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Chapter 1

General Introduction

1.1 Overview of the Thesis

This doctoral thesis is a summary of my research concern in the theoretical studies
on the binding free energy, association/dissociation pathways and free energy land-
scape by all-atom molecular dynamics simulation (MD), parallel cascade molecular
dynamics (PaCS-MD), and molecular docking simulations. For the investigation
of ligand-receptor complex, we have selected the complex of carbonic anhydrase
(CA) I with ligand molecule. We have estimated the free energy profile of ligand
dissociation in the CA I enzyme by performing all-atom MD simulation combined
with thermodynamic integration method. For the protein-protein complex, we
have investigated the binding free energy of plastocianin and cytochrome f com-
plex by MD simulation. Association/dissociation pathways of protein complex are
estimated by performing PaCS-MD. The outlines of my research topics at Gradu-
ated School of Natural Science and Technology, Kanazawa University during PhD
study are presented by following steps:

Molecular Dynamics Study of Free Energy Profile for Dis-
sociation of Ligand from CA I Active Site

We have investigated the dissociation process of ligand molecule form the carbonic
anhydrase (CA) I by using all-atom MD simulation combined with thermodynamic

integration. The structure of CA I active site contains the zinc. Thus, the force
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field parameters of zinc ion are estimated by quantum chemical calculation. We
discussed the binding free energy as a function of the distance between the center
of mass position of CA T active site and ligand molecule. We also discussed some
thermodynamic properties such as the binding free energy, the equilibrium state

of the free energy surface and so on.

M.S. Arwansyah, Koichi Kodama, Isman Kurniawan, Tatsuki Kataoka, Kazu-
tomo Kawaguchi and Hidemi Nagao. Molecular dynamics study of free enerqgy
profile for dissociation of ligand from CA I active site. Science Report Kanazawa
University, 63, pp. 15-28, 2019 (Published).

Theoretical Study of the Binding Free Energy of Plasto-

cianin and Cytochrome f complex

We have investigated the binding free energy of plastocianin and cytochrome f
complex by using all-atom MD simulation. The force field parameters in the ac-
tive site of plastocianin and cytochrome f were calculated by quantum chemical
calculation. We discussed the free energy profile as a function of the distance
corresponding to the dissociation process of the plastocianin in complex with cy-
tochrome f. We also discussed the viewpoint of the dependency of the angle
structure and properties in the protein complex and has been summarized in the
this letter.

M.S. Arwansyah, Kazutomo Kawaguchi and Hidemi Nagao. Theoretical Study
of The binding Free Energy of Plastocianin and Cytochrome f complex. Science

Report Kanazawa University, 2020 (In prep.).

Theoretical Study of Association/Dissociation Pathways of
Plastocianin and Cytochrome f Complex by Parallel Cas-

cade Molecular Dynamics Simulation

We have investigated the association/dissociation pathways of plastocianin and
cytochrome f complex by using parallel cascade molecular dynamics (PaCS-MD)
Simulation. The selected reactive trajectories during the simulation are used to

perform the next cycle until obtain the association/dissociation steps along the
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simulation. To validate the stable state of the Pc-Cytf complex in dissociation
pathway, we calculate the free energy landscape by using multiple independent
umbrella sampling (MIUS). The initial configuration obtained from PDB file is
used to provide the distance constraints. From our simulation, we obtain the
flat energy landscape at the distances 37 to 44 A. This flat energy is crucial
part for determining the conformation of the Pc-Cytf complex in relation to the

dissociation process.

M.S. Arwansyah, Kazutomo Kawaguchi and Hidemi Nagao. Theoretical Study
of Association/Dissociation Pathways of Plastocianin and Cytochrome f complex
by PaCS-MD Simulation. International Journal of Modern Physics C, 2020 (In

prep.).

1.2 Introduction to Plastocianin and Cytochrome

f

In photosynthesis process, the plant or other organism convert light energy into
the various chemical reactions that result the energy for the organism activities.
This energy is placed in carbohydrate molecules which are produced from carbon
dioxide and water molecule. In plant, the thylakoid lumen of chlorophyll, which is
found in chloroplast, contains structures within the membranes called photosys-
tems one and two and also in this lumen contains the proteins to adsorb light en-
ergy and donate the excited electrons to carriers in an electron transport process.
Some proteins consisting of plastoquinon, cytochrome, plastocyanin, ferredoxin
and NADP reductase are used as carriers for transport one electron to another in
a series of redox reaction [1-3]. The series of the electron transfer mechanism are

found in thylakoid membrane of chlorophyll.

In photosystem II, an electron which is released from the chloropyll molecule with
a higher energy level easily moves from the chlorophyll to the electron acceptor
molecules. Water molecules replenish the lost electrons and dissociate the hydro-
gen ions and release the oxygen gas. Meanwhile, the electrons as the exicited
electron continue the along electron transport chain and reduce the plastoquinon.
The electrons move from the plastoquinon in oxidized state to cytochrome which
becomes the reduced cytochrome. Then, the reduced cytochrome passes elec-

trons to plastocianin. From plastocianin, the electrons are replenished since in the
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Figure 1.1: The tertiary structure of plastocianin (PDB ID: 1PLC).

photosystem I, the excited electrons obtained from chloropyll are used to reduce
ferredoxin. NADP reductase uses the excited electrons and protons from stroma

to reduce NADP* producing NADPH and hydrogen. This NADPH is later used

to fuel the energy consuming sugar production of photosynthesis [1, 4-6].

In thylakoid membrane, some proteins including plastocianin and cytochrome are
used for electron transport in a series of redox reaction. Plastocianin has a function
to catches one electron from cytochrome f in cytochrome b6f complex (photosys-
tem II) to chlorophyll (photosystem I). Plastocianin is one of the copper protein
which contain one copper ion in the active site [7, 8]. Plastocianin is grouped as
type I copper is known as one of the blue copper protein or cupredoxin. Three
group of copper protein can be classified based on their properties and magnetic
measurement, i.e type I copper (T1Cu), type 2 copper (T2Cu), and type 3 copper
(T3Cu) [9].

Plastocianin contains 99 residues which consist of a copper ion, eight strands of
beta-sheet, two helix structures and connected with seven turn structures. The
total number of atom of plastocianin is 1548 atoms. The structure of plastocianin
is shown in Figure 1.1. The active site of plastocianin consists of the copper ion
coordinated in a trigonal planar structure with two nitrogen atoms of the imidazole
group of histidine, i.e. His-37 and His-87, one sulfur atom of cystein (Cys-84), and
also one sulfur atom of methionine (Met-92) is bound to the copper ion as axial

ligand [7, 9]. The structure of active site of plastocianin is provided in Figure 1.2.
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Figure 1.2: The structure of plastocianin active site. The red sphere is
copper ion.

Cytochrome f is a protein subunit found in the tylakoid membrane of chloroplast
which has crucial function for the electron transport in the scheme of photosyn-
thesis. In a series of redox reaction, this protein involves as an acceptor of the
electron then transport the electron to the plastocianin. Cytochrome f is the
largest of the four polypeptide in cytochrome f bgf. This polypeptide is classified
as a c-type cytochrome where the spectroscopic studies shown the value of ab-
sorption maximum at th 554 nm and a midpoint oxidation potential of -365 mV
at pH 7. Cytochrome f contains 250 residues which consist of a heme compound
and two soluble structure domains in the lumen-side segment [10]. In the intact
cytochrome, 250 residues associate the extrinsic domain to the membrane anchor

helix. The structure of cytochrome f can be seen in Figure 1.3.

The crystal structure of cytochrome f has been investigated by X-ray analysis
[11]. Cytochrome f has the unique fingerprint sequence, i.e. Cys-X-Y-Cys-His, of
c-type cytochrome which is important to make the covalent bond of heme group.
The heme compound is composed by iron atom bound to a porphyrin acting as
a tetrahedral ligand, and one or two axial ligands [10, 11]. The heme group of

cythocrome f was presented in Figure 1.4.
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Figure 1.4: The heme group of cytochrome f.

1.3 Introduction to 60S Ribosomal Subunit

Ribosome is a complex macromolecule containing variety of ribosomal proteins
and ribonucleic acid (RNA) which catalyze the protein synthesis in cell [12, 13].
This molecule consists of two subunits, a large (80S) and a small (70S) subunit,
with different functions [14, 15]. In eukaryotic, the sedimentation at 80S ribosome
is obtained with the counterparts of 40S and 60S subunits, while the counter-
parts of 30S and 50S subunit of 70S ribosome are found in prokaryotic. The cat-
alytic sites of the peptidyl transferase center (PTC) catalyze the bond formation
and hydrolyze the peptidyl-tRNA during the protein synthesis. These biological

mechanisms are worked in the large ribosomal subunit. The small subunit has the
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Figure 1.5: The tertiary structure of the eukaryotic 60S ribosome.

sequence of codons on mRNA in relation to the decoding site for the synthesis of

a polypeptide chain [16-18].

In the last decade, the scientific work on the investigation of the prokaryotic trans-
lation mechanism has increased by showing the number of publication of the crystal
structure of the small (30S) and large (50S) subunit ribosomal subunit. In atomic
resolution, the structures of prokaryotic ribosome in binding with protein factors
in relation to the translation process have showed us the various stage of protein
synthesis with molecular snapshot structure [14, 19, 20]. However, the understand-
ing of the molecular synthesis in eukaryotes needs more investigation because the

protein synthesis mechanism remains less information.

Eukaryotic ribosome is significantly larger than that of the prokaryotic counter-
parts because the numerous RNA extension segments growed with specific ri-
bosomal protein molecules. Therefore, the eukaryotic 60S subunit in yeast (T.
thermophilia) is larger than 50S subunit in prokaryotic (Eschericia coli) with the
values of 2 million daltons and 1,3 million daltons, respectively [21]. Because
of the structural complexity of the eukaryotic ribosome, it affects the functional
differences between prokaryotic and eukaryotic. In eukaryotic cells, the ribosome
biogenesis is complicated which involves 200 trans-acting protein on the process-
ing and modification mechanism of RNA, bring in the ribosomal proteins into the

nucleus and transport to the preribosomal into the cytoplasm [16].
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Recently, the 60S ribosomal subunit is issued to understand the several regulatory
during the initiation process. The crystallography structure of the T. thermophilia
60S ribosome subunit as shown in Figure 1.2 was solved by Klinge and co-workers
[21]. This molecule contains three rRNA molecules, i.e. 55, 5.8S and 26S rRNA
where the 5.85 rTRNA placed the same region as the 5 end of the prokariotic
23S rRNA. Two clusters of RNA counterpart operate as the binding mode for
eukaryotic-specific proteins [22, 23].

The structure of the 60S ribosome contains 42 proteins, where 20 proteins are
allocated between eukarya and archea, 16 proteins exist in all domain of life, and
only 6 proteins are eukaryotic-specific parts [21]. The critical for creating an
intricate protein-RNA network is involved in the ribosomal proteins which contain
the eukaryotic-specific extension. Some of these regions are found as core area
for the active site and the exit tunnel. The 26S rRNA is the important region of
ribosome because the peptidyl transferase center, the exit tunnel and antibiotic
binding sites can be found at this domain. 26S rRNA contains all area essential for
catalysis and subtrate binding, i.e. A, P, and E-sites. Therefore, both prokaryotic
and eukaryotic ribosome at 26S rRNA region become an interesting targets for

amount of the antibiotics [24, 25].

1.4 Introduction to Molecular Docking

Molecular docking is a method to predict the binding affinity between receptors
and ligands and estimate the stability of the complex. Docking is a good technique
to estimates the binding orientation of drug candidate (ligand) against the target
molecule in order to understand the activity of the drug. Thus, this method is
useful technique for the drug design and process. In recent years, the crystal
structures of protein have been significantly investigated and have been provided
in a database such PDB database. With an increasing of the database of the
crystal structure, molecular docking is widely used by researchers to know the
molecular interaction of ligand-protein complex in relation to improve the drug
target predictive capacity [26-29]. Furthermore, this method greatly uses to reduce

the research cost. The steps for molecular docking are summarized in Figure 1.6.
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] Pubchem database,
PDB database Receptor, Ligand Draw ligand
(Protein, DNA, (Small
etc.) Molecule)
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Docking
Parameter
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Result of Docking affinity
Calculation
Visualize
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Figure 1.6: The general steps for molecular docking.

In molecular docking, two stages are applied to understand the molecular mecha-
nisme: docking the ligand into the receptor molecule (pose identification) and pre-
dicting the docked conformation value binding to the target molecules (scoring).
The accurate algorithms are created to obtain the better prediction capacity of
the complex by concern on the conformation and orientation of the small molecule
in the active site of target molecule and also the algorithm evaluates the molecular
interaction by providing the scoring function of the binding affinity. The various
algorithm for docking analysis, i.e, Genetic algorithm, Monte Carlo, Systematich
Searches, Distance Geometry, Fragment-Based, and etc. are commonly used to
determine the binding modes [30, 31].

In order to evaluate and rank the predicted ligand conformation into the molecule
target in the structure-based virtual screening, the scoring function is a good ap-
proach to find the best binding affinity of the complex because the best scoring
ligands are the best binders. Scoring function are classified into the three class:
knowledge-based, force field, and empirical [31]. Knowledge-based scoring function
is used to observe the similarity attribute of the known coordinates obtained from
experimental structure of a large set of protein-ligand complex. The attributes
such atom-atom distances between the complex are contributed to estimate the
binding affinity after converting a pseudo-energy function of pairs of atoms in the
protein-ligand complex. The force field scoring functions is based on the molecular
mechanic force filed where the potential energy of a complex is obtained from the

bonded and non-bonded interactions. The binding affinity of the ligand-protein
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A
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Figure 1.7: Two models of molecular docking.

complex is expressed by the estimation of the van der Waals energy and electro-
static energy terms where these energy terms are presented by a Lennard-Jones
potential function and Coulumbic potential function. Lastly, empirical scoring
function is based on the several parameters such as the hydrogen bonding, van der
Wall interactions, hyrophobic interactions and the ligand’s conformational entro-

phy which are utilized to estimate the binding affinity [32-34].

In molecular docking, two models represent the action of ligand to the target
molecule which refer to the lock-and-key model and induced fit model [35]. The
lock-and-key model denotes to the rigid docking of receptors and ligand to obtain
the proper orientation for the key to the open up the lock. The geometric comple-
mentarity is crucial for this model. Meanwhile, the induced fit model is established
by some parameters including geometrical and energy complementarity and pre-
organization which promise that ligand and the target molecule find the stable
complex by the conformation of the complex is modified to fit each other in the
binding pocket. This docking process is known as flexible docking. The scheme
for two model of molecular docking is described in Figure 1.7. The several docking

programs are commonly used to perform molecular docking shown in Table 1.1.
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Table 1.1: The several softwares are used for molecular docking.

Name Search algorithm Scoring function Feature
AutoDock Vina GA (genetic algorithm) Semi empirical calculation  Flexible-rigid docking
FREED Shape fitting (gausssian) Screen score Flexible docking
Glide Exhaustive systematic search Semi empirical calculation Flexible docking
AutoDock GA (genetic algorithm) Semi empirical calculation  Flexible-rigid docking
Gold GA (genetic algorithm) Semi empirical calculation Flexible docking
ZDOCK Geometric complementarity and MD Molecular force field rigid docking

1.5 Introduction to Molecular Dynamics Simu-

lation

Molecular dynamics (MD) is a method to obtain the information of the time
evolution of atom or molecule in relation to obtain the thermodynamic proper-
ties computed according to Newton’s second law. MD method is widely used to
calculate the large number of particles such as protein or other biological macro-
molecules. This method can be utilized to quantity the properties of a system
where the macroscopic quantities are extracted from the microscopic trajectories
of molecules. Therefore, the characteristic of atom/molecule can be used to rep-
resent the macroscopic of physics properties. MD has many purposes to find the
structure and dynamics of macromolecules, thermodynamics properties of gas,

liquid, and solid, transport phenomena, and etc [36, 37] .

MD method has been applied since 1950s where Alder and Wainwright conducted
the earliest MD simulation on the hard-sphere model. Real atomic interactions are
applied on continuous potential [38]. In 1976, the first simulation on protein was
performed because computational tools became more widespread [39]. The empir-
ical energy function is developed based on the physics-first principle assumptions.
The initial protein MD simulation, short time simulation around 9.2 ps has been
perform on the small bovine pancreatic trypsin inhibitor (BPTI). Since 1998, a
longer simulation time of ten nanoseconds was implemented [40]. Now, the mod-
ern theory and algorithm of MD method has been utilized to consider more the
realistic model on the system by immersing water molecules, ions, and etc. In this
section, we represent the brief MD simulation concepts such as the mathematical
solution of the differential equation from Newton’s formula, The common force
field, boundary condition, MD system with NVT and NPT ensembles and etc.



Chapter One 12

1.5.1 Integration Outline

Molecular dynamics use some algorithms by solving differential equation from
Newton’s formula. Some integration approaches are discussed and summarized by

following subsections.

1.5.1.1 Verlet Algorithm

Verlet algorithm is particularly suited for MD simulation. This algorithm has been
widely utilized in many aspects on molecular simulation for liquid and solids to

biological molecules. The schematic integration is written as follows:

d27”i
Fi = miﬁ; (1.1)

where F; is the total force acting on the i-th particle, m; is the mass of the particle
1, and r; is the position vector of the particle. To get approximate difference
formula for derivatives, Taylor expansion for position around time () is expressed

by following equation:

r(t + ht) = r(t) + v(t)ht + %a(t)th + b(t)ht® + Oht* (1.2)

The time is reversed and we find a function:

r(t — ht) = r(t) —v(t)ht + %a(z&)ht2 — b(t)ht* + Oht* (1.3)

then, we combine equation 1.2 and 1.3, we get an approximation for the first

derivative,

r(t + ht) = 2r(t) — r(t — ht) + a(t)ht* + Oht* (1.4)

The function is update equations for position. It is similar for velocity update by

following equation:
v(t) =r(t+ ht) — (t — ht)/2ht (1.5)
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In Verlet algorithm, equation 1.4 and 1.5 are the update equations. The position
and acceleration at time t and position at previous time step as input are used for

Verlet algorithm.
T(to - ]’Lt) = T(to) - U(to)ht (16)

Forward time step equation

r(t+ht) =2r(t) —r(t — ht) + %F(t)htz (1.7)

Reverse time step (replace ht with -ht)

ru+04m>zzma—r@—cm@y+%pgx—mf (1.8)

r(t — ht) = 2r(t) — r(t + ht) + %F(t)th (1.9)

From equations above, we have similar algorithm to shift system backward with
similar force and position. Verlet algorithm accurately estimates the position and

velocities in order of ht? and ht*, respectively.

1.5.1.2 Leap-Frog Algorithm

Leap-Frog algorithm can be found by simple mathematics calculation of the Verlet
integrator. This algorithm excludes one of the component of Verlet algorithm,
i.e., small numbers O ht? to differences in large ones O ht’. In this diagram, first
velocity at half time step is estimated for updating the position at full time step.

The equation for leap-frog algorithm is provided as follows:

r@+M):Mﬂ+v@+%MMt (1.10)
va+ho=va—%my+%Fumt (1.11)

Substituting equation 1.9 in equation 1.10 to obtain the equivalent algorithm be-

tween Leap-Frog and Verlet.
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7ﬁ+ha=mw+zw—%my+%F@Min (1.12)

From the equation 1.9, we can also obtainr(t) estimated at previous time step as

following equation:

r@+hﬂ=r@—hﬂ+v@—%ﬁ%t (1.13)

Substituting v(t — %ht) from above equation into the equation 1.10, and we obtain

P+ ht) = r(t) + | (r(E) — r(t — ht)) + — P ()R],
m (1.14)

:%ﬁywﬁ—hﬂ+%F@m2

Equation 1.13 is equivalent to the original Verlet presented by equation 1.4. In
Leap-Frog algorithm, it is need to have velocity at the previous time step which

can be obtained by simple approximation:

mm—myﬂw@—%F%%m (1.15)

The velocity at current step can be obtained by using a simple interpolation as

following equation:

v(tg — ht) = (v(t + %ht) +o(t — %ht))) (1.16)

The advantage of the Leap-Frog integrator is no need to add number that are

different order in ht.

1.5.1.3 Velocity-Verlet Algorithm

In the position Verlet and Leap-Frog integration, the velocity is discussed ac-
curately. Another approach to handle the velocity properties is presented by

Velocity-Verlet algorithm (Verlet scheme) as following equation:
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r(t + ht) = () + o(t)ht + iF(t)ht? (1.17)
o(t+ ht) = o(t) + % (F(t) + F(t + ht) bt (1.18)

From these equations, we can obtain the Verlet algorithm by eliminating the ve-
locity. This algorithm needs the position, velocity, and acceleration at current
time step. Also, it involves one intermediate step. Updating the first position

with equation 1.4, then the velocities at mid step are handled by using

ot + %ht) — o(t) + %[F(t)]ht (1.19)

The force and acceleration at time ¢ + ht are handled and velocity is computed as

follows:

v(t+ ht) =v(t + %ht) + %[F(t + ht)]ht (1.20)

This equation is the most preferred as integrator due to stability, accuracy and

simplicity.

1.5.1.4 Higher order integrator

A better accuracy both in position and velocity becomes crucial part to select the
integrator. Higher order scheme can be applied where the scheme allows to use
larger time step without compromising on energy accuracy. But, this scheme is
not time reversible and do not have a preserving part. The main idea for predictor-

corrector algorithm is provided as follows:

1. Predictor: The position and its derivatives at time ¢, i.e., velocity, acceleration,

and etc, are used to find the position and its first derivatives at time ¢ + ht.

2. Force assessment: The predicted position is applied to handle the force and

acceleration at the predicted positions.

3. Corrector: The new acceleration is used to correct the predicted position,

velocity and acceleration.



Chapter One 16

Taylor expansion is applied at the position at time ¢ + At

r(t+ ht) = r(t) + v(t)ht + %a(zﬁ) + %b(t) + %c

Where v is the velocity, a is the acceleration, b is the third derivative of the

(t) + ... (1.21)

position, and c is the fourth derivatives etc.

By using Taylor expansion for velocity, acceleration and etc, the equations become

as follows:

v(t + ht) = v(t) + a(t)ht + %tzb(t) + %tgc(t) + ... (1.22)
ht?

a(t + ht) = a(t) + b(t)ht + 7::(:5) — (1.23)

b(t + ht) = b(t) + c(t)ht + ... (1.24)

The predicted (step 1) and calculated (step 2) acceleration are computed by fol-

lowing equation:

A(t + ht) = a*(t + ht) — a(t + ht) (1.25)

This equation is used to improve the position and velocity in the correction step

as following equations:

r°(t + ht) = r(t + ht) + coAa(t + ht) (1.26)
ve(t + ht) = v(t + ht) + c1Aa(t + ht) (1.27)
a’(t + ht) = a(t + ht) + coAa(t + ht) (1.28)

be(t + ht) = b(t + ht) + csAa(t + ht) (1.29)
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The value of the coefficients depends on the order given by Taylor expansion.

1.5.2 Analysis on Force fields

The empirical forms and the total potential energy are described by the inter and

intra-molecular represented by following equation:

Etotal = EvdW + Eelec + Eb(md + Eangle + Etorsion (13())

Where Etotal = EvdW + Eelec + Ebond + Eangle + Etorsian are the total energy, van
der Waals, electrostatic, bond stretching, angle bending, and torsion energy con-

tributions, respectively.

The 12-6 LJ interaction is used to represent the van der Waals interaction given
by

ra =0 (32" -2()’] wa

Where Dy is the strength of the interaction and Ry is the range of interaction. The
constant can be obtained by quantum calculation of by experimental value. 12-6
LJ interaction parameters are provided by atom types from general force fields
obtained in AMBER, CHARMM, and etc. Other form of non-bond interaction is
also generated by Buckingham potential given by

B
EBuck:ingham = Z (A eXP(—CTz‘k - _6>) (132)

rs
nonbonded pair ik

In this constant value of these potential are provided in available force fields. To
handle the special coordination using non-bond interaction, Morse potential can

be applied and the equation is provided by

2
Enorse = Z Dy (1 - e_a(R_RO)) (133)

nonbonded pair

Where Dy, Ry, and « are constants.
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Coulomb’s law given in equation 1.32 are used to represent the electrostatic inter-

action between charges particles.

. Z qiqk
EC’oulumb — era (134)
nonbonded pair

¢; and € are charge on each atom and dielectric constant, respectively. This inter-

action is computational cost due to its long range character

The bond stretching potential can be presented by the harmonic potential. This

potential is used to describe the intra-molecular interaction.
1 2
Ebond(rij) = éKb(rij - 7’0) (1-35)

Other potential to describe the intra-molecular interaction is provided by Morse
potential. This is particularly useful for handling specific coordination in a given

geometry.
Eriorse = Z Dy{1 — explexp — Kpn(r — o)l } (1.36)
1,2pairs
Where D, and K,, represent the well depth and well width, respectively.

The angle bending potential is also described by the harmonic potential form given
by:

1
Eangle(gijk) - §K9<823k - 90)2 (137>
In case of cosine harmonic theta, the angle bending potential is provided by

1
Eangle(eijk) == §K9(0089iﬂ€ — 00890)2 (138)

To handle certain structure of molecular system as a part of bond stretching and
angle bending, the torsional potentials are included. Two type of this potential, i.e.
dihedral angle and improper torsion. To constrain the rotation around the bond,
the dihedral angle is commonly applied. This potential is involved four consecutive

bonded atoms (i-j-k-1). Meanwhile, improper torsion is used to handle planarity
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of certain atoms where four atoms are not bonded in the same sequence as i-jk-1.

One of the commonly applied dihedral potential is the cosine form provided by

E(¢>ijkz) = Z %[1 + COS(”)¢Z’jkl - ¢0] (1.39)

n

Where n is an integer. ¢ and n represent the rotational sequence and the period-
icity of the rotational barrier, respectively. V,, and ¢, are the associated barrier

height and reference torsion angle.

Commonly applied improper torsion is harmonic form and is represented by fol-

lowing function:

E(‘Pijkl) = k{,j,k;,l(%jkl - 900)2 (1.40)

Where k! ;i 18 the force constant.

1.5.3 Application of SHAKE Algorithm

In this case, the optimum choice of the integration time step for numerically stable
integrator as well as better energy conservation is presented. In molecular system,
the selected of time step is restricted by the various time scales related with degrees
of freedom such as bond vibration, angle stretching, and torsional form. The wave
number and time scale in respect to vibrational mode of O-H, N-H stretch are
3200-3600 cm! and 3,1 fs, respectively. For H-O-H (1600 cm®') bend and O-C-O
(700 cm') have time step 6.5 fs and 15 fs, respectively. Therefore, the system
containing hydrogen bond is suggested to use 1 fs to avoid any problem with
energy conservation. Another solution, bonds involving H with highest frequency
are constrained during simulation and larger time step can be applied. Ryckaert
and co-workers introduces SHAKE algorithm to constrain bond with hydrogen
atom [41]. This algorithm is widely used in molecular simulation. The basic idea
of this algorithm is to apply the Lagrange multiplier to impose bond distance

constant. Assuming, we have N, such a constraint provided by

a =1, — R, = 0,wherek = 1,2,3........ N, (1.41)
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R} ., is constrained distance between atoms k; and k. From this equation, it is

modified constraint given by

dz’f‘z' Ne
My = frachh, [V (ri..rn) + ; (D) ag(rl...ry) (1.42)

Where m; is mass of i * particle and ), is the Lagrange multiplier for k™ con-

straint. This equation can be answered for unknown multiplier by solving N,

quadratic coupled equations. The equation of motion is given by

Ty (E+ ht) = rpe(t + ht) + 2(ht)2m,;11)\k(t)rklk2 (t) (1.43)

Tiy (t+ hit) = rpc(t + ht) + 2(ht)*mi) A (8) Ty, () (1.44)

Where "¢ is the position updates with unconstrained force. This route is replicated

till defined tolerance 7 given as

Thyks (T + At) — Rmm] <
Ryiko -

[

(1.45)

1.5.4 Periodic Boundary Condition

In molecular dynamics simulation, systems containing few thousands of atoms
are simulated in the simulation box. Such small systems are dictated by surface
effects-interactions of the particles with the container walls. To prevent the sur-
face effect and to provide thermodynamics properties on the behavior of the bulk
liquid, periodic boundary condition (PBC) is applied. PBC cell is repeated in all
directions to make an infinite lattice as shown in Figure 1.8. Atoms/particles in
the central cell are considered during simulation. Therefore, if a particle moves in
the central cell, its periodic image also moves in the same direction and when a
particle moves away from the central cell, its periodic images exist from the op-
posite face. By this PBC, we can discuss that there is no rigid boundary wall and

the number of atoms in the central simulation cell is kept during the simulation.
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Figure 1.8: The schematic of periodic boundary condition (PBC). The
central cell of PBC is replicated in all direction to make infinite periodic
system.

The interaction energy between atoms in the PBC cell becomes crucial important
to imply the interaction phenomena along simulation. A particle (i) interacts with
all other particles in infinite periodic system. We can assume that all intermolec-
ular interactions are pairwise preservative and the total energy of N particles in
any one periodic cell can presented as Uy = %Z”nuﬂ rij +nL |) , where L
is diameter of the periodic box cell and n is an arbitrary vector of their integer
numbers, the prime over the sum represents the term with ¢ = j is to be excluded

when n = 0.

1.5.5 Thermostat and Barostat

The algorithms are explained by previous discussion is appropriate for Micro
canonical ensemble (NVE ensemble), where the total energy of the system is a
constant of motion. In molecular system, Canonical ensembles known as NVT and
NPT are commonly used to keep temperature or pressure in constant condition.
In this case, we discuss two very commonly applied route for doing simulation in
canonical ensembles such as velocity rescaling method and weak coupling method
of Berendsen [42].
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1.5.5.1 Velocity Rescaling Method

The temperature of the system during simulation is estimated from the kinetic

energy using equi-partition theorem as following equation:

3
Exp = 5NksT (1.46)

The simplest manner to keep a constant T is to rescale the velocity consistent
with the desired temperature. Assume at time t is T(t) and desired temperature
is Tyesireq- The change in temperature provided in equation below can be worked

when the velocities are multiplied by a factor A.

N N
1 2m; )21 2 m,v;
ap = Ly 2miOw)t 1 en 2 md (1.47)

Therefore, we have

A= V Tdesired/T(t) (148)

At each time step, the velocities are multiplied by A and T(t) is estimated from
the kinetic energy (KE) at time t. The velocity rescaling method is simple and

easy to used but, it does not represent any statistical ensemble.

1.5.5.2 Berendsen Weak Coupling Method

Berendsen algorithm [42] represents a weak coupling to an external heat bath to
keep constant temperature during simulation. by adding a stochastic and friction

term, the equation of motion is modified by

Where, 7; is the damping constant that decides the strength of coupling with the
heat bath. This 7; is constant equal for all particles. R(t) is a Gaussian stochastic

variable calculated by
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Time dependence of the total kinetic energy is provided by

JE BN 3N 4
LA Z_ 02 _Z_ 02
- lim {i1 5 i (t+ At) 5TV (t)}/At) (1.51)

A—0 -
=1

Where N is the total number of particles. From the equation 1.49, the change Av;
of the velocity over a time internal of ¢ = 0. At is given by difference in velocity

in two time step presented by

1 [tea (1.52)
= —/ [F;(t") — myyvi (') + Ri(t')]dt
Where R is Gaussian noise. By adding equation 1.50, we get,
3Nt At t+At
> / dt’ / dt"Ry(t"Ry(t") = 6NmykTyAt (1.53)
i=1 vt t
Using this relation in equation 1.51, we find
dE, 3N
i=1

First part on the right side is equal to minus of the time derivative of potential
energy and its connected to the effect of the systematic force. Thus, the coupling
to the heat beat is showed by the second part. This can be associated with the

time dependence of the system temperature

= =Ty —T) (1.55)

Where the time constant for heat bath coupling 77 is equal to 2y~1. Therefore,

the equation of motion can be represented by
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T

At T

The heat bath and subsequent temperature control obtained in in the Berendsen
weak coupling scheme are reached by appropriate rescaling of the velocities by a
time dependent scaling factor A during the integration of equation of motion. The

scaling factor in respect to the leap-frog integrator given by

(14 5) = (1+5) (1.58)

=\t [r (t + %) + mi_lFi(t)At]

To reach the temperature variation consistent seen in equation 1.55 the scaling

factor A can be obtained by adding by

T(t+%> —T< —%)-FTTlAt [TO—T(t—%)} (1.59)

By using equation 1.57 and 1.58 we get
At At At
vor (2 1 (-2 s fnor ()] s

Solving this for A(t) obtains

A(t; At) = {%
(1.61)
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Therefore, the temperature is handled by scaling the velocity of the particle for

each time step with a time dependent constant as following equation:

1+§<E —~ 1)] (1.62)
T T

A good value of 77 is 0.5-1 ps when integration time step ht = 1 fs. The coupling

A:

will be weak if 77 is large meanwile, the coupling becomes strong if 7 is small.
This algorithm is equivalent to simple velocity rescaling method when the coupling

parameter equal to integration time step (7p = ht).

1.5.5.3 Weak Coupling Barostat for Constant P

Coupling to a bath is achieved by adding an extra term to equation of motion for
relevant variable according to previous discussion in subsection Berendsen cou-
pling. It is similar that by adding an extra term to the equation of motion that
controls pressure change, coupling to constant pressure bath can be obtained. The

equation of motion for pressure can be composed by

dP  FPy—P
— = 1.63
dt Tp ( )

The pressure is presented by

Where
1

i<j

That equation is internal virial for pair additive potentials.

p=-2p— Ry (1.66)

Tp
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Figure 1.9: The schematic of PaCS-MD procedure.

1.5.6 PaCS-MD simulation

Parallel cascade molecular dynamics (PaCS-MD) simulation is one of methods to
investigate the conformational transition pathway of protein in respect to the
folding process and association/dissociation process. The physical parameters
such as force field, ensemble, periodic boundary, and etc. used in PaCS-MD are
similar with that of molecular dynamics described in previous subsections. PaCS-
MD method is developed by Harada and co-authors [43]. This method has been
used to find the possibility of the conformational transition pathway of folding
process starting from the extended structure of chignolin protein to the native
structure along simulation. The folding pathway obtained by PaCS-MD is good

correspondence with the results presented in Ref. [44].

To estimate PaCS-MD simulation on Pc-Cyt f complex, 100-ps MD simulation is
performed from the structures obtained by preliminary MD. Ten snapshot struc-

tures are randomly selected as the initial structure for the first cycle. Ten initial
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structures (M= 10 runs) formulated by 100-ps MD x M is independently simu-
lated. In each cycle, ten multiple independents molecular dynamics (MIMD) are
performed and each trajectory is saved every 1 ps. Each MIMD is analyzed to
evaluate simulation runs are consistent with the behavior of folding or associa-
tion/dissociation of protein. The selected run from cycle 1 is taken as the initial
structure for ten MIMD in the next cycle. The initial velocities are regenerated
randomly to reproduce Maxwell-Boltzmann distribution for each MIMD. The se-
lected trajectory for each cycle as joint multiple trajectories is termed as ’reactive
trajectories’ proposed by Harada and co-workers [43]. These trajectories are se-
lected to show the expected simulation during PaCS-MD. We show schematic of
PaCS-MD procedure including the reactive trajectory term presented in Figure
1.9.






Chapter 2

Molecular Dynamics Study of
Free Energy Profile for
Dissociation of Ligand from CA 1
Active Site

2.1 Introduction

In higher vertebrates including human, 14 different CA isozymes are found in
several subcellular localizations such as CAI-III and CA VII found in cytosols,
CA 1V, CA IX, CA XII, and CA XIV located in membrane, CA V found in
mitochondria, and CA VI secreted in saliva [45, 46]. Carbonic anhydrases (CAs)
family is a ubiquitous zinc enzyme which can be isolated from archaea, prokaryotes,
and eukaryotes [45]. These enzymes involve the biological fundamental roles such
as catalyzes of the hydration of carbon dioxide to bicarbonate which is essential
to regulate the pH levels in cells, biosynthetic reaction and electrolyte secretion in

several tissues [45—48].

The structures of carbonic anhydrases by X-ray analysis [49-53] have been investi-
gated. In the enzyme active site, this enzyme contains a zinc ion which is essential
for catalytic activity. Zn ion is coordinated with three histidine residues through
their imidazole nitrogen atoms. A water molecule occupies the fourth coordinated

position in the active site at an acidic pH (< 7) or a hydroxyl ion at higher pH.

29
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The tetrahedral coordination geometry is formed through proton-transfer reaction
from water binding to the zinc ion in the CAs active site [54, 55]. The position of
the water molecule or hydroxyl group can be changed by inhibitor to inhibit the
biological process in cells. The sulfonamide group of a heterocyclic structure can
also be used in the primary application as the most potent inhibitors that bind
to the zinc ion through the deprotonated nitrogen. The sulfonamide group is has

activities as anticonvulsant, antiglaucoma, anticancer, and antiurolithic [48].

Some diseases such as glaucoma, diabetes, cancer, epilepsy, and etc [56] is related
almost every CAs family. The several ligand molecules to inhibit CAs activity are
the critical target for the therapeutics against many diseases. Therefore, under-
standing the interaction between ligand and CAs including Zn ion is crucial. The
several computational studies on CAs have been recently performed [57-59]. The
interaction of some antiepileptic drugs with CA active center has been quantum
mechanically investigated to elucidate the relative orientations of CA II-inhibitor
complex using a high-level calculation to understanding on the mechanism of in-
hibitor action [57]. All-atom molecular dynamics (MD) simulation of CA enzyme
has also been carried out for CA II enzyme in complex with ligand (acetazo-
lamide) to obtain a theoretical understanding of metalloprotein-inhibitor complex
[58]. This paper shows the quantitative insight into the binding interaction of
protein-ligand complex and represents the key role in Zn ion in the CAs active
site. The theoretical studies on the standard free energy of protein-ligand bind-
ing have been investigated to understand the free energy change of the ligand

molecules in the binding/dissociation process [58-62].

In this research, the binding free energy between CA I enzyme and the ligand
molecule is investigated. The force field parameters of the zinc ion in the CA I
active site is estimated by quantum chemical calculations. The thermodynamic
integration combined with all-atom MD simulation is used to calculate the free
energy profile for binding/dissociation process of ligand from CA I active site
according to the procedure provided in the previous work [63, 64]. We discuss
the binding/dissociation process of ligand molecule by calculating the free energy
profile to know the docking model of ligand into the active site of CA I related to
some thermodynamic properties such as the binding free energy, the equilibrium

state of the free energy surface and so on.
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2.2 Method and model

In this section, we present a model using in this simulation conditions for MD
simulation. The force field parameters in the CA I active site are estimated, and
the free energy profile is introduced. The free energy profile as a function of the
distance between the center of mass positions of CA I active site and the ligand
molecule, r.,,, is calculated by all-atom MD simulation with the thermodynamic

integration method presented in the previous work [62, 65].

2.2.1 Model for molecular dynamics simulation

In this study, the structure of CA I in complex with the ligand molecule (4-
carboxyethyl benzene-sulfonamide ethyl ester) is obtained from the X-ray crystal-
lographic structure in the protein data bank solved by Srivastava, et al. (PDB ID:
2NNT7) and is applied to initial structure for the simulation of ligand binding/dis-
sociation process [66]. In the CA I enzyme, the total number of residues is 260
which consists of a zinc ion, 10 helices and 18 strands of the beta sheet with the
total number of atoms being 2029. The ligand is a derivative of benzenesulfon-
amide CA inhibitor which contains 17 atoms. The structure of CA I enzyme and

ligand immersed by water molecules are shown in Fig. 2.1(a).

2.2.2 Force field parameters in metal

The cluster model of CA 1 active site consists of a zinc ion and three histi-
dine residues (His 94, 96, 119) which are tetrahedrally coordinated with a ligand
molecule as shown in Fig. 2.1(b). The CA I active site in complex with ligand
is calculated by the quantum chemical methods to know the interaction effect of
the stability from the interaction of zinc ion with histidine residues and ligand

molecule.

The force field parameters of zinc ion in the CA 1 active site are not available
in the Zinc AMBER force field (ZAFF) database developed by Peters et al [67].
Therefore, we evaluate the force field parameters of zinc ion in the CA I active site
by calculating the potential energy surface (PES) as a function of bond distance

and bond angle. The bond distance and angle potential are provided as follows:
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V(r, Kr) = Kr(r — T’C)Q, (2.1)

V(0,K6) = Ko(0 —0c)? (2.2)

where Kr and K60 are the force constants of distance and angle respectively, and
rc and fc are equilibrium distance and angle, respectively. The structure of CA 1
is optimized by freezing the heavy atoms. The potential energy surface of bond
distance and bond angle of CA I is analyzed by using the BSLYP method with
the 6-31G* basis set with the increment of 0.02 and 2°, respectively. The range
of increment is determined to avoid the inharmonic effect of distance and angle
according to the suggestion in Ref. [68, 69]. The optimized structure and potential
energy surface calculations for distance and angle are performed by Gaussian 09
packages [70]. Then, we convert the quantum chemical calculation of the distance
and angle of zinc-N(His 94, 96, 119) motif in the CA I active site into the Amber
force field parameters by using Metal Center Parameter Builder (MCPB) [71].
Our force field parameters have not been submitted to the AMBER parameter

database.

2.2.3 Simulation condition

All-atom molecular dynamics simulation is performed on CA I enzyme and ligand
molecule. The TIP3P water model [72] with 9808 water molecules inserted in a
70 x 69 x 77 A® periodic box then, 3 C1™ ions are added to neutralize the whole
system. The total number of atoms in the system is 33,425. The AMBERI14
force field is used for the protein molecule [73], and general AMBER force field
(GAFF) is applied to determine the force field parameters of ligand molecule. The
electrostatic interactions are computed by using the Particle Mesh Ewald (PME)
algorithm. The switching cutoff distance is 10 A. The SHAKE algorithm is used to
constrain the bond distance of the hydrogen atoms. A time step of 2 fs is applied

in all simulations.

The energy minimization of the system is carried out with the constraint on the
position of the heavy atoms of CA I, ligand and Cl™ ion. Then, we perform the
energy minimization without any constraint. The system is simulated on NV'T-

constant simulation for 60 ps where the temperature is gradually increased from
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Figure 2.1: (a) The structure of CA I in complex with the ligand, Zn*",
and water molecules are placed into a cubic box. CA I is represented by
cartoon model. Ligand and Zn®' ion are represented by VDW model and
silver spheres, respectively. (b) The cluster model of CA T active site in

Zn" ion which is tetrahedrally coordinated with three histidine residues
(His 94, 96, 119) and ligand molecule.

0 to 300 K. The temperature and pressure of the system are kept at 300 K and
1 atm by using the Langevin thermostat and isotropic position scaling algorithm,
respectively. We equilibrate the system with the N PT ensemble for 50 ns without
the harmonic positional constraint. After the whole system reaches the equilibrium
state, the production run with a constraint on the distance between the centers
of mass of CA I active site and the ligand is performed. The SHAKE method
is used to constraint the distance. We prepared 19 distances with the increment
of 0.5 A: r= 6-15 A. Each simulation is performed for 5 ns with N PT-constant
MD simulation to obtain the mean force < F(r') > from the MD trajectory. All
MD simulations are carried out by Amber 16 packages [73]. The analysis of the
trajectories of MD simulation is performed by CPPTRAJ tools [74].

2.2.4 Root-mean-square deviation

We calculate the root-mean-square deviation (RMSD) of Ca atoms of CA T enzyme

and the heavy elements of ligand molecule according to the following equation:
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N 2
RMSD(#:) = ﬁzlm | ri(t) — et 2] (2.3)

where m. is the mass of atom ¢, N is the total number of Ca atoms of CA I enzyme
and the heavy elements of ligand, M is the total mass of Ca atoms in CA I and
the heavy elements of ligand molecule, 7;(t) is the position of the Ca atom of
protein and C, N, O, and S atoms of ligand at the time ¢, and r,¢; is the position

of ith atom in the X-ray structure.

2.2.5 Free energy calculation

We calculate the ligand dissociation process from the CA T active site by generating
the free energy profile AG(r) as a function of the distance, r.,,, between the centers

of mass of ligand and CA I active site as follows [75, 76]:

AG(r) = G(r) — G(rd)
"G,
_ / D ar (2.4)

0

TooouU
— — > dr/!
/m<(97“’ >, dr,

where U is the potential energy of the whole system, 7o is a reference distance,

G(r) is the free energy of the whole system, and < ... >/ represents the isothermal-
isobaric ensemble average, where the distance r,, is constrained to r’. The free

energy profile is evaluated by [76-78] as follows :

AG(r) = —/ < F(r') > dr

0

F(r') = (ﬂphg - m—lng) ‘n, (2.5)

Mpro + Mlig Mpro + Mlig

where F'(r') is the mean force at r.,,, Flig and Fpro are forces at rey,, mpro and miig
are the total masses of the CA I active site and ligand, respectively, and n is the
unit vector from the center of mass of the CA I active site to that of the ligand
molecule. Then, AG(r) can be calculated by [63, 79] as follows:
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AG(r) ==Y %(< F(r') >py 4+ < F(r') >per, s — 1im1). (2.6)

i=1
The free energy profile of the ligand dissociation as a function of the distance
between the centers of mass of the CA T active site and the ligand molecule can

be calculated using < F(r') > from trajectories of MD simulations.

2.3 Results and Discussion

In order to investigate the dissociation process of the ligand molecule from the CA
I active site, we estimate the thermodynamic properties of ligand binding/disso-
ciation which can be obtained from the free energy profile as a function of r,.
In this section, we determine the force field parameters of the zinc ion in the CA
I active site for MD simulation and then estimate the free energy profile of the
ligand molecule in the binding/dissociation process by the thermodynamic integra-
tion method. Finally, we discuss the dynamic of the complex in equilibrium state

related to the free energy surface estimated from the radial distribution function.

2.3.1 Force field parameters

The potential energy surfaces (PES) of bond and of angle of CA I active site
are shown in Fig. 2.2. The equilibrium bond distances of Zn-N(His94), Zn-
N(His96) and Zn-N(His119) are around 1.999, 2.024, and 2.018 A as shown in
Fig. 2.2(a), respectively. The fitted force constant (Kq) for Zn-N(His94), Zn-
N(His96), and Zn-N(His119) is 93.419, 96.543, and 96.135 kcal mol~! A=2, re-
spectively. The PES of the equilibrium angle of X-Zn-Y (X)Y) = (N(His94),
N(His96)), (N(His94), N(His119)), (N(His96), N(His119)) was 108.531° , 112.021°,
and 108.172°, respectively (Fig. 2.2(b)). The fitted force constant (Kq) for
(His94)N-Zn-N(His96),(His96 )N-Zn-N(His119), and (His94)N-Zn-N(His119) is 72.351,
77.055, and 71.863 kcal mol~! rad =2, respectively. Table 2.1 summarizes the bond
and angle parameters of zinc ion in the CA I active site from the experimental
values and quantum chemical calculations. The experimental values of bond and
angle parameters are estimated from the mean values (with standard deviations)
of the eight X-ray crystallographic structures of CA I sharing the Zinc-N(His 94,
96, 119) motif. From Table 2.1, we find that the values of the equilibrium distances
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Figure 2.2: The potential energy surface (PES) (a) PES for bond distance
between Zn and X (X=N(His94, His96, His94)), (b) PES for bond angle X-
Zn-Y ((X,Y)= (N(His04), N(His96)), (N(His04), N(His119)), (N(His96),
N(His119))

for Zn-N(His94), Zn-N(His96) and Zn-N(His119) calculated by quantum chemical
method was similar to those obtained by the experimental results, and the angle
of (His94)N-Zn-N(His96) is the most favorable parameter with similar values of
the experimental results. The bond and angle force field parameters of zinc ion in
the CA I active site are evaluated by quantum chemical calculation according to

the calculation procedure in Ref. [80] and [81].

2.3.2 Molecular dynamics simulation

The root-mean-square deviation (RMSD) value defined in Equation (2.3) is eval-
uated to check the stability of the CA T in complex with the ligand molecule from
the initial modeling structure by X-ray analysis. Fig. 2.3(a) shows the time evo-
lution of the RMSD value which is obtained from the MD simulation of the CA I
in complex with the ligand, and the simulated system almost becomes the equi-
librium state at 2 ns. From Fig. 2.3(b), we find that the average distance of 7.,
for the last 3.0 ns is 8.58 A with the standard deviation of 0.29 A. Fig. 2.4 shows
the fluctuation of the distances and angles in the CA I active site. We obtain
that the distances of zinc-N(His 94, 96, 119) motif are 1.954 0.05, 2.00+ 0.05, and
2.014 0.06 A and the angles of X-Zn-Y ((X,Y)= (N(His94), N(His96)), (N(His94),
N(His119)), (N(His96), N(His119)) are 107.73+ 3.14, 113.64+ 2.76, 103.404 2.94,
respectively. These results are consistent with those of the distances and angles

from quantum chemical calculation in Table 2.1. We assume that the distances
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Table 2.1: Bond and angle parameters of zinc ion in the CA T active site.
The standard deviations are shown in parentheses.

Texperiment® rQC Kq
Bond Distance (A) (A) (kcal mol~! A=2)
Zn-N(His94) 2.040 (0.051) 1.999 93.419
Zn-N(His96) 2.125 (0.083)  2.024 96.543
Zn-N(His119) 2.063 (0.054) 2.018 96.135

Oexperimente Oac Ko
Bond Angle (°) (°) (kcal mol~! rad=?)
(HMis94)N-Zn-N(Iis96)  107.175 (2.539) 108.531 72.351
(His94)N-Zn-N(His119) 110.958 (4.859) 112.021 77.055
(His96)N-Zn-N(His119) 102.174 (5.296) 108.172 71.863
Zn-N(His94)-Cf 121.166 (4.450) 126.848 198.938
Zn-N(His94)-Cry 130.514 (5.240) 126.571 198.838
Zn-N(His96)-Cp3 138.397 (6.745) 128.203 204.398
Zn-N(His96)-C~ 112.348 (6.839) 125.474 96.542
Zn-N(His119)-Cf 131.993 (2.190) 127.997 201.740
Zn-N(His119)-Cy 117.769 (1.975) 124.874 191.955

® The experimental data obtained from the X-ray crystallographic structures
of CA T sharing the Zinc-N(His 94, 96, 119) motif in the protein data bank
(PDB ID: 2NN7 [66], 3LXE [82], 4WUQ [83], 6EVR [84].)

Distance (A)
[{e] o

(o)

0 10 20 30 40 50 0 2 4 6 8 10
Time (ns) Time (ns)

(a) (b)

Figure 2.3: (a) The RMSD value of CA I-Ligand complex, (b) the dis-
tance between the center of mass of ligand and that of CA I enzyme during
the simulation.

and angles of zinc-N(His 94, 96, 119) motif in the CA T active site become stable

during the 50 ns simulation.



Chapter Four 38

Zn—-N(His94) (His94)N—-Zn—N(His96)
28 | Zn-N(His96) (His94)N-Zn-N(His119)
: Zn-N(His119) —— 160 | (His96)N-Zn-N(His119) ——

0 10 20 30 40 50 0 10 20 30 40 50
Time (ns) Time (ns)

(a) (b)

Figure 2.4: (a) The distance and (b) angle fluctuation in the CA I active
site during the simulation.

2.3.3 Free energy profile

The mean force < F(r’') > derived in Equation (2.5) is estimated at each 7.y,
values shown in Fig. 2.5(a). The error bars represent the standard deviation
which is obtained from the independent measurements of < F'(r') > for each 5-ns
trajectory of MD simulation. The repulsive force between CA T active site and
ligand is represented as the positive value of < F(r’) >, while the negative value
represents an attractive force between CA I active site and ligand. The attractive
force between CA 1 active site and ligand molecule is observed at the distance of
9A <r,, <15 A, while the repulsive force at the distance of 6 A<r,, <85
A. We assume that the distance of 15 A is the reference state, because the mean
force at the position becomes small at around 5.4 x 107! N. It implies that the
interaction between CA I and ligand molecule almost vanishes at the reference
state. We observe that the error bar at re, 14.5 A is smaller than the other
distances, and it suggests that the conformational change of ligand molecule has
small fluctuation around the side chains of CA T active site and, on the other hand,
that the error bar at r., 11 A has large value because of the large fluctuation of

the ligand conformation in the side chains of CA T active site.

Fig. 2.5(b) shows the free energy profile as a function of r.,, derived in Equation
(2.6). Here, we discuss the binding free energy from the reference state (r.,= 15
A) and not from the standard state of the binding free energy. The binding free
energy from the reference state is calculated by using thermodynamic integration

method to elucidate the stabilization of the ligand molecule in the binding pocket
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Figure 2.5: (a) The mean force < F(r') > and (b) free energy profile
G(r) as a function of the distance between the center of mass of ligand and
that of CA T active site. The error bars represent the standard deviation
for all the trajectories of MD simulation

of CA I enzyme. The binding free energy as shown in Ref. [85] has been cal-
culated by a method to calculate the binding free energy with reference to the
standard state. The standard chemical potential of each molecule is defined as a
hypothetical standard state where the molecule in the system occupies at standard
concentration in the reaction solvent. From Fig. 2.3(b), we find at the equlibrium
point, the free energy profile becomes harmonic shape and not sharp shape. This
findind reveals that ligand involves conformation changes during binding into the
CA T actives site. Therefore, the action of ligand as a inhibitor to the CA enzyme
refers to inducet fit model due to the harmonic shape at the region of equilibrium
point. Moreover, from our simulations, we can approximately estimate the binding
free energy of the complex from the reference state of -53.114 14.17 kcal /mol and
the free energy reaches the minimum at 7., 8.5 A. This result is consistent with
that of the equilibrium MD, in which the average value is 7, 8.58 A. Meanwhile,
the calculated binding free energy looks bigger with the value of -53.11 kcal /mol.
However, for the case of the binding free energy of protein/ligand complex, the
energy could be around -53.11 kcal/mol or more [62, 86, 87]. Unfortunately, we
cannot validate at present the estimated binding free energy because there is no
corresponding experimental result available for the binding free energy along the
distance between CA 1/ ligand complex. However, we believe that our results con-
tribute to giving an insight for estimation of the free energy profile as the function

of the binding distance.
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2.3.4 Free energy surface around the binding state

In the previous subsection, we have estimated the free energy profile corresponding
to the binding/dissociation process between the CA T active site and the ligand
as shown in Fig. 2.5(b) and have estimated the binding free energy between the
molecules. However, the standard deviation of free energy is not so small at the
equilibrium state. Therefore, it is not easy to know the detail of behavior of the
dynamics of CA I and ligand complex at the equilibrium state of the association
from Fig. 2.5(b). For the purpose, we try to investigate the dynamics of the

complex from the viewpoint of another physical approach.

Fig. 2.6 shows the radial distribution function (RDF) as a function of r,,. The
radial distribution function (RDF) g(r.,) can be calculated from the trajectory of
all-atom MD simulation for the last 3 ns. The value of the first peak is represented
as g(rem) = p(Tem)/pmax, where p(ren,) and pmax represent the number of density
at the distance r., and the highest peak value, respectively. We find that the
position of the peak of the radial distribution function is 8.58 A. The value of
Tem in the X-ray analysis is 8.58 A. This result is the similar value obtained from
RDF calculation as shown in Fig. 2.6. The free energy surface can be estimated
as G(rem) = kBTIng(ren ), where kB, T, and g(ry,) correspond to the Boltzmann
constant, temperature and the radial distribution function for the distance between

the centers of mass of CA T active site and ligand molecule, respectively.

Fig. 2.7 shows the free energy surface obtained from the radial distribution func-
tion, where the value of the free energy is calculated from the equilibrium state,
and the horizontal axis represents the distance between the center of mass of CA
I active site and that of ligand molecule. The lowest free energy value along the
distance is observed at the distance of 8.58 A and we can find that the minimum
distance is similar to that obtained by thermodynamic integration calculations.
From Fig 2.7, we can find the harmonicity of the free energy around the equilib-
rium state and can estimate the bond constant from the equilibrium state of the
free energy surface as 271.72 keal mol~' A=2 at the distance of 8.58 A. The bond
potential is represented as F(re,) = K (e — 10)%, where K and ro are the bond

constant and equilibrium distance, respectively.
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of CA I active site.

2.3.5 Binding Free Energy based on MM /PBSA calcula-

tion

The binding free energy between CA I and ligand from the reference state has
been calculated in the previous subsection. We have also calculated the ra-
dial distribution function as a function of r.,. The free energy surface around
the equilibrium state has been determined from the RDF value. However, we
can not obtain the binding free energy from the standard state. Therefore, we
investigate the binding free energy of the protein-ligand complex in water sol-
vent by estimating the gas-phase interaction energy FEypn, solvation free energy
Esoy, and entropy —T'AS of the complex. These energies represent as AGhping =
AEyu + AGg,pesa —T'AS. The gas-phase interaction energy between CA I and
ligand is given by AEyy = AFage + AFEyqw, where AEg . and AF,q, are the van
der Waals and the electrostatic energies, respectively. The solvation free energy
AGEBS4 ig estimated by using continuum approach (Poisson-Boltzmann /surface
area), i.e., Gg, resa = Gg, P8 +GSA - The contribution energies as shown in the
equation above are calculated by using MM/PBSA program and Normal mode
analysis (Nmode) [88] in the Amber 16 packages. All the binding free energies
of CA I/ligand complexes are calculated by using a single configuration obtained

from the procedure described in the section above (simulation condition).

Table 2.2 lists the contribution of the molecular mechanics and solvation energies
of the CA I enzyme obtained from the several PDB files with some different lig-
ands. From Table 2.2, we obtain that the binding free energy for all CA I/ligand

complexes are good aggreement with the experimental results. For the fourth of
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Table 2.2: The binding free energy and the contribution of each energy
term. The standard deviations are shown in parentheses. Units are in

kcal /mol.
PDB ID Total Charge AFE.qw AFge AGEB  AGSA Evu  AGEBSA _TAs  gele  GErR
2NN7 3.00 -16.93  -119.25  89.25 321 -136.18 86.04 4150 -8.64 -957¢
2NN1 2.00 -10.60  -166.54  130.56  -2.64  -177.14  127.92  -41.90 -7.32 -8.43¢
2NMX 1.00 -14.66  -129.35  97.70 -2.93  -144.01 94.77 -41.72 =752 -7.61¢
1AZM 1.00 -11.51 -130.79  103.57  -2.49  -143.87 10107  -34.72  -8.08 -8.29°

The experimental values for the binding free energy of CA I/ligand complexes are obtained from the Ref.
[66] and Ref. [89]°.

the binding free energies, the van der Waals energies are not significantly different,
which implies they all have good hydrophobic interactions. However, we find that
the electrostatic energies (AFE,, ) are different with values of -119.25, -166.54,
-129.35, -130.79 kcal/mol. We conclude that the electrostatic term influences for

determining the different binding orientations.

2.4 Summary

In this study, we have performed the all-atom MD simulation of the CA I complex
with the ligand molecule. We have presented a simple cluster model derived from
the structure by X-ray analysis to obtain the force field of the zinc ion in the CA I
active site. The force field parameters related to the zinc ion with MD simulation
has been summarized. The free energy profile of the binding/dissociation process
of ligand from the CA I enzyme has been estimated by some integration methods.
We have discussed the free energy surface of the CA 1 enzyme with the ligand in
relation to the radial distribution function of the distance between the centers of

mass of CA I enzyme and the ligand molecule.

In the estimation of free energy profile, the mean force acting on between the CA
enzyme and the ligand has been estimated at each distance between the center of
the molecule from the MD simulation. We have found that the attractive force
can be observed at the longer distance than the equilibrium distance and that the
repulsive force can be observed in the shorter distance than the equilibrium dis-
tance. From the mean force, we have calculated the free energy profile and we have
found that the action of ligand to the CA enzyme refers to inducet fit model due
to the harmonic shape at the region of equilibrium point. Also, the results of free

energy profile suggest that the equilibrium distance derived from MD simulations

is a good agreement with the experimental distance, and we have estimated the
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binding free energy of -53.11+ 14.17 kcal/mol. Meanwhile, we calculate the free
energy surface between the CA I enzyme and the ligand by the radial distribution
function estimated from the MD trajectories. We have found the harmonicity of
the free energy surface around the equilibrium distance between two molecules
with the bond constant of 271.72 kcal mol~' A=2 at the equilibrium point at the
distance of 8.58 A.

We have also calculated the binding free energy based on MM/PBSA calculation
to estimate the contribution of the molecular mechanics and solvation energies of
several CA I/ligand complexes. We observe that the electrostatic and solvation
energies are the predominant impact for determining the binding free energy of

the complexes.






Chapter 3

General Discussions

In organisms, carbonic anhydrase (CA) isozymes can be found from archaea,
prokaryotes, and eukaryotes [45]. In human, some diseases, i.e., glaucoma, di-
abetes, cancer, epilepsy, and etc, are connected almost every CAs family. CAs
enzymes involve the biological process in celss such as catalyzes of the hydra-
tion of carbon dioxide to bicarbonate which is essential to regulate the pH levels
in cells, biosynthetic reaction and electrolyte secretion in several tissues [45-47].
Several ligand molecules as inhibitors to inhibit CAs activity are the critical tar-
get for the therapeutics against many diseases. Understanding the interaction
between ligand and CAs in relation to the thermodynamics properties becomes
important to understand the free energy change of the ligand molecules in the
binding/dissociation process. Therefore, we perform all-atom molecular dynamics
(MD) simulation combined with thermodynamic integration method to estimate
the free energy profile for binding/dissociation process of ligand from CA I en-
zyme. Furthermore, the force field parameters of the zinc ion in the CA I active
site is estimated by quantum chemical calculations. In this section, we discuss the
stability of CA I-ligand complex related to some thermodynamic properties such
as the binding free energy, the equilibrium state of the free energy surface and so

on.

To investigate the physical properties of the ligand-CA I enzyme complex, we
present the cluster model of CA I active site consists of a zinc ion and three
histidine residues (His 94, 96, 119) which are tetrahedrally coordinated with a
ligand molecule as shown in Fig. 2.1(b). The bond and angle force field parameters

of zinc ion in the CA T active site are evaluated by quantum chemical calculation

45



General Discussions 46

according to the calculation procedure in Ref. [80] and [81]. From our simulation,
we find that the values of the equilibrium distances for Zn-N(His94), Zn-N(His96)
and Zn-N(His119) calculated by quantum chemical method was similar to those
obtained by the experimental results, and the angle of (His94)N-Zn-N(His96) is

the most favorable parameter with similar values of the experimental results.

To obtain the free energy profile as a function of r, of ligand/CA I complex,
firstly, we estimate the mean force < F(r') > derived in Equation (2.5) for 19
distances. We find that interaction between CA I and ligand molecule almost van-
ishes at 15 A because the mean force at this position becomes small at around 5.4
x 107" N. Thus, we decide that the distance of 15 A becomes the reference state.
Furthermore, the results obtained by the mean force calculation are used to deter-
mine the free energy profile as a function of r.,, derived in Equation (2.6). From
our results, the binding free energy of ligand/CA T complex from the reference
state becomes -53.11+ 14.17 kcal/mol and the free energy reaches the minimum
at 7.n 8.5 A. This result is consistent with that of the equilibrium MD, in which
the average value is 7, 8.58 A. Although, the calculated binding free energy looks
bigger with the value of -53.11 kcal/mol, for the case of the binding free energy
of protein/ligand complex, the energy could be around -53.11 kcal/mol or more
(62, 86, 87].

For the calculation of the binding energy of the complex, the standard deviation
of free energy is not so small at the equilibrium state. Therefore, it is not easy to
know the detail of behavior of the dynamics of CA T and ligand complex at the
equilibrium state. Thus, we try to investigate the dynamics of the complex from
the free energy surface obtained from the radial distribution function. The lowest
free energy value along the distance is observed at the distance of 8.58 A. The
minimum distance obtained by free energy surface is similar to that obtained by
thermodynamic integration calculations. Additionally, we can find the harmonicity
of the free energy around the equilibrium state shown in Figure 2.7. Also, we
can estimate the bond constant from the equilibrium state of the free energy
surface as 271.72 kcal mol™' A~2 at the distance of 8.58 A. The binding free
energy between CA I and ligand from the reference state has been calculated by
thermodynamics integration combined with all-atom MD simulation. To obtain
the binding free energy from the standard state, we investigate the binding free
energy of the protein-ligand complex in water solvent by estimating the gas-phase

interaction energy FEyn, solvation free energy Fso,, and entropy —TAS of the
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complex. We obtain that the binding free energy for all CA I/ligand complexes is
good agreement with the experimental results presented in Table 2.2. Also, we find
that the electrostatic energies (A E,, ) are different with values of -119.25, -166.54,
-129.35, -130.79 kcal/mol. We conclude that the electrostatic term influences for

determining the different binding orientations.

In the case of the free energy profile of protein complex, we perform all-atom
molecular dynamics simulation on binding free energy of plastocianin (Pc) and
cytochrome f (Cytf) complex. We also determine the force field parameters of
the cupper and iron ions in the active site of Pc-Cytf complex then, estimate the
free energy profile of plastocianin in complex with cytochrome f by the thermody-
namic integration method combined with MD simulation according to procedure
of calculation of the binding free energy provided in this letter. Furthermore,
collections of geometrical and conformational restrains are applied to investigate
protein-protein interaction from the viewpoints of dependency of the angle struc-
ture and properties in Pc-Cytf complex. In the case of finding the free energy
binding, we prepare 22 distances in the center of mass of plastocianin and cy-
tochrome f. Then, the mean force of the the complex is calculated at those dis-
tances. From our results, we obtain that the attractive force between plastocianin
and cytochrome f is observed at the distance of 30 A < r.,, < 45 A, while the re-
pulsive force at the distance of 25 A <r., <29 A. The mean force at the distance
45 A may become the reference state because the position becomes small at around
0.36 x 10711 N. It means that the interaction between plastocianin and cytochrome
f almost vanished at the reference state. We also calculate the standard deviation
which represent the fluctuation of conformation change between the protein. We
observe that the values of the standard deviation are not significantly different
for all configurations, it implies that the structures of Pc-Cytf complex are not
fluctuation during the MD simulations and the complex structure becomes similar
to the initial configuration of constrained position. The value of mean force is
used to calculate the free energy profile as a function of r.,, between protein. The
binding free energy of the complex from the reference state become -32.34+ 1.82
kcal/mol and the free energy reaches the minimum at the distance of 29 A. This
result is consistent with that of the equilibrium MD, in which the average value of
the distance between the center of mass of plastocianin and cytochrome f for the
last 2 ns is around 28.99 A. The correlation between the orientations of angle (¢
and ¢) with the mean force < F(r") > of 25 trajectories is also calculated. We find
that the lowest mean force < F(r') > for the models of Pc/Cyt f complex without
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any constrains become -4.87 x 1071° N where the angle positions 6 and ¢ are 2
and 7, respectively. Meanwhile, the lowest mean force < F(r') > of the Pc/Cyt f
complex with the constraint at 7= 30 A. is obtained around -5.66 x 107° N on the
angle (0 and ¢) of m and 7/2. We assume that the higher negative of mean force
< F(r") > indicates the strong attraction between plastocianin and cytochrome f
and plastocianin becomes inside into the cytochrome f. On the other hand, the
lower negative of mean force < F(r’) > reveals that the plastocianin is outside the
side chain of cytochrome f and becomes weak attraction between the proteins.

The details of the discussion from this section can be found in Appendix A.

To investigate the association/dissociation pathways of Pc-Cyt f complex, we per-
formed parallel cascade molecular dynamics (PaCS-MD) simulation. Two models,
i.e. model 1 and model 2, are applied. Model 1 represent the dissociation of com-
plex, meanwhile, model 2 refers to association process of complex. The distance
between center of mass of Pc/Cytf complex along simulation is used to evaluate
association/dissociation of protein complex. For model 1, the time simulation of
3500-ps MD corresponding to 35 cycles of 10 MIMD for 100-ps is sufficient to gen-
erate the dissociation pathway of plastocianin from the side of cytochrome f. This
indicates that strong structural selection in each cycle is needed for fast dissocia-
tion of plastocianin outside from cytochrome f. Besides, we provide the distance
between metals of complex presented in Figure 1.3(a) at the blue line. We can
see that the initial distance starting at 26.3 A significantly increases followed by
longer simulation time. The last distance is obtained at 34.8 A. As expected from
our simulation, the dissociation process can increase the distance either center of
mass of protein or between metals in complex. On the other hand, the association
pathway of model 2 is obtained during 3500-ps MD corresponding to 35 cycles of
10 independent MD for 100-ps. We only obtain the distance between center in
complex structure at 30.9 A for the last 3500-ps. On the other hand, the distance
between center of mass of Pc/Cyt f by X-ray analysis is about 26.3 A. However, our
results show that the plastocianin move into the region of cytochrome f because
the distance between metals in the complex structure is similar with the X-ray
structure. The distance between metals by X-ray analysis is 13.7 A, meanwhile
our result by PaCS-MD is obtained at the distance 12 A. The further explanations

of this section are presented in Appendix B.

In order to obtain the information about the possible binding site of the 60S ri-
bosomal subunit for the RA-VII molecule and the conformation of RA-VII in the
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complexes, molecular docking simulation has been performed by using AutoDock
Vina software without including the effect of solvation. Twenty complexes includ-
ing their binding affinities were obtained by the simulation. Model 1 has the low-
est binding affinity. Although the differences of the binding affinity among those
twenty models were small, the conformational structure of RA-VII in each binding
model was different. The conformation of RA-VII molecule is important for the
anti-tumor activity. Therefore, we then estimate the other physical properties,
i.e., the conformational changes of RA-VII molecule and its binding site, which
may be related to stability of the binding of RA-VII into the 60S ribosome. Six
models based on the lowest binding energies, i.e., from model 1 to 6 are selected for
further analysis. From our results, we found all models participated in hydropho-
bic interactions with the bases of 26S rRNA. These interactions may contribute
to the inhibition of 60S ribosome because the peptidyl transferase center and the
exit tunnel are processed in the 26S rRNA. This rRNA contains all region essential
for catalysis and substrate binding including A, P, and E-site which are crucial
parts for the catalytic activity. Some antibiotics, i.e., anisomycin, chlorampheni-
col, sparsomycin, virginiamycin M, and blastocidin S, also bind with 26S rRNA
of ribosome to compete with the amino acid chains of incoming aminoacyl-tRNAs
for binding in the peptidyl-transferase center and placed the E-site to interfere the
protein synthesis. Our results of the interaction of RA-VII with the 26S rRNA
of ribosome supported those findings that the potent ligand for the 26S rRNA of
ribosome can be used as the inhibitor of ribosome. Lastly, we can find the further

details of the docking results at the Appendix C.






Chapter 4

General Conclusions

In this thesis, we present free energy profile of ligand-CA I complex. A simple
cluster model derived from the structure by X-ray analysis is used to estimate the
force field of the zinc ion in the CA T active site. The force field parameters related
to the zinc ion with MD simulation has been summarized. The free energy profile
in relation to the binding/dissociation process of ligand from the CA I enzyme
has been estimated by integration method combined with all-atom molecular dy-
namics simulation. From our simulations, we find that the binding free energy
of ligand/CA I complex from the reference state becomes -53.114+ 14.17 kcal /mol
and the free energy reaches the minimum at r., 8.5 A. This distance 7., is a good
aggrement with that of the equilibrium MD. Furthermore, we have discussed the
free energy surface of the CA I enzyme with the ligand in relation to the radial
distribution function of the distance between the centers of mass of CA I enzyme
and the ligand molecule. We find the harmonicity of the free energy around the
equilibrium state and the bond constant from the equilibrium state of the free
energy surface becomes 271.72 kcal mol~! A=2 at the distance of 8.58 A. Addi-
tionally, In order to obtain the binding free energy in standard state, we adopt
MM /PBSA method to estimate the contribution of the molecular mechanics and
solvation energies of several CA I/ligand complexes. We find that the binding free
energy for all CA I/ligand complexes is a good agreement with the experimental
results presented in this letter. Also, we observe that the electrostatic energy is

the predominant impact for determining the binding free energy of the complexes.

On the other hands, we have performed all-atom MD simulations of plastocianin

51



General Conclusion H2

in complex with cytochrome f. We estimate the free energy profile of the bind-
ing/dissociation process of plastocianin from cytochrome f along the distance by
thermodynamic integration methods. The results of free energy profile suggest
that the equilibrium distance derived from MD simulation is a good agreement
with the equilibrium MD. From our results the binding free energy becomes -
32.34+ 1.82 kcal/mol. We have also presented the dependency of angle structure
and properties of Pc-Cyt f complex in relation to the value of mean force. We find
that mean force < F(r') > may contributes for predicting the weak/strong inter-
action in relation to the location of plastocianin into the standpoint of cytochrome
f. To examine the detail of the association/dissociation process of Pc/Cytf com-
plex, we have performed PaCS-MD simulation with similar procedure calculation
presented in this letter. From our result we obtain that the time simulation of
3500-ps MD corresponding to 35 cycles of 10 MIMD for 100-ps is sufficient to
generate the dissociation pathway of plastocianin from the side of cytochrome
f. This indicates that strong structural selection in each cycle is needed for fast
dissociation of plastocianin outside from cytochrome f. Meanwhile, in associa-
tion pathway, we observe that plastocianin move into the region of cytochrome
f because the distance between metals in the complex structure is similar with
the X-ray structure. The distance between metals by X-ray analysis is 13.7 A,
meanwhile our result by PaCS-MD is obtained at the distance 12 A. On the other
case, we have performed molecular docking of the 60S ribosomal subunit and the
RA-VII molecule. Twenty models are obtained by molecular docking simulations.
From those models, model 1 has the lowest binding affinity and may become a
promising drug for anti-tumor. The further details of these finding can be seen in
Appendixs A, B, and C in this thesis.



Appendix A

Molecular Dynamics Simulation
on Binding Free Energy of
Plastocyanin and Cytochrome f

complex

A.1 Introduction

Plastocianin (Pc) is one of type I copper protein. The structure of plastocianin has
been investigated by X-ray analysis[7, 8, 90, 91]. plastocianin has a function as an
electron transfer agent by catching one electron from cytochrome f in cytochrome
b6f complex. The reduces plastocianin moves to thylakoid lumen by diffusion and
releases the electron to P700 in photosystem I. The active site of Pc consists of
one copper ion coordinately bonded to two nitrogen atoms of the imidazole group
of histidine (His-37 and His-87), one sulfur atom of cystein (Cys-84) in a trigonal
planar structure and the sulfur atom of methionine (Met-92). On the other hand,
the structure of cytochrome f (Cytf) by X-ray analysis has been solved by C. J.
Carrel and co-workers [11]. Cytochrome f is the largest subunit of cytochrome
b6 f complex which has a heme compound and two soluble structure domains in

the lumen-side segment.

In chemical reaction, plastocianin with cytochrome f (Pc-Cytf complex) is an

unique system for study of interprotein electron transfer because the reduction and
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oxidation processes by the electron transfer are rapid between the complex of the
soluble domain in Cytf and soluble Pc. The Pc-Cytf complex of the short-lived
and weak has been reported by some groups [92-94]. The theoretical investigations
on the association and/ or dissociation process have been performed to know the
hydrophobic and the electrostatic interactions of the Pc-Cyt f complex in relation
to the possible structures of the weak and short-lived complex [93, 94]. The site of
the interprotein electron transfer and docking regions of the Pc in complex with
Cytf has been experimentally elucidated by several mutation of PC to obtain
the reaction rate of the reduction reaction of PC [95]. In our previous study,
we have performed all-atom molecular dynamics simulations by estimating the
binding free energy of the complex between plastocianin and Pc-Cytf complex
before and after the electron reaction in relation to the association/dissciation
process written as PCy-Cytreq — PCreq-Cytox, where PC,y and PC,.q correspond
to plastocianin of the oxidized and reduced states, respectively, and Cyt,q and
Cytox mean reduced and oxidized cytochrome f, respectively [81]. We have also
investigated the structure and dynamical properties of Pc-Cyt f complex by using
a simple coarse-grained model [64, 79]. The concept of the molecular crowding
effects of the hydrophobic interaction arising from water molecule is applied to
calculate the reaction rate of the electron transfer of Plastocianin with Pc-Cyt f
complex. We have found the result is a good agreement with the experimental
data [95].

In this research, all-atom molecular dynamics simulation is performed to calculate
the free energy profile corresponding to dissociation process of the plastocianin
in binding with cytochrome f extended from the previous work. A collection of
geometrical and conformational restrains are applied to investigate protein-protein
interaction from the viewpoints of dependency of the angle structure and properties
in the bound state of Pc-Cytf complex. The free energy profile as a function of
the distance between the protein is estimated by using thermodynamic integration
combined with MD simulation according to procedure of calculation of the binding
free energy provided in previous work. We discuss the dynamical structure of the
complex between plastocianin and cytochrome f in the dissociation process in
relation to the stability of the complex with several thermodynamic properties

such as the binding free energy, angle dependency and so on.
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A.2 Method and Model

In this section, the model of Pc-Cytf complex is presented for MD simulation.
All-atom MD simulation with the thermodynamic integration method is used to
estimate the free energy profile as a function of the distance between the center
of mass positions of plastocianin and cytochrome f [62, 63, 96]. The force field
parameters in the active site of both plastocianin and cytochrome f are estimated.
The conformational analysis of Pc-Cytf complex based on the angle dependency
is introduced to elucidate the average force in relation of the dissociation between

the protein.

A.2.1 Model for MD simulation

In this study, the structure of Pc-Cyt f complex by X-ray analysis solved by Lange,
et al. (PDB ID: 1TKW) [97] is applied as the initial structure for the simulation of
the dissociation process of plastocianin with cytochrome f in the electron transfer
reaction. In the plastocianin, the total number of residues is 99 amino acids and
one metal of Cu?+ ion in the active site. The lumen-side domain of cytochrome
f consists of 252 amino acid residues including a heme group and Fe?+ ion in the
actives site. The tertiary structure of PC in complex with the lumen-side domain

of cytochrome f is shown in Figure A.1.

A.2.2 Force field parameters of plastocianin and cytochrome

f

The cluster model of plastocianin and cytochrome f in the active site is shown
in Figure A.2. The structure of plastocianin consists of a cupper ion coordi-
nately bonded with nitrogen atoms of histidine (His-37 and His-87) and sulfur
atoms of cystein and methionin (Cys-84 and Met-92). Meanwhile, the structure
of cytochrome f contains a heme group and two soluble structure domains in the

lumen-side segment.

The force field parameters of plastocianin and cytochrome f in the active site are
estimated by the quantum chemical calculation. We calculate the potential energy

surface (PES) as a function of bond distance and bond angle as follows:
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Figure A.1: The tertiary structure of Pc-Cytf complex. Plastocianin
(orange color) and cytochrome f (cyan color) are represented by cartoon
models. The atom metals of iron and cupper ions are represented by
magenta and yellow spheres, respectively. The heme group of Cytf is
showed in stick and ball model.
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Figure A.2: (a) The cluster model of plastocianin and (b) cytochrome f
in the active site.

V(r, Kr) = Kr(r — TC)Q, (A.1)
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V(0,K0) = K6(0 — 0c)?, (A.2)

where Kr and K¢ are the force constants of distance and angle respectively, and
rc and fc are equilibrium distance and angle, respectively. The structure of plasto-
cianin and cytochrome f is optimized by freezing the heavy atoms. The potential
energy surface of bond distance and bond angle is estimated by using the BSLYP
method with the 6-31G* basis set with the increment of 0.02 and 2°, respectively.
The range of increment is determined to avoid the inharmonic effect of distance
and angle according to the suggestion in Ref. [68, 69]. The optimized structure
and potential energy surface for distance and angle are carried out by Gaussian
09 packages [70]. The force field parameters obtained by the quantum chemical
calculation are converted into the Amber force field parameters by using Metal
Center Parameter Builder (MCPB) [71].

A.2.3 Simulation condition

We perform all-atom molecular dynamics simulation of plastocianin and cytochrome
f. The AMBER14 force field is applied for the protein molecule [98]. The force
field parameters around the active sites of plastocianin and cytochrome f has been
calculated in this letter. Those parameters are used for the metal of Cu?+ and
Fe?+ ions in the active sites of plastocianin and cytochrome f. The TIP3P water
model [72] with 21081 water molecules inserted in a 97.001 x 90.572x 85.667 A?
periodic box then, 5 Na™ ions are added to neutralize the whole system. The total
number of atoms in the system is 68,654. The electrostatic interactions are com-
puted by using the Particle Mesh Ewald (PME) algorithm. The switching cutoff
distance is 10 A. The SHAKE algorithm is used to constrain the bond distance of

the hydrogen atoms. The time step of 2 fs is applied in all simulations.

The energy minimization of the system is carried out with the constraint on the
position of the heavy atoms of plastocianin, cytochrome f and Na't ions. Then,
we perform the energy minimization without any constraint. The system is simu-
lated on NVT-constant simulation for 60 ps where the temperature is gradually
increased from 0 to 300 K. The temperature and pressure of the system are kept at
300 K and 1 atm by using the Langevin thermostat and isotropic position scaling
algorithm, respectively. We equilibrate the system with the NPT ensemble for

10 ns without the harmonic positional constraint. After the whole system reaches
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the equilibrium state, the production run with a constraint on the distance be-
tween the centers of mass of plastocianin and cytochrome f is performed. The
SHAKE method is used to constraint the distance. We prepared 22 distances with
the increment of 1 A: r= 30-45 A. Each simulation is performed for 3 ns with
N PT-constant MD simulation to obtain the mean force < F'(r') > from the MD
trajectory. All MD simulations are carried out by Amber 16 packages [99]. The
analysis of the trajectories of MD simulation is performed by CPPTRAJ tools
[74].

We calculate the root-mean-square deviation (RMSD) of the plastocianin and

cytochrome f according to the following equation:

2

T (tl) — rref,i ||2 3 (AS)

1 N
RMSD(tl) = MZmZ
i=1

where m. is the mass of atom i, N is the total number of Ca atoms of plastocianin
and cytochrome f, M is the total mass of Ca atoms in proteins, r;(t) is the
position of the Car atom of proteins at the time ¢, and 7., is the position of ith

atom in the X-ray structure.

A.2.4 Free energy calculation

In order to obtain the binding free energy between the proteins. The coordinate of
Pc/Cyt f complex is obtained to be final one in the 2 ns equilibrium MD described
above. We calculate the PC/Cyt complex of dissociation process by generating
the free energy profile AG(r) as a function of the distance, r, between the center

of mass of plastocianin and cytochrome f as follows [75, 76]:
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where U is the potential energy of the whole system, ro is a reference distance,
G(r) is the free energy of the whole system, and < ... >/ represents the isothermal-
isobaric ensemble average, where the distance r,, is constrained to r’. The free

energy profile is evaluated by [76-78] as follows :

AG(r) = —/ < F(r') > dr

0

F(r') = (ﬁf’m . #fmpcpcyt).n, (A.5)
where F'(r') is the mean force acting between the center of mass of the cytochrome
f and that of plastocianin; F'rc and Fcyt are forces acting on the center of mass
of plastocianin and that of cytochrome f, respectively; mcyt and mpc are the total
masses of cytochrome f and plastocianin, respectively; and n is the unit vector

from the center of mass of cytochrome f to that of the plastocianin molecule.
Then, AG(r) is calculated as follows [62, 100]:

AG() = =30 L(< F(Y) >pmgy + < FOY) S = 7). (AD)

i=1

The free energy profile of the PC/Cyt complex as a function of the distance be-
tween the center of the cytochrome f and that of plastocianin can be calculated

using < F(r') > from trajectories of MD simulations.

A.2.5 Conformational analysis

We analyze the correlation between the mean force < F'(r) > and the dependency
of angle structure and properties of Pc-Cytf complex. We take the configuration
structure of Pc/Cyt f complex shown in Figure A.3 at the distance 30 A from MD
trajectory. Then, the structure of plastocianin is rotated from the origin position
(0, 0, 0) with the rotation value of 0, 7/2, 7, 37/2, 2m in the Pc-Cyt f complex.
The orientation of angle 6 and ¢ of plastocianin in the Pc-Cyt f complex calculated

by following equation:
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Figure A.3: The snapshot structure of Pc/Cyt f complex at the distance
30 A

x’ cos sinf 0| |x
y | = |—sinfd cosf® O |y| ., (A.7)
0 0 1
x 1 0 0 x
v | =10 cosp sing| |yl (A.8)
2! 0 sing cosp| |z

We prepare twenty five configurations with the different structural of angle, 6-¢,
derived in Equation A.7 and A.8. We perform all-atom MD simulation with similar
parameter with those presented in simulation condition subsection. Two cases are
represented. One is the structure of Pc/Cytf complex with the 25 models of angle
orientation is performed without any constrain at 3 ns MD simulation. The other
is the angle orientations with the constraint on the distance between the centers of
mass of plastocianin and cytochrome f at 30 A. The trajectories of MD simulation
are used to calculate the mean force of the dependency of angle structure derived

in Equation A.3.
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A.3 Results and Discussions

In order to investigate the dissociation process of the PC/Cytf, we estimate the
thermodynamic properties of ligand binding/dissociation which can be obtained
from the free energy profile as a function of r.,. In this section, we determine
the force field parameters of the cupper and iron ions for MD simulation and
estimate the free energy profile of plastocianin in complex with cytochrome f by
the thermodynamic integration method. We also discuss the dependency of angle

orientation in respect to weak/strong interaction between proteins.

A.3.1 Force Field Parameters

Figures A.4 and A.5 show the potential energy surface of bond and angle of plas-
tocianin active site, respectively. The equilibrium of bond distance and angle are
summarized in Table A.1. The fitted force constants are also provided in Table
A.1. From our calculations of the force field parameter in the plastocianin active
site, we find that the value of the equilibrium distance calculated by quantum
calculation was similar to those obtained by the experimental results. In angle pa-
rameter, different values of bond angle are obtained by quantum calculation. This
can be occurred because the optimized structure is expected to obtain a good
relative spatial arrangement of its structure during the optimization process. The
potential energy surface of bond and angle of cytochrome f active site is shown
in Figure A.6 and A.7, respectively. The equilibrium of bond distance and angle
are also summarized in Table A.2. From Table A.2, we obtain the force field pa-
rameter estimated by quantum calculation is a good agreement to those obtained
by the experimental results. The force field parameters of plastocianin and cy-
tochrome f active sites are estimated by quantum chemical calculation according
to the calculation technique presented in Ref. [80]. The estimated force field pa-
rameters are applied in the active site of Pc/Cytf complex to perform all-atom

MD simulations.



Appendiz A

Cu-N(His37) Cu-S(Cys84)
-3283.6002 — -3283.6005
= —gggggggg r 1 -3283.6008 |
5~ . [ T -3283.6011 |
< 328356011 | 1 3283.60
> -3283.6014 |
> -3283.6014 | R
O _3283.6020 | g -3283.6020 |
-3283.6023 -3283.6023 . . .
1 851 91 95 2 20521 21 2152222523
Cu-N(His87) Cu-S(Met92)
__ —3283.6005 — -3283.6008 . . .
5 -3283.6008 1 -3283.6011 b
&S -3283.6011 | R _3283.6014 | |
g 328360141 ] -3283.6017 | :
o —3283.6017 | R :
o -3283.6020 g -3283.6020 | R
-3283.6023 -3283.6023
185191952205 2152222523235
Bond distance Bond distance

Figure A.4: Potential energy surface (PES) for bond distance of plasto-
cianin active site.

Table A.1: Bond and angle parameters of plastocianin active site.

T experiment® rqc Kq
Bond Distance (A) (A) (kecal mol~* A=2)
Cu-N(His37) 2130 1957 104.656
Cu-S(Cyss4) 2152 2.195 195.598
Cu-N(His87) 2.399 1.933 100.781
Cu-S(Met92) 2.861 2.241 115.990
Qexperimenta Oac Ko
Bond Angle (°) (°) (kcal mol~! rad=?)
(His37)N-Cu-S(Cys84)  134.255  158.806 156.153
(His37)N-Cu-N(His87) 99.141 97.385 175.349
(His37)N-Cu-S(Met92)  88.849 90.964 152.584
(Cys84)S-Cu-N(His87)  109.006  88.955 145.288
(Cys84)S-Cu-S(Met92)  115.562  93.054 106.617
(His87)N-Cu-S(Met92)  106.192  151.358 127.630
Cu-N(His37)- Cﬂ 103.191  124.342 190.415
Cu-N(His37)-C 129.650  128.268 305.292
Cu-S(Cys84)-C 111.354  112.961 78.324
Cu-N(His87)-C 121.949  125.694 184.869
Cu-N(His87)-C 126.745  126.544 297.267
Cu-S(Met92)- ﬁ 157982  146.617 266.908
Cu-S(Met92)-Cry 94.771  111.803 154.378

*The experimental data obtained from the X-ray crystallographic
structures.
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Figure A.5: Potential energy surface (PES) for angle distance of plasto-
cianin active site.

A.3.2 Molecular dynamics simulation

We evaluate the stability of plastocianin in complex with cytochrome f from the
reference to the X-ray crystallographic structure by estimating the root-mean-
square deviation (RMSD) value defined in equation A.3. Figure A.8 shows the
time evolution of the RMSD value which is obtained from the MD simulation of
plastocianin, cytochrome f and Pc-Cyt f complex, respectively. Eventual temporal
evolution is observed in the RMSD corresponding to Pc-Cyt f complex, represent-
ing that some structural rearrangements occur continuously during the simula-
tion. This could be attributable to the binding structure in the complex structure
because of the electrostatic interaction contribution including hydrogen bond be-

tween plastocianin and cytochrome f, resulting in structural rearrangement at
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Energy (a.u.)

Energy (a.u.)

Fe—N1

-3097.8435
-3097.8438
-3097.8441
-3097.8444
-3097.8447
-3097.8450
-3097.8453
-3097.8456

1.851.91.95 2 2.05

Fe-N3

-3097.8441
-3097.8444
-3097.8447 r
-3097.8450 r
-3097.8453 r
-3097.8456

Figure

Table A.2: Bond and angle parameters of cytochrome f

A.6:

1.91.95 2 2.0521
Bond distance

-3097.8441 r
-3097.8444 r
-3097.8447 |
-3097.8450
-3097.8453

-3097.8456

Fe-N2

18519 195 2 205

-3097.8441
-3097.8444
-3097.8447
-3097.8450
-3097.8453
-3097.8456
1.851.91.95 2 2.052.1

Bond distance

Fe-N4

Potential energy surface (PES) for bond distance of cy-

tochrome f active site.

active site.

T experiment® rqQc Kq
Bond Distance (A) (A) (kecal mol~! A=2)
Fe-N1 1.956 1.936 107.634
Fe-N2 1.970 1.950 109.910
Fe-N3 1.993 1.998 116.075
Fe-N4 1.979 1.971 127.819
Angle PDB (6) 0 K¢(Kcal /mol rad®)
N1-Fe-N2 91.261 91.064 508.950
N1-Fe-N3 179.451  171.551 127.708
N1-Fe-N4 89.189 89.714 494.007
N2-Fe-N3 88.233 90.521 503.212
N2-Fe-N4 179.274  176.474 260.695
N3-Fe-N4 91.317  89.207 488.320
O experimenta Oac Ko
Bond Angle (°) (°) (kcal mol™! rad=?)
Fe-N1-Cp 129.157  128.12 811.617
Fe-N1-Cvy 127.738  127.77 705.760
Fe-N2-Cp 127.199  126.98 796.735
Fe-N2-Cry 128.825  127.54 804.601
Fe-N3-Cp 129.745  126.38 789.220
Fe-N3-C~y 127.376  127.44 803.159
Fe-N4-Cp 126.996  128.23 812.861
Fe-N4-C~ 128.808  128.04 810.427
®The experimental data obtained from the X-ray crys-
tallographic structures.

the interface between the complex. From Figure A.8, we observe that the RMSD
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Figure A.7: Potential energy surface (PES) for angle distance of cy-

tochrome f active site.

value of plastocianin achieve the the equilibrium state at 2 ns. The structure of

cytochrome f by RMSD analysis fluctuates from 2 to 3 A until reach the equilib-

rium state. The RMSD value of Pc-Cyt f complex becomes more fluctuation from

2 to 6 A because the RMSD are estimated through due to merge the structure of

plastocianin and cytochrome f. However, this complex achieves the stable struc-

ture during the simulation. Figure A.9(a) shows the fluctuation of the distances

between the center of mass (Reys) of plastocianin and cytochrome f. We obtain

the average value of (R¢yy) of Plastocianin in complex with cytochrome f for the
last 2 ns is around 28.99 A. The distance between the centers in the Pc-Cyt f struc-
ture by X-ray analysis is about 26.1 A [97]. Figure A.9(b) shows the fluctuation

of the distance between the metal, the average value of the distance between the
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Figure A.8: The RMSD value of PC/Cyt complex during the simulation
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Figure A.9: (a) The distance between the center of mass of plastocianin
and cytochrome f and (b) the distance between Cu ion in plastocianin
and Fe ion in cytochrome f for the last 2 ns.

metals in the complex structure for the last 2 ns is around 15.4 A. Meanwhile, the
distance between metals in the complex structure by X-ray analysis is about 13.7
A [97]. The results suggest that the structure obtained by present simulation is

a good agreement with the experimental results.

A.3.3 Free energy profile

The mean force < F(r') > derived in Equation (A.5) is estimated at the 22 dis-
tances in the center of mass of plastocianin and cytochrome f shown in Figure
A.10(a). The error bars represent the standard deviation which is found from the
independent measurements of < F'(r’) > for each 3-ns trajectory of MD simula-

tions. The repulsive force between plastocianin and cytochrome f is represented as
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the positive value of < F(r’) >, while the negative value represents an attractive
force. The attractive force between plastocianin and cytochrome f is observed at
the distance of 30 A < r., < 45 A, while the repulsive force at the distance of 25
A< Tem < 29 A. The mean force at the distance 45 A may become the reference
state because the position becomes small at around 0.36 x 107'* N. It means that
the interaction between plastocianin and cytochrome f almost vanished at the
reference state. From the Figure A.10(a), we also shows the standard deviation
which represent the fluctuation of conformation change between the protein. We
observe that the values of the standard deviation are not significantly different
for all configurations, it implies that the structures of Pc-Cytf complex are not
fluctuation during the MD simulations and the complex structure becomes similar

to the initial configuration of constrained position.

Figure A.10(b) shows the free energy profile as a function of r, derived in Equa-
tion (A.6). The binding free energy from the reference state is calculated by using
thermodynamic integration method to evaluate the dissociation of plastocianin in
binding with cytochrome f. The binding free energy shown in Ref. [101] is cal-
culated by estimating the equilibrium binding constant from the contribution of
the restrained distance and angle in the bound to the unbound state between two
proteins. In our method, we calculate the binding free energy from the reference
state (Rop= 45 A) and not from the equilibrium binding constant. The binding
free energy is estimated by using thermodynamic integration method to elucidate
the dissociation process of the plastocianin in complex with cytochrome f along
the reference distance. From Figure A.10(b), the binding free energy of the com-
plex from the reference state become -32.34+ 1.82 kcal/mol and the free energy
reaches the minimum at the distance of 29 A. This result is consistent with that of
the equilibrium MD, in which the average value of the distance between the center
of mass of plastocianin and cytochrome f for the last 2 ns is around 28.99 A.
We cannot validate at present the calculated binding free energy because there is
no corresponding experimental result available for the free energy difference along
the distance between plastocianin and cytochrome f. However, our result is a
good agreement with the experimental result of Pc/Cytf complex in the average
value of the distance between the proteins during the last 2 ns of MD simulation.
Therefore, this letter may contribute to present an insight approach for estimation

of the free energy profile as a function of the binding distance.



Appendiz A 68

6 5
0
5|
g -10
w© -15 ¢
g
= -20
=
2 -25
-30
-35
-6 | | | | | | | 40 | | | | |
24 27 30 33 36 39 42 45 25 30 35 40 45
Distance (A) Distance (A)
(a) (b)

Figure A.10: (a) The mean force < F(r') > and (b) free energy profile
G(r) as a function of the distance between the center of mass of ligand and
that of CA T active site. The error bars represent the standard deviation
for all trajectories of MD simulations.

A.3.4 The angle dependency of Pc-Cytf complex

In the previous subsection, we have estimated the mean force of plastocianin and
cytochrome f at the 22 distances in the centers of mass between the complex.
The mean force represents the conformational fluctuation of the Pc-Cyt f complex
during the restrained distances. Our finding reveals that, the attractive force
between plastocianin and cytochrome f is achieved at the distance of 30 A< Tem <
45 A. However, the contribution of the orientation angle between the proteins
are not well known. Therefore, in order to understand the dependency of angle
structure and properties of Pc-Cyt f complex, we try to investigate the correlation
between the orientation angle (6 and ¢) with the mean force from the trajectories
of MD simulations to obtain the native position of the Pc-Cytf complex. The
snapshot structure of Pc-Cytf complex at the distance 30 A is selected to apply
the restrained angles in the complex because the lowest mean force is found in
this distance. Then, we prepare twenty five configurations derived in Equation
A5 and A.6.

The correlation between the orientations of angle (6 and ¢) with the mean force
< F(r") > of 25 trajectories are shown in Figure A.11. We find that the lowest
mean force < F(r') > for the models of Pc/Cyt f complex without any constrains
shown in Figure A.11(a) become -4.87 x 107'% N where the angle positions 6 and
¢ are 2w and 7, respectively. Meanwhile, Figure A.11(b) shows the Pc/Cyt f

complex with the constraint on the distance between the center of mass positions
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Figure A.11: The correlation between the orientation angle (0, ¢) and
the mean force < F(r’) > for 25 models at 3 ns MD simulations, (a) the
models of complex without any constrain and (b) the other models with
constraint on the distance between the center of mass of plastocianin and
cytochrome f at r= 30 A.

of plastocianin and cytochrome f at 7= 30 A. The lowest mean force < F (r') > is
obtained around -5.66 x 107'% N on the angle (6 and ¢) of m and 7/2. We assume
that the higher negative of mean force < F(r') > indicates the strong attraction
between plastocianin and cytochrome f and plastocianin becomes inside into the
cytochrome f. On the other hand, the lower negative of mean force < F(r') >
reveals that the plastocianin is outside the side chain of cytochrome f and becomes

weak attraction between the proteins.

Let us evaluates the results obtained from the mean force calculation of Pc/Cyt f
complex without any constrain and with the constraint on the distance between
the centers of mass of plastocianin and cytochrome f at r= 30 A shown in Figure
A.11(a) and A.11(b), respectively. From our results, we find that the mean force
of the angle orientations (# and ¢) (see Figure A.11(b)) tends to have strong
interaction between the proteins compared to the mean force of angle (6 and ¢) in
Figure A.11(a). The strong interaction of Pc/Cytf complex is found on the angle
(0 and ¢) positions of m and 7/2 according to the calculation of the mean force
shown in Figure A.11(b).

A.3.5 Standard Binding Energy

In order to obtain the standar binding free energy of Pc/Cyt f complex, we calcu-

late the equilibrium binding constant that characterize the reversible association
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of the plastocianin and cytochorome f, i.e., plastocianin + cytochorome = plas-

tocianin:cytochorome,

[plastocianin:cytochrome f]

= A.
4 [plastocianin][cytochromef] (A.9)

From the above expression, the equilibrium binding constant can be simplified by,

K. = fsite d1 fsite dx e_BU
o dl d(z — ) [dx e PU

(A.10)

where, the subscript ”site” and ”"bulk” refer to the bound and the unbound state
of plastocianin and cytochrome f, x; is the position of the center of mass of
the plastocianin and cytochrome f and x] is an arbitrary location in the bulk
medium, sufficiently far from the binding site of plastocianin or cytochrome f,
and U is the total potential energy of the system, 1/8 = kg7 is the Boltzmann
constant times temperature. Therefore, the estimation of the equilibrium binding
constant corresponding to the bound and the unbound state of plastocianin and

cytochrome f is summarized as following equation:

bulk site bulk site
Keq = S*[*e_ﬁ[(GPc,c)_(GPC,C)J'_(GCyt,c _(GCyt,c)}

_IB [(Gllg'lglr(es - (Gf)lg,efes)—l— (Ggl;}tk,res) - (Gsci;i,res)}

Xe

w = BlGEM)—(G5te)~(G5t)] (A.11)

From the equation A.18, we can derive each contribution of the bound and the

unbound state of plastocianin and cytochorome f as follows:

Contribuiton from adding restrains in the bound state

RMSD restrain on plastocianin applied to carbonyl carbons only

BGEE. _ fsite d1 f dx =
j;ite dl f dm efﬁ[U‘i’UPc,C}

e (A.12)
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RMSD restrain on cytochorome f applied to carbonyl carbons only

- dl [ dx e PUHuPec
— fs1te f €T e (Al?))

eIBGSite
[ dl [ du e PlUFuPpectucytl
site

Cyt,c

RMSD restrain on plastocianin residues, applied to all heavy atoms

LAGH N e BUHue

Pc,c —

N fsite dl f dx e BlUHuctupe,res]

(A.14)

RMSD restrain on cytochorome f residues, applied to all heavy atoms

. _BU“I‘U(;“FUP res
eﬂGsne fsite dl fda: e c,res

e = f dl f d.ﬁE 6_5[U+Uc+uPc,res+uCyt,res} (A15)
site

Orientatinal and positional restrains

The definition of each angle is given in parentheses with refers to Figure A.12, with
the reference points taken as the centers of the carbonyl carbons of the following
groups of residues: all residues of plastocianin (P1), residues 31,62,30,86,32,37 of
plastocianin (P2), 74, 72, 96, 82, 92, 21, 98, 80 of plastocianin (P3), all residues
of cytochrome f (P1’), residues 171, 165, 208, 231, 67, 207, 172, 167, 227 of cy-
tochrome f (P2’), and residues 47, 128, 111, 49, 126, 33, 125, 113, 52 of cytochrome

f(P3).

Orientatinal restrain on © (P1-P1’-P2’); ug,

fsite dl [ dx e BlU+uc a1

ﬁGSite o
“r = f’t dl fdl‘ e~ BlU~+uc,an+ue] <A16)
Orientatinal restrain on ¢ (P1-P1’-P2’-P3’); ug
site o dl | dx e‘ﬂ[U"F“c,an-f-ue]
eﬁcht — j‘Slte f (A 17)

N f dl qu; e~ BlU+uc,antue+us]
site
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Orientatinal restrain on U (P2-P1-P1-P2’); uy
—BlU Ue. a (7 U
eBGY fSite dlfdx e PlU+uc antuetus] A18
L/‘site dl f d:L‘ 6_5[U+uc,all+u®+u<l>+u\p]
Positional restrain on 6 (P1-P1-P2); uy
i 7/8[U+uc,all+uo]
eﬁGzlte _ fsite d]. f dI € <A19>
f. dl fdl‘ e—BlU+uc,antuo+ug]
site
Positional restrain on ¢ (P1’-P1-P2-P3); u,
BGYT _ Je A1 [ da e~ AU +uc an+uo+ug] o0
B fsite dl fd:): e~ BlU+uc,an+uo+up]+ug) ( . )
Separation PMF
= / dre—BOVD)-(W () (A21)
site
™ 2m
5= () [ sin(o)ds [ dge 00 (4.22)
0 0

where 7* is a point far from the binding site and w, = up + ug. The term I*

includes the separation PMF, W(r) is estimated in the presence of all restrains.

Contributions from removing restrains in the unbound state

Orientatinal and positional restrains

B_BG\bIJUIk

— fbulk d15(7’1 - TI) f d$ 6_'8[U+ucqall+ue+”u(1>+uq,]

fbulk dl f dx 6_6[U+Uc,a11+u(_)+uq)]

e_ﬁggulk _ fbulk d15(7“1 — 7"1‘) f dx 6—5[U+uc,au+ue+uq,}

fbulk dl f dx e BlU+ucantue]

e_BGkéulk _ fbulk dl(S(?“l — TI) f dx e—ﬁ[U-l-uc,an-i—u@}

Jodl [ da e Pl0Fucal

(A.23)

(A.24)

(A.25)
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™

ik 1 27 21
e PG = [ sin(©)do / d(®)de / AW e Puo(©:2,9) (A.26)
0

- 2
814 Jo 0

RMSD restrain on cytochorome f residues, applied to all heavy atoms

PG ires — Joun A18(r1 = 17) [ da 7Pl et uperestucyte]
fbulk dl&(rl - TT) f de 6_5[U+u5+uPc,rcs]

(A.27)

RMSD restrain on plastocianin f residues, applied to all heavy atoms

PGP es — Jou @10(r1 = 11) [ da e” AT vt upere] (A.28)
Joun @L0(r1 = 17) [ d e~ BlUHuel
RMSD restrain on cytochorome f, applied to carbonyl carbons
ot _ Joui 410(r — 1) [ du el urectuend A20)
Jounc @16 (11 = 1) [ da e Pl Huped
RMSD restrain on plastocianin, applied to carbonyl carbons
__ ¥ _B[U+“ c,c}

fbulk d16(ry —r}) [dx e=PY

To obtain the standard binding free energy of Pc/Cyt f complex from the geo-
metrical transformations, we define the orientational and positional of Pc/Cyt f
complex as shown in Figure A.12. The additional RMSD restrains are introduced
on the plastocianin and cytochrome f to restrict the fluctuations of the side chains
while the protein are separated. One restrain on the RMSD of residues 12, 35, 36,
86, and 90 of plastocianin and one on the RMSD of residues 2, 3, 4, 117, 118 of
cytochrome f are added. In total, four conformational restrains are applied, two
on the backbones (denoted by subscript Pc,c and Cyt,c) and two on the specific
residues at the interface (Pc,res and Cyt,res); additionally, five angular restrains
are applied, three on the orientation of plastocianin realative to cytochrome f
(denoted by subscript o, refer to the ©, @, ¥ Euler angles as shown in Figure A.12

and two on its relative posisition (denoted by a, refer to 6 and ).
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Figure A.12: The structure of plastocianin and cytochrome f represent
as purple and green colors, respectively. The reference coordinates used
to define the orientational and positional restrains. The spherical coor-
dinates r (P1-P1" distance), # (P1-P1-P2 angle), and v (P1- P1-P2-P3
angle), relate the position of cytochrome f respect to plastocianin. The
Euler angles, © (P1-P1'-P2', & (P1-P1'-P2-P3’, and ¥ (P2-P1-P1-P2’,
determine the relative orientation of cytochrome f.

The PMFs corresponding to each contribution is shown in Figure A.13. Then,
the standard binding free energy for each the geometrical restrain is calculated by

following equation:

Gt [ d(RMSD) ¢~ #[Wsite(RMSD)]
e’ RMSD —
[ d(RMSD) e~B[Wiite(RMSD)+Unnisp]

Where Wi (RMSD) is the PMF for RMSD in the bound state and Urysp is the
harmonic restrain potential, i.e., Upmsp = %k;RMSD(RMSD-RMSDO)2. From the

(A.31)

equation A.31, the standard binding free energy can be estimated. Figure A.14
shows the potential of mean force (PMF) for the separation of plastocianin and
cytochrome f. The dissociation of the complex along the distance is started at the
39 A. The contribution of the binding free energy of plastocianin and cytochrome
f at 39 A becomes -51.23 kcal/mol. We have also calculated the separation of
the complex at 42 and 45 A and the binding energy become -51.32 and 51.40
kecal/mol, respectively. Table A.3 shows the standard binding free energy using a
geometrical route. The binding energy of each contribution corresponding to Table

A.3 is analyzed by binding free energy estimator (BFEE) program. From Table
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Figure A.14: The standard binding free energy using a geometrical route.

A.3, we obtain that the standard binding energy of plastocianin and cytochrome
f become 21.58 kcal/mol.
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Table A.3: The standard binding free energy using a geometrical route..

Contribution PMF (kcal/mol) time (ns) (Corresp. equation)
AGRY, -6.87 6 ns 11
AGE -10.51 20 ns 12
AGEE o -6.30 8 ns 13
AGES o -3.86 5 ns 14
AGEte -0.33 2 ns 15
AGSte 0.43 9 ns 16
AGHe 0.00 5 ns 17
AGSte -0.23 6 ns 18
AGE -0.34 7 ns 19
—(1/8)In(S % I x C") -51.23 40 ns 20-21
AGRUk +7.30 0 ns 22-25
AGYE o +19.93 8 ns 26
AGR +5.54 3 ns 27
AGRE +18.81 10 ns 28
AGR +6.94 3 ns 29
AGY. -21.58 132 ns

A.4 Summary

In this study, we have performed all-atom MD simulations of plastocianin in com-
plex with cytochrome f. We have shown that the distance between the plastocianin
and cytochrome f obtained by our calculation is a good agreement with the ex-
perimental result. We estimate the free energy profile of the binding/dissociation
process of plastocianin from cytochrome f along the distance by thermodynamic
integration methods. We have discussed the correlation between the orientations
of angle (¢ and ¢) with the mean force < F(r') > to understand the dependency
of angle structure and properties in respect to the weak/strong interaction of Pc-

Cytf complex.

In the calculation of free energy profile, the mean force acting on between plasto-
cianin and cytochrome f has been estimated at each distance between the center
of the molecule from the MD simulation. The attractive force can be seen at the
longer distance than the equilibrium distance and that the repulsive force can be
observed in the shorter distance. From the value of mean force < F(r') >, we
have calculated the free energy difference along the distance. The results of free

energy profile suggest that the equilibrium distance derived from MD simulation
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is a good agreement with the experimental distance, and we have estimated the
binding free energy of -32.344 1.82 kcal/mol.

We have also presented the dependency of angle structure and properties of Pc-
Cytf complex in relation to the value of mean force. We find that mean force
< F(r") > may contributes for predicting the location of the native position of plas-
tocianin into the standpoint of cytochrome f. The value of mean force < F(r') >
reveals the strong or the weak interaction between the proteins. The strong inter-
action means plastocianin becomes inside into the cytochrome f. While, the weak
interaction reveals that the plastocianin is outside the side chain of cytochrome
f. For the future work, we will estimate the binding free energy affected by the

orientation angle dependency in the protein complex.






Appendix B

Association/dissociation pathways
of Plastocyanin and Cytochrome
f complex by parallel cascade

selection molecular dynamics
simulation (PaCS-MD)

B.1 Introduction

Plastocianin is one of type I copper protein which involves the electron transfer
in the chloroplasts. In photosynthesis, plastocianin has a function as an electron
transfer agent by catching one electron from cytochrome f in cytochrome b6f
complex to P700 in photosystem I. The structure of Pc has been investigated by
X-ray analysis [7, 8, 90, 91]. The active site of Pc consists of one copper ion
coordinately bonded to two nitrogen atoms of the imidazole group of histidine
(His-37 and His-87), one sulfur atom of cysteine (Cys-84) in a trigonal planar
structure and also one the sulfur atom of methionine (Met-92) in axial position.
On the other hand, the structure of cytochrome f by X-ray analysis has been
solved by C. J. Carrel and co-workers [11]. Cytochrome f is the largest subunit of
cytochrome b6 f complex which has a heme compound and two soluble structure

domains in the lumen-side segment.
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In the electron transfer reaction, the interaction of Pc/Cytf complex has been
experimentally investigated by some groups [92-95]. Crowley and coworkers have
presented the structure of Pc/Cytf complex in respect to the hydrophobic interac-
tion [93]. The contribution of the hydrophobic and the electrostatic interactions of
those proteins have been discussed to find the possible structure of of the weak and
short-lived complex [92, 94]. Also, several mutations in structure of plastocianin
have been investigated to elucidate the site of electron transfer and the regions of
molecules in respect to the reaction rate of the reduction reaction of plastocianin
[95]. On ther other hand, from viewpoint of theoretical investigations, some re-
search groups have investigated the interaction of plastocianin with cytochrome
f in the electron transfer reaction [102-105]. For example, brownian dynamics
simulation has been performed to investigate the interaction of plastocianin with
cytochrome f in relation to the electrostatic contribution [102]. The diffusion of
plastocianin and interaction with cytochrome f in the environment of the thy-
lakoid membrane have been discussed [64, 103-105]. In our previous studies, the
hydrophobic interaction arising water in Pc/Cytf complex has been carried out
by coarse-grained (CG) model [64]. The concept of molecular crowding effects is
presented to evaluate the decreasing of the hydrophobic interaction around the
contacting area of the complex crowded with many hydrophobic residues. The
structure and dynamics properties have been also discussed to obtain the reaction
rate of the electron transfer with protein complexes. From previous work, we find

the result is a good agreement with the experimental evidence [95].

All-atom molecular dynamics simulations have been performed by estimating the
binding free energy of Pc/Cytf complex before and after the electron reaction
in relation to the association/dissociation process [81]. From our calculation, we
obtain the total binding free energy of those reaction becomes 4.4 kcal /mol and
the free energy obtained from all-atom MD simulation corresponding to the asso-
ciation/dissociation process become similar to that obtained by the coarse-grained
model. However, the detailed analyses of the association/dissociation pathways
have not been investigated. In this research, in order to investigate the confor-
mational transition pathway of plastocianin and cytochrome f in respect to the
association/dissociation process, PaCS-MD simulation developed by Harada and
co-authors [43] is performed. This method has been used to find the possibility
of the conformational transition pathway of folding process starting from the ex-
tended structure of chignolin protein to the native structure along simulation. The

folding pathway obtained by PaCS-MD is good correspondence with the results
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presented in Ref. [44]. Therefore, we adopt this method to find the possibility of
the association/dissociation pathways of the Pc/Cytf along simulation. We also
calculate the free energy landscape as a function of the distance between the cen-
ter of the complex by using multiple independent umbrella sampling (MIUS) for
local conformational samplings selected from initial X-ray structure the protein

complex.

B.2 Method and Model

In this section, we present PaCS-MD procedure to find the association/dissociation
pathway of Pc-Cytf complex along simulations. Two models of Pc-Cyt f complex
are presented for this simulation. The reactive trajectories obtained from the cycles
are evaluated by estimating the distance between the center of mass position of
plastocianin and cytochrome f. The dissociation pathway of Pc-Cyt f is chosen to
calculate the free energy landscape as function of the distance between proteins.
Then, we analyze the conformational changes in flat energy barrier of the selected

structures obtained by MIUS calculation.

B.2.1 Model for PaCS-MD simulation

To evaluate the association/dissociation pathway of Pc-Cyt f complex, we prepare
two models, i.e., model 1 and model 2, shown in Figure B.1. Model 1 is extracted
from the crystal structure (PDB: 1TKW) solved by Lange and coworkers [97].
Meanwhile, model 2 is created from similar PDB structure with the different po-
sition where, plastocianin is located far away from the side chain of cytochrome
f. In model 2, we assume the complex has not contact between proteins. The
structure of plastocianin consists of 99 amino acids and one metal of Cu?+ ion in
the active site. The lumen-side domain of cytochrome f contains 252 amino acid

residues including a heme group and Fe?+ ion in the actives site.
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Figure B.1: (a) The structure of Model 1 is obtained from the crystal
structure (PDB ID: 1TKW) and (b) Model 2 is extracted from Pc/Cyt f
complex, where the plastocianin has not contact with cytochrome f. These
models are used to obtain the association/dissociation pathways of plas-
tocianin in complex with cytochrome f. Plastocianin (magenta color) and
cytochrome f (cyan color) are represented by cartoon models. The atom
metals of cupper and iron ions are represented by green and red spheres,
respectively.

B.2.2 PaCS-MD simulation

We perform PaCS-MD simulation on two models of Pc-Cytf complex by using
Amber 16 packages [73]. The TIP3P water models [72] are inserted to the peri-
odic box and 5 Na™ ions are added to neutralized the system. Models 1 and 2
contain 18268 water molecules. Therefore, the total number of atoms in the sys-
tem for models 1 and 2 are 60210 atoms. The periodic box size for those models is
97.001 x 90.572x 85.667 A. AMBERI14 force field is employed for platocianin and
cytochrome f [98]. Particle Mesh Ewald (PME) [106] and SHAKE algorithm [41]
are used to compute the electrostatic interactions and to constrain the hydrogen
bond atoms. The switching cut off distance is set 10 A and All simulations are
simulated with 2 fs. The simulation is started at the system by performing the
energy minimization with the constrain on the position of the heavy atoms of Pc-
Cytf complex. Then, the energy minimization without any constraint is carried
out. Conventional molecular dynamics (CMD) is performed with NVT ensemble
for 60 ps where the temperature is gradually increase from 0 to 300 K. The con-

stant temperature condition at 300 K is kept by using Langevin thermostat [107]
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Figure B.2: The schematic of PaCS-MD procedure.

and 1 atm of pressure is maintained by utilizing isotropic position scaling algo-
rithm. CMD simulation with NPT ensemble is carried out for 500 ps to provide
the preliminary structures for PsCS-MD simulation. Either CMD or PaCS-MD
trajectories obtained from simulations are analyzed by CPPTRAJ tools [74].

To perform PaCS-MD simulation on Pc-Cytf complex, 100-ps MD simulation is
performed from the structures obtained by CMD. Ten snapshot structures are
randomly selected as the initial structure for the first cycle. Ten initial struc-
tures (M= 10 runs) formulated by 100-ps MD x M is independently simulated.
Therefore, in each cycle, ten multiple independents molecular dynamics (MIMD)
are performed and each trajectory is saved every 1 ps. Each MIMD is analyzed
to evaluate the distance between the center of mass of position plastocianin and
cytochrome f. For the dissociation process in model 1, the longest distance is
selected, meanwhile for the association process in model 2, the shortest distance

is selected. The selected run from cycle 1 is taken as the initial structure for ten
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MIMD in the next cycle. The initial velocities are regenerated randomly to repro-
duce Maxwell-Boltzmann distribution for each MIMD. The cycle is repeated until
the distance between proteins in the complex reaching the association/dissocia-
tion position of Pc-Cytf. The selected trajectory for each cycle as joint multiple
trajectories is termed as 'reactive trajectories’ proposed by Harada and co-workers
[43]. These trajectories are selected to show both the distance position and the
conformation changes during PaCS-MD. The schematic of PaCS-MD procedure
including the reactive trajectory term is presented in Figure B.2. For comparison,
10000-ps CMD for models 1 and 2 is also performed after 500 ps NPT simulation
extracted from the preliminary structure. The results can be used to know the
effective method of PaCS-MD for association/dissociation process comparing with

CMD by analyzing the distance between proteins during simulations.

B.2.3 Free energy landscape

In order to obtain the free energy landscape (FEL) between the proteins of Pc/Cyt f
complex, multiple independent umbrella sampling (MIUS) for local conformational
sampling around the constrain distance is applied. We adopt MIUS calculation
according to procedure estimation provided in Ref. [43, 44, 108, 109] In this cal-
culation, we prepare thirty distances with the increment of 1 A (r= 26-55 A) as
the initial structures for MIUS. We perform MD simulation on Pc/Cytf complex
obtained from PDB file used to prepare thirty initial structures by constraining

the distance between proteins.

In MIUS, a set of umbrella potentials (V! Y(i=1,2,..,N),

umbrella

= Vuimbrella = ki(7>COM - 7COMO)27 (B.1)
is applied to the distance between center of mass position of Pc/Cytf, where N
is the total number of MIUS and ki (i = 1, 2, ..., N) is the force constant for
positional restraints. TCM and 7 Mo gre the distance between center of mass
position of Pc/Cyt f of instantaneous and the ith reference structures, respectively.
The reference and initial structures are selected from the initial configuration of
each constraint distance. The optimal probability density py is calculated as a

linear combination of the reweighed probability densities (punPiased) (j = 1,2, ..,
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N) from MIUS with the weighted histogram analysis method (WHAM) as following
equation [110-112]:

N 8;2[2} -0
po=C Z w; pinblased N (B.2)
i=1 > wi =
i=1
where C' is a normalization constant. The set of (w;) (i = 1, 2, ..., N) is weighting

factors to be determined so as to minimize a statistical error o2 [p(€)] under the
normalization condition in Equation. Finally, free energy F' is calculated as the

logarithm of the optimal probability density:

F = —kgTInpg (B.3)

where kp and T are Boltzmann constant and temperature.

B.3 Results and Discussions

B.3.1 Association/dissociation pathways of Pc/Cyt f

Figure B.3(a) in magenta line shows the distance between center of mass of
Pc/Cytf complex along top trajectories corresponding to model 1 calculated by
PaCS-MD simulation. The first cycle of PaCS-MD is started from the preliminary
structure of CMD. This structure is randomly selected from the preliminary MD.
As shown in Figure B.3(a), the time simulation of 3500-ps MD corresponding to
35 cycles of 10 MIMD for 100-ps is sufficient to generate the dissociation pathway
of plastocianin from the side of cytochrome f. This indicates that strong struc-
tural selection in each cycle is needed for fast dissociation of plastocianin outside
from cytochrome f. Besides, we provide the distance between metals of complex
presented in Figure B.3(a) at the cyan line. We can see that the initial distance
starting at 26.3 A significantly increases followed by longer simulation time. The
last distance is obtained at 34.8 A. As expected from our simulation, the dissocia-
tion process can increase the distance either center of mass of protein or between

metals in complex.
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Figure B.3: The magenta line represents the distance between center
of mass position of Pc/Cytf complex and cyan line represents the dis-
tance between metals of iron and cupper ions corresponding to model 1
to describe the dissociation pathway of plastocianin in complex with cy-
tochrome f. (a) Those of reactive trajectories are obtained by PaCS-MD
simulations, (b) those of trajectories are obtained by 10000-ps CMD.

As mention in the method section, conventional molecular dynamics (CMD) is
performed on Pc/Cytf to compare the result obtained by PaCS-MD. In Figure
B.3(b), we show the result from CMD of Pc/Cytf. From this Figure, plastocianin
does not leave the region of cytochrome f during 10000-ps CMD simulation. From
Figure B.3(b), we observe that the longest distance between center of mass of
Pc/Cytf complex along simulation is only obtained around 30 A. That distance
does not show the dissociation process of proteins because plastocianin may still
have contacts with cytochrome f. The dissociation of proteins may be obtained in
longer simulation time. We will present the CMD of Pc/Cytf complex at longer
time elsewhere. From our results, our finding by PaCS-MD are sufficient to provide
the dissociation process along simulation although the simulation is performed at
the shorter MD time. Therefore, this method can reduce the simulation time to

reach the dissociation process of the protein complex.

To examine the detail of the association process of Pc/Cytf complex, we also
perform PaCS-MD simulation with similar procedure calculation presented in the
dissociation process. Model 2 is constructed by locating plastocianin far away
from the side chain of cytochrome f as shown in Figure B.1(b). We define that
proteins in complex do not have hydrophobic and acid interactions between their
side chains. The distance between center of mass of Pc/Cytf complex along
top trajectories is presented in Figure B.4(a). From Figure B.4(a), we show the

association pathway of plastocianin into cytochrome f along simulations, and the
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Figure B.4: The magenta line represents the distance between center
of mass position of Pc/Cytf complex and cyan line represents the dis-
tance between metals of iron and cupper ions corresponding to model 2
to describe the association pathway of plastocianin in complex with cy-
tochrome f. (a) Those of reactive trajectories are obtained by PaCS-MD
simulations, (b) those of trajectories are obtained by 10000-ps CMD.

reactive trajectories are obtained during 3500-ps MD cprresponding to 35 cycles of
10 independent MD for 100-ps. In association process, we only obtain the distance
between center in complex structure at 30.9 A for the last 3500-ps. On the other
hand, the distance between center of mass of Pc/Cytf by X-ray analysis is about
26.3 A. However, our results show that the plastocianin move into the region of
cytochrome f because the distance between metals in the complex structure is
similar with the X-ray structure. The distance between metals by X-ray analysis

is 13.7 A, meanwhile our result by PaCS-MD is obtained at the distance 12 A.

To compare the result obtained by PaCS-MD in relation to the association pro-
cess, we also perform conventional molecular dynamics (CMD) on Pc/Cytf. In
Figure B.4(b), we show the distance between center of mass of the complex as
a function of the MD time (magenta line). We observe that plastocianin does
not move in the site of cytochrome f and it tends to stay away from cytochrome
f. Also, the distance between metals (cyan line) becomes larger than the initial
structure shown in B.4(b). This indicates that those proteins can not reach the
protein association for complex formation along simulation. This finding confirms
that CMD is unsatisfied method to find the association pathways between protein
during 10000-ps CMD. Therefore, PaCS-MD simulation is also alternative method
instead of CMD to find the association pathways of plastocianin in complex with

cytochrome f in shorter MD time.
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Figure B.5: The topology picture of PaCS-MD simulation from 10 mul-

tiple independent molecular dynamics (MIMD) correspond to number of

cycle. (a) Dissociation pathways in model 1 and (b) Association pathways
in model 2. The reactive trajectories are marked by red lines.

Figure B.5 shows the partial of the topology picture of PaCS-MD simulation from
10 multiple independent molecular dynamics (MIMD) corresponds to number of
cycles for association/dissociation pathways of Pc/Cytf complex. In this picture
reveals that the strong structural selections from number of runs, i.e., 1 to 10, in
each cycle are required for fast association/dissociation in the protein complex.
The red arrow indicates the 'reactive trajectories’ as proposed by Harada and co-
workers [43]. As described in method section, the number of cycles depend on the
distance between plastocianin and cytochrome f for which the cycle is repeated

until the distance between proteins in the complex reaching the association/disso-

ciation position.

B.3.2 Free energy landscape of Pc/Cytf

Figure B.6 shows the free energy landscape as a function of the distance between
center of mass of plastocianin and cytochrome f corresponding to model 1 calcu-
lated by equations B.2 and B.3, respectively. In Figure B.6, we find the equlibrium
point is obtained at the distance 32 A. Also, we observe that flat energy barrier
is obtained at the region of 37 A to 44 A for all simulation times. We suggest

that the dissociation of Pc/Cytf complex can be found at those distances and
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Figure B.6: The free energy landscape as a function of the distance
between center of mass position of Pc/Cytf complex for model 1. In total,

300 ns-MD of simulation time is used to perform multiple independent
umbrella sampling (MIUS).

the energy barrier is convergence with the variation of the simulation time. This
indicates that plastocianin leaves the region of cytochrome f at the distance of 37
A to 44 A corresponding to the flat energy barrier. Besides, from the simulation
of 10-ns MD for each constrain distance, we find 3 local minimums at the distance
of flat energy barrier, i.e, 37 A, 40 A, and 44 A. The free energies on those three
local minimums are found as 0.787 kcal/mol, 0.92 kcal/mol, and 0.695 kcal/mol.

B.3.3 Formation mechanism of Pc/Cytf complex

In order to investigate the mechanism of formation of protein complex during
the electron transfer reaction. We perform coarse-grained model on plastocianin
and cytochrome f. In the case of coarse-grained (CG) model, an amino acid
corresponding to one CG particle located on C, atom. The langevin equation of

motion for i-th CG particle described as

d27'i 8V d?"i

A T on - ar

where my;, r;, and V represent the mass and the coordinates of the i-th particle and

+ Bi(t), (B.4)

the total potential energy of the target system, respectively. The random force P,

acting on the i-th particle is a Gaussian white noise represented as
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< Pia(t) >=0, (a = 2,9, 2), (B.5)

< Ra(t)Pj (t/) >= QWkBT(Sij(saﬁ(sttla (Oé, B =Y, Z), (B6>

where < P,,(t) > represents the o component of the random force P; acting on
the i-th atom at time t. The total potential energy V in the present CG model

can be expressed as

V' = Vitra + Vinter, (B.7)

V' = Vintra + Vinter (B.8)

Vintea = Vi + Vi + Vi 4+ Vae + Ve, (B.9)
Vinter = VL3 + Vop + Vi + Viep, (B.10)

where Vi and Viper correspond to the intramolecular potential energy described
by the Go like model and the intramolecular potential energy represented in the

previous work.

The X-ray structure of the complex of plastocianin with cytochrome f is solved
by Lange, et al. (PDB ID: 1TKW). The model the structure of plastocianin and

cytochrome f is shown in Figure B.7.

In order to investigate the diffusion coefficient D, we calculate the mean square

displacement (MSD) according to the following equation:

PIRHOREHONY (B.11)

D=>"" (B.12)
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Figure B.7: (a) Model 3 and (b) Model 4. Blue and red colors represent
the structure of plastocianin and cytochrome f, respectively. Model 3
is interacted PC-Cytf complex obtained from the crystal structure, and
model 4 is an independent model where the distance between the protein
is more than the cutoff.

D=2 (B.13)

D =12x10"%(m?/s) (B.14)

We perform the CG simulation for 300 ns (150,000,000 steps, where 1 step = 2 fs).
The coordinates of the system were dumped every 20 ps. Therefore, 15,000 frames
are collected for the calculation of the diffusion coefficient. Figure B.8 shows the
fluctuation of MSD of model 3. The theoretical calculation of D value according to
equation B.14 is 1.2 x 107® (m?/s). From our estimation, the diffusion coefficient
D becomes 1.4 x 1078 (m?/s). Our calculation become good agreement with the

theoretical calculation.

B.4 Summary

In this study, we have performed PaCS-MD simulation on Pc/Cytf complex in
relation to the association/dissociation pathways of protein complex. Two mod-

els, i.e., model 1 and model 2, are used for simulations. Model 1 represents the
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dissociation pathway, meanwhile model 2 refers to the association pathway of the
protein complex. The strong structural selections from number of runs (M) of
MIMD are required for fast association/dissociation process in the protein com-
plex. From our simulations, we have found the reactive trajectories corresponding
to that process and have been presented in this letter. Besides, we also calculate
the free energy landscape as a function of the distance position between plasto-
cianin and cytochrome f for model 1. From our simulations, we find the the
flat energy barrier at the distances 37-44 A refers to the dissociation process of

Pc/Cytf complex.
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