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avable antimicrobial peptide–drug
conjugates
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Antimicrobial resistance attracts a considerable amount of attention as it threatens the efficiency of current

antibacterial treatments. Besides a more considerate use of current antibiotics to slow down the spread of

antimicrobial resistance, there is ample need for new therapeutic avenues to treat already resistant strains.

Here, we describe the use of a cleavable peptide–drug conjugate to target bacteria with diverse resistance

strategies. The conjugate consists of three main components: a b-lactamase cleavable linker, a positively

charged stapled antimicrobial peptide, and an antibiotic. The linker ensures selective cleavage and

provides the prospect of lowering systemic toxicity of the conjugate. The positively charged peptide

targets the negatively charged bacterial membrane, and stapling pre-organises it in a helical structure.

Finally, the drug provides another, distinct mode of action to the peptide, which should overall reduce

the development of resistance. A series of peptides was prepared and the most promising one was then

developed into a stapled conjugate. The factors affecting the activity of this conjugate were investigated,

proving cleavage by b-lactamase and superior potency compared to the non-cleavable control, as

shown by its minimal inhibitory concentrations.
1 Introduction

Bacteria, like other living entities, are constantly adapting to
their environment. In a healthcare context, this means that they
are nding ways to circumvent antibacterial treatments, many
of which have been around for over ve decades and seen
limited advancement.1 The rise in antibacterial, and in broader
terms antimicrobial, resistance has been troubling health
experts. It is estimated that in the future more people could die
of resistant infectious diseases than are now dying of cancer.2

Two of the many possible methods for combating this
resistance are the development of non-traditional antibiotic
compounds and identication of new combinations of tradi-
tional drugs.3,4 Modern antibiotic treatments are typically small
molecule-based and only a few are of peptidic nature.5,6 Anti-
microbial peptides (AMPs) are a promising type of antibacterial
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treatment. They oen show a membrane-targeting mechanism
of action, which is novel compared to the standard protein
targets of small molecules and which carries an additional
benet of low resistance propensity.5 When optimised, AMPs
show good selectivity for bacteria due to the distinct membrane
composition between bacterial and mammalian cells. However,
the chemical composition of AMPs can also limit their activity
in biological settings. For example, physiological salt concen-
trations oen give different activity levels compared to in vitro
assays, or peptides can be rapidly degraded by proteases.7 Cyc-
lisation of peptides (found in many of the few clinically-used
peptides such as polymyxin B or daptomycin) can alleviate
some of these disadvantages. In addition, linear AMPs oen
need to organise at the surface of the membrane into an active
conformation in order to interact with the membrane. In such
cases, cyclisation can help to pre-organise the peptide in its
active conformation.5

Peptides can be articially cyclised by using stapling meth-
odologies. There are several types of peptide stapling, which
have been reviewed elsewhere.8,9 In the context of antimicrobial
peptides, metathesis-based stapling has been used extensively,
as reviewed by Migoń et al.10 For example, Pham et al. have
prepared derivatives of AMP esculentin-2EM, stapled using
metathesis of alkene-bearing unnatural amino acid residues
incorporated in the peptide sequence.11 The stapled peptides
(Fig. 1a) exhibited an improved inhibitory activity against
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Previous research that this work (d) builds on. It combines the
concepts of stapled antimicrobial peptides (e.g. work by Pham et al.,
(a))11 with b-lactamase cleavable ciprofloxacin prodrugs (Evans et al.,
(c)).15 In the context of this work, the prodrug will be attached to the
peptide via a functionalised staple and the divinylpyrimidine method-
ology previously reported by the Spring group (b) will be used for the
stapling.13

Table 1 Sequences of peptides selected for initial screen. PXa is the
parent sequence of peptide X without cysteine residues, PX stands for
the sequence of peptide X with cysteine residues inserted for stapling
and PX-1 is peptide PX stapled with staple 1, represented by bold
cysteine residuesa

Pep Sequence Inhb Origin/ref.

P1a Ac–TLKQFAKGVGKWLVK–NH2 — frog11,18

P1-1 Ac–TLKQFCKGVGKWCVK–NH2 7

P2a H–FAKWAFKWLKK–NH2 7 frog19

P2 H–FCKWAFKWCKK–NH2 7

P2-1 H–FCKWAFKWCKK–NH2 3

P3a Ac–WMLKKFRGMF–NH2 — bact.20

P3-1 Ac–WCLKKFRGCF–NH2 7

P4a H–RFRRLRKKWRKRLKKI–NH2 3 pig21

P4 H–RFRRLCKKWRKRCKKI–NH2 7

P4-1 H–RFRRLCKKWRKRCKKI–NH2 3

P5a C8–GLLKFIKKLL–NH2 — wasp22

P5-1 C8–GCLKFIKKCL–NH2 7

P6a H–KWVQNYMKHLGRKAHTLKT–NH2 3 human23

P6 H–KWVQNYCKHLGRKCHTLKT–NH2 7

P6-1 H–KWVQNYCKHLGRKCHTLKT–NH2 3

P7a H–NLFRKLTHRLFRRNFGYTLR–NH2 — human24

P7-1 H–NLFRKLCHRLFRRCFGYTLR–NH2 7

a Abbreviations: Pep peptide, Inh inhibition, bact. bacterium.
b Inhibition measured at 256 mg mL−1 of peptide aer overnight
incubation of Pseudomonas aeruginosa strain PAO1. Tick (3)
represents OD600 comparable to no-growth control, cross (7)
represents OD600 comparable to growth control without any peptide,
dash (—) means inhibition was not measured for the peptide.
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a panel of Gram-positive and Gram-negative bacteria, compared
to the unstapled parent peptides. Our work expands the area of
stapled AMPs by replacing the one-component metathesis
stapling with a two-component stapling methodology mediated
by divinylpyridine and divinyltriazine moieties developed in the
Spring group.12,13 Unlike hydrocarbon-based stapling, which
requires introduction of unnatural amino acids into the peptide
sequence, the divinyl-heteroarene stapling relies on canonical
cysteine residues (Fig. 1b). In addition, this methodology allows
for introduction of the functionalised staple aer peptide
synthesis, which makes the synthesis more convergent, hence
reducing the risk of peptide side-reactivity.

To minimise the toxicity to human cells, antibacterial pro-
drugs can be used to ensure selective targeting of bacterial cells.
The concept of antibacterial prodrugs has been previously
demonstrated by several research groups. For example, Liu et al.
joined a siderophore to a derivative of oxazolidinone antibiotic
eperezolid via a b-lactamase cleavable cephalosporin.14 The
siderophore directs the conjugate to the periplasm where b-
lactamase is localised and hence the oxazolidininone is
© 2025 The Author(s). Published by the Royal Society of Chemistry
released. Similarly, Evans et al. have used the same b-lactamase
cleavable moiety to release ciprooxacin from a prodrug
(Fig. 1c).15 Although b-lactamase cleavable pro-moieties are the
focus of this paper, other mechanisms of antibacterial prodrug
release have been reported, such as in a nitroreductase-
cleavable ciprooxacin prodrug by Ross et al.16

This project aimed to build on the concepts mentioned
above and combine them into a single construct of a cleavable
peptide–drug conjugate (Fig. 1d). The peptide component
would provide selectivity for the bacteria while also disrupting
their cell membrane. The secondary structure of the peptide
would be reinforced by a staple to aid the mechanism of action
via restricting the conformational entropy. The small molecule
component, namely ciprooxacin, would provide an orthogonal
antibacterial mode of action, hence reducing the chance of
resistance forming. Finally, the peptide and the drug would be
connected via a cleavable linker using a b-lactam moiety so that
the construct would be active only in the presence of bacteria
that would otherwise be resistant to treatment with b-lactam
antibiotics. The primary target organism used for the evaluation
of this study was P. aeruginosa due to its abundant resistance
pathways and high research priority.17
Chem. Sci., 2025, 16, 19288–19295 | 19289
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Fig. 3 A study to establish the influence of the staple core on the
activity of the stapled AMPs. (a) Staples based on triazine or pyrimidine,
with or without N–Mewere prepared. (b) Two additional peptides with
staple on the hydrophobic face of the helix were also prepared. (c)
Heat map showing the MIC of the different peptide-staple
combinations.
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2 Results and discussion
2.1 Peptide selection

With the bacterial target in mind, we started by looking for
a peptide sequence that would provide selectivity for P. aerugi-
nosa. Seven peptide sequences were obtained from literature
that represent naturally occurring antimicrobial peptides from
a variety of species (Table 1). Most of the chosen peptides
showed inhibitory activity against P. aeruginosa and one of them
(P1) had been previously stapled with a hydrocarbon staple. The
positions for insertion of cysteine residues were chosen to allow
i, i + 7 stapling and to minimally perturb the cationic and
amphipathic character of the peptides.

The peptides were synthesised using solid-phase peptide
synthesis and were tested for their initial properties of inhibit-
ing the growth of P. aeruginosa in their stapled forms. The
peptides were stapled with a simplied staple 1, which had been
synthesised using a procedure previously used in the group
(Scheme S1a and b). The stapling was performed in a 3 : 1
mixture of DMF and 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (50 mM, pH 6) as the peptide showed worse solu-
bility when basic buffer was used (sodium phosphate buffer, 50
mM, pH 8) and the staple showed poorer solubility when a low
proportion of organic solvent was used.

Of the tested peptides, three (P2, P4 and P6) showed inhi-
bition of cell growth when tested initially at a xed concentra-
tion (256 mg mL−1). For these peptides, the unstapled versions
and parent sequences without cysteine insertion were subse-
quently also tested at the xed concentration. Peptide P2 stood
out as its stapled version P2-1 showed improvement in activity
and P2 was therefore used for further studies.

The minimal inhibitory concentration (MIC) was measured
for peptide P2a, its variant with inserted cysteine residues (P2)
and P2 stapled with model staple 1 (P2-1). Two strains of P.
aeruginosa were used for this, reference strain PAO1 and a more
virulent strain PA14.25 When we introduced a staple into the
structure of the peptide, the MIC dropped (Fig. 2a). Indeed, this
was expected as membrane-acting peptides oen need to
organise into a secondary structure before they act on the
membrane.5 In the context of this project, stapling was intended
to pre-organise the peptide in a helical conformation. Circular
Fig. 2 Further analysis of peptide P2. (a) Minimal inhibitory concen-
tration (MIC) for the peptide P2a, its analogue with cysteine residues
(P2) and the stapled peptide (P2-1). Measured for P. aeruginosa strains
PAO1 and PA14. (b) The circular dichroism (CD) spectra of P2-1 and
P2a in MeCN/H2O (1 : 1). The percent helicity is given in parentheses in
the legend.

19290 | Chem. Sci., 2025, 16, 19288–19295
dichroism (CD) data conrmed increased a-helicity of the
stapled peptide (Fig. 2b).

In addition, the effect of staple core on the MIC was inves-
tigated. The Spring Group previously reported both di-
vinylpyrimidines13 and divinyltriazines12 as peptide staples and
thus there was interest to ascertain if this subtle chemical
change in the staple core can have an effect on the stapled
peptide's antibacterial activity. Hence, the use of di-
vinylpyrimidine, divinyl triazine and methylation of the
appended amine were tested for their impact on peptide
stapling and activity (Fig. 3a). Two more stapling positions on
the hydrophobic side of the peptide helix were investigated at
the same time in P8 and P9 (Fig. 3b). Of these, the original
stapled peptide P2-1 displayed the best activity, conrming that
the initial scaffold was most suitable to be a starting point for
further elaboration (Fig. 3c). Finally, with the knowledge that
the drug released will be ciprooxacin, peptide P2a was char-
acterised for potential synergy with the small-molecule drug,
however only an additive effect was observed (fractional inhib-
itory concentration index was established to be 0.75, which is
above the synergy threshold of 0.5). This suggests that in
a mixture the two compounds need to be present at their
respective MIC concentrations to be active.
2.2 Conjugate synthesis

Having selected a suitable stapled antimicrobial peptide, we
moved on to synthesise the fully functionalised staple bearing
the cleavable linker and ciprooxacin prodrug. The initial
design of the functionalised staple (Scheme 1a) was inspired by
the work of Evans et al.,15 relying on the direct attachment of the
ciprooxacin carboxylate to an azide-bearing cephalosporin.
The azide would be used for attachment of divinylpyrimidine
using click chemistry to make the synthesis more modular.
However, synthetic challenges encountered during the
attempted synthesis of 5 resulted in a modied design 9. This
updated design employed a carbamate moiety to attach
ciprooxacin to the cephalosporin and contained an aliphatic
amide on the C-7 amine of cephalosporin in place of the
aromatic amide. The latter feature was intended to improve
cleavage by AmpC, a type of b-lactamase expressed by P.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) The initial functionalised staple design and the updated design. The changes between the two designs are highlighted. The linker
between cephalosporin and divinylpyrimidine is shown in pink and connection between cephalosporin and ciprofloxacin is shown in blue. (b)
Synthesis of the second generation staple 10a. Compound 7 was prepared using a previously reported procedure (Scheme S1c).13 (c) Stapling of
peptide with staple and removal of the t-Bu protecting group. (d) Preparation of the non-cleavable stapled peptide–ciprofloxacin conjugate. (e)
Preparation of a peptide stapled with cephalosporin only, acting as a control.
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aeruginosa.15 In the end, an isomer of the new linker (10a) was
synthesised following the pathway in Scheme 1b. This isomer
where the cephalosporin double bond migrated is reported to
show some activity,26 hence the compound was employed for
peptide stapling.

Due to the need of acidic conditions to remove the t-Bu
protecting group and the sensitivity of divinylpyrimidine to
acid, the deprotection step was planned to come aer the
stapling reaction. Therefore, linker 10a was used for the
stapling of peptide P2. This was performed in a 1 : 1 mixture of
DMF and MES buffer (50 mM, pH 6). The slightly lower
proportion of DMF in the mixture resulted in faster stapling
completion so these conditions were used for all further
stapling reactions. Under these conditions the stapling ach-
ieved full conversion (monitored by HPLC) in under two hours.

The subsequent t-Bu deprotection was synthetically chal-
lenging. Several literature conditions were trialled, including 4
M HCl in 1,4-dioxane,27 TMSOTf in dichloromethane,28 Bacillus
subtilis esterase29 and mixtures of triuoroacetic acid with di-
chloromethane and carbocation scavengers such as anisole,15

thioanisole,30 dimethoxybenzene31 and silanes. None gave
a clean cleavage product. The most promising set of conditions
was the standard peptide deprotection conditions (92.5 : 2.5 :
2.5 : 2.5 TFA/CH2Cl2/H2O/TIPS),13 where product formation was
© 2025 The Author(s). Published by the Royal Society of Chemistry
observed using liquid chromatography–mass spectrometry (LC–
MS), but merely as a minor product. Conjugate cleavage at the
carbamate was observed and attributed to the reducing capa-
bility of silanes (Scheme S2). Different amounts of TIPS and
different silanes were trialled in an attempt to improve the
deprotection step (Table S1). However, the standard peptide
deprotection conditions were eventually used for the t-Bu
deprotection since they reproducibly gave the desired product
P2-10 albeit at an overall yield for stapling and deprotection of
5% (Scheme 1c). Introduction of other protecting groups (allyl,
methyl, benzhydryl) to avoid this issue was attempted, but only
with t-Bu group were we able to synthesise the full staple (Table
S2). The stapled peptide prior to t-Bu deprotection (P2-10a) was
also tested for its antibacterial properties in an attempt to avoid
the low-yielding deprotection, however the activity was four-fold
lower than for the deprotected conjugate (Table S3).

In addition to the target conjugate P2-10, two control
compounds (P2-12 and P2-8) were also synthesised (Scheme 1d
and e). Compound P2-12 acted as a non-cleavable peptide–
ciprooxacin conjugate, aiming to show the benet of a cleav-
able linker. Compound P2-8 represented the stapled peptide
released aer the cleavage of the cephalosporin linker and it
was used to understand the contribution of the peptide to the
overall activity of the conjugate.
Chem. Sci., 2025, 16, 19288–19295 | 19291
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Table 2 Minimal inhibitory concentration (MIC) for peptide P2-10 and
the control compounds

Compound

MIC for PAO1 MIC for PA14

mg mL−1 mM mg mL−1 mM

P2-12 > 64 > 32 > 64 > 32
P2-8 > 64 > 33 > 64 > 33
P2-10 16 7.0 16 7.0
Ciprooxacin 0.125 0.38 0.0625 0.19
Polymyxin B 2 1.7 1 0.83

Table 3 Minimal inhibitory concentration (MIC) for peptide P2-10
under different incubation conditions. Data combined from multiple
experiments, each containing ciprofloxacin and polymyxin B controls

Compound

MIC for PAO1 MIC for PA14

mg mL−1 mM mg mL−1 mM

P2-10 32 14 16 7.0
P2-10 + 0.25 mg mL−1 ceazidime 32 14 32 14
P2-10 + plasmid pUCP20 16 7.0 N/A N/A
Ceazidime 1 1.8 2 3.7
Ciprooxacin 0.125 0.38 0.0625 0.19
Polymyxin B 2 1.7 1 0.83

Fig. 4 Curve showing growth of bacteria measured by OD600 after
incubation at different concentrations of P2-10 (a) or P2a (b). Each
point was done in triplicate; error bars represent standard deviation.
NC stands for negative control (incubated without added bacteria,
serves as sterility control); GC stands for growth control (incubated
without any drugs). Tested on strain PAO1 with and without plasmid
pUCP20.
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2.3 Biological testing

Aer the synthesis of the desired conjugates, we moved on to
the evaluation of their properties. First, their MIC values for P.
aeruginosa were measured (Table 2). Like in the peptide selec-
tion process, P. aeruginosa strains PAO1 and PA14 were used.
The lack of activity for the non-cleavable conjugate P2-12 was
consistent with no release of ciprooxacin. The stapled peptide
control P2-8 disappointingly also showed no activity, which was
unexpected as the same peptide showed antimicrobial activity
when stapled with a simplied staple 1 (MIC of 8–16 mg mL−1,
4.6–9.2 mM; P2-1). This was attributed to be likely due to the
different structure of staple 8 compared to staple 1. Cleavable
conjugate P2-10 showed an increased level of activity compared
to the controls, but the MIC did not reach the expected values,
potentially due to limited cleavage of ciprooxacin from the
conjugate. It was envisaged that following complete cleavage of
conjugate P2-10 the MIC values (expressed in mM) would reach
the same level as ciprooxacin alone.

More biological experiments were carried out to rationalise
the observed trends. Firstly, the difference in activity between
peptide stapled with cephalosporin-based staple (P2-8) and the
peptide stapled with the simplied staple (P2-1) was investi-
gated. Due to the presence of polar functional groups such as
carboxylic acid and amide, staple 8 is expected to be overall
more polar than simplied staple 1. Therefore, the positioning
of staple 8 on the hydrophobic surface of the peptide could be
disrupting the amphipathic nature of the peptide necessary for
activity of the AMP. If this were the case, simplied staple 1,
being more hydrophobic, like literature hydrocarbon staples,
would be better tolerated on the hydrophobic surface of the
peptide. To test this hypothesis, a series of peptides with staple
8 introduced at different positions, including positions on the
hydrophilic surface of the peptide, was created but none of the
variants showed improvement over the original peptide P2-8
(Fig. S1 and Table S4).

Next, we focused on the apparent incomplete cleavage of the
conjugate. In order to further our understanding, the experi-
ments primarily focused on the availability of b-lactamase for
cleavage. P. aeruginosa is known to express higher levels of b-
lactamase AmpC, whose substrates include cephalosporins, in
the presence of b-lactams.32 The growth medium was hence
spiked with sub-MIC amount of cephalosporin ceazidime, but
this did not cause a reduction in the MIC (Table 3). Following
this, an alternative way of increasing b-lactamase levels was
19292 | Chem. Sci., 2025, 16, 19288–19295
attempted by using a PAO1 strain containing plasmid pUCP20,
which encodes a b-lactamase. This strain showed a slight, but
statistically signicant decrease in cell growth around the MIC
value, which resulted in a reduction in MIC by one half (Fig. 4
and Table 3). Pleasingly, no difference in cell growth inhibition
was observed for a control peptide P2a in the strain containing
the plasmid.

This differential activity between the two variants of P. aer-
uginosa prompted us to expand the testing to other bacterial
species. A mixture of strains with infectious disease relevance
were selected, for example including a multi-resistant clinically-
derived strain of Klebsiella pneumoniae, another high-priority
pathogen.33 Two general trends appeared in the MIC data
(Table 4). Firstly, cleavable conjugate P2-10 usually had a lower
MIC than the parent peptide and the cephalosporin-stapled
peptide without ciprooxacin (P2a and P2-8, respectively).
Peptide P2-8 also usually had a higher MIC than P2a, similar to
the trend observed for P. aeruginosa. Secondly, the amount by
how much the activity of P2-10 exceeded that of P2-8 matched
the relative susceptibility to ciprooxacin between the different
bacteria. The only outlier to this was Enterococcus faecalis, which
showed improvement of MIC on stapling with the cephalo-
sporin staple, but the MIC worsened on stapling with the
cephalosporin-ciprooxacin staple. To test whether this could
have been a result of potential antagonism of P2-8 and free
ciprooxacin, an MIC for a 1 : 1 mixture of the two compounds
was measured, but the activity was equivalent to ciprooxacin
alone. Overall, conjugate P2-10 unfortunately did not show
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 MIC values for compounds P2a, P2-8, P2-10 and ciprofloxacin (cipro), measured on six additional bacterial strains

Strain

MIC (mg mL−1)

P2a P2-8 P2-10 Cipro

Escherichia coli DH5a 4 32 1 0.0078
Klebsiella pneumoniae CK1 $ 64 $ 64 $ 64 $ 1
Burkholderia thailandensis E264 $ 64 $ 64 $ 64 1
Serratia marcescens ATCC39006 $ 64 $ 64 16 0.0625
Methicillin-resistant Staphylococcus aureus MRSA15 32 64 8 0.125
Enterococcus faecalis ATCC29212 $ 64 2 16 0.5
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a higher activity than ciprooxacin alone for any of the addi-
tional strains. Having said that, the results demonstrated that
the conjugate, and the peptide component itself, can have
differential activity towards different bacterial strains. To
further demonstrate this selectivity, compound P2-10was tested
against mammalian HEK293FT cells and in the range covering
the observed MICs against bacteria (1–128 mg mL−1), the
mammalian cells showed a consistent viability over 90%
(Fig. S2).

To better understand the involvement of b-lactamase in
cleavage of the conjugate, we decided to assess the amount of
the enzyme produced by the bacteria. The assays were based on
cephalosporin-based nitrocen dye. Initially, bacteria were co-
incubated with the dye and the absorption at the nitrocen-
specic wavelength of 482 nm (Abs482) was measured
throughout the incubation period. By comparing the rate of
increase of Abs482 (adjusted for light scattering due to growing
bacteria) with the rate of growth, as monitored by OD600, we
were hoping to establish the rate of b-lactamase production.
However, the dye itself inhibited growth of some bacteria and
for others the curve did not t to the expected sigmoidal shape
(Fig. S3). Additionally, the growth rate and lag time parameters
obtained from the growth curves did not seem to correlate with
the MIC values (Fig. S4). As an alternative method to assay the
production of b-lactamase, samples of liquid culture were taken
at several time points throughout the incubation period and the
initial rate of hydrolysis of the nitrocen dye by the cell-free
medium measured (Fig. S5). Using the calibration curves for
nitrocen and b-lactamase (Fig. S6), the amount of the
recombinant b-lactamase with equivalent activity could be
estimated. While the assay did not report any signicant change
in nitrocen hydrolysis over the time of incubation for
methicillin-resistant Staphylococcus aureus (MRSA) and E.
Table 5 Rate of nitrocefin hydrolysis by b-lactamase in a cell-free mediu
equivalent amount of recombinant b-lactamase capable of achieving th

Strain Rate of

Pseudomonas aeruginosa PAO1 4.6
Pseudomonas aeruginosa PAO1 (pUCP20) 44.6
Escherichia coli DH5a 5.8
Klebsiella pneumoniae CK1 155.5
Burkholderia thailandensis E264 10.1
Serratia marcescens ATCC39006 6.4

© 2025 The Author(s). Published by the Royal Society of Chemistry
faecalis, it did show increase in the hydrolysis rate for the other
strains with increasing time, suggesting the amount of b-lac-
tamase produced to be proportional to the bacterial population.
However, the rise in nitrocen hydrolysis rate usually started to
be noticeable at around 5 h aer the start of the incubation,
which is about 3 h aer the bacteria enter exponential growth
phase. The hydrolysis rates from the nal reading aer 21.5 h of
incubation are summarised in Table 5. The values observed for
P. aeruginosa further support the differential results observed
earlier (Fig. 4) as when the bacterium contains plasmid
pUCP20, it shows higher b-lactamase production, which can
justify the higher susceptibility to P2-10.

With the knowledge of approximate amounts of b-lactamase
that can be observed in the growth medium during bacterial
incubation, we moved on to study the cleavage of P2-10 by the
recombinant enzyme using an HPLC. Initially, 0.125 nM of the
enzyme was chosen as the amount should give similar level of
nitrocen cleavage as was observed at the end of incubation of
P. aeruginosa supplemented with pUCP20 plasmid and this
amount should also give enough time points for the time scale
of HPLC measurements. However, at that concentration of b-
lactamase the hydrolysis rate of P2-10 was signicantly below
what was observed for nitrocen at the same enzyme concen-
tration. Thus, the amount of b-lactamase was increased to 1 nM,
resulting in a gradual cleavage of the conjugate to a full release
of ciprooxacin aer over 24 h. The rate was still signicantly
lower than that observed for nitrocen at the same concentra-
tion of the enzyme (full hydrolysis achieved aer about 20 min;
Fig. S6b), but other studies have also seen a less efficient b-
lactam hydrolysis for different cephalosporin derivatives.26

Background hydrolysis rate mediated by buffer only was
measured as a control and was signicantly lower than when b-
lactamase was present (Fig. 5a). The background rate of
m sample taken from bacterial cultures after 21.5 h of incubation, and
e same rate

hydrolysis [nM s−1] b-lactamase equivalent [pM]

45.7
442.9
57.6
1544.2
100.3
63.6
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Fig. 5 (a) In vitro cleavage of P2-10 by 1 nM recombinant b-lactamase
compared to the background stability in PBS buffer, pH 7.4. (b) Serum
stability of peptides P2a, P2-8 and P2-10.
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hydrolysis was also not too dissimilar to values observed for
other cephalosporins. To add to the characterisation of P2-10,
serum stability was assessed (Fig. 5b). As expected, stapled
peptides (P2-10 as well as cephalosporin-only stapled P2-8)
showed an improved stability over unstapled P2a. Pleasingly,
the serum stability of the cleavable conjugate P2-10 was similar
to that of P2-8, suggesting that there is no decrease in serum
stability due to the cleavable linker.

Finally, seeing the small b-lactamase concentrations in the
growth media and the slower release kinetics of ciprooxacin,
we wanted to conrm whether the effects of conjugate P2-10
could be enhanced by supplementing the medium with b-lac-
tamase, hence increasing the rate of ciprooxacin release. We
were pleased to observe that aer adding 1 nM of the recombi-
nant b-lactamase, the MIC values for P2-10 (2 mg mL−1, 0.88 mM

for PAO1) were of the same order of magnitude as ciprooxacin
(0.125 mg mL−1, 0.38 mM), consistent with full release of
ciprooxacin.
3 Conclusions

In this work we exemplied how a more convergent two-
component peptide stapling can be used to access an antimi-
crobial peptide–drug conjugate with a novel mechanism of
action. Our optimised construct comprised a stapled peptide
(sequence of H–FCKWAFKWCKK–NH2), a cleavable linker and
ciprooxacin. Peptide stapling, introducing a handle for linker
attachment, was shown to affect the physico-chemical proper-
ties of the peptide such as its antimicrobial activity and
propensity to adopt a helical conformation. Stapling also
improved serum stability of the peptide and it was the peptide's
stability that was the limiting factor for the stability of P2-10 in
serum as introduction of the cleavable linker did not make the
rate of degradation faster. Addition of b-lactamase into the
mixture increased the rate of release of ciprooxacin from P2-10
above the spontaneous hydrolysis/degradation rate. This cata-
lysed rate was still about 10 times lower than what was observed
for nitrocen dye in b-lactamase assessment, which highlights
the potential for further optimisations. Simple extension of the
linker on the peptide side to relieve potential steric congestion
around cephalosporin does not yield an improved MIC (Table
S5) and hence a more detailed study is needed. In addition,
a further delay in the onset of the effect of P2-10 could be also
caused by the slow gradual increase in the b-lactamase
concentration that is below the bacterial growth rate, therefore
19294 | Chem. Sci., 2025, 16, 19288–19295
requiring more ciprooxacin to be released before the bacterial
growth is hindered.

Pleasingly, conjugate P2-10 showed differential activity
across a panel of bacteria. The results suggest that the overall
efficiency of the conjugate is a composite of the efficiency of the
peptide, drug and the cleavable linker. When two of the three
had similar efficiency against given bacteria, the efficiency of
the whole conjugate generally tended to be in line with the
efficiency of the third component of the conjugate. For example,
the MIC for P2-10 was in line with the rate of hydrolysis between
P. aeruginosa with and without plasmid pUCP20, with the two
strains having similar values of MIC for the peptide and
ciprooxacin alone. Alternatively, the MIC of P2-10 for Bur-
kholderia thailandensis and Serratia marcescens were in line with
the strains' susceptibility to ciprooxacin, while the two strains
shared similar rate of hydrolysis of cephalosporins and MIC of
the peptide component. Notably, in the case of K. pneumoniae,
which showed high MIC towards the peptide and resistance
towards ciprooxacin, a different peptide-drug combination
would be more suitable to leverage the high level of cephalo-
sporin hydrolysis of the tested strain. This highlights the need
for careful selection of the components in the case of multidrug
resistant strains, but a good combination of components can
lead to good levels of selectivity. Therefore, whilst further
optimisation of P2-10 is necessary, this work provides the basis
for the development of antibacterial drug conjugates that would
simultaneously allow for selectivity and multimodal mecha-
nism of action and therefore overcome antimicrobial
resistance.
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