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X-ray crystal structures of the influenza M2 proton channel drug-
resistant V27A mutant bound to a spiro-adamantyl amine
inhibitor reveal the mechanism of adamantane resistance

Jessica L. Thomastonl2*, Athina Konstantinidi3, Lijun Liu%>, George Lambrinidis3,
Jingquan Tan2, Martin Caffrey?, Jun Wang®, William F. DeGrado!"*, Antonios Kolocouris3"*
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USA. 2Membrane Structural and Functional Biology (MS&FB) Group, School of Medicine and
School of Biochemistry and Immunology, Trinity College Dublin, Dublin D02 R590, Ireland.
SDepartment of Pharmaceutical Chemistry, National and Kapodistrian University of Athens, 15771
Athens, Greece. “State Key Laboratory of Chemical Oncogenomics, School of Chemical Biology
and Biotechnology, Peking University Shenzhen Graduate School, Shenzhen 518055, China.
5DLX Scientific, Lawrence, KS 66049, USA. Department of Pharmacology and Toxicology,
College of Pharmacy, University of Arizona, Tucson, Arizona 85721, USA.

Abstract

The V27A mutation confers adamantane resistance to the influenza A matrix 2 (M2) proton
channel and is becoming more prevalent in circulating populations of influenza A virus. We have
used X-ray crystallography to solve structures of a spiro-adamantyl amine inhibitor bound to
M2(22-46) V27A and also to M2(21-61) V27A in the Inwardgjgseq cONformation. The spiro-
adamantyl amine binding site is nearly identical for the two crystal structures. Compared to the
M2 “wild type” (WT) with valine at position 27, we observe that the channel pore is wider at its
N-terminus as a result of the V27A mutation and that this removes V27 side chain hydrophobic
interactions that are important for binding of amantadine and rimantadine. The spiro-adamantyl
amine inhibitor blocks proton conductance in both the WT and V27A mutant channels by shifting
its binding site in the pore depending on which residue is present at position 27. Additionally, in
the structure of the M2(21-61) V27A construct, the C-terminus of the channel is tightly packed
relative to the M2(22-46) construct. We observe that residues Asp44, Arg45, and Phe48 face the
center of the channel pore and would be well-positioned to interact with protons exiting the M2
channel after passing through the His37 gate. A 300 ns molecular dynamics (MD) simulation of
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the M2(22-46) V27A - spiro-adamantyl amine complex predicts with accuracy the position of the
ligands and waters inside the pore in the X-ray crystal structure of the M2 V27A complex.

Graphical Abstract

HaN

INTRODUCTION

Influenza A M2 is a multifunctional viral protein whose domains play several roles during
the viral lifecycle. It is a homotetramer that contains monomers made up of 97 amino acids.
The N-terminal domain (residues 1-22) is well-conserved and plays a role in incorporation
of M2 into the virion.! The transmembrane (TM) domain (22-46) forms a unidirectional,
proton-selective channel?3 that acidifies the viral interior after the virus is endocytosed into
the host cell. This allows viral ribonucleoproteins (VRNPs) to dissociate from the matrix 1
(M1) protein; when proton conductance through M2 is blocked by the adamantane drugs
(Fig. S1), this dissociation is prevented and the virus is no longer able to replicate.* The
proton channel function of M2 also serves a secondary role in the de-acidification of the
Golgi apparatus so that acid-sensitive hemagglutinin is not prematurely activated before the
virus assembles and buds.> The minimal construct needed for selective, unidirectional proton
transport is the TM domain (residues 22-46).6.7 The TM domain is relatively well-conserved
compared to the rest of the channel, and only a small number of mutants retain conductance
rates similar to the WT.8 The cytosolic helix of M2 induces membrane curvature and is
involved in viral budding and scission,?10 and the C-terminal tail interacts with the M1
protein.11

In recent years, adamantane drug-resistant mutants have become prevalent in circulating
viruses. Some viruses are resistant to the adamantanes and neuraminidase inhibitors,12-14
thus highlighting the need to develop new influenza antivirals. The two most prevalent drug-
resistant mutants are S31N and V27A.15 While the S31N mutation was present in
populations of influenza before the introduction of the adamantane drugs, V27A has become
enriched by selection pressure.16: Double mutants containing both S31N and V27A
mutations have been observed.1”:18 The percent of influenza viruses containing the V27A
mutation varies widely depending on the viral strain and season, with some studies reporting
incidence as high as 7-10%.19:20 Overall, the V27A mutation is becoming more prevalent in
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circulating populations of influenza,18 so there has been interest in designing drugs to target
it 21-26

Here we present X-ray crystal structures of the drug-resistant V27A mutant of M2 bound to
a spiro-adamantyl amine inhibitor, using both M2(22-46) and M2(21-61) constructs for
crystallization trials. Spiro-adamantyl amine was developed by molecular dynamics
simulation-directed design and was able to inhibit the conductance of protons in both the
V27A mutant and the WT channel in two electrode voltage clamp (TEVC) assays using
Xenopus oocytes, with an I1Csq of 0.3 UM against the V27A channel and an 1Csq of 18.7 uM
against the WT channel (compare to ICsg = 15.7 uM for amantadine against the WT
channel).26 Spiro-adamantyl amine was further shown to have both in vitro and in vivo
antiviral activity against influenza A M2 V27A mutant virus.?2 Therefore, spiro-adamantyl
amine appears to represent a promising antiviral drug candidate that warrants further
characterization. In this study, we focus on understanding the mechanism of action of spiro-
adamantyl amine in inhibiting the M2 V27A mutant by solving high-resolution X-ray crystal
structures. It was found that when Val27 is mutated to Ala, the diameter of the channel pore
at the drug binding site increases and the hydrophobic interactions that stabilize the binding
of adamantanes to the WT channel are removed. This widening of the pore at the channel’s
N-terminus allows the spiro-adamantyl amine compound to bind with its adamantyl group
higher in the channel relative to previous structures of drug-bound M2 WT. The inhibitor
binds with its ammonium group pointed down the channel pore, in the direction of the gating
His37 residues. The inhibitor ammonium group interacts indirectly with the gating His37
residues through two intervening water layers, compared to one water layer in the M2 WT
complex with the same spiro-adamantyl amine inhibitor. This interrupts hydrogen bonded
water networks leading down to the His37 gate and prevents proton conduction through the
channel. In the structure of M2(21-61) V27A bound to spiro-adamantyl amine, we observe
tight packing at the channel’s C-terminus, particularly at residue Arg45.

MATERIALS AND METHODS

M2 peptide synthesis and crystallization.

M2(22-46) V27A and M2(21-61) V27A were synthesized using Fmoc chemistry with an
optimized solid phase synthesis protocol and purified using reverse phase HPLC.27:28 Puyrity
and identity of the peptides were confirmed using analytical HPLC and MALDI-MS. The
peptides were reconstituted into the lipid cubic phase (LCP) with modifications to the
protocol described by Caffrey and Cherezov.29 The peptides were dissolved in ethanol and
added directly to dry monoolein powder along with an ethanol stock of spiro-adamanty!l
amine, then the excess ethanol was removed using a stream of nitrogen followed by
lyophilization overnight.27:30:31 The cubic phase was formed by melting the sample at 40 °C
and mixing with an aqueous solution containing MNG-3-C8 detergent,32:33 which in
previous crystallization trials and solution NMR studies has been shown to stabilize the
Inwardcoseq conformation of the M2 channel 3435 Crystallization conditions were screened
in plastic 96-well sandwich trays (Laminex) using a LCP Mosquito crystallization robot
(TTP Labtech). See the Supporting Information for detailed experimental methods.
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Crystals were diffracted at the Advanced Light Source (Berkeley, USA) on beam 8.3.1 using
a Dectris Pilatus3 S 6M detector. Data were collected at 100 K. Data indexing, integration
and scaling were carried out using XDS.36 Anisotropic scaling was used for one of the
datasets (PDB 1D 60UG).3” Both structures were solved by molecular replacement using
Phaser38 in the CCP4 suite,3° with a single tetramer (PDB ID 6BMZ) as a search model.34
Refinement was carried out in Phenix*® with model building in Coot.#! Polder maps were
calculated using Phenix.#2 Pore diameters were calculated using CHUNNEL .43

Molecular dynamics simulations.

The X-ray crystal structure of M2(22-46) WT in complex with spiro-adamantylamine
molecule (PDB ID 6BMZ)34 was used as the starting structure after mutating Val27 to Ala.
The M2(22-46) V27A - spiro-adamantylamine complex was embedded in a hydrated POPC
lipid bilayer and the system was subjected to all-atom MD simulations using Desmond.
34,44.45 The POPC lipid bilayer extended 30 A beyond the protein, resulting in a system
including ca 200 lipid molecules to allow the formation of two layers without interdigitation
(Fig. S3). Membrane creation and system solvation were conducted with the “System
Builder” utility of Desmond (Schrodinger, Cambridge, MA).4445 Protein-ligand interactions
were modelled using OPLS 2005.46-48 The TIP3P4% model was used for water. This setup
resulted in a simulation box of 88x88x105 A3 dimensions and ca 19000 water molecules.
Calculation of long-range electrostatic interactions was carried out using the particle mesh
Ewald method.3051 A constant temperature was maintaned in all simulations using Nosé-
Hoover thermostat, and the Martyna-Tobias-Klein method was employed to control the
pressure.>2 Multistep RESPA integrator®3 was used to integrate the equations of motion with
an inner time step of 2 fs for bonded interactions and non-bonded interactions within a cut-
off of 9 A. An outer time step of 6.0 fs was used for non-bonded interactions beyond the cut-
off. The MD simulation protocol is included in the Supporting Information. A 300 ns NPT
simulation without restraints was performed. Within this time, the RMSD of C, carbons of
the protein reached a plateau, and the systems were considered to be equilibrated. For
structural analyses, snapshots of the different systems were created with VMD?®# or Maestro.
55 Trajectories were analyzed with Maestro, Gromacs,>%:57 and VMD. Measurements were
carried out with Gromacs tools. For the calculation of hydrogen bonds, a cut-off angle of 30°
of deviation from 180° between the donor-hydrogen-acceptor atoms and a cut-off distance of
3.5 A between the donor and acceptor atoms were applied.

RESULTS AND DISCUSSION
X-ray crystal structures of spiro-adamantyl amine bound to M2(22—-46) V27A and M2(21-61)

V27A.

We have used LCP crystallization techniques?? to solve two X-ray crystal structures of the
adamantane-resistant M2 VV27A mutant: one 2.5 A structure of M2(22-46) V27A in
complex with spiro-adamantyl amine (PDB 1D 6NV1), and one 3.0 A structure of M2(21-
61) V27A in complex with spiro-adamantyl amine (PDB ID 60UG). The binding site of the
spiro-adamantyl amine inhibitor is nearly identical in the two structures (Fig. S2a). Co-
crystallization with a maltose neopentyl glycol (MNG) detergent additive appears to have
stabilized M2 in its tetrameric form; in the absence of this detergent, the protein crystallized
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as an antiparallel dimer. The asymmetric unit of each structure contains two tetramers of M2
in the Inwardgjqseq cOnformation. The C-terminus of the channel is tightly packed and each
monomer helix has a kink of 13° at residue Gly34. In the structure of the M2(22-46) V27A
construct (6NV1), we observe a total of eight ordered monoolein molecules in the
asymmetric unit interacting with the hydrophobic face of each monomer helix.

Consistent with previous X-ray crystal structures of the WT and S31N mutant M2 channel,
here we observe ordered water molecules above the channel’s gating His37 residues (Fig.
S2b,c).27:28:34.58.59 | the 2.5 A resolution structure of M2(22-46) V27A (6NV1), four
ordered water molecules are within hydrogen bonding distance of Ala30 carbonyls (“Ala30
layer”) and spiro-adamantyl amine, and four waters are observed forming hydrogen bonds to
Gly34 carbonyls (“Gly34 layer”). The Gly34 layer waters also form hydrogen bonds with
the channel’s gating His37 residues (Fig. 1). In the 3.0 A resolution structure of M2(21-61)
(60UG), we only observe electron density corresponding to two waters in the Gly34 layer.
This is likely a result of increased molecular motion within the channel pore in this lower
resolution structure. In the following discussion of adamantane resistance in the V27A
mutant and the spiro-adamantyl amine binding mechanism, we will focus on the structure of
the M2(22-46) V27A construct (6NV1) because it was solved to higher resolution and
shows the contents of the channel pore in greater detail.

Mechanism of amantadine and rimantadine resistance in the V27A mutant.

The Val27 to Ala mutation at the N-terminus of M2 widens the channel pore at the
adamantane binding site. In the M2 WT channel, four symmetry related Val27 residues form
a valve that completely occludes the N-terminus of the channel in the Inwardgjgseq
conformation.34:58 Breathing motions of this Val27 gate are predicted to allow water, ions,
and drugs/inhibitors to enter the N-terminus of the WT channel 6061 The adamantyl group
of the bound adamantane drugs interacts with the hydrophobic surface formed by the Val27
residues.3*°9 When residue 27 is mutated from Val to Ala, these hydrophobic contacts are
removed and the adamantanes (amantadine and rimantadine) can no longer inhibit the
channel. In the crystal structure of M2(22-46) V27A bound to spiro-adamantyl amine, we
observe that the width of the channel pore is 3.0 A at residue Ala27. For comparison, in the
structure of M2(22-46) WT bound to amantadine (6BKK), the diameter at Val27 is 0.7 A.43
This widening of the N-terminal channel pore is consistent with a previous solution NMR
model of M2(18-60) V27A in DHPC micelles.52 The V27A mutant M2 channel conducts
protons at an increased rate relative to the WT channel.8:62 This could be explained by the
widened N-terminal pore, as water and hydronium ions would have greater access to the
region of the pore above the His37 gate. Though rimantadine is slightly longer than
amantadine, the length of the compound is not sufficient to allow for the drug ammonium
group to form hydrogen bonds with Ala30 layer waters while also allowing the adamantyl
group to engage in hydrophobic contacts with the N-terminal portion of the pore near
residue 27, and so rimantadine is not able to inhibit the V27A channel (Fig. S4).

Biochemistry. Author manuscript; available in PMC 2020 May 14.
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Spiro-adamantyl amine shifts its binding position depending on which residue is present
at position 27.

Though mutation of Val27 to Ala prevents amantadine and rimantadine from inhibiting the
channel, longer and bulkier inhibitors such as spiro-adamantyl amine can bind to the wider
N-terminal pore of V27A mutant and inhibit its proton conduction (Fig. 1). In the structure
of the spiro-adamantyl amine complex with V27A (6NV1), we observe that the ammonium
group of the spiro-adamantyl amine inhibitor localizes to approximately the same position as
the ammonium group of amantadine in complex with M2(22-46) WT (6BKK) from our
previous work.34 When the two structures are aligned, the position of the ammonium groups
are nearly identical (0.9 A) when comparing the WT-amantadine vs. V27A-spiro-adamanty|
amine complexes. In both structures there are ordered waters in the Ala30 and Gly34 solvent
layers, and the ammonium group of the bound drug/inhibitor forms hydrogen bonds with
two waters in the Ala30 layer. The hydrogen bonds formed between the inhibitor nitrogen
and pore waters are short (2.4-2.6 A), which supports the ionization state we have chosen
for the ligand. The binding of the spiro-adamantyl amine inhibitor to the top of this
hydrogen-bonded water network blocks protons from being transported down through these
water wires to the gating His37 residue. The tautomer we have assigned for the His37
residues (Ne2-protonated t-tautomer) is as previously observed in ssNMR experiments.53

In our previous work,34 we characterized the binding of this same spiro-adamantyl amine
inhibitor to the M2(22-46) WT channel (6BMZ). When spiro-adamantyl amine binds to the
WT channel, the inhibitor’s adamantyl group occupies approximately the same position in
the pore as the adamanty! group of bound amantadine or rimantadine in M2 WT. However,
the longer hydrophobic scaffold of the inhibitor completely displaces the four waters in the
Ala30 layer (Fig. 1), such that its ammonium group binds deeper in the channel pore and
forms hydrogen bonds with waters in the Gly34 solvent layer. Thus, the spiro-adamantyl
amine inhibitor blocks proton conductance in both the WT and the adamantane-resistant
VV27A M2 channel by shifting its binding position depending on which residue is present at
position 27. This dual inhibitor exploits the M2 channel’s functionally essential ability to
stabilize positive charges at multiple sites within the channel pore.28

Crystal structure of the M2(21-61) V27A construct in complex with spiro-adamantyl amine.

The TM domain of M2 is the minimum construct needed for selective, unidirectional proton
transport.8.” However, truncation of the C-terminus and cytosolic helix (residues 46—60) has
minor effects on the proton conduction properties relative to the full length channel.54 More
importantly, the cyto helix also has functional importance for budding and membrane
scission.:10.65 Constructs including the cytosolic helix were more difficult to crystallize
relative to the TM construct, presumably because of the conformational mobility of this
domain. Nevertheless, after much optimization, we were able to grow crystals of M2(21-61)
V27A in complex with spiro-adamantyl amine and solve a structure to 3.0 A resolution
(60UG).

In structure 60UG, we observe electron density for residues 22-56. The structural features
of the TM domain (22-46) are similar for both the M2(22-46) and the M2(21-61)
constructs, with Ca RMSD = 0.25 A. The binding site of the spiro-adamantyl amine
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inhibitor is nearly identical, although in structure 60UG there are fewer ordered waters
visible in the channel pore between the inhibitor ammonium group and the gating His37
residues (likely a result of the lower resolution of this structure). Residues 47-56 form an a.-
helix that extends straight down from the TM helix. We observe tighter packing of the
tetrameric bundle at the C-terminus relative to structures that include only the TM domain
(Fig. 2b,c). At residue Arg45, the minimum pore diameter is 2.8 A in the structure of
M2(22-46) V27A and 1.0 A in the structure of M2(21-61) V27A.43 All four Asp44 and
Arg45 residues in the structure of M2(21-61) VV27A face the aqueous pore. Residue Phe48
faces the channel pore and is well-positioned for the stabilization of the positive charge on
Arg45 through cation-m interactions. In the native M2 protein, Cys50 is palmitoylated.56
Here, Cys50 has been mutated to Ser to facilitate peptide synthesis and purification and to
prevent oligomerization through the formation of disulfide bonds. We observe that the Ser50
side chain faces away from the aqueous pore and toward the lipid bilayer.

Several NMR studies predict that the cytosolic helix of M2 has a-helical secondary
structure, with either a turn or a disordered region connecting the cyto helix to the TM
domain. In these NMR structures, the TM helix ends and the turn / disordered region begins
at either residue Leu46 (2KWX, 2RLF, 2K1H)82:67.68 or residue Phe48 (2L0J, 2N70).69.70
The conformation of the channel’s C-terminus that we observe in the X-ray crystal structure
here differs from solution and solid state NMR structures. Solution NMR studies have
shown that the conformation of the juxta-membrane domain connecting the TM and
cytosolic helices is sensitive to solubilizing environments.”! Thus, the conformation of the
monomer helices from residue 47 to 56 is possibly influenced by crystal contacts at the
channel’s C-terminus or choice of lipid mimetic. We include structure 60UG here as a
comparison to the shorter M2(22-46) VV27A construct and also because structural
information about the helical turn immediately below residue 46 may prove useful for
understanding proton conduction through the C-terminus of the channel.

Molecular dynamics simulations of M2(22-46) V27A in complex with spiro-adamantyl

amine.

The contents of the M2 channel pore differ in the two crystal structures described here;
fewer waters are observed in the structure of M2(21-61) V27A in complex with spiro-
adamantyl amine. We carried out molecular dynamics simulations to examine the ordering
of water within the pore at room temperature. M2(22-46) was simulated in the Inwardcjgseq
conformation at pH 8.0 with a neutral form assigned for all four His37 residues and a
protonated ammonium group for the ligand. The starting structure was produced after
applying the V27A mutation to the structure of spiro-adamantyl amine in complex with
M2(22-46) WT in the Inwardgjoseq State (6BMZ). The spiro-adamantyl amine - M2(22-46)
V27A protein complex was subjected to MD simulations in a POPC bilayer for 300 ns. The
simulated M2(22-46) V27A - ligand complex was stable, and in all cases the M2(22-46)
V27A tetramer showed no large conformational changes in the course of the simulations, as
demonstrated by RMSDs smaller than 1.5 A for M2 (22-46) C,-carbons with respect to the
starting structure (Table S2, Fig. S5). Also, the individual chains of the tetramer did not
deviate from the starting structure, with RMSDs < 1.1 A for M2 (27-46) Ca. carbons and no
changes observed in selected torsion angles of each chain (Tables S3,54).
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In agreement with the crystal structure, the spiro-adamantyl amine moved towards the N-
terminus by ca. 2 A within the first 50 ns of the simulation. The average angle between the
central axis of the pore and the adamantane symmetry axis was ca 8° (Table S2), i.e., the
ammonium group of the spiro-adamantylamine compound oriented towards the C-terminus,
and the adamantyl cage localized between Ala27 and Ser31. The ligand’s ammonium group
forms hydrogen bonds with water molecules between the ligand and the His37 residues.
Although the simulation was initiated with only 4 water molecules within the pore, water
rushes in within 85 nsec, forming two layers that are stabilized that remain stable for the
remaining 215 nsec of the simulation. These two layers of waters can be seen in the radial
distribution density plotted for the distance between the spiro-adamantyl amine ammonium
group and the oxygen atoms from water (Fig. S6). The top layer consists of four water
molecules that form hydrogen bonds with the ligand’s ammonium group and the Ala30
carbonyls. The lower layer of four water molecules is stabilized by hydrogen-bonding
interactions involving the carbonyls of Gly34 as well as the His37 side chain. CI~ ions were
present in the simulation to reduce the electrostatic potential created by positively charged
groups. No CI™ ions entered the pore, as indicated by the average CI-N distance (Table S2).
Previous works’2:73.74 mention the presence of a Cl- ion close to His37 because the His37
residues were charged. In our experimental structure and MD simulations, a Cl- anion was
found in the vicinity of Trp41. This is not unexpected because the spiro-adamantyl ligand is
in the ammonium form. The spiro-adamantyl amine - M2(22-46) V27A complex in the X-
ray structure was perfectly superimposed with the structure from the 300 ns MD simulation,
with the RMSD of the ligand being less than 1 A (Fig. 3).

We have analyzed the trajectories of the MD simulation to determine whether the waters in
the channel pore remain tightly bound or if they are exchanged during the simulation. A total
of 31 water molecules are found to transiently occupy the Ala30 and Gly34 water layers
(Fig. S7 i.e. from the inhibitor ammonium to His37, which is a distance of 7 A), with
residence times on the order of 50 — 100 nsec. Out of the 31 total waters, 13 diffuse rapidly
in and out of this region of the pore. The remaining 18 water molecules in Figure S8 are
remain inside the binding cavity with a mean residence time of approximately 40 ns.
Interestingly, these waters are not fixed, but instead dynamically transition between the top
and bottom water layers with an average correlation time of 2 nsec. Thus, the exchange of
waters within the channel is much more rapid than the exchange in and out of the channel.

CONCLUSIONS

These X-ray crystal structures reveal the mechanism of adamantane resistance in the V27A
channel. Hydrophobic contacts critical for drug binding are removed when Val27 is mutated
to Ala. We also observe that the spiro-adamantyl amine inhibitor blocks proton conduction
in both the WT and V27A mutant M2 channels by shifting its binding site depending on
whether Val or Ala are present at position 27, and that a network of either one or two layers
of hydrogen-bonded waters is formed. MD simulations in POPC hydrated bilayers
accurately predict the X-ray M2 V27A structure (6NV1).

These findings are consistent with MD simulations in which positive charges within the M2
pore are predicted to be stabilized at multiple positions within the channel.26 The structural
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characterization of this dual inhibition mechanism is intriguing from the perspective of
molecular recognition and drug design. Though there are a limited number of M2 mutants
that retain the electrophysiological properties necessary for viral replication, circulating
populations of the influenza virus often contain a mix of M2 sequences. The design of drugs
to target more than one sequence could be a successful strategy for targets such as M2.
Structural information about adamantane-resistant mutants can guide this process.
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ABBREVIATIONS
Ca alpha carbon
HPLC high pressure liquid chromatography
LCP lipid cubic phase
M1 matrix 1 protein
M2 matrix 2 protein
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S31IN serine 31 to asparagine
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TEVC two electrode voltage clamp

™ transmembrane

V27A valine 27 to alanine

WT wild type
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6NV1 - V27A mutant 6BKK - wild type 6BMZ - wild type
spiro-adamantyl amine amantadine spiro-adamantyl amine

viral exterior

viral interior ;.

Figurel.
Mechanism of adamantane drug resistance in the V27A mutant channel, and mechanism of

dual inhibition by spiro-adamantyl amine. Front and back monomer helices have been
removed to clearly show the contents of the channel pore. Pink spheres correspond to waters
that form hydrogen bonds with the Ala30 carbonyls, and red spheres correspond to waters
forming hydrogen bonds with Gly34 carbonyls. Left to right: Newly solved structure of
M2(22-46) V27A bound to a spiro-adamantyl amine inhibitor (6NV1, monomer chains B
and D), M2(22-46) WT bound to amantadine (6BKK, chains B and D),3* and M2(22-46)
WT bound to spiro-adamantyl amine (6BMZ, chains B and D).34 When spiro-adamantyl
amine binds to the V27A channel (6NV1), the ammonium group of the inhibitor localizes to
the same position as the ammonium of amantadine in the WT structure (6BKK). The
adamantyl group is positioned higher in the channel pore, occupying the extra space created
by the Val27 to Ala mutation. In the previously solved structure of spiro-adamantyl amine
inhibitor bound to the WT channel (6BMZ), the adamantyl group of the inhibitor binds
lower in the channel pore, and the four waters in the Ala30 layer are displaced. For the spiro-
adamantyl amine bound structures, a network of one or two layers of hydrogen-bonded
waters is formed depending whether Val or Ala is present at position 27.
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Phe48

Asp44

Arg45

Figure 2.

Structural differences between M2(22-46) V27A (6NV1, light gray) and M2(21-61) V27A
(60UG, dark gray). a. Alignment of 6NV1 and 60UG. Two monomer helices are shown
here (chains B and D). The binding site of the spiro-adamantyl amine inhibitor is nearly
identical in the two structures, though fewer ordered waters are observed in the channel pore
in structure 60UG. Residues 47-55 of M2(21-61) form an a-helix that extends straight
downward from the TM helix; the conformational state we observe here is potentially
influenced by crystal contacts or choice of lipid mimetic. b. Top-down view of residues
Asp44 and Arg45 in the structure of M2(22-46). c. Top-down view of residues Asp44,
Arg45, and Phe48 in the structure of M2(21-60). The packing of the channel at the C-

terminus is tighter in the longer construct of M2.
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Initial state Final state Superpositio
(10 ns) (300 ns) with 6NV1
Figure 3.

a. Initial state after 10 ns of MD simulation of M2 (22-46) V27A - spiro-adamantyl amine
complex in a hydrated POPC bilayer. b. Final state after 300 ns of MD simulation.
Superposition of spiro-adamantyl amine - M2 (22-46) VV27A complexes from X-ray
structure (in purple) and 300 ns MD simulation (in red). The chloride ion at the C-terminus
of the channel is shown as a sphere.
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