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ABSTRACT

Chapter 1 refers to the description of the basic features for influenza A virus

replication, with emphasis on the function of influenza A M2.

In Chapter 2, is described the structure of influenza A matrix 2 (M2) wild type
(WT) proton protein channel, which is an archetypal ion channel. It is the target
of the antiviral drugs amantadine and rimantadine. A number of methods were
used to understand structural and functional features of this channel included
neutron diffraction, electrophysiology, solution NMR spectroscopy, solid state
NMR (ssNMR) spectroscopy, X-ray crystallography etc during an adventure of
three decades with a lot of controversies.

The experimental structure of influenza A M2(22-46) transmembrane domain
(M2TM), the pore of the M2 protein channel, was solved in 2000 and X-ray
structures of its complexes with amantadine, rimantadine etc were published by
2018. Till now basic characteristics of the influenza A M2 conductance domain
(CD) protein M2CD or M2AH including M2TM and the amphipathic helices (46-
62) have been also solved using ssNMR.

The basic features of the experimental biophysical methods used in this PhD
thesis, i.e. Differential Scanning Calorimetry (DSC), X-ray scattering at small and
wide angles (SAXS/WAXS) and ssNMR are discussed in Chapter 3.

Aminoadamantane drugs, e.g. amantadine and rimantadine, are lipophilic amines
that bind to membrane embedded influenza A WT M2 protein. In Chapter 4, are
investigated the comparative perturbation effects exerted by the influenza M2 WT
protein inhibitors amantadine and it’s spiro[pyrrolidine-2,2'-adamantane] variant
AK13 to membrane bilayers using biophysical methods and molecular dynamics
(MD) simulations. This is a work performed in close collaboration with Professor’s
Thomas Mavromoustakos and Professor’'s Costas Demetzos groups as well as
Dr Barbara Sartori and Professor Heinz Amenitsch.

The experimental biophysical methods used included, DSC, X-ray scattering and
ssNMR. All three experimental methods pointed out that the two analogs
perturbed drastically the DMPC bilayers with AK13 to be more effective at high
concentrations. At high ligand concentrations AK13 was tolerated in lipid bilayers

while Amt was crystallized. This is an important consideration in possible



formulations of these drugs as it designates a limitation of aminoadamantane

drug incorporation.

MD simulations provided details about the strong interactions of the drugs in the
interface region between glycerol backbone and lipophilic segments. The two
drugs form hydrogen bonding with both water and sn-2 carbonyls or phosphate
oxygens. Such localization of the drugs explains their strong perturbing effect
evidenced by all biophysical methodologies applied.

In Chapter 5, is described our work to investigate the interactions of M2TM WT
with bilayers. This is a work performed in close collaboration with Professor
Thomas Mavromoustakos, Professor Costas Demetzos, groups as well as Dr
Barbara Sartori and Professor Heinz Amenitsch. The M2TM peptide was
synthesized by Professor Thedoros Tselios group. We focused on (a) the
characterization of changes in bilayer organization from changes in micromolar
concentrations of M2TM WT without or with aminoadamantane (Aamt) ligands,
and from changes in Aamt ligand structure included with M2TM, (b) exploring
how common biophysical methods can be applied to identify the membrane

perturbations effected by the protein without or with the ligand.

A variety of biophysical methods, including DSC, SAXS/WAXS, MD simulations,
and one-dimension (1D) ssNMR, were used to study two micromolar
concentrations of M2TM without or with a small excess of amantadine or its spiro-
pyrrolidine analogue, AK13, in DMPC bilayers.

DSC and SAXS showed that at a low micromolar M2TM concentration, two lipid
domains are observed, which likely correspond to M2TM boundary lipids and bulk
lipids. At a higher M2TM concentration, only one domain is identified, indicating

that all of the lipids behave as boundary lipids.

'H and 3'P ssNMR showed that M2TM in either apo or drug-bound form spans
the membrane, interacting strongly with lipid acyl chain-tails and the phosphate
groups of the polar head surface. The *C ssNMR experiments allowed the
inspection of excess drug molecules and the assessment of their impact on the
lipid head group region.

According to SAXS, WAXS, and DSC, in the absence of M2TM both
aminoadamantane drugs exert a similar perturbing effect on the bilayer at low



concentrations, i.e., mole fractions (relative to lipid) of x=0.05-0.08. At the same
concentrations of the drug when M2TM is present, the amantadine and, to a
lesser extent, AK13 cause a significant disordering of chain-stacking. This
different effect between the two drugs is likely due, according to the MD
simulations, to the preference of the excess of the more lipophilic AK13 to locate
closer to M2TM. In contrast, amantadine perturbs the lipids through the stronger
ionic interactions of its ammonium group with phosphate groups (compared with
the buried ammonium group in AK13) and influences the formation of two lipid
domains. The preference of AK13 to concentrate inside the lipid may contribute
to its six-fold higher binding affinity (compared to amantadine) if drug binding
occurs from the lipid by way of a path between the transmembrane helices.

The results showed that DSC and SAXS are useful methods to detect changes
in membrane organization caused by small changes in M2TM or
aminoadamantane drug concentration and structure and that WAXS and MD
simulations can suggest details of ligand topology.

Water-mediated interactions play key roles in drug binding. In protein sites with
sparse polar functionality, a ligand-based only approach is often viewed as
insufficient to achieve high affinity and specificity. In Chapter 6, are showed that
small molecules, i.e. amantadine and rimantadine, can enable potent inhibition
by targeting key waters using as example the M2 WT proton channel of influenza
A which is the target of the antiviral drugs amantadine and rimantadine. This is a
work performed in close collaboration with Professor William DeGrado and
Associate Professor Jun Wang groups. Structural studies of drug binding to the
channel using X-ray crystallography have been limited due to the challenging
nature of the target, with the first crystal structure solved in 2008 limited to 3.5 A
resolution. We described crystal structures of amantadine bound to M2 in the
Inwardgoses  conformation (2.00 A), rimantadine bound to M2 in both the
Inwardgoses (2.00 A) and Inwardepen (2.25 A) conformations, and a spiro-
adamantyl amine inhibitor bound to M2 in the Inwardaosea conformation (2.63 A).
These X-ray crystal structures of the M2 proton channel with bound inhibitors
reveal that ammonium groups bind to water-lined sites, formed by two layers of
waters close to Ala30 and Gly34, respectively, observed in the X-ray structures,

that are hypothesized to stabilize transient hydronium ions formed in the proton-



conduction mechanism. Furthermore, the ammonium and adamantyl groups of
the adamantyl-amine class of drugs are free to rotate in the channel, minimizing
the entropic cost of binding. The MD simulation reproduced perfectly the X-ray
structures of cautiously tuned. These drug-bound complexes provide the first
high-resolution structures of drugs that interact with and disrupt networks of
hydrogen-bonded waters that are widely utilized throughout nature to facilitate
proton diffusion within proteins.

The V27A mutation confers amantadine resistance to the influenza A M2 WT
proton channel and is becoming more prevalent in circulating populations of
influenza A virus. In Chapter 7, is described our collaborative work with DeGrado
and Wang groups to solve M2TM V27A structure in complex with a spiro-
adamantyl amine inhibitor bound to M2(22-46) V27A and also to M2(21-61) V27A
in the Inwardcioseds conformation using X-ray crystallography and MD simulations.
The spiro-adamantyl amine binding site is nearly identical for the two crystal
structures. Compared to the M2 WT with valine at position 27, we observed 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 observed
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. However, the orientation of AHs after residue 48
did not reproduce the almost vertical orientation as regards the M2TM, that found
by Professor Tim Cross experimentally with ssNMR experiments. The MD
simulations of the M2(22-46) V27A - spiro-adamantyl amine complex predicted
with accuracy the position of the ligands and waters inside the pore in the X-ray
crystal structure of the M2 V27A complex.

The influenza A M2 wild type proton channel is the target of the anti-influenza
drug rimantadine. Rimantadine has two enantiomers, though most investigations

into drug binding and inhibition have used a racemic mixture. ssNMR experiments



by Professor Tim Cross have shown significant spectral differences that were
interpreted to indicate tighter binding for (R)- vs. (S)- rimantadine. However, it
was unclear if this is due to the specific condition of the ssSNMR experiments (i.e.
close to 0 °C), correlates with a functional difference in drug binding and inhibition
and we undertook to investigate this in collaboration with Professor DeGrado,
Associate Professor Jun Wang and Professor Jon Essex. Thus, in Chapter 8,
using X-ray crystallography, we have determined that both (R)- and (S)-
rimantadine bind to the M2 pore with slight differences in the hydration of each
enantiomer. However, this did not result in a difference in potency or binding
kinetics, as we measured similar values for kon, Koff, and Kgq in electrophysiological
assays and ECso values in cellular assays. We concluded that the slight
differences in hydration we observed in the X-ray structures for the (R)- and (S)-
rimantadine enantiomers were not relevant to drug binding or channel inhibition.
To further explore the effect of the hydration of the M2 pore on binding affinity,
the water structure was evaluated by waters titration calculations Grand
Canonical Monte Carlo simulations as a function of the chemical potential of the
water. Initially, the two layers of ordered water molecules between the bound drug
and the channel's gating His37 residues mask the drug’s chirality. As the
chemical potential becomes more unfavorable and the waters from the two layers
were removed from the M2 pore, the drug translocated down to the lower water
layer, towards the His37 at the C-terminus of M2TM, and the interaction becomes
more sensitive to chirality. These studies suggested the feasibility of displacing
the upper water layer (toward the N-end close to Ala30) and specifically

recognizing the lower water layers by novel chiral drugs.
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bonds with Gly34 carbonyls. Newly determined structure of M2(22-46) V27A
bound to a spiro-adamantyl amine inhibitor (PDB entry 6NV1, monomer chains B
and D), M2(22-46) WT bound to amantadine (PDB entry 6BKK, chains B and D),
and M2(22-46) WT bound to spiro-adamantyl amine (PDB entry 6BMZ, chains B
and D) from left to right, respectively. When spiro-adamantyl amine binds to the
V27A channel (PDB entry 6NV1), the ammonium group of the inhibitor localizes
to the same position as the ammonium of amantadine in the WT structure (PDB
entry 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
determined structure of the spiro-adamantyl amine inhibitor bound to the WT
channel (PDB entry 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 on whether Val or Ala is present
At POSILION 27 . [B2] ...t e e e e e e e e e e e e e e e eennnnnns 69

Figure 2.10: M2’s proton conduction rate is 100—1000 s~', more than 2 orders of

magnitude slower than the histidine-water proton-exchange rate. [41]............. 71

Figure 2.11: Two possible hydrogen bonding partnerships in the His37 tetrad of
the M2 proton channel. (a) One of two pairs of His37 residues showing the low-
barrier hydrogen bond model, in which the proton is transferred through the
breaking and reforming of the intermonomer imidazole-imidazolium hydrogen
bonds between His37 residues (b) the water-His37 hydrogen bonding model, in
which the His37 shuttles protons through imidazole ring reorientations and

exchanging protons with water. [108].........cooo i, 72

Figure 2.12: The structure of the HxxxW quartet in the histidine-locked state. (a)
Top view of the tetrameric cluster of H3"xxxW*! (His%" as sticks and Trp*' as
spheres). Note the near-coplanar arrangement of each imidazole-imidazolium
dimer that forms a strong hydrogen bond between Ns1 and N¢2. In each dimer,
the remaining Ng2 interacts with the indole of a Trp*' residue through a cation-Tr
interaction. The backbones have four-fold symmetry, as defined by the time-
averaged NMR data. (b) Side view of one of the two imidazole-imidazolium
dimers. Both the intraresidue Ns1-H-O hydrogen bond and the interresidue Neo-
H-Ns1 strong hydrogen bond can be seen. The near-linearity of the interresidue
hydrogen bond is obtained at the expense of a strained Cq-Cp-Cy angle (enlarged
by ~10°) of the residue on the left. [30] .........ccooiiiiiiii s 75

Figure 2.13: Chemical shift changes in the histidine side chain upon addition of
the drug Rmt of and (H)NH spectra with 25 ms (gray) or 200 ms (black) in spectra
showing the '®N exchange during the water suppression. A 3-5 ppm change is
observed in the drug-bound spectrum (red), and no Jnun J-coupling was
observed. Instead, the imidazole NH peaks are broadened, and the peaks at 9

ppm are in exchange. The (H)NH spectra were acquired at 250 K. [121]......... 77
Figure 3.1: Spin state splitting as a function of applied magnetic field. [123]...79

Figure 3.2: Schematic presentation of the alignment of acyl chains in a saturated
phospholipid such as DMPC to form a double layer of molecules. [133] .......... 85



Figure 3.3: DSC thermogram with the characteristic thermodynamic parameters
provided by the DSC technique. [133, 134]...cccooiiiiiiii e 86

Figure 3.4: Schematic representation of the optical components of the 12ID-B
SAXS beamline. [149] ... 89

Figure 3.5: Accurate (in blue) trajectory of one atom of a N-atoms system and
approximate trajectory (in red) the resulted after integration of the Newtonian
equation of motions. Read arrows follow the accurate trajectory depending on the
size of the time step and the accuracy of the potential energy V(rN) describing the
forces between the atoms. Time step is always the same but the size Ap can be
significantly changed after a time step. ... 92

Figure 3.6: The flow scheme for the molecular dynamics simulations applied. 93

Figure 3.7: Thermodynamic cycle for the calculation of relative free energies of
binding applied to alchemical tranformations. AGo, AG+ are the free energies of
transfer of 0 and 1 from the aqueous phase (unbound state) to the bound state,
respectively. AGo 1(s) and AGo,1(b) are the free energy differences of the mutation
of ligand 0 into ligand 1 in aqueous solution, and bound to the protein
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Figure 4.1: Structures of Amt and the aminoadamantane derivative AK713 and of
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Figure 4.2: DSC heating curves of DMPC: Amt (left) and DMPC : AK13 (right)
MLVs with different drug molar concentration: (a) x=0.0 (b) x=0.05, (c) x=0.08,
(d) X=0.2 @nd (€) X=0.5. ..eeeieeeiiieeeeee e e e 106

Figure 4.3: "H MAS NMR spectra of DMPC bilayers with and without the Amt (left)
or AKT3 (right) @t 15 OC. . e e e 108

Figure 4.4: 3C CP-MAS NMR spectra of DMPC bilayers without and with Amt
(upper two parts) or AK13 (lower two parts) at 15 °C. Peaks attributed to the drugs
are marked with an asterisk. ... 110

Figure 4.5: 3'P NMR spectra of DMPC bilayers without and with the Amt (left) or
AKT3 (right) @t 15 OC. .o 111

Figure 4.6: '"H MAS NMR spectra of DMPC bilayers without and with Amt (left) or
AK13 (right) at 35 °C. Peak attributed to the drug is marked with an asterisk.112



Figure 4.7: '3C CP-MAS NMR spectra of DMPC bilayers without and with (upper
two parts) Amt or AK13 (lower two parts) at 35 °C. Peaks attributed to the drugs
are marked with an asterisk. ... 114

Figure 4.8:3'P NMR spectra of DMPC bilayers without and with Amt (left) or AK13
(right) at 35 °C. Peaks attributed to the drugs are marked with an asterisk. ... 115

Figure 4.9: SAXS patterns collected at 15 °C from DMPC pure, and in presence
of increasing concentrations of Amt (left) and AK13 (right). Drug concentrations

increase from bottom to top in the graphics. Data were shifted vertically for clarity.

Figure 4.10: WAXS patterns of DMPC without and with Amt (leff) and AK13
(right), collected at 15 °C. Drug concentration increase bottom to top in the
graphics. Data are shifted vertically for clarity. Peaks with an asterisk indicate
CrySTalliZatioNn. ..o 117

Figure 4.11: SAXS patterns collected at 35 °C from DMPC pure, and in presence
of increasing concentrations of Amt (leff) and AK13 (right). Drugs concentration

increase bottom to top in the graphics. Data were shifted vertically for clarity.

Figure 4.12: Screenshot of the hydrogen bonds with DMPC molecules and Amt
(a) or AK13 (b). Number of hydrogen bonds vs time for Amt (¢) and AK13 (d).

Figure 4.13: Average angle of Ca-N vector vs the z-axis, showing the orientation
of (left) Amt and (Fight) AKT3......e e 120

Figure 4.14: Orientation of Amt (a, b) and AK13 (c, d) in the water phase (a, c¢)
and inside lipid bilayers (b, d). .........uueiiiii 121

Figure 4.15: Average hydrogen bond distance for Amt (black) and AK13 (red).

Figure 4.16: (up left) Partial density profiles after 500 ns of NP-AT ensemble
illustrating the relevant positions of water (black), DMPC (red), the phosphorus
atom of the lipid polar head (blue) and Amt (green). (up right) The partial density
profile of Amt and P atom clearly showing that it is most of the time located ~ 1
nm from the center of the DMPC bilayer. (down left) Partial density profiles after



500 ns of NP:AT ensemble illustrating the relevant positions of water (black),
DMPC (red), the phosphorus atom of the lipid polar head (blue) and AK13
(green). (down right) The partial density profile of AK13 and P atom clearly
showing that it is most of the time located ~1 nm from the center of the DMPC
DAY . . a e e 122

Figure 4.17: Average Angle of P-N vector of the DMPC molecules vs the z-axis
(green line) showing the re-orientation caused by the drug molecule, within a
radius of 2 nm from the ligand, for Amt (left) and AK13 (right)........................ 123

Figure 4.18: (leff) Partial density profiles after 500 ns of NPT ensemble
illustrating the relevant positions of water, DMPC, Amt and AK13. (right) Partial
density profiles illustrating the relevant positions of Amt and AK713................. 124

Figure 5.1: (up) Structures of Amt, AK13, and DMPC phospholipid; (down) a
ribbon model of an M2TM tetramer inside a DMPC bilayer (shown in sticks). 134

Figure 5.2: DSC heating scans (endothermic) of DMPC bilayers, fully hydrated in
phosphate buffer at pH 8.0, including M2TM tetramer and six-fold excess of the
Aamt ligand. The range for the calculation of thermotropic parameters is from
L0 DO (o I 10 TP 141

Figure 5.3: '"H MAS NMR spectra of DMPC bilayers with M2TM (left) and with
M2TM and Amt or AK13 (right) at 15°C and fully hydrated in phosphate buffer at
0] < 20O RPN 143

Figure 5.4: 3C CP-MAS NMR spectra of DMPC bilayers with M2TM (upper
traces) and with M2TM and Amt or AK13 (lower traces) at 15°C and fully hydrated
in phosphate buffer at pH 8.0. ... 145

Figure 5.5: 3'P NMR spectra of DMPC bilayers with M2TM (left) and with M2TM
and Amt or AK13 (right) at 15°C and fully hydrated in phosphate buffer at pH 8.0.

Figure 5.6: '"H MAS NMR spectra of DMPC bilayers with M2TM (left) and with
M2TM and Amt or AK13 (right) at 35°C and fully hydrated in phosphate buffer at
0] < 20O PR 147



Figure 5.7: 3C CP-MAS NMR spectra of DMPC bilayers with M2TM (upper
tfraces) and with M2TM and Amt or AK13 (bottom traces) at 35°C and fully
hydrated in phosphate buffer at pH 8.0. ... 149

Figure 5.8: 3'P NMR spectra of DMPC bilayers with M2TM (left) and with M2TM
and Amt or AK13 (right) at 35°C and fully hydrated in phosphate buffer at pH 8.0.

Figure 5.9: X-ray scattering curves of DMPC + M2TM (x=0.03) in the absence or
presence of Amt or AK13 at concentration x=0.05 at 20°C (A) and 30°C (B) and
fully hydrated in phosphate buffer at pH 8.0. Insets show the WAXS peak arising
from the lipids chain-packing. Traces were vertically shifted for clarity. The broad

shoulder is indicated With @n arrOW. .......o.oii e, 150

Figure 5.10: X-ray scattering curves of DMPC + M2TM (x=0.06) in absence or
presence of Amt or AK13 at high concentration x=0.08, 20°C (A) and 30°C (B)
and fully hydrated in phosphate buffer at pH 8.0. Insets show the WAXS peak
due to the lipids chain-packing. Traces were vertically shifted for clarity. ....... 151

Figure 5.11: Screenshot from a 200 ns MD simulation of the system including:
(upper) the M2TM tetramer-Amt complex with five Amt molecules or (lower) the
M2TM tetramer-AK13 complex with five AK713 molecules in DMPC bilayers at pH
20 T 153

Figure 5.12: Radial distribution function of the center of mass of: (left) Amt and
(right) AK13 from the center of mass of Gly34. ... 153

Figure 5.13: At the low concentration of embedded M2TM protein (shown as
tetrameric surface) two domains appeared, one that corresponds to bulk lipids
(lipids are shown as head with two tails) and one to lipids bound to M2TM
tetramers, which constitute essentially all of the lipids at high peptide density. The
second domain disappears indicating that the M2TM is distributed uniformly in
the lipid bilayers, such that at this density all lipid molecules behave as boundary
lipids. The excess Amt (shown as yellow spheres) not bound to the protein pore,
anchors through its ammonium to the lipid polar head region in contrast, to the
excess of the more lipophilic AK13 (shown in pink spheres) which interacts more
with the lateral surfaces of M2TM and not with the lipid polar head region. The

stronger effect of Amt to the bilayers compared to the more lipophilic AK713, when



M2TM is present, results in the two lipid domains observed in the DSC scans (b.
lipids: boundary lipids; nb. lipids: non boundary lipids which are the bulk lipids).

Figure 6.1: Chemical structures and space-filling models of amantadine (cyan),
rimantadine (green), and spiro-adamantyl amine (yellow). ..............ccccccooiie 165

Figure 6.2: Electron density in channel pore above the gating His37 residues:
blue mesh is 2Fo-Fc density shown at a contour of 1 o, green mesh is a polder
omit map [271] shown to a contour of 3 0. Ala30 water layer is shown as red
spheres, Gly34 water layer is shown as purple spheres. Partial occupancy waters
are shown as dark blue spheres. The hydrogen bond between Ser31 and the
Val27 carbonyl is shown. a. Rimantadine-bound Inwardciosed State (green, 6BKL,
monomers F and H). b. Amantadine-bound Inwardcosed state (cyan, 6BKK,
monomers B and D). c. Spiro-adamantyl amine-bound Inwardciosed State (yellow,
6BMZ, monomers B and D). d. Rimantadine-bound Inwardopen State (pink, 6BOC,
monomers B and D). Note that, in the rimantadine-bound structures (a,d), the
bound rimantadine has been modeled as a superposition of the R and S
enantiomers. with both at half occupancy. In the rimantadine-bound Inwardciosed
structure, two of the waters in the Ala30 layer have been also been modeled as
half-occupancy due to steric clashes with the rimantadine methyl group. Also note
the difference in the shape of 2Fo-Fc electron density corresponding to bridging
waters in the Gly34 layer in the amantadine- and rimantadine- bound Inwardciosed
state structures (a, b); these waters are two clearly defined spheres when
amantadine binds to one of the tetramers (monomers A,B,C,D), though this
density consists of just one water in the second tetramer within the asymmetric
unit (monomers E,F,G,H); the bridging water density is elongated when
rimantadine binds. This is likely caused by a racemic mixture of rimantadine
enantiomers resulting in two water structures that are averaged in the electron
ENSITY . e e 168

Figure 6.3: Visible light (top) and UV (bottom) images of M2 crystals. Square-
shaped plates of M2TM bound to drugs and inhibitors form in the lipid cubic



Figure 6.4: Root-mean-square deviation (RMSD) for Ca atoms of M2TM relative
to the initial structure for amantadine and spiro-adamantyl amine (PDB IDs: 6BKK
and 6BMZ respectively) after root-mean-square fitting of Ca. atoms of M2TM; in

A. The X-ray of the tetramer structure was maintained for all 200 ns of simulation

Figure 6.5: Autocorrelation of (A) amantadine rotation and spiro-adamantyl! (B)
amine rotation and displacement. Correlation decay times are labeled in the
insets, with corresponding amplitudes for bi-exponential fits. ......................... 174

Figure 6.6: Histograms from 20,000 MD snapshots (5ps intervals) of tilt angle
relative to bundle 10Ng @XiS. ......oeiiiiiiiiiiiiii e 176

Figure 6.7: X-ray crystal structures of the M2 proton channel bound to drugs and
inhibitors. The channel is a homotetramer, but here the front and back monomers
have been removed to show the contents of the channel pore. Hydrogen bonds
are shown as yellow dashes. The layer of waters forming H-bonds to Ala30
carbonyls ("Ala30 layer") is shown as red spheres; the layer of waters forming H-
bonds to Gly34 carbonyls ("Gly34 layer") is shown as purple spheres. Top, left to
right: a. M2 bound to rimantadine in the Inwardcioses State; PDB code 6BKL, 2.00
A resolution, monomer subunits F and H; b. M2 bound to amantadine in the
Inwardaosed State; 6BKK, 2.00 A resolution, monomers B and D; c. M2 bound to
spiro-adamantyl amine in the Inwardgoesed State; 6BMZ, 2.63 A resolution,
monomers B and D. Bottom, left to right: d. M2 bound to rimantadine in the
Inwardopen state; 6BOC, 2.25 A resolution, monomers B and D; e. Previously
solved structure of M2 in the Inwardopen State at pH 5.0 in the absence of bound
drug, [41] 5JO0, 1.41 A reSOIUtION. .......ceeeeeeeeeeeeeeeeee e 178

Figure 6.8: Water-mediated hydrogen bonds facilitate the binding of rimantadine
and amantadine to the M2 pore. In both the rimantadine-bound (6BKL, green)
and amantadine-bound (6BKK, cyan) structures of the Inwardcioses conformation,
the drug ammonium group is positioned to H-bond with two of the four waters in
the Ala30 water layer, shown as red spheres. The Gly34 water layer is shown as
purple spheres. H-bonds are shown as yellow dashes. Amantadine and
rimantadine bind asymmetrically and form hydrogen bonds with two of the four

waters in the top solvent layer. a,d: Side view of rimantadine (a, monomer



subunits F and H) and amantadine (d, monomers B and D) binding. b,e: Top-
down view of rimantadine (b, monomers E,F,G,H) and amantadine (e, monomers
A,B,C,D) binding to the Ala30 water layer in the pore of the M2 channel. c,f: Top-
down view of the Gly34 water [ayer...........ccoooiiiiiiiiieee e 180

Figure 6.9: Binding of spiro-adamantyl amine to the Inwardciosed State. Hydrogen
bonds are shown as yellow dashes. a,b: Side view of (a) amantadine-bound
Inwardciosed M2 structure (6BKK, cyan, monomers B and D) and (b) the spiro-
adamantyl amine-bound Inwardcioses M2 structure (6BMZ, yellow, monomers B
and D). The spiro-adamantyl amine inhibitor binds with its ammonium group
deeper in the channel. The Ala30 water layer (red) is completely displaced, and
the inhibitor ammonium group is within H-bonding distance of the Gly34 water
layer (purple). (¢) Chemical structures of spiro-adamantyl amine (top) and

amantadine (bottom), showing adamantyl C2 and C3 symmetry axes........... 181

Figure 6.10: Aligned rimantadine-bound Inwardepen (6BOC, pink) and
amantadine-bound Inwardopen (3C9J, gray) structures. The position of the bound
rimantadine group is in good agreement with the previously observed binding
position of amantadine. Note that the His37 rotamers in structure 3C9J are not
meaningfully different, as these side chains were fit to 3.5 A resolution electron
ENSITY . e 183

Figure 6.11: Alignment of Inwardopen and Inwardcoses Structures showing
amantadine and rimantadine binding. (a) Rimantadine-bound Inwardopen (6BOC.
pink with waters shown as magenta spheres) and Inwardcosed (6BKL, green with
waters shown as red spheres) structures. (b) Previously solved amantadine-
bound Inwardopen (3C9J, gray) [34] and Inwardcesed (6BKK, cyan) structures. In
the Inwardopen conformation, the adamantane drugs bind slightly deeper in the
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Figure 6.12: Molecular dynamics simulations reproduce the positions of the
crystallographic waters. X-ray crystal structures are shown as sticks. Red and
purple dots are water oxygen positions from 20,000 MD simulations snapshots of
the largest amine clusters. Gray wireframe shows 1c contours of water electron
density from the X-ray crystal structure. a,c: Side views. b,d: Top views. See
supplement for details of the simulations and treatment of the data. .............. 188



Figure 6.13: (a) Radial distribution function (RDF) between amantadine amino
group and water oxygen atoms, extracted from a 200 ns simulation. a. The RDF
g(r) function (right axis) shows a strong peak near 2.7 A, associated with waters
forming hydrogen bonds to the ammonium group. The cumulative integrated
intensity (Sg(r), right axis) indicates that 3.5 to 4 waters are associated with the
ammonium, on average. The second broad peak near 4.8 A represents the
bridging and Gly34 waters, and integrate to approximately five to six waters, in
good agreement with the crystallographic structure. (b) RDF between Spiro-
adamantyl amine amino group and water oxygens, extracted from a 200 ns
simulation. Four waters are observed associated with the ammonium group, in
agreement with the crystal structure. The second peak near 8 A reflect more
distant waters between His37 and Trp41 of the channel................................ 189

Figure 6.14: Kernel density estimate (KDE) of the amine N displacement of
amantadine (a) and spiro-adamantyl amine (b) in the x-y plane (orthogonal to
bundle long-axis). Darker shading means higher density, e.g., near (-0.3, -0.3) in
(a) showing the amine N spends a substantial amount of time off-center. KDEs
are derived from 20,000 snapshots (5 ps intervals) of a molecular dynamics
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Figure 7.1: Chemical structures of the adamantane drugs (amantadine,
rimantadine) and spiro-adamantyl amine. .............ccccoviiiiiiiis 194

Figure 7.2: Spiro-adamantyl amine binding site for structures of M2(22-46) V27A
(PDB code 6NV1, light gray) and M2(21-61) V27A (PDB code 60UG, dark gray).
Front and back monomer helices have been removed so the contents of the pore
can be clearly viewed. (a) Alignment of structures 6NV1 (monomer chains B and
D) and 60UG (chains B and D). The bound spiro-adamantyl amine localizes to
the same position in the pore in both M2 constructs. The compound's adamantyl
cage interacts with the four mutant Ala27 residues at the N-terminus the
homotetrameric channel. (b) and (¢) 2Fo-Fc maps at a contour of 1 ¢ (blue net)
and Polder omit maps [271] to a contour of 3 o (green net) for M2(22-46) V27A
(6NV1) (b) and M2(21-61) V27A (60UG) (c) In structure 6NV1, Polder map
density at 3 0 shows both the adamantyl cage and cyclohexyl group of the bound
spiroadamantyl amine inhibitor. However, in structure 60UG, only the adamantyl



cage of the channel is observed at this contour level. (d) Chemical structure of
spiro-adamantyl amine, showing the adamantyl C2 symmetry axis................ 201

Figure 7.3: 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 carbonyl, and red spheres correspond to waters forming hydrogen
bonds with Gly34 carbonyl. 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), [61] and M2(22-
46) WT bound to spiro-adamantyl amine (6BMZ, chains B and D). [61] 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.

Figure 7.4: Crystal structure of spiroadamantyl amine inhibitor bound to the
M2(22-46) V27A mutant (6NV1) compared to the crystal structure of rimantadine
bound to M2(22-46) WT (6BKL) [61] and the NMR structure of rimantadine bound
to an AM2-BM2 chimera (2LJC). [60].....euiiiiiiiiiiiiiiiiie e 205

Figure 7.5: 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................ccoiii, 208

Figure 7.6: Screenshot of the last snapshot of 300 ns MD simulation of M2 (22-
46) V27A - spiro-adamantyl amine complex in POPC bilayer. Waters, hydrogen
atoms, and ions have been removed for clarity. M2(22-46) V27A helices are
shown as purple ribbons, ligand are shown as cyan sticks, lipid hydrocarbon
chains in grey, phosphorus in light green, oxygen in red and nitrogen in blue
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Figure 7.7: RMSD for Ca atoms of M2(22-46) V27A during the 300 ns MD
simulation of M2 (22-46) V27A - spiro-adamantyl amine complex in POPC bilayer.

Figure 7.8: Radial distribution function plot for the distance between spiro-
adamantyl ammonium group and water oxygen atoms, extracted from a 300 ns
MD simulation of M2 (22-46) V27A - spiro-adamantyl amine complex in a
hydrated POPC bilayer; the integration at ~ 2.7 and 4.6 A corresponds to the two

layers of waters, with four waters each between the ligand and His37........... 213

Figure 7.9: (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)
V27A 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.

Figure 7.10: Crystal of M2(22-46) V27A during data collection. Loop diameter is

35 um; crystal is visible as a thin rectangular plate inside the loop................. 217

Figure 7.11: Crystal of M2(21-61) V27A during data collection. Loop diameter is
50 um; crystal is visible as a small cube sitting atop the upper left portion of the

Figure 7.12: Total number of waters inside binding cavity. At 85 ns 6 waters are
defined and after 85ns, 2 layers of water molecules are formed..................... 217



Figure 7.13: A - R: Distance between the position along the pore axis of each of
18 water molecules, and the corresponding position of nitrogen atom of the spiro
amine. Water molecules that locate within 6 A radius of His37 and 6A radius of
ligand were selected for analysis. Distances between ligand’s nitrogen and each
water's oxygen molecule were calculated based on their position on Z-axis
(helical bundle axis) of the channel. Red dashed line separates the two layers of
water molecules indicated after the first 85ns when the ligand is equilibrated
inside binding cavity. A dotted red line is used to describe the two layers. One
water molecule (water molecule 2087, panel P) entered into this region of the
pore for 10 ns, followed by exiting for 40 ns, and then re-entering for the last 30

Figure 8.1: (a), (b) Polder maps calculated in the absence of bound rimantadine
are shown here to a contour of 3 o (dark green mesh) for the X-ray crystal
structures of (R)-rimantadine (a) and (S)-rimantadine (b) bound to M2(22-46) WT.
Front and back monomer helices have been removed to show the contents of the
pore. For both structures, the density corresponding to the rimantadine
ethylammonium group has been modeled as the average of four rotational
conformers. We observed a network of ordered waters between the bound
rimantadine and the gating His37 residues; the waters form hydrogen bonds with
pore-facing carbonyl groups and also form a vertical H-bond network leading
down to the gating His37 residues. (c), (d), The radial distribution function (RDF)
g(r) for (R)-rimantadine (c) and (S)-rimantadine (d) between the ammonium group
and water oxygen atoms from the 200 ns MD simulation, shows a strong peak at
2.7 A which corresponds to the upper waters layer, forming hydrogen bonds with
the ammonium group of rimantadine and the carbonyl groups of Ala30. The
cumulative integrated intensity Jg(r), shown in the right axis, at 2.7 A indicates ca.
4 waters. The second broad peak at 4.8 A corresponds to ca. 5-6 waters of the
lower layer, which form hydrogen bonds with the His37 imidazole groups and the
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Figure 8.2: (left) (R)-rimantadine. (right) (S)-rimantadine. The radial distribution
function (RDF) g(r), shown in left axis, between the rimantadine ammonium group
and water oxygen atoms from the 200ns MD simulation, shows a strong peak at

2.7 A corresponds to upper layer waters forming hydrogen bonds with the



ammonium group of rimantadine and with the carbonyl groups of Ala30. The
cumulative integrated intensity |g(r), shown in the right axis, at 2.7 A indicates
c.a. 4 waters. The second broad peak at 4.8 A corresponds to the c.a. 5-6 waters
of the lower layer, which form hydrogen bonds to the His37 imidazole groups and
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pink. The m=4 in the legend refers to the fact that a sum of four sigmoid functions
were fitted to the data. ... 232
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Figure 8.13: Bar charts showing the hydrogen bonding observed between the
ligand and the protein at different Adams values. Each bar represents the
percentage of the GCMC simulation for which an interaction is seen (within 3.2
A) with a particular protein atom — bars are not shown for protein atoms which
never interact with the ligand. The error bars represent standard deviations over
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