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Novel antimicrobial self-assembled cyclic peptide
nanotubes containing (1R,3S,4R,5R)-3-amino-
4,5-dihydroxycyclohexane-1-carboxylic acid, a
new building block for developing mimetics of
saccharide—peptide hybrids
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A new class of supramolecular antimicrobials based on b,L-cyclic peptides containing a dihydroxylated-
y-residue, which was designed to mimic the saccharide component present in certain carbohydrate—
peptide hybrids, is described. The fully protected amino acid was prepared from shikimic acid and incor-
porated into clickable amphipathic cyclic peptides. The resulting peptides self-assemble into nanotubes
that interact with bacterial membranes, ultimately causing cell death. Notably, the incorporation of this
new residue not only retains antimicrobial activity but also significantly reduces toxicity in mammalian
cells, thereby broadening the therapeutic window of these peptides.
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Introduction

One of the main medical and social challenges hindering the
sustainable development of our society is the increasingly
global spread of multidrug-resistant bacteria." Despite the
remarkable scientific and medical advances of the last
century, during which most of the antibacterial agents were
developed, significant ground has been lost in recent decades
in this fight. According to the World Health Organization
(WHO), bacterial resistance to antibiotics will be one of the
three greatest threats to human health in the coming
decades.” This discouraging situation is due both to the evol-
utionary and adaptive nature of bacteria,> which can develop
and transfer resistance to existing drugs, and to the overuse
and misuse of antibiotics over the years. This challenge is
compounded by the difficulties involved in developing new
drugs with alternative mechanisms of action.? Over the last 20
years, only a few new antibacterial drugs have been approved,
and resistant bacterial strains have emerged and spread
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shortly after their use. In this respect, antimicrobial peptides
(AMPs), which are naturally present in pluricellular organisms,
constitute the first defence barrier against bacteria.” These
peptides have existed in nature for thousands of years, yet re-
sistance phenomena remain quite unusual.® The mechanism
of action of these peptides is closely related to their structure.
Although they may exhibit multiple modes of action, they pre-
ferentially target the bacterial cell membrane, disrupting the
phospholipid bilayer and causing ion imbalance, which ulti-
mately triggers bacterial death. Structurally, most of these pep-
tides are amphipathic and cationic, features that facilitate
their interaction with negatively charged bacterial membranes.

Antimicrobial self-assembled cyclic peptides (AMcPs) with a
tubular shape are synthetic alternatives to AMPs with promis-
ing properties.” They behave as supramolecular medicines,®°
in which small units assemble under specific conditions into
larger and ordered biologically active aggregates.'®™> In recent
years, the use of supramolecular nanomedicines has emerged
as a novel therapeutic approach in which their dynamic behav-
iour, including their response to external stimuli, and the
structural features derived from their shape and nanometric
size are combined to obtain enhanced pharmacological pro-
files, greater selectivity and, in most cases, longer circulation
times in vivo. In this case, the active antimicrobial form
(peptide nanotubes) is generated directly on bacterial mem-
branes, driven by electrostatic interactions with anionic phos-
pholipids (Fig. 1a), which are abundant in bacterial
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Fig. 1 New antimicrobial cyclic peptides: (a) proposed mode of action
of AMcPs; (b) previous model of CPs modified with polymers (bottom)
or alkyl chains (top); (c) precedent for the saccharide incorporation
strategy;” (d) peptide model from which the derivatives studied in this
work are derived; and (e) CPs developed in this work in which the
(1R,3S,4R,5R)-3-amino-4,5-dihydroxycyclohexane-1-carboxylic acid
moiety (Dhy) in the targeted peptides is highlighted in green.

membranes. > *°

Recently, we and others have further studied
the antimicrobial properties of self-assembling cyclic peptides
modified with polymers or alkyl triazole groups decorating the
outer part of the peptide core (Fig. 1b).”>”"” To this end, we
have developed a chemical approach based on two orthogonal
click-type transformations to incorporate two different chemi-
cal components. This strategy demonstrated that the introduc-
tion of long alkyl chains attached to a triazole ring and sac-
charide moieties improves the antimicrobial properties of
AMcPs. These chains reduce the number of hydrophobic resi-
dues needed to generate active amphipathic structures, result-
ing in an increase in the number of hydrophilic residues and
thus improving their solubility in aqueous media. On the
other hand, the saccharide moiety provides greater protection
by decreasing cytotoxicity to mammalian cells (i.e. haemolysis)
(Fig. 1c)."®

Additionally, our group has extensively investigated self-
assembled cyclic peptides containing y-aminocycloalkanecarboxylic
acids (y-Aca), which exhibit better assembling properties than
pristine p,r-a-CPs.'’ The main advantages of incorporating
these y-residues lie in their improved pre-organization for CP
stacking and their strong preference for forming parallel
B-sheet-type structures.'®>* Although our studies have focused
mainly on non-functionalized y-Aca, we have also developed
other more complex derivatives obtained from saccharides.***
These modified residues have proven to be specially suitable
for modulating the internal and external properties of the
resulting supramolecular assemblies. In this regard, we envi-
sage that the incorporation of polyhydroxylated cyclic
y-residues, such as those derived from glucuronic acid, could
provide improved tolerance similar to that observed with sac-
charide-functionalized AMcPs,”®>® creating a new class of pep-
tidoglycan mimetics.>® Unfortunately, CPs containing glucuro-
nic acid derivatives exhibited limited stability in aqueous
media, which prevented their use for this purpose.”® The
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incorporation of these polyhydroxylated residues,*® in addition
to improving the solubility of the CPs, may also offer new ways
of interacting with bacterial surfaces, improving their selecti-
vity. Herein, we report an efficient synthesis of a dihydroxy-
lated y-Aca and explore the self-assembly and antibacterial pro-
perties of a new class of cyclic peptides incorporating this
residue. The two hydroxyl groups of the y-amino acid are
exposed on the external surface of the nanotube, thereby mod-
ulating its physicochemical properties. Specifically, we pro-
posed replacing one of the serine residues in biologically
active CPs'” with (1R,3S,4R,5R)-3-amino-4,5-dihydroxycyclohex-
ane-1-carboxylic acid (Dhy, Fig. 1). For this purpose, the syn-
thesis of the fully protected y-amino acid 6 and its subsequent
incorporation into AMcPs are described. Considering the pre-
vious studies, we designed cationic amphipathic peptides,
CP3Tn and CP4Tn (Fig. 1e), using CP1T10 and CP2T10, two of
the most potent antimicrobial peptides previously reported,'”
as references, or their corresponding precursors lacking the
alkyl chain, CP1 and CP2 (Fig. 1d).*" The designed CPs
contain only two hydrophobic residues, a Trp and propargyl-
glycine whose subsequent Cu(i) catalysed alkyne-azide cyclo-
addition (CuAAC) with the corresponding alkylazides at the
end of the synthesis is used to modulate their hydrophobic
character.

Results and discussion
Synthesis of protected y-amino acid 6

The synthesis of fully protected dihydroxylated-y-amino acid 6
was carried out in five steps from commercially available
(-)-shikimic acid (1), as outlined in Scheme 1. The key step was
the simultaneous and diastereoselective reduction of the
double bond and the azide group in compound 3. First, the
Mitsunobu reaction with previously reported protected shiki-
mic acid, compound 2,** by using freshly prepared hydrazoic
acid®® and diisopropyl azodicarboxylate (DIAD) as coupling
reagent, afforded azide 3 in 76% yield. As mentioned above,
simultaneous hydrogenolysis of the azide group and double

HO  OH Ho ng,‘ Ng MSQV,
"oH 9a5% "0 OMe# O OMe
CoM 1 CO,Me 2 CO,Me 3
MeO MeQr
Fmoc—NH O HN 0= c
<:§"'° OMe 7:% -~o OMe ~73%
coH ° COR SRIN®)d,88%

Scheme 1 Synthesis of protected y-amino acid 6. Reagents and con-
ditions: (a) (MeCO),, (MeO)sCH, H,SO, (cat), MeOH, A. (b) HNs, DIAD,
PhsP, THF, 0 °C. (c) Hy, Pd/C (10%), MeOH, RT. (d) 1. LiOH (aq.), RT; 2.
Amberlite CG-50 (H*), RT. (e) Fmoc-Cl, Na,COs, H,O/acetone (2:1),
0 °C to RT.
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bond reduction of 3 using palladium on carbon as a catalyst
gave protected y-amino ester 4 in 73% yield. The diastereo-
selectivity of the reaction was confirmed by NOE experiments
(Fig. S1 and S2). Thus, inversion of the signal of Hy led to
enhancement of the signal of H; (0.3%), which confirmed the
equatorial disposition of the carboxy methyl ester group. Basic
hydrolysis of methyl ester 4 followed by protonation using
Amberlite CG-50 (H') ion-exchange resin afforded y-amino
acid 5 in good yield. Finally, Fmoc-protection by treatment
with 9-fluorenylmethoxycarbonyl chloride (Cl-Fmoc) in the
presence of sodium carbonate gave the desired protected
y-amino acid 6 in 77% yield (Fig. S3).

Synthesis of cyclic peptides

The CPs reported here were synthesized using Fmoc-based
solid phase peptide synthesis (Scheme 2).>**° Initially, Fmoc-
p-Glu-OAll was anchored through its side chain to a Rink
Amide resin.*® Then, deprotection and coupling cycles were
performed until the desired linear octapeptides were obtained.
Next, the allyl and Fmoc groups at both ends were removed to
carry out the cyclization on the solid support. The effectiveness
of the cyclization was monitored after a period of 3 h by acidic
cleavage (TFA/H,O/TIS, 95:2.5:2.5) of a small portion of the
resin (2-3 mg) and subsequent analysis by HPLC-MS. The alkyl
chains were introduced by CuAAC reactions between the term-
inal alkyne groups in the solid supported CPs and the corres-
ponding alkylazides.'” Alkyl chains of ten and fourteen carbon
atoms were selected considering our previous studies, in
which CPs bearing these chains provided optimal pharmaco-
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Scheme 2 Synthesis of cyclic peptides CP3Tn and CP4Tn. Reagents
and conditions: (a) Rink amide resin (RAR), N-HBTU, DIEA, DMF; (b)
SPPS: (i) piperidine/DMF (1:4); (ii) Fmoc-Aa-OH [by this order: Lys(Boc),
p-Prg, Trp(Boc), p-Ser(‘Bu), Arg(Pbf)/Lys(Boc), 6, Arg(Pbf)/Dap(Boc)l,
N-HBTU, DIEA, DMF; (c) piperidine/DMF (1:4); (d) Pd(OAc),, PPhs,
Ph3SiH, NMM, DCM; (e) PyAOP, DIEA, DMF; (f) Cul, sodium ascorbate,
DIEA, DMF; (g) TFA/H,O/TIS (95:2.5:2.5). PR! and PR? denote the side
chains of each residue with the corresponding protecting group.
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logical properties, combining high potency and selectivity with
improved solubility.'” Finally, the side chain deprotection and
release of the CPs from the solid support were performed by
treatment with a TFA cocktail. In most of the cases, the overall
yield, after the corresponding HPLC purifications, ranged
between 7 and 10%. No notable limitations were found in the
cyclization step compared with all other o-p,.-CPs.
Additionally, the CP1 and CP2 derivatives were also prepared
following a similar strategy and obtained in comparable yields.
All CPs were purified by RP-HPLC and obtained as the corres-
ponding tris-trifluoroacetic salts with purities greater than
95%.

Antibacterial activity and selectivity

To evaluate the efficacy of the cyclic peptides against patho-
genic bacteria, the minimum inhibitory concentrations (MICs)
were determined using the broth microdilution method in a
96-well plate.>” MICs were obtained in triplicate experiments
using aqueous stock solutions of the cyclic peptides (1 mg
mL™" in 0.9% NaCl) to provide two-fold serial dilution series
ranging from 250 to 2 pg mL ™" and a final bug concentration
in each well of 10° CFU mL™"."*'” Three bacterial pathogens
(two Gram-positive, Staphylococcus aureus (SA, ATCC 29213)
and Staphylococcus epidermidis (SE, ATCC 12228), and one
Gram-negative, Escherichia coli (EC, NCTC 10537)) were tested,
and the results are summarized in Table 1. In general, CPs
containing Dhy show improved activities compared to their
corresponding Ser-homologues. Therefore, the incorporation
of the amino acid not only does not interfere with antibacterial
activity but also improves it. As expected, the cyclic peptides
proved to be more efficient against Gram-positive bacteria than
Gram-negative (E. coli). Among the Gram-positive strains,

Table 1 Antimicrobial activities and cytotoxicity of the precursors and
designed CPs

MIC® [pg mL™"] (M) 7(%)  1Cs0* (uM)
Peptide SA“ SE? EC® NHDF-Neo ?
CP1 64 (47) 64 (47) 125-64 248 —

CP2 250 (129.6) 125 (97.4) >250 5+4 —

CP3 250/125 32(22.3) >250 32+2 —

CP4 >250 125 >250 29+2 —
CP1T10 16 (10.9) 32(21.8) 64(41.2) 951 39.8+2.8
CP1T14 8 (5.0) 16 (10.0) 64 (40.0) 901 26.9 0.9
CP2T10 16 (10.8) 16 (10.8) 64 90 +1 45.0 £ 0.6
CP2T14 64 (41.6) 16 (10.4) 128 68+1 21.7 £3.2
CP3T10 8 (4.9) 2 (1.2) 32(19.7) 45+1 —
CP3T14 16 (9.6) 16 (9.6) 64(38) 701 27.4+1.6
CP4T10 8 (5.2) 4(2.6) 125/64 25+5 —
CP4T14 8 (5.0) 4(2.5) 16 (10)  43+3 —

“SA, Staphylococcus aureus (ATCC 29213). ” SE, Staphylococcus epidermi-
dis (ATCC 12228). ° EC, Escherichia coli (NCTC 10537).  Human dermal
fibroblasts (NHDF-Neo, CC-2509). ¢ MICs in pmol L™ (uM) are given in
parentheses. S Epax is the maximum effect, which corresponds to the
inhibition obtained at the highest concentration tested (100 pM). ¢ ICs,
is the concentration at which a 50% growth inhibition is obtained, and
it was calculated only for those compounds with Ep,. values higher
than 50%.
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S. epidermidis is more susceptible to these CPs, being sensitive
to almost all non-alkyl chain derivatives, except for CP4, which
had moderate activity (125 pg mL™') against this strain.
Although no major differences were identified between the
different peptides, some minor variations were found that are
worth mentioning. CP4T10 is the peptide with the highest
selectivity towards the Gram-positive bacteria, with negligible
activity against E. coli. The most potent derivative was CP3T10,
which achieved a MIC of 2 pug mL™" (1.2 pM) against
S. epidermidis. Among the CP4 derivatives, no significant
differences were observed in their activity against the Gram-
positive strains. It should be noted that CP4T14 has the broad-
est antibacterial spectrum, with MIC values ranging from 4 to
16 pg mL™" (2.5 and 10 pM) against the Gram-positive bacteria
and E. coli, respectively, confirming that longer alkyl chains
tend to reduce the bacterial selectivity. Overall, the incorpor-
ation of Dhy did not significantly modify the antibiotic activity
compared to the corresponding Ser counterparts.

Cell viability in normal human dermal fibroblasts
(NHDF-Neo, CC-2509) was determined by the MTT assay to
assess the cytotoxicity of these CPs. The percentages of cell
growth inhibition induced by increasing concentrations (from
0.78 pM to 100 pM) of the compounds were determined
(Fig. S4 and Table 1).>® Interestingly, most of the derivatives
containing the Dhy residue exhibited low cytotoxicity, with
maximum response (E,,x) values ranging between 25 and 70%
at the highest tested concentration (100 uM). In general, and
as we had initially proposed, the precursor derivatives contain-
ing Ser are more cytotoxic than those with the Dhy residue,
with the exception of CP3T14 that exhibited an ICs, of 25 pM
but is one of the less active CPs against the tested bacterial
strains. Therefore, these results support, to some extent, the
monosaccharide-mimetic behavior of this residue. In general,
CPs lacking or having shorter alkyl chains were less cytotoxic
compared to those with longer alkyl chains. This suggests that
for derivatives with ten-carbon chains, initial electrostatic inter-
actions must prevail over hydrophobic effects. In contrast, in the
case of derivatives with longer alkyl chains, hydrophobic effects
are likely to become predominant, broadening the spectrum of
action and increasing cytotoxicity.>***° These results confirm
that the observed selectivity is based, among other factors, on
the combination of the initial electrostatic interactions with the
anionic phospholipids, followed by the reorientation of the CPs/
nanotubes to insert the alkyl tails into the hydrophobic core of
the lipid bilayer. Based on previous studies,*"** it is most likely
that these substructures subsequently cluster parallel to the
membrane surface, leading to its disruption.

Supramolecular properties and nanotube formation

After confirming the antimicrobial properties and valuable
contribution of Dhy in reducing cytotoxicity in human cells
thanks to the saccharide-like character it imparts to CPs, we
proceeded to elucidate their self-assembling properties that
support their behavior as supramolecular drugs. As mentioned
above, our original proposal was based on the supramolecular
capabilities of this class of p,.-a-CPs,” which self-assemble to
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form amphipathic nanotubes capable of disrupting bacterial
membranes.”*” These supramolecular drugs®® consist of
low-toxicity monomers that are programmed to self-assemble
into highly toxic membrane-active aggregates, in this particu-
lar case cationic amphipathic nanotubes. First, the self-assem-
bling properties were evaluated under physiological conditions
(10 mM PBS, 107 mM NacCl, pH 7.4) by using the thioflavin T
(ThT) assay, which is a well-known method that gives a strong
fluorescence emission upon binding to p-sheet rich struc-
tures.”® Concentration-dependent experiments were carried
out in the presence of ThT (20 uM). In all cases, a marked
increase in fluorescence emission (494 nm) was observed as
the concentrations of the CPs increased (Fig. 2a and S5). This
emission was more pronounced for peptides with longer alkyl
chains, whose critical aggregation concentration (cac) values at
neutral pH were lower (Fig. 2b and S6). These results confirm
that the formation of hydrogen bonds and the hydrophobic
effects provided by the alkyl tail, which increase with the
number of carbon atoms, drive the self-assembly and nano-
tube formation. The proximity of the cationic group (Dap
versus Arg) to the nanotube backbone also plays an important
role in modulating their assembly properties, increasing their
cac (CP4 analogues). Among the tested peptides, CP3T14
exhibited the strongest self-assembling behavior, with the
lowest cac value (25 pM). Therefore, the broad-spectrum
activity of the CPs might be linked to the enhanced assem-
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Fig. 2 (a) ThT fluorescence assays of CP3, CP3T10 and CP4T10 at
different concentrations (1-500 pM) in PBS buffer (10 mM PBS, 107 mM
NaCl) at pH 7.4. [ThT] = 20 YM, dexc = 440 nm. (b) Estimation of the cac
using the dependence of I494/lp on the sample concentration for CP3,
CP3T10 and CP4T10 in PBS buffer (10 mM, 107 mM NaCl, pH 7.4). I494 is
the ThT fluorescence emission intensity at 494 nm for samples contain-
ing CP and ThT, while /o is the fluorescence emission intensity at
494 nm of the ThT solution alone. (c) Overlaid far-UV CD spectra at
300 pM CP3, CP3T10 and CP4T10 in water solution at native pH
(dashed line) and PBS buffer (10 mM, 107 mM NaCl, pH 7.4, bold line).
The spectra were recorded using a 0.5 cm path length.
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bling/hydrophobic properties of the derivatives bearing C14
alkyl chains. On the other hand, potency seems to improve
with the incorporation of guanidinium groups (Arg), which not
only exert a lower impact on stacking of CPs, but also interact
more strongly with the phosphatidylserines present in bac-
terial membranes.**

The chiroptical properties induced by self-assembly and
nanotube formation were also evaluated. To this end, CD
experiments were performed to study the chirality of the supra-
molecular aggregates (Fig. 2c and S7). Measurements were
carried out in water at pH ~ 3.5 and in PBS buffer (10 mM,
107 mM NacCl) at pH 7.4. CP3 and CP4 did not show clear evi-
dence of supramolecular organization at any pH tested, as
only a slightly positive band at 224 nm was observed. In con-
trast, the spectra of CP solutions with alkyl pendants displayed
a stronger CD signal as the pH increased. While under acidic
conditions the CP3Tn derivatives already showed evidence of
chiral supramolecular organization, the CP4Tn derivatives,
those incorporating 2,3-diaminopropionic acid instead of Arg,
did not exhibit such organization under these conditions.
Upon neutralization of the CP4T10 solution, significant
changes in its spectrum were observed with the identification
of signals similar to those of CP3T10 spectra that can be corre-
lated with the corresponding structural changes. Specifically,
at neutral pH (7.4), these peptides showed a positive band at
224 nm and a negative band at 235 nm, which can be attribu-
ted to Trp—peptide backbone interactions and the stacking of
the indole group (Trp exciton-coupled bands).'”**™*” This
increase in the CD signal under physiological conditions
suggests that the resulting nanotubes arrange Trp residues
close to each other, probably due to the formation of parallel
B-sheets between the CPs, which orient all the same residues
aligned along the nanotube.’®*® For CP4, the ammonium
groups of the 2,3-diaminopropanoic residue aligned along the
nanotube would be too close to each other and, consequently,
their full protonation likely destabilize the supramolecular
structure favouring its dissociation. Together with the ability
of guanidinium cations to form like-charge ion pairs, this
could explain the differences in assembly properties observed
between CP3Tn and CP4Tn. On the other hand, CPs lacking
lipophilic chains can stack in both parallel and antiparallel
B-sheets, while those with the alkyl side chains stack mainly in
parallel sheets. The latter is due to the hydrophobic effects of
these chains, which consequently determine the relative orien-
tation of these residues and, therefore, the type of stacking of the
CPs. Furthermore, the lack of the triazole and alkyl chain should
confer greater conformational freedom to the indole moiety,
resulting in the disappearance of the exciton-coupled band.

The B-sheet structure of the CPs was also studied by FTIR
using lyophilised samples (Fig. $8).>° In all cases, the presence
of a network of hydrogen bonds, typical of strongly packed
folded structures, was confirmed by the appearance of the
characteristic amide A vibration band in the range of
3278-3285 c¢m™'. Carbonyl vibration bands (amide I) at
1625-1630 cm ™' and a small shoulder around 1664-1678 cm ™"
support the proposed parallel f-sheet structure.
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Once the self-assembling properties guided by f-sheet type
interactions of the CPs were confirmed, drop-casting of the
solutions of the CPs (300 uM) at different pHs (7 and 9) over
carbon-coated copper grids was analysed by STEM (Fig. 3a, b
and S9). In most of the cases, sheet-like aggregates were
observed,”"** although fibres were also detected. Most likely
these 2D-structures are supramolecular assemblies formed by
nanotube bilayers in which the Trp side chain and the alkyl
pendants are arranged on the inner part of the bilayer to avoid
contact with the water environment (Fig. 3c). This hierarchical
organization leaves the hydrophilic residues exposed to the
aqueous environment, covering the outer surface of these
bilayers. The alkyl chanis are most likely intertwined and
occupy the central part of the bilayer, which is located between
the two outer faces of the membrane formed by the cyclic pep-
tides. In addition, the di-equatorial diols of the y-residues are
also exposed to the external surface simulating an arrange-
ment similar to that found in glucose or galactose moieties.
These findings suggest that the hydrophobic effects are the
main driving force behind the formation of the 2D materials,
while lateral contacts between nanotubes must also play a key
role in the formation of these structures, in which the Dhy
may also be supporting this aggregation. The dimensions of
these 2D sheets were evaluated by atomic force microscopy

Fig. 3 (a) STEM micrograph of carbon-coated copper grids of CP3
(300 pM) at pH 9.0. (b) STEM micrograph of carbon-coated copper grids
of CP3T10 (300 pM) at pH 7.0. (c) Hierarchical self-assembly of cyclic
peptides to form nanotubes and two-dimensional sheets. The parallel
stacking of CPs to form nanotubes, thanks to the network of hydrogen
bonds characteristic of p-sheet-like structures between peptide bonds.
Subsequent lateral aggregation guided by hydrophobic effects and
n,n-stacking, together with interactions between the laterally associated
nanotubes’ side chains, drives the subsequent growth and formation of
the two-dimensional structures. The red color represents hydrophobic
residues, blue represents hydrophilic residues and green represents the
dihydroxylated amino acids. This nanotube bilayer leaves at least one of
the cationic residues (Arg/Dap) and the di-equatorial diols of the resi-
dues incorporated in this work exposed to the external environment.
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(AFM) (Fig. S10). The deposition of an aqueous solution of
CP3T10 at neutral pH on the mica surface showed the pres-
ence of sheet-like structures with heights of 3.30 + 0.22 nm.
These values agree quite well with the lipid bilayer model pro-
posed above. Most likely the alkyl chains are intertwined
filling the internal space of the bilayer. The formation of such
a structure confirms the cyclic peptide stacking to form supra-
molecular assemblies. These structures provide hydrophobic
surfaces that further aggregate to form the 2D materials.
Although we believe that this class of 2D materials is not
directly involved in the mechanism of action of these CPs,
these experiments confirmed the existence of lateral inter-
actions between nanotubes that could be responsible for the
formation of large aggregates on the bacterial membrane
surface, resembling the “carpet-like” structures proposed in
the mode of action of AMPs.

Conclusions

We have synthesized fully protected (1R,35,4R,5R)-3-amino-4,5-
dihydroxycyclohexane-1-carboxylic acid (6) from (-)-shikimic
acid. This residue allows the design of a new class of nano-
tube-forming cyclic peptides, in which the hydroxyl groups are
oriented outward on the surface of the nanotube, imparting
carbohydrate-like characteristics.>® To confirm this, the
residue was incorporated into cationic amphipathic cyclic pep-
tides that displayed strong antimicrobial activity against Gram-
positive bacteria. Interestingly, derivatives containing this
residue are also less cytotoxic in mammalian cell lines (fibro-
blasts) than those containing Ser, one of the naturally occur-
ring residues bearing a single hydroxyl group. The characteriz-
ation of these CPs provides strong evidence of their stacking
properties to form nanotubes and their ability to continue to
assemble into two-dimensional materials. In this lamellar
structure, the hydrophobic side chains are shielded from the
aqueous environment, forming a bilayer structure in which the
alkyl chains and indole moieties are intertwined to create the
central hydrophobic core of the bilayer, confirming the lateral
hierarchical growth of these nanotubes. Based on this, the pro-
posed mode of action resembles a carpet-like mechanism, in
which the cyclic peptides accumulate on the anionic phospho-
lipid-rich membranes. This high local concentration of CPs
triggers hierarchical self-assembly, initially forming nanotubes
that subsequently grow laterally, possibly forming large
plaques on the membrane surface, leading to membrane
destabilization and cell death. The supramolecular properties
and antimicrobial activity of these CPs can be modulated by
varying the length of the alkyl chain, the cationic character,
and the nature of the linker of the residue located on the oppo-
site side of the hydrophobic pendant group. The results
obtained in this work suggest that membrane-active supramo-
lecular drugs®® could represent promising therapeutic tools
for treating Gram-positive bacterial infections. This supramole-
cular approach may offer new alternatives that allow adap-
tation to the intrinsic properties of membranes. In this case,
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the antimicrobial efficacy of these CPs arises from a synergistic
combination of electrostatic attraction with the anionic pro-
perties of the host membrane, the insertion of hydrophobic
pendants into the membrane core, and hierarchical growth to
form membrane-disrupting nanoplates. In addition, the use of
simple dihydroxylated residues, such as (1R,3S,4R,5R)-3-
amino-4,5-dihydroxy-cyclohexane-1-carboxylic acid, designed
to resemble saccharide moieties, appears to provide some
additional selectivity against mammalian cells.

Experimental
General

All starting materials and reagents were commercially available
and were used without further purification. "H (250 and
500 MHz) and '*C (63 MHz) spectra were recorded in deute-
rated solvents. J values are given in Hertz. NMR assignments
were carried out using a combination of 1D, COSY, and
DEPT-135 experiments. FTIR spectra were recorded for a
powder sample in a PerkinElmer Spectrum Two ATR. [a]%
values are given in deg mL g~' dm™'. Melting points were
measured using a Biuchi M-560 apparatus. All procedures
involving the use of ion-exchange resins were carried out at
room temperature using Milli-Q deionized water.

Methyl (1R,3S,4S,6R,7S)-3,4-dimethyl-7-azido-3,4-dimethoxy-
2,5-dioxabicyclo[4.4.0]dec-8-ene-9-carboxylate (3)

A stirred solution of alcohol 2°* (1 g, 3.31 mmol) in THF
(30 mL) at 0 °C was treated successively with triphenyl-
phosphine (1.32 g, 4.97 mmol), a freshly prepared solution of
hydrazoic acid®® in toluene (1.9 mL, 4.97 mmol) and finally
diisopropyl azodicarboxylate (0.98 mL, 4.97 mmol) added
dropwise. After stirring at room temperature for 1 h, the
solvent was removed under reduced pressure and the resulting
residue was purified by flash chromatography, eluting with
(25: 75) ethyl acetate/hexane, to yield azide 3 (825 mg, 76%) as
a colorless oil. [a]%’ = +37.4° (¢ 1.0, CHCl;). "H NMR (250 MHz,
CDCl;) & 6.57 (t, J = 2.5 Hz, 1H, H2), 4.26 (m, 1H, H3), 3.87
(dd, J = 10.4 and 5.6 Hz, 1H, H5), 3.79 (m, 1H, H4), 3.75 (s, 3H,
OCHj), 3.34 (s, 3H, OCH3), 3.27 (s, 3H, OCH;), 2.74 (m, 1H,
CHH-6), 2.31 (m, 1H, CHH-6), 1.35 (s, 3H, CHj;) and 1.32 (s,
3H, CH;) ppm. >C NMR (63 MHz, CDCl;) §: 166.1 (C), 134.6
(CH), 130.6 (C), 99.9 (C), 99.5 (C), 72.8 (CH), 65.8 (CH), 60.6
(CH), 52.3 (OCH,), 48.3 (OCHj,), 48.2 (OCH;), 29.4 (CH,) and
17.8 (2 x CH;) ppm. FTIR (film) v = 2100 (N=N) and 1714 (CO)
em™. MS (ESI) m/z = 350 (MNa'). HRMS caled for
C14H,;N;04Na (MNa"): 350.1323; found, 350.1314.

Methyl (1R,3S,4S,6R,7R,9R)-7-amino-3,4-dimethyl-3,4-
dimethoxy-2,5-dioxabicyclo[4.4.0]decane-9-carboxylate (4)

To a stirred suspension of 10% palladium on carbon (35 mg)
in methanol (5.5 mL) under a hydrogen atmosphere, a solution
of azide 3 (355 mg, 1.09 mmol) in methanol (5.5 mL) was
added via cannula. The resulting suspension was stirred at
room temperature for 18 h. The hydrogen atmosphere was
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removed under vacuum and the suspension was filtered
through a plug of Celite®. The filtrates and the washings
(methanol) were concentrated under reduced pressure. The
residue that resulted was purified by flash chromatography,
eluting with (10:90) methanol/dichloromethane, to afford
amine 4 (220 mg, 73%) as a colorless oil. [a]¥’ = +161.1° (¢ 4.3,
CHCl;). "H NMR (500 MHz, CDCl;) 6: 3.69 (s, 3H, OCH3), 3.66
(td, J = 9.9 and 4.4 Hz, 1H, H1), 3.36 (t, J = 9.9 Hz, 1H, H6),
3.31 (s, 3H, OCH3), 3.25 (s, 3H, OCH3), 3.08 (m, 1H, H7), 2.86
(m, 1H, H9), 2.43 (m, 1H, CHH), 2.29 (m, 1H, CHH), 1.65 (dt, J
=12.7 and 5.2 Hz, 1H, CHH), 1.59 (dt, J = 12.4 and 4.8 Hz, 1H,
CHH), 1.33 (s, 3H, CH;) and 1.30 (s, 3H, CH;) ppm. C NMR
(63 MHz, CDCl;) 6: 174.2 (C), 99.6 (2 x C), 76.8 (CH), 68.4
(OCH3,), 52.0 (CH), 50.7 (CH), 48.0 (OCHj3), 47.9 (OCH3), 39.1
(CH), 35.4 (CH,), 31.9 (CH,) and 17.8 (2 x CH;) ppm. FTIR
(film) v: 3583 (NH) and 1734 (CO) cm™'. MS (ESI) m/z = 304
(MH"). HRMS caled for C,,H,NOg (MH'): 304.1755; found,
304.1758.

(1R,38,4S,6R,7R,9R)-7-Amino-3,4-dimethyl-3,4-dimethoxy-2,5-
dioxabicyclo[4.4.0]decane-9-carboxylic acid (5)

A solution of ester 4 (28 mg, 0.09 mmol) in THF (0.9 mL) at
room temperature was treated with an aqueous solution of
LiOH (0.5 mL, 0.25 mmol, 0.5 M). After stirring for 30 min,
water was added and THF was removed under reduced
pressure. The aqueous layer was washed with diethyl ether (x3)
and then treated with Amberlite CG-50 (H') until pH 6. The
resin was filtered off and washed with Milli-Q water. The fil-
trate and the washings were lyophilized to afford acid 5
(23 mg, 88%) as a colorless oil. [a]X = +189.8° (¢1.0, CDCl;). 'H
NMR (250 MHz, CDCl;) &: 7.63 (br s, 1H, NH), 3.63-3.42 (m,
2H, H6 + H1), 3.23 (m, 1H, H7), 3.19 (s, 6H, 2 x OCHj;), 2.34
(m, 1H, H9), 2.18 (m, 1H, CHH), 2.00 (m, 1H, CHH), 1.60-1.35
(m, 2H, CH,), 1.25 (s, 3H, CH3) and 1.23 (s, 3H, CH;) ppm. **C
NMR (63 MHz, CDCl;) 8: 183.4 (C), 102.7 (C), 102.6 (C), 74.4
(CH), 70.9 (CH), 52.4 (CH), 50.5 (OCHj;), 50.3 (OCH,), 43.5
(CH), 34.1 (CH,), 33.9 (CH,) and 19.3 (2 x CH;) ppm. FTIR
(film) v = 3435 (NH) and 1673 (CO) cm™. MS (ESI) m/z = 288
(M — H). HRMS caled for C;3H,,NOg (M — H): 288.1453;
found, 288.1447.

(1R,35,4S,6R,7S,9R)-7-(((9H-Fluoren-9-yl)methoxy)carbonyl)
amino-3,4-dimethyl-3,4-dimethoxy-2,5-dioxabicyclo[4.4.0]
decane-9-carboxylic acid (6)

A stirred solution of amine 5 (50 mg, 0.17 mmol) and sodium
carbonate (55 mg, 0.52 mmol) in a (2:1) mixture of acetone/
water (2.1 mL) at 0 °C was treated dropwise with a solution of
9-fluorenyl chloroformate (49.2 mg, 0.19 mmol) in acetone
(0.8 mL). The reaction mixture was stirred at room temperature
for 10 h and then heated at 50 °C for 2 h. After cooling to
room temperature, the reaction mixture was extracted with
diethyl ether. The aqueous phase was acidified with HCI (10%)
until pH 5 and then extracted with ethyl acetate (x3). The com-
bined organic extracts were dried (Na,SO, anh.), filtered and
concentrated under reduced pressure. The resulting residue
was purified by flash chromatography, eluting with (10 :90)
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methanol/dichloromethane, to afford Fmoc-protected amino
acid 6 (61 mg, 71%) as a white solid. Mp: 113-114 °C. [a]¥ =
+67.7° (¢ 2.9, CHCl;). "H NMR (250 MHz, DMSO-d,) &: 7.88 (d,
J=7.5Hz, 2H, 2 x ArH), 7.68 (d, ] = 7.4 Hz, 2H, 2 x ArH), 7.41
(t, J = 7.3 Hz, 2H, 2 x ArH), 7.30 (t, J = 7.4 Hz, 2H, 2 x ArH),
4.32 (m, 1H, CH-9'), 4.24 (d, J = 6.8 Hz, 2H, OCH,), 3.49 (m,
2H, H7 + H1), 3.29 (d, J = 9.6 Hz, 2H, H6), 3.13 (s, 6H, 2 x
OCH3;), 1.88 (m, 1H, H9), 1.51-1.22 (m, 4H, 2 x CH,), 1.15 (s,
3H, CH;) and 1.12 (s, 3H, CH;) ppm. “C NMR (63 MHz,
DMSO-dg) 8: 175.3 (C), 155.7 (C), 144.0 (2 x C), 140.7 (2 x C),
127.6 (2 x CH), 127.0 (2 x CH), 125.1 (2 x CH), 120.1 (2 x CH),
98.9 (C), 98.8 (C), 72.7 (CH), 68.4 (CH), 65.2 (CH,), 49.8 (CH),
47.3 (2 x OCHj3), 46.7 (CH), 38.2 (CH), 33.9 (CH,), 31.7 (CH,),
17.7 (CH3) and 17.6 (CH;) ppm. IR (KBr) v = 3437 (NH) and
1693 (CO) em™. MS (ESI) m/z = 534 (MNa"). HRMS caled for
C,sH33NOgNa (MNa"): 534.2098; found, 534.2091.

Synthesis of cyclic peptides

For detailed descriptions of the preparation methods of cyclic
peptide derivatives and precursors, see the SI. All CPs, after
the corresponding solid phase synthesis, were purified by
RP-HPLC and were obtained with purities greater than 95%.

Antibacterial activity assays

The bacterial strains used in these assays were Staphylococcus
aureus (SA, ATCC 29213), Staphylococcus epidermidis (SE, ATCC
12228) and Escherichia coli (EC, NCTC 10537). The bacterial
strains were grown the day before at 37 °C in Brain-Heart Agar
plates (Scharlab, S.L. Barcelona, Spain). Then, the selected
colonies were incubated in Mueller-Hinton Broth (MHB)
(Scharlab, S.L. Barcelona, Spain) at 35 °C for 1 h and adjusted
to 0.5 McFarland units. Then, a bacterial suspension (~10°
CFU mL™") in Mueller-Hinton Broth was prepared. The con-
centrations of these initial bacterial suspensions were regularly
tested by CFU counting. The peptide solutions (from 250 to
2 pg mL™") were made directly in 96-well plates containing
Mueller-Hinton Broth, starting from a peptide stock solution
at a concentration of 1 mg mL™"' in an aqueous solution of
NaCl (0.9%). Next, 10 pL per well of bacterial suspension was
added. The final volume per well was 100 pL at a bacterial con-
centration of 10° CFU mL™". The samples were incubated for
24 h at 37 °C. Then, the optical density (OD) at 620 nm was
measured using a Biochrom EZ Read 400 ELISA microplate
reader with Galapagos software. The data were normalized to
the value of untreated bacterial suspensions (growth control)
and all experiments were performed in triplicate. The minimal
inhibitory concentration (MIC) was calculated as the lowest
concentration at which complete inhibition of bacterial growth
was observed.

MTT assay in human dermal fibroblasts

NHDF-Neo (CC-2509) cells were cultured at 100 000 cells per
mL in 96-well plates (100 pL per well) for 24 hours in an atmo-
sphere of 95% air and 5% CO, at 37 °C. The medium was sup-
plemented with 10% FBS (fetal bovine serum) and 1% penicil-
lin-streptomycin—-glutamine mixture. The cyclic peptides were
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dissolved in Milli-Q H,O and diluted to the desired concen-
tration with complete medium. The water content was main-
tained at less than 1%. Then, the cells were incubated with the
cyclic peptide solutions (100 pL per well). After 72 hours, the
samples were removed and 100 pL of complete medium with
0.5 mg ml™" MTT were added to each well.>*>* The cells were
incubated for 4 hours, and the medium was removed. The
resulting formazan crystals were dissolved in DMSO (100 pL
per well). The absorbance of each well at 570 nm was acquired
with a Tecan Infinite F200 Pro plate reader. A blank subtrac-
tion was performed (cells treated with Triton X-100) and the
data were normalized to the value of the untreated cells (100%
viability). Data were analysed with GraphPad Prism software.>

ThT fluorescence assay

Thioflavin T (ThT)** fluorescence experiments were performed
using a Varian Cary Eclipse spectrophotometer equipped with
a temperature-controlled cell chamber. Spectra were recorded
at 20 °C in a Hellma® fluorescence quartz cuvette (10 mm x
4 mm), using an excitation wavelength of 440 nm. Samples
containing ThT (20 uM) and the corresponding peptide in the
specified concentration range and buffer were prepared. The
resulting solutions were allowed to equilibrate for 30 minutes
before measuring fluorescence.

Circular dichroism

Circular dichroism (CD) measurements were acquired in a
Jasco ]J-1100 CD spectrometer equipped with a Jasco
MCB-100 mini circulation bath for controlling the tempera-
ture. Measurements were carried out in a 0.5 cm quartz
cuvette at 20 °C and the specified pH and concentration. The
equipment was configured for 100 nm min~" scanning speed,
1 second response time, 1 nm bandwidth and 0.2 nm data
pitch. Each spectrum corresponds to the average of 10 scans,
and the solvent background was corrected.

Scanning transmission electron microscopy (STEM)

STEM images were obtained using a ZEISS FESEM ULTRA Plus
with EDX operating at a high voltage of 20 kV. Samples were
prepared by deposition of a peptide solution (300 uM, 10 pL)
at the specified pH over a 400-mesh carbon-coated copper grid
(Electron Microscopy Sciences). After 10 minutes, the excess
sample was removed with a filter paper. Then, the samples
were stained with an aqueous solution of phosphotungstic
acid (2% wi/v, 10 pL) for 3 minutes and washed with Milli-Q
H,O (10 pL) for 1 minute. The samples were allowed to air-dry
overnight before imaging.

Atomic force microscopy (AFM)

Atomic force microscopy measurements were performed at
room temperature and ambient atmosphere using a Park
Systems XE-100 in non-contact mode. ACTA tips were used
(silicon tips, nominal values: spring constant = 40 N m™ ", fre-
quency = 300 kHz, ROC less than 10 nm). Briefly, 10 uL of CP
aqueous solutions at the specified pH and concentration were
added dropwise onto a mica substrate. After 5 min, the sample
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was thoroughly washed with Milli-Q-H,O and dried under an
argon flow. Image analysis was carried out with Gwyddion.>®
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