, Thomas and Fermi investigated the homogeneous electron gas.[48,
49] They assumed that the orbitals of the system are plane waves by symmetry. The
total energy functional can be readily calculated if the electron-electron interaction is
estimated as classical Hartree potential, in which the exchange and correlation effects are
neglected.[48, 49] By applying these conditions, the dependence of the kinetic energy and
exchange energy in Equation 1.10 can be expressed in the terms of a local functions of
the density. In the homogeneous electron gas, the exchange energy can be approximated

by using local density approximation (LDA), which is expressed as

e = - [1(2) e (1.24)

™

with the corresponding exchange potential is

PPA(r) = - <3p<r>);’ . (1.25)

A parameter rg, which is known as the Wigner-Seitz radius, is often used to express the

above formula, and formulated as

=

ry = <4”3”>_' . (1.26)

can be rewritten as

vEPA = _ < 5 ) Y (1.27)

27 Ts

Hence, the vEPA

Wl

The first approximation for .. is given by the uniform electron gas model as

EEPA = [ DA p(r)e (1.28)

LDA

where e,

represent the exchange-correlation energy distribution per unit volume. In

LDA

this formula, the value of e

only depends on the density at the point where it is

estimated.

Basically, a uniform positive charge of equal density without exchange effects is needed
by the ideal electron gas of uniform density. Hence, by considering the interaction of

the positive charge with itself and with the electron distribution, Equation 1.18 can be
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reduced as

Elp] = Ts + Exclp]. (1.29)

By performing a random-phase analysis, von Barth and Hedin (vBH) have suggested a
correlation functional that is spin dependent.[50] For the case of spin independent, the

correlation function suggested by von Barth and Hedin can be expressed as

v 1 1 Z 1
eyBH — — 5 [(1 + 7% 1n <1 + Z> +3 - 7~ 3} (1.30)
where Z = rs/30. Afterwards, other correlation function was proposed by Vosko, Wilk
and Nusair (VWN).[51] The VWN correlation function was acquired by using Padé

approximation interpolation of numerical calculations, which is formulated as

vwn A T 2b 4 Q bx, (x —x0)%  2(b+ 2x,) o Q
e Ty I T oM™ e Xy <ln X)) @ ™ g b)}
(1.31)

where the functions of z, X, and () are respectively expressed as
v=r% X@) =2 +br+ec, and Q= (4c— )" (1.32)

The local correlation functional has also been proposed by Perdew and Wang (PW92),

which is formulated as[52]

1
ePW92 — _2ap(1 4+ ayrg)In |1+ 72 52 . (1.33)
2a (ﬁﬂ’s + Bars + Bsrs’ T + 547’3)

Generalized Gradient Approximation (GGA) Functionals

The implementation of LDA in a calculation produce an energy that is not as good
as those produce by correlated ab initio method. The produced errors were observed
directly proportional to the size of the system. The local approximation used in LDA
seems to fail in reproduce the effects of the creation or rupture of chemical bonds. One
of the factor is the behavior of molecule that is not analogous to the system with uniform
electron gas distribution. To adjust the non-uniformity of the electron density, gradients
term are added into exchange and correlation functionals. The addition of gradients term

of the density introduced a non-local or semilocal functionals.

The first approximation to included the gradient was not satisfied because it did not
achieve several requirements of the exchange-correlation functionals. Indeed, the results

is worse than that of the local approximation. To solve this problem, generalized gradient
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approximation (GGA) was proposed, which is formulated as:

EGSA ] = / dreelp, [Vpl, V9] (1.34)

By using GGA, Perdew and Wang proposed the exchange and correlation functional
(PW86) that is widely applied in several density functional programs, which is formu-
lated as[53]

2 m
gPW86 _ (LDA[ ;) <1 + 0.0864% + bst + 056) (1.35)
where s is express as
_ 1Vl

The correlation functional of PW86 is formulated as[53, 54]

Vp|?
PUE

B = N+ e RO

(1.37)

One of the popular exchange functionals is proposed by Becke (B88) that is formulated
as[bb]
p a?

B88 LDA
Ep = =&, — 1.38
2 2134, 1 + 6Bz sinh @) (1.38)
where o
1vpel
w2 =205 A, = (3/4)3/m)3, and S = 0.0042. (1.39)

Meanwhile, the correlation functional proposed by Lee, Yang and Parr is also widely

used, which the functional is given by|[56]

1 1 1 ~1/3
LYP —2/3 5/3 2 —cp~V/
€¢ = —ail 73 {p + bp [C’Fp — 2ty + 79 <tw + B \% p)] e } (1.40)

where

1 (|Vp? 2
= (T , 1.41
t 8( P Vp (1.41)

Meta-Generalized Gradient Approximation Functionals
To improve the accuracy, GGA functionals have been developed by introducing kinetic

energy density term into exchange-correlation energy formula. This new approximation,

which is called meta-GGA, yield new form of the functionality as

Bpo = / p(F)eselps [V pl, V2p, 7)dr (1.42)
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where the kinetic energy density 7 is defined as

1 2
T=3 Z e (1.43)

Hybrid Exchange Functionals

The hybrid exchange functional proposes a different approximation in calculating exchange-
correlation functional. This functional combines the value of Hartree-Fock (HF) energy
and the result of the calculation by LDA (or GGA) functional. Coupling constant (\)

is introduced to adjust the proportion between HF energy and LDA (or GGA) energy.
At A = 0, the non-interacting system is identical with Hartree-Fock ansatz, while at

A = 1, the systems are fully interacting and LDA (or GGA) functionals will produce an
excellent approximation. Hence, coefficients are used to determine the portion of HF
and LDA/GGA energy given by

E,. =~ aFpp + bESEA (1.44)

with the coefficients are established with respect to a system with known exact result.

This approach has been adopted by Becke to define a new functional, in which the
coefficients are determined by fitting the calculation data to the experimental data of
ionization energies, proton affinities, atomization energies, and total atomic energies
for a series of small molecule.[57] The results of the functional proposed by Becke is

formulated as
Epe = EEPA 4 0.2(EIF — EIPAY 1 0.72AEB® 1+ 0.81A EPWO! (1.45)

Here, the functional of AED®® and EFW! are GGA functional that is widely used
to correct the LDA exchange and correlation energies, respectively.[52, 58] Recently,
this type of hybrid functionals are widely used for chemical systems, which B3LYP
functional is the most popular one.[56] The hybrid exchange functional produce a more
reliable results than GGA functional in the calculation of binding energies, geometries,

and frequency.

Hybrid Meta-GGA Exchange Functionals

Hybrid meta-GGA exchange functionals utilized meta-GGA functional, instead of GGA
functional, in the formulation of functional. MO06 is one of popular hybrid meta-GGA

functional that is widely used for either organic or inorganic system. The local parts of
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of M06 functional rely on three variables, i.e. spin density (ps), reduced spin density
gradient (z,), and spin kinetic energy density (7,).[59] The expression of z, and 7, are

respectively formulated as

Voo

To = —ip (1.46)
Po
occup

T, = = Z V¥, |2 (1.47)

The exchange functional of M06 is written as

EMO06 — Z/ FEBE(py, Vo) flwy) + eEPARX (2,4, 2,) | dr (1.48)

where FYBE(p,, Vp,) is the the exchange energy density of PBE exchange model,[60]

LSDA

and e °* is the local spin density approximation for exchange functional.[47] As for

correlation functional, M06 treat the opposite-spin and parallel spin differently. The

opposite spin of M06 correlation energy is formulated as

EoS = / €UEC (g, 50 25) + has (Fag, 208))dr (1.49)

while for parallel spins is

EZ° —/ UEG[ggg(xU) + hoo (T, 26)] Dedr. (1.50)

The total energy of correlation part of M06 is given by
E.= E% + B + EPP. (1.51)

Finally, the hybrid exchange-correlation energy can be formulated as

X X
pyb _ & pHF ([ EDFT | pDFT 1.52
where ENF EDFT and EPFT are the non-local Hartree-Fock (HF) exchange energy, the

local DFT exchange energy, and the local DFT correlation energy, respectively.
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Theoretical Study on the
Electronic Structure of Type 1
Copper Center

2.1 Introduction

Copper proteins play a fundamental rote in a wide range of biomolecular processes such
as electron transfer, oxygen transportation, and so on. One or more coper ions can
be found in the active site of this protein. The copper protein containing one copper
ion is called type 1 copper (T1Cu) proteins. There are several copper protein classified
as T1Cu protein such as Azurin, Plastocyanin, Stellacyanin, etc. Meanwhile, copper
protein can also contain more than one copper ions like found in Multicopper Oxidases
(MCOs). MCOs contain two copper center, i.e. type I copper (T1Cu) and tri-nuclear
copper (TNC), that located at different active sites. T1Cu is composed by a copper
ion coordinated to two histidines and a cysteine in a trigonal planar structure, and an
axial ligand such as methionine and so on.[61-63] During the reaction, T1Cu accepts
an electron from other substrates with higher redox potential and transfer the electron
to TNC.[16, 64, 65] In the end of one cycle reaction, dioxygen molecules are reduced to

yield two water molecules in TNC.[27]

There are several properties of T1Cu related to electronic structure and reaction that
have been investigated experimentally by many groups.[27, 66-70] The structure of T1Cu
has been identified by a strong absorption at around 600 nm and narrow hyperfine
splittings in the electron paramagnetic resonance (EPR) spectroscopy.[27, 67] Related
to the kinetic aspect of electron transfer, Holwerda and coworkers have investigated

the rate of electron transfer in T1Cu and found the dependence of the transfer rate to

18



Chapter Two 19

pH.[66] Solomon and co-workers have also studied the characteristic of room temperature
circular dichroism and magnetic circular dichroism spectra of several T1Cu proteins, such
as Stellacyanin, Plastocyanin, and Azurin.[67] From the comparison of the absorption
and circular dichroism intensities, they found that the characteristics of band absorption

represent transition of energy level.

Not only properties of T1Cu, several properties of MCOs have been also investigated by
many groups.[2, 20, 23, 25, 27, 71-82] In detail, Solomon and coworkers have published
a review of reported physical properties of MCOs, such as EPR and redox potential.[20]
The mechanism of oxygen binding followed by a reduction reaction on TNC site have also
been suggested according to spectroscopic and quantum mechanical study.[20, 71, 75, 80]
The intermolecular and intramolecular electron transfer in MCOs have been investigated
by Roberts and coworkers by using laser flash photolysis.[25] Shleev and coworkers have
also investigated the probability of direct electron transfer from electrode to MCOs.[73]
Related to the active site structure, Augustine and coworkers have investigated the con-
tribution of the structure in supporting the efficiency of reduction reaction on TNC.[81]
They found that the efficiency of reduction reaction correspond to the asymmetrical
structure of TNC.

From the viewpoint of theoretical and computational study, T1Cu has attracted many
interest in relation to the electronic structure.[7, 16, 28, 83, 84] Solomon and co-workers
have investigated the interaction of copper ion and ligands by using quantum method.[7,
16] Corni and co-workers have utilized density functional theory (DFT) method to study
the electronic properties of Azurin’s active site and their contribution to electron transfer
reaction.[84] Their results point out that the energy spectrums of Azurin in two different

oxidation states is different.

In the term of quantum calculations, DF'T methods have been expanded into the consid-
eration of long-range interaction in the calculation, such as van der Waals interactions.
Regarding the long-range interaction, M06 suite of DFT has proposed by Zhao and
Truhlar.[59, 85] This functional shows a better performance compare to B3LYP due
to the implementation of meta-GGA exchange functional. MO06 has been applied in
many calculations of molecular properties for both organic and inorganic molecule with

a promising results.[86-88]

In the previous study, we have studied the electronic structure of Azurin in oxidized state
and have found the dependence of the partial charge and partial spin on the distance of
metal-ligand bond.[89] We have also investigated two stable structure of Azurin obtained
from jump motion in molecular dynamics (MD) simulation.[90] The solvent effects on
the electronic structure of Azurin’s active site have also been investigated by using

polarizable continuum model (PCM).[91] This study aim to investigate the dependency
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of the electronic structure and properties of T1Cu on DFT functional. We prepared
T1Cu cluster model from several T1Cu proteins, i.e. Azurin, Plastocyanin, Stellacyanin,
and MCOs. Two typical DFT functionals, i.e. M06 and B3LYP, are utilized with 6-
31G(d) basis set to calculate several properties, such as ionization potential, electron
affinity and maximum absorption wavelength. The force field parameters, i.e. bond

constant and angle constant, around T1Cu are also presented and discussed.

2.2 Computational Methods

In this section, we present the calculation procedure of the electronic properties and force
field parameters of T1Cu. T1Cu clusters are prepared from X-ray crystal structure fol-
lowed by optimization by using quantum method. Then, the electronic properties of the
optimized structures are calculated. The optimization and calculation were performed

by using Gaussian 09 package.[92]

2.2.1 Cluster Model for the Type I Copper Center

T1Cu clusters was extracted from the series of X-ray crystal structure of copper proteins.
In the case of oxidized state, the cluster of Azurin, Plastocyanin, Stellacyanin, and MCOs
were extracted from X-ray crystal structure with PDB ID are 4AZU, 1PLC, 1X9R
and 4NER, respectively. Meanwhile, the cluster of Azurin, Plastocyanin, Stellacyanin,
and MCOs in reduced state were extracted from X-ray crystal structure with PDB
ID are 1E5Y, 5PCY, 1X9U and 4E9T, respectively. In this model, all T1Cu clusters
composed by a copper ion coordinated to two histidines and a cysteine in trigonal plane,
and a methionine as axial ligand, except for Stellacyanin. In Stellacyanin, the copper
bound to glumatine, instead of methionine, at axial ligand position. The schematic
diagram of T1Cu model cluster is presented in Figure 2.1. The preparation of the
structures is finalized by adding hydrogen atoms and optimizing the hydrogens position
with B3LYP/6-31G(d) method.[89]

2.2.2 Electronic Properties

Several properties of T1Cu were calculated and discussed in relation to DFT func-
tional dependency. The calculated properties consist of molecular orbital, atomic partial
charges and partial spin, ionization potential (IP) of reduced T1Cu and electron affinity
(EA) of oxidized T1Cu. Atomic partial charges are calculated by using Merz-Singh-

Kollman scheme.[93] In addition, we also calculate maximum absorption wavelength by
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MET-469

FIGURE 2.1: The schematic diagram of Type I copper model cluster.

using time-dependent DFT. The solvation effect is approximated by using conductor-like

polarizable continuum model with £ = 10.[94, 95]

2.2.3 Force Field Parameters

Force fields of bond and angle around T1Cu are approximated by calculating potential
energy surface (PES) with BSLYP and M06 methods. PES is constructed by calculating
total energies of T1Cu structure with respect to varied bond and angle. Bond distance
was varied in the range of 0.1 A from equilibrium distance with increment 0.02 A, while
angle distance was varied in the range of £5° from equilibrium angle with increment
1°.[96] The force fields are obtained from fitting analysis of PES by using a harmonic
potential function, which the potential given by[89]

where K, and Ky represent the bond and angle constants, respectively, while r. and 6.

represent the equilibrium bond and angle, respectively.

2.3 Results and Discussion

In this section, we present the result of the electronic structure and properties of T1Cu.
The calculated properties consists of atomic partial charge, partial spin densities, ion-

ization potential, electron affinity, maximum absorption wavelength, bond and angle
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F1GURE 2.2: SOMO orbital of T1Cu calculated by using MO06.

constants. We discussed the dependency of those properties on DFT functional.

2.3.1 Electronic Properties

At the first, we present a SOMO orbital calculated by using M06, as shown in Figure
2.2. The shape of SOMO correspond to d,2_,2 orbital of the copper ion, p orbitals of
the sulfur and o orbital of two nitrogen atoms. On the interaction between copper ion
and ligands, we found an antibonding orbital between copper ion and a cysteine and two
histidines in trigonal plane. The orbital of methionine’s sulfur did not present in SOMO
indicate that the interaction between copper and methionine is relatively weak. Our

calculation produce SOMO that the shape is in agreement with the reference.[16, 90]

Regarding spin analysis, we present the surface of spin density calculated by using M06 in
Fig. 2.3. The shape of the surface is found to be similar to SOMO orbital shown in Fig.
2.2, which is also similar with our previous results.[90] The distribution of spin density
around T1Cu is represented by atomic partial spin provided in Tab. 2.1. We found that
atomic partial spin of copper ion in all T1Cu cluster obtained from MO06 calculation
is smaller than those obtained from B3LYP calculation. This results show that spin
distribution calculated by MO06 is more delocalized around the copper ion. In relation
to simple Hubbard model, spin distribution could be correspond to two parameters, i.e.
transfer integral (¢) and on-site repulsion (U), and commonly represented by ¢/U ratio.
In this case, spin delocalization around copper ion is related to transfer integral between
d orbital of copper ion and p orbital of cysteine’s sulfur atom. The higher value of atomic
partial spin on copper ion by M06 indicate that M06 calculation produce a higher value
of transfer integral and, as the consequence, lower value of t/U ratio. According to this

results, charge transfer between copper ion and cysteine’s sulfur is likely more favorable
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FI1GURE 2.3: Spin density surface of T1Cu calculated by using MO06.

TABLE 2.1: Atomic spin distribution of T1Cu in oxidized state calculated by using

B3LYP (MO06).

MET GLN
~N. N
S, 0

Azurin, Plastocyanin, MCOs Stelacyanin

Atomic Spin Distribution

Atom Azurin Plastocyanin  Stellacyanin MCOs

Cu 049 (0.46) 0.51 (0.48)  0.57 (0.54)  0.53 (0.49)

S; 043 (0.47) 0.39 (0.42)  0.33 (0.35)  0.38 (0.41)
S2/0 0 (0) 0.00 (0.00) 0 (0) 0 (0)

N 0.03(0.03) 0.04(0.04)  0.05(0.05) 0.04 (0.04)

Ny 0.03 (0.03) 0.04 (0.05)  0.04 (0.05) 0.19 (0.16)

to occurs by MO06 calculation. Atomic partial spin on methionine’s sulfur is found to

be zero in all T1Cu cluster. This indicate that the probability of the unpaired electron

of copper to distribute onto methionine’s sulfur is zero because the distance between of

both atoms is relatively larger than the other copper-ligand bond.

Atomic partial charges of T1Cu calculated by BSLYP and MO06 are presented in Table

2.2. We found that the partial charge of copper ion calculated by MO6 is less positive

than that calculated by B3LYP. In contrary, as for cysteine’s sulfur atom, the partial

charge obtained from MO06 calculation is less negative than that obtained from B3LYP

calculation. This indicate that, in M06 calculation, the negative charge of cysteine’s
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Cu-S(Cys459)/M06 =
52 | Cu-N(His464)/M06 = |
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FIGURE 2.4: EA of T1Cu in MCOs as a function of bond distance. The equilibrium
distance lie on a middle point and increment point is 0.05 A.

sulfur is more distributed onto the copper ion. The tendency of atomic partial charge is
found consistently in all T1Cu cluster, which means the dependency of atomic partial
charge on DFT functional is similar for all T1Cu cluster. According to atomic partial spin
and atomic partial charge analysis, we found that M06 calculation yield the distribution
of either unpaired electron of copper ion or the negative charge of cysteines’s sulfur that

is more distributed onto the other atom.

The results of ionization potential (IP), electron affinity (EA), and maximum absorption
wavelength (A) of T1Cu are presented in Table 2.3. We found that IP and EA obtained
from MO06 calculation is consistently larger than those obtained from B3LYP calculation,
which indicate the dependency of IP and EA on DFT functional. We also present the
plot of EA along with the distance of Cu-ligand bond, as shown in Figure 2.4. From the
figure, we found that the change of bond distance affect to EA value, in which EA is
directly proportional to the distance. We found that the dependency of EA on Cu-Cys
bond distance is relatively larger than the other bond. This finding indicates that Cu-
Cys bond present a largest contribution in assisting the electron transfer process, which

is in agreement with experimental data.[97]

Regarding MAW, we found that M06 calculation produce the wavelengths that is larger
than those produced by B3LYP calculation. In this T1Cu case, MAW depict a transition

energy between o orbital of Cys sulfur and d,2_,2 orbital Cu.[67] Energy involve in this

~y
transition is known as band-gap energy of electron transition and the value is inversely
proportional to the wavelength. This indicate that the larger wavelength correspond to
the smaller energy required for the transition. Hence, the larger MAW of M06 calculation

imply that electron transition is more favorable to occur.
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TABLE 2.2: Atomic partial charge of T1Cu calculated by using B3LYP (MO06).

|MET |GLN

09\52 \HIS N Cg\o \HIS
o5\ e /X,
Sy Na\ | S, N3\ |
\04/N4 \C4/N4
N\ N,
HIS\Ca/ \01 HIS\Ca/ \\01
\ \
Co—N, Co—N,
Azurin, Plastocyanin, MCOs Stelacyanin
Atomic Partial Charge ‘
Atom Azurin Plastocyanin
Ox Red Ox Red
Cu +0.63 (+0.59) 40.36 (+0.31) +0.65 (+0.58) +0.35 (40.30)
S1 -0.49 (-0.45) -0.78 (-0.75) -0.53 (-0.48) -0.73 (-0.69)
S2/0 -0.40 (-0.38) -0.34 (-0.32) -0.32 (-0.30) -0.26 (-0.24)
Ni -0.26 (-0.28) -0.22 (-0.22) -0.27 (-0.25) -0.32 (-0.32)
Ny +0.24 (+0.20) +40.21 (4+0.19) +0.19 (4+0.18) +0.20 (+0.18)
N3 -0.29 (-0.26) -0.26 (-0.23) -0.24 (-0.23) -0.20 (-0.18)
Ny +0.19 (+0.16) +0.18 (+0.16) +0.14 (4+0.12) +0.15 (+0.14)
Cy +0.12 (+0.16)  +0.08 (+0.10) +0.18 (4+0.19) +0.13 (+0.15)
Cs -0.07 (-0.04) -0.10 (-0.09) -0.03 -0.03 -0.21 (-0.20)
Cs +0.37 (+0.36) +0.24 (+0.24) +0.22 (+0.21) 40.49 (+0.49)
Cy +0.09 (+0.11)  +0.08 (+0.09) +0.15 (4+0.16) +0.09 (+0.10)
Cs -0.01 (4+0.02) -0.13 (-0.12) +0.01 (+0.02)  -0.11 (-0.10)
Ce +0.40 (+0.37) +0.43 (+0.41) +0.20 (4+0.20) +0.25 (40.25)
Cr +0.18 (+0.14)  +0.14 (+0.10) +0.24 (4+0.22) 40.05 (+0.01)
Cs/Ns  +0.11 (+0.09) +0.11 (+0.09) +0.12 (4+0.11) +40.09 (+0.09)
Cy +0.27 (+0.26)  40.11 (+0.10) +0.11 (+0.09)  -0.04 (-0.06)
Stellacyanin MCOs
Atom Ox Red Ox Red
Cu +0.54 (+0.50) 40.33 (+0.28) +0.55 (+0.54) +0.36 (4+0.33)
Sq -0.58 (-0.55) -0.79 (-0.75) -0.45 (-0.41) -0.71 (-0.68)
S2/0 -0.61 (-0.61) -0.60 (-0.60) -0.22 (-0.23) -0.21 (-0.22)
Ny -0.03 (-0.03) -0.07 (-0.07) -0.35 (-0.37) -0.20 (-0.21)
N, +0.23 (+0.22)  40.18 (+0.17) +0.19 (+0.16)  -0.06 (-0.05)
Ns -0.26 (-0.27) -0.31 (-0.30) -0.17 (-0.18) -0.36 (-0.36)
Ny +0.18 (+0.17)  +0.12 (+0.10) +0.10 (4+0.10) +0.15 (+0.14)
Cy +0.05 (+0.06) 40.04 (+0.06) +0.16 (+0.18) +0.19 (40.21)
Cs -0.04 (-0.04) -0.11 (-0.11) -0.09 (-0.08) -0.01 (-0.01)
Cs +0.15 (+0.16) +0.17 (+0.18) +0.58 (4+0.58) +0.19 (+0.20)
Cy +0.10 (+0.11)  40.10 (+0.12) +0.19 (+0.20) +0.12 (40.14)
Cs -0.05 (-0.05) -0.11 (-0.11) +0.03 (+0.02)  -0.17 (-0.16)
Ce +0.44 (+0.45) 40.55 (+0.56) +0.19 (+0.21) +0.55 (40.56)
Cr +0.11 (+0.08)  +0.01 (-0.02)  +0.17 (4+0.14) +0.12 (+0.09)
Cs/N5  -0.14 (-0.15) -0.15 (-0.15) +0.08 (+0.08)  0.06 (+0.06)
Co +0.94 (+0.96) +0.89 (+0.91) +0.05 (+0.04) 40.01 (-0.01)

Ox: Oxidized state, Red:

Reduced state.
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TABLE 2.3: The results of ionization potential (IP), electron affinity (EA), and maxi-
mum absorption wavelength (A) of T1Cu in various copper protein

Protein Method IP/éV  EA/eéV Afmm

calc.  exp.

A B3LYP  5.04 484  683.94
Zurm M06 532 512  694.90
. B3LYP 493 446  502.94

Plastocyanin MO06 523 472 527.06 7
. B3LYP 487 444  576.85

Stellacyanin MOG 516 471 5087 00
. . B3LYP  4.86  4.77  660.59

Multicopper oxidase NG 518 500 13 610

2 Ref. [16]

2.3.2 Force Field Parameter

We approximate the bond constant around T1Cu of Azurin, Plastocyanin, Stellacyanin,
and MCOs from a series of PES obtained from MO6 calculation shown in Figure 2.5,
2.6, 2.7, and 2.8, respectively. Meanwhile, a series of PES of Azurin, Plastocyanin,
Stellacyanin, and MCOs obtained from B3LYP calculation are shown in Figure 2.9,
2.10, 2.11, and 2.12, respectively. The value of the bond constants are summarized in
Table 2.4, 2.5, 2.6, and 2.7. From the results, we found the dependency of bond constant
on DFT functional. Bond constant obtained from MO06 calculation is consistently larger
than those obtained from B3LYP calculation for all T1Cu cluster. Particularly, we
found that the most significant dependency of bond constant is found on the interaction
of Cu and axial ligand. For example, as for T1Cu in Azurin, the bond constant of Cu-
Met bond obtained from B3LYP and M06 calculation are 7.02 and 27.93 kcal/mol-A2,
respectively. As for T1Cu in Plastocyanin, the bond constant of Cu-Met bond obtained
from B3LYP and M06 calculation are 18.50 and 45.35 kcal/ mol-A2, respectively. As for
T1Cu in Stellacyanin, the bond constant of Cu-Glu bond obtained from B3LYP and
MO06 calculation are 9.55 and 36.03 kcal/mol-AQ, respectively. As for T1Cu in MCOs,
the bond constant of Cu-Met bond obtained from B3LYP and M06 calculation are 6.24
and 34.62 kcal /mol-A?, respectively.

As we know, the larger the bond constant value, the stronger the interaction between
both atoms. Hence, the larger bond constant obtained from MO06 calculation indicate
that M06 calculation tends to represent the bond interaction between copper and ligand
in a stronger way than B3LYP. In particular, the contribution of M06 is more signif-
icant in the case of Cu and axial ligand. The distance of the bond between Cu and axial
ligand is significantly larger than the other bond. As consequence, Cu interact with axial

ligand interact with long-range interaction that is much weaker than the others. Thus,
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FIGURE 2.5: Potential energy surface for bond distance around T1Cu of Azurin in (a)
oxidized and (b) reduced state calculated by MOG.
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FIGURE 2.6: Potential energy surface for bond distance around T1Cu of Plastocyanin
in (a) oxidized and (b) reduced state calculated by MOG6.
TABLE 2.4: Fitting parameter for bond distance around T1Cu of Azurin calculated by
B3LYP (MO06).
Reduced State Oxidized State
Bond -
TPDB Te K, TPDB Te K,

Cu-N(His46)  2.00 1.97 (1.94) 109.39 (136.66) 2.06 1.96 (1.93) 107.82 (131.11)
Cu-N(His117) 211 2.00 (1.95) 106.04 (127.09) 2.19  2.05 (1.99)  72.16 (99.98)
Cu-S(Cys112) 227 214 (2.10) 135.11 (154.38) 228 220 (2.16)  96.67 (123.98)
Cu-S(Met121) 3.18 3.56 (3.28)  9.69 (25.80)  3.33 3.79 (3.39)  7.02 (27.93)

The unit of distance (r) and force constant (K,.) are A and kcal mol 'A~2, respectively.

according to this results, we found that M06 treats the long-range interaction better than

B3LYP does due to the type of exchange functional. M06 utilize meta-GGA exchange

fu

nctional, instead of pure GGA exchange functional, by considering spin kinetic energy

density parameter. By coupling with HF exchange functional in a proper ratio, meta-

G

in

GA exchange functional can improve the performance of DFT calculation, especially

the case of long-range interaction.
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FIGURE 2.7: Potential energy surface for bond distance around T1Cu of Stellacyanin
in (a) oxidized and (b) reduced state calculated by MO06.
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FIGURE 2.8: Potential energy surface for bond distance around T1Cu of MCOs in (a)
oxidized and (b) reduced state calculated by MO0G6.
TABLE 2.5: Fitting parameter for bond distance around T1Cu of Plastocyanin calcu-
lated by B3LYP (MO06).
Reduced State Oxidized State
Bond
TPDB Te K, TPDB e K,
Cu-N(His37) 2.13  1.94 (1.91) 96.63 (115.17) 1.91 1.97 (1.94) 126.52 (132.22)
Cu-N(His87) 239  2.09 (2.00) 54.52 (93.60) 2.06 2.00 (1.95) 89.24 (127.45)
Cu-S(Cys84)  2.17 219 (2.15) 87.18 (123.90) 2.07 2.15 (2.11) 152.73 (165.42)
Cu-S(Met92) 2.87 2.86 (2.63) 18.02 (40.90) 2.82 293 (2.72)  18.50 (45.35)

The unit of distance (r) and force constant (K,) are A and kcal mol ' A~2, respectively.

The angle constants around T1Cu of Azurin, Plastocyanin, Stellacyanin, and MCOs are

approximated from a series of PES obtained from MO06 calculation shown in Figure 2.13,

2.14, 2.15, and 2.16, respectively. Meanwhile, a series of PES of Azurin, Plastocyanin,

Stellacyanin, and MCOs obtained from B3LYP calculation are shown in Figure 2.17,

2.18, 2.19, and 2.20, respectively. The value of the angle constants are summarized in

Table 2.8, 2.9, 2.10, and 2.11. In the matter of angle constant, we did not found any
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FIGURE 2.9: Potential energy surface for bond distance around T1Cu of Azurin in (a)
oxidized and (b) reduced state calculated by B3LYP.
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FIGURE 2.10: Potential energy surface for bond distance around T1Cu of Plastocyanin
in (a) oxidized and (b) reduced state calculated by B3LYP.
TABLE 2.6: Fitting parameter for bond distance around T1Cu of Stellacyanin calcu-
lated by B3LYP (MO06).
Reduced State Oxidized State
Bond
TPDB T K, TPDB Te K,
Cu-N(His45) 1.89 1.99 (1.95) 101.46 (124.55) 2.17 2.02 (1.98) 83.15 (107.09)
Cu-N(His91)  2.06 2.05 (2.00) 99.84 (123.56) 2.06 2.05 (1.99) 85.78 (110.74)
Cu-S(Cys86)  2.23 2,18 (2.13) 128.73 (158.12) 2.24 2.22 (2.17) 92.33 (117.53)
Cu-O(GIn96) 2.22 241 (2.28)  29.21 (43.68) 2.52  2.83 (2.51)  9.55 (36.03)

The unit of distance () and force constant (K,) are A and kcal mol ' A~2, respectively.

dependency of angle constant on DFT functional. In some case, M06 produce angle
constant that is larger than B3LYP does, while in another case, M06 produce angle
constant that is smaller than B3LYP does. This finding correspond to the complexity

of angle constant, in which the approximation for an angle is still depend on another

angle. Hence, a bias raised by the other angle can be involved in the calculation.
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FIGURE 2.11: Potential energy surface for bond distance around T1Cu of Stellacyanin
in (a) oxidized and (b) reduced state calculated by B3LYP.
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FIGURE 2.12: Potential energy surface for bond distance around T1Cu of MCOs in
(a) oxidized and (b) reduced state calculated by B3LYP.
TABLE 2.7: Fitting parameter for bond distance around T1Cu of MCOs calculated by
B3LYP (MO06).
Reduced State Oxidized State
Bond
TPDB Te K, TPDB e K,
Cu-N(His402) 2.072 1.99 (1.95) 104.28 (129.56) 2.01  2.00 (1.92)  89.57 (139.47)
Cu-N(His464) 1.974 1.96 (1.92) 121.49 (152.54) 2.03 1.96 (1.95) 107.79 (112.10)
Cu-S(Cysd59) 2.302 2.18 (2.14) 126.97 (149.02) 2.30 2.25 (2.20)  92.3 (113.79)
Cu-S(Met469) 3.061 3.23 (2.96) 11.88 (32.57) 323 3.53 (3.12) 6.24 (34.62)

The unit of distance (r) and force constant (K,.) are A and kcal mol 'A~2, respectively.

2.4 Conclusion

We have presented a model cluster of T1Cu obtained from several copper protein, i.e.

Azurin, Plastocyanin, Stellacyanin, and MCOs. Several properties, such as atomic par-

tial charge, atomic partial spin, ionization potential (I

P) of reduced T1Cu, electron

affinity (EA) of oxidized T1Cu, bond and angle constants, etc. have been discussed in
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FIGURE 2.13: Potential energy surface for bond angle around T1Cu of Azurin in (a)
oxidized and (b) reduced state calculated by MOG.
TABLE 2.8: Fitting parameter for bond angle around T1Cu of Azurin calculated by
B3LYP (MO06).
Anele Reduced State Oxidized State
s fppB b Ko fppB b Ko
N(His46)-Cu-N(His117) 104 105 (100) 64 (93) 103 103 (105) 68 (70)
N(His46)-Cu-S(Cys112) 132 139 (145) 54 (103) 133 139 (137) 43 (58)
N(His46)-Cu-S(Met121) 75 73 (73) 558 (589) 73 70 (71) 478 (457)
N(His117)-Cu-S(Cys112) 124 116 (110) 4 (101) 123 115 (113) 34 (44)
N(His117)-Cu-S(Met121) 84 88 (88) 406 (367) 88 91 (91) 387 (413)
S(Cys112)-Cu-S(Met121) 110 110 (109) 208 (287) 112 113 (112) 155 (218)
Cu-N(His46)-C. 124 121 (123) 103 (104) 126 125 (128) 105 (128)
Cu-N(His46)-C, 132 135 (133) 103 (104) 130 131 (128) 104 (132)
Cu-N(His117)- CE 124 121 (122) 217 (334) 128 124 (126) 215 (322)
Cu-N(His117)-C, 129 133 (131) 188 (227) 127 131 (129) 205 (304)
Cu-S(Cys112)-Cg 109 107 (103) 88 (157) 108 106 (102) 75 (128)
Cu-S(Met121)-C. 99 97 (97) 425 (430) 98 95 (95) 342 (349)
Cu-S(Met121)-C,, 138 142 (142) 245 (236) 137 142 (141) 134 (161)
The unit of angle (#) and force constant (Ky) are (°) and keal mol™'rad ™2, respectively.

relation to DFT functionals. We have found that DFT functional affect to the properties

of atomic partial charge and atomic partial spin. In M06 calculation, negative charge
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F1GURE 2.14: Potential energy surface for bond angle around T1Cu of Plastocyanin
in (a) oxidized and (b) reduced state calculated by MO06.
TABLE 2.9: Fitting parameter for bond angle around T1Cu of Plastocyanin calculated
by B3LYP (MO06).
Anele Reduced State Oxidized State
& OppB 0. Ky OppB 0. Ky
N(His37)-Cu-N(His87) 99 101 (104) 5 (82) 97 97 (99) 219 (229)
N(His37)-Cu-S(Cys84) 136 137 (139) 92 (112) 132 131 (134) 140 (123)
N(His37)-Cu-S(Met92) 88 88 (89) 181 (181) 89 88 (90) 225 (201)
N(His87)-Cu-S(Cys84) 110 108 (107) 57 (57) 121 122 (121) 106 (98)
N(His87)-Cu-S(Met92) 106 106 (105) 221 (188) 101 100 (100) 228 (240)
S(Cys84)-Cu-S(Met92) 113 113 (112) 148 (148) 110 111 (109) 152 (133)
Cu-N(His37)-C. 117 123 (126) 64 (80) 123 123 (126) 76 (62)
Cu-N(His37)-C, 126 120 (117) 53 (73) 129 130 (127) 75 (66)
Cu-N(His87)-C. 127 129 (133) 82 (105) 124 123 (126) 149 (171)
Cu-N(His87)-C, 120 117 (114) 71 (130) 126 127 (124) 135 (179)
Cu-S(Cys84)-Cg 101 106 (100) 38 (44) 110 111 (108) 53 (70)
Cu-S(Met92)-C. 95 99 (97) 99 (81) 96 100 (100) 113 (102)
Cu-S(Met92)-C,, 133 133 (131) 62 (82) 127 127 (126) 79 (106)
The unit of angle (#) and force constant (Ky) are (°) and kcal mol™'rad ™2, respectively.

of Cys sulfur atom is more distributed onto the other atom, especially Cu atom. Also,

the distribution of unpaired electron of Cu calculated by MO06 is more delocalized, which
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F1GURE 2.15: Potential energy surface for bond angle around T1Cu of Stellacyanin in
(a) oxidized and (b) reduced state calculated by MO6.

TABLE 2.10: Fitting parameter for bond angle around T1Cu of Stellacyanin calculated
by B3LYP (MO06).

Reduced State

Oxidized State

Angle frpB 0. Ko frpB be Ko
N(His45)-Cu-N(His91) 100 97 (98) 212 (213) 98 95 (97) 130 (136)
N(His45)-Cu-S(Cys86) 128 131 (135)  84(88) 132 134 (137) 63 (72)
N(His45)-Cu-S(Met96) 94 91 (92) 367 (400) 87 83 (85) 290 (319)
N(His91)-Cu-S(Cys86) 126 116 (116) 39 (34) 125 118 (102) 26 (148)
N(His91)-Cu-O(GIn96) 95 98 (98) 513 (520) 90  92(92) 522 (518)
S(Cys86)-Cu-O(GIn96) 105 105 (104) 295 (394) 111 112 (111) 184 (313)
Cu-N(Hisd5)-C. 121 121 (122) 95 (102) 128 125 (128) 52 (61)
Cu-N(His45)-C., 120 130 (128) 95 (102) 122 126 (122) 54 (65)
Cu-N(His91)-C.. 127 123 (125) 297 (383) 126 122 (124) 257 (404)
Cu-N(His91)-C., 123 127 (126) 204 (376) 123 127 (125) 248 (384)
Cu-S(Cys86)-Cg 108 109 (105) 77 (178) 108 110 (106) 73 (126)
Cu-0(Glu96)-Cs 117 115 (115) 365 (364) 106 104 (103) 260 (256)
The unit of angle (8) and force constant (Ky) are (°) and keal mol ™ 'rad ™2, respectively.

135

is indicated by low value of atomic partial spin of Cu. Bearing on bond constant, M06

produce this parameter around T1Cu in all clusters that is larger than those calculated
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FIGURE 2.16: Potential energy surface for bond angle around T1Cu of MCOs in (a)
oxidized and (b) reduced state calculated by MOG.
TABLE 2.11: Fitting parameter for bond angle around T1Cu of MCOs calculated by
B3LYP (MO06).
Anele Reduced State Oxidized State
& fppB 0. Ky fppB 0. Ky
N(His402)-Cu-N(His464) 103 102 (102) 93 (72) 105 105 (105) 78 (60)
N(His402)-Cu-S(Cys459) 129 131 (131) 93 (59) 126 130 (126) 69 (62)
N(His402)-Cu-S(Met469) 79 78 (79) 419 (529) 78 76 (77) 359 (74)
N(His464)-Cu-S(Cys459) 124 120 (124) 36 (50) 128 121 (106) 26 (109)
N(His464)-Cu-S(Met469) 107 107 (107) 375 (355) 102 102 (102) 370 (348)
S(Cys459)-Cu-S(Met469) 100 100 (99) 236 (284) 100 100 (99) 174 (246)
Cu-N(His402)-C. 125 123 (125) 94 (86) 127 125 (128) 89 (93)
Cu-N(His402)-C, 124 126 (124) 98 (93) 125 127 (124) 90 (94)
Cu-N(His464)-C. 125 125 (127) 205 (280) 127 127 (129) 210 (240)
Cu-N(His464)-C, 125 126 (124) 204 (278) 125 125 (123) 202 (227)
Cu-S(Cys459)-Cp 100 105 (100) 43 (92) 100 103 (98) 40 (84)
Cu-S(Met469)-C. 104 102 (103) 181 (188) 103 101 (102) 153 (127)
Cu-S(Met469)-C,, 140 141 (140) 240 (314) 141 143 (141) 190 (324)
The unit of angle (#) and force constant (Ky) are (°) and keal mol™'rad ™2, respectively.

by B3LYP. In particular, the dependency on DFT functional is found to be more sig-

nificant in the case of the bond between Cu and axial ligand. This indicate that M06
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FIGURE 2.17: Potential energy surface for bond angle around T1Cu of Azurin in (a)
oxidized and (b) reduced state calculated by B3LYP.

can handle long-range interaction better than B3LYP does. However, we did not find
any consistent contribution of DFT function in the case of angle constant due to the

complexity of the calculation.
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Chapter 3

Quantum Chemical Study of the
Axial Ligand Effect on the
Electronic Properties of Type I
Copper Protein

3.1 Introduction

Type I copper (T1Cu) proteins, such as Azurin, Plastocyanin, Stellacyanin, etc., play an
important role in a various biomolecular processes involving electron transfer.[10, 11, 98]
This proteins receive an electron from other proteins with higher redox potential and
transfer the electron to other protein with lower redox potential.[16, 64, 65] T1Cu protein
is recognized by an intense blue color arising from a charge transfer from ligand to
metal, which the band is observed around 600 nm, and a narrow hyperfine splitting
of spectrum analysis using electron paramagnetic resonance.[5] This proteins present
relatively high value of redox potential and the secondary structure is quite similar
between the structure in oxidized and reduced state.[99] T1Cu protein contains a copper
cluster, the so-called type I copper center (T1CC), which the geometrical structure is
closely to trigonal bypyramidal. Generally, copper ion (Cu) in T1CC bound to a cysteine
(Cys) and two histidines (His) in equatorial position, and also bound to methionine
(Met) in axial position. A short bond distance between Cu and Cys is known to be

highly covalent and thus arise an intense of charge-transfer band.[10]

On the contrary, Met bound to Cu with the bond distance more than 3 and inter-

act with a long-range interaction.[10] Although the interaction between Cu and Met is

39
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relatively weak, several groups has reported that this interaction contribute to protein
function.[100-106] The contributions of axial ligand interaction have been investigated
by Li and coworkers. They found that the lack of the ligand give a contribution to redox
potential of T1Cu protein.[101] The study by Garner and coworkers have also revealed
the contribution of axial ligand in stabilizing protein structure. The lack of the ligand
lead to protein destabilization due to the change of hydrophobic or hydrogen bond in-
teraction around T1CC.[102] Furthermore, several studies have revealed the other roles

of the axial ligand, such as steric protection of Cu ion and geometric control.[104, 105]

Several groups have investigated some properties of T1CC, such as absorption wave-
length, EPR spectra, and redox potential.[66-70, 75] The absorption wavelength and
EPR spectra of T1CC have been investigated by Somolon and coworkers.[67] They have
also investigated the other properties, such as room temperature circular dichroism and
magnetic circular dichroism spectra, of several T1Cu proteins, such as Azurin, Plasto-
cyanin, and Stellacyanin. Meanwhile, the electronic structure and properties of T1CC
have also been studied by using computational method. For example, the interactions
between Cu and ligand have been investigated by using quantum mechanical method by
Solomon and coworkers. The results of their studies have been discussed in relation to

the electronic structure.[16, 95]

This study aimed to investigate the effect of axial ligand (Met) on the properties of
T1Cu protein by using density functional theory (DFT) with long-range correction (LC)
scheme. For typical example, we prepared T1CC extracted from X-ray crystal structure
of Azurin protein (PDB ID 4AZU).[22] As shown in Figure 3.1, we prepared T1CC
model cluster that consists of a copper ion, a cysteine, two histidines, and a methionine.
In the term of axial ligand, we neglect Glycine (Gly) axial ligand of T1CC in Azurin

because the contribution is much less effective than Met ligand.[100]

3.2 Computational Methods

3.2.1 The Model of Type 1 Copper Center

The calculations of electronic structure and properties of T1CC cluster are conducted by
utilizing eight density functional theory (DFT) functionals. Those functionals is chosen
with respect to several classes of DFT functionals, i.e. (i) pure generalized gradient
approximation (GGA) (PBE and BLYP), (ii) hybrid (B3LYP and MO06), (iii) long-range
corrected (LC)-GGA (LC-BLYP and LC-wPBE), and (iv) LC hybrid (wB97X and CAM-
B3LYP). We investigated the long-range interaction of axial Met ligand by calculating

equilibrium bond distance and bond constant of Cu-Met bond, redox potential, and
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FIGURE 3.1: A schematic diagram of T1CC model cluster.

maximum absorption wavelength (MAW). In the case of redox potential and MAW, the
calculations are performed by utilizing several T1CC model cluster with varied distance
of Cu-Met bond. Thus, we prepared five T1CC clusters with Cu-Met bond distances
are 3.18, 3.28, 3.38, 3.48, and 3.58 .

3.2.2 Force Field and Electronical Properties

We calculated equlibrium bond distances and bond constants by approximating potential
energy surface (PES) along with Cu-Met bond distance. Then, equlibrium bond dis-
tances and bond constants are calculated from fitting analysis of PES using a harmonic
potential function as[89]

V(r, K,) = K(r —r.)? (3.1)

which K, and r. means bond constant and equilibrium bond constant, respectively.

Meanwhile, redox potential (Fyeqox) of TICC is calculated by using Nernst’s equation

A Gredox

Eredox = ™o — ENuHE (3.2)

which AGheqox represents the Gibbs free energy for redox reaction, Enyg represents ref-
erence potential (4.44 V),[107], n and F' are the number of electron involve in reaction,
and Faraday constant (96.485 kJ/mol.V), respectively. In the meantime, MAW is ap-
proximated by using time-dependent DFT method with polarizable continuum solvation
model (¢ = 10).[108] In the term of redox potential and MAW, relative values of those
properties is calculated instead of absolute value. The calculation of relative values is

performed by subtracting the absolute values with the minimum values. However, the
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TABLE 3.1: The absolute value of minimum energy, redox potential, and absorption

wavelength.
Method Relative Minimum Redox Potential Maximum Absorption
Energy (kcal/mol) (mV) Wavelength (nm)
BLYP 356.42 822 579
PBE 1553.75 616 580
B3LYP 0.00 552 603
MO06 696.42 224 604
LC-BLYP 3065.50 191 758
LC-wPBE 929.15 229 724
wBI7X 244.79 353 682
CAM-B3LYP 434.19 449 678
Exp. - 3412 631°
2 Ref. [69]
b Ref. [70]

absolute values of those properties are presented in Table 3.1. The accuracy of calcula-
tion is estimated by calculating relative error from the comparison between calculated

results and experimental data, which the relative error given by

’Pcalc - Pexp’

o (3.3)

Erroryelative =
where Py and Pey, mean the value of the properties obtained from calculation and
experiment, respectively. All of the calculations are conducted by using Gaussian 09

package.[92]

3.3 Results and Discussions

3.3.1 Equilibrium Bond Distance and Bond Constant

The plot of PES along with the bond distance between Cu and Met is presented in Figure
3.2. We scaled the energies value by subtracting the value with minimum energies.
From the figure, the position of curve indicates the equilibrium bond distance and the
curvature indicates the bond constant. In the case of equilibrium bond distance, M06
produced the bond distance (3.24 ) with the value is closest to the bond distance obtained
from X-ray crystal structure (3.18 ). In the meantime, we found that BLYP produce a
poor result that indicated by a large deviation of the bond distance in comparison with
the distance obtained from X-ray structure. We calculated the relative minimum energy
for each DF'T functional by subtracting the energies with BSLYP minimum energy. The

value of relative minimum energies are presented in Table 3.1.
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FIGURE 3.2: Potential energy surface along Cu-Met bond distance calculated by using
various type of DFT functional.

The bond constants of Cu-Met bond obtained from the approximation of fitting analysis
were summarized in Table 2. The Cu-Met bond constants obtained from the fitting pro-
cedure were summarized in Table 2. We found that M06 produce the highest value of
bond constants. Indeed, the bond constant obtained from MO06 calculation (43.64 kcal/-
mol) is almost two times higher than those obtained from wB97X (20.46 kcal/mol), as
the second higher. This suggest that long-range interaction of Cu-Met bond is presented
by MO06 calculation in the stronger way. Although the expression of explicit long-range
correction does not involved in MO06 functional, but this functional utilizes a mixing
scheme of meta-GGA exchange functional with non-local HF exchange functional in a
proper way. For the case of bond constant, the mixing scheme in hybrid M06 is found to
be more dominant than the contribution of explicit LC scheme in LC-DFT. By compar-
ing to another hybrid functional, the bond constant obtained from MO06 calculation is
almost seven times higher than those obtained from B3LYP calculation (6.67 kcal/mol).
This is related to the fact that M06 utilize meta-GGA exchange functional instead of
pure GGA functional, as used in B3LYP.[59] As we expected, BLYP present the weakest
long-range interaction of Cu-Met bond due to the lack of LC scheme.

3.3.2 Redox Potential and Maximum Absorption Wavelength

The plot of relative redox potential as a function of Cu-Met bond distance is presented
in Figure 3.3. From the Figure, we confirms the contribution of the interaction between
Cu and axial Met ligand to redox potential. The value of redox potential is found to be
decreased along with the increasing of the bond distance. In this calculation, we found

that the series of LC-DFT is more sensitive to the change of the bond distance than
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TABLE 3.2: Fitting parameter for bond distance of Cu-Met.

Method re() K, (kcal/mol)
BLYP 3.91 5.79
PBE 3.61 6.95
B3LYP 3.73 6.67
MO06 3.24 43.63
LC-BLYP 3.41 16.91
LC-wPBE 3.59 9.73
wBITX 3.40 20.46
CAM-B3LYP  3.55 10.43

X-ray structure 3.18 -

0 BLYP =
PBE -

—-10 } B3LYP —=—
MO6 -
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FIGURE 3.3: Relative redox potential as a function of Cu-Met bond distance.

non-LC-DFT. Amongst LC-DFT, LC-BLYP present the most sensitive functional with
the tendency is close to wB97X functional. Meanwhile, PBE and BLYP functional is
much less sensitive to the change of the bond distance, which correspond to similar LC
scheme deficiency. This results indicate the effect of LC scheme on the bond distance

sensitivity of DFT functional for redox potential calculation.

Bearing on accuracy, the relative error of redox potential is calculated and shown in
Figure 3.4 We found poor results produced from pure GGA calculation that is indicated
by high value of the error. We also found that the accuracy of LC-DFT calculation is
better than non-LC-DFT calculation, except for M06. The accuracy of MO06 is relatively
similar to LC-DFT calculation. In this case, the performance of mixing scheme of
exchange functional in M06 is quite similar to the contribution of LC scheme in LC-DFT.
The wB97X functional produce the best result indicate that the LC scheme implemented
in this functional is better than others. We present the contribution of LC scheme
explicitly by comparing between BLYP with LC-BLYP, and B3LYP and CAM-B3LYP.
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FIGURE 3.5: The relative absorption wavelength as a function of Cu-Met bond distance.
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The utilization of LC scheme in BLYP and B3LYP reduce the error by 0.97 (from 1.40
to 0.43) and 0.30 (from 0.61 to 0.31), respectively. This results suggest the contribution

of the LC scheme to improve the accuracy of redox potential.

We present the plot of relative MAW as a function of Cu-Met bond distance in Figure 3.5.

From the figure, we confirm that the bond distance of Cu-Met bond give a contribution

to MAW. The wavelength is found to be increased along with the increasing of the bond

distance. The tendency of BLYP and PBE functional are found to be similar as the

consequence of similar type of pure GGA DFT functional. In the term of MAW, MO6 is

found to be the most sensitive to the change of bond distance. However, any significant

contribution of LC scheme is not found in the sensitivity of the bond distance to MAW.
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In the term of the accuracy of MAW, we found that pure GGAs calculation produce the
result that is more accurate than LC pure GGAs. This results correspond to the fact
that MAW of T1Cu mainly raised by electron transition from d,2_,2 orbital of Cu to 7
orbital of Cys sulfur. In this transition, Met orbital has no contribution and thus the
short-range interaction of Cu-Cys is more dominant than long-range interaction of Cu-
Met. Meanwhile, the most accurate result was obtained from M06 calculation, in which
the accuracy is almost similar to BSLYP’s. This finding point out the contribution of
mixing scheme in hybrid functional in enhancing the ability to handle both short and

long-range interaction.

3.4 Conclusion

In summary, we have investigated and confirmed the contribution of axial ligand on
the properties of T1Cu protein, i.e. bond constant, redox potential and MAW. To
perform the calculation, several type of DFT functional that represent some class of
DFT functional were chosen, i.e. (i) pure generalized gradient approximation (GGA)
(PBE and BLYP), (ii) hybrid (B3LYP and M06), (iii) long-range corrected (LC)-GGA
(LC-BLYP and LC-PBE), and (iv) LC hybrid (B97X and CAM-B3LYP). Regarding on
long-range interaction of Cu-Met bond, we confirmed the contribution of LC scheme
and hybrid scheme of DFT in improving the accuracy of redox potential calculation.
This result correspond to the ability of those LC-DFT and hybrid DFT in accounting
the long-range interaction. However, as for MAW calculation, we found that LC scheme
do not perform well because short-range interaction is more dominant than long-range

interaction in this calculation.
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Theoretical Study on the
Contribution of Spin Structure to
Redox Potential of [2Fe-2S] Core

Cluster from Iron-Sulfur Proteins

4.1 Introduction

Iron sulfur proteins are usually exist in living organism and take a role in variety pro-
cesses in biological systems, such as nitrogen fixation, photosynthesis, and respiration.[36,
109, 110] This proteins present a broad range of redox potential and thus allow them to
interact with many types of redox substrates by acting as electron carriers.[29, 30] This
proteins contain one or more iron-sulfur clusters that comprised by one to eight iron
atoms, cysteine’s sulfur atoms, and inorganic acid labile sulfurs that connect the cluster
with peptides. In supporting biological processes, this clusters present an important role
in several functions such as radical chain stabilization,[36] redox reaction,[29, 30] and
Lewis acids.[35] The classification of iron-sulfur clusters are suggested in the basis of the
number of iron and sulfur atoms, structural motif, and its electrochemical and spectro-
scopic properties.[109] Despite the similarity of iron-sulfur clusters in several iron-sulfur
proteins, the residues of those proteins are found to interact with the cluster in different
way. Hence, in order to know the function of this protein, it is necessary to know the

environmental effect in the vicinity of the cluster.

Iron-sulfur proteins are classified into several classes. Ferredoxins is one of those classes

that present low molar mass and also support several biological pathways of electron

47
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transfer by acting as electron carriers.[39] This proteins are recognized from the feature
of EPR signal as that from a nonheme iron.[111, 112] Similar to the other iron-sulfur
protein, ferredoxins have also a broad range of redox potential that allow them to inter-
act with a various type of redox substrate in several important processes in biological
systems.[29, 30, 109, 113]

Furthermore, ferredoxins are classified into several classes. [2Fe-2S] ferredoxin is one
of ferredoxins classes that contain a complex cluster of two iron atoms, two inorganic
sulfur atoms, and four cysteine thiolates. [2Fe-2S] Ferredoxins have attracted much
interest for their function in supporting many biological processes, and thus the num-
ber of studies to explore structure-function relationships of this protein have also been
increased. [33, 113-115] In 1962, Tagawa and Arnon have obtained the first crystal struc-
ture of a clostridium ferredoxin by using X-ray studies. They continue their study with
the measurement of redox potential of the protein.[115] Regarding iron-sulfur cluster,
Buchanan et.al. confirmed the existence of inorganic sulfur atom in the cluster, in which
the amount of sulfur is equimolar with non-heme iron protein.[33] Furthermore, Tagawa
and Arnon reinvestigated the redox potential and stoichiometry of electron transfer pro-
cess of ferredoxin.[115] According to their studies, the value of redox potential of spinach

ferredoxin is found as about -420 mV.

In order to enhance the understanding of this protein, several theoretical studies of
ferredoxins have also been conducted.[116-120] Noodleman and coworkers performed
X valence bond scattered wave (X-VB-SW) calculation to investigate the structure of
various cluster that is mimicked the iron-sulfur cluster.[116] Their studies reveal that the
bonds between iron and inorganic bridging sulfur are stronger than the bonds between
iron and sulfur of thiolate. Then, Noodleman and coworkers continued their studies with
the estimation of antiferromagnetic coupling constants in the cluster by using broken
symmetry analysis.[117] Even though they obtain an overestimated results compare to
the corresponding experimental data, but they found the tendency of the results is in

agreement the experimental data, which indicate the validity of the method.

Meanwhile, Mouesca and coworkers calculated redox potential of iron-sulfur cluster by
utilizing several parameters into their calculation, i.e. ground state energies, spin Hamil-
tonian, and resonance delocalization. They approximated the value of those parameters
from the results of calculation in low spin and high spin state.[118] By using those pa-
rameters, they obtained a results that are in good agreement with experimental data.
In their calculations, they also suggested the concept of spin and electron delocalization
barycenter that is similar to the concept of ligand field stabilization theory. Several fac-

tors that determine the magnitude of redox potential of ferredoxins protein have been
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analyzed by Banci and coworkers. They confirmed the contribution of the net charges

of acidic and basic groups to the wide range of redox potential of ferredoxin proteins.

Recently, we have suggested an accurate approximation method to calculate the redox
potentials of organic and inorganic compound by means of electronic structure calcula-
tions with solvation models.[121-123] Since the estimation of solvation free energies of
highly charged ions by using solvation model often fail, the calculation of redox potential
of transition metal complexes with +3/-3 charges by using conventional methods is over
or underestimated the experimental data. Later, by adding correction terms originated
from counter ion around the metal complexes, referred as a Pseudo Counter Ion Solva-
tion Scheme (PCIS), we have succeeded in reproducing the redox potential of transition
metal complexes within 0.25 V.[122] The environment of protein is usually modeled by a
dielectric medium with € = 4 — 10 and the difference of the results by using the solvation
model and those by real models represent the importance of the actual protein envi-
ronment. Hence, redox potential of metalloproteins such as heme proteins, iron-sulfur
proteins, and copper proteins is interesting to be estimated by using the present method

and evaluate the performance of the method.

This study aim to calculate the redox potential of two [2Fe-2S] ferredoxins, i.e., spinach
ferredoxin and adrenodoxin. Regarding accuracy, the relative values of redox potentials
between two proteins are analyzed, instead of absolute ones to reduce systematic error.
Particularly, we investigated the contribution of DFT functionals and two basis sets
w/wo diffuse function to redox potential. The contribution of DFT functionals is inves-
tigated by utilizing two typical DFT functionals, i.e. B3LYP and M06. MO6, that is
originally proposed by Zhao and Truhlar,[59, 85] has been reported to give better results
than B3LYP for the calculation of organic and inorganic molecules.[86-88] We present a
cluster model containing an [2Fe-2S] iron-sulfur cluster with several possible spin states.
Thus, four spin approximations are utilized related to the spin issue, as will explain be-
low. The solvent contribution around the cluster was treated by using implicit solvation
model. The combination of the methodologies and spin approximation are summarized
in relation to the accuracy of the redox potential of [2Fe-2S] ferredoxins. In addition,
the singly occupied natural orbital (SONO) and atomic partial charge of the cluster in
reduced state are investigated to get the insight about the difference of redox potentials

between two ferredoxins.
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4.2 Computational Methods

4.2.1 The Model of Iron-Sulfur Cluster

The calculations were performed by using two typical DFT functionals, i.e. B3LYP
and MO06, combined with two basis sets, i.e. 6-31G(d) and 6-31G(d,p), w/wo diffuse
functions. All calculations were conducted by using Gaussian 09 program package.[92]
We investigated two iron-sulfur proteins, i.e. ferredoxin and adrenodoxin, for typical
example. The models of iron-sulfur cluster were prepared from X-ray crystal structures
of ferredoxin (PDBID 1A70[124]) and adrenodoxin (PDBID 2MJD[125] and 2MJE[125]).
The clusters consist of two irons, two bridging sulfur atom, and four methylthiolates as
a replacement of cysteine residues, as shown in Figure 4.1. The hydrogen atoms were
added into the cluster and were optimized by using B3LYP/6-31G(d), while the other

heavy atoms were freezed.

4.2.2 Redox Potential and pKk,

We approximated a various spin states of the clusters, raised by coupled iron, by using
several spin approximations. Firstly, we calculate the energy of the cluster with the spin
state defined as high spin (HS) and low spin (LS), in which the energy in LS state was
approximated by using broken symmetry (BS) technique.[116] As for the LS states, other
spin approximation, the so-called approximate spin projection (AP), was also utilized,
which is formulated as[126-128]

S S S
EkPBS = QEES - 5EH ) (4.1)

C2 C4 J

FIGURE 4.1: A structure of iron-sulfur cluster.
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TABLE 4.1: The formula of coupling constant and ground state energy.

Oxidized State Reduced State
81=S(F63+)=5/2 51:S(Feg+):5/2
Sy = S(Fe*™) =5/2 Sy = §(Fe*t) =2

B = 1/10 [e(HS), — e(HS),]
Jox = 2/25 [Eg(HS) — Eo(BS)]  Jrea = 1/10 [Eo(HS)y — Eo(BS) + 58]

e(HS), and e(HS), are orbital energies belong to v and g component of
metal d orbitals split by resonance delocalization.

where

g2\ IS _ /ga\1
(-t .
> _< >BS

B=a—1. (4.3)

Meanwhile, we also used another spin approximation to estimated the energy in LS state.
In this approximation, the effect of J spin coupling (JC) in Heisenberg Hamiltonian with
an isotropic correction is considered, in which the ground state energy is formulated
as[118, 120]

Eo(GS),. = Eo(BS) — 5/2Jx (4.4)
Eo(GS),eq = Eo(BS) — 2Jreq (4.5)

where J means the spin coupling parameter. We utilized the parameter of Heisenberg
Hamiltonian shown in Table 4.1 that is obtained from the reference.[118, 120] From Table
4.1, S and Sy represent spin eigenvalues on two iron centers, B represents resonance

delocalization parameter, and S represents total spin.

Regarding solvent contribution around the vicinity of the cluster, we used conductor-
like polarizable continuum model (CPCM), with e = 10, to account the contribution
of solvent.[94, 95] Also, we used PCIS method as an alternative solvation model by
adding a charge-dependent correction term that is derived from a Generalized Born
theory.[122] The implementation of this correction scheme can reduce error in redox
potential calculation of highly charged metal complexes.[122] We calculated standard
redox potential (Fiedox) by using a relationship of redox potential and the Gibbs free

energy difference of oxidized and reduced states (AGieqox) that is written as

AC;’redox

Eredox = T - ESHE (46)
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where n and F' represent the number of electrons, and Faraday constant, respectively,
while Egyp represents absolute of standard hydrogen electrode, taken as 4.43 V.[129]
In this calculation, the free energy difference was directly calculated, instead of using a
thermodynamic cycle. We defined the free energy difference as the difference between the
free energy of the cluster in oxidized and reduced states, the so-called vertical ionization

potential (VIP), as given by
AGredox = EQyy — Efon). (4.7)

The terms of free energy correction were completely omitted due to the high computa-
tional costs of vibrational analyses. Nevertheless, our previous study revealed that this
approximation can produce a good enough results for the calculation of redox potentials

of metal complexes.[122]

We also calculated acid dissociation constant (pK,) by using free energy difference upon

a deprotonation reaction (AGqep) that is written as

AGge
pKa_ dep

~ 2.303RT (4.8)

where R and T represent gas constant and temperature, respectively. The free energy
was derived from deprotonation reaction (see scheme in Figure 4.2), AH <= A~ + HT,
given by

AGgep = Eaq(A7) + Gaq(H') — Eaq(AH) (4.9)

where the free energy correction terms were again omitted in a similar way with redox
potential calculation. Furthermore, we calculated the free energy of proton in aqueous
phase as

Gaq(H+) - Gg(H+) + AGaq,SOlV(H+) + AGlatm_)lM (410)

where AG,qsorv(HT) taken as -265.9 kcal/mol.[130] We defined the value of Gg(H™)
as -6.28 kcal/mol at 298.15 K, according to Sackur-Tetrode equation for gas-phase
monoatomic species.[131] We added AG'™™ =M " with the value is 1.89 kcal/mol,[132]
to convert the standard state from 1 atm to 1 Molar. Bearing on protonation process, we
calculated the difference of the cluster energy in oxidized and protonated reduced state,
according to Figure 4.2. This value will indicate the protonation feasibility of the sulfur
in each site. In addition, we also investigated SONO orbital of the iron-sulfur cluster in
reduced state by using localized natural orbital method.[133] The atomic partial charges

of the clusters were also investigated by using Merz-Singh-Kollman scheme.[93]
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4.3 Results and Discussions

4.3.1 Redox Potential

Firstly, we analyze the reliability of combination of method and spin approximations
in reproducing the experimental results. As for reference, we used the value of redox
potential of spinach ferredoxin and adrenodoxin obtained from experimental data as -
0.42V([33] and -0.27V[134], respectively. In this study, we analyze the results by utilizing
the absolute error derived from relative redox potential (AE) between those proteins,
i,e AE = FEioredoxin — Fadrenodoxin, instead of absolute redox potentials to eliminate
systematic error. We defined the absolute errors for relative redox potential upon the
experimental results as a difference of relative error produced by our calculations and
experimental studies (AAE = |AEc,c — AFcp|). Then, we approximated the reliability
of combination of methods by evaluating the absolute error. We present the absolute

value of redox potential of the cluster in Table 4.2.

We summarize the calculation results of AAFE in Table 4.3. As for the calculation
by using BSLYP without PCIS scheme, the implementation of diffuse function do not
yield any improvement on the value of AAFE for all spin approximations, except for
JC approximation. We found the value of AAFE calculated by B3LYP with HS, BS,
and AP are found to be similar whether the diffusion function is implemented or not.
However, the implementation of diffuse function in JC approximation reduce the error
by 0.05 V (from 0.26 to 0.21 V). This suggest that a little bit improvement may be
obtained from JC approximation, though the value is not significantly closer to the

corresponding experimental data. This improvement is related to the fact that the

H

H3C—L\{ , S—CH3 H3C—\ \/s CH3
d

H3C—S/\S \S—CH3 H3C— 9/ S—CH3
Ka;\\ ,//’Kag,

CYS-39 CYS-47
(CYS-41) (CYS-50)

W A S

H3C — 5/ \S// \5 CH3

CYS-44 CYS-77

(CYS-47) (CYS- 8'.:(}

Kaz agq
H3C—5\Fe/\Fj//xs-CH3 H3C—-;\\<Fe/\l:e/5 CH3
H3C ?/\S/\S—CH3 H3C S/\Q/\S CH3

H

FIGURE 4.2: The protonation model of cysteine residue in iron-sulfur cluster of ferre-
doxin (adrenodoxin).
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TABLE 4.2: The absolute redox potential of iron-sulfur cluster in ferredoxin (adreno-
doxin) protein.

Spin Approximation

Method S BS AD JC
VIP scheme
1 -2.11 -2.39 -2.67 0.32
(-2.19) (-2.46) (-2.72) (0.21)
2 -1.63 -1.91 -2.19 0.64
(-1.71) (-1.98) (-2.24) (0.58)
3 -2.15 -2.90 -3.74 0.17
(-2.23) (-2.63) (-3.06) (0.49)
4 -1.69 -2.15 -2.62 0.88
(-1.76) (-2.13) (-2.51) (0.91)
VIP with PCIS scheme
1 -1.88 -2.16 -2.45 0.55
(-1.92) (-2.19) (-2.45) (0.48)
2 -1.40 -1.68 -1.96 0.87
(-1.44) (-1.71) (-1.97) (0.85)
3 -1.92 -2.67 -3.51 0.40
(-1.96) (-2.36) (-2.79) (0.76)
4 -1.46 -1.92 -2.39 1.11
(-1.49) (-1.86) (-2.24) (1.18)

HS: High spin, BS: Broken symmetry, AP: Approximated spin
projected, JC: J spin coupling

1: B3LYP/6-31G(d), 2: B3LYP/6-31++G(d), 3: M06/6-31G(d),
4: M06/6-31++G(d)

Hamiltonian for the cluster in oxidized and reduced state is defined differently in JC
approximation. In contrary, a significant improvement was obtained when the diffuse
function is implemented in M06 calculation with AP approximation, in which the error
reduce by 0.32 V (from 0.35 to 0.03 V).

In the case of VIP with PCIS scheme, we also found a little dependency of basis set
on the calculation with B3LYP. Nevertheless, the implementation of diffusion function
in the calculation with BS and JC UMO06 give an improvement of AAFE value. The
most significant improvement with respect to the diffuse function was obtained from
the calculation with AP UMO06, in which the absolute error decreases by 0.30 V (from
0.31 to 0.01 V). This findings indicate that the diffuse function give a contribution to

improve the calculation of redox potential with M06 functional.

Bearing on DFT exchange correlation functional, the calculation by M06 produce the
results that are more accurate than those by B3LYP, except for HS and AP approx-
imations without diffuse function. For example, in VIP with PCIS scheme and BS
approximation, the value of AAFE by B3LYP and M06 with diffuse function are found
as 0.17 and 0.09 V, respectively. This different corresponds to two hybrid issues, i.e. the

type of exchange functional, and the ratio of the exchange functional with HF exchange
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TABLE 4.3: The absolute error of redox potential difference.

Method Spln Appr0x1mat10n

HS BS AP JC
VIP scheme
1 0.23 0.21 0.20 0.26
2 0.23 0.21 0.20 0.21
3 0.23 0.28 0.35 0.18
4 0.22 0.13 0.03 0.12
VIP with PCIS scheme
1 0.19 0.17 0.16 0.22
2 0.19 0.17 0.16 0.17
3 0.19 0.24 0.31 0.22
4 0.18 0.09 0.01 0.08

HS: High spin, BS: Broken symmetry, AP: Approximated spin
projected, JC: J spin coupling

1: B3LYP/6-31G(d), 2: B3LYP/6-31++G(d), 3: M06/6-31G(d),
4: M06/6-31+4G(d)

functional. For the former issue, M06 utilize meta-GGA exchange functional coupled
with exact HF exchange, while BSLYP utilize pure GGA functional. Overall, the best
result was obtained from AP UMO06/6-314++G(d,p) calculation with the absolute error
of 0.01 V.

Since the implicit solvent model was used in this calculations, we here evaluate the
correlation of the absolute error to the inverse of ¢, i.e., 1/e. As shown in Figure 4.3,
the absolute value of the redox potential was found to be inversely proportional to the
dielectric constant, in which the tendencies of B3LYP and M06 were almost similar.
However, we found that the calculation within a range from &€ =1 (vacuum) to € = 78
(water) can not reproduced the experimental results for neither the spinach ferredoxin
(-0.42 V) nor adrenodoxin (-0.27 V). This indicates the lacks of protein environment

that in the present model.

4.3.2 Acid Constant (pK,)

Regarding protonation process, we presented the protonation possibility of [2Fe-2S] clus-
ter by determining pK, values of thiol groups in cysteine (see Table 4.4). We found that
all pK, value is larger than 7 indicating the existence of those residues in deprotonated
state upon the reduction in vivo. A few methodology dependence on pkK, is found in
pK, calculation of ferredoxin. On the contrary, the methodology dependency on pK, is
found to be large in pK, calculation of adrenodoxin. The contribution of diffuse func-
tion to pK, values is found differently in the calculation of BSLYP and M06. Generally,

the implementation of diffuse function lead to the decreasing (increasing) of pK, values



Chapter Four

26

TABLE 4.4: The calculated pK, value of ferredoxin (adrenodoxin).

Method pKal pKa2 pKaS pKa4
1 15.7 15.0 16.3 14.7
(19.1) (20.5) (21.4) (20.3)

2 15.0 154 16.0 14.2
(18.1) (20.1) (19.0) (18.3)

3 14.6 14.0 14.6 12.6
(17.1) (17.2) (17.3) (17.1)

4 14.2 14.1 15.3 12.9
(17.8) (18.7) (17.3) (17.1)

1: B3LYP/6-31G(d), 2: B3LYP/6-31++G(d), 3: M06/6-31G(d),

4: M06/6-31++G(d)

by B3LYP (M06) except for pK,o (M06 except for pK,1). We also found that pK,y of
ferredoxins present the lowest pK, value compare to another sites calculated by using
all methods, while the lowest pK, value of adrenodoxin is presented by pK,; for method
1 and 2. This correspond to the configurations of all protonated clusters that are closely
similar each other. However [2Fe-2S] clusters are slightly deviated in both protein, which

affect to the absolute redox potentials of these [2Fe-2S] proteins.

4.3.3 Singly Occupied Natural Orbital (SONO)

We presented singly occupied natural orbital (SONO) of the iron-sulfur clusters in re-
duced state, as shown in Figure 4.4, to confirm the site dependency of pK, and the
difference of redox potentials between two proteins. Nine SONO orbitals that have been
identified correspond to ferromagnetic state of the iron-sulfur cluster. Those nine or-

bitals consist of an orbital that represent a mix of d,2 orbital between both iron atoms,
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FIGURE 4.3: The dependency of absolute redox potential of feredoxin in cluster
model and AAFE as a function of inverse dielectric constant by B3LYP and UMO06/6-
31++G(d,p).
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3

(a) Orbital 1 (b) Orbital 2 (c) Orbital 3

(d) Orbital 4 (e) Orbital 5 (f) Orbital 6

(g) Orbital 7 (h) Orbital 8 (i) Orbital 9

FIGURE 4.4: Singly occupied natural orbital (SONO) of the iron-sulfur cluster in a
reduced state. Hydrogen atoms are neglected for clarity reason.

four orbitals localized around Fe?* atom and four orbitals localized around Fe?* atom.
In orbital 1 (Figure 4.4), we identified four bonding interactions between d,» orbital of
iron and o orbital of bridging sulfur atom. We also identified anti-bonding interaction
between d,2 orbital of iron and o orbital of cysteine sulfur atom. This finding confirms
that the interaction between iron and bridging sulfur atom is stronger than the interac-
tion between iron and cysteine sulfur atom. A localized d,2 orbitals around each iron
atom were also found in orbital 2 to 9 (Figure 4.4). In those orbitals, d,2 orbitals of iron

was also found to interact with cysteine sulfur atom by anti-bonding interaction.
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4.3.4 Atomic Partial Charge

We presented the atomic partial charges of the iron-sulfur cluster in ferredoxin and
adrenodoxin as shown in Table 4.5. As expected, the partial charge of Fe; (Fe3+)
atom is higher than the partial charge of Fes (Fe2+) atom. We found that the partial
charges of both bridging sulfur atom is almost similar indicating a homogeneous charge
distribution on both atoms. By evaluating the partial charges on S3 to Sg, we also
found that the averaged charge on Sg and Sy is larger than the averaged charge on Sj
and Sg. This correspond to the charge of iron atom where those sulfur atoms bounded
and indicate the heterogeneity of charge distribution on those atoms. Bearing on the
calculation method, a remarkable dependence of the exchange-correlation functional and
diffuse function on the atomic partial charges were found, especially on iron atoms. This
dependencies are related to the contribution of d orbitals of iron, as transition metal,
to the partial charge. The inclusion of diffuse function contributes in increasing the
partial charge of positively charged atom, and the decreasing of the partial charge of
negatively charged atom. This indicate that the inclusion of diffuse function induced a

more polarization of the electron density.

Bearing on the absolute error shown in Table 4.3, the absolute error produce by AP
MO06/6-31G(d) method is found to be larger than the other AP calculations. This results
can be related to the tendency of partial charge shown in Table 4.5. We found that the
partial charges of non-carbon atom calculated by M06/6-31G(d) method is relatively
lower than another methods. This kinds of results are also reported by other group
that found the error of redox calculation obtained from MO6 is even worse compared
to the M11 and other exchange correlation functionals upon to worth description of Fe
atom.[135] Hence, the kind of the exchange correlation functional and basis set should

be chosen carefully in this calculation because of their great contribution.

4.4 Conclusion

In this study, the redox potential and pK, of iron-sulfur cluster models have been in-
vestigated. The diffuse function is found to give a contribution in improving the results
that indicated by the decreasing of absolute error (AAFE). Regarding DFT functional,
we found that the result obtained from MO06 is more accurate than those obtain from
B3LYP. We also confirm that the inclusion of PCIS scheme in VIP approximation can
improve the results. With the absolute error of 0.01 V, we obtain the best result from
the calculation by AP UMO06/6-31++G(d,p).
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TABLE 4.5: The atomic partial charge of ferredoxin (adrenodoxin). The atom number

refer to Figure 4.1

Method
Atom 1 2 3 i
Fe, 0.98 1.06 0.94 0.97
(1.19) (1.64) (1.16) (1.55)
Fe, 0.81 0.87 0.76 0.79
(1.11) (1.43) (1.06) (1.32)
S -0.92 -0.91 -0.90 -0.86
(-1.03) (-1.14) (-1.01) (-1.09)
Sy -0.92 -0.91 -0.90 -0.86
(-1.06) (-1.14) (-1.04) (-1.09)
S5 -0.81 -0.90 -0.79 0.85
(-0.89) (-1.12) (-0.87) (-1.07)
Sy -0.78 -0.87 -0.76 -0.83
(-0.86) (-1.05) (-0.84) (-1.03)
Ss -0.76 0.78 -0.74 -0.74
(-0.85) (-1.00) (-0.83) (-0.96)
Se 0.74 -0.81 -0.71 0.77
(-0.85) (-1.05) (-0.83) (-1.03)
Cy 0.05 0.08 0.03 0.06
(0.08) (0.15) (0.07) (0.13)
Cy 0.04 0.08 0.03 0.06
(0.08) (0.17) (0.03) (0.16)
Cs 0.03 0.01 0.02 0.00
(0.00) (-0.03) (-0.01) (-0.04)
Cy 0.03 0.05 0.01 0.03
(0.09) (0.14) (0.08) (0.14)

1: B3LYP/6-31G(d), 2: B3LYP/6-31++G(d), 3: M06/6-31G(d),
4: M06/6-31++G(d)
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General Conclusion

In this thesis, we presented a theoretical study on electronic structure and properties of
two metalloproteins, i.e. copper protein and iron-sulfur protein. As for copper protein,
we performed the investigation in two steps. Firstly, we focus in investigating the clus-
ter of type 1 copper center (T1CC) in relation to the electronic structure and several
properties. T1CC is prepared from X-ray crystal structure of a series of copper protein,
consists of Azurin, Plastocyanin, Stellacyanin, and MCOs. The model cluster of T1CC
comprised by a copper atom, a cysteine, two histidines and a methionine residue. Several
properties of T1CC, i.e. molecular orbital, atomic partial charge, partial spin densities,
ionization energy (IP) of reduced T1Cu, electron affinity (EA) of oxidized T1Cu, the
bond and the angle constants, are calculated by using two typical DFT functional, i.e.
B3LYP and MOG6.

According to the results, we presented a SOMO orbital of T1CC in oxidized state that

is mainly raised from anti-bonding interaction between d, 2_,2 orbital of copper and 7

—y
orbital of cysteine’s sulfur. We also found that the shape of spin density surface is
similar to the shape of SOMO. This indicate that the spin density is localized around
copper and cysteine’s sulfur atoms. Our results were also reveal the dependency of
atomic partial charge and atomic partial spin on DFT functional, especially around the
bond of copper and cysteine’s sulfur. The partial charge of copper calculated by MO06 is
found to be less positive than those calculated by B3LYP. Meanwhile, the partial charge
of cysteine’s sulfur obtained from MO06 calculation is less negative than those obtained
from B3LYP calculation. This indicate that the negative charge of cysteine’s sulfur is
more distributed when calculated by M06. Regarding spin density, we found that the
partial spin of copper calculated by M06 is found to be lower than those calculated by

B3LYP. This suggested that M06 calculation produce a spin distribution that is more
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delocalized than B3LYP does, which correspond to the increasing of ¢/U ratio in the
simple Hubbard model.

The values of IP and EA were also found to be dependence on DFT functionals. The
calculation by M06 produce those properties that is higher than those produced by
B3LYP. The dependency on DFT functional is also found in the case of maximum
absorption wavelength (MAW) calculation. MAW by MO06 is found to be always higher

than those by B3LYP. This indicate that the band gap energy between d 2 orbital

z?—y
of copper and 7 orbital of cysteine’s sulfur is lower when one adopts M06. A significant
contribution of M06 is found in bond constant calculation, especially in the case of the
bond between copper (Cu) and methionine (Met). Indeed, M06 calculation produced the
bond constant of Cu-Met of T1CC in Azurin that is almost three times higher than those
produced by B3LYP. This indicate that MO06 gives a significant contribution in bond
constant calculation. However, we did not found any systematical contribution of DF'T

function in the calculation of angle constant due to the complexity of the calculation.

Secondly, we focus on the contribution of long-range interaction between copper and
methionine residue as axial ligand to several properties of T1CC, i.e. equilibrium bond
distance, bond constant, redox potential and MAW. In this part of calculation, we
utilized eight DFT functionals that are represent four classes of the functional, i.e. (i)
pure generalized gradient approximation (GGA) (PBE and BLYP), (ii) hybrid (B3LYP
and MO06), (iii) long-range corrected (LC)-GGA (LC-BLYP and LC-PBE), and (iv) LC
hybrid (B97X and CAM-B3LYP). The cluster models of T1CC were prepared from X-
ray crystal structure of Azurin as typical example. Similar to the first study, we prepared
the model cluster of T1CC that is comprised by a copper atom, a cysteine, two histidines
and a methionine residue. Since we focus to the contribution of Cu-Met interaction, we
prepared several cluster by varying Cu-Met bond distance as 3.18, 3.28, 3.38, 3.48, and
3.58 .

According to the results, we found that M06 produce the equilibrium bond distance
that is closer to the distance obtained from X-ray crystal structure. Furthermore, the
largest bond constant value is also obtained from MO06 calculation. This indicate that
MO06 performed better than other DFT functional in the case of equilibrium bond dis-
tance and bond constant calculation. The value of the bond constant also indicate the
MO6 represent a strong interaction between copper and methionine. We also found the
contribution of axial ligand interaction to redox potential and MAW. The increasing of

bond distance lead to the decreasing of redox potential, and the increasing of MAW.

In the case of redox potential, we found that the series of LC-DFT is more sensitive to
bond distance than those of non-LC-DFT, in which the most sensitive one is presented

by LC-BLYP. The series of LC-DFT were also found to be more accurate than those of
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non-LC-DFT, except M06. This indicate that LC scheme in LC-DFT and hybrid scheme
in M06 give positive contribution in the calculation of redox potential. In particular, the
implementation of LC scheme in BLYP and B3LYP confirms the contribution of LC in
improving the accuracy. In the case of MAW, M06 is found to be more sensitive to bond
distance than other functionals. In this calculation, hybrid DFT produce MAW that is
more accurate results than others. However, regarding LC contribution, we found that
pure GGA is more accurate than LC-GGA. This correspond to the fact that short-range
interaction is more dominant than long-range interaction in this calculation. Hence,

hybrid DFT seems to be able to calculate both interactions in a better way.

As for iron-sulfur protein, we investigated redox potential and pK, of iron-sulfur clusters
with respect to spin structures. In this particular study, we prepared the cluster from
two [2Fe-2S] iron-sulfur protein, i.e. ferredoxin and adrenodoxin. The model of iron-
sulfur cluster consist of two irons, two bridging sulfur atom, and four methylthiolates
as a replacement of cysteine residues. To handle the spin structure of coupled iron, we
utilize several spin approximations, i.e. high spin (HS), low spin by broken symmetry
technique (BS), approximated spin projected (AP), and J spin coupling (JC). The solvent
environment around the cluster was approximated by using conductor-like polarizable
continuum model (CPCM) with ¢ = 10. To judge the accuracy of redox potential,
we calculated absolute errors toward the experimental results that is defined as a dif-
ference of relative error obtained from calculated and experimental study (AAE =
|AEcalc — AFexp|)-

According to the results, we did not found any contribution of diffuse function in im-
proving the accuracy of all BSLYP calculation, except JC approximation. In contrary,
the diffuse function present a significant improvement in the calculation by M06. The
most significance improvement with respect to the diffuse function was obtained from
the calculation by AP UMO06, which the absolute error decrease by 0.30 V. This finding
confirm the contribution of diffuse function in improving the accuracy of redox potential
calculation by M06. Bearing on DFT functional, we found that M06 produce a results
that is more accurate than B3LYP, except for HS and AP approximation without dif-
fuse function. This results correspond to the kind of exchange functional used in both
functionals. With the absolute error of 0.01 V, we obtained the best result from the
calculation by AP UMO06/6-314++G(d,p).

We also calculated p K, values on each site of sulfur of thiolate and found that those pK,s
is larger than 7. This confirms that the residues were found as deprotonated state upon
the reduction in vivo. The molecular orbitals of iron-sulfur cluster were investigated by

approximating singly occupied natural orbital (SONO) by using linear natural orbital
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(LNO) method. We found nine SONO consists of a mix of d_2 orbital between both iron

atoms and each four orbitals localized around Fe?t and Fe?t atoms.

Finally, the atomic partial charges of the cluster were investigated by using Merz-Singh-
Kollman scheme. Bearing on the calculation method, a remarkable dependence of the
exchange-correlation functional and diffuse function were found on the calculation of
atomic partial charges, especially on iron atoms. This lead by the existence of d orbitals
in iron atom and affect to calculation of atomic partial charges. The diffuse function
was also contribute in increasing the partial charge of atom with positive charges, and
decreasing the partial charge of atom with negative charges. This suggested that the

diffuse function induced more polarization of the electron density.
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Theoretical Study of Exit
Mechanism of Water Molecule
from Tri-Nuclear Copper Center
of Multicopper Oxidase

A.1 Introduction

In this study, we aim to investigate the free energy of water exit pathway from tri-
nuclear copper center (TNC) of multicopper oxidases (MCOs) protein by using steered
molecular dynamics (SMD) simulation. The exit pathway of the water molecule has been
predicted by experimental study as shown in Figure A.1.[3] In the previous report, we
have presented two exit pathways through the hydrogen bond network around Glu506
and Cysb00 residues. In those pathways, we assumed that the water located inside of
TNC triangle (waterj,) will escape from TNC site. However, after discussing with our
collaborator, we change our assumption as the water located outside of TNC triangle
(wateroyt) will escapes from TNC site in two steps (Figure A.2). Firstly, the bond
between waterg,; molecule and Cuyr atom will be broken and the water will be released.
Secondly, the water;, molecule will move to the outside and take the place of original
position of watery,; molecule. As the consequence, we redefined the bond parameter in
the TNC site, as shown in Figure A.3. Water;, molecule is defined as a ligand bound to

Cup atom and watery,; molecule is defined as TIP3P water.
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FIGURE A.3: The atomic label in the TNC site.
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FIGURE A.4: The solvated system of Multicopper protein.

A.2 Computational Methods

We performed a SMD simulation for each step of the pathway. In these simulations,
the protein molecule was prepared from X-ray crystal structure of MCOs protein (PDB
ID: 4E9S)[79]. The solvated system of the protein was presented in Figure A.4. The
simulation was performed by using NPT ensemble with constant temperature (300 K)
and constant pressure (1 bar). The detail of simulation parameters were presented in
Table A.1. For sampling purpose, we performed nine SMD simulations by varying the
value of pulling force constant as 500, 1000 and 1500 kJ/mol.nm? and the pulling speed
as 0.00050, 0.00060, 0.00070 nm/ps. The carbon « atoms were constrained during the
simulation by using 1000 kJ/mol.nm? of weak harmonic force. All of the simulations

were performed by using Gromacs 4.6 program package[136].

TABLE A.1: The parameters of steered molecular dynamics simulation

Parameter Value
Ensemble NPT
Non-active site FF Amber
Active site FF Quantum Method
Simulation time 2 ns
Time step 2 fs
Temperature 300 K
Temperature coupling Berendsen
Pressure 1 bar
Pressure coupling Berendsen
Cut off 10
Water type TIP3P

Counter ion Nat
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As for the simulation of step 1, the fluctuation of Cu-H2O bond distance was plotted
as a function of simulation time to verify the performance of pulling scheme. As shown
in Figure A.5, the bond distance become larger along with the simulation time that
confirm a well performance of simulation. The fluctuation difference of bond distance
in each simulations related to the difference of simulation parameter. To calculate the
free energy, two thousand snapshot structures were taken from each simulation and the
frequency of structure with certain bond distance were calculated. By using frequency

distribution, the free energy (G) was calculated as

_ n(r)
G = —kaln N (Al)

where ky, T, n(r) and N represent the Boltzmann constant, temperature, the number
of snapshot structure with r bond distance, and the total number of snapshot structure,

respectively.

A.3 Results and Discussions

The plot of frequency distribution and free energy as a function of bond distance for
the simulation of step 1 are provided in Figure A.6(a) and A.6(b), respectively. Seven
snapshot configurations on the stationary point of free energy is presented in Figure A.7.
In the initial structure, we found that the water,,; molecule still interact with Cuy; atom
and a water molecule, which the free energy of this configuration is around 1.93 kcal /mol.
We also found that the initial bond distance between waterq,; molecule and Cuy; atom
is 2.10 . Meanwhile, the highest barrier energy in this step is found as around 2.62
kcal/mol (configuration 7). In this state, the bond distance between water,,; molecule
and Cupp atom is around 9.2 , and the watery,t molecule also interact with another
water molecule by hydrogen bond interaction. The lowest free energy is presented by
configuration 6 with Cur-H2O bond distance is around 6.9 . In this state, we found
that watery,s molecule interact with a water molecule and Threonine-409 residue by

hydrogen bond interaction.

In the meantime, we found two local minimum and two local maximum of the free energy
in this step. The free energies on those two local minimum are found as 0.82 kcal/mol
(bond distance 2.40 ) and 0.41 kcal/mol (bond distance 4.71 ). The configuration of
the first and second local minimum are presented by configuration 2 and 4, respectively.
The free energies on those two local maximum are found as 2.03 kcal/mol (bond distance
3.91 ) and 1.15 kcal/mol (bond distance 6.02 ). The configuration of the first and second

local maximum are presented by configuration 3 and 5, respectively.



Future Works 68

simulation 6
simulation 7
18 - simulation 8
simulation 9

simulation 1
simulation 2
simulation 3
simulation 4

‘ a"v‘vm

18 simulation 5
w6l ww W:*&””’Mﬂ 'WW’“‘

Bond (A)
~
Bond (A)

. . 2 . . .
1000 1500 2000 0 500 1000 1500 2000

Time (ps) Time (ps)
(a) (b)
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FIGURE A.6: The plot of (a) frequency distribution and (b) free energy, as a function
of Curr-H>O bond distance in the simulation of step 1.

As for the simulation of step 2, we also plot the fluctuation of the bond distance between
water;, molecule and hydroxide ion to verify the performance of pulling scheme. As
shown in Figure A.8, the bond distance become larger along with the simulation time,
which confirm that the pulling scheme performed well. Similar to the first simulation,
we use 2000 snapshot structures from each simulation to calculate the free energy and
the frequency of structure. The free energy was derived from the frequency distribution

by using Equation A.1.

The plot of frequency distribution and free energy as a function of bond distance for
the simulation of step 2 are provided in Figure A.9(a) and A.9(b), respectively. Five
snapshot configurations on the stationary point of free energy is presented in Figure
A.10. In the initial structure, water;; molecule is found inside the TNC triangle, which
the free energy of this configuration is around 3.97 kcal/mol. The initial bond distance

between waterj, molecule and hydroxide molecule is 2.50 . Then, the water molecule
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F1cURE A.7: The snapshot of the configurations captured from the simulations of step
1. The green line represent a hydrogen bond.

move to a new position located between Cuyr and Cuypp, ion, which the water is slightly
closer to the outside. This configuration represent the lowest free energy in this step.
In this state, the distance between the water molecule and hydroxide molecule become
around 2.90 .

As shown in configuration 3, the water molecule move to the outside by interact with
Tryptophan-74 residue by hydrogen bond interaction. The value of free energy on this
state is around 1.09 kcal/mol that is higher than the previous state. In this state,
the bond distance between the water and hydroxide ion become around 3.91 . The
highest barrier energy in this step is found as 4.38 kcal/mol with the bond distance
between the water and hydroxide molecule is 5.51 . In this state, the water molecule
is found to interact with another water molecule by hydrogen bond interaction. In

the final configuration, we found that water;, molecule take a place of the original
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FIGURE A.9: The plot of (a) frequency distribution and (b) free energy, as a function
of OH-H50 bond distance in the simulation of step 2.

position of watery,; molecule. The free energy value of this configuration is around 0.51
kcal/mol. In this configuration, we found that the water molecule interact with Leucine-
77 residue, and the bond distance between the water molecule and Cuyy is found as 2.91
. By comparing to the initial structure, we found that the bond distance of the water
molecule bound to Cupy in this position become longer. This finding is in agreement

with the experimental data.[2]

Finally, we compare the free energy profile between the simulation of step 1 and step
2. As for the step 1, we found that the highest barrier energy for watery,s molecule to
escape from TNC site is around 2.62 kcal /mol. Meanwhile, the highest barrier energy in
step 2 is found as 4.38 kcal/mol, which is almost two times of the highest barrier energy
in step 1. This energy is required for water;, molecule to move outside and take a place
of original position of watery,; molecule. By comparing those barrier energies, we found

that the step 2 is rate limited step due to the higher of the energy. The existence of
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F1GURE A.10: The snapshot of the configurations captured from the simulations of
step 2. The green line represent a hydrogen bond.

several histidine residue on the vicinity of TNC triangle could be the reason of this high

barrier energy, which lead to a steric effect.
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QM /MM Study on Redox

Potential of Iron-Sulfur Protein

B.1 Introduction

In this appendix, we present a study of redox potential of iron-sulfur protein by using
QM/MM model. Similar to the simple cluster model, we implemented a hybrid model
into two iron-sulfur protein, i.e. ferredoxin and adrenodoxin. In this model, the iron-
sulfur cluster was classified as QM region, while the rest residue of protein was classified
as MM region, as shown in Figure B.1. The total energy of QM/MM model is expressed
as

FEiot = Eqm + Eviv + Equ-vu (B.1)

where Eqn, Eviv, and Equvw represents energies in the QM region, MM region, and
QM /MM interface region, respectively. The solvent environment was approximated by
using implicit solvent model, in which the dieletric constant is set to be similar to that
of water. We also investigated the dependence of redox potential to dielectric constant

value.

B.2 Results and Discussions

The results of redox potential calculated by QM/MM model is presented in Table B.1.
In this model, we implemented the diffuse function onto non-iron atom only because of
the limitation of the program package. According to the results, we found that the dif-
fusion function in BBLYP and M06 contribute in a different way. The diffusion function

improves the result of BSLYP calculation, while the implementation of the function
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in M06 decrease the accuracy. The lack of diffusion function on iron atom might be
the reason for this results. However, regarding DFT functional, we found that MO06
calculation produce the results with the absolute error is lower than B3LYP calculation.
The absolute error of BSLYP and MO06 calculation without diffusion function are 2.05 and
1.90, respectively. This finding is similar to the tendency of BSLYP and M06 calculation
in the cluster model. The best result by using the hybrid model was obtained from M06

calculation without diffusion function with the absolute error is 1.24 V.

In the matter of the dielectric constant, as shown in Figure B.2, we found a similar
relationship of the redox potential and dielectric constant as found in the cluster model.
According to the Figure, the absolute redox potential was found as inversely proportional
to dielectric constant. This results point out the importance of the dielectric constant

in the calculation by using hybrid model.

QM

094 uO‘JJ

F1GURE B.1: Iron-sulfur cluster as QM region in hybrid model.
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TaBLE B.1: The absolute redox potential of iron-sulfur cluster in ferredoxin (adreno-
doxin) protein calculated by using QM /MM model.

Method  Ereaox (V) AE (V) |AAE| (V)

1 -8.41 -2.20 2.05
(-6.21)

2 -8.22 -2.05 1.90
(-6.17)

3 -8.42 -1.39 1.24
(-7.04)

4 -8.24 -2.01 1.86
(-6.23)

1: B3LYP/6-31G(d), 2: B3LYP/6-31++G(d), 3:
M06/6-31G(d), 4: M06/6-31++G(d)

_6 ! T T
— B3LYP

Redox Potential/V

-16 ' ' ‘ '
0 0.2 0.4 0.6 0.8 1

1/e

FicGure B.2: The dependency of absolute redox potential of ferredoxin protein in
hybrid model.
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