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CHAPTER1

INTRODUCTION

1.1 IN THIS THESIS

The outbreak of influenza virus subtypes H5N1 and the novel HIN1 (HIN1-
2009) has raised concern about a potential global flu pandemic. Among the three
known targets determining the virus life’s cycle, namely Hemagglutinin (HA),

Neuraminidase (NA) and M2 channql\ '1; step of viral replication is mediated by
NA in releasing the virion __fg)bm the h ‘ ceptor [1]. Currently, three NA

inhibitors, zanamivir, oseltamivir and; peraﬁaxe available commercially for
treatment of infected pM

to the available dru

__eve mutatlons e virus that lead to resistance

S tam1v1r have ‘been widely reported [2-5].

Understanding of kn. qt mte;gqtlons in both wild-type (I) and mutant
strains (II) as well as : 10 (III) is the key to success in designing
and discovering new p er bettertlnto the active site of NA.
Therefore, I-III become vof this 'vilork as studied by molecular

extended to develop a new methqdihat p@ a promising route to predict absolute
protein-ligand b1nd1n§ free enctaies (1V). A

IV

NA-inhibitor NA- I ;‘ustz'afé Method

development

interaction . Mutations . interaction

cuornfl §) PRV I WHART o |

U
Figure 1.1 Schematic representation of the four parts (I-IV) of this studies in which

RSN B ot s 1)

Schematic representation of the four parts (I-IV) is illustrated in Figure 1.1 in

which detailed calculations, investigations, results and discussion are given in terms
of research articles [6-8] and submitted manuscripts [9,10] in chapters II-VI,
respectively. All articles are part of this dissertation in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in Chemistry at Chulalongkorn

University.
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The aim of this research is to provide the molecular level knowledge of the
drug-target interactions between NA and the available commercial agents. Molecular
dynamics (MD) simulations and Molecular Mechanics/Poisson-Boltzmann Surface
Area (MM/PBSA) calculations were applied to estimate binding free energies in both
the wild-type and the H274Y mutant H5N1 strain. However, predictions of binding
free energy using the MM/PBSA method had a large random error. Therefore, the
linear interaction energy (LIE) method, which has higher precision and accuracy, was
used to predict the efficiency of oseltamivir against the probable HIN1-2009 mutant
strains: R292K, E119V, H274Y and N294Ss To understand how NAs cleave the
terminal sialic acid in the first step of the-clcavage mechanism, QM/MM MD
simulations of different NA.subtypes complexed with the natural substrate were
applied. As it is a limitatien that the existing methods cannot reliably predict binding
free energies when theretareslarge difféerences in free and bound conformations of
protein and ligand compléx./To overcome this problem, a new method, called the
water-swap reaction “coordinate (WSR(E‘),.--has been developed. This provides a

promising new route topredict absolute protein-ligand binding free energies.

1.2 RESEARCH BACKGROUND AND RES_EARCH RATIONALE
1.2.1 History, Yy

Three major-influenza pandemics of human infeCtion were caused by the
HIN1 (Spanish flu - 1918), H2N2 (Asian flu - 1957).and H3N2 (Hong Kong flu -
1968) subtypes, leading tosmumerous deaths.daround the world [1]. Recently, two new
strains of influenhzasvirus, H5N1 and HIN1-2009, have caused wide-spread global
infections in both animal and human populations. The avian influenza virus subtype
HS5NI1 ds highly pathogenic causing many human deaths (approximately 300 cases
between 11997 and 2010 [11]) in Asia and Europe. The first outbreak appeared in
Hong Kong and this subtype has been found to be capable of crossing species from
avian to human [12]. Subsequently, the first influenza pandemic of the 21* century
was caused by a subtype of HIN1 that emerged in 2009. The HIN1-2009 infection
has rapidly spread by human-to-human transmission throughout the world, especially
in the United States and Mexico [13]. The only publically available oral drug,

oseltamivir, has been used widely. However, this widespread use of oseltamivir has
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led to the development of drug resistance in both the HSN1 and HIN1 subtypes [2-5,
14, 15]. This has led to an urgent need to understand influenza virus function in order

to develop new potent antiviral agents against HSN1 and HIN1-2009.
1.2.2 Influenza A virus

The avian (H5N1) and the novel (HIN1-2009) influenza viruses belong to the
genus of influenza virus type A in the Orthomyxoviridae family [16]. The surface
membrane of influenza virus contains three important proteins (see also Figure 1.2):
Hemagglutinin (HA: H1-H16), the M2 protein channel and neuraminidase (NA: N1-
N9) [1]. HA plays a role in-attaching the recCpior; sialic acid, to the host cells and
allowing penetration intg the target cell-. Consequently, the M2 protein acts as an ion
channel allowing protonstransport which adjusts the internal pH of the virus. After
virus replication, NA cleaves the terminle‘ll sialic acid from the host cells and releases
the new viruses to infectother cells [17]..11’1"ﬂuenza viruses are classified into different
subtypes based on the antigenic ‘relatio'pship of HA and NA proteins. Only HA
subtypes H1-H3 and NA subtypes. Nl-Ng_._'hgve been found to infect humans. The
ability of influenza to infect a host is inf};pgﬁced by the different types of linkage
between sialic acid and galactose on the hosLt-”cie}l surface [18]. Human influenza virus
attaches to host substrate via a SA—a—2,6—G£_;_lqinkage, while the avian influenza virus
binds preferentially to'the SA-0-2,3-GAL linkage [19]. Until now, there are two types
of antiviral agents for clinical treatment, targeting the M2-and NA proteins. The first
set of drugs, amantadine and rimantadine, are M2 inhibitors, which act by preventing
proton transfer through theésM2 channel. They are limited by side effects and drug
resistance due to several gnutations [17]c The second setyof commercial drugs,
zanamivir, oseltamivir and peramivir, were designed to block NA function. Because
of the smpottant role™in viral replication, NA has become the main target for drug

development against influenza virus [20].



Zanarmivir,
oseltamivie

Sialidase |J

Haermagglutinin

Extracellular

Cytoplasm

Formation
of RMP

(M2, J.

haermagglutinin)

\
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¢_(NA) is a membr rqum of influenza virus that

cleaves the terminal srihc acid from the host cells an1 releases the new viruses to
infect the othe S !ﬁ %4 (N1, N4, N5 and N8)
and group-2 ( h ﬁﬁﬁﬂﬁ ﬁﬁjﬁst structures of group-2
influenza NA complexed with sialictacid were determined [22], many inhibitors were

desgni b ek ShE eI NA add AVE bech bed e at subrypes

Howevelq, the large cavity adjacent to the active site on the 150-loop (residues 147-

152) in group-1 NA was determined by Russell et al. in 2006 [23]. This leads to the

Neuraminida

different formation of open and closed conformations in group-1 NA due to the
position of the D151 and E119 residues. Based on the crystal structures in both
groups, the important amino acid residues in the NA active site are conserved in all
subtypes. The catalytic sites (R118, D151, D152, R224, E276, R292, R371 and Y406)

were found to interact with the sialic acid while the framework sites (E119, R156,
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W178, S179, D198, 1222, E227, H274, E277, N294, and E425) (in N2 numbering)
were stabilized the active site structure [24]. Although the active site of both groups is
highly conserved, the activity of the current inhibitors against the N1 subtype has
significantly lower efficiency than the other subtypes [25, 26]. This evidence calls for

an urgent need to design new selective inhibitors for the N1 subtype.
1.2.4 NA inhibitors

NA inhibitors have been designed and synthesized based on the transition state
analog of sialic acid. Three NA inhibitersy zanamivir (Relenza), oseltamivir
(Tamiflu), and Peramevir;-have been approved-by the FDA for the treatment of
influenza virus [27]. Zanamivir is-administered by eral inhalation while oseltamivir is
the only oral-active drugthatas commercially available. The third drug, peramivir, is
a potent and selectiveginhibitor agains‘tl NA function but it failed to demonstrate
efficacy in clinical trialswhen administer;gé orally [ 17]. Recently, peramivir has been
developed for intramuscular/intravenous“, injection and it has been authorized for
treatment patients againsg HIN1-2009 qu_t_ype [27]. Moreover, the other NA
inhibitors, pyrrolidine analogue (A-315675_)_ [28], R-125489 [29], glycomonomers of
sialic acid [30], phospha-oseltamivir  (Tamiphosphor) monoester [31] and
sialoglycoconjugates analog [32] ate in devei_-ogment and have been found to provide
a new potent structural template against NA in several subtypes in both wild-type and

mutant strains.
1.2.5 Mutations

High resistance to available.drugs is'the majer concern‘in the current treatment
of infected patients with influenza viruses in botheH5N1 and HI1NL#2009 strains [2-5,
14, 15} The\diffetent 'mutations in.drug resistance profiles of zanamivir, oseltamivir
and peramivir were characterized by different substitution groups of the inhibitors in
binding with the active site residues [33]. Due to an increase in medical use for
clinical treatment, the emergence of oseltamivir resistance and several mutations have
been reported with the reduction of oseltamivir sensitivity [14, 15]. The mutated
framework residues H274Y and N294S are indentified in the N1 subtype [33-35],
while mutations on the binding residues, E119V and R292K, were detected in the N2
and N9 subtypes after treatment with infected patients [36, 37]. For HSN1 and HINI1-
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2009 strains, the H274Y mutation leads to a high-level resistance with a 300- to
1,700—fold reduction to oseltamivir susceptibility [38-40]. The H274Y is resistant to
peramivir due to the same bulky hydrophobic substitution with oseltamivir but
zanamivir retains its susceptibility with this mutation. Because the structure of
zanamivir is similar with the natural substrate in comparison with oseltamivir and
peramivir, zanamivir could bind with amino acid residues in NA active site without
disrupting their conformation [41]. However, zanamivir resistance has been detected
with the E119/G/A/D mutations in the N2 and N9 subtypes [3, 33]. Based on the
increase of resistance to commercial NA drugs; this evidence calls for an urgent need
to design new selective inhibitors for the Ni=subtype. In order to achieve a better
chance of improving and developing ne-JW NA inhibitors, an understanding of current
drug-target interactions and the mechanism of drug-resistance at the molecular level
may provide informationsthatwould be useful for rational drug design.

&

1.2.6 Researchirationale -

As stated above, the outbreak of the influenza virus subtypes HSN1 and the
novel HIN1-2009 as well as the increase Q-f;esistance to commercial NA drugs call
for an urgent need to design new se@ﬁf/e inhibitors for the N1 subtype.
Understanding of known NA-drug and the ;;n’abhanism of drug-resistance as well as
NA-substrate interagtions at the molecular level are the keys of success. Molecular
dynamics simulation is the method of choice in studying microscopic properties, such
as, structural, dynamies, thermodynamics as well as solvation data of the biological
systems, which_is of great fundamental and-“practical importance in structural based
drug designed. In addition,free energy calculation.measuresithe strength of binding
between a ligand and a protein, and an algorithm that wouldy allow its accurate

prediction would beia powerful tool for drug development:



1.3 OBJECTIVES

In this study, several computational chemistry methods, based on Molecular
Dynamic (MD), Monte Carlo (MC) and hybrid Quantum Mechanical/Molecular
Mechanical (QM/MM) models were used to provide a molecular level insight into the
interactions between NA and commercially available drugs and its natural substrate.
The aims of these simulations were;

1. To understand and provide detailed information about the drug-target
interactions, structure, solvation and dynamic properties of NA subtype H5N1
complexed with the commercial drigs,Zanamivir, oseltamivir and peramivir.

2. To find the primary source of oseltamivir resistance due to the H274Y
mutation in terms of" conformational changes, intra- and intermolecular
interactions of the H274Y residue and binding free energy of the complex,
focused on the'Catalytio'pocket of NA.

3. To predict the éefficieney of oseléamivir against the probable mutants in the
novel HIN1-2009 strain: R292K, El -.1-9\/, H274Y and N294S.

4. To study the catalytic rlechanism of the natural substrate in different NA
subtypes and to investigate the funC{iopnof amino acid residues in the binding
pocket for the first step ot-the cleavaée 'r'j.i;echanism.

5. To develop a.new method of calculeiﬁﬁfgf absolute hinding free energies using a

single simulation:

1.4 SCOPE OF THE DISSERTATION

This dissertation'was carried out ifi order'to study'and investigate structure,
binding, interactions, solvation and*dynamic properties of NA. As shown in Figure
1.1, the'scope of this study is one-by-ong corresponding to the research objectives:

1. NA-inhibitor interactions: Three NA inhibitors, oseltamivir, zanamivir,
and peramivir, embedded in the catalytic site of NA subtype HSN1 were studied using
MD simulations and calculated binding free energies using MM/PBSA method.

2. NA-mutation (H274Y): Oseltamivir bound to the H274Y mutant of the
HS5NI1 strain was modelled using MD simulations. The estimated binding free energy

was calculated via the MM/PBSA method.
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3. NA-mutation (HI1N1-2009): Prediction of oseltamivir efficiency in
probable mutants, R292K, E119V, H274Y and N294S, was calculated using the LIE
method.

4. NA-substrate interactions: Substrate-enzyme interactions between the
natural substrate, SA-0-2,6-GAL, and different NA subtypes: N1-1918, N1-2005, N1-
2009, N2-1967 and N8-1963, were studied using QM/MM MD simulations.

5. Method development: Water-swap reaction coordinate (WSRC), a new
method for calculating the absolute: protein-ligand binding free energies was

developed based on first principles using a single simulation.

1.5 EXPECTED RESULTS

The main goal“of thiS study is to understand NA function using the known
drug-target interactions frem /the commgrcial agents, zanamivir, oseltamivir and
peramivir. The obtained information-at tl_;le molecular level would be useful for drug
development against NAL Inforder teo ové_rcsbme the oseltamivir-resistance problems
caused by several mutations of NA; un(iérstanding of the primary source of drug
resistance in N1 subtypes, HSN1-and HlN‘_if2QO9, could provide a better chance for
designing the new potent inhibitors. This wé;_st!‘fi‘)llowed by a study of the mechanism
of substrate binding. The molecular details in the first step of the NA reaction
calculated using high-aeeuracy-QMMM-MD-simulations was used to understand the
function of amino acid residues in the binding pocket. The obtained results can
directly help in the design of highly effective inhibitors that can fit better into the NA
active site in both the wild-type/and mutant-strains; Finally; the accurate prediction of
absolute protein-ligand~binding" free ‘energies was enabled “by developing a new
method, called the water-swap reaction coordifiate (WSRC). “Fhe application of
WSRC 'method will beable toruse for binding calculation with different inhibitors and
different NA subtypes as well as the other protein-ligand systems in subsequent work.
The WSRC method will be implemented in Sire: a complete molecular simulation

framework (http://siremol.org/).


http://www.google.com/url?sa=D&q=http%3A%2F%2Fsiremol.org%2F
http://www.google.com/url?sa=D&q=http%3A%2F%2Fsiremol.org%2F
http://www.google.com/url?sa=D&q=http%3A%2F%2Fsiremol.org%2F
http://www.google.com/url?sa=D&q=http%3A%2F%2Fsiremol.org%2F

CHAPTER1II

NA-INHIBITOR INTERACTIONS

Understanding of known drug-target interactions in the catalytic pocket

Maturos Mala kol', Panita Decha',

Pathumwadee Inthara ng” and Supot Hannongbua1
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2.1 ABSTRACT

To provide detailed information and insight into the drug-target interaction,
structure, solvation, dynamic and thermodynamic properties, the three known-
neuraminidase (NA) inhibitors, oseltamivir (OTV), zanamivir (ZNV) and peramivir
(PRV), embedded in the catalytic site of NA subtype N1 were studied using molecular
dynamics simulations. In terms of ligand conformation, there were major differences
in the structures of the guanidinium and the bulky groups. The atoms of the
guanidinium group of PRV were ebserved to form many more hydrogen bonds with
the surrounded residues and were much«less solvated by water molecules, in
comparison with the other.two inhibitors. Consequently, D151 lying on the 150-loop
(residues 147-152) of group-LINA (N1, N4, N5 and N8) was considerably shifted to
form direct hydrogen“bonds™ with the ~OH group of the PRV, which was located
rather far from the #50-lgops For the ‘.b_]:llky group, direct hydrogen bonds were
detected only between.the hydrophilic si__de chain of ZNV and residues R224, E276
and E277 of N1 with rather weak binding,j"26-70% occupation. This is not the case for
OTV and PRV, in which flexibility and ::s--teric effects due to the hydrophobic side
chain lead to the rearrangement 6f the"ds:’m‘r(_)unded residues, i.e., the negatively
charged side chain of E276 was shifted and;féféted to form hydrogen bonds with the
positively charged moiety of R224. Tak’i”nfg:j into.account all the ligand-enzyme
interaction data, the: gas-phase-MM-iieraction-eneigy-of ~282.2 kcal mol™ as well as
the binding free energy (4Gpimame) Of -227.4 kcal mol! for the PRV-N1 are
significantly lower than those of the other inhibitors. The ordering of 4Gpjging 0f PRV

<ZNV < OTV-agrees well-withthe ordering of experimental /€5 value.

2.2 INTRODUCTION

The avian influenza subtype HS5NI1 is a virulent disease with results in
significant outbreaks throughout the world, causing numerous human and animal
deaths [42]. High resistance to commercially available drugs is the most important
risk in dealing with this viral subtype. Understanding of known drug-target
interactions is the key to success in designing and discovering new inhibitors that fit

better to the catalytic sites of the targets in both wild and mutant types.
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The surface membrane of the influenza virus is known to contain three
important proteins, including 16 subtypes of hemagglutinin (HA: HI1-H16), 9
subtypes of neuraminidase (NA: N1-N9) and the M2 protein channel [12]. HA plays a
role in attachment to sialic acid, a receptor on the cell surface, allowing penetration
into the target cell. Consequently, M2 functions as an ion channel which regulates the
internal pH of the virus. After virus replication, NA cleaves the terminal sialic acid

from the receptors and releases the progeny virus to infect other cells.

According to its phylogenetic tree, NA was classified into two groups: group-1
(N1, N4, N5 and N8) and group-2 (N2, N3¢ N6, N7 and N9) [21]. Recently, crystal
structures of some group-l proteins (N1, N4 and N8) were published in 2006 by
Russell ef al. [23]. In contrast.te group-2 proteins, a large cavity adjacent to the active
site on the 150-loop“(residucs” 147-152) of group-1 was determined. This leads
consequently to the formation of ‘both .clpsed and open conformations in group-1
proteins in which bothforms ¢an bind with the inhibitors. It was also proposed that
the difference among thedwo groups.is dué_ 0 the position and orientation of the D151

and E119 residues.

There are two classes of anti-inﬂliér—lz_g virus inhibitors that could possibly
prevent an influenza pandemic, attacking theM2 channel and NA target. Amantadine
and rimantadine are the two inhibitors that act— by hindefing proton transfer through
the M2 channel. They are limited by side effects, and hence, emergence of viral
resistance. Interest is then focused on the NA target, aiming to prevent viral
replication of NA protein [17]. Due to theslack of the 3D structure of group-1 NA,
progress and development of this type of inhibitor was based 'on the structure of the
group-2 NA complexed with its transition state analog of the substrate, sialic acid [20,
22]. To: date, 'two « WA | inhibitors, zanamivir| and |oseltamiivir, | are available
commercially while a third, peramivir (BCX-1812) fails to show statistically
significant inhibition due to the relatively low blood levels that were obtained
following oral administration [43, 44]. However, high resistance and mutation to the
available drugs, especially oseltamivir, have been widely reported [40, 45, 46]. The
N1 subtype treated with oseltamivir and zanamivir demonstrates significantly
increased /Cs) compared with peramivir. The chemical structures of the three NA

inhibitors are shown in Figure 2.1.
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To understand and provide detailed information and insight into the drug-
target interaction, structure, solvation, dynamic and thermodynamic properties, the
three NA inhibitors, oseltamivir (OTV), zanamivir (ZNV) and peramivir (PRV),
embedded in the catalytic site of neuraminidase subtype N1, were studied using

molecular dynamics simulations.

Oseltamivir / 4 Jan.lmlnr Peramivir
y
Figure 2.1 Three- dlmenslonal structur&s iof the three neuraminidase inhibitors,
oseltamivir, zanamivir zfnd peramlvrr whe‘re the four side chains are labeled as A-D

and torsional angles were defined. £

23 METHODS EETRRL N

] J

2.3.1 Startngstructure and protein preparatio ﬁ_

The X-ray structure of neuraminidase subtype N1 complexed with oseltamivir,
OTV-NI1, was_oebtained from the Protein Data Bank. (PDB), code 2HU4. The atomic
coordinates of ZNV'and-PRYV inhibitors were taken-from N9 (1NNC) and N8 (2HTU)
cocrystal complexes, respectively. To prepare thesZNV-N1 and PRV-N1 complexes,
superpositions of ZNV.-N9 and PRV-N8 with N1 were iperformed. The N9 and N8
enzyme coordinates were then removed and ZNV-N1 and PRV-N1 were obtained. All
missing hydrogen atoms of the proteins were added using the LEaP module in the
AMBER 7 software package [47]. All ionizable side chains of amino acid residues in
the protein were configured in their characteristic ionization states at pH 7.0 using the
LEaP module of AMBER. For the histidine residue, mono-protonation on the nitrogen

atom was obtained.
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The starting structures and force field parameters for the three inhibitors were
obtained as follows. Hydrogen atoms were added to the X-ray coordinates of the three
ligands by taking into account the hybridization of the covalent bonds. To obtain
minimized geometries for the electrostatic potential calculations, ligand geometries
were optimized using Gaussian03 [48] with the HF/6-31G* basis set to adjust bond
lengths and angles involving hydrogen atoms. Single-point calculations with
Gaussian03 were then carried out to compute the electrostatic potential around each
compound using the same basis set and leyel of theory as in the optimization step. The
RESP charges were generated from the WF/6-31G* quantum mechanical data by
fitting with the RESP module of AMBER {491, Three inhibitors in zwitterion form
(see Figure 2.1) were given.a formalrcharge of 0. Partial charge generation and

assignment of the force field werc performed using the Antechamber suite [50].

To incorporatesthe solvent and coqpterions, each system was solvated with a
TIP3P [51] water box with the mininaum distance of 104 from the protein surface to
the edge of the simulation box. Then the solvated box dimensions were set to 78 A X
80 A X 81 A. All neutralization by thé---.counterions was treated using the LEaP
module. The total atoms were 41,313, 41,01:'!-}, qnd 41,018 for the OTV-N1, ZNV-NI,

Ad

and PRV-NI systems, respectively.

2.3.2 Molecular dynamics simulationsr

Energy minimization and MD simulations -were performed using the
SANDER module of AMBER [47]. An all-atom représentation of the system was
used, employing the Cornellpet a/; [52]-force field-to~assign parameters for the
standard amino acids. Fhe periodie~boundary ‘condition with the NPT ensemble was
applied. A Berendsen coupling time of 0.2 ps wéas used to maintain the temperature
and standard'pressure of the system [53]. The SHAKE algorithm'[54] was applied to
constrain all bonds involving hydrogen atoms and the simulation time step of 2 fs was
used. All MD simulations were run with a 10 A residue-based cutoff for non-bonding
interactions and the particle mesh Ewald method was used for an adequate treatment
of long-range electrostatic interactions [55]. The simulation steps consist of
thermalization, equilibration and production phases. Initially, the temperature of the
system was gradually increased from 0 K to 298 K during the first 60 ps. Then, the

system was maintained at 298 K until the MD simulations reached equilibration
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phase. Finally, the production phases were from 1.5 ns to 3.0 ns for OTV-NI1 and
PRV-NI1 and 2.0 ns to 3.5 ns for ZNV-N1. The convergence of energies, temperature,
pressure and global RMSD was monitored to verify the stability of the system. The
MD trajectory was collected every 0.2 ps and analyzed in terms of RMSD, torsion
angles, hydrogen bonds, and solvation and binding free energies using the CARNAL,
Ptraj and MM-PBSA modules of AMBER.

2.3.3 Binding free energy calculations

The free energy of binding, 4Gynae was calculated according to Eq. 1 from
the free energy of the receptor-ligand complex (G,,,) with respect to the unbound

receptor (Gye.) and ligand (Gig):
AGbinding - cpx (Grgc |y th) (1)

The MM-PBSA (Molecular’ Mecchanics - Poisson-Boltzmann/Surface Area)
methodology allowsthe s calculation oxf the complete binding reaction energy,
including the desolvation of the ligand and the unbound protein, on the basis of a

thermodynamic cycle. Therefore, Eq 1 can be approx1mated as

AGhining = Moapr~ TASHAG,,, 2)

By = ABye + ABygy (3).

All energies represented in the above equations were averaged over the course

of the molecular dynamics trajectories. In Eq. 3, 4Eu;'1s the molecular mechanical
energy obtained from, the. electrostatic {4E4.) ~and. the van der waals (4E,4)
interactions within“the~'system.' Here, TAS is'the solute entropic contribution at
temperature 7 (Kelvin) and the®solvation fiee energy (4Gys) represents the

electrostatic and nonpolar ftee-energy of solvationgand therefore can be expressed as

AGS — AG ele + AGnonpolar (4)

sol sol

nonpolar
sol

where AGS" is the polar contribution to solvation and AG

ol is the nonpolar
solvation term. The former component was calculated using the PB calculation,

whereas the latter term is determined using Eq. 5:

AG!™l = ySASA+ b

sol

)
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where SASA is the solvent-accessible surface area (A%) and y and b represent
experimental solvation parameters, which are 0.00542 kcal mol'A™ and 0.92 kcal
mol'l, respectively [56]. The AGpinaing value was obtained using the MM-PBSA
module in the program AMBER 7, which interfaces the program DelPhi 4 [57]. To
calculate the electrostatic free energy of solvation, the grid resolution of 0.33 A and
the boundary conditions of Debye-Hiickel potentials were employed. Atomic charges
were taken from the Cornell force field [52]. The water dielectric value was set to 80.
The protein dielectric value of 4, normally used for recent MM/PBSA studies in
protein structure prediction [58], was used for our study. As an estimation of the
entropic effect from normal mode analysis-r€quires high computational demands,
based on an assumption that.the cntrop!;c difference among the three systems should
be very small because alissysiem models, OTV, ZNV and PRV complexed with N1,
are quite similar. Therefore, the contribul.tion of the entropy (74S) was not included in
this study. In addition, ifitegpretation wﬂl focus only on the relative values of the

binding free energy. . ‘,.u ¢

d

2.4 RESULTS AND DISCUSSION:
s -;__J}
2.4.1 Overall enzyme and inhibitor structure

- o o ol

The root me,a-n;‘_vsquare displacement (RMSD) of thﬁe_overall structure and three
inhibitors with respécg't_o the initial configuration were evzthlated and plotted in Figure
2.2. Substantial changes were observed for the OTV-Nland ZNV-N1 systems while
no significant difference*was found for PRV<N1. The OTV-NI and PRV-N1 systems

were found to reach-equilibrium at/1.5 ns while ZNV-N1 teached equilibrium at 2 ns.

() L TN (b) HEZNV-NL
3 L BoTY 3 4y

RMSD/A

u T v T v T

Time/ns Time/ns Time/ns

Figure 2.2 RMSDs relative to the initial structure for all atoms of the complexes
(black) and inhibitors, oseltamivir (OTV), zanamivir (ZNV) and peramivir (PRV)
(grey) for the three systems: (a) OTV-N1, (b) ZNV-NI and (c) PRV-NI.
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2.4.2 Changes of the inhibitor structure

To assess the structural flexibility of the three inhibitors embedded in the N1
pocket, the torsional angles of their side chains were monitored. Six torsional angles,
7l-76, are described by sets of four atoms as defined in Table 2.1 and indicated by
arrows in Figure 2.1. The plots were evaluated over the last 1.5 ns of MD trajectories

of the three different systems and are compared in Figure 2.3.

Considering the carboxylate group (side chain A in Figure 2.1), all 7/ torsional
angles for the N1 complexes are found at almest 0°. This means that the -COO™ group
was observed to lie parallel-to the ligandlfs ring. This is similar to that observed for the
rotation of the -NHAc_group (side chétin C in Figure 2.1), where 73 angles were

detected in the range beiwecn=90° and -150°.

|

Dramatically strucgiral’ variations were observed for z2, 74, 75 and 6. The 2
torsional angle of the guanidinium. group:(sine chain B in Figure 2.1) in the ZNV-N1
and PRV-NI1 complexes appears at —127.21? .and 127.5%, representing the out-of- and
in-plane conformations, respecti{/eiy. The, ii(;éitively charged guanidinium group of
peramivir was originally designed fo intef;;;E better with the residues in the binding
pocket, structurally unlike the orientation (!)._f?zi‘anamivir [59]. This information was

intensively analyzed and explaiﬁed in the solvation section.

Table 2.1 Definition ‘of torsional angles (z/-76, shown'in Figure 2.1) for the three
inhibitors, oseltamivir (OTV), zanamivir (ZNV) and peramivir (PRV).

T oTVvV ZNV PRV

1 Co-C5-C1-0 04Cy-Cy-Oy Co-C3-C-0
2 - C4-Np-Ci2-Ny C4-N2-Cy5-Ny
3 C4-Cs-N;-Cs C4-Cs-N;-Cg Cs-Cg-N;-Cs
4 Cs5-Cg-04-Cyo Cs5-Cs-Co-Cio C4-Cs-Cs-Cyo
5 04-C10-C12-Ci3 - Cs-C10-C12-Ci3

6 O4-C10-C11-C14 - Cg-C1o-C11-C14
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Figure 2.3 Plot of torsional gngle 'éétributi@_ éé’mpling over the last 1.5 ns of MD
simulations of the OTV-NI, ZN__\Z_E}'_II and ﬁiV_:N.l complexes
A L)
Regarding tEeibulky hydrophobic group of OTV ;f:_njthe OTV-NI1 complex,

was found to exhibit z__l?;_fnaximum at 127.5° with a broaa peak ranging from 57.5° to
162.5°. The appearance of the shoulder is due to the rotation of this side chain in the
N1 binding pocket. There are two separated peaks for the ZNV-N1 system at 92.5°
and 162.5°, where the population ratio indicates a preferential conformation, i.e., the
two argles tepresent the orientation of the Cs-Co bond lying petpendicular or parallel
to the ligand’s ring. In contrast, PRV-N1 shows a single preferential orientation

represented by 74 = 167.5°. The detected sharp and narrow peak implies the rigidity

of this side chain.

Regarding 75 and 76, while side chain D of PRV shows only one preferential
orientation, the equivalently ended branches of OTV can rotate rather freely. There is
remarkable flexibility of OTV (peaks in 75 at 57.5° and 172.5°; 76 at -67.5°, 57.5°
and 182.5°) in comparison with PRV (peaks in 75 at -62.5° and 76 at 162.5°).
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In summary, conformations of the three inhibitors embedded in the
neuraminidase subtype N1 were compared in terms of torsional angles. There were
major differences in the structures of the guanidinium (z2) and the bulky (# - 706)
groups. This is due to the fact that the first side chain lies within the cavity formed by
the 150-loop (residues 147-152), which exists only for group-1 NA (N1, N4, N5 and
N&). In addition, the conformation of the bulky hydrophobic side chain relates directly
to the position and orientation of residue E276 of N1, which was proposed to
determine the susceptibility of the ligand in inhibiting the N1 enzyme [40]. Detailed

investigations and discussions are reported in the following sections.
2.4.3 Inhibitor-enzyme hydrogen bonding

As mentioned previously, changes in the inhibitor conformation can directly
affect the ligand-enzyme' intéraction.-To analyze such effects, the percentage and
number of hydrogen bonding'between the nhibitor and binding pocket residues were
determined based on the following critelji!;lz--(i) proton donor-acceptor distance < 3.5

A, and (ii) donor-H-aceéptor bond angle 2120o The results are given in Figure 2.4.

In the three complexes,”a high"':ll!m’mber of strong hydrogen bonds (%
occupation > 80) is measured between the —CdO group (side chain A in Figure 2.1),
and its nearest residues. Eight hydrogen bonds with R118, R292 and R371 were
firmly observed for| PRV These strong hydrogen bonds-with the arginine triad were
also found in simulations of the N-DANA/NA subtype N9 complex [60]. For OTV
and ZNV, only six bonds were formed, so interactions with R118 and R292 were lost.
Referring to the existing~expetimental datay the simulatient results for OTV are
unlikely to be found in the crystal structure of the OTV-NI complex, where position
of OTV.side.chain A is, surrounded and well fittéd by all three arginines [23]. A high
number and percetitage’ of hydrogen bond occupation at.side ichain'B was measured
for PRV, in comparison with OTV and ZNV. The latter two had comparable
hydrogen bond occupations (Figure 2.4). The ammonium group of OTV is stabilized
by hydrogen bonding interactions with the two negatively charged residues (E119 and
D151) and tryptophan (W178). Referring to Masukawa et al. [61], hydrogen bonds
with D151 were also found for the N9/OTV and N9/ZNV complexes. In addition, this
bond cannot be formed for sialic acid and DANA because of the lack of positive

charge on side chain B (Figure 2.1).
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Figure 2.4 Percent occupatlon pat‘tcrn of ‘rhydrogen bonds between residues in the
binding pocket (label given along X=axis) aanhe four side chains of the inhibitors for
the three simulated systems, OTV- Nl ZNV- NT' and PRV N1.

In consistent -\_zvi_th the X-ray structures and our MD simulations of the ZNV
and PRV inhibitors in that the orientation of the equivalent side chain (guanidinium
group in terms of 72 as‘shown in Figure 2:3) is significantly different. This directly
affects its binding with the neighboring residues in the pocketof the NA in which the
guanidinium group of PRV is observed to interact much more, tightly to enzyme
residues. This could be the reason why the guanidinium- side c¢hain-of PRV rotated
only within a narrow range at the position around its preferential configuration (see 72
in Figure 2.3). This is different from ZNV, where 72 shows a broad distribution.
Detailed investigations of the hydrogen bonding between side chain B and the 150-

loop residues are reported in the next section.

For side chain C, the inhibitor-enzyme interactions in the three systems are
comparable with 2-3 hydrogen bonds with R152 and E227 residues. This is in contrast
with side chain D, in which hydrogen bonds were detected only for ZNV, between its
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hydrophilic side chain and R224, E276 and E277. However, the percentage of
hydrogen bond occupation varies from 25 up to 70. This relates directly to the
flexibility of this chain (shown by the distribution of the 7 angle in Figure 2.3) as
discussed previously. The obtained results are similar to those found from the X-ray
structure of group-2 NA complexed with ZNV [62] and sialic acid [22], in which
hydrogen bonds were observed between the hydrophilic side chain and the
carboxylate group of E276. In contrast, there are no hydrogen bonds formed in the
lipophilic pocket (side chain D in Figure 2.1) of the OTV and PRV inhibitors.
Consequently, the negatively charged side chain of E276 was shifted and rotated to
form hydrogen bonds with-the positively charged meiety of R224 to form a pocket for
the bulky hydrophobic side chain. This iS consistent with previous reports [40, 63].

2.4.4 Changes in the agctive site adjacent to the 150-loop

To provide detailed information on the cavity site near the 150-loop of group-
1 neuraminidase, including subtypes Nl,xI:\I4; N5 and N8 [23], electrostatic potentials
of N1 complexed with the three inhibifo‘rs_ (_using the last MD snapshot) and N2
complexed with sialic acid (asing fhe X-r_a:y étructure, PDB code: 2BAT [22]) were
calculated and plotted in Figure 2.5. Hydro;g-e—n bonds and the corresponding distances
to the 150-loop residues D151 and R152 ar_e?él_s_’_o_ given.

In the results, the-characteristies-of the-hydrogen bonding between the 150-
loop and the four structures, three inhibitors and one substrate, are totally different.
The 150-loop was observed to bind strongly via D151 and R152 to the two side
chains of OTV{ (Figure 2:5(@)). (Fory ZNV ;5 only jone <hydrogen bond with 10%
occupation was,detected between ‘the '150-loop ‘and the side chain of ZNV. Instead,
the two_side. chains were tightly solvated (details given in the“previous section).
Therefore, the ligahd-enzymerinteraction for the ZNV-NL complex was then bridged
by water molecules (Figure 2.5(a)). The situation is different for the PRV inhibitor,
which was newly designed to better fit the cavity of NA. Although the -OH group of
PRV was located far from the 150-loop, in comparison with sialic acid, the hydrogen
bonding between them can be firmly formed. This is very similar to the case of sialic
acid, in that the D151 and R152 residues for both systems were observed to bind
directly to the —OH group and the acetamido (-C=0) group located at side chain C,
respectively. Therefore, the 150-loop of the PRV-N1 complex was shifted to move
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closer to the ligand, in comparison with the other systems. As can be seen from the
3D plot shown in Figure 2.5, the 150-loop of the PRV-N1 complex (Figure 2.5(c))
covers the ligand plane up to almost half of the 5-membered ring. This is not the case

for the other two simulated systems.
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Figure 2.5 Electrostatic potenﬁgi".?(‘if;fth?y} iinidase N1 complexed with the three
inhibitors and its su ) _including the s \ 1 der Waals cavity of the

inhibitors and substr "(' ellow) bonds to the 150-loop residues,
| .
D151 and R152 (nega
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The OTV-Nl ZNV-NI1 and’PRV-N1 interactions were analyzed in terms of

indin i enbe o snd M3 bt anase. e

results a?e shown in Table 2.2. The gas phase MM interaction energy (4Eyns) of
-282.2 kecal mol™ as well as the binding free energy (4Ghinding) of -227.4 + 7.6 kcal

e regions are in red and positivetegions are in blue).

mol”' for PRV-NI indicates that PRV fits tightly in the enzyme cavity, especially in
comparison with the other two inhibitors. Among the three complexes, the calculated
order of the total binding free energy of PRV < ZNV < OTV agrees completely with
that of the experimental /Cs). Note that the experimental /Csy as shown in Table 2.2

depends strongly on the method used as well as the subtype of influenza virus.
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Table 2.2 Calculated binding free energy and its components (kcal mol™) as well as
the experimental /Csy (in nM ) of the three neuraminidase complexes, OTV-N1, ZNV-
N1 and PRV-NI1.

OTV-N1 ZNV-N1 PRV-N1
AE i, 1919 £ 10.5 2232 £15.0 2549 £ 11.1
AE q 28.8+ 3.6 27.0+ 48 274+ 45
AEyy -220.6.+ 9.7 250:2 £ 14.6 2822+ 9.3
AGIoPokr 35200 ~ w1 K] 3.9+0.2
NG 43007 56.6%:3.1 58.8+2.0
4G, 454500 531 3.0 54.9+2.0
AG + AE,, #-148.04 88 -166.6 £12.4 -196.1+9.6
AGyinding “175.24£8.0 4-197.1 £11.9 227.4+7.6

ICsp HINT [65] 53205 1030° 14580 £2.10 3.40+ 1.00

ICso HIN1 [25] 17.80 s 1.11

ICs) HINT [26] 0.45 =095 0.34

ICso HIN1 [66] 0.90 1.14 0.27

ICso HIN1 [66] 1.53 0.65 0.41

ICsp HINI [67]. . 0559 0.150 0.126 + 0.018 0.045 + 0.009

ICso HIN1 [68] 1.40 0:90 0.40

IC5o HINI, [68] 2.00 6:80 0.30

ICso HINT [69] 1,10 £0:20 135%0.18 041 +0.01

ICso H5N1 [70] 0.33 +£0.27 0.57 +0.46 0.37 +0.26

ICspH6N1[65]  36.10 = 8.30 19.70 + 4.20 2.60 £ 0.40

Some comments could be made concerning the neglect of an entropic term,

TAS, in the binding free energy calculation. This assumption is based on the fact that

the three systems are very similar, and our interpretations as well as discussion are
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based on only relative comparisons among the three complexes. Regarding the HIV-1
protease complexed with saquinavir, ritonavir, nelfinavir and indinavir, although sizes
of the 4 drugs are different, the calculated TAS contributions of -14.0, -11.2, -14.2 and
-15.7 keal mol™, respectively [64], are negligibly different.

2.4.6 Solvation structure

Hydrophobicity and hydrophilicity, especially in the catalytic pocket, are
known to play an essential role in the eatalytic mechanism of the enzyme. To seek for
such detailed information, the radial distwbution functions (RDF) —gj(r): the
probability of finding a paiticle of type i in a sphcrical radius, 7, around the particle of
type j— centered on the selected atoms Esee Figure 2.1 for atomic labels) of the three
inhibitors were calculatedsC 3, Which 1s not a H-bond donor or acceptor, was included
into consideration becausé it is located-on the flexible side chain where its interactions
with solvent molecules and surgounding residues have.to be intensively investigated.
Evaluation was classified into two catego'-r:ies, in which the central atom types for the

OTV, ZNV and PRV ligands are topologically equivalent and different. The results

are given in Figure 2.6. f)

By considering the solvation of the =CéO group (side chain A in Figure 2.1)
of the three complexes, the OTV and ZNV‘JHgéfnds were observed to be solvated by
the same number of water-meolecules; i.e.;-the sharp firsi-peak centered on O; and O,
with the maximum at' ~3.0 A indicates strong hydrogen bonding between water
molecules and ligands, while the integration number up to the first minimum of 2
denotes the nuimber of water)molecules- (coordinationnumber, CN) that form
hydrogen bonds. with~each central atom™ (Figure 2.6(a)). “Interestingly, the two
symmetric_oxygen atoms _of the —COO" groups for the OTV_and ZNYV inhibitors are
unsymmetrically solvated with a'different manneryi.e., only O af ZNV or O, of OTV
was solvated by 2 water molecules. This can be understood in terms of the number
and/or orientation of the enzyme residues around the —COO" side chains of the two
inhibitors. The situation is different for the solvation of this side chain of the PRV,
where the small sharp first peak centered at ~3.0 A indicates the hydrogen bond
formation between O, and a water molecule with the percentage occupation of 50%,

CN=0.5.
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For side chain B, the RDFs centered on N,, N3 and N4 atoms were evaluated.
Clear solvation, shown by the first peak at a distance of ~3.0 A, was detected only for
N, and Nj of the ZNV inhibitor. The other RDFs, which show the first peak appearing
at a distance longer than 4 A, reveal that direct binding with solvent molecule was not
detected, i.e., their central atoms insert and fit well to the enzyme subsite. This is
especially true for the PRV inhibitor, in which water molecules start to be detected at

the distances of 4.6 A, 6.6 A and 5.3 A, respectively.

Solvation of N; and N, are for the three inhibitors is quite similar in that only
N; of ZNV can be accessed by 0.5 water moleetles: The Ni---O distance of 4.7 A, the
maximum of the N; RDE of the OTV inhibitor, is.too far for the two water molecules
lying under this peak to'be considered as its solvation shell. In addition, O3 atoms of

both OTV and ZNV were soplvaied by 0.5 and 1.0 water molecules, respectively.

RDFs in Figure 2/6(b) Shown for the atoms of the inhibitors that are not
comparable to each other In ferms of C]-\:f, 04 of ZNV (CN = 3) was better solvated
than O4 of PRV and OV (€N = 2 and 1, }respectively). However, water can approach
closer (indicated by the distance-of‘ maximi;_j'rr; RDF) to O4 of PRV and OTV than to

that of ZNV. Then Os to O7 of ZNV can be 'acggssed by 3, 1 and 0.5 water molecules,

respectively.

Taking into'account-all-the-data-and-the-discussion given above, the PRV
atoms are accessed much less by water molecules than the other two inhibitors,
considered in terms of both coordination number and distance to solvent molecules.
This implies that there dsjless space,available between the PR V-atoms and the enzyme
residues. This’ conclusion was' strongly ‘'supported-by the hydrogen bond formation
(Figure 2.4) and ligand-enzyme intéraction data (4£), in Table 2.2), i.e., among the
three inhibitars, PRV 'shows the; highest interaction with the enzyme (-227.4 + 7.6
kcal mol") in which the main contribution was the number as well as percentage
occupation of hydrogen bonds shown in Figure 2.4. As PRV displays lowest
experimental /Cs, the simulation evidence suggests a clear conclusion that activity of
the inhibitor is directly determined by a direct interaction between the inhibitor and

enzyme.
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types for the three ligands are topologically (a) equivalent and (b) different.
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2.5 CONCLUSIONS

The technique of molecular dynamics simulations was applied to seek detailed
information on the dynamic nature of the three inhibitors, OTV, ZNV and PRV,
embedded in N1 neuraminidase. In conjunction with the Molecular Mechanics—
Poisson-Boltzmann/Surface Area (MM-PBSA), binding free energy of the complexes
was calculated and found, on a relative scale, to agree very well with the experimental

c 50 value.

The structural properties, position /and conformation of PRV and its side
chains are uniformly preferential, i.e., its conformation fits very well with the N1
active site. This leads consequently tg the following conclusions about PRV, in
comparison with the OTWV and ZNV| inhibitors: (i) strong direct ligand-enzyme
hydrogen bonding, bothsin térms of number and %occupation, with a very slight
effect on the surrounding residues; (ii) Jess space available in the N1 pocket, and
hence, less access by watér molecules; ;nd- (1ii) PRV interacts tightly, via its -OH
group, with the D151 residue located m the 150 -loop region. In good agreement with
the structural nature of PRVS Wthh was,/ d,e51gned to fit better, compared with the
commercially available inhibitots, fo the NA popket the PRV-N1 complex shows the
lowest binding free energy. In addltlon a h1gh number of strong hydrogen bonds (%
occupation > 80) is detected between the —COO group of the three inhibitors and the
nearest residues, 1ndlcat1ng7tl;a?1t is the essential side chain for the NA inhibitors. In

contrast, flexibility and rotation of the bulky side chain of the three ligands can be a

primary source of lower susceptibility of the INA inhibitors.
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3.1 ABSTRACT

To provide detailed information on the oseltamivir-resistance resulting from
the H274Y mutation in neuraminidase (NA) of avian influenza H5N1 viruses,
molecular dynamics simulations were carried out for the mutant oseltamivir-NA
complex. In contrast with a previous proposal, the H274Y mutation does not prevent
E276 and R224 from forming the hydrophobic pocket for the oseltamivir bulky group.
Instead, reduction of the hydrophobicity and size of pocket in the area around an ethyl
moiety at this bulky group were found to be'the source of the oseltamivir-resistance.
These changes were primarily due to the dfamaiie rotation of the hydrophilic -COO
group of E276 toward the ethyl moiety. In addition, hydrogen bonding interactions
with N1 residues at the -NH5" and - NHAc¢ groups of oseltamivir were replaced by a
water molecule. The calculated'binding affinity of oseltamivir to NA was significantly
reduced from -14.6 kcal mol ' inthe wild-type to -9.9 kcal mol in the mutant type.

3.2 INTRODUCTION

The outbreak of avian influenza A (H5N1) viruses has raised global concern
for animal and human health. Recently, isol?_téé-“of the virus with amino acid changes
in neuraminidase (NA) that likely confer the “_reduction in susceptibility to oseltamivir
have been reported {2, 3. 33]. In order to have a better chance of overcoming these
and predicting futur¢ new resistance problems, an understanding of the mechanism of

oseltamivir resistance at the molecular level is required.

The influenza viral NAis, a-receptor-destroying-enzyme.that cleaves a terminal
sialic acid and releases-viral progeny from ‘infected-cells, 'and ‘has been separated into
two groups by genetic and structurdl relationshipsagroup-1 NA iiacludes N1, N4, N5
and N8 whereas group-2 NA includes N2, N3, N6, N7 and N9;;Based on the crystal
structures, group-1 NA differs from group-2 NA by having a large cavity close to the
active site on the 150-loop, at residues 147-152 [23]. However, the active site in all
subtypes is conserved. The catalytic sites (R118, D151, D152, R224, E276, R292,
R371 and Y406) were found to interact with the sialic acid while the framework sites
(E119, R156, W178, S179, D198, 1222, E227, H274, E277, N294 and E425) (in N2

numbering) were supposed to stabilize the active site structure [24].
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NA has been targeted for improved anti-influenza drugs. The approved NA
inhibitors were designed on a basis of the transition state analog of sialic acid
complexed with group-2 NA [17]. Two marketable NA inhibitors, zanamivir and
oseltamivir, are available for treatment of influenza virus infections [41]. To date,
high resistance and mutations against oseltamivir have been widely reported, not only
in vitro and in vivo but also in clinical treatment. Mutations in group-1 NA (N1) were
detected at H274Y and N294S [33-35, 38-40] and in group-2 NA (N2 and N9) at
E119V, 1222V and R292K [36, 37]. In HSN1 subtypes of the virus, the H274Y
mutation in the NA active site leads to a high-level resistance to oseltamivir, typically
with a 300-1,700 fold reduction in susceptibility [33-35, 38-40]. The proposed
mechanism of oseltamivir resistance caused by the H274Y mutation is that the
hydrophobic pocket around thebulky oseltamivir group, which is generally created by
the rotation of the E276 side ghain'to bind with the R224 side chain, cannot be formed
[1, 37, 40]. However, detailed information on the results of such proposed changes

has not been identified in molecular level!

To provide detailed informatioﬁ"-_gq_ the primary source of oseltamivir-
resistance due to the H274Y mutation, mé!qéular dynamics (MD) simulations have
been carried out for the mutant/type of NA eomplexed with oseltamivir. The results
were analyzed in terms of conformatio;Llal__l changes, intra- and intermolecular
hydrogen bonds, ligand solvation and binding free energy of the complex, focused on
the catalytic pocket of NA. These structural and molecular properties were compared
and discussed extensively with our previous study on.the wild-type N1 complexed

with oseltamivir [6].

3.3 MATERIALS AND METHODS
3.3.1 Molecular dynamics simulations

The crystal structure of the NA subtype N1 complexed with oseltamivir
(2HU4.pdb) [23] was used as the initial structure. To prepare the H274Y mutant for
inhibitor binding (OTV-MT), the N1 residue 274 was changed from histidine to
tyrosine using the LEaP module of the AMBER software package [47]. All missing
hydrogen atoms of the protein and inhibitor were added with standard bond lengths

and angles. The ionization states of amino acids with electrically charged side chains
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were assigned using the PROPKA program [71]. The system was solvated with a
TIP3P water box [51] and neutralized by the counterions. The total number of atoms

in the periodic box of 78 A x 80 A x 81 A was 41,302.

All calculations were performed using AMBER software package [47]. The
Cornell force field [52] was applied for the amino acids while the partial atomic
charges and force-field parameter of the inhibitor were taken from our previous
calculations in wild-type system. A time step of 2 fs was used with a cut-off radius of
12 A for the non-bonded interactions. The particle mesh Ewald method was used for
calculating the long-range electrostatic mteractions [55]. The periodic boundary MD
simulations were performed with the NPT cnsemble. A Berendsen coupling time of
0.2 ps was used to maintain. thc-temperature and pressure of the system [53] The

SHAKE algorithm [54] was€mployed to constrain all bonds involving hydrogen.

To remove bad contaéts, locations of hydrogen atoms and the added water
molecules were initially optimized, and tli;m energy minimization of the entire system
was carried out. Afterwards, the MD simliiations were performed over three periods: a
thermalization phase from 0 K té 298 K ov,er60 ps, an equilibration phase at 300 K
for 1.5 ns, and the final production period_‘f-(;ri ,15 ns. Only the snapshots taken from

the production phase were used for ay?fe_t_lygis. The convergence of energies,

temperature, pressure,jand RMSD were used for verification of the system stability.

3.3.2 Binding free energy calculations

To estimate; the ~binding ; affinity sbetweeny protein (NA) and ligand
(oseltamivir), ' the “ free ‘energy was ‘calculated 'based” on the Molecular
Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) methodology [72-74], and
implemented in AMBER! 7. Oneshundred MD snapshots were extracted (at every 75
ps) from the production phase and were used as a structural ensemble to evaluate the
MM/PBSA binding free energy. After all the water molecules and counterions were
striped, the binding free energy of the protein-ligand complex (AGping) Was computed
by:

AG,,, = AG +AG

o |.AG ligandJ (1)

complex protein
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where AGeompiex; AGprorein and AGiigana refer to the absolute free energy of the complex,
protein and ligand, respectively. Typically, the total free energy of a given
conformational state i contains the enthalpy and entropy contributions and is
expressed by:

AG. =AH. —TAS.
i i i (2)

where AH of a system is composed of the enthalpy changes in the gas phase upon
complex formation (AEyn,) and the solvated free energy contribution (AG,,) and -TAS
refers to the entropy contribution to 'the, binding. Therefore, Eq. (2) can be

approximated as:

AGI- = AE(MM)i == A(;(s(n’)i ~ TAS’ (3)

AE oy 1s further dividedeinte” van der Waals (AE,.,») and electrostatic (AEce)
interaction energies between the ligand and its reeeptor (Eq. 4). These interaction

energies were calculated using the SANDER module in AMBER 7.

AE = ALt AEele 4)

AE i 1s composed of elegtrostatio (AG”E')__ and non-polar (AG ;)" °") contributions

sol sol

(Eq. 5). -

AG = AGele +AGnonpolar
50 —

sol o = (5)
The Delphi4 program suite [57] was used to _ééfﬁluate therelectrostatic free energy of
solvation. A grid spaging of 0.33 A with the boundary condition of Debye-Hiickel
potentials was applied. 'Atomic charges were taken from the Cornell force field [52].
The dielectric values applied for water and protein were set to 80 and 1, respectively.
The non-polar eontribution to ‘the solvationfree energy iS calculated according to the

linear function 6f the solvent accessible surface area (SASA) (Eq. 6).

AGnanpular - }/SASA'i‘b

so/

(6)
where y = 0.00542 kcal mol']Az, and b = 0.92 kcal mol™. In this study, the same set
of coordinates for complex, protein, and ligand were used, and the entropy

contribution was ignored as reported and justified in previous works [75-78].
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3.4 RESULTS AND DISCUSSION

To evaluate the stability of the simulated systems, RMSDs of OTV-WT and
OTV-MT complexes obtained during the 3 ns MD simulations relative to the initial
structure were calculated and plotted in Figure 3.1. As can be seen from the RMSD
plots, the two systems were found to reach equilibrium at 1.5 ns and, therefore, the
MD trajectories extracted from the 1.5 - 3.0 ns simulations were used for the

following analysis.

Figure 3.1 RMSD plots of all atems of OTV-WT and OTV-MT systems along the

simulation time.
3.4.1 Conformational changes in the neighbourhood of H274Y

In order to determine the effect of the H274Y-mutation on the interactions
between oseltamivir and the N1 active site, changes of the molecular conformations
within the neighberhoed of*"H274Y, were monitored; Interpretations were focused on
oseltamivir’s 1.ethylproxy (—OCHEY,), and the Y274, 'E276 "and R224 side chains.
The results are shown in Figure 3.2(b) in terms“of the torsional‘angles, Tor-H274Y,
Tor-E276, Tor-R224, Tor-X, Tor:Yiand Tor-Z, defined by sets ¢f'four atoms (arrows
in Figure 3.2(a)). Here, the corresponding data from our previous oseltamivir-wild

type (OTV-WT) simulations [4] are also given for comparison.

Considering the torsional angle of the side chain of residue 274 before and
after mutation (Figure 3.2(b)), Tor-H274Y of the histidine’s immidazole ring in the
OTV-WT complex exhibits a sharp peak at 107.5° (black line), which was altered to
62.5° for the Tor-H274Y of the tyrosine’s phenyl ring in OTV-MT (grey line). This



33

rotation and an apparent size increase of the side chain in changing from H274 to
Y274 is supposed to lead to a rearrangement of the neighboring residues, R224 and
E276 (Figure 3.2(a)). Note that the formation of the hydrophobic pocket for the
oseltamivir’s bulky —OCHELt, side chain in the NA is determined by these two
residues [1, 37, 40].

The meaningful changes after the H274Y mutation were found to control the
new conformation of the E276’s carboxylate group, where Tor-E276 was noticeably
shifted by 115° from -47.5° to 67.5° (Figure 3.2(b)). This is due to the bulky side
chain of Y274 where the molecular refractivity (parameter of bulkiness) of 31.83 for
tyrosine is significantly larger than that of 23.79 for histidine [79]. Changes of the
E276 conformations were found 0 strongly influence the rotation and flexibility of

the -OCHEH, group of 0seltamivit:

This fact is indicated by, the appéafénce of a single sharp and narrow peak in
Tor-X of the -OCHE®; side chain at the )Z—terminal in the OTV-MT complex at 57.5°
(grey line in Figure 3.2(b))s This is dlffercnt from what is found for OTV-WT. The
flexibility and rotation of this terminal is shown by the three peaks at -77.5°, 57.5°
and 182.5° (black line FBigure 3.2(b)). A dramatlc change in the preferential
conformation of the X-terminal by 520 - (from 182 5° for OTV-WT to 57.5° for OTV-
MT) is clearly due to the rotatlon of T or-E276 (by 115° as described above). This
means that the rotation brings the hydrophilic -COO" group of the E276 side chain to
approach the X-terminal (see Figure 3.2(a)) of the -OCHE?;, group of oseltamivir and
leads consequently to the reduction of the hydrophobic pocket of the N1 mutant (see
Figure 3.3). In other words, rotation of the “CH3CH3 moiety at the —-OCHEL, group of
oseltamivir was*found to be induced by the reduction of the hydrophobicity of the
catalytic'pocket of 11,
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Figure 3.2 (a) Model structure of tge oseltamivir bound to the N1-H274Y mutation

=Y /
where ﬁmWﬁmm CHI bﬂll dﬂﬂrﬁt}wbﬂe locations
of R152 and W178 were also given. The torsional angles of the side chains of residues

H274Y, E276 and R224 were defined by Tor-H274Y, Tor-E276 and Tor-R224,
respectively, while those of the hydrophobic side chain of oseltamivir were described
by Tor-X, Tor-Y and Tor-Z. (b) Plot of torsional angle distribution (black for wild-
type and grey for mutant type).
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Figure 3.3 Van der Waals surface of the wild-type (OTV-WT) and mutant N1 (OTV-
MT) complexed with oseltamivir including the.€lectrostatic potential of the inhibitor,
mutated residue 274 and the two gesidues that principally contribute to the
hydrophobic pocket (R224"and E276). The negative and positive regions are shown in
red and blue, respectively. "J.

To clarify this point, structural alignment of the MD snapshots of both OTV-
WT and OTV-MT complexes sampliflg e{zﬁéry 0.5 ns after equilibration, was plotted in
Figure 3.4(c). It can besseen that the E27{6_ side chain was noticeably shifted toward
the bulky moiety of oseltamivir le,-lile diéﬁagement of oseltamivir was also slightly
exhibited. Consequently, this fact ﬂ{z&;as fouilg-;tf_qunduce some changes of the positions

of two binding residues, R152 and W 178, Eg_di-‘ng to the loss of their hydrogen bonds

i

with oseltamivir (details in the next section). -

Interestingly; “the remarkable changes mentioned above do not cause
significant changes to the -OCHETt, moiety at the Y-terminal and its contacted residue
R224, suggesting that the conformation, of-this region. is.considerably conserved. In
the results; Tor-Y and Tor-R224,' which determine'the rotations of the Y-terminal and
the R224 side chain, respectively, for both OTVEWT and OTV-MT complexes were
found at almost the same angles, (see Figure 3.2(a) and ;3.2(b)).,In addition, a slight
shift of the maximum of Tor-Z by 20° from 127.5° (for OTV-WT) to 107.5° (for
OTV-MT) indicates a strong influence of the H274Y mutation, which can establish a

rotation around the principal axis of the -OCHEt, group of oseltamivir.
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Figure 3.4 Percentage occupatlen‘ﬁfhydrgm_ndmg of (a) the mutated residue 274
(H274Y) to its surro?jndlng residues, and (b) be__ﬁ! carboxylate group of E276

= —~
snapshots of OTV-WUnd OTV-M' g every O@ ns after equilibration phase.

Close-up of oseltamivir, the.two important residues R224 and E276, and the loop 244-

250 located inﬂe %gﬁo@%@eﬂu@e%s&ij:ﬂﬂ%aﬂ shown.
’Sﬂ‘%‘fis o ﬁ'“ﬁ‘fﬁ o b S|

To understand the effects of the H274Y mutation on the intramolecular
interactions, percentage and number of hydrogen bonds between H274Y and its
neighboring residues and between the two charged residues (E276 and R224) were
determined, based on the following criteria: (i) the distance between proton donor (D)
and acceptor (A) atoms was less than or equal to 3.5 A and (ii) the D-H..A angle was
greater than or equal to 120°. The results were evaluated and given in Figure 3.4

whereas details of hydrogen bond type were shown in Table 3.1.
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It is shown from the plots that the immidazole ring of H274 strongly interacts
with the four residues G248, Q249, A250 and E276 through a hydrogen bonding
framework (black columns in Figure 3.4(a)) in which this ring acted as the centre of
interactions. This is in contrast with what is found for OTV-MT, in which only one
hydrogen bond with E276 was retained. Rotation of the Tor-H274Y by 62.5° in
changing from the histidine’s immidazole ring (OTV-WT: black line in Figure 3.2(b))
to the tyrosine’s phenyl ring (OTV-MT: grey line in Figure 3.2(b)), as discussed
above, was found to be the source for the loss of these hydrogen bonds. In addition,
the results show that the loop containing residues 244-250 is considerably conserved
(see Figure 3.4(c)). Loss of the hydrogen bond framework in the region close to the
bulky group of oseltamivir is.dikely to f;:duce the stability of the hydrophobic pocket
and subsequently to lower thescapacity of the oscltamivir binding to the N1 active

site. |

Surprisingly, four hydrogen bonjds' formed between E276 and R224 were
observed for both OTV-WT and OTV-MT 66mplexes (Figure 3.4(b)), suggesting that
the H274Y mutation does not reduce tﬁ'jc-'-;.attractive interaction between these two
residues. This finding contradicts:the pre\}ifm_is hypothesis [40] which stated that the
H274Y mutation inhibits the formation of ii:;ei{iﬂlydrophobic pocket around the bulky
side chain of oseltamivir, i.e.; hydrogen b(')ﬁ'd"rrig‘between E276 and R224 cannot be
formed in the H274Y complex.—Fioi—oui-iesulis;—the  H274Y mutation does not
prevent the E276 and R224 from forming a pocket. As-discussed above, reduction of
the hydrophobicity of the catalytic pocket of N1 in the area around the X-terminal of

the -OCHEt, meiety of oseltamiviris the primary souree of the-oseltamivir resistance.
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Table 3.1 Description of direct hydrogen bonding interactions between oseltamivir

(OTV) and particular residues of the N1 enzyme

Residues Type OTV-WT OTV-MT
H274Y---G248 H274 NE,---H N G248 74.2 -
H274Y---Q249 H274 NE,---H N_Q249 95.6 -
H274Y---A250 H274 NE,---H N_A250 29.2 -

H274 ND, HD,--OE, E276
H274Y---E276 9.5 -
Y274 _OH HH--OF, /E276

H274.ND;HD,---OE, ‘£276
H274Y---E276 s 100.0 98.7
Y274@0H"TIH---OF, E276

E276---R224 E276 OB{ Ui, /N, \R224 100.0 91.4
E276---R224 E276_OE2--—H11l_NHL_1_JR224 84.1 99.2
E276---R224 E276_0E1---HE_,NE;§224 100.0 99.8
E276---R224 E276 QF.A-AENE :Ri§4 15.0 97.6
OTV--R292 OTVO £-HHh Nt R292 100.0 100.0
OTV--R292 OTV Q- Hith s R_292 100.0 99.8
OTV--R371 OTV 01---H22 N1, R37L 87.8 88.9
OTV--R371 TV Oy---Ha NH, R371q_, . 100.0 100.0
OTV—R371  “OTY Or—Hy N, R371 1000 100.0
OTV--R371 OTV_O,—-Hy, NH, R371 J 99.9 99.9
OTV---Y347 OTV#0,--HH OH Y347 612 39.1
OTV--Y347 OIV 0,-~HH.OH Y347 303 12.5
OTV--E119 OTV N, Hyjas5s—OE, E119 98.0 100.0
OTVALEI 19 OTY NotHi insé=OB) [E119 3 623
OTV--DI51 OTV Ny Hy; 225-OD; DI51 100.0 86.2
OTV---DI51 OTV_N_Ha12225--OD; D151 100.0 100.0
OTV--W178  OTV Ns Hajsrsi—0 W178 71.1 i

OTV--R152 OTV Oy-—HH,, NH, R152 99.0 59.4
OTV--R152 OTV Os-—-HH,, NH, R152 100.0 i

OTV---E277 OTV N, H,;—OE, E277 24.8 37.0
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3.4.3 Loss of inhibitor-enzyme hydrogen bond

Hydrogen bonding analysis was extended to determine the particular
interactions between the inhibitor and its binding pocket residues, using the same
criteria as mentioned above. From the histograms shown in Figure 3.5(a), numbers of
hydrogen bonds are highly detected in the wild- and mutant-type, formed by R292,
R371, Y347, E119, D151, W178, R152 and E277. Loss of inhibitor-enzyme hydrogen
bonds, due to the H274Y mutation, takes place at W178 and R152 residues.

(a) RN -~ B——==-—(—
100 - :
= &
= 1 : '
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= ]
3 \
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-
[ g | :
SeiZs - gl I
‘.“"_‘ | . It \ . I
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—_ '
L‘-n“'l' .-'-'__HR"”!V"’—";“-‘G-'HIELI-—-——— WITE —
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Efn!,u‘“ '- ey i M |
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Figure 3.5 (a) Percerit occupation pattern of hydrogen bé‘riHS between residues in the
binding pocket (labeled on the x-axis) and side chains A, B and C (defined in Figure
3.2(a)) of the inhibitors for the two simulated systems, OTV-WT and OTV-MT. (b)
The probability distfibution$ of distance between specific atoms of the inhibitors and

NA residues, R152 and W178, located in the actiye,site of the oseltamivir.

The results'in Figure 3.5 lead to a clear conclusion that the“interaction with
W178 and the one hydrogen bond with R152 (see Figure 3.2(a) for their locations)
were lost in the OTV-MT complex (see grey lines). This observation can be
understood by the distribution plots of the related distances shown in Figure 3.5(b).
With the distances of ~ 3.0 A (maxima of the first two black-line peaks), the nitrogen
atoms of R152’s guanidinium group in OTV-WT can form two strong hydrogen
bonds with the carbonyl oxygen (Os) of oseltamivir’s -NHAc group (side C in Figure
3.2(a)). This is different for the orientation of R152 in the OTV-MT complex, where
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the guanidinium group was flipped; one of the two nitrogen atoms was turned to be
located ~ 5.0 A from the O;-oxygen (see grey line in Figure 3.5(b)) and, therefore,
only one hydrogen bond remained. For the W178 residue, the loss of the hydrogen
bond in OTV-MT is a consequence in the increase in the distance between the
ammonium nitrogen (N;) of oseltamivir and the backbone oxygen (O) of W178, from
3.7A in OTV-WT to 5.3 A in OTV-MT. Question arose whether loss of the hydrogen
bonds between oseltamivir and these two residues, R152 and W178, is due to the
displacement of the oseltamivir. It can be clearly seen from Figure 3.4(c) that
oseltamivir in the mutant system does not move toward its -OCHEt, groups (side D

in Figure 3.2(a)).
3.4.4 Oseltamivir’s solvation

The ligand solvation was menitored in terms of atom-atom radial distribution
functions (RDFs, g.,(r) =~the probability"' of finding a particle of type y within a
sphere radius » around the particle of tx}:/pe x). The results as well as the running
coordination numbers integrated up to the'first minimum (marked by an arrow) of the
corresponding RDF are surnmarized ik 1gure 3.6. No change was found in terms of
both number and distribution of water mol_éc—u_l_gs around the O;- and O-oxygens on
the carboxylate group (side A) and the 0_4-__:-"—_0_xygen on the bulky group (side D) of
oseltamivir (atomic labels shown in Figure 3.5(21)). Interést is focused on the N, N,
and O; atoms on the -NH; (side B) and —-NHAc (side C) groups of oseltamivir where
solvation in the wild-type and mutant systems 1s considerably different. The three
RDFs of OTV-MT showssharp first peaks eentered at ~3.0 A, with the corresponding
coordination nambers of 1, 1 and 0.5 water molecules for the! N;, N, and O3 atoms,
respectively. Based on detailed analysis of the simulated trajectories, the three
coordifiation numbets, ‘are found- to| results ffom one’ water’ moldcule located in the
vicinity of the —NH;' and —~NHACc side chains of oseltamivir. The situation is different
for the OTV-WT complex, where water was found at distances longer than 4.0 A
from the two nitrogen atoms while the coordination number of 0.2 was observed for
O;. The simulation results lead us to conclude that these three atoms in OTV-MT
were increasingly solvated. This can be a clear reason why sides B and C of
oseltamivir lose their interactions with the R152 and W178 residues of the N1 enzyme

(Figure 3.5(a)).
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Figure 3.6 Radial distribution functions) g(r), centered on oseltamivir atoms, to water
oxygen atoms of the OTV-WT and OTV-MT complexes. The corresponding running
coordination numbers integrated up to thé-:ir first minima (marked by arrows) are also
given. o 4
3.4.5 Binding affinity of oseltamiVi:i'j .
The MM/PBSA-based binding free_?@ergjes for the OTV-WT and OTV-MT
complexes were calculated and separated into electrostatic (4E..), van der Waals,

Gnonpolar
sol

) and electrostatic solvation (AG)

(4Ey4v), non-polar--Solvation (4 o
components. The results are summarized in Table 3.2.°As expected, the electrostatic
energy, part of the AE)us.makes a major-contribution to the oseltamivir-enzyme
binding. The H274¥ mutation'leads to a decrease.in the AGpinging from -14.6 + 4.3
kcal mol™ to -9.9 + 6.4 kcal mols The major eontribution to ¢he weaker binding
affinity?in the MT complex comes from the electrostatic solvation frée energy term,
214.3 + 10.3 kcal mol™ compared with 206.0 £ 8.8 kcal mol™ for OTV-WT. This is in
agreement with the solvation data where more water molecules were found in the
vicinity of oseltamivir in OTV-MT than that in OTV-WT. The observed trends, as
well as the absolute values of the predicted binding free energies, are consistent with

experimental studies [34] indicating the lower inhibitory potency of OTV to mutant
NA compared with wild-type NA.
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Table 3.2 Calculated binding free energy and its components (kcal mol™) for the
calculated OTV-WT and OTV-MT complexes.

OTV-WT OTV-MT
AE . -191.9+£10.5 -195.7+11.2
AE gy -28.8+£3.6 -28.5+34
AE Ny -220.6 £9.7 -224.2+9.8
AGoPolar -3.5+0.1 -32+04
AG" 2095488 217.5+10.3
AGypp 206.0/847 214.3 £10.3
AG™ + AE; 1746 £ 53 21.8+7.5
A Ghinding -14.6 £4.3 9.9+64
AGoxpoisitont £13.0+£ 0.2 -8.6 £ 0.2

3.5 CONCLUSIONS

We have studiediand compared thé fnolecular and structural properties of the
oseltamivir binding to both wild-type and -'rr'uitant of avian influenza (H5N1) NA by
using the molecular dynamig€s sisitation ﬁii)pyoach. The extensive analysis of OTV-
MT and OTV-WT complexes was carried ol-ut' J\';vith the simulated data obtained from
the present study and, previously calculated 'Jé.i_fﬁiﬂations [6], respectively. The results
provide detailed inforfation on the oseltamivir-tesistance caused by the H274Y
mutation at the molecular level. Within the N1 active site of OTV-MT, bulky side
chain of the Y274 phenol ring drives the E276 carboxylate group to rotate away in a
direction towatd an ethyl moiefy ©0f éseltamivir’s bulky group, resulting in a rather
small hydrophobic pocket that is unable to accommodate this bulky group. This is
found to be.the primary-source. of ;the.oseltamivit-tesistance-associated with the
H274Y mutation, which is‘in“contrast with ‘the proposed-mechanism-of oseltamivir-
resistance to this particular mutation in HSN1 NA [37, 40]. The E276 side chain
rotation confers the reduction of hydrophobicity at the bulky group. In addition, the —
NH;" and -NHAc groups of oseltamivir lose their hydrogen bonding interactions with
the N1 residues, which was compensated by greater accessibility to water molecule at
these two regions. This basic knowledge will be useful for the development and
refinement of new antiviral inhibitors for a high potency against both wild-type and

drug-resistant strains of neuraminidase N1.
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4.1 ABSTRACT

To predict the susceptibility of the probable 2009 influenza A (HIN1-2009)
mutant strains to oseltamivir, MD/LIE approach was applied to oseltamivir
complexed with the most frequent drug-resistant strains of neuraminidase subtypes
N1 and N2: two mutations on the framework residues (N294S and H274Y) and the
two others on the direct binding residues (E119V and R292K) of oseltamivir. Relative
to those of the wild-type, loss of drug-target interaction energies especially in terms of
electrostatic contributions and hydrogen-bonds were dominantly established in the
E119V and R292K mutated systems. The inhibitory potencies of oseltamivir towards
the wild-type and mutants werc predicted 1n-according with the ordering of binding
free energies: wild-type(-12.3.kcal mol ) = N294S (“10.4 kcal mol™) > H274Y (-9.8
keal mol™) > E119V (493 keal.mol ') A R292K (=7.7 kcal mol™), suggesting that the
HIN1-2009 influenzaswith' R292K subst_ij_tution perhaps conferred a high level of
oseltamivir resistance, #while the ‘other rﬁutants revealed moderate resistance levels.
This result calls for ansurgent neced to fdévelop new potent anti-influenza agents
against the next pandemic of potentiallj;-.-'hi'gher oseltamivir-resistant HIN1-2009
influenza. — n

4.2 INTRODUCTION 7ENS

The 2009 influenza A (HINT) virus has rapidly spread across the world with
an evidence of human-to-human transmission. The probable mutation in the
neuraminidase (NA) genes.could cause resistance to the available drugs, especially
oseltamivir. Alnew drug-resistant strain probably leads o' a large-scale outbreak of
novel pandemic¢ flu and an increase the national and global public health concerns.
Common mitations) ind N1y (@ 'subtype i NA"grfoup-1)rate detcetéd|at N294S and
H274Y, while the E119V and R292K mutations are mostly found in the N2 and N9
subtypes (in NA group-2), with oseltamivir-resistance levels relative to the wild-type
of 20 - 80, 700 - 1700, 20 - 1000 and 1500 - 10000 fold higher, respectively [28, 33-
40, 80]. To date, oseltamivir has been found to effectively inhibit this new virus (2009
A (HIN1)) due to the following reasons: the N1 of the new HINI influenza and N9
share an identical active site [81, 82], and oseltamivir was designed to fit well to the
active site of the NA group-2. With an increase in medical use and stockpile of

oseltamivir for the recent outbreak, the question arises, and is the main goal of this
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study, can we predict the inhibitory activity of oseltamivir with respect to those
frequent mutations that take place in the influenza A (HIN1-2009) strain, and thus the
potential evolution and spread of resistant strains. The oseltamivir-resistant influenza
NA mutants would perhaps serve as the emergence of a potential pandemic strain of

the 2009 HIN1 virus.

Oseltamivir is an antiviral drug against NA which functions by preventing
viral replication in the last step of the viral life cycle. It was found to directly interact
with the catalytic residues of the NA ‘active site, while the framework residues
stabilized the enzyme structure (Figure 4.1).{337. Mutations at the conserved residues
of NA appear to associate.with oseltamivir resistance in a subtype specific manner.
Thus the mutated framework sesidues H274Y and N294S are regularly indentified in
N1, while in the N2 and N9subtypes, mutations on the binding residues (E119V and
R292K) of oseltamivit were detected aftqlr treatment 1n infected patients with high
oseltamivir resistance [33-40]. -

To provide information at the mo}eéﬁlar level in order to aid the control and
prevention of emerging potential pandemig-strains of'the 2009 HINI1 influenza, multi-
molecular dynamics (MD) simulations iﬂ:ﬂﬂ gonjunction with the linear interaction
energy (LIE) method have been performed o'-l_:;r’c’gmplexes of oseltamivir bound to each
of the four most likely 2009 HiNI mutated "s';cl‘ains; that is with the H274Y, N2948S,
E119V and R292K substitutions—Fhe-stiuctural-piopeity, drug-target interaction and
the binding affinity of oseltamivir against the mutated models are extensively
discussed and compared to those recently published for the wild-type strain of the

2009 HIN1 and“HSN 1 anfluenzasAsvimusy 845 82
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Figure 4.1 Modelled selta m1ez1r boMthe wild-type strain of 2009
HINI influenza NA. A belet residues, four residues coloured in red are
singly mutated for invesfigation in this- A\ 2948, H274Y, E119V and R292K.

A
. \- . . . .
simplicity in the discussion.

ild-type NA (OTV-WT) of

the 2009 HINI virus .{81] was used as th’cnijel for the modelling of the

four single mutatlons“‘lil2948 H274Y E119V and RZQK To prepare each mutant,
the specific re m AMBER 10 program
package [83],%3 ﬁyﬂﬁgﬁ nti ﬂﬁlﬁiﬁ oms. All mutated NA
strains with Qseltam1v1r bound were'then set up and treated in accoerdance with the 20-
s MDSimilrion€3bi e i e navel 1N i 311 34 s,

Eqdch simulated system was performed by MD simulations with spherical
boundary condition under the surface constrained all atom solvent model [84] using
the Q-program [85], version 5. The atomic charges of oseltamivir were taken from our
previous study [6]. The AMBER force field [83] was applied to the amino acid and
inhibitor atoms. To set up the environment for oseltamivir to be the most similar in all

simulated systems and to take the conformational change of the oseltamivir into

account, the C1 atom of oseltamivir was then chosen to be the center of simulation
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and the whole oseltamivir structure was thus considered as ligand. In the simulations,
the system was capped by a 25 A sphere of TIP3P water molecules centered on the C1
atom of oseltamivir (see Figure 4.1 for atomic label). Atoms positioned further than
25 A from the C1 center were taken into consideration as structural restrains. All
acidic and basic side chains of residues lying within a 22 A sphere were fully charged.
In contrast, these ionizable residues positioning between 22 A and 25 A distances
were neutralized, except for the pairs of charged residues with a probable formation of
hydrogen bonding interactions. The test;ionizable residues located outside a 25 A
sphere were considered as uncharged entities I ocal reaction field approximation was
employed for calculating the long-range electroStatic interactions, with a 10-A cut-off
radius for the non-bonded interactions. The SHAKE algorithm [54] was applied to fix
all bonds involving hydregen.atom. The NVT ensemble was performed and a 2-fs
time step was used. Initially, Jocations-of the water molecules were simulated by MD
simulations at 5 K, keeping all othes atoms fixed to-their initial positions, and the
whole structure was then gelaxed by four xs:teps of simulations. Afterwards, the system
was heated to 298 K over 300 ps, followed by equilibration phase. At last, the four
equilibrated structures were randorrﬂy chosé:n -‘for employing a production phase of 5-

ns simulation. w2
4.3.2 Linear interaction énergy =

To predict the binding free energies (AGpiq) 0f Oseltamivir towards the NA
mutants the LIE method [86, 87] was used. The total binding free energy, which
includes the van der Waals (vdW) (U" dW) and the electrostatic (ES) interaction
energies (U™)iof the two simulatéd states: (i) the solvated ligand (free state), and (i)
the ligand boufid to the solvated protein (bound state), were evaluated using the
equation;

AGbind = a (< (]VdW>bound_ <UVdW>ﬁ’ee) + ﬁ (< l]ES>bound_ <UES>ﬁ’ee) + V4 (1)

where « and f are the empirical scaling coefficients for the vdW and ES interaction
energies, respectively, and y is a constant. Here, Wall’s coefficients (a = 0.472, S =
0.122 and y = 2.603), which were efficiently derived from a statistical analysis of the
inhibitor sets binding to the relevant NA enzyme [88], were chosen to fit the LIE
equation due to the three following reasons. (i) Since the outbreak of the novel HIN1

pandemic flu was just arisen in April 2009, the experimental inhibitory activities



48

required for the construction and validation the LIE model for the training set are not
available. (ii) This set of coefficients was successfully applied on the avian influenza
A (H5N1) virus in prediction the inhibitory activity of oseltamivir against both wild-
type and mutant strains [81, 82]. (iii) The four single mutated strains of 2009-HIN1
NA virus in the present study were built by a specific mutation on the wild-type strain
modelled from the crystal structure of the HSN1 neuraminidase with the sequence
identity of 91% [81, 82]. Therefore, both wild-type and mutant NA strains of 2009-
HINTI are relatively similar to the HSN1: NA enzyme.

4.4 RESULTS AND DISCUSSION

4.4.1. Reduced oseltamivir binaing to probable HIN1-2009 mutants

To examine oseltamivir susceptib|ility within the'NA pocket of the 2009 HINI1
mutant models, intermolecular hydrogeh—_bond (H-bond), ES and vdW interactions
between the oseltamivit’s §ide chains _arlld the NA residues were evaluated and
compared to those of theswild-type [S1]. The ES and vdW energetic differences were

evaluated using equations (2a)and(2b), ar{a.'ar,e summarized in Table 4.1:

¥

<AA[]E S>bound = <UE S>bound [mutant_]:$UE S>b0und [Wlld'type] (221)

<AAU > png = <O Tmutant] = <Oy [wild-type]  (2b).

The positive aad negative values of the energy components indicate that the
selected moiety of oseltamivir in the mutants decreases and increases its binding
potency, relative to that of the wild-type, respectively. The H-bonds were calculated
according to the two criteria that: (z) the proton donor (D) and acceptor (A) distance is
< 3.5 A and (i)l the D-H..A angle is > 120°. The results are shown in Figure 4.2,
whereas'thetdescriptiofiscarecgiven il Table 4,2 Theischematicyviews of hydrogen
bonds formed between oseltamivir and its binding residues  extracted from the

simulations were given in Figure 4.3.
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Lower oseltamivir binding free energies to the probable HIN1-2009 mutants

were observed in terms of the H-bonds, AU™ and AU**" energies relative to the wild-

type, depending on where the mutation is located. As expected, the ES effect of single

mutation at the framework residues (H274Y and N294S) is drastically less than that at

the direct binding residues (E119V and R292K), which leads to the AU*® reduction
being in the range of c.a. 10 - 11 and 24 - 25 kcal mol”, respectively (Table 4.1(a)).

Table 4.1 Changes in the electrostatic and wan der Waals interactions for the four
substituent functional groups.of eseltamivit-inthe.bound states of the modelled HIN1
mutant relative to those of wald=type. Méans and standard deviations are derived from

four separate 5 ns simulations:

(a) Electrostatic interdctions

Functional group ‘<ZlAUES>b0und [kcal mol'l]

N2948 H274Y . E119V  R292K
—COO 83302 11300 5401 141202
_NH;' 27504 28405 L1£0.6 23+12
_NHAc 30501 20200 60£01  42+02
—OCHE, (3406 06-06 15£09 4312
Oseltamivir 100206 111506 239500 24912

(b) Van der Waals interactions

Functional group <AAU" > 04 [keal mol™]

N294S H274Y E119v R292K
-CO0O? 03+0.0 03+0.0 03+00 0.8+0.3
-NH," 0.6,% 0.1 0.6£0.0 ., 0.3 £.0.1 0.8 +£0.1
—-NHAc¢ 0.2:4 0:1 1.0 £ 01 11£0.007 0.7 +0.1
—OCHEt, 1.4+0.1 1.5+ 0.0 0.1£0.0 3.2+0.2

Oseltamivir 25+0.0 3.4+0.0 1.2+£0.0 4.2+0.2
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Figure 4.2 Percentage occupatlon of H-bonds betweeh the functional groups of

oseltamivir and the -NA residues (see Figure 4.1 for re51dde positions) in the mutant
models with the single’ substitution at two district regions: the framework residues
closed to the hydrophobiespocket (N294Ssand H274Y), and the direct binding
residues (E119V and R292K).

For the HINI ‘wild-type;ithe strong oseltamivir-NA interactions were found
via five, three and one H-bonds (> 75%) with the —COO’, -NH;" and -NHAc
moieties, respectively (Figures 4.2(a) and 4.3(a)). In the two framework region
mutations, it can be seen that the —COQO" group of oseltamivir has almost lost the H-
bonds with R118 (see Figures. 4.2(b) and 4.3(b) for N294S; Figures. 4.2(c) and 4.3(c)
for H274Y) in correspondence with the AU*® (-COO") reduction of 11.3 kcal mol™ in
H274Y and 8.3 kcal mol™” in N294S (Table 4.1(a)). As expected (Table 4.1(b)), the
decreased AU™" (oseltamivir) of 2.5 kcal mol™ by N294S and of 3.4 kcal mol™ by
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H274Y were mainly contributed from the loss of vdW interactions at the bulky
OCHEt, group (~1.5 kcal mol™). Previous theoretical studies on the influenza NA
mutants have already explained how the H274Y mutation confers oseltamivir-
resistance by a meaningful change of E276’s sidechain conformation with a
consequent effect upon the shape and size of the hydrophobic pocket for the -OCHEt,
moiety [6, 81, 82] while E276 in the N294S mutant acted as the center of H-bond
network between R224 and S294 [82] similar to that found in the crystal structure of
the oseltamivir-resistant HSN1 N294S wvariant [80].

Table 4.2 Hydrogen bond descriptions and mteractions detected between oseltamivir
(OTV) and particular residucs.of.the N1 enzyme in Figure 4.2 (see Figure 4.1 for

atomic label)

Residue Type WT N294S H274Y E119V R292K
R118 OTV_0O2---NHI R118 7‘ 11 - - 6 24
R118 OTV_02---NH2 R118 84 20 5 76 55
R292/K292  OTV_O1---NHI1 R292 100 99 100 99 -
R292/K292  OTV_OI1---NH2.R292 97 & 89 76 97 -
R371 OTV _Ol---NHt “R371 100"~ - _100 100 100 100
R371 OTV- ©2---NH2 R371 100 100 100 99 100
E119/V119  OTV_N1---OEl E119 53 19 39 - 28
E119/V119  OTV_NI1---OE2 E119 76 100 100 - 50
D151 OTV N1--“ODL /D151 7l 81 78 98 49
D151 OTV_NI1---OD2 D151 88 78 76 - 23
R152 0TV} O3-=-NHZ R152 77 98 93 100 97

With a relatively high reduction in the ES contribution to oseltamivir in the
mutations at the binding residues (E119V and R292K, Table 4.1(a)), the mutated
residues V119 and K292 showed a complete loss of H-bond interactions with the -
NH;" and -COO™ moieties of oseltamivir (Figures. 4.2(d) and 4.3(d) for E119V;
Figures. 4.2(e) and 4.3(e) for R292K), supported by an increase in the AU*® (-NH;")
by 11.1 kcal mol™ and in the AU® (-COO") by 14.1 kcal mol™. In addition, only one
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H-bond with D151 in the E119V mutant was maintained, while lower H-bond
strengths in the R292K mutant were observed at R118, E119 and D151. Moreover, a
reduced vdW interaction of 3.2 kcal mol” was found at the -OCHEt, group in the
R292K mutant because the side chain of K292 (Figure 4.3(e)) is smaller and shorter
than that of R292 (Figure 4.3(a)). The results of the R292K mutation were somewhat
comparable to the computational study of the sialic acid analogs binding to the

R292K mutated NA subtype N9 [90].

(B) N2945S

|
|
|

‘ [E} R292K

Figure 4.3 Electrostatic potential of five different NA strains complexed with
oseltamivir where negative regions are in red and positive regions are in blue: (a)
wild-type, (b) N294S, (c) H274Y, (d) E119V and (E) R292K. Close-up of

oseltamivir, hydrogen bonds to its binding residues are represented by red dashed line.
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4.4.2. Prediction of inhibitory activity against the HIN1 mutated strains

Based upon the MD/LIE approach, the binding affinities of oseltamivir
towards  different mutant models of the 2009 HINI influenza
(A/California/04/2009(HIN1)), according to equation (1), were predicted and are
summarized in Table 4.3. As expected, oseltamivir’s binding free energy against the
wild-type (WT) is the most favorable one at -12.8 kcal mol”. Only moderate binding
free energy values were found for the N294S, H274Y and E119V mutated strains, in
which the corresponding AGp,q of <104, 9.8 and -9.3 kcal mol™, respectively. The
lowest favorable binding of eseltamivir/is’ found in the R292K mutant with a
predicted AGp;,q of -7.7 kcal mol'. All the calculated binding free energies were
found to fall within the'ranges-ofthose experimentally determined for various wild-
type and mutant strain§” of ghe othet'influenza N1 and N2 subtypes (Table 4.3) [33-
40]. Taking all the above data‘into accdupt, it seems likely that oseltamivir will be
significantly less potent'an inhibitor.for :_;ﬂi the modelled mutants of the 2009 HIN1
strains, with the ranked ofdegofi R292K < El 19V < H274Y <N294S.

Table 4.3 MD/LIE binding free .energies -(AGbmd) of oseltamivir towards the 2009
HINT1 influenza NA (A/Cahforma/04/2009LHfN1)) for the wild-type (WT) and the
probable single mutations: N294S,-H274Y 'B119V.and R292K. Means and standard
deviations are derived fioii-foui-sepaiate-S-ns-siinulations. The experimental AGy;,q
for different strains of*N1 and N2, converted from the X, inhibitory and /Cs, values,

are also given for comparison.

AGyia[Kcal mol™]

NA strain WT N294S H274Y E119V R292K

Predictive
A/California/04/2009¢H 1NI1) -12.84£0.9 “10.4+£0.9] 9:8:1.04-93+0.8 -7.7+0.7
Experimental*

A/WSN/33 (HIN1)? -12.1 9.3 8.5 - -
A/Puerto Rico/8/34 (HIN1)" -11.4 -8.8 -8.1 - -
A/Vietnam/1203/04 (HIN1)"  -13.0 -11.2 -8.6 - -
A/Vietnam/1203/04 (H5N1)° -13.1 -10.5 9.8 - -
A/Sydney/5/97 (H3N2)" -12.8 -8.3 - -8.6 7.3
A/Wuhan/359/95 (H3N2) -12.4 - - 9.1 -6.2

*AG experimens Was calculated from the experimental data using the following references: (a) Abed et al.

2008, (b) Yen et al. 2007, (c) Collins et al. 2008 and (d) Yen et al. 2005.
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4.5 CONCLUSIONS

In the present study, multi-MD simulations in conjunction with the LIE
method was performed on oseltamivir-NA bound complexes for the four probable NA
mutants of influenza A (HIN1-2009): two mutations on the framework residues
(N294S and H274Y) and the two others on the direct binding residues (E119V and
R292K) of oseltamivir. Reduction in the oseltamivir-enzyme interaction energies,
particularly in the ES term, and in the hydrogen bonding were both observed in the
two mutated systems with substitution on the direct binding residues, E119V and
R292K. Based on the MD/LIE approach, thé imhibitory potencies of oseltamivir
towards the wild-type and mutants were predicted. in accordance with their derived
binding free energies (AG ) q) with: wild-type (-12.3 kcal mol™") > N294S (-10.4
kecal mol™") > H274Y"(-9.8kcal mol ") > E119V (-9.3 kcal mol™) > R292K (-7.7
kcal mol™). This means that oseltami\}in‘. (which, to date, effectively inhibits the
current HIN1-2009 wild-type strain)-s lejss effective in protection and/or treatment of
patients with these prebable mufants, and especially with the R292K variant.
Therefore, surveillance of any mutations i'rifthé influenza A (HIN1-2009) needs to be
closely watched, and prompt action taken:*‘i'qr preparation for the next pandemic of
potentially higher oseltamivir resistant HI:EfIHf'Jinﬂuenza strains. This calls for the
urgent development. of new potent anti—i'ﬂﬂ:tréh’za agents against both native and

mutants forms of H1IN#=2669:
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5.1 ABSTRACT

The molecular details of the cleavage mechanism in neuraminidase (NA) were
studied using combined QM/MM MD simulations to understand the viral propagation
step. To investigate the function of the amino acid residue at position 347 in the
binding pocket, different NA subtypes: N1-1918, N1-2005, N1-2009, N2-1967 and
N8-1963 bound with human substrate (SA-0-2,6-GAL) were performed. Ring
conformation of sialic acid linked with galactose unit was observed to change from
chair to twist-boat conformation in all systems except for an avian N§8-1963 strain.
This conformational change was stabilized wvia hydrogen bond interactions with the
N/Q347 and K431 residues.in both the N1 and N2 subtypes. This is not the case for
the Y347 residue of avian typein N1-2005 and N8-1963 strains. This indicates that
the residue at 347 could be an essential residue t0 stabilise the conformational change

of the natural substrate’and ¢ould be the source of the avian-human barrier for NA.

5.2 INTRODUCTION

The current outbrealk of the nove_i-’_ HIN1-2009 influenza virus has raised
global awareness of widespread human-to-human transmission [14, 15]. The first
pandemic of 21% century of the new strain.h‘as__';spread rapidly, increasing the number
of human deaths to more than 13,000 cases [13]. The combination of gene segments
from swine, avian and human influenza viruses in the HIN1-2009 strain has not been
detected before [90]. The most interested segment is focused on neuraminidase (NA)
which has aming acid residues around the binding pocket that are similar to those in
the pandemic Spanish flu HIN1-1918 infleenza virus subtype. Understanding of the
main interactions between these important amino acid residues and the natural
substrate in diffefent, NA subtypes_ could provide wuseful  information for drug
development.

NA is a membrane glycoprotein of influenza virus that cleaves the terminal
sialic acid and releases the new viruses to infect other cells [17]. Because the cleavage
mechanism is an essential step for viral replication, NA has become a potent target for
drug development for influenza virus. NA inhibitors have been designed and

synthesized based on the transition state analog of sialic acid (SA) [1, 17, 41].
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Currently, the potent oral-active agent, oseltamivir, has been widely used against NA

function for all subtypes.

Nine subtypes of NA are classified into two groups: group-1 (N1, N4, N5 and
N8) and group-2 (N2, N3, N6, N7 and N9) by genetic and structural relationships
[21]. Different subtypes of NA have similar structures, which amino acid residues in
the active site being highly conserved. Only NA subtypes N1-N2 have been found to
infect humans. The ability of influenza virus to infect a host is influenced by the
different types of linkage between SA and galactose (GAL) on the host cell surface
[18]. Human influenza virus attaches to the“host substrate via a SA-u-2,6-GAL
linkage, while the avian_influenza virmus binds preferentially to the SA-a-2,3-GAL
linkage [19]. The different speeifieity of the natural substrates could be the barrier that

prevents avian-human viraLinfeetions.

Although, all amino acid residues in the active site which NA uses to interact
with SA unit are conServed, /only. the ré!éidue in position 347 next to the catalytic
pocket keeps changingsits nature. Surpriéingly, the different types of amino acid at
this position do not affect signiﬁcantly_ the efficacy of the NA inhibitors [13].
Moreover, the N347 residue in’the novel EI-I—N_"._I—2009 strain is the same amino acid
type in the pandemic Spanish flu H1N1-19_1___'8'—_ strain while the avian H5N1 strain has a
Y347 residue at this position [23, 91]. Until h(:\:v, no experimental data or theoretical

studies have revealed.the role of this residue in the NA cleavage mechanism.

The mechanism of NA reaction has been proposed based on kinetic isotope
effect [92], nuelear magnetic resonance, spectroseopy-[92] and molecular dynamics
(MD) simulations "[93=95].“The' catalytic ‘pathway for the cleavage mechanism is
considered in following steps [92-95]: (i) The binding process of Sialoside (SA linked
with GAL unit) to-NA‘active site invelves a confermational changelof the sialic acid
part from a chair to a twist-boat conformation. This is induced by a steric effect
caused be the Y406 and E277 residues at the base of the active site. Consequently, the
carboxylate group of sialic acid interacts with the Arg-triad, R118, R292 and R371,
via charge-charge interactions. (ii) Proton donation and formation of the transition-
state intermediate of sialosyl cation are postulated by the activated water molecule by

residues D151 and R152. (iii) Release of N-acetylneuraminic acid (NeuSAc) is
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initially formed by a-anomer and then following by mutarotation to f-anomer in

solution.

In this study, substrate-enzyme interactions between the natural substrate, SA-
a-2,6-GAL, and different NA subtypes: N1-1918 (Spanish flu), N1-2005 (avian H5SN1
flu isolated from human), N1-2009 (the novel HIN1-2009 flu), N2-1967 (Asian flu)
and N8-1963 (avian flu isolated from duck), were studied using QM/MM MD
simulations. The aims of this study were to study the first step of the cleavage
mechanism in different NA subtypes and to investigate the function of the amino acid

residue at position 347 in the binding pocket:
5.3 METHODS

5.3.1 System prepawation

Due to the lackof Xeray stuticture of NA bound with the natural substrate, the
initial modelled structuzes for NAS comp];e;ied with SA-a-2,6-GAL were obtained via
the following steps. Theshuman SA-2,6—GAL receptor was taken from Protein Data
Bank (PDB) code: 1RVT [96]. Superimpk)_sit-ion of SA-2,6-GAL with ligand in the
active site of NAs was obtained from X-ray structures from PDB codes: 3B7E [91],
2HU4 [23], 2BAT [22] and 2HTR 23] o obkin N1-1918, N1-2005, N2-1967 and
N8-1963 systems, respectively.-Finally, homelegy modelling was used to model N1-
2009 from the N1-1918 system-using-the-sequence-template of the novel influenza
virus with the A/California/04/2009(HINL) strain [97}. lonization states of amino
acids were assigned using the PROPKA program [71]."All missing hydrogen atoms
were added using HBUILD, module;in CHARMM [98].-This-was then followed by
2,500 steps of'steepest-descents (SD) minimisation: Every 'system was solvated with
25 A radius of TIP3P [51] water model centeréd on C2 atom “(See Figure 5.1 for
atomic “position). The ‘solvated water/molecules were minimized using 600 steps of
SD and 1,000 steps of adopted basis Newton Raphson (ABNR). The solvent sphere

was then equilibrated for 25 ps with protein and ligand fixed to relax the system.

5.3.2 QM/MM MD simulations

The QM region contained only SA-2,6-GAL and the overall charge was -1
with 63 atoms. The QM atoms were represented using the semiempirical PM3carb

model while the other residues were simulated using the classical CHARMM
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forcefield [99]. Each system was divided into the reaction zone (0 - 21 A) treated by
Newtonian dynamics and the buffer regions (22 — 25 A) treated by Langevin
dynamics. A stochastic boundary MD simulation [100] was used to keep water
molecules from moving outside of a 25 A sphere. Amino acid residues in the buffer
region were restrained at the minimized positions. Langevin dynamics of protein
heavy atoms and water oxygen atoms were used by friction coefficients of 250 and 62
ps”, respectively [101]. The rest of system that was located more than 26 A from the
center atom was restrained during the simulations. The SHAKE algorithm [54] was
applied to constrain the length of all bonds/iuvolving hydrogen atoms. A nonbonded
cutoff with 13 A and a dynamies integrator isin€ a1 fs of time step was used. Before
dynamics of each substrate-NA complex was minimized by performing minimization
on the whole system with*500 steps of SD, followd by 1,000 steps of conjugated
gradient (POWELL). Thé system was heated to 300 K in three steps with 10 ps
intervals (10-100 K, 100200 Ksand 200-300 K). Then, the system was simulated in
equilibration phase at 300 K and productia:n phase was taken from 300 to 1,000 ps.

5.4 RESULTS AND DISCUSSION Z/A

b i A

5.4.1 Conformational changes of n;iiural substrate in the first step

In the first step-ofcleavagemechanisi,-the natural substrate (SA-0-2,6-GAL)
has been proposed to ehange the main ring conformation at the sialic acid (SA) part
via steric repulsion by Y406 and E277 at the base of the active site [92-95]. To study
the dynamics behavious of SA~a-2;6-GALin the,binding progess, three torsion angles
were measured at carboxylate position (Torl), main ring'of SA (Tor2) and galactose
(GAL) conformation (Tor3). The results are showirin Figure 5.1 ds'defined by sets of

four atoms i Table 5. I

At the beginning, carboxylate group (Torl in Figure 5.1(a)) of SA taken from
X-ray structure [96] was -67° in the axial position of the pyranose ring. The observed
results of Torl along QM/MM MD simulations were ~150° for every system except
N8-1963 system. This is indicated that the carboxylate group could transform from
the axial position to a pseudo-equatorial position as has been proposed by several

studies [92-95]. The distorted conformation of the pyranose ring was measured further
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by Tor2 in Figure 5.1(b) at the main ring conformation. The calculated torsion angle
of ~0° was used to confirm conformational change from boat (-60°) to a twist-boat
(~0°) conformation. This unfavourable conformation of SA induced the second step
of the cleavage mechanism due to leaving of GAL unit as can be seen in Tor3 in
Figure 5.1(c). Tor3 indicates conformation of GAL to SA in SA-a-2,6-GAL structure
which O6 atom of GAL links with C2 atom of SA at the equatorial position (~180°) at
the beginning. After SA changed its structure to the twist-boat conformation, the GAL
unit was pushed to the perpendicular posmon (~90°) of the pyranose ring, making the
suitable conformation of GAL to be cleaved. 'florthe second step of mechanism [95].
Although, the conformational ehanges were detected in the N1 and N2 subtypes (N1-
1918, N1-2005, N1-2009-and N2-1967 systems), this.was not observed in the avian
N8 strain (N8-1963) W?Sf the boat conformation was found. This could lead to
n v

the low ability of the a irus to cleave the glycoside bond of the human receptor.

= Torl Tor2 - Tor3
=
£r
3
,J-E-
3
h G r L] L T 1
0 2500 S0 TEQ0 0 150 S00 TR0 L] 150 500 TG 1000
Time/ps

= N1-1818 =—N1-2005 =— N1-2008 = N2-1967 — N8-1963

Figure 5.1 Torsion angles (Torl-3) for each of the five systems as a function of
QM/MM MD simulation time, representing the conformational change of the natural

substrate in human (SA-2,6-GAL) receptor
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Table 5.1 Definition of torsion angles (Tor1-3 shown in Figure 5.1) for human SA-
2,6-GAL receptor

Torsion angle Definition
Torl C1-C2-01-C3
Tor2 C2-01-C3-C4
Tor3 06-C2-01-C3

5.4.2 Substrate binding to NAs/

To study the intesactions between the natural substrate and NAs, hydrogen
bond frequencies were determined based on the following criteria: (i) proton donor-
acceptor distance < 3.54A. sand /(i) ddrfbr-H-acceptor bond angle > 120°. From
hydrogen bond results in Figure 5.2, no'-n;e,igniﬁcant difference was found in the SA
part. The main interactions ‘were conéeryqd with the hydrogen bonds of the
carboxylate group of SA"and tﬁe ‘Arg—trir_a-;_d,-'Rll& R292 and R371. The hydroxyl
group interacted with the negative charge er-STi‘dl}ue, E119. For the N-Acetyl part, R152
formed hydrogen bonds with the carbonyfgy?up. The last substitution group, the
bulky hydrophilic group was found to interenlctr with the/E276 and E277 residues in

every system.

The most interesting part was observed in the GAL unit. Hydrogen bond
interactions weré ebserved-enlyinsthey N leand IN23subtypes avith the N294, N/Q347,
G348 and K431, residues while no'such hydrogen bond interactions were found in N8
subtype_(see._in Figure 5.2). The human_ viruses,*"N1-1918, N1-2009 and N2-1967
strains, show the samevhydrogen:bond pattern between GAL and N/Q347 and K431
residues. This is different pattern in the avian viruses, N1-2005 and N8-1963, in
which these hydrogen bond interactions were detected only in the avian N1-2005
virus isolated in human [23] with N294 and G348 instead of Y347 and K/E431. In
contrast with N8-1963, an avian virus isolated from duck [23], G294 and G348 could
not interact with GAL in the same way with the avian N1-2005. Moreover, the
positions 347 and 431 in avian N8-1963 virus are Y and E, respectively, and these
were not found to be able to interact with GAL. This could be the reason that the



62

unstable twist-boat conformation in N8-1963 system could not be formed due to the

lack of stabilisation by surrounding residues.

——— Sialicacid ————||— Galactose —

Figure 5.2 Hydrogen b@nd pattern of SA-2,6-GAL with the surrounding residues in

NA active site

R118 RZ9Z R3IT1 E119

5.4.3 Role of residues 347 and 431
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Normally, the residue at position 347 in the NA active site does not make any

significantly different interactions with SA or inhibitors. However, this residue keeps
changing its nature. Interestingly, the novel HIN1-2009 strain has the same N347
with the pandemic Spanish HIN1-1918 strain while the avian H5N1 strain has Y347
residue taking its place at this position. To study the role of residue 347, the distances

between N/Q/Y347 and GAL were plotted in Figure 5.3 with the distances from

residues K/E431 and Tor3 which was used to indicate the positional change of the

GAL part in SA-a-2,6-GAL from a parallel to perpendicular position of the main ring.
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At the beginning, the distances between these two residues were far from
GAL ~4 - 8 A in every system. However, when SA changed its conformation and
pushed GAL in the perpendicular position (see the red lines at ~90° for Tor3),
N/Q347 and K431 were found to come closer to GAL. It can be seen as the blue and
black lines in Figure 5.3(a), (c) and (d) for NI1-1918, NI1-2009 and N2-1967,
respectively. This could make hydrogen bonds and stabilise the conformational
change of the natural substrate from the chair to the twist-boat conformation. In

contrast, Y347 and K/E431 in NI 2 d N8-1963 could not interact with GAL
(Figure 5.3(b) and (e)), especmlly in th &-1963 virus that has completely lost
interaction with these tw es For even if Y347 could not form a
hydrogen bond with

GA 7
could be formed via t CXirTe __

duc » in the actMte, N294 and G348 (Figure
5.2(b)). \

) the stabilisation of twist-boat conformation

Figure 5.4 Three dimensional structure of (a) N1-1918, (b) N1-2005, (¢) N1-2009, (d)
N2-1967 and (e) N8-1963 bound with SA-a-2,6-GAL in the first step of the cleavage

mechanism.
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All together from QM/MM MD simulations, the first step of the cleavage
mechanism is performed by the changing of the chair to the twist-boat conformations
via the steric effect in the base of the active site. The twist-boat conformation was
stabilised by hydrogen bonds from the N/Q347 and the K431 residues in N1 and N2
subtypes (see the three dimensional structure in Figure 5.4). In contrast, the avian
virus N8 could not change the conformation of the SA of the natural substrate in

human, SA-a-2,6-GAL, that is cleaved in the second step of the cleavage mechanism.

5.5 CONCLUSIONS

The combined OM/MM.-MD simulations were used to study the natural
substrate in human (SA-g-2:6-GAL) bound to different NA subtypes (N1-1918, N1-
2005, N1-2009, N2-1967andN8-1963). The ring conformation of sialic acid linked
with the galactose unit #vas observed to change from a chair to a twist-boat
conformation in all syStems except for alf ayian N8-1963 strain. This conformational
change is stabilized via hydrogen bond‘l‘a_interactions with the N/Q347 and K431
residues in both the N1 and N2 sﬁbfypcs. Tl;llS 1s not the case for the Y347 residue of
avian type in N1-2005 and N8&-1963 str;iKS; -The hydroxyl group of the tyrosine
residue at position 347 in aV1an stralns dose not accommodate a twist-boat
conformation of the natural substrate The obtalned results indicate that the residues
347 and 431 could b&'the source of the avian-human baitier in the substrate binding

process.
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6.1 ABSTRACT

The accurate prediction of absolute protein-ligand binding free energies is one
of the grand challenge problems of computational science. Binding free energy
measures the strength of binding between a ligand and a protein, and an algorithm that
would allow its accurate prediction would be a powerful tool for rational drug design.
Here we present the development of a new method that allows for the absolute
binding free energy of a protein-ligand complex to be calculated from first principles,
using a single simulation. Our method involves the use of a novel reaction coordinate
that swaps a ligand bound to a protein, with/am‘equivalent volume of bulk water. This
water-swap reaction coordinate is built using.an‘identity constraint, which identifies a
cluster of water molecules_from bulk -;;slater that occupies the same volume as the
ligand in the protein active site. A dual topology algorithm is then used to swap the
ligand from the active sit€ with the identified water cluster from bulk water. The free
energy is then calculatedsaising replica ekéhange thermodynamic integration (RETI).
This returns the free energy change of sigl:lultaneously transferring the ligand to bulk
water, as an equivalentwolume of bulk \Nﬂater is transterred back to the protein active
site. This, directly, is the absolufe Binding;?reé energy. It should be noted that while
this reaction coordinate models-the bindiné'ﬂp{ocess directly, an accurate forcefield
and sufficient sampling are still required t_(i_ﬂl_q\jv for the binding free energy to be
predicted correctly. In this paﬁer we pres‘e-ntqthe details and development of this
method, and demonsifate how the potential of mean force (PMF) along the water-
swap coordinate can be improved by calibrating the soft-core Coulomb and Lennard-
Jones parameters used for the dual topology:calculation. The optimal parameters were
applied to caleulations” of protein-ligand binding free energies of a neuraminidase
inhibitor (oseltamivir), with these results compared to experiment. These results
demonstrate that the water-swap eoordinate provides'a viable and-potentially powerful

new routg for the prediction of protein-ligand binding free energies.
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6.2 INTRODUCTION

A method that could predict the absolute binding free energy of a ligand to a
protein would be a powerful tool for rational drug design. Binding free energy
measures the strength of binding between a ligand and a protein, and its accurate
prediction is one of the grand challenge problems of computational science. However,
despite decades of international research, no method exists currently that allows from
first principles, the binding free energy of a ligand to a protein to be predicted
accurately, and within a reasonable times¢ale (i.e. in less time than the ligand could be
synthesized and the binding affinity measuréd.experimentally). The current state of
the art in the field are methods based on statistical thermodynamics, which use either
free energy perturbations(FEP){102-105] or thermodynamic integration (TI) [106-
108]. These are used«t0 caleulate the free energy change of either perturbing one
ligand into another te obtain' a relative___ binding free energy [109, 110], or of
annihilating a ligand both while bound t(;),‘;he protein, and while in bulk solvent (so-
called double-annihilation [ 141] or double-decoupling [112,113]), used to obtain the
absolute binding free enewgy [114, 115].'-Sev_-era1 excellent reviews of binding free
energy methods have been written [ 16-119], many of which detail the difficulties of
their application [120-122]. : 4

Existing double-decoupling absoluté:‘-binding free energy methods use two
separate reaction cootdinates that perform the decoupling of the ligand independently
from both protein and from bulk water. To return the correct binding free energy, they
require the addition of extra terms that account for the restraints used to limit the
accessible volume, of. the=ligand., while it s, being, decoupled [112, 113]. The
decoupling free energies must be calculated with athigh'accuracy. This is because, for
large or polar ligands, they are typically of an order of 5 to 20 times the magnitude of
the binding \affinity, ‘and the binding, free energy is calculated as| the difference
between the free energy to decouple fully the ligand from bulk water and the free
energy to fully decouple the ligand from the protein. Methods that reduce errors by
avoiding these large decoupling free energies are the subject of active development.
For example, Helms and Wade have developed an ingenious reaction coordinate [ 123]
that perturbs a ligand into water. However, the method only works for buried binding
sites, as otherwise, as the ligand is turned into water, the appearing waters would be

free to diffuse into bulk. Helms and Wade thus limited the application of their method
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to the calculation of the absolute binding free energy of camphor to P450cam.
Warshel et. al. have also proposed a similar route as a means of calculating absolute
binding free energies [116]. They proposed a free energy cycle that exchanges the
bound ligand with a corresponding volume of bulk water. The cycle uses separate
non-physical perturbations that mutate the ligand to water, and a cluster of bulk water
to ligand. These perturbations proceed via uncharged forms of the ligand and water
[116]. Woo and Roux have also devised a method that avoids calculating large
decoupling free energies, by using restraints along a new reaction coordinate that, in
effect, pulls the ligand out of the binding site'and moves it to bulk water [124]. A
similar, but perhaps simpler approach has alsebcen devised by Doudou, Burton and
Henchman [125]. 7

In this paper we describe a new reaction coordinate, which we call the water-
swap reaction coordinate’ (\WSR(C). This reaction coordinate acts, within a single
simulation, to swap the ligand bound to the protein, with an equivalent volume of
bulk water. The effect’is to allow for the xc:alculation of the free energy of transferring
the ligand from being bound to the protéin, to being solvated by bulk water, while
simultaneously an equivalent Volume of bulk -‘Water 1s transferred back to the protein.
This free energy is, directly, the absolute gfn@ing free energy. This is a significant
advance on previous methods, as the WSR_(E ayoids the problem of large decoupling
free energies, does not require the use of any r;straints, and it allows for the binding
free energy to be calctilated directly from a single simulation along a single reaction
coordinate. In the next section we present the details of the implementation of the
WSRC. We then test and refine the coordinate in calculations for which the expected
free energy changelis known exactly. Finally, we present the application of the refined
WSRC to the calculation of the absolute binding free energy of the drug, oseltamivir,

to infldenza neuraminidase.

6.3 METHOD DESCRIPTION

The idea of the water-swap reaction coordinate is based on a method, which
we have developed recently, that allows for the identity of water clusters to be
constrained during a simulation. This identity constraint (described in detail elsewhere
[126, 127]) works by changing how water molecules are labelled during a simulation.

Rather than labelling water molecules based on their index in an input coordinate file,
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water molecules can instead be labeled by their location in space. This is achieved by
placing identity points in space. For example, let us consider a blue and a green
identity point (Figure 6.1(a)). These are used to label the blue and green water, with
the labels assigned so as to minimize the sum of the distances between the center of
the blue water molecule and blue point, and the center of the green water molecule
and green point (Figure 6.1(b)). As the simulation progresses, and the water
molecules move, this constraint is continually re-evaluated. If another water molecule
moves such that, for example, it becomes closer to the green point (Figure 6.1(c)) then

the identities of the waters are swapped, and/fptj}gn becomes the green water molecule
(Figure 6.1(d)). -

; |
(a)A green and-# blie -B‘;Ehese identify the green
identity poifit afe Added to ~and blue Waters (the two
a box of Water. —E&Eﬁ"s that minimise the
o }?T;g:l;gigtance between the
she grecn water angkgreen
point, and the 4:1_9 water

4
[ - and blue point).
Yy EY})

(e)This constraint is (d)...then it swaps its
re-evaluated as the waters  identity with the green
are moved, e.g. if another water, and it then becomes
water moves closer to the the green water.

green point. ..

Figure 6.1 Illustration of the identity constraint algorithm used to constrain the
identity of a cluster of water molecules (two water molecules in this case) within a

box of bulk water.
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In this way, the identity of the cluster is maintained, as water molecules that
diffuse away from the cluster are replaced by water molecules that diffuse into it.
Note that the identity constraint only affects the labelling of the water molecules. The
molecular coordinates are unchanged, no forces or restraints are required, and the
thermodynamics of the system is unaffected. The WSRC uses the identity constraint
to constrain the identity of a cluster of water molecules that occupy the same volume
as the ligand. It achieves this by using two separate periodic boxes (Figure 6.2(a));

1. The bound protein-ligand complex solvated in a periodic box of water. This
is called the protein-box.

2. A periodic box of water that is eCatércd on the coordinates of the ligand.
This is called the bulk-water-bex:

The protein- and bulk.water-boxes are then connected together by attaching
them to the same thermostat andbarostat (Figure 6.2(b)). This has the effect of putting
both boxes into the same heat bath; and ensures that both boxes are in thermal
equilibrium with one another (i.¢. they bo'-t:h have the same temperature and pressure).
While the identity constraint can be used 1n molecular dynamics simulations [126], to
simplify its implementation, heré, We ha\}_‘é;_.,' c{éveloped the water-swap coordinate to
use Monte Carlo [128] (MC) sampling. Co_n-lzegting the boxes to the same thermostat
and barostat is thus achieved easily by using the total energy of both boxes, and total
volume of both boxes in the set of MC accépt;lnce tests/used during the simulation.
With the two boxes connected together, the next step is to'add identity points onto a
selection of the atoms of the ligand. These identity points move with the atoms of the
ligand, and are used to identify a cluster of water molecules in the bulk water box that
occupies roughly the same volume as the ligand (Figure 6.2(¢)). As the bulk-water-
box is centered on the ligand, the identified water cluster has about the same cartesian
coordinates as’ the-ligand- (in-Figure ‘6.2 ‘the boxes ‘are ‘drawn side-by-side only for
clarity. In reality they lie directly on top of each other). The choice of atoms is
arbitrary, with the aim being to pick a subset of atoms that allows a cluster to be

identified which has roughly the same shape and volume as the ligand.
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(a)The water-swap coordinate requires two
periodic boxes, a protein-box (left) and a
bulk-water-box (right).

nected

‘barestat. This has
\. he same
using a blue

the

'ﬁ--;q-}-} =IT' adg I‘ the at of the

igand such that a cluster of waters in the

u

bulk-water box‘;an be identified that occupies

ARATTS AT TITIENA Y

Figure 6.2 The procedure necessary to construct the connected protein- and bulk-
water-boxes needed for the water-swap coordinate. Note that these two boxes are both
centered around the ligand, so actually lie directly on top of each other. They are only
shown next to each other here for clarity.

Finally, we now create a dual-topology [104, 109, 129] reaction coordinate, A,
that switches off the ligand in the protein-box and switches off the water cluster in the

bulk-water-box, while simultaneously switching on the ligand in the bulk-water-box
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and switching on the water cluster in the protein-box (Figure 6.3). This is the water-
swap reaction coordinate (WSRC), which acts to transfer the ligand from being bound
to the protein (at A = 0) to the ligand being solvated in bulk water (at A = 1), with a
corresponding volume of water transferred back from bulk to the protein binding site.
The total energy of the system, H()L), is calculated via:
H(A) = Hprotein T Houik + Hiigand + Heluster +
(1 - 1) (Hiigand:protein + Hetusterbulk) +

A (Hligand:bulk + Hcluster:protein) (1)

where Hprowein 1S the energy of all of the molceules in the protein-box, Higand 1s the
energy of the ligand, Hy,y 15 the energy of all"6f the waters in the bulk-water-box,
Heiuster 18 the energy of the'watci-molecules identifiedn the cluster, Hiigand:protein 15 the
interaction energy betwecn the digand z|1nd all of the'molecules in the protein-box,
Hiigand:bulk 1S the interagtion energy betwéer}_ the ligand and all of the water molecules
in the bulk-water-box, Helusierprotein 1S the i;ntleraction energy between the cluster waters
and all of the moleculessin the protein-ﬁox'; and Hpserbu 18 the interaction energy
between the cluster waters and all of the \A;'ater; molecules in the bulk-water-box. This
energy function allows there to. be jusﬁ’.one copy of the ligand, which exists
simultaneously in both the protein-box and thet bulk-water-box. The action of A can be
viewed as “switching off” the-ligand in the "pr‘dtein-box, while at the same time, it is
being “switched on’in the bulk-water-box (while simultancously, a water-cluster is
switched off in the bulk-water-box and switched on in the protein-box). From the
perspective of the ligand, this is equivalent to sampling‘the ligand while the protein-
box is being switched off, ‘and.the bulk-watet-box. is, being switched on. Because free
energy is a state function) the ‘result of this non-physical perturbation is exactly
equivalent to pulling the ligand out of the protein, binding site, dragging the ligand
through'an infinite, volume of water, until /it is an infinite distance away from the
protein, while simultaneously a corresponding volume of bulk water is transported
from an infinite distance from the protein, and pushed back into the protein binding
site. This is the free energy change associated with the unbinding process of a single
ligand from a single protein within an infinite box of water, and thus the difference
between A = 0 and A = 1 calculated from the WSRC can be used directly to obtain the

absolute binding free energy.
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Replica Swap Replica Swap

Replica Swap

Figure 6.3 Illustratio‘g ; ; soordinate (M) used to exchange a
|

ligand bound to a prot€in with an equivalent volume of bulk water. It acts to “switch

oft” the ligand- ﬁ ‘;n._ ¢ ot oi;f’ ﬂiT cluster from the bulk-
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and “switcﬁ on” the water clustef in the proteifi-box. The RETFmethod is used to
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calcula%]q B QAo 44 A o bk Bl &t system are

distributed across A (only four replicas are shown here, normally many more are

used). The free energy gradient with respect to A is calculated for each replica.
Replica exchange moves are periodically attempted between neighboring replicas,
thereby giving each one the freedom to explore the entire water-swap reaction
coordinate. At A = 0 the ligand is bound to the protein, with the water cluster free in
bulk (shown at the bottom, with a solid ligand in the protein-box and a solid water

cluster in the bulk-water-box). At A = 1 the ligand is free in bulk water, while the
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water cluster is bound to the protein (shown at the top, with a solid ligand in the bulk-
water-box and a solid water cluster in the protein-box). Intermediate A values
represent a non-physical combination of the ligand and water cluster existing
simultaneously in both the protein- and bulk-water-boxes (shown in the middle with

both a transparent ligand and transparent water cluster occupying both boxes).

Many methods exist to calculate free energy changes along reaction
coordinates, e.g. FEP [102-105] and TI [106-108] One of the most efficient methods
is replica exchange thermodynamic integration (RETI) [130, 131]. This method is
simply TI, or finite-difference T1 (FDTI) [12157132; 133], with the addition of replica
exchange moves along the-free energy reaction-coordinate. To use RETI with the
water-swap coordinate (1), we ereate a set of replicas across A and use FDTI to
calculate the gradient of the'free energy with respect to A at each replica (Figure 6.3).
These gradients are integrated to réturn fh_el potential of'mean force (PMF) along the
water-swap reaction ceordinate. During {_fhe simulation, replica exchange moves are
performed periodically between neighborin'r}g:-replicas and accepted or rejected using a
Monte Carlo test [130]. The effect is to al-low each replica to travel fully across the
water-swap coordinate, thergby alfowing eat::h _chnected protein-box / bulk-water-box
simulation to sample the full range of states %ef%;;/een the ligand-bound and ligand-free
end-points. This enhances sampling withii‘i.""éiféh replica,.and also ensures that the
effects of any rare Conformations sampled m ndividual-replicas are included in the
free energy gradients calculated at each point along the water-swap reaction
coordinate. The water-swap coordinate is a dual-topology reaction coordinate that
swaps a ligand" with anl equivalent | volume of Ibulk~water.<Dual-topology reaction
coordinates cangbe problematic as they allow for the possibility of overlap between
the atoms that are being switched.on and off, and'the atoms of oth€ér.molecules in the
system [121]. The'IlJ potential becomes highly répulsive.as atoins overlap, and both
the Coulomb and LJ potentials have singularities at 7;; = 0 (where r; is the interatomic
distance between atoms i and j). This leads to large energies of overlap, which can
significantly increase the random error in the free energy differences or free energy
gradients calculated using FEP or TI. This is a particular problem at the end-points of
a perturbation, where atoms are fully switched on or off [121]. Soft-core potentials
[134, 135] have been developed to overcome this problem. They work by changing

the form of the Coulomb and LJ potentials so that, as the molecule being perturbed is
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turned off, its atoms become softer, thereby reducing the energy penalty of overlap.
Several different soft-core potentials are available. After initial experimentation, we
chose and adapted the following soft-core potential [110, 134] for use with the water-

swap coordinate,

Ecnulnmh = M
471‘6{) \/m (2)
12 §]
gl T,
Epy=de || 5544 7 | —/——== ®
LJ 5] [(((_mo.ij I f‘;,j)ﬁ) (((.1:()0'-5_;' + 1;2,)3)}

where g; and g; are the charges on the atoms, g;; and g;; are the standard LJ parameters
for atoms i and j, and &j'1s the petmittivity of frec space. n and o are the soft-core
parameters, which control the shape of the softened potentials, while a is a variable
that controls the amount ofSoftening, e.g.,l_at a = 0 these equations are equivalent to
the original (hard) Coulomb jand LJ pjetentials, while as a is increased, so the
potentials become incrgasingly hon-ph&?sigal and soft. We introduced an extra
parameter, ay. to control the maximum dejgree of softening. For the WSRC, a = oA
for the interactions between the ligand an:d{ the protein-box, and for the interactions
between the water cluster and the bulk;'ézéﬂtl’ér—box, while o = as/(1-A) for the
interactions between the ligand and the “bulk-water-box and for the interactions

between the water clustei-and-the-piotein-box:

6.4 VALIDATION AND DEVELOPMENT

Before we could apply the water-swap reaction coordinate to protein-ligand
systems, it was important te investigate itstbehavior in a calculation where we knew
the correct answer. We therefore set'up a simulation which transferred a ligand from
one bulk water simulation box to_another; The free energy for this transfer (AG)
should be zero. Running this calculation therefore allowed for the method to be
validated and for the soft-core Coulomb and Lennard-Jones parameters in equations 2
and 3 to be calibrated. Our ideal was to generate a PMF where the curvature was low,
any peaks or troughs were small, and the predicted total AG was zero. The ligand

chosen for this validation was oseltamivir (brand name Tamiflu, Figure 6.4).



76

NH3*

Figure 6.4 The chemical structure of the neuraminidase ligand, oseltamivir. The 15
atoms used as the identity points to identify the 15 water molecules in the cluster are
highlighted using grey circles. The identity points.are attached to these atoms, and

move with these atoms during the simulation,

The coordinates fowoseltamivir were obtained from the crystal structure with
PDB code: 2HU4 ([23]. JAmber; GAEEF. [136] parameters were obtained using
Antechamber [137]. kigand charges w_-cre _generated wsing the RESP module of
AMBER 9 [138], with HEF/6-31G* j";_eldectrostatic potentials calculated using
Gaussian03 [48]. The ligand was placed i;i--a periodic water box of 1665 TIP4P [51]
water molecules, and equilibrated.~A 12 A‘:" Clectrostatic and non-bonded cutoff was
used, with interactions harmoniCatly featheréd:!c‘if‘ver the last 0.5 A [139]. A bulk-water
box of 1680 TIP4P water molecules was thé‘ﬁ"‘ébhnected to the same thermostat and
barostat, and, using k5 1dentity-points-on-the-atoms of the ligand (see Figure 6.4), a
cluster of 15 water moélecules was identified in this bulk-water box (Figure 6.5). The
number and position of the identity points were chosen such that the identified water
cluster occupied roughly the same shapecand ‘volum€yas the: ligand. A water-swap
coordinate was then constructed to swap the ligand with this water cluster, with RETI
used to.calculate the PME. (Figure 6.5).,24 replicas were, used across this coordinate
(0.001, 0.02,°0.05; then ‘every 0.05 t0+0.95, thefi 0.975,/0.99%and-0.999), with 30
million (M) MC moves with a temperature of 298.15 K and pressure of 1 atm
performed on each replica. Preferential sampling [ 140, 141] was employed to enhance
sampling of all of the water molecules, focused around oseltamivir, and replica
exchange moves were attempted between neighboring replicas every 100 thousand (k)
moves. Soft-core parameters n = 1, 0 = 1 and a,; = 1 were used. The free energy
along the WSRC was calculated using FDTI, with a value of AA of 0.001. To estimate

and control errors, double-wide sampling [142] was used to generate both a forwards-
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difference and backwards-difference estimate of AG/AA with AG calculated using the
Zwanzig equation [102]. Both a forwards and a backwards difference PMF were
generated, and we report here the average of the two. To estimate the error on the
calculation, the difference between the forwards and backwards PMFs was monitored,
and, in addition, the standard errors on the average free energy gradients for each
value of A were calculated at the 95% confidence level, and then integrated across A.
The size of this error was used, post-hoc, to divide the 30 M MC steps into
equilibration and production, by caleulating the free energy average and standard
error for every 100 k steps moving back frera‘the end of the trajectory, and splitting
the trajectory into equilibration and producien at the point where this error was
minimised. This allowed for automatic-‘l‘ post-processing of the results. We visually
confirmed that this point.eorresponded to the end of equilibration by plotting the free
energy calculated for bloeks of 100 k ste"ps and checking that this value had stabilised.
The WSRC was implemeénted in, and simulations performed using our molecular
simulation framework, Size [143, 144|; ‘Ell;ea_program and all input files necessary to
run these simulations ar€ available for dov;_mloa_d at http://siremol.org/waterswap.

The calculated PMF is s-ho-wn n 1j1gure 6.6. The difference in free energy
between the end-points of the water-swa}; Coordinate was -0.8 kcal mol”, with
standard error 1.5 kcal mol™. Wlthll’l eItor, th1s is zero, as hoped. However, as is
obvious, the PMF is far from 1deal The peak at A = 0.5.s greater than 100 kcal mol ™!
It is surprising, and indeed encouraging, that the RETIL ¢calculation predicts a free
energy difference of zero despite such a large total change in free energy across the
reaction coordinate. Howeyver, this result demonstrates that refinement of the soft-core
parameters was tequired to allow the approach of the WSRC to be applied to calculate

absolute protein-ligand free energies. This refinement is described below.


http://siremol.org/waterswap

78

%-

o

iy, :

)

“/:p{//‘,‘ :';'.-‘- -‘-‘s:‘r."-r~ §

L2 NN |-

| - 1 N " N E
Figure 6.5 The system used to. ¢ W ap reaction coordinate. The ligand in
the left bulk-water-box is swapped with a ivalent volume of water in the right
bulk-water-box. The-A coordinate is used to switch oi " the ligand in the left box,

switch on the water elus n 4 neously switching on the

! it
ligand in the right bo &-! nd switching on the water clus L' in the left box. The overall

free energy change for thisprocess should bezero.

U INEN YN
RINNFU PN INY 1A Y

00 02 04 N 06 08 1.0

AG/k

Figure 6.6 The initial PMF along the water-swap reaction coordinate of transferring
oseltamivir between two water boxes. This PMF was generated using non-optimized

soft-core parameters n = 1, 6= 1 and a,,; = 1.
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6.4.1. Soft-core parameter investigation

To discover the source of the large peak, we next performed a systematic
investigation of the effect of each soft-core parameter on the shape of the PMF. To
speed up the investigation, only 20 M steps of MC sampling was performed for each
replica. For the soft-core Coulomb parameters, it can be seen clearly in Figure 6.7(a)
that the optimal values of parameter n in equation 2 are either 0 or 0.25. These
smoothly reduce the peak down from 110 kecal mol™, to 35 kcal mol™. To reduce this
further, the Coulomb interaction energy térmm between cluster water molecules was
scaled using an extra function, Seuser (€quation 4)-to control the interaction between
the molecules in the water-eluster.

Setwsrep S 2AS ; 1) (A= 0:5)° (4)

This is a simpl¢ funetion that'is equal to 1 at A= 0 and A = 1, and is equal to S
at L = 0.5. This function was uscd fo sirengthen the electrostatic interactions between
cluster water molecules at A = 0.5 to coﬁlpensate for the loss of hydrogen bonds to
bulk solvent. The effect 0f modifying the:’iﬁ;t-eractions is shown in Figure 6.7(b). It is
clear from this graph that a value of'1.5 is-'-(')p'timal, because it brings the PMF down
while simultaneously attening it bctwcen'if:‘ 0.2 and A = 0.8. The parameter ¢ in
equation 3 is applied to shift -the Lenna;dQJI;)nes potential [110]. The effect of
changing ¢ is shown,in Figure 6.7(c). Val.Llfé.é“—ionf o of 1.5to 1.75 can be seen to be
most suitable. Whenthe o parameter is increased to 2:0, the soft-core potential is
over-softened, which causes a dip in the PMF at A = 0.5. The o, parameter changes
the maximum range of @, which affects the softening of both the Coulomb and LJ
terms. The effeet of changing ‘e, 1s shown in Figure 6.7(d). "Values of o, above one
increase the peak of the PMF. Values less than one therefore appear to be ideal.
However, w44 s, used itoseontrolytheymaximum~degueeof ssoftening; and therefore
values less than ‘one reduce the amount of softening available. ‘This strongly affects
the end-points of the PMF (see Figure 6.8). As ay, is reduced, the PMF becomes
increasingly discontinuous. The reason for this becomes clear when o, is set to zero.
Using ay; equal to zero disables the soft-core potential, and is equivalent to running
the simulation with no softening. Overlap between the atoms of the ligand and cluster
waters, with the atoms in the protein- and bulk-water-boxes, leads to large energies,
and large changes in the gradients of the free energy with respect to A. This leads to

discontinuities in the PMF at the end-points. It is clear that these discontinuities are
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smallest for a,,; = 1, thus leading to the conclusion that this is the optimal value of this

parameter.
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Figure 6.8 The effect on the PMF, near A = 0, of decreasing the soft-core parameters

asc; from one to zero. A value of a,; = 0 turns off softening, and is equivalent to not

using a soft-core Coulomb or LJ potential (i.e. using just the standard Coulomb and

LJ potentials with no softening). An almost identical effect is seen at A = 1.
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6.4.2. Soft-core parameter optimisation

The next stage in optimising the PMF was to combine and balance the values
of the soft-core Coulomb and LJ parameters. As a first step, a Coulomb parameter n =
0 was selected, and then used in combination with the other parameters. The results
are shown in Figures 6.9(a)-(c). These graphs show that values of S in the range of 1.1
to 1.25, and values of ¢ in the range of 1.1 to 1.2 were reasonable. This is because
these values worked to bring down the peak in the PMF, without the peak inverting
and becoming a significant dip at A = 0.5. For ay., values less than one lead to an
increase in the peak of the PME. This is unsurprising, given what was observed in
Figure 6.8. Because of this, we decided 0 set a,; to one for all subsequent
simulations.

For the final stagé of“optimisation, two values of the soft-core Coulomb
parameter, n (n = 0 anda = 0.25), were tested in combination with values of S and &
intherange S=1.1-125and 6= 1.1 —12 The resulting PMFs are shown in Figure
6.10. Three combinations 0f paraneters Wpre' found to give suitable PMFs, with peaks
in range 1 - 10 kcal mol'fand these wefé_'sg_lected for testing in the protein-ligand
system. The optimal value sets for-the s‘§‘_f§-c0re Coulomb and LJ parameters are
summarized in Table 6.1. Withif-error, all ozthé optimised parameters returned a free
energy change of zero. While changing the-'.‘__so_'ft-core parameters does not affect the
free energy change, 1t does affect the rate of convergence of the calculation. The
original, set A and set' € parameters resulted in simulations‘that converged within 5 M
steps, while simulations with the set B equilibrated more slowly. Indeed, the set B
simulation had not converged after the full’20 M MC moves, and so an extra 20 M

steps had to be perfernied. Equilibration with set,B occurred around 25 M steps.
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Figure 6.10 The PMFs generated by combining soft-core parameters S from the range
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&3

Table 6.1 The values of the soft-core parameters from the simulation used to calculate
the original PMF (Figure 6.6), and the three sets of soft-core parameters derived to
optimise the PMF. The free energy difference between the end-points for each
parameter set is shown, complete with two error estimates; the difference between the
forwards and backwards free energy, shown in round brackets, and the standard error
on the free energy average, at the 95% confidence level, shown in square brackets. Set
B was found to equilibrate slowly, so this simulation used 40 M steps per replica, as

compared to 20 M steps for sets A and C, and 30 M steps for the original simulation.

Parameter n S 0o sl AG/keal mol™
Original 1.00 =00 1.00 1.00 -0.8 (0.0) [1.5]
Set A 0.00 I'10 1.20 1.00 -0.4 (1.9) [3.1]
Set B 0.00 LS 10 ©L00 -1.8 (1.5) [1.9]
Set C 0.25 25 1:10° _ 1.00 -0.8 (1.4) [1.7]

6.5 APPLICATION TO A PROTEIN SYSTEM

The optimized soft-core Coulomb and Lennard-Jones parameters were used to
predict protein-ligand binding free energies of the influgnza neuraminidase (NA)
inhibitor, oseltamivir(brand name Tamiflu), to NA. NA'is a membrane glycoprotein
that plays an essential'role in influenza virus replication by cleaving the terminal
sialic acid from the réceptors to release/the progeny viruses [17]. Currently,
oseltamivir is the only oral-active/ agent against NA function: Due to the conserved
binding site of this protein in everysubtype, NA has become a potent target for drug
development. We chose this 'system as a test case because the binding site was
relatively rigid and conserved, and computational methods have previously been used
successfully on this system [8, 145]. The initial structure of NA was taken from the
protein data bank (PDB) code: 2BAT [22]. All missing hydrogen atoms were added
using the LEaP module in AMBER 9 [138], with the predicted ionization states
calculated using PROPKA [71, 146]. The system was solvated with a TIP3P [51]
water box, and then energy minimized using the SANDER module of AMBER 9

[138]. Simulated annealing was carried out with the temperature raised from 10 K to
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350 K in seven steps of 20 ps interval. NVT molecular dynamics (MD) equilibration
was performed for 160 ps at 300 K. This was followed by 500 ps of NPT MD
simulation at 300 K and 1 atm pressure. Equilibration was ensured by monitoring
fluctuations in RMSD and total energy. The final structure was used as the starting
point for the Monte Carlo (MC) simulations. The TIP3P water box was converted into
a TIP4P [51] water box to improve the modelling of electrostatic interactions in the
MC simulations [147]. To perform the free energy calculation for oseltamivir and NA,
the oseltamivir coordinates were obtained from the crystal structure with PDB code:
2HU4 [23] and replaced at the NA active site. 24 replicas across the water-swap
coordinate were used, with. the same A valucs*as for the simulations that transferred
oseltamivir between two water boxes. 40 M MC moves were attempted for each
replica, with preferentialesampling [140, 141] used to enhance sampling around
oseltamivir, and with replica€xchange moves attempted every 100 k steps. A 12 A
electrostatic and non-bonded./cutoft’ was'—u'sed, with a harmonic feather applied over
the last 0.5 A [139]. During the simulatioxr:l, the backbone of NA was fixed, with only
the side chain motion of the residues sarripled Free energy averages and errors were
calculated in the same way as for the s1mu1a,t10ns that transferred oseltamivir between
two water boxes. The simulations were performed using Sire [143, 144]; the program
and all input files necessary to run these sunulatlons are available for download at
http://siremol.org/waterswap. PMFs are shown in Figure 6.11 and the calculated
binding free energies‘are shown in Table 6.2. Note that'the binding free energies
(AGhinaing) are the negative of the difference in the PMF between A = 0 and A = 1,
because the WSRC models.unbinding. The predicted absolute binding free energies
show reasonable agreement with experimental values, which is encouraging. It should
be noted, however, that agreement with experiment is fortuitous. Exact agreement
with experiment should not ‘be ‘expectedas the' potential function ‘does not include
important physical effects, such as protein backbone exibility and ligand polarization
[149]. Use of a quantum mechanics (QM) model of the ligand, and calculating a
QM/MM free energy [144] may be one route to including the effect of polarisation.
The results demonstrate that the optimised soft-core parameters give PMFs that are
generally smooth, with no large peaks. Set A is the best of the three, as it does not
contain the dip between A = 0.3 and A = 0.6. However, all three PMFs could be

improved further by smoothing the large changes in free energy near the end-points. It
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is these that are likely to be the source of the large random errors (1.5-2.0 kcal mol™),
and the spread of values from these three simulations. These errors could be reduced
by increasing the number of replicas at the end-points, and by increasing the number
of MC moves per replica. Overall, these results demonstrate that the WSRC, when
combined with balanced soft-core parameters, is a viable, and potentially powerful

new route for the calculation of absolute protein-ligand binding free energies.
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Figure 6.11 The potential of mean force éi;loﬁg the water-swap reaction coordinate for
the unbinding of oseltamivir from NA. Tlif'e;e PMF's are shown, for the three different

sets of optimised soft-core parameters ( giVéﬁ-in Table 6.1).

e b

Table 6.2 The predicted -absolute biﬁdihg-‘free energies of oseltamivir to

neuraminidase as ecaleulated using the three different -sets of optimised soft-core
parameters. For comparison, reported experimental meastres [25] of the binding free
energy vary between =12.0 kcal mol" and -15.0 kcal mol” (as calculated from /Csgs
using [7, 73, 148] AGpinding= RT.In.ICs).

Parameter AGpinging (keal mol'l)
Set A -170 (1.7)/[1.6]
Set B -15.2 (1.4) [2.0]

Set C 21.5(1.4)[1.5]
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6.6 FUTURE WORK

This paper presents the initial development and optimisation of the water-swap
reaction coordinate. Several questions about its implementation still remain to be
answered. For example, it is necessary to investigate whether this coordinate would be
useful for other protein-ligand systems, and whether or not the optimised soft-core
parameters are transferable. It is also necessary to investigate the sensitivity of the
calculated free energy to the number of waters swapped with the ligand. We have
performed some initial experiments that inyestigate the sensitivity of the free energy
to the number of swapped waters, and these suggest that even 12 or 18 waters could
have been swapped in place of oseltamivir: However, a detailed investigation of the
affect of both the number and positioh of the identity points used to identify the
swapped water cluster needs to'be performed. Further development of the method is
also required to allow it'to be applied' to a wide range of protein-ligand systems.
While we believe the WSRE will perfbfﬁl well for proteins with solvent-exposed
binding sites, it would notjpesform well f:ér proteins with buried binding sites. This is
because the amount offwater to swap 1in ‘placc_i of the ligand is unclear. One way to
overcome this problem would be to‘ supple_r%ie;lt the set of MC moves used during the
simulation with some Gibbs-ensemble [15_(-):;1_"._51] type moves, in which randomly
selected water molecules are deleted from Q__ﬁ—gb_ox and added to the other. By adding
these moves, both boxes would then be in coanﬂete thermal equilibrium, having both
the same temperaturey pressure and chemical potential. Any inbalance in the amount
of water swapped would then be corrected automatically, e.g. if too many waters were
being swapped, then thetGibbs-ensemble moves would automatically transfer waters
back, so as to" balance the chemical potentials ‘of the' two boxes. While Gibbs-
ensemble water 'creation and deletion moves would have a low probability of being
accepted at: ambieiits temperature, | there are ‘algorithms, ‘such,jas’ the continuous
fractional component move [152] which can be applied to increase the acceptance
ratio, and that could be used with the WSRC.

Finally, it should be noted that the development of the WSRC, while highly
promising, has not, in itself solved the problem of accurately predicting absolute
protein-ligand binding affinities. The binding affinity calculated using the WSRC is
actually just the binding affinity for a single binding mode and binding orientation of

the ligand, and it corresponds to the binding free energy in an infinitely dilute



87

solution. This is because the protein- and bulk-water-boxes are effectively windows
into a single infinite water box, which contains just a single protein and single ligand.
The WSRC has calculated the free energy of moving the ligand from a specific
binding mode and orientation in the protein on one side of this infinite water box, to a
point that is an infinite distance away, on the other side of this box. It is still an open
question to how this relates to the standard state absolute binding free energy [153].
Moreover, the WSRC does little to enhance sampling of the protein-ligand system,
will probably perform poorly if the protein undergoes large conformational changes
upon ligand binding, and it will not overcome any errors in the parameterisation of the
ligand. It will also not solve problems caused-b¥y any lack of polarization [149] in the
forcefield used for the protein-ligand biflding prediction, any deficiencies in the water
model to adapt to the differént.environments in the protein binding site, and it will not
correct errors caused by.sélecting the wrong titration states of the protein residues, or
wrong tautomer or binding mode of the ligﬁnd. There are many problems that must be
overcome before the gramd ¢hallenge o'-tl: predicting protein-ligand binding can be
considered to be solved:"We believe that fiie WSRC solves one of the main problems,
that of defining the optimal reéction codfﬁi;late to predict binding. We leave the

i

solution of the other problems as challenges:foﬁfuture work.
6.7 CONCLUSIONS

We have develbped a water-swap reaction coordinate (WSRC), which allows
for the absolute binding free energy of a protein-ligand complex to be calculated
directly from a single &Sumulation. To validate the method, we have performed
simulations that swapped a ligand between two bulk water boxes, and then used these
simulations to optimize soft-core parameters such that the change in free energy along
the redction coordinate-was smooth, with'a small total difference, in free energy. The
optimized parameters were used to predict the protein-ligand binding free energy of
NA and oseltamivir. The agreement of the results with experiment is encouraging.
The final results show that the WSRC provides a promising new direction in the

search for the solution of the challenge of predicting protein-ligand binding.



CHAPTER VII

CONCLUSIONS

7.1 CONCLUSIONS

Several techniques of computational chemistry were used to study structural
properties, drug-target interactions and substrate binding of neuraminidase (NA) in
influenza virus. The study covers both NA wild-type and mutant strains in HSN1 and
HI1N1-2009. In addition, the water-swap reaction coordinate (WSRC) which provides
a promising route to predict absolute protein-ligand binding free energies, was newly
developed.

In drug-target interaction pait, the dynamic nature of the three available drugs,
oseltamivir, zanamivif™ and® peramivir, complexed with N1 was studied using
molecular dynamics (MD) sithulldtions. Structural differences of the substitution
groups at the main ring scaffold weie q_blserved. The carboxylate and guanidinium
groups of peramivir wefe seen ‘to.form anany more hydrogen bonds with the
surrounding residues in comparisen-with it—he—:—other two drugs. Moreover, the D151
residue located in the 150-loop-region iﬂier,acted strongly via the —OH group of
peramivir in a similar way to“sialic acid. _Eoi' the bulky substitution group, direct
hydrogen bonds were detected enly with the h"y&rophilic side chain of zanamivir. Due
to the bulky substitution-in-oseltamivic-and-peramivii,-the tlexibility and steric effects
of the hydrophobic greup led to rearrangement of the surrounding residues, E276 and
R224, to form a hydrophobic pocket for this substitution. While the bulky group of
peramivir shows' only ene preferential-.conformation; the equivalently ended branches
of oseltamivir'does not-fit well into the'active site-of N1 du€ to the rotation of this
side chain. This leads to the lower efficacy offoseltamivir agdinst N1 strain with
respect to the lowest binding affinity calculated by the Moleculan Mechanics/Poisson-
Boltzmann Surface Area (MM/PBSA) method in comparison with the other drugs.

Consequently, the source of oseltamivir resistance caused by the H274Y
mutation was observed to be the reduction of the hydrophobic pocket size. The phenol
ring of the mutated Y274 was found to drive the next residue, E276, toward an ethyl
moiety of oseltamivir’s bulky group. The rotation of E276 side chain decreased the
space to accommodate the bulky hydrophobic group of oseltamivir. In addition, lower

hydrogen bond interactions between Y274 and the framework residues reduced the
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stability of the hydrophobic pocket and subsequently decreased the capacity of the
oseltamivir binding to the N1 active site. The H274Y mutation led to a decrease in the
AGpinging from -14.6 + 4.3 kcal mol™ to -9.9 + 6.4 kcal mol”'. Within the large random
error in the MM/PBSA calculation, the accurate prediction of binding free energy for
the novel pandemic of HIN1-2009 subtype could not be obtained. Therefore, the
linear interaction energy (LIE) method, which has higher precision and accuracy, was
applied to predict oseltamivir susceptibility against the HIN1-2009 strain. The
probable HINI1-2009 mutant strains; (R292K, E119V, H274Y and N294S) were
modelled. The calculated efficiency of osgltamivir towards the mutants are in the
following order: wild-type (-12.8 + 0.9 kcal mol™) > N294S (-10.4 + 0.9 kcal mol™) >
H274Y (-9.8 + 1.0 kcal mol )= E119Y (-9.3 = 0.8 keal mol™") > R292K (-7.7 + 0.7
kcal mol™). Reduction in-o8cliamivir-NA interaction energies was observed in terms
of lower hydrogen bondss cleétrostatic-and van der Waals interactions relative to the
wild-type HIN1-2009 strain. This ilnpl'fes that oseltamivir is less effective in
treatment of patients ‘with/these probablé: mutants, especially with the high level of
oseltamivir resistance with the R292K mutant. :

To understand the first steb of th_e-;_:,.cl-‘éavage mechanism of NA, the natural
substrate in humans (SA-0-2,6-GAL) bound :co_,_".different NA subtypes (N1-1918, N1-
2005, N1-2009, N2-1967 and N§-1963) was studied using QM/MM MD simulations.
The SA-0-2,6-GAL was found to change riﬂg ::onformation from chair to twist-boat
conformation when-it/bound to all systems except for an avian N8-1963 strain. This
conformational change in both the N1 and N2 subtypes. is stabilised by the N/Q347
and K431 residues via hydrogen bond interactions. This is not the case for the Y347
residue of the avian type in the N1-2005 and N8-1963 strains. The obtained results
indicate that the residue at 347 position could be an essential residue to facilitate the
confortational change of the,natural substrate.” The human visis ‘has N/Q347 and
K431 toibind with the galactose unit of the SA-a-2,6-GAL, making the suitable
conformation of sialoside to be cleaved in the second step of the cleavage mechanism.
This is in contrast for the avian virus where Y347 and E431 were not found to form
hydrogen bond to the natural substrate in humans. Designing new inhibitors to
interact with these residues could provide a new route to discover highly effective
inhibitors that can fit better into the NA active site in both the wild-type and mutant

strains.
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To achieve a faster way to discover the new NA inhibitors, a new method to
accurately predict the strength of binding between a ligand and a protein was
developed using a single simulation. The water-swap reaction coordinate (WSRC)
method was found to provide a promising new route to predict absolute protein-ligand
binding affinities within a reasonable timescale. The main idea of the novel binding
method is the use of the identity constraint method to identify a cluster of water
molecules that would occupy the same volume as the ligand in the protein active site.
A dual topology reaction coordinate (A) is then applied to swap the ligand of the
protein ligand complex, with the water cluster from bulk water using replica exchange
thermodynamic integration (RETI). The frec-encigy change of swapping the water
cluster with the ligand is, dizeetly, the absolute binding free energy. To improve the
method, the soft-core Coulomb and Lennard-Jones parameters were optimised and
applied for prediction of NA-o$eliamivir binding free energies, with these results

compared to experiment.

7.2 RESEARCH LIMITATIONS

Although, computational ch'emistry-'-i's ‘a powerful tool to provide information
at molecular level that would be #Seful for dr'ug development, there are still problems
due to the assumptions made in the calculati;)néjfilsing current methods.

1. System preparation: due to the lack of X-fay structure for the initial structure in
MD simulations, theréfore, molecular modelling was eommonly used to set up the
protein-ligand complex systems. This would affect the reliability of the predicted
results. To improve the quality of the research in a future study, multiple
simulations’ate‘required to test the tnodelled systems

2. Running simulations: because of limitated computer facilities, time-consuming
simulations ~could not-be-performed to,obtain the dynamical properties of the
protein-ligand complexes over longer ‘time’ periods. ‘Moreover, ‘the use of short
residue-based cutoffs could affect in the results, longer non-bonded cutoffs may be
required.

3. Method assumptions: this is a limitation of every current available program,
including the WSRC method in Sire, caused by the lack of protein-ligand
sampling. To calculate the binding free energy accurately, this methods need to be

improved to cover all important protein-ligand conformation.
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7.3 SUGGESTIONS FOR FUTURE WORK

Neuraminidase (NA) is still an important target for drug development against
influenza virus. Although, NA inhibitors have been widely used for clinical treatment,
the current available commercially agents are still problems due to drug resistance
with several mutation strains. In this dissertation, the obtained results could provide
the molecular-level knowledge for drug-target interactions in both wild-type and
mutant strains for N1 subtype, HSN1 and HIN1-2009 influenza viruses. However,
several questions about the NA protein still remain to be answered. Moreover, the
new water-swap reaction coordinate (WSRC).method needs to be developed in order
to get higher accurate prediction of absolute protcin-ligand binding free energies. To
improve the research with NAg there arermany mteresting projects to provide the other
answers for discovering aind dgsigning the new potent NA inhibitors.

- Due to the current'speéd/of computer, the extensive simulations for classical
MD with longer timesperiod or QM/MM MD with higher accurate method
could be performed to achieve alore accurate results, especially dynamic
properties of NASystem. ‘ :

- The new interesting analogs 6f NA _if;_j.hibitor are in development. This includes
A-315675 [28], R-125489 [29], glyeomonomers [30], Phospha-Oseltamivir
(Tamiphosphor) monoestet. [31] and - Sialoglycoconjugates analog [32].
Running MD_simulations to investigat; molecular, properties of these new
potent inhibiters properties could provide useful information to speed up the
development progcess.

- There are many open,questions in the other mutation residues in different NA
subtypes. For instances, why NA mutant straing were found with subtype
specific, H274Y occur only in N1 subtype while R292K and E119V take place
in N2 subtype, and R152K-and ‘D 198Nin influenza B virus,[ 3533, 37].

- Injextensive from chapter V of this work which the first step of cleavage
mechanism was studied using QM/MM MD simulations, it is also interesting to
complete the process by studying the second step. In this case, the trajectories
from this research can be then used as starting structure.

- Application of the WSRC method to calculate the binding free energy of
different inhibitors, different NA strains as well as different protein-ligand

systems would be challenges for future works.
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