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ABSTRACT: Multidrug resistance of the pandemic HINI-2009 N1 1223R/H275Y:Oseltamivir
strain of influenza has been reported due to widespread treatment :

using the neuraminidase (NA) inhibitors, oseltamivir (Tamlﬂu), and
zanamivir (Relenza). From clinical data, the single 1223R (IR') mutant
of HINI- 2009 NA reduced efficacy of oseltamivir and zanamivir by 45
and 10 times," respectively. More seriously, the efficacy of these two
inhibitors against the double mutant 1223R/H275Y (IRHY®) was
significantly reduced by a factor of 12374 and 21 times, respectively,
compared to the wild-type.” This has led to the question of why the efficacy of the NA inhibitors is reduced by the occurrence of
these mutations and, specifically, why the efficacy of oseltamivir against the double mutant IRHY was significantly reduced, to the
point where oseltamivir has become an ineffective treatment. In this study, 1 s of molecular dynamics (MD) simulations was
performed to answer these questions. The simulations, run using graphical processors (GPUs), were used to investigate the effect
of conformational change upon binding of the NA inhibitors oseltamivir and zanamivir in the wild-type and the IR and IRHY
mutant strains. These long time scale dynamics simulations demonstrated that the mechanism of resistance of IRHY to
oseltamivir was due to the loss of key hydrogen bonds between the inhibitor and residues in the 150-loop. This allowed NA to
transition from a closed to an open conformation. Oseltamivir binds weakly with the open conformation of NA due to poor
electrostatic interactions between the inhibitor and the active site. The results suggest that the efficacy of oseltamivir is reduced
significantly because of conformational changes that lead to the open form of the 150-loop. This suggests that drug resistance
could be overcome by increasing hydrogen bond interactions between NA inhibitors and residues in the 150-loop, with the aim
of maintaining the closed conformation, or by designing inhibitors that can form a hydrogen bond to the mutant R223 residue,
thereby preventing competition between R223 and R152.

ons

he HIN1-2009 influenza virus (colloquially called “swine and group 2 (N2, N3, N6, N7, and N9). NA from HIN1-2009
flu”) has spread globally by human-to-human transmission belongs to group 1. X-ray structures’ of NA show that group 1 NA
since April 2009.> This new, highly adaptive virus is derived is structurally distinct from group 2. Group 1 NA has a flexible

from different gene segments of swine, avian, and human 150-loop (residues 147—152) that can exist in two stable
influenza.* Within a few months of its appearance, the HIN1- conformations: open and closed. In contrast, the 150-loop in
2009 strain became the first influenza pandemic of the 21st group 2 NA exists only in the closed conformation. The current
century. Antiviral drugs that target the neuraminidase (NA) commercial antiviral treatments of influenza that target NA are
enzyme of influenza have been used successfully to treat HIN1- oseltamivir (commercially called Tamiflu ®) and zanamivir
2009 infection. However, widespread use of these drugs has led (commercially called Relenza’). These NA inhibitors were
to a series of mutations in NA that reduce the drugs’ efficacy. developed using information from X-ray structures of group 2
The aim of this study is to use computer simulation to under- NA, where the protein crystallized in the closed conformation.
stand, at a molecular level, how point mutations in NA can lead These inhibitors were designed to bind to the closed form of
to drug resistance. The hope is this could provide insight that the enzyme, to mimic the natural substrate, sialic acid, to
would lead to the development of the next generation of prevent NA functioning during the propagation step of viral
antiviral treatments of influenza. replication. Influenza virus uses NA to cleave the terminal sialic
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acid, thereby allowing release of progeny viruses from the host
cells.® As the active site of NA in all strains is highly conserved,®
antiviral drugs developed for group 2 can be used to treat
patients infected by group 1 strains of the virus and so are
effective treatments for HIN1-2009.

X-ray crystallography provides structures of the apo form
group 1 NAs that are predominantly in the open conforma-
tion.””"'" These studies have also shown that group 1 NAs can
bind oseltamivir in either the open or closed conformation,
depending on the soaking conditions.” Soaking of oseltamivir
for 150 min into preformed crystals of the open form of N1 NA
shows no large conformational changes, with the 150-loop
remaining in the open conformation. However, when the N1
crystals are soaked with a higher concentration of oseltamivir,
the 150-loop undergoes a conformational change to a closed
structure that is similar to that seen in group 2 NAs.> This
suggests that the open form of the loop is more stable in the
unbound apoenzyme, while binding of the inhibitor induces a
conformational change to the closed form. This suggestion is
supported by a computational study that calculated binding free
energies of inhibitors to the closed and open forms of HSN1
NA using MM/PBSA."" Binding free energies were calculated
from a series of 3 ns dynamics simulations of a five ligands
binding to the open and closed form of NA from the HSN1
strain. The results showed that oseltamivir had a strong pre-
ference to bind to the closed form of NA (absolute binding free
energy of —8.5 kcal mol™' for the closed form, compared
to +12.4 kcal mol™" for the open form). In contrast, zanamivir
was shown to be able to bind to either conformation (absolute
binding free energy of —13.3 kcal mol™ for closed and —13.0
kcal mol™" for open).

Genetic analysis and crystallographic techniques have been
used to gain insight into the molecular properties of the HIN1-
2009 strain of influenza. The hemagglutinin (HA) protein from
HIN1-2009 was found to have antigenic similarity with the
HIN1-1918 “Spanish flu” strain.'* In contrast, the neuramini-
dase (NA) protein from HIN1-2009 showed structural differ-
ences compared to NA from the normal N1 strains. It was
surprising to observe that the apo form of NA from HINI-
2009 crystallized with a closed form of the 150-loop and with
no 150-cavity."® This is in contrast to all other X-ray structures
of other N1 variants that show an open structure of the apo
form. However, crystallization of only the closed form of the
apo HIN1-2009 structure does not mean that the open form
does not exist in solution. Explicit solvent molecular dynamics
(MD) simulations'* of NA from HSN1 for 40 ns showed that
the 150-loop opened more and was more flexible than was ob-
served in the X-ray structure. The simulations also showed an
opening of the adjacent 430-loop that expanded the cavity next
to the active site.'* To enhance conformational sampling,
implicit solvent Generalized Born (GB MD) simulations of the
N1 and N9 NA were used to study the dynamical differences in
the 150-loop and 430-loop. The simulations also suggested that
this loop conformation may be more flexible than observed in
the crystal structures.'> Further, recent explicit solvent 100 ns
MD simulations'® of the tetramer of the wild-type and variants
of HIN1-2009 show that the 150-loop opens.

Appearance of Drug-Resistant Mutations. Oseltamivir
and zanamivir are used widely for the treatment of influenza,
while a new NA inhibitor, peramivir, has recently been author-
ized by the FDA for patients infected by the HIN1-2009
strain."” Because of the widespread use of these NA inhibitors,
several mutant strains of HIN1-2009 have appeared that reduce
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the binding efficacy of the compounds and thus cause drug
resistance. A common mutation in the N1 subtype is H275Y
(hereafter called “HY”) which can still be treated by inhaled
zanamivir but is resistant to oseltamivir."®'? Since the large-
scale outbreak of influenza HI1IN1-2009, several cases of this
HY, oseltamivir-resistant strain have been detected, causing
almost 500 reported infections.”® Recently, two new NA
mutants, 223R"*! (hereafter called “IR”) and 1223R/H275Y>
(hereafter called “IRHY”), have been reported with multidrug
resistance. Recent data suggest that the “IR” mutation has the
potential to spread into the general human population.”> From
clinical data, the efficacy of oseltamivir, zanamivir, and peramivir
against the IR mutant was reduced, with a 45, 10, and 7 times
increase in resistance,’ respectively, compared to the wild-type. Of
more concern, the efficacy of these three NA inhibitors against the
double mutant, IRHY, was significantly reduced compared to the
wild-type with a 12374, 21-, and 7530-fold increase in resistance,”
respectively. This is a cause for worry, as the over 12000-fold
reduction in efficacy shows that oseltamivir is not an effective
treatment against the IRHY mutant strain.

The aim of this work was to investigate how the IR and
IRHY mutations of HIN1-2009 NA lead to reduced binding
efficacy of oseltamivir and zanamivir. To understand the
mechanism of drug resistance, long time scale, explicit solvent
MD simulations were performed using graphical processors
(GPUs). In total, 1 ps of dynamics was performed, comprising
ten 100 ns trajectories of the inhibitor bound and un-
bound forms of the wild-type protein and the IR and IRHY
strains. The resulting trajectories were analyzed to investigate
the effect of mutation and inhibitor binding on the conforma-
tion stability of the protein and, specifically, to understand, at a
molecular level, why oseltamivir is no longer effective against
the IRHY strain of HIN1-2009 NA.

B METHODS

Preparing the Starting Structure. The initial structure of
HIN1-2009 NA was taken from the X-ray structure with
protein data bank (PDB) code 3NSS."* Chain A of the dimer
was used to provide the starting point for the simulation of the
monomer wild-type unbound system (hereafter called WT).
Simulation of the monomer was performed as simulations of
the dimer would have been too computational demanding. To
prepare the bound systems, oseltamivir and zanamivir coordi-
nates were taken from PDB structures 2HU4® (oseltamivir
bound to N1 from influenza-HSN1) and INNC?>* (zanamivir
bound to N9 from influenza-H11N9), via superposition over
the structure from 3NSS. Hydrogens were added to the inhibitors
and the positions of these hydrogens optimized using
Gaussian03>* at the HF/6-31G* level of theory. This provided
the starting point for the wild-type inhibitor-bound simulations,
hereafter called WT:0sel and WT:zana. For the mutant-strain
simulations, the isoleucine (I) at position 223 was changed to
an arginine (R), to create the single IR mutant (simulations
hereafter called IR, IR:osel, and IR:zana), and residues 1223 and
H275 were changed to R223 and Y275 for the IRHY double
mutant (simulations hereafter called IRHY, IRHY:osel, and
IRHY:zana). All systems included the structurally important
calcium ion,”® with starting coordinates taken from 3NSS. All
missing hydrogen atoms for each system were added using the
LEaP module in AMBER 10.2° The predicted ionization states
for amino acid residues with potentially charged side chains
were calculated using PROPKA.”” All systems were solvated
using TIP3P*® water in an ~90> A% box using Cl™ as the
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neutralizing counterion. The generalized AMBER force field*
(GAFF) was used to model the inhibitors, and the FF03* force field
was used to model the protein. The atomic charges for the inhibitors
were obtained using the RESP module implemented in AMBER 10,
based on an electrostatic potential calculated from a single point
calculation at the HF/6-31G* level using Gaussian03.2*

Molecular Dynamics (MD) Simulations Using Graph-
ical Processors (GPUs). Energy minimization was used to
optimize the positions of the hydrogen atoms and water
molecules from each system using the SANDER module of
AMBER 10.>° This was followed by energy minimization of all
atoms of each system. Molecular dynamics (MD) simulations
were then performed using PMEMD.CUDA from AMBER 11.*'
PMEMD.CUDA is an experimental version of the PMEMD
module that has been ported to run on graphical processors
(GPUs) produced by nVidia. PMEMD.CUDA with bug fixes
1—11 (all bug fixes released up until 7/11/10) was used, with
calculations performed on a cluster of nVidia Tesla C2050
GPU accelerators. Extensive testing was performed using this
software/hardware combination on the NA system (WT:osel)
to demonstrate that the results are comparable to those
obtained using a CPU. Use of GPUs was chosen for this study
because testing revealed that use of a GPU for this system was
faster than using locally available CPUs (simulations using 1
GPU were ~50% faster than those using 32 Xeon 3.4 GHz
CPU cores). In addition, it was found that use of a GPU con-
sumed significantly less energy (~3 MJ per nanosecond of
dynamics using 1 GPU compared to 10 MJ per nanosecond of
using 32 CPU cores). Use of GPUs to run the 1 ys of dynamics
required for this investigation therefore saved ~7 GJ of
electricity compared to running these calculations using locally
available CPUs. GPUs provide promising systems for energy
efficient scientific computing.

MD simulations were performed using a time step of 2 fs and
a cutoff radius of 10 A for the nonbonded interactions, and
particle-mesh Ewald (PME) was used for calculating the long-
range electrostatic interactions.”> SHAKE®® was used to
constrain all bonds involving hydrogen. Initially, the temper-
ature of each system was increased gradually from 0 to 310 K
over a period of 100 ps of NVT dynamics. This was followed by
100 ps of NVT equilibration at 310 K and then 800 ps of NPT
equilibration at 310 K and 1 atm pressure. The structures after
this initial equilibration were checked visually for any problems.
The resulting set of nine structures (WT, WT:osel, WT:zana,
IR, IR:osel, IR:zana, IRHY, IRHY:osel, and IRHY:zana) were
then used as input to nine 100 ns MD simulations. As the
resistance of the IRHY mutant to oseltamivir was one of the
key focuses of interest of this work, the IRHY:osel starting
structure was duplicated and used as the starting point for a
second 100 ns simulation (IRHY:o0sel2). A Langevin thermostat
was used, with a random, random number seed given to each
trajectory. It has been suggested that long time scale
simulations of the monomer form of NA may be unstable.'>**
This suggestion was based on observations of instability of the
protein structure during implicit solvent (Generalized Born)
MD simulations of the monomer. For example, the helix from
D103-F11S was seen to unravel in simulations of the monomer
but was stable during simulations of the tetramer.'® This
observation of instability of the monomer during an implicit
solvent simulation led to the suggestion that explicit solvent
simulations of the monomer should also use backbone
restraints.>* However, this suggestion was not tested in that
study and does not appear to have been tested in any other work.
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As other workers have shown that short time scale (3 ns) explicit
solvent MD simulations of N1 NA monomer without backbone
restraints are stable,'! it was decided that backbone restraints
should not be used. As this study involved long time scale,
unrestrained dynamics of the monomer, extra care was taken to
monitor the stability of the simulations. The root-mean-square
deviation (RMSD) of the trajectories was monitored, as was the
root-mean-square fluctuations (RMSF), and the secondary struc-
ture assignment of each residue (see Supporting Information).
These, together with visual inspection, showed that the dynamics
of each trajectory was stable and that the helix from D103-F115
did not unravel. After ensuring stability, the first 20 ns of each of
the ten resulting trajectories was discarded as equilibration, with
analysis performed over only the final 80 ns. The full list of simula-
tions performed is given in Table 1.

Table 1. Naming Key for the Ten GPU Dynamics
Simulations Performed for This Study

wild-type  I223R mutant  [223R/H275Y mutant
unbound WT IR IRHY
oseltamivir-bound ~ WT:osel IR:osel IRHY:osel, IRHY:osel2
zanamivir-bound WT:zana IR:zana IRHY:zana

B RESULTS AND DISCUSSION

Dynamics of the Free Protein. All of the ten trajectories
performed in this study were started from the closed form of
HIN1-2009 NA, as taken from PDB structure 3NSS."* The
first question to be asked by the study was whether the
computer model was accurate and that a 100 ns trajectory was
sufficient to observe the conformational change from the closed
to the open form of the 150-loop. To answer this question, the
three trajectories of the unbound protein were compared to
crystal structures of the open and closed forms of NA. While,
currently, no X-ray structure of the open form of HIN1-2009 is
available, the structures of both the open and closed forms of
the related N1 NA from the HSN1 “bird flu” influenza virus
have been determined (2HU4 for closed® and 2HTY for
open”®). Snapshot structures from every 100 ps between 20 and
100 ns were sequence aligned and structurally aligned against
both 2HU4 and 2HTY. The RMSD of the Ca-atoms of the
residues in the 150-loop (residues 147 to 152) between each
snapshot, and the aligned open and closed forms were
calculated and are shown in Figure 1. Sequence and structural
alignment was performed using the program CE.** Alignment
was based on residues 130—146 and 153—170 to ensure that
the effect of motion of the rest of the protein in the calculated
RMSDs was minimized. Figure 2 shows the aligned structures
of the WT trajectory, as compared to the open and closed
forms of HSN1 NA. It is clear from these structures, and from
the RMSDs in Figure 1a, that the 150-loop in the WT trajec-
tory transitions slowly from the closed conformation at 20 ns to
the open conformation at 100 ns. HIN1 NA differs from HSN1
NA as HIN1 NA has an isoleucine in the 150-loop (I1149),
while HSN1 NA has a valine (V149). During the trajectory, this
structurally significant 1149 residue is observed to rotate from a
conformation that matches the experimentally observed V149
closed-loop conformation, to a conformation that matches the
crystallographically observed V149 open-form conformation
(see Figure 2). The observation of this transition in a free,
unrestrained dynamics trajectory of the WT indicates that the
conformational change from the closed to open form is being
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Figure 1. RMSDs of the Ca-atoms of the 150-loop for snapshots from
the WT, IR, and IRHY free protein trajectories, as compared to the
open (red) and closed (black) X-ray conformations of NA from HSN1.

1149
V149 (100 ns)

(Open form

(50 ns)

Figure 2. Structure of the 150-loop taken from the WT trajectory
(shades of orange/red) compared with the 150-loop from the open
(purple) and closed (cyan) X-ray conformations of NA from HSNI.
The structurally significant V149 (HSN1)/I1149 (HIN1) residue is
shown, showing how, during the trajectory, it rotates from the closed-
form orientation to the open-form orientation.

simulated correctly, thereby giving confidence in the underlying
model. The simulation results also suggest that, while the apo
form of HIN1-2009 was crystallized in the closed form, it is
similar to other group 1 NAs and that the open form can be
adopted and may be preferred in solution. These observations
agree with those published recently by Amaro et al.,'® who ran
long time scale MD simulations of variants of NA that included
HIN1-2009. In that work, similar conformational changes of
the 150-loop were observed.
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It is interesting to note that, while the transition from the
closed to open forms occurs gradually during the trajectory for
the WT, the closed form appears more stable in the IR mutant
structure, with the transition occurring suddenly after about 90
ns of dynamics. At this point, the 1149 residue quickly flips up
from the closed to the open orientation over a time of about §
ns. This shows that the orientation of the 1149 residue is a good
indicator of whether the 150-loop is open or closed. It is also
worth noting that the 150-loop in the IRHY double mutant
transitions does not change from the closed to the open confor-
mation, and the 1149 residue remains in the closed orientation.
Instead, only the beginning of a possible conformational change
is observed, with the RMSD against the closed form increasing
after ~70 ns, with no change in the RMSD against the open
form, and no rotation of the 1149 residue. The final structure of
the trajectory is visually similar to the closed form, while for the
WT and IR trajectories, the final structures are visually similar
to the open form. This can be seen in Figure 3, in which the
structures of the 150-loop at 20 and 100 ns are compared. This
figure shows that the opening of 150-loop in the WT and IR
trajectories was accompanied by an expansion of the 430-loop.
A similar expansion of this loop was also observed during other
computational studies.'*'®

While 100 ns is long for an MD simulation, it is a short time
on the biological time scale. The observation of conformational
changes between the closed and open forms of the 150-loop in
two out of the three trajectories suggests that the barrier to
conformational change is low.

Dynamics of the Bound Protein. As simulations of free
NA reveal conformational changes that map from the crys-
tallographically known closed and open forms of the 150-loop,
the next stage in the analysis was to determine whether similar
conformational changes were observed in the simulations of the
bound protein. The root-mean-square fluctuations (RMSF) of
each residue from 20 to 100 ns was calculated and is shown in
Figure 4, together with the aligned structures of the protein at
100 ns. These demonstrate clearly that the only trajectory to
transition to the open conformation was IRHY:o0sel. This trajec-
tory exhibits significantly more motion in the residues in the 150-
loop region as compared to the other trajectories, and it is clear
from the overlay of the final structure from dynamics that the final
structure is open. As with the WT and IR simulations, the 1149
residue has rotated during the IRHY:osel trajectory to match the
conformation of the V149 residue in the open form H5SN1 NA.

Essential Dynamics of Loop Opening. Principal
components analysis (PCA*®) was used to analyze the trajec-
tories of the bound systems to see how point mutations and
ligand binding affected the dynamics of NA. PCA was performed
on the Ca-atoms of NA, using the Wordom structural analysis
package.”” The first two principal components of motion from
each trajectory were calculated, and the full range of motion
plotted. The IRHY:0sel and WT:zana trajectories were the only
ones for which the first two principal components of motion were
focused on the 150-loop. These are shown in Figure S for the
IRHY:o0sel trajectory. Movies along these two principal
components are provided as Supporting Information, together
with corresponding plots of the principal components for the
other bound trajectories. These plots show that the 150-loop in
the IRHY:osel and WT:zana trajectories was highly flexible. In the
IRHY:o0sel trajectory, this flexibility corresponded to the loop
opening event. In the WT:zana trajectory, no obvious loop
opening event occurred, although the loop was more mobile, as is
seen in the RMSFs in Figure 4b.
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Figure 3. Structure of the 150-loop and 430-loop at 20 and 100 ns taken from the (a) WT, (b) IR, and (c) IRHY simulations, compared with the
150-loop and 430-loop from the open and closed X-ray conformations of NA from HSNI.
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Figure 4. RMSFs of each residue from the inhibitor-bound simulations of NA for the wild-type (green) and IR (blue) and IRHY (red) mutants,
together with a comparison of the backbone of the protein at the end of the 100 ns trajectory.

Figure S. Structures representing the first (a) and second (b) most siginificant principal components of motion of the Car-atoms of NA from the IRHY:osel
trajectory, analyzed between 20 and 100 ns, colored showing the range of the principal component from red (maximum value) to blue (minimum value).

To investigate the rate of loop opening in IRHY:osel, each by the first principal component, occurs over a time period of
frame of the trajectory was projected back against the top two ~70 ns. After 70 ns, the trajectory jumps from a phase of
principal components (Figure 6). For comparison, similar gradual motion along the first principal component, to spend
projections are provided for the other bound trajectories in the the remaining 30 ns of the trajectory oscillating around a
Supporting Information. The projections for IRHY:osel reveal constant value. In contrast, motion along the second principal
that the loop opening event, which is predominantly described component, which corresponds to a stretch/compress of the
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Figure 6. The projection along the first (a) and second (b) most significant principal components of motion of the Ca-atoms of NA from the
IRHY:osel trajectory. The trajectory projected to the two-dimensional space described by these components is shown in (c), with a color scale used
to indicate time (blue for the start of the trajectory at 20 ns and red for the end at 100 ns).

150-loop, occurs as a long time scale oscillation, with a period
of ~65 ns.

This conformational change is observed only for the
IRHY:o0sel trajectory. This confirms the observation from the
RMSF analysis that, with the exception of IRHY:osel, the
closed conformation of the 150-loop for the inhibitor bound
structures is stable over the lifetime of the MD trajectories.

Mechanism of Loop Opening. It is clear from analysis of
the trajectories that, while the open form of NA is preferred for
the WT and IR free proteins, binding of inhibitors to the wild-
type or mutants resulted in a closed form structure that was
stable, at least for the 100 ns duration of the simulation. The
only exception was IRHY:osel, which showed a marked
conformational change in the 150-loop to the open form. To
investigate why this was the case, distances between the NA
inhibitors and key residues and between key residues in the
active site were calculated and are shown in Figure 7. To avoid
artifacts caused by hydrogen bonds (H-bonds) switching
between equivalent atoms, each distance was measured by
calculating the distance between all equivalent atom pairs for
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each frame of the trajectory and then selecting the smallest
value. The Wordom®” structural analysis package was used to
calculate distances, and the atom pairs used are described in
Table 2 and shown in Figure 7. These atoms pairs were chosen
as they (mostly) corresponded to key hydrogen bond
interactions in the wild-type or mutant structures.

H-bonds are typified by interatomic distances that are less
than 3.5 A, and so H-bonds show up as blue and blue/green
regions in Figure 7. This figure shows that both oseltamivir and
zanamivir are able to make hydrogen bonds with the D151 and
R152 residues of the 150-loop. However, it also shows that
there is competition between R223 and R152 in the IR and
IRHY mutants. Both IR and IRHY involve a mutation of the
isoleucine (1223) to an arginine (R223). In the wild-type, 1223
is a hydrophobic framework residue that stabilizes the NA
active site by interacting with the hydrophobic R-group of the
NA inhibitors.® In the mutants, R223 is a charged residue, with
Figure 7 showing competition with R152 from the 150-loop for
the H-bond to the N-acetyl group of the inhibitors.

dx.doi.org/10.1021/bi300561n | Biochemistry 2012, 51, 4364—4375
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Figure 7. Values of distances that represent key interactions in the active site of NA. The distances D1—DS are calculated between atoms as
indicated in the schematic at the top and described in Table 2. The distances are plotted on a color scale from blue (less than or equal to 2 A) to red

(greater than or equal to 8 A).

For oseltamivir in WT:osel and IR:osel, the H-bond to D151
(D3) is strong and maintained throughout the trajectory. The
H-bond to R152 (D1) is still strong but breaks for short time
periods periodically, breaking more in the IR:osel trajectory due
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to competition from R223. Competition between R152 and
R223 for the H-bond to oseltamivir is more intense in the
IRHY:o0sel trajectory, and both residues compete such that
neither are H-bonding to the inhibitor at 20 ns. The H-bond
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Table 2. Five Sets of Atom Pairs Used To Calculate the
Distances That Are Analyzed in Figures 7 and 8

distance protein atoms selected atoms
D1 R1S52: NH1 or NH2 osel: O1, zana: O1
D2 1223: CD1, R223: NH1 or NH2 osel: Ol, zana: O1
D3 D151: OD1 or OD2 osel: N1, zana: N1
D4 D198: OD1 or OD2 1223: CD1, R223: NH1 or NH2
DS D198: OD1 or OD2 R152: NH1 or NH2

between oseltamivir and D151 (D3) is broken at ~40 ns,
thereby allowing R223 to pull the inhibitor closer and form a
H-bond (D2). This means that there are then no H-bonds
between oseltamivir and the 150-loop, thereby releasing the
150-loop and allowing it to transition into the open confor-
mation. PCA analysis presented in the last section showed that
this conformational change took until about 70 ns. While this is
not clear from the distance plot, it is clear that after 80 ns, once
the 150-loop is fully open, the H-bond between oseltamivir and
the mutant R223 residue is broken. The inhibitor then briefly
H-bonds to the D151 residue on the 150-loop, before it begins
to be expelled from the active site. A movie showing the
conformational change of the 150-loop and the beginning of
oseltamivir being expelled from the active site is available in the
Supporting Information.

The binding efficacy of zanamivir is affected less by the IR
and IRHY mutations as it is able to maintain H-bonding to the
150-loop. This is despite competition from the mutant R223
residue. In the WT, it is the H-bond between zanamivir and the
R152 residue (D1) that is strong, while the H-bond to D151
(D3) is weak and transient (and indeed breaks by the end of
the WT:zana trajectory). This is the opposite of the WT:osel
trajectory and may account for the increased flexibility of the
150-loop seen in WT:zana in the RMSF and PCA analysis. In
the IR:zana and IRHY:zana trajectories, competition from the
R223 residue weakens the R152 H-bond, but zanamivir com-
pensates by strengthening the H-bond to D151, thereby locking
the 150-loop in place. It is able to do this as it H-bonds to D151
using a large, positively charged guanadinium group, as com-
pared to oseltamivir that uses a smaller -NH;" group. Zanamivir is
sufficiently large to be able to bridge between the D151 residue
and mutant R223 residue. Oseltamivir cannot bridge, so it is forced
to choose to H-bond to one or the other of these residues.
Oseltamivir swapping from D151 to R223 frees the 150-loop to
transition into the open conformation.

While these simulations are long on the MD time scale, they
are short on the biological time scale. These results demonstrate
only that the change from the closed to open conformation of the
150-loop can occur while the IRHY NA mutant is bound to
oseltamivir and provide one mechanism for the opening that takes
place over a time period of ~70 ns. To gain more confidence in
the results, the second IRHY:osel trajectory (IRHY:osel2) was
analyzed. The analysis showed that, while the trajectory showed
many similarities to the beginning of the IRHY:osel trajectory, a
loop opening event had not occurred. The distances of key atom
pairs for the IRHY:osel2 trajectory, placed next to those from the
IRHY:osel trajectory, is shown in Figure 8. This shows the same
competition between the R152 and R223 residues for H-bonding
to oseltamivir, with this competition leading to the breaking of the
H-bonds to both residues after 80 ns. This is the first step of the
mechanism of loop opening that was observed in the IRHY:o0sel
trajectory, and it is interesting to note that the H-bonding pattern
in IRHY:o0sel2 at 100 ns is similar to that in IRHY:osel at 20 ns.
This suggests that the loop opening mechanism is triggered by two
rare events; first the breaking of the R152 H-bond, which was
immediate in IRHY:o0sel, but which did not occur until after 80 ns
in IRHY:o0sel2, and second, the breaking of the D151 H-bond,
which occurred at least 40 ns after the breaking of the R152
H-bond in the IRHY:osel trajectory and had not yet occurred by
the end of the 100 ns IRHY:o0sel2 trajectory. To confirm these ob-
servations, more dynamics simulations would need to be per-
formed, including both further repeats of the IRHY:osel trajectory
and extensions of these trajectories to at least 200 ns. In addition,
while loop opening events were not observed in any of the
zanamivir-bound trajectories, or for the oseltamivir-bound WT or
IR trajectories, it is possible that this was because, by chance,
the rare event of breaking the R152 H-bond had not occurred.
Again, more dynamics simulations of these systems are necessary,
although this requires computational resources that were beyond
what was available for this study, but that should be the subject of
future work. All simulation output files and input files can be
downloaded by getting in contact with the authors, and these can
be used to continue, expand, or repeat this study.

Despite the need for more simulations, the trajectories show
good agreement with experiment and provide a plausible
molecular mechanism for the emergence of strains of influenza
that are resistant to oseltamivir. The results suggests that the
double mutation (1223R/H275Y) causes a high level of resistance
due to the loss of hydrogen bonds between the inhibitor and key
residues in the 150-loop (D151 and R152). The mutation at
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Figure 8. Distances of key interacting atom pairs from the IRHY:osel2 trajectory (left) as compared to those from the IRHY:osel trajectory (right).
The atom pairs used to calculate distances are described in Table 2 and shown in Figure 7.
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Figure 9. Distances between key atom pairs representing hydrogen bonding demonstrating the role of $246 as a briding residue between the two
mutant residues (I223R and H275Y) and oseltamivir in the IR:osel and IRHY:osel trajectories.

I223R reduces binding efficacy by competing with R152 for
a hydrogen bond to the N-acetyl group of the inhibitors.
Zanamivir binding is maintained, as on the loss of this
H-bond, zanamivir switched to H-bond strongly to the D151
residue in the 150 loop. Zanamivir was capable of making a
strong H-bond because of it having a larger guanidinium group.
Oseltamivir has a small amino group and so could not stretch
to make a strong H-bond with D151. In the IRHY mutant,
forming the H-bond to R223 pulled oseltamivir away from the
150-loop, thereby freeing the loop to change into the open
conformation. This mechanism suggests drug resistance could
be overcome either by increasing the strength of hydrogen
bond interactions between the ligand and the D151 and R152
residues in the 150-loop, so as to pin shut the closed
conformation, or that the ligand should be designed to be
able to make an additional H-bond to the R223 mutant residue,
thereby preventing competition between R223 and R152.

Role of the H275Y Mutation. The results presented
provide a clear molecular mechanism for oseltamivir resistance
in the double IRHY mutant. Oseltamivir resistance has also
been previously observed in N1 NA in the single H275Y
(“HY”) mutant.'®"? Several X-ray crystallography and molec-
ular modeling studies have investigated the mechanism of drug
resistance in the HY mutant.**"*' The hydrophobic R group of
oseltamivir binds into a hydrophobic pocket formed by residues
R224 and E276 that lie next to H275Y.*" Tyrosine is larger than
histidine, so it has been suggested that the HY mutation
reduces the size of the hydrophobic pocket and that this leads
to high resistance to oseltamivir.*’

In this work, the IRHY mutant is indicated to be resistant,
not because of the direct effect of the HY mutation but because
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of competition between the R223 mutant residue and R152 on
the 150-loop. This leads to the questions of the role of the HY
mutation and to why the competition between R223 and R152
is less pronounced in the single IR mutant. The answers were
provided by a visual examination of the trajectories. This
showed that residue $246 acted as a bridge between the HY
and IR mutant residues, as can be seen in Figure 9.

In the IRHY:osel trajectory, the hydroxyl group of the
mutant Y275 was found to form a H-bond with the backbone
carbonyl group of S246 (distance D1). This stabilized the
H-bond interaction between S$246 and R223 (D2). This kept
R223 pointing into the binding site in a conformation that
allowed it to compete with R152 for the H-bond to oseltamivir
(D3). The H275 residue is too small to H-bond with S246, and
this H-bond was not seen in the IR:osel trajectory. There are
almost no H-bonds during the trajectory for the IR mutant in
Figure 9, while for IRHY:osel, residues Y275, S246, and R223
form a H-bond network at the beginning of the trajectory
(distances D1 and D2). This allowed R223 to maintain a
conformation that enabled it to compete with R152 and then
H-bond with oseltamivir at about 40 ns. This led to the
breaking of the H-bond between Y275 and S246 (D1), with
$246 then stabilizing R223 (D3) as it H-bonds with oseltamivir.
This holds the H-bond in place for sufficiently long for the 150-
loop to open at 70 ns, until all the H-bonds break at about 80
ns when the 150-loop has opened completely due to the loss of
H-bonds between oseltamivir and R152 and D151. 5246 is thus
a key residue in the mechanism for resistance, as it links the two
mutant residues in IRHY. The importantance of S246 has been
confirmed by the appearance recently of novel S246N mutant
strains of N1 NA.** These mutants show reduced oseltamivir

dx.doi.org/10.1021/bi300561n | Biochemistry 2012, 51, 4364—4375



Biochemistry

Start

20 ns

(a) WT:osel

Figure 10. Electrostatic potential on the surface of NA for the starting structure, and 20 and 100 ns snapshots taken from the WT:osel and
IRHY:osel trajectories. Regions of negative electrostatic potential are shown in red, positive in blue, and neutral in white.

efficacy and appeared while the work presented here was in
progress between January and March 2011.

Electrostatic Consequences of the Closed and Open
Conformations. Long time scale MD simulations have shown
that the 150-loop of the IRHY double mutant can undergo
conformational change from the closed to open form while
bound to oseltamivir. X-ray” and computational'" studies suggest
that oseltamivir binds poorly to the open conformation. To
investigate why this is the case, Poisson—Boltzmann electrostatic
calculations were performed for snapshots of NA taken from the
WT:o0sel and IRHY:osel trajectories. The coordinates of the
protein atoms were taken from the starting structure, and from
snapshots taken after 20 and 100 ns of simulation. The elec-
trostatic potential on the surface of the protein was calculated
using APBS,* via the APBS electrostatics extension to VMD
1.8.7.%* Default options were used to calculate the electrostatic
potential over the entire protein surface, using a protein
dielectric of 1.0, solvent dielectric of 78.54, a 129 X 129 X 129
grid, using a solvent radius of 1.4 A. Char§es were assigned
from the FF99 force field using PDB2PQR.*

The resulting electrostatic potential on the surface of NA is
shown in Figure 10. This shows that oseltamivir shows good
shape and electrostatic complementarity to the closed con-
formation of WT NA. This is unsurprising, as this inhibitor was
designed to target the closed conformation of group 2 NA.
Oseltamivir fits tightly into the cavity of the active site, with its
negatively charged carboxylate group sitting in a region of positive
electrostatic potential, while the positively charged amino group
sits deep in a negative potential pocket. This electrostatic com-
plementarity is maintained during the entire 100 ns WT:osel
trajectory, even as a small cavity opens next to the inhibitor.

While oseltamivir shows good shape and electrostatic
complementarity to the closed form of NA that exists at 20 ns
in IRHY:osel, this is lost during the subsequent steps of the
trajectory. The conformational changes associated with the
transition to the open form of the 150-loop lead to the opening
of large cavities all around the inhibitor. This opens up a large,
negative potential cavity, to which oseltamivir is no longer
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suited. It is unsurprising that oseltamivir binds poorly to this
large, negative cavity, as its negatively charged carboxylate
group is now in a region of negative electrostatic potential, and
the opening of the 150-loop exposes the positive amino group
of oseltamivir to solvent. The conclusion from these APBS
calculations is supported by the observation that oseltamivir
begins to unbind from NA at the end of the IRHY:osel trajectory.
Support is also provided by previous MM/PBSA calculations on
the related HSN1 NA,"" which show that the absolute binding free
energy of oseltamivir to the open form was +12.4 kcal mol™,
compared to —8.5 kcal mol™" for the closed form. It would be
useful to confirm these values by using the open and closed
structures of the complexes generated from this study as starting
points for more sophisticated, explicit solvent absolute binding free
energy calculations.*

Bl CONCLUSION

The effect of point mutations on the dynamics of NA from
HIN1-2009 influenza was studied using long time scale mol-
ecular dynamics simulations. The aim was to investigate why
oseltamivir (Tamiflu) is ineffective as a treatment against the
double mutant IRHY of NA. The wild-type, IR, and IRHY
mutants were investigated, both in the free form and complexed
with oseltamivir and zanamivir. The results demonstrated that,
while the 150-loop of the unbound protein adopted an open
structure for wild-type and IR NA, the presence of the
inhibitors stabilized the closed conformation, at least over the
100 ns time scale of the simulation. The exception was the
double mutant, IRHY, when bound to oseltamivir. Conforma-
tional change from the closed to open form of the 150-loop of
the double mutant was observed over a period of 70 ns while
bound to oseltamivir. This suggests that the double mutation
causes a high level of resistance due to the loss of hydrogen
bonds between the inhibitor and key residues in the 150-loop
(D151 and R152). The mutation at 1223R reduces binding
efficacy by competing with R152 for a hydrogen bond to the
N-acetyl group of the inhibitors. Zanamivir binding is main-
tained, as on the loss of this H-bond, zanamivir switched to
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H-bond strongly to the D151 residue in the 150 loop. Zanamivir
was capable of making a strong H-bond because of it having a
larger guanidinium group. Oseltamivir has a small amino group
and so could not stretch to make a strong H-bond with D151.
In the IRHY mutant, forming the H-bond to R223 pulled
oseltamivir away from the 150-loop, breaking the H-bond with
D151, thereby freeing the 150-loop to change into the open con-
formation. Electrostatic analysis confirms the experimental observ-
ation and other computational studies that oseltamivir is not
matched to the open form, and it thus does not bind. These results
agree with experiment and provide a plausible molecular mech-
anism for the emergence of strains of influenza virus that are
resistant to oseltamivir. This mechanism suggests drug resis-
tance could be overcome either by increasing the strength of
hydrogen bond interactions between the ligand and the D151
and R152 residues in the 150-loop, so as to pin shut the closed
conformation, or that the ligand should be designed to be able
to make an additional H-bond to the R223 mutant residue, thereby
preventing competition between R223 and R152.
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