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Peptide synthesis

M2TM peptides corresponding to residues 22-46 of Udorn/72 wild type 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. 2 The final peptide purity was 98%.

Compound synthesis

For the synthesis of primary tert-alkyl amines 3-5 the raw tert-alkyl alcohols 7a-c were prepared
according to Scheme 2 of the manuscript from the reaction between 1l-adamantane carbonyl
chloride 6 and an organometallic reagent. Tert-alkyl alcohol 7a was prepared in high yield from
the reaction between 1-adamantane carbonyl chloride 6 and methylmagnesium iodide. Tert-alkyl
alcohol 7b was prepared in high yield from the reaction between 1-adamantane carbonyl chloride
6 and ethyl lithium. The reaction of allylmagnesium bromide with 1l-adamantane carbonyl
chloride 6 afforded diallyl alcohol 8 which was subsequently hydrogenated under PtO, as the
catalyst to afford tert-alkyl alcohol 7c. Treatment of tert-alkyl alcohols 7a,b with NaNs/TFA in
dichloromethane afforded azides 9a,b in high yields. Azides 9a,b were subjected to reduction
through LiAlH,4 to form tert-alkyl amine 3 in a good yield and 4 in a moderate yield. The same
procedure when applied for the synthesis of amine 5 afforded azide 9c with 37% yield but the
yield for the reduction step was 14% due to the formation of unsaturated products and extensive
decomposition.
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The procedure leading to the synthesis of 3 was described in the Supporting Information of
ref. Error! Bookmark not defined. of the draft.

3-(Tricyclo[3.3.1.1%"]dec-1-yl)-pentan-3-ol  (AdEt,C-OH) 7b. A solution of 1-
adamantanecarbonyl chloride 6 (700 mg, 3.53 mmol) in 25 mL of dry diethyl ether was added
dropwise under Ar atmosphere and stirring, to a solution of 5 mL ethyl lithium (0.5 M in
benzene/cyclohexane, 12.5 mmol). The mixture was stirred for 26 h under Ar atmosphere at
room temperature. The reaction mixture was hydrolyzed with an equal volume of saturated
ammonium chloride solution under ice-cooling. The organic layer was separated and the aqueous
phase was extracted with diethyl ether two times. The combined organic phase was washed two
times with a solution of sodium hydroxide 3% w/v, water and brine, and dried over anhydrous
sodium sulfate. After evaporation of the solvent under vacuum, a light yellow coloured solid
residue of the alcohol 7b was obtained. Yield 357mg (45.5%): IR (Nujol): v(OH) 3502 cm™ (br
s): *H-NMR (400MHz, CDCls) 6: 0.93 (t, J~7 Hz, 6H, 2xCHs), 1.56 (q, J~7 Hz, 4H, 2xCHsCH,),
1.61-1.70 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 2.05 (br s, 3H, 3,5,7-H, adamantane H); *C-
NMR (200MHz, CDCls) o: 9.47 (CH3), 25.93 (CH3CHjy), 28.90 (3,5,7-C, adamantane C), 36.71
(2,8,9-C, adamantane C), 37.40 (4,6,10-C, adamantane C), 38.51 (1-C, adamantane C), 40.48 (C-
OH). C15H260, HRMS Calcd: 222.198365, Found: 222.099854

3-(Tricyclo[3.3.1.1%"]dec-1-yl)-pentan-3-amine  (AdEt,C-NH,) 4. The oily 3-(1-
adamantyl)-3-azido-pentane 8b was prepared by treatment of the tertiary alcohol 7b with
CH.Cl,/NaN3s/TFA according to the same procedure followed for 2-(1-adamantyl)-2-azido-
propane 9a. The reaction afforded an oily mixture of azide 9b along with 3-(1-adamantyl)-pent-
2-ene as an elimination by-product. The yield of the azide preparation was 65 % based on the
integration of *C NMR peaks. The crude oily mixture was used without further purification for
the LiAIH,4 reduction step.

3-(1-Adamantyl)-3-pentanamine 4 was prepared through LiAlH, reduction of azide 9b in
refluxing ether for 5h according to the same procedure followed for 2-(1-adamantyl)-propan-2-
amine 3. Amine 4 was afforded as a light yellow colored oil. Yield: 11%; LRMS: 222.4; H-
NMR (400 MHz, CDCIs) ¢: 0.88 (t, J~7 Hz, 6H, 2xCHj3), 1.08 (br s, 2H, NH,), 1.33-1.52 (m, 2H,
2XCH3CH,), 1.60-1.69 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 1.97 (br s, 3H, 3,5,7-H,
adamantane H); **C-NMR (200MHz, CDCls) &: 9.90 (CHs), 26.73 (CHsCH,), 29.04 (3,5,7-C,
adamantane C), 36.75 (2,8,9-C, adamantane C), 37.45 (4,6,10-C, adamantane C), 38.60 (1-C,
adamantane C), 39.86 (C-NH). Anal. Fumarate (CioH31NO,) (EtOH-Ether) HRMS Calcd:
337.225309, Found: 337.276298

4-(Tricyclo[3.3.1.1%"]dec-1-yl)-hept-1,6-dien-4-ol  (AdAllyl,C-OH) 8. Allylmagnesium
bromide was prepared from magnesium turnings (1.33 g, 55.4 mmol) and allyl bromide (6.1 g,
50.4 mmol) in 60 mL of dry diethyl ether. A solution of 1-adamantanecarbonyl chloride 6 (2 g,
10.1 mmol) in 60 mL of dry diethyl ether was added dropwise to the first solution, under Ar
atmosphere and stirring. The reaction mixture was heated at gentle reflux for 4h under stirring
and Ar atmosphere and an additional 24 h at room temperature under stirring and Ar atmosphere.



The mixture was hydrolyzed 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 two times. The combined organic phase was washed with water and brine, dried
(Na;S0O,) and evaporated under vacuum to yield a yellow colored oil residue of 4-(adamant-1-
yl)-hept-1,6-dien-4-ol 8. Yield: 1.74 g (70%); IR (Film) &: w(OH) 3568 cm™ (s), v(=C-H) 3074
cm™ (s), 3008 cm™ (m), w(C=C) 1636 cm™ (s); *H-NMR (400MHz, CDCls) d: 1.70 (m, 12H,
2,4,6,8,9,10-H, adamantane H), 1.99 (br s, 3H, 3,5,7-H, adamantane H), 2.28-2.40 (m, J~7 Hz,
4H, 3,5-CH,), 5.09 (t, J~7 Hz, 4H, 2xCH,=), 5.88-5.98 (m, J~7 Hz, 2H, 2xCH=); *C-NMR
(200MHz, CDCI3) o: 28.81 (3,5,7-C, adamantane C), 36.57 (2,8,9-C, adamantane C), 37.29
(4,6,10-C, adamantane C), 39.29 (CHy), 40.34 (1-C, adamantane C), 76.08 (C-OH), 118.11
(=CHy), 135.82 (CH=). C17H260 HRMS Calcd: 246.198365, Found: 246.159789

4-(Tricyclo[3.3.1.1%"]dec-1-yl)-heptan-4-ol (AdPr,C-OH) 7c. The 4-(adamant-1-yl)-hept-
1,6-dien-4-ol 8 (840 mg, 3.42 mmol) was dissolved in 80 mL of absolute ethanol and the solution
was hydrogenated over Adams catalyst (80 mg) for 20 h. Vacuum filtration of the catalyst and
solvent evaporation under vacuum yields a white solid residue of 4-(1-adamant-1-yl)-heptan-4-ol
7c. Yield: 720 mg (84%); IR (Nujol): v(OH) 3469 cm™ (s), *H-NMR (400MHz, CDCls) &: 0.90
(t, J~7 Hz, 6H, 1, 2xCH3), 1.29-1.39 (m, J~7 Hz, 4H, 2,6-CH,), 1.41-1.50 (m, J~7 Hz, 4H, 3,5-
CHy), 1.65 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 1.98 (br s, 3H, 3,5,7-H, adamantane H),
2.17 (s, 1H, -OH); ¥*C-NMR (200MHz, CDCl3) J: 15.29 (CHs), 18.19 (CH,), 28.89 (3,5,7-C,
adamantane C), 36.59 (2,8,9-C, adamantane C), 36.88 (CH,), 37.39 (4,6,10-C, adamantane C),
40.28 (1-C, adamantane C), 41.39 (C-OH). Cy;;H30O HRMS Calcd: 250.229665, Found:
250.129573

4-(Tricyclo[3.3.1.1%"]dec-1-yl)-heptan-4-amine (AdPr,C-NH,) 5. The oily 3-(adamant-1-
yl)-heptan-4-azide 9c was prepared by treatment of the tertiary alcohol 7c with
CH,CI2/NaN3/TFA as previously described. The reaction afforded a yellow colored oily mixture
consisting of the desired 3-(adamant-1-yl)-4-azido-heptane 9c (54 %) and of 4-(adamant-1-yl)-
hept-3-ene (46%) as an elimination byproduct. Yield of the azide: 37%. The crude oily mixture
was used without further purification for the LiAIH,4 reduction step. 4-(Adamant-1-yl)-heptan-4-
amine 5 was prepared through LiAlH,4 reduction of azide 9c in refluxing ether for 5h according to
the same procedure described previously. Amine 5 was afforded as a light yellow coloured oil.
Yield (based on azide): 14%; MS: 250.1; *H-NMR (400MHz, CDCls) ¢6: 0.89 (t, J~7 Hz, 6H,
2XCHs), 1.19 (br s, 2H, NHy), 1.25-1.41 (m, J~7 Hz, 8H, 4xCH,), 1.61 (m, 12H, 2,4,6,8,9,10-H,
adamantane H), 1.98 (br s, 3H, 3,5,7-H, adamantane H); *C-NMR (200MHz, CDCl3) : 15.45
(CHj3), 18.59 (CHy), 29.07 (3,5,7-C, adamantane C), 36.65 (2,8,9-C, adamantane C), 37.45 (CH,),
37.97 (4,6,10-C, adamantane C), 39.53 (1-C, adamantane C), 56.94 (C-N). Anal. Fumarate
(C21H3sNO,) (EtOH-Ether) HRMS Calcd: 365.256609, Found: 365.113981
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ITC measurements

Binding affinities of aminoadamantane derivatives (see Scheme 1 in the main text) for
A/Udorn/72 M2TM 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
Instruments) at pH 8 and 20 °C in a buffer of 50 mM NaH,PO,4 and 100 mM NaCl. The peptide
and the aminoadamantane derivative were dissolved in a freshly prepared DPC solution with a
concentration of 13 mM. Measurements were conducted using 2 mL of 125 uM peptide
(corresponding to 31.25 uM M2TM tetramer). A ligand concentration of 1.1 mM was used for
the titrant, of which 7.6 pL (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,
allowing sufficient time for relaxation of the equilibrium.

Synthetic M2TM (residues 22-46) was reconstituted at a 1:57 monomer/lipid ratio - which
guarantees the quantitative formation of M2TM tetramers (see ref. 40, 41 of the draft) - in DPC
micelles at pH 8 by dissolving and sonicating 225 nmol of M2TM with the 57-fold higher
amount of DPC in the aforementioned buffer system. Solutions of ligands 1, 2-R, 2-S, and 3-5 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 the three independent
measurements.

ITC is a widely used method in drug discovery, especially in quantitative structure-activity-
relationship studies. ®® However, there are some inherent limitations with respect to the overall
applicability of this method. Since warmth released or consumed by an interaction is detected, the
bigger the change of enthalpy during an interaction, the easier this interaction can be measured
with ITC. A further limitation is set by the affinity of the interaction. The product of dissociation
constant and receptor concentration (called Wiseman constant) determines the slope of the
resulting titration curve and should be optimally between 10 and 100. ®® For very high affinity
interactions, one needs to dilute the system. For low affinity interactions (i.e., K4 values in the
range of 10 uM) a very high quantity of the receptor is needed, and this is accompanied with
difficulties due to limitations such as availability, cost, solubility, or stability. For the M2TM
peptide investigated in this study, the solubility in the DPC micelles limits the possible
concentration. Consequently, affinity constants of low affinity binders e.g. 5 against M2TM
S31N possess relatively large errors.
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Supplementary Tables

Table 1 legend.

! See Scheme 1. 2Binding constant Ky in uM calculated from measured K, in M by K4 = 1/K, x 10" and error in Kq in pM determined by Ky, error =

(Ka, enor/K2?) x 10°. 3 In keal mol™. * Free energy of binding computed from Kq by AG = -RT In(K4®/Ky) with K4 =1 M and T = 300 K and error

in AG determined according to RT Ky, ) With T =300 K. ® Enthalpy of binding and error in the enthalpy calculated from
SO [

measured binding enthalpy and measured error by AH = AHpeasured ( T / Tmeasured) With T = 300 K and the temperature at which the ITC

measurements were performed Tpeasued = 293.15 K. © Entropy of binding calculated by AS = (-AG + AH)/T and error in AS computed by the

equation A = [AG_ ?+AH_°  No detectable binding. ® Values could not be determined reliably due to the limitations of the methods in the

area of very weak binding.

Table S1. Block ! of full-length Udorn M2 V28I-dependent current 2 by
selected compounds.

Compou Udorn M2 V28I
nd % Block % Block ICs after ICs after
after 2 min after 5 min 2 min (uM) | 5 min (uUM)
66.5 +
1 1.4% 88.8 + 1.4% ND @ ND *
2 84 + 1% 93 + 0% ND * ND *
2-R 71+1% 90 £ 1% ND 3 ND 3
2-§ 78+ 1% 92 £ 0% ND 3 ND 3
3 56 + 3% 80 + 2% 52.0 17.9
4 43 + 2% 72 + 2% 1245 53.8
5 ND @ ND @ ND @ ND *

! For each compound, percent block of pH-dependent M2 current at listed concentrations (+/-
s.e.m.) and 1Cso (M) is shown. 2 Three or four (for compound 2-S) or two (for 1) replicates were
used for measurements at 100 pM. 3 ND: Not determined.
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Table S2. Structural and dynamic measures from MD trajectories of A/Udorn/72 M2TM-ligand

complexes in DMPC bilayer (4 ns).’

Ligand * RMSD (Co) * Angle C-N vector® | V27-Ad* H-bonds ° CI-N distance °
12 15+£0.1 11.2+5.9 42+0.3 27+0.5 32.3+6.6
2-R 15+£0.2 447 £7.6 3.9+£0.273 26+0.6 33.3+5.8
2-S 1.1+£0.2 55.7+6.1 4.2 £0.259 2804 359+5.9

3 14+£0.2 515149 4.4+0.3 29+0.3 33.7+6.3
4 1.0+£0.1 475+£6.9 45+0.3 29+0.3 35775
5 15+£0.2 494 +£4.3 44+0.2 29+0.3 30.0+£6.0

Table S3. Structural and dynamic measures from MD trajectories of A/Udorn/72 M2TM-ligand
complexes in DMPC bilayer (80 ns).’

Ligand * RMSD (Ca) * Angle C-N vector® | V27-Ad* H-bonds ° CI-N distance °
1°2 1.2+0.2 9.8+54 42+0.3 2.7£0.5 23.5%29.3
2-R 1.8+05 52.0 £ 6.7 42+0.3 26+0.5 34.2+6.5
2-S 1.2+0.2 50.9+5.3 41+0.3 29+0.3 33.7+7.4

3 1.2+0.2 53.8+8.3 41+£0.2 29+0.3 32.7+6.1
4 1.6£05 54.3+£6.9 4.4+0.3 2.9+0.3 339+7.7
5 1.0£0.2 615+7.1 45+04 2.9+0.3 324+74

! See Scheme 1; measures for 1 were added for comparison reasons.

2 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.

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

4 Megn distance between center of mass of V27 and centers of mass of adamantane calculated using Gromacs tools;
in A

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

® Mean distance in A between the ligand N and the nearest CI".

"The axial position of the six compounds 1, 2, 2-R, 2-S, and 3-5 inside the pore differed only slightly, that is, 0-0.3 A

towards the C-end, relative to 1. The simulated M2TM-ligand complexes were stable, and in all cases the M2TM tetramer

showed no large conformational changes in the course of the simulations, as demonstrated by RMSDs < 1.8 A for M2TM

Ca-carbons with respect to the initial structure.

Table S4. Structural and dynamic measures from MD trajectories of M2TM S31N-ligand
complexes in DMPC bilayer (80 ns).

Ligand ' | RMSD (Ca)? | Angle C-N vector® | V27-Ad* | H-bondswith | H-bondswith | CI-N distance ’
waters ° N31-CO°
1 2604 112.3+27 52+0.7 1.4+0.7 1.2+0.9 34.3+7.9
3 1.8+0.3 122.34£8.7 6.9+0.1 1.9+0.7 1.0+0.7 34.3+7.9
5 1.8+0.3 115.145.2 6.3+£0.4 1.7+0.8 1.1+0.8 334+7.1

See Scheme 1; values taken from ref. 27 of the draft; measures for 1 were added for comparison reasons.
2 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.
® 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.
* Mean distance between center of mass of V27 and centers of mass of adamantane calculated using Gromacs tools;

in A

> Mean number of H-bonds between ligand's ammonium group and waters.
® Mean number of H-bonds between a ligand's ammonium group and N31 carbonyl group.
" Mean distance in A between the ligand N and the nearest CI".
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Table S5. Area per lipid for values from MD simulations of Amt-M2TM complex and experimental values.

Lipid Average Area Number of Minvalue | Max value Experiment
per lipid (A% lipids (A? (A% Ensemble
DMPC 61.84 47 59.61 63.64 NPT 60.6+0.5
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Supplementary Figures

V27

A30

H37

Figure S1. Structure and amino acid sequence of M2TM WT. Cartoon representation of M2TM
(PDB entry: 2KQT) with critical residues for binding: V27 (red), A30 (light blue), His37 (pink)
depicted as sticks. Side view of M2TM; one monomer of the tetramer was removed for
visualization purposes; the N-terminal end is at the top. The amino acid sequence of M2TM WT
corresponding to 2KQT: SSDPLVVAASIIGILHLILWILDRL.
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A/Udorn—-DSSDPLVVAA SIIGILHLIL WILDR
A/WSN-—DSSDPLVIAA NIIGILHLIL WILDR

Figure S2. Transmembrane domain sequence for A/Udorn/72 (and A/Hong Kong/68) compared
to A/WSN/33, which differ at positions 28 and 31.
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Figure S3. Time courses of the average area per lipid for Amt-M2TM complex in DMPC; red
line is the experimental value of the area per lipid DMPC for the pure bilayer (60.6 A?).
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Figure S4. Representative snapshots from the simulation of ligands 2-R (a), 2-S (b) bound to
M2TM WT. Six and seven water molecules are shown between the ligand and H37 residues for
2-S and 2-R respectively. Three hydrogen bonds between the ammonium group of the ligand and
three water molecules are shown. Hydrogen bonding with water molecules and van der Waals
interactions of the adamantane core with V27 and A30 side chains stabilize the ligand inside the
pore with its ammonium group oriented towards the C-terminus of the channel. The CHCHs
group that includes the chiral carbon in 2-R and 2-S is positioned in the cleft between G34 and
A30. A30 has different van der Waals interactions between the two enantiomers, being a chiral
amino acid. However, the distance between the ligand CH3 and the A30 CHjs is similar for the
two enantiomers (3.9 = 0.3 and 3.5 + 0.3 A respectively); also the distance between V27-Ad (4.2
+ 0.3 and 4.1 + 0.3 A respectively see Table S3).
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