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ARTICLE INFO ABSTRACT
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Mimics of antimicrobial peptides (AMPs) have been proposed as a promising class of antimicrobial agents. We
report the analysis of five tetrasubstituted, cationic, amphipathic heterocycles as potential AMP mimics. The
analysis showed that the heterocyclic scaffold had a strong influence on the haemolytic activity of the com-

;nggg_i)meﬁcs pounds, and the hydantoin scaffold was identified as a promising template for drug lead development. Subse-
Hy[::lantoin quently, a total of 20 hydantoin derivatives were studied for their antimicrobial potency and haemolytic activity.
Membranolytic We found 19 of these derivatives to have very low haemolytic toxicity and identified three lead structures, 2dA,

6¢G, and 6dG with very promising broad-spectrum antimicrobial activity. Lead structure 6dG displayed mini-
mum inhibitory concentration (MIC) values as low as 1 pg/mL against Gram-positive bacteria and 4-16 pg/mL
against Gram-negative bacteria. Initial mode of action (MoA) studies performed on the amine derivative 6¢G,
utilizing a luciferase-based biosensor assay, suggested a strong membrane disrupting effect on the outer and
inner membrane of Escherichia coli. Our findings show that the physical properties and structural arrangement

induced by the heterocyclic scaffolds are important factors in the design of AMP mimics.

1. Introduction

Antimicrobial resistance is now considered to have a similar impact
on humans as global climate change [1]. Despite that, only around
30-40 new antimicrobial agents are currently in clinical trials and they
are mainly derivatives of already marketed compound classes [2]. To
combat the rising resistance, new and underdeveloped classes of com-
pounds have to be utilized.

One promising group of antibiotic agents are the naturally occurring
cationic antimicrobial peptides (AMPs), found in practically all higher
forms of life [3]. Their amphipathic nature allows them to associate with
the negatively charged bacterial outer membrane simultaneously as the
lipophilic residues can insert and disrupt the membrane [3]. It is
believed that due to the lack of a specific target, AMPs are less likely to
induce antibiotic resistance development [4]. However, proteolytic
instability [5], sometimes tedious synthetic procedures [6] and moder-
ate activity [4] are among the drawbacks AMPs have been facing, thus
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retarding their development. To address these issues a range of synthetic
AMP analogues have been reported including peptoids [7,8], oligoureas
[9]1, y-AApeptides [10,11] and other small synthetic mimics of antimi-
crobial peptides (SMAMPs) [6,12,13].

In recent years, we have focussed on the development of synthetic
analogues of AMPs that fulfil and operate at the limit of the pharma-
cophore model for AMPs. That is, the presence of two cationic groups
and two lipophilic groups of sufficient bulk to exert broad-spectrum
activity [14]. Among these were p-amino amides [15,16], cyclic tetra-
peptides [16], barbiturates [17] and others [18,19]. The barbituric acid
framework 1 has proven to be a valuable scaffold for the preparation of
highly active antimicrobials [17,20], and we were curious if our previ-
ous results would translate to other scaffold structures.

In this work we initially investigated five heterocyclic scaffolds 2-5
and 15 (Fig. 1), that would allow for the same substitution pattern of two
lipophilic side chains and two cationic chains as demonstrated for bar-
bituric acid 1 [17,20]. To achieve segregation of the cationic and
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Fig. 1. Previously utilized barbituric acid 1 and core structures 2-5 and 15
used in this study. Ar = lipophilic side chain, R! = n-alkyl linker with a cationic
head group. Red: lipophilic part, blue: cationic part.

lipophilic part we intended to attach the lipophilic side chains (Ar) at the
bottom side of the heterocycles, bound to carbon atoms (Fig. 1). The
n-alkyl linkers bearing the cationic head group (R!) were incorporated
onto the top side, bound to the nitrogen atoms (Fig. 1).

We then constructed a small library based on the most promising
scaffold, the hydantoin 2, and evaluated the effect of different lipophilic
and cationic side chains. For the most potent analogues, their mem-
branolytic behaviour was studied.

2. Results and discussion
2.1. Design of the study

We planned three sets of compounds. In the first set all core struc-
tures (2-5 and 15) shown in Fig. 1 were synthesized with a combination
of substituents (Fig. 2, left) that we had evaluated in previous studies of
amphipathic, antimicrobial barbituric acid derivatives [17,20].

Lipophilic 3,5-dibromobenzyl (3,5-di-Br) side chains were found
earlier to be beneficial for the antimicrobial potency [16,17]. Aliphatic
n-propyl linkers exhibited a good balance between antimicrobial po-
tency and haemolytic activity [20] and amine groups were most
accessible. It should be noted that we did not aim for the 2-(hydrox-
y)-1H-imidazole 15A in the initial plan, but 15A was obtained as a side
product during synthesis. The second set was comprised of tetrasub-
stituted hydantoins 2 (Fig. 2, right) with different lipophilic side chains,
n-propyl linkers, and amines and guanidines as cationic head groups.
The lipophilic side chains and cationic groups were chosen based on
their performance in previous studies [16,17,20,21]. For the third set we
used promising lipophilic side chains from the second set and incorpo-
rated n-butyl linkers to deliver hydantoins 6 (Fig. 2, right). The n-butyl
linkers have previously demonstrated to result in more potent de-
rivatives [17,20].

Imidazolidine-2,4-dione 2, commonly known as hydantoin, is a
privileged scaffold in medicinal chemistry, found in drugs against
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Fig. 2. Illustration of the three sets of compounds investigated. Brackets imply
variations between cationic amine and guanidine groups.

various conditions [22-27]. However, it is only rarely seen in antimi-
crobial agents [6,28-30]. Of particular interest to this work, is a study by
Cai and co-workers who demonstrated that suitably substituted hydan-
toins can effectively target bacterial membranes [6]. In the related
4-imidazolidin-2-one 3, the lipophilic side chains were attached to two
vicinal sp? hybridized carbons, providing more spatial separation and
altered dihedral angle between the side chains. Additionally, removal of
the amidic oxygen from hydantoin 2 led to a slight change in polarity.
The changes in structure and physical properties may affect the com-
pounds’ ability to interact with the bacterial membrane. Lastly, we
wanted to investigate the effect of sulphur on the biological activity.
Thioamides are often utilized in peptide synthesis [31] and are known to
hamper enzymatic degradation of peptides [32]. Sulphur is also found in
a variety of different drugs [33,34], including some antimicrobial
thio-peptides [35,36] and f-lactam antibiotics such as penicillins and
cephalosporines [37]. In most of these structures the sulphur atom is
part of a heterocyclic ring or a (di)sulfide, but not a thioamide or a
related motif. Therefore, we were interested in joining those two areas
by replacing some oxygens for sulphur atoms in the hydantoin and
barbituric acid [17] core structures. The resulting structures were 2,
4-dithiohydantoin 4 and 2-thiobarbituric acid 5.

2.2. Synthesis

2.2.1. Hydantoins 2 and 6

The hydantoin structure can be accessed from a range of different
reactions [38-41], including the Read [42], Bucherer-Bergs [43] and
Biltz [44] syntheses. To achieve higher substitution patterns and to
facile the access of compound libraries, modern strategies have been
developed such as multicomponent reactions [45,46].

Based on the required substitution pattern and the nature of sub-
stituents, we decided to utilize the Bucherer-Bergs reaction as the key
step in our synthetic strategy towards hydantoins 2A and 6A (Scheme 1).
To that end, we prepared symmetric ketones 6 from p-toluenesulfo-
nylmethyl isocyanate (TosMIC) 7 [47]. TosMIC was a,a-dialkylated
using phase-transfer catalysis (PTC) in DCM and an aqueous NaOH so-
lution with the benzyl bromide of choice. The crude products were
hydrolysed by treatment with concentrated HCI [47] to give symmetric
ketones 8(a—f) in 53-69% yield over two steps (02s). The
Bucherer-Bergs reaction is commonly performed in a mixture of
EtOH/H,0 [43], with precipitation of the resulting hydantoins as the
main driving force. Unfortunately, only the unsubstituted
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Scheme 1. Synthetic strategy towards target hydantoins 2 and 6. Reaction conditions: i) ArCH2Br, TBAB or TBAI, DCM, NaOH,q) (20-35 wt%), r.t.; ii) HCl(cone),
DCM/THEF, r.t., 53-69% 02s; iii) KCN, NH4CO3, KOAc, DMSO or KCN, NH4CO3, EtOH/H20, 60-75 °C, 45-85%); iv) N-Boc-3-bromopropylamine or N-Boc-4-bro-
mobutylamine, Cs;CO3, TBAIL, acetone, 65 °C then v) TFA, DCM, r.t., 45-85% 02s; vi) N,N'-Di-Boc-1H-pyrazole-1-carboxamidine, DIPEA, THF, 45 °C then vii) TFA,

DCM, r.t., 33-91% 02s.

diphenylpropan-2-one (Ar = Ph) could be prepared following this pro-
tocol. The other derivatives proved to be insoluble and the solvent
needed to be changed to DMSO. Interestingly, an additional base, po-
tassium acetate, was needed to obtain the hydantoins 9(a-f) in moderate
to high yields of 45-85%. For N,N’-dialkylation, the hydantoins 9(a—f)
were treated with N-Boc-3-bromopropylamine or N-Boc-4-bromobutyl-
amine, caesium carbonate (CsyCOs) and tetrabutylammonium iodide
(TBAI) in acetone at elevated temperature.

Subsequent TFA/DCM induced Boc removal delivered the target
hydantoins 2A and 6A in 45-85% over two steps. Conversion of the
amine-modified hydantoins 2A and 6A to their guanidyl counterparts
was achieved with N,N'-di-Boc-1H-pyrazole-1-carboxamidine and N,N-
diisopropylethylamine (DIPEA) in THF. Ensuing Boc removal with TFA/
DCM delivered guanidyl hydantoins 2G and 6G in 33-91% yield 02s.

2.2.2. 4-Imidazolidin-2-one 3A and 2-(hydroxy)-1H-imidazole 15A

We first set out to obtain the 4-imidazolidin-2-one derivative 3A by a
two-step process from the Boc protected hydantoin 2dA (Ar = 3,5-di-
BrPh) (see Supporting Information, Scheme S1 and Table S1). Even
though the transformation was feasible, 3A could not be purified satis-
fyingly. Therefore, we changed the synthetic strategy as shown in
Scheme 2. Starting from 3,5-dibromobenzaldehyde 10, we employed a
Wittig reaction with PhgPCH2(OMe)Cl to generate the corresponding
vinyl ether in 91% yield as a 1.5:1.0 mixture of the E- and Z-isomer as by
'H NMR. Treatment of the vinyl ether with hydrochloric acid in THF and
formic acid or TFA in DCM resulted in complex mixtures. Using in-situ
generated HCl by combining oxalyl chloride, EtOH and H2O [48] led to
quick and full conversion to the desired aldehyde, but the results were
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not always reproducible. The most reliable results were finally achieved
by using trimethylsilyl chloride (TMS-Cl) and sodium iodide in dry
MeCN with high dilution [49]. The homologated aldehyde 11 was ob-
tained in 60% yield. Aldehyde 11 was subsequently converted in a
benzoin-type condensation to the a-hydroxy ketone 12 by treatment
with Et3N and catalytic amounts of 3-benzyl-5-(2-hydroxyethyl)-4-me-
thylthiazolium chloride in dry PEG-400 [50]. We used PEG-400
instead of the more commonly employed EtOH [50], due to the low
solubility of aldehyde 11. Based on literature [51], we condensed the
a-hydroxy ketone 12 with urea in the presence of glacial acetic acid in
anhydrous PEG-400. We obtained 4-imidazolin-2-one 14 in 39% yield as
the major product and found unexpectedly 4-oxazolin-2-one 13 in 18%
yield. In previous reports, the side product was only observed when the
benzoin reagent had electron donating substituents (4,4’-dimethox-
ybenzoin) or heterocyclic nitrogen (2,2'-pyridoin) [51]. The authors
were reasoning that the electron donating para-methoxy substituents
would render the hydroxyl group of the intermediate more nucleophilic
as does the basic pyridinyl nitrogen by intramolecular hydrogen
bonding. One possible explanation could be the bromine atom acting as
a Lewis base, forming a hydrogen bond to the hydroxyl hydrogen. This
interaction would be comparable to the basic pyridinyl hydrogen and
would facilitate an intramolecular attack of the urea oxygen, leading to
compound 13.

We then alkylated 4-oxazolin-2-one 13 and 4-imidazolidin-2-one 14,
respectively, with N-boc-3-bromopropylamine using (n-hexadecyDtri-n-
butylphosphonium bromide as phase transfer catalyst and potassium
carbonate as a base in a biphasic mixture of water and toluene under
p-wave irradiation. Subsequently, the di-alkylated products were

13 20
ALY
o ® JOL ﬁH i NH,
H3N 3
JLNH i L N . NN
— i - — NH;
Ar ArhAr ArhAr
14 3A 15A

Scheme 2. Synthetic strategy towards tetrasubstituted 4-imidazolidin-2-one 3A and its constitutional isomer 15A. Ar = 3,5-dibromophenyl. Reaction conditions: i)
Ph3PCH»(OMe)Cl, NaHMDS, THF (dry), —78 °C to r.t., 91%; E/Z = 1.5/1.0; ii) TMSCI, Nal, MeCN (dry), r.t., 60%; iii) 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazo-
lium chloride, Et3N, PEG-400 (dry), 80 °C, 39%; iv) urea, AcOH, PEG-400 (dry), 130 °C, 18% for 13 and 39% for 14; v) N-Boc-3-bromopropylamine, K>COs3, (n-
hexadecyD)tri-n-butylphosphonium bromide, toluene:water, p-wave, 130-150 °C then vi) TFA, DCM, r.t., 17-19% 02s.
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deprotected with TFA/DCM. Synthesis of the derivative from 4-oxazo-
lin-2-one 13 delivered a di-alkylated compound with an unresolved
structure and was not further investigated.

Compound 14 delivered the desired N,N'-dialkylated 4-imidazolin-2-
one 3A in low yields (19% 02s). Surprisingly, N,O-dialkylated 2-(hy-
droxy)-1H-imidazole 15A (17% 02s) was obtained from the same reac-
tion mixture. The mono alkylated derivatives of structures 3A and 15A
were obtained as well, partially explaining the low yields.

2.2.3. 2,4-Dithiohydantoin 4A

By employing in situ generated NH4CN and CS; [52] we intended to
obtain 2,4-thiohydantoin 4A from ketone 8d (Ar = 3,5-di-BrPh), but no
conversion was observed. Instead hydantoin 9d (3,5-di-Br) was treated
with the Lawesson’s reagent at elevated temperature [53] to deliver 2,
4-thiohydantoin 16 (3,5-di-Br) in 82% yield (Scheme 3). N,
N'-Dialkylation of 16 with N-Boc-3-bromopropylamine afforded 2,
4-dithiohydantoin 4A in 56% yield.

2.2.4. 2-Thiobarbituric acid 5A

In a first approach we tried to thiolate 5,5-bis(3,5-dibromobenzyl)
barbituric acid with the Lawesson’s reagent under the same conditions
as used to obtained 2,4-dithiohydantoins (vide supra). Unfortunately, we
obtained an inseparable mixture of the mono-, di- and tri-thiolated
barbituric acid. Therefore, we decided to adapt our previously re-
ported procedure [17] by replacing urea with thiourea. Treatment of
di-benzylated diethyl malonate 17 and thiourea with NaH in a mixture
of anhydrous THF and DMF gave the 5,5-dibenzylated-2-thiobarbituric
acid 18 in low yields (Scheme 4). N-alkylation with N-Boc-3--
bromopropylamine, Cs;CO3 and TBAI in acetone at elevated tempera-
ture, followed by TFA/DCM mediated Boc removal delivered the
tetrasubstituted barbiturates 5A and 1A in very low yields (9%). Partial
desulfurization had taken place, resulting in two mixtures of tetrasub-
stituted 2-thiobarbituric acid 5A (X = S) and barbituric acid 1A (X = O).
Mixture 1 constituted a ratio of 2.4:1.0 (5A:1A) and mixture 2 consti-
tuted a ratio of 1.0:1.7 (5A:1A). The mixtures were inseparable but
stable in solid state and were tested as such. Only when the mixtures
were in solution, we could see slow desulfurization take place, poten-
tially by low amounts of peroxide formation from atmospheric oxygen
under light exposure [54,55].

2.3. SAR analysis

All compounds were screened for their antimicrobial activity against
antibiotic susceptible Gram-positive and Gram-negative bacterial
reference strains. Antimicrobial potency of each compound was
expressed by their minimum inhibitory concentration (MIC) values.
Haemolytic activity against human red blood cells (RBC), expressed by
the ECsp value, was used as a measurement of cytotoxicity. The ideal
compound should display high bacterial activity (low MIC values) and
low or no toxicity towards human cells (high ECso values) i.e. acting

®
NH3
O S S
HN//< i) HN//< i) N//<
NH N ® N
HsN
o s 3 s
Ar Ar Ar
Ar Ar Ar
9d 16 4A

Ar = 3,5-dibromophenyl

Scheme 3. Synthetic strategy towards 2,4-dithiohydantoin 4A. Ar = 3,5-
dibromophenyl. Reaction conditions: i) Lawesson’s reagent, 1,4-dioxane,
115 °C, 82%; ii) N-Boc-3-bromopropylamine, CsyCO3, TBAI, acetone, 55 °C
then iii) TFA, DCM, r.t., 56%.
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Scheme 4. Synthetic strategy towards 2-thiobarbituric acid 5A. Mixtures of 2-
thiobarbituric acid 5A (X = S) and barbituric acid 1A (X = O) were obtained.
Ar = 3,5-dibromophenyl. Reaction conditions: i) Thiourea, NaH, anhydrous
THF:DMF, 65 °C, 24%j; ii) tert-butyl (3-bromopropyl)carbamate, CsoCO3, TBAI,
acetone, 70 °C, then iii) TFA, DCM, r.t., 9% 02s.

selectively against bacteria. As a reference compound we used the
already reported barbiturate 1A [20] (Table 1, entry 7). The commer-
cially available antibiotic ciprofloxacin served as a positive control
(entry 8). Capital A in the compound codes denotes cationic amine de-
rivatives and capital G denotes cationic guanidine derivatives. For Series
2 and 3 the substituents on the phenyl groups are given in brackets for
each compound to aid the discussion. The hydrophilicity of each core
structure, bearing four substituents, was calculated using the Chem-
BioDraw Ultra software (PerkinElmer, v19.0.0.1.28).

2.3.1. Exploring new scaffolds

We started our investigation by comparing the different scaffolds
2dA, 3A, 4A, 5A and 15A to identify the most promising candidate in
terms of antimicrobial and haemolytic activity (Table 1). All scaffolds
were decorated with the same lipophilic (Ar = 3,5-dibromophenyl) and
cationic group ®R! = 3-aminoprop-1-yl). The five membered hydantoin
2dA (entry 1) was marginally less potent (MIC: 4-16 pg/mL) than the

Table 1

Antimicrobial activity (MIC in pg/mL) against bacterial reference strains and
haemolytic activity against human RBC (ECs in pg/mL) for compounds with
different scaffold structures.

- N7 N NN N7 N
Oﬁ Ar ( — w X:S s Ar
Ar Ar Ar Ar Ar Ar
2dA 3A 15A 4A
s o 2 s
R1\N)LN’R1 RW‘NJLN’R1 ¢
Ar= —g
Br
Ar Ar Ar Ar ®
5A 1 Rz RO
Entry Comp. ID CLogP? Antimicrobial activity ECso
S.a B.s E.c P.a
1 2dA -1.69 8 4 16 8 344
2 3A —0.47 2 1 4 8 52
3 15A 0.26 2 2 4 4 44
4 4A —1.22 8 8 16 32 385
5 Mixture 1° n.d. 8 4 8 16 305
6 Mixture 2° n.d. 8 4 8 8 182
7 [20] 1A —1.44 4 4 8 8 99
8 Ciprofloxacin 0.06 <0.03 <0.03 0.25

Bacterial reference strains: S. a — Staphylococcus aureus ATCC 9144, B. s — Bacillus
subtilis 168, E. ¢ — Escherichia coli ATCC 25922, and P. a — Pseudomonas aeruginosa
ATCC 27853.

@ ClogP values were calculated for the respective tetrasubstituted core struc-
tures (calculated with ChemBioDraw Ultra). n.d.: not determined.

P Mixture of 2.4:1.0 (5A:1A).

¢ Mixture of 1.0:1.7 (5A:1A).
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barbituric acid 1A (entry 7), although it was estimated to be slightly
more hydrophilic. Interestingly, hydantoin 2dA was almost 3.5 times
less haemolytic (ECso: 344 pg/mL) than 1A (ECsq: 99 pg/mL). The 4-imi-
dazolidin-2-one core 3A (entry 2) was one order of magnitude more
lipophilic than the hydantoin core. 3A demonstrated a 4-fold increase in
antimicrobial potency (MIC: 1-4 pg/mL) against all strains except for
the Gram-negative bacterium Pseudomonas aeruginosa, but also a 7-8-
fold increase in haemolytic activity (ECso: 52 pg/mL). The constitu-
tional isomer 4-oxazolin-2-one 15A (entry 3) gave a similar result (MIC:
2-4 pg/mL, ECso: 44 pg/mL). Despite being very potent, the systemic
application of these compounds is limited by their high haemolytic
activity.

It did not become clear why these core structures were so distinc-
tively more haemolytic than hydantoin 2dA. The 2,4-dithiohydantion
4A (entry 4) displayed a 4-fold decrease in activity against
P. aeruginosa (MIC: 32 pg/mL) compared to its dioxo counterpart 2dA.
The dithio-derivative 4A was only marginally less haemolytic (ECso:
385 pg/mL) than 2dA (ECso: 344 pg/mL).

Mixture 1 (entry 5), being enriched with 2-thiobarbituric acid 5A
(ClogP = —0.52), exhibited reduced potency against the Gram-negative
P. aeruginosa (MIC: 16 pg/mL) and the haemolytic activity (ECso: 305
pg/mL) was decreased by a factor of three compared to 1A (ECso = 99
pg/mL). By reduction of the amount of 5A in mixture 2 (entry 6), anti-
microbial activity (MIC: 4-8 pg/mL) and more pronouncedly the hae-
molytic activity (ECso: 182 pg/mL) approached the values found for 1A
(entry 7). In conclusion, the sulphur containing derivatives were less
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haemolytic and less potent against the Gram-negative P. aeruginosa. No
major change in activity was observed against the other bacterial test
strains. Combined with the synthetic challenges and the chemical
instability, thionylated derivatives were not worthwhile to investigate
further. Clearly the hydantoin scaffold was the most promising core
structure for further development.

2.3.2. Hydantoins with n-propyl linkers (2)

A series of hydantoins 2 (Table 2) with n-propyl linkers connecting
the cationic amino (A) or guanidino (G) groups to the core were con-
structed to screen additional lipophilic side chains (a-c and e-f) for their
impact on the compounds’ potency and haemolytic toxicity. We have
chosen (pseudo)halogenated benzyl groups as lipophilic side chains
based on their potential influence on the antimicrobial potency and
haemolytic activity described in previous studies [16,17,20]. The trends
observed in this study were similar to previous studies and will not be
repeated in detail here. The compounds are ranged according to
increasing lipophilicity.

Generally, the compounds in amine series 2(a-f)A (Table 2, entry
1-6) exhibited improved antibacterial potency and increased haemo-
lytic activity with higher CLogP values of the lipophilic side chains,
except for hydantoin 2 fA (3,5-di-CF3). Derivatives 2aA (Ph) and 2bA (4-
CF3) were practically inactive against all strains (MIC: 16—>256 pg/mL).
Amine hydantoin 2cA (4-Br, 3-Cl) was only active against the Gram-
positive strains, Bacillus subtilis and Staphylococcus aureus (MIC: 4-8
pg/mL), whereas the amine hydantoins 2(d-f)A (entries 4-6) were

Table 2
Antimicrobial activity (MIC in pg/mL) against bacterial reference strains and haemolytic activity against human RBC (ECs( in pg/mL) for tetrasubstituted hydantoins 2
and 6.
o] o] @
®
@/Y\NKN’V\G i /Y\N)kN/Y\ JZHQ
HaN }—t\ s AN~ N }—t NNk
J ‘Ar ‘ g Ar
Ar Ar
2AY = n-propyl 2G Y = n-propyl
6A Y = n-butyl 6G Y = n-butyl
I I I I I I
e o, o QO
cl Br Br F3C CF3
CF3 Br Br
a (Ph) b (4-CF3) ¢ (4-Br, 3-Cl) d (3,5-di-Br) e (4-Br-1-Nal) f(3,5-di-CF3)
Entry Comp. ID Ar Y CLogP* Antimicrobial activity ECso”
S.a B.s E.c P.a
1 2aA (Ph) n-propyl 2.64 >256 256 >256 >256 >311
2 2bA (4-CF3) n-propyl 3.52 64 16 256 >256 >379
3 2cA (4-Br, 3-Cl) n-propyl 4.08 8 4 32 32 368
4 2dA (3,5-di-Br) n-propyl 4.38 8 4 16 8 344
5 2eA (4-Br-1-Nal) n-propyl 4.68 4 4 8 8 69
6 2fA (3,5-di-CF3) n-propyl 5.03 16 8 16 16 399
7 2aG (Ph) n-propyl 2.64 64 128 >256 >256 >353
8 2bG (4-CF3) n-propyl 3.52 16 8 128 >256 >421
9 2¢G (4-Br, 3-CD) n-propyl 4.08 2 2 32 64 >467
10 2dG (3,5-di-Br) n-propyl 4.38 2 4 16 32 486
11 2eG (4-Br-1-Nal) n-propyl 4.68 2 2 8 32 206
12 2fG (3,5-di-CF3) n-propyl 5.03 4 2 32 32 >489
13 6bA (4-CF3) n-butyl 3.52 64 16 >128 >128 >393
14 6CA (4-Br, 3-Cl) n-butyl 4.08 8 4 64 64 >439
15 6dA (3,5-di-Br) n-butyl 4.38 8 2 32 32 364
16 6fA (3,5-di-CF3) n-butyl 5.03 16 4 64 64 >461
17 6bG (4-CF3) n-butyl 3.52 4 4 64 >128 >503
18 6cG (4-Br, 3-Cl) n-butyl 4.08 1 1 8 32 347
19 6dG (3,5-di-Br) n-butyl 4.38 1 1 4 16 206
20 6fG (3,5-di-CF3) n-butyl 5.03 2 2 8 32 384
21 Ciprofloxacin 0.06 <0.03 <0.03 0.25

Bacterial reference strains: S. a — Staphylococcus aureus ATCC 9144, B. s — Bacillus subtilis 168, E. ¢ — Escherichia coli ATCC 25922, and P. a — Pseudomonas aeruginosa

ATCC 27853.

@ ClogP values were calculated for substituted benzyl groups (calculated with ChemBioDraw Ultra).
b Values given as greater than correspond to the highest concentration (500 M) tested in the RBC assay.
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potent against all strains tested (MIC: 4-16 pg/mL). The most potent
amine derivative was 2eA (4-Br-1-Nal), showing good broad-spectrum
potency (MIC: 4-8 pg/mL). Interestingly, it was at least 5-times more
haemolytic (ECso: 69 pg/mL) than any of the other amine derivatives
(2A). Hydantoin 2fA (3,5-di-CF3) was more lipophilic than 2eA (4-Br-1-
Nal) but less potent (MIC: 8-16 pg/mL) than the latter by a factor of two
to four. The electron withdrawing trifluoromethyl groups may lead to a
slight polarisation of the aromatic ring, thus reducing its ability to
interact with the lipid membrane. The most promising amine derivative
was 2dA (3,5-di-Br), having broad-spectrum activity (MIC: 4-16 pg/mL)
and negligible haemolytic activity (ECso: 344 pg/mL). Surprisingly, it
demonstrated slightly higher activity against P. aeruginosa than Escher-
ichia coli

The guanidyl series 2(a-f)G (Table 2, entry 7-12) exhibited the same
general trend for antimicrobial potency and haemolytic activity as in the
amine series, except for derivative 2fG (3,5-di-CF3). The guanidyl de-
rivatives were generally more potent against the Gram-positive strains
than their amine counterparts by a factor of two to four. Guanidyl
hydantoins 2(b-f)G (entries 8-12) exhibited good to very good potency
(MIC: 2-16 pg/mlL) against the Gram-positive strains. The potency
against the Gram-negative E. coli was virtually unchanged compared to
their amine correlates. However, the activity against the Gram-negative
P. aeruginosa decreased two-fold for 2¢G (4-Br, 3-Cl) and 2fG (3,5-di-
CF3), and four-fold for 2dG (3,5-di-Br) and 2eG (4-Br-1-Nal), corre-
spondingly. All guanidyl derivatives were pronouncedly less haemolytic
than their amine equivalents. The most promising guanidine derivative
was 2eG (4-Br-1-Nal), which demonstrated good potency against all
bacterial strains (MIC: 2-8 pg/mL) except for P. aeruginosa and had low
haemolytic toxicity (ECsg: 206 pg/mL). The combination of n-propyl
linkers and guanidyl head groups having improved potency against
Gram-positive strains and reduced potency against the Gram-negative
P. aeruginosa, as well as reduced haemolytic activity, has also been
observed for amphipathic barbiturates [20].

In summary, guanidyl derivatives 2(c-f)G showed good potency
against both Gram-positive test strains (MIC: 2-4 pg/mL), but none of
the guanidyl derivatives 2G were potent against P. aeruginosa. Amines
2dA (3,5-di-Br) and 2eA (4-Br-1-Nal) were the most potent derivatives
of hydantoins 2, with 2dA (3,5-di-Br) being non haemolytic.

2.3.3. Hydantoins with n-butyl linkers (6)

In our previous study on tetrasubstituted barbiturates, a combination
of guanidyl head groups and n-butyl linkers achieved the highest broad-
spectrum activity. Due to the structural similarity, we reasoned that n-
butyl linkers would boost the hydantoins’ potency. We chose the most
promising side chains b (4-CF3), ¢ (4-Br, 3-Cl), d (3,5-di-Br) and f (3,5-
di-CF3) from hydantoin derivatives 2.

Amine hydantoins 6A displayed the same potency against the Gram-
positive strains as derivatives 2A but had reduced activity against the
Gram-negative strains by a factor of two to four (Table 2). None of the
derivatives were haemolytic (ECso: >364 pg/mL).

Upon guanylation, all compounds of 6G became highly potent
against the Gram-positive strains (MIC: 1-4 pg/mL). Guanidino hydan-
toin 6¢G (4-Br, 3-Cl) demonstrated good activity against all strains (MIC:
1-8 pg/mL), except for P. aeruginosa, with no noteworthy haemolytic
activity (ECso: 347 pg/mL). Hydantoin 6dG (3,5-di-Br) had excellent
activity against the Gram-positive strains (MIC: 1 pg/mL) and good to
moderate activity against the Gram-negative strains (MIC: 4-16 pg/mL).

In summary, we did observe increased potency and haemolytic ac-
tivity for the guanidyl compounds 6G compared to their amine coun-
terparts 6A (vide supra). While being non-haemolytic, the potency of the
amine derivatives was rather unsatisfying. The guanidyl compounds
6¢G (4-Br, 3-Cl) and 6dG (3,5-di-Br), however, displayed promising
antimicrobial potency and low to no haemolytic activity.

European Journal of Medicinal Chemistry 249 (2023) 115147
2.4. Selectivity index and counterion effect

The selectivity index (SI) is a simple descriptor given by the ratio of
ECs0/MIC for the efficiency of antimicrobial agents. We have summa-
rized the most promising compounds with their SI values in Table 3.
Compounds were only considered active if the MIC value was <16 pg/
mL. SI values for all other compounds can by found in the Supporting
Information, Table S3.

Compounds 2¢G (4-Br, 3-Cl), 2fG (3,5-di-CF3), 6¢A (4-Br, 3-Cl) 2dG
(3,5-di-Br), 2eG (4-Br-1-Nal), 6¢G (4-Br, 3-Cl) and 6fG (3,5-di-CF3)
demonstrated excellent selectivity for the Gram-positive strains (entries
1-7). Hydantoins 2dG, 2eG, 6¢G and 6fG (entries 4-7) had additionally
good selectivity (SI: >20) for E. coli. All seven derivatives showed low to
no haemolytic toxicity. Derivatives 2dA (3,5-di-Br), 2fA (3,5-di-CF3)
and 6dG (3,5-di-Br) had good SI values for all strains tested (entries
8-10). The hydantoins 2dA (3,5-di-Br) and 2fA (3,5-di-CF3) had SI
values >20 against the Gram-negative bacterium P. aeruginosa, while
6dG (3,5-di-Br) had SI: 13 for P. aeruginosa. All these can be considered
very promising compounds.

All compounds tested were obtained as di-trifluoroacetate (di-TFA)
salts, which are non-physiological. Therefore, we converted 2cA, 2¢G,
2dA and 2dG to physiological di-hydrochloride (di-HCI) salts, to assess
if the biological behaviour would be altered (see Supporting Informa-
tion, Table S2). We did not observe any major changes in the MIC or
ECs¢ values for any of these four derivatives. Minor improvements in
antimicrobial activity could be observed for the di-HCI salts of 2cA (4-
Br, 3-Cl) and 2¢G (4-Br, 3-Cl), but no clear trend was apparent. Also, the
haemolytic activity was only influenced to a small extend and could
often be correlated to the lower molecular weight of the di-HCl salts
compared to the di-TFA salts.

2.5. Mode of action (MoA) studies

We have examined the effects of the compounds on the viability of
bacterial cells and the membrane integrity of bacterial cells. Seven
compounds were selected (based on structural alterations, MIC values,
haemolytic activity, and SI) for MoA studies against B. subtilis 168 (see
Supporting Information, Table S4), as they were primarily potent
against Gram-positive bacteria. Six additional compounds with broad-
spectrum activity were selected for MoA studies against both,
B. subtilis 168 and E. coli K12 (see Supporting Information, Tables S4 and
S5) [56]. These two well-known strains of B. subtilis and E. coli, in
combination with the respective sensor plasmids that carry the reporter
constructs, serve as models to study the modes of action in

Table 3
Selectivity index (SI) of the most promising narrow- and broad-spectrum anti-
microbials. ECs values are given in [pg/mL].

Entry Comp. ID SI (ECso/MIC)" ECso”
S.a B.s E.c P.a

1 2¢cG >234 >234 - - >467
2 2fG >122 >245 - - >489
3 6CcA >55 >110 - - >439
4 2dG 243 122 30 - 486
5 2eG 103 103 26 - 206
6 6cG 347 347 43 - 347
7 6fG 192 192 48 - 384
8 2dA 43 86 22 43 344
9 2fA 25 50 25 25 399
10 6dG 206 206 52 13 206

Bacterial reference strains: S. a — Staphylococcus aureus ATCC 9144, B. s — Bacillus
subtilis 168, E. ¢ — Escherichia coli ATCC 25922, and P. a — Pseudomonas aeruginosa
ATCC 27853.

# _: No SI was calculated if MIC was >16 pg/mL.

b values given as greater than correspond to the highest concentration (500
uM) tested in the RBC assay.
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representatives
respectively.

To explore the MoA of promising compounds in B. subtilis 168 and
E. coli K12, we conducted two luciferase-based biosensor tests — exam-
ining the effects on bacterial viability and membrane integrity. The
biosensor-based viability test measures the viability of bacterial cells as
light production by recombinantly expressed bacterial luciferase
derived from the Photorhabdus luminescens lux operon [57,58]. External
substrates do not affect light production by bacterial lux operons. Bac-
teria themselves provide a reduced flavin mononucleotide (FMNH2) and
a long-chain aldehyde pool, which is the substrate for light production.
Bacterial luciferase is a very efficient real-time sensor of bacterial
viability because NADH, NADPH, and ATP are required to constantly fill
the substrate pool.

The biosensor-based membrane integrity test is based on the lucGR
gene (luciferase) of Pyrophorus plagiophthalamus, which is a luminous
click beetle [59]. Unlike bacterial luciferase, the light reaction is closely
dependent on externally added D-luciferin as a substrate. D-luciferin
cannot cross the intact biological membrane properly at neutral pH. The
uptake of D-luciferin is explored after the addition of antimicrobial
substances to determine whether the membrane has been affected and
becomes permeable for D-luciferin or not. If D-luciferin enters through
damaged membranes, light production increases. Light production
peaks quickly if the integrity of the membrane is compromised and then
usually decreases during the consumption of the dying cells’ ATP.

In general, most of the compounds tested influenced survival
(viability) and showed strong membrane disrupting activity against
B. subtilis, and some of them were active against both bacterial species.
However, some compounds had more prominent effects on survival and
faster membranolytic effects on B. subtilis than E. coli. When the con-
centration of the compounds exceeded the MIC value against the
respective bacterium, both the viability and the integrity of the mem-
brane were affected for most compounds. Furthermore, increasing
concentrations affected both viability and membranolytic activity at an
increasing rate, indicating a concentration-dependent killing effect.

of Gram-positive and Gram-negative bacteria,

6¢cG

1.5- 1.5-

RLU

0 50 100 150 200 0 50
Time (seconds)

15

10
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However, we were unable to determine the relationship between the
structure/activity and the mode of action profiles. Compound 6cG (4-Br,
3-Cl) was chosen as a broad-spectrum hydantoin to illustrate the results
with regard to viability and membrane integrity (Figs. 3 and 4). During
the 3 min test period, hydantoin 6¢G showed a substantial influence on
the survival (viability) of B. subtilis (Fig. 3A, left). The derivative 6¢G
showed a membrane-related action because the light emittance
increased rapidly and dose-dependently (Fig. 3B, left), and the effect was
prominent compared to chlorhexidine (CHX) (Fig. 3B, right). The CHX
reference control is a bactericidal agent that affects the cell walls and
membranes of both B. subtilis 168 [60] and E. coli K12 [61]. In the
present study, the MIC value for CHX was determined to be 1.5 pg/mL
against both B. subtilis 168 and E. coli K12. The disruptive membrane
effect of hydantoin 6cG on B. subtilis was shown to occur at a concen-
tration of 25.6 and 51.2 pg/mL (blue and black line, Fig. 3B, left), which
were 25.6 and 51.2 times higher than its MIC (1 pg/mL). Concentrations
below 25.6 pg/mL showed a limited membrane disruption effect, with
peak emissions not decreasing during the measurement period. The
bacterial concentration in these experiments was approximately 100
times higher than that used in the MIC test, and this could explain why a
higher concentration of 6cG hydantoin was required to affect the
viability and integrity of the membrane.

The effect of hydantoin 6c¢G on the viability and membrane integrity
of the Gram-negative E. coli showed somewhat incomparable effects as
observed towards the Gram-positive B. subtilis. Being a broad-spectrum
derivative, 6¢G could not influence the viability of E. coli as fast as the
strong membranolytic agent CHX (Fig. 4A). Although a concentration-
dependent declining trend of light emission was seen in the viability
assay, only the highest concentration (51.2 pg/mL which is 6.4 x MIC)
resulted in increased light emission in the inner membrane assay and it
was not followed by a decline during the test period (indicating a less
notable disruptive effect of the inner membrane) (Fig. 4B, left). The
delay and reduction in the effect of 6¢G on membrane integrity could be
caused by the outer membrane of E. coli, which may act as an additional
barrier.

Fig. 3. The effects of 6¢G (broad spectrum) and
chlorhexidine (CHX, positive control) on the kinetics
of (A) viability and (B) membrane integrity in
B. subtilis 168. Normalized light emission (normalized
with a negative, untreated water control) is plotted as
relative light units (RLU) over time (seconds). Light
emission was measured each second for 180 s after
adding the bacterial cell suspension (with 1 mM D-
luciferin for the membrane integrity assay) to the
analytes in separate wells. The figure shows a repre-
sentative data set from at least three independent
experiments.

CHX
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CHX Fig. 4. The effects of 6¢G (broad spectrum) and

chlorhexidine (CHX, positive control) on the kinetics

A 15 of (A) viability, (B) inner membrane integrity, and (C)
outer membrane integrity in E. coli K12. Normalized
. light emission (normalized with a negative, untreated
E ; water .control) is plotted as relative light units (R.LU)
over time (seconds) for A and B. For C, normalized
fluorescence (normalized with a negative, untreated
14 water control) is plotted as relative fluorescence units
(RFU) over time (seconds). Light emission/fluores-
0 T T T 1 cence was measured each second for 180 s after
o 50 100 150 200 0 50 150 200 adding the bacterial cell suspension (with 1 mM D-
Time (seconds) Time (seconds) luciferin for the inner membrane integrity assay and
B 50 20 pM 1-N-phenylnapthylamine for outer membrane
integrity assay) to the analytes in separate wells. The
40 figure shows a representative data set from at least
30 three independent experiments.
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We used the 1-N-phenylnapthylamine (NPN) fluorescent probe to
determine whether 6¢G affected the outer membrane permeability of
E. coli. The small NPN molecules (219 Da) have low fluorescence in
water solutions, but if bound to phospholipids, they produce high
fluorescence. Hydrophobic NPN cannot effectively pass through the
outer membrane of intact E. coli cells, resulting in low fluorescence;
however, if the outer membrane is damaged, NPN can reach the peri-
plasmic space, bind to the phospholipids of the inner and outer mem-
brane, and produce enhanced fluorescence [62]. In this test, high
concentrations of hydantoin 6cG produced high fluorescence levels
(Fig. 4C, left), while no significant increase in luminescence was
observed in the inner membrane integrity test, except in one concen-
tration which is 51.2 pg/mL (Fig. 4B, left). This observation indicates
that the presence of the outer membrane may be a rate-limiting step for
this compound to act on the inner membrane. However, when the
concentration of 6¢G increased, the fluorescence level was higher
(Fig. 4C, left), indicating a rapid change in outer membrane perme-
ability that was followed by membrane disruption as compared to CHX
(Fig. 4C, right). At the same time, bacterial cell survival was reduced
(Fig. 4A, left) and the integrity of the inner membrane was altered
(Fig. 4B, left).

The viability of the bacterial cells was markedly reduced for a con-
centration of 51.2 pg/mL (6.4 x MIC) (see Fig. S1), and when samples
from the NPN assay were spotted on an agar plate after the test period, a
bactericidal effect of 6¢G was demonstrated. These results strongly
suggest that when concentrations are high enough, hydantoin 6¢G dis-
rupts the outer and inner membranes at the same speed. However, it
cannot be excluded that higher concentrations of 6¢G cause a different

MoA, leading the compound to cross the outer membrane without
affecting the latter.

Our results indicate that the main MoA of most of the synthesized
compounds is to interrupt the integrity of the bacterial membranes in a
concentration-dependent manner — as demonstrated for the broad-
spectrum hydantoin 6¢G, against both the Gram-positive B. subtilis
and the Gram-negative E. coli. However, some cationic AMPs have a
concentration-dependent dual mode of action [63]. For example, it is
known that the N-terminal fragment 1-35 of Bac7 (a proline-arginine
rich AMP) has an effect on the internal membrane at high concentra-
tions and binds to the intracellular chaperone protein DnaK and 70S
ribosomes, and affect these target molecules at low concentrations
[64-66]. Hence, other targets may exist in addition to the bacterial
cytoplasmic membranes. Further studies are needed to determine
whether there are other additional modes of action for these compounds.

3. Conclusion

We investigated five scaffolds for their suitability to develop novel
tetrasubstituted, amphipathic SMAMP antimicrobials, revealing the
hydantoin structure as a promising template for antibacterial drug lead
development. By screening different combinations of lipophilic side
chains, n-alkyl linkers and cationic groups we identified the tetra-
halogenated compounds 2dA (3,5-di-Br), 6¢G (4-Br, 3-Cl) and 6dG
(3,5-di-Br) as very promising lead structures. The results obtained from
the viability and membrane integrity assays, suggested a rapid mem-
branolytic effect, as demonstrated for hydantoin 6cG in B. subtilis and
E. coli. Interestingly, both the inner and the outer membrane in E. coli
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seemed to be disrupted at a similar speed. We believe that our findings
on the qualitative contribution of the scaffold structures can help the
development of novel small molecule analogues of AMPs or SMAMPs.

4. Experimental section

For a detailed description of all chemical and biological experimental
procedures, chemical analysis and further discussions see the Supporting
Information. Additional raw data is available through the DataverseNO
repository, link: https://doi.org/10.18710/A6AJN4.
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