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Part I. General Introduction






1 Introduction to the Thesis

This doctoral thesis is a summary of my research interest in carbonic anhydrase. The
big determination was used to the structural, energetic, and interaction of residues in

carbonic anhydrase.

Three years of my research at Graduate School of Natural Science and Technology
Kanazawa University between October 2011 and June 2014 can be summarized in

the three steps, based on my three publications as the first author.

1.1.  Assessing Properties of Amino Acid Residues on Human

Carbonic Anhydrase Il

We have investigated the presence of the r-stacking interaction that could stabilize
the local structure of protein by using the density functional theory (DFT) and second
order of Mgller-Plesset Perturbation theory (MP2) calculation to understand the

structural geometry of human carbonic anhydrase II.

M. Koyimatu, H. Shimahara, M. lwayama, K. Sugimori, K. Kawaguchi, H. Saito,
and H. Nagao, Theoretical Model For Assessing Properties of Local Structures in
Metalloprotein, American Institute of Physics AIP Conference Proceeding, VVolume

1518, pp. 626-629 (2013).



1.2.  The energy profile of tautomeric forms and imidazolium

form of His64 on Human Carbonic Anhydrase

We have investigated the difference energy and energy profile for Ne2-H tautomeric
form of His64 on Human carbonic anhydrase Il by using MP2 method. The energy

profile at the “out” region is stabilized by n-stacking interaction.

Muhamad Koyimatu, Hideto Shimahara, Kazutomo Kawaguchi, Hirosaki Saito,
Kimikazu Sugimori, and Hidemi Nagao, Theoretical Study of a astacking
interaction in carbonic anhydrase, Recent Development in Computational Science,

Volume 4, pp. 87-93 (2013).

1.3. The interaction energy profile of tautomeric forms and
imidazolium form of His64 on Human Carbonic

Anhydrase

We have investigated the interaction energy in of the addition of Trp5 to His64 by
applying binding energy equation and counterpoise method. We applied the M06-2X,

a better DFT theory than B3LYP theory for geometry optimization.

Muhamad Koyimatu, Hideto Shimahara, Kimikazu Sugimori, Kazutomo
Kawaguchi, Hirosaki Saito, and Hidemi Nagao, zstacking Interaction between
Heterocyclic Rings in a Reaction Field of Biological System, The Physical Society of

Japan JPS Conference Proceeding, Volume 1 (2014).



2 Introduction to Studies on Carbonic

Anhydrase and ab initio calculation

2.1 Carbonic Anhydrase

Carbonic anhydrase (CA) are enzymes that helps regulate the acid-base balance and
pH in blood and other animal tissues. It is known for its role in facilitating the
transport of carbon dioxide and protons in the intracellular space, across biological
membranes and in the layers of the extracellular space. This enzyme is present in

most organisms, from bacteria to plant.

CA was first discovered in vertebrate erythrocytes [1]. It was found that a catalyst
was present in blood that could dehydrate bicarbonate and allow it to escape as CO>
[2]. The first CA was purified from erythrocytes in 1933 followed by characterization
of several mammalian isozymes [3]. The existence of CA in plant has been
discovered in 1947 [4], however cannot overcome the domination of CA research in

mammalian until recently.

Carbonic anhydrase (CA) catalyze the reversible reaction between carbon dioxide

hydration and bicarbonate dehydration, by the following reaction [5].

H20 + CO; = H* + HCO3 1)

CA was found to contain bound zinc, associated with catalytic activity. This
discovery made carbonic anhydrase the first known zinc-containing enzymes [6]. The
zinc-hydroxide mechanism is widely accepted to explain the role of zinc ion in by
two-step mechanisms [7, 8]. In the first step, the zinc-bound hydroxide bind to the

carbon dioxide to form the zinc bound bicarbonate. The bicarbonate of this



Figure 1. Visualization of HCAII (PDB file, code: 2CBA)



intermediate is replaced by a water molecule. In the second step, the active site is
regenerated by the ionization of the zinc-bound water molecules and transferring a

proton to an exogenous proton acceptor such as buffer (B) solution, equation (2.3).

EZNOH - + CO;z + H,0 = HCOs5 + EZn-H,0 (2.2)

EZnH,0 + B = EZnOH" + BH* (2.3)

2.2 Human Carbonic Anhydrase Il

Human Carbonic Anhydrase Il (HCAII) has the fastest catalytic rate among CA
isozymes [9, 10]. For HCAII, Histidine at position 64 (His64) has been considered to
mediate the transfer of proton from zinc-bound water to a buffer molecule (Equation
2.3). Replacing it with another residue could drastically decrease the maximal
turnover rate [11, 12]. X-ray crystallography data shows that the active site of HCAII
has two orientations of His64 and water-bridge that connected the zinc-bound water
and His64 [13]. The two orientation of His64 (“in” and “out” conformation) has been
assumed to be related to the swinging or rotational motion of His64 as a final step of

the proton transfer.

Due to the weakness of diffraction signal, the hydrogen atoms position and
occupancies cannot be easily obtained by X-ray crystallography. Increasing the X-ray
dose cannot enhanced the signal of hydrogen atom easily [14]. The position of
hydrogen atom is important is necessary to determine the form of His64 (Nol1-H
tautomer, Ne2-H tautomer, or protonated form). The position of hydrogen atom can
be determined by using NMR information data of HCAII. The NMR study also

suggest that the interconversion of two tautomeric form and one protonated form can



be associated with the proton transfer [15]. It believed that two alternate

conformation has a relation to the rotational motion as a final step of proton transfer.

2.3 Hydrogen bonding Interaction

Hydrogen bond is a noncovalent, attractive interaction between a proton donor and a
proton acceptor. Hydrogen bond occurs when H atom is bonded to electronegative
atoms such as N, O, and F atoms. However, in the stabilization of weak hydrogen
bonding interaction, the C-H can be involved in hydrogen bond and the p electron
can act as a proton acceptors [16, 17]. The three types of hydrogen bonding
interactions, which are most often discussed, are weak, moderate, and strong. The
strength of weak, moderate, and strong hydrogen bonds are vary from 1-4 kcal/mol,
4-15 kcal/mol, 15-40 kcal/mol, respectively [16, 17, 18, 19]. The strength of

hydrogen bond is depending on its length and angle and directionality.

Most biological molecules have so many hydrogen bonding group that hydrogen
bonding is important in determining their three-dimensional structures and their
intermolecular association. The internal hydrogen bonding group of protein are
arranged in nearly all possible hydrogen bond are possibility formed. Hydrogen
bonds has a major influence on the structures of proteins. In protein, the hydrogen
bonding interactions always between C-O and H-N group, that give a shape to alpha

helices and beta pleated sheet.

Other than protein, water molecules also associate through hydrogen bonds. The
hydrogen bond length between two water molecules is 1.8 A. This interaction is
crucial to both the properties of water and to its role as a biochemical solvent. Water
dissolves more types of substances and in greater amount than any other solvent. The

polarity of water makes it an excellent solvent for polar and ionic materials.



The dissolve process can be related to Coulomb’s law:

_ kqiq, (2.4)
T

U

Where U is the energy association, g: and g are two electronic charges, r is the
distance, and k is a proportionality constant. The dielectric constant of a solvent is
measured of its ability to keep the opposite charges apart. The dielectric constant of
water is among the highest of any pure liquid, whereas those of nonpolar substances,

such as hydrocarbons, are relatively small [20].

When electrical current passes an ionic solution, the ion migrate toward the opposite
electrodes at a rate, depending on to electrical field and frictional drag of ion and
solution. The mobility of H;O" and OH" are faster compared to other ions [21]. The
high mobility rate of HsO* (or H*, proton) resulting from the ability of protons jump
rapidly jumps from water molecule to another water molecules. This proton
movement ability also responsible in acid-base reactions in aqueous solution and

probably have an important role in biological proton-transfer reactions.

In HCAII, the exceed proton from CO:z hydration in the active site is transferred to a
bulk buffer molecules via His64. The distance between His64 and zinc atom is
approximately 7.5 A, and the proton cannot directly jump at such a long distance. X-
ray crystallography shows several water molecules are visible between them. The
water molecules form a hydrogen bond network that help the mobilization of proton

from the active site to the His64.
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3 Ab initio calculation

The development of quantum theory has begun since 20" century. It solved many
problems in science with a good precision and accuracy. However the Schrodinger
equation, a fundamental equation in quantum mechanics, cannot be solved by
analytically, and cannot be applied to large-scale system. To solve a difficult

equation, a numerical method is required.

3.1 Density Functional Theory

Density functional theory (DFT) tried to simplify the work to find the energy of a
system [22]. In the Hartree-Fock (HF) theory, the position variable of each electron
was needed to build a wave function of atom or molecule to determine the energy.
The DFT theory tried to approach that system by using one variable, a density
function for atom in a space. Thus the energy of a system can be solved easily by

computation.

The DFT method was constructed from Hohenberg-Kohn theory, by proposing two
theorems [23, 24]. The first theorem states that the ground state of electron density of
many electron systems in the presence of an external potential uniquely determines
the external potential. The second theorem states that the functional that delivers the
ground state energy of the system, delivers the lowest energy if and only the density

is true ground state density.

Using both theorem, Kohn and Sham assemble an equation of electron density and

energy.

Elp(M)] = Tulp(M] + Vae[p(M] + Vee [p()] + Exc[p(r)] (3.1)

11



That equation express that the energy of the system is the total energy of kinetic of
electron with the assumption that there is no interaction, potential between nucleus
and electron, potential repulsive between electrons, and the correction of the total
energy caused by non-classical interaction between electrons. The real system can be
approach using this unreal system, because both systems has the same density when

the number of atoms and position is same.

With the assumption that no electrons interaction in the unreal system, the Kinetic
energy for the system can be represented by the total of kinetic energy for each
electrons. Energy as a function of density that including electron orbital can be

described in equation

N nuclei

B =) | 6 |- “v?|x) -

+z< l‘ jlp( ') &

x;)
' |i_rk|

(3.2)

xl) + EXC[ (r)]

Density and electron orbital can be associated with

N
p= Zl<xi|xi> 3

Exc is a difference of total energy between real system and unreal system.

That energy equation can be solved by finding the x which minimalize the energy

value. If x is constructed by single orbital electron x;, we can obtain the equation

thSxi = & X (34)

With the Kohn-Sham operator that can defined as

12



nuclei

1 Z p(r")
hES = —Zy2 — Z L —dr' +V,
' 2! - 1y — 7 |1y — 7] e

(3.5)

and

SE,. (3.6)
op

xc

That equation can be solved if the function of Eyxc is known. Ex can be approach by

the following equation:

1

9a (3\3
edp] = - (=) P -

This approach known as Local Density Approximation (LDA) because equation (3.7)
explicitly refer to the & value at a position can be calculated from the density of that
position. The value of a can be vary, a=2/3 for LDA method, a=1 for Slater method,

and a=3/4 for Xa method.

All method above can be expanded by adding the polarization spin effect, became:

elp(), €] = 2[p()] + {ex[p(r)]

4/ _ \4/3 _
_ elp(rpy | L A= O -2 38)
225 - 1)

that know as Local Spin Density Approximation (LSDA).

Vosko, Wilk, and Nusair (VWN) propose an approach for & that similar with the

LSDA [25]. The value for & can be described in equation (3.9).

13



() = 5 ln—2
Fe\s) =32 nrs+b,/rs+c

2b . <v4c—b2>
+ ——=tan"! | ——
Vé4c — b? 2, rs+b

bx, { (\/Fs Xo)*

x§ +bxy+c o+ by +c

2(b—2xy) <\/4c - bz)}
+ ——tan" ! ———
Vac — b? 2\rs+b

The most common variation for the & is VNW and VNWS5. The combination of &

(3.9)

and Slater & is known as SVWN.

In a molecular system, the electron density is not homogenous. A better variable of
Excthan LDA and LSDA is needed. A way to obtain a better LSDA value is adding
density gradient component to the &c value, known as Generalized Gradient
Approximation (GGA).

v
eifllp(M] = e [p(1] + Ay i (3.10)

¢ p3(r)
Some applications of & GGA function that popular are B, CAM, FT97, etc. The most
popular of & GGA function is LYP (Introduced by Lee, Yang, and Parr) [26]. The
more advanced function improvement is by adding the component of second

derivative density to the &c value, known as meta-GGA.

Another approach is by combine the Ex from HF with Eyxc from DFT. This
combination is very famous and well known as B3LYP method, which can be

defined as equation (3.11) [27, 28].

14



EB3LYP = (1 — q)ELSPA + qEHF + bAEB + (1 — ¢)ELYP + cELYP (3.11)
By using Exc function, the Kohn-Sham (KS) equation can be solved by self-consistent
method. At the first step, the electron density is defined. Then that electron density is
used to solve KS equation for every electron in the system. The result is a new
electron density value, and it used to solve KS equation. The iterative process is

continue until the new electron density value is same with the previous value.

3.2 Mgller-Plesset Perturbation Theory

Christian Mgller and Milton S. Plesset described the Magller-Plesset Perturbation
(MP) Theory in 1934 [29]. MP takes the zeroth-order Hamiltonian for an atom or

molecule as the sum of the one particle Fock operator.

N
7o = Z E()
i=1

We write the perturbation as the difference between the perturbed and unperturbed

(3.12)

N
z h(D) + VHF (i)
i=1

Hamiltonian

A~

V= f—Ho (3.13)

The Hamiltonian is expressed as

N N (3.14)
A=Y@+ g6
i=1 i<j
The Fock operator
F() = f@) +VHF@) (3.15)

The one electron operator, f in H and H are identical and can cancel each other in

taking the difference in the perturbation

15



N (3.16)

17 = Z(Tgl - VHF)

The first-order correction the energy average of the perturbation over the unperturbed

wavefunction can be described as:

~ 1 N 3.17
B = Wol7 i) = (ol = = 7" o) (3.17)

making the total first energy

N 1 N
E,=E0+ED = Zea - EZ(abuab)
a ab

The energy throught first-order is simply Hartree-Fock energy.

(3.18)

The second-order MP, or MP2, is the most widely used method in quantum
chemistry. The second-order correction to the ground state energy depends on the
first order correction to the wavefunction. The first order wavefunction may be

expanded as

(3.19)
(1) ®
z Cn abrs TS
a>b;r>s
Where 73, respresent a wavefunction which has electron excited from spin orbital a

and b (occupied) into spin orbital r and s (unoccupied), respectively. The coefficient

Cabrs are determined by

N 0 3.20
1) 1) Wi 1) (3:20)

Craavrs = (Papln ) = €qt€p—€ —€

a>b;r>s a b r s

This wave function can be placed in the second order energy equation.
) 2 (3.21)
a1
E@ — z
0 €q + eb € — €

a>b;r>s

16



3.3 Hybrid Meta-generalized gradient-approximation (hybrid

meta-GGA) exchange functional

The DFT fail for some kinds of systems, such as the polarizability of conjugated
systems, and the ground-state energy of protonated polyenes. This failure contribute
to the incorrect long-range behavior of the effective potentials generated by the
density functional function. In order to correct the long-range error in DFT is by
mixing the full Hartree-Fock correlation and the DFT correlation, the hybrid

exchange-correlation energy, which can be written as equation (3.22).

X X (3.22)
hyb
Bee” = 1gg B (1 100) B+ B

Where EFF is the nonlocal Hartree-Fock exchange energy, X is the percentage of the
HF exchange, EPFTis the local DFT exchange energy, and EPFT is the local DFT

correlation energy.

The MO06 functionals may be classified as hybrid meta-generalized gradient-
approximations (hybrid meta-GGAs), which developed by Zhao and Truhlar [30, 31].
These functionals composed of four functional that have similar functional forms for
the DFT part, but each parameter optimized to be used with a different percentage of
HF exchange. The M06-2X has 54% HF exchange with a high nonlocality functional
with double of the amount of nonlocal exchange (2X). This functional is good for all
area in chemistry including thermochemistry and reaction kinetic, but excluding

multireference system such as many systems containing transition metals.

The M06 and MO06-2X functionals depend on three variables; spin density (p,),

reduced spin density gradient (x,), and spin Kkinetic energy density ().

17



Vool .
o= p4/3 0= CZ,B (3 23)

1
R e L (320

The MO06 functional form is a linear combination of the functional form of the MO05,
the first meta-GGA functional, and van Voorhis and Scuseria exchange correlation

functional (VSXC) exchange functional is given by equation (3.25).

3.25
B0 =" | dr [P (o, Vo) f (w) + £ (i 7)) -
o

where EFBE (p,,Vp,) is the exchange energy density of the Perdew-Burke-Ernzerhof
(PBE) exchange model [32], f(w,) is the spin Kinetic energy density enhancement

factor

n (3.26)
fwg) =) anwi

=0
w, IS a function of 7, and t,is a function of the spin kinetic energy density z, and

spin density p,.

(-1 (3.27)
YT e+ D
¢LSDA (3.28)
ty =
tO‘
3 o3 (3.29)
t(lr,SDA = ) (67‘[2)2/3;)0/
L34 s the local spin kinetic energy density enhancement factor.
3, 3,\1/3 (3.30)
gLsDA — _(_) p;}/3
2 \4m

The last term on equation (3.25) is hy(x,,z,) Which a Van Voorhis Scuseria

exchange correlation potential is (VSXC), a kinetic energy density dependent

18



exchange correlation functional [33]. These terms involve a working variable (z,)

and two working function (y and h) as described in equation (3.31).

d, N dix2+d,z,
Y(X6:25) V(X1 Z5)

hx (x5, 25) :<

dsxgt + dyx2z, + d52§>

Ye (Xg) Z5)

with

V(xm Zcr) =1+ a(xczr + ZO')

27,
Zo = 537
o

Cr

3
Cr = §(6n2)2/3

In the M06-2X, the functional form of the exchange potential is hy (x4, z5) = 0.

19

(3.31)

(3.32)

(3.33)

(3.34)



20



Part II. The Properties of Carbonic Anhydrase

21



22



4 The m-stacking interaction between Trp5 and

His64 on Human Carbonic Anhydrase |1

4.1 Introduction

Aromatic ring, such as benzene, imidazole, indole, and phenol, have an additional
stability caused by the arrangement of the n—electron above and below the plane of
aromatic ring. These electrons caused n—electron cloud over the ring [34]. Four of 20
amino acids found in protein structures have aromatic ring, phenylalanine, tyrosine,
tryptophan and histidine. The interactions that take place between the side chains of
the aromatic amino acid residues are referred as aromatic—aromatic interactions.
Aromatic residues are key of protein structures and have been shown to be important

for structure stability, folding, protein-protein recognition, and ligand binding.

The Aromatic residues have a large internal rotation in their side chain. The y1 angle
(Ca-CB) and %2 (CB-Cy) rotation are restricted by packing their side chain into the
tertiary structure of the protein, that confirmed by X-ray crystallography [13]. In
Human Carbonic anhydrase Il (HCAII), X-ray crystallography shows that histidine at
position 64 have two conformation, “in” and “out” representing the direction of the
ring toward and away from active site. The properties of imidazole chain of His64
are expected to tune by neighboring residues. Two of the closest residues with

aromatic ring are Trp5 and Tyr7, which could trigger aromatic interaction with His64.

In this study, we determine the difference between “out” conformation and “in”

conformation in the model system with Trp5 and/or Tyr7.

23



4.2 Computational Details

Three-model system was constructed to investigate the addition effect of Trp5 or
Tyr7 to His64. The first model consists of three aromatic chains, Trp5, Tyr7 and “out”
conformation of His64. We assemble these residues to make four structure; (A)

His64, (B) Trp5-His64, (C) Tyr7-His64, and (D) Trp5-Tyr7-His64, as shown in

Figure 2. These structures were constructed using coordinate from X-ray coordinate
file (Protein Data Bank (PDB) code: 2CBA). The hydrogen atom position rarely
detected in X-ray crystallography, instead we artificially added hydrogen atom in our
model structures. Considering two tautomeric form (No1-H tautomer and Ne2-H
tautomer) and imidazolium charged form, we constructed the structures for each

form. Finally we have 12 structures for the “out” form of His64.

The Second model a structure was constructed in the same way of first model, but
“out” conformation was replaced by “in”” conformation. We constructed 12 structures
for the “in” conformation of His64. In third model structure, we used benzene ring
named Phe64, instead of using “out” conformation and “in” conformation of His64.
Unlike imidazole, benzene does not have alternate form. We constructed 8 structures

(139982

to replace “in” conformation and

13

out” conformation of His64. Totally we

constructed 32 model structures.

We employed two calculation methods: (1) the DFT using Becke, three-parameter,
Lee-Yang-Par (B3LYP) [26, 28] and second-order Mgller-Plesset perturbation theory
(MP2) [29]. The 6-31G(d,p) and 6-31++G(d,p) basis set was selected to our
calculations. All calculation was performed under self-consistent reaction field
(SCRF) method. All calculation was performed on NEC SX9 equipped with

Gaussian 09 series of program [35].

24



His64 (A) Trp5-his64 (B)

Tyr7-His64 (C) Trp5-Tyr7-His64 (D)

Figure 2. The constructed model structures to investigate the aromatic-aromatic interaction,
which consist of the combination of Trp5, Tyr7, and His64

25



We employed two-step calculation. First, we optimize the hydrogen atoms in model
structure using B3LYP/6-31G(d,p). During optimization, all hetero atoms (carbon,
nitrogen, and oxygen) were fixed. Second, the energy of optimized structure was
determine at higher levels of MP2/6-31G(d,p) and MP2/6-31++G(d,p). In order to
compare with MP2/6-31++G(d,p), the B3LYP/6-31++G(d,p) also calculated. Finally

we have four level of theory (B3LYP/6-31G(d,p)//(B3LYP/6-31G(d,p),

The energy of N61-H tautomer and Ne2-H tautomer can be averaged, because the
population of the No1-H tautomer is known to be equal to the Ne-H tautomer [15].
We also assume the pH is equal to pKa, and then we can average the energy of
imidazolium with the energy of neutral form. The energy of three forms of imidazole

can be expressed by equation (4.1).

_ Eim + (Ea1 + Ee3) /2 (4.1)

E
2

Ces .99

The difference energy between “in” conformation and “out” conformation can be

expressed by

AE = E — Eqyy (4.2)

where E;,, is the energy for model structure that have “in” conformation, and Eout is

the energy for model structure that have “out” conformation.

4.3 Result and Discussion

4.3.1 Method and basis set comparison

Table 1 shows the energy data for each types of model structure and calculation level
theory. We expected that the energy of DFT method is less accurate compared to

MP2 method. In the MP2/6-31G(d,p)//B3LYP/6-31G(d,p) (can be simplified as
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Table 1 AE for each model structure and calculation methods in kcal/mol

Method and Basis sets A B C D

B3LYP/6-31G(d,p) 0.50 0.22 1.21 0.78
B3LYP/6-311++G(d,p) 1.56 1.11 2.72 2.43
MP2/6-31G(d,p) 0.37 0.88 0.89 1.31
MP2/6-311++G(d,p) 0.36 2.09 0.94 2.60

MP2/6-31G(d,p) in Table 1), the AE value of structure A is 0.37 kcal/mol. When the
indole ring of Trp5 was added to His64, the AE changed to 0.88 kcal/mol, i.e.
structure B. The difference energy between structure A and structure B can be
defined as energetic contribution of Trp5 to structure A, was 0.51 kcal/mol. By using
the same method, we can estimate the energetic contribution of Tyr7 from structure
C. The energetic contribution of Tyr7 was estimated to be 0.52 kcal/mol. Because the
energetic contribution of Trp5 similar to Tyr7, we conclude that the r-stacking
cannot be detected using this method. In the structure D, the energetic contribution of
Trp5 and Tyr7 was 0.96 kcal/mol. So we decided to use a larger basis set, 6-

31++G(d,p) to obtain the energy data.

By using a larger basis set, 6-311++G(d,p) combined with MP2, we obtain the DE
for structure A is 0.36 kcal/mol. This value is similar to the value obtained from 6-
31G(d,p) basis set. However, when the Trp5 added in structure A, the AE increased
to 2.09 kcal/mol. The energetic contribution of Trp5 to His64 was 1.73 kcal/mol. the
DE value for structure C was 0.94 kcal/mol, similar to the value obtained from 6-
31G(d,p) basis set. The energetic contribution of Tyr7 was 0.56 kcal/mol. The
energetic contribution of Trp5 and Tyr7 was added to AE of structure A to estimate
the AE of structure D, by assuming that the interaction between Trp5 and Tyr7 was

ignored. The predicted AE for structure D was 2.65 kcal/mol. In fact, this value is
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consistent with the calculated value from simulation, 2.60 kcal/mol. Based on this
consistency, we suggest that the MP2/6-31++G(d,p)//B3LYP/6-31G(d,p) method was

appropriate for determine n-stacking interaction.

4.3.2 Substitution of Imidazole with Benzene

In order to confirm our suggestion, we construct a similar structure to Figure 2 with
replacing imidazole ring to benzene ring, namely Phe64, as shown in Figure 3. These
structure was labeled as A’ to D’ structures. The comparison of AE between
imidazole and benzene structure can be summarized in Table 2. Both structure
calculated using the same method and basis set, MP2/6-31++G(d,p). The imidazole
replacement to benzene causes a high decrease of AE in all structures. The AE of
structure A’ and C’ were -1.34 kcal/mol and -1.40 kcal/mol, very low compared to
other structures. The negative sign shows that each “in” conformation should be
more stable than the “out” conformation. The addition of Trp5 to structure A’
increased the AE value to 0.52 kcal/mol. The energetic contribution of Trp5 was
1.86-kcal/mol. Use the similar method; the energetic contribution of Tyr7 to structure
A was -0.06 kcal/mol. Then the predicted AE of structure D’, obtained by adding
energetic contribution of Trp5 and Tyr7 to AE of structure A, was 0.46 kcal/mol.
This value was consistent with the AE value obtained from calculation 0.50 kcal/mol.
The energetic contribution of Trp5 to His64 and Phe64 was estimated to be almost
same, 1.73 kcal/mol and 1.83 kcal/mol, respectively. We conclude that the energy of
n-Stacking effect of Trp5 was between 1.73 and 1.83 kcal/mol to stabilize the “out”

conformation of HCAII, compared to “in” conformation.
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Phe64 (A) Trp5-Phe64 (B')

Tyr7-Phe (C") Trp5-Tyr7-Phe64 (D)

Figure 3. The constructed model structure, where His64 was substituted with Phe64.
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Table 2 AE energy comparison between imidazole (His) and benzene (Phe) in kcal/mol

Structure AE Structure AE
A 0.36 A’ -1.34
B 2.09 B’ 0.52
C 0.94 C -1.40
D 2.60 D’ 0.50

4.4 Conclusions

We have analyzed the z-stacking interaction caused by Trp5 to two conformations of
His64 that can be seen in crystal structure of HCAIIl. Geometry optimization was
performed using DFT method and medium level of basis set (B3LYP/6-31G(d,p)).
The energy calculation including n-stacking interaction was best suited estimated
with (MP2/6-31++G(d,p)). The m-stacking interaction was occurred in the “out”

conformation, by the value between 1.73-1.83 kcal/mol.

From these results, we should consider the properties of Trp5 in the calculation that
include the active site of HCAIl. We cannot ignore the =m-Stacking interaction

between TrpS5 and the “out” conformation of His64.
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5 Tautomeric forms of His64 and The

Difference Energies

5.1 Introduction

Among 20 naturally amino acids, Histidine is a unique residue. More than 50% of all
enzymes use at least one Histidine in their active sites. This probably caused by of
high versatility of its imidazole rings. Imidazole ring has two neutral forms (N&1-H
and Ne-2 H tautomer) and a protonated form (imidazolium ion), with one form
favored over the other by the protein environment and pH. The pKa value of
Histidine is 6.6, around neutral pH, allowing the deprotonated nitrogen of its
imidazole ring as an effective ligand for metal binding. It also has been suggested
that tautomerization and variation of y1 angle of His are crucial part of the proton-

transfer process.

Human Carbonic Anhydrase 11 (HCAII). HCAII is a zinc-metalloenzyme that
catalyzes the CO2 to HCOs". X-ray crystallography data shows that His64 have two

(139983

alternate position, designated as “in” conformation and

13 b

out” conformation,
representing the direction of imidazole ring toward and away from active site [13].
These two conformations of His64 has been assumed to be connected with the final
step of proton transfer. A molecular dynamics simulation has been reported to
explain this relation [36]. However the Trp5, that give a w-stacking interaction with
His64, was not included in the model system. Here we calculate the interaction

between His64 and Trp5 in the relation of x1 angle rotation on two neutral form and

protonated form of His64 of HCAII. The 1 angle is an angle that designated of N-
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Ca-CB-Cy angle, in short Ca-Cp angle, of Histidine. We calculate the energy profile

of 1 rotation through “in” conformation and “out” conformation.

5.2 Computational Details

Two model structures were constructed to investigate the difference energy caused
by the addition of Trp5 on His64. The first model structure (Model A) consists of the
four residues, Trp5, Gly63, the “out” conformation of His64, and Ala65. The second
model structure (Model B) consist the same residues as Model A but without Trp5
residue. The coordinates were obtained from the X-ray coordinate file (Protein
Database Bank (PDB) code: 2CBA). The hydrogen atoms were artificially added in
both model structures. By considering two neutral form and protonated form of
His64, we constructed three types of structure, N61-H tautomer, Ne2-H tautomer and
imidazolium ion form. In order to obtain an energy profile, twelve points of 1 angle
(-98.6°, -78.6°, -58.6°, -38.6°, -18.8°, -10°, 1.4°, 10°, 21.4°, 41.4°, 61.4°, 81.4°, and
101.4°) were manually adjusted for each types of structure. We have 36 structures for

each Model A and Model B, totally 76 model structures were constructed.

The geometry optimization was performed to determine the position of hydrogen
atoms in all model structure, by the B3LYP method [26, 28]. During optimization, all
heteroatoms were fixed. The B3LYP is good enough for geometry optimization.
However, we are considering the interaction between electrons, such as n-stacking
interaction, it is necessary to use a theory that include electron correlation. The
second order Mgller-Plesset Perturbation theory (MP2) was used to determine the
energy of a structure that already optimized using B3LYP method [29]. Self-

consistent reaction field (SCRF) method were used on all calculation (e=4.24).
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Figure 4. A) A Model system of Trp5-Gly63-His64-Ala65 structure. B) B Model A is Gly63-
His64-Ala65 structure. The 1 angle was rotated to obtain the energy profiles in both model
structures.
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5.3 Results and Discussion

5.3.1 The Energy Profile of B3LYP Method

Figure 5 shows plot of the calculated energy value for each types of imidazole forms.
The x-axis represents the 1 angle, while the y-axis represent the energy in kcal/mol.
In order to compare Model A and Model B, we superimposed two curves of energy
data. The m-stacking interaction was expected to occur in “out” conformation or
negative region of x1 angle, because the His64 form planar parallel with Trp5. We
also expect at “in” conformation or the positive region of y1, the m-stacking
interaction getting weaker or no m-stacking interaction. By using this assumption, we
superimposed the energy profile of Model A and Model B at the highest x1 angle

(101.4°). Then we set the lowest energy value of each type of imidazole to 0. Then

set other energies value become relative to the lowest one.

Figure 5A, B, and C shows the energy profiles for N61-H tautomer, Ne2-H tautomer
and protonated form, respectively, using B3LYP method. The closed circle line
represents the energies data of Model A, while the open circle for the energies data of
Model B. There are characteristically double-well potential in all profiles. The two
potential well exist in positive (“in”) and negative (“out”) region of x-axis. The
addition of Trp5 to His64 model structure (Model B) was increasing the stabilization
energy of “out” conformations in neutral form, while in protonated form is no
different between both of them. In N&1-H tautomer, the “in” conformation was more
stable compared to “out” conformation. Another two forms, Ne2-H tautomer and
protonated form, shows a different behavior compared to N31-H tautomer, the “out”

conformation is more stable compared to “in” conformation. To clearly see these the
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Figure 5. The energy profile curves of His64 rotation within Model A and Model B using
B3LYP method. The closed circle along the solid line refer to Model A, and the open circle

along the solid line refer to Model B. A) Refer to N&1-H tautomer, B) refer to Ne2-H
tautomer, and C) refer to protonated form.
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Ne2-H tautomer (B), and protonated form (C) using B3LYP method.
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comparison between Model A and Model B, we plot the difference energy between
them as a function of y1 angle, as shown in Figure 6. The difference energy of No1-
H tautomer and Ne2-H tautomer seem to be similar with the energy difference has
high value at the most negative ¢ 1 angle and decreased in the positive way of the y1
angle. The protonated form shows a different behavior, in which the energy

difference seems stable in all 1 angles.

5.3.2 The Energy Profile using MP2 method

As mention in previous section, B3LYP is not a good method to determine electronic
interaction. The MP2 method is a better way to determine the electronic interaction.
Figure 7 shows the MP2 plot for all three types of imidazole forms. It shown in all
plot that the energy profile of Model A was lower than Model B in “out” region,
indicating that the indole of Trp5 interact with imidazole of His64 to stabilize the
structure. Figure 7A shows the energy profile for N61-H tautomer. The “in”
conformation was more stable compared to “out” conformation by 4.5 kcal/mole for
Model A and 3.6 kcal/mole for Model B. It different with the Ne2-H tautomer and
protonated form, the “out” conformation was more stable compared to the “in”
conformation. Ne2-H tautomer “out” conformation for Model A and Model B was
more stable compared to “in” conformation by 4.2 kcal/mole and 1.2 kcal/mole
respectively, as shown in Figure 7B. While in protonated form, the “out” was more
stable than “in” conformation by 6.9 kcal/mole for Model A and 2.9 kcal/mole for
Model B, as shown in Figure 7C. Figure 8 shows the energy difference between
Model A and Model B using MP2 method. At the “out” region, a potential energy

well can be seen. B3LYP method did not give this kind of results. These stabilization

are probably occur because of the n-stacking interaction between Trp5 and the “out”
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Figure 7. The energy profile curves of His64 rotation within Model A and Model B using
B3LYP method. The closed circle along the solid line refer to Model A, and the open circle
along the solid line refer to Model B. A) Refer to N&1-H tautomer, B) refer to Ne2-H
tautomer, and C) refer to protonated form.
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conformation of His64.

5.4 Conclusion

The rn-stacking interaction cannot be ignored in determine the potential energies
when there is a rings in model structure. The n-stacking interaction is poorly detected
by B3LYP method. On the other hands, the MP2 method offers a better result when
there is a m-stacking interaction. In our model structure we observe this interaction in
two tautomeric forms and a protonated form of His64. In all forms, the structure at
“out” conformation become more stable, that resulting the height of the potential
barrier increased. This suggests that explaining the transfer of proton using rotational

motion is not appropriate.
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6 Interaction energy of Trp5 to Tautomeric

forms and imidazolium ion of His64

6.1 Computational Details

Binding energy is an amount of energy required to separate a particle from a system
of particles. I general binding energy of molecule A to molecule B can be written as

equation (6.1).

AE; = Ejg — (E4 + Ep) (6.1)
Similar with Figure 4, the model structure consists of Trp5, Gly63, “out”
conformation of His64, and Ala65 of HCAII to construct our model structure. To
obtain the binding interaction energy profile, we need an energy of a model structure
consist only Trp5, we construct three model structure, as shown in Figure 9. The first
model structure, Model A, consist of Trp5 residue. The second model structure, or
Model B, consist of Gly63, “out” conformation of His64, and Ala65 residues. The
combination of Model A and Model B was the third model structure, Model AB. The
model structures were constructed using the coordinates obtained from the protein
database bank (PDB) of 2CBA. The y1 angle of His64 was manually rotated to
obtain the energy profile. The hydrogen atoms were added to all model structures by
considering two neutral forms and one protonated form of His64. We calculate the
energy profile for each of His64 forms. We perform two-step calculation,
optimization and energy calculations. The M06-2X, a new hybrid meta-exchange
correlation functional, constructed by Zhao and Truhlar were employed to optimize

the position of hydrogen atoms [30, 31]. The M06 family is a better method
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compared to B3LYP for main group thermochemistry, thermochemical Kinetics,
noncovalent interaction, excited states, and transition elements. Note that all
heteroatoms were fixed during optimization. After optimizing the hydrogen position
of Model AB, we divide it to Model A and Model B, as shown in Figure 9. Single
point energy calculations under M06-2X were performed for Model A and Model B
to obtain the interaction energy profile for M06-2X method [29]. In order to obtain
the interaction energy profiles, single point energy calculation under MP2 also

performed for Model AB, Model A, and Model B.

In studies that related to weakly bound cluster, the basis set superposition error could
occur [37, 38]. Counterpoise method is prescription for removing the BSSE. For
interaction between model A and model B, the uncorrected interaction energy would

be computed as equation (6.2):

Eimi(AB) = E4F (AB) — Ef(A) — E§ (B) (6.2)
However the counterpoise method could not easily combined with SCRF method.
We did not consider the BSSE, because the condition for this simulation is supposed

to be in the ether condition (¢=4.24).

6.2 Results and Discussion

6.2.1 MO06-2X calculation

Figure 10 shows the energy profile of Model AB and Model B by using M06-2X
method. Energies of Model AB represented by closed circle and the open circle
represent the energies of Model B. We superimposed both curves in the “in” region.
The energy profiles of M06-2X give a better m-stacking interaction result; the

energies of Model AB at “out” region tend to decrease, compared than B3LYP
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Figure 10. The energy profile curves of His64 rotation within Model A and Model B using
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tautomer, and C) refer to protonated form.
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results. The energies of Model AB at “out” region are lower than Model B, except for
N&1-H tautomer. In this section we calculate the binding interaction energy by using
equation (6.1). In binding interaction energy, we consider the Trp5 as a single model
structure. The binding interaction energy is more appropriate than difference energy
between Model A and Model B. We got the real value of binding energy, instead set
the lowest energy value to zero as the difference energy. Figure 11 shows the
interaction energy profile by M06-2X method. Small decreases at the “out” region

indicate that the M06-2X method can detect the n-stacking interaction.

6.2.2 MP2 calculation

The M06-2X is a good method for calculates medium range interaction. However the
MP2 method theoretically give a better result for energy calculation. The
optimization process of B3LYP and MO06-2X were compared using single point
calculation of MP2 method. Figure 12 shows the potential energy curve of MP2
using the optimized structure of M06-2X. The plot is similar to the plot of MP2 using

the optimized structure of B3LYP method, shown in Figure 7.

Figure 13 shows the interaction energy profile using MP2 method. Compared to
difference energy, the interaction energy gives an exact value rather than set the
lowest energy relative to zero. The shape of curves are similar to the interaction

energy curves, Figure 8.
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Figure 12. The potential energy profile of MP2 using the obtained structure of M06-2X. A)
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6.3 Conclusion

We have investigated the optimization results using M06-2X method, using the same
structure as the previous chapter. The M06-2X and B3LYP provided similar result in
the geometry optimization. However in energy calculation, the M06-2X provide
more reliable results. M06-2X included the medium range interaction, such as -
stacking interaction. Due to similar optimization result, the interaction energy profile
shows the similar curve with the difference energy. The difference between them is
the interaction energy obtains the exact value of energy, while the difference energy

is relative (manually set the lowest energy to zero).
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Part I1l. General Conclusions
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7 General Conclusion

7.1 The m-stacking interaction to His64

The Trp5 residues induce the m-stacking interaction with the “out” conformation of
His64. This interaction is contribute to the stabilization energy, and should be
considered in explaining the mechanism of HCAIIl. The (MP2/6-31++G(d,p)
calculation level was good enough to determine this interaction. The calculated
energetic contribution for Trp5 to His64 or m-stacking interaction was 1.73~1.83

kcal/mol.

7.2 Potential Energy Profile

The potential energy profiles of the rotation at y1 angle are found to be dependent
with the tautomeric forms of His64. The N&1-H tautomer prefers the “in”
conformation, while the other two forms (Ne2-H tautomer and protonated form)
prefer the “out” conformation. The n-stacking interactions make the potential well at
the “out” region become deeper. The deep of potential wells related to the energy
barrier between two potential wells needs to be considered for explaining the
mechanism the transfer of proton by the rotational of motion. The value of barrier
varies from 6 to 10 kcal/mol. These values indicate that n-stacking interaction would

restrict the rotational motion of the imidazole ring of His64.

7.3 The Interaction Energy Profile

The optimization results of M06-2X method give the same geometry as B3LYP, but

the calculated energy was better, because the medium range interaction also included.
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The binding interaction energy of the His64 rotation has been estimated by MP2
method. At “out” region, the m-stacking interaction induces the stabilization of the
model structures. The protonated form has highest stabilization compared to the two

tautomeric forms.

7.4 Future works

In the thesis, the B3LYP, M06-2X and MP2 method have been used to investigate
the structural and energetic properties of small model structure of HCAII. We are
focusing on the tautomeric form and protonated form of His64. In the next step, more
comprehensive study of structural properties of HCAII will be investigated.
Furthermore more complex structure, including the zinc atom and hydrogen bonding-
bridge between His64 and zinc atom should be considered. Perhaps, it could help

explaining the process of transfer of proton.
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Appendix A. Approaching Proton Relay iIn

Human Carbonic Anhydrase I

A.1l Introduction

HCAII have zinc ion in the active site. The zinc atom bound with a water molecule to
form a zinc-bound water. This zinc-bound water construct a tetrahedral complex with

three histidine residues, His94, His96, and His119.

In the active site of HCAII, several oxygen atoms of water molecules are located
between zinc atom and His64 residue [13]. These water molecules form a hydrogen
bond bride that connected the zinc-bound water and the imidazole ring of His64.
His64 is accepted to facilitate the transfer of proton from zinc-bound solvent to
buffer molecule. The pH-dependent X-ray crystallography shows that His64 has two
conformations, “in” and “out”. At acidic pH, His64 prefer the “out” conformation,
which the imidazole ring is planar parallel with the indole ring of Trp5. The Hi64

prefer the “in” conformation in the base condition [39].

NMR studies of His64 in HCAII suggest that the proton-transfer process is
associated with the tautomerization of His64 [15]. At the neutral pH, the nitrogen
atoms of imidazole ring serve as donor and acceptor. Decreasing the pH, caused the

conformation change. The detail can be seen in Figure 14.
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Figure 14. Conformational profiles of His64 linking with zinc atom via hydrogen bond
network.

A.2 Computational Details

The model structure was constructed using the coordinate of PDB file (code: 2CBA).
Due to the limitation of computer capabilities, the calculation did not performed on
the whole protein. We selectively extracted the active site residues (Trp5, Tyr7,
Gly63, His64, Ala65, Asn67, His94, His96, His119, and Thr200), zinc ion, and four
oxygen atoms of water molecules (ZnO, wla, w2, and w3a), as shown in Figure 15.
Hydrogen atoms were artificially added into structure. Considering four types of
histidine, that shown in Figure 14, we construct a model structure for each types. For
these structures, the y1 angle of His64 were manually rotated from -98.4° to 101.6°

by 3~20 degree. Totally we have constructed almost 72 model structures.

The M06-2X method was employed to obtain the optimized geometry of all model
structures [30, 31]. In order to obtain energy data, the second order Maller-Plesset
perturbation theory (MP2) [4] was performed on the optimized structures. All
calculation was combined with the 6-31G(d,p) basis set, and self-consistent reaction
field (SCRF) method. In order to give the hydrophobic environment in protein,
diethyl ether was selected as a solvent (e = 4.24). The high performance and large-
scale memory machine, SGI Altix UV 100, equipped with Gaussian 09 series of

program was used in all calculations [35].
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Figure 15. The constructed model structure, consist of zinc atom, four water molecules and
surrounding residues (Trp5, Gly63, His64, Ala65,
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A.3 Results and Discussion

A.3.1 Geometry Optimization

Geometry optimization on such a large model structures was not easy. In order to
save resources and time, we divide the optimization process into three steps. The
schematic process of optimization can be seen in Figure 16. First, the model structure
was divided into two group: gl and g2. The gl is a model structure without three
oxygen atoms (wla, w2, and w3a), and remain the AS residues, zinc ion, and ZnO.
Then position of hydrogen atoms in all gl structure was optimized under M06-2X

method.

The g2 structure consists of three remaining water molecules (wla, w2, w3a). These
atoms were returned to the optimized structure of g1, called glg2 structure. The
optimized structures of gl that has the x1 angle more than 60° were abandoned
because the w2 oxygen atoms overlapped with the €l-hydrogen of His64. For the
remaining structure, the hydrogen atoms were added to three oxygen atoms (wla, w2,
and w3) by considering the tautomerization and pH as shown in Figure 14. The
position of hydrogen atoms we adjusted to make a possible hydrogen bond bridge as
shown in Figure 15. Then we performed the second optimization for hydrogen atom
in wla, w2, and w3a water molecules by fixing the coordinates of another atoms. In
order to confirm the optimization, we perform the last optimization of hydrogen

atoms fixing coordinates of all heteroatoms for g1g2 structure.
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Figure 16. The schematic process of geometry optimization for model structure.

61



A.3.2 Potential energy profiles

In order to compare the No1-H tautomer, Ne2-H tautomer, and imidazolium ion form
in one figure, the energy data of a buffer and its conjugate acid were added. The 3,5-
lutidine was selected as a buffer molecule. The buffer energy data were added to
No&1-H tautomer and imidazolium ion form. The conjugate acid energy data was
added to the Ne2-H tautomer. Figure 17 (upper side) shows the energy profile of the
structure without the hydrogen bond-bridge. The energy profile of Imi-ZnOH is the
highest compared with the others, and the “out” conformation was more stable
compared to the “in” conformation. Another two forms (N&1-ZnOH and Ne2-
ZnOH2), has the “in” conformation more stable than “out” conformation. The
barrier height was 7.6 kcal/mol, 5.5 kcal/mol, 9.4 kcal/mol for N31-ZnOH, Ne2-

ZnOH2 tautomer, and Imi-ZnOH respectively.

Figure 17 (lower side) shows the energy profile of each form, including hydrogen
bond-bridge. The order of energy profiles was similar with the structure without
water-bridge. However the stability of all forms tend to “in” conformation. The “in”
conformation was stabilized by the hydrogen bond connection. This also caused the
height of barrier increased to 12.7 kcal/mol for N61-ZnOH, 4.2 kcal/mol for Ng2-

ZnOHoy, and 15.5 kcal/mol for imi-ZnOH.

The energy barrier can be related to the transition rate theory, as shown in the

following equation.

L = (kT) (—AG) (A1)
1= \h )P URr
Where ki is the rate of transmission in the approximation of the transition state theory

limit, k is the Boltmann constant, h is the Planck constant, AG is the energy barrier
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Figure 17. The energy profiles of N61-ZnOH (black), Ne2-ZnOH2 (red), and Imi-ZnOH
(blue) after adding energy of a buffer 3,5-lutidine for without hydrogen bond-bridge (upper
side) and with hydrogen bond-bridge (lower side).
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height, R is the gas constant, and T is temperature. HCAIl has 10° s! maximal
turnover rates, and assuming the temperature is 25°C, we can obtain the value of AG
is 9.2 kcal/mol, which should be the maximum energy barrier in all basically
catalytic processes. Our calculated energy barrier of rotational motion of His64 No1-
ZnOH and Imi-ZnOH is higher than 9.2 kcal/mol, which is not possible to rotation.
Otherwise the Ne2-ZnOH. energy barrier was 4.2 kcal/mol, which is lower than
maximal turnover. These results tentatively suggest that His64 does not have the

rotational motion, but a flexible motion in the either “in” or “out” conformation.

A.4 Conclusion

We investigate the potential energy profile of large structure, including zinc atom,
His64, hydrogen bond-bridge, and surrounding residues. The hydrogen bond-bridge
affects the stabilization at the “in” conformation. The hydrogen bond-bridge help
stabilize the structure at “in” conformation. The additional stabilization from
hydrogen bond-bridge could restrict the rotational motion. However more research

on this model structure is needed to explain the proton transfer process.
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