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Experimental Part

Ligands

1 was purchased from Merck and 2 from Alfa chemicals (> 99 % purity). Enantiomers of 2 were purchased
from Enamine; 2-S has 95% chemical purity and 2-R has 90% chemical purity and the enantiomeric excess of
each enantiomer sample is 99%; the enantiomeric excess (ee) of both 2-R and 2-S is 99% (Mosher’s

method*"); the purity of compound 3 used was > 99%; the purity of compound 3 used was > 99%.

2-(Tricyclo[3.3.1.1%"|dec-1-yl)-2-propanol (AdMe,C-OH) 7a. Methylmagnesium iodide was prepared
from magnesium turnings (1.99 g, 83.1mmol) and methyl iodide (10.7 g, 75.6mmol) in 40 mL of dry diethyl
ether. A solution of 1-adamantanecarbonyl chloride 6 (2.5 g, 12.6 mmol) in 60 mL of dry diethyl ether was
added dropwise under Ar atmosphere and stirring. The reaction mixture was heated at gentle reflux for 4h
under stirring and Ar atmosphere. The mixture was treated with an equal volume of saturated solution of
ammonium chloride under ice-cooling. The organic layer was separated and the aqueous phase was extracted
with diethyl ether 2 times. The combined organic phases were washed with water and brine, dried (Na;SO,)
and evaporated under vacuum to yield a white colored solid residue of 2-(1-adamantyl)-propan-2-ol 7a. Yield
2.09 g (85.5%); IR (Nujol): v(OH) 3400 (br s, O-H) cm™; 'H-NMR (400MHz, CDCl;) 6: 1.12 (s, 6H,
2xCHj), 1.62-1.69 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 1.99 (br s, 3H, 3,5,7-H, adamantane H); Be-
NMR (200 MHz, CDCl,) o: 24.34 (CH3), 28.74 (3,5,7-C, adamantane C), 36.35 (2,8,9-C, adamantane C),
37.22 (4,6,10-C, adamantane C), 38.84 (1-C, adamantane C), 74.88 (C-OH).

2-(Tricyclo[3.3.1.1%"|dec-1-yl)-2-azido-propane (AdMe,C-N3) 9a. The oily 2-(1-adamantyl)-2-azido-
propane 8¢ was prepared by treatment of the tertiary alcohol 7a with CH,Cl,/NaNs/TFA. To a stirring
mixture of sodium azide (503 mg, 7.74 mmol) and dry dichloromethane (15 mL), trifluoroacetic acid (2.94 g,
25.8mmol) was added at 0 °C. The resulting mixture was stirred for 10 min at 0 °C and a solution of 2-(1-
adamantyl)-propan-2-ol 7a (500 mg, 2.58mmol) in 15mL of dry dichloromethane was added dropwise under
ice-cooling. The mixture was stirred vigorously at 0-5 °C for 4 h and additional 24 h at ambient temperature.
The mixture was made alkaline by adding NH; 12 % (40 mL) and the organic phase was separated and
washed with 30 mL of water two times. The aqueous phase was extracted two times with dichloromethane
(30 mL) and the combined organic phases were washed with water, brine and dried (Na,SOy). Solvent was

evaporated in vacuo to afford 2-(1-adamantyl)-propan-2-azide 9a. Yield: 80%; IR (Nujol): v(N3) 2098 cm’
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(s); "H-NMR (400MHz, CDCl5) d: 1.23 (s, 6H, 2xCH3), 1.60-1.71 (m, 12H, 2,4,6,8,9,10-H, adamantane H),
2.0 (br s, 3H, 3,5,7-H, adamantane H); >*C-NMR (200 MHz, CDCls) &: 20.79 (CHs), 28.66 (3,5,7-C,
adamantane C), 36.56 (2,8,9-C, adamantane C), 37.07 (4,6,10-C, adamantane C), 39.10 (1-C, adamantane C),
67.57 (C-N).

2-(Tricyclo[3.3.1.13'7]dec-l-yl)-propan-z-amine (AdMe;C-NH;) 3. A solution of 2-azido-2(1-adamantyl)-
propane 9a (250 mg, 1.14 mmol) in 10 mL of dry diethyl ether was added dropwise to a solution of lithium
aluminum hydride (173 mg, 4.56 mmol) in 10 mL of dry diethyl ether under ice-cooling. The mixture was
heated at reflux for 5 h under stirring. Then the mixture was hydrolyzed with a dropwise addition of 2 mL
water, 2 mL of sodium hydroxide 10% w/v solution and 6 mL water under stirring and ice-cooling. The
mixture was filtered under vacuum and the residue was washed 2 times with diethyl ether. Another 30 mL of
diethyl ether was added to the ethereal filtrate and the solution was extracted with 60 mL (2x30 mL) of
hydrochloric acid 6% w/v. The aqueous phase was separated and made alkaline through-addition of an excess
solid sodium carbonate under ice-cooling. The aqueous phase was extracted two times with 30 mL of
dichloromethane. The combined organic extracts were dried (Na,SO4) and evaporated under vacuum, to
yield a light yellow colored solid residue of 2-(1-adamantyl)-propan-2-amine 3. Yield: 73%; IR (Film):
v(NH,) 3373 em™ (s); '"H-NMR (400 MHz, CDCls) d: 0.99 (s, 6H, 2xCHj3), 1.60-1.68 (m, 12H, 2,4,6,8.9,10-
H, adamantane H), 1.99 (br s, 3H, 3,5,7-H, adamantane H); BC-NMR (200MHz, CDCl3) d: 25.30 (CHs),
28.87 (3,5,7-C, adamantane C), 36.23 (2,8,9-C, adamantane C), 37.26 (4,6,10-C, adamantane C), 38.12 (1-C,
adamantane C), 53.68 (C-N). Anal. Hydrochloride (C;3H,4NCI) (EtOH-Ether).
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Peptide synthesis

M2TM peptides corresponding to residues 22-46 of Udorn/72 wildtype sequence of M2 (C-terminally
amidated M2TMuygom/72: SSDPLVVAASIIGILHLILWILDRL) were synthesized by standard Fmoc solid
phase peptide synthesis using an aminomethyl polystyrene resin loaded with the amide linker and purified by
reverse phase HPLC. A purification procedure previously described’ and modified was used.” The final

peptide purity was 98%.

ITC measurements

Binding affinities of aminoadamantane derivatives (see Scheme 1 in the main text) for M2TMygom/72 Were
determined by ITC experiments for M2TM-ligand systems in DPC micelles at pH 8. All measurements were
performed in triplicate with a TAM 2277 (TA instrument) at pH 8 and 20 °C in a buffer of 50 mM NaH,PO4
and 100 mM NaCl. The peptide and the aminoadamantane derivative were dissolved in a freshly prepared
DPC solution with a concentration of 13 mmol L. Measurements were conducted using 2 mL of 125 pM
peptide (corresponding to 31.25 uM M2TM tetramer). A concentration of 1.1 mM of the ligand was used for
the titrant, of which 7.6 uL (equivalent to 8.4 nmol) were dispensed in the peptide/DPC solution with each
injection. The time interval between two injections was set to at least 6 minutes. Synthetic M2TM (residues
22-46) was reconstituted at a 1:57 monomer/lipid ratio - which guarantees the quantitative formation of
M2TM tetramers (see ref. 13, 14 of the draft) - in DPC micelles at pH 8 by dissolving and sonicating 225
nmol of M2TM with the 57 fold amount of DPC in the aforementioned buffer system. Solutions of ligands 1,
2-R, 2-S, 3 in the buffer were titrated into the calorimetric cell at 20°C. The heat evolved was obtained from
the integral of the calorimetric signal. The heat associated with the binding of the ligand to M2TM was
obtained by subtracting the heat of dilution from the heat of reaction.”* Data evaluation was carried out with
Digitam for Windows v4.1. Affinity constants were calculated by non-linear regression of the measured heat
per injection using Origin 8.0° and are included in Table 1. For the calculation, the concentration of the
peptide was kept variable because the M2TM tetramer formation is not complete. Data of three independent
measurements was used, whereby all measurements were performed with the same experimental conditions
using one stock solution. Data evaluation was done by plotting the measured heat per amount of substance
against the molar ratio of titrant to peptide tetramer. The resulting titration curve was fitted using a global fit

including the data of three independent measurements.
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FEP/MD Simulations

Relative binding free energies for aminoadamantane derivatives (Scheme 1) bound to M2TMuygem/72 Were
computed following the BAR approach® and applying a thermodynamic cycle (Scheme 2). Alchemical free
energy calculations were carried out for M2TM-ligand ligand complexes under periodic boundary conditions
with Desmond”™” using the settings and the simulation protocol described above and also in ref. 10, 11. The
structures for the simulations of the aminoadamantane compounds in solution were generated and minimized
in Maestro'” using the MMFF94 force field implemented with Macromodel 9.6."*!* The M2TMydom-1
complex structure (PDB ID 2KQT">'%) served as a model structure for M2TMygem With bound ligands 3-5
(Scheme 1 in main text) in DMPC.

N- and C-termini of the M2TM model systems were capped by acetyl and methylamino groups after
applying the protein preparation module of Maestro. The structures of the protein and 1 were saved
separately and were used for the subsequent docking calculations. The ligands in their ammonium forms
were built by means of Maestro 8.5 and were then minimized by means of Macromodel 9.6 and the MMFFs
force field using the conjugate gradient (CG) method and a distance-dependent dielectric constant of 4.0 until
a convergence value of 0.0001 kJ A mol” was reached. Docking poses of aminoadamantane derivatives in
the M2TM bound state were generated by docking the prepared compound structures into the pore binding
site of the M2TM. As a template structure was used the M2TM-1 complex structure (PDB ID 2KQT">"'%).

1920 after deletion of 1, and

Docking was performed with GOLD 5.2 '"*'® using the ASP scoring function
considering six water molecules located within the M2TM pore-binding site between the ligand and His37.
The option “toggle” was used to let the algorithm decide whether taking into account a water molecule or
neglecting it based on an empirical desolvation penalty. The region of interest used by GOLD was defined to
contain the atoms that were within ~15 A of the ligand binding site in the receptor structure. The “allow early
termination” command was deactivated. For all the other parameters, GOLD default values were used.
Ligands were submitted to 30 genetic algorithm runs. Ten docking poses were produced for each ligand and
were visually inspected using the UCSF Chimera package.”’ The pose with the best score was used in
FEP/MD simulations.

The M2TM complexes were embedded in a DMPC lipid bilayer extending 10 A beyond the solutes.
Complex and ligand systems were solvated using the TIP3P* water model. Na" and CI ions were placed in
the water phase to neutralize the systems and to reach the experimental salt concentration of 0.150 M NaCl.
Membrane creation and system solvation were conducted with the “System Builder” utility of Desmond.””

The OPLS 2005 force field**® was used to model all protein and ligand interactions, and the TIP3P

27,28

model** was used for water. The particle mesh Ewald method (PME) was employed to calculate long-
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range electrostatic interactions with a grid spacing of 0.8 A. Van der Waals and short range electrostatic
interactions were smoothly truncated at 9.0 A. The Nosé-Hoover thermostat®® was utilized to maintain a
constant temperature in all simulations, and the Martyna-Tobias-Klein method™ was used to control the
pressure. The equations of motion were integrated using the multistep RESPA integrator” with an inner time
step of 2 fs for bonded interactions and non-bonded interactions within a cutoff of 9 A. An outer time step of
6.0 fs was used for non-bonded interactions beyond the cut-off. Periodic boundary conditions were applied.

Each system was equilibrated in MD simulations with a modification of the default protocol provided
in Desmond, which consists of a series of restrained minimizations and molecular dynamics simulations
designed to relax the system, while not deviating substantially from the initial coordinates. First, two rounds
of steepest descent minimization were performed with a maximum of 2000 steps with harmonic restraints of
50 kcal mol™ A applied on all solute atoms, followed by 10,000 steps of minimization without restraints. A
series of four MD simulations was performed. The first simulation was run for 12 ps at a temperature of 10 K
in the NVT (constant number of particles, volume, and temperature) ensemble with solute heavy atoms
restrained with a force constant of 50 kcal mol” A™, followed by an identical simulation in the NPT
ensemble. The temperature was then raised during a 25 ps simulation to 310 K in the NPT ensemble with the
force constant retained. The temperatures of 310 K was used in the MD simulations in order to ensure that
the membrane state is above the melting temperature state of 297 K for DMPC lipids.*' Then an unrestrained
NPT production simulation at 310°' followed saving snapshots in intervals of 4 ps.

Production simulations at each A value were run for 4 ns or 6 ns for compounds without and with a
cyclic group, respectively. A A schedule comprising 12 windows was used (see Table S1 in sup. ref. 10). The
complex systems were stable in the alchemical free energy simulations as indicated by an RMSD of the
protein heavy atoms < 1.5 A such that the sampled structures could be used for computing relative binding
free energies. Free energy differences AG were calculated by the BAR method® and checked for convergence
by computing AG based on increasing time intervals of the alchemical free energy simulations (see Table S1
in sup. ref. 10). Errors in the computed relative binding free energies were estimated using block
bootstrapping™” as described in sup. ref. 10 .

For structural analyses, snapshots of the different systems were created with VMD* or Maestro."
Trajectories were analyzed with Maestro, Gromacs,”*** and VMD.* For the calculation of hydrogen bonds,
a cut-off angle of 30° 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.
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Table S1. Structural and dynamic measures from FEP/MD trajectories of M2TMuygem/72-ligand complexes in
DMPC bilayer.
Ligand' | RMSD(Ca)’ | Angle C-N | Angle C-C | V27-Ad’ | A30-Ad° | G34-Ad° G34 Ca- | G34CHs- | H-bonds | RMSF
vector® vector® lig.CH;’ lig.CH5® with ligand"’
water9
1 1.5+0.1 11.2+59 - 42+03 1.1+£0.3 7.0+1.5 - - 27+0.5 0.1
2-R 1.5+0.2 447+7.6 | 13.7£6.1 | 3.9+£03 14+0.3 57+0.3 29+04 39+0.3 2.6 £0.6 0.3
2-S 1.1+0.2 55.7+6.1 13.9+7.0 | 42+0.3 1.0+0.3 4.8+0.3 32+0.3 35+0.3 2.8+0.4 0.3
3 14+0.2 51.5+49 53+6.6 44+03 | 0.8+03 5.0+04 22+0.3 3.8+0.3 29+0.3 0.2

' See Scheme 1; values taken from ref. 27 of the draft; measures for 1 were added for comparison reasons.

? Maximum root-mean-square deviation (RMSD) for Ca atoms of M2TM relative to the initial structure (PDB entry: 2KQT) after
root-mean-square fitting of Ca atoms of M2TM; in A.

3 Angle between the vector along the bond from the carbon atom of the adamantane core to the ligand nitrogen atom and the
normal of the membrane; in degree.

4 Angle between the vector along the bond from the carbon atom of the adamantane core to the carbon bridge of rimantadine
analogue; in degree.

> Mean distance between center of mass of A30 and centers of mass of adamantane calculated using Gromacs tools; in A.

% Mean distance between center of mass of G34 and centers of mass of adamantane calculated using Gromacs tools; in A.

" Mean distance between center of mass of rimantadine methyl and G34 Ca calculated using Gromacs tools; in A.

¥ Mean distance between center of mass of rimantadine methyl and A30 methyl calculated using Gromacs tools; in A.

? Mean number of H-bonds between ligand's ammonium group and waters.

' Root-mean-square fluctuation of a ligand after fitting of the ligand to the average structure considering all ligand atoms; in A.
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Two-Electrode Voltage Clamp (TEVC) Assay

The inhibitors were tested via a TEVC assay using X. laevis frog oocytes microinjected with RNA expressing
the M2 protein as in a previous report.36 The blocking effect of the aminoadamantane derivatives against M2
was investigated with electrophysiology experiments using M2ygom/72. Because WSN/33-M2-N31S which
will be used to compare antiviral potencies using a whole cell assay, M2wsn.N31s Was generated and studied in
parallel. The potency of the inhibitors was expressed as the inhibition percentage of the A/M2 current

observed after 2 min and 5 min of incubation with 100 uM of compound.

Anti-viral assay: cells and viruses
Madin-Darby canine kidney (MDCK) cells (Cat.no. RIE 328, Friedrich-Loeffler Institute, Riems, Germany)

were propagated as monolayer in Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal
bovine serum, 1% non-essential amino acids (NEAA), 1 mM sodium pyruvate and 2 mM L-glutamine.
Amantadine-sensitive Udorn/72, and WSN/33-M2-N31S?’ were used in this study. For the generation of
WSN/33-M2-N31S" the plasmid pHW187-M2-N31 was altered by site-directed mutagenesis PCR and
afterwards used as part of a plasmid set for virus recovery.”® Both WSN/33-variants were propagated on
MDCK cells in serum-free EMEM supplemented with 2 mM L-glutamine, 2 pg/mL trypsin, and 0.1%
sodium bicarbonate (test medium). Virus containing supernatant was harvested after about 48 h of incubation
at 37 °C when cytopathic effect became microscopically visible. Aliquots were stored at -80 °C until use.
The M2 gene identity was verified by sequencing.

CPE inhibition studies were performed on two-day-old confluent monolayers of MDCK cells grown in
96-well plates as published.”” In CPE inhibition assay, 50 ul of at least six serial half-log dilutions of
compound in test medium and a constant multiplicity of infection of test virus (0.03 for WSN/33-M2-N31S)
in a volume of 50 pL of the test medium were added to cells. Then, plates were incubated at 37 °C with 5%
CO; for 48 h. Crystal violet staining or neutral red staining and optical density determination were performed
as described before.””*" After log transformation of compound concentrations, linear regression was used to
determine the 50% inhibitory concentration (ICsp). At least three independent assays were conducted to

calculate the mean 1Csq and their standard deviations.
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Abbreviations

M2TM, residues 22-46 of M2 protein comprising the transmembrane domain; CPE assay, cytopathic effect
assay; DMPC, 1,2-Dimyristoyl-sn-glycero-3-phosphocholine; DPC, Dodecylphosphocholine; FEP, Free
Energy Perturbation; MD, Molecular Dynamics; PME method, Particle Mesh Ewald method; ITC,
Isothermal Titration Calorimetry; TEVC assay, two-electrode voltage clamp assay; BAR, Bennett acceptance
ratio; PDB, Protein data bank; RMSD, root-mean-square deviation; RMSF, Root-mean-square fluctuation;
HPLC, High Performance Liquid Chromatography; MDCK cells, Madin-Darby canine kidney cells; 1Csy,

50% inhibitory concentration.
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