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Bacteriocins are underexplored yet promising candidates to combat antimicrobial resistance (AMR)
and enable targeted therapy due to their natural origin, abundance and narrow spectrum of activity. In
this study, we used a collection of engineered DNA devices and cell-free gene expression (CFE) to
rapidly produce combinations (cocktails) of bacteriocins comprising both linear and circular proteins.
Other cocktails were designed to target a specific bacterial species by leveraging insights into
bacteriocin pathways for cell envelope penetration. These tailored combinations eradicated bacteria
effectively while preventing resistance development. The synthesis of bacteriocins was optimized by
using continuous exchange CFE, reengineering DNA parts, and adjusting conditions for disulfide bond
formation. Also, we illustrate the efficacy of these bacteriocin mixtures against various multidrug-
resistant human pathogens and highlight their potential through in vivo testing in the animal model
Galleria mellonella. Our bacteriocin cocktail expression and test platform underscores the potential of
bacteriocins for innovative treatments against multidrug-resistant infections.

Bacteriocins, a unique class of naturally occurring antimicrobial peptides
(AMPs) produced by bacteria, offer a distinctive solution in the fight against
bacterial infections’. These molecules display both broad- and narrow-
spectrum activity but typically target bacteria more selectively than tradi-
tional antibiotics. Bacteriocin-based therapies therefore have the potential to
specifically target pathogenic bacteria while minimizing disruptions to the
microbiota”™’.

Cell-free synthetic biology is emerging as a powerful tool for simpli-
fying AMP synthesis and assessing their therapeutic potential. Previously,
we developed the PARAGEN collection, a curated repository of bacterial
DNA sequences engineered for cell-free expression (CFE), to produce both
linear and circular bacteriocins®” (Fig. 1). This collection enables rapid
screening, allowing bacteriocin production to be completed within 2-3 h
and activity assessments on bacterial lawns within a day (6-12h) (Fig. 1).
CFE of the PARAGEN genes has been instrumental in elucidating
mechanisms of bacteriocin activity against human pathogenic bacteria®’.
Moreover, CFE coupled with de novo coding sequences designed with deep
learning models facilitated the paralleled synthesis of short AMPs with
broad-spectrum of activity'’.

Probiotic engineering further expands the application of bacteriocins
to control bacterial communities'. Recently, non-pathogenic Escherichia
coli strains have been genetically modified to secrete bacteriocins targeting
specific pathogenic bacteria, such as Enterococcus faecium and enter-
ohemorrhagic E. coli**"". However, it is important to note that despite the
concerted production of bacteriocins, pathogens eventually develop resis-
tance, allowing them to outcompete the probiotic strains over time".

The strategic use of antimicrobial combinations, or cocktails, repre-
sents a significant advancement in combatting bacterial infections'.
Combinations of bacteriocins with either antibiotics or phages have shown
promising results against pathogenic bacteria’". Cocktails composed
solely of bacteriocins can also efficiently control bacteria'®"’. Traditionally,
bacteriocin cocktails have relied on peptides synthesized chemically or
proteins produced in vivo through ectopic gene expression and subsequent
purification from bacterial pellets or culture supernatants. While traditional
production methods involve chemical synthesis or biosynthesis, these
approaches can be laborious and time-consuming. In contrast, CFE offers a
faster and more efficient alternative*”'.
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Here, we aimed to multiplex bacteriocin synthesis in single CFE
reactions to enable robust and rapid production of antimicrobial cocktails.
By considering the pathways by which bacteriocins cross the cell envelope,
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we designed cocktails that can synergistically kill bacteria and prevent
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Fig. 1 | Bacteriocin in vitro genetic expression with the PARAGEN collection.
Bacteriocin expression devices are engineered for CFE using synthetic biology
approaches, such as abstraction, standardization, modularization, and optimization.
Genes coding for bacteriocin peptides and proteins are searched in bacterial genome
databases and published research. Genetic parts coding for coding for either linear or
circular bacteriocins are optimized in silico for codon usage and synthesized de novo
together with standardized genetic parts, such as the T7 RNA polymerase promoter
(Pr;), ribosome binding site (RBS), and transcription terminators (T; and Tynp).

Only the coding sequence for the mature peptide is integrated in the genetic module,
while for circular peptides, bacteriocin genes are fused with intein fragments for
circularization. The bacteriocin expression devices are cloned into multi-copy vec-
tors that can be transformed in E. coli for pDNA replication. A lac operator (lac,y,) is
included to repress leaky expression while plasmids are carried in E. coli and, thus,
avoid toxicity by bacteriocin expression. Synthesis takes 2-3 h in vitro with con-
ventional CFE kits. Thereafter, bacteriocins are tested on high-density bacterial cell
lawns in their respective standard growth media and conditions.
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Table 1 | Bacteriocins produced in this study by CFE with pDNA from the PARAGEN collection

Bacteriocin name Abbreviation Structure type Bacterial target Reference
Colicin M ColM Linear unmodified E. coli 22
Colicin E1 ColE1 Linear unmodified E. coli 22

Enterocin L50A EntL50A Linear unmodified Pediococcus pentosaceus and Lactococcus lactis 50

Garvicin ML GarML Circular Pediococcus pentosaceus and Lactococcus lactis 7
Microcin L MccL Linear with DSB E. coli 22,23
Microcin V (Colicin V) MccV Linear with DSB E. coli 22,23

Salmocin E1B SalE1B Linear unmodified E. coli and Salmonella species 25

both Gram-positive and -negative bacteria. Our work provides a foundation
for developing targeted antimicrobial strategies that can be rapidly tested
in vitro and in vivo, addressing the urgent challenges posed by the growing
pressure of antimicrobial resistance (AMR) on healthcare systems.

Results

Rational design of bacteriocin cocktails to enhance antimicrobial
potency

To enable co-expression of bacteriocins in a single reaction, we used CFE in
combination with different bacteriocin DNA templates from the PARA-
GEN collection (Table 1). First, we tested whether two bacteriocins targeting
the same bacterial species could improve killing efficacy (ie., in terms of
synergy and AMR prevention). We selected E. coli strains for these experi-
ments, as the mechanisms underlying the activity of different bacteriocins
have been extensively elucidated in this enterobacterial pathogen’*. Sen-
sitivity to bacteriocins in E. coli hinges on the functionality of transport and
structural proteins in the inner and outer membranes (Fig. 2A). Outer
membrane porins exhibit lower specificity compared to inner membrane
proteins”’. These porins rely on the Ton or Tol systems for their proper
functioning and interaction with bacteriocins™”. Consequently, single
mutations in porins or Ton/Tol genes can confer pleiotropic resistance
(cross-resistance) against multiple bacteriocins.

We investigated the CFE of different bacteriocin combinations,
including microcins, colicins, and colicin-like bacteriocins, to assess their
bactericidal activity and ability to prevent resistance development (Table 1).
First, we confirmed the activity of ColM, SalE1B, MccV, and MccL by
complementing mutants from the Keio collection™ with specific cell
envelope receptor genes (Fig. 2A and Supplementary Fig. 1a). Although
receptor and transporter genes for SalE1B have not been determined
experimentally, we predicted that SalE1B to be a BtuB-TolC-TolA-
dependent bacteriocin based on its homology to ColE1” (Fig. 2A).
Indeed, we could confirm that SalE1B depends on TolC for activity on E. coli
(Supplementary Fig. 1a).

We also noticed that CFE of SalEIB rendered a higher activity than
ColE1 against E. coli BW25113, as demonstrated by the activity of the
serially diluted bacteriocins (Supplementary Fig. 1b, c). Other bacteriocins,
such as ColM and MccL, retained their activity after serial dilutions, while
MccV did not (Supplementary Fig. 1b, c). Consequently, we prepared
bacteriocin combinations of SalE1B, ColM, and MccL using CFE.

Bacterial growth was first monitored upon treatment with individually
expressed bacteriocins. After overnight incubation, colonies emerged within
the inhibition zones, and growth resumed in liquid cultures after a six-hour
arrest (Fig. 2B, C). This observation indicated that resistance rapidly
developed within some cells in the single bacteriocin-treated cultures.
Further characterization of the colonies within the SalE1B-derived halo
revealed that the isolates were less sensitive or fully resistant to SalE1B,
compared to the parental strain E. coli BW25113, and mutations in genes
associated with the colicin E1 homologous pathway, such as btuB, tolC, and
tolA were detected (Supplementary Fig. 2a and Supplementary Table 1).
Sensitivity to SalEIB could be restored in one of the isolates displaying
complete resistance (mutant # 7) and carrying the mutation folCqs4+
through complementation with tolC from the parental strain

(Supplementary Fig. 2b). Surprisingly, we also detected fhuA mutations in
some isolates, which is associated with TonB-dependent bacteriocins. Given
that knocking out fhuA does not confer resistance to SalE1B (Supplemen-
tary Fig. 1c), we can rule out the possibility of FhuA being essential for
SalE1B activity.

Notably, we observed that treatment with cocktails of bacteriocins that
utilize distinct pathways to cross the cell envelope (ColM + SalE1B and
MccL + SalE1B) did not result in resistance development (Fig. 2B, C).
Viability assays conducted on cells grown in liquid cultures further con-
firmed that ColM + SalE1B and MccL + SalE1B effectively eradicated the
cells after 72h (Fig. 2D). In contrast, when cultures were treated with
ColM + MccL, which both rely on the TonB-dependent pathway, colonies
appeared within the inhibition zone (Fig. 2B, red arrows). In addition,
growth was observed in liquid culture, although it appeared later compared
to single bacteriocin treatment, and viable cells were detected (Fig. 2B-D).
This underscores the importance of considering receptor redundancy and
transport pathways (rational design) in bacteriocin cocktail preparations for
mitigating resistance development.

To assess synergistic effects, we diluted the single and co-expressed
bacteriocin solutions over a 1000-fold and tested their activity against cul-
tures of E. coli BW25113 (Fig. 2E). Consistent with the results on solid
media, MccL was not efficient in killing bacteria in such dilutions, while
SalE1B and especially ColM, showed better activities compared to untreated
control cultures. Notably, the cocktails ColM + SalE1B and MccL + SalE1B
showed enhanced bactericidal activities compared to their individually
synthesized counterparts, indicating that the co-expressed bacteriocins have
a synergistic effect.

Re-engineering of bacteriocin synthesis for improved cocktail
activity

As observed above, ColE1 and MccV showed poor activity compared to
ColM, MccL, and SalE1B (Supplementary Fig. 1b). To improve bacteriocin
CFE, we redesigned the bacteriocin genes using DNA template optimization
guidelines for CFE from PureFrex (GeneFrontier Corporation). We also
explored the removal of the lac operator from our original bacteriocin
expression devices, as a recent report showed that this can further enhance
protein yield in CFE systems™. To evaluate this combined optimization
strategy, we first measured GFP expression, observing a tenfold increase in
fluorescence with the optimized expression device (Fig. 3A). Testing ColE1
activity confirmed that adjustments to the gene sequence and removal of the
lac operator independently and synergistically enhanced bacteriocin
expression (Fig. 3B). Consequently, we re-engineered the original PARA-
GEN miccV device and tested its synthesis. MccV from this optimized DNA
template could be detected in samples diluted over 200-fold compared to the
original device (Fig. 3C).

Given that MccV is predicted to form disulfide bonds (DSB) in
nature”, we tested its synthesis using commercially available supplements
designed to enhance DSB formation in CFE systems. The addition of these
supplements led to a twofold increase in MccV activity when using the
optimized device (Fig. 3C).

Considering that ColE1 and MccV use different receptors and path-
ways to cross the cell envelope (Fig. 2A), we co-expressed them and assessed
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Fig. 2 | Rational designed and cell-free expressed bacteriocin cocktail.

A Bacteriocins pathways in E. coli cell envelope. Tol and Ton-dependent bacteriocin
pathways are highlighted in orange and blue, respectively, as well as producer cells
and bacteriocins targeting those pathways. Different colicins and microcins are
distinguished with the Col and Mcc prefixes, respectively, while post-translationally
modified bacteriocins are indicated with an asterisk (*). B Activity of different
bacteriocins against E. coli BW25113. Halo of activity as seen by the naked eye (left)

=ColM + SalE1B ~——SalE1B + MccL

and under a stereo microscope to detail colonies appearing in the halos (right).

C Growth (ODgg) of E. coli BW25113 in liquid cultures supplemented with single
and co-expressed bacteriocins. D Viability (CFU ml™") of cells in cultures (from C)
after 72 h. E CFU counts of E. coli BW25113 in liquid cultures supplemented with
single and co-expressed bacteriocins 1250-fold diluted. Lines in (C and E) and bars
in (D) represent the average of three biological replicates + SD. Dots in (D) show the
values of replicates.
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Fig. 3 | Optimization of PARAGEN sequences increase bacteriocin activity.

A Gene expression devices for CFE of GFP with and without optimization (gfpopt
green box, and gfp, doted box, respectively). Measurement (RFU) of CFE of GFP
devices. B, C Activity of ColE1 (B) and MccV (C) from CFE with and without
optimization as seen against a top law of E. coli BW25113 and after measuring the
MDIP. B Impact on ColE1 activity with the original PARAGEN device (+lacO +
colE1), after removing either the lac operator (—lacO + colEl), after optimizing the
codon usage of a bacteriocin gene (++lacO + colEl,) or in combining both
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optimization strategies (—lacO + colE1 ). C Activity of MccV with or without
optimization in presence or absence of supplements for disulfide bond formation
(DSB) against a top law of E. coli BW25113, and minimum inhibitory dilution as
seen on plates (MIDP) of CFE MccV optimized without and with a DSB supplement.
D Activity on plates and liquid cultures of single and cocktail CFE of ColE1 and
MccV with a DSB supplement. Bars (in A-C) and lines (D) are representative of the
average value of three technical replicates (A) and the activity on three biological
replicates, + SD (in B-D). Dots in (A-C) show the values of replicates.
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Fig. 4 | CECFE scaling up and de-multiplexing bacteriocins in cocktail.

A Diagram of synthesis of the ColM + SalE1B cocktail with CEFCE using the RTS
ProteoMaster Instrument (Roche). The feeding chamber (FC) contains substrates
and energy cofactors, while the reaction chamber (RC) holds the pDNA, and
transcription and translation machinery. Reactions are shaken (180 rpm) to
improve diffusion of substrates into RC and of byproducts of protein synthesis out to
FC. B MIDP of cocktail preparations using PURE CFE (PCFE) and CECFE reac-
tions. C The activity of each bacteriocin in the cocktail was distinguished following
separation by molecular weight with Tris-Tricine SDS-page and test of activity on a
top lawn of E. coli BW25113. The blue and orange arrows indicate the predicted
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ColM and SalE1B bands, respectively. The uncropped image is included in Sup-
plementary Information file. D LC-MS/MS proteomic analysis of the ColM and
SalE1B cocktails produced using either PURE CFE or CECEFE, confirming the high
abundance of both bacteriocins in both cocktails. Protein ranking of all proteins
detected is based on the intensity-based absolute quantification (iIBAQ). A lower
rank is correlated with a higher abundance. The estimated concentration of ColM
and SalE1B, given between brackets, is calculated based on the known added con-
centration of trypsin (0.01 mg/ml). Bars in (B) represent the average and dots the
value of three biological replicates + SD.

their activity as a cocktail against E. coli. Colonies appeared within the
inhibition zone for individually expressed ColE1 and MccV (Fig. 3D), as
previously observed for singly expressed ColM, MccL, and SalE1B (Fig. 2B).
Crucially, no colonies were detected within the inhibition zone of the
cocktail-treated cultures (Fig. 3D). The capacity of the ColEl + MccV
cocktail to prevent resistance development was further confirmed with
activity assays in liquid cultures (Fig. 3D). Overall, our data demonstrate that
our PARAGEN collection can be re-engineered to achieve significantly
higher bacteriocin activity and expand the variety of rationally designed
bacteriocin cocktails for targeted antimicrobial therapies.

Continuous exchange cell-free expression enhances production
of bacteriocin cocktails

Based on the above results, we generated three cocktails (ColM + SalE1B,
MccL + SalE1B, and ColE1 + MccV) with similar properties in terms of
antibacterial activity and prevention of resistance development. We

arbitrarily choose the cell-free expressed ColM and SalE1B combination for
further optimization and characterization. For this purpose, we aimed to
scale up (from pl to ml range) and improve the synthesis of this cocktail by
using a continuous exchange cell-free expression (CECFE) method
(Fig. 4A). CECFE facilitates the continuous flow of energy co-factors,
ribonucleotides, and amino acids into the reaction compartment, efficiently
removing by-products to increase expression yields. First, we measured the
activity of individually and co-expressed ColM and SalE1B bacteriocins
produced via the PURE CFE system by spotting the reactions on agar-grown
lawns of indicator strains (parental and Keio mutants) (Fig. 4B). This
confirmed that the activity of the individual bacteriocins can be specifically
traced. More importantly, comparing the cocktail produced via CECFE with
the one produced using the PURE CFE system revealed a more than tenfold
increase in specific bacteriocin activity with the CECFE method.

Thus far, we validated the activity of each bacteriocin in the cocktails by
using bacterial indicator strains that are sensitive to one component but not
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the other. To further characterize the ColM + SalE1B cocktail, we demul-
tiplexed the bacteriocins using a direct activity assay with samples fractio-
nated in a Tris-Tricine-SDS page gel (Fig. 4C). This revealed that
bacteriocins retain their active linear form and size in the cocktail, as
observed in single reactions. The molecular weights of the bacteriocins in
both single and combined CFE preparations fall within the predicted range:
29-58 kDa for ColM and SalE1B, respectively.

LC-MS/MS proteomic analysis of the CFE samples further confirmed
the identity of the bacteriocins and allowed us to compare the yield of the
different CFE preparations. The intensity-based absolute quantification
(iBAQ) values indicated that both ColM and SalE1B were highly abundant
in all reaction mixtures, highlighting the efficiency of their in vitro pro-
duction (Fig. 4D and Supplementary Fig. 3a, b). The total protein count in
the CECEFE reaction was almost seven times higher than that in the PURE
system (Fig. 4D and Supplementary Fig. 3a, b). This can be attributed to the
composition of the CFE blends: the PURE system relies on a selection of
purified E. coli proteins, while the CECFE method retains all proteins from
lysed E. coli cells. Using iBAQ value ratios, the concentration of the bac-
teriocins in the single and combined CFE reactions was estimated based on
the known concentration of trypsin (0.01 mg/ml) added to each sample”
(Fig. 4D and Supplementary Fig. 3a, b). Despite using identical template
DNA concentrations, the levels of ColM were several-fold higher compared
to those of SalE1B in both single and cocktail CFE reactions. Notably, the
estimated concentrations of ColM + SalE1B (in cocktail preparations) were
more than 12 and 26 times higher, respectively, in the CECFE reaction
(4.58 mg/mL for ColM and 1.20 mg/mL for SalE1B) compared to the PURE
CFE (0.36 mg/mL for ColM and 0.05 mg/mL for SalE1B) (Fig. 4D). These
concentrations are consistent with the results from the antibacterial activity
assays (Fig. 4B) and demonstrate that bacteriocin production can be scaled
up by implementing a continuous exchange strategy.

Bacteriocin cocktail to control infections with antibiotic-resistant
pathogenic E. coli strains in Galleria mellonella
The scaling up allowed us to test the efficacy of the ColM + SalE1B cocktail
for treating infections of clinical E. coli isolates in the animal model Galleria
mellonella. First, we determined the toxicity of the cocktail prepared using
CECFE and observed that 10> and 10’ dilutions did not kill and were less
harmful to G. mellonella larvae than a more concentrated solution
(Fig. 5A, B).

We proceeded to test the efficacy in vitro of the 100-fold diluted ColM
+ SalE1B cocktail against multidrug-resistant clinical E. coli isolates. These
strains produce different fS-lactamases, such as AmpC and others with
extended-spectrum, including CMY-2, SHV-11, CTX-M-14, CTX-M-15,
and KPC, NDM, OXA-48 carbapenemases. We observed that the ColM +
SalE1B cocktail exhibited varying levels of activity against the clinical strains,
ranging from higher to a complete lack of killing activity when compared to
its effect on the laboratory strain DH10B. (Supplementary Fig. 4a).

We further assessed the pathogenicity of these clinical isolates against
G. mellonella. The selected strains lead to sickness and mortality within 24 h
post-infection (Fig. 5C and Supplementary Fig. 4b). Importantly, the
ColM + SalE1B cocktail proved to be an effective treatment for several
isolates, including strains 141, 425, and 10276-2, as it maintained survival
rates and health scores comparable to those of control larvae treated with a
saline solution. For other strains, the treatment resulted in reduced survival
and health score compared to the control population. However, these
outcomes were still significantly better compared to untreated larvae
(Fig. 5C and Supplementary Fig. 3b). Altogether, our results demonstrate
that our bacteriocin synthesis approach facilitates testing the therapeutic
potential of alternative antimicrobial combinations.

Multiplexed CFE of bacteriocin cocktails expands antimicrobial
activity

Considering the narrower specificity of bacteriocins compared to conven-
tional antibiotics, we aimed to expand the spectrum of activity of bacteriocin
therapies by producing cocktails that target different bacterial species. First,

we co-expressed SalE1B with either linear or circular bacteriocins that are
active against Gram-positive bacteria (EntL50A or GarML, respectively)
(Table 1 and Fig. 6A). The antimicrobial efficacy of these cocktails was
assessed on lawns of both Gram-negative and Gram-positive bacteria (E. coli
DHI10B and Pediococcus pentosaceus CWBI B29, respectively). Individual
bacteriocin synthesis reactions only showed activity against their expected
bacterial targets (Fig. 6B). Notably, both E. coli and P. pentosaceus strains
were effectively cleared when bacteriocins were co-expressed (Fig. 6B).
These results demonstrate that bacteriocin cocktails can effectively expand
the spectrum of antimicrobial activity. These findings also show that anti-
microbial CFE can be multiplexed to produce cocktails with both unmo-
dified and modified bacteriocins.

CFE of bacteriocin cocktails can be further multiplexed

To further challenge the synthesis of bacteriocin cocktails, we tested whether
adding a third DNA template would compromise expression efficiency of a
cocktail containing Entl50A and SalE1B (Fig. 7A). As a proxy for expression
competition, we measured GFP fluorescence over time in a cocktail pre-
paration and observed that GFP expression reached a lower plateau in
reactions co-expressed with EntL50A + SalE1B, compared to single GFP
synthesis reactions. Nevertheless, spot assays on indicator strains showed
that the bacteriocins retained their activity after several dilutions, when co-
expressed with GFP (Fig. 7B). Thus, it is possible to co-express cocktails of
more than two bacteriocins.

To evaluate whether three bacteriocins can be co-expressed, we syn-
thesized a cocktail with SalE1B + ColM + MccL, using E. coli strains as
indicators to distinguish the activity of each bacteriocin. First, we con-
structed E. coli strains with defined resistance profiles to specifically detect
(demultiplex) the activity of each bacteriocin in the cocktail. To assess ColM
activity, we selected a AcirA strain (already resistant to MccL), which is
resistant to SalE1B. To isolate the activity of SalE1B, we employed a tonB
mutant, which is resistant to both ColM and MccL. Finally, to detect MccL,
we used a resistant isolate (mutant #2) selected after exposure to SalE1B,
which carries mutations in fhuA and tolQ, rendering it resistant to both
ColM and SalE1B (Supplementary Table 1 and Supplementary Fig. 2).
Activity assays with serial dilutions on these indicator strains confirmed the
functionality of each component in a multiplexed cocktail with three bac-
teriocins and demonstrated that such combinations can be produced using
CFE in a fast and robust manner (Fig. 7C).

Discussion

In this study, we demonstrated that applying engineering and synthetic
biology principles, such as standardization, optimization, and multiplexing,
can enable the fast, robust, and customized synthesis of combination
therapies for combating pathogenic and antibiotic-resistant bacteria. By
leveraging genetic devices from the PARAGEN collection, we developed a
platform for the in vitro co-expression of bacteriocins with diverse sizes and
structures. We validated the individual activity of the bacteriocins in the
cocktails using electrophoretic separation under non-denaturing condi-
tions, proteomic analysis, and testing their activity against strains that are
sensitive to each bacteriocin specifically. The processes of multiplexing
(co-expression of bacteriocins) and demultiplexing (validation of each
bacteriocin synthesised) in this research offer an alternative solution to
preparations of cocktails using mixtures of bacteriocins expressed inde-
pendently. Our approach allows for testing bacteriocin combinations, while
reducing time, labour, and costs of preparation. Such efficiency is particu-
larly advantageous when rapid prototyping or high-throughput screening is
required”.

Importantly, we showed that bacteriocin combinations co-expressed in
single CFE reactions can enhance bactericidal activity, expand the spectrum
of targets, and prevent the emergence of AMR. Additionally, an iterative
Design-Build-Test-Learn cycle allowed us to refine the PARAGEN collec-
tion further, incorporating post-translational additives, such as a DSB
enhancer blend, to increase bacteriocin production. Finally, our CECFE
approach enabled us to scale up bacteriocin cocktail synthesis and facilitated
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the use of diluted CFE solutions for infection control with minimal toxicity
in an animal model. Altogether, our work serves as a proof of concept,
illustrating that complex bacteriocin combinations can be synthesized and
tailored to target difficult-to-treat bacterial infections.

Our results showed that the SalE1B -+ ColM, MccL + SalE1B,
ColE1 + MccV cocktails had superior killing activity and AMR prevention
compared to single bacteriocin treatments. Importantly, our sequencing
data on SalE1B resistant isolates revealed that mutations in a non-cognate
receptor gene (fhuA). This indicates that, as observed with antibiotics,
bacteriocin resistance can appear in the absence of selective pressure’” and
supports the notion that rationally designed combinatorial therapies should
be implemented to kill bacteria rapidly, before resistance emerges. Indeed,
unlike monotherapy with single antibiotics, cocktails can yield synergistic
effects, rejuvenate old antibiotics, minimize resistance development and

toxicity, and expand the spectrum of activity to tackle community-acquired
infections'*>”. This is particularly important given the increasing threat of
AMR and the limited discovery and availability of new antibiotics.

In this study, we also synthesized a combination of three bacteriocins,
demultiplexed the activity of each individual component and assessed the
burden of co-expressing three distinct proteins (two bacteriocins and GFP)
in CFE. Although bacteriocin activity was retained when bacteriocin
synthesis was further multiplexed, it is important to note that increasing the
number of antimicrobials in a cocktail does not necessarily improve bac-
terial control. The combination of multiple agents can result in antagonistic
interactions or reduced antibacterial efficacy’’. Furthermore, the develop-
ment of complex cocktails poses additional challenges as a therapeutic
alternative, since each antimicrobial agent must exhibit comparable ther-
apeutic levels and stability over time”.
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There is also an important challenge in expressing multiple bacter-
iocins and controlling the expression levels of each individual component in
a reaction. Despite using equimolar concentrations of DNA templates for
ColM and SalE1B expression, higher expression levels of ColM were
observed in both individual and multiplexed CFE reactions (Supplementary
Fig. 3 and Fig. 4D). This difference likely stems from intrinsic properties of
the gene sequences and encoded proteins, which can influence expression at
multiple levels. Variability in codon usage, mRNA secondary structure, and
translation efficiency can all affect protein yield, even under identical
transcription and translation conditions’*. Additionally, SalE1B may be
more prone to misfolding or proteolytic degradation in the CFE system,
which could further reduce its detectable concentration. Such disparities are
well documented in cell-free systems, where co-expression of multiple genes
often results in unequal protein output, despite equivalent DNA input”.
These findings highlight the importance of further engineering CFE to
optimize and control bacteriocin synthesis for multiplexed expression.

We demonstrated the in vivo efficacy of a bacteriocin cocktail against
highly resistant pathogenic E. coli strains carrying critical resistance genes,
including CTX-M-15, OXA-48, KPC, and NDM. Although our in vivo
model, Galleria mellonella, is not the most closely related to human biology,
it offers valuable insights into the potential of bacteriocins as novel anti-
microbial therapies. G. mellonella has a short reproductive cycle and lower
technical and ethical demands compared to vertebrate models, while
retaining native immune system functions®. These initial findings in our
model support further development of targeted bacteriocin cocktails as
adjuvants to antibiotic therapies and for the decolonization of resistant
strains in more complex infection models. Indeed, the use of G. mellonella in
preclinical studies has increased in recent years, including in research
evaluating the efficacy of the bacteriocin Microbisporicin (NAI-107)**.
Future studies could investigate the synergistic effects of these bacteriocin
cocktails in G. mellonella when combined with antibiotics, disinfectants, or
antibiofilm agents to better understand their clinical applicability.

It is likely that future cell-free expressed antimicrobial combinations
will include bacteriocins other than linear and circular ones. Recently, the
CFE of Salivaricin B, a class I bacteriocin with post-translational mod-
ifications, was achieved via the co-expression of three distinct DNA tem-
plates encoding the precursor, modification, and maturation proteins®.
Although our work here focused on bacteriocins with circular and linear
structures expressed from single gene parts, future antimicrobial cocktails
will likely integrate CFE bacteriocins with more complex structures. It is
even conceivable that CFE could facilitate the co-production of bacteriocins
with other antimicrobial proteins or agents within a single reaction. Indeed,
the in vitro co-expression of enzymes for synthesising antimicrobial non-
ribosomal peptides, as well as the assembly of phages, has been achieved***".
The integration of engineering and synthetic biology in the design and
synthesis of bacteriocin cocktails thus holds great promise for the devel-
opment of innovative, precise therapies against multidrug-resistant
pathogens.

Methods

Cell-free bacteriocin synthesis

In vitro bacteriocin synthesis was performed using pDNA from the
PARAGEN collection®” (Table 1) with PurExpress (New England BioLabs)
(PURE CFE system) and RTS 500 ProteoMaster E. coli HY (biotechrabbit)
for CECFE. The RTS ProteoMaster Instrument (Roche) was used for
incubation and mixing of the CECFE reactions. Synthesis conditions were
followed according to each manufacturer’s recommendations. For Garvicin
ML production, plasmid pCirc-Npu-GarML was used as template. This
plasmid includes the GarML mature sequence flanked by the C- and
N-terminal fragments from the Nostoc punctiforme (Npu) DnaE split-intein
for the circularization of the bacteriocin with the split-intein-mediated
ligation (SIML) system’. pDNAs for CFE of 2 or 3 bacteriocins, or 2 bac-
teriocins and GFP; in single reactions were mixed in 1:1 or 1:1:1 ratio of
concentrations, using the same concentration for single bacteriocin
synthesis.

Optimization of cell-free bacteriocin synthesis

Bacteriocin expression devices from the PARAGEN collection were opti-
mized following template DNA design guidelines for CFE with PUREfrex
(GeneFrontier Corporation). Our DNA templates were redesigned con-
sidering codon usage, AT content after the start codon, and removal of
mRNA secondary structures and sequences likely causing frameshift during
elongation. In addition, a lac operator sequence downstream of the T7
promoter was removed. The sequences for ColEl, GFP, and MccV
expression before and after optimization have been shared as Supplemen-
tary Information to provide detailed information.

Bacterial growth conditions and strains

E. coli cells were grown at 37 °C for 6-16 h in either LB or Mueller-Hinton
medium, as specified. P. pentosaceus CWBI B29 cells were grown in MRS
media for 18-24 h at 30 °C. E. coli strains with mutations for the different
bacteriocin receptors were obtained from the Keio collection. Growth
assays in liquid cultures were done in 96-well plates. ODy reads were taken
every minute for 48 h using a SpectraMax i3X plate reader at 37 °C with
linear shaking before each timepoint.

Bacteriocin activity tests
The activity of bacteriocins was tested on plates and liquid cultures. On solid
media, 2.5yl taken either directly from the cell-free reactions or serial
dilutions were prepared and spotted on plates with indicator strains. Plates
were prepared by mixing fresh overnight cultures of either E. coli or P.
pentosaceus, normalized to 1.0 ODggo with 0.7% agar in a 1:80 and 1:10 ratio,
respectively, and pouring the mix on solid growth media (1.5% agar).
Bacteriocin spots on bacterial lawns were allowed to dry before incubation.
In liquid media, fresh seed cultures were diluted to 0.1 ODgg and the
bacteriocin cell-free reactions were diluted 8 times (1:8). Then, 198 pl of the
diluted culture was mixed with 2 pl of the diluted bacteriocins in 96-well
plates, incubated, and assessed for optical density as indicated above. CFU
counts for viability test were done similarly, except that incubation was done
using an orbital shaking incubator and samples were taken every hour.
The bacteriocin activity on E. coli clinical isolates was evaluated using
Mueller-Hinton agar plates (BD, USA) from pure cultures of each strain, in
accordance with the EUCAST (European Committee on Antimicrobial
Susceptibility Testing) guidelines for antimicrobial susceptibility testing by
disc diffusion. A 2.5 uL spot of each bacteriocin was applied directly onto
plates inoculated with a 0.5 McFarland suspension of a pure overnight
culture strain. The diameter of the inhibition zones around each spot was
measured after 24 h of incubation at 35 °C in an aerobic atmosphere.

MIDP determination

MIDP is defined by the lowest dilution showing antimicrobial activity on
plates with bacterial lawns. To avoid any bias in determining the MIDP,
especially when the inhibition halos become faint, we developed a custom
Python script to automatically recognize and analyse these halos from plate
images. The script identifies halos by detecting circular areas with a radius
greater than 7 pixels and a pixel intensity value that is at least 5 units lower
than the background pixel intensity. After testing and iterating with our
image set, we found that setting the intensity difference parameter (x) to 5
provided the best balance between sensitivity and specificity.

Fluorescence measurements

GFP fluorescence during cell-free expression was performed using 25 pl
reactions with PurExpress (New England BioLabs) in 384-well black
microplates, with flat bottoms. Fluorescence readings were taken using a
SpectraMax i3x (Molecular Devices) with 485- and 535-mm excitation and
emission wavelengths, respectively, at 30 °C after 2.5h of incubation or
through time (every 30 s).

Genome sequencing
gDNA sequencing was performed with a MinION portable sequencing
device (Oxford Nanopore). Briefly, gDNA samples were barcoded using a
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native barcoding kit 24 V14 (Oxford Nanopore), and samples were loaded
into a MinION flow cell (R10.4.1) following manufacturer’s instructions.
Pod5 data were basecalled with dorado 0.7.3 with dna r104.1 -
€8.2_400bps_sup@v5.0.0 model to generate fastq files. After basecalling,
low-quality reads (< Q12) were removed using Chopper* and filtered reads
were used as input to Breseq"” with default parameters to identify genomic
mutations.

Tris-tricine-SDS Page

CFE reactions containing bacteriocins were mixed with Laemmli sample
buffer (33 mM Tris-HCI, pH 6.8, 13% glycerol, 2.1% SDS, 0.01% bromo-
phenol blue) without DTT, directly loaded into a precast Tris-Tricine-SDS
gel 16% polyacrylamide (Invitrogen) and run with Tris-MOPS-SDS run-
ning buffer (GenScript). After migration, gels were fixed in a solution of 10%
acetic acid and 20% propanol, with agitation for 1 h. The gel was washed
with agitation, first with 70% ethanol, a second time with 30% ethanol and
the last two washes with Mili-Q water, 1 h for each step. The washed gel was
placed on top of dry LB solid (1.5% agar) media in a square petri plate. A
600 pl sample from overnight cultured bacteria was mixed with LB solid
media to complete 8 ml, then, poured on the LB solid plate with the gel and
incubated overnight. Pictures were taken after incubation.

Proteomic analysis of bacteriocin CFE samples

The sample preparation was performed by diluting the CFE reactions
containing bacteriocins twice with buffer (10% SDS and 100 mM triethy-
lammonium bicarbonate (TEAB) at pH 8.5) and tip sonicating (3x, 10 s) on
ice. After centrifugation for 15 min at max speed, the proteins were reduced
and alkylated by adding 10 mM Tris-(2-carboxyethyl)phosphine (TCEP)
and 40 mM chloroacetamide, followed by incubation (10 min, 95°C,
750 rpm) in the dark. The protein concentration was determined via a BCA
protein assay and 50 pg of protein was taken. The volumes were adjusted to
50 pl by adding 5% SDS, 50 mM Tri-ethyl-borane and phosphoric acid to a
final concentration of 1.2%. Next, the samples were diluted sevenfold using
binding buffer (90% methanol in 100 mM TEAB at pH 7.55). Subsequently,
the samples were loaded in parts of 400 uL on an S-Trap™ 96-well plate
(ProtiFi), positioned on top of a DeepWell plate and centrifuged (2 min,
1500 x g, room temperature). The S-Trap™ plate was washed three times by
adding 200 pl binding buffer and centrifuged (2 min, 1500 x g, room tem-
perature). Next, a new DeepWell plate was positioned underneath the
S-Trap™ plate and 125 pl 50 mM TEAB containing 1 pg trypsin was added
for digestion overnight at 37 °C. Using centrifugation (2 min, 1500 x g,
room temperature), peptides were eluted in three steps, first with 80 pl
50 mM TEAB, next with 80 ul 0.2% formic acid (FA) in water, and finally
with 80 pl 0.2% FA in 50:50 water/acetonitrile (ACN). The eluted peptides
were dried by vacuum centrifugation and re-dissolved in 0.1% tri-
fluoroacetic acid (TFA) in 98:2 water/ACN for an additional purification
step on Omix C18 tips (Agilent). Purified samples were vacuum-dried.

For LC-MS/MS analysis, the peptides were re-dissolved in 20 ul
loading solvent A (0.1% TFA in 98:2 water/ ACN) of which 2 pl was injected
for LC-MS/MS analysis on an Ultimate 3000 RSLC nano-LC (Thermo
Fisher Scientific, Bremen, Germany) in-line connected to a Q Exactive mass
spectrometer (Thermo Fisher Scientific). The samples were flushed through
a 5 mm trapping column (Pepmap Neo, 100 um internal diameter, 5 um
beads, C18, Thermo Fisher Scientific), followed by separation on a 50 cm
HPAC™ column with C18-endcapped functionality (Pharmafluidics, Bel-
gium) kept at a constant temperature of 50 °C. For elution of the peptides, a
stepwise gradient was used from 98% solvent A’ (0.1% FA in water) to 33%
solvent B’ (0.1% FA in 20:80 water:ACN) in 28 min up to 55% solvent B’ in
15 min followed by a 2 min wash reaching 70% solvent B’. This elution was
performed with a stepwise flow rate starting from 750 nl/min for 9 min to
300 nl/min till the end of the run.

The mass spectrometer was operated in data-dependent positive
ionization mode while automatically switching between MS and MS/MS
acquisition for the 5 most abundant peaks in a given MS spectrum.
Therefore, one MSI scan (m/z 400-2000, AGC target 3 x 10° ions,

maximum ion injection time of 80 msec), acquired at a resolution of 70,000
(at 200 m/z), was followed by up to 5 tandem MS scans (resolution 17,500 at
200m/z) of the most intense ions fulfilling predefined selection criteria
(AGC target 50,000 ions, maximum jon injection time of 80 msec, isolation
window of 2 Da, fixed first mass of 140 m/z, spectrum data type: centroid,
intensity threshold of 1.3 x 10% exclusion of unassigned, 1, 5-8, >8 positively
charged precursors, peptide match preferred, exclude isotopes ‘on’, dynamic
exclusion time of 12 s). Moreover, the source voltage was set to 3 kV and the
capillary temperature to 275 °C. The HCD collision energy was 25% Nor-
malized Collision Energy and internal calibration (lock mass) was per-
formed using the polydimethylcyclosiloxane background ion at
445.120025 Da. Qcloud was implemented to control the instrument’s
longitudinal performance®.

For data analysis, the MaxQuant algorithm (version 2.5.0.0) was used
to search LC-MS/MS runs of all samples separately, by implementing
mainly default search settings, including a false discovery rate set at 1% on
peptide and protein level. The spectra were searched against the reference
Swiss-Prot (release version 2024_09) proteome database UP000291778
containing 5190 E. coli protein sequences, supplemented with the amino
acid sequences of ColM and SalE1B. During the main search, the mass
tolerances for precursor- and fragment ions were set to 4.5 and 20 ppm,
respectively. The enzyme specificity was set to the C-terminus of arginine
and lysine, while also allowing cleavage at Arg/Lys-Pro bonds with a
maximum of two missed cleavages. As variable modifications, oxidation of
methionine residues and acetylation of protein N-termini were imple-
mented, while carbamidomethylation of cysteine residues was applied as a
fixed modification. For all samples, S-curves were generated by plotting the
log, transformation of the iBAQ intensity values from each detected protein
against their protein ranks. From these plots, the ratio of ColM and SalE1B
to trypsin was determined. Next, the concentrations of both bacteriocins
were estimated by considering these ratios and the known concentration of
trypsin (0.01 mg/ml).

Toxicity and bacteriocin activity in Galleria mellonella

Adult larvae of Galleria mellonella (Terramania, Arnhem, Netherlands)
were used for the infection model. Upon arrival, the larvae were stored at
room temperature and used within three days. Healthy, non-discolored
larvae weighing approximately 0.30 g were selected for analysis*"***. After
the selection of larvae for each experimental group, all individuals, data
points and results were included in the analysis. The infected inoculum was
prepared from an overnight pure culture on Columbia 5% sheep blood agar
(Becton Dickinson, USA) and adjusted for each isolate to 10° to 10° CFU/mL
to achieve 50% to 80% mortality within 48 h. Larvae were inoculated by
injecting a 10 uL aliquot into the hemocoel via the last left proleg using sterile
0.3 mL U100 insulin syringes (BD Micro-Fine) with a Microinjector (KDS
100 automated syringe pump, KD Scientific), followed by a 10 pL treatment
or sterile saline serum injection (Mini-Plasco B. Braun NaCl 0.9%) 15 min
later on the right side. In each experiment, a group receiving two saline
serum injections and another receiving the bacteriocin solution, followed by
a saline serum injection were used as negative and toxicity control groups,
respectively. The insects were incubated in sterile Petri dishes, kept in the
dark at 37 °C in atmospheric air, and observed every 24 h for 5 days. Health
scores were calculated daily according to the health index score system™,
and larvae were considered dead if they did not respond to touch stimuli.

Statistics and reproducibility

Bacteriocin activity assays in vitro, in liquid media, and to determine MIDP
on solid media, were performed using three biologically independent
replicates. Numerical data for bacteriocin in vitro activity assays represent
the mean values of three replicates + standard deviations. In vivo bacteriocin
efficacy and toxicity assays were performed using 10 larvae per treatment
and controls'"***. Randomization, confounding variables and humane
endpoints were not considered in the experiments. Survival curves were
plotted using the Kaplan-Meier method in GraphPad Prism 10. ns: not
significantly different (p > 0.05), * p <0.05, ** p <0.01 and *** p <0.001.
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Statistical differences in survival rates were calculated using the Log-rank
and Wilcoxon tests, with a significance level of p < 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The main data supporting the findings of this study, as well as protocols, are
available within the article and its Supplementary Information. Nanopore
reads for this study have been deposited in the Sequence Read Archive
(SRA) at National Center for Biotechnology Information (NCBI) under
accession number PRJNA1218925. All source data can be obtained in the
Supplementary Data files (Supplementary Data 1-12).
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