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We report a series of fluorescent probes based on mycobacteria membrane-associated disruption

Received 11th August 2024,
Accepted 6th October 2024

DOI: 10.1039/d40b01333f

peptide, containing either L- or p-amino acids which were originally designed to kill Mycobacterium
tuberculosis via membrane disruption. These peptides were decorated with “always on” and environmen-
tally sensitive fluorophores and showed the rapid and efficient labelling of Mycobacterium smegmatis,
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Introduction

Tuberculosis (TB) affects an estimated one-fourth of the
world’s population and remains a prominent cause of death
with its high infectiousness and mortality." The COVID-19
pandemic has had huge detrimental consequences by hamper-
ing access to TB diagnosis and treatment, as well as increasing
its prevalence due to “lock-downs” promoting transmission.>
Indeed, much of the rapid progress made in the five years
prior to 2020 has been undone, many people undiagnosed/
untreated during the pandemic, with an additional
10.6 million people diagnosed in 2021, and with 2-3 times as
many deaths from TB every decade than from COVID-19 to
date.**

A key need for a successful TB treatment campaign is early
diagnosis, to prevent the spread of infection and permitting
early therapeutic intervention. Diagnosis still mainly relies on
the direct detection of Mycobacterium tuberculosis (Mtb), the
causative pathogen of TB, by a traditional smear analysis and
staining, although microbial culture and genetic methods are
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with labelling of Mycobacterium tuberculosis demonstrated by two of the probes.

becoming more mainstream.””” Smear sputum microscopy
relies on acid-fast staining of Mtb in sputum, using the Ziehl-
Neelsen (colour-based) or auramine-rhodamine (fluorescence-
based) staining.>® However, key drawbacks of sputum smears
are their lack of sensitivity and specificity. Indeed, factors
such as sample collection and preparation can drastically
affect the outcomes and sensitivity of Ziehl-Neelsen staining.”®
Auramine-rhodamine staining provides high sensitivity but
there is a lack of selectivity against other bacteria resulting in
false positives.As such, there is a need to develop stains that
are able to selectively and sensitively detect Mtb, allowing
rapid, convenient and accurate early-stage identification of
Mtb through sputum smear microscopy. Fluorescent probes
are key entities for the detection of a range of microbial infec-
tions and cover several mechanistic classes.’> Activation of
fluorogenic probes by specific bacterial enzymes, such as ami-
nopeptidases and sulfatases are well known,"*'* while probes
based on fluorescently labelled antibiotics have also been
reported.”® Fluorophore-labelled trehalose has been reported
to be metabolically incorporated into the mycobacterial cell
envelope at high probe concentrations (100 pM for Mth),'®>*
although labelling of autoclaved (dead) Mycobacterium has
been found with some trehalose probes.>*

Natural host defence peptides have gained attention as
potential antimicrobial therapeutics, and they often act via
membrane-specific, bactericidal mechanisms that are capable
of remarkably selective actions, making them distinct from tra-
ditional antibiotics.>>*® Although natural host defence pep-
tides offer a pool of molecules, rational de novo design has
also given peptides possessing novel bioactivity. In this regard,
Medina reported a biomimetic, o-helical “defence peptide”
(KRWHWWRRHWVVW-NH,), referred to as a mycobacteria
membrane-associated disruption peptide (MAD1), which was
inspired by the unique features of the mycobacteria-specific
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transmembrane protein porin A that differs from porins of
non-mycobacterial microbes.”’?® The peptide MAD1 was
designed and optimised in silico to self-assemble within the
mycolic-acid rich outer membrane of Mtb, with MAD1 found
to selectively kill Mtb with an MIC of 2.5-5 pM by induction of
membrane defects, without notable activity against mamma-
lian cells.>**°

Here, we report a series of MAD1-based fluorescent probes
(emission from 450 nm to 700 nm) and their evaluation against
mycobacteria, including Mtb, based on both solvato-fluorogenic
dyes nitrobenzoxadiazole (NBD, green) and merocyanine
(MeroCy, orange)®" as well as more traditional “always-on” 5-car-
boxyfluorescein (5-CF, green)** and sulfonated Cy5 (Sulfo-Cy5
(Pyr), red) fluorophores. The specific Cy dye (Sulfo-Cy5(Pyr)) was
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chosen here due to its water solubility, convenient synthesis*?
and demonstrated success in biological labelling.** All the
probes were synthesised via solid-phase methods and tested
against Mycobacterium smegmatis (M. smegmatis) and H37Rv, a
laboratory strain of Mtb, as well as clinically relevant strains of
Gram-negative and Gram-positive bacteria.

Results and discussion
Probe design and syntheses

The rationally designed MAD1 peptides were reported to allow
the specific targeting and killing of mycobacteria and, since
our aim was the selective recognition and fluorescent labelling

Fluorophore
conjugation .
Fluorophore MAD1 ||RINK
DGl
Dye-CO-OSu
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95% TFA
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\\1/NH2
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Scheme 1 Design and synthesis of the MAD1-based fluorescent probes. The MAD1 peptide was synthesised on an Fmoc-Rink-linker functionalised
polystyrene resin (loading 0.745 mmol g™, 100-200 mesh) using Fmoc-protected amino acids with Oxyma/DIC as the coupling combination. Upon
synthesis of the MAD1 sequence, the fluorophores were coupled to the N-terminus using their respective NHS-esters, except for NBD where SNAr
chemistry of NBD-Cl was used. After deprotection and resin cleavage, the peptides were purified by preparative HPLC and characterised by HRMS

and HPLC (ESI Fig. S7-S16+).
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of Mth, the MAD1 peptide was identified as a suitable targeting
ligand.*” Four fluorophores were utilised for conjugation to the
N-terminus of the peptide, to cover the wavelength range from
green to NIR-L,*>*® with the environmentally sensitive fluoro-
phores, NBD and MeroCy (which only become fluorescent in
hydrophobic environments, here upon the interaction with the
bacterial membrane) allowing “wash-free” labelling. In addition,
both “L”- and “p”-enantiomers of MAD1 were investigated, as
p-amino acid containing peptides are known to be robust to
proteolysis."®?” The probes were synthesised on solid-phase as
shown in Scheme 1 (also see ESI Fig. S7-S167).

Photophysical characterisation

The photophysical properties were determined for the probes
(Table 1 and ESI Fig. S17, S18%), with the “always-on” MAD1
conjugates investigated in aqueous solution, while the environ-
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mental MAD1 conjugates were investigated in more hydro-
phobic environments to mimic their emissive behaviour in
bacterial membranes. For NBD-L-MAD1 and MeroCy-L-MAD1,
strong fluorescence emission was observed in DMSO, with the
addition of water leading to a reduction in fluorescence (ESI
Fig. S18t) mirroring the photophysical properties of the parent
fluorophores.'"*®  Circular dichroism spectroscopy showed
that the addition of fluorophores to the N-terminus of the
MAD1 peptide did not affect its helical secondary structure (at
206-219 nm), nor the exciton band observed at 228 nm (ESI
Fig. S19%).

Bacterial labelling

Mycobacterial labelling was initially investigated with the non-
infectious and fast-growing species M. smegmatis by confocal
microscopy, with all eight probes (1-10 pM) showing rapid

Table 1 Photophysical properties of the “always-on” 5-CF-L-MAD1 and Sulfo-Cy5(Pyr)-L-MAD1 and the “environmentally sensitive” NBD-L-MAD1
and MeroCy-L-MAD1 probes. For NBD and MeroCy, DMSO was used as a more hydrophobic environment to promote the probes’ maximal

fluorescence

Compound Solvent M (mm) €™M 'em™)  AN™ (nm)  Stokes shift (em™Y) @ e (M em™)
5-CF-L-MAD1 H,0/DMSO (9/1,v/v) 494 5.9 x 10* 522 1086 0.17°  10.0 x 10°
Sulfo-Cy5(Pyr)-L-MAD1  H,O/DMSO (9/1, v/v) 641 4.3 x 10" 659 677 0.08°  3.44x10°
NBD-L-MAD1 DMSO 464 1.2 x10* 545 3203 0.06  0.72x10°
MeroCy-1-MAD1 DMSO 600 2.4 x10* 627 717 0.02°  0.48 x 10°

Fluorescence quantum yield, derived from relative measurements using standards selected based on the absorption and emission properties of
the probes. ® Fluorescein in 0.1 M NaOH (& = 0.90). ° Rhodamine 6G in EtOH (&, = 0.94).  Cresyl violet in MeOH (@ = 0.54).

‘o

MeroCy-L-MAD1 Sulfo-Cy5(Pyr)-L-MAD1

5-CF-L-MAD1

NBD-L-MAD1

Fig. 1

w

MeroCy-D-MAD1 Sulfo-Cy5(Pyr)-D-MAD1

5-CF-D-MAD1

NBD-D-MAD1

(A) Concentration-dependent labelling of M. smegmatis with the L-MAD1-based probes. The bacteria were incubated with the probes (1, 5 or

10 pM) for 1 h, washed and imaged. Filters used for laser scanning confocal microscopy imaging (left panels): Cy5 for Sulfo-Cy5(Pyr)-MAD1, Alexa
594 for MeroCy-MAD1, Alexa 488 for 5-CF-MAD1 and NBD-MAD1. Panels right of all the fluorescent images are the brightfield images. (B)
Comparison of the labelling of M. smegmatis with the “L" and “b" enantiomers of MAD1 probes (1 uM for 1 h). Scale bar = 50 um.
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M. smegmatis (1 pM)

5-CF-D-MAD1

NBD-D-MAD1

Control
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B. subtilis (2 pM)
o7 s

Fig. 2 Specificity of MAD1-based probes for M. smegmatis against Gram-negative (E. coli) and Gram-positive (B. subtilis) bacteria with 5-CF-D-
MAD1 and NBD-D-MADL1. The bacteria were incubated with the probes for 1 h, washed, and imaged (1ex/em 480/505 nm). Control = unlabelled cells.

Scale bar = 50 ym.

concentration-dependent labelling (Fig. 1A and ESI Fig. S1,
S27). 5-CF-MAD1 showed the strongest labelling, even at 1 pM,
not surprising as 5-carboxyfluorescein conjugates are known
to have high emissions at physiological pH (Table 1).*® For 5-
CF-MAD1 better imaging was achieved using a washing step to
reduce the background from the “always-on” probes; however,
such background issues were avoided with NBD-MAD1 and
MercoCy-MAD1 decorated with the environmentally sensitive
fluorophores (ESI Fig. S31). The probes synthesised with
p-amino acids showed no pronounced difference to the
L-enantiomers (Fig. 1B and ESI Fig. S1, S27), and the labelling
intensity of the MAD1-conjugates remained strong even 24 h
after initial labelling (ESI Fig. S47).

5-CF-D-MAD1

To evaluate the mycobacterial specificity of the probes, the
labelling of two common pathogenic Gram-negative and
Gram-positive bacteria, Escherichia coli and Bacillus subtilis,
were examined with 5-CF-D-MAD1 and NBD-D-MAD1 by con-
focal microscopy (Fig. 2). Neither 5-CF-D-MAD1 nor NBD-D-
MAD1 showed labelling at 2 pM, showing M. smegmatis selecti-
vity (Fig. S57), although at higher concentrations (>5 pM) of
the p-enantiomer probes, there was some off-target labelling as
previously reported by Medina.””

At low probe concentrations (1 pM), there was no labelling
of Mtb strain H37Rv by NBD-D-MAD1, 5-CF-D-MAD1, or
MeroCy-D-MAD1; however, both 5-CF-D-MAD1 and NBD-D-
MAD1 (10 pM) showed labelling of H37Rv whereas MeroCy-

NBD-D-MAD1

Fig. 3 Fluorescent labelling of the pathogenic Mtb strain H37Rv by incubation with 5-CF-D-MAD1 and NBD-D-MAD1 (10 pM) for 1 h, followed by
washing with PBS and imaging at Aex/em 488/505 nm using fluorescence microscopy. 5-CF-D-MAD1 brightly stained both Mtb cords and individual
bacteria, whereas NBD-D-MAD1 only stained cord structures. The yellow/red arrows indicate cords and white/black arrows individual bacteria.
Regions of special interest have been expanded for clarity (right). Scale bar = 75 pm.
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D-MAD1 did not exhibit any significant labelling (here, the
p-peptides were used for their better stability in a biological
setting). 5-CF-D-MAD1 and NBD-D-MAD1 were observed to
stain Mtb cords (end-to-end and side-to-side bacterial attach-
ment structures) (Fig. 3).>***° It should be noted that at 10 uM
of 5-CF-D-MAD1, there would be non-specific labelling of
other bacterial species (Fig. S61); however, in clinical TB diag-
nosis sample preparation/decontamination often involves
destruction of other microbial species through treatments
such as N-acetyl t-cysteine (NALC) coupled with 2% NaOH, or
tri-sodium phosphate with benzalkonium detergents.*'

Conclusions

To selectively identify and label mycobacteria, the MAD1
peptide was chosen as a targeting moiety. Both 1- and
p-enantiomers of the peptide were synthesised and decorated
with different “green” and “far-red” fluorophores. Two solvato-
fluorogenic dyes were used to minimise any interference from
background autofluorescence. The labelling efficiency of the
MAD1-based probes were investigated on M. smegmatis, with all
the probes showing robust and stable mycobacterial labelling
and concentration-dependent specificity against common
pathogenic Gram-negative and Gram-positive bacteria. Notably,
5-CF-D-MAD1 and NBD-D-MAD1 showed potential for early TB
screening by labelling clinically relevant forms of Mtb, although
labelling was much reduced compared to M. smegmatis.
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