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Abstract

Three photoswitchable tetrapeptides, based on a known synthetic antibacterial, were designed and
synthesized to determine activity against Staphylococcus aureus (S. aureus). Each peptide contains
an azobenzene photoswitch incorporated into either the N-terminal side chain (1), C-terminal side
chain (2), or the C-terminus (3), to allow reversible switching between cis- and trans-enriched
photostationary states (PSS). Biological assays revealed the C-terminal azobenzene (3) possessed
the most potent antibacterial activity, with an MIC of 1 pg/mL. In this study, net positive charge,
hydrophobicity, position of the azobenzene, secondary structure, and amphiphilicity were all found
to contribute to antibacterial activity, with each of these factors likely facilitating the peptide to
disrupt the negatively charged bacterial lipid membrane. Hence, these short photoswitchable
antibacterial tetrapeptides provide insights for the future design and synthesis of antibiotics

targeting S. aureus.

Introduction

Photopharmacology is an emerging strategy to modulate the bioactivity of a compound using a
reversible molecular switch (photoswitch) to provide localized treatment of an associated disease. !
This approach offers an opportunity to mitigate off-target side effects,[** 2 and in the context of an
antibiotic, the development of resistance.*! This typically involves incorporating a photoswitch,
such as an azobenzene, into a compound, such as a peptide, to induce a change in physical and
chemical properties upon photoisomerization with light of a specific wavelength.® The use of light
in this context can be fine-tuned with high spatiotemporal precision,[*® 4 allowing delivery of a
bioactive compound. An azobenzene can be interconverted between cis and trans isomers on
irradiation with UV and visible light respectively, resulting in a significant change in configuration
and dipole moment.! Moreover, an azobenzene photoswitch provides a high photoisomerization
yield, fast isomerization, low rate of photobleaching, and relative ease of synthesis.[*> & We have
previously reported photoswitching of an azobenzene-containing cyclic peptide based on a natural
antibiotic, gramicidin S,"1along with the use of an azobenzene to regulate biosensors,®! protease
inhibitors,®! and smart membranes.!*® Herein, we present the design, synthesis and evaluation
against S. aureus of three photoswitchable tetrapeptides (1-3, Figure 1). An azobenzene

photoswitch was incorporated into either the side chain (peptides 1 and 2) or the C-terminus



(peptide 3) in order to explore the optimum position for photoswitching between trans- and cis-
enriched PSS.

Results and Discussions

The design of peptides 1-3 (Figure 1) is based upon a known compound by Lau et al.,[*%
(compound 23, NH2-BRBR-CONH>, where B = p-phenyl-phenylalanine) which was reported to
have antibacterial activity against methicillin-resistant S. aureus (MRSA, Minimal inhibitory
concentration (MIC) 5 pg/ml).M Peptides 1 and 2 each contain a p-phenylazophenylalanine,
azobenzene photoswitch which closely mimics the structure of the biphenyl side chains of
compound 23.[*4 Specifically, the N-terminal biphenyl of compound 231 was replaced with an
azobenzene photoswitch in peptide 1, while the C-terminal biphenyl was replaced with an
azobenzene in peptide 2. Peptide 3 has the same azobenzene photoswitch directly attached to the
C-terminus. The rational positioning of the azobenzene photoswitch into each of peptides 1-3
allows retention of the overall positive charge (+3) in each case. The free amines located at the N-
terminus and both side chains of each arginine residue remain available for protonation, and are
crucial for antibacterial activity of compound 23 and other peptides targeting Gram-positive
bacteria (12121 through establishment of electrostatic interactions for binding to the negatively
charged bacterial membrane.l®! The design of peptides 1-3 exploits the knowledge that the
azobenzene photoswitch induces a change in dipole moment upon photoisomerization,® 4 which
in turn affects the amphiphilicity!*® that is crucial to antibacterial activity.[”- 61 Each peptide was
synthesized using standard Fmoc solid phase peptide synthesis (SPPS) and purified by RP-HPLC,
as outlined in the Supporting Information. The component azobenzene photoswitch was

synthesized using an existing methodology.°
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Figure 1. Chemical structures for compound 23! and peptide mimetics 1-3 (trans conformations are
shown). The azobenzene photoswitch is highlighted in red.

Samples of peptides 1-3 were separately irradiated with visible light (405 nm) for 2h to yield the
associated trans-enriched PSS, and the UV-Vis absorbance for each was reported (Figure S4). The
trans-enriched PSS for each of peptides 1-3 showed an intense absorption band, with a maximum
absorbance at 328 nm due to the symmetry-allowed n—n* transition. Each peptide was then
exposed to UV light (352 nm) for 2h to give the associated cis-enriched PSS, and the absorbance
spectra reported (Figure S4). The cis-enriched PSS for each of peptides 1-3 exhibited a weak
absorption at 428 nm resulting from the forbidden n— =n* transition, with a significantly reduced
absorption at 328 nm. These absorbance values concur with literature, where both isomers of the

azobenzene are known to give distinct but slightly overlapping absorption spectra.a 7]

The maximum photoisomerization yield of peptides 1-3 was determined by *H NMR analysis,
particularly comparison of resonances corresponding to the para-substituted phenyl ring in the
azobenzene photoswitch.[”! Specifically, the resonances at § 7.85 ppm and & 6.78 ppm for peptide
1,6 7.81 ppm and & 6.74 ppm for peptide 2, and 6 7.85 ppm and 6 6.76 ppm for peptide 3 were



used to calculate these ratios (Figures S11-S13). Relatively high photoisomerization yields for
each PSS were observed, with trans-enriched PSS of 100%, 88% and 85%, and cis-enriched PSS
of 86%, 86%, and 91% for peptides 1-3 respectively (Table 1). Detailed *H NMR spectroscopy
also confirmed the structural conformation of each peptide. Interestingly, 3Jnn-can coupling
constants between 7.5-10 Hz*® were observed for both cis- and trans-enriched PSS of peptides 1-
3, indicating the presence of a B-strand geometry for each (Table S2). To further define secondary
structure, the cis and trans isomers of peptides 1-3 were analyzed by density functional theory
(DFT). Calculated dihedral angles for both cis and trans isomers of peptides 1-3 were consistent
with a B-strand conformation!*®! (Table S1, Figure S7), in line with the *H NMR data. Collectively,
these findings indicate that the incorporation of an azobenzene photoswitch into either the side
chain or the C-terminus of the peptides does not result in a significant change in secondary
structure upon photoisomerization. Thus, any differences in antibacterial activity are likely
attributable to other factors, such as the azobenzene position and amphiphilicity, and these are

discussed later.

Half-lives for the cis-enriched PSS of each peptide were determined by measuring the kinetics of
cis-trans thermal back isomerization, as detailed in the Supporting Information. Briefly, samples
of peptides 1-3 were each irradiated under UV light (352 nm) for 2.5h to provide the maximum
attainable cis-enriched PSS. Each peptide in its cis-enriched PSS was then stored in the dark to
switch to the respective trans-enriched PSS by thermal relaxation. The absorbance for each was
measured every 10 min to monitor the change in absorbance at 328 nm, which is characteristic of
the trans-enriched PSS. The half-life for each peptide was then calculated by extrapolating the
curve, and the data analyzed using GraphPad Prism 8 software.?° The cis-enriched PSS for each
of peptides 1-3 possess comparable half-lives of 43.4h, 44.6h and 40.8h respectively, thus

affording sufficient time for antibacterial assaying against S. aureus (24h).



Table 1. Photoisomerization yields and half-lives of peptide mimetics 1-3, in their respective

photostationary states (PSS).

Peptide Photoisomerization yield (%) Half-life for cis-
trans-enriched PSS cis-enriched PSS enriched PSS (h)

1 100 86 43.4

2 88 86 44.6

3 85 91 40.8

The two photostationary states of peptides 1-3 were assayed against S. aureus ATCC 49775 (see
Supporting Information), as model compound 231 is active against this bacterial species. Each
peptide was dissolved in DMSO at a concentration of 8 mg/mL, and irradiated separately using
either UV (352 nm) or Vis (405 nm) light for 2h to obtain the respective cis- and trans-enriched
PSS, which were then subjected to antimicrobial susceptibility assays.[?! Peptide 1, containing an
azobenzene moiety to mimic the N-terminal biphenyl side chain of synthetic tetrapeptide
(compound 231, displayed a modest antibacterial activity with MICs of 16 pg/mL and 64 pg/mL
for the trans- and cis-enriched PSS respectively (Table 2). Replacement of the C-terminal biphenyl
side chain moiety with an azobenzene photoswitch, as in peptide 2, increased antibacterial activity
with MICs of 8 pg/mL and 32 pg/mL for the trans- and cis-enriched PSS, respectively. As peptides
1 and 2 both possess an identical amino acid composition and similar secondary structure, these
disparate antibacterial properties likely reflect the influence of the position of the azobenzene
photoswitch. However, a four-fold difference in the MIC values between the cis- and trans-
enriched PSS of peptides 1 and 2 was observed (Table 2), suggesting that in addition to the specific
location of the azobenzene moiety, the intrinsic properties of the photoswitch contribute to
antibacterial activity. This four-fold disparity is likely due to a change in overall amphiphilicity,!’]
as the azobenzene photoswitch induces a considerable change in the dipole moment upon
photoisomerization.®! As the trans-enriched PSS of peptides 1 and 2 most closely resemble the
structure of the synthetic tetrapeptide (compound 23M), it was not surprising that these were more
active in suppressing growth of S. aureus than their cis-enriched counterparts. Notably, the trans-
enriched PSS of peptide 3 exhibited far superior antibacterial activity over peptides 1 and 2, with
a particularly potent MIC of 1 pug/mL against S. aureus, again demonstrating the significance of
the position of the azobenzene photoswitch. The cis-enriched PSS of peptide 3 was found to be



insoluble in the assay medium, which further supports a change in hydrophobicity and overall
amphiphilicity upon photoisomerization. Furthermore, the additional aromatic groups in peptide 3
increased the hydrophobicity of the compound in comparison to peptides 1 and 2, as evidenced by
the longer retention time observed by RP-HPLC (Figure S3). Placement of the azobenzene
photoswitch at the C-terminus of peptide 3 provides increased hydrophobicity without altering the
net positive charge, thus affording optimum amphiphilicity. These properties are clearly
advantageous for the designed peptide to disrupt the bacterial lipid membrane, thereby providing

a practical insight into the possible mechanism for antibacterial activity.

Table 2. Minimum inhibitory concentration (MIC) for the trans-enriched and cis-enriched PSS of peptide
mimetics 1-3 against S. aureus ATCC 49775. The MIC for the cis-enriched PSS of peptide 3 was not
determined due to its insolubility in the assay medium. (* ND — not determined)

Peptide mimetics Minimum Inhibitory Concentration, MIC (pug/mL)
trans-enriched PSS cis-enriched PSS
1 16 64
2 8 32
3 1 ND*

In summary, three short photoswitchable antibacterial peptides, based on a known synthetic
tetrapeptide, were designed and synthesized to investigate antibacterial activity against S. aureus.
Each peptide (1-3) contains an azobenzene photoswitch incorporated either on a side chain (1-2)
or the C-terminus (3), to allow reversible switching between the cis- and trans-enriched PSS.
Biological testing against S. aureus revealed a four-fold difference in the antibacterial activity
between the cis- and trans-enriched PSS of peptides 1 and 2, revealing a change in overall
amphiphilicity brought about by a change in dipole moment upon photoisomerization. A two-fold
difference in the antibacterial activity between peptides 1 and 2 was also observed, and attributed
to the positioning of the azobenzene photoswitch, as both peptides contain an identical amino acid
composition and similar secondary structure as defined by the earlier *H NMR analysis and
modelling. In each case, the trans-enriched PSS was more potent than its cis-enriched counterpart,
as it most closely mimics the structure of the biphenyl side chain of the known antibacterial. The

trans-enriched PSS of peptide 3 exhibited the most potent antibacterial activity, with an MIC of 1



pMg/mL against S. aureus. The position of the azobenzene photoswitch is also conspicuous in 3, as
it allows an increase in hydrophobicity within the peptide without disrupting the net positive
charge. Hydrophobicity and an overall positive charge are clearly desirable properties to enable
the peptide to disrupt the negatively charged bacterial lipid membrane of S. aureus. Furthermore,
as each cis- and trans-enriched PSS for each peptide was found to contain a 3-strand geometry, it
is likely that this well-defined secondary structure provides the fundamental framework to stabilize
the amino acid residues responsible for maintaining amphiphilicity. Hence, an overall positive
charge, hydrophobicity, azobenzene position and amphiphilicity were all found to be crucial in

promoting antibacterial activity.
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