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five cyclic tetrapeptides in these deviation models had very good antimicrobial activity, but some were
also haemolytic. This, again points to a bigger bilayer disruption when this cooperation is present.

According to SPR results, the ideal antimicrobial cyclic tetrapeptide should have a good combination
of high partitioning into the lipid bilayer with high enough ko rate, which is still damaging to bacteria,
but that does not negatively affect human RBCs.

@ (b)

Figure 7. Results from SPR analysis of the cyclic tetrapeptides. Partitioning constant Kp (a) and dissociation rate
kotr (b) of the cyclic tetrapeptides towards DMPC vesicles without and with 10% (w/w) LPS marked by full and
empty bars, respectively.
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Figure 8. Example of cooperative (002) and noncooperative (004) binding towards DMPC vesicles. SPR traces
of cyclic tetrapeptides are shown on the left (concentration from 4 to 128 uM) and KGp fitting on the right side.
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4, Methods and materials

Chemicals
All reagents and solvents were purchased from commercial sources and used as supplied.
General protocol for linear peptide synthesis

The stepwise assembly of the linear peptides was performed using microwave assisted Fmoc solid
phase peptide synthesis method at 0.22 mmol scale on preloaded 2-chlorotritylchloride resin (0.75
mmol/g for the resin with preloaded Lys, 0.54 mmol/g for the resin with preloaded Arg). The Fmoc
group was removed with 20% piperidine in DMF. Peptide couplings were performed using the
appropriate amino acid (3 equiv.), HCTU (3 equiv.) and DIPEA (6 equiv.). Prior to synthesis, all amino
acids were dissolved in DMF (0.5M), whereas DIPEA was dissolved in NMP (2M). Microwave heating
(75°C, 15 min) was applied during coupling of all amino acids, except for arginine, where coupling was
done at room temperature for 60 min to avoid side reactions.

Cyclisation method

Upon completion of the synthesis, cleavage of the linear protected tetrapeptides from the 2-
Chlorotrityl chloride resin was performed with the mixture of hexafluoropropanol-dichloromethane
(HFIP:DCM, 3:7, v/v, 15 mL) for 45 min under slow stirring conditions, followed by two more cleavage
rounds, each lasting 10 min. The collected peptide solution was evaporated under reduced pressure.
Head-to-tail cyclisation was performed using modified procedure previously described by Malesevic et
al. (9) To maintain microdilution conditions during cyclisation two 10 mL syringes were used. First
syringe contained linear protected tetrapeptide (100 umol) pre-dissolved in N,N-dimethylformamide
(DMF, 10 mL). The second syringe was filled with a solution containing PyBOP (300 umol), pre-
dissolved in DMF (10 mL). Both syringes were fixed to the dual-syringe programmable pump and the
flow rate was set to 0.01 mL/min. This enabled simultaneous, dropwise addition of both solutions into
the flask which initially contained N,N-diisopropylethylamine (DIEA) (600 umol), PyBOP (10 pumol)
and DMF (10 mL). The reaction proceeded under constant stirring. Dimerisation was not observed using
HRMS, although such observation was made in previous cyclisation attempts with much greater
volumes of DMF. (7) After the cyclisation step, the reaction mixture was diluted with water (approx. 20
mL) prior to extraction with ethylacetate (2 x 10 mL). The organic phase was washed with 5% LiCl
solution (3 x 20 mL) and brine (1 x 10 mL), before drying over Na,SO.. The organic phase was filtered
and concentrated under vacuum. Upon addition of the cleavage cocktail containing TFA:TIS:H,O
(95:2.5:2.5, 5 mL) to the cyclic protected peptide, reaction mixture was left to stir for 3 hours prior to
evaporation under reduced pressure. The crude peptide was washed with diethyl ether (3 x 20 mL) and
again dried under vacuum prior to purification by RP-HPLC.

Peptide Purification by Preparative Reversed-Phase High-Performance Liquid Chromatography
(RP-HPLC)

Purification of crude peptides was performed by RP-HPLC using a preparative SunFire Ci1g3 OBD, 5
pum, 19 x 250 mm column (Waters, Milford, MA, USA) at room temperature. The HPLC system
(Waters) was equipped with a 2998 photodiode array (PDA) detector, a 2702 autosampler and an
automated fraction collector. The peptides were purified using a linear gradient of eluent A (water with
0.1% TFA) and eluent B (acetonitrile with 0.1% TFA), ranging from 20-60% B, over 25 min. The flow
rate was set at 10 mL/min. Purified fractions were collected and freeze-dried prior to further
characterisation.
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Purity Determination by Ultra-Performance Liquid Chromatography (UPLC)

The purity of the synthesised peptides was determined by an analytical UPLC-PDA H-class system
(Waters, Milford, MA, USA). The analysis was performed on an Acquity UPLC BEH 1.7 um, 2.1 x100
mm C18 column, with a linear gradient of eluent A (water with 0.1% TFA) and eluent B (acetonitrile
with 0.1% TFA), from 0.5-95.0% B over 10 min. The flow rate and the temperature of the column were
setat 0.5 mL/min and 60 °C, respectively. A 2996 PDA detector was used to record the UV absorbance
of the purified peptides at the wavelength range of 210-400 nm.

Peptide Characterisation by High-Resolution Mass Spectrometry (HRMS)

The characterisation of the purified peptides was performed by HRMS, using an Orbitrap Id-X Tribrid
mass analyser equipped with an electrospray ionisation (ESI) source (Thermo Fischer Scientific,
Waltham, MA, USA), with a Vanquish UHPLC system (Waters), coupled to an Acquity Premier BEH
Cig, 1.7 pm, 2.1 x 100 mm column (Waters). Mass spectral acquisition was performed in positive ion
mode. All samples were dissolved in 1 mL of Milli-Q water prior to analysis. The UHPLC was operated
in a linear gradient with mobile phases A (water with 0.1% formic acid) and B (acetonitrile with 0.1%
formic acid) from 0.5% — 95.0% B over 10 min, with a flow rate of 0.5 mL/min. The injection volume
was 2 uL, and the column temperature was set to 60 °C.

Peptide Characterisation by Nuclear Magnetic Resonance spectroscopy (NMR)

The purified peptides were characterised by NMR using a Bruker Avance Il HD spectrometer
equipped with an inverse TCI probe cryogenically enhanced for *H, *C and 2H operating at 600 MHz
for proton. Experiments for assignment and verification were acquired in DMSO-d6, while experiments
for conformation analysis were acquired in H,O:D,0 95:5 and D,O. All experiments were acquired at
298 K, using standard pulse sequences from TopSpin 3.7.pl2, including 1H, 13C, HSQC, HMBC,
H2BC, DQF-COSY, ROESY, NOESY, E.COSY and selective IPAP HSQMBC-TOCSY . Versions with
presat or excitation sculpting, gradient selection and adiabatic pulses were used when applicable.

(3S,6S,95)-3,6-Bis(4-aminobutyl)-9-isobutyl-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,5,8,11-tetraone x TFA (001)

H NMR (600 MHz, DMSO-dg) & 8.39 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 6.4 Hz, 1H), 7.69 (d, J = 8.2 Hz,
2H), 7.58 (d, J = 8.1 Hz, 4H), 7.54 (d, J = 8.7 Hz, 1H), 7.27 (d, J = 8.0 Hz, 2H), 6.46 (dd, J = 8.4, 3.2
Hz, 1H), 4.26 — 4.10 (m, 2H), 4.00 — 3.80 (m, 1H), 3.37 (dd, J = 13.4, 8.4 Hz, 1H), 3.15 (s, 1H), 3.09
(d,J=14.2 Hz, 1H), 2.95 (d, J = 13.6 Hz, 2H), 2.81 - 2.71 (m, 4H), 2.66 (d, J = 13.8 Hz, 1H), 1.98 (dtd,
J=18.0,9.1,7.9, 4.7 Hz, 1H), 1.68 (tdt, J = 19.4, 9.7, 5.1 Hz, 1H), 1.61 (q, J = 7.7 Hz, 1H), 1.58 — 1.47
(m, 4H), 1.39 (ddd, J = 14.0, 8.8, 5.5 Hz, 1H), 1.35 - 1.18 (m, 3H), 0.91 (d, J = 6.6 Hz, 3H), 0.88 (d, J
= 6.6 Hz, 3H).

13C NMR (151 MHz, DMSO-ds) & 173.77, 172.37, 171.49, 170.48, 141.88, 141.58, 131.43, 130.92,
127.25 (q, J = 31.4 Hz), 127.17 (d, J = 31.4 Hz), 124.87 (q, J = 3.5 Hz), 124.73 (q, J = 3.4 Hz), 124.41
(9, J = 271.8 Hz), 124.36 (q, J = 271.8 Hz), 116.06, 54.55, 53.80, 52.73, 51.24, 42.84, 35.62, 30.46,
28.94, 26.52, 26.44, 24.33, 22.87, 22.66, 22.32, 21.43.

HRMS-ESI: Cs7Hs1FsNsO4™ [M + H] * caled: 757,3871, found: 757,3872, UPLC purity 98%.

1,1'-(((3S,6S,9S)-9-1sobutyl-2,5,8,11-tetraoxo-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-3,6-diyl)bis(propane-3,1-diyl))diguanidine x TFA (002)

H NMR (600 MHz, DMSO-ds) & 8.53 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 6.3 Hz, 1H), 7.69 (d, J = 7.9 Hz,
3H), 7.64 (t, J = 5.4 Hz, 1H), 7.61 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.33 (s, 2H), 7.26 (d, J
= 8.0 Hz, 2H), 6.92 (s, 4H), 6.48 (dd, J = 8.8, 3.0 Hz, 1H), 4.20 (q, J = 8.2 Hz, 1H), 4.16 (dt, J = 10.4,
5.9 Hz, 1H), 3.90 (ddd, J = 10.0, 7.9, 4.5 Hz, 1H), 3.40 (dd, J = 13.4, 8.6 Hz, 1H), 3.19 (d, J = 14.2 Hz,

17



1H), 3.16 — 3.04 (m, 5H), 2.99 (d, J = 13.7 Hz, 1H), 2.93 (dd, J = 13.3, 3.0 Hz, 1H), 2.62 (d, J = 13.7
Hz, 1H), 2.06 — 1.94 (m, OH), 1.70 (dtd, J = 19.2, 9.7, 4.8 Hz, 2H), 1.64 — 1.57 (m, 2H), 1.56 — 1.33 (m,
2H), 0.91 (d, J = 6.6 Hz, 2H), 0.89 (d, J = 6.5 Hz, 2H).

13C NMR (151 MHz, DMSO-ds) & 173.91, 172.61, 171.49, 170.24, 156.73, 141.92, 141.62, 131.52,
130.92, 127.25 (q, J = 31.9 Hz), 127.16 (q, J = 31.4 Hz), 124.83 (g, J = 3.5 Hz), 124.71 (q, J = 3.4 Hz),
124.44 (q, J = 271.7 Hz), 124.37 (q, J = 271.8 Hz), 54.62, 53.63, 52.89, 51.33, 40.32, 40.15, 40.06,
38.79, 38.31, 28.17, 26.45, 25.57, 25.11, 24.35, 22.84, 21.43.

HRMS-ESI: Cs7Hs1FsN1004* [M + H] * caled: 813,3994, found: 813,3994, UPLC purity 100%.

(3S,6S,95)-3,9-Bis(4-aminobutyl)-6-isobutyl-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,5,8,11-tetraone x TFA (003)

H NMR (600 MHz, DMSO-ds) 4 8.48 (d, J = 8.4 Hz, 1H), 8.13 (d, J = 5.9 Hz, 1H), 7.77 (t, ] = 5.8 Hz,
3H), 7.70 (d, J = 8.2 Hz, 5H), 7.59 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H),
6.44 (dd, J = 8.5, 3.1 Hz, 1H), 4.32 (td, J = 8.7, 6.3 Hz, 1H), 4.08 (dt, J = 9.1, 6.2 Hz, 1H), 3.92 (ddd, J
=10.3,8.4, 4.3 Hz, 1H), 3.32 (dd, J = 13.3, 8.5 Hz, 1H), 3.20 — 3.12 (m, 2H), 2.96 — 2.92 (m, 1H), 2.90
(d, J=14.1 Hz, 1H), 2.64 (d, J = 13.8 Hz, 1H), 1.96 (dtt, J = 13.6, 9.2, 3.7 Hz, 1H), 1.75 (dtd, J = 14.5,
9.4, 5.5 Hz, 1H), 1.67 (ddqg, J = 19.3, 9.3, 5.5 Hz, 2H), 1.41 - 1.33 (m, OH), 1.33 - 1.21 (m, 3H), 0.90
(d, J=5.8 Hz, 2H), 0.87 (d, J = 5.8 Hz, 3H).

13C NMR (151 MHz, DMSO-ds) & 173.96, 171.72, 171.65, 170.58, 141.84, 141.53, 131.51, 130.88,
127.27 (g, J = 31.7 Hz), 127.12 (q, J = 31.7 Hz), 124.89 (q, J = 3.8 Hz), 124.77 (q, J = 3.9 Hz), 124.40
(9,J=272.2 Hz), 124.35 (9, J = 272.2 Hz), 56.44, 52.62, 52.56, 51.26, 42.71, 40.15, 40.06, 38.91, 38.71,
38.62, 35.34, 29.04, 28.92, 26.56, 26.50, 24.62, 22.77, 22.64, 22.45, 22.09.

HRMS-ESI: Cs7Hs1FsNsO4™ [M + H] * caled: 757,3871, found: 757,3872, UPLC purity 97%.

1,1'-(((2S,5S,8S)-5-1sobutyl-3,6,9,13-tetraoxo-12,12-bis(4- (trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,8-diyl)bis(propane-3,1-diyl))diguanidine x TFA (004)

'H NMR (600 MHz, DMSO-ds) 6 8.62 (d, J = 8.1 Hz, 1H), 8.31 (d, J = 5.4 Hz, 1H), 7.77 (t, ) = 5.5 Hz,
1H), 7.71 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 7.5 Hz, 2H), 7.63 (s, 1H), 7.57 (d, J = 8.1 Hz, 2H), 7.45 (d, J
= 9.1 Hz, 1H), 7.23 (d, J = 8.0 Hz, 2H), 6.46 (dd, J = 8.9, 2.9 Hz, 1H), 4.34 (q, J = 8.5 Hz, 1H), 4.06 (td,
J=17.8, 5.3 Hz, 1H), 3.86 (ddd, J = 10.9, 8.1, 4.3 Hz, 1H), 3.24 (d, J = 13.9 Hz, 1H), 3.22 - 3.06 (m,
4H), 3.00 (d, J = 13.7 Hz, 1H), 2.92 — 2.86 (m, 1H), 1.99 (tg, J = 10.5, 5.0 Hz, 1H), 1.84 — 1.68 (m, 3H),
1.67 - 1.57 (m, 1H), 1.56 — 1.35 (m, 4H), 0.91 (d, J = 6.0 Hz, 2H), 0.88 (d, J = 5.9 Hz, 3H).

13C NMR (151 MHz, DMSO-dg) 6 174.27, 171.70, 171.65, 170.19, 156.85, 156.69, 141.84, 141.58,
131.71, 130.86, 127.28 (q, J = 31.8 Hz), 127.13 (g, J = 31.9 Hz), 124.84 (q, J = 3.9 Hz), 124.72 (9, J =
4.0 Hz), 124.46 (q, J = 271.8 Hz), 124.37 (q, J = 271.9 Hz), 56.50, 52.90, 52.21, 51.47, 41.71, 40.32,
40.28, 39.17, 36.22, 26.56, 26.25, 25.64, 25.37, 24.57, 22.44, 22.14.

HRMS-ESI: C37Hs1FsN10O4* [M + H] * calcd: 813,3994, found: 813,3994, UPLC purity 98%.

(3R,6S,95)-3,6-Bis(4-aminobutyl)-9-isobutyl-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,5,8,11-tetraone x TFA (011)

H NMR (600 MHz, DMSO-ds) & 8.66 (d, J = 6.8 Hz, 1H), 7.95 (d, J = 6.3 Hz, 1H), 7.69 (d, J = 8.3 Hz,
2H), 7.65 (d, J = 8.6 Hz, 2H), 7.64 (b, 6H), 7.57 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 9.1 Hz, 1H), 7.25 (d, J
= 8.0 Hz, 2H), 6.55 (dd, J = 7.7, 4.0 Hz, 1H), 4.25 (g, J = 7.9 Hz, 1H), 4.07 (dt, J = 9.6, 6.2 Hz, 1H),
4.01 (ddd, J=9.5, 6.7, 5.1 Hz, 1H), 3.32 (dd, J = 13.6, 7.7 Hz, 1H), 3.12 (d, J = 13.6 Hz, 1H), 3.10 (d,
J=13.6 Hz, 1H), 2.99 (d, J = 13.4 Hz, 1H), 2.98 (d, J = 13.6 Hz, 1H), 2.81 - 2.69 (m, 4H), 1.69 (td, J =
10.6, 5.4 Hz, 1H), 1.65 - 1.61 (m, 1H), 1.61 — 1.43 (m, 7H), 1.38 (m, 3H), 1.29-1.20 (m, 1H), 1.20 —
1.12 (m, 1H), 0.92 (d, J = 6.4 Hz, 3H), 0.88 (d, J = 6.5 Hz, 3H).
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13C NMR (151 MHz, DMSO-ds) & 173.49, 172.53, 171.82, 171.05, 141.85, 141.35, 131.87, 130.94,
127.32 (q, J=32.2 Hz), 127.12 (q, J=32.2 Hz), 124.75 (q, J=3.9 Hz), 124.67 (q, J=3.9 Hz), 124.45 (q,
J=272.3 Hz), 124.35 (q, J=272.3 Hz), 55.14, 54.55, 51.98, 51.60, 40.06, 39.18, 38.70, 38.60 (2C), 38.01,
30.72, 29.74, 26.87, 26.57, 24.25, 22.69, 22.64, 22.14, 21.62.

HRMS-ESI: Cs7Hs1FeNsOs* [M + H] * calcd: 757,3871, found: 757,3874, UPLC purity 100%.

1,1'-(((3R,6S,9S)-9-1sobutyl-2,5,8,11-tetraoxo-12,12-bis(4- (trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-3,6-diyl)bis(propane-3,1-diyl))diguanidine x TFA (021)

H NMR (600 MHz, DMSO-d¢) & 8.67 (d, J = 6.8 Hz, 1H), 7.98 (d, J = 6.2 Hz, 1H), 7.69 (d, J = 8.3 Hz,
2H), 7.65 (d, J=8.2 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.54 (s, 1H), 7.41 (d, J = 9.1 Hz, 1H), 7.25 (d, J
= 8.0 Hz, 2H), 6.60 (dd, J =7.6, 4.1 Hz, 1H), 4.27 (td, J = 8.7, 6.6 Hz, 1H), 4.06 (ddt, J = 18.1, 8.9, 6.4
Hz, 2H), 3.32 (dd, J = 13.6, 7.7 Hz, 1H), 3.16 — 3.04 (m, 6H), 2.99 (td, J = 12.2, 7.1 Hz, 2H), 2.53 (d, J
=13.0 Hz, 1H), 1.73 (td, J = 7.5, 4.5 Hz, 1H), 1.66 — 1.46 (m, 7H), 1.39 (dt, J = 13.5, 7.0 Hz, 2H), 1.37
—-1.28 (m, 1H), 0.92 (d, J = 6.5 Hz, 3H), 0.88 (d, J = 6.4 Hz, 3H).

13C NMR (151 MHz, DMSO-ds) & 173.52, 172.81, 171.66, 170.94, 156.65, 156.60, 141.85, 141.36,
131.86, 130.94, 127.29 (q, J = 31.8 Hz), 127.16 (q, J = 31.8 Hz), 124.46 (q, J = 271.9 Hz), 124.76 (q, J
= 3.3 Hz), 124.67 (q, J = 2.5 Hz), 55.08, 54.35, 51.90, 51.59, 40.37, 40.29, 40.23, 39.16, 38.64, 38.04,
28.29, 27.47, 25.44, 25.04, 24.25, 22.63, 21.67.

HRMS-ESI: Cs7Hs1FsN1004* [M + H] * calcd: 813,3994, found: 813,3995, UPLC purity 99%.

(3S,6S,95)-3,9-Bis(4-aminobutyl)-6-benzyl-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,5,8,11-tetraone x TFA (031)

H NMR (600 MHz, DMSO-dg) 6 8.22 (d, J = 5.3 Hz, 1H), 7.71 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 8.1 Hz,
2H), 7.56 (t, J = 6.7 Hz, 2H), 7.28 (t, J = 7.4 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.21 (t, J = 7.8 Hz, 1H),
7.19 (d, J =8.5Hz, 2H), 6.46 (d, J=8.3 Hz, 1H), 4.52 (9, J = 8.6 Hz, 1H), 3.93 (g, J = 7.4 Hz, 1H), 3.70
(dt, J =11.3, 4.7 Hz, 1H), 3.36 (dd, J = 13.3, 8.8 Hz, 1H), 3.21 (d, J = 13.9 Hz, 1H), 3.17 (d, J = 13.7
Hz, 1H), 3.01 - 2.92 (m, 2H), 2.89 (d, J = 12.8 Hz, 1H), 2.84 (dd, J = 13.6, 8.6 Hz, 1H), 2.77 — 2.66 (m,
4H), 1.96 — 1.87 (m, 1H), 1.75 - 1.64 (m, 2H), 1.64 — 1.53 (m, 1H), 1.55 — 1.39 (m, 4H), 1.29 — 1.22
(m, 1H), 1.14 - 0.99 (m, 3H).

13C NMR (151 MHz, DMSO-ds) & 174.04, 171.25, 170.84, 170.24, 141.81, 141.53, 137.12, 131.76,
130.86, 129.09, 128.14, 127.26 (q, J = 31.9 Hz), 127.07 (q, J = 31.8 Hz), 124.82 (q, J = 3.3 Hz), 124.70
(9, J =3.3 Hz), 124.46 (q, J = 271.8 Hz), 124.37 (g, J = 271.8 Hz), 56.77, 54.60, 53.34, 51.43, 41.56,
38.69, 38.62, 37.27, 36.35, 29.05, 28.24, 26.64, 26.62, 22.57, 22.48.

HRMS-ESI: CaoHagFsNsO4™ [M + H] * calcd: 791,3714, found: 791,3717, UPLC purity 100%.

1,1'-(((2S,5S,8S)-5-Benzyl-3,6,9,13-tetraoxo-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,8-diyl)bis(propane-3,1-diyl))diguanidine x TFA (041)

H NMR (600 MHz, DMSO-ds) 3 1H NMR (600 MHz, DMSO) & 8.67 (d, J = 7.5 Hz, 1H), 8.38 (d, J =
4.9 Hz, 1H), 7.73 (s, 4H), 7.55 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 5.5 Hz, 1H), 7.43 (d, J = 9.4 Hz, 1H),
7.42 - 7.39 (m, 1H), 7.27 (dd, J = 8.5, 6.6 Hz, 2H), 7.21 (d, J = 8.1 Hz, 2H), 7.19 (t, J = 8.0 Hz, 1H),
7.18 (d, J = 8.2 Hz, 2H), 6.50 (dd, J = 9.3, 2.7 Hz, 1H), 4.52 (dt, J = 9.7, 8.1 Hz, 1H), 3.94 (td, J = 8.0,
4.8 Hz, 1H), 3.60 (td, J = 8.6, 4.1 Hz, 1H), 3.29 (d, J = 13.8 Hz, 1H), 3.17 (d, J = 13.6 Hz, 1H), 3.14 -
3.07 (m, 3H), 3.02 (tt, J = 13.7, 6.5 Hz, 2H), 2.93 (dd, J = 13.5, 8.2 Hz, 1H), 2.86 — 2.78 (m, 2H), 2.38
(d,J=13.4 Hz, 1H), 1.95 (td, J = 14.3, 4.2 Hz, 1H), 1.83 - 1.63 (m, 3H), 1.52 (tt, J = 13.4, 7.4 Hz, 1H),
1.37 (ddd, J = 20.7, 13.1, 7.2 Hz, 1H), 1.19 (tt, J = 12.5, 6.3 Hz, 1H), 1.10 (ddt, J = 18.6, 12.5, 6.5 Hz,
1H).

13C NMR (151 MHz, DMSO-ds) & 174.38, 171.39, 170.81, 169.82, 156.70, 156.57, 141.82, 141.58,
136.99, 131.95, 130.83, 129.09, 128.17, 127.27 (q, J = 31.5 Hz), 127.07 (q, J = 31.4 Hz), 124.78 (9, J =
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3.5 Hz), 124.66 (d, J = 2.8 Hz), 124.49 (q, J = 272.0 Hz), 124.35 (q, J = 271.8 Hz), 56.75, 54.33, 53.66,
51.61, 40.61, 40.47, 40.34, 37.48, 37.19, 26.41, 25.49, 25.37, 25.11.
HRMS-ESI: CaoHagFsN1004* [M + H] * calcd: 847,3837, found: 847,3836, UPLC purity 99%.

1-(3-((2S,5S,8S)-2,8-Bis(3-guanidinopropyl)-3,6,9,13-tetraoxo-12,12-bis(4-
(trifluoromethyl)benzyl)-1,4,7,10-tetraazacyclotridecan-5-yl)propyl)guanidine x TFA (006)

H NMR (600 MHz, DMSO-ds) 4 8.62 (d, J = 8.0 Hz, 1H), 8.33 (d, J = 5.6 Hz, 1H), 7.83 (t, J = 5.5 Hz,
1H), 7.74 (t,J = 5.7 Hz, 1H), 7.70 (d, J = 8.2 Hz, 2H), 7.67 (t, J = 5.8 Hz, 1H), 7.64 (d, J = 8.1 Hz, 2H),
7.56 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.7 Hz, 1H), 7.22 (d, J = 8.0 Hz, 2H), 6.51 (dd, J = 8.9, 3.1 Hz,
1H), 4.22 (g, J = 8.2 Hz, 1H), 4.09 (dt, J = 9.1, 6.1 Hz, 1H), 3.86 (ddd, J = 10.3, 7.9, 4.5 Hz, 1H), 3.42
(dd, J=13.4,8.9 Hz, 1H), 3.25 (d, J = 13.9 Hz, 1H), 3.15(q, J = 7.1 Hz, 1H), 3.14 - 3.07 (m, 4H), 3.02
(d, J = 13.8 Hz, 1H), 2.91 — 2.85 (m, 1H), 2.06 — 1.97 (m, 1H), 1.85 - 1.78 (m, 1H), 1.77 — 1.66 (m,
2H), 1.68 — 1.58 (m, 2H), 1.59 — 1.51 (m, 1H), 1.51 - 1.34 (m, 3H).

13C NMR (151 MHz, DMSO-ds) & 174.30, 172.15, 171.38, 170.13, 156.89, 156.79, 156.75, 141.86,
141.59, 131.63, 130.86, 127.26 (q, J = 31.9 Hz), 127.12 (q, J = 31.7 Hz), 124.82 (q, J = 3.7 Hz), 124.70
(9,J =3.9, Hz), 124.44 (q, J = 271.9 Hz), 124.36 (q, J = 271.8 Hz), 56.25, 53.58, 53.03, 51.41, 41.82,
40.32, 40.26, 40.16, 36.24, 28.38, 26.42, 26.27, 25.61, 25.33, 25.10.

HRMS-ESI: Cs7Hs2FsN1304" [M + H] * calcd: 856,4164, found: 856,4163, UPLC purity 97%.

Bacterial Strains and Antibacterial Activity Testing

Antimicrobial activity testing was performed using the following test strains: The Gram-positive
bacteria B. subtilis 168 (ATCC 23857), C. glutamicum (ATCC 13032), S. aureus (ATCC 9144) and S.
epidermidis RP62A (ATCC 35984) and the Gram-negative bacteria E. coli (ATCC 25922) and P.
aeruginosa (ATCC 27853). The antibacterial activity was assessed using a microdilution assay
according to a modified CLSI-based method. (25) Briefly, bacterial cultures were grown overnight in
Mueller-Hinton (MH) broth medium (Difco Laboratories, Detroit, MIl, USA) and adjusted to 2.5-3 x
10* CFU/mL in MH medium. The peptides were diluted in ultrapure water to a concentration of 250
pg/mL. The suspension of actively growing bacteria (50 pL) was distributed in 96-well microplates
(Nunc, Roskilde, Denmark) preloaded with 50 pyL of two-fold dilutions of peptide solution. The
microplates were incubated in an EnVision 2103 microplate reader (PerkinElmer, Llantrisant, UK) at
35 °C, with OD595 recorded every hour for 24 h. The minimum inhibitory concentration (MIC) was
defined as the lowest concentration of peptides resulting in no bacterial growth, compared to the
bacterial growth control, consisting of bacterial suspension and water. Polymyxin B sulfate (Sigma-
Aldrich, St. Louis, MO, USA) and chlorhexidine acetate (Fresenius Kabi, Halden, Norway) served as
positive (growth inhibition) controls, whereas media plus water served as a negative control. All
peptides and controls were tested in triplicates.

Haemolytic Toxicity Assay

The synthesised tetrapeptides were screened for haemolytic toxicity against human red blood cells
(RBC) in concentrations ranging from 500 to 3.9 uM, according to a previously described protocol. (10)
In brief, haemolysis was determined using a heparinized (10 IU/mL) fraction of freshly drawn human
blood. Another fraction of blood, which was collected in test tubes with ethylenediaminetetraacetic acid
(EDTA, Vacutest, KIMA, Arzergrande, Italy), was used for determination of the haematocrit (hct).
Plasma was removed from heparinized blood by washing three times with prewarmed phosphate-
buffered saline (PBS) before being adjusted to a final hct of 4%. Tested peptides, which were dissolved
in dimethyl sulfoxide (DMSO), were subsequently diluted with PBS to a final DMSO content of <1%.
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A 1% solution of Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) served as a positive control for
100% haemolysis, whereas 1% DMSO in PBS buffer served as a negative control. Duplicates of test
solutions and erythrocytes (1% hct final concentration) were prepared in a 96-well polypropylene V-
bottom plate (Nunc, Fischer scientific, Oslo, Norway). They were incubated under agitation at 37 °C
and 800 rpm for 1 h. After centrifugation (5 min, 3000 x g), 100 puL from each well was transferred to
a flat-bottomed 96-well plate. Absorbance was measured at 545 nm with a microplate reader
(SpectraMax 190, Molecular Devices, San Jose, CA, USA). After subtracting PBS background, the
percentage of haemolysis was determined as the ratio of the absorbance in the peptide-treated and
surfactant-treated samples. Three independent experiments were performed. ECso values, which
represent the concentration of the peptide giving 50% haemolysis, are presented as averages.

Surface Plasmon Resonance

The SPR experiments were performed using the L1 chip and T200 Biacore instrument
(GEHealthcare, Chicago, IL, USA). The experiment setup, including flow rates, chip modification,
immobilisation of vesicles and liposome recovery can be found at Jakubec et al. (21) Briefly, DMPC
vesicles were prepared by the standard method from dry lipid film. (26) DMPC vesicles with 10% (w/w)
LPS (from Escherichia coli O111:B4, Merk, Germany) were prepared by the same method with
modification according to Palusinska-Szysz et al. (27) Vesicles were then extruded through 100 nm
pore, using Avanti Lipids mini-extruder. An L1 chip was covered with extruded vesicles using flowrate
of 2 pl/min for 2400 seconds. Coverage was tested by injection of 0.1 mg/ml bovine serine albumin for
1 minute at a flowrate of 30 pl/min; a change < 400 RU indicated sufficient coverage. Increasing
concentration of peptides (from 4 to 128 uM) were injected onto the chip for 200 s association and 400
s dissociation using flowrate of 15 pl/min.

The results were processed using MATLAB R2022a  (scripts available at
https://github.com/MarJakubec) using the method presented by Figueira et al. and modified by
Juskewitz et al. (20, 28) Briefly, Kr was calculated from steady state affinity using Eq (1):

B —I] (Eq 1)
S 1+ []

where RUs and RU are the relative responses of solute (peptides) and lipids respectively, y. is the molar
volume of the lipids (average for mixture of DMPC and LPS), Ms and M, are the molecular mass of
solute and lipid, respectively, and [S]w is the concentration of solute in water. Ke and ¢ are obtained
from fitting (with o being lipid to solute ratio).

For Kot we have first linearised dissociation process using Eq (2) and then calculated average Koft
values by Eq (3):

O= ~ -+ =+ (Eq 2)
_ .t , (Eq 3)
+

where S is the linearised ratio of solute and lipid, a and 3 are individual populations, and S, is the

retained solute fraction.

Acknowledgments

This work was funded by a grant (no. 217/6770) from UiT The Arctic University of Norway.
21



References

1. Erdem Buyiikkiraz M, Kesmen Z. Antimicrobial peptides (AMPs): A promising class of antimicrobial
compounds. J Appl Microbiol. 2022;132(3):1573-96.

2. Roncevi¢ T, Puizina J, Tossi A. Antimicrobial Peptides as Anti-Infective Agents in Pre-Post-Antibiotic
Era? Int J Mol Sci. 2019;20(22).

3. Amiss AS, Henriques ST, Lawrence N. Antimicrobial peptides provide wider coverage for targeting drug-
resistant bacterial pathogens. Pept Sci. 2022;114(2):e24246.

4, Moretta A, Scieuzo C, Petrone AM, Salvia R, Manniello MD, Franco A, et al. Antimicrobial Peptides: A
New Hope in Biomedical and Pharmaceutical Fields. Front Cell Infect Microbiol. 2021;11.

5. Chakraborty S, Tai DF, Lin YC, Chiou TW. Antitumor and antimicrobial activity of some cyclic
tetrapeptides and tripeptides derived from marine bacteria. Mar Drugs. 2015;13(5):3029-45.

6. Gunjal VB, Thakare R, Chopra S, Reddy DS. Teixobactin: A Paving Stone toward a New Class of
Antibiotics? J Med Chem. 2020;63(21):12171-95.

7. Paulsen MH, Karlsen EA, Ausbacher D, Anderssen T, Bayer A, Ochtrop P, et al. An amphipathic cyclic
tetrapeptide scaffold containing halogenated 3(2,2) -amino acids with activity against multiresistant bacteria. J
Pept Sci. 2018;24(10):e3117.

8. Paulsen MH, Enggvist M, Ausbacher D, Stram MB, Bayer A. Efficient and scalable synthesis of a,0-
disubstituted B-amino amides. Org Biomol Chem. 2016;14(31):7570-8.
9. Malesevic M, Strijowski U, Béachle D, Sewald N. An improved method for the solution cyclization of

peptides under pseudo-high dilution conditions. J Biotechnol. 2004;112(1):73-7.

10. Dey H, Simonovic D, Norberg-Schulz Hagen I, Vasskog T, Fredheim EGA, Blencke HM, et al. Synthesis
and Antimicrobial Activity of Short Analogues of the Marine Antimicrobial Peptide Turgencin A: Effects of SAR
Optimizations, Cys-Cys Cyclization and Lipopeptide Modifications. Int J Mol Sci. 2022;23(22).

11. Sarojini V, Cameron AJ, Varnava KG, Denny WA, Sanjayan G. Cyclic Tetrapeptides from Nature and
Design: A Review of Synthetic Methodologies, Structure, and Function. Chem Rev. 2019;119(17):10318-59.

12. Farina B, Del Gatto A, Comegna D, Di Gaetano S, Capasso D, Isernia C, et al. Conformational studies of
RGDechi peptide by natural-abundance NMR spectroscopy. J Pept Sci. 2019;25(5):e3166.

13. Schwarzinger S, Kroon GJ, Foss TR, Chung J, Wright PE, Dyson HJ. Sequence-dependent correction of
random coil NMR chemical shifts. J Am Chem Soc. 2001;123(13):2970-8.

14. De Simone A, Cavalli A, Hsu S-TD, Vranken W, Vendruscolo M. Accurate Random Coil Chemical Shifts
from an Analysis of Loop Regions in Native States of Proteins. J Am Chem Soc. 2009;131(45):16332-3.

15. Tamiola K, Acar B, Mulder FAA. Sequence-Specific Random Coil Chemical Shifts of Intrinsically
Disordered Proteins. J Am Chem Soc. 2010;132(51):18000-3.

16. Kjaergaard M, Brander S, Poulsen FM. Random coil chemical shift for intrinsically disordered proteins:
effects of temperature and pH. J Biomol NMR. 2011;49(2):139-49.

17. Wishart DS, Sykes BD, Richards FM. The chemical shift index: a fast and simple method for the
assignment of protein secondary structure through NMR spectroscopy. Biochemistry. 1992;31(6):1647-51.

18. Claridge TD. High-resolution NMR techniques in organic chemistry: Elsevier; 2016.

19. Snyder DS, Mclntosh TJ. The Lipopolysaccharide Barrier: Correlation of Antibiotic Susceptibility with
Antibiotic Permeability and Fluorescent Probe Binding Kinetics. Biochemistry. 2000;39(38):11777-87.

20. Figueira TN, Freire JM, Cunha-Santos C, Heras M, Goncalves J, Moscona A, et al. Quantitative analysis
of molecular partition towards lipid membranes using surface plasmon resonance. Sci Rep. 2017;7(1):45647.

21. Jakubec M, Barias E, Furse S, Govasli ML, George V, Turcu D, et al. Cholesterol-containing lipid
nanodiscs promote an a-synuclein binding mode that accelerates oligomerization. FEBS J. 2021;288(6):1887-905.
22. Snyder S, Kim D, Mclntosh TJ. Lipopolysaccharide Bilayer Structure: Effect of Chemotype, Core
Mutations, Divalent Cations, and Temperature. Biochemistry. 1999;38(33):10758-67.

23. Savini F, Loffredo MR, Troiano C, Bobone S, Malanovic N, Eichmann TO, et al. Binding of an
antimicrobial peptide to bacterial cells: Interaction with different species, strains and cellular components. Biochim
Biophys Acta Biomembr. 2020;1862(8):183291.

24, Papo N, Shai Y. A Molecular Mechanism for Lipopolysaccharide Protection of Gram-negative Bacteria
from Antimicrobial Peptides*. J Biol Chem. 2005;280(11):10378-87.
25. Igumnova EM, Mishchenko E, Haug T, Blencke H-M, Sollid JUE, Fredheim EGA, et al. Synthesis and

antimicrobial activity of small cationic amphipathic aminobenzamide marine natural product mimics and
evaluation of relevance against clinical isolates including ESBL-CARBA producing multi-resistant bacteria.
Bioorg Med Chem. 2016;24(22):5884-94.

26. Lasch J, Weissig V, Brandl M. General methods: Preparation of liposomes. In: Torchilin V, Weissig V,
editors. Liposomes : a practical approach. 2nd ed. Oxford: Oxford University Press; 2003. p. 3-27.

22



27. Palusifiska-Szysz M, Zdybicka-Barabas A, Luchowski R, Reszczyriska E, Smiatek J, Mak P, et al.
Choline Supplementation Sensitizes Legionella dumoffii to Galleria mellonella Apolipophorin I11. Int J Mol Sci.
2020;21(16).

28. Juskewitz E, Mishchenko E, Dubey VK, Jenssen M, Jakubec M, Rainsford P, et al. Lulworthinone: In
Vitro Mode of Action Investigation of an Antibacterial Dimeric Naphthopyrone Isolated from a Marine Fungus.
Mar Drugs. 2022;20(5):277.

23






Tetrapeptides | Sequence | Charge | Comment | Purity (%) | Retention time (min)

001 cK4LK +2 L-lysine 97.8 6.23
002 cR4LR +2 99.52 6.38
003 cLK4K +2 97.43 5.30
004 cLR4R +2 97.87 5.46
005 cKPrpKK +3 97.85 4.61
006 cR4RR +3 97.16 5.08
0011 cKpdLK +2 D-lysine 100 6.07
0021 Rp4LR +2 D-Arg,linear 95.58 5.25
0021 Rp4LR +2 D-Arg, cyclic 99.33 6.18
0031 cFK4K +2 100 5.33
0041 FR4R +2 linear 99.21 4.99
0041 cFR4R +2 cyclic 98.56 5.47
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Table S1. Calculated and observed m/z values for the synthesized tetrapeptides

[M+H]* [M+2H]** [M+3H]** [M+4H]*
Tetrapeptide M‘:r':s‘;'a' Monoisotopic | calculated | observed | calculated | observed | calculated | observed | calculated | observed
cKaLK_001 756.8354 756.3798 757.387076  757.38721  379.197176  379.19749  253.133876 190.102226
cRALR_002 812.8634 812.3921 813.399376  813.39941  407.203326  407.2036  271.804643 204.105301
cLK4K_003 756.8354 756.3798 757.387076  757.38716  379.197176  379.19743  253.133876 190.102226
cLR4R_004 812.8634 812.3921 813.399376  813.39938  407.203326  407.20364  271.804643 204.105301
cK6KK_005 691.962 691.4785 692.485776  692.48589  346.746526  346.74682  231.500109 173.876901
CcR4RR_006 855.8924 855.4091 856.416376  856.41631  428.711826 42871219  286.143643  286.1438  214.859551
cKodLK_0011 756.8354 756.3798 757.387076  757.38742  379.197176  379.19766  253.133876 190.102226
RD4IL£;§021 830.8784 830.4026 831.409876  831.4097  416.208576  416.2091  277.808143 208.607926
°RD4CL;{C—"S°21 812.8634 812.3921 813.399376  813.3995  407.203326  407.2039  271.804643 204.105301
CcFK4K_0031 790.8524 790.3641 791371376 79137167  396.189326  396.18968  264.461976 198.598301
FR‘I‘i:—eg?“ 864.8954 864.387 865.394276  865.39398  433.200776  433,20119  289.136276 217.104026
CFR:?{.?CO“ 846.8804 846.3764 847.383676  847.38359  424.195476  424.19595  283.132743 212.601376
CFZ‘::;Z?“ 790.8524 790.3641 791371376 79137139  396.189326  396.18981  264.461976 198.598301
) Charge x Purity Retgntion
Tetrapeptide | Sequence TEA Charge | Molecular Comment (%) tlme
mass TFA salt (min) ECuM EC ug/ml
1 cK4LK 228.0464 +2 756.8354 984.8818 L-Lysine 97.8 6.23 107.4 105.776305
2 cRALR 228.0464 2 812.8634  1040.9098 99.52 638 315 377886587
3 cLK4K 228.0464  +2 756.8354  9g4.8318 97.43 53 500 492.4409
4 cLR4R 228.0464  +2 812.8634 10409098 97.87 546 2066 215051965
5 cKPrpKK 342.0696  +3 691.962  1034.0316 97.85 461 500 517.0158
6 cR4RR 342.0696  +3 855.8924  1197.962 97.16 508 233 279.125146
11 cKoALK 228.0464  +2 756.8354  g9gaggig  D-lysine 100 6.07 433 426.453819
21 Ro4LR 342.0696  +3 830.8784  1172.948  Linear  95.58 525 500 586.474
21 CcRo4LR 228.0464  +2 812.8634 10409098  Cyclic 99.33 6.18 174  181.118305
31 cFK4K 228.0464  +2 790.8524  1018.8988 100 533 500 509.4494
41 FR4R 342.0696  +3 864.8954  1706.0965  Linear  99.21 499 354 42726561
41 cFR4R 228.0464  +2 846.8804 1074.9268  Cyclic  98.56 547 108  116.092094




Peptide Sequence RBC [pM] Gram-positive bacteria [ug/mL] Gram-negative bacteria [pug/mL]
Bs Cg Sa Se Ec Pa
1 cK4LK_001 107.4 2.03 2.03 4.06 4.06 4.06 8.12
2 cR4LR_002 31.5 1.92 1.92 3.84 3.84 3.84 7.69
3 cLK4K_003 500 4.06 2.03 8.12 8.12 32.49 64.98
4 cLR4R_004 206.6 1.92 1.92 3.84 1.92 7.69 30.74
5 cKPrpKK_005 500 1.93 1.93 15.47 3.87 30.95 30.95
6 cR4RR_006 233 0.83 1.67 0.83 0.83 1.67 3.34
11 cKp4LK_0011 433 3.90 1.95 7.80 7.80 7.80 7.80
21 Ro4LR_0021 500 1.71 6.82 13.64 6.82 13.64 13.64
21 cRp4LR_0021 174 0.96 3.84 1.92 1.92 3.84 7.69
31 cFK4K_0031 500 1.95 0.98 7.80 3.90 15.60 31.25
41 FR4R_0041 354 3.9 0.98 15.6 7.8 15.6 15.6
41 cFR4R_0041 108 0.98 0.24 1.95 1.95 3.90 15.60
1H NMR (600 MHz, DMSO) 6 8.39 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 6.4 Hz, 1H), 7.69 (d, J = 8.2 Hz, 2H), 7.58 (d, ] =
8.1 Hz, 4H), 7.54 (d, J = 8.7 Hz, 1H), 7.27 (d, J = 8.0 Hz, 2H), 6.46 (dd, J = 8.4, 3.2 Hz, 1H), 4.26 — 4.10 (m, 2H), 4.00
—3.80 (m, 1H), 3.37 (dd, J = 13.4, 8.4 Hz, 1H), 3.15 (s, 1H), 3.09 (d, J = 14.2 Hz, 1H), 2.95 (d, J = 13.6 Hz, 2H), 2.81
—2.71 (m, 4H), 2.66 (d, J = 13.8 Hz, 1H), 1.98 (dtd, J = 18.0, 9.1, 7.9, 4.7 Hz, 1H), 1.68 (tdt, J = 19.4, 9.7, 5.1 Hz,
1H), 1.61 (q, J = 7.7 Hz, 1H), 1.58 — 1.47 (m, 4H), 1.39 (ddd, J = 14.0, 8.8, 5.5 Hz, 1H), 1.35 — 1.18 (m, 3H), 0.91 (d, J
= 6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H).
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13C NMR (151 MHz, DMSO) 8 173.77, 172,37, 171.49, 170.48, 141.88, 141.58, 131.43, 130.92, 127.25 (g, J = 31.4 Hz), 127.17 (d, ] = 31.4 Hz), 124.87 (q, J = 3.5

Hz), 124.73 (q, J = 3.4 Hz), 124.41 (q, J = 271.8 Hz), 124.36 (q, J = 271.8 Hz), 116.06, 54.55, 53.80, 52.73, 51.24, 42.84, 35.62, 30.46, 28.94, 26.52, 26.44, 24.33,
22.87,22.66, 22.32, 21.43.
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1H NMR (600 MHz, DMSO) § 8.66 (d, J = 6.8 Hz, 1H), 7.95 (d, J = 6.3 Hz, 1H), 7.69 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H),
7.64 (b, 6H), 7.57 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 9.1 Hz, 1H), 7.25 (d, J = 8.0 Hz, 2H), 6.55 (dd, J = 7.7, 4.0 Hz, 1H), 4.25 (q, J = 7.9
Hz, 1H), 4.07 (dt, J = 9.6, 6.2 Hz, 1H), 4.01 (ddd, J = 9.5, 6.7, 5.1 Hz, 1H), 3.32 (dd, J = 13.6, 7.7 Hz, 1H), 3.12 (d, J = 13.6 Hz, 1H),
3.10 (d, J = 13.6 Hz, 1H), 2.99 (d, J = 13.4 Hz, 1H), 2.98 (d, J = 13.6 Hz, 1H), 2.81 — 2.69 (m, 4H), 1.69 (td, J = 10.6, 5.4 Hz, 1H),

1.65—1.61 (m, 1H), 1.61 — 1.43 (m, 7H), 1.38 (M, 3H), 1.29-1.20 (m, 1H), 1.20 — 1.12 (m, 1H), 0.92 (d, J = 6.4 Hz, 3H), 0.88 (d, J =
6.5 Hz, 3H).
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13C NMR (151 MHz, DMSO) & 173.49, 172.53, 171.82, 171.05, 141.85, 141.35, 131.87, 130.94, 127.32 (q, J=32.2 Hz), 127.12 (q, J=32.2 Hz), 124.75 (q, J=3.9 Hz), 124.67
(9, J=3.9 Hz), 124.45 (q, J=272.3 Hz), 124.35 (g, J=272.3 Hz), 55.14, 54.55, 51.98, 51.60, 40.06, 39.18, 38.70, 38.60 (2C), 38.01, 30.72, 29.74, 26.87, 26.57, 24.25, 22.69,
22.64,22.14,21.62.
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1H NMR (600 MHz, DMSO) & 8.48 (d, J = 8.4 Hz, 1H), 8.13 (d, J = 5.9 Hz, 1H), 7.7 (t, J = 5.8 Hz, 3H), 7.70 (d, J = 8.2 Hz, 5H), 7.59 (d, J = 8.0 Hz, 2H), 7.56
(d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 6.4 (dd, J = 8.5, 3.1 Hz, 1H), 4.32 (td, J = 8.7, 6.3 Hz, 1H), 4.08 (dt, J = 9.1, 6.2 Hz, 1H), 3.92 (ddd, J = 10.3, 8.4,
4.3 Hz, 1H), 3.32 (dd, J = 13.3, 8.5 Hz, 1H), 3.20 - 3.12 (m, 2H), 2.96 — 2.92 (m, 1H), 2.90 (d, J = 14.1 Hz, 1H), 2.64 (d, J = 13.8 Hz, 1H), 1.96 (ditt, J = 13.6,
9.2,3.7 Hz, 1H), 1.75 (dtd, J = 14.5, 9.4, 5.5 Hz, 1H), 1.67 (ddq, J = 19.3, 9.3, 5.5 Hz, 2H), 1.41 - 1.33 (m, OH), 1.33 — 1.21 (m, 3H), 0.90 (d, J = 5.8 Hz, 2H),
0.87 (d, J = 5.8 Hz, 3H).
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13C NMR (151 MHz, DMSO) § 173.96, 171.72, 171.65, 170.58, 141.84, 141.53, 131.51, 130.88, 127.27 (g, J = 31.7 Hz), 127.12 (q, J
=31.7 Hz), 124.89 (q, J = 3.8 Hz), 124.77 (g, J = 3.9 Hz), 124.40 (q, J = 272.2 Hz), 124.35 (q, J = 272.2 Hz), 56.44, 52.62, 52.56,
51.26, 42.71, 40.15, 40.06, 38.91, 38.71, 38.62, 35.34, 29.04, 28.92, 26.56, 26.50, 24.62, 22.77, 22.64, 22.45, 22.09.
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1H NMR (600 MHz, DMSO) & 8.53 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 6.3 Hz, 1H), 7.69 (d, J = 7.9 Hz, 3H), 7.64 (t,
J=5.4Hz, 1H), 7.61 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.33 (s, 2H), 7.26 (d, J = 8.0 Hz, 2H), 6.92 (s,
4H), 6.48 (dd, J = 8.8, 3.0 Hz, 1H), 4.20 (g, J = 8.2 Hz, 1H), 4.16 (dt, J = 10.4, 5.9 Hz, 1H), 3.90 (ddd, J = 10.0,
7.9, 4.5 Hz, 1H), 3.40 (dd, J = 13.4, 8.6 Hz, 1H), 3.19 (d, J = 14.2 Hz, 1H), 3.16 — 3.04 (m, 5H), 2.99 (d, J = 13.7
Hz, 1H), 2.93 (dd, J = 13.3, 3.0 Hz, 1H), 2.62 (d, J = 13.7 Hz, 1H), 2.06 — 1.94 (m, OH), 1.70 (dtd, J = 19.2, 9.7,
4.8 Hz, 2H), 1.64 — 1.57 (m, 2H), 1.56 — 1.33 (m, 2H), 0.91 (d, J = 6.6 Hz, 2H), 0.89 (d, J = 6.5 Hz, 2H).
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13C NMR (151 MHz, DMSO) § 173.91, 172.61, 171.49, 170.24, 156.73, 141.92, 141.62, 131,52, 130.92, 127.25 (q, J
=31.9 Hz), 127.16 (q, J = 31.4 Hz), 124.83 (q, J = 3.5 Hz), 124.71 (q, J = 3.4 Hz), 124.44 (q, J = 271.7 Hz), 124.37 (g,
J=271.8 Hz), 54.62, 53.63, 52.89, 51.33, 40.32, 40.15, 40.06, 38.79, 38.31, 28.17, 26.45, 25.57, 25.11, 24.35, 22.84,
21.43.
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Abstract

Due to growing antibiotic resistance, new types of antimicrobials such as antimicrobial peptides
(AMPs) are widely studied. Since their antimicrobial activity is often dependent on their structure
and conformation, methods capable of providing such information quickly and easily are in high

demand.

In this work, we use vibrational circular dichroism (VCD) spectroscopy and molecular modelling
to study the structure and conformation of four cyclohexapeptides with antimicrobial activity.
Since cyclohexapeptides generally possess significant conformational flexibility, an extensive
conformational search must precede the ab initio calculation of VCD spectra. A typical workflow
for this task is to do a statistical averaging of spectra for a large number of structures produced by
molecular dynamics (MD) simulations. However, this approach is very computationally
demanding, since it requires geometry optimization and VCD property calculation for a significant
number of structures. Therefore, less expensive computational approaches based on Boltzmann

averaging of conformers are also commonly used.

We here compare a classical MD conformational sampling approach with CREST based
computational protocol based on meta-dynamics simulations and Boltzmann averaging for
calculation of VCD spectra of model cyclohexapeptides in two solvents (water and DMSO). While
calculations based on an MD conformational ensemble provide very good agreement with
experimental spectra for both solvents, the CREST based calculations in most cases fail to
reproduce the experimental spectral patterns. This is due to a strong preference of the CREST
approach for conformations with internal side chain — backbone hydrogen bonding, which is caused
by a combination of several factors, such as use of an implicit solvent model during the simulation,
the length and nature of amino acid side chains, and/or use of dispersion-corrected energies. The
quality of conformational sampling by CREST and MD-based approach is further validated using

experimental and theoretical NMR spectra.



Introduction

Growing antibiotic resistance is becoming one of the world’s most urgent public health problems,
with wide implications also for food security and technology development.' Bacterial infections
are becoming increasingly difficult to treat as available antibiotics become less effective.
Therefore, efforts to develop new classes of antimicrobials with reduced risk of triggering antibiotic

resistance, such as antimicrobial peptides, are accelerating.*®

Antimicrobial peptides (AMPs) are short and mostly positively charged peptides that can be found
in a variety of organisms with direct and indirect (immunomodulatory) antimicrobial activity.” 8
The mode of action can vary in different AMPs but often involves peptide-membrane interactions,
including association and membrane disruption.® ¥© Although AMPs have diverse amino acid
sequences, they often include hydrophobic and positively charged amino acids in their structure.
The positively charged amino acids such as lysine (Lys, K) and arginine (Arg, R) are responsible
for initial electrostatic interactions with the negatively charged bacterial membrane, while
hydrophobic amino acids such as tryptophan (Trp, W) enable the peptide to interact with the
hydrophobic parts of the phospholipid bilayer.113

In addition to the amino acid composition, the antimicrobial activity of AMPs also depends on their
structure and conformation.* *° Therefore, rapid and reliable experimental methods able to assess
the dominating and/or antimicrobially active conformations of AMPs in various environments are
much needed. The most common experimental techniques to study the conformation of peptides
include X-ray crystallography® " and nuclear magnetic resonance (NMR) spectroscopy.® ° Even
though these techniques provide atomic-resolution structures, they have several drawbacks. For
example, X-ray crystallography requires extensive experimental work in preparation of the
diffracting crystal, which may in some cases even fail. In addition, the crystal structure of a
molecule may deviate from its structure in the solution.?® 2! More advanced NMR spectroscopy
techniques have in many cases been successful in structural studies of small molecules in
solution,? however, preparation of isotopically labeled samples may be complicated and expensive
for bigger molecules.?® Therefore, other techniques such as vibrational circular dichroism (VCD)
that can quickly and easily provide insight into the general structure of peptides are becoming more

and more important.?*?® In VCD, the differential absorption of left- and right-handed circularly



polarized light in the infrared spectral range is measured, providing additional and often

complementary information to that obtained in regular infrared absorption spectroscopy.

In the last decades, VCD has been used not only for absolute configuration determination of chiral
molecules, but also for structural studies of biopolymers such as nucleic acids, proteins and
peptides.®3* In the case of proteins and peptides, VCD has proven to be highly sensitive to
backbone conformation and has enabled identification of the major structural motifs present in the
biopolymers (a-helix, B-sheet, random coil, etc.).>> 3¢ In peptides, also turns are common structural
motifs. But, in contrast to rather rigid structural motifs such as a-helices and [-sheets, empirical
comparisons of experimental VCD spectra with standardized spectral patterns for individual
structural motifs cannot always reliably estimate the dominating turn. Thus, a theoretical
interpretation of the spectra is needed to extract such information.” 3 The theoretical modeling of
the spectra is straightforward and well-established for small rigid molecules; however, the situation

gets more complicated with increasing size and flexibility of the molecules.

Besides VCD, the structural information on conformation of peptides can be extracted from nuclear
magnetic resonance (NMR) spectroscopy.3® 4 NMR spectroscopy is a robust and versatile tool in
analytical chemistry that can be used to monitor changes in single atoms within a target molecule.
By observing different magnetic properties, we can observe how molecules behave in different

environments.

Using Jun coupling constants to estimate dihedral angles through the Karplus equation is a well-
established technique in NMR spectroscopy. Moreover, anisotropic NMR has emerged as a
powerful technique for structural studies of small molecules.****® Residual dipolar couplings (RDC)
depend on the relative orientation of the *H-3C bond vectors, and Residual chemical shift
anisotropy (RCSA) depend on the relative orientation of the carbon chemical shielding tensors
relative to the magnetic field. Together, they provide information on the relative orientation of
different parts of the molecule and configuration of stereogenic centers. Combined with chemical

shifts, anisotropic NMR conducts a rich informational content on peptide structure.

In this work we use VCD spectroscopy combined with theoretical interpretation of the
experimental data to investigate the structure of four cyclohexapeptides with potential
antimicrobial activity (data not published yet). All the investigated peptides contain Trp as a

hydrophobic amino acid, and either Lys or Arg as a positively charged amino acid. The



hydrophobic and charged amino acids either appear in alternating (cyclo(WXWXWX); X = K or
R) or clustered (cyclo(WWWXXX); X = K or R) sequences. The structural information obtained
using VCD methodology is further validated by both experimental and theoretical NMR

spectroscopy data.

Even though cyclization of small peptides generally results in lower flexibility, cyclohexapeptides
still possess significant conformational flexibility. Therefore, ab initio calculation of the IR, VCD
and NMR spectra needs to be preceded by an extensive conformational search. In previous works,
we developed a computational protocol to identify the most relevant conformations of cyclic
peptides using CREST (Conformer-Rotamer Ensemble Sampling Tool).** 4> Compared to the
cyclic peptides this protocol was validated for, the peptides investigated in this work have longer
and charged side chains that can participate in intramolecular interactions. To ensure that the
structures predicted by a CREST protocol are valid also for such peptides, we have compared the
VCD and NMR spectra of the structures determined as relevant by the CREST protocol with a
more traditional approach where the sampling of the conformational space is performed with

classical molecular dynamics (MD) simulations.

There are two significant differences between the two approaches. First difference lies in how these
computational methods model the solvent. While CREST uses an implicit solvent model during
the simulation, explicit water molecules are present in the MD simulation allowing specific solvent-
solute interactions to be explicitly accounted for, which may be important for obtaining the correct
conformational ensemble, in particular for systems and solvents with strong intermolecular
interactions. Second difference is related to how the relevant conformers in each approach are
determined. In CREST, energies and Boltzmann averages are used to identify important
conformers and to calculate the final vibrational spectra, while MD provides a statistical averaging
of conformations observed during the simulation run. In this work we investigate which of these
approaches leads to the best agreement with experimental spectra, and thus is best suited to aid in

the structural analysis of cyclohexapeptides.



Methods

Synthesis of Cyclohexapeptides

The cyclic peptides 1 — 4 (Figure 1) were synthesized using solid-phase peptide synthesis
methodology*® and fluorenylmethoxycarbonyl (Fmoc) chemistry procedures*’ as described
previously. Briefly, the first amino acid was coupled to 2-Chlorotrityl chloride resin and the linear
peptide precursors were prepared by an automated peptide synthesizer. The linear peptides were
cleaved from the resin under mild acidic conditions and head-to-tail cyclized in solution. Next, the
sidechains were deprotected and the crude cyclic peptides were purified by preparative reverse-
phase HPLC. A detailed description of the synthetic procedure and characterization of the products

can be found in the Supporting Information.

Vibrational Spectroscopy of Cyclohexapeptides

IR and VCD Spectra Acquisition. IR absorption and VCD spectra were measured with an Invenio
R FTIR spectrometer with PMAS50 module for polarization measurements (Bruker) at 8 cm™
resolution and PEM set to 1600 cm™ using a demountable BaF. cell and a 50 pm Mylar spacer. For
spectra in water, DO was used as a solvent in order to avoid a strong deformation vibration band
of H20 overlapping with the amide | band of peptides. The peptides were mixed with D20 and
lyophilized overnight, and then dissolved in D20 at a concentration of 20 mg/mL. For DMSO, non-
deuterated peptides were dissolved in DMSO-ds at concentration 25 mg/mL. These solutions were

used for IR and VCD spectra measurements.

Usually, 50 pL of peptide solution was deposited on the bottom cell window and covered with the
top window. Five blocks of 22500 scans (15 hours of total accumulation time) were collected and
averaged. Spectra of DO / DMSO-de measured at the same conditions were subtracted from the
sample spectra. The values of g-factor were calculated as 4A/A, where 4A is the amplitude of a

VCD couplet and A is the absorption intensity of the corresponding IR band.
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Figure 1. Investigated cyclohexapeptides 1 — 4.

Calculation of VCD Spectra with CREST Conformational Sampling. The general workflow
for conformational sampling described in our previous work* is based on meta-dynamics
simulations as implemented in CREST 2.10. The conformer ensemble generated by CREST was
then re-ranked by a DFT single-point energy calculation (B3LYP/6-31+G***/CPCM®" °1) using
Gaussian 16 (Rev. B.01)2. Conformers with energy within the 2.5 kcal/mol from the lowest-lying
conformer after the DFT single-point energy calculations were geometry optimized, and the
resulting structures were used to calculate IR and VCD intensities. If less than 20 conformers lied
within 2.5 kcal/mol after the single-point energy calculation, we included the lowest-energy
conformations above 2.5 kcal/mol up to a total number of 20 conformers to ensure that the

conformational space was sufficiently sampled.*®

These structures were then geometry optimized and VCD properties were calculated at the DFT
level (B3LYP/6-31+G*/CPCM) using Gaussian 16 (Rev. B.01). After geometry optimization,
some of the conformers ended up in the same minimum. To remove these duplicates, we compared
the energies and rotational constants for the individual conformers, and only unique conformers
were included in the final spectra. Final IR and VVCD spectra were generated as Boltzmann averages
based on free energies for the unique conformers using a Lorentzian bandshape with a full width
at half maximum (FWHM) of 10 cm™ with the CDSpecTech software.> The number of structures

considered at each stage of the CREST calculation are summarized in Table 1.



Table 1. Number of conformers generated by CREST at each stage of IR and VCD spectra

calculation.
Solvent Conformers Geom Opt Unique Contributed to
found by CREST | Conformers | conformer | spectra>1%

water 326 20 19 5

Peptide 1
DMSO 297 34 25 3
water 268 20 19 5

Peptide 2
DMSO 297 20 15 11
water 368 20 20 5

Peptide 3
DMSO 230 20 20 7
water 142 20 20 4

Peptide 4
DMSO 143 20 18 12

Calculation of VCD Spectra with MD Conformational Sampling. The initial structure of the
investigated cyclic peptides was prepared using the Maestro molecular modelling package.>* The
cyclic peptides were constructed by linking the N- and C-terminal residues of the linear peptides
followed by an energy minimization. MD simulations were performed with some modifications
according to the protocol of McHugh et al.>® using GROMACS 2020°%° in water and in DMSO.
For water, the RSFF1 force field® and TIP4P-Ew waters were used for the MD simulation. In the
case of DMSO, we used the OPLS-AA/L force field®* and a box of pre-equilibrated DMSO
molecules. Some modifications to the GROMACS library files as described by Jiang and Geng®?
were applied to generate input files suitable for cyclic peptides.

The peptides were placed in a cubic box containing pre-equilibrated solvent molecules (~2000 and
~500 molecules for the H,O and DMSO simulations, respectively). The dimensions of the box
were such that the minimum distance between solute molecule and the edges of the box was 1.0
nm. The solvated system was energy minimized with the steepest descent algorithm. The
equilibration was performed in two stages with a step size of 2 fs. The first stage of equilibration
consisted of a 50 ps NVT simulation at 300 K followed by a 50 ps NPT simulation at 300 K and a



pressure of 1 bar. During the first step of equilibration, a position restraint with a force constant of
1000 kJ mol™ nm on the heavy atoms in the peptide was used. The second stage of equilibration
was done without the position restraint on the peptide and consisted of a 100 ps NVT simulation at
300 K followed by a 100 ps NPT simulation at 300 K and 1 bar.

The production run was performed within the NVP ensemble at 300 K and 1 bar with a leapfrog
algorithm® for 1 us with a step size of 2 fs. The temperature was controlled using the V-rescale
thermostat method®* with a coupling time constant of 0.1 ps. The solute and solvent molecules
were coupled to separate thermostats. The pressure was maintained by the Parrinello-Rahman

barostat method with a coupling time constant of 2.0 ps and a compressibility of 4.5 x 10 bar™,

To constrain bonds involving hydrogens to their equilibrium value, the LINCS algorithm® was
used. Non-bonding interactions were treated with a cut-off radius of 1.0 nm. Electrostatic
interactions beyond this threshold were treated with the Particle Mesh Ewald method®® with a
Fourier spacing of 0.12 nm and an interpolation order of 4. To account for the truncation of the
Lennard-Jones interactions, long-range analytic dispersion corrections to both energy and pressure
were applied. The simulation trajectories were sampled every 10 ps. For each molecule, 200
snapshots were extracted from the trajectory, stripped of solvent, and the resulting structures were
used for DFT calculation of IR and VCD spectra.

The geometry optimizations and VCD property calculations for conformers generated by the MD
simulations were performed at the DFT level (B3LYP/6-31+G*/CPCM) using Gaussian 16 (Rev.
B.01). The final spectra were generated using the CDSpecTech software® as a simple average of
spectra of all 200 snapshot geometries. A Lorentzian bandshape with a FWHM of 10 cm™ was
applied.

Clustering of the MD Conformers for Investigation of Their Backbone Structure. The
geometry optimized structures from the MD simulations were clustered by the Conformer Cluster
Panel script in Maestro.>* The clustering was done based on the atomic root-mean-square deviation
(RMSD) of the backbone, including hydrogens on both the a-carbons and amide groups. Based on
the statistics from a test run, the Kelley index®’ was used to choose the optimal number of clusters.
The clustering was then done with the number of clusters resulting in the lowest Kelley Penalty
using the Average linkage method implemented in Maestro.>* From each of the largest clusters,



accounting for up to 90 % of the spectra, one structure was extracted and characterized in terms of

dihedral angles, internal hydrogen bonding and turns.

Nuclear Magnetic Resonance Spectroscopy of Cyclohexapeptides

NMR Spectra Acquisition. NMR spectra were acquired on a Bruker Avance I11 HD spectrometer
operating at 600 MHz for *H, equipped with an inverse TCI cryoprobe. NMR spectra for all studied
cyclic peptides were acquired at 298 K in 5mm tubes (in 3mm Shigemi tube for c(( WWWRRR)
peptide) using standard pulse programs in water and d-DMSO.

ROESY, TOCSY, DQF-COSY, ©®N-HSQC, HSQC, and HMBC NMR spectra were recorded with
gradient selection and adiabatic pulses when applicable. ROESY and TOCSY spectra were
recorded with mixing times of 25-200 ms and 80 ms, respectively. Spectra were processed with
TopSpin 3.6.0, and assignments were done manually. The full assignment in H>O was previously
published,% while the assignment in d-DMSO is reported in the Supporting Information (Tables
S1-S4).

The experimental J-coupling constants were found by using the deconvolution tool in MestreNova
on 1D *H spectra. For a few less resolved signals, the coupling constants were found by a lineshape
fitting from a high resolution and zero filled *°®N-HSQC F2 slice.

Sample Preparation and Data Acquisition of Anisotropic NMR. Polyacrylamide (PAA) gels
were cast at room temperature in the form of rods with a 40mm length and 5.4mm diameter,
approximately 1.3 mm more than the inner diameter of the standard 5mm NMR tube, in a NewEra
Gel Chamber under a blanket of Argon gas.®® /® The gel was cast using a solution of 223 pL
acrylamide (acrylamide/bisacrylamide 19:1), 105 uL freshly prepared 1% ammonium persulphate
solution, 10.5 pL of N,N,N’,N'-Tetramethylethylenediamine (TEMED), and 712 pL of H.O, for a
total volume of 1050 pL. After gelation and washing with water 3 times, the gel was dried overnight
at room temperature. The dried gel was inserted into a 5mm NMR tube with a 2.5mM solution of
cyclic hexapeptide in 500 yL of H2O/D>0 (90/10 %) with 0.5 % TMSP-d4 as internal standard.
The gel was fully stretched after two weeks, then HSQC-CLIP and 1D *C NMR spectra were
collected, together with HMBC, HSQC, and DQF-COSY for chemical shift referencing. The RDCs
were extracted as a difference in splitting of the signal in HSQC-CLIP in ppm between the samples

with- and without PAA gel. RCSAs were extracted as a shift of the *3C signal in Hz between the



samples with- and without PAA gel. The experimental RDC and RCSA values were compared to

the ones calculated for conformers using MSpin, and Quality factors (Q-factors) were collected.

Calculation of NMR Chemical Shifts. Chemical shifts were calculated for the geometry
optimized conformational ensembles used in the VCD spectra calculations. The NMR chemical
shifts calculations for cyclohexapeptides were carried out at the DFT level (MPW1PW91'/6-
311++G**/CPCM) using Gaussian 16 (Rev. B.01). Chemical shifts for TMS and TMSP-d4 in
DMSO and water, respectively, were calculated at the same level of theory and used as a reference
for 'H and *3C chemical shifts calculations in their respective solvents. The final chemical shift
spectra were generated either as Boltzmann averages based on free energies for the unique
conformers (CREST-based conformers) or as a simple average of all conformations (MD-based
ensemble). The comparison between experimental and calculated chemical shifts was performed

using an in-house MatLab script.

Calculation of J-coupling Constants. J-coupling values for the calculated conformations were
evaluated by MSpin using the built-in Pardi (1990) module for *J H(N)-Cq-H coupling constants.
The coupling constants were calculated for all six amino acids of the four cyclic hexapeptides. For
CREST, all conformers evaluated. Due to time constraints, only some structures were used for
evaluation of J-coupling constants in MD-based ensemble (every 10" conformer starting with nr.
1 and up to nr. 200; a total of 21 conformers). To justify this step, we compared the J-coupling
constants of the reduced ensemble (21 conformers) with the unreduced one (200 conformers) for
the c(WWWKKK) cyclopeptide and found no significant changes of the values (Table S6 in
Supporting Information). The final J-coupling values were generated either as Boltzmann averages
based on free energies for the unique conformers (CREST-based conformers) or as a simple
average of all conformations (MD-based ensemble).

Results and Discussion

We first focus on the experimental IR absorption and VCD spectra of peptides 1 — 4 in D20. We
then evaluate the performance of the CREST-based computational protocol for these systems,
followed by a comparison of the CREST and MD conformational sampling methodology for

peptide 1. Finally, we compare the two computational approaches for the calculation of vibrational



spectra of peptide 1 in DMSO. The analysis is complemented by experimental and theoretical

isotropic and anisotropic NMR parameters.

Experimental IR and VCD Spectra of Cyclohexapeptides in D20. Infrared absorption and VCD
spectra of peptides are rich in structural information, since VCD spectral signatures can often be
directly linked to the backbone conformation. Vibrational absorption spectra of proteins and
peptides comprise mainly of two regions: the amide | region (1600 — 1700 cm™, mainly carbony!l
stretching vibration) and the amide Il region (~1550 cm™ in H,O and ~1450 cm™ in D20,
combination of N-H bending and C-N stretching vibrations). In Figure 2, we present experimental
IR and VVCD spectra of peptides 1 — 4 in D>O. Heavy water was used as a solvent due to the strong
absorption of H>O in the carbonyl stretching region. This deuteration primarily affects the

absorption energies in the amide 1l region, resulting in a significant shift to lower frequencies.

The infrared spectra of all investigated peptides in D2O are dominated by a strong absorption band
in the amide | region at 1672 cm™ with a single shoulder at 1630 cm™ for peptide 1 and 2, and
multiple other bands merged to a complex and wide feature with a maximum at 1610 cm™ for
peptide 3 and 4. The more complex nature of the amide I region for peptides 3 and 4 originates in
vibrations connected to the guanidino groups in the Arg side chains (see Figure S1 and Table S6
in Supporting Information). The amide Il region is similar for all investigated peptides and is

comprised of a complex band with a maximum at 1456 cm™.

Interestingly, all investigated peptides measured in DO provide similar features in their VCD
spectra, primarily in the amide | region. These are characterized by a strong (+/-) couplet with a
positive wing at 1652 cm™ and a negative wing at 1627 cm™. The shape of the couplet is only
slightly altered for individual peptides. Due to this remarkable similarity of the VCD spectra in the
amide | region, we assume that the overall backbone conformation of the investigated cyclic
peptides is similar and is only slightly altered by the amino acid side chains. More differences can
be observed in the amide 1l region. For peptides 1 and 2 containing lysine, a negative band at 1423
cm can be observed. Other features in the amide 11 region have too low intensity to be interpreted.
For peptides 3 and 4 containing arginine, the amide Il region is unusually intense and provides
several spectral features. In the VCD spectra of peptide 3, a “W-shape’ feature can be recognized

with local minima at 1423 and 1387 cm. The most prominent feature in the amide I1 region of the



VCD spectrum of peptide 4 is a couplet with a positive wing at 1435 cm™ and a negative wing at
1418 cm, which is only slightly less intense than the amide I couplet. The g-factors calculated as
a ratio between the absorption intensity and the amplitude of the corresponding VCD couplet for
all investigated cyclohexapeptides are ~5x10™ (see Table S7 in Supporting Information), which is

a typical value for peptides.
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Figure 2. Experimental IR absorption and VVCD spectra of investigated cyclohexapeptides 1 — 4 at
20 mg/mL in D20.



Calculation of Vibrational Spectra of Cyclohexapeptides Based on CREST Conformers in
D20. To understand the structural information in the experimental spectra, we performed CREST
conformational sampling and DFT spectra calculation for peptides 1 — 4 in D20O. The results are

summarized in Figure 3.

The spectra consist of the amide | region (1580 — 1720 cm™), which was in all cases simulated at
significantly higher frequencies compared to experiment (shifts of 30 — 50 cm™®), and the amide II
region around 1450 cm™. The shift of the amide I region in the calculated spectra arises mainly
from the neglect of specific solvent-solute interactions during the DFT spectra calculation using an
implicit solvent model.*® The overall agreement of the main VCD spectral signatures in the amide
I region between the calculated and experimental spectra is poor. For peptide 1, an experimental
(+/-) VCD couplet centered at 1638 cm™ shows a (+/—/+) signature in the calculation based on
CREST conformers. For peptides 2 and 3, more complex VCD signatures in the amide I region are
not in agreement with experimental couplets. The best agreement between calculation and
experiment in the amide | region was observed for peptide 4. In this case, CREST correctly
predicted a (+/-) couplet centered at 1678 cm™. The agreement of CREST signatures with
experiment is much better in the amide Il region. For peptides 1 — 3, CREST was able to predict
the overall spectral shapes, although the fine spectral features cannot be compared due to high
signal-to-noise ratio of the experimental VCD spectra in this region. Interestingly, the CREST-
based spectra for peptide 4 which showed the best agreement with experiment in the amide | region
failed to correctly predict the spectral signatures in amide Il region. The experimental VCD spectra
of peptide 4 in the amide 1 region show a relatively strong (+/-) couplet centered at 1427 cm™ that

is not reproduced in the calculated spectra.

The backbone structures of the dominating conformers for peptides 1 — 4 predicted by CREST are

illustrated in Figure S2 in the Supporting Information.

To investigate whether the poor agreement between the experimental and calculated VCD spectra
lies in insufficient or erroneous conformational sampling, in the next section we compare the
CREST conformational search with the statistical averaging of the MD conformational ensemble

for peptide 1.
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Figure 3. Experimental (D20, 20 mg/mL) and calculated (conformational sampling performed by
CREST, spectra calculated at B3LYP/6-31+G*/CPCM level) IR and VCD spectra for
cyclohexapeptides 1 — 4.



Vibrational Spectra of Peptide 1 in D20 based on MD and CREST Conformers. To link the
experimental spectral shapes to the backbone conformation of cyclohexapeptides, we compare the
experimental and calculated IR absorption and VCD spectra for peptide 1 in D20 in Figure 4. The
conformational sampling preceding the DFT calculation of the spectra was performed either by
MD simulations (middle spectrum, red line) or CREST sampling (top spectrum, blue line). In the
following text, we use the term ‘“MD based’ when referring to the spectra calculated based on the
MD conformational ensemble, and ‘CREST based’ for spectra calculated based on the CREST

conformers.
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Figure 4. Comparison of experimental (orange; 20 mg/mL) and calculated IR absorption (left
panel) and VCD (right panel) spectra of peptide 1 in D2O. The conformational search for the
peptide preceding DFT calculation was performed by two methods: CREST (blue) and MD (red).







































































































































5) 6.57 6.61 6.77 6.33 6.57 5.69 6.81 6.70
6 6.38 8.74 4.53 8.65 9.45 7.59 6.59 8.43

Table S16. Theoretical 3Junna coupling constants for investigated cyclic hexapeptides in DMSO,
extracted by Pardi (1990) built-in module in MSpin.

Residue |  COWWWKKK) | c(WKWKWK) | ¢(WWWRRR) | c(WRWRWR)
# CREST| MD | CREST| MD |CREST| MD | CREST| MD
1 6.76 6.63 5.56 6.90 2.96 8.14 6.71 7.27
2 6.88 6.10 4.99 6.88 9.23 6.25 5.44 6.48
3 9.50 6.64 8.76 7.21 7.49 6.71 8.40 7.03
4 8.52 7.88 5.91 7.12 6.81 6.86 6.34 8.85
5 6.44 4.81 4.88 5.69 8.59 9.21 6.14 6.50
6 5.06 8.63 7.83 8.28 6.31 6.50 9.14 6.66
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