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Summary

Treatment of bacterial infections has become more challenging due to the expansion of antibiotic
resistance. Especially, resistant Gram-negative pathogens are burdening healthcare systems worldwide.
This increases the need for new antibiotics able to penetrate the outer-membrane (OM) of Gram-
negatives. Natural products (NPs) from the marine environment e.g. antimicrobial peptides (AMPs) are
interesting drug lead candidates as they often show potent activity against bacterial membranes and are
still under-studied compared to NPs from the terrestrial environment. Mode of action (MoA) specific
drug lead discovery requires new tools, which can be based on engineered bacterial cells as biosensors.
To identify MoA of peptides in general, and the impact of AMPs on bacterial membranes specifically,
bacterial whole-cell biosensors (BWCBs) based on different reporter gene constructs are one possible
solution to facilitate effective discovery pipelines.

The work conducted in this thesis aims to engineer novel BWCBs with relatively new reporter genes to
facilitate a better understanding of the impact of marine AMPs on the bacterial membranes already

during screening steps of drug discovery.

In paper I, as part of the ongoing research for antimicrobial NPs, the BWCBs Escherichia coli (for
Gram-negative) and Bacillus subtilis (for Gram-positive) carrying the bacterial luciferase /ux operon or
the eukaryotic click beetle luciferase /ucGR were used to study the impact of compounds extracted from
the arctic bryozoan Securiflustra securifrons, on the cell viability or membrane integrity, respectively.
One of them, the Securamine H, was found to inhibit the viability of Gram-positive bacteria and reduce

metabolic activity of B. subtilis but the MoA on this intracellular target still needs to be identified.

In paper II, a recently discovered reporter gene, unaG, from the Japanese eel Anguilla japonicas, was
used to engineer a novel MoA specific BWCB to investigate OM integrity of Gram-negative bacteria.
We used the E. coli wild-type strain MC4100 and its isogenic OM-impaired mutant strain NR698 as
well as different OM-active compounds and cyclic marine AMP derivatives to show that the uptake of
Bilirubin (BR), the ligand of UnaG, and thus fluorescence depends on a leaky OM. Those properties of
the UnaG-BR couple might be applied as a BWCB and as an alternative to the OM integrity assays

currently in use.

In paper I1I, the reporter gene unaG has been combined with luciferase-based reporter systems in the
same BWCB to distinguish OM from OM- and plasma-membrane (PM) disruption or to run
simultaneous cell viability measurements. These novel BWCBs allow for one step evaluation of OM
and PM or OM and viability. Marine AMPs from the Spider Crab Hyas araneus and from the Green
Sea Urchin Strongylocentrotus droebachiensis were used to study their impact on bacterial membranes.

Centrocin HC has a strong effect on the PM and OM of E. coli while the fragment Centrocin HC (1-20)

v



exhibited less activity towards PM and more against OM, and shorter fragments remained completely
inactive. This indicates that most of the first 20 amino acids are required to exhibit OM activity but not
sufficient to efficiently penetrate the PM. The latter could be explained by the loss of a positively charge
arginine compared to the full-length peptide.
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1 Introduction

1.1 Antibiotics: a blessing or a curse?

Antibiotics (ABs) are a goup of drugs most people in modern society have heard of. Surveys conducted
around the world have shown that the general population to a large extent, knows that ABs are used to
treat or prevent bacterial infections. However, even in western countries, large groups of the population
still harbor critical misconceptions concerning ABs. For instance, around 37 % of the respondents in a
cross-sectional study recently conducted in Italy agreed with false claims such as ABs being effective
against viruses or being useful in pain relief. In the same study only roughly around a quarter of the
respondents agreed with the correct claim that there are bacteria that are resistant to antibiotics . In
Turkey, 13% responded that ibuprofen was an antibiotic and 27% that antibiotics were effective against
a cold or flu. On the positive side, 87% agreed that antibiotics are effective against bacteria 2. Even
farther to the east, in Bangkok 55% of the respondents believed that ABs could treat colds and flu
including 38% not knowing that ABs could not treat measles, and 70% misunderstanding that ABs
resistance occurs as a consequence of the human body becoming resistant *. Public misconceptions like

these might well be seen as the original drivers of today’s frantic search for novel antimicrobials.

How did ABs gain the important role they have in today’s society and where did they originate from? It
all seemed to start with the first renowned discovery of an AB by Alexander Fleming in 1928: Penicillin
from the fungus Penicillium notatum. His observation that fungal contaminants inhibited bacterial
growth of Staphylococcus aureus can be seen as the steppingstone into the golden age of ABs a few
decades later. Fleming, along with Florey and Chain, was awarded the Nobel Prize in Physiology and
Medicine for this discovery in 1945. But mankind started to harvest the power of antibiotics long before
the advent of modern medicine. Already 3 000 years ago in the ancient China, they were using moldy
soybeans as remedies to cure infected wounds *. Mold in general has also been used to cure infections
in folk medicine stretching back to antiquity with moldy bread, milk, cheese, etc °. The first
antimicrobial drug that has been used in the hospital setting of modern history was called pyocyanase,
discovered by Rudolph Emmerich and Oscar Low in the late 1890 from the cultivation of Pseudomonas
aeruginosa °. This was followed by the introduction of Salvarsan in 1909 by Paul Ehrlich ’, and finally
the milestone discovery of penicillin. Since then, many more ABs have been discovered, mostly during
the “Golden Era” of antibiotics from the 1940s - 1960s. Nowadays, ABs are widely used in our society,
and they have drastically changed how we live and when we die. ABs revolutionized the practice of
medicine and healthcare directly by rendering formerly lethal infections, such as pneumonia, bacterial
meningitis or sepsis, treatable ¥, and by ensuring treatment of recurring bacterial infections and chronic
conditions. Indirectly, the availability of these effective antibacterial drugs made organ transplants and
other invasive surgical interventions possible by preventing postoperative infection °. However, the

impact of ABs was not limited to human healthcare but also strongly affected the development of



agriculture, aquaculture, and biotechnology, as illustrated in figure 1 below. Even in biotechnology,
ABs are routinely used in combination with resistance cassettes as selection markers '° and as
ingredients of cell culture media to prevent bacterial contamination ''2. Consequently, ABs are

fundamental pillars of society today and we heavily rely on the availability of effective ABs.

[ ==,
I}

—

Figure 1. Common uses of antibiotics in different sectors like health care, agriculture and aquaculture.

ABs in use today are produced as natural, semi-synthetic and synthetic substances. Generally, they affect
bacteria through five major modes of action, which are based on the interference with enzymes required
for the peptidoglycan biosynthesis, nucleic acid synthesis, protein synthesis and metabolism, but also
with membrane integrity ', as summarized in figure 2. A single antibiotic can have one or several modes

of action.

The introduction of ABs strongly affected both the human species and their microbiome. It has lifted
the co-evolution between humans as the host and their bacterial pathogens into a new accelerated phase
where the host’s response is based on biotechnological progress rather than genetic change.
Unfortunately, this race between human society and bacterial pathogens specifically, but also microbiota

14,15

in general, is in danger of approaching the post-antibiotic era ™'~ with bacterial pathogenic yeast, molds,

and protists rendering themselves and each other resistant to previously effective cures '®!”. Bacterial



infections, which until recently could be treated with antibiotics risk becoming an issue. This has
worldwide consequence through the increase of resistance against antibiotics rendering traditional
treatment of bacterial infections ineffective. Common diseases like bloodstream, urinary tract and
respiratory tract infections are becoming untreatable and countries like the Russian Federation, North
Macedonia, Italy, Turkey or Greece already are alarmed due to high levels of resistance against
carbapenems, third-generation cephalosporins, fluoroquinolones, and other antibiotics 8. Already in
2019, 1.2 million deaths worldwide were linked to antibiotic resistance '°. The World Health
Organization (WHO) estimates that if no action is taken, untreatable diseases caused by drug-resistant
bacteria could result in up to 10 million annual deaths globally by 2050 2. Most of the resistance spread
is provoked by the overuse or misuse of antibiotics in health care, agriculture, and aquaculture 22,
Recent studies also demonstrated that antibiotic resistance genes can be disseminated by air pollution
particles 23, microplastics ** and even nonnutritive sweeteners 2°. This issue is perceived strongly in
Intensive Care Units (ICU), where complications often arise from resistant Gram-negative bacteria. For
example, in 2019, Escherichia coli was responsible for the most common cause of community-acquired
bloodstream infections and urinary tract infection. This bacterium shows resistance to fluoroquinolones
between 10% and 50% of the cases in the EU-EEA and could exceed 50% in some countries like the
Russian Federation or in North Macedonia . Moreover, several multidrug resistant Gram-negative
bacteria are present in the WHO high-priority list of pathogens like Acinetobacter baumanni,
Pseudomonas aeruginosa and Escherichia coli *’. The resistance to antibiotics can have two origins:
either an error in the DNA replication that gave a selection for drug-insensitive mutants with vertical
propagation through bacterial populations or by the acquisition of mobilized resistance genes by
horizontal transfer facilitated by conjugation, transduction or transformation. Different mechanisms can
be responsible for microbial resistance (figure 2), like the activation of the efflux pumps to extrude toxic
compounds, lessening AB penetration by decreasing the permeability of the membranes, enzymatic
inactivation of the ABs, or target bypass 2. Bacteria accumulating more than one AB resistance are
classified in three different categories. The multi-drug resistant (MDR) bacteria, which has acquired
resistance to at least one agent from three or more antimicrobial categories; the extensively drug-
resistant (XDR) bacteria, which has acquired resistance to at least one agent from all but two or fewer
antimicrobial categories; and the pan-drug-resistant (PDR) bacteria, which acquired resistance to all
antimicrobial categories 2*°. Already in 2011, Dr. Margaret Chan of the WHO paraphrased the situation
with the slogan “no action today, no cure tomorrow”, arguing for a more responsible use of the currently
available antibiotics. At the same time, she pointed out that the antimicrobial drug development
pipelines are practically running dry. Obviously, a combination of many approaches is needed to combat
the impact of antimicrobial resistance on society. To compensate this slow antibiotic discovery, WHO
made a classification database of antibiotics called Be AWaRe list, to preserve the available ABs as well

as possible. Three different classifications are presented: “Access” to indicate the AB recommended as



first- or second-line therapies; “Watch” for the ones sensitive to development of resistance that should
be focus on stewardship programs; and “Reserve” for the ones recommended as last-line therapies *'.
Also, the recognition of antimicrobial drug discovery resulted in the creation of different funding
initiatives such as CARB-X (combating antibiotic-resistant bacteria), GARDP (global antibiotic
research + development partnership), and the REPAIR (Replenishing and Enabling the Pipeline for
Anti-Infective Resistance) impact fund that finance late-stage antibiotic discovery and clinical trials to
bring medicines to the market *2. Increasing drug discovery efforts today will start to have an impact
on treatment of infections with pathogens resistant to today’s antibiotics after a lag of several decades.

Nevertheless, it is an important part of the strategies to combat resistance.
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Figure 2. Antibiotic action and resistance mechanisms.

Several alternative approaches are promising to reduce the pressure exerted by ABs resistantce spread,
as novel but also old and almost forgotten treatment regimens are on the way to (re-)enter the market of
anti-infection drugs. One promising approach is the development of anti-virulence medication, which
suppresses the virulence of the targeted pathogens. This method is intrinsically narrow-spectrum but
often needs to be paired with an antibiotic to remove the pathogen for high-risk patients ***. For
instance, inhibitors of Escherichia coli adhesin FimH, GSK3882347 and EB8018/Sibofimloc are
interesting candidates. Sibofimloc has successfully completed the phase 1 trials ** and has been shown
to block the attachment of pathogenic E. coli to the host epithelia. An example for the revival of pre-
antibiotic treatment strategies is the use of bacteriophages. These bacterial viruses were discovered
already early in the 20™ century and were rapidly deployed for infection control. In 2006 the first
commercial phage product approved by FDA was introduced, LMP-102 from Intralytix Incorporated



(USA). Since then species-specific phages have been used extensively in food industry and agriculture
for quality control by removing pathogenes like Listeria monocytogenes, Salmonella spp., and Shigella
spp., with more than a dozen products on the market *°. Now the use of phage therapy to treat highly
drug-resistant infections becomes increasingly attractive as an alternative to antibiotics in medicine.
Already more than a dozen active clinical trials in phases 1 and 2 are prompted. One disadvantage of
bacteriophages is that bacteria employ a host of different mechanisms to become resistant to phage
attacks, with the CRISPR system possibly being the most prominently known. In its function, it
resembles adaptive immunity but it greatly differs among bacterial species *’. Finally, the pharmaceutic
industry focuses on hamnessing adaptive immunity. Monoclonal antibodies (mAb) are showing
promising results also in the treatment of bacterial infection. Indeed, mAbs are one of the fastest-
growing pharmaceutical sectors with more than 100 FDA-approved mAbs already on the market and
hundreds more in clinical development **. But also classical vaccination strategies are applied to
presention of bacterial infections. By reducing the rates of infection and disease spread, it is possible to
suppress the dissemination of the resistance to antibiotics by preventing infection and thus, antibiotic
use. Maybe the main advantage of vaccines is the fact that they do not select for resistance. Already
dozens of vaccine candidates targeting pathogenic bacteria are present in all stages of clinical trials *°.
Most advanced are vaccines for the prevention of Clostridium difficile infection and pneumococcal
vaccines that target 20 serotypes, with others directed to Shigella, E. coli, Salmonella, and S. aureus in
the pipeline *’. Another way is the use of drugs relieving bacteria of their inherent resistance mechanisms
and allowing for the reactivation and repurposing of ABs. For example, bioactive compounds
specifically attacking the outer membrane (OM) of Gram-negative bacteria, to use ABs that would not

work on Gram-negative bacteria otherwise due to the OM barrier.

Unfortunately, current ABs have other downsides than just resistance. They also have a negative effect
on the human microbiome, which is a key contributor to health. AB treatment reduces richness and
diversity of the microbiome, including commensal bacteria *'*2. Furthermore, ABs have also been
likened to cancerogenesis 4 microbial dysbiosis 42 obesity and diabetes 4 allergies 4 bowel diseases

# etc. emphasizing the fact that for ABs not to become a curse, diligence is due.

The discovery of ABs was a blessing, which revolutionized our society and helped us to extend our
lifetime. Unfortunately, AB over- and misuse only boosted by public misconceptions eventually led to
the resistance crisis we are experiencing today. It resembles a vicious circle, as humanity seems to be
cursed to invent novel cures to diseases, which seemed to be under control. The only way to break out
seems to be a combination of end-user education and intensified drug discovery. This thesis focuses on
the roots of the original AB drug discovery by contributing to the groundwork of providing tools for

natural product discovery of antimicrobial substances with potential new modes of action.



1.2 Bioprospecting and natural products discovery

The term bioprospecting was defined for the first time in 1993 by Walter V. Reid ef al. as “the
exploration of biodiversity for commercially valuable genetic resources and biochemicals” *. From it,
bioprospecting nowadays is defined as an organized and systematic research for beneficial products
derived from bioresources, called natural products (NPs). The discovery of NPs represents indeed a
fascinating and essential field of scientific exploration of chemical compounds produced by living
organisms, encompassing plants, microorganisms and animals **-°2, Those natural products can be
produced by organisms from terrestrial and marine environments, and can be developed further for
commercialization, to the benefit of society. This field has played a significant role in shaping the world
of medicine, agriculture, and biotechnology **~>°. The biosynthetic pathways for secondary metabolite
synthesis evolved over billions of years to generate chemical structures that interact with biological
targets, either in the producing organism itself or in those present in the surrounding environment.
Consequently, it can be assumed that an important part of secondary metabolites possesses biological

activities, although we may not yet have assays to detect these ***7,

For the first time, a pure bioactive compound was isolated from an organism by Friedrich Wilhelm
Sertiirner in 1804. It was isolated from the poppy Papaver somniferum and is called morphine **. Since
then, the traditional way of approaching NP discovery was based on the isolation of bioactive
compounds from potential producers and then screening the extracts or separated fractions in a variety
of bioassays, as shown in figure 3. This ongoing quest continues to yield remarkable discoveries.

59-61

Scientists have identified natural products with potent anticancer properties , antimicrobial agents

vital for combating drug-resistant pathogens %

, and bioactive molecules with potential applications
in neurodegenerative diseases * . Even today natural ecosystems represent a reservoir of NPs as
potential solutions to contemporary global challenges. In fact, over 50% of all pharmaceutical drugs
currently on the market are directly derived from or inspired by NPs . Rapid development of
technologies has led to new methods that dramatically increase the potential for natural product
discovery like the growth-independent mining of bacterial genomes for new bioactive NPs. The power
of genome sequencing technologies was complemented with advanced computational analyses of DNA
sequences. Indeed, the biosynthetic pathways of NPs are organized in gene clusters with highly
conserved modules. These gene clusters have been observed in genomes of filamentous fungi and
bacteria. Most of these NPs are based on polyketides or have peptide cores, involving specific enzymes
for synthesis: polyketide synthases (PKSs) like anthraquinone biosynthesis "’ and non-ribosomal peptide

1

synthetases (NRPSs) like cyclopeptides biosynthesis 7', respectively . Some can even be hybrids

involving both pathways (NRPS-PKS) like the aspcandine biosynthesis .

One interesting source of NPs is the marine environment. It represents more than 70% of the Earth’s

surface encompassing between 50% and 80% of all lifeforms and is yet insufficiently explored for



potential bioactive molecules by natural product discovery ™. Aqueous by nature, sea water is an ideal
medium for spreading pathogenic bacteria between the immersed hosts. Sea water contains around 10°
bacteria/mL sea water on average. One potential and attractive source of secondary metabolites, with
potential commercial value, are microalgae ">’®. They are the source of many economically interesting
compounds such as biofuels (bioethanol 7, biodiesel 7%, etc.), high value products like carotenoids 7,
proteins, lutein and lipids *°. However, the foremost resource of new NPs from the marine environment
so far are mostly marine fungi and bacteria, but also from invertebrates like sponges or cnidarians 3%,
As most of them are sedentary creatures, they are constantly in presence of bacteria. Lacking adaptive
immunity, they need to produce a multitude of secondary metabolites as adaptive strategies to
environmental fluctuations and as defense mechanisms. Thus, those marine animals rely solely on innate
immunity, including antimicrobial peptides (AMPs), to combat infectious agents, rendering the marine
environment unique in terms of AMP evolution *2. Marine AMPs differ from their terrestrial
counterparts by the prevalence of the amino acids arginine and leucine. This is interpreted as an
adaptation to a unique feature of bacterial membranes in the cold marine environment where
polyunsaturated fatty acids are more frequent ¥ In addition, brominated amino acids have been
observed in AMPs from the marine environment for example in strongylocins and centrocins *°. The
function of bromination might be to improve proteolytic stability as was shown for hagfish cathelicidins
%!, These features make them interesting for drug discovery. The first marine AMP was discovered by
Nakamura et al. **, named tachyplesin, from the hemocytes of horseshoe crab Tachypleus tridentatus.
The most prevalent mode of action of AMPs is membrane disruption **%**,

One of the main tools to find novel natural products is bioassay-guided discovery, linking chemical
extraction and purification methods to biological activity based analysis in modern bioprospecting.
Typically, bioassay guided bioprospection is initiated by extensive screening of the crude natural
extracts with a fraction of the sample, followed by the isolation and characterization of the bioactive

compounds, as shown in figure 3.
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Figure 3. Possible integration of whole cell biosensors into current bioassays-guided screening and purification
platforms for natural products discovery.

To identify extracts and fractions with antimicrobial activity potentially containing one or several novel
NPs in vitro, the most common bioassay is based on growth inhibition and testing of serial dilutions to
establish a dose dependence. It will determine the highest dilution of an antimicrobial compound that
still prevents visible or measurable growth of a microorganism, which is defined as the minimal
inhibitory concentration (MIC) if the concentration of a pure compounds is known. Growth based assays
can be conducted in different media and formats, for example as broth micro- or macrodilution, agar
dilution and Kirby-Bauer disc diffusion susceptibility assays °>. MIC assays are cost-effective, accurate,
reproducible, versatile, sensitive, standardized, and quantitative *°. However, to establish the minimum
bactericidal concentration (MBC), further assays are needed. There are also several limitations to MIC
assays. First, growth dependent assays usually require 24 hours incubation making them slow in terms

of result availability. Second, solubility of organic extracts and compounds can be challenging in broth



media and affect the testable concentration. Third, growth media and in vitro conditions will not
necessarily represent compound activity in vivo. Finally, the choice of solvent for the dilution series
might affect growth of the microorganism °’. Most importantly, by merely assaying for growth
inhibition, a MIC assay can’t provide information on the mechanism of action of the studied compounds

and is by definition limited to detection of compounds affecting bacterial growth.

As we need new bioactive compounds with innovative modes of action, it is important to expand NP
discovery but, at the same time, not limitting the bioassays to mere growth inhibition during the
screening process. For example, biochemical assays investigating enzyme inhibition, cell based studies
combined with imaging techniques visualizing morphological changes of target cells and mode of action
specific biosensors can be relatively cost effective and rapid enough to integrate into screening
platforms. Other approaches such as methods based on genomics, transcriptomics, proteomics, x-ray
crystallography and metabolimics allow for the elucidation of resistance derterminants, expression
profiles, protein-modifications, molecular target interactions and metabolic fluxes, respectively,
currently require large quantities of the compound, are rather time-consuming and costly, thus suited
for downstream confirmation and further characterization of compounds rather than screening. While
many of the methods mentioned above can be applied to elucidate mechanisms of action and find the
proterties of the bioactive compounds, within the different bioactivities like for example antimicrobials,
anti-cancer compounds and antioxidants, especially biosensors seem to harbor potential to revolutionize

natural product discovery.

Biosensors can serve as cost-efficient and rapid alternatives to traditional approaches. They are devices
capable of detecting changes through biological systems and translating them into a measurable signal.
They consist of three main components: a biological sensing element, a transducer and the signal
processing system %, as shown in the figure 4. The biological sensing element can be tissues, organelles,
enzymes, antibodies, microorganisms, cell receptors, or nucleic acids, and is responsible for detecting
the presence and/or the concentration of an analyte. Ideally this sensory element would be highly
specific to the analyte. The tranducer converts the biochemical signal received from the biological
sensing element into a measurable and quantifiable signal, which can be optical or electrochemical.

Ideally, a biosensor should be sensitive, selective and stable, thus generating reproducible results.
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Figure 4. Elements of biosensors.

Figure 5 summarizes how biosensors are frequently applied to different fields such as biomedicine **',

100,103,104 105-107

food safety and processing '°'?, disease diagnosis , environmental monitoring , and also

natural product / drug discovery '%.

Effective bioprospecting requires a wide range of methods to discover and characterize novel NPs
providing value for society. Ultimately, it is the screening steps, where compounds are flagged as
valuable or to be discarded, which determine if innovative discoveries are made in the first place. Thus,
the biodiscovery success of bioassay guided purification pipelines could be substantially improved by
merely replacing or adding novel bioassays to the established platform. In antimicrobial compounds
discovery, biosensors seem to be well suited to build on and improve bioassay-guided purification

platforms, which are built on detection of growth inhibition.
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Generally, biosensors can either be cell-free or cellular systems. This thesis focuses on the use of cellular
biosensors, so called whole-cell biosensors. They are based on genetically modified organisms where
the biological sensing element is coupled to reporter genes functioning as transducers, which can be
interrogated by mostly optical devices from populations or single cells. As self-replicating units such
biosensors are easy to maintain and replicate providing a cost-effective platform for screening and

compound characterization purposes.

1.3 Bacterial biosensors as tools in biodiscovery

Biosensors are particularly suited for discovery of novel compounds with potential application in
treatment of bacterial infectious diseases. Especially bacterial whole-cell biosensors (BWCB) can be
easily integrated into establised workflows based on MIC assays as they are based on conventional
bacterial cells. Instead of merely monitoring bacterial growth the bacterial cell provides the chassis for

expression and coupling of the sensory element and the transducer, thus the BWCB is functioning as a
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miniature genetic machine. Construction of BWCBs is assisted by the bacteria carrying out their
biological functions, which include sensing a wide range of environmental stimuli like presence of
nutrients, environmental stressors, and autoinducers, thus already efficiently processing information and
producing a range of chemical and physical responses, which can be interrogated through reporter genes
as genetic transducer modules. BWCBs are already widely used for detection of for example heavy

metals in environmental monitoring '

, and monitoring several diseases in clinical applications
14115 The advancements of synthetic biology has accelerated the development of a variety of BWCBs
in recent years. BWCBs benefit from inherent robustness, as the bacterial chassis must function reliably
in harsh real-world environments; they are highly sensitive and specific as they are based on sensory
proteins, which evolved to distinguish analytes from a large number of molecules in their environment,
and they are by nature contineously active throughout the lifetime of the BWCB cell or population.
BWCBsS can be used in two different settings: real-time sensing or endpoint measurements. In the latter

case the measurement is stopped in order to acquire, which is often the case when using p-galactosidase

as the reporter '%!"7, Real-time sensing on the other hand allows for continuous tracking of changes.
p g g g

Designing and engineering BWCBs relies heavily on genetic engineering and molecular biology. In this
context reporter genes represent invaluable tools, enabling the quantification and visualization of gene
expression and thereby also regulatory processes. They are typically placed under the control of a
promoter which responds to the conditions of interest by inducing their expression. These genes are
usually heterologous and fused with the respective promoter elements by genetic engineering. The
encoded reporter proteins can be detected, measured, and/or localized within the cell or the organism to
track the activity of specific promoters, monitor gene expression levels, or visualize cellular processes.
The aim of reporter genes is to translate promoter activity into easily detectable signals and providing a

measurable or visible output from the organism. They have been used for different applications like the

118-120 124-126
b

gene expression analysis , promoter characterization '*'~'%, high-throughput screening and
for cellular imaging and localization ¥, Some of the most common reporter genes are listed in the
table 1 below, indicating their distinct output, advantages and disadvantages in term of detection

methods, time, sensitivity and efficiency.

Table 1. Common reporter genes.

Reporter gene Origin Description Advantages Disadvantages

Green Fluorescent ~ Victoria jellyfish Fluorescent protein that Stable, online and in- Delayed

Protein (gfp) 13 emits green light upon situ monitoring, no expression, low
excitation need of exogenous sensitivity, need

substances and ATP of Oy, background

fluorescence
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Flavin-binding
fluorescent protein

(fbﬁ7) 131

Pseudomonas

putida

Flavin-binding fluorescent

protein

Os-independent
fluorescence, rapid
maturation, broad

operational pH range

Metabolic burden
if overexpressed,
weak fluorescence

emission

Red Fluorescent

Coral Discosoma

Red fluorescent protein

No substrate, high

Slow maturation,

Protein (dsred) 132 stability, low moderate
background sensitivity
fluorescence, wide
selection of mutants
such as mCherry

Luciferases Enzymes that catalyze

oxidation of luciferin, or
luxAB 133 Vibrio fischeri fatty aldehyde, resulting in Easy detection, quick ~ Need FMNH; and
emission of luminescence response, high signal Oy, thermal
luxABCDE ' Vibrio harveyi to noise ratio instability

Luc 135

LucGR 133

Firefly

Click beetle
Pyrophorus
plagiophthalamus

High sensitivity, quick

response

Can have different

colors

Need exogenous

substrate and O,

B-Galactosidase

(lacZ) 116

Escherichia coli

Enzyme that cleaves
artificial substrates, turning
them blue or yellow.

Colorimetric detection

Observation with
naked eye, high
stability, applicable in

anaerobic environment

Requires
prolonged
incubation times,
may have
endogenous
activity in

mammalian cells

B-lactamase (bla)
136

Escherichia coli

Colorimetric detection

Easy to detect

Need of substrate

Chloramphenicol Enzyme that inactivates No endogenous Need of substrate

Acetyltransferase chloramphenicol. Resistance  activity and co-factor,

(cat) %7 detection. narrow linear
range

B-Glucuronidase Escherichia coli Enzyme that hydrolyzes Very straightforward, Expensive

(uid4) 138 glucuronides, generating quantification by chemicals

blue precipitate.

fluorometric and
spectrophotometric

analysis
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Bioluminescence is widely used as the output of reporter constructs. The eukaryotic luciferase /uc has

1. 3% while the bacterial

been expressed in E. coli as reporter gene for the first time in 1985 by De Wet et a
luciferase /ux in 1982 by Belas et al. '*. The reporter proteins responsible for bioluminescence are called
luciferases and their light emission relies on an enzymatic reaction, which requires a substrate as well
as energy from the cells metabolism. The chemical energy is used to excite the substrate, which
subsequently gets oxidized with the concomittant emission of a photon in the visible light spectrum "*'.
The subtrates and donors of chemical energy needed for catalyzing the reaction vary between luciferases
of bacterial and eukaryotic origin. Bacterial luciferases are typically encoded in the luxCDABE operon
and require long chain fatty aldehydes as substrate, while they rely on FMNH; as electron donors. In
addition to the luciferase subunits (/uxAB) the /ux operon also encodes an ATP and NADPH dependent
multi-enzyme fatty acid reductase (luxCDE), which recycles the oxidation product of the luciferase
reaction, thus making the reaction independent of external substrate addition but highly responsive to
changes in the metabolic state of the cell '**. Eukaryotic luciferases, for example the firefly luciferase,
require the exogenous addition of their substrate D-luciferin for the light reaction to occur and ATP for
the adenylation of its carboxylate group '**. It is important to note that also the eukaryotic luciferases
require energy in form of ATP from the cell metabolism, thus the current metabolic state of the cells
will always affect real-time bioluminescence measurements. This is an important detail to consider for
the choice of the reporter gene, as the eukaryotic luciferases, apart from being expressed, will only excert
additional metabolic stress on the bacterial chassis when D-luciferin is available for the luciferase and
thus when light is emitted. In contrast, the bacterial /ux operon will exhibit constant metabolic stress on
the bacterial chassis as light is produced continuously once the operon is expressed and long chain fatty
acids are recycled. Finally, eukaryotic and bacterial luciferases are both dependent on oxygen for light
production and signal intensity is usually too low to measure from single cells, until the enhanced ilux
operon which permits the single-cell imaging '**. The major advantages of luciferases as reporter genes
is the lack of background luminescence and the relatively fast response times compared to fluorescent

proteins.

Fluorescent proteins (FPs) are also very efficient reporter proteins. They are intrinsically fluorescent
once produced and correctly folded, which means that unlike bioluminescence from luciferases, they
are not burdening cell metabolism and can therefore fluoresce also in nonviable cells. They are highly
stable and do not depend on any substrate to emit light. However, they are not suitable for rapid detection
of compounds due to delayed expression and slow maturation. The first fluorescent protein that was
discovered and purified is avGFP from the hydrozoan jellyfish species Aequorea victoria in 1962 by
Simomura et al. **'*, This protein emits a green light with a peak at 510 nm when excited with blue
light. Since then, several mutations have been introduced to improve fluorescence like for the enhanced
green FP (eGFP) ', alter the fluorescence emission spectra to ass fluorescent proteins with new colors

like blue (BEP) '*"'*¥ cyan (CFP) '**'*°, or yellow (YFP) '3"'*2, but also to improve protein folding at
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37 °C like the superfolder avGFP. The result of these efforts is a large pannel of tools for imaging or
reporter fusions. Another family of FPs are the red fluorescent proteins. The first to be purified from the
coral Discosoma is called DsRed '*. The original DsRed exhubits a particularly long maturation time
and requires days at room temperature in order to reach its maximum red fluorescence '** while GFP
fluorescence peaks after several hours. Unfortunately, the GFP signal overlaps with cellular
autofluorescence which usually results in noisy background fluorescence, that can affect the results. In
the red spectrum of DsRed based FPs on the other hand, bacterial autofluorescence background is
minimal. Both groups of reporter require oxygen for maturation and are therefore limited to use in

aerobic conditions.

More recently, the bili-FPs, another family of FPs, was discovered and received interest because of its
characteristics. The chromophore, a linear tetrapyrroe molecule, originates in vertebrates from the
degradation of heme: bilirubin (BR), from its metabolic precursor, biliverdin (BV). This emerging class
of fluorophores dependent FPs contains bilin-FPs like Sandercyanin ', miRFPs '**, smURFP '** and
UnaG ', Their potential for high brightness, photoswitching and the far-red emission, allowing for a
high signal-to-noise ratio are making them very good candidates as reporter proteins. UnaG is a oxygen-
independent green FP belonging to the fatty-acid-binding protein (FABP) family, extracted from the
Japanese eel Anguilla japonica "*°. Its ability of becoming fluorescent via noncovalent, high-affinity,
high-specificity binding to unconjugated BR, and the fact that UnaG is not limited to aerobic conditions
make it a very good reporter gene in conditions where GFP is not maturing. Moreover, it has been shown
that UnaG emits brighter green fluorescence than eGFP '°*'*’_ Sandercyanin is a small size blue colored
protein-ligand complex isolated from the skin mucus of walleye Sander vitreus. It has a non covalent
ligand-inducible far-red fluorescence in presence of BV with a large spectral shift '>*. In the category of
near-infrared (NIR) FPs, miRFPs are monomeric and 2-5-fold brighter in mammalian cells than other
monomeric NIR FPs. They emit red-shifted fluoresence when binding to BV and are very photostable
'3, Finally, the small ultra-red FP (smURFP) is the brightest far-red (FR) and NIR FPs created, with a
better photostability than eGFP but comparable in terms of brightness, with BV as its ligand.

Aptamers, also known as chemical antibodies, are single-stranded oligonucleotides that can bind
specific ligands or target molecules with a good selectivity, high specificity and sensitivity **%. They can
be used in biosensors and thus are called aptasensors. When the aptasensors are binding with the target
or ligand, the conformation changes and they emit a detectable signal, which can be for example
electrochemical **° or fluorescence °7'¢3, Fluorescent aptamers are called light-up aptamers. They are
RNA sequences that can bind their cognate non-fluorescent fluorogens and strongly activate their
fluorescence at different wavelengths. Several light-up aptamers, like malachite green which was one
of the first probes developed, followed by Spinach ** Spinach2 ', Baby Spinach *, Mango **’,

163,170-173

Broccoli %8, Corn '*°, Pepper and others, are now widely used in bioimaging and biosensing
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174-178 for in vitro sensing 7> turn-on sensors, or ratiometric sensors #'. For example, Pepper is a
short 46-nt sequence RNA light-up aptamer reported by Chen ef al. in 2019 *#2, It emits fluorescence
through its high affinity toward to the fluorogen (4-((2-hydroxyethyl)(methyl)amino)-benzyl-idene)-
cyanophenylacetonitrile (HBC) with excitation and emission wavelengths of 485 nm and 530 nm,
respectively. The color of its fluorescence can also be modulated through different HBC derivatives
with emission spectra covering visible light between cyan (485 nm) and red (620 nm). The use of light-

up aptamers in live bacteria seems to be limited to expression by strong phage polymerases.

The science of engineering biology is called synthetic biology. This is a new discipline, which emerged
quite recently and is interdisciplinary '** with a combination of biology, engineering and computational
sciences to design and build novel biological systems or redesign existing organisms for specific
purposes '*. It offers exceptional potential to revolutionize industries and address pressing societal
challenges. Synthetic biology involves the application of standardized and modular genetic components,
such as genes, pathways, and regulatory elements, to engineer biological entities with enhanced
functionalities or entirely new traits. To build organisms that can perform useful activities in response
to specified conditions, molecular biology techniques to manipulate genetic material including DNA

synthesis, editing and assembly, are central.

promoter reporter gene terminator selection marker
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l
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Plasmid Chromosomal integration

Figure 6. Basics of genetic engineering to construct a bacterial biosensor.
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To construct bacterial biosensors with reporter genes as represented in the figure 7, genetic engineering
relies on a wide range of techniques and methodologies to modify the genetic material of the organisms.
This manipulation primarily involves the alteration, addition, or deletion of specific genes or parts of
genes in the genome of an organism. The essentials of genetic engineering (figure 6) of new organisms
requires developing of several basic tools such as functional promoters, terminators, other genetic
elements like reporter genes, and selection markers. Once the set of DNA elements has been established,
they can be combined into an expression vector through a cloning system. The traditional way of cloning
by restriction digests and ligation for assembly of DNA has been largely replaced by techniques with
standard systems for cloning allowing for simultaneous and seamless assembly of multiple gene parts,
for example Gibson assembly '** or Golden Gate cloning **'*”. When the plasmid is assembled, it can
be transferred into the bacterial cell through different methods like chemical transformation, electro-
transformation, biolistic transformation, or sonic transformation '*. The construct can be then plasmid-
based or being integrated in the chromosome in specific recombination sites. The bacterial biosensors
containing the constructs will then be selected for by conditions alleviated by the selection marker used

in the construct.

Fluorescence

promoter

Y "‘?
© reporter gene 1 \ fr : ﬂuore:scent
(efp, unaG, ...) . protein

)7 ! luciferase
" M

reporter gene 2
(lux, luc, ...) FMNH; + RCHO

(. Light

TN

Bioluminescence

Figure 7. Example of bacterial biosensors with combined fluorescent and bioluminescent reporter genes.

Synthetic biology has the potential to transform how we interact with our environment and how we
approach human health. The programmability of DNA sequences through replicating digital decision in
living organisms aims to develop genetic circuits, cellular networks, and organisms with application
spanning various domains from healthcare and pharmaceuticals to environmental sustainability and
sensing, and industrial processes. The process of engineering biological systems typically involves
repetitive cycles of design, modeling, construction, and testing. Computer-aided design tools assist in
the predictive modeling of genetic circuits and metabolic pathways, aiding in creating functional
biological constructs before their physical implementation. Through these methods, synthetic biologists

seek to address societal challenges by designing organisms capable of producing pharmaceuticals,
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biofuels, bioremediation agents, and other valuable products in a sustainable and efficient manner. The
two main purposes of synthetic biology are to develop novel tools and the pursuit of new discoveries
through these tools. This will be the present and the future of engineering toolbox of biosensors with all

different genetics elements ready to be assemble for the NPs discovery.
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2 Research Aim

The research group of marine bioprospecting conducts research to better understand marine molecules,
particularly the bioactive secondary metabolites. The work focuses on the areas of isolation and
characterization of antimicrobial compounds from marine animals, plants, microorganisms, and algae.
Thus, another important point of this research group is the study of mechanisms of action for these

antimicrobial compounds.

In this project, the main aim was to construct and establish novel biosensors as tools to characterize the

modes of action of novel antimicrobial peptides (AMPs), with the introduction of new reporter genes.

The first part of the project was to improve existing luciferase based bacterial biosensors by transferring
plasmid-based reporter constructs to the chromosomes of sensor strains in order to have stable and more

reproducible assays, reducing the need of antibiotics for selection.

The second part of the project was to construct the new biosensors with new reporter genes, UnaG and

the light-up aptamer pepper.

Light-up aptamer-based biosensors should allow for differentiating translation from transcription

inhibition in simple whole cell bacterial assays.

The UnaG based biosensor should allow to identify the effect of AMPs on the membrane integrity by

dissociating the action on the outer membrane (OM) of the Gram-negative bacteria only.

The last goal was to combine at least two reporter constructs in one bacterial strain in order to sense

more than one mode of action in a single assay.

Finally, the functionality of the novel biosensors for the study of novel modes of action of marine AMPs

should be shown.
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3 Summary of papers

Paper 1. Antimicrobial Activity of Securamines from the Bryozoan Securiflustra securifrons

Kine 0. Hansen, Ida K. @. Hansen, Céline S. M. Richard, Marte Jenssen, Jeanette H. Andersen, and
Espen H. Hansen

Natural Product Communication (2021). doi: 10.1177/1934578X21996180
In this study,
e Securamine H was extracted from the Bryozoan Securiflustra securifrons.

e Dbacterial biosensors based on Escherichia coli and Bacillus subtilis carrying the reporter gene
lucGR were used to assess the membrane integrity after exposure to Securamine H. No effect
on E. coli and a slight effect B. subtilis plasma membrane integrity, which is more bacteriostatic
than bactericidal, was observed.

o F. coli and B. subtilis biosensors carrying the reporter operon luxABCDE were used to assess
the effect of Securamine H on viability. The compound was found to reduce viability of Gram-
positive bacteria and reduce metabolic activity of Bacillus subtilis.

e 1o evidence was found that interference with DNA replication, transcription, translation, fatty
acid, cell wall or folic acid synthesis was responsible for the bacteriostatic effect.
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Figure 8. Kinetics of the relative luminescence emission by A) B. subtilis (pCSS962) and B) E. coli (pCSS962)
treated with ranging concentrations of securamine H (1) or chlorhexidine (CHX). Each point is the mean of three
independent measurements.
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Figure 9. Kinetics of the relative luminescence emission by A) B. subtilis (pCGLS-11) and B) E. coli (pCGLS-11)
treated with ranging concentrations of securamine H (1) or chlorhexidine (CHX). Each point is the mean of three
independent measurements.
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Paper I1. Outer Membrane Integrity-Dependent Fluorescence of the Japanese Eel UnaG Protein
in Live Escherichia coli Cells

Céline S. M. Richard, Hymonti Dey, Frode @yen, Munazza Magsood and Hans-Matti Blencke

Biosensors (2023). doi: 10.3390/bios13020232
In this study,

e anew E. coli bacterial biosensor was engineered to detect of outer membrane (OM) integrity
compromising compounds.

e UnagG, a fatty-acid-binding protein (FABP) and relatively young reporter gene originating from
the Japanese eel Anguilla japonica, which emits green fluorescence when bound to its ligand
bilirubin (BR) was used.

o we showed that at low BR concentrations (5 pg/mL), diffusion and subsequent fluorescence is
dependent on OM disruption.

e we confirmed that BR does not affect plasma membrane (PM) integrity or the survival of E. coli
cells negatively.
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Figure 10. Schematic of the use of the reporter protein UnaG as an OM permeabilization whole-cell biosensor.
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Paper III. Cloning of a dual biosensor relying on UnaG and luciferase for detection of outer and
plasma membrane disruption and its application to characterizing the membranolytic effects of
green sea urchin Strongylocentrotus droebachiensis Centrocin-1-based antimicrobial peptides

Céline S. M. Richard, Hymonti Dey, Emma Murvold, Frode @yen, Chun Li, and Hans-Matti Blencke

In this study,

e acombination of two reporter genes, UnaG and luciferase LucGR in an E. coli dual sensor strain
of OM and PM integrity.

e three antimicrobial peptides from marine invertebrates, originally isolated from the spider crab
Hyas aranaeus (Arasin, Hyasin) and the green sea urchin Strongylocentrotus (Centrocin) were
characterized by the dual biosensor E. coli carrying the plasmid pCSMRO1 with unaG and
lucGR.

e the original heavy chain (HC) Centrocin showed strong and fast PM activity.

e the fragment Centrocin HC (1-20) is mostly affects OM integrity.

e Centrocin HC caused PM damages on Gram-positive B. subtilis while Centrocin HC (1-20) did
not, confirming the results on Gram-negative E. coli.

e neither Arasin or Hyasin seem to affect PM and OM integrity
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Figure 11. Schematic of the use of the dual biosensor for OM and PM permeabilization.

22



4 General discussion

The Marine Bioprospecting research group aims on finding new bioactive natural products (NPs) from
the marine environment. In the pipeline of NPs discovery, it is important to detect bioactivity and
identify the modes of action of newly discovered compounds as early as possible. The general aim of
this thesis project was to expand the repertoire of reporter genes in bacterial whole cell biosensors
(BWCB) available at the research group and to provide sensors to study the membrane-specific modes
of action typical for AMPs, in particular. In the future BWCBs will likely replace MIC based screening

in the natural products discovery pipeline of the bioprospecting group.

4.1 Luciferases as universal tools for assessment of bacterial
viability and membrane integrity

Luciferases emit light in a strictly energy dependent manner and can exert a substantial metabolic strain

on bacterial cells '*'. In spite of this energy dependance, luciferases have been used in reporter

constructs since the discovery of the respective genes in the beginning of the 1980s (cf introduction).

For instance, the bacterial luciferase /uxAB as been used in BWCB for the first time in 1990 for the

detection of naphthalene "', and henceforth applied to different fields e.g. for the detection of blood in

19319 gene expression studies '*’, autoinducers sensing '**, and

urine '*?, environmental monitoring
compounds investigations like DNA damages '*’. However, it is the energy dependence of luciferases,
which allows for their use in assessing cell viability with light emission as a proxy for active metabolism
and cell survival. Luciferases are therefore applied in both procaryotic and eukaryotic whole cell
biosensors to monitor cell survival ?**2%%, In addition, eukaryotic firefly and click beetle luciferases
depend on the presence of the substrate D-luciferin, which must be externally added. Free diffusion of
D-luciferin into the cell is prevented by an intact plasma membrane (PM). Hence eukaryotic luciferases

have been exploited to assess PM integrity '**.

At the beginning of this project, the bioprospecting research group at the UiT - The Arctic University
of Norway used biosensors based on luciferases to evaluate both bacterial viability and membrane
integrity of different NPs. The use of luciferase-based biosensors is relatively inexpensive, fast and can
easily be integrated into existing bioassay-guided discovery pipelines. For example, by using biosensors
constitutively expressing the bacterial /ux-operon the bactericidal concentrations of antimicrobial
molecules can be elucidated in a matter of hours and a time resolution of minutes with the same effort
as conventional MIC assays. This saves time and labor necessary for running MBC assays based on
dilution plating and allows for a substantially higher throughput. Also, when comparing to other reporter
proteins, for example GFP, the background noise is rather low. However, there are also drawbacks.

First, each measurement done from wells in a plate reader merely represents the average output of a

23



given population at the measurement timepoint. A mean value can indicate that most cells in the
population emit light around the mean, but also that two or more subpopulations in the well with
substantially different emission profiles result in the measured mean luminescence intensity. This is also
true for other reporter genes measured in similar setups, however fluorescent reporter genes can also be
measured from single cells by for example flow cytometry. Current luminescent systems are not emitting
sufficient light for single cell analysis in conventional flow cytometry although the efficiency of
luciferases has been adjusted in recent years ****. In paper I, the membrane potential of cells treated
with different antimicrobial substances was analyzed by flow cytometry after staining with the
membrane potential reactive indicator dye DiOC»(3). In presence of different concentrations of
chlorhexidine (CHX) or Securamine H (compound 1), different subpopulations were discernible,
indicating different levels of loss of membrane integrity. This difference in subpopulations was not
evident from the bioluminescence signals of the BWCBs and the membrane integrity assay. Moreover,
it has been shown to have also heterogeneities in bacterial responses to AMPs, with two distinct
subpopulations in an isogenic bacterial culture; one group that retain the AMP after their growth is
inhibited and a group of surviving cells ***. Unfortunately, this kind of information is not possible with
our BWCBs. However, the use of the biosensors allowed for a real-time approach, and thus understand
the kinetics behind the loss of membrane integrity, which was not resolvable by the flow cytometry-

based system.

The luciferases reporter constructs applied in paper I to assess bacterial membrane integrity and
viability, like most other constructs described in this work, are plasmid-based. The membrane integrity
assay in both Bacillus subtilis 168 and Escherichia coli K12 relies on the plasmid pCSS962 '*
expressing the eukaryotic luciferase lucGR constitutively. Hence, these biosensors must be grown in
presence of chloramphenicol to apply selection pressure for plasmid stability. In spite of the applied
selection pressure, one problem with these plasmid-based assays is day to day variation in luminescence
intensities, which can only be avoided by testing the overnight cultures in time consuming control
experiments to confirm the cultures suitability for further experiments. We hypothesized that transfering
the sensor elements from the plasmid to the chromosome might alleviate these variations as the
chromosomal copy number remains stable and the loss of the sensor element in absence of selection

pressure is less likely.

To investigate this hypothesis, the membrane integrity and cell viability reporter constructs were
integrated into the chromosomes of sensor bacteria. Genetic engineering tools like the pBS1C vector
from the Biobrick ** for the chromosomal integration in B. subtilis and pOSIP vector for the
clonetegration >’ in E. coli (results not published) were used for integrating the constructs into the
genomes of a single sensor strain each. The chromosomal integration seems to indeed decrease the batch

variation observed in the plasmid-based system. However, bioluminescence signals were reduced
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substantially most likely because the reporter constructs were transferred from high copy plasmids into
a single copy in the chromosome. Furthermore, chromosomal integration reduces the flexibility of the
plasmid-based BWCBs as transferring chromosomal integration from one strain to another or even
betweem different species is rather cumbersome, compared to the simple transformation of plasmids. In
conclusion, chromosomal integration in B. subtilis is easy to achieve, but reduces signal intensities. It
worked well for the viability strain and with further optimizations it might be a good alternative for
stabilizing membrane integrity biosensors for stable screening environment. For example, we could try
to optimize the luminescence production by integrating the reporter gene in other locations in the
chromosome as there are different transcriptional levels and/or also by integrating several copies of the
gene in different high transcriptional locations in the genome, as Yin et al. showed the importance of
the gene location and the gene copy numbers in their study ***. Moreover, a study ** comparing the
production of melanin in E. coli through plasmid-based or chromosomal integration showed that overall
the chromosomal integration was genetically more stable and resulted in higher growth capacity due to
the reduced metabolic burden compared to the high copy plasmid number. Also, they showed that
antibiotics selective pressure may not be sufficient to maintain homogeneous cell population over long
time spans as 40% of the population lost their plasmid after 12h and in presence of the antibiotic the
same loos occured after 72h. Thus, for basic screening assays like the viability and the membrane
integrity assays, it would be more efficient after some optimization to use the chromosomal integration-
based bacterial strains. But in our hands, the flexibility of the plasmid-based approach outweighed the
advantage of increased stability and absence of selective antibiotics for other assays. Therefore, we
continued the use of plasmid-encoded sensing elements for the outer-membrane (OM) assay in paper

II.

4.2 Adapting next generation reporter genes to natural product
discovery

As we continue the race of antibiotic discovery to counteract resistance spread, we need more efficient

tools to discover and characterize hit compounds. Reporter genes have been used in many research fields

and are still the object of interest, even though discovery of novel reporter genes has become relatively

rarc.

One way to improve biosensors as tools for NPs discovery is to apply reporter genes in a novel context.
One of the more recently discovered reporter genes is UnaG. It belongs to the fatty-acid-binding protein
(FABP) family and has not been used in BWCB for natural product discovery yet. It was discovered by

Kumagai et al. in 2013 ' from the japanese eel Anguilla japonica and requires presence of Bilirubin

210 =
, 1

(BR) as a fluorogen. It has been mostly used in bacteria for imaging in anaerobic environment n

211

rotavirus for imaging in infected cells ', mammalian cells imaging *'%, sensors in eukaryotic cell-based
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assays '”’, or engineering conditional protein stability system *'*. In paper II, we describe a novel

application of UnaG in a new E. coli BWCB carrying a plasmid coding for this new fluorescent protein.
We observed very low fluorescence emission when expressing UnaG in E. coli in presence of BR. We
therefore speculated that BR was excluded from entering bacterial cells by the cell wall of Gram-

negative bacteria *'°

. We hypothesized that the UnaG-BR couple might be a good candidate for an outer-
membrane (OM) integrity BWCB. In order to confirm this hypothesis, two different E. coli strains were
transformed with a plasmid designed for constitutive expression of UnaG, one wild-type (WT; E. coli
MC4100) and its isogenic OM impaired mutant (E. coli NR698). At low BR concentration, no UnaG
specific fluorescence was observed for the MC4100 based construct, while the OM impaired NR698
mutant became strongly fluorescent. In addition also the OM specific Polymyxin B nonapeptide induced
fluorescence in the WT strain when added in presence of BR. These results indicated that the OM indeed

excludes BR from entering the cell.

This new WT biosensor might be a good candidate for screening natural product libraries for OM
specific disruption. Fluorescence levels are dependent on cell survival and therefore only pick-up OM
disruption from populations with intact plasma-membranes (PM). Its plasmid-based design proved fairly
stable with little batch variation and still is flexible with regards to screeening strains. This also turned-
out as an advantage in the current work where different genetic backgrounds where needed to prove the

constructs OM specificity.

Novel compounds that specifically impair OM integrity would permit to use antibiotics, which are
excluded from entering Gram-negative bacteria by the OM barrier. Antibiotics with relatively high
molecular weights currently only used for treatment of infections caused by Gram-positive bacteria,
could be expanded for the use against diseases caused by Gram-negative bacteria. In paper III we
showed synergistic activity of OM active antimicrobial peptides (AMPs) with Erythromycin and
Vancomycin, which are Gram-positive specific antibiotics. Using an UnaG-based sensors would allow
for specific discovery of such compounds, which are likely not detected in a conventional MIC assay,
as OM impairement is not picked-up by growth dependent assays. One of the drawbacks of this approach
would be that compounds that impact the OM, but also affect translation, as might be the case for
intracellularly active AMPs, might not be picked-up in this assay as it is strongly dependent on active
translation of UnaG. However, these compounds would be picked-up by the general growth arrest of

the cell.

Technically, the UnaG-based OM assay resembles the LucGR based PM integrity assay mentioned
earlier as both are based on exclusion of a ligant/substrate. Interestingly, the response of the OM sensor
is substantially slower than in the LucGR system where light emission is instant. It is not likely to be
related to the binding kinetics of the protein and its ligand as purified recombinant UnaG fluorescence

in instanteneous when combined with BR in vitro '*°. By timed induction studies in paper III, we
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showed that BR only induces fluorescence in freshly translated UnaG, indicating the active degradation
of apoUnagG as likely reason. This is in agreement with the observations published on a mouse fibroblast
cell line where WT UnaG expressed in the absence of BR was shown to render fusion protein constructs
with mCherry less fluorescent and less stable than BR treated controls, indicating active degradation of
the apoUnaG 213 Moreover, another study with another FABP, SmFABP, showed similar results with
the apoprotein, which was significantly degraded at 1h and almost completely degraded at 18h, while
the holoprotein with palmitic acid was stable over time 2'*. A last example found in the study of Sripa
et al ***, where the apo-forms of the FABP, Ov-FABP were also readily degraded while the holo-forms
with oleic acid, palmitic acid and linoleic acid were stable. This feature of rapid degradation of apo-
forms of proteins, which preserve from misfolding, aggregation and regulate the cellular processes and
homeostasis would be an advantage in the BWCBs to avoid aggregation and metabolic burden in the
bacterial cells, and would show a real state of translation activity as only freshly translated proteins
would be detected. It would be then interesting to use the UnaG mutant from the study of Navarro ef al.
13 with an increased sensitivity in E. coli in further work. The rather sensitive and quick response of
UnaG fluorescence to translation inhibitors in the OM impaired background of the NR698 strain might

be a valuable second line BWCBs for rapid confirmation of translation inhibition.

Another reporter gene we tried to integrate into our toolbox is the light-up aptamer pepper (results not
published). Light-up aptamers, like UnaG, are relatively recent reporter genes. They are based on
artificial RNA sequences that can bind to their cognate non-fluorescent fluorogens, which activate their
fluorescence. One such aptamer is pepper, a short 46-nt sequence RNA light-up aptamer reported by
Chen et al in 2019 ' It emits fluorescence in presence of its fluorogen (4-((2-
hydroxyethyl)(methyl)amino)benzyl-idene)-cyanophenylacetonitrile (HBC). The interesting part of this
fluorogen, the color of the fluorescence can be modulated from the cyan (485 nm) to red (620 nm)
through different HBC derivatives allowing concomitant interrogation with other fluorescent reporter
constructs. We wanted to couple pepper with GFP and therefore used HBC620 generating red
fluorescence from pepper. We tried the original monomer and a tandem of 8 peppers described by Chen

[ "8 which was shown to emit stronger fluorescence. The aim was to construct a BWCB with the

eta
ability to discriminate between transcription inhibition and translation inhibition by expressing both
reporter genes in an operon-like structure. One of the constructs is shown in figure 12. The final BWCB
was supposed to be used as a confirmation assay for transcription/translation inhibition activities
detected by promoter activity based B. subtilis BWCB also used in paper 1. This part of the thesis did
not progress past £. coli BWCB proof of concept studies as fluorescence expression of the construct

with native polymerases in live E. coli cells is still elusive.
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We engineered several constructs with different inducible promoters (Tac, pBAD) and switched

positions of GFP and pepper. Each construct also carried an upstream T7 promoter for control

expression in T7 polymerase inducible BL21 strains.
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Figure 12. Representation of the 8pepper-GFP BWCB project.

Unfortunately, pepper fluorescence in live E. coli appears limited in terms of the conditions where it is
transcribed by the powerful phage polymerases from the upstream T7 promoter while the coupled GFP
protein could be expressed and was fluorescent also with the bacterial promoters. This indicates that the
promoters are indeed active and that the upstream sequence of the pepper construct is also transcribed
by bacterial promoters as downstream GFP is translated. We concluded that either transcription speed
will affect the folding pattern of the fluorescent aptamer or the RNA turnover in E. coli is too high to
accumulate sufficient concentrations for detectable fluorescence when transcribed from bacterial
promoters. A recent study showed for the first time that other light-up aptamers are transcribed and emit
fluorescence in E. coli with strong bacterial promoters when expressed from a high copy plasmid
background. In this study, Climent-Catala et al. showed that light-up aptamers have shorter response
times than fluorescent proteins *'®. Their results indicate that it should indeed be possible to construct
BWCBs which can discriminate between transcription and translation inhibitors in real-time. Most other

studies performed in live bacteria with aptamers relied on T7 promoter '82!721%,
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4.3 Combining reporter elements for more efficient activity
testing

The biggest advantage of using assays based on BWCB in screening for novel natural products is the
relative simplicity and efficiency with respect to time and cost. However, each novel biosensors
integrated into a screening platform requires biomass. Fraction biomass being a limited resource,
running many different biosensors and/or MIC assays is usually not an option during screening. To still
deeply screen the limited biomass for novel interesting activities, one option is to combine two or more
BWCBs to screen for activities in a single well. This could be achieved by combining two or more
BWCBs with compatible reporter genes, for example fluorescent proteins, which emit different colors,
like the combination of GFP (green fluorescence) and mCherry (red fluorescence) in one assay. This
should allow for distinguishable signals in response to different signals at the same time. Similar
approaches have been applied to visualization and tracking of different bacterial strains in a biofilm *°
and in co-culture **°, but also in biosensors like E. coli-based toxicity and genotoxicity biosensor with
the combination of eGFP and DsRed fluorescent proteins ' or for monitoring simeoustanously mercury

and cadmium with eGFP and mCherry *2.

In paper III, we used this approach to prove the concept of combining PM and OM assays. We checked
if the luminescence and fluorescence signals are detectable in the presence of luciferase substrate D-
luciferin and the UnaG ligand BR at the same time and confirmed suitable assay conditions. However,
combining two BWCBs for each assay complicates screening and most likely reduces reproducibility.
Therefore we combined the OM reporter system based on UnaG-BR system with different luciferase-
based reporter genes genetically by designing synthetic operons to be used as two-in-one step BWCBs.
The first one, UnaG coupled with the eukaryotic luciferase lucGR permits to distinguish OM from OM-
and plasma-membrane (PM) active compounds in real-time. The second one, UnaG coupled with the
bacterial luciferase /ux operon sensing OM disruption and cell viability measurements into one
biosensor strain allowing for one step evaluation. These combinations of different reporter genes allow
for either studying MoAs of natural products for two different MoAs in one assay, or measuring cell
survival in combination with OM integrity, gaining time, effort and fraction biomass. This permits us to
confirm if a compound is only OM active or if it also impacts the PM of the sensor bacteria, which
seems to be often only a concentration based difference. However, the signal strength in these double
sensors was reduced, possibly because of the metabolic load of lux operon//ucGR combined with UnaG.
This phenomenon of biosensing signal attenuation due to multiple-signal output often occurs as a result
of an increased metabolic burden and excessive energy consumption in a single cell. Similar effects
were observed by Hui ef al. ** when combining two fluorescent proteins eGFP and mCherry for the
simualteneous sensing of mercury and cadmium. They found that fluorescent signals significantly
decreased in the double sensor when sensing mercury (green fluorescence). However, the intensity of

red fluorescence while sensing cadmium was similar to the single sensor. In general, the signals are still
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strong enough to detect the effects on the bacterial cells although there is room for optimization in future
work. For example, by adjusting the respective Shine-Dalgarno sequences to fine tune the relative
expression of each reporter gene in the operon. In addition, it would be interesting to test UnaG
expression in B. subtilis to see if BR is freely passing to the cytoplasm of Gram-positives, confirming

the relevance of OM dependent BR exclusion.

4.4 The outer-membrane as a potential target and an obstacle in
natural product discovery

Several Gram-negative antibiotic resistant pathogens are strongly impacting the healthcare systems.

Among them are pathogenic carbapenem-resistant Enterobacteriaceae (CRE) 2% extended-

) 2267228 and more recently Colistin-resistant E. coli %!, The OM as a

spectrum P-lactamase (ESBLs
distinctive feature of Gram-negative bacteria functions as an effective permeability barrier and thus,
contributes to their resistance against a large number of antimicrobial compounds 22?3, In addition,
modification of the OM lipid and protein composition of drug-resistance bacterial species have been
observed frequently 2*. Consequently, the OM is an interesting target for the new drug discovery 2>~
237 Discovery of NPs specifically targeting the OM might help against pathogenic Gram-negative
bacteria. We engineered several BWCBs to study the effect of marine AMPs and other bioactive
compounds on the PM (paper I), the OM of E. coli (paper II) and designed an assay to detect both

activities at the same time (paper I1I).

Thus, the biosensor based on UnaG and BR from paper II could serve in primary screening for OM
active compounds while the OM/PM double sensor described in paper I1I could be used to confirm the
OM as the main target. The plasmid-based nature of these sensor strains allows for transformation of
different AB resistant isolates with modified OM structures into biosensors to determine the activity

spectrum of positive hits in the primary assays.

Other assays for assessing the OM integrity are routinely used like the fluorescence assay with the
lipophilic dye N-phenyl-1-napthylamine (NPN) for example. Already used in the 80’s, this molecule
will emit a weak fluorescence in aqueous environment while it will emit a high fluorescence in
hydrophobic environment like in the lipidic membranes. This dye cannot pass through the bacterial
membranes, but if AMPs are disturbing the OM, then it will have access to the lipid layers in the OM
and/or in the cytoplasmic membrane, increasing greatly the fluorescence 2**2*'. This assay has many
advantages as it is sensitive, relatively quick and straightforward, which is a good point for high-
throughput screening purposes. But compared to our BWCBEs, this presents a lack of specificity as it is
only sensitive to changes in membrane integrity, it is easier to get false-positive or false-negative results,

the assay is limited to bacterial cells with intact membranes, and it is harder to standardize the assay. In
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the paper II, we compared our single OM BWCB with NPN assay, and it seemed that NPN assay
quantified the combined membrane damage of both OM and PM, making our assay more specific
towards OM integrity only. To distinguish OM from OM and PM with the NPN assay, it would need to
be combined with, for example, the fluorescent probe ethidium bromide (EtBr) assay, like used in the
study of Zou et al. ***, which is based on the same mechanism except that EtBr needs to permeate both
PM and OM membrane to fluoresce. But then two different assays need to be done to assess compounds
with OM specific activities, and EtBr is carcinogenic and so require careful handling thus, also is
susceptible to get interference from extracellular DNA or RNA. Another method to study OM integrity
would be through electron microscopy ******. This method has several advantages as it provides direct
visualization of OM structure and can be combined with immunogold labeling for specific protein
localization. Unfortunately, the method is only suitable for detailed studies on compound interaction
with the OM as the electron microscopy requires specialized equipment, is a time consuming and static,

therefore is not suitable for real-time monitoring like our BWCBs.

On the other hand, the OM might prevent discovery of novel non-membrane active compounds by
excluding NPs from their intracellular targets. In paper III we observed that the intracellularly active
AMP PR-39 (1-26) induced a stress response in the B. subtilis based biosensor, which indicates
inhibition of translational processes. The response was stronger than against Erythromycin, serving as
the positive control antibiotic. As many intracellular active AMPs also show membrane activities at high

1 2524 we tried to exclude that the translation inhibition

concentrations as it is the case for Arasin
indicated by the assay in B. subtilis interferes with the OM assay, which is based on the fresh expression
of UnaG. However, when repeating the PM/OM double sensor assay in presence of different
concentrations of PR39 (1-26) in the background of the OM impaired E. coli strain NR698, UnaG
specific fluorescence was absent in the active concentrations of PR-39 (1-26) in spite of the fact that the
bacterial cells were still alive as confirmed by light emission from the luciferase in the sensor strain.
Thus, the bioactivity of peptides and other compounds above the porin determined exclusion size around
600 Da ** might only be detected when screened in the genetic background of OM impaired strains.
Other studies used OM deficient strain E. coli NR698 but mostly to confirm a MoA in E. coli for a

i 248

compound not able to cross the OM like the study of Kriiger et a to confirm that chlorophyll is

effective on Gram-positive bacteria and Gram-negative bacteria but is blocked by the OM in wild-type

E. coli, or the one of Sherman et al. **°

where they used it to validate the inhibition of an ABC transporter
could kill E. coli if this compound could penetrate the cell wall. Screening strategies with new biosensors
for discovery of NPs inhibiting metabolic processes in the cytoplasm or periplasm of Gram-negative
bacteria should assess the interest in compounds of higher molecular weight compounds before deciding

on the genetic background of the screening assay.
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Combining screening hits from OM integrity assays with hits from OM impaired mutants could be used
to find NP combinations, which sensitize Gram-negative bacteria to the intracellularly active
compounds by concomitant treatment with OM active products. As discovering new antibiotics is
difficult, combinations for a synergistic effect is a good alternative in order to use for example Gram-
positive antibiotics on Gram-negative bacteria. For example, the AMPs -naphthylalanine end-tagged
S1-Nal and S-Nal-Nal, were found to be used in synergy with vancomycin to fight against Gram-
negative bacterial infection *°. In our paper III, we also found this synergetic effect by combining an
OM active AMP, Centrocin (1-20) with Erythromycin and Vancomycin on E. coli. However, not only
non-natural combinations are interesting. Natural synergism between several AMPs is typical for the
innate immunity, as eukaryotes need an effective killing of microorganisms through simultaneous
targeting of multiple critical cellular functions of bacteria. This synergism elicits a much higher
antimicrobial effect than each AMP alone, and it can be beneficial for reducing the risk of resistance
evolution. The effects between AMPs can also be potentiated, so one AMP can enable or enhance the
activity of others. The most common would be to have some AMPs that are permeabilizing the
membrane of the bacterial cell to enable the entry of other AMPs with intracellular targets. For example,
a first study showed the AMP abaecin from bumblebees was active against E. coli D22, which has a
deficient cell envelope **'. So in another study, they found that this AMP abaecin had no effect on a
wild-type E. coli, as well as the AMP hymenoptaecin from the same bumblebee ***>. However, when E.
coli is in presence of both AMPs, its growth is completely suppressed through the synergism of
hymenoptaecin, which opens the pores of the OM to allow abaecin to enter and bind to DnaK, abolishing
the bacterial chaperone network and thus, protein folding and ribosomal biogenesis. Another example
would be the perforins from vertebrates, which open pores and allow lethal cationic cargo to reach the
cytoplasm of bacterial cells >, These synergetic effects of AMPs could be assessed with our BWCBs,
as we could screen for OM active compounds with the OM integrity assay, for intracellular target with
the deficient OM strain, and confirm both with the double sensor OM integrity assay combined with

cell viability for example, in future work.

32



5 Conclusion

The marine environment is an interesting of novel antimicrobial compounds and might therefore be part
of the solution to resolve the resistance crisis currently shadowing healthcare systems. However,
efficient bioprospecting efforts will require approaches beyond simple MIC assays. Bacterial whole cell
biosensors allow for mode of action specific search for compounds potentially valuable as leads for
future development of antimicrobial drugs. Integrating novel biosensors into existing platforms for
bioassay-guided purification of antimicrobial compounds might therefore substantially improve the

output of marine bioprospecting efforts.

The first part of this thesis was dedicated to gain knowledge about the first generation of biosensors in
use at the research group. Biosensor based assays were used to try to characterize the mode of action of
Securamine H from an arctic Bryozoan species. The results were not conclusive and require further

investigation to identify the mode of action as described in paper 1.

Subsequently the plasmid-based sensor-elements were transferred to the chromosomes of the E. coli and
B. subtilis, which increased assay reproducibility but reduced assay sensitivity. The results from

chromosomal integration are not published yet.

In the second part the use of UnaG as a reporter gene in bacterial biosensors was analyzed. It was
confirmed that Bilirubin is efficiently excluded from the cytoplasm in cells with intact OMs.
Compromised OMs allowed for uptake of Bilirubin and activation of UnaG based fluorescence in a
manner that requires survival of the cell. The system was suggested to be used as an assay for OM

integrity as described in paper I

Also, novel reporter genes called light-up aptamers like pepper were tested for inducible fluorescence
in live E. coli cells with limited success. Only the very strong viral T7-promoter-polmerase combination
resulted in red fluorescence. While the inducible reporter systems for identification of transcription
inhibition, did not result in detectable fluorescence levels. This work is still ongoing and not part of a

manuscript in this thesis.

Finally, the first-generation luciferase-based sensor systems for PM damage and viability were
combined with the novel OM sensor that allows for concomitant testing for both OM and PM integrity
(Paper III) In addition, using the dual biosensors in the OM deficient background to run timed
translation arrest and Bilirubin addition showed that UnaG stability depends on the presence of
Bilirubin. Furthermore, sensor activity for population-based measurements is not improved by UnaG

export to the periplasm.
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6 Future perspectives

To improve OM damage responsive feedback from UnaG in the double sensor background, expression
of the reporter genes should be optimized with respect to expression of the luciferase genes possible by

reducing translation efficiency of the luciferases by tuning the Shine-Dalgarno sequences.

Securamine H should be tested with the new double sensor to exclude potential effects on the OM of E.

coli. Possible long term viability studies should be run to see how cell viability changes over time.

Recent publications have shown that light-up aptamers can be successfully expressed from strong
bacterial promoters when located on high copy plasmids. This approach should be tested for the pepper

construct used in this study.

A dual biosensor with UnaG and a light-up aptamer should be constructed for a rapid biosensor detecting

and discriminating translation and transcription inhibition.

Attempts to stabilize apoUnaG in absence of BR by mutagenesis studies should be made in order to

make the OM assay independent of the current translation rate.

Finally, the improved versions of the biosensors should be used to screen NP libraries to identify novel

hit compounds for future drug leads
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Abstract

Natural products and their derivatives have served as powerful therapeutics against pathogenic microorganisms and are the main-
stay of our currently available treatment options to combat infections. As part of our ongoing search for antimicrobial natural
products from marine organisms, one fraction prepared from the Arctic marine bryozoan Securiflustra securifrons was found to be
active against the human pathogenic bacterium Streptococcus agalactiae (gr. B). Chemical investigation of the fraction revealed that it
contained several variants of the highly modified secondary metabolites known as securamines. The securamines are alkaloids
sharing a common isoprene-histamine-tryptamine backbone. In this study, we describe the antimicrobial activities of securamine

C,E,and H -] (4, 5, and 1-3) and the attempt to deconvolute the mode of action of 1.
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The increasing prevalence of antibiotic resistant pathogens is
recognized as one of the most serious global threats to human
health in the 21st century. Extensive use of antimicrobials
together with declining investments into discovery and devel-
opment of new treatment options to combat pathogens have
aggravated the problem.l Novel classes of antibiotics are
therefore urgently needed for the future. In the search for new
antimicrobial agents, nature remains the richest and most ver-
satile source.”’ In fact, close to 80% of all marketed anti-
infective agents originate from a natural source.”

Bryozoans are a phylum of suspension-feeding mainly
colonial invertebrates found in aquatic benthic ecosystems
throughout the world.” They generally form sessile colonies of
genetically identical, polymorphic units termed zooids.” These
colonies are extremely vulnerable to biofouling, predation by
grazers and pathogenic attacks.*’ In order to thrive in this hos-
tile environment, bryozoans have developed a chemical defense
strategy, in which potent secondary metabolites are produced
to combat these external threats. As a result, bryozoan biomass
has yielded several structurally diverse bioactive secondary
metabolites. The best known examples are the bryostatins, iso-
lated from Bugula neritina (Linnaeus, 1758), some of which are
under clinical development as an anticancer drug candidate for
combination therapy'’ and neurological disorders.' "

As part of our ongoing search for bioactive secondary
metabolites from marine organisms, the organic extract of
Securiflustra securifrons (Pallas, 1766) was prepared into eight

fractions and tested for antibacterial activity. Fraction three was
found to be active against the pathogenic bacterium Streptococcus
agalactiae (Gr. B). Previously, fraction five of the same extract
was found to be active against a human melanoma cancer cell
line.""® The components found to be responsible for the cyto-
toxicity in this fraction were the hexacyclic alkaloids secur-
amine C (4), E (5), and H — ] (1-3) (Figure 1). The structures
and cytotoxic properties of 1-5 have been reported by our
group.'* HRMS analysis of the fraction showing antibacterial
activity revealed the presence of securamines. The antimicro-
bial properties of the securamines have not been previously
examined. This, coupled with the knowledge that nature has
provided a wealth of promising lead structures for antimicro-

16-18

bial development, ~ " motivated an investigation into the anti-

microbial potential of the securamines.
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Securamine C (4)

Securamine E (5)

Figure 1. Structures of securamine C, E, and H —J (4, 5, and 1-3) isolated from the organic extract of the Arctic marine bryozoan Securiflustra

Securifrons.

Results and Discussion

Biomass, Extraction, Fractionation, Compound Isolation,
and Structure Elucidation

The biomass of S. securifrons was collected off the coast of
Hjelmsoya, freeze dried and subjected to liquid-liquid
extraction, providing an aqueous and an organic extract. The
organic extract was fractionated into eight fractions using flash

Table 1. MIC (uM) of Securamine H-J, C, and E (1-5) Against four
G+ and two G- Bacterial Strains, Against Szaphylococcus epidermidis
Biofilm Formation, and Against three Yeast Strains.

Minimum inhibitory concentration (uM)

Microorganisms 1 2 3 4 5

G+ bacteria:

Bacillus subtilis 6.25 >50 >50  >50  >50

Staphylococcus anreus 3.13 125 >50 >50 25

Enterococcus faecalis 6.25 25 >50 >50 50

Streptococcus agalactiae 6.25 25 >50  >50 25
(Gr. B)

G- bacteria:

Escherichia coli >50 >50 >50  >50  >50

Pseudononas aernginosa >50 >50 >50 >50 >50

Biofilm formation:

Staphylococcus epidermidis >50 >50 >50  >50 >50

Yeast:

Candida albicans >50 >50 >50  >50 >50

Rhodotorula sp. >50 >50 >50 >50 >50

Aureobasidium pullulans >50 >50 >50  >50 >50

chromatography. Compounds 1-5 were isolated using mass
guided semi-preparative HPLC and their structures elucidated
using spectroscopic methods (HRMS, 1D- and 2D-MNR), as
previously described."

Antibacterial Screening and Chemical Investigation of the
Flash Fractions of S. securifrons

The flash fractions of the organic S. securifrons extract were
assayed for activity against the pathogenic bacterial strains S.
anreus, E. faecalis, E. coli, P. aeruginosa, and S. agalactiae (Gr. B) at
250 pg/mL. Flash fraction three (eluting at 50% MeOH) was
found to be active against the G+ bacterium s. agalactiae (Gr. B).
Fraction three was inactive against the remaining bacteria and
the remaining fractions were inactive against all bacteria.
Chemical analysis of the fraction using UHPLC-HRMS
revealed that it contained compounds belonging to the secur-
amine family, including compounds 1, 2, 4, and 5.

Auntimicrobial Activity of 1-5

The MIC values of compounds 1-5 were determined against
four G+ and two G- bacterial strains, three yeast strains and
toward the biofilm formation capability of S. epidermidis
(Table 1, online supplementary file). Compounds 1, 2, and 5
showed activity against all or most of the G+ strains. No activ-
ity was found toward the G- bacteria, the yeast strains or
against biofilm formation at the highest assay concentration

(50 uM).
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Figure 2. Kinetics of the relative luminescence emission by A) B. subtilis (pCSS962) and B) E. coli (pCSS962) treated with ranging
concentrations of either securamine H (1) or chlorhexidine (CHX). Each point is the mean of three independent measurements. CHX and

water were used as positive and negative controls, respectively.

Based on these results it appears that a double bond in the
D-ring between C-2 and C-3 and more than one bromine on
the A-ring at C-16, C-17, and/or C-18 ate important for the
antibacterial activity of the securamines. This observed struc-
ture activity relationship (SAR) correlates well with the previ-
ously reported SAR of the securamines against melanoma,
lung and breast cancer cell lines,"* where 1,2, 4, and 5 inhibited
cell viability. The lowest MIC value, 3.13 uM, was measured for
1 against S. aurens. Compound 1 is brominated at C-16, C-17,
and C-18, and has a double bond between C-2 and C-3. This
could indicate that the activities of the securamines against
both bacteria and cancer cell lines are caused by an unspecific
interaction with and disruption of biological membrane integ-
rity. This is, however, unlikely, as the herein assayed eukaryotic
yeast strains were unaffected by the securamines at the highest
assayed concentration (50 uM), indicating an unrelated intra-
cellular target in the cancer- and bacteria cells. Compound 1
showed the broadest and most potent inhibition, with MIC
values ranging from 3.13 to 6.25 uM against the G+ bacteria,
and was, therefore, chosen for further investigation.

Real-Time Measurement of Membrane Integrity of Bacteria
When Exposed to 1

B. subtilis and E. coli, carrying the pCSS962 plasmid with the
LucGR gene, were used to assess the membrane disruptive
properties of 1. The strains express eukaryotic luciferase and
will emit luminescence if their membrane is disrupted and
D-luciferin from the growth medium is allowed to diffuse into
the cell."” If the bacterial cells die following membrane disrup-
tion, an initial rise in relative luminescence units (RLU) caused
by D-luciferin influx, will be followed by declining RLLU values
as bacterial ATP reserves are exhausted and the enzymatic
reaction consequently stopped. The luminescence measure-
ments of B. subtilis and E. coli after exposure to ranging concen-
trations of 1 or chlorhexidine (CHX, positive control), an
antibiotic known for its cell wall and membrane-disruptive
activities,”’ can be seen in Figure 2. CHX treated B. subtilis gave

an initial increase followed by a decrease in RLU values. In
contrast to this, 1 caused a persistent increase in light emission
from the cells within the 3 minutes assay time at the 3 hours
highest concentrations tested (12.5, 25, and 50 uM; 2, 4, and 8
X the MIC value of 6.25 uM, respectively). This increase was
most likely caused by an increased D-luciferin influx into the
cells caused by effects on the membrane. This effect does how-
ever not appear to affect the viability of B. subtilis, as the ATP
reserves in the bacteria are not exhausted and resultantly no
delayed drop in RLU was observed, indicating that the effect
of 1 was different from that of CHX. The lack of a drop in
ATP reserves following B. subtilis exposure to 1 furthermore
indicates that 1 is bacteriostatic rather than bactericidal at the
highest assayed concentrations. At 6.25 uM (and at lower con-
centrations, data not shown) 1 did not cause an influx of
D-luciferin, as relative light emission remained equal to the
water control. In contrast to CHX, no substantial increase in
D-luciferin uptake and thus no effect on plasma membrane
integrity of E. ¢o/i could be detected for 1, even at the highest
assayed concentrations (Figure 2(B)).

Assessment of the Membrane Potential of Bacteria When
Exposed to 1

To elucidate further if 1 affected the membrane integrity of B.
subtilis directly, the membrane potential of B. subtilis was mea-
sured after 3 minutes exposure to ranging concentrations of 1.
Bacterial cells were stained with a membrane potential sensitive
dye and subsequently analyzed by flow cytometry. The assay is
based on the use of 3,3’-diethylcarbocyanine iodide (DiOC,(3)),
the fluorescence of which shifts from green to red in response
to higher cytosolic concentrations in cells with active mem-
brane potential where the dye aggregates. Ratiometric analysis
of green to red fluorescence allows for estimating changes in
membrane potential of bacteria.”> CHX and carbonyl cyanide
m-chlorophenylhydrazone (CCCP) were used as positive and
negative controls, respectively. CCCP blocks the generation of
the electrochemical proton gradient, and thus lowers the
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Figure 3. The effect of securamine H (1) in comparison to chlorhexidine (CHX) on the membrane potential of B. subtilis. The bacteria were
treated for 3 minutes with ranging concentrations of either 1 or CHX and subsequently incubated for at least 30 minutes with 30 uM DiSO,(3).
The overlaid histograms show the positive and the negative controls treated with 5 pM carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(shaded dark grey) and water (shaded light grey), respectively. Measurements depicting analysis of 1 are highlighted. The ratiometric values
(red/gteen) are depicted on the x axis, and the relative number of events on the y axis.

membrane potential in bacteria.” Increasing concentrations of
CHX decteased the ratio of red/gtreen, showing that higher
CHX concentrations result in a higher fraction of bacteria with
disrupted membranes. For 1, increased concentrations resulted
in a decteased red/green ratio, but this decrease was signifi-
cantly less marked compared to the CCCP and CHX controls.
At the observed MIC (6.25 uM), only a slight shift was visible,
further indicating that the activity of 1 was not due to direct
membrane integrity disruption (Figure 3).

Effect of 1 on Bacterial Metabolism

We proceeded to evaluate whether 1 affected bacterial metab-
olism. B. subtilis carrying a chromosomal integration of a /ux-
ABCDE” operon and E. co/i carrying the pCGLS-1 1% plasmid
with a Photorbabdus luminescens lux operon (luxCDABE) were
used to assess the effect of 1 on bacterial cell viability mea-
sured in real-time. From these operons, the strains express a
bacterial luciferase and fatty acid reductases for regeneration
of long-chain fatty aldehydes, which serve as substrates for
light production. Light production is therefore linked to

several metabolic processes, which in turn depend on the
regeneration of reduction equivalents and ATP>* While
light production indicates active metabolism, loss of light pro-
duction indicates a decrease in metabolic activity, and hence,
reduced viability of the cells. The measured luminescence of
B. subtilis and E. coli after addition of ranging concentrations
of either 1 or CHX can be seen in Figure 4. At concentrations
above the MIC (6.25 uM), 1 affected the viability of B. subtilis
within the 3 minutes assay time (Figure 4(A)). Indeed, 1 ele-
vated light emission by the strain at a similar level to CHX at
3.1 uM, resulting in a decrease of around 40% of relative
luminescence units after 3 minutes. The decrease in light emis-
sion within 3 minutes at concentrations above the MIC con-
firmed that cell viability was affected relatively fast. However,
even at concentrations above the MIC, viability does not drop
below 50%, which was the case for CHX. In addition, the
ATP dependent membrane assay showed elevated light emis-
sion at these concentrations indicating that ATP levels are not
the limiting factor. No effect was observed toward E. o/

(Figure 4(B)).
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Figure 4. Kinetics of the relative luminescence emission by A) B. subtilis (pCGLS-11) and B) E. co/i (pCGLS-11) treated with ranging

concentrations of either securamine H (1) or chlorhexidine (CHX).
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Table 2. List of Sensor Strains With the Promoter Region Fused to
the /uxABCDE Operon Located in the sacd Region of the B. subtilis

168 Chromosome. Respective Positive Control Antibiotics Used Are
Shown in the Last Column.

Strain number Promoter Control antibiotic

Target

EM10 DNA replication  yorB Ciprofloxacin

EM11 Transcription helD Rifampicin

EM12 Translation yhel Erythromycin

HMBG67 Wall and membrane /ial Vancomycin/Bacitracin
HMBG69 Fatty acid synthesis  fabHB Triclosan/Irgasan
HMB70 Folic acid synthesis ~ panB Trimethoprim

HMB62 Viability control laiG all

In summary, the results from the membrane integrity and
metabolic activity assays show an influx of D-luciferin at con-
centrations higher than the MIC, no effect on membrane
potential, and reduction of metabolic activity in B. subtilis
exposed to 1. The effect of 1 on B. subtilis viability is thus most
likely not caused by direct effects on the cell membrane, but
rather by interference with one or more metabolic processes in
B. subtilis.

Investigation of Possible Intracellular Targets of 1

In an attempt to gather information regarding the mode of
action of 1, the compound was tested against a panel of six
biosensors responding to interference with some major meta-
bolic pathways in B. subrilis. Compound 1 was tested for inter-
ference with DNA replication, transcription, translation and
interference with fatty acid, cell wall and folic acid synthesis.
Antibiotics of the respective modes of action, as shown in
Table 2, served as positive controls. None of the strains reacted
to co-incubation with 1 at the assayed concentrations during
the 8 hours the assays were run (twofold dilution series between
50 and 0.39 uM). The purpose of the sensors is to detect simi-
lar activity, but negative results do not exclude a given mode of
action. While, for example, erythromycin efficiently induces
the sensor for translation interference, kanamycin does not.”’
Similarly, the cell envelope stress sensor, which is based on the
lial promoter and the 4aRS two-component system, is most
sensitive when challenged with antibiotics affecting the lipid 11
cycle, as is the case for bacitracin and vancomycin, while they
remain uninduced by penicillin.”® This hampers the interpreta-
tion of the results since all the assays for the activity of 1 were
negative. However, 1 seems not to belong to the subgroups of
antibiotic mode of actions that the sensors recognize.
Interestingly, the /al based cell envelope stress sensor is known
to respond to membrane active compounds such as nisin.”®
Therefore, the negative response to 1 was in accordance with
earlier results indicating a different mode of action than inter-
ference with membrane integrity.

Conclusions

Securamine H (1) was found to inhibit the viability of G+ bac-
teria and to reduce metabolic activity in B. subtilis. The effect
was shown not to be caused by interference with DNA replica-
tion, transcription, or translation, nor by interference with fatty
acid, cell wall and folic acid synthesis, and could not be
explained by disruption of the cell membrane. The mode of
action of 1 thus remains to be deconvoluted. However, as the
result indicates that 1 has an intracellular target, the compound
serves as an interesting starting point for further investigations.
The herein presented results demonstrate that marine bryozo-
ans can be used as a source of compounds with antibacterial
activity.

Experimental

Animal Material, Extraction, Fractionation, Componnd
Isolation, and Structure Elucidation

Specimens of S. securifrons were collected off the coast of
Hjelmsoya, Norway in 2014 using an Agassi’s dredge trawl at
72 m depth. The specimens were prepared as an organic
extract, which was further fractionated into eight fractions
using RP-flash chromatography and tested for bioactivity. The
compounds were isolated using mass-guided semi-preparative
HPLC and their structure elucidated using spectroscopic meth-
ods (HRMS, 1D- and 2D-NMR), all as previously described in
detail."*

Microorganism Strains, Growth Media, and Assay
Temperature

Enterococens faecalis (ATCC: 29212) and Streptococens agalactiae (Gr.
B) (ATCC: 123806) were grown and assayed in brain-heart infu-
sion broth (BHI; Oxoid, Hampshire, England). Staphylococcus
anrens  (ATCC:  25923), Escherichia coli (ATCC: 25922),
Psendomonas  aernginosa (ATCC: 27853), and Bacillus subtilis
(ATCC: 23857) and its derivatives were grown and assayed in
Mueller Hinton Broth (MH; Merck, Darmstad, Germany).
Staphylococcus epidermidis (ATCC: 35984) was grown and assayed
in tryptic soy broth (TS; Merck, Darmstadt, Germany). All
bactetia were grown and assayed at 37 °C. The yeast strains
Candida albicans (ATCC: 10231) and Rhbodotorula sp. and the
Aureobasidium pollulans mold (Rhodotornla sp and A. pollulans
were obtained from Professor Arne Tronsmo, the Norwegian
College of Life Sciences, As, Norway), were cultivated and
assayed on potato dextrose agar (PD, Difco, Detroit, MI, USA)
with 2% D(+)-glucose (Merck, Darmstad, Germany) at room
temperature.

Antimicrobial and Anti Biofilm Formation Assays

Antibacterial assay.  MIC values of 1-5 were determined using
the broth microdilution method, as previously described.”
Briefly, suspended bacteria in log phase were added to 96-well
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microtiter plates at a concentration of 1,500-15,000 colony
forming units/mL. Setial dilutions of 1-5 (assay cons: 50-0.78
uM) were subsequently added and left to inoculate for 24 hours
before growth inhibition was measured using a Victor multi-
label counter (Perkin Elmer, Singapore) at 600 nm. Growth
medium diluted with water (1:1) was used as negative control
and bacteria suspension diluted with water (1:1) as positive
control. For B. subtilis, oxytetracycline was used as the positive
assay control, and for the remaining strains, gentamycin was
used. The assays were repeated three times.

Inbibition of biofilm formation.
the effect of 1-5 on biofilm formation. An overnight culture of
S. epidermidis was diluted with fresh TS broth with 1% glucose
(1:100), transferred to the wells of 96-well microtiter plates,
and ranging concentrations (assay cons: 50-0.39 uM) of 1-5

S. epidermidis was used to assess

were added. After overnight incubation, the bacterial suspen-
sion was carefully discarded, the biofilm fixed by incubation
at 55 °C for 1 hour and stained with 0.1% crystal violet for
5 minutes before being washed away with water. The plates
were once more left to dry at 55 °C for 1 hour before 70 uLL
70% ethanol was added to each well and the plates left to incu-
bate for 10 minutes before biofilm formation was observed by
visual inspection of the plates. The MIC was defined as the
lowest concentration where no biofilm formation was visible.
S. epidermidis suspension, diluted with 50 pL. of water, was used
as a positive control, and 50 ul. Szaphylococcus haemolyticus sus-
pension with 50 uLL of water as negative control. A mixture of
50 pL water and 50 L TS broth was used as assay control. The
assay was repeated three times.

Antifungal assay.  Fungal spores of yeast strains Candida albicans
and Rhodotorula sp. and the A. pollulans mold were added to
PD broth and the cell concentration determined and adjusted
after counting in a Birker chamber. A final fungal spore con-
centration of 2 X 10° spores/mL was inoculated in 96-well
Nunc microtiter plates (100 uL total well volume) along with
ranging concentrations of 1-5 (assay cons: 50-0.78 uM). The
assay plates were incubated at room temperature for either 24
hours (C. albicans) or 48 hours (A. pollulans and Rhodotorula sp.).
Ranging concentrations of amphotericin-B was used as posi-
tive control (32-0.25 ug/mlL), and water as a negative (growth)
control. After incubation, the OD value (600 nm) was mea-
sured in a Synergy H1 Hybrid Reader (BioTek, Winooski, VT,
USA). MIC values of 1-5 were defined as the lowest concen-
tration of the compounds that showed >90% inhibition com-
pared to the negative growth control (as measured by OD).
The assays were repeated three times.

Mode of Action Studies

Real-time membrane integrity assay measuring immediate menmbrane
disruption. 'The real-time membrane integrity assay was per-
formed using B. subtilis 168 and E. co/i K12 (MC1061), both
carrying the plasmid pCSS962 with the eukaryotic luciferase

gene /ueGR. Luciferase is dependent on D-luciferin as sub-
strate to emit light, a substrate that does not penetrate intact
cell membranes. The assay is a modification of a previously
described protocol.”’ B. subtilis and E. coli were cultured over-
night in MH broth with 5 pg/mL chloramphenicol (Merck
KGaA, Darmstad, Germany) and a mixture of 20 pg/ml.
chloramphenicol/100 png/mL ampicillin, respectively, before
being centrifuged at 4500 rpm for 10 minutes. The supernatant
was removed and the pellet resuspended in MH broth to give
an ODy, of 0.1. D-luciferin potassium salt (assay concentra-
tion: 1 mM) was added and background luminescence mea-
sured. Ranging concentrations of 1 (assay conc.: 50-0.78 uM)
dissolved in water were added to black round-bottom 96-well
microtiter plates (Nunc, Roskilde, Denmark), as well as a rang-
ing concentrations of the control, CHX acetate (assay conc.: 50
uM-1.6 uM). The plates were placed in a Synergy H1 Hybrid
Reader (BioTek, Winooski, VT, USA). Aliquots (90 uL, to give
a total assay volume of 100 uL) of the prepared bacterial sus-
pension were added to the test wells by an automatic injector
with tracking of the luminescence emission every second for
180 s. The assays were repeated 3 times.

Membrane potential assay. 'To analyze the effects of 1 on the
membrane potential of Bacillus subtilis 168, the BacLight bac-
terial membrane potential kit (Invitrogen, Carlsbad, CA,
USA) was used. The assays were performed in 96 well 1.8 ml
deepwell-plates (Corning, Corning, NY, USA) and analyzed by
a Cube8 flow cytometer with an auto sampler (Sysmex, Kobe,
Japan). The assay is based on the dye DIOC,(3), which causes
green fluorescence in all bacterial cells. The fluorescence shifts
to red when the dye molecules self-associate due to their accu-
mulation in the cytoplasm of viable bacteria with intact mem-
brane potential.21 Differences in fluorescence emission were
detected by flow cytometry. The ratiometric values of red/
green fluorescence were used to analyze if the proton gradi-
ent of the tested cells was affected or not. The experiment
was performed according to the manufacturer’s suggestions,
but adapted to the 96 well format and therefore conducted
with reduced volumes. Briefly, 5 ul 3 mM DiOC,(3) solution
was added to 500 pl cell suspension, which contained approx-
imately 10° bacteria and had been pretreated for 3 minutes
with different concentrations of the respective analytes. Before
starting the measurement, the samples were incubated in the
dark for 30 minutes at room temperature. The samples were
then measured in the Cube8 and analyzed with excitation
by the blue laser (488 nm) and forwards scatter (FSC), side
scatter (SSC), FL1 (emission 536/40 nm) and FL3 (emission
675/20 nm). Data analysis was petformed by the freely avail-
able flowing software using the first 2000 events of the bacte-
rial population in each measurement for ratiometric analysis
(flowingsoftware.btk.fi).

Real-time cell viability assay. 'The real-time cell viability assay was
performed using B. subtilis 168 (ATCC: 23857) and E. co/i K12
(ATCC: MC1061) carrying either a chromosomal integration of



Hansen et al.

the uxABCDE operon or the plasmid pCGLS-11 with the lux
operon /uxCDABE, respectively. The assay is a modification of a
previously described protocol.” B wubtilis and E. eoli were cultured
overnight in MH broth with 5 pg/mL chloramphenicol and 100
pg/ml ampicillin (Merck KGaA, Darmstad, Germany), respec-
tively, before being centrifuged at 4500 rpm for 10 minutes. The
supernatant was removed and the pellet resuspended in MH broth
to give an OD, of 0.1. Ranging concentrations of 1 (assay conc.:
50-0.78 uM) dissolved in water were added to black round-bottom
96-well microtiter plates (Nunc, Roskilde, Denmark), as well as
ranging concentrations of the control, CHX acetate (assay conc.:
50 uM — 1.6 uM). The plates were placed in a Synergy H1 Hybrid
Reader (BioTek, Winooski, VI, USA). Aliquots (90 plL, to give a
total assay volume of 100 pL) of the prepared bactetial suspension
were added to the test wells by an automatic injector with tracking
of the luminescence emission every second for 180 s. The assays
were repeated three times.

Promotor activity-based whole-cell biosensor assay.  Whole cell mode of
action, specific biosensors were used to determine if the activity
of 1 correlates with some previously known modes of actions.
The biosensors were generated by cloning promoter fusions to
lnxABCDE in the plasmid pBS3Clux and subsequent recombina-
tion into the sacA site on the B. subtilis chromosome, as described.”
Interference with DNA replication, transcription, translation and
fatty acid synthesis was tested by B. subtilis strains containing
lnxABCDE fusions to the promotors of the genes yorB, helD,
yhel and fubHB, respectively, as described for firefly luciferase.”’
Inhibition of cell wall synthesis was tested by a bacitracin induc-
ible promoter construct described™ based on the promotor of
Jial fused to luxABCDE. The veg promoter fusion described in
the same paper was used as a luminescence control. In addition,
a panB-luxABCDE promoter fusion described as a /cZ-fusion in
patent US20020164602A17 was used to test for inhibition of folic
acid synthesis (details in Table 2). Compound 1 was tested in a
two-fold dilution series starting with two x B. subrilis MIC (MIC
= 6.25 uM). The respective control antibiotics were set up similar
to the tested compound. The experiments were run at room tem-
perature. Otherwise, the identical setup to the antimicrobial assay
protocol was used with additional measurement of luminescence
every 15 minutes for 8 hours. Peak luminescence of the controls
was compared to luminescence of cells treated with 1. The assays
were repeated three times.
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Abstract: Reporter genes are important tools in many biological disciplines. The discovery of novel
reporter genes is relatively rare. However, known reporter genes are constantly applied to novel
applications. This study reports the performance of the bilirubin-dependent fluorescent protein UnaG
from the Japanese eel Anguilla japonicas in live Escherichia coli cells in response to the disruption of
outer membrane (OM) integrity at low bilirubin (BR) concentrations. Using the E. coli wild-type
strain MC4100, its isogenic OM-deficient mutant strain NR698, and different OM-active compounds,
we show that BR uptake and UnaG fluorescence depend on a leaky OM at concentrations of 10 uM
BR and below, while fluorescence is mostly OM integrity-independent at concentrations above 50 uM
BR. We suggest that these properties of the UnaG-BR couple might be applied as a biosensor as an
alternative to the OM integrity assays currently in use.

Keywords: reporter gene; synthetic biology; UnaG; outer membrane; bilirubin; biosensor

1. Introduction

Reporter genes are important tools and are widely used in synthetic biology and cellu-
lar biosensors. Due to the ease of use and signal detection, fluorescent and bioluminescent
reporter genes are utilized in different types of applications. They are usually fused to either
a promoter—operator regulatory sequence or genes of interest and convert biological events
into optically detectable signals, which can easily be read by appropriate instrumentation.
The most common reporter genes currently in use are the green fluorescent protein gfp
from the cnidarian Aequorea victoria [1-3] and the red fluorescent protein rfp from Discosoma
coral [4-6], as well as different luciferases [7-9]. During the last decade, several alternatives
to the traditional fluorescent proteins have emerged, most notably fluorescent proteins
belonging to the fatty-acid-binding protein family, such as UnaG and SmurfP [10], as well
as RNA-based light-up aptamers [11-13] such as spinach, broccoli, and pepper. They all
have in common that they require a fluorogenic ligand for fluorescence, which often must
be provided externally.

In this work, we tried to apply the fluorescent protein from a Japanese eel (Anguilla
japonica), UnagG, for the ligand-dependent labeling of Escherichia coli cells [14]. This protein
belongs to the fatty-acid-binding protein (FABP) family and produces fluorescence by
binding to its ligand bilirubin (BR) (C33H34N40g), a yellow—orange pigment. This molecule
is an antioxidant tetrapyrrole, formed by the breakdown of heme—for example, from
hemoglobin from dead red blood cells in the mammalian body. UnaG and the unconju-
gated BR bind noncovalently, but with high specificity and affinity. This protein has been
successfully used as an imaging tool for live-cell fluorescence microscopy in mammalian
cells [15-17], in yeast [18], as well as in bacteria for anaerobic imaging [19,20], or as a
dark-to-green photoswitchable fluorescent protein for super-resolution imaging [17].

The necessity of ligands is not problematic if the host readily provides the molecules in
sufficient quantities through its inherent metabolism. Therefore, the use of UnaG does not
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require the addition of BR in vertebrate systems. However, when UnaG is used as a reporter
in bacteria, BR must be added externally, and, in the case of cytoplasmic expression of the
protein, BR must pass the cell envelope and plasma membrane. As BR is a hydrophobic
molecule with a size (584.7 Dalton) close to the exclusion threshold of outer membrane
(OM) porins (ca. 600 Daltons) [21], sufficient access to BR inside the cell might be a limiting
factor when expressed in Gram-negative bacteria. On the other hand, ligands, fluorophores,
and enzyme substrate exclusion by cellular barriers such as the OM or plasma membrane
can be used in assays or cellular biosensors to evaluate barrier integrity. This principle is
used, for instance, in live-dead assays based on the fluorophores [22,23], where plasma
membrane disruption is probed by propidium iodide access to the nucleic acids in the
cytoplasm. Similarly, the exclusion of D-luciferin of intact plasma membranes is used in
assays for plasma membrane integrity [24].

Several methods that are used to study the permeabilization of the OM of Gram-
negative bacteria are based on similar principles—for instance, the use of the fluorescent
probes 1-N-phenylnaphthylamine (NPN) [25-29] or 8-anilino-1-naphthylenesulfonic acid
(ANS) [27,30], and ethidium bromide (EtBr) in a different assay [31], and spectrophoto-
metric assays based on periplasmic (3-lactamase activity and cytoplasmic 3-galactosidase
and the activation of respective enzyme-activated dyes [32]. In addition, GFP exported
to the periplasm of Gram-negative bacteria has been used to assess damage to the OM in
microscopy-based assays [33]. The latter principle has been further applied to multi-color
fluorescent flowcytometry assays with GFP localized in the cytoplasm and mCherry in the
periplasm [34,35]. The currently most widely applied approach seems to be the use of the
fluorescent probe NPN.

The toxicity of ligand, substrate, or probe to the cells of interest might negatively affect
experiments or limit the usability for end point measurements rather than real-time assays.
For example, a common assay for the evaluation of membrane potential in bacteria is based
on the fluorescent dye DiOC2 [36]. The dye itself is cytotoxic and is therefore only used
in end point assays. It has been found that also BR affects bacterial viability in the gut. A
study by Nobles et al. [37] showed that BR can have a positive effect on the Gram-negative
bacteria by protecting them from reactive oxygen species (ROS) but also a negative effect
on Gram-positive bacteria by disrupting the plasma membrane at concentrations of at least
100 pM.

In this study, we show that UnaG-dependent fluorescence in living E. coli cells depends
on OM disruption under the in vitro conditions that we tested when BR is added externally
at relatively low concentrations.

2. Materials and Methods
2.1. Media and Growth Conditions

For cloning, E. coli strains were routinely grown in Luria-Bertani (LB) broth at 37 °C
with aeration. For fluorescence measurements, the bacteria were grown in Mueller-Hinton
(MH; Merck, Darmstad, Germany) broth medium at room temperature (RT) over-night,
which was then diluted 1:100 in MH broth medium and grown to an ODggg of approxi-
mately 0.5 at RT. To avoid a fluorescence background, after centrifugation at 3000 x g for
5 min, the bacteria pellet was washed by careful pipetting in 0.9% NaCl solution, 0.9%
NaCl solution with 20 mM Tris HCI pH 7.5, phosphate-buffered saline (PBS), or 5 mM
HEPES butffer (Sigma-Aldrich, St Louis, MO, USA), free of bilirubin (BR), before measuring
fluorescence. Then, 1 mM BR (Sigma-Aldrich, St Louis, MO, USA) stocks were created in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA). Different concentrations
of ampicillin (Merck KGaA, Darmstad, Germany), 100 pg/mL and 5 ug/mL, were used for
the plasmid selection in E. coli MC4100 and NR698, respectively.

2.2. Bacterial Strains and Plasmids

In this study, we used the isogenic E. coli K-12 strains MC4100 and NR698. To express
UnaG constitutively in the cytoplasm, the plasmid pMMO001 (Figure S11 and Sequence S1)
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was designed and then synthetized through Invitrogen GeneArt Gene Synthesis (Ther-
mofisher, Waltham, MA, USA) with codon optimization for E. coli. In this plasmid, the
synthetic construct UnaG [14] is expressed from the constitutive OBX15 promoter [38].
The strain NR698 was constructed by Ruiz et al. [39], where the permeability of the OM
increases by introducing the imp4213 allele of E. coli BE100 [40] into the E. coli MC4100. This
in-frame deletion of the imp gene, which encodes an essential protein of the OM assem-
bly, results in a loss of OM integrity. For the membrane integrity assay, the strains were
transformed with plasmid pCSS962 containing a constitutively expressed gene, LucGR [24].

2.3. Transformation

Competent E. coli MC4100 and NR698 were prepared by the transformation and
storage solution (TSS) method [41]. Here, 100 pL of the competent strain was transformed
with 100-500 ng plasmid. Cells were incubated at 37 °C, with agitation for 1 h, before being
spread on LB agar plates with the appropriate antibiotics and incubated at 37 °C overnight.

2.4. Fluorescence Detection

A Synergy H1 Hybrid Reader (BioTek, Winooski, VT, USA) was used to measure the
UnaG fluorescence of bacterial populations. To avoid excessive background fluorescence,
the monochromator was set to an excitation wavelength of 508/8 nm and an emission
wavelength of 538/8 nm, and fluorescence was measured in 30 s intervals at RT (the
temperature inside the device was at 25.5 °C, slightly above ambient, throughout the
measurements). The gain was kept at 100 in all experiments. Then, 90 uL of the bacterial
suspension was added to a black round-bottom 96-well microtiter plate (Nunc, Roskilde,
Denmark). BR and outer- and plasma-membrane-active compounds were added to the
indicated concentrations. The following compounds were used: polymyxin B sulfate (PMB;
Sigma-Aldrich, St Louis, MO, USA), polymyxin B nonapeptide (PMBN; GLPBIO, Montclair,
CA, USA), chlorhexidine acetate (CHX; Fresenius Kabi, Halden, Norway). BR-free bacterial
suspension served as the background, with water instead of PMB as a negative control.
Data were processed with GraphPad Prism 9 software version 9.5.0 (GraphPad Software;
Boston, MA, USA).

2.5. NPN Assays for Outer Membrane Integrity

The increased permeability of the OM was analyzed by measuring increased fluo-
rescence as kinetics of 1-N-phenylnaphthylamine (NPN) uptake following the protocol
described by Helander and Mattila-Sandholm [42]. Briefly, E. coli MC4100 and NR698
were grown overnight in MH broth medium. The cultures were further diluted and grown
to ODgqp 0.5, rinsed once using centrifugation at 3000x g for 5 min, and suspended in
5 mM HEPES buffer supplanted with 5 mM glucose (pH 7.2) and diluted to ODg 0.5.
NPN was added to a concentration of 20 uM containing 1 mL of cell suspension in HEPES
buffer immediately prior to fluorescence monitoring using 96-well black-bottom microtiter
plates. After 10 uL of the permeating agent was added to 90 uL of the cell suspension
with NPN, fluorescence was measured using a microplate reader with excitation and emis-
sion wavelengths set to 350 and 420 nm, respectively. For the NPN OM assay with BR,
E. coli cells were grown, harvested, and suspended as described above, before they were
preincubated with different concentrations of BR for 10 min. BR-treated cells were washed
once and resuspended in HEPES buffer, followed by the addition of NPN to obtain a final
concentration of 20 uM for the measurement of fluorescence for 15 min.

2.6. Luminescence Assays for Plasma Membrane Integrity

The E. coli strains MC4100 and NR698 constitutively expressing the luciferase LucGR
from the pCSS692 plasmid were cultured overnight in MH broth medium supplemented
with 5 pg/mL chloramphenicol (Merck KGaA, Darmstad, Germany) for E. coli NR698
and 20 pg/mL for MC4100. New day cultures were made by 1% inoculation in MH
broth medium and incubated at RT with aeration until the ODggy reached 0.5. The final
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concentration of D-luciferin potassium salt (Synchem Inc., Elk Grove Village, IL, USA) in
the medium was 2 mM.

The real-time membrane integrity assay was modified from a previously described
protocol for the membrane integrity assay [24]. This assay was performed on different
strains of E. coli, including the wild-type (WT) MC4100 and the OM-deficient NR698 strains.
The LucGR protein is dependent on its substrate D-luciferin to emit luminescence. PMB at
a final concentration of 10 pg/mL was used as a positive control. Milli-H,O was used as a
negative control.

All values were normalized to the water control for the normalization of the lumines-
cence. Data were processed with GraphPad Prism 9 software.

2.7. Microscopy

Suspensions of UnaG-expressing E. coli strains MC4100 and NR698 in PBS buffer were
prepared as described earlier. Sample preparation was identical as for the assays in the
plate reader in PBS. First, 5 puL of bacterial suspension was transferred onto a microscopic
slide and covered with a cover slip for immediate microscopic analysis. Fluorescence was
analyzed at several time points after the addition of BR to 5 uM and PMB 10 ug/mL with a
Leica DM6000B fluorescence microscope and an excitation light source, a Leica CTR6000,
with the filter system Cube I3 DM 513828. Fluorescence was documented with a camera, a
Leica DFC7000T, attached to the microscope. Identical camera settings were applied for
all images taken. The imaging software used for image analysis was the Leica application
suite LAS X, where identical settings for contrast enhancement were applied to the original
micrographs. In addition, the brightness of the fluorescent images as a whole was increased
to 150% in Photoshop CS6 version 13.0 (Adobe; San Jose, CA, USA) for better on-screen
visibility. The original figure without enhanced brightness is supplied as Figure S12.

3. Results and Discussion
3.1. UnaG Fluorescence in Complex Growth Media

To evaluate the fluorescence of UnaG expressed from a plasmid-based, constitutive
promoter construct (pMMO001) in the wild-type (WT) strain E. coli MC4100, the bacteria were
grown in either MH or LB broth medium, two different complex media typically in use
for different purposes and assays in our laboratory. Green fluorescence was analyzed after
incubation in the presence of 5 uM BR. However, within the 15 min measurement window,
no UnaG/BR-dependent increase in fluorescence was observed (Figure 1a). In addition, the
background fluorescence of complex media is very high. It has been speculated that BR is
excluded from entering bacterial cells by the wall of Gram-negative bacteria [43]. Therefore,
we tried to compromise the OM with PMB, which is known to affect OM integrity [44].
Again, the addition of PMB did not result in an increase in UnaG-dependent fluorescence.

3.2. The Effect of Different Buffers and Solutions on UnaG Fluorescence Signal-to-Noise Ratio after
Membrane Disruption

To investigate whether the background fluorescence of complex media might cam-
ouflage any UnaG-dependent changes in fluorescence, we measured the fluorescence of
the bacteria suspended in different buffers and solutions, which are often used with vi-
able cells. Again, the WT strain E. coli MC4100 carrying the plasmid pMMO001 was tested
for UnaG-specific fluorescence. In addition, the influence of bacterial concentrations on
signal-to-noise ratios was evaluated by testing the fluorescence of the bacterial suspension
in HEPES buffer and in 0.9% NaCl solution at an ODggg of 0.1, 0.3, 0.5, 0.7, and 1.0. The
signal-to-noise ratio seemed to increase with increasing cell concentrations until an ODgq of
0.5. Above this concentration, the fluorescence ratio of PMB+BR-treated cells to BR-treated
cells stabilized (Figure S13). Hence, an ODyg of 0.5 was chosen for further experiments.
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Figure 1. Relative fluorescence of UnaG in live E. coli cells is affected by the fluorescent background
and the cell envelope active peptide polymyxin B (PMB). Relative fluorescence of E. coli MC4100
constitutively expressing UnaG from pMMO01 after 15 min exposure to 5 uM bilirubin (BR) and
10 pg/mL of PMB in (a) MH medium or LB medium; (b) buffers and solutions, at an ODgq of 0.5.
Relative fluorescence values are blanked to the respective control without BR. Each data point is the
mean of three independent measurements.

Figure 1b shows the comparison of the relative fluorescence emission of UnaG in the
different buffer conditions at an ODgqg of 0.5, after 15 min in the presence and absence of
PMB at a final concentration of 10 pg/mL. The relative fluorescence was blanked to the
background fluorescence in the absence of BR in each buffer/solution. Overall, the relative
fluorescence of UnaG is strongest in cells treated with PMB when the cells are resuspended
in PBS and HEPES, while the fluorescence increase in response to PMB treatment is most
pronounced in 0.9% NaCl solution. In all tested conditions, the fluorescence increased at
least two-fold after the addition of PMB, while the increase in 0.9% NaCl solution was
approximately five-fold. The individual differences in UnaG fluorescence between the
independent replicates resulted in a relatively high standard deviation. At the same time,
the fold changes in all individual measurements were always largest when conducted
in 0.9% NaCl solution. Comparing the effect of PMB on fluorescence in complex media
with corresponding data in buffers and solutions clearly indicated that the complex media
affected the PMB-induced UnaG fluorescence (Figure 1a,b). Therefore, 0.9% NaCl solution
was chosen for further experiments. This difference in fluorescence in response to PMB
might be explained by the OM being impermeable to BR at these low concentrations.
However, PMB also affects the membrane permeability of the plasma membrane, and, in
our construct, UnaG was expressed and localized in the cytoplasm.
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3.3. Outer-Membrane-Dependent Uptake of Bilirubin

To determine whether the fluorescence increase after the addition of PMB was caused
by OM damage, the OM-deficient E. coli strain NR698 was transformed with pMMO001.
To study the effect of this OM deficiency on BR uptake, we compared the fluorescence
kinetics of this mutant and its isogenic WT strain E. coli MC4100, both carrying the pMMO001
plasmid. Figure 2a illustrates that the addition of BR alone immediately increases the
fluorescence only in NR698, while the fluorescence of MC4100 remains at a constant low
level. Within the 15 min measuring window used in this experiment, the fluorescence in the
OM-deficient strain increases to four-fold compared to the WT strain. The addition of PMB,
on the other hand, increases the relative fluorescence in the WT two-fold. Interestingly,
the fluorescence of the OM-deficient strain also increases and stabilizes at approximately
five-fold after the addition of PMB. This might be caused by the effect of PMB on the plasma
membrane or additional damage to the OM. Moreover, when extending the measurement
window to 3 h, the fluorescence of MC4100 stays at a low level, while the fluorescence of
NR698 is constantly rising (Figure 2b).
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Figure 2. E. coli outer membrane (OM) integrity affects UnaG fluorescence. Kinetics of UnaG
fluorescence in E. coli wild-type (WT) strain MC4100 (solid shades of green) and the isogenic E. coli
OM-defective mutant NR698 (dashed shades of red) after (a) 15 min exposure of 10 pug/mL PMB and
subsequent addition of 5 tM BR (dark shades) or 5 uM BR only (light shades); (b) 3 h exposure of
5 uM BR only. The data points represent three independent measurements normalized to the negative
control of MC4100 in the presence of BR only. The mean is represented by the line of the same color.

The results indicate that the OM indeed excludes BR from entering the cells as only
the OM-compromised cells allow for the emission of fluorescence, either by mutation
(NR698) or a permeabilizing agent (PMB). This seems to confirm the prediction by Chia
et al. that the impermeability of bacterial cell walls to BR limits the use of UnaG to
outer cell wall targets [43]. This might be caused by the size of BR as the exclusion
threshold of OM porins is around 600 Daltons [21] and the molecular weight of BR is
584.7 Daltons. Possibly, BR is also actively removed from the cells with the help of efflux
pumps. However, these experiments were conducted at relatively low concentrations
of BR. At higher concentrations of BR, a rapid and concentration-dependent increase
of fluorescence could be observed in the absence of compounds affecting OM integrity
(see Figure S3 in Supplementary Materials), which coincides with the results from the
original study in E. coli [14] and studies conducted in anaerobic conditions with different
Bacteroidetes species [43] at 200 pM and 25 uM, respectively. We were not able to rule out
or confirm that BR itself has an OM-permeabilizing effect at higher concentrations, as its
absorbance spectrum interferes with the NPN-based fluorescence. To exclude any major
damage to the OM by BR, we also conducted synergy studies incubating both strains in
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Minimum Inhibitory Concentration (MIC) assays with different combinations of BR and
erythromycin or vancomycin. These antibiotics are efficiently excluded by the OM and
therefore render Gram-negative bacteria relatively insensitive, compared to Gram-positive
bacteria [45-48]. While the NR698 was sensitive to all antibiotic concentrations tested,
MC4100 did not become more sensitive in the presence of BR. On the contrary, the highest
BR concentrations seemed to reduce sensitivity at the MIC (see Table S1 in Supplementary
Materials). This observation seems to be in accordance with BR protecting E. coli against
oxidative stress, as shown in earlier studies [37].

3.4. Confirming Outer Membrane Integrity by NPN Assays

To confirm the hypothesis that the OM is responsible for BR exclusion at low concentra-
tions, we wanted to test the differences in OM integrity in both strains with the fluorescent
probe 1-N-phenylnapthylamine (NPN), which is often used in OM integrity assays [25-29].
In addition, we confirmed the effects of PMB and EDTA on the OM of these E. coli strains.
As mentioned above, PMB is known to disrupt the LPS layer of Gram-negative bacteria.
NPN is a small hydrophobic molecule (219 Da) that cannot effectively cross the OM and
fluoresces only weakly in aqueous solution but strongly when it is in close contact with
phospholipid (PL) moieties, which become exposed in response to OM damage. When
we compared the background fluorescence taking the same number of cells, the WT strain
with intact OM (MC4100) produced weaker fluorescence than the strain with deficient
OM (NR698). This difference in fluorescence decreases over time, since the fluorescence
intensity of the OM-compromised strain decreases over time, as shown in Figure 3. It seems
that NPN can easily access the periplasmic space and bind to the PL of the OM and outer
leaflet of the inner membrane when the OM is compromised.
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Figure 3. E. coli MC4100 and NR698 cells were used to detect fluorescence resulting from OM
permeability to the small hydrophobic molecule 1-N-phenylnapthylamine (NPN). The data points
represent two (MC4100, solid shade of green) or three (NR698, dashed shade of red) independent
measurements normalized to the water-treated control (bacteria in 5 mM HEPES buffer). The mean is
represented by the line of the same color.

We then compared the effect of different OM-active compounds on the NPN fluores-
cence of both strains (Figure 4). MC4100 treated with 10 nug/mL PMB fluoresced almost
six-fold more compared to the non-treated control, whereas CHX and EDTA showed a four-
fold increase in fluorescence at the 2 min point, which is usually used for OM effects in the
NPN assay [25,26]. It is worth noting that MC4100 became slightly more fluorescent in the
presence of 10 pg/mL PMB and 5 mM EDTA than NR698 alone, even though a 1.5-2-fold
increase in fluorescence was observed when NR698 cells were treated with 10 pug/mL PMB.
However, MC4100 cells were less permeable when treated with 100 ng/mL CHX, which
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is known to be a strong membranolytic agent with an immediate effect on the viability of
bacterial cells, although its OM activity at a sub-MIC level has not been established yet. In
our assay, the higher fluorescence values in the NR698 strain with porous OM indicated
that NR698 was already more permeable to NPN and reached its higher saturation level in
the absence of membrane permeabilizers.
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Figure 4. Relative NPN fluorescence in response to different membrane- and OM-active compounds.
The permeability of the OM was assessed by measuring the fluorescence of NPN in both E. coli strains
(MC4100 and NR698) after 2 min in the presence of 10 ug/mL PMB, 5 mM EDTA, or 100 pug/mL
chlorhexidine (CHX). The fluorescence emission was plotted after normalizing all the samples to the
bacteria in 5 mM HEPES buffer.

3.5. Bilirubin Uptake Is Mostly Independent of Plasma Membrane Integrity

To evaluate the plasma membrane integrity of the mutant strain NR698 and the
isogenic WT MC4100, we transformed both strains with plasmid pCS5962 coding for a
constitutively expressed eukaryotic luciferase LucGR. This construct was used to evaluate
the integrity of the plasma membrane [24]. In addition, we wanted to confirm that a
derivative of PMB, the PMB nonapeptide (PMBN), did not affect the plasma membrane
of either strain at 10 ng/mL, as we planned to use it as an example for a substance
specifically damaging the OM. This peptide is described to be highly specific for the efficient
perturbation of the OM and affects the plasma membrane only at high concentrations [49].
The integrity of the plasma membrane of E. coli MC4100 and NR698 (Figure 5) was tested
in response to PMB and PMBN at a concentration of 12.5 pg/mlL, and the kinetics of the
bioluminescence of the protein LucGR was measured for 10 min after the addition of each
compound. The luminescence increased directly after the addition of PMB in both strains.
This indicates that the plasma membrane is compromised, allowing D-luciferin to diffuse
into the cells and the enzyme to emit luminescence. PMBN, on the other hand, did affect
luminescence to a lower extent in either strain at the tested concentration. Furthermore, the
luminescence stabilized to a level similar to the non-treated control, confirming that plasma
membrane integrity is not severely perturbed by PMBN in either E. coli strain and that
the plasma membrane of the mutant NR698 in the absence of antimicrobial compounds
is still excluding D-luciferin. As BR itself has earlier been described to affect membrane
stability [37,50-52], we also analyzed how different concentrations of BR affect plasma
membrane integrity. Although the highest concentration of BR resulted in a two-fold
increase in luminescence in MC4100, the luminescence levels did not reflect the same
pattern as known for membrane-active compounds (see Figures 5S4 and S5). We also
tested different concentrations of BR against an E. coli viability sensor based on the lux
operon, without observing a concentration-dependent specific effect apart from partial light
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absorption by bilirubin (see Figures 57 and S8). This is also in agreement with MIC studies
conducted earlier, where BR, even at the highest concentrations tested, did not inhibit
growth [53], and which we have confirmed in our lab for both strains used in this study.
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Figure 5. Effect of PMB and PMBN on plasma membrane integrity of E. coli MC4100 and NR698.
Luminescence kinetics of LucGR in E. coli MC4100 (solid shades of green) and E. coli NR698 (dashed
shades of red) in response to the presence of 12.5 pg/mL PMB (light color) or polymyxin B nonapep-
tide (PMBN) (dark color) and due to D-luciferin influx caused by plasma membrane permeabilization.
The data points represent three independent measurements normalized to the negative control in
the presence of D-luciferin only. The mean is represented by the solid line of the same color. An
initial luminescence increase represents membrane permeabilization, the subsequent luminescence
decrease represents ATP depletion due to bacterial cell death because of lost membrane integrity,
while luminescence stabilization on the level of the control indicates survival of the main population
with limited or no plasma membrane damage.

3.6. Is UnaG a Suitable Sensor for Outer Membrane Damage?

To evaluate whether UnaG-expressing E. coli strains could be used as indicators of OM
damage, the effect of PMBN on UnaG fluorescence, and therefore BR diffusion through the
OM, was tested. E. coli MC4100 was subjected to PMB and PMBN carrying the plasmid
pPMMO01 with the constitutively expressed UnaG gene. Figure 6 shows the kinetics of the
fluorescence increase after the addition of 10 ng/mL of either peptide. It is evident that both
peptides substantially increase the fluorescence. As we showed earlier that the PMBN does
not seem to have a major effect on plasma membrane integrity at the tested concentration,
this effect is specific for OM damage. However, as studies with Bacteroidetes [19] grown
anaerobically have shown that BR is taken up by the cells when provided with the growth
medium over time, use of the UnaG-BR combination might require strict control of the
assay conditions. Although there are already several different assays to test OM damage, in
some cases, there might be advantages of using UnaG in combination with BR. Interestingly,
the long-term stability of the system over several hours (Figure 2b) suggests a possible
application of the system in assays with living bacterial biosensors for the longer-term
monitoring of OM integrity in real time.
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Figure 6. Both the OM-active PMBN and PMB induce UnaG fluorescence in the presence of BR, but
show differences in the kinetics over time. The 30 min fluorescence kinetics of UnaG in E. coli MC4100
after exposure to 10 pg/mL PMB and 5 uM BR (medium green), 10 pg/mL PMBN and 5 uM BR (dark
green), or 5 uM BR only (light green). The data points represent three independent measurements
normalized to the negative control in the presence of bacteria only. The mean is represented by the
solid line of the same color.

To test this hypothesis, the fluorescence of E. coli MC4100 carrying the plasmid
pMMO001 was measured for 10 h in the presence of different concentrations of compounds
that are known or suspected to show OM-disrupting activity, plasma-membrane-disruptive
activity, or both. PMB has been described to affect the integrity of Gram-negative mem-
branes [44,54], while its derivative PMBN seems to permeabilize the OM down to concen-
trations around 1 pg/mL [55] and it does not seem to affect plasma membrane activity at
12.5 ug/mL (compare Figure 5); hence, its permeabilizing activity is likely exclusively affect-
ing the OM at concentrations between 1 and 10 pM. Here, we show that PMB induces UnaG
fluorescence only at the lowest concentration tested (2.5 pg/mL), while PMBN-induced
fluorescence is up to three-fold higher at all concentrations tested, including 10 uM. The
fluorescence intensities of bacteria treated with PMBN resemble the fluorescence intensity
of the OM mutant NR698. The concentration-dependent fluorescence of PMB might be
explained by its bacteriostatic effect at low concentrations and its bactericidal effect at
high concentrations [54]. Chlorhexidine (CHX), on the other hand, only slightly induces
fluorescence at the tested concentrations, while both PMB and CHX permeabilize the
plasma membrane at the higher concentrations. This possibly indicates that CHX attacks
the OM to a lesser extent, with the plasma membrane being the main target. In addition,
we tested two recently described cyclic antimicrobial peptide (Turgencins) derivatives, the
peptide analogue cTurg-2 as well as the lipopeptide analogue Cyp-cTurg-1 [56], against
the prospective UnaG-based biosensor. Again, the fluorescence levels in response to the
analytes varied. Cyp-cTurg-1, which was previously described to disrupt both the plasma
membrane and OM, causes an increase in UnaG fluorescence at both concentrations tested,
while the observed fluorescence is more than two-fold stronger at the lower concentration.
cTurg-2, on the other hand, was described as mostly OM-active and, in its presence, UnaG
fluorescence rose to above the level of the lower concentration of Cj-cTurg-1 at both
concentrations tested (Figure 7). This might indicate that cTurg-2 is indeed mostly active
against the OM. NPN assays conducted for chlorhexidine published previously [56], and
related unpublished data on PMB and the Turgencin derivatives summarized in Figure 7b,
all show increasing fluorescence with increasing concentrations of active analytes. The
NPN assay seems to quantify the combined membrane damage of both the OM and the
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Relative Fluorescence Units

plasma membrane. Therefore, the fluorescence intensity tends to increase with increasing
analyte concentrations as opposed to the UnaG-based fluorescence, which decreases with
increasing analyte concentrations. It is tempting to speculate that plasma-membrane-active
compounds kill the bacterial cells due to plasma membrane permeabilization at and above
the MIC. Loss of viability shuts down all cellular metabolism, including protein/UnaG
synthesis. On the other hand, OM-active compounds such as PMBN will not damage the
plasma membrane and cells stay alive, constantly expressing UnaG, with BR diffusing
through the compromised OM as it is bound to the protein in the cytoplasm. The steady
fluorescence increases over 10 h is represented in the kinetic fluorescence curves shown
in Figures S9 and S10 for all the compounds tested. Therefore, we propose that this sen-
sor construct could be used in assays to identify outer membrane active compounds as
illustrated in Figure 8.
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B cTurg-2 4
25,000 . Il C)-cTurg-1
NR698 2
g
. =]
20,000 ¥ 5
§ |
@
[
-
1)
15,000 =2
=]
=
3]
o]
10,000 =4
1_
5,000
0 rTl T '_IE| '-T;l I T I ‘T"_ 0 T T T T T T “r‘—
2. 10 2. 10 2. 10 2 2 D D A0 D D0 Ne) » Q
0255 1025 5 1025 5 10 25 50 25 50 0 ,,,9@’0‘,,39@’0'%@'@’0”@”@
compound pg/mL
compound pg/mL

(a) (b)

Figure 7. Comparison of relative fluorescence readouts of the proposed UnaG-based OM integrity
biosensor and the traditional NPN assay in response to membrane damage. Representative flu-
orescence values from three independent measurements are shown. (a) Fluorescence of MC4100
constitutively expressing UnaG from pMMO001 in 0.9% NaCl 10 h after addition of 5 uM BR and
indicated concentrations of OM- or plasma-membrane-active compounds. The measurements were
blanked to the respective control without BR. (b) Normalized fluorescence in presence of NPN and
different concentrations of OM- or plasma-membrane-active compounds in 5 mM HEPES after 3 min
to the MC4100 control with NPN and only water.
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Figure 8. Schematic of the use of the reporter protein UnaG as an OM permeabilization whole-cell
biosensor. Created with BioRender.com (accessed on 6 December 2022).

3.7. Is There a Variation in the OM Effect within the Population?

To rule out the possibility that a minor subpopulation is responsible for the increase
in fluorescence in response to treatment with OM-disrupting agents observed by the
experiments in the plate reader, samples treated in a similar fashion with PMB were
analyzed under a fluorescence microscope. Several fluorescent microscope images of
the different suspensions of UnaG-expressing E. coli strains MC4100 and NR698 in PBS
were taken at two different time points after exposure to PMB at 10 pg/mL and BR at
5 uM or BR only (Figure 9). The bacteria were planktonic, viable, and freely moving
in the buffer. Therefore, the exposure time could not be increased to achieve brighter
images as the moving bacteria resulted in blurry images; this is also visible as a slight
positional change between phase contrast and fluorescent images. The fluorescence of the
WT MC4100 after exposure to BR was significantly lower compared to the fluorescence
after exposure to BR and PMB. Moreover, fluorescence seemed to be mostly constant
throughout the population in the focal plane. The effect of PMB was detectable 5 min after
its addition. As expected, the fluorescence was significantly lower in the WT compared
to the OM-deficient strain when exposed to BR only. This confirms the results observed
with PMB performed in the plate reader and indicates that the observed fluorescence is
due to the relatively equal fluorescence of the whole population, rather than strongly
fluorescent subpopulations. However, an earlier study used the protein UnaG for the
imaging of anaerobic bacteria without any OM-disrupting agent [19]. In their study, the
concentration of BR in the medium was 25 uM—a concentration only five-times higher
than used in this study. Therefore, higher concentrations of BR might increase the diffusion
rate to an extent, where sufficient BR molecules accumulate inside the cytoplasm to induce
fluorescence also in the absence of OM permeabilizers. It is important to note that this
microscopic study was conducted before deciding on the use of 0.9 % NaCl solution as
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the medium of choice for conducting experiments, and it was conducted in PBS. More
importantly, in the microscopic study, PMB was used as the OM-permeabilizing agent at
10 pg/mL. We later showed, in microtiter plate assays, that the addition of PMBN or PMB
at 2.5 ug/mL resulted in substantially higher fluorescence emission than PMB at 10 ug/mL,
indicating a more OM-specific effect (Figures 7 and S9). However, in the presence of
BR, the untreated OM-compromised NR698 strain emitted strong fluorescence, which was
independent of any compromising agents used, and it can therefore serve as a benchmark to
compare fluorescence between the assays conducted in the plate reader and the microscopic
observations. In conclusion, the microscopic images show that the fluorescence throughout
the treated and untreated populations seems to be mostly homogenous and confirms that a
breach in OM integrity is necessary for strong fluorescence.

MC4100 NR698

---- |
5 min - — — — . — . —

PH

~

~ { . 3 2 - \

PH

BR + PMB BR BR + PMB

Figure 9. PMB induces population-wide fluorescence of UnaG-expressing E. coli cells. Fluorescence
images of E. coli MC4100 and NR698 at time points of 5 min and 15 min after exposure to BR
(5 uM) (BR) or BR and PMB (10 pg/mL) (BR + PMB) at x400 magnification. The images were taken
with the phase contrast (PH) and with fluorescence (F) through the software LAS X. The scale bars
represent 25 pm. For better visibility on all monitors, the brightness of the fluorescent pictures (F)
was equivalently increased to 150 with Adobe Photoshop CS6 version 13.0.

4. Conclusions

UnaG fluorescence in E. coli is completely dependent on the external addition of its
ligand BR. At concentrations of 50 pg/mL and above, the presence of BR alone ensures
the sufficient diffusion of BR through the cell envelope for maximal fluorescence in live
cells. At low concentrations of BR (5 pg/mL), diffusion and subsequent fluorescence is
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dependent on OM disruption. Furthermore, BR does not seem to affect plasma membrane
integrity or the survival of E. coli cells negatively. Therefore, the UnaG-BR couple might be
used as a real-time reporter system in OM integrity biosensors, especially in cases where
non-immediate activity and/or OM-specific activity needs to be detected over an extended
period, beyond the 2 min mostly used for NPN-based assays. Due to the relatively simple
setup, the system might be used as a biosensor that can distinguish OM from OM- and
plasma-membrane-active compounds in high-throughput screening applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/bios13020232/s1, Figure S1: NPN kinetics in response to different per-
meabilizing analytes; Figure S2: The dose-dependent short-term effect of PMB and PMBN on UnaG
fluorescence kinetics; Figure S3: Fluorescence kinetics of UnaG of E. coli MC4100 after exposure of
different concentrations of BR; Figure S4: Luminescence kinetics of LucGR in E. coli NR698 after
exposure of different concentrations of BR; Figure S5: Luminescence kinetics of LucGR in E. coli
MC4100 after exposure of different concentrations of BR; Figure S6: Plasma membrane remains
intact after exposure to PMBN; Figure S7: No effect of BR concentrations on short-term viability of
E. coli MC4100; Figure S8: E. coli NR698 stays alive after exposure to different BR concentrations;
Figure S9: Long-term fluorescence kinetics of the proposed OM biosensor to well-known model
peptides; Figure 510: Long-term fluorescence kinetics of the proposed OM biosensor to novel cyclic
peptide derivatives; Figure S11: Map of the plasmid pMMO001 (Benchling.com; accessed on 2 Decem-
ber 2022); Figure S12: PMB induces population-wide fluorescence of UnaG-expressing E. coli cells;
Figure S13: The influence of bacterial density on UnaG fluorescence; Table S1: Antimicrobial activity
(MIC in pg/mL); Sequence S1: DNA sequence of the plasmid pMMO001.
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Outer Membrane Integrity-Dependent Fluorescence of the

Japanese Eel UnaG Protein in Live Escherichia coli Cells

Céline S. M. Richard, Hymonti Dey, Frode Oyen, Munazza Maqsood and Hans-Matti Blencke

Methods
Minimum inhibitory concentration (MIC) assay

Stock solutions of Bilirubin and further dilutions were prepared by dissolving them
in 100% DMSO. The final DMSO concentration remained 2% in all the concentration of
each antibiotic, Bilirubin or DMSO alone. A modified broth microdilution susceptibility
assay, based on the CLSI M(07-A9 protocol, was used to determine minimal inhibitory
concentrations (MIC) [!]. Briefly, overnight bacterial cultures were grown in Mueller-Hin-
ton (MH) medium (Difco Laboratories, USA) for 2 hours at room temperature. The bacte-
rial inoculum was diluted to 5 x 10 cells/mL in MH medium and added in 96-well plates
(Nunc, Roskilde, Denmark) preloaded with two-fold dilution series of Bilirubin (200 to 1.6
puM) and antibiotic solutions (64 to 0.5 pg/mL) in a ratio of 1:10 giving a final well volume
of 100 uL with bacterial inoculum. The microplates were incubated in an EnVision 2103
microplate reader (PerkinElmer, Llantrisant, UK) at 35 °C, with ODsss recorded every hour
for 24 h. The minimal inhibitory concentration (MIC) value was defined the lowest con-
centration of antibiotics either in presence or absence of Bilirubin showing an optical den-
sity less than 10% of the negative (growth) control, consisting of bacteria and MQ- water.

Bacterial viability assay (luminescence based)

The E. coli strains MC4100 and NR698 were transformed with plasmid pCGLS-11 [?]
expressing a luxCDABE operon from a constitutive promoter. Both strains were cultured
overnight in MH broth medium supplemented with 100 and 5 pg/mL Ampicillin (Merck
KGaA, Darmstad, Germany), respectively. New day cultures were made by 1% inocula-
tion in MH broth medium and incubated at RT with aeration until the OD600 reached 0.5.
This was changed from earlier use of the viability assay to adjust the cell density to the
UnaG assays. To evaluate the effect of Bilirubin on bacterial viability the luminescence
values were normalized to the DMSO control to account for DMSO related increase of
luminescence. Data were processed with GraphPad Prism 9 software.

Figures and tables
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Figure S1. NPN kinetics in response to different permeabilizing analytes. E. coli MC4100 (a) and
NR698 (b) cells were used to detect fluorescence as a result of outer membrane (OM) permeabiliza-
tion to the small hydrophobic molecule 1-N-phenylnapthylamine (NPN). Fluorescence emission
normalized to the water treated control (bacteria in HEPES buffer) is plotted as NPN uptake over
time (min).

Table S1. Antimicrobial activity (MIC in pg/mL)

MIC (ug/mL)
Antibiotic MC4100 NR698
Vancomycin in 2% DMSO 64 0.25-0.4
Vancomycin + BR (2%
DMSO) >64 >0.4
Erythromycin 2% DMSO 16 025-04
Erythromycin + BR (2%
32 >0.8
DMSO)

2.5 pg/mL PMBN
5 ug/mL PMBN
10 pg/mL PMBN
20 pg/mL PMBN
2.5 pg/mL PMB

5 ug/mL PMB

10 ug/mL PMB
20 pg/mL PMB

0:15

Time (min)

Figure S2. The dose dependent short-term effect of PMB and PMBN on UnaG fluorescence kinetics.
Fluorescence kinetic of UnaG of E. coli MC4100 after exposure of different concentrations of poly-
myxin B (PMB; solid shades of green) or polymyxin B nonapeptide (PMBN; solid shades of red).
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Figure S3. Fluorescence kinetic of UnaG of E. coli MC4100 after exposure of different concentration
of BR. The data points represent three independent measurements normalized to the negative con-
trol in presence of bacteria only. The mean is represented by the solid line of the same color.
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Figure S4. Luminescence kinetic of LucGR in E. coli NR698 after exposure of different concentration
of BR. The mean of three independent measurements normalized to the negative control in presence

of D-luciferin only is represented by the dashed line of the same color.
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Figure S5. Luminescence kinetic of LucGR in E. coli MC4100 after exposure of different concentra-
tion of BR. The mean of three independent measurements normalized to the negative control in
presence of D-luciferin only is represented by the solid line of the same color.
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Figure S6. Plasma membrane remains intact after exposure to PMBN. Luminescence kinetic of
LucGRin E. coli MC4100 after initial exposure to 12,5 pg/mL PMBN and 5 uM of BR and subsequent
addition of 5 pg/mL chlorhexidine (CHX) at the 10 minutes mark. The data points represent three
independent measurements normalized to the negative control in presence of D-luciferin only. The
mean is represented by the solid line of the same color.
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Figure S7. No effect of BR concentrations on short-term viability of E. coli MC4100. Luminescence
kinetic of lux operon in E. coli MC4100 after exposure to different concentrations of BR. The mean
of three independent measurements normalized to the negative control in presence of DMSO only
is represented by the solid lines. Concentration dependent reduction of luminescence is likely
caused by the absorbance spectrum of BR overlapping with the emission spectrum of the luciferase.
A decrease in luminescence over time would indicate reduced viability.
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Figure S8. E. coli NR698 stays alive after exposure to different BR concentrations. Luminescence
kinetic of the lux operon in E. coli NR698 after exposure of different concentration of BR. The mean
of three independent measurements normalized to the negative control in presence of DMSO only
is represented by the dashed line of the same color. Concentration dependent reduction of lumines-
cence is likely caused by the absorbance spectrum of BR overlapping with the emission spectrum of
the luciferase.
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Figure S9. Long-term fluorescence kinetic of the proposed OM biosensor to well-known model pep-
tides. Fluorescence kinetic of UnaG of E. coli MC4100 after exposure to different concentrations of
PMB (solid shades of purple), PMBN (solid shades of orange), and CHX (solid shades of blue) for
10 hours. The E. coli MC4100 negative control with bilirubin only is represented by a solid green line
and E. coli NR698 with bilirubin only by a dashed red line. All the data are normalized to bacteria
with no addition of bilirubin. The mean of three independent measurements is represented by the
solid line of the same color.
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Figure S10. Long term fluorescence kinetic of the proposed OM biosensor to novel cyclic peptide
derivatives. Fluorescence kinetic of UnaG in E. coli MC4100 after exposure to different concentra-
tions of cyclic marine antimicrobial peptide derivatives cTurg-1 (solid shades of brown), cTurg-2



(solid shades of pink), and derivate Ci2-Turg-1 (solid shades of blue) for 10 hours. The control of E.
coli MC4100 with bilirubin only is represented by a solid green line and E. coli NR698 with bilirubin
only by a dashed red line. All the data are normalized to bacteria with no addition of bilirubin. The
mean of three independent measurements is represented by the solid line of the same color.
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Figure S11. Map of the plasmid pMMO001 (Benchling.com; accessed on 2 December 2022).

Sequence S1. DNA sequence of the plasmid pMMO001.

CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTITGTITAAATCA
GCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCITATAAATCAAAAG
AATAGACCGAGATAGGGTITGAGTGGCCGCTACAGGGCGCTCCCATTCGCCATTC
AGGCTGCGCAACTGTTGGGAAGGGCGTTTCGGTGCGGGCCTCTTCGCTATTACGC
CAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGG
GTTTTCCCAGTCACGACGTITGTAAAACGACGGCCAGTGAGCGCGACGTAATACG
ACTCACTATAGGGCGAAGGAAGGCCGTCAAGGCCTTGGCGGAAGGCCGTCAAG
GCCGCATGGATCCCCAGATCTAAGCTGTTGTGACCGCTTGCTCTAGCCAGCTATC
GAGTTGTGAACCGATCCATCTAGCAATTGGTCTCGATCTAGCGATAGGCTTCGAT
CTAGCTATGTAGAAACGCCGTGTGCTCGATCGCTTGATAAGGTCCACGTAGCTGC
TATAGTTGCTTCAACAGAACATATTGACTATCCGGTATTACCCGGCAGATCTITG
TCGATCCTACCATCCACTCGACACACCCGCCAGCGGCCGCTGCCAAGCTTCCGA
GCTCTCGAATTCAAAGGAGGTACCCACCATGGTTGAAAAATTTGTTGGCACCTG
GAAAATTGCCGATAGCCATAATTTTGGCGAATACCTGAAAGCCATTGGTGCACC
GAAAGAACTGAGTGATGGTGGTGATGCAACCACACCGACACTGTATATTAGCCA
GAAAGATGGTGATAAGATGACCGTGAAAATTGAAAATGGTCCGCCTACCTTTCT
GGATACCCAGGTTAAATTCAAACTGGGCGAAGAATTTGATGAATTTCCGAGCGA
TCGTCGTAAAGGTGTTAAAAGCGTTGTTAATCTGGTGGGTGAAAAACTGGTTTAT
GTGCAGAAATGGGATGGTAAAGAAACCACCTATGTGCGCGAAATCAAAGATGG
TAAACTGGTTGTTACCCTGACCATGGGTGATGTTGTTGCAGTTCGTAGCTATCGTC
GTGCAACCGAATAAACTAGTCTGGGCCTCATGGGCCTTCCGCTCACTGCCCGCTT
TCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAACATGGTCATAGCTGTTTCCT



TGCGTATTGGGCGCTCTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTC
GGGTAAAGCCTGGGGTGCCTAATGAGCAAAAGGCCAGCAAAAGGCCAGGAAC
CGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGC
ATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAA
AGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCC
TGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCT
CATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGG
GCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTA
TCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCAC
TGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTG
CTGAAGCCAGTTACCITCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAA
ACCACCGCTGGTAGCGGTGGTTTITTTTGTTTGCAAGCAGCAGATTACGCGCAGAA
AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTG
GAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTT
CACCTAGATCCTTITTAAATTAAAAATGAAGTTITAAATCAATCTAAAGTATATAT
GAGTAAACTTGGTCTGACAGITACCAATGCTTAATCAGTGAGGCACCTATCTCA
GCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAAC
TACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGA
ACCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGG
CCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTG
TTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTITGCGCAACGTTGTT
GCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCA
GCTCCGGITCCCAACGATCAAGGCGAGTITACATGATCCCCCATGTTGTGCAAAA
AAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGT
GTTATCACTCATGGITATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTG
TATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCC
ACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAA
ACTCTCAAGGATCITACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCA
CCCAACTGATCTTCAGCATCTITITACTTTCACCAGCGTTTCTGGGTGAGCAAAAA
CAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTG
AATACTCATACTCTTCCITITTCAATATTATTGAAGCATTTATCAGGGTITATTGTCT
CATGAGCGGATACATATITGAATGTATITAGAAAAATAAACAAATAGGGGTTCC
GCGCACATTTCCCCGAAAAGTGCCAC
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Figure S12. PMB induces population wide fluorescence of UnaG expressing E. coli cells. Fluores-
cence images of E. coli MC4100 and NR698 at time points of 5 minutes and 15 minutes after exposure
to BR (5 uM) (BR) or BR and PMB (10 pg/mL) (BR + PMB) at x400 magnification. The images were
taken with the phase contrast (PH) and with fluorescence (F) through the software LAS X. The scale
bars represent 25 um. Version without the increase of the brightness through Adobe Photoshop CS6
version 13.0.
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Abstract: Antimicrobial peptides (AMPs) are mostly known for their ability to compromise bacterial
membranes, thus rapidly killing the cells. Less emphasis has been on differentiating their effect on
the plasma membrane (PM) and the outer membrane (OM) in Gram-negatives as separate events.
The OM barrier excludes antibiotics (ABs) from Gram-negative bacteria. Hence, peptides specifi-
cally disrupting the OM might work in synergy with traditional antibiotics, expanding the use of
ABs currently restricted to Gram-positives to treatment of Gram-negative infections. However, dis-
covering novel OM active natural products requires robust OM specific biosensors. In a previous
study we established that the Bilirubin (BR) dependent fluorescent protein UnaG can serve as a
sensor to detect OM compromising compounds in Escherichia coli. In this study we combined UnaG
with luciferases in artificial operons to simultaneously but separately evaluate OM and PM disrup-
tion or viability. During characterization of these double sensors, we observed that UnaG fluores-
cence in E. coli seems to depend on freshly translated UnaG. We used equally timed expression of
apo- and holoUnaG and subsequent fluorescence measurements to evaluate protein stability. We
deduced that apoUnaG is less stable than holoUnaG when remaining in the E. coli cytoplasm. Fi-
nally, we used this novel biosensor as a tool to characterize PM and OM disruption by the green sea
urchin Strongylocentrotus droebachiensis Centrocin-1 and its derivatives and confirmed that the OM
disruption by Centrocin (1-20) works synergistically with Vancomycin and Erythromycin against
E. coli.

Keywords: biosensor; reporter gene; synthetic biology; outer membrane; plasma membrane; syn-
ergy

1. Introduction

Natural product discovery represents a fascinating and essential field of scientific
exploration characterized by the systematic investigation and elucidation of chemical
compounds produced by living organisms, encompassing plants, microbes and marine
organisms [1-5]. This field has played a significant role in shaping the world of medicine,
agriculture, and biotechnology [6-8]. One well-known class of those naturally occurring
molecules are antimicrobial peptides (AMPs). Those crucial components of innate im-
mune defenses [9,10] are characterized by a relatively small size (mostly 3-50 amino acids)
and their broad-spectrum antimicrobial activity against bacteria, viruses and fungi [11].

Mar. Drugs 2024, 22, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/marinedrugs

10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

31
32
33

34

35
36
37
38
39
40
41
42


mailto:hymonti.dey@uit.no
mailto:hymonti.dey@uit.no
mailto:frode.oyen@uit.no

Mar. Drugs 2024, 22, x FOR PEER REVIEW 2 of 23

Many of the known AMPs can interact with and destabilize bacterial membranes due
to their usually amphipathic nature and net cationic charge. Some AMPs with intracellular
targets progress to the cytoplasm and can interfere with synthesis of essential macromol-
ecules [12,13], thereby either killing the cells or arresting their growth. Their notable
amino acid sequence and structural diversity contributes to their versatility in targeting a
diverse range of microorganisms, rendering AMPs a compelling candidate for the devel-
opment of innovative antimicrobial therapies.

The marine environment represents more than 70% of the Earth’s habitats encom-
passing between 50% and 80% of all lifeforms and is yet insufficiently explored for poten-
tial bioactive molecules in natural product discovery [14]. Aqueous by nature, sea water
is an ideal medium for spreading pathogenic bacteria between the immersed hosts. On
average sea water contains around 10¢ bacteria/mL. Nonetheless, invertebrates rely solely
on innate immunity, including AMPs, to combat infectious agents. Thus, the marine en-
vironment selects for the evolution of a large number of AMPs. Marine AMPs differ from
their terrestrial counterparts by the prevalence of the amino acids arginine and leucine, as
an adaptation to the composition of bacterial membranes in the cold marine environment
with an increased prevalence of polyunsaturated fatty acids [13,15-20] as well as bromin-
ated amino acids like strongylocins and centrocins [21]. This also makes them interesting
for drug discovery. The first marine AMP was discovered by Nakamura et al. [22], named
tachyplesin, from the hemocytes of horseshoe crab Tachypleus tridentatus. Since then, the
discovery of AMPs from marine environment continued to intrigue. In 2010, Chun Li et
al. [21] isolated the AMPs named Centrocin 1 and Centrocin 2 from the green sea urchin
Strongylocentrotus droebachiensis. These peptides are composed of a light chain (12 amino
acids) and a heavy chain (30 amino acids) linked by a cysteine disulfide bond and were
active against Gram-positive and Gram-negative bacteria. Moreover, the heavy chain of
the Centrocin 1 alone showed pronounced effect against pathogens like methicillin-re-
sistant Staphylococcus aureus (MRSA), Escherichia coli, Pseudomonas aeruginosa or Klebsiella
pneumonia and the bacterial cultures failed to develop significant resistance toward this
peptide [23], making it very appealing for clinical settings.

Several Gram-negative antibiotic resistant pathogens are strongly impacting the
healthcare systems. Among them pathogenic E. coli strains such as carbapenem-resistant
Enterobacteriaceae (CRE) [24-26], extended-spectrum B-lactamase (ESBLs) [27-29] and
more recently Colistin-resistant E. coli [30-32]. One distinctive feature of Gram-negative
bacteria is the outer membrane (OM), which functions as an effective permeability barrier
and thus, contributes to their resistance against a large number of antimicrobial com-
pounds [33,34]. This asymmetric bilayer of lipids contains glycolipids, mostly lipopoly-
saccharides (LPS), exclusively on the outer leaflet, and phospholipids with a composition
about 80% phosphatidylethanolamine, 15% phosphatidylglycerol and 5% cardiolipin on
the inner leaflet [35]. Furthermore, modifications in the lipid or protein composition of the
OM are often found in drug-resistance bacterial species [36]. Consequently, the OM is an
interesting target for the new drug discovery [37-39].

In light of the well-established knowledge that for example, the plasma membrane
(PM) serves as a universal target for AMPs [9,40], it becomes pertinent to investigate the
potential synergistic interactions involving the OM activity. It is noteworthy that a mole-
cule, which may otherwise be hindered from accessing intracellular targets by the OM,
could potentially regain its bioactivity in the presence of compounds exhibiting OM ac-
tivity, like the Polymyxin B nonapeptide [41] or AMPs like thanatin [42,43].

Thus, E. coli-based discovery platforms to identify molecules with the potential to
permeabilize the OM of Gram-negative bacteria and increasing susceptibility to com-
pounds excluded by the OM might contribute to the identification of novel OM permea-
bilizers, which could be used synergistically with antibiotics (ABs) already on the market.

The original study showed that the fluorescence of the UnaG protein from the Japa-
nese eel Anguilla japonica is dependent on the presence of its ligand bilirubin (BR) [44]. We
recently showed that at low BR concentrations the diffusion of BR into E. coli cells is
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dependent on OM disruption. Moreover we suggested that E. coli cells expressing UnaG 97
could serve as real-time biosensors for OM integrity [45]. 98
In this study, we show that the combination of UnaG with different luciferase-based 99
reporter systems could be used as a biosensor that can distinguish OM from OM and PM 100
active compounds in real time. Moreover, we coupled the ability of sensing OM disrup- 101
tion to cell viability measurements into one biosensor strain allowing for one step evalu- 102

ation of OM and viability in microtiter plate formats. 103
2. Results and Discussion 104
2.1. Combining the UnaG outer membrane sensor with luciferase-based reporter systems 105

To determine if it is possible to measure outer membrane (OM) and plasma mem- 106
brane (PM) disrupting activities simultaneously, we constructed sensor strains carrying 107
two sensor plasmids. The E. coli strains MC4100 and NR698 carrying the plasmid pMMO001 108
and therefore constitutively expressing unaG, were transformed with the plasmid 109
pCSS962 for constitutive expression of lucGR from Virta et al. [46]. The protein LucGR, 110
which is localized in the cytoplasm of the bacterium needs D-luciferin as substrate to emit 111
bioluminescence. At neutral pH, the bacterial PM acts as a barrier for D-luciferin and sub- 112
stantially slows down its diffusion into the cytoplasm, resulting in low luminescence lev- 113
els in absence of PM disrupting agents. In contrast, the protein UnaG, which is also ex- 114
pressed in the cytoplasm, will only emit fluorescence in presence of BR. In this case the 115
OM seems to constitute an efficient barrier against diffusion of BR, while an intact PM 116
doesn’t seem to inhibit its further diffusion into the cytoplasm. 117

To account for the requirements of both sensor systems, near neutral pH for the 118
plasma membrane sensor and 0,9% NaCl for the OM assay, we tried to find optimal con- 119
ditions in terms of signal to noise (background of fluorescence and luminescence) ratioin 120
the simultaneous assays by varying the concentration of Tris pH 7.5in 0,9 % NaCl solution 121
(figure Sla). The highest signal to noise ratio for UnaG fluorescence after exposure to low 122
concentrations of PMB were achieved between 20 mM and 40 mM Tris, with a value of 123
approximately 1.6 to 2.0 relative fluorescence units. The background luminescence after 124
exposure to the ligand D-luciferin in 0,9 % NaCl was high in absence of Tris buffer even 125
without addition of a membrane active compound and dropped to approximately 15% 126
when the buffer contained 5 mM Tris. Background luminescence stabilized to around 5- 127
10% between 20 to 40 mM Tris (figure S1b). Thus, the conditions used for the simultaneous 128
assay were repeated in 0,9 % NaCl, 20 mM Tris HCl and at a pH of pH 7.5. 129

To investigate if we could follow both, the luminescence and the fluorescence signals 130
from the strains carrying both plasmids simultaneously, the wild type E. coli strain 131
MC4100 was used to check the effect of chlorhexidine (CHX) on plasma membrane integ- 132
rity and Polymyxin on OM integrity (figure 1). The fluorescence emitted by UnaG in- 133
creases after addition of PMB by 50% while it stays constant in its absence. Addition of 134
chlorhexidine strongly increased luminescence within seconds and then dropped close to 135
the level of the background within only 2 min. These results confirmed that both sensor 136
systems function independently in presence of the other reporter system. 137

To confirm that expression of unaG in the artificial operon with lucGR is not affecting 138
UnaG expression, we compared fluorescence levels of the single sensor [45] with the dou- 139
ble sensor in similar conditions. To compare general expression levels, we first analyzed 140
expression in the OM deficient strain NR698 carrying either pMMO001 or pCSMRO1. We 141
observed similar fluorescence levels for both plasmids (figure S2). Then we compared the 142
sensitivity of MC4100 carrying the two plasmids to PMBN. Here the co-expression of 143
IucGR did not substantially reduce the fluorescence response to OM perturbation. 144
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Figure 1. Fluorescence kinetic of UnaG (shades of green) and luminescence kinetic of LucGR (shades
of orange) of E. coli MC4100 carrying pMMO001 and pCSS962 after exposure of Polymyxin B or bili-
rubin only for UnaG and Chlorhexidine or D-luciferin only for LucGR. Each data point is the mean
of three independent measurements. Water was used as negative control.

2.2. Does export of UnaG to the periplasm improve assay sensitivity?

To evaluate the behavior of OM integrity dependent fluorescence when UnaG is
localized in the periplasm instead of the cytoplasm, different localization-tags responsible
for protein export in E. coli cells were fused to unaG. In the original pMMO001 UnaG is
constitutively expressed in the cytoplasm without a transport-tag; pCSMR03 represents
the Sec pathway with constitutively expressed unaG fused to the signal sequence of dsbA
and pCSMR04 the TAT pathway with constitutively expressed unaG fused to the signal
sequence of forA. However, fluorescence assays with the constructs supposedly express-
ing and exporting UnaG to the periplasm were inconclusive sometimes lacking all fluo-
rescence completely, other times returning fluorescence also in absence of OM disrupting
agents. Microscopic analysis revealed that fluorescent E. coli cells with plasmids for export
of UnaG to the periplasm were fluorescent, though abnormally long (figure S3). Trans-
porting strongly and constitutively expressed UnaG to the periplasm seemed to nega-
tively affect cell growth and division. It is not clear if the effect is the mere result of too
high expression of UnaG or a protein specific interaction with cell division. However,
Stanley et al. [47] reported that blocking the tat-pathway by deleting genes essential for
protein transport, resulted in a prolonged phenotype likely due to incomplete septation.
This phenotype resembles [pxC mutants, resulting in a defect in biosynthesis of the OM.
Thus, the export of UnaG might merely outcompete export of components necessary for
cell septation and thereby induce long cell phenotypes. To alleviate this effect, the consti-
tutive promoter was replaced by the inducible arabinose Peap promoter. The new plas-
mids were named pMMO001B, pCSMR03B, and pCSMR04B. Fluorescence microscopic im-
ages revealed that conditional UnaG expression by addition of 1 uM L-arabinose in ad-
vance of microscopy retained normal cell shape and BR-dependent fluorescence (figure
2). Moreover, the fluorescent images confirmed UnaG export to the periplasm in case of
Sec pathway dependent use of the dshA signal sequence, indicated by more intense fluo-
rescence in the periphery of the cells in figure 2b. In contrast, when UnaG is tagged with
the torA signal sequence for export through the TAT pathway (figure 2c), the fluorescence
pattern mostly resembles the pattern seen in the cytoplasm control (figure 2a) with
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fluorescence throughout the cell and only some cells with stronger fluorescence intensities 180
in the periphery. That can be explained by the fact that Tat secretion pathway transports 181
folded proteins, thus proteins gain their active, and in case of UnaG fluorescent, structure 182
before being exported to the periplasm. 183

184

185

Figure 2: Effect of different export tags on UnaG fluorescence localization. Fluorescence images of 186
E. coli MC4100 carrying the plasmid (a) pMMO001B, (b) pCSMRO03B, (c) pCSMR04B, 45 min after ex- 187
posure to 5 uM BR, 1 puM L-arabinose and 10 pug/mL PMBN at x1000 magnification. The images 188
were taken with fluorescence through the software LAS X. The scale bars represent 7.5 pm. For 189
better visibility on all electronic devices, the brightness of the images was equivalently increased to 190
150 with Adobe Photoshop CS6 version 13.0. 191

In order to determine if the periplasmic localization of UnaG affects the response of 192

the outer-membrane assay suggested in our previous study [45] population based fluo- 193
rescence assays in microtiter plates were conducted. The E. coli strain MC4100 and its iso- 194
genic OM impaired mutant NR698 carrying the plasmids pMMO001B, pCSMRO03B and 195
pCSMRO04B were grown in presence or absence of 1 pM L-arabinose, 5 M BR and 10 196
pg/mL PMBN. Figure 3 illustrates the UnaG fluorescence kinetic of MC4100 and NR698 197
over a period of 10 hours. In the WT (figure 3a), the fluorescence kinetics are almost iden- 198
tical for plasmids pMMO01B and pCSMR04B, where UnaG is folded in the cytoplasm. 199
Fluorescence intensity rises more slowly and to a lower final intensity in the strain carry- 200
ing the plasmid pCSMRO03B, where the protein is folded in the periplasm. In all cases flu- 201
orescence is still dependent on the presence of the OM disruptive PMBN. When analyzing 202
fluorescence development in the OM impaired mutant (figure 3b), fluorescence emission 203
is strongest in the strain carrying the plasmid pCSMR04B, where UnaG is folded in the 204
cytoplasm and translocated by the tat-pathway to the periplasm. Fluorescence is weakest, 205
in the strain containing the plasmid pCSMRO03B. Interestingly, addition of PMBN further 206
increases fluorescence levels despite the already impaired OM. In both strains MC4100 207
(figure 3a) and NR698 (figure 3b), there is no signal of fluorescence in presence of 10 208
ug/mL PMBN alone but there is an increase of fluorescence in presence of 10 pug/mL 209
PMBN and 1 uM L-arabinose (PMBNa) indicating that expression of UnaG is strictly arab- 210
inose dependent. Thus, no increase in sensitivity or specificity was observed when UnaG 211
was localized in the periplasm, on the contrary, Sec-dependent transport seems to reduce 212
the sensitivity of the assay. 213
214
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Figure 3: Comparison of the fluorescence kinetic of UnaG of the wild-type MC4100 (a) and the mu-
tant NR698 (b) carrying either the plasmid pMMO001B, pCSMRO03B, and pCSMR04B in presence of 5
puM BR and 10 pg/mL PMBN (PMBN); 1 uM L-arabinose and 5 uM BR (Bra); or 1 pM L-arabinose,
5 uM BR and 10 pg/mL PMBN (PMBNa).

2.3. UnaG fluorescence is strongest in metabolically active cells

In our previous study we observed that although unaG is expressed from a strong
constitutive promoter in the single OM biosensor, its initial fluorescence is relatively weak
but increases slowly over time after an OM active compound is added [45]. We also ob-
served that PM active compounds did not invoke UnaG fluorescence, and we speculated
that this is caused by the complete metabolic breakdown caused by PM disruption, which
stops the translation machinery. The above-mentioned observations indicate that availa-
bility of apoUnaG to bind BR is limited and is only increasing while the cells are metabol-
ically active. There are at least three possible explanations for these observations: 1. Only
freshly translated apoUnaG can efficiently bind BR to form holoUnaG; 2. apoUnaG ex-
pressed from the strong OXB15-promoter is aggregating and therefore not accessible for
BR-binding to form holoUnaG; 3. UnaG localized in the cytoplasm of E. coli is unstable
and possibly proteolytically degraded. We excluded the first explanation as apoUnaG ex-
pressed in E.coli and purified by affinity chromatography is readily binding BR to form
holoUnaG in vitro [44]. We also confirmed that the BR concentration used in the experi-
ments is not negatively affecting fluorescence kinetics of UnaG by inducing UnaG expres-
sion in the presence of different BR concentrations. We tested how the BR concentrations
affected fluorescence when present from the start and added 1 hour after induction. In
both cases 5 uM, which was used for all our studies seemed to achieve the fastest possible
fluorescence kinetics.

To study holoUnaG formation unimpeded by the OM acting as a barrier and exclud-
ing BR, we conducted the following experiments in the OM impaired NR698 background.
First, we compared the fluorescence and luminescence emissions from the dual biosensors
immediately after addition of ligand, and in case of lucGR substrate. To compare the
measurements in one figure, the highest fluorescence value of each reporter gene was nor-
malized to 100 %. Luminescence is strong from the start for both luciferase constructs, but
decreases steadily over time, most likely due to metabolic constraints related to nutrient
limitation in the buffer solution (lucGR figure 4b; control and luxABCDE figure S4b). An
inverse kinetic was observed for UnaG fluorescence. UnaG fluorescence intensity starts
low and increases slowly over time likely related to fresh UnaG synthesis. To be able to
compare UnaG fluorescence kinetics to another fluorescent reporter where the signal is
independent of the current metabolic status of the cell, we expressed GFP and mCherry
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in a similar setting, i.e. from an identical plasmid backbone and promoter (as a single gene, 252
not in an artificial operon with luciferases). mCherry-specific fluorescence starts at around 253
15% and increases to 100% in the end of the measurement, indicating that there is active 254
mCherry from the start (mCherry figure 4a; control and GFP figure S4a). 255

To confirm that the increase of UnaG fluorescence correlates with active translation 256
and is not a result of slowed BR diffusion or binding to previously formed apoUnaG, we 257
added Erythromycin to slow down translation at different timepoints in advance of and 258
after BR addition. We also recorded the effect on concomitant luminescence from the syn- 259
thetic operon and compared the effect of translation inhibition to fluorescence of mCherry 260
and GFP expressing cells treated in the same way (figure 4a UnaG and mCherry; figure 261
4b LucGR; figure S4a UnaG and GFP; figure S4b LuxABCDE). Addition of Erythromycin 262
slowed down UnaG-dependent fluorescence almost immediately, however, the fluores- 263
cence kept increasing at a reduced rate most likely due to incomplete translation inhibition = 264
by Erythromycin. Luminescence was affected to a lesser extent and more slowly, indicat- 265
ing that previously translated luciferase was stable and remained active as the cells re- 266
mained viable. The effect of Erythromycin on mCherry fluorescence could be detected 267
after 3 hours while the effect on UnaG fluorescence development was almost immediate 268
when BR was present in the cultures. Interestingly, the different timepoints of Erythro- 269
mycin addition spaced 15 minutes apart over one hour, did not result in detectable differ- 270
ences in mCherry fluorescence signal throughout the experiment. UnaG fluorescence on 271
the other hand was directly related to the timepoints of Erythromycin addition. In addi- 272
tion, the fluorescence increase between timepoints of Erythromycin addition was more 273
pronounced when the antibiotic was added after BR addition. We thus hypothesized that 274
apoUnaG might be less stable in E. coli. To confirm this, we expressed UnaG from the 275
arabinose inducible promoter Psab again in the NR698 background to avoid interference 276
of the OM. We induced expression of UnaG by addition of arabinose and stopped it 15 277
minutes later by the addition of either glucose (figure 6) and therefore catabolite repres- 278
sion, or a combination of erythromycin and tetracycline (figure 5) for general translation 279
inhibition. We repeated this cycle in 15 minutes intervals for 60 minutes in consecutive 280
wells of microtiter plates. To compare the stability of apoUnaG to the stability of 281
holoUnaG the experiment was conducted in presence and absence of BR. In the latter case, 282
BR was added after the last cycle was complete, i.e. 60 minutes after finishing the first 283
cycle. The resulting fluorescence patterns indicate that UnaG fluorescence after a 15-mi- 284
nute induction remains rather stable when BR is provided from the start (figure 5a and 285
figure 6a). When BR is added to the cultures after all the induction cycles are finished, 286
fluorescence seems to depend on the age of the induction. The younger the cycle at the 287
time of BR addition, the more fluorescence is emitted. We therefore conclude that 288
apoUnaG either is less stable than holoUnaG when remaining in the cytoplasm or that it 289
forms aggregates/inclusion bodies. Presence of inclusion bodies could explain the rather 290
slow fluorescence increase in the UnaG based bacterial biosensors especially when ex- 291
pressing UnaG from the strong constitutive promoter of pCSMRO01. We therefore analyzed 292
phase contrast and fluorescence microscopic images of MC4100 cells expressing UnaG 293
from pCSMRO1 in presence of BR and Centrocins to permeabilize the outer membrane 294
and allow for fluorescence (figure 10). Phase contrast images show that the cytoplasm 295
looks homogenous with no indications of areas with differences in refractive index. Fluo- 296
rescence micrographs show homogenous green fluorescence throughout the cells without = 297
areas with lower or increased fluorescence as shown in other studies [48,49], which could 298
indicate inclusion bodies of non-fluorescent apoUnaG or fluorescent holoUnaG, respec- 299
tively. We therefore suggest that apoUnaG is less stable than holoUnaG when in the E. coli 300
cytoplasm. A similar observation was made for UnaG expressed in mouse fibroblast cell = 301
lines. In a study to make UnaG mutants with reduced stability in its apo-form, it was 302
shown that also the WT apoUnaG expressed in the absence of BR rendered fusion protein 303
constructs with mCherry less fluorescent and less stable than BR treated holoUnaG [50]. 304
Another recombinantly expressed and purified fatty-acid binding protein from the 305
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tapeworm Spirometra has been shown to withstand clostriparin proteolysis when bound 306
to palmitin, indicating that the holo-form of this protein is more stable [51]. The increased 307
stability of holo-proteins might be due to conformational changes in protein side chains 308
as observed in a study comparing crystal structures of 305 proteins in their apo- and holo- 309

forms [52], thus possibly protecting potential proteolytic recognition sites. 310
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Figure 4: Kinetic of the relative (a) fluorescence of UnaG (shades of blue) and mCherry (shades of 315
red); and (b) luminescence of LucGR for 10 hours after addition 5 uM BR of E. coli NR698 at the 0 316
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Figure 5: Kinetic of the relative fluorescence of E. coli NR698 carrying pCSMRO03 with addition of 318
0.2% L-arabinose at the start and a mix with 25 ug/mL of erythromycin and 5 pg/mL of tetracycline 319
every 15 minutes the first hours and of 5 uM BR at (a) 0 minute and (b) 60 minutes. 320
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Figure 6: Kinetic of the relative fluorescence of E. coli NR698 carrying pCSMRO03 with addition of
0.2% L-arabinose at the start and a mix with 0.5% of glucose every 15 minutes the first hours and of
5 uM BR at (a) 0 minute and (b) 60 minutes

2.4. Investigation of different peptide activities by the E. coli double-biosensors

We used the E. coli MC4100 with pCSMRO1 to characterize the PM and OM permea-
bilizing activities of three antimicrobial peptides from marine invertebrates (table 3),
which were originally isolated from the spider crab Hyas aranaeus [53] and the green sea
urchin Strongylocentrotus droebachiensis [21]. In addition, we tested two antimicrobial pep-
tides that in earlier studies [54] had served as controls for PM activity (Cecropin P1) and
intracellular activity (PR39(1-26)), respectively. Neither spider crab peptide affected lumi-
nescence or fluorescence emissions, indicating that neither PM nor OM integrity was af-
fected at the tested concentrations. The original Centrocin consists of a heavy chain (HC)
and light (LC) linked by a disulfide bond [21,23]. We only tested each peptide chain sep-
arately. Centrocin HC showed strong and rather fast PM activity at 3.1 pg/mL and above,
while we observed UnaG based fluorescence at concentrations between 1.6 and 6.3 pg/mL.
The light chain on the other hand did not affect luminescence or fluorescence output at
all. The results from Centrocin HC resembled the results obtained from Cecropin P1,
which served as the PM active control peptide. Interestingly, both peptides showed UnaG
fluorescence at and below the lowest concentrations not resulting in complete loss of lu-
minescence. This indicates that both PM active peptides also permeabilize the OM, but
that this activity is limited to the OM only at concentrations below a certain threshold
which was 6.3 pg/mL for Centrocin HC. PR39 (1-26) did not show a pronounced effect on
PM related luminescence and no effect on UnaG fluorescence, indicating no direct effect
on either of the membranes at the tested concentrations. From earlier studies [23] we had
different peptide fragments of Centrocin HC available (see table 3). We decided to test if
any of these shortened fragments of Centrocin HC would show a variation in membrane
specificity. Interestingly, only Centrocin HC (1-20) affected fluorescence and lumines-
cence responses of the biosensor. While the effect of the PM was substantially reduced,
when compared to the full-length peptide, fluorescence emissions increased and were de-
tectable at a wider range of concentrations 100-3,1 ug/mL. This indicates that the Cen-
trocin HC (1-20) is mostly effective against the OM. The remaining Centrocin fragments
lacked activity both against the PM and the OM, indicating that at least part of the (1-20)
amino acid sequence is essential for OM activity and possibly the loss of the positively
charged arginine from the full-length peptide for efficient PM activity (figure 7 and figure
S5).
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To confirm our hypothesis that Centrocin HC (1-20) specifically damages the OM we
decided to microscopically observe the fluorescence pattern of E. coli MC4100 expressing
arabinose inducible UnaG from plasmids pMMO001B and pCSMRO03B in response to Cen-
trocin HC and Centrocin HC (1-20). For this purpose, bacteria were treated as described
above and incubated in presence of different concentrations of Centrocin HC and Cen-
trocin HC (1-20) for at least 1 h, respectively. Fig. 8 shows the effect of full length Centrocin
and Centrocin (1-20) at concentrations between 100 and 12.5 ug/mL. Interestingly the flu-
orescence intensity of the cells seems to be stronger for the highest concentrations tested
of both peptides. However, the conditions are not identical as L-Arabinose had to be
added to the medium to induce unaG expression. Nonetheless the micrographs correlate
with the observations from double sensor in the plate reader. The original Centrocin pep-
tide results in very little fluorescence for both cytoplasmic and periplasmic expression of
UnaG. Interestingly, for the highest concentration of Centrocin HC the fluorescence seems
to be intracellular also for periplasmic expression, possibly indicating the diffusion of
UnaG through the perforated PM to the interior of the cell after treatment with the pep-
tide. Centrocin (1-20) on the other hand leads to a fluorescent halo at all tested concentra-
tions when unaG is expressed in the periplasm. However, at the highest concentrations
not all cells exhibit strong fluorescence. Possibly due to leakage of UnaG to the exterior of
the cell because of excessive OM damage or uneven expression of UnaG within the pop-
ulation due to arabinose-depletion. The intracellularly expressed UnaG fluoresces also at
all concentrations but is most prominent at 100 pg/mL.
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Figure 7: Representative luminescence kinetic of LucGR (a and b) and the fluorescence kinetic of
UnaG (c and d) of the wild-type MC4100 in presence of different concentrations of (a and c) cen-
trocin HG; (b and d) centrocin HC (1-20); with 5 uM BR and 1 uM D-luciferin for 10 hours
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Figure 8: Comparison of the effect of centrocin HC and centrocin HC (1-20) on cytoplasmic and
periplasmic UnaG fluorescence in E. coli MC4100. Fluorescence and phase contrast images of E. coli
MC4100 carrying either pMMO01 or pCSMRO03B (DsbA-UnaG) 60 min after exposure to 5 uM BR, 1
pUM L-arabinose and 25 pg/mL of centrocin HC (1-20) at x1000 magnification. The images were taken
with fluorescence through the software LAS X. The sides of each square represent a length of 20 pm.
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2.5. Does OM activity detected by the double sensor indicate synergistic activity with ABs
excluded by the outer membrane?

To evaluate if results from the OM/PM doubles sensor could be used to predict syn-
ergism with ABs known to be excluded by the OM, we conducted a checkerboard synergy
assay with two ABs with different modes of action, Erythromycin and Vancomycin, re-
spectively. We tested these ABs in combination with the original Centrocin HC and the
Centrocin HC (1-20) fragment. We could not discern strong synergy for the full-length
peptide as Centrocin HC alone already kills E. coli MC4100 cells very effectively. Addition
of Vancomycin or Erythromycin did not substantially increase activity. Thus, the frac-
tional inhibitory concentration index (FICI) was above 0.5. Interestingly, the OM active
effect observed for Centrocin HC at low concentrations did not seem to suffice to increase
the availability of either antibiotic to an extent beyond additive activity resulting in a FICI
of 0.525 in combination with Centrocin HC and 0.625 in combination with Vancomycin.
Centrocin HC (1-20) on the other hand clearly increased AB activity. The high synergy
was mostly achieved due to its poor antimicrobial activity on its own. To save peptide the
synergy assays were only run with a maximal concentration of 50 pg/ml peptide for both
Centrocins. The MIC for Centrocin (1-20) was assayed separately and after 24h incuba-
tions E. coli K12 was still able to grow at 200 pg/mL. Due to no detected antimicrobial
activity of Centrocin (1-20) alone, the MIC was set to 200 pg/ml and used to calculate the
FICI. In combination with Erythromycin the calculated FICI value was 0.14 or better, in
combination with Vancomyecin 0.375. The results indicate that Centrocin HC (1-20) indeed
acts synergistically with both Vancomycin and Erythromycin, while the synergism with
the latter is substantially more pronounced. Table 1 summarizes the results from 2 inde-
pendent synergy tests. It has been shown that OM active peptides act synergistically es-
pecially with ABs of high molecular weight such as Erythromycin and Vancomycin. This
has been shown for PMBN [41,55,56] and for example the AMP Novicidin [57], lactoferri-
cin [58] or tridecaptin M [59].

Table 1. Synergetic and additive effects of Centrocins with Erythromycin and Vancomycin

Combined xMIC Combined xMIC

Antibiotic AB Peptide FICI

Centrocin HC (1-20) Erythromycin 0.016 0.125 0.14
Centrocin HC (1-20) Vancomycin 0.125 0.125 0.375
Centrocin HC Erythromycin 0.125 0.5 0.525
Centrocin HC Vancomycin 0.0625 0.5 0.625

2.6. Effects of the peptides Centrocin HC and Centrocin HC (1-20) on Gram-positive bacteria

To investigate if the reduced PM activity of the 1-20 Centrocin fragment in E. coli might
result from the presence of an OM, we tested both peptides against a plasma membrane
sensor in the Gram-positive bacterium Bacillus subtilis (figure 9). While the full length Cen-
trocin caused plasma membrane disruption at 12.5 pg/mL and above, the Centrocin 1-20
fragment did not cause membrane damage at concentrations up to 100 pg/mL, indicating
that the peptide lacks amino acids, which are essential for rapid PM disruption.
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Figure 9: Representative luminescence kinetic of LucGR in Bacillus subtilis in presence of 1 uM D- 435
luciferin and different concentrations of centrocin HC, 100 pg/mL centrocin HC (1-20), or 100 pg/mL 436
CHX for 3 minutes. 437

438
In addition, all peptides were tested against a panel of mode of action specific B. subtilis 439
biosensors, based on specific stress-responsive promoter-luxABCDE fusions. The sensors 440
respond to inhibitors of DNA replication, transcription, translation, cell envelope synthe- 441
sis and fatty acid synthesis. None of the peptides with marine origin induced expression 442
of the promoter fusions. However, PR39 (1-26) strongly induced the sensor for translation =~ 443
inhibition from the yhel-promoter fusion, indicating that this peptide interferes with trans- 444
lation (figure 10). This is in agreement with earlier studies, which described PR39 to inhibit 445
translation in E. coli [60]. Interfering with translation inhibition would lead to false nega- 446
tive results in the OM assay as the reporter genes expression is inhibited. To test if trans- 447
lation in E. coli was indeed inhibited by the used concentrations of PR-39(1-26), the assay 448
was repeated in the OM compromised E. coli NR698 strain carrying the plasmid pCSMRO01 449
for constitutive expression of unaG and luxABCDE in an artificial operon. In this strain BR 450
uptake is not restricted by the OM, therefore UnaG fluorescence is directly dependent on 451
UnaG expression. The results of the assay are presented in figure 11. In the wildtype back- 452
ground PR-39 (1-26) does not affect luminescence at the tested concentrations, while fluo- 453
rescence levels remain low. In the OM compromised background of the NR698 strain on 454
the other hand, strong UnaG fluorescence is only detected in the untreated control, while 455
luminescence is affected in a concentration dependent manner. This indicates that PR- 456
39(1-26) strongly inhibits translation, at least in absence of the OM as a barrier. The effect 457
on luminescence emission, however, is slow and concentration dependent. This indicates 458
that cell viability is not immediately affected, which is in agreement with translation inhi- 459
bition being the mode of action for reduced cell viability over time. 460
Thus, PR39 (1-26) inactivity against the OM might be a false negative result, camouflaged 461
by the strong activity as a translation inhibitor. However, as no luminescence reduction 462
compared to the untreated control is observed in the WT background, translation inhibi- 463
tion must be substantially lower than in the OM compromised background. To avoid pos- 464
sible false negatives outcomes in screening assays, controls should be run on OM deficient 465
strain NR698 containing pCSMR02 or pCSMRO01 possibly allowing to screen for transla- 466
tion inhibitors at the same time. 467

468
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Figure 10: Representative luminescence kinetic of /ux operon under the control of yhel-promoter in
Bacillus subtilis in response to different concentrations of (a) PR39 (1-26) or (b) Erythromycin (con-
trol) for 24 h in 30 minutes time intervals.
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Figure 11: Representative (a and b) fluorescence kinetic of #naG and (b and d) luminescence kinetic
of lux operon of E. coli (a and b) MC4100 and (c and d) NR698 in response to different concentration
of PR39 (1-26) for 10 hours.

3. Materials and Methods
3.1. Media and Growth Conditions
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To perform the cloning, the different Escherichia coli and Bacillus subtilis strains were
routinely grown in Luria-Bertani (LB) broth at 37 °C with aeration. For fluorescence and
luminescence measurements, the bacterial cultures were grown in Mueller-Hinton (MH;
Merck, Darmstad, Germany) broth medium at room temperature (RT) overnight. New
MH cultures were inoculated to 1% (v/v) of overnight pre-culture and incubated at RT
with aeration until the ODsoo reached 0.5. UnaG fluorescence assays were conducted in
presence of 5 mM bilirubin (BR; Sigma-Aldrich, St Louis, MO, USA) stocks were prepared
in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA). For the luminescence
assays, 20 mM D-luciferin potassium salt (Synchem Inc., Elk Grove Village, IL, USA)
stocks were prepared in sterile water.

3.2. Bacterial Strains and Plasmids

In this study we used the Escherichia coli K-12 strain MC4100 as a wild-type (WT) and
its isogenic OM deficient mutant NR698, both carrying different plasmids with reporter
constructs, as well as Bacillus subtilis 168 with either plasmid based or chromosomally in-
tegrated reporter fusions. The strain NR698 was constructed by Ruiz et al. [61]. Escherichia
coli DH5a was used for cloning purposes. A summary of plasmids and oligonucleotides
used in this study is listed in table 2 below. Maps of the plasmids assembled for this study
are shown in figure S10. To express UnaG under the control of an arabinose inducible
promoter for cytoplasmic or periplasmic localization, the pMMO001B, pCSMRO03B and
pCSMRO04B were made by integrating the promoter pBad and the gene araC from the plas-
mid pTwist_pBad_Ribo] to the plasmids pMMO001, pCSMR03 and pCSMR04 that we de-
signed and synthetized through Invitrogen GeneArt Gene Synthesis (Thermofisher, Wal-

tham, MA, UA) with codon optimization for E. coli.
Table 2. Plasmids and primers used in the study
Plasmid Characteristic or description Reference
or source
Plasmids
pCSS962 Plasmid containing lucGR [46]
pBS3Clux Plasmid containing lux operon [62]
pMMO01 Plasmid containing unaG [45]
pCSMRO3 Plasmid containing unaG and dsbA This study
pCSMR04 Plasmid containing unaG and torA This study
pTwist_pBad_Ribo] Plasmid containing the promotor pBad with Ribo] This study
pMMO001B Plasmid containing LucGR and unaG This study
pCSMRO1 Plasmid containing lux operon and unaG This study
pCSMRO02 Plasmid containing unaG under the pBad promotor with Ribo]  This study
pCSMRO03B Plasmid containing unaG with the transporter dsbA under the  This study
pBad promoter with Ribo]
pCSMRO04B Plasmid containing unaG with the transporter torA under the  This study
pBad promoter with Ribo]
Oligonucleotides

UnaG-Xbal-Xhol_F
UnaG-Xhol-Sall_R
lucGR_Nhel_NotI_F

lucGR_Nhel_HindIII_R

CAATCTAGAATTCTCGAGAGAGGAAGGCCGTCAAGGCC
CCACTCGAGACAGTCGACACCATTCGGTTGCACGACGA
ATCGTCGTGCAACCGAATAAACTAGCTAGCGGCCGCTAAA-
GAGGAGAAATTAACTATG
GAAGGCCCATGAGGCCCAGACTAGTTAGCTAGCTAAGCTT-
GGC

2 annealing sequences are bold
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3.3. Peptides

Table 3: Peptides used in the study.

Name Sequence Origin
Cecropin P1 SWLSKTAKKLENSAKKRISEGIAIAL- Ascaris suum, Parasitic nematode
1 111
P QGGPR ’
PR39 (1-26) RRRPRPPYLPRPRPPPFFPPRLPPRI Sus scrofa, Pig leukocytes
Hyasin unmodified WQRPLTRPRPESRPRPYRPNYG Hyas araneus, Spider Crab
Arasin (1-23) SRWPSPGRPRPFPGRPKPIFRPR Hyas araneus, Spider Crab
Centrocin HC GWFKKTFHKVSHAV- Strongylocentrotus droebachiensis, Green
KSGIHAGQRGCSALGEF Sea Urchin
Centrocin HC (1-20) GWFKKTFHKVSHAVKSGIHA Strongylocentrotus drocbachiensis, Green
Sea Urchin
Centrocin HC (1-10) GWFKKTFHKY Strongylocentrotus droeb'uchzenszs, Green
Sea Urchin
Centrocin HC (1-5) GWFKK Strongylocentrotus droeb'uchzenszs, Green
Sea Urchin
Centrocin HC (11-20) SHAVKSGIHA Strongylocentrotus droeb'uchzenszs, Green
Sea Urchin
Centrocin HC (21-30) GORGCSALGF Strongylocentrotus droeb'uchzenszs, Green
Sea Urchin
Centrocin LC DLRGACAAAHAL Strongylocentrotus droeb'uchzenszs, Green
Sea Urchin

3.4. Cloning and Transformation

To express UnaG in the cytoplasm or in the periplasm under the inducible arabinose
promoter, the promoter OXB15 was cut out by enzymatic digestion from the plasmids
pMMO01 [45], pCSMRO3 and pCSMRO04. The same restriction enzymes were used to cut
out the genetic insulator Ribo] [63], as well as the pBad promoter with araC gene from the
new plasmid pTwist_pBad_Ribo], before being ligated in the three plasmids, instead of
pOXB15. The transformations were performed in competent Escherichia coli DH5a with
the Inoue method [64] and the new plasmids were then extracted with the BOMB methods
[65] before the TSS transformation [66] in the two isogenic strains E. coli MC4100 and
NR698. The transformants carrying the new plasmids were selected on LB agar plates with
100 pg/mL ampicillin or 5 pug/ml in case of the more sensitive NR698 strain.

To express UnaG in artificial operons with luc and lux luciferases two different strat-
egies were employed. To co-express unaG with the lux operon, unaG together with the
strong constitutive promoter OXB15 was amplified from pMMO001 by PCR to add re-
striction enzyme sites necessary for classical cloning (table 2). The BS3Clux backbone con-
taining the lux-operon under the control of the was then ligated with the unaG insert re-
sulting in a synthetic operon under the control of the OXB15 promoter, resulting in plas-
mid pCSMRO2.

To express unaG together with [ucGR in an aritificial operon, lucGR was amplified
from pCS5962 adding 20 bp overhangs homologous to the flanking regions of the Spel
restriction site downstream of unaG. This amplicon was combined with pMMO001 linear-
ized by Spel using Gibson assembly [67] resulting in plasmid pCSMRO1.

The PCR products were purified by the NucleoSpin® Gel and PCR Clean-up kit (Ma-
cherey-Nagel, Dueren, Germany). Plasmid isolation was done by the open protocol ([65]
Bomb.bio.)
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Transformants were selected on LB agar plates with 20 ug/mL chloramphenicol for 533

pCSMRO1 and 100 pig/mL ampicillin for pPCSMRO2 (table 1). 534
535
3.5. Reporter gene detection and biosensor analysis 536

To measure UnaG and GFP fluorescence of the biosensor constructs, a Synergy H1 537
Hybrid Reader (BioTek, Winooski, VT, USA) was used. Depending on the assay, fluores- 538
cence was measured regular time intervals for up to 10 hours at 25.5 °C with an excitation 539
wavelength of 508 / 8 nm and an emission wavelength of 538 / 8 nm. mCherry controls 540
were measured at 580 / 8 nm excitation and 610 / 8 nm emission wavelength. The gain was 541
kept at 100 in all experiments. The experiments were conducted in black round-bottom 542
96-well microtiter plate (Nunc, Roskilde, Denmark) at a final volume of 100 uL, and a 543
bacterial concentration adjusted to ODs0w=0,3 in 0,9 % NaCl 20mM TrisHCI pH7.5. For in- 544
duction of the Psap promoter-based constructs 0,2 % L-arabinose was added at the speci- 545
fied timepoints. When necessary, translation of reporter genes was arrested by the addi- 546
tion of translation inhibiting antibiotics or 0,5% Glucose. Where not otherwise specified, 547
BR was added to a final concentration of 5 uM, D-luciferin to a final concentration of 1 548
mM and peptide compounds to the specified concentrations (PMNM; GLPBIO, Montclair, 549
CA, USA). Addition of water instead of PMBN was used as negative control and BR-free 550
bacteria as background. All the data were processed with GraphPad Prism 9 software 551
version 9.5.0 (GraphPad Software; Boston, USA). 552

The E. coli strains MC4100 and NR968 carrying the double reporter gene plasmids, 553
the eukaryotic luciferase LucGR (pCSMRO1) or the lux operon (pCSMR02) coupled with 554
UnaG, were cultured overnight in MH broth medium supplemented with 5 pig/mL or 20 555
ug/mL of chloramphenicol for pCSMRO01, or 5 pg/mL or 100 ug/mL of ampicillin for 556
pCSMRO02, for MC4100 and NR968 respectively. Day cultures were then prepared by in- 557

oculating at 1% new MH broth medium, until the ODsoo reached 0.5. 558
559
3.6 Mode of action specific biosensor assay in B. subtilis 560

A mode of action specific biosensor assay was used to analyze the activity of the pep- 561
tides against previously known modes of action. The assays tested specific stress re- 562
sponses related to interference with DNA replication, transcription, translation as well as 563
cell envelope- and fatty acid synthesis using B. subtilis 168 derivates containing the luxA- 564
BCDE operon fused to the promoter regions of yorB, belD, yhel, yupA, lial or fabHB. Fresh 565
colonies of each sensor strain were transferred from agar plates to 5 mL MH medium 566
containing 5 ug/mL chloramphenicol and incubated at 37 °C overnight. Overnight cul- 567
tures were diluted to an ODsow = 0.05 and grown to an ODew = 0.2 before addition to the 568
assay plates already containing the analytes. The analytes and control antibiotics were 569
diluted in two-fold dilution series in water. Then, 5 pL of each dilution was combined 570
with 45 pL bacterial suspension in each well of the 386-well white plates with transparent 571
bottom (6007490, PerkinElmer, Waltham, MA, USA). The wells were covered by an oxy- 572
gen permeable breatheasy sealing membrane (Z380059, SIgma-Aldrich, Darmstadt, Ger- 573
many) to reduce evaporation. The assay was run in a plate reader (EnVision(R), Perki- 574
nElmer, Waltham, MA, USA) placed in an incubator at 35 °C. Luminescence and growth 575
kinetics were recorded every 30 min for 24 hours. The strains used in this study have been 576

described previously [68]. 577
578
3.7. Checkerboard synergy assay 579

The synergistic interaction of the synthetic peptides in combination with either eryth- 580
romycin or vancomycin were investigated following the established checkerboard 581
method [69]. Briefly, working concentration of both peptides and antibiotics were pre- 582
pared by two-fold serial dilutions starting at the four-fold of desired concentrations. Next, 583
25 uL of peptide and antibiotic dilutions with different concentrations were added to the 584
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96-well plates. Then, 50 pL of diluted bacterial suspension (5 x 105CFU/mL) was added to 585
each well containing dilution of peptide and antibiotic combinations to give the final de- 586
sired concentrations. The plates were subsequently incubated for 24 h at 35°C. The FICI 587
values were calculated using the FICI formula with the highest combination effects: FICI 588
= MIC of drug A in combination/MIC of drug A alone + MIC of drug B in combina- 589
tion/MIC of drug B alone. The antimicrobial combination was defined as synergy when 590
the FICI was < 0.5, no interaction when 0.5 <FICI <4, and antagonism when the FICI was 591

4. 592
593
3.8. Microscopy 594

Bacterial suspensions of E. coli strains MC4100 and NR698 expressing UnaG under 595
inducible pBad promoter were prepared in 0.9% NaCl solution. Each isogenic strain con- 59
tains either the plasmid pMMO001B (UnaG cytoplasmic expression), pCSMR03B (UnaG 597
tagged with the dsbA export sequence, exported and folded in the periplasm) or 598
pCSMRO04B (UnaG tagged with the TorA export sequence, folded in the cytoplasm and 599
exported to the periplasm) were investigated with a Leica DM6000B fluorescence micro- 600
scope and an excitation light source, a Leica CTR6000 with a filter system Cube I3 DM 601
513828. The fluorescence of the different strains was measured with a camera Leica 602
DEC7000T 1 hour after addition of 0,2% L-arabinose, 5 uM BR and 10 pg/mL PMBN. Iden- 603
tical camera settings were used for all images. When necessary, the brightness of the im- 604
ages was increased by 150% for better on-screen visibility in Photoshop CS6 version 13. 605

606
607
608

4. Conclusions 609

Two novel biosensors were established combining the gene for the ligand dependent 610
fluorescent protein UnaG and the eukaryotic luciferase lucGR and unaG and the bacterial 611
luxABCDE in artificial operons. The biosensors can detect OM disruption in addition to 612
either disturbance of plasma membrane integrity or general cell viability, simultaneously. 613
UnaG fluorescence kinetics are tightly coupled to freshly translated UnaG as apoUnaGis 614
less stable than holoUnaG when present in the E. coli cytoplasm. Application of the double 615
membrane sensor showed that Centrocin HC disrupts both PM and OM while the Cen- 616
trocin HC (1-20) fragment mostly interferes with OM integrity. This observation is sup- 617
ported by the synergistic activity of Centrocin HC (1-20) and both Vancomycin and Eryth- 618
romycin. 619

Supplementary Materials: The following supporting information can be downloaded at: 620
www.mdpi.com/xxx/s1, Figure S1: Optimization of the medium for better signal to noise ratio for 621
simultaneous fluorescence and luminescence emissions; Figure S2: Comparison of UnaG expression 622
levels in the single and the double sensors; Figure S3: Microscopy of abnormally long cells with 623
periplasm transporters; Figure S4: Effect of translation inhibitor at different time points on GFP flu- 624
orescence and lux luminescence; Figure S5: Effect of Centrocin HC and Centrocin HC (1-20) on the 625
plasma membrane of E. coli; Figure S6: Effect of Cecropin P1 on the plasma- and the outer-membrane 626
of E. coli; Figure S7: Effect of PR39 (1-26) on the plasma- and the outer-membrane of E. coli; Figure 627
S8: Effect of Centrocin LC on the plasma- and the outer-membrane of E. coli; Figure S9: Comparison 628
of the effect of PR39 (1-26) and Erythromycin on the growth of Bacillus subtilis; Figure S10: Maps of ~ 629
the plasmids used in this study; Sequence S1: DNA sequence of pCSMRO01; Sequence S2: DNA se- 630
quence of pCSMR02; Sequence S3: DNA sequence of pTwist-Pbad-riboJ-0015T; Sequence S4: DNA 631
sequence of pMMO01B; Sequence S5: DNA sequence of pCSMRO3B; Sequence S6: DNA sequence of 632
pCSMRO4B. 633
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Cloning of a dual biosensor relying on UnaG and luciferase for
detection of outer and plasma membrane disruption and its ap-
plication to characterizing the membranolytic effects of green
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antimicrobial peptides
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Figure S1. Optimization of medium for better signal to noise ratio for simultaneous fluorescence
and luminescence emissions. Relative fluorescence (a) and luminescence (b) of E. coli MC4100 in
NaCl 0,9 % with different concentrations of Triz pH 7.5 after 10 min exposure of 10 pg/mL of poly-
myxin B or without exposure, respectively. The relative fluorescence corresponds to the ratio of the
cells after exposure of polymyxin B to the background fluorescence after exposure of 5 uM of BR
only. The relative luminescence corresponds to the background of D-luciferin only.
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Figure S2: Comparison of UnaG expression levels in the single and the double sensors. Relative
fluorescence of both E. coli strains carrying the single sensor plasmid (pMMO001) or double sensor
plasmid (pCSMRO1) in presence of 10 pg/mL Polymyxin B nonapeptide (PMBN) and 5 uM of BR.
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Figure S3: Microscopy of abnormally long cells with periplasm transporters. Images of E. coli
MC4100 carrying the plasmid (a and ¢) pMMO002 (UnaG-dsbA), (b and d) pMMO003 (UnaG-torA) at
x400 magnification. The images were taken with (a and b) the phase contrast or (¢ and d) fluores-
cence through the software Las X. For better visibility, the brightness of the pictures was equiva-
lently increased to 100 with Adobe Photoshop CS6 version 13.0.
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Figure S4: Effect of translation inhibitor at different time points on GFP fluorescence and lux lumi-
nescence. Kinetic of the relative (a) fluorescence of GFP; and (b) luminescence of LuxABCDE for 10
hours after addition of 5 uM BR of E. coli NR698 at the 0 min time point and 50 pig/mL Erythromycin

-+ Centrocin HC 100 pug/mL
- Centrocin HC 50 pg/mL

404
204
0 5 10
Time (hour)
(a)
at different time points.
100000
80000 T

+= Centrocin HC 25 ug/mL

— Centrocin HC 12,5 ug/mL
Centrocin HC 6,25 ug/mL
Centrocin HC 3,125 pg/mL
Centrocin HC 1,5625 pg/mL
Centrocin HC 0 pg/mL

0:01

0:02

Time (min)

(@)

Luminescence units

100000+

80000

60000

400001

20000 .

T
0:01

Time (min)

(b)

Centrocin HC (1-20) 100 ug/mL
Centrocin HC (1-20) 50 pg/mL
Centrocin HC (1-20) 25 ug/mL
Centrocin HC (1-20) 12,5 ug/mL
Centrocin HC (1-20) 6,25 ug/mL
Centrocin HC (1-20) 3,125 pug/mL
Centrocin HC (1-20) 1,5625 pg/mL
Centrocin HC (1-20) 0 pg/mL

Figure S5: Effect of Centrocin HC and Centrocin HC (1-20) on the plasma membrane of E. coli. Rep-
resentative luminescence kinetic of LucGR of the wild-type MC4100 in presence of different concen-
trations of (a) centrocin HC; (b) centrocin HC (1-20) with 5 pM BR and 1 uM D-luciferin for 10 hours.
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Figure S6: Effect of Cecropin P1 on the plasma- and the outer-membrane of E. coli. Representative
of (a) the luminescence kinetic of LucGR; (b) the fluorescence kinetic of UnaG of the wild-type
MC4100 in presence of different concentrations of cecropin P1 with 5 uM BR and 1 pM D-luciferin
for 10 hours.
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Figure S7: Effect of PR39 (1-26) on the plasma- and the outer-membrane of E. coli. Representative
(a) luminescence kinetic of LucGR; (b) fluorescence kinetic of UnaG of the wild-type MC4100 in
presence of different concentrations of PR39 (1-26) with 5 uM BR and 1 uM D-luciferin for 10 hours.

58

59
60
61
62

63

64
65
66

67



Optical density

Mar. Drugs 2024, 22, x FOR PEER REVIEW

6 of 16

—- Centrocin LC 100 pug/mL
—~ Centrocin LC 50 pug/mL
—~ Centrocin LC 25 pg/mL
— Centrocin LC 12,5 ug/mL

Centrocin LC 6,25 ug/mL
Centrocin LC 3,125 ug/mL
Centrocin LC 1,5625 pg/mL
Centrocin LC 0 pg/mL

8 10

Fluorescence Units

700

600

1l
(=
<

400+

300

0 5 10

Time (hour)

(b)

Figure S8: Effect of Centrocin LC on the plasma- and the outer-membrane of E. coli. Representative
(a) luminescence kinetic of LucGR; (b) fluorescence kinetic of UnaG of the wild-type MC4100 in
presence of different concentrations of centrocin LC with 5 uM BR and 1 pM D-luciferin for 10 hours.
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Figure S9: Comparison of the effect of PR39 (1-26) and Erythromycin on the growth of Bacillus sub-
tilis. Representative growth of B. subtilis in response to different concentrations of (a) PR39 (1-26) or
(b) Erythromycin (control) for 24 h in 30 minutes time intervals.
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Figure 510: Maps of plasmids used in this study. (Benchling.com; accessed on 29% March 2024). 84
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Sequence S1: DNA sequence of pCSMRO01

TCGACCTGCAGCCAAGCTTAGCTAGCTAGAGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATAC
CACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGA
TATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCC
GGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGT
TTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCT
ATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGA
CAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGT
CTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTT
ATTGGTGCCCTTAAACGCCTGGGGTAATGACTCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTT
TATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGCTCTAGAGCTGCCTGCCGCGTTTCGGTGATGACGGTGAAAACC
TCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTG
TTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTA
CTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTG
ACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGC
AGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCC
CTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCT
CCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCAC
GCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCC
GGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATG
TAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTT
ACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGC
GCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGT
CATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTCGGTACCGCTGATTTCACTTTTTGCATTCTACAAACTGCATAACTCATATGTAAA
TCGCTCCTTTTTAGGTGGCACAAATGTGAGGCATTTTCGCTCTTTCCGGCAACCACTTCCAAGTAAAGTATAACACACTATACTTTATATTCAT
AAAGTGTGTGTCCTGCGAGGCGTCCAGTGCCGACCAAAACCATAAAACCTTTAAGACCTTTCTTTTTTTTACGAGAAAAAAGAAACAAAAA
AACCTGCCCTCTGCCACCTCAGCAAAGGGGGGTTTTGCTCTCGTGCTCGTTTAAAAATCAGCAAGGGACAGGTAGTATTTTTTGAGAAGATC

ACTCAAAAAATCTCCACCTTTAAACCCTTGCCAATTTTTATTTTGTCCGTTTTGTCTAGCTTACCGAAAGCCAGACTCAGCAAGAATAAAATT
TTTATTGTCTTTCGGTTTTCTAGTGTAACGGACAAAACCACTCAAAATAAAAAAGATACAAGAGAGGTCTCTCGTATCTTTTATTCAGCAATC
GCGCCCGATTGCTGAACAGATTAATAATAGATTTTAGCTTTTTATTTGTTGAAAAAAGCTAATCAAATTGTTGTCGGGATCAATTACTGCAAA
GTCTCGTTCATCCCACCACTGATCTTTTAATGATGTATTGGGGTGCAAAATGCCCAAAGGCTTAATATGTTGATATAATTCATCAATTCCCTCTA
CTTCAATGCGGCAACTAGCAGTACCAGCAATAAACGACTCCGCACCTGTACAAACCGGTGAATCATTACTACGAGAGCGCCAGCTTCATCA
CTTGCCTCCCATAGATGAATCCGAACCTCATTACACATTAGAACTGCGAATCCATCTTCATGGTGAACCAAAGTGAAACCTAGTTTATCGCA
ATAAAAACCTATACTCTTTTTAATATCCCCGACTGGCAATGCCGGGATAGACTGTAACATTCTCACGCATAAAATCCCCTTTCATTTTCTAATG
TAAATCTATTACCTTATTATTAATTCAATTCGCTCATAATTAATCCTTTTTCTTATTACGCAAAATGGCCCGATTTAAGCACACCCTTTATTCCGT
TAATGCGCCATGACAGCCATGATAATTACTAATACTAGGAGAAGTTAATAAATACGTAACCAACATGATTAACAATTATTAGAGGTCATCGTT
CAAAATGGTATGCGTTTTGACACATCCACTATATATCCGTGTCGTTCTGTCCACTCCTGAATCCCATTCCAGAAATTCTCTAGCGATTCCAGAA
GTTTCTCAGAGTCGGAAAGTTGACCAGACATTACGAACTGGCACAGATGGTCATAACCTGAAGGAAGATCTGATTGCTTAACTGCTTCAGTT
AAGACCGAAGCGCTCGTCGTATAACAGATGCGATGATGCAGACCAATCAACATGGCACCTGCCATTGCTACCTGTACAGTCAAGGATGGTA
GAAATGTTGTCGGTCCTTGCACACGAATATTACGCCATTTGCCTGCATATTCAAACAGCTCTTCTACGATAAGGGCACAAATCGCATCGTGGA
ACGTTTGGGCTTCTACCGATTTAGCAGTTGGATACACTTTCTCTAAGTATCCACCTGAATCATAAATCGGCAAAATAGAGAAAAATTGACCAT
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GTGTAAGCGGCCAATCTGATTCCACCTGAGATGCATAATCTAGTAGAATCTCTTCGCTATCAAAATTCACTTCCACCTTCCACTCACCGGTTG
TCCATTCATGGCTGAACTCTGCTTCCTCTGTTGACATGACACACATCATCTCAATATCCGAATAGGGCCCATCAGTCTGACGACCAAGAGAG
CCATAAACACCAATAGCCTTAACATCATCCCCATATTTATCCAATATTCGTTCCTTAATTTCATGAACAATCTTCATTCTTTCTTCTCTAGTCATT
ATTATTGGTCCATTCACTATTCTCATTCCCTTTTCAGATAATTTTAGATTTGCTTTTCTAAATAAGAATATTTGGAGAGCACCGTTCTTATTCAGC
TATTAATAACTCGTCTTCCTAAGCATCCTTCAATCCTTTTAATAACAATTATAGCATCTAATCTTCAACAAACTGGCCCGTTTGTTGAACTACTC
TTTAATAAAATAATTTTTCCGTTCCCAATTCCACATTGCAATAATAGAAAATCCATCTTCATCGGCTTTTTCGTCATCATCTGTATGAATCAAAT
CGCCTTCTTCTGTGTCATCAAGGTTTAATTTTTTATGTATTTCTTTTAACAAACCACCATAGGAGATTAACCTTTTACGGTGTAAACCTTCCTCC
AAATCAGACAAACGTTTCAAATTCTTTTCTTCATCATCGGTCATAAAATCCGTATCCTTTACAGGATATTTTGCAGTTTCGTCAATTGCCGATT
GTATATCCGATTTATATTTATTTTTCGGTCGAATCATTTGAACTTTTACATTTGGATCATAGTCTAATTTCATTGCCTTTTTCCAAAATTGAATCCA
TTGTTTTTGATTCACGTAGTTTTCTGTATTCTTAAAATAAGTTGGTTCCACACATACCAATACATGCATGTGCTGATTATAAGAATTATCTTTATT

ATTTATTGTCACTTCCGTTGCACGCATAAAACCAACAAGATTTTTATTAATTTTTTTATATTGCATCATTCGGCGAAATCCTTGAGCCATATCTG
ACAAACTCTTATTTAATTCTTCGCCATCATAAACATTTTTAACTGTTAATGTGAGAAACAACCAACGAACTGTTGGCTTTTGTTTAATAACTTC
AGCAACAACCTTTTGTGACTGAATGCCATGTTTCATTGCTCTCCTCCAGTTGCACATTGGACAAAGCCTGGATTTACAAAACCACACTCGAT
ACAACTTTCTTTCGCCTGTTTCACGATTTTGTTTATACTCTAATATTTCAGCACAATCTTTTACTCTTTCAGCCTTTTTAAATTCAAGAATATGCA
GAAGTTCAAAGTAATCAACATTAGCGATTTTCTTTTCTCTCCATGGTCTCACTTTTCCACTTTTTGTCTTGTCCACTAAAACCCTTGATTTTTCA
TCTGAATAAATGCTACTATTAGGACACATAATATTAAAAGAAACCCCCATCTATTTAGTTATTTGTTTAGTCACTTATAACTTTAACAGATGGG

GTTTTTCTGTGCAACCAATTTTAAGGGTTTTCAATACTTTAAAACACATACATACCAACACTTCAACGCACCTTTCAGCAACTAAAATAAAAA
TGACGTTATTTCTATATGTATCAAGATAAGAAAGAACAAGTTCAAAACCATCAAAAAAAGACACCTTTTCAGGTGCTTTTTTTATTTTATAAA
CTCATTCCCTGATCTCGACTTCGTTCTTTTTTTACCTCTCGGTTATGAGTTAGTTCAAATTCGTTCTTTTTAGGTTCTAAATCGTGTTTTTCTTGGA
ATTGTGCTGTTTTATCCTTTACCTTGTCTACAAACCCCTTAAAAACGTTTTTAAAGGCTTTTAAGCCGTCTGTACGTTCCTTAAGGAATTAATTC
CTCGAGAGAGGAAGGCCGTCAAGGCCTTGGCGGAAGGCCGTCAAGGCCGCATGGATCCCCAGATCTAAGCTGTTGTGACCGCTTGCTCTA
GCCAGCTATCGAGTTGTGAACCGATCCATCTAGCAATTGGTCTCGATCTAGCGATAGGCTTCGATCTAGCTATGTAGAAACGCCGTGTGCTCG
ATCGCTTGATAAGGTCCACGTAGCTGCTATAGTTGCTTCAACAGAACATATTGACTATCCGGTATTACCCGGCAGATCTTTGTCGATCCTACCA
TCCACTCGACACACCCGCCAGCGGCCGCTGCCAAGCTTCCGAGCTCTCGAATTCAAAGGAGGTACCCACCATGGTTGAAAAATTTGTTGGC
ACCTGGAAAATTGCCGATAGCCATAATTTTGGCGAATACCTGAAAGCCATTGGTGCACCGAAAGAACTGAGTGATGGTGGTGATGCAACCA
CACCGACACTGTATATTAGCCAGAAAGATGGTGATAAGATGACCGTGAAAATTGAAAATGGTCCGCCTACCTTTCTGGATACCCAGGTTAAA
TTCAAACTGGGCGAAGAATTTGATGAATTTCCGAGCGATCGTCGTAAAGGTGTTAAAAGCGTTGTTAATCTGGTGGGTGAAAAACTGGTTTA
TGTGCAGAAATGGGATGGTAAAGAAACCACCTATGTGCGCGAAATCAAAGATGGTAAACTGGTTGTTACCCTGACCATGGGTGATGTTGTT
GCAGTTCGTAGCTATCGTCGTGCAACCGAATGGTGTCGACTGTCTCGAGGCTGGCATCCCTAACATATCCGAATGGTTACTTAAACAACGGA
GGACTAGCGTATCCCTTCGCATAGGGTTTGAGTTAGATAAAGTATATGCTGAACTTTCTTCTITGCTCAAAGAATCATAAAAAATTTATTTGCT
TTCAGGAAAATTTTTCTGTATAATAGATTCAAATTGTGAGCGGATAACAATTTGAATTCATTAAAGAGGAGAAATTAACTATGAGGGGATCCA
TGATGAAGAGAGAGAAAAATGTTGTATATGGACCCGAACCCCTACACCCCTTGGAAGACTTAACAGCAGGAGAAATGCTCTTCAGGGCCC
TTCGAAAACATTCTCATTTACCGCAGGCTTTAGTAGATGTGTATGGTGAAGAATGGATTTCATATAAAGAGTTTTTTGAAACTACATGCCTACT
AGCACAAAGTCTTCACAATTGTGGATACAAGATGAGTGATGTAGTGTCGATCTGCGCGGAGAACAATAAAAGATTTTTTGTTCCCATTATTG
CAGCTTGGTATATTGGTATGATTGTAGCACCTGTTAATGAGGGCTACATCCCAGATGAACTCTGTAAGGTCATGGGTATATCGAGACCACAAC
TAGTTTTTTGTACAAAGAATATTCTAAATAAGGTATTGGAGGTACAGAGCAGAACTGATTTCATAAAAAGGATTATCATACTAGATGCTGTAG
AAAACATACACGGTTGTGAAAGTCTTCCCAATTTTATTTCTCGTTATTCGGATGGAAATATTGCCAACTTCAAACCTTTACATTACGATCCTGT
TGAACAAGTGGCAGCTATCTTATGTTCGTCAGGCACAACTGGATTACCGAAAGGTGTAATGCAAACTCATAGAAATGTTTGTGTCCGACTTA

TACATGCTTTAGACCCCAGGGTAGGAACGCAACTTATTCCTGGTGTGACAGTCTTAGTATATCTGCCTTTTTTCCATGCTTTTGGGTTCTCTATA
AACTTGGGATACTTCATGGTGGGTCTTCGTGTTATCATGTTAAGACGATTTGATCAAGAAGCATTTCTAAAAGCTATTCAGGATTATGAAGTTC
GAAGTGTAATTAACGTTCCAGCAATAATATTGTTCTTATCGAAAAGTCCTTTGGTTGACAAATACGATTTATCAAGTTTAAGGGAATTGTGTTG
CGGTGCGGCACCATTAGCAAAGGAAGTTGCTGAAATTGCAGTAAAACGATTAAACTTGCCAGGAATTCGCTGTGGATTTGGTTTGACAGAA
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TCTACTTCAGCTAATATACACAGTCTTAGGGATGAATTTAAATCAGGATCACTTGGAAAAGTTACTCCTTTTATGGCAGTTAAAATAGCAGAT
AGGGAAACTGGTAAAGCATTGGGACCAAATCAAGTTGGTGAATTATGCGTCAAAGGTCCCATGGTATCGAAAGGTTACGTAAACAATGTAG
AAGCTACCAAAGAGGCTATTGATGATGATGGTTGGCTTCACTCTGGAGACTTTGGATACTATGATCAGGATGAGCATTTCTATGTGGTGGACC
GTTACAAGGAATTGATTAAATATAAGGGCTCTCAGGTAGCACCTGCAGAACTAGAAGAGATTTTATTGAAAAATCCATGTATCAGAGATGTT
GCTGTGGTTGGTATTCCTGATCTAGAAGCTGGAGAACTGCCATCTGCGTTTGTGGTTATACAGCCCGGAAAGGAGATTACAGCTAAAGAAGT
TTACGATTATCTTGCCGAGAGGGTCTCCCATACAAAGTATTTGCGTGGAGGGGTTCGATTCGTTGATAGCATACCAAGGAATGTTACAGGTAA
AATTACAAGAAAGGAACTTCTGAAGCAGTTGCTGGAGAAGAGTTCTAAACTTTAAAGTCTTCATGGATCCG

Sequence S2: DNA sequence of pCSMR02

gaattcgeggeegctt CTAGAATTCTCGAGAGAGGAAGGCCGTCAAGGCCTTGGCGGAAGGCCGTCAAGGCCGCATGGATCCCCAGATCTAAGCTG
TTGTGACCGCTTGCTCTAGCCAGCTATCGAGTTGTGAACCGATCCATCTAGCAATTGGTCTCGATCTAGCGATAGGCTTCGATCTAGCTATGTA
GAAACGCCGTGTGCTCGATCGCTTGATAAGGTCCACGTAGCTGCTATAGTTGCTTCAACAGAACATATTGACTATCCGGTATTACCCGGCAG

ATCTTTGTCGATCCTACCATCCACTCGACACACCCGCCAGCGGCCGCTGCCAAGCTTCCGAGCTCTCGAATTCAAAGGAGGTACCCACCAT

GGTTGAAAAATTTGTTGGCACCTGGAAAATTGCCGATAGCCATAATTTTGGCGAATACCTGAAAGCCATTGGTGCACCGAAAGAACTGAGT

GATGGTGGTGATGCAACCACACCGACACTGTATATTAGCCAGAAAGATGGTGATAAGATGACCGTGAAAATTGAAAATGGTCCGCCTACCT

TTCTGGATACCCAGGTTAAATTCAAACTGGGCGAAGAATTTGATGAATTTCCGAGCGATCGTCGTAAAGGTGTTAAAAGCGTTGTTAATCTG

GTGGGTGAAAAACTGGTTTATGTGCAGAAATGGGATGGTAAAGAAACCACCTATGTGCGCGAAATCAAAGATGGTAAACTGGTTGTTACCC
TGACCATGGGTGATGTTGTTGCAGTTCGTAGCTATCGTCGTGCAACCGAATGGTGtcgacaggaggactctctatgaaatttggaaactttttgcttacataccaacctccccaa
ttttctcaaacagaggtaatgaaacgtttggttaaattaggtcgcatctetgaggagtgtggtittgataccgtatggttactggagcatcatttcacggagtttggtitgettggtaacccttatgtegetgetgeatatttacttgg
cgcgactaaaaaattgaatgtaggaactgecgctattgttcttcccacageccatecagtacgecaacttgaagatgtgaatttattggatcaaatgtcaaaaggacgatttcggtitggtatttgeccgagggctttacaacaag
gactttcgegtattcggcacagatatgaataacagtcgegecttageggaatgetggtacgggcetgataaagaatggegtgacagagggatatatggaagetgataatgaacatatcaagttccataaggtaaaagtaaa
ccecgeggegtatageagaggtggegeaccggtttatgtggtggctgaatcagettcgacgactgagtgggcetgetcaatttggectaccgatgatattaagttggattataaatactaacgaaaagaaagceacaacttga

gctttataatgaagtggctcaagaatatgggceacgatattcataatatcgaccattgcettatcatatataacatctgtagatcatgactcaattaaagegaaagagatttgecggaaatttctggggeattggtatgattcttatgt
gaatgctacgactatttttgatgattcagaccaaacaagaggttatgatttcaataaagggcagtggcegtgactttgtattaaaaggacataaagatactaatcgecgtattgattacagttacgaaatcaatcecgtgggaac
geegeaggaatgtattgacataattcaaaaagacattgatgctacaggaatatcaaatatttgttgtggatttgaagcetaatggaacagtagacgaaattattgettccatgaagcetcttccagtctgatgtcatgcecatttctta

aagaaaaacaacgttcgctattatattagctaaggaggtaaagaaatgaaatttggattgttcttccttaacttcatcaattcaacaactgttcaagaacaaagtatagttcgcatgcaggaaataacggagtatgttgataagt
tgaattttgaacagattttagtgtatgaaaatcatttttcagataatggtgttgtcggegctectctgactgtttctggtttictgetcggtitaacagagaaaattaaaattggttcattaaatcacatcattacaactcatcatectgt
ccgcatageggaggaagcttgcettattggatcagttaagtgaagggagatttattttagggtttagtgattgcgaaaaaaaagatgaaatgceatttttttaatcgeceggttgaatatcaacagceaactatttgaagagtgttat
gaaatcattaacgatgctttaacaacaggctattgtaatccagataacgatttttatagcttccctaaaatatctgtaaatecccatgettatacgecaggeggacctcggaaatatgtaacagcaaccagtcatcatattgttga

gtgggceggcecaaaaaaggtattectetcatctttaagtgggatgattctaatgatgttagatatgaatatgetgaaagatataaageegetgeggataaatatgacgttgacctatcagagatagaccatcagttaatgatatt
agttaactataacgaagatagtaataaagctaaacaagagacgcgtgcatttattagtgattatgttcttgaaatgcaccctaatgaaaatttcgaaaataaacttgaagaaataattgcagaaaacgctgtcggaaattatac
ggagtgtataactgeggctaagttggeaattgaaaagtgtggtgcgaaaagtgtattgetgtectitgaaccaatgaatgatttgatgagecaaaaaaatgtaatcaatattgttgatgataatattaagaagtaccacatga

aatatacctaataggtaccaggaggaaggcaaatatgactaaaaaaatttcattcattattaacggcecaggttgaaatctttcccgaaggtgatgatttagtgcaatccattaattttggtgataatagtgtttacctgecaatatt
gaatgactctcatgtaaaaaacattattgattgtaatggaaataacgaattacggttgcataacattgtcaattttctctatacggtagggcaaagatggaaaaatgaagaatactcaagacgcaggacatacattcgtgactt
aaaaaaatatatgggatattcagaagaaatggctaagctagaggcecaattggatatctatgattttatgtictaaaggeggcctttatgatgttgtagaaaatgaacttggttctcgecatatcatggatgaatggcetacctcag
gatgaaagttatgttcgggcttttccgaaaggtaaatctgtacatctgttggcaggtaatgttccattatctgggatcatgtctatattacgegcaattttaactaagaatcagtgtattataaaaacatcgtcaaccgatcecttttac
cgctaatgcattagcgttaagttttattgatgtagaccctaatcatccgataacgegctctttatctgttatatattggecccaccaaggtgatacatcactcgcaaaagaaattatgcaacatgeggatgttattgtegettgggg
agggccagatgcgattaattgggeggtagagcatgegcecatcttatgetgatgtgattaaatttggtictaaaaagagtctttgcattatcgataatectgttgatttgacgtcegeagegacaggtgeggctcatgatgttigtt
tttacgatcagcgagcttgtttttctgcccaaaacatatattacatgggaaatcattatgaggaatttaagttagegttgatagaaaaacttaatctatatgegceatatattaccgaatgccaaaaaagattttgatgaaaaggeg
gcctattctttagttcaaaaagaaagcettgtttgctggattaaaagtagaggtggatattcatcaacgttggatgattattgagtcaaatgcaggtgtggaatttaatcaaccacttggeagatgtgtgtaccttcatcacgtega

taatattgagcaaatattgecttatgttcaaaaaaataagacgcaaaccatatctatttttccttgggagtcatcatttaaatatcgagatgegttageattaaaaggtgeggaaaggattgtagaagcaggaatgaataacata
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tttcgagttggtggatctcatgacggaatgagaccgttgcaacgattagtgacatatatttctcatgaaaggecatctaactatacggctaaggatgttgeggttgaaatagaacagactcgattcctggaagaagataagtt
ccttgtatttgtcccataatggaggtaaaagtatggaaaatgaatcaaaatataaaaccatcgaccacgttatttgtgtigaaggaaataagaaaattcatgtttgggaaacgctgecagaagaaaacagceccaaagagaa
agaatgccattattattgegtctggttttgecccgeaggatggatcattttgetggtctggeggaatatttatcgeggaatggatttcatgtgateegcetatgattegettcaccacgttggattgagttcagggacaattgatgaatt
tacaatgtctataggaaagcagagcttgttagcagtggttgattggttaactacacgaaaaataaataacttcggtatgttggcttcaagcttatctgegeggatagcettatgcaagectatctgaaatcaatgcttegtttttaat
caccgceagtcggtgttgttaacttaagatattctcttgaaagagcetttagggtttgattatctcagtctacccattaatgaattgecggataatcttgattttgaaggcecataaattgggtgetgaagtctttgecgagagattgtettg
attttggttgggaagatttagcttctacaattaataacatgatgtatcttgatataccgtttattgcettttactgcaaataacgataattgggtcaagcaagatgaagttatcacattgttatcaaatattcgtagtaatcgatgcaag
atatattctttgttaggaagttcgcatgacttgagtgaaaatttagtggecectgegceaatttttatcaateggttacgaaagecgcetatcgegatggataatgatcatctggatattgatgttgatattactgaaccgtcatttgaac
atttaactattgcgacagtcaatgaacgccgaatgagaattgagattgaaaatcaagceaatttctetgtcttaaagaatcctgaggaggaaaacaggtatgacttcatatgtigataaacaagaaattacagcaagetcagaa
attgatgatttgattttttcgagcgatccattagtgtggtcttacgacgagcaggaaaaaatcagaaagaaacttgtgcettgatgcatttcgtaatcattataaacattgtcgagaatategtcactactgtcaggceacacaaagt
agatgacaatattacggaaattgatgacatacctgtattcccaacateggtttitaagtttactcgcettattaacttctcaggaaaacgagattgaaagttggtitaccagtageggceacgaatggtttaaaaagtcaggtggeg
cgtgacagattaagtattgagagactcttaggctctgtgagttatggcatgaaatatgttggtagttggtitgatcatcaaatagaattagtcaatttgggaccagatagatttaatgctcataatatttggtttaaatatgttatga
gtttggtggaattgttatatcctacgacatttaccgtaacagaagaacgaatagattttgttaaaacattgaatagtcttgaacgaataaaaaatcaagggaaagatctttgtcttattggticgecatactttatttatttactctge
cattatatgaaagataaaaaaatctcattttctggagataaaagcctttatatcataaccggaggeggcetggaaaagttacgaaaaagaatctctgaaacgtgatgatttcaatcatcttttatttgatactttcaatctcagtgat
attagtcagatccgagatatatttaatcaagcetgaactcaacacttgtttctttgaggatgaaatgcagegtaaacatgticegecgtgggtatatgegegagegcettgatectgaaacgttgaaacctgtacctgatggaacg
ccggggttgatgagttatatggatgegtcageaaccagttatccageatttattgttaccgatgatgtcgggataattagcagagaatatggtaagtatcccggegtgcetegttgaaattttacgtcgegtcaatacgaggacg
cagaaagggtgtgctttaagcttaaccgaagegtttgatagttgatatccageaggatcctgagegecggtegcetaccattaccagtiggtctggtgtcaaaaataataataaccgggeaggcecatgtcetgecegtatttcge
gtaaggaaatccattatgtactatttaattctgegtgacatcccatcgatcagaccagtttttaatttgtgtgtttecatgtgtecagtttggegegecccatecgaccattgactgecactggattcactgeatgacgetgecgaga
cagctgacgctttcaggacagaagctgattcagcagecgctgectgagetaaaagecatgegcagaaatgagaaaaaaatacacatcaacatgeatggatcatetggtgegettccagtggaaaaacctgaaagaactg
agattctactggaagacattcatacggagtctggcttttcaatcagtatccgeggaacggctacgttttccttccataaagacgaggggattgttacgctggaacgaaagagcetttgacggaaaaagaacagaagcegagac
attgccgcatcaaggatttgcataccgtacacatgtttctcgacgcegtcatetgtggaaatctttatcaataacggagaagaggtctttagtgcaagatattttectttcecgggaaatcatgaagtaacagecagtgegacegg
gaaatcctggegtaatagegaagaggeccgcaccgategeccttcccaacagttgegeagectgaatggegaatggegectgatgeggtattttctecttacgcatetgtgeggtatttcacaccgeatatggtgeactetca
gtacaatctgctctgatgecgceatagttaagecageccegacaccegecaacacccgetgacgegecctgacgggcttgtetgeteccggeatecgettacagacaagetgtgaccegtetecgggagcetgeatgtgtcaga
ggttttcaccgtcatcaccgaaacgcgegagacgaaagggcectegtgatacgcectatttttataggttaatgtcatgataataatggtticttagacgtcaggtggceacttticggggaaatgtgegeggaaccectatttgttta
tttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatttecgtgtegeccttatteccttttttgeggceattttgecttectgtttitget
cacccagaaacgctggtgaaagtaaaagatgcetgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacageggtaagatecttgagagttttcgececgaagaacgttttccaatgatgageactttta
aagttctgctatgtggcgeggtattatcccgtattgacgecgggraagagceaacteggtegecgeatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagceatcttacggatggceatgacagtaag
agaattatgcagtgctgcecataaccatgagtgataacactgeggcecaacttacttctgacaacgatcggaggaccgaaggagcetaaccgcttttttgcacaacatgggggatcatgtaactcgecttgategttgggaaceg
gagctgaatgaagccataccaaacgacgagcegtgacaccacgatgectgtageaatggcaacaacgttgegceaaactattaactggegaactacttactctagettcecggeaacaattaatagactggatggaggegga
taaagttgcaggaccacttctgegetcggeccttecggetggctggtttattgetgataaatctggagecggtgagegtgggtctegeggtatcattgcageactggggecagatggtaageectecegtategtagttatcta
cacgacggggagtcaggcaactatggatgaacgaaatagacagatcgcetgagataggtgcectcactgattaageattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaa
aggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgticcactgagegtcagaccccgtagaaaagatcaaaggatcttettgagatcctttttttetgegegtaatctgetgettgeaaa
caaaaaaaccaccgctaccageggtggtttgtitgccggatcaagagcetaccaactctttttccgaaggtaactggcttcageagagcegceagataccaaatactgttcttctagtgtagecgtagttaggcecaccacttcaaga
actctgtagcaccgcectacatacctegcetctgetaatectgttaccagtggetgetgecagtggegataagtegtgtcttaccgggttggactcaagacgatagttaccggataaggegeageggtegggctgaacgggge
gttcgtgcacacageccagcettggagegaacgacctacaccgaactgagatacctacagegtgagcetatgagaaagegecacgcettcecgaagggagaaaggeggacaggtatecggtaageggeagggteggaac
aggagagcgcacgagggagcttccagggggaaacgectggtatetttatagtectgtegggtttegecacctetgacttgagegtegatttttgtgatgetegtcaggggegcggagectatggaaaaacgccageaacg
cggcctttttacggttectggecttitgetggecttttgetcacatgttctttectgegttatcecctgattetgtggataaccgtattaccgectttgagtgagetgataccgetegecgeagecgaacgaccgagegeagegagte
agtgagcgaggaagceggaagagcgcccaatacgcaaaccgcctcteccccgegegttggccgattcattaatgcaggacagceacatgaccaggagcettegtcgecgggcttatgaagaagtggagaaaaaagagecca
tcgctaacagegatccgeaccgecagcattttcatatcatgecgeeggttgggctgctgaatgaccegaatggegtgatttattggaagggcagctatcatgtattetttcagtggeagecegtttcagacggggeacggegea
aaattttgggggcattatacgacacaggatgttgtgaattggaagegggaagagattgegetggeteccgagtgattggtitgataaaaacggcetgetactcgggeagegetgtcacgaaagacgateggcetctatctttttta
cacaggaaatgtcagggatcaggatggaaatcgggaaacgtatcaatgecttgetgtitctgacgacgggcetgtectttgagaaaaagggtgtegtcgeccgecttccggaaggatatacggegcattttcgegatecgaa

ggtatgggagcatgaaggcacatggtatatggtgattggtgcgcaaacagagaatttgaaagggceaggcetgtgttgtttgetictgataacctgacagagtggagatttcttggeccgataaceggegegggcttcaacg

ggctggacgattttggegegectaaacggatcaaggagatggcegcccaacagtcecccggecacggggectgecaccatacccacgecgaaacaagegcetcatgageccgaagtggegageccgatetteccecategg
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tgatgtcggegatataggegcecagcaaccgcacctgtggegecggtgatgecggecacgatgegtecggegtagaggatctggagetgtaatataaaaaccttcttcaactaacggggceaggttagtgacattagaaaa
ccgactgtaaaaagtacagtcggcattatctcatattataaaagcecagtcattaggectatctgacaattectgaatagagttcataaacaatcectgcatgataaccatcacaaacagaatgatgtacctgtaaagatageggt
aaatatattgaattacctttattaatgaattttcctgctgtaataatgggtagaaggtaattactattattattgatatttaagttaaacccagtaaatgaagtccatggaataatagaaagagaaaaagcattttcaggtataggt
gttttgggaaacaatttccecgaaccattatatttctctacatcagaaaggtataaatcataaaactctttgaagtcattctttacaggagtccaaataccagagaatgttttagatacaccatcaaaaattgtataaagtggcetcta
acttatcccaataacctaactcteegtegctattgtaaccagttctaaaagcetgtatttgagtttatcacecttgtcactaagaaaataaatgcagggtaaaatttatatecttcttgttttatgtttcggtataaaacactaatatcaatt
tctgtggttatactaaaagtegttigttggttcaaataatgattaaatatctcttttctcttccaattgtctaaatcaattttattaaagttcatttgatatgectectaaatttttatctaaagtgaatttaggaggcettacttgtetgcetttett
cattagaatcaatccttttttaaaagtcaatattactgtaacataaatatatattttaaaaatatcccactttatccaattttegtttgttgaactaatgggtgctttagttgaagaataaaagaccacattaaaaaatgtggtcttttgtg

tttttttaaaggatttgagegtagegaaaaatccttttctttcttatcttgataataagggtaactattgecgatgataagcetgtcaaacatga

Sequence S3: DNA sequence of pTwist-Pbad-riboJ-0015T

AGGCTAGGTGGAGGCTCAGTGATGATAAGTCTGCGATGGTGGATGCATGTGTCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTC
AGAGGGCACAATCCTATTCCGCGCTATCCGACAATCTCCAAGACATTAGGTGGAGTTCAGTTCGGCGTATGGCATATGTCGCTGGAAAGAAC
ATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCAT
CACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGC
TCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATC
TCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGT
CTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTA
CAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAA
AGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAG
GATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCTATTCAACAAAGCCGCCGTCCCGTCAAGTCAGCGTAAATGGGTAGGG
GGCTTCAAATCGTCCTCGTGATACCAATTCGGAGCCTGCTTTTTTGTACAAACTTGTTGATAATGGCAATTCAAGGATCTTCACCTAGATCCTT
TTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATC
TCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGT
GCTGCAATGATACCGCGAGAGCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGT
CCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTT
GCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCC
CCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCA
GCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGC
GGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCT
TCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACT
TTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCAT
ACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAG
GGGTTCCGCGCACATTTCCCCGAAAAGTGCCAGATACCTGAAACAAAACCCATCGTACGGCCAAGGAAGTCTCCAATAACTGTGATCCACC
ACAAGCGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTCATGCATAATCCGCACGCATCTGGAATAAGGAAGTGCCATTC
CGCCTGACCTGGATCCttatgacaacttgacggctacatcattcactttttcttcacaaccggeacggaactegctegggctggecccggtgcattttttaaatacccgegagaaatagagttgategtcaaaacc
aacattgcgaccgacggtggcgataggeatcegggtggtgctcaaaageagettegectggetgatacgttggtectcgegecagettaagacgctaatecctaactgetggeggaaaagatgtgacagacgegacgge
gacaagcaaacatgctgtgcgacgctggctatatcaaaattgetgtetgecaggtgategetgatgtactgacaagectegegtacecgattatccateggtggatggagegactegttaategettecatgegecgeagtaa
caattgctcaagcagatttatcgccagcagcetccgaatagegeccttecccttgeccggegttaatgatttgeccaaacaggtegetgaaatgeggcetggtgegettcatecgggegaaagaaccecgtattggeaaagattg
acggccagttaagccattcatgccagtaggegegeggacgaaagtaaacccactggtgataccattegegagectecggatgacgaccgtagtgatgaatctctectggegggaacagcaaaatatcacecggteggea
aacaaattctegtecctgatttttcaccaccecctgaccgegaatggtgagattgagaatataacctttcattcccageggteggtcgataaaaaaatcgagataaccgttggectcaateggegttaaacccgecaccagatg

ggcattaaacgagtatcccggceageaggggatcattttgegcttcagecatacttttcatactcccgecattcagagaagaaaccaattgtecatattgeatcagacattgecgtcactgegtcettttactggctettetegetaac

253
254
255
256
257
258
259
260
261

262

263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293



Mar. Drugs 2024, 22, x FOR PEER REVIEW 13 of 16

caaaccggtaaccccgcttattaaaagcattctgtaacaaagegggaccaaagecatgacaaaaacgcgtaacaaaagtgtctataatcacggceagaaaagtccacattgattatttgcacggegtcacactttgetatgee
atagcatttttatccataagattagcggatcttacctgacgctttttatcgcaactctctactgtttctccat GCGGCCGCaattagetgtcaccggatgtgctttceggtetgatgagtecgtgaggacgaaacagectctac
aaataattttgtttaaGAATTCGCGGCCGCAAGCTTatatGTCGACccaggcatcaaataaaacgaaaggctcagtcgaaagactgggcctttegttttatctgttgtitgtcggtgaacgctetctactag

agtcacactggctcaccttcgggtgggcectttetgegtttata

Sequence S4: DNA sequence of pMMO001B

CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATC
CCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGGCCGCTACAGGGCGCTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAA
GGGCGTTTCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTT
TCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAGCGCGACGTAATACGACTCACTATAGGGCGAAGGAAGGCCGTCAAGGCCTTGGCG
GAAGGCCGTCAAGGCCGCATGGATCC Cttatgacaacttgacggctacatcattcactttttcttcacaaccggceacggaactcgetegggcetggecccggtgcatttittaaatacccgegagaaataga
gttgatcgtcaaaaccaacattgegaccgacggtggcgataggeatcegggtggtgctcaaaageagcettcgectggetgatacgtiggtectcgegecagettaagacgctaateectaactgetggeggaaaagatgtg
acagacgcgacggcgacaagcaaacatgetgtgegacgcetggctatatcaaaattgetgtctgecaggtgategetgatgtactgacaagectegegtacccgattatccatcggtggatggagegactcgttaategette
catgcgecgeagtaacaattgetcaageagatttatcgecageagetccgaatagegecctteeccttgeceggegttaatgatttgeccaaacaggtegetgaaatgeggetggtgegcttcatcegggegaaagaaccce
gtattggcaaagattgacggccagttaagecattcatgecagtaggegegeggacgaaagtaaacccactggtgataccattcgegagectccggatgacgaccgtagtgatgaatetetectggegggaacagcaaaat
atcacccggteggceaaacaaattetegtecctgatttttcaccaccecctgaccgegaatggtgagattgagaatataacctttcattcccageggteggtegataaaaaaatcgagataaccegttggectcaatcggegttaa
acccgccaccagatgggcattaaacgagtatcccggceagcaggggatcattttgegcttcagecatacttttcatactcccgecattcagagaagaaaccaattgtecatattgcatcagacattgecgtcactgegtcettttact
ggctettctcgetaaccaaaccggtaaccecgcttattaaaageattctgtaacaaagegggaccaaagcecatgacaaaaacgegtaacaaaagtgtctataatcacggcagaaaagtecacattgattatttgeacggegt
cacactttgctatgccatagcatttttatccataagattageggatcttacctgacgctttttatcgeaactctctactgtttctccat GCGGCCGCaattagcetgtcaccggatgtgctttecggtetgatgagtecgtgagga
cgaaacagcctctacaaataattttgtttaaGAATTCAAAGGAGGTACCCACCATGGTTGAAAAATTTGTTGGCACCTGGAAAATTGCCGATAGCCATAATTTT
GGCGAATACCTGAAAGCCATTGGTGCACCGAAAGAACTGAGTGATGGTGGTGATGCAACCACACCGACACTGTATATTAGCCAGAAAGAT
GGTGATAAGATGACCGTGAAAATTGAAAATGGTCCGCCTACCTTTCTGGATACCCAGGTTAAATTCAAACTGGGCGAAGAATTTGATGAATT
TCCGAGCGATCGTCGTAAAGGTGTTAAAAGCGTTGTTAATCTGGTGGGTGAAAAACTGGTTTATGTGCAGAAATGGGATGGTAAAGAAACC
ACCTATGTGCGCGAAATCAAAGATGGTAAACTGGTTGTTACCCTGACCATGGGTGATGTTGTTGCAGTTCGTAGCTATCGTCGTGCAACCGA
ATAAACTAGTCTGGGCCTCATGGGCCTTCCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAACATGGTCATAGC
TGTTTCCTTGCGTATTGGGCGCTCTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGGTAAAGCCTGGGGTGCCTAATGAGCAA
AAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATC
GACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCC
GACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGT
GTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCA
ACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCIT
GAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGT
AGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAG
AAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATC
TTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCA
GTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTAC
CATCTGGCCCCAGTGCTGCAATGATACCGCGAGAACCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCG
AGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTT
TGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGC
GAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCA
CTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCT
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GAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATC
ATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATC
TTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAA
ATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAA
AAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCAC

Sequence S5: DNA sequence of pPCSMR03B

CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATC
CCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGGCCGCTACAGGGCGCTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAA
GGGCGTTTCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTT
TCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAGCGCGACGTAATACGACTCACTATAGGGCGAATTGGCGGAAGGCCGTCAAGGCCG
CATGGATCCttatgacaacttgacggctacatcattcactttttcttcacaaccggcacggaactcgetegggcetggecccggtgcatttittaaatacccgegagaaatagagttgatcgtcaaaaccaacattgegac
cgacggtggcgataggcatcegggtggtgctcaaaageagceticgectggetgatacgttggtectcgegecagettaagacgctaateectaactgetggeggaaaagatgtgacagacgegacggegacaagceaaa
catgctgtgegacgctggcetatatcaaaattgetgtetgecaggtgatcgetgatgtactgacaagectegegtaccegattatccateggtggatggagegactegttaategcettecatgegecgeagtaacaattgetcaa
gcagatttatcgccagcagctecgaatagegceecttececttgeccggegttaatgatttgeccaaacaggtegetgaaatgeggetggtgegcettcatccgggegaaagaaccecgtattggcaaagattgacggecagtt
aagccattcatgecagtaggegegeggacgaaagtaaacccactggtgataccattcgegagectceggatgacgaccgtagtgatgaatctctectggegggaacagceaaaatatcacceggteggceaaacaaattete
gtccctgatttttcaccacccectgaccgegaatggtgagattgagaatataacctttcattcccageggteggtcgataaaaaaatcgagataaccgttggectcaateggegttaaaccegecaccagatgggcattaaac
gagtatcceggeageaggggatcattttgegcttcagecatacttttcatactcccgecattcagagaagaaaccaattgtecatattgeatcagacattgecegtcactgegtcttttactggetcttetegetaaccaaaccggta
accccgcttattaaaagceattctgtaacaaagegggaccaaagcecatgacaaaaacgegtaacaaaagtgtctataatcacggcagaaaagtccacattgattatitgcacggegtcacactttgcetatgecatagceattttta
tccataagattagcggatcttacctgacgctttttatcgeaactctctactgtttctccat GCGGCCGCaattagcetgtcaccggatgtgctttecggtetgatgagtecgtgaggacgaaacagectctacaaataattttgt
ttaaGAATTCAAAGGAGGTACCCACCATGAAAAAAATCTGGCTGGCACTGGCAGGTCTGGTTCTGGCATTTAGCGCAAGCGCAGCACAGTAT
GAAGATCTGGAAGGTCCGGCAGGCCTGATGGTTGAAAAATTTGTTGGCACCTGGAAAATTGCCGATAGCCATAATTTTGGCGAATACCTGA
AAGCCATTGGTGCACCGAAAGAACTGAGTGATGGTGGTGATGCAACCACACCGACACTGTATATTAGCCAGAAAGATGGTGATAAGATGA
CCGTGAAAATTGAAAATGGTCCGCCTACCTTTCTGGATACCCAGGTTAAATTCAAACTGGGCGAAGAATTTGATGAATTTCCGAGCGATCGT
CGTAAAGGTGTTAAAAGCGTTGTTAATCTGGTGGGTGAAAAACTGGTTTATGTGCAGAAATGGGATGGTAAAGAAACCACCTATGTGCGCG
AAATCAAAGATGGTAAACTGGTTGTTACCCTGACCATGGGTGATGTTGTTGCAGTTCGTAGCTATCGTCGTGCAACCGAATAAACTAGTCTG
GGCCTCATGGGCCTTCCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAACATGGTCATAGCTGTTTCCTTGCGTA
TTGGGCGCTCTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGGTAAAGCCTGGGGTGCCTAATGAGCAAAAGGCCAGCAAA
AGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTC
AGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCT
TACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCG
CTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGAC
ACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCC
TAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCG
GCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGAT
CTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCC
TTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTAT
CTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAG
TGCTGCAATGATACCGCGAGAACCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGG
TCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTT
GCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCC
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CCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCA
GCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGC
GGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCT
TCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACT
TTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCAT
ACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAG
GGGTTCCGCGCACATTTCCCCGAAAAGTGCCAC

Sequence S6: DNA sequence of pPCSMR04B

CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATC
CCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGGCCGCTACAGGGCGCTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAA
GGGCGTTTCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTT
TCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAGCGCGACGTAATACGACTCACTATAGGGCGAATTGGCGGAAGGCCGTCAAGGCCG
CATGGATCCttatgacaacttgacggctacatcattcactttttcttcacaaccggcacggaactcgetcgggcetggecccggtgcatttittaaatacccgegagaaatagagttgatcgtcaaaaccaacattgegac
cgacggtggcgataggcatcegggtggtgctcaaaageagceticgectggetgatacgttggtectcgegecagettaagacgctaateectaactgetggeggaaaagatgtgacagacgegacggegacaagceaaa
catgctgtgegacgctggcetatatcaaaattgcetgtetgecaggtgategetgatgtactgacaagectegegtaccegattatccateggtggatggagegactegttaategcettecatgegecgeagtaacaattgetcaa
gcagatttatcgccagcagctecgaatagegeecttececttgeccggegttaatgatttgeccaaacaggtegetgaaatgeggetggtgegcettcatccgggcgaaagaaccecgtattggcaaagattgacggecagtt
aagccattcatgecagtaggegegeggacgaaagtaaacccactggtgataccattcgegagectceggatgacgaccgtagtgatgaatctctectggegggaacagceaaaatatcacceggteggceaaacaaattete
gtcectgatttttcaccacccectgaccgegaatggtgagattgagaatataacctttcattcccageggteggtcgataaaaaaatcgagataaccgttggectcaateggegttaaaccegecaccagatgggcattaaac
gagtatcceggeageaggggatcattttgegcttcagecatacttttcatactcccgecattcagagaagaaaccaattgtecatattgeatcagacattgecegtcactgegtcttttactggetcttetegetaaccaaaccggta
accccgcttattaaaagceattctgtaacaaagegggaccaaagcecatgacaaaaacgegtaacaaaagtgtctataatcacggcagaaaagtccacattgattatitgcacggegtcacactttgetatgecatagceattttta
tccataagattagcggatcttacctgacgctttttatcgeaactctctactgtttctccat GCGGCCGCaattagcetgtcaccggatgtgctttecggtetgatgagtecgtgaggacgaaacagectctacaaataattttgt
ttaaGAATTCAAAGGAGGTACCCACCATGGCAAATAACAATGACCTGTTTCAGGCAAGCCGTCGTCGTTTTCTGGCACAGTTAGGTGGTCTGA
CCGTTGCAGGTATGCTGGGTCCGAGCCTGCTGACACCGCGTCGTGCAACCGCAGCACAGGCAGCAATGGTTGAAAAATTTGTTGGCACCTG
GAAAATTGCCGATAGCCATAATTTTGGCGAATACCTGAAAGCCATTGGTGCACCGAAAGAACTGAGTGATGGTGGTGATGCAACCACACCG
ACACTGTATATTAGCCAGAAAGATGGTGATAAGATGACCGTGAAAATTGAAAATGGTCCGCCTACCTTTCTGGATACCCAGGTTAAATTCAA
ACTGGGCGAAGAATTTGATGAATTTCCGAGCGATCGTCGTAAAGGTGTTAAAAGCGTTGTTAATCTGGTGGGTGAAAAACTGGTTTATGTGC
AGAAATGGGATGGTAAAGAAACCACCTATGTGCGCGAAATCAAAGATGGTAAACTGGTTGTTACCCTGACCATGGGTGATGTTGTTGCAGT
TCGTAGCTATCGTCGTGCCACCGAATAAACTAGTCTGGGCCTCATGGGCCTTCCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGC
CAGCTGCATTAACATGGTCATAGCTGTTTCCTTGCGTATTGGGCGCTCTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGGTA
AAGCCTGGGGTGCCTAATGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCC
CCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAA
GCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTC
ACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTAT
CCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTA
TGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAG
TTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACG
CGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGG
TCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTC
TGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATA
ACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGAACCACGCTCACCGGCTCCAGATTTATCAGCAATAA
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ACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGT 417
AAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAG 418
CTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAA 419
GTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGG 420
TGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATA 421
GCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAA 422
CCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAA 423
AGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGG 424
ATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCAC 425
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