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ABSTRACT: Bacteria produce and react to interspecies signaling
molecules in order to control the expression of genes that are

Biosensor
strain
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particularly beneficial when they are expressed by a bacterial

community. In addition to intraspecies communication, the signaling

molecule autoinducer-2 (AI-2) can also serve for interspecies

communication between Gram-positive and Gram-negative bacteria A2

and is therefore of particular interest. The analysis and quantification . ©

of AI-2 are essential for understanding population density-dependent Phosphorytated "

changes in bacterial behavior and pathogenicity. However, currently »

available bioassays for AI-2 quantification are rather complex, have &9 '

narrow detection ranges, and are very sensitive to trace components / |

of, for example, growth media. To facilitate and improve the detection S

of Al-2, we have developed an Escherichia coli biosensor-based assay e
that is sensitive, cheap, fast, robust, and reliable in the quantification

of biologically active AI-2. The bioassay is based on an Isr promoter-fluorescent reporter gene fusion cassette that we chromosomally
integrated in a biosensor strain, but the cassette can also be used in a low-copy number plasmid for the application in other Gram-
negative bacterial species. We show here that AI-2 quantification was possible in a concentration range from 400 nM to 100 #M and
that a critical interpretation of the kinetics of the measurements can reveal sugar interference. With the help of our biosensor strain,
coculture experiments were done to test the capability and kinetics of AI-2 secretion by various Gram-negative bacteria in real time.
Finally, calibration curves were used to calculate the absolute AI-2 concentration in cell-free bacterial samples.
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B INTRODUCTION

well-characterized AI-2 receptors are the periplasmic binding
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The coordination of population density-dependent gene
expression in bacteria is referred to as quorum sensing
(QS)." QS is usually employed in order to control genes
that are particularly beneficial when they are expressed by a
bacterial community rather than by a single bacterium, e.g,
genes that are involved in biofilm formation or virulence.””>
Among others, Al-2 is known to be an essential universal
interspecies signaling molecule. Its precursor, (S)-4,5-dihy-
droxy-2,3-pentanedione (DPD), is synthesized as a byproduct
of L-homocysteine production by the synthase LuxS,’ a widely
distributed enzyme among Gram-positive and Gram-negative
bacteria.” Depending on the environmental status, DPD
spontaneously circularizes to either boron-containing (S)-2-
methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate (S-THMF-
borate)® or boron-free (R)-2-methyl-2,3,3,4-tetrahydroxytetra-
hydrofuran (R-THMF).” The quick interconversion of AI-2
enables interspecies bacterial crosstalk since both products are
sensed by different kinds of receptors.”*~"* Apart from LuxS-
dependent DPD generation, there is evidence for LuxS-
independent AI-2 synthesis,"” as well as for AI-2 mimicking
molecules that are produced by eukaryotic cells.'"* The most
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proteins LuxP, binding S-THMF-borate,® and LsrB, binding R-
THME.’ LuxP has so far only been found in Vibrio spp.””"> In
response to Al-2, Vibrio spp. produce bioluminescence by a
signaling cascade involving the sensor kinase/phosphatase
LuxQ.*"® LsrB, on the other hand, was found to be part of an
AI-2 import system.'® The receptor was first described in the
Gram-negative bacterium Salmonella enterica serovar Typhi-
murium (S. Typhimurium)'® and was later also found to be
expressed by the enteric bacterium Escherichia coli (E. coli)'” as
well as by several other bacteria.”'® After the import, AI-2 is
phosphorylated by the kinase LsrK.'*'? The phosphorylated
Al-2 inactivates LsrR, a transcription factor that represses the
expression of the IsrRK and the IsrACDBFG operons (Figure
1).'%° In addition to that, the expression of the IsrRK and the
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Figure 1. Schematic model of Al-2-dependent Isr operon expression in E. coli. DPD, the precursor of biologically active AI-2, is synthesized as a

byproduct of L homocysteme production via LuxS® and transported out of the cell since it is hydrophilic and thus considered to be membrane-

1mpermeable As the extracellular AI-2 concentration increases, the molecule is initially transported back into the cell by a PTS- degendent
(

mechanism.”®

Upon incorporation, Al-2 is phosphorylated by LsrK'®'® and subsequently inactivates the Isr operon repressor LsrR.

> LsrA-

promoter induction leads to the expression of the Lsr ABC-transporter (LsrA, LsrB LsrC and LsrD) resulting in a quick internalization of
extracellular AI-2."™'® Phosphorylated Al-2 is afterward degraded by LsrF and LsrG.>’

IsrACDBFG operons is also strictly regulated by catabolite
repression. Therefore, both operons are only expressed when
they are simultaneously activated by CRP-cAMP.'”*%*" Apart
from LsrB and LuxP, also, the periplasmic receptor RbsB,
which is part of a ribose import system and shows structural
similarities to LuxP,” is known to function synergistically in Al-
2 uptake with LsrB in Aggregatibacter actinomycetemcomitans
JP2 and Yersinia pestis CO92 or LsrB-independent in the
nontypeable Haemophilus influenzae strain 86-028NP.**~**
Several bioassays have been described for the qualitative or
quantitative AI-2 analysis in bacterial culture supernatants.
Table S1 of the Supporting Information shows a list of these
assays, including their advantages and limitations (Table S1).
The most widely used AI-2 bioassay is a bioluminescence
assay based on Vibrio harveyi (V. harveyi) strains that produce
light in response to AI-2."'> Two genetically engineered V.
harveyi strains are mostly used. Both strains lack the protein
LuxN (luxN::tn§) and therefore do not produce light in
reaction to autoinducers other than AI-2. The first strain is V.
harveyi BB170, which produces AI-2 as the population grows,"
and the second strain is V. harveyi MM32, which is unable to
synthesize AI-2 due to a luxS deletion.” According to the
literature, quantitative dose—response curves range between
0.1 nM and 800 nM in V. harveyi BB170'***** and between 1
nM and 5 uM in V. harveyi MM32,>°~** which makes these
strains sensitive detectors of low amounts of borated AI-2
(BAI-2). However, Al-2 concentrations above 35 uM show a
bioluminescence quenching effect.”® In addition, Vilchez et al.
showed that growth and bioluminescence of V. harveyi were
strongly influenced by trace elements, which can directly
inhibit AI-2 detection.”® Another problem is that boron is, on
the one hand, essential for the assay but, on the other hand,
can lead to false-positive results at concentrations higher than
500 #M.** A similar problem is known for the very common
media component glucose that can inhibit luminescence and
lead to false-negative results”**® but can also lead to false-
positive results at concentrations higher than 0.08 g/L.** Long
etal. generated a V. harveyi reporter strain that is, due to luxN/
gsS*> mutations, also restricted to Al-2-dependent induction
of luminescence and, due to a luxS deletion, unable to
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synthesize AI-2.%°° In this strain, the open reading frame of the
green fluorescent protein (GFP) was transcriptionally fused to
the grr4 promoter that 1s activated by LuxO-P via the BAI-2-
binding LuxP receptor.”®’ In a single-cell assay, the strain
detected BAI-2 in the range of 1 nM—1 uM, thus being as
sensitive as the bioluminescent reporter. An additional method
for detecting AI-2 is an in vitro FRET approach. The assay uses
a LuxP receptor protein coupled to a cyan fluorescent protein
(CFP) and a yellow fluorescent protein (YFP). Upon BAI-2
binding, a change in fluorescence resonance energy transfer
between the fluorescent proteins can be detected in the range
between 1 uM and 60 uM.>**” Noteworthy, the detection
range can vary between protein batches,” and the observed
overall FRET signal change was very small.*’ In addition to
LuxP, also, an LsrB-based biosensor was constructed. The
LsrB- based | assay shows a linear range in between 20 M and 2
mM AI-2.*° However, this assay requires additional ﬂuorescent
dyes that are costly and not always commercially available.””
Another prevalent Al-2-dependent QS screening technique
is the usage of IsrA-promoter fusions with lacZ in either E.
coli”*V* “or V. harveyi™** A subsequent p-galactosidase
activity assay then enables the quantification of AI-2 in
concentrations of more than 1000 uM. 3> However, even
though there are several described modlﬁcatlons of p-
galact051dase assays that allow single-step”> and 96-/384-
plate-based*” protocols, the assay is time-consuming and error-
prone due to multiple downstream steps. Here, we describe a
simple E. coli biosensor-based assay for a sensitive quantitative
Al-2 analysis. We tested an E. coli IsrRK IsrA promoter-yfp
fusion reporter module that was either chromosomally
integrated in the phage A attachment site (attB::PlsrA-yfp) or
on a low-copy plasmid (pMK1) in an E. coli K-12 MG1655
luxS mutant background (E. coli AluxS). We show that using
this simple assay, the quantification of extracellular DPD/AI-2
concentrations in between 400 nM and 100 M was possible.
In addition, sugars in analyzed samples were clearly detectable
by analyzing the kinetics of the module response. In addition
to Al-2 quantification, the reporter module can be used for
real-time AI-2 determination by mixing a bacterial strain to be
tested with the biosensor strain E. coli AluxS with the
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Figure 2. Reporter construct for the measurement of Al-2-dependent YFP expression. (A) The module comprises the E. coli IsrRK operon and yfp
coupled to the E. coli IsrA promoter. The expression of YFP is therefore repressed by LstR. (B) As soon as extracellular AI-2 is incorporated, basal
levels of LsrK phosphorylate AI-2 that subsequently represses LsrR. The Al-2-dependent repression of LsrR results in AI-2-dependent YFP

expression.

chromosomally integrated module (E. coli AluxS (attB::PlsrA-
yfp)). Taken together, our E. coli AluxS (attB::PlsrA-yfp)
biosensor, as well as pMK1, offer new opportunities for an
easy, fast, and reliable AI-2 quantification and kinetic
screening.

B RESULTS AND DISCUSSION

Construction of the PsrA Module. To overcome the
limitations of currently used bioassays for AI-2 quantification,
we developed a reporter gene construct that allows for real-
time quantification of biologically active AI-2. As already
mentioned, the Lsr ABC transporter is the best described AI-2
uptake system in enteric bacteria and members of other
bacterial families (Figure 1).>” Its receptor LsrB is part of the
system that, upon activation, quickly depletes extracellular AlI-
2.'°7% We chose the IsrA promoter (PlsrA) for our reporter
module (Figure 2) because its activation is directly dependent
on LsrR suppression by phosphorylated AI-2 (Figure 2B).

Our PlsrA module, therefore, makes direct use of the
intracellular AI-2 phospho-AI-2 circuit.'””" The construct is
depicted in Figure 2A and comprises the PlsrA-yfp transcrip-
tional fusion, as well as a resistance marker (cat; not shown in
the scheme) directly downstream of yfp. In addition, the
module comprises IsrR and IsrK, as the higher background
transcription levels of less complex, ectopically integrated
reporter constructs were previously attributed to the lack of
these regulators.'” The original PlsrA-yfp fusion was con-
structed in the chromosome of the E. coli K-12 strain MG1655
(E. coli) and then cloned in the low-copy vector pWKS30, and
the resulting plasmid was named pMKI. The plasmid was
introduced in E. coli AluxS, and we named the strain harboring
pMK1 E. coli AluxS (pMK1). In addition, the module was
integrated in the phage 4 attachment site (attB) (reviewed in
ref 46) for direct use as a biosensor. The attB site was chosen
as an integration site because the attB site and its flanking
regions are highly conserved, thus facilitating the potential
future transfer of the module in other E. coli isolates by
recombineering. With respect to the regulation of the module,
the attB site was expected to be as neutral as any other sites of
the E. coli chromosome.”” We named the resulting strain
carrying the chromosomally integrated reporter module E. coli
AluxS (attB::PlsrA-yfp). Like in its native locus, LstR represses
IsrRK and PlsrA-dependent YFP expression (Figure 2A). After
internalization, external AI-2 is phosphorylated by the LsrK
kinase and is therefore repressing LsrR. The repression of LsrR

749

then results in the induction of YFP expression via PlsrA
(Figure 2B)."” The YFP was chosen because it provides a high
and stable fluorescence signal that can also easily be detected
in real time when expressed from chromosomally integrated
modules.”” By choosing the E. coli intracellular AI-2 phospho-
AI-2 circuit, our module directly depends on gene regulation
by LsrR."”*° Also, in addition to the IsrA and IsrR operons,
LsrR also represses genes related to virulence traits in E. coli
and S. Typhimurium.** ** Therefore, an LsrR-repressed
reporter module could also serve as indirect evidence for
general gene activation due to biologically active AI-2
incorporation. Recently, an sfGFP-based two-plasmid system
utilizing the same AI-2 phospho-Al-2 circuit was described, but
its usefulness for absolute quantification of AI-2 in biological
samples was not tested.’””' Notably, using this circuit, the
screening for BAI-2 might still require conversion of BAI-2 in
boron-free AI-2 since the widely described uptake mechanism
receptor LsrB binds only to nonborated AI-2.”'® In addition,
the negative charge in LsrB makes it unlikely that BAI-2 is
imported into the cell via LsrB.” Nevertheless, the LsrB-
independent incorporation of BAI-2, eventually via sugar
transporters, remains to be investigated.

Tests for Function and Specificity. First, we tested our
module in E. coli AluxS (pMK1) according to the assay
protocol (a detailed step-by-step protocol is provided in the
Supporting Information) for functionality and specificity. We
tested synthetic DPD (10 uM final concentration) and the cell-
free supernatant of E. coli as well as the cell-free supernatant of
the E. coli AluxS mutant after 6 h of growth in LB broth
(Figure 3A,B). Upon addition of synthetic DPD or wild-type E.
coli cell-free supernatants, we saw a fluorescence signal
(depicted as relative fluorescence units, RFU), whereas the
addition of H,O or the AluxS mutant cell-free supernatant
only led to a very low but detectable background fluorescence
signal (Figure 3A,B). This indicated that the reporter module
was indeed specifically induced by AI-2, irrespective of whether
it was naturally or synthetically produced. The promoter
kinetics, depicted as the first derivative of the RFU kinetics
(promoter activity), revealed maximal promoter induction 70—
80 min after addition of 10 yuM synthetic DPD and 90 min
after the addition of the E. coli cell-free supernatant (Figure
3C). To calculate the promoter induction strength, we
calculated the areas under the curve of the promoter induction
kinetics. Within every kinetics, the largest area under the curve
measurement was further used as an assay measuring unit and
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Figure 3. Functional test of the reporter module. Relative fluorescence (RFU) and optical density (ODy,,) kinetics of E. coli AluxS (pMK1). (A)
Kinetics upon addition of 10 M synthetic DPD and H,O (sample volumes of 10 uL) and (B) E. coli cell-free supernatant after 6 h of growth and
E. coli AluxS cell-free supernatant after 6 h of growth (sample volumes of S0 yL). (C) Promoter induction depicted as promoter activity. (D) AUC
calculation of promoter inductions. (E) Relative AUC of the indicated treatment to the control (water or E. coli AluxS cell-free supernatant). The
total assay volume was 200 uL. Error bars represent three biological replicates.

shortly named as AUC (Figure 3D). In order to correct for
background level expression of the module, we calculated the
ratio of the AUC of samples to the AUC of the corresponding

negative control (rel. AUC). We saw a 25-fold induction of the
module upon addition of 10 uM synthetic DPD and a 17-fold
induction of the module upon addition of E. coli cell-free
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Figure S. Sugar effect on the induction of the Al-2-dependent YFP expression. (A) Induction of the PlsrA module of E. coli AluxS (pMK1)
depicted as relative AUCs in the presence of different sugars. Shown is the relative AUC of samples with 10 uM synthetic DPD supplemented with
the indicated sugar concentrations. AUC®™™ was 10 uM synthetic DPD only. Sample volumes were 10 4L in each case. The total assay volume
was 200 uL. Statistical analysis was performed using two-way ANOVA; values <0.05 are considered statistically significant. (B) Time points of
maximal PlsrA induction upon addition of 10 M synthetic DPD supplemented with H,O (control); S0 uM Glc, Man, or Gal; 2 mM Glc, Man, or
Gal; and 10 mM Glc or Man. Upon addition of 10 mM Gal, only the second time point of PlsrA induction is depicted. (C) Time point of maximal
PlsrA induction upon addition of 10 4M synthetic DPD supplemented with H,O (control), SO 4uM Rib, 2 mM Rib, and 10 mM Rib. Error bars
represent three biological replicates with two technical replicates each.

supernatant (Figure 3E). These results show (i) that
synthetically as well as biologically produced AI-2 are inducers
of our module and (ii) that our module is specifically induced
by AI-2, as adding the culture supernatant of E. coli AluxS was
equivalent to adding water to our biosensor, indicating that it

did not contain components that were interfering with our
assay.

Determination of the Linear Range of the Measure-
ment. Next, we tested both the pMKIl-based and the
chromosomal attB::PlsrA-yfp reporter construct regarding the
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Figure 6. Comparison of AI-2 production kinetics by different enterobacterial isolates. (A—G) Fluorescence kinetics (100—600 min), depicted as
RFU, during coculture with E. coli AluxS (attB::PlsrA-yfp) and (A) E. coli, (B) S. flexneri, (C) P. mirabilis, (D) C. koseri, (E) K. pneumoniae, (F) K.
aerogenes, and (G) S. Typhimurium. The total assay volume was 200 uL. Error bars represent three biological replicates. (H—N) Relative AUC
measurements of cell-free supernatants at the indicated time points during monoculture of (H) E. coli, (1) S. flexneri, (J) P. mirabilis, (K) C. koseri,
(L) K. pneumoniae, (M) K. aerogenes, and (N) S. Typhimurium. AUC®™™ was E. coli AluxS cell-free supernatant. Sample volumes were 50 yL in
each case. The total assay volume was 200 uL. Error bars represent three technical replicates.

linearity of our AI-2 concentration measurements. We saw that
the strength of the module induction correlated very well with
AI-2 concentration, i.e. resulting in higher AUC with
increasing DPD concentrations (Figure S1). We were able to
generate highly reproducible dose—response curves in a range
between 400 nM and 100 yM of the synthetic DPD final
concentration by using pMK1 (Figure 4A) and in a range
between 1 yM and 100 uM of the final concentration by using
the chromosomal reporter fusion (Figure 4B). Figure 4 shows
average values and standard deviations of one experiment with
three technical replicates. The absolute fluorescence emission
differed more in between biological replicates than in between
technical replicates of one experiment. However, the relative
strength of promoter induction in response to increasing Al-2
concentrations remained reproducible (see Figure S2AB for
two additional biological replicates). This was expected and
simply shows that a standard curve with known inducer
concentrations is necessary for absolute quantifications,
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whereas the relative quantification of the Al-2 concentrations
in two samples is easily possible without a standard curve.
Sensitivity of the Modules to Sugar Interference. As
already shown above, the module was not activated in the
culture supernatant of E. coli AluxS, indicating that it is specific
for AI-2. However, it is well-known that especially, the
bioluminescence-based V. harveyi AI-2 detection assay is
strongly susceptible to sugar, leading to false-positive or
false-negative results, which is especially problematic, as AI-2
quantification is often done in culture supernatants.”*’*
Turovskiy and Chikindas showed that glucose traces of 0.08
g/L led to a 20-fold induction of bioluminescence, whereas
residues of 2 g/L nearly completely quenched biolumines-
cence.”* Also, the expression of the E. coli Isr operon is known
to be negatively affected by sugars, e.g, by CRP-mediated
carbon catabolite repression via glucose or glycerol'”*" or by
direct regulation of LsrK via HPr, a protein that is part of the
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phosphoenolpyruvate-dependent sugar phosphotransferase
system (PTS).>”

We therefore systematically tested the effect of different
sugars on the induction of PlsrA in E. coli AluxS (pMK1). We
added different amounts of p-(+)-glucose (Glc), p-(+)-man-
nose (Man), p-(+)-galactose (Gal), and p-(—)-ribose (Rib) to
a fixed amount of DPD (10 uM) and determined the relative
AUC according to the assay protocol (Figure SA). For the
subsequent analysis, we used the AUC of 10 uM DPD with no
sugar supplementation as a control. When compared to the
control, we saw in between 0.9-fold suppression and 1.1-fold
induction upon addition of 50 yM sugar, in between 0.9-fold
suppression and 1.3-fold induction upon addition of 2 mM
sugar, and a suppression up to 0.3-fold at 10 mM, depending
on the type of sugar (Figure SA).

Interestingly, the effect of Glc, Man, or Gal supplementation
was clearly discernible in the promoter kinetics. Without
addition of any sugar, the module was maximally induced after
70—80 min, and the induction kinetics of the module was very
similar to the kinetics for SO uM for all sugars (Figure SB,C
and Figure S3). However, upon addition of 2 mM Glc, Man, or
Gal, the module showed a weak induction after approximately
70 min followed by a transient decline in activity and a second
peak after approximately 100 min (Figure S3A—C). Therefore,
the higher total YFP expression, as compared to addition of
none or 50 uM sugar, was not due to a higher YFP expression
rate but an overall longer response of the module (compare
Figure SA to Figure S3A—C). Upon addition of 10 mM Glc or
Man, the module again showed a weak induction after 70 min,
similar to what we observed upon supplementation of 2 mM of
the same sugars. However, the second peak was substantially
delayed for approximately 3.5 h (Figure SB and Figure S3A,B).
The addition of 10 mM Gal had a similar effect, but the second
peak was even more delayed than that for Glc and Man.
Moreover, the YFP production rate was also reduced, most
likely due to AI-2 instability.”>>* As the second peak was also
substantially smaller than that with a lower or no Gal
supplementation, the AUC was significantly lower upon
supplementation of 10 mM Gal (compare Figure S3C to
Figure SA). The observed activity pattern of the module in the
presence of Glc, Man, and Gal could be explained by a
coordinated interplay of the regulators of PlsrA: The first peak
likely resulted from LsrR-Al-2-dependent de-repression of the
promoter. However, the transient or longer-lasting decline of
promoter activity is most likely due to the lack of CRP-
dependent promoter activation due to a sugar-dependent drop
in cAMP levels. Glc and Man are PTS-dependent sugars, and
uptake via PTS results in a low intracellular cAMP level
(reviewed in refs 55—S57). Gal, on the other hand, is
transported via GalP and MgIBAC, while intracellular Gal
also leads to lower cAMP levels (reviewed in refs 58, 59).

The addition of Rib also resulted in an overall less YFP
expression at 10 mM (Figure 5A). However, in contrast to the
other sugars tested, this was not due to a major change in
promoter kinetics (Figure SC and Figure S3D). The peak of
YFP expression was shifted for approximately 10 min, but the
observed difference in the overall response was clearly due to
differences in the YFP production rate (Figure S3D).
Interestingly, the drop in module activity after the first peak,
which was observed upon supplementation of 2 mM and 10
mM for the other sugars investigated, was completely absent in
the case of Rib (compare Figure S3D to Figure S3A—C.. This
suggests that in contrast to the other sugars, the addition of Rib
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did not reduce the intracellular cAMP levels and that the
activation of PlsrA by cAMP-CRP remained possible. The
slight but significant reduction of the module response at 10
mM Rib might be therefore rather due to an inhibition of the
uptake of Al-2, which may indicate that in E. coli, AI-2 and Rib
may compete for RbsB binding, similar to what was described
for Actinobacillus actinomycetemcomitans.”® Overall, the simple
analysis of the kinetics of module induction can give a clear
indication of whether the calculated AI-2 concentration was
valid or if sugar was interfering with the measurement.
However, as the actual PlsrA induction time points can slightly
differ between experiments, it is necessary to include
appropriate controls, e.g., synthetic DPD without sugar
supplementation, when screening for residual sugars.

Analysis of the Kinetics of Al-2 Production in Mixed
Bacterial Cultures. Xavier and Bassler showed that E. coli is
able to import AI-2 produced by V. harveyi, and V. harveyi
produces bioluminescence in response to E. coli-generated AI-2
during coculture experiments.'' Therefore, we decided to test
if our biosensor strain E. coli AluxS (attB::PlsrA-yfp) is suitable
to analyze AI-2 production by a set of Gram-negative bacteria
over time in coculture experiments (Figure 6). Additionally, we
have tested the assay protocol with the Gram-positive
bacterium Staphylococcus aureus 7.1 (S. aureus) (Figure S4).

We mixed E. coli AluxS (attB::PlsrA-yfp) with the bacteria of
interest in a one-to-one ratio and measured the optical density
and YFP expression over time. For E. coli, YFP expression was
induced after around 300 min of coculture (Figure 6A), and
the promoter induction peaked after ~480 min. The kinetics of
YFP expression induction by using E. coli AluxS (attB::PlsrA-
yfp) mirrored the beginning of extracellular AI-2 accumulation
and eventually the uptake via the unspecific PTS-dependent
AI-2 transport®® as indicated by a relatively flat slope from 300
to 400 min (Figure 6A). The subsequent expression of the Al-
2-specific Lsr-ABC-transporter'°™'® then most likely resulted
in a rapid uptake of AI-2, as judged by the steep incline of YFP
expression induction until the total YFP amount reached the
maximum after ~480 min, as judged by the fluorescence signal.
This revealed the functionality of our module during coculture
regarding Al-2-dependent crosstalk between E. coli AluxS
(attB::PlsrA-yfp) and its counterpart E. coli.

Next, we tested cocultures with the Gram-negative bacteria
Shigella flexneri RKI 07-4792 (S. flexneri), Proteus mirabilis
532/04 (P. mirabilis), Citrobacter koseri isolate ATCC BAA89S
(C. koseri), Klebsiclla pneumoniae 52145 (K. pneumoniae),
Klebsiella aerogenes 64 (K. aerogenes), and Salmonella enterica
sv. Typhimurium isolate ATCC 14028 (S. Typhimurium). We
saw Al-2-dependent YFP expression during coculture with S.
flexneri, C. koseri, K. pneumoniae, and K. aerogenes (Figure
6B,D—F). In all cases, YFP expression was induced after
around 300 min of coculture, supporting earlier studies that
showed that the IsrA promoter is repressed in the early growth
stages in LB broth due to catabolite repression.'”*"*!

The coculture with the C. koseri, K. aerogenes, and K
pneumoniae isolates showed similar kinetics to the coculture
with E. coli (compare Figure 6A to Figure 6D—F). Upon
induction, the RFU slowly increased followed by a steep
incline until the promoter induction peaked after ~470—480
min of coculture with C. koseri and with K. aerogenes and after
~500—520 min of coculture with K. pneumonia (Figure 6D—
F). During coculture with S. flexneri, the kinetics did not show
a two-phase RFU increase but a direct steep incline until the
promoter induction peaked after ~400—420 min (Figure 6B).
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The reason for this lack of a two-phase expression pattern
remains to be elucidated.

Coculture with P. mirabilis and S. Typhimurium did not lead
to YFP expression (Figure 6C,G). We hypothesized that the
absence of PlsrA induction might be caused by three possible
reasons. First, P. mirabilis and/or S. Typhimurium might have
killed E. coli by, e.g., microcin secretion (ref 61 reviewed in refs
62, 63). Second, we saw that P. mirabilis and S. Typhimurium
have a faster growth rate in monoculture than E. coli (Figure
S5), which could have resulted in an outgrowth of E. coli
reporter cells. In the latter case, the lack of YFP expression may
therefore be due to AI-2 self-uptake prior to the ability of E.
coli to induce the Isr operon because of catabolite
repression.'”””?' Third, there was the possibility that P.
mirabilis and S. Typhimurium used in this study do not secrete
AI-2 after all. To test our hypotheses, we checked for bacterial
viability after 24 h of coculture. It was shown that different
murine P. mirabilis isolates were able to kill murine E. coli
isolates in coculture in the early stationary phase by using a
contact-dependent killing system.’" The viability assay revealed
that P. mirabilis was able to kill E. coli (data not shown), as no
living E. coli could be recovered from overnight cocultures.
However, after 24 h of coculture with S. Typhimurium, the
viability assay showed that a detectable but much lower
number of E. coli cells were present in the overnight cultures
(data not shown). Therefore, a potential incompatibility of
bacteria for growth in cocultures has definitely to be taken into
consideration and is limiting the analysis of real-time AI-2
production in cocultures with our biosensor strain E. coli AluxS
(attB::PlsrA-yfp). During the cocultures with E. coli, S. flexneri,
C. koseri, K. pneumoniae, and K. aerogenes, the promoter was
induced after around 300 min, leading us to the assumption
that after this time span, the catabolite repression is absent.
Next, PlsrA induction is, in line with cAMP-CRP levels,
specifically dependent on AI-2 (compare Figure 3).'”?%*!
Since the AI-2-dependent YFP expression increased for up to 2
h beginning at this time point (compare Figure 6B,D—F), we
hypothesized that at the time point of PlsrA induction, the
bacterial strains that we tested had produced AI-2. Thus, the
extracellular AI-2 concentration should be measurable. There-
fore, we sampled cell-free supernatants during monoculture
after 5 h, 6 h, and 7 h of growth and measured extracellular Al-
2 by using E. coli AluxS (pMK1) according to our protocol.
We chose the same time points for P. mirabilis and S.
Typhimurium since outgrowth or killing of E. coli should not
affect extracellular Al-2. We saw maximal AI-2 activity in cell-
free supernatants of monocultures of E. coli, S. flexneri, P.
mirabilis, and C. koseri after 6 h of growth (Figure 6H—K). For
K. pneumoniae, we saw high AI-2 activity after S h of growth, so
we also isolated the cell-free supernatant after 4 h of growth
(Figure 6L). Consequently, we saw that K. pneumoniae had
produced AI-2 maximally after S h of monoculture (Figure
6L). Since AI-2 activity was low during S—7 h of monoculture
of K. aerogenes and S. Typhimurium, we chose to analyze cell-
free supernatants after 3 h and 4 h of growth (Figure 6M,N).
Subsequently, we saw that both bacteria had produced
maximal AI-2 after 4 h of monoculture (Figure 6M,N). In
summary, the real-time analysis can be a beneficial experiment
to determine both the capability of bacteria to secrete AI-2 and
an estimate of the time span of Al-2 secretion. Notably, if only
one Gram-negative species should be analyzed, it might also be
possible to use pMK1 directly in the heterogeneous host,
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depending on the compatibility of plasmid origin and
promoter usage.

Analysis of the Extracellular Al-2 Concentration.
While the coculture kinetics serves as a pre-experiment to
determine (i) the capability of bacteria to produce AI-2 and
(ii) the time point of maximal extracellular AI-2 concentration,
the measurement of the exact concentration of the signaling
molecule is not feasible in real-time experiments. This is
because, during growth, AI-2 accumulates in the supernatant
and is gradually internalized by the reporter strain. Addition-
ally, also, the test strain internalizes AI-2. Therefore, the
absolute quantification required cell-free supernatant sampling
optimally after analyzing the AI-2 kinetics as described above.

In line with that, we calculated AI-2 concentrations in cell-
free supernatants of P. mirabilis, C. koseri, K. aerogenes, S.
Typhimurium, S. flexneri, and K. pneumoniae. The strains were
grown in LB broth, and we sampled cell-free supernatants at
the time points where we found the highest extracellular AI-2
activity during coculture (compare Figure 6H—N), which was
after 6 h of growth of E. coli, P. mirabilis, S. flexneri, and C.
koseri, after S h of growth of K. pneumoniae, and after 4 h of
growth of K. aerogenes and S. Typhimurium. To keep test and
control samples as comparable as possible, synthetic DPD was
dissolved in sterile-filtered E. coli AluxS supernatant (after 6 h
of growth) for the calibration curves (Figure S6). In the
subsequent assay, the biosensor strain E. coli AluxS (pMK1)
was used. The results are shown in Figure 7.

30+

Al-2 (M)

Figure 7. Quantification of AI-2 production by different enter-
obacterial isolates. Biologically active AI-2 concentrations in bacterial
cell-free supernatants after 6 h of growth (S. flexneri, P. mirabilis, E.
coli, and C. koseri), S h of growth (K. pneumoniae), or 4 h of growth
(K. aerogenes and S. Typhimurium). Sample volumes were SO uL in
each case. The total assay volume was 200 L. The biosensor strain
used was E. coli AluxS (pMK1). Error bars represent three biological
replicates with three technical replicates each.

After 6 h of growth, E. coli and P. mirabilis cultures had both
reached an AI-2 concentration of ~12 uM, and C. koseri
cultures had reached an AI-2 concentration of ~9 uM.
Cultures of S. flexneri, on the other hand, had reached an AI-2
concentration of ~24 uM, which is, by far, the highest AI-2
concentration when compared to the other bacterial strains. K.
pneumoniae had reached an AI-2 concentration of ~7 M after
S h of growth, and K. aerogenes cultures had reached an AI-2
concentration of ~9 uM after 4 h of growth. S. Typhimurium
had reached an AI-2 concentration of ~5.5 uM after 4 h of
growth, which was the lowest AI-2 concentration of all strains
analyzed (Figure 7).
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Thus, with the use of a calibration curve, the concentration
of secreted biologically active AI-2 in the culture supernatants
of Gram-negative bacteria (Figure 7) and S. aureus (Figure S7)
can easily be quantified with the help of our reporter module.
The AI-2 concentrations measured here were in the range in
between 5.5 and 24 yM. However, also much higher AI-2
concentrations were already reported for culture supernatants
of other bacteria. For example, AI-2 concentrations of ~42 yM
were reported for Campylobacter jejuni 81116A12*,°* and AI-2
concentrations of up to 108 uM were reported for Enterococcus
faecalis VS83AABC.” These relatively high concentrations of
AI-2 are well in the range of AI-2 concentrations that could be
quantified with our reporter system.

B CONCLUSIONS

The existing AI-2 bioassays have limitations, including trace-
element interference, limitation to borated AI-2, or time-
intensive, complex, and multistep protocols (see above). The
bioassay described here is versatile, shows a broad detection
range, and is less sensitive to sugars. The latter can be detected
by analyzing the reporter module kinetics, which is a major
advantage in analyzing potential AI-2 concentrations in
complex samples as compared to already established methods.
In addition, the hands-on time of this assay is short, and a one-
step sample addition with subsequent result obtainment is less
prone to human error when compared to multiple-step
protocols.*

Taken together, these features of our bioassay should open
up versatile and interesting application opportunities for the
analysis of Al-2-dependent quorum sensing in the future.

B METHODS

Bacterial Strains. Bacterial strains used in this study are
listed in Table S2. Briefly, for module construction, the E. coli
K-12 strain MG1655 and the E. coli strain DHSa were used.
For experiments, the E. coli K-12 strain MG1655 (E. coli),
Proteus mirabilis 532/04 (P. mirabilis), Citrobacter koseri ATCC
BAA-895 (C. koseri), Klebsiella aerogenes 64 (K. aerogenes),
Salmonella enterica sv. Typhimurium ATCC 14028 (S.
Typhimurium), Shigella flexneri RKI 07-4792 (S. flexneri),
and Klebsiella pneumoniae 52145 (K. pneumoniae) were used.
For the sake of improved readability, in the text, we solely used
the species designation as shown in the parentheses.

Media, Culture Methods, and Chemicals. All bacterial
strains were grown by default in a 1X lysogeny broth medium
(LB, containing 10 g/L tryptone, S g/L yeast extract, and S g/
L NaCl). For solid medium preparation, 1.5% (w/v) agar was
added. When required, the medium was supplemented with an
appropriate amount of antibiotics in the following concen-
trations: chloramphenicol, 12.5—25 pg/mL; ampicillin, 100
pug/mL; zeocin, 50 pg/mL. For plasmid construction, the
chemically competent E. coli strain DHSa was used. For
plasmid transformation, electrocompetent E. coli strains were
used. Upon transformation, bacteria were regenerated in 2xYT
medium (containing 16 g/L tryptone, 10 g/L yeast extract, and
S g/L NaCl). Unless otherwise stated, strains were grown
overnight on LB agar plates that contained appropriate
antibiotics if needed. Single colonies were picked and grown
overnight in 1 mL of LB broth at 37 °C and continuously
shaken in an incubation shaker (Multitron, INFORS HT,
Switzerland). For strains containing a plasmid, an appropriate
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amount of antibiotics was added for overnight culture
generation but not during experiments.

Synthetic DPD was purchased from Rita Ventura’s research
group at ITQB-UNL (Oeiras, Portugal).67 DPD synthesis was
carried out as reported by Rita Ventura’s research group.”” The
synthetic DPD concentration was 16.8 mM, and the molecule
was subsequently diluted to working concentrations in sterile
ddH,O. All steps were carried out on ice.

Sugar stock solutions, i.e., D-(+)-glucose (Sigma Aldrich), p-
(+)-mannose (Sigma Aldrich), D-(+)-galactose (Sigma Al-
drich), and p-(—)-ribose (Sigma Aldrich), of 1 M were made
by suspending the appropriate amount of sugar in ddH,O with
subsequent sterile filtration using 0.22 um syringe filters
(Millex-GP, Millipore). Sugars were diluted to working
concentrations in sterile ddH,0.

PCR/Genomic DNA Purification and Analysis. Prior to
Sanger sequencing or cloning, all PCR products were purified
using either a NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel, Diiren, Germany) or a Wizard SV Gel and
PCR Clean-Up System kit (Promega, Walldorf, Germany).
Plasmids were isolated using a NucleoSpin Plasmid Mini kit
(Macherey-Nagel). Chromosomal DNA was isolated using a
QIAamp DNA Mini kit (QIAGEN, Hilden Germany). PCR,
plasmid, or gDNA quantification was done using a
spectrophotometer (NanoDrop 2000, Thermo Fisher Scien-
tific, Schwerte, Germany). The correct size of amplicons was
verified by agarose gel electrophoresis using agarose (Biozym,
Hessisch Oldendorf, Germany) in 1X TAE buffer. The gels
were run at 110—130 V for 40—60 min, dependent on the size
and agar concentration (1—1.5%). The size was estimated by
the use of a GeneRuler 1 kb DNA ladder (Thermo Fisher
Scientific).

Used Plasmids, Oligonucleotides, and Protein Acces-
sion Numbers. Used plasmids and oligonucleotides are listed
in Tables S3 and S4, and protein accession numbers are listed
in Table SS.

Construction of the E. coli AluxS Mutant. The [uxS
deletion mutant to inhibit AI-2 generation was constructed
using the Red/ET recombineering method*® and the E. coli K-
12 strain MG1655 harboring the pKD46 plasmid (E. coli
(pKD46)). The luxS gene was replaced by a zeocin resistance
cassette (BleoR) that was amplified with QS High-Fidelity
DNA polymerase (New England Biolabs, Frankfurt/Main,
Germany) using the oligonucleotides Rec BleoR MG_fwd/
Rec_BleoR MG rev and pEM7/Zeo as a template. The
replacement was confirmed by colony PCR with a GoTaq
Green Master Mix (Promega) using oligonucleotides zeo-
control-fw/CFT073_ DeltaLuxS CP_rev and subsequent
Sanger sequencing of the obtained PCR products.

Construction of pMK1 and Biosensor Strains. The
plasmid pMK1 was constructed by first generating an IsrRK
IsrA promoter-yfp fusion reporter cassette. For this, in the E.
coli strain MG16SS, the IsrACDBFG operon was replaced by a
YFP open reading frame coupled to a chloramphenicol
resistance cassette (cat) by using the Red/ET recombineering
method® in E. coli (pKD46), resulting in E. coli (IsrA-G::yfp-
cat). The yfp-cat cassette was amplified with Phusion High-
Fidelity DNA polymerase (New England Biolabs) using
oligonucleotides LZP47/LZP48 and pMBS54 as a template.
The replacement was confirmed by colony PCR using primer
pairs LZP49/PST7 and MC_99/LZPS0, respectively. The
correct and seamless PlsrA-yfp fusion was determined by
Sanger sequencing of the PCR product obtained by the primer
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pair LZP49/PST7. Next, the IsrRK IsrA promoter-yfp fusion
reporter cassette was amplified with QS High-Fidelity DNA
polymerase (New England Biolabs) using oligonucleotides
LKRS fwd/LZP50 and chromosomal DNA of E. coli (IsrA-
G::yfp-cat) as a template. The obtained PCR product was
cloned into the Smal (New England Biolabs)-digested low-
copy plasmid pWKS30 by using DNA T4 ligase (New England
Biolabs), and the E. coli strain DHSa was chemically
transformed with the ligation mix. Correct plasmids were
confirmed by colony PCR with a GoTaq Green Master Mix
(Promega) using primers pKD3 Isr seq_ 3/
pMB54_IsfRK_CP2_rev and subsequent Sanger sequencing
of the obtained purified plasmid.

The obtained plasmid (pMK1) was used for electroporation
of E. coli AluxS to generate the biosensor strain for subsequent
analysis.

Construction of E. coli AluxS (attB::PlsrA-yfp). The
IsrRK IsrA promoter-yfp fusion reporter cassette was amplified
with QS High-Fidelity DNA polymerase (New England
Biolabs) using primers pWKS30 attB_fwd/pWKS30_att-
B rev and pMK1 as a template. The obtained PCR product
was inserted into the phage A attB integration site (reviewed in
ref 46) of the E. coli chromosome by using the Red/ET
recombineering method® in E. coli AluxS (pKD46), resulting
in E. coli AluxS (attB::PlsrA-yfp).

Brief Al-2 Bioassay Protocol. A step-by-step assay
protocol is provided in the Supporting Information. Briefly,
an overnight culture of the chosen AluxS mutant strain
harboring either pMKI1 or attB::PlsrA-yfp and an overnight
culture of the AluxS mutant strain not harboring the reporter
cassette (bacteria control) were generated. Overnight cultures
were diluted in 10 mL of fresh LB broth in a 50 mL
Erlenmeyer flask to a final optical density (ODgy,) of 0.004.
For optical density determination, overnight cultures were
diluted 1:10 in phosphate-buffered saline (PBS, containing 8
g/L NaCl, 0.2 g/L KCl, 1.42 g/L Na,HPO,, and 0.27 g/L
KH,PO,, pH 7.4), and the optical density was measured using
a UV/Vis spectrophotometer (Ultrospec 2100 pro, Amersham
Bioscience, UK). Strains were grown at 37 °C and
continuously shaken. The cultures were grown until they
reached the midexponential growth phase at ODgg = 0.4—0.6.
The culture was subsequently aliquoted into a 96-well plate
suited for fluorescence signal detection (Microplate, 96 well, F-
Form, black; Greiner Bio-One, Frickenhausen, Germany).
After aliquoting, samples were added to the cells, and the plate
was inserted into a fluorescence plate reader and incubated
with the following attributes: 37 °C, shaking, and optical
density/fluorescence measurement (as described below) every
10 min. One well was filled with a 200 uL total volume.
Bacterial control and biosensor strain volumes were dependent
on the sample volume. All mentioned concentrations refer to
final concentrations within the final 200 uL total volume.

Fluorescence Signal Detection and ODg,, Measure-
ments. For the fluorescence signal detection and ODygy,
measurements, either a TECAN Infinite M NANO® plate
reader (TECAN, Minnedorf, Switzerland) or a TECAN
Infinite F200 (TECAN, Minnedorf, Switzerland) was used.
The optical density was either measured at 595 + 9 nm (M
NANO") or 595 + 10 nm (F200). The fluorescence signal was
either measured using an excitation wavelength of 514 nm (+9
nm) and an emission wavelength of S50 nm (+20 nm) (M
NANO") or using an excitation wavelength of 485 nm (20
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nm) and an emission wavelength of 535 nm (£25 nm)
(F200).

Data Processing. A step-by-step data processing protocol
is provided in the Supporting Information.

Briefly, the raw data was processed as follows. First, the
optical densities of the measured kinetics were corrected for
the blank control (LB broth) by subtraction (ODy,). Second,
the fluorescence emission measurements of samples were
corrected for the background autofluorescence of the bacterial
control by subtraction. The relative fluorescence units (RFU)
were calculated by dividing the corrected fluorescence
emission measurement by the corrected optical densities. To
calculate the promoter activity, the derivative of RFU was
calculated. For graphical depiction, negative derivative values
were set to be zero. Next, the area under the curve (AUC) of
the promoter activity was calculated (GraphPad Prism v7.0.0;
San Diego, USA), and the maximal AUC of every kinetics was
determined. For an easier comparison of the calculated AUC,
the relative AUC (rel. AUC) was calculated by dividing the
sample AUC by the indicated control AUC.

Coculture Assay Protocol. Overnight cultures of E. coli
AluxS (attB::PlsrA-yfp), E. coli AluxS, and of the bacteria of
interest were generated as described. Cultures were diluted to a
final ODgyo of 0.004 as described. Next, the diluted cultures
were mixed in a 1:1 ratio and aliquoted in a total volume of
200 puL into a 96-well plate suited for fluorescence signal
detection. In each experiment, the following mixtures were
added: bacteria of interest + E. coli AluxS (attB::PlsrA-yfp)
and, as controls, bacteria of interest + bacteria of interest and
bacteria of interest + E. coli AluxS. The microplate was
incubated with the following attributes: 37 °C, shaking, and
optical density/fluorescence measurement every 10 min. RFU
and RFU f(x)™' were measured as described in the detailed
protocol. Notably, for the coculture assay, bacterial overnight
cultures were used that expressed a low but detectable amount
of the YFP. The initial cell density in the coculture experiments
(dilution factor of <1:1.000 for each bacterial strain) was so
low that the RFUs calculated for the initial time points of the
experiments (up to approximately 200 min) are unreliable.

Calculation of Al-2 in Bacterial Cell-Free Medium.
Overnight cultures were generated as described. The cultures
were diluted to an ODg, of 0.004 in 10 mL of fresh LB broth
in a 50 mL Erlenmeyer flask and incubated with continuous
shaking at 180 rpm at 37 °C. For results in Figure 7, a cell-free
bacterial medium was generated after 6 (E. coli, P. mirabilis, S.
flexneri, and C. koseri), S (K. pneumoniae), or 4 h (K. aerogenes
and S. Typhimurium) of growth. For results in Figure 6, a cell-
free bacterial medium was generated after S, 6, and 7 h (every
strain) as well as after 3 h (K. aerogenes and S. Typhimurium)
and after 4 h (K. aerogenes, S. Typhimurium, and K.
pneumoniae) of growth. Aliquots of the cultures were
centrifuged at 10,000g for S min, and the supernatant was
used as samples. The cell-free medium was stored at 4 °C for a
maximum of 24 h.
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