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A B S T R A C T

New compounds able to counteract staphylococcal biofilm formation are needed. In this study we investigate the
mechanism of action of pyrrolomycins, whose potential as antimicrobial agents has been demonstrated. We
performed a new efficient and easy method to use microwave organic synthesis suitable for obtaining pyrro-
lomycins in good yields and in suitable amount for their in vitro in-depth investigation. We evaluate the in-
hibitory activity towards Sortase A (SrtA), a transpeptidase responsible for covalent anchoring in Gram-positive
peptidoglycan of many surface proteins involved in adhesion and in biofilm formation. All compounds show a
good inhibitory activity toward SrtA, having IC50 values ranging from 130 to 300 µM comparable to berberine
hydrochloride. Of note compound 1d shows a good affinity in docking experiment to SrtA and exhibits the
highest capability to interfere with biofilm formation of S. aureus showing an IC50 of 3.4 nM. This compound is
also effective in altering S. aureus murein hydrolase activity that is known to be responsible for degradation,
turnover, and maturation of bacterial peptidoglycan and involved in the initial stages of S. aureus biofilm for-
mation.

1. Introduction

Antimicrobial resistance (AMR) is one of the causes for hundreds of
thousands of deaths worldwide every year. The new report of the World
Health Organization (WHO) in January 2018 deals with the dramatic
phenomenon of the antibiotic resistance, and a group of pathogens
including Carbapenem-resistant Enterobacteriaceae (CRE), Acinetobacter
baumannii, Pseudomonas aeruginosa, Salmonella, Escherichia coli,
Klebsiella pneumoniae, Staphylococcus aureus etc. are listed on the basis
of a priority (critical, high, medium) regarding AMR.1 Already in Oc-
tober 2015, the WHO launched the new Global Anti-microbiotic

Surveillance System (GLASS) in order to deal with growing emergency
of super bacteria that do not respond to standard antibiotics. Using the
data provided by GLASS, the WHO detected more than 500,000 infec-
tion cases in 22 countries.2

Adhesion to the host tissues is a step of central importance in bac-
terial pathogenesis,3 and novel antimicrobial compounds targeting such
mechanism could also be useful to inhibit the formation of biofilms
intrinsically resistant to conventional antibiotics. Sortase A (SrtA) is an
enzyme of 206 amino acids present in Gram-positive bacteria, which
includes an amino-terminal zone (with nonpolar residues) and a cata-
lytic domain for the transpeptidation reaction. Its action consists in
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covalently linking a number of proteins – the Microbial Surface Com-
ponents Recognizing Adhesive Matrix Molecules (MSCRAMMs) – to
peptidoglycan; these are cell wall-associated proteins that have a direct
role in the first stage of pathogenesis and biofilm formation.
MSCRAMMs are also relevant virulence factors of S. aureus because they
are involved in pathogenic processes such as evasion of immune de-
fense – due to protein A (SpA) – adhesion to host tissues, such as two
fibronectin binding proteins (FnbpA and FnbpB), two clumping factors
(ClfA and ClfB) and a collagen-binding protein (Cna). For some of these
proteins a key role in biofilm formation has been reported.5–9 There-
fore, SrtA is considered as a good target for the design of new anti-
bacterial drugs, or in general against the bacterial adhesion and the
biofilm formation.4 In 2000, Muzmanian et al. studied knockout mu-
tations of SrtA in S. aureus, and they focused their attention on the
different modifications of the expression of the protein with LPxTG
domain.5–9 The loss of activity of SrtA with consequent attenuation of
virulence are evident in S. aureus and also in other important Gram-
positive pathogens as Listeria monocytogenes, Streptococcus pneumoniae,
Streptococcus mutans.10–13

For several years, pyrrolomycins have attracted the attention of the
scientific community for their antibacterial properties and for their
capability to inhibit the formation of biofilms responsible for the re-
sistance to conventional antibiotics.14–20 Pyrrolomycins are polihalo-
genated compounds (Fig. 1) isolated from the fermentation broth of
Actinosporangium and Streptomyces species. They are active against
Gram-positive and a few Gram-negative bacterial strains as Pseudo-
monas aeruginosa.12–14,21–27

Natural pyrrolomycins, produced by terrestrial and marine micro-
organisms, are generally active against all preformed staphylococcal
biofilms, with percent of inhibition above 60% at the concentration of
1.5 µg/mL27 Nevertheless, their mechanism of action is still unknown.

We have been active in this field for several years. To discover new
active antibacterial agents, we prepared several synthetic pyrrolomy-
cins (Fig. 2), characterized by the presence of chlorine or bromine
atoms on the pyrrolomycin scaffold. We observed that their anti-
bacterial property is closely linked to their substitution pattern and that
their biological activity is strictly correlated to the different halogena-
tion degree.12,13,21–23,26–28 Particularly, some of our synthetic pyrrolo-
mycin derivatives showed huge antibacterial activity against S. aureus,
with MIC in the range of 0.003–0.016 µM.12,13,21–23,26

Starting from our previous findings, herein we focus on two natural
pyrrolomycins (C and F2a) and on our most promising synthetic pyr-
rolomycins (compounds 1d,e,h,i, see Scheme 1). In detail, we have
optimized and scaled-up the synthetic procedure to dispose of an
amount of 1d,e,h,i suitable for in-depth biological investigation. The
development of a quick and easy to use methodology for synthesizing
pyrrolomycins has a great relevance from a medicinal chemistry
standpoint, since the extraction yield from culture broth is slow,
moreover, their production is expensive. Indeed, after several con-
trolled pH extractions and chromatographic purifications steps, only
2.5 mg/L of pyrrolomycins from culture broth can be obtained.14,18–20

As subsequent step of the research, in order to investigate whether
pyrrolmycins C, F2 and 1d,e,h,i would bind to the active site of SrtA,
we performed in silico docking studies using the crystal structure of
SrtA and hypothesized the interactions of compounds with the enzyme
at the molecular level. Afterwards, we evaluated in vitro their ability to
interact with SrtA, to inhibit biofilm formation of reference staphylo-
coccal strains and P. aeruginosa. For the most interesting compound, the
effect on murein hydrolase activity of S. aureus extracellular proteins
was also evaluated. As a last step of our work we studied the ‘drug-
likeness’ of pyrrolomycins C, F2 and 1d,e,h,i.

This paper describes the results of our studies.

2. Results

2.1. Chemistry

Pyrrolomycins 1d,e,h,i, were already obtained by authors using N-
bromosuccinimide (NBS) or N-chlorosuccinimide (NCS) as source of
halogen atoms. All reactions were conducted under magnetic stirring
for 24 h and at room temperature.22,23 However, this approach is labor
intensive and therefore, a different strategy has been explored to
identify a convenient procedure in terms of cost and timing. The main
criticism is related to the formation of the intermediates 4,5,6. Indeed,
the reaction is not selective, it gives rise to complex reaction mixtures
and, as a consequence, subsequent chromatographic steps are needed to
isolate the compounds of our interest.

We then revised the reaction conditions, experimenting the
Microwave-Assisted Organic Synthesis (MAOS). So, we have directly
verified that MAOS has numerous benefits, including faster chemistry
(it reduces reaction times from days or hours to minutes), greater ver-
satility and formation of cleaner products, compared to conventional
synthetic methods.29 Moreover, starting from the observation that the
presence of acyl group influences the reactivity of the free positions of
the pyrrole, we postulated that the halogenation degree can be appro-
priately modulated. Accordingly, we performed the reaction by mi-
crowave heating, using only one reagent equivalent at a time, isolating
the product of interest and then moving on to the subsequent halo-
genation. This new protocol allowed to increase the yield of O-methy-
lated pyrrolomycins 4b,c, 5c,d and 6b,c up to 93%, and to synthesize
the new compounds 4a,d, 5b,e and 6d,e (Table 1). In details, com-
pounds 4a-d and 5a-e were obtained by irradiation with a microwave
power of 60W at 90 °C for 5min. To introduce the halogen in 3-position
on the pyrrolic nucleus (compounds 6a-e) it was necessary to carry out
the reaction with four cycles of 15min each of microwave power of
60W at 90 °C. The final reaction step, i.e. the O-demethylation, was
conducted as previously described, with slight modification, using a
large excess of AlCl3 at room temperature, allowing to obtain 1d,e,h,i,
C and F2a with very good yields (Scheme 1).22,23

Analytical and spectroscopic measurements were used to determine
the molecular structures of all compounds and the identity of all
compounds was confirmed by comparison with spectroscopic literature
data.12,14,19,22-24

Going into details on new pyrrolomycins 4a,d, 5b,e and 6d,e, in 1H
NMR spectra, all compounds showed a singlet attributable to a meth-
oxylic group in the range of 3.72–3.77 δ, signals in the range of
6.51–7.87 δ for the aromatic protons and a broad singlet for the pyrrolic
NH in the range of 12.41–13.56 δ, it was verified also by IR spectra that
showed a broad band in the range of 3188–3250 cm−1. 13C NMR and
elemental analysis confirmed their structures.

It is interesting to note that when compounds 3a-c react with one
molar equivalent of NCS or NBS, the aromatic signal of 3-proton in
pyrrolic nucleus shows an unusual chemical shift. In fact, compounds
4a-d exhibit two doublets in the range of 6.51–6.69 δ for 3-H and
7.33–7.43 δ for 5-H. The 3-proton is more shielded than that awaited
from 2-carbonyl pyrroles, probably due to the anisotropic effect of
phenyl ring, twisted with respect to the pyrrolic ring. According to what
previously observed by Hodge and Rickards,25 the introduction of
chlorine (or bromine) substituents into pyrrole rings causes only minor
shifts in the resonance frequencies of the remaining hydrogens.

2.2. Molecular modelling

In order to predict whether pyrrolomycins are able to interact with
the active site of SrtA, we performed docking studies using the crystal
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structure of PDB-ID: 1T2W.30 The results obtained suggested that all
considered compounds have a similar affinity toward the chain A of
SrtA. The picture of the binding complex involving compound 1d is
shown in Fig. 3. In the same figure, the amino acidic residues inter-
acting with the docked molecule are also shown in the insert. In all
cases, a hydrogen bond between SER116 and the carbonyl oxygen of
pyrrolomycin is also present. Data relative to the other pyrrolomycin
compounds are reported in the SI. The studied pyrrolomycins have
score values between −6.0 and −6.4 kcal/mol (see Table 3). Given all
the above, the designed compounds were considered suitable for the
purpose of this study. The analysis of Fig. 3 and of Figs. S1–S6 in the
Supplementary Information show that all considered pyrrolomycins are
able to similarly bind SrtA, essentially by the combination of both hy-
drophobic and H-bond interactions.

2.3. Biological investigation

After synthesis and chemical characterization, compounds 1d,e,h,i
together with pyrrolomycins C and F2a were subjected to biological
assays, evaluating their ability to inhibit the enzyme SrtA and the
biofilm formation of S. aureus ATCC 25923 and of P. aeruginosa ATCC
15442.31

For testing the SrtA inhibitory activity, the assay checking enzy-
matic hydrolysis of Srt A FRET substrate analogue dabcyl-QALPET-
GEE-edans (Table 2) was employed. All compounds resulted active,
with IC50 values in the range of 130–300 µM. Synthetic pyrrolomycins
resulted more effective than natural ones with an IC50 comparable to
that of the standard berberine hydrochloride (IC50= 120 µM).

Encouraged from these results, we evaluated the capability of pyr-
rolomycins to inhibit staphylococcal biofilm formation, since the
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interference with growth as a biofilm is strictly related to antivirulence
properties of antimicrobial agents. All pyrrolomycins inhibited biofilm
formation with inhibition percentages higher than 50% (IC50 values are
determined and reported in Table 2).

All tested pyrrolomycins were active in preventing S. aureus ATCC
25923 from producing biofilm at IC50 values ranging from 3.4 nM to
20.3 µM, in particular the compound 1d showed the best IC50 value
(3.4 nM) against S. aureus. The pyrrolomycins proved to be selective
towards staphylococcal biofilm formation, as P. aeruginosa biofilm
formation was weakly affected at IC50 concentrations ranging from 18.6
to 235.7 µM. The highest potency against P. aeruginosa was observed for
the compound 1i whose IC50 value was 18.6 µM.

Among all pyrrolomycins, the most active in inhibiting the staphy-
lococcal biofilm were the synthetic pyrrolomycin 1d (IC50= 3.4 nM)
and the natural pyrrolomycin F2a (IC50= 8.7 nM), this underlines the
importance of the bromine atoms on phenolic ring.

Finally, the most performant pyrrolomycins, in terms of inhibition
of biofilm formation (F2a and 1d), were assayed on murein hydrolase
activity of S. aureus extracellular proteins. Murein hydrolases - hydro-
lytic enzymes acting in degradation, turnover and maturation of bac-
terial peptidoglycan - are involved in the initial stages of S. aureus
biofilm formation.32,33 In S. aureus, the most prominent murein hy-
drolase is AtlA. that is synthetized as a 137.5 kDa pro-protein cleaved to
generate different proteolytic species.32–34 Indeed, murein hydrolase
activity was abolished in S. aureus AltA mutants.32–34 Thus, compound
1d and F2a were added to the inoculated growth medium of S. aureus
static cultivations at the concentration of 1 µM (≃0.5 µg/mL), respec-
tively. The addition of the compounds caused up to 80% of inhibition of
biofilm formation in the respect of untreated cultures after 24 h of in-
cubation. Using the extracellular proteins of the spent medium collected
after 24 h of incubation from the treated and untreated S. aureus static
cultivations, the zymography analysis was carried out and it highlights
the activity of a high Mw murein hydrolases (i.e. between 148 and
98 kDa) as a sharp band (Fig. 4a). Furthermore, other appreciable
hydrolytic activities can be observed at lower Mw with a total of 6
hydrolysis bands (Fig. 4a). According to the observed inhibition of
biofilm formation, the activity of the high Mw murein hydrolase (band
1) diminished at least 2-fold in treated cultivations in the respect of
untreated cultivation (Fig. 4b). However, the overall effect of com-
pound 1d and F2a on murein hydrolase activities of S. aureus extra-
cellular proteins was not identical but it revealed a different hydrolytic
pattern. As an example, an increment of murein hydrolytic activity in
correspondence of lower Mw proteins (bands 4, 5 and 6) was observed
for the spent medium of F2a-treated cultivations (Fig. 4b). According to
Sahukhal et al. (2015), this last observation could be ascribed to an
increased proteolytic activity producing different low Mw Alt species.32

Interestingly, the increment of murein hydrolytic activity due to low
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Scheme 1. Experimental protocol to obtain compounds: 4a-d, 5a-e, 6a-e, C,
F2a, 1d,e,h,i. Reagents and reaction conditions: (a) acetonitrile as solvent,
equimolar amounts of NBS or NCS, MW heating: 90 °C, 60W, 5min; (b) acet-
onitrile as solvent, equimolar amounts of NBS or NCS, MW heating: 90 °C, 60W,
4 cycles of 15min each; (c) dichloromethane anhydrous as solvent, AlCl3
(30mmol excess), r.t., magnetic stirrer, 12 h; quenching with a 5% H2SO4 so-
lution.

Table 1
Yield for compounds 4a-d, 5a-e, 6a-e, C, F2a, 1d,e,h,i.

Compound R1 R2 R3 R4 R5 Previous protocol Yield %[Ref.] MW Yield %

4a H Br H Br Br – 80
4b H Br H Cl Cl 7122 83
4c H Cl H Cl Cl 6122 79
4d H Cl H Br H – 75
5a Br Br H Br Br 9723 89
5b Br Br H Cl Cl – 83
5c Cl Cl H Cl Cl 6822 83
5d Cl Br H Cl Cl 8122 85
5e Br Cl H Br H – 76
6a Br Br Br Br Br 9823 93
6b Br Br Br Cl Cl 6822 90
6c Cl Cl Br Cl Cl 7422 90
6d Cl Br Cl Cl Cl – 91
6e Br Cl Br Br H – 82
C Cl Cl H Cl Cl 9523 –
F2a Br Cl Br Br H 9423 –
1d Br Br Br Br Br 9112 –
1e Br Br Br Cl Cl 8922 –
1 h Cl Cl Br Cl Cl 9222 –
1i Cl Br Cl Cl Cl 8912 –
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Mw protein species is associated with increased cell death and a defect
in biofilm maturation.32 Therefore, this analysis showed a common
negative effect on the activity of the high Mw hydrolase (band 1) of
both compounds and, more in general, a compound-specific effect on
the overall murein hydrolase activities that paralleled the inhibition of
biofilm formation.

2.4. In silico ADME properties

Often, promising potential drugs fail because of unsatisfactory
ADME properties, so we performed studies in silico to predict ADME
and toxicity, starting from the docking complexes (see paragraph 2.2).
Molecular descriptors were computed to predict six physicochemical

properties of each pyrrolomycin compound (Table 3): (b) percentage of
oral dose absorbed (%OA); (c) partition coefficient (ClogP); (d) loga-
rithm for aqueous solubility (ClogS); (e) serum protein binding (ClogK);
(f) blood–brain barrier permeation as pLog (ClogBB); (g) HERG
K+ channel blockage. These parameters are the most representative
features to determine the ADME profile. In Table S1 of Supplementary
Information, the calculated ADME properties of the considered pyrro-
lomycin molecules have been summarized. Almost all parameters taken
into consideration, with the exception of the weakly polar component
of SASA and of the possibility to accept H-bonds, are included within
the range of properties of 95% of known drugs. The results obtained
show that the considered pyrrolomycins are promising drug candidates.
The values of Human Oral Absorption reported in Table S1 are 100%
for all pyrrolomycins considered. This result indicates that these com-
pounds could be orally administered drugs. In general, all parameters
reported in Table S1 show that they all possess optimal pharmacoki-
netic properties. Since the reference values of serum protein binding
constant (logK) are within the range −1.5 – 1.5, the results show that
all the title compounds possess an optimal value of binding to plasmatic
proteins.

3. Conclusions

In the present paper, we identified two pyrrolomycins as promising
antimicrobial agents. Of particular interest is compound 1d, for which a
quick, easy to use and scalable synthetic methodology was developed.
Conversely, the extraction procedure of F2a from culture broth is slow
and expensive.

The results of molecular modelling studies and enzymatic assays
have confirmed the involvement of SrtA in the biological activity of
pyrrolomycins. In particular, the results of the computational in-
vestigations, and the analysis of the binding modes, show that the title
compounds can be promising drug candidates to be used to treat in-
fections. Results on the inhibition of staphylococcal biofilm formation,
coupled with an altered pattern of murein hydrolase activity, have
shown the antivirulence property of pyrrolomycins.

Lastly, results of in silico drug likeness study evidenced that both
compounds have good ADME properties, thus prompting us to further
studies.

4. Experimental section

4.1. Chemistry

4.1.1. Materials and instruments
Melting points were determined on a Büchi 530 capillary melting

Fig. 3. Best pose of pyrrolomycin 1d, one of the derivatives with the highest docking score for segment A of Sortase A. In the insert, the amino acidic residues
interacting with the molecule are shown.

Table 3
Calculated properties of the selected pyrrolomycins.

Docking
score(a)

%OA(b) logP (c) logS(d) logK(e) logBB(f) log IC50(g)

C −6.1 100 4.475 −5.068 0.381 0.165 −4.524
F2a −6.0 100 4.256 −5.419 0.420 0.119 −4.419
1d −6.4 100 4.891 −6.292 0.579 0.347 −4.413
1e −6.4 100 4.737 −6.083 0.531 0.321 −4.364
1 h −6.4 100 4.626 −5.679 0.488 0.306 −4.304
1i −6.4 100 4.594 −5.650 0.481 0.285 −4.294

(a) Best pose score for docking into SrtA (in kcal/mol).
(b) Percentage of oral dose absorbed.
(c) Partition logaritm for octanol/water.
(d) Logarithm for aqueous solubility.
(e) Serum protein binding.
(f) blood–brain barrier permeation as pLog.
(g) HERG K+ channel blockage.

Table 2
In vitro activity of pyrrolomycins as SrtA inhibitors and IC50 values (µM) of
tested pyrrolomycins.

SrtA
inhibition

Biofilm inhibition

Compound IC50 (µM) S.aureus ATCC
25923, IC50 (µM)

P.aeruginosa ATCC 15442,
IC50 (µM)

C 300 0.92 235.7
F2a 250 0.0087 78.9
1d 140 0.0034 74.8
1e 130 20.30 106.5
1 h 130 0.10 170.3
1i 160 0.0247 18.6

M.V. Raimondi et al. Bioorganic & Medicinal Chemistry xxx (xxxx) xxx–xxx

5



point apparatus and are uncorrected. IR spectra were recorded at room
temperature in Nujol mulls with a Perkin Elmer Infrared 137 E spec-
trometer. 1H NMR (300MHz) and APT (75MHz) spectra were recorded
with a Bruker AC-E spectrometer at room temperature in DMSO‑d6,
unless otherwise specified, using tetramethylsilane as internal standard;
chemical shifts (δ) are expressed as ppm values. Microwave reactions
were performed with an Anton Paar GmbH - Monowave 300
(Microwave synthesis reactor). Microanalyses (C, H, N) were carried
out with Elemental Vario EL III apparatus and were in agreement with
theoretical values ± 0.4%. All reactions were monitored by TLC on
precoated aluminium sheets 20×20 (0.2 mm Kieselgel 60 G F254,
Merck) and C-18 reverse phase (RP-18 F254, Merck) using UV light at
254 nm for visualization. All reagents and solvents were from Aldrich,
Fluka, Merck, Across or J.T. Baker.

4.1.2. Methods
Known pyrrolomycins 1d,e,h,i, C, F2a, 4b,c, 5a,c,d and 6a-c were

prepared and characterized as previously described.12,14,19,22–24

4.1.2.1. General procedure for preparation of substituted (2-
methoxyphenyl-1H-pyrrol-2-yl)methanones (4a,d, 5b,e, 6d,e) under
microwave heating. To a solution of 1mmol of 3a-c in 5mL of
acetonitrile, 1 mmol of crystallized NBS or NCS was added. The
reaction mixture was irradiated with a microwave power of 60W at
90 °C for 5min (compounds 4a-d and 5a-e) or 60W at 90 °C for 4 cycles
of 15min each (compounds 6a-e). The reaction mixture was evaporated
under reduced pressure and the residue was partitioned between water
(10mL) and diethyl ether (10mL) and, subsequently, extracted twice
with diethyl ether (10mL). The combined extracts were washed with
water, dried over anhydrous sodium sulfate and evaporated. The crude
product was crystallized from ethanol.

4.1.2.1.1. (4-bromo-1H-pyrrol-2-yl)(3,5-dibromo-2-methoxyphenyl)
methanone (4a). White solid, Yield 80%, mp 116 °C. 1H NMR: δ 3.71 (s,
3H, OCH3), 6.67 (s, 1H, H-3), 7.48 (s, 1H, H-5), 7.49 (d, 1H, H-6ꞌ,
Jm=2.5 Hz), 7.81 (d, 1H, H-4ꞌ, Jm=2.5 Hz), 12.58 (br s, 1H, NH). 13C
NMR (acetone‑d6): δ 62.1, 113.5, 118.1, 124.2, 127.4, 128.6, 130.7,
131.4, 135.9, 152.7, 180.4, 205.2. IR (cm−1): 3250 (NH), 1630 (CO).
Anal. calc. for C12H8Br3NO2: C, 32.91%; H, 1.84%; N, 3.20%. Found: C,
33.05%; H, 1.93%; N, 3.24%.

4.1.2.1.2. (5-bromo-2-methoxyphenyl)(4-chloro-1H-pyrrol-2-yl)
methanone (4d). White solid, Yield 75%, mp 115–116 °C. 1H NMR: δ
3.73 (s, 3H, OCH3), 6.51 (s, 1H, H-3), 7.12 (d, 1H, H-3ꞌ, Jo= 8.95 Hz),
7.33 (s, 1H, H-5), 7.45 (d, 1H, H-6ꞌ, Jm= 2.35 Hz), 7.65 (dd, 1H, H-4ꞌ,
Jo= 8.92 Hz, Jm=2.3 Hz), 12.41 (br s, 1H, NH). 13C NMR

(acetone‑d6): δ 62.1, 113.8, 118.2, 124.3, 127.4, 128.6, 130.7, 131.5,
136.0, 152.8, 180.5, 205.3. IR (cm−1): 3242 (NH), 1619 (CO). Anal.
calc. for C12H9BrClNO2: C, 45.82%; H, 2.88%; N, 4.45%. Found: C,
45.87%; H, 2.93%; N, 4.44%.

4.1.2.1.3. (4,5-dibromo-1H-pyrrol-2-yl)(3,5-dichloro-2-
methoxyphenyl)methanone (5b). White solid, Yield 83%, mp
162–163 °C. 1H NMR: δ 3.71 (s, 3H, OCH3), 6.80 (s, 1H, H-3), 7.51
(d, 1H, H-6ꞌ, Jm=2.5 Hz), 7.82 (d, 1H, H-4ꞌ, Jm=2.5 Hz), 13.58 (br s,
1H, NH). 13C NMR (acetone‑d6): δ 62.1, 96.4, 121.6, 127.4, 128.6,
129.0, 130.4, 131.5, 135.4, 152.7, 179.7, 206.4. IR (cm−1): 3188 (NH),
1616 (CO). Anal. calc. for C12H7Br2Cl2NO2: C, 33.68%; H, 1.65%; N,
3.27%. Found: C, 33.78%; H, 1.71%; N, 3.36%.

4.1.2.1.4. (5-bromo-4-chloro-1H-pyrrol-2-yl)(5-bromo-2-
methoxyphenyl)methanone (5e). White solid, Yield 76%, mp
134–135 °C. 1H NMR: δ 3.73 (s, 3H, OCH3), 6.58 (s, 1H, H-3), 7.10
(d, 1H, H-3ꞌ, Jo= 8.7 Hz), 7.46 (d, 1H, H-6ꞌ, Jm=2.5 Hz), 7.63 (dd,
1H, H-4ꞌ, Jo= 8.75 Hz, Jm= 2.45 Hz), 13.28 (br s, 1H, NH). 13C NMR
(acetone‑d6): δ 62.2, 96.4, 113.78, 121.7, 127.5, 128.7, 129.0, 130.5,
131.6, 135.4, 179.8, 206.4. IR (cm−1): 3206 (NH), 1611 (CO). Anal.
calc. for C12H8Br2ClNO2: C, 36.63%; H, 2.05%; N, 3.56%. Found: C,
36.78%; H, 2.13%; N, 3.63%.

4.1.2.1.5. (4-bromo-3,5-dichloro-1H-pyrrol-2-yl)(3,5-dichloro-2-
methoxyphenyl)methanone (6d). White solid, Yield 91%, mp
193–194 °C. 1H NMR: δ 3.78 (s, 3H, OCH3), 7.58 (d, 1H, H-6ꞌ,
Jm=2.6 Hz), 7.87 (d, 1H, H-4ꞌ, Jm= 2.6 Hz), 13.86 (br s, 1H, NH).
13C NMR (acetone‑d6): δ 61.88, 105.1, 113.6, 121.1, 127.2, 128.8,
129.1, 131.6, 135.5, 152.5, 179.6, 205.4. IR (cm−1): 3201 (NH), 1626
(CO). Anal. calc. for C12H6BrCl4NO2: C, 34.49%; H, 1.45%; N, 3.35%.
Found: C, 34.58%; H, 1.51%; N, 3.43%.

4.1.2.1.6. (5-bromo-2-methoxyphenyl)(3,5-dibromo-4-chloro-1H-
pyrrol-2-yl)methanone (6e). White solid, Yield 82%, mp 184–185 °C. 1H
NMR: δ 3.73 (s, 3H, OCH3), 7.10 (d, 1H, H-3ꞌ, Jo= 9.15 Hz), 7.46 (d,
1H, H-6ꞌ, Jm=2.5 Hz), 7.67 (dd, 1H, H-4ꞌ, Jo= 9.2 Hz, Jm=2.5 Hz),
13.67 (br s, 1H, NH). 13C NMR (acetone‑d6): δ 55.6, 103.8, 106.6,
107.5, 112.1, 113.7, 130.1, 130.9, 134.4, 156.6, 180.7, 205.2. IR
(cm−1): 3207 (NH), 1611 (CO). Anal. calc. for C12H7Br3ClNO2: C,
30.51%; H, 1.49%; N, 2.97%. Found: C, 30.62%; H, 1.58%; N, 3.08%.

4.1.2.2. General procedure for preparation of pyrrolomycins C, F2a,
1d,e,h,i.12,22,23. In a typical experiment, to a solution of 1mmol of
6a-e (or 5c for pyrrolomycin C) in 20mL of anhydrous
dichloromethane in an ice-salt bath, 4 g of AlCl3 (30mmol) was
added. The reaction mixture was left to stir overnight at room
temperature. The solution was cautiously decomposed with ice-

Fig. 4. Zymography assay of S. aureus extracellular proteins. Panel a): murein hydrolytic activity was assayed using extracellular proteins of spent medium aliquots
that were collected from static cultivations untreated (A) or treated with 0.1% DMSO (B), 1 µM F2a (C) and 1 µM compound 1d (D). Panel b): murein hydrolase
activity was quantified as lysozyme µg equivalents based on electrophoretic band intensities.
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sulfuric acid 5% (30mL), then 50mL of diethyl ether was added. The
mixture was stirred vigorously for 10min, the organic layer was
separated and the aqueous phase extracted with diethyl ether (2x30
mL). The combined extracts were washed with water until neutrality,
dried over anhydrous sodium sulfate, and evaporated. The crude
product was crystallized from dichloromethane to give pure
pyrrolomycins. The yields coincide with those reported in the
literature.12,22,23

4.2. Molecular modelling

The molecular structures have been drawn with the Avogadro
program, version 1.2.0,35 while their geometry optimization was per-
formed with the LigPrep routine of the Maestro Schrödinger Suite
version 2017-4.36

The X-ray crystallographic structure of SrtA (Fig. 3) was obtained
from the Protein Data Bank,37 PDB-ID: 1T2W.30 The chosen structure of
SrtA is complexed with the LPETG peptide, since it has been reported
that all SrtA inhibitors bind the protein similarly to such peptide.

All co-crystallized water molecules and counterions were removed
from the PDB protein structure and non-resolved hydrogen atoms were
added in some amino acid residues.

The Chimera program,38 UFCS Chimera version 1.11.2, was used to
create the pdb files of the ligands and of SrtA. Molecular docking cal-
culations were performed with Autodock Vina 39 on the protein binding
site of the LPETG inhibitor. Pharmacokinetic studies, to estimate the
Absorption, Distribution, Metabolism, and Excretion (ADME) and the
toxicity of the ligands, were performed with QikProp routine of
Maestro.36

4.3. Biological evaluation

4.3.1. Screening as Sortase A (SrtA) inhibitors
All of the compounds were prepared as 10mM stock solutions in

dimethyl sulfoxide (DMSO) and used for the IC50 determination. The
compounds were tested at concentrations ranging from 200 to 20 µM in
black 384-well plates (Greiner Bio-One). Berberine chloride, a known
Sortase A inhibitor, was used as the positive control.40 The inhibitory
activity of all the compounds was assessed by quantifying the increase
in fluorescence intensity upon cleavage of the FRET-peptide
dabcyl-QALPETGEE-edans, which was used as the sortase substrate. A
previously published method 40,41 was used with slight modifications.
Briefly, the reactions were performed in a volume of 100 µL containing
50mM Tris-HCl, 5 mM CaCl2, 150mM NaCl, pH 7.5, 10 µM S. aureus
SrtA, 20 µM fluorescent peptide substrate dabcyl-QALPETGEE-edans,
and the prescribed concentrations of the test compounds or positive
controls. The peptide substrate without the recombinant SrtA was in-
cubated in the same manner and used as a negative control. The reac-
tions were conducted for 24 h at 37 °C, and the fluorescence emitted
with an excitation wavelength of 350 nm and an emission wavelength
of 495 nm after substrate cleavage was recorded. End-point determi-
nation of product formation was used as a criterion for the primary
screening. This determination was made by measuring the total product
fluorescence 24 h after the initiation of the reaction. The relative in-
hibition activity was determined as %I=100%− (Fsample/
Fcontrol*100%), where Fsample is the fluorescence intensity of the well
containing the corresponding test compound and Fcontrol is the fluor-
escence of the positive control reaction without inhibition. For the IC50
determination, 10 μM S. aureus SrtA was preincubated in the reaction
buffer with increasing concentrations of the inhibitory compounds
(x–y μM) for 1 h at 37 °C prior to the addition of the dabcyl-QALPET-
GEE-edans substrate to a final concentration of 50 µM. The total
fluorescence was recorded at 1-min intervals for 1 h, and the progress
curves were constructed. The initial velocities of the biphasic reactions
were obtained through nonlinear regression. The IC50 values were de-
termined by fitting the obtained data to the following default four-

parameter variable slope sigmoidal function in SigmaPlot 12.5 using a
nonlinear least squares algorithm.

= +
+

y
x IC

min (max min)
1 ( / 50) HillSlope

4.3.2. Inhibition of biofilm formation (Crystal violet method)
Bacterial strains S. aureus ATCC 25923 and P. aeruginosa ATCC

15442 were incubated in test tubes with Tryptic Soy Broth (TSB) (5mL)
containing 2% w/v glucose at 37 °C for 24 h. After that, the bacterial
suspensions were diluted to achieve a turbidity equivalent to a 0.5
McFarland standard. The diluted suspension (2.5 μL) was added to each
well of a single cell culture polystyrene sterile, flat-bottom 96-well plate
filled with TSB (100 μL) with 2% w/v glucose. A screening concentra-
tion of 100 μg/mL of all compounds were directly added to the wells to
assess inhibition percentages values, or in the case of determination of
IC50 (concentration at which a percentage of inhibition equal to 50% is
observed), concentrations in the range among 100 and 0.001 μM. Plates
were incubated at 37 °C for 24 h. After biofilm growth, the content of
each well was removed, wells were washed twice with sterile PBS 1X
and stained with 150 μL of 0.1% w/v crystal violet solution for 30min
at room temperature. Excess solution was removed and the plate was
washed twice using tap water. A volume of 125 μL of acetic acid of 33%
v/v was added for 15min to each stained well to solubilize the dye.
Optical density (OD) was read with wavelength of 540 nm using a
microplate reader (Glomax Multidetection System Promega).

All tests involved two replicates and were repeated in at least three
independent experiments. The percentage of inhibition was calculated
through the formula:

=
×

of inhibition OD growth control OD sample OD growth control% [( )/ ]
100

4.3.3. Murein hydrolase assays
S. aureus [108 cfu/mL] was inoculated in 5mL of TSB containing 2%

(w/v) glucose and incubated overnight at 37 °C with shaking (200 rpm).
To evaluate the effect on S. aureus murein hydrolytic activity, an aliquot
of 20 µL of culture was inoculated into 2mL of TSB with 2% (w/v) glu-
cose containing 1 µM of compound 1d or F2a in flat 24-well polystyrene
cell culture plate (Costar). Compound 1d and F2a were prepared as 0.5
µg/µL stock solutions in DMSO. Untreated and 0.1% (v/v) DMSO-con-
taining S. aureus cultivations were used as control conditions. The test and
control cultivations were performed in triplicated replicas. The cell cul-
ture plate was incubated statically at 37 °C for 24 h. Following incubation,
spent medium samples were collected without taking well-surface ad-
herent cells. The samples were centrifuged (10min at 2000 rcf) to sepa-
rate possible planktonic cells and, then, 1mL of supernatants was lyo-
philized and suspended in 200 µL of 1M Tris-HCl buffer (pH 7.4). The
activity of extracellular murein hydrolases were assayed by zymographic
analyses as previously described using lysozyme as positive control.33 In
particular, 10 µL for each sample was separated using SDS-PAGE on a
12% acrylamide gel containing 1mg/mL Micrococcus lysodeikticus ATCC
No 4698 cells (Sigma Aldrich, St. Louis, MO) at 100 V for approximately
2 h. After electrophoresis, the gel was washed twice in 100mL of H2O for
30min at room temperature under constant agitation. After washing, the
gel was incubated with renaturing buffer (20mM Tris, 50mM NaCl,
20mM MgCl2, 0.5% Triton X-100, pH 7.4) for 30min at room tempera-
ture and then for 24 h at 37 °C with replaced renaturing buffer under
constant agitation until clear hydrolytic bands appeared (between 16 h
and 48 h). To highlight the presence of digestion bands, the gels were
stained with 0.1% Methylene Blue (Sigma-Aldrich). Thus, bands without
staining were indicative of muerein hydrolysis. In particular, S. aureus
hydrolytic activity was calculated using triplicate measurements by Im-
ageJ 42 analysis performed on digitalized zymography images and was
reported as lysozyme µg equivalents.
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