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ABSTRACT

Antimicrobial resistance is a global concern, far from being resolved. The need of new drugs against new
targets is imminent. In this work, we present a family of aminoalkyl resveratrol derivatives with antibacter-
ial activity inspired by the properties of cationic amphipathic antimicrobial peptides. Surprisingly, the
newly designed molecules display modest activity against aerobically growing bacteria but show surpris-
ingly good antimicrobial activity against anaerobic bacteria (Gram-negative and Gram-positive) suggesting
specificity towards this bacterial group. Preliminary studies into the action mechanism suggest that activity
takes place at the membrane level, while no cross-resistance with traditional antibiotics is observed.
Actually, some good synergistic relations with existing antibiotics were found against Gram-negative
pathogens. However, some cytotoxicity was observed, despite their low haemolytic activity. Our results
show the importance of the balance between positively charged moieties and hydrophobicity to improve
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antimicrobial activity, setting the stage for the design of new drugs based on these molecules.
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Introduction

The increasing number of antimicrobial-resistant bacteria together
with the scarce number of antimicrobial drugs approved during
the last decades is alarming. The current therapeutical options to
combat drug-resistant pathogen infections are limited, expensive,
and associated with high mortality'. Despite the enormous efforts
of the international community in antimicrobial research, only a
few drugs have been approved recently for clinical use. In most
cases, these approved antimicrobials belong to known families
with small chemical modifications. These are only short-term solu-
tions since the resistance mechanisms against them are already

established in nature®, This problem is especially relevant in the
case of Gram-negative bacteria. The presence of the outer
membrane prevents them from the biocidal activity of many anti-
biotics, acting as a permeability barrier”. It is not surprising that
Gram-negative pathogenic bacteria are heading the list of bacteria
for which new antimicrobials are critically needed according to
the World Health Organisation®. The prediction is that in 2050
drug-resistant pathogen infections will be the first cause of death.
This means approximately 10 million deaths per year, 14 times
more than the current 0.7 million®. New and safe antimicrobial
drugs are necessary. Drugs with a new mechanism of action and/
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or target to overcome already established resistance mechanisms
will be highly desirable.

Cationic antimicrobial peptides are among the most promising
new drugs. They are characterised by their amphiphilic character in
which hydrophobic and hydrophilic regions are oppositely distrib-
uted on the structure. This topology is especially useful in permeat-
ing or disrupting bacterial membranes eventually leading to cell
death’™. In fact, some membrane-targeting amphipathic antimicro-
bials, such as colistins (active against Gram-negative bacteria) and
lipopeptides (e.g., daptomycin, active against Gram-positive bac-
teria), have become last resource drugs for the treatment of multi-
drug resistant bacteria. The resistance levels against these drugs
remain low'®. Despite their similar structures, these two classes of
antibiotics have distinct modes of action and clinical uses. Colistins
target lipopolysaccharide (LPS) in Gram-negative bacteria, inducing
its derangement by the displacement of divalent cations involved in
its stability. Daptomycin is negatively charged and requires Ca®" to
interact with the anionic phosphatidylglycerol of the bacterial mem-
brane'’. Unlike colistin, it is only used to treat infections caused by
drug-resistant Gram-positive bacteria'®'?'3, The design of new mol-
ecules mimicking colistin/lipopeptides or other cationic amphi-
pathic antimicrobials properties could render new drugs with
similar antimicrobial activities. Over the past decade, several groups
have focussed on the development of cationic antimicrobial mim-
etics and some of them (brilacidin or LTX109) have successfully
entered Phase Il clinical trials'*.

Thus, antimicrobial phenolic compounds could be used as
starting scaffolds. Through chemical modification, we have tried
to mimic the characteristics of cationic antimicrobial peptides
obtaining potential new drugs against bacteria. Cationic curcumi-
noids are 100 times more active against Gram-negative bacteria
than the natural product curcumin'>. Mangostin and kaempferol-
based mimetics of cationic antimicrobials have also been devel-
oped with promising activity in a murine corneal infection
study'*'®'”. Recently, materials based on arginine-substituted pol-
y(gallic acid) have been described and showed antimicrobial activ-
ity against both Gram-negative and Gram-positive bacteria'®.
Besides, cationic amino resveratrol (RES) derivatives, imine-RES, or
aza-RES analogues have been prepared for different therapeutic
uses, such as neurodegenerative diseases,'® cancer’*> or inflam-
mation'®'’. 3'-Amino methylated RES derivatives showed toxicity
against Leishmania infantum and low toxicity when tested on
normal haemopoietic cells?.

Here, we describe the design and synthesis of aminoalkyl RES
derivatives mimicking the amphipathic characteristics of cationic
antimicrobials (Figure 1). We have prepared RES derivatives con-
taining one, two, or three O-aminoethyl or O-aminopropyl groups
attached to the stilbene scaffold together with a small lipophilic
tail (Figure 2). We have examined their antimicrobial activity

Colistin

against a panel of Gram-negative and Gram-positive bacteria,
both, aerobic and anaerobic growing bacteria, their haemolytic
activity, and their toxicity against human cell lines. The mode of
action of the best compound, i.e,, compound number 5 was inves-
tigated together with its potential synergistic effect with other
commonly used antibiotics.

Results and discussion
Synthesis of aminoalkyl RES derivatives

Resveratrol monoamine derivative 2 was synthesised from resvera-
trol by random silylation. Disilyl RES derivative 9 was prepared by
random silylation from RES. We used 4-(dimethylamino)pyridine
(DMAP) and  N,N-diisopropylethylamine (DIPEA) as bases
(Scheme 1) in order to improve the previously reported regiose-
lectivity of the reaction of RES at positions 3 and 4’ (Scheme
1)?7%, Compound 9 was obtained at a higher yield than using
other bases such as imidazole®®. Disilyl RES 9 was then alkylated
by reaction with tert-butyl (3-iodopropyl)carbamate and K,COs in
dry N,N-dimethylformamide (DMF)*° to get protected resveratrol
derivative 10. Tert-Butyl (3-iodopropyl)carbamate is readily avail-
able from 3-aminopropan-1-ol after tert-butyloxycarbonyl (BOC)
protection and iodination°. In order to remove BOC and silyl pro-
tecting groups at once, compound 10 was treated with trifluoro-
acetic acid (TFA) in tetrahydrofuran (THF) and the crude was
purified by Sephadex G50 affording compound 2.

The preparation of compounds 3-7 started with the synthesis
of alkyl RES derivatives 11-14 (Scheme 2). They were synthesised
by random alkylation of resveratrol with the corresponding iodo
or cinetobact followed by purification by silica-gel column
chromatography?'.

Reaction of 3,4'-dibutyl resveratrol 12 with tert-butyl (3-iodopro-
pyl)carbamate under the alkylation conditions described above,
yielded compound 15 (Scheme 3). Compound 16 was obtained by
reaction of 12 with commercially available tert-butyl (2-bromoe-
thyl)carbamate. Then, cleavage of BOC protecting groups with TFA
afforded the amino alkyl RES derivatives 3 and 4 in good yields
(Scheme 3).

We tried an alternative methodology to prepare compounds
5-8, avoiding the preparation of tert-butyl (3-iodopropyl)carba-
mate (Scheme 4). In this case, the reaction of RES 1 and mono
alkyl RES derivatives 11, 13 and 15 with commercially available 1-
bromo-3-cloropropane and potassium carbonate in dry DMF
followed by chloride displacement with sodium azide afforded
compounds 17-20. The azido group was readily transformed into
the amino group by Staudinger reduction with PPhs in THF yield-
ing diamino and triamino alkyl RES derivatives 5-832,

Figure 1. Colistin inspiration for aminoalkyl resveratrol derivatives (resveratrol, RES drawn in black colour.
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Figure 2. Resveratrol (RES) and amino RES derivatives prepared in this work.
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Scheme 1. Synthesis of compound 2. Reagents and conditions: (a) TIPS chloride (2.0 equiv), DIPEA (2.0 equiv), DMAP (2.0 equiv), DMF, -15° C for 10 min, then rt for

16 h; (b) ICH,CH,CH,NHBoc, K,COs, DMF; (Q)TFA, THF-H,0.

Antimicrobial activity of RES derivatives

Initially, we tested the new RES derivatives against a collection of
Gram-negative and Gram-positive bacteria growing aerobically
using polymyxin B and daptomycin as a control respectively. In
general, Gram-positive bacteria were overall more sensitive to the
new compounds than Gram-negative (Table 1). Only aminoalkyl
RES derivative 5 displayed antimicrobial activity against all the
bacteria examined, with minimal inhibitory concentration (MIC)
ranging from 13.3 to 64 uM (Table 1). In the case of Gram-positive
tested bacteria, compound 5 was also the most active of the ser-
ies, with MIC values ranging from 3.3 to 36.7 uM. Other amino RES
derivatives also displayed antimicrobial activity, although they

were strain-specific and MIC values were higher than those
observed for 5 (Table 1). Interestingly, the colistin-resistant E. coli
NCTC 13846 was the most sensitive to amino RES 5, and the
highly-colistin-resistant Enterobacter cloacae LMG 02783 was also
sensitive (Table 1), which suggests alternative action mechanisms/
targets.

Although several anaerobic bacteria are related to serious
health problems, anaerobes are in general underrepresented in
studies determining the activity spectrum of novel antimicrobial
compounds. This might be due to the more difficult and time-con-
suming methodologies required for culturing anaerobic bacteria.
We examined the antibacterial activity of the new amino RES
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Scheme 2. Synthesis of alkyl resveratrol derivatives 11-14. Reagents and conditions: (a) 1-iodobutane, 1-bromooctane or 1-bromodecane, K,COs;, DMF.
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Scheme 3. Synthesis of monoamino alkyl resveratrol derivatives 3-4. Reagents and conditions: (a) ICH,CH,CH,NHBoc or BrCH,CH,NHBoc, K,COs, DMF; (b) TFA, THF.
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Scheme 4. Synthesis of diamino and triamino alkyl resveratrol derivatives 5-8. Reagents and conditions: (a) i. BrCH,CH,CH,Cl, K,COs, DMF, 80°C, 5 h. ii) NaNs;, DMF,
50°C, 16h; (b) PPhs, THF, 16 h.

Table 1. Minimal inhibition concentration (MIC) observed for the different RES derivatives against a panel of Gram-negative and Gram-positive aerobically growing
bacteria. -, these bacteria were resistant to the higher tested concentration (128 uM).

Pol B Dap RES 2 3 4 5 6 7 8
Gram-negative  Acinetobacter baumannii 1.7+03 nd - - 128+0 128+0 32+0 - - -
LMG 01041
Klebsiella aerogenes 13403 nd - - - - 64+0 - - -
LMG 02094
Enterobacter cloacae >128 nd - - 128+0 128+0 320 - - -
LMG 02783
Escherichia coli 0.7+0.1 nd - - 128+0 128+0 16+0 128+0 - 128+0
LMG 8224
E. coli NCTC 13846 8+0 nd - - - - 13.3+£26 - - 128+0
K. pneumoniae LMG 20218 4+£0 nd - - - - 64+0 - - -
Pseudomonas aeruginosa 1+0 nd - - - - 64+0 - - -
PAO1
Salmonella. enterica 4+0 nd - - - - 32+0 - - 128+0
LMG 07233
Gram-positive Bacillus cereus nd 0.625+0 - - 128+0 853+213 267+53 853+213 1280 -
ATCC 10987
Bacillus cereus nd 0.625+0 - - 106.7 £21.3 64+0 3210 320 1280 128%0
ATCC 14574
Enterococcus faecalis nd 1+0 - - - - 26.7+53 - - -
V583
E. faecalis LMG 8222 nd 1+0 - - 533+£10.6 42.7%+10.6 16+0 6+0 - 128+0
E. faecalis LMG 16216 nd 110 - - 64+0 640 133+26 16+0 - -
E. faecium LMG 11423 nd 2+0 - - 640 32+0 16+0 8+0 - 128+0
E. faecium LMG 16003 nd 2+0 - - 128+0 128+0 16+0 - - 128+0
Staphylococcus aureus nd 0312+0 - 128+0 53.3+10.6 32+0 3306 16+0 1280 128%0
LMG 15975
S. aureus LMG 8224 nd 1+0 - 128+0 427+184 42.7+184 8+0 8+0 64+0 128+0
S. aureus LMG 10147 nd 0.312+0 - - - - 133+46 128%0 - 128+0

The concentrations are expressed in uM + standard error. Pol B, polymyxin B. Dap, daptomycin. nd, no determined.
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Table 2. Minimal inhibition concentration (MIC) observed for the different RES derivatives against a panel of Gram-negative and Gram-positive anaerobic bacteria. -,

these bacteria were resistant to the higher tested concentration (128 uM).

Pol B Dap RES 2 3 4 5 6 7 8
Gram-negative  Bacteroides ovatus 3_8_47FAA 128+0 nd - - 213+53 3240 16+0 8+0 32+0 -
B. fragilis NCTC 9343 64+0 nd - - 320 32+0 16+0 1867 64+0 -
B. salyersiae DSM 18765 >128 nd - - 320 320 16+0 133+£26 533%10.6 -
B. xylanisolvens DSM 18836 3240 nd - 128+0 16+0 16+£0 8+0 8+0 32+0 128+0
Parabacteroides merdae CLO3T12C32 64+0 nd - - - - 64+0 - - -
Gram-positive  Clostridium botulinum CECT 551 nd 4+0 128+0 128+0 8+0 16+0 240 1+£0 8+0 128+0
C. perfringens CECT 376 nd 2+0 - 128+0 160 16+0 21.3+9.2 210 - -
C. tetani CECT 426 nd 2+0 - - 133+46 16%0 8+0 1+0 213+9.2 -
Clostridioides difficile CECT 531 nd 2+0 - 128+0 1610 1610 4+0 4+0 16+0 -

Pol B, polymyxin B. Dap, daptomycin. nd, no determined. The concentrations are expressed in pM + standard error.

derivatives against a panel of clinically relevant Gram-negative
and Gram-positive anaerobic bacteria, including Bacteroides,
Parabacteroides, Clostridium, and Clostridioides strains. Interestingly,
no clear differences were observed between the susceptibility of
Gram-positive and Gram-negative anaerobic bacteria (Table 2).
This is a remarkable fact considering that the novel classes of anti-
biotics that have reached the market in recent years are primarily
effective against Gram-positive bacteria.®® Surprisingly, these bac-
teria were much more sensitive to the amino RES derivatives than
the aerobic bacteria, except for Parabacteroides merdae (Table 2).
Similar to the results found on aerobic bacteria, compound 5 was
the only derivative with antimicrobial activity against all tested
bacteria. However, compound 6 displayed higher activity than 5
(except for P. merdae) (Table 2). The MIC values ranged for amino
RES 5 from 8 to 64 uM (most strains at just 16 uM) in the case of
Gram-negative bacteria and, from 2 to 21.3 uM for Gram-positive
bacteria (Table 2). For compound 6 these activities were even
lower, from 8 to 18.6 uM for Gram-negative bacteria and from 1 to
4 uM for Gram-positive bacteria (Table 2). Other amino RES deriva-
tives such as 3, 4 or 7 that were inactive or scarcely active against
Gram-negative aerobically growing bacteria, also displayed anti-
microbial activity in the low micromolar range against the differ-
ent Bacteroides strains tested (Table 2). The activity observed
against Gram-negative anaerobic bacteria is remarkable consider-
ing that other cationic amphipathic antimicrobials such as colistin
are not active against this bacterial group.>* In the case of Gram-
positive anaerobes, the activity observed was close to that
observed for daptomycin, particularly for compound 6. To investi-
gate if anaerobic conditions enhanced the antimicrobial activity of
the amino RES derivatives, a MIC test was performed for E. coli
LMG 8224, K. pneumoniae LMG 20218, and P. ageruginosa PAO1
under anaerobic conditions. No enhancement of their antimicro-
bial activity was observed, suggesting that amino RES derivatives
present certain specificity for strict anaerobic bacteria.

The hydrophobicity of the molecules plays a key role in anti-
microbial activity and it is well known that an increase in the
hydrophobicity usually improves the antimicrobial activity of
the drugs, but with limitations®>>°. Figure 3 is representing the
observed MICs of each compound versus their hydrophobicity
(LogP) calculated using the Molinspiration tool*” (https://molinspi-
ration.com/). Interestingly, molecules with low hydrophobicity,
such as 8, 2, and 1 (LogP 1.82, 2.33, and 2.99, respectively), were
inactive or scarcely active (Figure 3). The most active amino RES
(5) displayed a medium hydrophobicity (LogP 4.18) in this series
and it was the most active. The activity observed for the rest of
the designed amino RES 6, 4, 3, and 7 (LogP 6.20, 6.27, 6.54, and
7.21, respectively) gradually decreased based on the LogP value
(Figure 3) except for 6 in the case of Gram-positive anaerobes
which was more active than 5 (Figure 3(D)).

Activity of amino RES derivatives at the bacterial membranes

Cationic antimicrobials are well known for their ability to bind to
negatively charged bacterial membranes. Thus, we decided to
analyse in depth the effect of the best candidate (5) in both
Gram-negative and Gram-positive bacterial membranes. The outer
membrane in Gram-negative bacteria acts as a permeability barrier
that impairs antibiotics to reach their target inside the cell.*
Several cationic antimicrobial drugs are characterised to be amphi-
pathic, with a positively charged hydrophilic domain and a hydro-
phobic domain. As a consequence, these drugs can bind through
electrostatic interactions with the negatively charged bacterial sur-
face. Subsequently, the hydrophobic domain can be inserted into
the membrane, forming stable and disruptive pores that produce
the leaking of the intracellular content and, therefore, cell death
by lysis®®3°. Alternatively, they can disrupt the membranes induc-
ing an alteration in their permeability*’. To understand the effect
of amino RES 5 against Gram-negative bacteria, we explored its
activity in the outer membrane using E. coli LMG 8224 as a model.
We measured the outer membrane permeability under different
concentrations of amino RES 5 using the hydrophobic fluorescent
probe 1-N-phenylnaphthylamine (NPN) and polymyxin B as a posi-
tive control*’. A dose-related response was observed for amino
RES 5, indicating a perturbation/disruption in the membrane while
no effect was observed for RES (Figure 4(A)).

To get a deeper insight into the potential outer membrane target,
we tested the antibacterial activity of compound 5 in the presence
of the main outer membrane component, the lipopolysaccharide
(LPS). We took into account the presence of two divalent cations,
Mg*" and Ca®", which help to stabilise and maintain the integrity of
the outer membrane by binding in between adjacent LPS molecules.
The effect of LPS on the antimicrobial activity was quite low, and
only at the highest concentration tested an 8-fold MIC increment
was observed (Figure 4(B)). Nevertheless, the addition of divalent cat-
ions strongly antagonised the antimicrobial activity of amino RES 5
(Figures 5(C,D)), especially Ca®". Similar results were observed for the
cyclic cationic antibiotic polymyxin B, for which Ca®" is also more
active in decreasing the antimicrobial activity*2.

To explore if a different effect on the outer membrane can
explain the different antimicrobial effects observed for amino RES
5 in Gram-negative bacteria, we analysed the outer membrane per-
meabilization for the rest of amino RES derivatives in E. coli LMG
8224. We found that all the compounds were able to permeabilize
the outer membrane (Supplementary Figure 1), but none of them
was able to kill Gram-negative aerobic bacteria at low concentra-
tions as in the case of amino RES 5. This result suggests that the
other derivatives were not able to induce stable pores capable of
disrupting the membrane. Permeabilization without disruption
and/or any toxical effect has been described for other drugs such
as antimicrobial peptides, polymyxin derivatives, cationic polymers,
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cationic detergents, or chelators among others*®*2, In the case of
amino RES 2, the permeabilization levels were low and only
observed at the highest concentration used suggesting the import-
ant role of the alkyl chains in the membrane insertion. In fact, the
second lowest outer membrane permeabilization was observed for
amino RES 8, another derivative without alkyl groups but strongly
positively charged.

It is known that some antimicrobials present the ability to be
translocated across biological membranes in a non-disruptive way,
overcoming the impermeable nature of the membranes.***
These types of drugs interact with the membranes inducing transi-
ent and unstable perturbations that do not kill the cells, as
described in the case of the highly cationic cell-penetrating pepti-
des and other families of polyphenols*'*>4¢, The activity of amino
RES 5 in the inner membrane permeability of E. coli LMG 8224
and in the membrane of the Gram-positive B. cereus ATCC 10987
was explored using the DNA-binding dye propidium iodide and
polymyxin B and bacitracin as positive controls respectively*'. As
expected, no activity for RES was observed (Figure 5(A,B)). In con-
trast, amino RES 5 derivative was able to permeate the inner
membrane of E. coli in a dose-related manner unlike in the Gram-
positive B. cereus in which all tested concentrations permeabilize
the membrane to Pl in a similar range. These results suggest a
more potent activity of amino RES 5 which could be related to its
highest activity in Gram-positive bacteria.

In the case of E. coli LMG 8224, the rest of amino RES deriva-
tives were also tested to analyse the effect of the alkyl and cat-
ionic group distribution on the interaction with the membrane (as
above for the outer membrane). The highest permeabilization
ratios were reached for derivatives 3, 4, 5, 6, and 7, although, as

previously, only compound 5 induced high permeabilization at
low concentrations (Supplementary Figure 2). The absence of alkyl
groups (amino RES 2 and 8) causes lower levels of inner mem-
brane permeabilization (Supplementary Figure 2).

The increase in membrane permeability usually causes the dis-
sipation of the membrane potential. So, we investigated this par-
ameter for E. coli and B. cereus treated with amino RES 5 using
the potential-sensitive membrane dye DiSC5(5).*” An amino RES 5
dose-related increment of the fluorescent signal was observed for
both bacteria indicating the membrane depolarisation and the dis-
sipation of the membrane potential (Figure 5(C,D)).

Finally, considering that membrane-active antimicrobials usually
show a bactericidal effect,'®**>° we examined the nature of the anti-
microbial activity. To do so, after the first MIC in a 96-well plate, the
remaining cells were used to inoculate at 10% fresh MHB medium
that was stored at 37 °C for 24 h. The nature of the antimicrobial activ-
ity was mainly bacterial as can be observed in Figure 5(C,G)).

Altogether, these results suggest an effect at the membrane
level although other targets cannot be discarded. The highest
sensibility observed for Gram-negative anaerobes could be related
to structural differences in the outer membrane with respect to
the aerobic Gram-negative bacteria®®*’. The difference in
sensitivity observed between Gram-negative and Gram-positive
bacteria could be related to the presence of two protective layers
in Gram-negative that could slow down the entrance of the drugs
to the inner one, avoiding high accumulation at time. Thus, the
higher effect in Gram-positive bacteria could be due to the disrup-
tion of the membrane produced by the drugs inside the cells. This
system has been previously proposed for other polyphenols
although no clear relation between the Gram-staining and
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susceptibility to polyphenols has been established, which suggests
the important role of putative intracellular targets®.

Combined activity of amino RES 5 and traditional antibiotics

The absence of cross-resistance with antibiotics in use is a desir-
able quality for newly designed drugs. For this reason, we tested
the combined activity of the most active amino RES (5) with 24
antibiotics from the main antibiotic families against a selection of
Gram-negative and Gram-positive bacteria. As expected for outer
membrane-active compounds, no synergistic or antagonistic activ-
ity was observed in the case of Gram-positive bacteria,**>'~>3
while some of the tested antibiotics were synergistically active
with amino RES 5 (Table 3). The observed synergy was strain-spe-
cific (no synergy was observed in the case of P. aeruginosa PAO1).
Overall, most of the synergistic antibiotics were hydrophobic com-
pounds, highlighting rifampicin, which showed a synergistic effect
in all tested bacteria. Other antibiotics, such as erythromycin, nali-
dixic acid, or novobiocin, were also broadly active in synergy with
5 (Table 3). Synergism of rifamycins, macrolides, or quinolones
with polymyxin B nonapeptide inactive-derivatives has been previ-
ously reported, but not for combinations with amino coumar-
ins.>*>% In fact, synergism of membrane-active molecules and
hydrophobic antibiotics against Gram-negative bacteria is broadly
reported, since the perturbation in the outer membrane produces
the lack of the barrier function and such antibiotics can enter
reaching their targets.*’*’° In the case of the Klebsiella strain
tested, also synergy with minocycline was observed. Finally, an
astonishing synergism was also detected with the cationic drug
polymyxin B in the case of S. enterica LMG 07233 (Table 3).

Haemolytic activity and toxicity

Haemolytic activity was evaluated by monitoring haemoglobin leakage
from human red blood cells as a consequence of membrane damage.
HC,o and HCs, were defined as the peptide concentrations causing
10% and 50% haemolysis on erythrocytes. Amino RES derivatives were
tested in human erythrocytes, at concentrations ranging from 128 to
TuM (Supplementary Figure 3). We observed that, overall, the
designed compounds showed low haemolytic activity (HC;,, except
compounds 6 and 7) and that both, antimicrobial activity and haemo-
lytic toxicity increased with the increase of hydrophobicity. However, a
very hydrophobic structure led to decreased activity and increased
haemolysis, as we found for 6 and 7, and as previously reported for
other compounds.3® A balance between amphipathicity and hydro-
phobicity has been proposed as desirable to keep the antimicrobial
activity low in haemolytic activity. 356! In this sense, amino RES 5 is
the best-tested compound, the most active and low haemolytic
(Supplementary Figure 3, Table 4). No haemolytic activity was
observed for RES or the positive charged derivatives 2 and 8 (Table 4)
and only compounds 6 and 7 reached an HCsq at concentrations close
to the higher tested (124.43 +2.88 and 79.89 + 8.42 uM respectively).5?
Based on the data obtained, the selectivity index HCso/MIC was calcu-
lated (Supplementary Table 1). In the case of the more active amino
RES (5), this index ranged between 4 to 19.2, 8 to 76.8, 4 to 32, and 12
to 128 for Gram-negative and Gram-positive aerobic bacteria, and
Gram-negative and Gram-positive anaerobic bacteria, respectively
(Supplementary Table 1).

Considering the antimicrobial activity against anaerobic bacteria,
a cytotoxicity assay was performed against the colon cell line HTC-
166. Despite the promising data obtained in the haemolytic assay,
the cytotoxicity assay showed that the most active antibacterial
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Figure 5. Membrane permeabilization by amino RES 5 in E. coli LMG 8224 (A) and Gram-positive bacteria B. cereus ATCC 10987 (B). RFU, random fluorescence units. C,
membrane depolarisation (DiSC3(5)) for E. coli LMG 8224 and B. cereus ATCC 10987 (D). RES, resveratrol control, Pol B positive control and Gra, gramicidin S positive
control. The concentrations are expressed in pM. E and F, bactericidal mode of action for E. coli LMG 8224 and B. cereus ATCC 10987 respectively. The data are

expressed as % of the cell growth respect the negative control.

compounds were also toxic against this cell line (Table 4). Only com-
pound 2 showed low toxicity, even lower than RES (Table 4).

Conclusions

Resveratrol is a relevant natural product with a stilbene scaffold that
is being used for the design of new drugs. In this study, we have
designed and prepared RES derivatives trying to emulate cationic
amphipathic antimicrobials. To do so, we have added amine and
alkyl groups at different positions of RES, reducing the core size of
cationic peptides and generating new active compounds. Although
RES is poorly- or non-active as an antimicrobial agent, the new RES
derivatives showed notable activity, especially against strictly anaer-
obic growing Gram-positive and Gram-negative bacteria. In the case
of aerobic bacteria, Gram-negative bacteria showed higher resistance,
while Gram-positive bacteria were most sensitive. This antimicrobial
activity was somehow related to the hydrophobicity of the mole-
cules. As expected for cationic amphipathic molecules, the targets
were the bacterial membranes, where the different compounds
induced a dose-related permeabilization in both the outer mem-
brane (in Gram-negative bacteria) and the inner membrane. The

different resistance observed between bacterial groups, especially
between Gram-negative aerobic and anaerobic bacteria, could be
related to structural differences in the outer membrane or higher
sensibility to the membrane permeabilization in the case of anaer-
obic bacteria. This membrane-permeabilization activity is related also
to the synergistic effect observed for 5 and some hydrophobic anti-
microbials such as rifampicin, nalidixic acid or erythromycin.
Unexpected remarkable synergisms with other hydrophilic drugs
were observed in a strain-specific way. No cross-resistance was
observed for the combination of 5 with other antibiotics. Finally, a
haemolytic test showed the importance of the hydrophobic groups
in the membrane interaction, since the presence of large alkyl
groups causes a more erythrolytic effect of the derivatives (amino
RES derivatives 6 and 7) than shorter alkyl groups, or with no alkyl
groups, such as for amino RES 8. Overall, the most active compound
5 was poorly haemolytic. However, the different RES derivatives dis-
played certain levels of cytotoxicity against HTC-166 colonic cell lines.
Our data support that RES could be used as a scaffold for the design
of new active RES derivatives emulating cationic and amphipathic
antimicrobial drugs but with a reduced core size in comparison to
cationic peptides. The proper relation between the charge of the
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Table 3. Combined activity of amino RES 5 and traditional antibiotics against selected Gram-negative bacteria. AB, A. baumannii LMG 01041, ECI, E. cloacae LMG
02783. ECo, E. coli LMG 8224, KE, K. aerogenes LMG 02094, KP, K. pneumoniae LMG 20218, SE, S. enterica LMG 07233.

Amino RES 5 (uM)

0 4 8 FICI
AB Erythromycin 8 2 0.5 0.25 0.132
Novobiocin 2 0.25 0.031 0.008 0.14
Rifampicin 0.5 0.062 0.004 0.001 0.133
ECI Erythromycin 32 32 16 16 0.625
Nalidixic acid 10.66 + 2.67 2 1.33+0.33 1.33+£0.33 0.25
Novobiocin 26.67 £5.33 6.67+1.33 2,67 +£0.67 1.33+£033 0.225
Rifampicin >32 21.33+£533 8 2 0.250
ECo Erythromycin 32 16 2.33+0.88 0.1+0.02 0.286
Nalidixic acid 8 4 1 0.080.02 0.375
Novobiocin 42.66 +10.66 16 4 0.031 0.343
Rifampicin 4 1 0.08 +£0.02 0.05+0.01 0.27
KA Erythromycin >32 32 13.33£2.66 2 0.156
Minocyclin 4 1 0.5 0.5 0.187
Nalidixic acid >32 13.33+2.66 2 2 0.093
Novobiocin 13.33+2.66 467+1.76 2,67 +0.66 2 0.262
Rifampicin 21.33+5.33 8 0.5 0.125 0.085
KP Minocyclin >32 32 10.66 + 2.66 1.33+£033 0.145
Nalidixic acid >32 >32 >32 533+1.33 0.208
Rifampicin 32 32 16 0.42+0.08 0.138
SE Erythromycin >32 >32 32 16 0.5
Nalidixic acid 8 6.66+1.33 4 2 0.5
Polymyxin B 0.25 0.1+0.04 <0.004 <0.004 0.133
Rifampicin 8 8 2 0.125 0.265

For the FICI calculations, twice the highest concentration tested was used in the cases where the MIC was not reached. The FICI value for the best combination is

represented. The concentrations are expressed in UM+ SE.

Table 4. Haemolityc activity against human red cells and cytotoxicity of the
amino RES derivatives. The concentrations are expressed in puM + SE.

Haemolysis
HCqo HCso ECso HTC-166
RES >128 >128 59.59+£0.93
amino RES 2 >128 >128 106.5+0
3 107.37+£2.73 >128 6.90 £ 0.04
4 64.10+0.81 >128 8.59+0.39
5 92.60 £ 1.50 >128 3.90+3.67
6 53+2.32 124.43 +2.88 3.29+1.13
7 38.30£4.77 79.90 £8.42 3.83+£0.15
8 >128 >128 9.48+1.43

molecule and the hydrophobic part is essential to provide antimicro-
bial activity and reduced haemolytic activity. The absence of cross-
resistance with traditional antibiotics and the activity observed, espe-
cially against strict anaerobic bacteria, encourages future design and
preparation of new amino RES derivatives in which cytotoxicity
should be reduced while keeping the antimicrobial activity.

Experimental section
Chemistry

All solvents and chemicals were used as purchased without fur-
ther purification. All reactions were monitored by TLC on pre-
coated silica gel 60 plates F,s54, (Merck) and detected by heating
after staining with H,SO4EtOH (1:9, v/v), anisaldehyde (450 ml
ethanol, 25ml anisaldehyde, 25ml H,SO, and 1ml AcOH) or
Mostain (500 ml of 10% H,SO,4 25g of (NH;)sMo,0,404H,0, 1g
Ce(S0,),04H,0). Products were purified by flash chromatography
with silica gel 60 (200-400 mesh). Eluents are indicated for each
particular case. NMR spectra were recorded on Bruker Advance

300, 400, or 500 MHz [300, 400, or 500 MHz ('H), 75, 101, or 126
(*C)] NMR spectrometers, at room temperature for solutions in
CDCl3, or CD3;0D. Chemical shifts are referred to the solvent signal.
2D experiments (COSY, TOCSY, and HMQC) were done when
necessary to assign the new compounds. Chemical shifts are in
ppm. Low-resolution mass spectra were obtained on an ESl/ion
trap mass spectrometer. High-resolution mass spectra (HRMS)
were obtained on an ESl/quadrupole mass spectrometer (WATERS,
ACQUITY H CLASS). If necessary, the purity was determined by
high-performance liquid chromatography (HPLC). The purity of all
final compounds was 95% or higher. The instrument used for
chromatographic separation was a Waters Acquity UPLC™ H-class
system (Waters, Manchester, UK). The column was an Acquity
UPLC® BEH C18 (2.1 x 100mm, 1.7 pM). A QDA single quadrupole
mass spectrometer (Waters) equipped with an orthogonal
Z-spray™ electrospray ionisation (ESI) source was used for metab-
olites detection. Empower 3 software was used for instrument
control, peak detection, and integration.

General procedure for alkylation a with bromoalkanes

Resveratrol (1 eq.) and potassium carbonate (2 eq.) were added to
DMF (2.85 ml/mmol of resveratrol) under agitation in a round-bot-
tomed flask. 1-bromoalkane (1-1.5 eq) was added dropwise and
the reaction was stirred for 6 h at room temperature. The reaction
mixture was filtered, diluted with water and extracted with ethyl
acetate (3 x 30ml). The combined organic layers were dried with
MgSO, and the mixture was filtered, concentrated. The crude was
purified by flash column chromatography using different hexane/
ethyl acetate mixtures.
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General procedure for alkylation B with bromoalkanes followed
by azide formation

Resveratrol derivatives (1 eq.) and potassium carbonate (3 eq.) were
dissolved in dry DMF (8-10ml). 1-Bromo-3-cloropropane (3-6 eq.)
was then added and the reaction was then stirred at 80°C for 6 h.
The reaction mixture was diluted with water and extracted with ethyl
acetate (2 x40ml). The combined organic layers were dried with
MgSO, and the mixture was filtered and concentrated. The crude
was used for the next step without any further purification. The latter
was dissolved in dry DMF and NaN; (7 eq.) and the mixture was
stirred at 70°C for 8 h. The reaction mixture was diluted with water
and extracted with ethyl acetate (2 x 40 ml). The combined organic
layers were dried with MgSO, and the mixture was filtered and con-
centrated, and the crude was purified by flash column chromatog-
raphy using different hexane/ethyl acetate mixtures from 20:1 to 5:1.

General procedure C for reduction with a phosphine

Resveratrol derivatives with azido groups (1 eq.) and PPh; (3-6 eq.)
were dissolved in dry THF (8-10ml). The reaction mixture was
stirred for 16 h and the solvent was then removed. The latter crude
was then purified either by Sephadex LH 20 eluting with MeOH or
CH,Cl,:MeOH (1:2). Fractions containing the desired product were
concentrated affording the amino resveratrol derivative.

Tert-but© (E)-(3-(3-((triisopropylsilyl)oxy)-5-(4-triisopropylsilyl)
oxy)styryl)phenoxy)propyl) carbamate (10)

Resveratrol derivative 9 (500mg, 0.92mmol) and the linker amino
tert-butyl (2-iodopropyl)carbamate®® (790mg, 2.77mmol, 3.0 eq)
were dissolved in dry DMF (8 ml). K,COs; previously activated was
then added to the solution. The reaction mixture was stirred at room
temperature for 3h and a saturated solution of NH,Cl was then
added to neutralise (50 ml). The organic phase was extracted with
ethyl acetate (2 x 50 ml) and washed with H,O (50 ml). The resulting
residue was purified by flash column chromatography (hexane: ethyl
acetate from 10:1 to 9:1) to afford 10 (266 mg, 42%) as a yellow
glassy solid; oy (400 MHz, CDCl3) 7.40 (m, 2H, Harom), 7.00 (d, 1H,
J=162Hz, =CH), 6.90-6.86 (m, 3H, 2 Harom, 1x=CH), 6.66-6.63
(m, 2H, Harom), 636 (t, 1H, J=2.1Hz, Harom), 4.97-4.04 (t, 2H,
CH20), 3.40-3.34 (m, 2H, CH,NH), 2.04-1.97 (m, 2H, CH2), 1.48 (s,
9H,C(CHs)3), 1.34-1.25 (m, 6H, CH(CHs),), 1.16, 1.15, 1.14, 1.13 (4s,
36H, CH(CHs),); 8¢ (100MHz, CDCl;) 1599 (C=0), 157.2, 156.0,
155.9, 139.5, 130.2, 128.6, 127.7, 126.6, 120.1, 110.9, 105.7, 105.0, 65.9,
38.1, 29.5, 284, 180, 179, 127); (HRMS (ES+) Calcd. for
CaoHssNOsSi,Na (M+) 720.4455, found: 720.4458.

(E)-3-(3-aminopropoxy)-5—(4-hydroxystyryl)phenol (2)
Trifluoroacetic acid (8 ml) was added to a solution of compound
10 (200 mg, 0.288 mmol) in a mixture of THF:H,O (1:1, 2ml). The
reaction mixture was stirred at room temperature for 24 h. Then,
the solvents were removed and the mixture was co-evaporated
with toluene. The residue was purified by Sephadex G50
(MeOH:H,0 4:1) to afford compound 2 as a yellow oil (75mg,
92%). Overall yield for 2 from RES (1) was 10%. &y (400 MHz,
CDs0D) 7.40 (d, 2H, Harom), 6.92 (d, 1H, =CH), 6.82-6.72 (m, 4 H,
3 Harom, 1x=CH), 6.50 (br.s, 1H, Harom), 6,27 (br.s, 1H, Harom),
4.04 (t, 2H, CH20), 2.68 (t, 2H, CH,NH), 1.98 (t, 2H, CH,); dc
(100 MHz, CDCl5) 159.9 (C=0), 1584, 157.1, 155.7, 140.1, 130.2,
128.6, 127.7, 126.6, 120.1, 1109, 105.7, 105.0, 64.7, 37.4, 27.2;
(HRMS (ES+) Calcd. for Cy7H;0NOs (M+) 286.1443, found:
286.1442.

(E)-1-(3-butoxy-5-hydroxyphenyl)-2-(4’-butoxyphenyl)ethene
(12) compound characterisation in accordance to literatu©?>’
(E)-5—(4-(octyloxy)styryl)benzene-1,3-diol (13). Following the gen-
eral procedure A and starting from resveratrol (2g, 8.76 mmol, 1 eq.)
and 1-bromooctane (2.3 ml, 1.5 eq) the reaction yielded a mixture of
octyl resveratrol derivatives. After purification with flash chromatog-
raphy whilst eluting with a gradient concentration of hexane:ethyl
acetate (10:1 to 1:1), the desired compound 13 (17%) was isolated as
an orange oil and used to complete the synthesis. "H NMR (300 MHz,
CDs;0D) d 7.38 (d, J 84Hz 2H), 7.00 (d, J 16.3Hz, 1H), 6.85 (d, J
16.3Hz, 1H), 6.80 (d, J 8.4Hz 2H), 6.58 (s, 1H), 6.56 (s, 1H), 6.28 (s,
1H), 3.88 (t, J 6.4 Hz, 2H), 1.80-1.60 (m, 2H), 1.47-1.22 (m, 10H), 0.88
(t, J 6.9Hz, 3H). C NMR (75MHz, CD;0D) d 1589, 158.2, 13938,
129.9, 127.8, 127.3, 126.3, 114.3, 104.5, 101.4, 67.731.7, 2942, 29.40,
29.36, 29.16, 29.12, 29.04, 25.79, 22.36, 13.1. ESI-HRMS calcd for
CyoHp005 341.2117, found 341.2106.

(E)-5-(4-(decyloxy)styryl)benzene-1,3-diol (14). Following the gen-
eral procedure A and starting from resveratrol (2g, 8,76 mmol, 1
eq.) and 1-bromodecane (3,5ml, 1.5 eq) the reaction yielded a
mixture of decyl resveratrol derivatives. After purification with
flash chromatography whilst eluting with a gradient concentration
of hexane:ethyl acetate (10:1 to 1:1), the desired compound 14
(19%) was isolated as an orange oil and used to complete the syn-
thesis. "H NMR (300 MHz, CD;0D) d 7.41 (d, J 8.4Hz, 2H), 6.98 (d, J
16.2Hz, 1H), 6.88-6.81 (m, 3H), 6.48 (d, J 2.1Hz, 1H), 6.20 (t, J
2.1Hz, 1H), 3.94 (t, J 6.4Hz, 2H), 1.79-1.70 (m, 2H), 1.48-1.29 (m,
14H), 0.90 (t, J 6.9Hz, 3H). >*C NMR (75 MHz, CD;0D) 158.9, 158.3,
139.8, 129.9, 127.8, 127.3, 126.3, 114.3, 104.5, 1014, 67.7, 31.7,
29.42, 29.40, 29.36, 29.16, 29.12, 29.04, 25.79, 22.36, 13.1. ESI-
HRMS calcd for C54H3,03 368.2351, found 368.2364.

te© Butyl (E)-(3-(3-butoxy-5—-(4-butoxystyryl)phenoxy)propyl)carba-
mate (15). Resveratrol derivative 12 (250 mg, 0.734mmol) and the
linker amino tert-butyl (3-iodopropyl)carbamate (314 mg, 1.1 mmol, 1.5
eq) were dissolved in dry DMF (5 ml). K,CO3 (152 mg, 1.1 mmol) previ-
ously activated was then added to the solution. The reaction mixture
was stirred at room temperature for 3h and a saturated solution of
NH,Cl was then added to neutralise (50 ml). The organic phase was
extracted with ethyl acetate (2 x 50 ml) and washed with H,O (50 ml).
The resulting residue was purified by flash column chromatography
(hexane: ethyl acetate from 10:1 to 9:1) to afford 15 (248 mg, 68%) as a
yellow glassy solid; 8y (400 MHz, CDCls) 'H NMR (400 MHz, CD;0D)
§=742 (d, J=6.5Hz, 2H), 7.01 (d, J=12.2Hz, TH), 6.89-6,85 (m, 3H),
6.64-6.62 (m, 2H), 6.36 (t, J=1,6 Hz, 1H), 4.04 (t, J=6.4Hz, 2H), 3.97 (t,
4H, CH,0), 3.35-3.29 (m, 2H, CH,N), 2.03-1.97 (m- 6H), 1.81 — 1.74 (m,
2H), 142 (s, 9H), 1.03-0.97 (m, 6H). '>)C NMR (101 MHz, CD;OD)
6=160.5, 160.1, 156.0, 155.9, 139.6, 129.7, 128.7, 127.7, 126.4, 114.7,
105.1, 104.7, 100.5, 67.7, 33.4, 31.3, 284, 19.2, 13.9. ESI-HRMS [M + H]
calcd for C3oH43NaNOs 520.3039, found 520.3118.C)rt-Butyl (E)-(2—(3-
butoxy-5—(4-butoxystyryl)phenoxy)ethyl)carbamate (16).

Resveratrol derivative 12 (250 mg, 0.734 mmol) and the linker
amino tert-butyl (2-bromoethyl)carbamate (247 mg, 1.1 mmol, 1.5
eq) were dissolved in dry DMF (5ml). K;CO3 (152mg, 1.1 mmol)
previously activated was then added to the solution. The reaction
mixture was stirred at room temperature for 3h and a saturated
solution of NH4Cl was then added to neutralise (50ml). The
organic phase was extracted with ethyl acetate (2 x 50ml) and
washed with H,O (50 ml). The resulting residue was purified by
flash column chromatography (hexane: ethyl acetate from 10:1 to
9:1) to afford 16 (280mg, 79%) as a yellow glassy solid; oy
(400 MHz, CDCl5) "H NMR (400 MHz, CD50D) 8 =7.45 (d, J=6.5Hz,



2H), 7.06 (d, J=12.2Hz, 1H), 6.92-6,87 (m, 3H), 6.68-6.65 (m, 2H),
6.38 (t, J=1,6Hz, 1H), 406 (t, J=6.4Hz, 2H), 4.00 (t, 2H, CH,0),
3.49-3.45 (m, 2-, CH,N), 1.82 — 1.78 (m, 4H), 1.55-1.48 (m, 13H),
1.03-0.98 (m, 6H). '*C NMR (101 MHz, CDsOD) &=160.5, 159.9,
159.0, 139.8, 129.7, 128.8, 127.7, 126.3, 114.7, 105.4, 104.6, 100.5,
79.5, 67.8, 67.2, 31.3, 28.4, 19.2, 13.9. ESI-HRMS [M + H] calcd for
CaoHa1NaNOs 506.2877, f©d 506.2862.

(E)-2—-(3-butoxy-5-(4-butoxystyryl)phenoxy)propane-1-amine (3). A
solution of compound 15 (280 mg, 0.60 mmol) was dissolved in THF
(5ml) and trifluoroacetic acid (2ml) was then added. The reaction
mixture was stirred at room temperature for 24 h. After this time, sol-
vents were removed and the mixture was co evaporated with tolu-
ene. The resulting residue was purified by flash
column chromatography (ethyl acetate: methanol from 1:0 to 5:1) to
afford 3 (218 mg, 98%) %) as a brown oil. Overall yield for 3 from
RES (1) was 8.6%. oy (300 MHz, CDs0OD) 7.40 (d, 2H, Harom), 7.04 (d,
1H, =CH), 6.90-6.84 (m, 4H, 3 Harom, 1x=CH), 6.68-6.55 (m, 1H,
Harom), 6.40 (br.s, 1H, Harom), 3.95-3.90 (m, 4H), 3.27 (t, 2H), 3.03 (t,
2H), 2.19-2.13 (m, 4H), 241 (t, 2H), 1.73-1.68 (m, 4H), 1.51-1.46 (m,
4H), 1.23 (t, 2H), 1.00-0.95 (m, 6H); ¢ (75 MHz, CDs0D) 160.5, 159.8,
1589, 139.8, 129.7, 1284, 127.5, 1259, 1183, 1155, 114.3, 105.1,
104.3, 100.2, 674, 67.3, 40.0, 37.2, 31.2, 31.1, 308, 27.1, 189, 12.9;
(HRMS (ES™) Calcd. for Cy5H36NO3 (M™) 398.2690,C)und: 398.2677.

(E)-3-(3-butoxy-5-(4-butoxystyryl)phenoxy)ethane-1-amine (4). A
solution of compound 16 (280 mg, 0.734 mmol) was dissolved in
THF (5ml) and trifluoroacetic acid (2ml) was then added. The
reaction mixture was stirred at room temperature for 24 h. After
this time, solvents were removed and the mixture was co-evapo-
rated with toluene. The residue was purified by Sephadex LH20
eluting with methanol and fractions containing the desired prod-
uct were concentrated to afford the compound 4 (280 mg, 98%)
%) as a yellow oil. Overall yield for 4 from RES (1) was 10%. oy
(300 MHz, CDsOD) 7.43 (d, 2H, Harom), 7.07 (d, 1H, =CH),
6.92-6.85 (m, 4H, 3 Harom, 1x=CH), 6.74-6.70 (m, 1H, Harom),
6.45 (br.s, 1H, Harom), 4.24-4.21 (t, 2H, CH,0), 3.98-3.93 (m, 4H),
3.67 (t, 2H), 3.42-3.33 (m, 4H), 1.76-1.70 (m, 2H), 1.53-1.45
(m, 4H), 1.00-0.95 (m, 6H); &¢ (75 MHz, CDs0D) 160.5, 159.4, 159.0,
139.9, 129.7, 128.6, 127.5, 125.8, 114.3, 105.6, 104.2, 100.4, 67.4,
67.3, 63.9, 41.0, 38.9, 31.1, 26.9, 19.6, 13.1. (HRMS (ES+) Calcd. for
C,4H34NO; (M™) 384.2533, found: 384.2521.

(E)-1,3-bis(3-azidopropoxy)-5-(4-butoxystyryl)benzene (17).
Following the general procedure B and starting from resveratrol
derivative 11 (329mg, 1.15mmol) and 1-bromo-3-chloropropane
(0.34 ml, 3.45 mmol), the reaction yielded compound 17 (450 mg,
87%) after purification with flash chromatography whilst eluting
with a gradient concentration of hexane:ethyl acetate (20:1 to
5:1)%) as a yellow glassy solid. "H NMR (300 MHz, CDCl5) d 7.42 (d,
J 8.07Hz, 2H), 7.00 (d, J 16.2Hz, 1H), 6.90-6.84 (m, 3H), 6.64-6.2
(d, 2H), 6.36 (t, J 2.04Hz, 1H), 4.07-4.02 (t, 4H), 3.97 (t, J 6.5Hz,
2H), 3.52-3.48 (m, 4H), 2.08-1.99 (m, 4H), 1.79-1.72 (m, 2H),
1.53-1.46 (m, 2H), 0.98 (t, J 7.32Hz, 3H). >C NMR (75 MHz, CDCls)
8 160.5, 160.0, 158.5, 139.6, 130.2, 128.6, 127.8, 126.7, 114.7, 105.3,
104.8, 100.6, 67.8, 64.6, 48.3, 48.2, 31.4, 28.9, 28.8, 19.3, 13.9. ESI-
HRMS calcd for Cy4H30NgNaO3 473.2777, found 473.2768.

(E)-1,3-bis(3-azidopropoxy)-5-(4-(octyloxy)styryl)benzene (18).
Following the general procedure B and starting from compound
13 (490mg, 1.44mmol) and 1-bromo-3-chloropropane (0.42ml,
4.32mmol), the reaction yielded compound 18 (154 mg, 21%) as a
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yellow solid, after purification with flash chromatography whilst
eluting with a gradient concentration of hexane:ethyl acetate
(15:1 to 5:1). 'H NMR (300 MHz, CDCl5) d 7.41 (d, J 8.7 Hz, 2H), 7.00
(d, J 16.2Hz, 1H), 6.89-6.84 (m, 3H), 6.64 (d, J 2.1 Hz, 2H), 6.35 (t, J
24Hz, 1H), 406 (t, J 6.0Hz, 4H), 3.96 (t, J 6.6Hz, 2H), 3.52 (t, J
6.6 Hz, 4H), 2.05 (q, J 6.4Hz, 4H), 1.82-1.73 (m, 2H), 1.47-1.29 (m,
10H), 0.90 (t, J 6.6Hz, 3H). >*C NMR (75MHz, CDCl;) & 160.0,
159.0, 139.9, 129.6, 129.0, 127.8, 126.2, 114.7, 105.1, 100.6, 68.1,
64.6, 48.3, 31.8, 29.38, 29.28, 29.26, 28.82, 26.06, 22.68, 14.1. ESI-
HRMS calcd for CogHsgNgNaOs 529.2903, found 529.2898.

(E)-1,3-bis(3-azidopropoxy)-5-(4-(decyloxy)styryl)benzene (19).
Following the general procedure B and starting from compound
14 (500mg, 1.35mmol) and 1-bromo-3-chloropropane (0.80 ml,
8.14 mmol), the reaction yielded compound 19 (180 mg, 25%) as a
yellow solid, after purification with flash chromatography whilst
eluting with a gradient concentration of hexane:ethyl acetate
(15:1 to 5:1).mmol) was then added and the reaction was then
stirred at 80°C for 6h. The reaction mixture was diluted with
water and extracted with ethylacetate (2x50ml). 'H NMR
(300 MHz, CDCls) d 7.42 (d, J 8.7Hz, 2H), 6.99 (d, J 16.2Hz, 1H),
6.89-6.84 (m, 3H), 6.64 (d, 2H, J=2.1Hz), 6.35 (t, TH, J=6.6 Hz),
4.06 (t, J 6.0Hz, 4H), 3.96 (t, J 6.6 Hz, 2H), 2.96-2.82 (m, 4H), 2.05
(q, J 6.4Hz, 4H), 1.82-1.173 (m, 2H), 1.47-1.29 (m, 12H), 0.89 (t, J
6.6 Hz, 3H). '*C NMR (75 MHz, CDCl5): § 160.0, 159.1, 139.9, 129.6,
129.0, 127.8, 126.2, 114.7, 105.1, 100.6, 68.1, 64.6, 48.3, 31.8, 29.38,
29.29, 29.26, 28.82, 26.06, 22.68, 14.1. ESI-HRMS calcd for
C30HasNgNaO; 557.3216, found 529.2898.

(E)-1,3-bis(3-azidopropoxy)-5-(4-(3-azidopropoxy)styryl)benzene
(20). Following the general procedure B and starting from resvera-
trol 1 (300mg, 1.3mmol) and 1-bromo-3-chloropropane (0.78 ml,
7.8 mmol), the reaction yielded compound 20 (480 mg, 78%) as a
yellow oil, after purification with flash chromatography whilst eluting
with a gradient concentration of hexane:ethyl acetate (15:1 to 5:1).
'H NMR (300 MHz, CDCl3); & 743 (d, 2H, J=7.0Hz, Harom), 7.03 (d,
1H, J=162Hz, =CH), 6.90-6.85 (m, 3H, 2 Harom, 1x=CH),
6.64-6.63 (m, 2H, Harom), 6.36 (t, 1H, J=2.1Hz, Harom), 4.07 (t, 6H,
J=6.0Hz, CH,0), 3.52 (t, 6H, J=6.0Hz, CH,N3), 2.1-2.02 (t, 6H,
J=6.0Hz, -CH,-); 3¢ (75 MHz, CDCl5) 158.5, 139.8, 130.1, 128.8, 127.8,
126.5, 114.7, 105.1, 100.6, 64.6, 48.2, 28.8; (HRMS (ES+) calc. for
Cy3HagN30;5 (MT) 478.2315, fo'nd 478.2309.

(E)-3,3"-((5-(4-butoxystyryl)-1,3-phenylene)bis(oxy))bis(propan-1-
amine) (5). Following the general procedure C and starting from
compound 17 (192mg, 0.426mmol) and PPh; (180mg,
1.27 mmol), the reaction yielded compound 5 (142 mg, 83%), as a
yellow oil. Overall yield for 5 from RES (1) was 25%. 'H NMR
(300 MHz, CDCls): 6 7.55-7.49 (m, 4H), 7.18 (d, J 8.07Hz, 2H),
7.02-6.92 (m, 3H), 6.74-6.71 (m, 2H), 6.38 (t, J 2.04Hz, 1H),
4.06-4.02 (t, 4H), 3.99-3.95 (t, 2H), 2.90-2.78 (m, 4H), 2.72-2.69 (m,
4H), 1.83-1.77 (m, 2H), 1.48-1.40 (m, 2H), 0.98 (t, J 7.32Hz, 3H).
13C NMR (75 MHz, CDCl3) 6 160.5, 158.9, 139.8, 131.7, 130.2, 130.1,
129.9, 129.0, 128.9, 128.8, 128.2, 126.6, 115.1, 105.1, 100.7, 67.6,
66.0, 33.1, 313, 19.2, 186, 17.7, 14.2. ESI-HRMS «calcd for
Cy4H35N305 399.2642, fo'nd 399.2643.

(E)-3,3’-((5-(4-(octyloxy)styryl)-1,3-phenylene)bis(oxy))bis(propan-1-
amine) (6). Following the general procedure C, and starting from
compound 18 (120 mg, 0.24 mmol) and PPhs (310 mg, 1.18 mmol),
after purification by Sephadex, fractions containing the amino der-
ivate were concentrated to afford compound 6 (88 mg, 83%) as a
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yellow oil. Overall yield for 6 from RES (1) was 2.9%. 'H NMR
(300 MHz, MeOD and some drops of CDCls) d 7.42 (d, J 8.7Hz,
2H), 7.04 (d, J 16.2Hz, 1H), 6.92-6.85 (m, 3H), 6.66 (s, 2H), 6.38 (s,
1H), 4.06 (t, J 6.0Hz, 4H), 3.95 (t, J 6.6 Hz, 2H), 3.40-3.30 (m, 4H),
1.95 (g, J 6.4Hz, 4H), 1.81-1.70 (m, 2H), 1.50-1.26 (m, 10H), 0.90
(t, J 6.6Hz, 3H). "*C NMR (75MHz, CDCl5) & 160.3, 159.0, 139.9,
131.8, 131.6, 129.8, 128.7, 128.5, 1284, 127.5, 126.0, 114.4, 104.6,
100.3, 67.7, 65.7, 38.4, 31.6, 29.14, 29.1, 25.8, 22.3, 13.1. ESI-HRMS
calcd for CygH43N,05 455.3274, fo'nd 455.3257.

(E)-3,3’-((5-(4-(decyloxy)styryl)-1,3-phenylene)bis(oxy))bis(propan-
1-amine) (7). Following the general procedure C, and starting
from compound 19 (180mg, 0.355mmol) and PPhs (467 mg,
1.77 mmol), after purification by Sephadex, fractions containing
the amino derivate were concentrated to afford compound 7
(147 mg, 91%) as a yellow oil. Overall yield for 7 from RES (1) was
4.3%. '"H NMR (300 MHz, MeOD and some drops of CDCls): & 7.43
(d, J 8.7Hz, 2H), 7.06 (d, J 16.2 Hz, 1H), 6.93-6.86 (m, 3H), 6.67 (d, J
2.1Hz, 2H), 6.38 (t, J 2.4Hz, 1H), 4.06 (t, J 6.0Hz 4H), 3.96 (t, J
6.6 Hz, 2H), 2.95-2.82 (m, 4H), 1.96 (q, J 6.4Hz, 4H), 1.77-1.70 (m,
2H), 1.45-1.26 (m, 14H), 0.91 (t, J 6.6Hz, 3H). ">°C NMR (75 MHz,
CDCl;) 6 160.2, 159.0, 139.8, 129.7, 128.5, 127.5, 126.1, 1144,
104.7, 100.3, 67.7, 65.7, 38.3, 31.7, 31.3, 29.44, 29.42, 29.38, 29.18,
29.14, 29.07, 25.8, 224, 13.3. ESI-HRMS calcd for CsoHayN,Os
483.3587, fo'nd 483.3604.

(E)-3,3’-((5-(4-(3-aminopropoxy)styryl)-1,3-phenylene)bis(oxy))bis(-
propan-1-amine) (8). Following the general procedure C, and
starting from compound 20 (306 mg, 0.64 mmol) and PPh; (1gr,
3.8 mmol), after purification by Sephadex LH 20 firstly and the
product was then purified by RP chromatography eluting with
(MeOH: H,O from 7: 1 to 0: 1). Finally, fractions containing the
amino derivate were concentrated to afford compound 8 (184 mg,
72%) as a brown oil. Overall yield for 8 from RES (1) was 57%. 'H
NMR (300 MHz, CDCls) &y 7.8 (d, 2H, J=7.0Hz, Harom), 7.02 (d,
2H, Harom), 6.92(d, 1H, J=16.2Hz), 6.84 (m, 3H, Harom, CH), 6.36
(s, TH, Harom), 4.04 (t, 6H, J=6.0Hz, CH,0), 2.7 (t, 6H, J=6.0Hz,
CH,NHy), 1.98 (t, 6H, J=6.0Hz, -CH,-); 8¢ (75MHz, CDCl5) 158.8,
1445, 139.7, 129.8, 129.1, 127.4, 114.3, 1,49, 99.8, 72.5, 49.8, 31.0.
ESI-HRMS calcd for Cy3HsgNsOs (M) 402.2757, found 400.2732.

Bacterial strains, culture conditions, and reagents

Gram-negative aerobic bacteria Acinetobacter baumannii LMG 0104,
Klebsiella aerogenes LMG 02094, K. pneumoniae LMG 20218, E. cloa-
cae LMG 02783, Escherichia coli LMG 8224, E. coli NCTC 13846,
Pseudomonas aeruginosa PAO1, and Salmonella enterica LMG 07233
were grown on Mueller-Hinton broth (MHB, BD Difco, Franklin
Lakes, NJ, USA) at 37°C with shacking (250 rpm) while the Gram-
positive bacteria Bacillus cereus ATCC 10987, B. cereus ATCC 14574,
Enterococcus faecalis VV583%3, E. faecalis LMG 8222, E. faecalis LMG
16716, E. faecium LMG 11423, E. faecium LMG 16003, S. aureus LMG
15975, S. aureus LMG 8223, S. aureus LMG 10147 were grown in the
same conditions, but statically. Anaerobic Gram-negative
Bacteroides ovatus 3_8_47FAA, B. fragilis NCTC9343, B. salyersiae
DSM18765, B. xylanisolvens DSM1883, and Parabacteroides merdae
CL03T12C32, as well as the Gram-positive Clostridium botulinum
CECT 551, C. perfringens CECT 376, C. tetani CECT 462 and
Clostridioides difficile CECT 531, were grown in Gifu Anaerobic Broth
(GAM, HiMedia Laboratories, Thane West, Maharashtra, India) and
Reinforced Clostridial Medium (RCM, Sigma-Aldrich, St Louis, MO,
USA) respectively at 37°C in anaerobiosis using a Coy Lab’s Vinyl

Anaerobic Chamber. Agar at 1.5% was added when necessary for
solid medium. LMG strains were obtained from the Belgium
Coordinated Collections of Microorganisms. ATCC strains from the
American Type Culture Collection, CECT from the Spanish Type
Culture Collection, NCTC strains from the National Collection of
Type Cultures (UK), and DSM from the German Collection of
Microorganisms and Cell Cultures. Bacteroides ovatus 3_8_47FAA
and Parabacteroides merdae CLO3T12C32 were obtained from BEI
Resources (https://www.beiresources.org/).

The antibiotic tested in the synergy assay, amikacin, ampicillin,
azithromycin, aztreonam, bacitracin, cefepime, chloramphenicol,
ciproflocinetobacthromycin, fosfomycin, fusidic acid, gentamicin,
kanamycin, meropenem, minocycline, nalidixic acid, novobiocin,
oxacillin, pentamidine, polymyxin B, rifampicin, streptomycin,
tetracycline, trimethoprim, and vancomycin were purchased from
Sigma-Aldrich (St Louis, MO, USA) and prepared at a store concen-
tration of 3.2 mM according to suppliers.

Determination of the minimal inhibitory concentration test
(MIC) and synergistic testing

The different amino RES derivatives were prepared at 10 mm as a stock
solution in DMSO. MIC determinations for the newly designed RES
derivatives (from 128 to 1 M) and antibiotics (from 32 to 0.031 uM)
were performed in MHB by the broth microdilution method according
to the Clinical and Laboratory Standards Institute (CLSI) guideline for
aerobic bacteria®®. In the case of anaerobic bacteria, a similar protocol
was performed but using GAM and RCM as culture mediums.
Polymyxin B and daptomycin were used as positive controls for Gram-
negative and Gram-positive bacteria respectively. For daptomycin MIC
tests, the culture mediums were supplemented with 50 ug/mL of CaCl,
to get the antimicrobial activity'".

For the synergistic test, a broad test was initially performed >3.
Briefly, after the first MIC test for the antibiotics and considering
these data, a new MIC test was carried out in the presence of a sub-
MIC concentration (0.25x MIC) of amino RES 5 to ensure positive
results in the case of synergism. The Gram-negative bacteria A. bau-
mannii LMG 0104, K. aerogenes LMG 02094, K. pneumoniae LMG
20218, E. cloacae LMG 02783, E. coli LMG 8224, P. aeruginosa PAO1,
S. enterica LMG 07233 and the Gram-positive E. faecalis V583, E. fae-
cium LMG 16003 and S. aureus LMG 8223. Those antibiotics that
showed a lower MIC in the presence of amino RES 5 were selected
for a checkerboard test, determining the MIC for these antibiotics at
different sub-MIC of amino RES 5 (8, 4, 2, 1, 0.5uM) and the
Fractional Inhibitory Concentration Index (FICI) was calculated and
interpreted according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) >*°°. The test was performed in trip-
licate and the results were analysed using GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA, USA).

Activity of the amino RES in the bacterial membranes

The integrity of the membranes (outer or/and inner) was performed
as previously reported®’. Outer membrane permeabilization by the
amino RES was analysed using the fluorescent probe 1-N-phenyl-
naphthylamine (NPN, Sigma-Aldrich). For that, E. coli LMG 8224 was
cultured overnight in MHB, diluted 1: 100 into fresh MHB, and cul-
tured at 37°C with shacking (250 rpm) to the late log phase (ODggo
= 1). The cells were washed 3 times with 5mM HEPES buffer con-
taining 5mM glucose (GHEPES) and the bacterial suspension standar-
dised to an ODgy = 0.5 in the same buffer. NPN was added at a
final concentration of 30 uM and the amino RES at 16, 32, 64, and
128 uM, and the cells were incubated for 1 h at room temperature in
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dark. The fluorescence was measured at excitation/emission of 350/
420nm with a luminometer (Varioskan Flash; Thermo Scientific).
Polymyxin B at 4 um treatment was used as a positive control. The
effect of LPS (0-256 uM, the major component of the outer mem-
brane), Mg®>™ and Ca*" (0-32mM, divalent cations are involved in
an increase of the stability of the outer membrane and they are
essential for its integrity) on the activity of amino RES 5 was tested.
For that, a MIC test was performed in the presence of different con-
centrations of these compounds***'.

In the case of inner membrane permeabilization once the cells of E.
coli LMG 8224 and S. aureus LMG 8223 were prepared as before, and
after that, they were washed three times in PBS and adjusted to an
ODggo =0.5. Next, propidium iodide (Sigma-Aldrich) at 1 uM was added
in the presence of 16, 32, 64, and 128 uM of amino RES. The cells were
incubated for 1h in dark and the fluorescence was monitored at an
excitation/emission wavelength of 535/615nm with a luminometer
(Varioskan Flash; Thermo Scientific). polymyxin B and gramicidin S at
4 uM were used as positive controls for Gram-negative and Gram-posi-
tive bacteria respectively. All the tests were performed in triplicate.

For the membrane potential assay, bacteria were cultured at 37°C in
CA-MHB medium to an ODggy of 1. After that, the cells were washed
three times with 5mM GHEPES buffer and bacterial suspensions to an
ODgoo = 0.5 were prepared. 3,3-Dipropylthiadicarbocyanine iodide
DiSCz(5) was added to the cells at a final concentration of 2 pM. Amino
RES 5 was added into the bacterial suspension at 4, 8, 16, and 32 uM
using RES at 32 uM and polymyxin B and gramicidin S at 4 uM as con-
trols. The fluorescence was monitored at excitation/emission of 622/
670 nm every 5min for 1 h with a luminometer (Varioskan Flash; Thermo
Scientific). SDS (1%). All the tests were performed in triplicate.

Finally, for the determination of the bactericidal or bacteriostatic
mode of action a regular MIC test from 128 to 1puM using amino
RES 5 was performed with E. coli LMG 8224 and B. cereus ATCC
10987, and after that, the remaining cells were used for reinoculated
at 10% new fresh MHB medium. the cells were incubated for 24 h at
37°C. The absence of growth after this time at the MIC concentra-
tion or close was indicative of a bactericidal effect °°.

Haemolytic activity and cytotoxicity

For the haemolytic test, human blood of healthy individuals was
obtained from Sanquin (certified Dutch organisation responsible for
meeting the need in healthcare for blood and blood products,
https://www.sanquin.nl/) and the erythrocytes were prepared as
described *°%¢, 5ml of red cells were centrifugated at 1000 x g for
5min at room temperature. The supernatant was discarded and the
pellets were rinsed three times in saline solution (0.9% NaCl). Finally,
the cells were resuspended in 5 mL of saline solution. Erythrocytes
were diluted 10 fold and to this suspension were added different
concentrations (1, 2, 4, 8, 16, 32, 64, and 128 uM) of the amino RES
samples. Mixtures were maintained at 37°C for 1h with slow stir-
ring. Next, the mixtures were centrifuged in the same conditions,
and the haemoglobin release was quantitated by measuring optical
density at 540 nm. Positive control (100% haemolysis) was obtained
by adding 2% of triton X-100. The percentage of haemolysis (% H)
was calculated as follows: % H = 100 x (A — AQ)/Atot, with A being
the absorbance of the sample with added AS-48; AQ, the absorbance
of the negative control (0.9% NaCl); and Atot, the absorbance of the
positive control. 10% and 50% haemolysis parameters (HC;, and
HCso) were extrapolated from the haemolysis data using GraphPad
Prism 7. All the experiments were performed in triplicate.

The colon cell line HTC-166 was used in the cytotoxicity assay.
Cells were cultivated in Dulbecco’s Modified Eagle Medium high
glucose (DMEM) supplemented with 10% heat-inactivated foetal

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 279

bovine serum, 1mM sodium pyruvate, 1x MEM non-essential
amino acids, 2mM glutamine, 100 u/mL penicillin and 100 mg/mL
streptomycin and maintained at 37°C, 5% of CO, and 100% of
humidity in 75cm? cell culture flasks. For the cytotoxicity test, the
cells were harvested by trypsinization (0.25%) and seeded in 96
well plates (10.000 cells/well), and incubated as before for 24 h for
the cell adhesion to the plate. After this time the supernatant was
removed and a new medium was added. Amino RES were also
added at concentrations ranging from 1 to 128 uM and the cells
were incubated for 72h. After this time, cytotoxicity was deter-
mined using the colourimetric MTT-based assay . The concentra-
tion of compounds that reduced the cell growth by 50% with
respect to the negative control (ECso) was calculated using
GraphPad Prism 7 program.
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