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Abstract: The binding affinity of oseltamivir to the influenza B neuraminidase and to its variants

with three single substitutions, E119G, R152K, and D198N, is investigated by the MM/3D-RISM
method. The binding affinity or the binding free energy of ligand to receptor was found to be deter-

mined by a subtle balance of two major contributions that largely cancel out each other: the

ligand-receptor interactions and the dehydration free energy. The theoretical results of the binding
affinity of the drug to the mutants reproduced the observed trend in the resistivity, measured by

IC50; the high-level resistance of E119G and R152K, and the low-level resistance of D198N. For

E119G and R152K, reduction of the direct drug-target interaction, especially at the mutated resi-
due, is the main source of high-level oseltamivir resistance. This phenomenon, however, is not

found in the D198N strain, which is located in the framework of the active-site.
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Introduction

Influenza B virus is one of the three distinct influ-

enza virus (Orthomyxoviridae) types which coincides

every few years1,2 with two lineages circulating (Vic-

toria and Yamagata). Influenza B viruses do not

have the pandemic potentials like influenza A virus

that causes significant morbidity and mortality in

humans, but always associate with acute respiratory

illness leading to the death in children and adults.3

Hence, this virus, A/H1N1 and A/H3N2 have been

included in the seasonal influenza vaccine for the

upcoming season as the primary strategy to prevent

influenza infection.4 Both experimental and theoreti-

cal studies of influenza B virus are considerably less

well developed than those for influenza A virus.2,3

Although all three types of virus share many fea-

tures and viral activities, influenza B virus harbors

unique genetics and can only infect humans.5,6 Its

surface membrane has two glycoproteins: hemagglu-

tinin and neuraminidase, which recognize the termi-

nal sialic acid on host cell membrane components.

Neuraminidase plays a role for virus replication by

cleaving the sialic acid residues and then releasing

the new virions from the infected cell in order to

infect new cells. Currently, neuraminidase inhibitors

have been employed as anti-influenza agents either

influenza A or B strains7,8 in which the structure of

their active-site and framework site are almost iden-

tical and conserved (Supporting Information Table

S1). Hence, we can propose that the effective drug of

anti-influenza B virus could be applicable against

influenza A virus. Note that the relationships

between influenza A and B strains in terms of amino

acid homology and similarity, and RMSD (Supporting

Information Table S2) are relatively low (these rela-

tionships among the influenza A strains themselves

which can be found elsewhere are rather high).

To date, the FDA-approved neuraminidase

inhibitors are zanamivir (RelenzaVR marketed by

GlaxoSmithKline), oseltamivir (TamifluVR from

Roche) and recent peramivir (RapivabVR from Bio-

Cryst Pharmaceuticals). The orally administered

drug oseltamivir has been widely used and stock-

piled for the treatment both of influenza A and B

viruses more often than zanamivir,9,10 although it is

less effective for treatment of influenza B and its

resistance is commonly reported in both influenza

types. The high level of oseltamivir treatment world-

wide has led to the rapid spread of mutations of the

viral neuraminidase gene that produces drug resist-

ance. The neuraminidase mutations, which lead to

oseltamivir resistance in both in vitro and in vivo

experiments and/or isolation from patients with

resistance, are listed as follows. The seasonal influ-

enza H1N1 and avian influenza H5N1 viruses carry

single substitutions in neuraminidase at H274Y or

N294S, whereas the pandemic H1N1-2009 neurami-

nidases have three single mutations, H274Y, I223R,

and S246N, plus the S246N and H274Y double

mutation that confer resistance to oseltamivir. In

H3N2, the oseltamivir-resistant variants contain the

single mutations of E119V, R292K, and N294S. For

influenza B virus, the emergence of the reduced

neuraminidase inhibitor sensitivities imparted by

the E119G, R152K, and D198N single mutations has

been isolated from patients after drug treat-

ment.11–13 From an in vivo study, the R152K and

D198N neuraminidase mutants have resulted a 100-

and 9-fold lower susceptibility to oseltamivir inhibi-

tion (in terms of IC50 values), respectively, compared

to the wild-type strain.14 Using reverse genetics,

oseltamivir was found to have a 31- and 252-fold

lowered efficiency against influenza B viruses with

the E119G and R152K neuraminidase mutants,

respectively, compared with that for the wild-type.15

The extensively previous studies of oseltamivir-

resistance are the mutated framework residues

H274Y and N294S mutations of influenza A H5N1

neuraminidase16–18 and the important mutations

found in N1 and N2 as well as N9 subtypes of influ-

enza A H1N1-200919–21 including the R292K muta-

tion of novel H7N9 neuraminidases.22 From the

long time dynamics simulations, the results suggest

that the loss of major hydrogen bond between drug

and residues in the 150-loop induces the flexibility

of this loop which eventually causes the unbinding

of oseltamivir from the active-site pocket.21,23 In

addition, the susceptibility of all neuraminidase

inhibitors against E119G of H1N1-2009 neuramini-

dase was recently discovered.24 In the present

study, we try to ascertain theoretically how oselta-

mivir inhibits influenza B neuraminidase, and to

investigate the source of oseltamivir resistance that

is ascribed to the three influenza B neuraminidase

single substitutions, which are R152K at the cata-

lytic site and E119G and D198N at the framework

site (Fig. 1).

Two aspects of information should be provided

for clarifying the mechanism of a drug to inhibit a

receptor: one of those is structural information of

the receptor, and the other is the binding affinity of

a ligand to the receptor. A structure of a receptor in

the wild type is available in many cases from the

protein data bank. However, it is not necessarily the

case for mutants, since it takes considerable amount

of time to determine the structure of a protein from

the X-ray or NMR measurement. Fortunately, the

structural change due to a mutation should not be

so large in nature that the receptor is still able to

keep its intrinsic function. We believe that molecular

dynamics (MD) simulation can produce the protein

structure perturbed by mutation, starting from the

structure of wild type as a template.

On the other hand, it is quite difficult for MD to

evaluate the binding affinity of a ligand to the target
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protein directly. The binding affinity is determined by

difference in the free energy between the bound and

unbound states of the molecules in which the free

energy of a molecule or a molecular complex consists

of the intramolecular interactions and the solvation

free energy. The difficulty of properly sampling water

configurations in MD, especially at the internal cavity

of protein, limits its ability to predict the solvation

free energy. We employ the 3D-RISM/RISM method to

evaluate the solvation free energy, which is free from

the sampling problem inherent to the molecular simu-

lation.25–27 The theory of 3D-RISM has been briefly

described elsewhere.28–30 The combination of molecu-

lar mechanics and 3D-RISM solvation approach is

known as MM/3D-RISM calculation.31,32 This

approach directly includes solvent finite-size effects

and explicit water interaction potentials. The previ-

ous study shows that MM/3D-RISM with KH closure

can predict the binding of biotin analogues to avidin33

and binding free energy of DNA double stranded oli-

gonucleotides, which are in good agreement with the

experimental data.34 Last, this is an honor for us to be

a part of the special issue of the journal, which tribu-

tes Prof. Ronald Levy for his great accomplishments

in biophysics and chemistry. One of the authors (F.H.)

especially is gratefull to Prof. Levy for guiding him to

the bioscience. The paper presented in the special

issue is one of the fluites of his guidance.

Results and Discussion

Factors to determine the binding affinity

The result for the binding free energy of the wild

type neuraminidase is shown in the Table I along

with its components. There is a general trend in

which the binding energy and entropy without sol-

vent make large negative contribution to the binding

free energy, which is mostly compensated by the

large positive contribution from the change in the

solvation free energy. The large negative value in D

Figure 1. Oseltamivir (bond and stick model) and the bound residues of influenza B neuraminidase wild-type (black) showing

also the three residues in red that were singly mutated for study on the source of discussion oseltamivir resistance (E119G,

R152K, and D198N). The oseltamivir heteroatoms are labeled for later discussion.

Table I. The Free Energy Change Associated with Oseltamivir Binding to the Wild-Type of Influenza B Neuramini-
dase and Its Energy Components in kcal/mol

Energetics

Structural components

Complex Receptor Ligand

DEMM
ele 2175.1 6 4.2 226,870.5 6 75.3 226,417.4 6 75.2 2278.1 6 0.6

DEMM
vdW 228.0 6 1.1 23,198.3 6 8.1 23,165.4 6 7.8 24.8 6 0.1

DEMM 2203.1 6 4.7 230,068.8 6 80.4 229,582.8 6 79.7 2282.9 6 0.7
TDSMM 221.9 6 10.6 3,986.0 6 11.6 3,962.6 6 11.6 45.3 6 1.6
DGMM

bind 2181.2 6 5.6 234,054.8 6 77.9 233,545.4 6 77.0 2328.2 6 0.9
DDGsolv

ele 168.9 6 3.8 24,365.2 6 75.3 24,447.2 6 74.7 286.9 6 0.9
DDGsolv

cav 12.0 6 0.8 9,851.5 6 8.4 9,776.7 6 8.1 62.8 6 0.1
DDGsolv

bind 180.9 6 4.6 5,486.3 6 67.0 5,329.5 6 66.7 224.1 6 0.9
DGbind 20.3 6 1.1 228,568.5 6 12.8 228,215.9 6 12.1 2352.2 6 0.2
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GMM
bind is dominated by the electrostatic interaction of

opposite charges between atoms in the receptor and

ligand.

On the other hand, the large positive contribu-

tion to DDGsolv
bind originated from the dehydration free

energy of both the receptor and ligand. It is worth-

while to look at the dehydration free energy more

closely. DDGsolv
bind is further decomposed into two con-

tributions; the electrostatic contribution DDGsolv
ele ,

and the free energy due to the cavity formation DD
Gsolv

cav which is calculated by removing all the charges

from the protein and the ligand. DDGsolv
cav is positive

for both the receptor and the ligand, while DDGsolv
ele

makes negative contribution. Apparently, DDGsolv
cav

gives a minor contribution to the binding free energy

in this particular case. This is because the exclusion

volume is dominated essentially by the receptor.

Such a situation may be quite different in the case

where the active-site is composed of mainly hydro-

phobic residues. So, let us concentrate our attention

to the electrostatic contribution to the binding free

energy, or DDGsolv
ele . DDGsolv

ele depends sensitively on

the charges of atoms in a receptor and a ligand. The

contribution should be always positive, because sol-

vent molecules accessible to the complex become less

upon binding compared to the free forms, in particu-

lar, at the active-site. As exhibited in Figure 2(a),

there are five amino acid residues in the active-site

of the receptor, which potentially make hydrogen-

bonds with either water or the ligand. Correspond-

ingly, there are three moieties, -COO-, -NHAc, and

-NH1
3 in the ligand, which can form hydrogen-bonds

with either the amino acid residues or water mole-

cules, while the -OCHEt2 side chain was accommo-

dated in hydrophobic pocket between E267 and

R224 residues with van der Waals interaction

[Fig. 3(a)]. The conformational change of this bulky

group during the complexation is shown in terms of

the dihedral angles (see Supporting Information Fig.

S3). The dihedral angles of oseltamivir are basically

conserved between free form and complex form,

although there are some changes in the angular dis-

tribution depending on the type of mutations. Inter-

estingly, the less susceptibility of oseltamivir against

influenza B than influenza A virus8,9,14,35 may be rel-

evant to the existence of glycine (G) at residue 347

instead asparagine (N), tyrosine (Y), and or gluta-

mine (Q) of influenza A neuraminidase (Supporting

Information Table S1), which cannot stabilize the

-COO- group of oseltamivir. When an oseltamivir mol-

ecule is in free form, the residues and the moieties

are making hydrogen-bonds with solvent water mole-

cules. Some or all the hydrogen-bonds with water

molecules will be lost upon the complexation. But,

the loss of hydrogen-bonds between the solutes and

solvent is largely compensated by the gain of

hydrogen-bonds between the receptor and the ligand.

In this respect, it is very important to determine

how the desolvation penalty gets involved and which

water molecules are removed from the active-site of

protein and ligand upon binding. In following sub-

section, we focus our attention on the distribution of

water molecules before and after the ligand binding

takes place.

Our results concerning the binding affinity for

the wild-type of neuraminidase show a correct trend

qualitatively, but significantly underestimate the

binding affinity compared to the experimental val-

ues, 211.91, 211.45, and 210.20 kcal/mol, converted

from the IC50 values 1.83, 4, and 33 nM, respec-

tively.14,15 There are three sources conceivable for

the errors: (1) improper evaluation of the structural

Figure 2. Percentage occupation of hydrogen bonds averaged over three MDs with different velocities for the oseltamivir-

neuraminidase interactions (mean 6 SD) of the (a) wild-type and the (b) E119G, (c) R152K and (d) D198N neuraminidase

mutations.
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entropy, (2) not including salt effect, and (3) the free

energy calculation due to 3D-RISM. In the following,

we briefly discuss about the source of errors.

Our calculation includes the contributions from

the structural entropies of the protein, ligand, and

their complex, which are making non-negligible con-

tributions to the binding free energy. However, the

results may not be conclusive quantitatively, because

the entropy was evaluated based on the normal

mode analysis in vacuum,36 that does not properly

account for the structural fluctuation of molecules in

solution. The structural entropy of a molecule in

solution is originated essentially from the structural

fluctuation which is affected by the detailed distribu-

tion of solvent molecules around and inside the mol-

ecule.37,38 The normal mode analysis does not

include such a solvent effect on the structural

fluctuation.

The protein contains many charged residues in

its active-site, while the ligand also includes several

charged moieties, as is shown in Figure 1. So, their

binding affinity may be influenced significantly by

the electrolytes included in the solution. We did not

take the electrolytes into consideration due to the

lack of information for the solution condition in the

experiment. It is our future plan to include the salt

effect into the calculation.

It is well documented that the 3D-RISM calcula-

tion overestimates the free energy concerning hydro-

phobic hydration or the cavity formation, and that

magnitude of the error is proportional to the partial

molar volume of solute.39 So, it is likely that the sol-

vation free energy of each species in the thermody-

namic cycle (Fig. 7) suffers from a significant error.

However, the errors will be largely canceled out

along the thermodynamic cycle to get the binding

free energy, since the partial molar volume of the

protein-ligand complex is expected to be similar to

the sum of the quantities for each molecule. In the

case of evaluating the effect of mutation, which will

be discussed in binding affinity topic, the problem

will become even less, because the errors will be

Figure 3. Close up of oseltamivir (bond and stick model) in the neuraminidase binding pocket (surface) from the representative

structure of each system. The likely hydrogen bonds between the five amino acid residues and ligand are shown as a black

line.
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mostly canceled out by taking difference of the bind-

ing free energy between the two variants. Therefore,

we suppose that the errors from the free energy cal-

culation due to 3D-RISM are minor.

Distribution of water molecules around the

ligand and active-site of wild-type receptor

As depicted in Figure 4, the 3D-distribution function

of water oxygen and hydrogen atoms around the

ligand before and after the complexation of wild-

type, as well as the corresponding radial distribution

functions (RDF) from particular atoms in the moi-

eties is shown. It is quite obvious from the figure

that the hydrogen bonds between ligand and water

molecules are disappeared or largely reduced upon

the complexation. Those reductions of the hydrogen-

bond with water molecules upon complexation are

obviously the origin of the dehydration penalty con-

cerning the ligand.

Similar phenomena can be observed in the

receptor side as depicted in Figure 5, the 3D-

distribution function and RDF of water molecules

around the residues in the active-site of the wild-

type receptor before and after the complexation. It is

distinctive that in most of the cases water molecules

hydrogen-bonded to the amino acid residues in the

bulk solution are either disappeared or largely

reduced after the complexation, in particular the dis-

tribution around the residues of R292 and R371. So,

it is again obvious that the change in the hydrogen-

bond with water molecules upon the complexation is

the important source of the dehydration penalty con-

cerning the receptor.

The change in the water distribution upon the

ligand binding shows more complexity depending on

the position in the binding site: some are virtually

intact, and some are even increased. In free form,

oseltamivir and neuraminidase protein are stabilized

through the water solvationg. After complexation,

the removing of water molecules from neuramini-

dase binding pocket was placed by ligand molecule

evidenced from the decreased water distribution of

both ligand and receptor. However, the some water

molecules remain in the pocket as the bridging

water formed interaction with the residue and the

ligand, which can be observed from the sharp and

high probability of water distribution around the O2

and N2 ligand atoms (Fig. 4) and the carboxylate

group of the D151 residue (Fig. 5).

Binding affinity of oseltamivir to the mutants

The energetics related to the binding affinity of osel-

tamivir to the different mutants of neuraminidase

are listed in Table II along with the experimental

binding free energy (DGIC50) converted from IC50

data. The MM/3D-RISM binding free energy is the

summation of the contribution from solute molecules

(DGMM
bind) and solvation free energy (DDGsolv

bind), where

DGMM
bind is a combination of molecular mechanics

energy (DEMM) and structural entropy of protein

(TDSMM) as is defined in the MM/3D-RISM cal-

culation. The relative energy dDGbind of mutant

strains is the difference of binding free energy in

Figure 4. (Upper) 3D-distribution function of water O-atom and H-atom around oseltamivir via 3D-RISM calculation with

g(r)>3.0 before and after the complexation. (Lower) 3D-RISM RDF of hydrogen-bonded pairs between oseltamivir heteroatoms

and water molecules before and after the complexation calculated from the free oseltamivir and oseltamivir in complex with

wild-type neuraminidase.
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comparison with that of the wild type. Although the

statistical errors of the binding free energies are rel-

atively large, all mutation systems show the same

trend compared to those of wild-type. This implies

that the error from MM/3D-RISM calculation was

similar to all mutation systems, hence, we will focus

the trend of the binding affinities.

The computational results are roughly in accord-

ance with the experimental trend, but for the D198N

mutant the affinity is relatively close to the wild type.

In the following, let us look closely at the change of

water distribution around the mutated residues in

each mutant.

(1) E119G mutant

In the mutant, one of the hydrogen-bonding sites is

lost entirely [Fig. 2(b)] due to the mutation from the

negatively charged and long side chain of glutamate

(E) to the nonpolar and short side chain of glycine

(G) [Fig. 3(b)]. This is the same as that found previ-

ously for E119V19, E119A40, and E119G24 substitu-

tion of influenza A H1N1-2009 and neuraminidase

inhibitor complexes. The loss of the hydrogen-bond

site brings two effects into the binding affinity. First,

the hydrogen-bonding between the residue and the

ligand is lost, which shifts the binding-free energy

toward the positive side. Second, the hydrogen-bond

Figure 5. (Upper) 3D-distribution function of O-water (green) and H-atoms (yellow) with g(r)>4.0 within 7.0 Å of oseltamivir

(depicted as blue mesh sphere). (Lower) 3D-RISM RDF of hydrogen-bonded pairs between water molecules and five amino

acid residues before and after complexation
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between the residue and water molecules is lost,

which makes the dehydration penalty of the receptor

less. The substitution of the large residue (E) by a

small residue (G) introduces another effect into the

binding affinity, which is concerned with the dehy-

dration penalty of the ligand. Shown in Figure 6(b)

is the RDF of O-water atoms and heteroatoms of the

drug in the E119G-drug complex, compared with

that of the wild type [Fig. 6(a)]. The figure clearly

indicates that the RDF around the -NH1
3 group in

this mutant is not reduced upon binding as much as

that in the wild type. It is because the substitution

created a cavity for a water molecule hydrating the

ligand to be accommodated in the binding site with-

out dehydrating. The effect will lead to the reduction

of the dehydration penalty of the ligand. The reduc-

tion in the binding affinity due to the mutation is

determined by loss of the hydrogen bonding between

the receptor and the ligand, which exceeds the

reduction of the dehydration penalty both in the

receptor and the ligand.

(2) R152K mutant

In the mutant, one of the basic residues, arginine

(R), is replaced by the other basic residue lysine (K).

The mutation causes a mild effect on the electro-

static interactions of solute free energy, because both

residues bear charges with the same positive sign.

The interaction depends apparently on the geometry

of the residues. Arginine is slightly bigger in size

than lysine. The smaller size of lysine makes the

receptor-ligand interaction unfavorable due to the

increased separation to the hydrogen-bond partner

in the drug Figure 3(c). The situation is reflected in

the frequency of the hydrogen-bonds between the

residues and drug as shown in Figure 2(c). The fre-

quency is greater for arginine than for lysine, which

is different to the entire loss of the K152 interaction

Figure 6. 3D-RISM radial distribution function (g(r)) between the heteroatoms of oseltamivir (O1-O4, N1 and N2; see Fig. 1) and

O-water atoms is illustrated. The occupation numbers of water molecules (n(r)) integrated up to the first minimum are also

given.

Table II. The Average MM/3D-RISM Binding Free Energies and Their Components of Four Influenza B Neur-
aminidase Complexes Are in kcal/mol

Energetics Wild-type E119G R152K D198N

DEMM 2203.1 6 4.7 2171.0 6 3.0 2199.0 6 11.6 2200.2 6 2.2
TDSMM 221.9 6 10.6 222.1 6 13.8 221.4 6 9.2 222.0 6 9.6
DGMM

bind 2181.2 6 5.6 2148.8 6 2.7 2177.6 6 9.3 2178.2 6 1.9
DDGsolv

bind 180.9 6 4.6 151.8 6 2.5 178.6 6 7.4 178.3 6 2.5
DGbind 20.3 6 1.0 2.9 6 2.5 0.9 6 2.0 0.1 6 2.1
dDGbind 2 3.2 1.3 0.4
dDGIC50 2 2.0a 3.4a/2.7b 1.3b

The relative binding free energy from the prediction (dDGbind) and experiment converted from IC50 (dDGIC50) was compared
for mutated systems.
a Ref. 15.
b Ref. 14.
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in zanamivir and R152K H1N1-2009 complex from

single simulation.40 On the other hand, the dehydra-

tion penalty for lysine is less than that for arginine

(Table II). The results can be understood from the

RDF of water around the -NHAc group in the drug

molecule [Fig. 6(c)]. The hydrogen-bond peak around

the O3 atom of the -NHAc group in the R152K

mutant is not reduced as much as that in the wild

type. This indicates that some portion of water mole-

cules around the residue and the drug can remain

upon binding without dehydration.

(3) D198N mutant

This is the mutation of a charged residue to a polar

residue. The effect of the mutation on the structure

should be significant, because a net charge is

removed from the protein. Nonetheless, the effect on

the binding affinity is minor, because the location of

the substitution is at framework of the active-site,

which has no direct interaction with oseltamivir

[Fig. 1]. The crystal structure of oseltamivir and

D198E influenza B neuraminidase complex discovers

that the carboxylate group of E276 does not rotate

sufficiently to interact with R224 forming the hydro-

phobic pocket for oseltamivir binding,41 however,

this is not found in wild-type or mutant system. In

fact, the frequency of hydrogen-bond between the

drug and the receptor, exhibited in Figure 2(d) and

Fig. 3(d), hardly changes for all the hydrogen-bond

pairs. Accordingly, the RDFs of water around the

drug and the residues do not suffer at all from the

mutation [in Fig. 6(d)]. This might be the reason

why the affinity of the drug to the mutant does not

change much compared to the wild type.

Conclusions

The aim of this research is to understand the oselta-

mivir efficiency toward wild-type as well as the

three single mutations E119G, R152K, and D198N

in terms of molecular recognition. The MM/3D-RISM

approach was employed to explore the binding affin-

ity of oseltamivir to the receptors, and the change in

water distribution upon the binding.

The results show the binding affinity or the

binding free energy of ligand to receptor is deter-

mined by a subtle balance of two major contribu-

tions, which largely cancel out each other: the

ligand-receptor interactions and the dehydration

free energy. It was found that the dehydration free

energy is determined by change in the detailed dis-

tribution of solvent at the active-site before and

after the ligand binding. The findings suggested

that the detailed description of solvent distributions

at the active-site of receptor and its complex with

ligand is required to evaluate the binding affinity

accurately.

The theoretical results of the binding affinity of

the drug to the mutants reproduced the observed

trend in the resistivity, which is measured by IC50;

the high-level resistance of E119G and R152K, and

the low-level resistance of D198N. Both the direct

drug-target interactions and the dehydration pen-

alty are reduced due to the mutation, compared to

those of the wild type, which make compensatory

effects on the binding affinity. The former effect

exceeds the latter, causing the reduction of the bind-

ing affinity of the drug to the neuraminidase var-

iants. It is the main source of high-level resistance

of the virus mutants to oseltamivir. The resistivity

of the D198N variant is not high since substitution

is located at framework of the active-site.

The theoretical analysis made in the present

paper remains to be qualitative, since several ele-

ments of physics are not properly taken into consid-

eration, especially the structural entropy and

solution condition including electrolytes. The study

to include those elements of physics in the analysis

is in progress in our group.

Materials and Methods

Preparation of systems

All preparations for MDs were performed using the

AMBER 10 software package.42 The crystal struc-

ture of B/Beijing/1/87 wild-type neuraminidase in

complex with sialic acid, Protein Data Bank (PDB)

code 1NSC43 was chosen as the starting structure

for structure of the receptor. To construct the com-

plex between the wild-type neuraminidase and osel-

tamivir, the sialic acid was replaced by the

oseltamivir structure taken from the PDB code

2HU444 without any modification. The crystallo-

graphic calcium ions and water molecules were kept.

The resultant wild-type neuraminidase-oseltamivir

complex is shown in Figure 1. Then, this system

was used as the template for preparing the three

variants, E119G, R152K and D198N, by single resi-

due mutation to the residue of interest (Fig. 1) using

the LEaP module in AMBER 10. The ionizable resi-

dues (K, R, D, E, and H) were considered to be in

their protonated state at pH 7.0. All missing hydro-

gen atoms of the protein and ligand were added

using the LEaP module and were then minimized in

order to remove the bad contacts. Each system was

neutralized by chloride ion (Cl-) and immersed in a

TIP3P45 water box that extended at least 13 Å from

the protein surface. The AMBERff03 force field was

employed for all protein atoms,46 while the force

field and RESP charge of oseltamivir were retrieved

from previous work.47

Protocol for MDs

All MD calculations were performed using the

SANDER module implemented in AMBER. The sol-

vent molecules (only) were first optimized, and sub-

sequently the whole system was minimized with
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1000 steps of steepest descent and 2000 steps of con-

jugate gradient. For the thermalization step, the

temperature applied for each system was gradually

increased from 10 K to 310 K with 2 fs of time step

for 100 ps. After the target temperature was

reached, the simulated system was maintained at

that temperature for 100 ps using a weak-coupling

algorithm for the barostat and thermostat constants.

All atomistic MDs were run at 310 K and 1 atm

using the periodic boundary condition and the NPT

ensemble. The SHAKE algorithm was applied to

constrain the bond length involving the hydrogen

atoms, while the Particle mesh Ewald (PME) was

used to treat the long-range electrostatic interac-

tions.48 The nonbonded interaction cutoff was set at

12 Å and the time step at 2 fs. An unrestrained sim-

ulation was performed for 20 ns. Then to obtain pre-

cision for the drug-target interaction calculation,

two more MDs with different starting velocities

were performed for each system. The global RMSD

of all the neuraminidase protein atoms relative to

the starting structure and the plots of the distance

measured from the oseltamivir atom to its neur-

aminidase binding-residue atom versus the simula-

tion time were monitored to verify the stability of

the simulated system (see Supporting Information

Fig. S1 and S2).

3D-RISM calculations

The protein was placed at the center of a 729,000 Å3

box (90 3 90 3 90 Å) with a grid spacing of 0.5 Å.

The TIP3P model was chosen for the water-water,

water-protein, and water-ligand interactions, while

the AMBER force field was adopted for the interac-

tions among atoms in the protein and ligand. The

TIP3P solvent susceptibility function was obtained

using the rism1d module with a grid size of 0.025 Å

and a tolerance of 1e-12 for the convergence criteria.

The 3D-RISM equation was closed using the KH-

closure with a grid size of 0.5 Å and a tolerance of

1e-5.49

MM/3D-RISM calculation
The binding free energy is calculated according to

the standard thermodynamic cycle illustrated in Fig-

ure 7, and the suffix "MM" indicates that those

quantities are calculated with the molecular

mechanics (MM) method for the molecules in "vac-

uum". The binding free energy is defined by the free

energy change due to the ligand binding:

DGbind ¼ Gcomplex2ðGreceptor1GligandÞ

¼ DGMM
bind1DDGsolv

bind

where Gx denotes the total free energy of the spices

x in solution, which is sum of the MM energy, GMM
x ,

and the solvation free energy, DGsolv
x . (x is the "com-

plex," "receptor," or "ligand.") DGMM
bind is the free

energy change upon ligand binding in "vacuum".

DGMM
bind ¼ GMM

complex2ðGMM
receptor1GMM

ligandÞ

¼ EMM
complex2ðEMM

receptor1EMM
ligandÞ2TSMM

complex1ðTSMM
receptor1TSMM

ligandÞ

¼ DEMM2TDSMM

where DEMM and DSMM denote the changes in the

interaction energy and entropy, respectively, upon

ligand binding. The structural entropy is obtained

from the normal mode analysis (NMA). DEMM is

further decomposed into two contributions, the

electrostatic and van der Waals interactions as

follows.

DEMM ¼ DEMM
ele 1DEMM

vdW

The change in the solvation free energy upon

ligand binding, DDGsolv
bind, is defined by,

DDGsolv
bind ¼ DGsolv

complex2 DGsolv
receptor1DGsolv

ligand

� �

where DGsolv
receptor, DGsolv

ligand, and DGsolv
complex denote the

solvation free energies of receptor, ligand, and their

complex, respectively.

Three different 20 ns simulations with different

starting velocity were performed on the oseltamivir-

neuraminidase complexes concerning the wild-type,

E119G, R152K, and D198N strains of influenza B.

The production phase of each simulation contains

7500 snapshots. The binding free energy was calcu-

lated based on the 3D-RISM, MM, and NMA by tak-

ing an ensemble average over the three trajectories

with different initial conditions, each having 100

snapshots extracted from the trajectories at every

0.2 ps. The MM/3D-RISM calculations were per-

formed using the MMPBSA.py50 program, while

NMA was carried out using the AMBER 12 pro-

gram36. The MM/3D-RISM binding free energy will

be compared with the experiment binding free

Figure 7. The thermodynamic cycle for calculating the bind-

ing free energy.
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energy (DGIC50) estimated from the IC50 values

using DGIC50 � RTlnIC50.

Acknowledgments

The authors thank Dr. Masatake Sugita for his tech-

nical support as well as scientific discussion.

References

1. Lin YP, Gregory V, Bennett M, Hay A (2004) Recent

changes among human influenza viruses. Virus Res

103:47–52.
2. Jackson D, Elderfield RA, Barclay WS (2011) Molecular

studies of influenza B virus in the reverse genetics era.

J Gen Virol 92:1–17.
3. Burnham AJ, Baranovich T, Govorkova EA (2013)

Neuraminidase inhibitors for influenza B virus

infection: efficacy and resistance. Antiviral Res 100:

520–534.
4. Barr IG, Russell C, Besselaar TG, Cox NJ, Daniels RS,

Donis R, Engelhardt OG, Grohmann G, Itamura S, Kelso

A, McCauley J, Odagiri T, Schultz-Cherry S, Shu Y, Smith

D, Tashiro M, Wang D, Webby R, Xu X, Ye Z, Zhang W

(2014) WHO recommendations for the viruses used in the

2013–2014 Northern Hemisphere influenza vaccine:

epidemiology, antigenic and genetic characteristics of

influenza A(H1N1)pdm09, A(H3N2) and B influenza

viruses collected from October 2012 to January 2013.

Vaccine 32:4713–4725.
5. Fields BN, Knipe DM, Howley PM (2007) Fields

Virology. Philadelphia: Wolters Kluwer Health/

Lippincott Williams & Wilkins.
6. Taylor G, Russell R. Chapter 16 - Influenza virus

neuraminidase inhibitors. In: Bradshaw RA, Dennis

EA, Eds. (2010) Handbook of cell signaling (Second

Edition). San Diego: Academic Press, pp 103–110.
7. McKimm-Breschkin JL (2002) Neuraminidase

inhibitors for the treatment and prevention of

influenza. Expert Opin Pharmacother 3:103–112.
8. Gubareva LV, Kaiser L, Hayden FG (2000) Influenza

virus neuraminidase inhibitors. Lancet 355:827–835.
9. Sugaya N, Mitamura K, Yamazaki M, Tamura D,

Ichikawa M, Kimura K, Kawakami C, Kiso M, Ito M,

Hatakeyama S, Kawaoka Y (2007) Lower clinical

effectiveness of Oseltamivir against influenza B

contrasted with influenza A infection in children. Clin

Infect Dis 44:197–202.
10. Kawai N, Ikematsu H, Iwaki N, Maeda T, Kanazawa

H, Kawashima T, Tanaka O, Yamauchi S, Kawamura

K, Nagai T, Horii S, Hirotsu N, Kashiwagi S (2008) A

comparison of the effectiveness of Zanamivir and

Oseltamivir for the treatment of influenza A and B.

J Infect 56:51–57.
11. Gubareva LV, Matrosovich MN, Brenner MK, Bethell

RC, Webster RG (1998) Evidence for Zanamivir

resistance in an immunocompromised child infected

with influenza B virus. J Infect Dis 178:1257–1262.
12. Barnett JM, Cadman A, Burrell FM, Madar SH, Lewis

AP, Tisdale M, Bethell R (1999) In vitro selection and

characterisation of influenza B/Beijing/1/87 isolates

with altered susceptibility to Zanamivir. Virology 265:

286–295.
13. Gubareva LV (2004) Molecular mechanisms of

influenza virus resistance to neuraminidase inhibitors.

Virus Res 103:199–203.
14. Mishin VP, Hayden FG, Gubareva LV (2005)

Susceptibilities of antiviral-resistant influenza viruses

to novel neuraminidase inhibitors. Antimicrob Agents
Chemother 49:4515–4520.

15. Jackson D, Barclay W, Z€urcher T (2005) Characterization of
recombinant influenza B viruses with key neuraminidase
inhibitor resistance mutations. J Antimicrob Chemother
55:162–169.

16. Malaisree M, Rungrotmongkol T, Nunthaboot N,
Aruksakunwong O, Intharathep P, Decha P,
Sompornpisut P, Hannongbua S (2009) Source of
Oseltamivir resistance in avian influenza H5N1 virus
with the H274Y mutation. Amino Acids 37:725–732.

17. Rungrotmongkol T, Udommaneethanakit T, Malaisree
M, Nunthaboot N, Intharathep P, Sompornpisut P,
Hannongbua S (2009) How does each substituent
functional group of Oseltamivir lose its activity against
virulent H5N1 influenza mutants? Biophys Chem 145:
29–36.

18. Nguyen TT, Mai BK, Li MS (2011) Study of Tamiflu
sensitivity to variants of A/H5N1 virus using different
force fields. J Chem Inf Model 51:2266–2276.

19. Rungrotmongkol T, Malaisree M, Nunthaboot N,
Sompornpisut P, Hannongbua S (2010) Molecular
prediction of Oseltamivir efficiency against probable
influenza A (H1N1-2009) mutants: Molecular modeling
approach. Amino Acids 39:393–398.

20. Li L, Li Y, Zhang L, Hou T (2012) Theoretical studies
on the susceptibility of oseltamivir against variants of
2009 A/H1N1 influenza neuraminidase. J Chem Inf
Model 52:2715–2729.

21. Woods CJ, Malaisree M, Pattarapongdilok N,
Sompornpisut P, Hannongbua S, Mulholland AJ (2012)
Long time scale GPU dynamics reveal the mechanism
of drug resistance of the dual mutant I223R/H275Y
neuraminidase from H1N1-2009 influenza virus. Bio-
chemistry 51:4364–4375.

22. Woods CJ, Malaisree M, Long B, McIntosh-Smith S,
Mulholland AJ (2013) Computational assay of H7N9
influenza neuraminidase reveals R292K mutation
reduces drug binding affinity. Sci Rep 3:

23. Woods CJ, Malaisree M, Long B, McIntosh-Smith S,
Mulholland AJ (2013) Analysis and assay of
oseltamivir-resistant mutants of influenza neuramini-
dase via direct observation of drug unbinding and
rebinding in simulation. Biochemistry 52:8150–8164.

24. Pan P, Li L, Li Y, Li D, Hou T (2013) Insights into
susceptibility of antiviral drugs against the E119G
mutant of 2009 influenza A (H1N1) neuraminidase by
molecular dynamics simulations and free energy
calculations. Antivir Res 100:356–364.

25. Kovalenko A, Hirata F (2000) Potentials of mean force
of simple ions in ambient aqueous solution. I. Three-
dimensional reference interaction site model approach.
J Chem Phys 112:10391–10402.

26. Hirata F. (2003) Molecular theory of solvation.
Dordrecht: Springer-Kluwer.

27. Yoshida N, Imai T, Phongphanphanee S, Kovalenko A,
Hirata F (2008) Molecular recognition in biomolecules
studied by statistical-mechanical integral-equation
theory of liquids. J Phys Chem B 113:873–886.

28. Kovalenko A. Three-dimensional rism theory for
molecular liquids and solid-liquid interfaces. In: Hirata
F, Ed. (2003) Molecular theory of solvation. Dordrecht:
Springer-Kluwer, pp 169–275.

29. Phongphanphanee S, Yoshida N, Hirata F (2008) On
the proton exclusion of aquaporins: a statistical
mechanics study. J Am Chem Soc 130:1540–1541.

30. Phongphanphanee S, Rungrotmongkol T, Yoshida N,
Hannongbua S, Hirata F (2010) Proton transport
through the influenza A M2 channel: three-

Phanich et al. PROTEIN SCIENCE VOL 25:147—158 157



dimensional reference interaction site model study.

J Am Chem Soc 132:9782–9788.
31. Blinov N, Dorosh L, Wishart D, Kovalenko A (2010)

Association thermodynamics and conformational

stability of b-sheet amyloid b(17-42) oligomers: effects

of E22Q (Dutch) mutation and charge neutralization.

Biophys J 98:282–296.
32. Luchko T, Gusarov S, Roe DR, Simmerling C, Case

DA, Tuszynski J, Kovalenko A (2010) Three-

dimensional molecular theory of solvation coupled with

molecular dynamics in amber. J Chem Theory Comput

6:607–624.
33. Genheden S, Luchko T, Gusarov S, Kovalenko A, Ryde

U (2010) An MM/3D-RISM approach for ligand binding

affinities. J Phys Chem B 114:8505–8516.
34. Yesudas JP, Blinov N, Dew SK, Kovalenko A (2015)

Calculation of binding free energy of short double

stranded oligonucleotides using MM/3D-RISM-KH

approach. J Mol Liq 201:68–76.
35. Kawai N, Ikematsu H, Iwaki N, Satoh I, Kawashima

T, Maeda T, Miyachi K, Hirotsu N, Shigematsu T,

Kashiwagi S (2005) Factors influencing the

effectiveness of Oseltamivir and Amantadine for the

treatment of influenza: a multicenter study from Japan

of the 2002 2 2003 Influenza Season. Clin Infect Dis

40:1309–1316.
36. Case DA, Darden TA, Cheatham TE, Simmerling CL,

Wang J, Duke RE, Luo R, Walker RC, Zhang W, Merz

KM, Roberts B, Hayik S, Roitberg A, Seabra G, Swails

J, Goetz AW, Kolossv�ary I, Wong KF, Paesani F,

Vanicek J, Wolf RM, Liu J, Wu X, Brozell SR,

Steinbrecher T, Gohlke H, Cai Q, Ye X, Wang J, Hsieh

MJ, Cui G, Roe DR, Mathews DH, Seetin MG,

Salomon-Ferrer R, Sagui C, Babin V, Luchko T,

Gusarov S, Kovalenko A, Kollman PA. AMBER 12.

(2012). University of California, San Francisco.
37. Hirata F, Akasaka K (2015) Structural fluctuation of

proteins induced by thermodynamic perturbation.

J Chem Phys 142.
38. Kim B, Hirata F (2013) Structural fluctuation of

protein in water around its native state: a new

statistical mechanics formulation. J Chem Phys 138.
39. Ratkova EL, Chuev GN, Sergiievskyi VP, Fedorov MV

(2010) An accurate prediction of hydration free

energies by combination of molecular integral

equations theory with structural descriptors. J Phys

Chem B 114:12068–12079.
40. Pan D, Sun H, Bai C, Shen Y, Jin N, Liu H, Yao X

(2011) Prediction of Zanamivir efficiency over the

possible 2009 influenza A (H1N1) mutants by multiple

molecular dynamics simulations and free energy
ealculations. J Mol Model 17:2465–2473.

41. Oakley AJ, Barrett S, Peat TS, Newman J, Streltsov
VA, Waddington L, Saito T, Tashiro M, McKimm-
Breschkin JL (2010) Structural and functional basis of
resistance to neuraminidase inhibitors of influenza B
viruses. J Med Chem 53:6421–6431.

42. Case DA, Darden TA, Cheatham TE, Simmerling CL,
Wang J, Duke RE, Luo R, Crowley M, Walker RC,
Zhang W, Merz KM, Wang B, Hayik S, Roitberg A,
Seabra G, Kolossv�ary I, Wong KF, Paesani F, Vanicek
J, Wu X, Brozell SR, Steinbrecher T, Gohlke H, Yang
L, Tan C, Mongan J, Hornak V, Cui G, Mathews DH,
Seetin MG, Sagui C, Babin V, Kollman PA. AMBER 10.
(2008). University of California, San Francisco.

43. Burmeister WP, Henrissat B, Bosso C, Cusack S,
Ruigrok RWH (1993) Influenza B virus neuraminidase
can synthesize its own inhibitor. Structure 1:19–26.

44. Russell RJ, Haire LF, Stevens DJ, Collins PJ, Lin YP,
Blackburn GM, Hay AJ, Gamblin SJ, Skehel JJ (2006)
The structure of H5N1 avian influenza neuraminidase
suggests new opportunities for drug design. Nature
443:45–49.

45. Jorgensen WL, Chandrasekhar J, Madura JD, Impey
RW, Klein ML (1983) Comparison of simple potential
functions for simulating liquid water. J Chem Phys 79:
926–935.

46. Duan Y, Wu C, Chowdhury S, Lee MC, Xiong G, Zhang
W, Yang R, Cieplak P, Luo R, Lee T, Caldwell J, Wang
J, Kollman P (2003) A point-charge force field for
molecular mechanics simulations of proteins based on
condensed-phase quantum mechanical calculations.
J Comput Chem 24:1999–2012.

47. Malaisree M, Rungrotmongkol T, Decha P, Intharathep
P, Aruksakunwong O, Hannongbua S (2008)
Understanding of known drug-target interactions in
the catalytic pocket of neuraminidase subtype N1. Pro-
teins 71:1908–1918.

48. York DM, Darden TA, Pedersen LG (1993) The effect of
long-range electrostatic interactions in simulations of
macromolecular crystals: a comparison of the Ewald
and truncated list methods. J Chem Phys 99:8345–
8348.

49. Kovalenko A, Hirata F (1998) Three-dimensional
density profiles of water in contact with a solute of
arbitrary shape: a RISM approach. Chem Phys Lett
290:237–244.

50. Miller BR, McGee TD, Swails JM, Homeyer N, Gohlke
H, Roitberg AE (2012) MMPBSA.py: an efficient
program for end-state free energy calculations. J Chem
Theory Comput 8:3314–3321.

158 PROTEINSCIENCE.ORG A 3D-RISM/RISM Study on Oseltamivir-Resistant Influenza viruses


	l

