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CHAPTER|

I ntroduction

1.1 The seasonal influenza

Each year the annual influenza epidemics caused by influenza A and B viruses
are related with a quarter to half a million deaths worldwide [WHO, 2009 : online].
Although influenza B viruses do not have a pandemic potential like influenza A
viruses that mainly cause significant morbidity and mortality in humans, but influenza
B viruses are the predominant circulating virus that serves illness in every 2-3 years
[Lin et al., 2004; Jackson, Elderfield, and Barclay, 2011]. The last wave occurs at the
early 2011 which analyzed belong to the lineage of B/Victoria, B/Yamagata and B/not

determined [WHO, 2011: online].
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Figure 1.1 The global circulation of seasonal influenza viruses in 2011 observed by
Global influenza surveillance and response system (GISRS) [WHO, 2011: online].

For the situation in Thailand, the predominant circulating of influenza B
viruses were detected the peak at the late of 2011 with the lineage spread of
B/Victoria and B/not determined. The influenza A(H1N1), A(H3N2) and B viruses

have circulated among humans, therefore, they were included in the seasonal



influenza vaccine for the upcoming season, the primary strategy to prevent the

infection of influenza [Barr et al., 2010].
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Figure 1.2 The 2011 situation of seasonal influenza viruses in Thailand monitoring
by GISRS [WHO, 2011: online].

Therefore, the circulation of influenza B virus is important and cannot ignore.
The experimental and theoretical studies of influenza B virus are considerably less
than those of influenza A virus which leads to the main goal of the present work in

understanding the drug inhibition toward influenza B virus.

1.2 Influenza B virus

Influenza B virus is one of the three distinct influenza virus types that was
isolated by Francis in 1939 [Francis, 1940]. All three types share many features and
viral activities (Table 1.1), however, the influenza B virus habours an unique genetic
and can infect only humans [Wright and Webster, 2001; tl&fir2006; Treanor,
2010]. The influenza B virus consists of eight gene segments, polymerase B2 protein
(PB2), polymerase Bl protein (PB1), polymerase A protein (PA), hemagglutinin
(HA), nucleocapsid protein (NP), neuraminidase (NA), matrix protein (M2) and non-



structural protein (NS), which encode 11 viral proteins. Howewar,proteins, NB

and BM2 of influenza B are unique [Hatta and Kawaoka, 2003].

Table 1.1 The differences among three types of influenza viruses

Influenza A Influenza B Influenza C
Genomes 8 gene segments 8 gene segments 7 gene segments
Structure 10 viral proteins 11 viral proteins 9 viral proteins with

with unique M2 with unique NB unique HEF

Natural host Humans,swine, Humans only Humans and swine
equine, avian,

marine mammals

Clinical presentation May cause large Severe disease Mild disease
pandemics with generally confined without seasonality
significant mortality to older adults or
in young persons  persons at high risk

Both of influenza A and B viruses have three important proteins on their
surface membrane, HA, NA and M2 channel. As seen in Fig. 1.3, HA attaches to the
sialic acid via the carbohydrate side chains of cell surface glycoproteins and
glycolipids for entry into the host cell. Consequently, the M2 protein acts as an ion
channel pump allowing proton transfer. Following virus replication, the receptor
destroying enzyme, NA, removes its substrate from the infected cell in order to infect

new cells.
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Figure 1.3 The influenza virus life cycle is divided as the following stages, the
penetration into host cell; transcription and replication of viral RNA; assembly and
budding of virion; releasing of new viruses from host cell, while the target for

antiviral agents also shown (von ltzstein, 2007).

There are two groups of anti-influenza agents, M2 inhibitors and NA
inhibitors (NAI). The M2 inhibitors (amantadine and rimantadine) which target the
influenza A M2 protein, are ineffective against influenza B virus. This is because the
M2 of influenza B appears the polar residues which reduce the accommodation for
hydrophobic adamantane moiety of the M2 inhibitors [Pinto and Lamb, 2006].

Interesting, the NAIls (zanamivir, oseltamivir, peramivir and laninamivir) have
been shown to be effective against both influenza A and B types, as the active site
residues of NAs among them are highly conserved [Gubareva, Kaiser, and Hayden,
2000; McKimm-Breschkin 2002; Ward et al., 2005; Yamashita et al., 2009]. Hence,
the surface glycoprotein NA has been served as the important target for drug design

and development against influenza.



1.2.1 Neuraminidase

Neuraminidase (NA) acts as an enzyme, cleaving sialic acid from the HA
molecule, from other NA molecules and from glycoproteins and glycolipids at the cell
surface and seems to be necessary for the penetration of the virus through the mucin
layer of the respiratory epithelium. The tetrameric NA of the influenza virus was
classified in three distinct groups, including group-1 and group-2 NA of influenza A
plus the different influenza B NA [Russell et al., 2006]. The available crystal
structures of influenza B NA are from B/Beijing/1/87 [Burmeister, 1993], B/Lee/40
[Janakiraman, 1994] and B/Perth/211/2001 [Oakley, 2010] that show the closed form
of 150-loop, the tight conformation of residues 147-152 (N2 numbering) from the
active site. Based on sequence alignment of NA residues at the binding pocket, all
residues in the catalytic (bold) and framework (regular) sites are highly conserved
among influenza A and B viruses, whereas the difference is found at two residues
nearby framework site (underline), residue numbers 347 and 405, as summarized in
Table 1.2. However, the genetic and structural relationship between influenza A and
B are significant difference as can be seen by the percentage of sequence identity and

similarity as well as RMSD values in Table 1.3.

Table 1.2 The sequence alignment of NA catalytic sites, framework sites and nearby

framework sites between influenza A viruses and influenza B virus

N2
wmveing S HE YA EEEYARNIERRAIS YT Y
B/Beijing’ REDRRMWST DI RE HETETRNTGRMWYE
A/pHIN?® REDRRWSDI REHETERNNR RTGYE
A/H5N1® REDRRWSDI REUHETERNYTRTGYE
A/H2N2° REDRRWSDI REHETERNIO QRTGYE

® B/Beijing/1/87 strain, INSC.pdb [Burmeister et al., 1993]

® A/California/4/2009 strain, 3T16.pdb [Vavricka et al., 2011]
¢ A/Vietnam/1203 strain, 2HU4.pdb [Russell et al., 2006]

4 AITokyo/3/1967 strain, 2BAT.pdb [Varghese et al., 1992]



Table 1.3 The genetic and structural relationship between influenza A and influenza

B viruses

Influenza B pHIN1 H5N1 H2N2
%Sequence identity 34 33 31
%Sequence similarity 54 53 49
RMSD (A) 2.3 2.3 2.3

1.2.2 Neuraminidase inhibitors

Up to date, the available NAls are zanamivir, oseltamivir, peramivir and
laninamivir, as their chemical structure was presented in Fig. 1.4. Zanamivir
(Relenza® marketed by GlaxoSmithKline), the first commercial NAl, is administered
by inhalation and recently developed in Phase lll trial for intravenous antiviral, while
an oral drug oseltamivir (Tamiflu® from Roche) has been used for treatment the
influenza A and B viruses. The intravenous peramivir is an unapproved
investigational NAI and is still being evaluated in phase Il of clinical trials, which
was instantly authorized for treatment the pandemic influenza HIN1 in 2009
[Birnkrant and Cox, 2009]. Recently, laninamivir was approved and marketed in
2010, however, its efficiency against influenza B virus is lower than either zanamivir
or oseltamivir [Yamashita et al., 2009].

According to data from marketing research media between 2008-2009, the
annual production of oral drug oseltamivir is approximately 5-6 times to zanamivir
[Marketing research media, data on file], suggesting that oseltamivir is often used
rather than zanamivir which is administered by inhalation. However, high amount of
oseltamivir treatment has rapidly caused the mutation of NA gene resulted in

resistance to NAIs [Suguya et al., 2007].
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Figure 1.4 The chemical structures of the four NA inhibitors (NAIS) in active
metabolite form, oseltamivir, zanamivir, peramivir and laninamivir [Rungrotmongkol
et al., 2011].

1.3 Literaturereviewson resistance of influenza B NA

Here, The NA mutations which lead to oseltamivir resistance frovitro or
in vivo experiment and/or isolation from patients both of influenza A and B viruses
were listed. The seasonal influenza HIN1 and avian influenza H5N1 viruses carry the
single H274Y and N294S substitutions in NA [Le et al., 2005; Yen et al., 2007; Abed
et al., 2008; Collins et al., 2008], whereas the pandemic HIN1 2009 (pH1N1) NAs
with the single H274Y, 1223R and S246N mutants and the S246N and H274Y double
mutant are resistant to oseltamivir [Hurt et al., 2011]. In H3N2, the oseltamivir-
resistant variants contain the single E119V, R292K and N294S mutations [Kiso et al.,
2004]. For influenza B virus, the emergence reduced NAls sensitivities of E119G,
R152K and D198N mutations have been isolated from the patients after drug
treatment [Gubareva et al., 1998; Barnett et al., 1999; Gubareva, 2004]. Interestingly,
these three important substitutions are not found on NA gene of influenza A viruses.

The susceptibilities of NAI (zanamivir, oseltamivir and peramivir) conferring
these substitutions in influenza B virus are listed in Table 1.4. According to
oseltamivir was mostly used for treatment the influenza B infection, this research
aims to understand the oseltamivir resistancen imvo study, the R152K and D198N
NA mutants have caused the reduction of oseltamivir inhibitory activities with 100-
and 9-fold resistances, respectively [Mishin, Hayden, and Gubareva, 2005]. Using
reverse genetic, the oseltamivir showed lowered efficiency against R152K and E119G
NA strains isolated from the patient after zanamivir treatment with 252- and 31-fold

resistances, respectively [Jackson Barclay, and Zurcher 2005].



Table 1.4 Susceptibility of substitution in influenza B strains and their drug resistance

Mutant in NA Susceptibility (fold resistarfje Reference

Zanamivir Oseltamivir Peramivir

E119G >560 31 >1,598  Jackson et al., 2005
(1.0/>550) (1.8/57.0) (0.3/>550)
R152K 5 252 214 Jackson et al., 2005
(1.0/4.6) (1.8/462.2) (0.3/73.8)
70 100 400 Mishin et al., 2005
(3.2/220.0) (4.0/400.0) (1.0/400.0)
D198N 9 9 5 Mishin et al., 2005

(1.6/15)  (33/304)  (1.2/5.8)

Fold resistance is the ratio ofgfn the mutant and wild-type strains.

1.4 Scope of thisresearch

Since no previous study of influenza B NA by molecular modeling, therefore,
the molecular dynamic (MD) simulation was carried out to elucidate the drug-target
interaction of influenza B NA both wild-type and three important mutations, E119G,
R152K and D198N. The basic results at molecular level obtained from our calculation

will give the valuable information for structure-based drug design of influenza virus.
There are two objectives for this research.

1. To understand how oseltamivir inhibit influenza B NA
2. To investigate the source of oseltamivir resistance due to the three single
substitutions of E119G, R152K and D198N in influenza B NA



CHAPTER I

THEORY

2.1 Molecular dynamics simulation

Molecular dynamics (MD) simulation is a principal tool in theoretical
approach for calculating the time dependent behavior of molecular system at the
microscopic level concerning the time dependent -calculation [Karplus and
McCammon, 2002; Rapaport, 2004]. This technique plays an important role in the
study of biological systems such as protein, nucleic acid and their complexes, as it can
provide the information of structure, dynamics and thermodynamics properties is
often more easier than those obtained from the experiments. In particular, the drug-
target interaction obtained from MD simulation is the basic information for designing

and developing the new potent inhibitor.
2.1.1 Statistical mechanics

MD simulation provides the information at the molecular level (such as
energy, intramolecular and intermolecular interactions), including the atomic
positions and velocitites. This microscopic information requires statistical mechanics,
for converting to the macroscopic observation. Statistical mechanics studies the
macroscopic properties from the molecular point of view which is considered as the
ensemble averages [McQuarrie, 197Bhsemble is the collection of all possible
configurations which have different microscopic states but the macroscopic or

thermodynamic states are identical.

Because of the sample contains an extremely large number of molecules with

a huge number of conformations, the calculating averages from MD simulation are

characterized as the ensemble averages. An ensemble avefage. , is an

average of the replicas of the simulated system as shown (1) which is extremely

difficult to integration over all possible states.
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(Ao = [ O™ A" 1) p(pM, 1Y) (1)

where A " r" )is the observable of interest that is express as the function of the
momenta (p) and the positionsr() of the system. The probability density, || of the

ensemble using the Boltzmann distribution is given by (2).

) :éexp(;i‘_j 2)

where g;is a particular energy levelk;is the Boltzmann constant angis the

molecular partition function given by the summation of all accessible energy levels in

equation (3).

)

On the other hand, MD simulation considered as the time average of ensemble

average is expressed as (4).

(A), . =lim

T—>0

L AR O~ > Al ) @

wherer is the simulation timéyl is the number of time steps.

However the experimental observation is assumed through the ensemble
averages in which the MD simulation calculate by the time average. The problem is
solved by theergodic hypothesis which is the important axiom of statistical
mechanics. This hypothesis states that the time average equals to the ensemble

average.
<A>ensemlole = <A>tirne (ensemble average = time average) (5)

This means that all possible states can be obtained by allowing the system to
evolve in time indefinitely. As a result, MD simulation is to generate enough

representative conformations such that this equality is satisfied.
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2.1.2 Classical Mechanics

The molecular dynamics simulation lies on classical mechanics, especially

Newton’s second law in equation (6).
F=ma (6)

where Fis the force applied on the particle, whiteand a are its mass and

acceleration, respectively. Basically, the determination of the atom acceleration in the
system can be computed from the force on each atom. The integration of the
equations of motion yields the positions, velocities and accelerations of the particles
as function of time called trajectory. Consequently, the average values of properties

can be determined through the trajectories.

The force can also be expressed as the derivation of the potential ebeygy (

F=-vU (7)

To combine the (6) and (7) equations togettiexforce is related to the acceleration

and in turn to the potential energy described by equation (8).

dv. .
F=-VU=ma=m_‘=m-—3 ®)

In simple case that acceleration is constant, the velocity after integration can be
expressed as equation (9). Likewise, the integration of this velocity yields the

coordinate as drawn in following equation (10).
v=at+V, (9)
r=vt+r, (20)

As combining these two equations, the value of coordinalea( the time t) is the

function of the acceleratiof@), the initial position (,) and the initial velocity {,) as

written (11).

r=at’ +vgt+r, (11)
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Therefore, the trajectory is achieved by solving this equation which only needs the

initial positions, velocities and acceleration of the atomysis obtained from the

experimental structure using X-ray or NMR spectroscopys dependent on the

random number generator aads calculated by the derivative of the potential energy
with respect to the position as given (12).
1du

m dr (12)

2.1.3 Potential energy

The potential energy is a sum of bonded and non-bonded interactions
concerning as the function of the positions (13). The summation of bonds, angles and
dihedrals energies is of the bonded interaction, while the electrostatic and van der

Waals energies are the non-bonded interaction (14).

U=U bonded +U non-bonded (13)
U= (U bonds T angles +U cinedrais )bonded + (U de tUaw )non—bonded (14)
Hydraphobic effect ks moughly T BV T

proporanal o surlace area

Ve .,

Lennard=Jonas
|
|

Distance Band length or
three-alom angle

Figure 2.1 lllustration of potential energy function; bonds, angles and dihedrals
energies, as well as van der Waals energy [Boas and Harbury, 2007]
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The bonded interaction can be written as following (15).

U ponded = Zkb(r _ro)2 + Zka(e_eo)z + z V_£(1+005[n7_¢]) (15)

bonds angles dihedrals

where k,and k,are the force constants for bond stretching and bond bending,
respectively,r,and ,denote the equilibrium of bond length and bond and|és the

rotational barrier height andis the periodicity of rotationz is the dihedral angle in

the conformation of molecule in the phase,

The non-bonded energy accounts for the van der Waals and electrostatic
energies of the pair-wise sum of all possible interacting at@ndj. To consider the
van der Waals energy, the attraction occurs at short range and rapidly dies off as the
interacting atoms move apart by a few Angstroms, while the repulsion occurs with the
distance of interacting atoms become slightly less than the sum of their radius. Using
the Lennard-Jones (L-J) 12-6 potential, the attractive energy falls off°asvitéreas

the repulsive term is proportional ta*f/

U = 34 [rﬁj -m (16)

1]

where ¢is the well depth of the L-J potential energyjs the distance between

interacting pair-wise atoms anais the finite particles distance which potential

energy is zero.
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Lennard-Jones Potential

(v)

a

r{a)

(Potential Energy)
[ =]
[4
k.

Intermolecular Potential

Figure 2.2 van der Waals energy based on Lennard-Jones potential and its
parameters, including the potential well depth),(the distance between pair-wise
atoms ) and the finite particles distance at zero potential enesgy[UC Davis

ChemWiki by University of California, 2012: online].

Consequently, the electrostatic energy relies on the Coulomb’s law corresponding to

the atomic chargegy andq; , of atomsi andj, respectively, where D is the effective

dielectric constant.

atoms qlq
Up=3 o (17)
i Dry

Therefore, the potential energy can be written as equation (18).

U=k (r=r)+ Y k(0-6,)+ > V—2”(1+cos[nr—¢])

bonds angles dihedrals
atoms 12 6 atoms
o o 4.q;
+ ) Ael | —| - —| [+ —
b r. , i Drij

2.1.4 Integration algorithm

(18)

Once the potential energy was determined, the position and velocity of atoms
based on equation of motion can be predicted at timét using integration
algorithm. There are numerous algorithms such as Verlet algorithm, leapfrog

algorithm, Beeman’s algorithm etc. All integration algorithms approximate the
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positions, velocities and accelerations by Taylor series expansion given in equations
(19)-(21).

r(t+é’[)=r(t)+v(t)é’[+%a(t)ét2+... (19)
v(t + &) = v(t) + a(t)dt +%b(t)ét2 +.. (20)
alt+ )= aft)+b)d+... 21)

Integration algorithm which is commonly used for molecular modeling is the Verlet

algorithm, writen as following equations.

[t at) = r(t) + V(D)o + % a)a’ (22)

rt—ot) = r(t)—v(t)ét+—;—a(t)ét2 (23)

With combinations of these two equations, one gets
r¢+ot)=2rt)—r(t-a)+at)a* (24)

This technique determines the new position at timét from the current position and

acceleration, as well as the position at tirmest , see in equation (24).
2.1.5 Stepsof MD simulation

The steps of MD simulation are schemed in Fig 2.3. The system needs the
energy minimization in order to remove the bad contacts before running MD

simulation.
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Give initial configuration (r;)

|

Caleulate force (F) and acceleration (a) +——
of each atom at the time
Move atom to new position with calculated force for time 117
Does system reach equilibriom?
| Yes

Collect trajectories and then calculate the properties of system

Figure 2.3 Schematic of MD simulation steps
The MD simulation is performed with following steps.

1. The initial positions or coordinates,§ are obtained from the experimental
structure by X-ray or NMR spectroscopy. The starting velocity) (s generated

using random number generator from the Maxwell-Boltzmann or Gaussian

distribution.

2. The force F) and accelerationa) are derived from the potential energy

according to Newton’s second law of motion.

3. The atoms are moved to the new positions at the tim@ by the calculated

force which is predicted using integral algorithm.

4. The stability of simulation system is monitored by considering the energy,

temperature and global root mean square deviation (RMSD).

5. After the system reaches the equilibrium, the collection of trajectories is then

used for analysis.
2.1.6 Ensemble

An ensemble is the collection of replications of the system. All replications
share the same properties and specific constraints, but each individual replication is
independent. The type of the ensemble is classified by the conditions of a particular
thermodynamic state. The different ensembles are described below.
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- Microcanonical ensemble (NVE): the total number of atoms (N), volume
(V) and energy (E) are constrained to be constant which correspond to an

isolated system.

- Canonical ensemble (NVT): the total number of atoms (N), volume (V)

and temperature (T) are fixed.

- Isobaric-Isothermal ensemble (NPT): the total number of atoms (N),
pressure (P) and temperature (T) are constrained to be constant. Note that

this ensemble was chosen in this study.
2.1.7 Particleemesh Ewald

The non-bonded interaction cutoff is applied for the large molecular system in
order to save the computing times. The Particle-mesh Ewald (PME) method is
basically developed from the Ewald summation which computes the electrostatic
energies of periodic system [Darden, York, and Pedersen, 1993]. This method offers

the higher efficiency and accuracy, and accomplish for the MD simulation.
2.1.8 Water model

In the explicit solvation model, the classical water model is used as the
solvent. Many different water models have been proposed with the approximation of
molecular mechanics. The three-site (3-site) water models which are the three
interaction sites corresponding to the three atoms of water molecule, have been
carried out for molecular dynamics simulations. For protein modeling, the transferable
intermolecular potential three-position (TIP3P) model is chosen to treat the solvent
with the OH distance of 0.9572 A and the HOH angle of 104.52 degree [Jorgensen et
al., 1983].

2.2 Solvation structure

The molecular liquid or solvent is the great concern for chemistry. In this
work, we aim to understand how solvent affects the protein conformational changes.

The theory of liquid can be used to answer this question. Here, two methods, radial
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distribution function (RDF) and 3D-RISM approach, were employed to explore the

stability of protein in solution.

2.2.1 Radial distribution function

Figure 2.4 lllustration of radial distribution functiorg(r), where the probability of
finding the particle (blue atoms) at a radius afwvay from a reference particle (red

atom) [Materials digital library pathway, 2008 : online]

Radial distribution function (RDF) describes the behavior of liquid as the
function of distance that has been successful in study of liquid and liquid mixture
[Hirschfelder, Stevenson, and Eyring, 1937; Matteoli et al., 1995]. In particular, RDF
calculates the probabilityg;j(r), of finding the particleg (blue) around the selected
atomi (red) within the sphere af radius as depicted in Figure 2.4. This algorithm
involves determining the number of atoms whose centres lie between these two
spheresdr) and repeat this process for a numdesf atoms [Hinchliffe, 2008]. As a
results, the gr)dr is expressed in the following equation.

g(r)dr == g;(r)dr (25)

2.2.2 3D-RISM calculation

The 3D reference interaction site model (3D-RISM) complemented with the
Kovalenko-Hirata (KH) closure relation is a statistical mechanical integral equation
[Fumio, 2003] providing the information of the solvation structure both electrostatic
and nonpolar features such as hydrogen bond, hydrophobicity, salt bridges, structural
solvent [Genheden et al.,, 2010]. This method has been coupled with ab-initio

guantum theory in a self-consistent description of electronic structure for optimizing
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the geometry of solution. The general idea of the solvation structure is the probability
density of the solvent contribution around the solute molecule in 3D space [Yoshida

et., 2008]. This density distribution can be defineg @ (r), a product of average
density of the solvent bulkd, ) times the 3D distribution function at thie position

of solvent molecules around the solute molecgle (). ( )

The 3D-RISM integral equation was derived from the molecular Ornstein -
Zernike (MOZ) equation.

g,(r)=h()+1 (26)

g,(r)is the pair correlation function and, r (i$ the total correlation function of

solvent sitey in 3D space.

h, ()= [dr'e, (r—r")z, () (27)
0

¢~ 5 (28)

Xoy (1) =@, (1) + p,h,, (r) (29)

c,(r)is the direct correlation function whene, r is)the 3D interaction potential

between the entire of solute and solvent gifandk;T is the Boltzmann constant.

X, () 1s the site-site susceptibility of the pure solvent, the sum of intramolecular and
intermolecular terms.

_6,0(0)+1-5,)5(r-1,)
- 4nd 2

ay

@y, (1)

(30)

o, (r)is represented as the intramolecular correlation function, whilg the is the

radial total correlation function betweenand y site of solvent molecule.
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2.3 MM/PBSA and MM/GBSA approaches

The molecular mechanic Poisson-Boltzmann surface area (MM/PBSA) and
molecular mechanic Generalized Born surface area (MM/GBSA) [Srinivasan, 1998;
Kollman et al., 2000Massova and Kollman, 2000] are the methods for the binding
free energy calculation that combines molecular mechanic energy with the implicit
solvation model. The basic idea of these methods is the difference in free energies of

the three reactants.

[receptor |, +[ligand],, — [complex],, (31)

A(Bbind = A(Bcomplex -AG - AG (32)

receptor ligand

The free energy of each reactant contains the enthalpy and entropy contributions.

AG =AH -TAS (33)
AG = AE,,, +AG,,, - TAS (34)

The AH can be represented by the summation of the molecular mechanics gas-

phase energyK,,, ) and the solvation energnnG,,, ), while the entropy termTAS)

solv

is the product of the absolute temperature and the entropy relating to the
conformational change in protein. Thg, consists of the internal energy (from

bonds angles and dihedral angles) as well as the non-bonded electrostatic and van-der

Waals energies.

AE,,, =AE,, +AE,, +AE 4, (35)

int

The solvation energyAG,,, ) is the summation of polad®* ) and nonpolar

solv

(GX™) solvation energy.

solv

Gsoh/ — G polar + Gnonp (36)

solv solv

The nonpolar contribution to the solvation free energy was determined via
solvent-accessible surface area, SASA [Sitkoff, Sharp, and Honig, 1994]. The SASA
is the surface area of protein accessible to solvent. As Fig. 2.5, the SASA of the red
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protein particles was depicted with black dashed line by tracing the center of the

probe blue sphere withradius.

accessible surface

-
.

van der Waals surface

Figure 2.5 Schematic of solvent-accessible surface area of the red particles (black
dash) as well as their van der Waals surface of each atomic radius (red) [Wikipedia,
2012 : online].

The surface area of the protein, which is accessilgolvent, is computed

with Paul Beroza’s molsurf program [Connolly, 1983].

G = JSASA (37)

solv

where y was achieved from the experimental data of 0.0072 kcatAdol

Both of MM/PBSA and MM/GBSA approaches use the same calculations for

molecular mechanic energyg(,, ) and nonpolar contribution of solvation energy
(G, while the electrostatic solvation energy is calculated using Poisson-
Boltzmann (PB) equation [Fogolari, Brigo, and Molinari, 2002] or generalized Born
(GB) model [Still, 1990; Jayaram, Sprous, and Beveridge, 1998]. The electrostatic

potential (#) of MM/PBSA approach is computed by solving the PB equation

implemented in the pbsa program [Gilson and Honig, 1988].
__ _ —Z¢(r)
Vet Vol )=—4p(r)-47)_ zC exp?) (38)
i B

g(r)is the dielectric constan® r ( s the electrostatic potentiap r (s)the solute
charge andz is the charge of ion type c is the number density of ion typedar
from the solute k; is the Boltzmann constant and T is the temperature. Finally, the

summation is over all different ion types.
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In this work, the binding affinities of oseltamivir toward NAs, including wild-
type, E119G, R152K and D198N, were determined using MM/PBSA method
implemented in the AMBER program. Although the substitutions on NA gene
associate with the conformational changes of the oseltamivir binding pocket but the
results in entropy contribution of all systems are assembly similar. Thus, this entropy

term is neglected from the binding free energy calculation.

2.4 Per-residue decomposition energy

The contribution of individual residue or called per-residue decomposition
energy can use to identify the key residues for inhibitor binding. Since amino acid
composes of backbone and side chain parts, the decomposition energy not only
present as the per-residue total binding free energy but also as backbone and its side
chain contribution. To consider the interaction between drug and each binding

residues of protein, the atoms belonging to the drug was assignedhale j is the
atoms of the protein.The electrostatic energyE(.) is of one half of a pairwise
charge-charge interaction betweleandj atoms, as expressed in (39). Likewise, the
one half of the pairwise drug-target van der Waals interacti&&, () is also
measured.

164,

Ei = 39
ele 2 r. ( )

j ij
The decomposition of the free energy on a per-residue basis was estimated
using MM/GBSA approach. As previously stated, this approach uses the GB model,

as given by (x), instead the PB equation to solve the polar solvation energy.

~fce .
GS%T\II :_l(l_e jz q|ql (40)

2 & T T

[0

where ¢, is the dielectric constant of solvent,is the Debye-Kckel parameter and

the double sum run over all pairs of atoms. In this work sthend x« were allocated
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as 80 and 1, respectively. Thg is a certain smooth function of its argument as given

below.

B r2 1/2
fog = {rif +aa, exp(?;llﬂ (41)

wherer; is the distance between atormsndj, the ¢, and «; are so called the

effective Born radius of atomsandj, respectively. In addition, the calculation of per-
residue decomposition energy was performed using the LCPO method for SASA
calculation [Weiser, Shenkin, and Still, 1999] and the Onufriev GB model developed

by Onufriev and coworker [Onufriev et al., 2004].



CHAPTER 11

METHODOLOGY

3.1 Preparation of systems

All preparing systems of MD simulation were done using the AMBER 10
software package [Case et al., 2008]. The crystal structure of B/Beijing/1/87 wild-type
NA in complex with sialic acid, Protein Data Bank (PDB) code 1INSC [Burmeister et
al., 1993], was chosen to use as the starting structure for all oseltamivir-NA
complexes. To construct the wild-type and oseltamivir complex, this sialic acid was
replaced by the oseltamivir structure taken from the PDB code 2HU4 [Russell et al.,
2006], while the crystallographic calcium ions and water molecules were conserved.
Then, this system was used as the template for preparing the three variants, E119G,
R152K and D198N by single residue mutation to the residue of interest (residue
position in Fig. 3.1) using the Leap module in AMBHERe ionizable residues (K, R,

D, E and H) were considered their protonation state at pH 7.0. All missing hydrogen
atoms of the protein and ligand were added using the LEaP module and were then
minimized in order to remove the bad contaBigch system was neutralized by the
counter ions and immersed in a TIP3P [Jorgensen et al.,, 1983] water box that
extended at least 13 A from the protein surface. The AMBERO3 force field was
employed for all protein atoms [Duan et al., 2003], while the force field and RESP
charge of oseltamivir were retrieved from our previous work [Malaisree et al., 2008].
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Figure 3.1 Oseltamivir (bond and stick model) and its binding residues of influenza B
NA wild-type (black) where the three residues (red) are singly mutated for study on
the source of oseltamivir resistance: there are E119G, R152K and D198N mutations.

The drug heteroatoms are labeled for latter discussion.

3.2 Protocol of MD simulation

All calculations were performed using the SANDER module implemented in
AMBER. Only the solvent molecules were first optimized and consequently the
whole system was minimized with 1,000 steps of steepest descent and 2,000 steps of
conjugate gradient. For the thermalization step, the temperature of heat bath applied
for each system was gradually increased from 10 to 310 K with 2.0 fs of time step for
100 ps. After target temperature was reached, the simulated system was maintained at
this temperature for 100 ps using weak-coupling algorithm [Berendsen et al., 1984].
All atomistic MD simulation was run at 310 K and 1 atm using the periodic boundary
condition and the NPT ensemble. The SHAKE algorithm was applied to constrain the
bond length involved the hydrogen atoms [Ryckaert, Ciccotti, and Berendsen, 1977]
and Particle mesh Ewald (PME) was used to treat the long-range electrostatic
interaction [Darden et al., 1993]. The nonbonded interaction cutoff was 12 A and the
time step was 2 fs. Oseltamivir structure and it surrounding residues within 6 A
sphere (R118, E119, D151, R152, R156, D198, 1222, E227, E277, R292, N294, R371

and Y406) were positionally restrained with the decreasing force constants of 20, 10,
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5, 2.5 kd/mol/& for 100, 100, 400 and 400 ps, respectively. Then, the unrestraint
simulation was performed for 4 ns. To obtain the precision of the drug-target
interaction calculation, the three different MD simulations with distinguish starting
velocities were treated for each system.

The energy, temperature and global root mean square deviation (RMSD)
relative to the starting structure was monitored to verify the stability of simulated
system. The production phase of each system was then analyzed in terms of the drug-
target interactions, the solvation structures and the oseltamivir binding affinity for
understanding the oseltamivir efficiency, the loss of drug-target interaction and

binding free energy in the three single mutants.

3.33D-RISM calculation

The 3D-RISM approach was employed on both wild-type and three mutant
strains to explore the solvation structure. The last 5-ns snapshot of MD simulation
was used for the calculation, where the water molecules and the treated ions were
striped. The KH approximation was applied for closing the 3D-RISM equation with
the advantage of rapid convergence [Kovalenko and Hirata, 1999: 2000]. The
potential parameter and structure of TIP3P water molecules were adopted from
previous work [Phongphanphanee, Yoshida, and Hirata, 2008; Phongphanphanee et
al., 2010]. The structure was centered in the box $Pe90x90A° with the grid
gpacing of 180 188 18@oints. The AMBER force field was adopted to solve the

potential energy of the protein.



CHAPTER IV

RESULTSAND DISCUSSION

4.1 The stability of system

The stability of all systems was accessed by considering the plot of root mean
square displacement (RMSD) of MD structures versus simulation time in respect with
the initial structure, shown in Fig. 4.1. The RMSD for protein backbone atoms of the
three different simulations of each system was separately plotted. All systems were
found to reach an equilibrium state at 3 ns, and thus the trajectories extracted from the

last 2 ns of all three simulations were further analyzed.

(a) Wild-type  (b) E119G ~  (c) R152K (d) D198N
3]

RMSD/A

time/ns

Figure 4.1 The plot of RMSD for protein backbone atoms versus simulation time of
(a) Wild-type, (b) E119G, (C) R152K and (d) D198N with the three different starting
velocities (black, dark grey and light grey).

4.2 Drug-target binding interactions

To seek the drug-target interactions of influenza B NA on both wild-type and
three mutant systems, the individual residue energy contributed to oseltamivir and
hydrogen bond formation were evaluated using the MM/GBSA and ptraj modules,

respectively, in AMBER.
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4.2.1 Per-residue decomposition ener gy

The decomposition free energy based on the per-resid@=["**) using

MM/GBSA approach [Gohlke, Kiel, and Case, 2003; Zoete, Meuwly, and Karplus,
2005; Rungrotmongkol et al., 2010] was carried out to identify the key residues
involved in oseltaimivir binding to the active site of influenza B NA. The results are

summarized in Fig. 4.2.
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Figure 4.2 Decomposition energy on the basis of per-residue for all NA residues
averaged over the three different simulations of (a) wild-type, (b) E119G, (c) R152K
and (d) D198N.

The residue with negative energy value means the stabilization of oseltamivir
binding and invice versa. The fingerprint of per-residue decomposition energy in all
systems shows that only residues in the active and framework sites of NA play the
responsibility for oseltamivir binding. Although they likely show the stabilized
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contribution toward oseltamivir, the repulsive interaction between the guanidinium
group of R156 and the ammonium group of drug provides the energy destabilization
of c.a. 2 kcal/mol in all systems except for E119G mutant (1 kcal/mol). Hence, the

AG=Me as well as their backboneAG%*™) and side chain AG %) of the

residues in the catalytic site (R118, D151, R/K152, R224, E276, R292, R371 and
Y406), framework site (E/G119, R156, W178, S179, D/IN198, 1222, E227, H274,
E277, N294 and E425) and two distinct residues nearby framework (G347 and W405)
are focused and given in Fig. 4.3 (left). In addition, the residue energy contribution in
terms of electrostatidyetGpoiar) and van der Waals(gw+Gnonpolar) Was also shown

in the same figure (right).

In Fig. 4.3 (left), it can be seen that the side chain atoms of all 21 residues
provided the major contribution to the binding free energy per-residue A@gf:,

for the binding of oseltamivir in the NA active site. Among these residues of wild-

type, oseltamivir was highly stabilized by the five catalytic residues D151, R152,
R292, R371 and Y406, and the framework residue E119 @[ in range of -

1.6to -7.0 kcal/mol. Most of them (except for R152 and Y406) give the individual
contribution in term of electrostatic energy (Fig. 4.3a, right) rather than vdW energy.
Besides the electrostatic term, the residues with favorable vdW energy are valid for
the hydrophobic contact in protein-ligand association. The R152, R224 and E276 in
the catalytic sites and W178, 1222, E277 and Y406 in framework sites likely
presented the vdW energy contribution (-0.9 to -2.0 kcal/mol) toward oseltamivir. The
salt bridge formation between R224 and E276 established the well-known
hydrophobic pocket to occupy the bulky group (—OCGHBt oseltamivir, whereas the
hydrophobic pocket formed by R152, W178, 1222 and R224 accommodated the
methyl group of the —~NHAc moiety of oseltamivir [Taylor and Russell, 2009].
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Figure 4.3 (Left) The binding free energy in pairwise per-residue bas@,T"°),
and its energy contributions from the backbonaG5®™) and side chain

(AGZ%"") atoms for the residues in the catalytic and framework sites as well as the

two additional residues nearby framework site for the four complexes studied, where
their electrostaticBaetGpoiar) and van der Waal€E(gwtGnonpolar) €N€Ergy terms were

presented in the right-hand side.

In comparison to the wild type, the entire loss of oseltamivir contribution were
found at the mutated residues, G119 in E119G mutant and K152 in R152K mutant
(Fig. 4.3b-c, left), while the mostly conserved contribution was observed in the
D198N system (Fig. 4.3d, left). For the first two mutations, the mutated residues
G119 and K152 only decreased the electrostatic energy contribution by 4.9 and 1.6
kcal/mol, respectively, whereas the vdW energy contribution was relatively similar to
that of wild-type (Fig. 4.3b-c, right). The noticeable reduction in electrostatic
contribution of the E119G mutant was associated with the substitution of nonpolar
and short residue G119 instead of the negatively charged polar residue of the E119. In

contrast for R152K mutant, the alteration from the positive charge with long chain of
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arginine became the same total charge but shorter side chain of lysine has affected a

smaller decrease in the electrostatic interaction.
4.2.2 Hydrogen bond

By following the per-residue decomposition energy calculation, the key
binding residues E119, D151, R152, R292 and R371 provided the dominant
electrostatic stabilization in oseltamivir binding at the NA active site. Since the
hydrogen bond interaction is an important factor in electrostatic attraction, the
hydrogen bond formatiorbetween the oseltamivir and the NA residues were
determined on the basis of a maximum distance of 3.5 A between hydrogen donor (D)
and acceptor (A), and a minimum bond angle of 120 degree for D_H...A. The results
of the averaged hydrogen bonds over the three different MD simulations for both
wild-type and mutants are plotted and compared in Fig. 4.4, where their representative
structures taken from the last trajectory of the first-run simulation were depicted on
the right-hand side.
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Figure 4.4 (Left) Percentage occupation of hydrogen bonds averagedtiongss-time
simulations for the four systems studies: (a) wild-type, (b) E119G, (c) R152K and (d)
D198N, where the standard deviation values are also given. (Right) Close up of
oseltamivir (bond and stick model) in the NA binding pocket (surface) from the
representative structure of each system and its hydrogen bond formation with the

surrounding residues are shown by red dashed line.

As expected, the residues E119, D151, R152, R292 and R371 in wild-type
system form the strong hydrogen bonds (>75%) with the three functional groups of
oseltamivir as seen in Fig. 4.3a. Although the —C@®@up was strongly interacted
with the two conserved arginines R292 and R371, the other one, R118, formed
hydrogen bond with this group only 17%. This is a consequence of the rotation of the
Y406 phenol ring which repelled R118 away from oseltamivir (Fig. 4.5). The
observation was somewhat similar to what found in the oseltamivir-NA complex of
influenza A/H5N1 virus [Malaisree et al., 2008, Udommaneethanakit et al., 2009] but
loss of R118 interaction was compensated with thdemate hydrogen bond with the
residueY347 located nearby framework site. It is a worthnmte that this is in
contrast to the case of influenza B NA (Table 1.2) whereas G347 cannot stabilize the
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—COO group, perhaps explaining a lower susceptibility of oseltamivir toward the
influenza B virus than the influenza A virus [Gubareva et al.,, 2000; Kawai et al.,
2005; Mishin et al., 2005; Sugaya et al., 2007]. In addition, the results of three
distinguish 5-ns simulations demonstrated that the 150-loop was always in the closed
conformation while the high flexibility was observed in the 430-loop in both wild-
type (Fig. 4.5) and mutants (data not shown). The open conformation of the 150-loop
in influenza B NA might be possible as found in the long MD simulations of H5N1,
pH1IN1 and H2N2 NAs [Amaro et al., 2011].

= y o R1528 = /1 50-loop -
Eig-- = .
ﬁ:: > > Lh-’,%’{__ 2
L e b
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= A i !;& *
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Figure 4.5 Superimposition of the last snapshot from the three different simulations
(grey) of the wild-type on the initial structure (cyan) demonstrates the rotation of
Y406 phenol ring in MD snapshots repelled residue R118 away from oseltamivir.

To reveal the effect of substitution on NA gene to the oseltamivir binding into
the active site, the hydrogen bond results of the three single mutants E119G, R152K
and D198N were compared in respect to those of wild-type. Note that only the
significant change of hydrogen bond occupation due to mutation was extensively
discussed. At the —CO@noiety, the R292 and R371 were likely conserved for all
mutant systems (Fig. 4.4b-d), whereas the R118 totally lost the interaction for the
E119G and D198N variants, and the slightly reduced interaction (to 10%) was
detected in the R152K system. Important difference at thes=bité was noticed in
the E119G system (Fig. 4.4b) in which the mutated G119 had no hydrogen bond
contribution to the —Nk group as same as what found in the previous studies on
drug binding to influenza A/pHIN1 E119V [Rungrotmongkol et al.,, 2010] and
E119A [Pan et al.,, 2011] strains. This finding is supported by the no electrostatic
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energy contribution by G119AG,=™*= 0 kcal/mol in Fig. 4.3b, right). For the —

NHACc group, the disappearance of interaction was only found at the mutated residue
K152 in the R152K mutant (Fig. 4.4c) like the MD result of zanamivir-R152K system

in pH1N1 virus [Pan et al., 2011]. In the present study, the side chain of K152 flipped
to form the salt bridge interaction with D198 (Fig. 4.4c, right), and resulted in
decrease of electrostatic energy to positive value (in Fig. 4.3c, right). Although almost
all interactions were considerably conserved in the D198N mutant, slight decrease in
hydrogen bond occupation was presented at the E119 and D151 and again no
interaction formed with R118.

4.3 Ligand solvation

The solvent, especially water, is essential for the stability and function of
protein. Change in protein conformation due to the substitution of amino acid can
affect the cluster of water molecules in the binding pocket. The accessibility of water
molecules between the oseltamivir molecule and the NA pocket can reduce the
strength of oseltamivir binding. To analyze this effect, the radial distribution function
(RDF) based on all MD trajectories in production phase was employed to determine
the surrounding waters around the oseltamivir molecule in the complex. The RDF,
gij(r), is the probability of finding the particlgsaround the selected atarwithin the
sphere of radius. Herej represents all heteroatoms of oseltamivir O1, 02, O3, 04,
N1 and N2 (see the labeled atoms in Fig. 3.1) whi¢ethe water oxygen atom. The
RDF results with the coordination numbeft), of the surrounding solvent molecules

are schemed in Fig. 4.6.
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Figure 4.6 Radial distribution functiong(r), between all heteroatoms of oseltamivir
(atomic labels shown in Fig. 3.1) and O-water atoms was illustrated in the left axis,
while the coordination numben(r), of each system was integrated up on the right

axis. The accessible water numbers integrated up to the first minimum are also given.

From the RDF calculation (Fig. 4.6a), all graphs of oseltamivir heteroatoms
(except for the O3 atom) in wild-type showed the first sharp peak at approximately 3
A suggesting that the accessible water molecules strongly interact with the interested
atoms. The O1 and O2 atoms of —-C@@up were solvated by the one (wl) and two
(w2 and w3) water molecules, respectively (waters in bond and stick model, Fig.
4.7a). The O3 atom of —\NHAc moiety directly interacts to the R152, thus, no water
can be occupied. In contrast, the N1 atom of this side chain was strongly solvated by
two bridging water molecules (w4 and w5 in Fig. 4.7a), as seen by the value at the
first minimum nearly closed to zero, to keep the oseltamivir-NA interaction through
hydrogen bond network with the framework residues W178, E227 and E277. The
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surrounding w4-water also bridged with 12 atom of —NH" group, whereas the 04

atom of bulky group was solvated by a water molecules (w6).
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Figure 4.7 3D-distribution function of O-water atoms witl{r) > 4 using the 3D-
RISM approach (cyan surface), and the water molecules (ball and stick model) from
the last MD snapshot of wild-type and two single mutants, E119G and Rivb2ie

thehydrogen bond network involving waters are illustrated by black line.

Among the three mutant systems, the RDF results of D198N (Fig. 4.6d) were
very similar to those of the wild-type while noticeable difference was found in the
E119G and R152K mutants at the oseltamivir’s side chain directly interacted with the
residue substitution (Fig. 4.6b-cJherefore, the latter two mutated systems were
further analyzed and extensively discussed in relative to wild-type in terms of the
RDF and the advanced 3D-RISM resulike 3D-RISM has shown a success theory
for exploring the solvation structure around the solute molecules which are
oseltamivir and NA protein in three-dimension (3D). The 3D-distribution of the water
oxygen atom with the distribution function greater tharg@) > 4, within 2.5 A
sphere of oseltamivir was depicted in Fig. 4.7. The water contribution based on 3D-
RISM was painted in cyan, while the existed water structures from the last MD

snapshot (the ball and stick model) were also presented for comparison.

The 3D distribution function of water wite(r) > 4 for wild-type system in

Fig. 4.7a clearly showed the water contribution around the O2, N1 and N2 atoms of
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oseltamivir in correspondence to the sharp and high probability of RDFs in Fig. 4.6a.
By considering the E119G system, the larger cavitytdube substitution of the short
and nonpolar residue G119 (Fig. 4.4b, right) has induced two more water
accessibility, w7 and w8 in Fig. 4.7b, (increased from one water molecule w4 in wild-
type) at the —Nk group. Since these two added waters were in turn their positions
quite frequently as indicated by the first minimum value of 2 in Fig. 4.6b, 3feir
distribution function were relatively smaller than the w4 molecule (Fig. 4.7b).
Moreover, the three waters in this area establisheldoggn bond network linking
between the —NK group of oseltamivir and the NA residues R156, W178. Likewise,
the O3 atom of oseltamivir's —NHAc group in R152K mutant (Fig. 4.6c) was almost
strongly solvated by an additional water molecule (w9 in Fig. 4.7c) which was clearly
seen by a large O-water contribution located nearby this atom. This is because the
larger cavity due to the shorter side chain of K152 flipped out from the active site and

formed the salt bridge interaction with D198 as mentioned above.

4.4 Oseltamivir binding affinity
The strength of ligand binding affinity can be measured in term of the binding

free energyAG Here, the predictions of oseltamivir efficiency against the wild-

binding -
type and the three mutants over the three different simulations were carried out using
Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) approach.
Generally, the well-known MM/PBSA for the ligand affinity estimation was
described in previous studies [Kollman et al., 2000; Aruksakunwong et al., 2007,

Malaisree et al.,2009]. The predictad its components and the experimental

binding !
AGy%. converted fromi Csp values [Jackson et al., 2005; Mishin et al., 2005] were

summarized in the Table 4.1. Besides, the relative energy, the difference of binding
free energy between mutant and wild-type system, was determined to evaluate the

accuracy of MM/PBSA approach also shown in Table 4.1.
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Table 4.1 The MM/PBSA binding free energiesd, ) of oseltamivir towards of

nding

the wild-type and mutant NA strains of the influenza B virus in comparison

to the experimentakg converted from théCs, values [Jackson et al.,

2005; Mishin et al., 2005]. The averaged value and standard deviation of the

predictedsg,,,,,, are derived from the three different simulations.

bindint

NA strain Wild-type E119G R152K D198N
Predictive
B/Beijing/1987 AGbinding -31.4+20 -29.8+14 -26.3+1.6 -30.3+£21
Relative energy 16 51 11
Experimental
B/Beijing/1987 [ / ) )
[Jackson et al., 2005] AGbi”ding s 9.9 8.6
Relative energy 2.0 33
B/Memphis/1996 1C5o \ ) )
Mishin et al.. 2005]  2Coinding NN 8.7
Relative energy - 2.7
B/Rochester/2001 [ \ )
Mishin etal,, 2005]  2Coindng 102 - - 8.9
Relative energy - - 13

In Table 4.1, the oseltamivir in complex with wild-type NA showed the lowest

binding free energiesat. . ) of -31.4 kcal/mol, while the three single mutations

binding
have caused the increased free energies of -29.8, -26.3 and -30.3 kcal/mol for the
E119G, R152K and D198N mutants, respectively. The reduction in oseltamivir
efficiency was as expected from the above results of drug-target interaction and ligand
solvation. The single mutations on the key residues 119 and 152, which gave the
major contribution to oseltamivir binding, can cause the high level of oseltamivir
resistance with the 31- and 252-fold for E119G and R152K mutants of the
recombinant B/Beijing/1987AG; . in kcal/mol for wild-type: -11.9, E119G: -9.9

and R152K: -8.6) or the 100-fold for R152K mutant of the B/Memphis/1996 isolate
(-8.7 kcal/mol increased from -11.4 kcal/mol in wild-type). The completely loss of
oseltamivir-NA interaction and the appearance of a water molecule at the —NHAc
group were found to be a primary source of high-level resistance due to R152K
mutation. Differentially for the E119G mutant, although no interaction was found

with the mutated residue G119, the interaction at the s=Ndide chain was
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maintained via the residue D151 and further stabilized by the hydrogen network with
the three waters w4, w7 and w8 which were linked to the framework residues R156
and W178. On the other hand, the mutation on the residue 198 in framework site, that
has no direct interaction with oseltamivir, showed likely conserved interactions in
comparison to the wild-type. This leads to only the 9-fold resistance to oseltamivir

(AG!'> changed from -10.2 kcal/mol in wild-type to -8.9 kcal/mol in D198N).

binding



CHAPTER YV
CONCLUSIONS

In this research, three different MD simulations were performed on the four
modeled complexes of wild-type, E119G, R152K and D198N strains of influenza B
NA with oseltamivir bound in order to understand how oseltamivir inhibit influenza B
NA and to investigate the source of oseltamivir resistance due to the substitutions on
NA gene which were only found in influenza B. From the fingerprint of
decomposition energy per-residue basis over 390 residues in wild-type, the five key
residues in the binding site (E119, D151, R152, R292 and R371) mainly stabilized the
oseltamivir through the strong hydrogen bond formation. The completely loss of
oseltamivir-NA interaction and the appearance of a water molecule at the —NHAc
group were found to be a primary source of high-level oseltamivir resistance due to
R152K mutation. For the E119G mutant, no interaction was found with the mutated
residue G119, however, the interaction at the sNdide chain was maintained via
the residue D151 and further stabilized by the hydrogen network with the three waters
w4, w7 and w8 which were linked to the framework residues R156 and W178. On the
other hand, the mutation on the framework residue 198, which has no direct
interaction with oseltamivir, showed likely conserved interactions in comparison to
the wild-type. Altogether, the simulated results could explain why and how the single
mutations on the key residues 119 and 152 have caused the high-level of oseltamivir
resistance with the 31- and 252-fold for E119G and R152K mutants of the
B/Beijing/1987 plasmid-based, or the 100-fold for R152K mutant of the
B/Memphis/1920 isolate, while the D198N of the B/Rochester/2001 isolate has
conferred only 9-fold resistance to oseltamivir. Based on the MM/PBSA binding free
energy, the inhibitory potency of oseltamivir against influenza B can be ordered as
wild-type> D198N > E119G > R152K, which are in good agreement with the
experimental data [Jackson et al., 2005; Mishin et al., 2005].
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