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Outer-Membrane Protease (OmpT) Based E. coli Sensing with
Anionic Polythiophene and Unlabeled Peptide Substrate

Gaurav Sinsinbar*, Sushanth Gudlur®, Sarah E. Wood, Gopal Ammanath, Hakan U. Yildiz,
Palaniappan Alagappan, Milan Mrksich, and Bo Liedberg*

Abstract: E. coli and Salmonella are two of the most common
bacterial pathogens involved in foodborne and waterborne
related deaths. Hence, it is critical to develop rapid and
sensitive detection strategies for near-outbreak applications.
Reported is a simple and specific assay to detect as low as
1 CFUmL™ of E. coli in water within 6 hours by targeting the
bacteria’s surface protease activity. The assay relies on
polythiophene acetic acid (PTAA) as an optical reporter and
a short unlabeled peptide (LL37pgy) previously optimized as
a substrate for OmpT, an outer-membrane protease on E. coli.
LL37 gy interacts with PTAA to enhance its fluorescence
while also inducing the formation of a helical PTAA-LL37 pggy
construct, as confirmed by circular dichroism. However, in the
presence of E. coli LL37 gy is cleaved and can no longer
affect the conformations and optical properties of PTAA. This
ability to distinguish between an intact and cleaved peptide was
investigated in detail using LL37rpy Sequence variants.

Introduction

Escherichia coli and Salmonella enterica are two of the
most common bacterial pathogens involved in foodborne and
waterborne related deaths around the world.! According to
the most recent WHO report on foodborne illnesses, nearly
0.42 million people worldwide die annually of preventable
diarrheal infections caused by ingesting contaminated food
and water.!) Among all causative agents spanning microbial,
parasitic, and chemical origins, E. coli and Salmonella are the
leading causes of such deaths. Along with implementing
rigorous food and water safety standards, an early detection of
bacterial contamination in water and food sources could help
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contain, control, and prevent E. coli, Salmonella, and other
bacterial outbreaks.

Conventional methods, considered to be gold standards,
for detecting bacterial pathogens require pre-processing of
samples, bacterial culturing, and subsequent biochemical
assays.?! This is time-consuming, labor-intensive, and re-
quires a trained technician to perform the assays. Various
rapid detection methods have been developed based on
nucleic acid amplification and immunoassays, but these
techniques are laboratory-based that require specialized
instruments and a trained user, which are usually out of
reach for resource-limited communities.**

In the present study, we have developed a simple func-
tional assay for detecting E. coli in water samples that avoids
labor-intensive steps involved in DNA/RNA isolation for
nucleic acids assays and circumvents stability and storage
issues commonly faced with antibodies in immunoassays. It
involves measuring changes in optical properties of a poly-
thiophene (PT) reporter when mixed with an unlabeled
peptide substrate specifically designed and optimized for an
E. coli outer-membrane protease (Figure 1). To the best of
our knowledge, this is the first time an outer-membrane
protease has been targeted to develop a functional assay for
detecting bacterial pathogens using unlabeled peptide sub-
strates. Using this method, we were able to achieve a detection
limit of 1 CFUmL™ in 6 h with a pre-culturing step and
10° CFUmL™" in 1h without any pre-culturing. The low
detection limit and short assay time are better than most
commercially available detection kits for E. coli.

The method described in this article relies on the
enzymatic activity of OmpT, a membrane protease present
on the surface of all wild-type E. coli strains.’” OmpT is
known to cleave short peptides preferentially at dibasic sites
(-K-K-, -K-R-, -R-K-, and -R-R-).7% It acts as a defense
mechanism for E. coli by cleaving cationic Anti-Microbial
Peptides (cAMPs) that are secreted by the human body as
a defense mechanism against bacterial pathogens.” ")

Previously, we optimized a short peptide sequence at the
preferred cleavage site for OmpT by screening a library of 364
peptides using self-assembled monolayers for matrix-assisted
laser-desorption-ionization mass spectrometry (SAMDI-MS),
a high throughput mass spectrometry technique.'!! The
optimized tetrapeptide sequence, FRRV was substituted into
a 15-residue peptide fragment derived from the N-terminal
region of the longer LL37 peptide, a well-known cAMP.[>4]
For the optimized substrate with the sequence
CLLGDFFRRVKEKIG (LL37gggy), OmpT exhibited a cata-
lytic efficiency that was 400 times higher than what was
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Figure 1. OmpT-based E. coli sensing. A) Schematic illustration of
OmpT-based E. coli sensing with anionic polythiophene and unlabeled
peptide substrate. B) Chemical structures of the unlabeled peptide
(LL37¢gpy) and the anionic polythiophene (PTAA). Red or blue color
highlights positive or negative ionizable groups, respectively. Exper-
imental procedures and characterization tools are described in the
materials and methods section (Supporting Information).

observed for the native LL37 fragment with the sequence
CLLGDFFRKSKEKIG." Hence, we have used LL37zggy as
the preferred peptide substrate in this study (Figure 1B).

For reporting, we chose PTAA, an anionic PT with
a carboxyl functional group, designed to interact with the
positively charged residues on LL37pzgy (Figure 1B). PTs
constitute a class of conjugated conducting polymers and have
found applications in many chemical- and bio-sensing plat-
forms in the recent past.>!! The optical properties of PTs
depend on the conformation of the polymer backbone.['™
Hence, the optical properties can be tuned by modifying the
side chains with different functional groups. These functional
groups can interact with DNA, protein, peptides, small bio-
analytes, metal ions, and surfactants resulting in changes in
structural, electronic, and optical properties of the PT.

Upon mixing PTAA with intact LL37pzgy, the PTAA
undergoes a conformational change causing an increase in its
fluorescence. However, mixing PTAA with the cleaved
fragments of LL37pggy resulting from OmpT digestion does
not cause a conformational change in PTAA and hence, no
fluorescence increase is observed. This ability of PTAA to

Angew. Chem. Int. Ed. 2020, 59, 2—12

Research Articles

© 2020 Wiley-VCH GmbH

distinguish between an intact LL37gzry and its cleaved
fragments, which was studied in great detail herein by
screening peptide sequence variants of LL37ggyy, is the basis
for detecting E. coli in water samples. In the first step of the
assay, LL37zpry is added to an aqueous sample suspected of
E. coli contamination and the sample incubated for sufficient
time. In the second and final step, PTAA is added to the
sample and the fluorescence intensity measured. An increase
in PTAA fluorescence, when compared to a control, indicates
the absence of E. coli while no change in PTAA fluorescence
confirms the presence of E. coli (Figure 1 A).

Results and Discussion
Interaction between PTAA and Intact/Cleaved LL37

PTAA in an alkaline buffer has an absorption maximum
at 450 nm (Figure 2 A black) and upon mixing with LL37gggry
exhibits a blue shift (Figure 2 A). This blue shift increases with
increasing peptide concentration until it saturates at ~ 50 pm
of the added peptide (Figure 2 A dark blue). At sufficiently
high PTAA and peptide concentrations, a corresponding
color change can be detected with the naked eye (Figure S1).
When excited at 420 nm, PTAA exhibits a fluorescence
emission maximum at 550 nm (Figure 2B black). Upon
mixing with LL37pggy, the fluorescence intensity at 550 nm
increases linearly with increasing peptide concentration until
it saturates at ~ 50 puMm of the added peptide (Figure 2B dark
blue & 2C) and represents the highest point in the linear
dynamic range. Hence, 50 um was chosen for further experi-
ments in order to have a larger working window for
measuring changes in fluorescence intensity. Furthermore,
the maximum increase in PTAA’s fluorescence intensity upon
peptide addition was close to 200 % (Figure 2C).

The changes observed in the optical properties of PTAA
alone and when mixed with LL37zzy can be understood by
examining the polymer’s conjugation system at the molecular
level. PTAA has a m-conjugated polymer backbone which is
effective in the delocalization of m-electrons along the
polymer chain, and thus giving rise to its photoluminescence.
One of the requirements for conjugation is the overlap of -
orbitals, implying that the conjugated system should be
planar. The conjugation length is determined by the number
of coplanar rings, and a longer conjugation length shifts the
absorption spectrum towards longer wavelengths. Thus,
PTAA’s initial absorbance maximum at 450 nm (Figure 2A
black) represents planarization and stretching of the polymer
backbone (Figure 2D Planar PTAA).'"'%21 This planar
conformation of PTAA’s backbone is stabilized by electro-
static repulsion between the deprotonated carboxylic groups
in the side chains. Planar PTAAs also could be grouped
together showing non-radiative de-excitation because of the
contact between the polymer chains, which contributes to
a lowering of its fluorescence intensity."”) Importantly, PTAA
and other conjugated systems are known to undergo rever-
sible planar to nonplanar conformational transitions causing
the overall conjugation length to decrease or increase,
respectively, thus affecting PTAA’s optical properties.”"*!
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Figure 2. Absorption and fluorescence spectra of PTAA and PTAA-LL37zey complex. A) Absorption spectra and B) Fluorescence spectra of PTAA
exhibiting a blue shift and an increase in fluorescence intensity, respectively, that corresponds to increasing LL37gq, concentrations. C) Increase
in fluorescence intensity of PTAA at 550 nm when mixed with increasing concentrations of intact LL37zgy. D) Cartoon of proposed models of the
planar and nonplanar conformations, here exemplified with a helical backbone which is one of the many different possible nonplanar
conformations of PTAA. E) Absorption spectra and F) fluorescence spectra of PTAA (black), PTAA mixed with intact LL37¢gy (red), and PTAA
mixed with LL37gsy treated with OmpT (blue). G) Change in PTAA fluorescence intensity at 550 nm when mixed with 50 uM LL37¢ey previously
treated with varying concentrations of OmpT for 2 h. H) Absorption spectra and 1) fluorescence spectra of PTAA when mixed with different ratios
of intact and cleaved synthetic LL37¢g,, fragments exhibiting a blue shift that corresponds to decreasing conjugation length with increasing
fraction of LL37¢gey concentrations. Black arrow indicates the direction of decrease in conjugation length. ]) Fluorescence intensity of PTAA at
550 nm when mixed with different ratios of intact and cleaved synthetic LL37qqy fragments. Error bars in G & | represent standard error of the
mean for n=3. Black line in C and G are nonlinear (dose-response) and linear fit of the data, respectively.

A variety of environmental factors can cause the con- interactions, the principal molecular forces influencing the
jugated backbone to transition from a planar to nonplanar  conformational change of the polymer backbone are electro-
conformation including temperature, solvent, an electric field,  static interactions, hydrogen bonding, and to a smaller extent
and dissolved ions.'"*?) In the case of PTAA-peptide nonpolar interactions.”*?’) LL37xgy carries two arginines
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(R) and two lysines (K) in its sequence (Figure 1B) whose
side chains carry a positively charged amine group capable of
interacting electrostatically with the negatively charged
carboxyl group of the polymer side chains. The attractive
electrostatic interaction between the peptide and polymer
will force the polymer chains to separate and induce a chirality
in its backbone!™ ! (Figure 2D Nonplanar PTAA), and this is
confirmed by circular dichroism (CD) measurements as
described below. Thus, the PTAA-LL37gggy interaction will
decrease the effective conjugation length of the polymer
backbone,'®?] which in turn leads to a blue shift in its
absorption spectrum (Figure 2 A) and a concomitant increase
in its fluorescence emission (Figure 2B&C).

In the following sections we investigate the influence of
the peptide length, peptide net charge, peptide charge
distribution, and secondary conformations on the optical
properties of PTAA.

Effect of Peptide Length on the Optical Properties of PTAA

LL37pggy is a substrate for OmpT (Figure S2) and it
cleaves the peptide at its dibasic site (-Rg-Ry-) to yield two
short fragments of eight and seven residues, which was
confirmed by MALDI-TOF analysis with peaks at 970 and
828 ml/z, respectively (Table S1 and Figure S5). When
LL37gggry that was first treated with recombinant OmpT for
two hours at 37°C and then mixed with PTAA, we could
neither detect any blue shift in absorption (Figure 2E blue)
nor any significant increase in fluorescence intensity (Fig-
ure 2F blue). End-point fluorescence intensity measurements
of PTAA when mixed with 50 um of LL37zgy incubated with
varying concentrations of OmpT (0.8-13.1 nm) revealed an
overall decrease in PTAA’s fluorescence intensity that
correlated with increasing OmpT concentration (Figure 2G).
For samples with an OmpT concentration above ~ 13 nm, the
increase in PTAA fluorescence intensity was no more than
~10%, suggesting that almost all of the LL37pzgy was
cleaved into shorter fragments that did not significantly
contribute to PTAA fluorescence (Figure 2G).

To further confirm that the cleaved peptide fragments did
not contribute significantly towards changing the optical
properties of PTAA, we separately synthesized two short
peptides (fLL37rry and g, LL37rrry) that were identical
to the two cleaved fragments obtained when OmpT cleaves
LL37pggy (Table S1). When g, LL37grpy and g, 0L L37pggy
were mixed with PTAA, they did not result in a blue shift in
PTAA absorption (Figure 2H 0:10 Intact:Cleaved). Nor did
they induce a significant increase in PTAA fluorescence
(Figure 2I  0:10). However, when ,,LL37gy and
tra2LL.37rrrv Were combined with intact LL37gggy in different
ratios, while keeping the total peptide concentration same,
and subsequently mixed with PTAA, blue shifts in absorption
(Figure 2H 2:8-8:2) and significant fluorescence intensity
changes (Figure 212:8-8:2) were observed in agreement with
a change in conformation and an overall decrease in
conjugation length of the PTAA backbone.

Even though the total peptide concentration remained
same in all the samples, the magnitude of change in PTAA’s
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optical properties was directly proportional to the amount of
intact peptide in the sample (Figure 2H-J), suggesting that
peptide length is a major contributing factor in affecting
PTAA'’s optical properties. It is still too early to rule out the
possibility that the cleaved peptide fragments interact locally
with PTAA and induce small twists along its backbone.
However, such local perturbations appear insufficient to
induce a major change in PTAA’s optical properties. Thus, the
length of the peptide clearly is an important factor affecting
PTAA backbone chirality and conjugation length. Similar
observations related to optical property changes were re-
ported by Chen etal. (2012),"” Inganis and co-workers
(2005),B321 and Rubio-Magnieto et al. (2015)F! for cationic
PTs interacting with intact or cleaved DNA oligonucleotides.
They reported that the interaction between cationic PT and
dsDNA was distinguishable from PT’s interaction with
ssDNA, including those that resulted from the Pb*" induced
DNAzyme digestion of dsDNA by Chen etal. (2012).5
Despite the net charge of the sample remaining unchanged,
they observed a difference in fluorescence intensity that was
attributed to a change in the mt-electron overlap which altered
the effective conjugation length of the polymer.*"*! Similar
to the data presented here for the interaction between PTAA
and intact/cleaved LL37gggy, the cationic PTs exhibited
different fluorescence spectra when free in solution, bound
to ssDNA, or bound to dsDNA.P*3! Moreover, the magni-
tude of the change in PT’s fluorescence was found to be
dependent on the ssDNA sequence, length, and topology.”!

Effect of Peptide’s Net Positive Charge and Charge Distribution
on PTAA Fluorescence

In order to appraise the role of peptide’s positive charges
in affecting PTAA fluorescence, LL37gzgy sequence was
modified to vary its overall net charge from 0 to +3 while
keeping the total number of residues constant. The resulting
six LL37grry peptide variants were designed by substituting
one or both lysine residues with alanines and by either
modifying the N-terminal ionizable group with an acetyl cap
or leaving it unmodified (Table 1 ID 1-6). The optimized
FRRYV sequence, carrying the critical dibasic site recognized
by OmpT, was not altered so as to preserve the peptide’s
fundamental utility in the “OmpT-PTAA assay” (described
below).

When mixed with increasing concentrations (0.4-100 um)
of the six LL37gggry peptide variants (Table 1, ID 1-6), PTAA
exhibited a concomitant increase in fluorescence until the
fluorescence intensity reached a maximum (Figure S3.I
A&B). Once PTAA reached its maximum fluorescence,
addition of any more peptide resulted in either no change in
fluorescence (Figure S3.I A squares and circles) or a slight
decrease in fluorescence intensity due to peptide-induced
PTAA aggregation (Figure S3.I B squares). Thus, irrespective
of the net charge, all six LL37zry peptide variants caused an
increase in PTAA fluorescence; however, the peptide con-
centration at which PTA A reached its maximum fluorescence
intensity was dependent on the peptide’s net charge (Fig-
ure S3.1 A&B). Peptides with a higher net charge (Figure S3.1
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Table 1: List of LL37xg,y peptide variants with differing net charge of intact (a) and

cleaved fragments (b).
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positive charges on the intact peptide directly
affected PTAA’s fluorescence intensity.

Additionally, when PTA A was mixed with any of

ID  Peptide Sequence a b Cleaved Fragments
-1 Ac-CLLGDFFR-COO™
1 AC-CLLGDFF@VAEAIG-N H, 0 1 +NH3-BVAEAIG-NH2
-1 Ac-CLLGDFFR-COO™
2 AC-CLLGDFF@VKEAIG-N H, +1 12 +NH3-BVKEAIG-NH2
3 Ac-CLLGDFFRRVKEKIG-NH, 42 ) AcCLLGDFFRCOO

4 *NH;-CLLGDFFRRVKEKIG-NH,  +3
5 *NH;-CLLGDFFRRVKEAIG-NH,  +2

6 *NH;-CLLGDFFRRVAEAIG-NH,  +1

+3  "NH;-RVKEKIG-NH,

0  *NH;-CLLGDFFR-COO~
+3  "NH;-RVKEKIG-NH,

0  *NH;-CLLGDFFR-COO™
+2  "NH;-RVKEAIG-NH,

0  *NH;-CLLGDFFR-COO~
+1  "NH;-RVAEAIG-NH,

the six different LL37pxgy peptide variants (Table 1,
seq ID 1-6) after they were treated with OmpT to
allow digestion of the peptides into their respective
shorter cleaved fragments, the fluorescence intensity
decreased by ~5-70% in comparison to the intact
peptide (Figure 3B and Figure S3.I C). The reason
for this difference in fluorescence intensity between
cleaved and intact peptides is explained in the
previous section. However, what’s interesting to
note is that, even though the fragments have similar
or higher charge than the intact peptide (Table 1a &

A&B squares, ID 3&4 in Table 1) caused PTAA to exhibit
maximum fluorescence at a relatively lower concentration
than peptides with lower net charge (Figure S3.1 A&B
triangles, ID 1&6 in Table 1). Thus, for a given peptide
concentration, PTAA’s fluorescence intensity positively cor-
related with the peptide’s net charge as seen in Figure 3 A
where 6.25 um (a data point within the linear response,
Figure S3.1 A&B) of the LL37pzgy peptide variants were
mixed with PTAA. As the net charge of the peptide increased
from O to + 2 for the acetyl-capped peptide variants and from
+ 1 to + 3 for the uncapped peptide variants, a corresponding
increase in PTAA’s fluorescence intensity was observed
(Figure 3A). UV/Vis absorption data (Figure S3.II A-F)
was in agreement with the trends observed with fluorescence
data, in that, the magnitude of the blue-shift in absorption
upon peptide addition correlated with the peptide’s net
charge. Overall, these results emphasize that the number of

A 100 N-terminal Acetyl Capped [l B 40 N-terminal Acetyl Capped [l
N-terminal Free I N-terminal Free I
§ 80 g’ 20
8 2 0 +1 +2 +3 +2 +1
e 60 O 0
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Figure 3. Effect of peptide net charge on PTAA fluorescence intensity.
A) Fluorescence intensity of PTAA when mixed with 6.25 um of
LL37zey peptide variants of different net charge (Table 1 1D 1-6). The
peptide’s N-terminal was either acetyl capped (brown) or left unmodi-
fied (red). B) Difference in PTAA fluorescence intensity (plotted as %
fluorescence change) between cleaved and intact peptides resulting
from OmpT digestion (for details, see Section S3.1 C). Short dashes in
the X-axis labels indicate the constant N-terminal portion
(CLLGDFFRRYV) of the LL37gsy peptide variants listed in Table 3. The
numbers within and above the vertical bars indicate net charge of the
peptide. Error bars represent standard error of the mean for n=3.

b), the longer intact peptide always shows a higher
fluorescence intensity than the fragments (Fig-
ure S3.I C, dark hues vs. lighter hues). It implies that the
peptide length has a relatively stronger influence on PTAA
fluorescence intensity than the positive charges on the
peptide, at least for the 15-mer peptides tested here. As
expected, the magnitude of difference in PTAA fluorescence
intensity between the cleaved and intact peptides for the six
LL37gggy variants was different (Figure 3B). This is due to
a combination of different factors including the peptide’s net
charge, the accompanying minor change to the peptide
sequence, and the difference in OmpT’s preference for each
of the six peptides. Notably, the peptide with zero net charge
showed very little difference in PTAA fluorescence intensity
(Figure 3B brown bar 0). However, as the peptide’s net
charge increased from +1 to + 3, there was a corresponding
increase in the magnitude of difference in PTA A fluorescence
(Figure 3B). Intact LL37gggy With the highest net positive
charge of + 3 showed the largest difference in fluorescence
intensity (Figure 3 B red bar + 3). In the context of the OmpT-
PTAA assay described below, LL37rgy is indeed the optimal
peptide as it provides the largest window of change between
the intact and cleaved peptide.

A third factor affecting PTAA fluorescence when mixed
with LL37ggys is the distribution of positive charges along the
peptide sequence. The peptide’s positively charged amino
groups may act as contact points that help anchor the peptide
onto the negatively charged carboxyl group of the polymer
side chains. The position, distance, and regularity of such
contact points along a continuous stretch of the peptide can
determine the extent to which the peptide effectively induces
chirality of the PTAA backbone. Additional LL37ppgy
peptide variants (Table 2 ID 3,7-9) were designed such that
their positive charges were distributed along the sequence
without altering their net charge. When mixed with PTAA,
the charge distributed peptides caused an increase in PTAA
fluorescence and exhibited a blue-shift in their absorption
(Figure S3.1 E and S3.IT G-I, respectively). See section S3.1
and S3.II in the supplementary info file for details. However,
there was no clear trend in the increase in PTAA fluorescence
when the maximum distance between any two positive
charges on the peptide sequence was varied between 11, 10,
8, and 6 residues (Figure S3.1 E&F), except when the
phenylalanine next to the optimized FRRV sequence was
replaced by lysine (Table 2 ID 9). This does not necessarily
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Table 2: List of LL37xgy peptide variants with positive charge distributed along the

sequence; net charge (a).
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mixed with the above fragments (Figure 4 A green
and  purple). Further characterization  of

tragt LL37prry @nd 00 LL37prry revealed that the
individual fragments remain largely random coil in
the absence of PTAA (Figure S4). The above CD

ID Peptide Sequence a Number of residues

between peripheral

positive charges
3 *N H;-CLLGDFF@VKEKIG-N H, +3
7 AC-CKLGDFF@VKEKIG-N H, +3
8 AC-CLLKDFF@VKEKIG-N H, +3
9 AC-CLLGDKF@VKEKIG-N H, +3

17 data clearly confirms that the interactions between
10 PTAA and the cleaved and synthesized fragments, if
8 any, are weak and unable to force PTAA to adopt
6 a helical and chiral conformation with a distinct

mean that the charge distribution is not a significant factor in
affecting PTAA fluorescence, but instead hints at the inter-
play of additional associated factors such as the propensity to
fold into secondary conformations which are known to be
governed by the peptide sequence.

The interactions between PTAA and the intact and
cleaved peptides, in the context of secondary conformation,
will be addressed below using CD spectroscopy.

Characterization of Secondary Conformation of PTAA, Intact/
Cleaved LL37 g, and Their Interactions

Polythiophenes are known to show split-type induced CD
(ICD) in the m-m* transition region (320-500 nm).”*%! CD
spectra of PTAA in a pH 8 reaction buffer suggests PTAA is
optically inactive as it does not exhibit any characteristic ICD
pattern in the st-7t* transition region (Figure 4 A black). The
absence of CD signal as well as an absorption maximum at
450 nm (Figure 2A black) confirms that PTAA backbone
adopts a planar achiral conformation in the pH 8 reaction
buffer. However, upon adding LL37gggy: split-type ICDs in
the m-m* transition region is evident (Figure4 A blue).
Collectively, the blue shift in absorption, increase in PTAA’s
fluorescence upon LL37ggpy addition, and ICD for PTAA-
LL37ggrv indicate that a helical structure is induced in PTAA
backbone due to the interaction between PTAA and
LL37pgrry (Figure 2A,B, and Figure 4 A blue). In addition,
the shape and sign of the ICD pattern for PTAA indicates that
it is a left-handed helical form of PT.P*3*

In the absence of PTAA, the CD spectra of samples
containing (1) LL37gggy, (2) OmpT cleaved LL37gggy frag-
ments, O (3) 5 LL37prry aNd 1 LL37ggy did not exhibit
any defined secondary conformation (Figure 4 A red, magen-
ta, and orange). However, in the presence of PTAA,
LL37grry adopted a right-handed o-helical secondary con-
formation as interpreted from the characteristic negative CD
bands at 222 and 208 nm of equal intensities, and a strong
positive band at 192 nm (Figure 4 A blue). Similar observa-
tions of initially unstructured peptides undergoing conforma-
tional changes upon interacting with PTs have been reported
earlier.' '8! The conformational change observed in LL37ggy
is also reminiscent of the full length LL37, which is known to
adopt helical conformation when exposed to negatively
charged assemblies, like lipid membranes.>!¥! Meanwhile,
in the presence of PTAA, OmpT cleaved LL37gggy fragments
and g, LL37pgry and g,pLL37 gy did not exhibit any defined
secondary conformation, and nor did PTAA itself, when
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optical response (Figure 4 A and 2H-J). A pictorial

summary of the possible interactions between PTAA
and cleaved/uncleaved peptide substrates is shown in Fig-
ure 4B. It is worthwhile emphasizing that the exact inter-
actions between a peptide and polythiophene are unresolved
and still debated in the literature.['***

Dynamic light scattering (DLS) and atomic force micros-
copy (AFM) were employed to further investigate potential
interactions between PTAA and LL37zgy and its fragments.
DLS data of PTAA samples indicated formation of polydis-
perse sub-micron assemblies that became relatively less
polydisperse upon addition of LL37gry (Figure S6 A black

A —PTAA
% —LL37¢rry
——PTAA + LL37¢pgy
———OmpT cleaved LL37¢q., fragments
40 ——PTAA + OmpT cleaved LL37;gqy f
=) ——PTAA + cleaved synthetic LL37gg, fragments
é 20 ~—— cleaved synthetic LL37¢zc, fragments
=~
oo
o)
vl
Aeds \(
20 g
200 220 240 320 340 360 380 400 420 4o 4&0 480
Wavelength (nm)
Inta.ct oQnogOuo°0@0Oboﬁonooooo‘,ooocoooooooc 5 CIaned
Peptide . Peptide
Polythiophene

Fluorescence (a.u.)

Wavelengthazfim;00 m
Figure 4. Secondary structure characterizations. A) CD measurements
of PTAA, LL37¢gry PTAA-LL37gqy complex, OmpT cleaved LL37gqy
fragments, PTAA mixed with OmpT cleaved LL37zgy fragments, PTAA
mixed with synthetic cleaved LL37, fragments, and cleaved synthetic
LL37ggy fragments. B) Schematic illustration of the proposed mecha-
nism of PTAA-peptide interaction in the presence and absence of
OmpT. (i) Intact LL37zqy and PTAA interact electrostatically and both
molecules adopt a helical conformation. (i) LL37¢ggy cleaved by OmpT
in detergent micelles may interact with PTAA without inducing any
structural changes. Center panel illustrates the fluorescence intensity
changes in PTAA corresponding to the scenarios in (i) and (ii).
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and blue line). Such a response was absent when the cleaved
fragments were mixed with PTAA (Figure S6 A purple line).
AFM imaging qualitatively supports DLS measurements
(Figure S6 B-D). However, the size of the assemblies
observed were not consistent with those seen in DLS
measurements. This is most likely due to artefacts resulting
from the drying process. Overall, DLS, AFM, CD, UV/Vis,
and fluorescence data are in qualitative agreement suggesting
that PTAA undergoes changes (physical, conformational, or
optical) only in the presence of the intact peptide, but not
when mixed with the cleaved fragments.

Taken together, our efforts to gain deeper mechanistic
understanding of interactions between PTAA and peptides
reveal that even small changes to the peptide sequence can
have profound influence on PTAA’s optical properties due to
the interplay of multiple factors. However, by investigating
the effect of peptide length, net charge, distribution of
positive charges along the peptide sequence, minor changes
to the sequences, and the ability to adopt a well-defined
secondary conformation, we have identified two factors—
peptide length and net positive charge—as the major factors
that influence PTAA conformation, conjugation length,
chirality and its fluorescence properties when interacting
with LL37grgry and its peptide variants.

A Method to Detect E. coli Wild-Type Strains using PTAA and
LL37gey

The ability of PTAA to distinguish between an intact
LL37grgy and its cleaved fragments was exploited to develop
an assay for detecting E. coli in water samples. Unlike
previously reported E. coli detection methods that rely on
electrostatic interactions between cationic peptides and
oppositely charged bacterial surfaces, targeting OmpT’s
proteolytic activity for E. coli detection has the benefit of
specificity.®” For this, we employed four different strains of E.
coli (Table S2): BL21, K12 (ATCC® 700926™), J96 and
Lemo21(DE3). BL21 acted as a negative control as this strain
lacks the genes necessary to synthesize OmpT and therefore
does not have any OmpT present on its outer membrane. K12
and J96 are two wild-type strains of E. coli expressing OmpT
on the outer membrane, with the latter strain expressing
OmpT at a slightly higher level. A Lemo21(DE3) strain
overexpressing recombinant OmpT on the outer membrane
was used as a positive control. See experimental section in
supplementary file for details.

Water samples were spiked with 10% 10" and 10°%-
10° CFUmL™ E. coli and filtered through a 0.2 um PTFE
filter to concentrate the E. coli cells. For high E. coli
concentrations (10° CFUsmL™"), a starting sample volume
of 200 uL. was sufficient, but the volume had to be increased
to 2mL and 20 mL for 107 and 10°°10° CFUsmL"!, respec-
tively. The E. coli concentrates were suspended in 90 pLL of
the reaction buffer to which 10 pL of 500 um LL37gzgy Was
added. After incubation for 1 h at 37°C to allow the E. coli
cells to interact with and cleave LL37gxgy, PTAA was added
and the fluorescence intensity at 550 nm was recorded. For
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the sake of convenience, we call this approach the “Pre-
concentration method” (Figure 5 A top panel).

Results show a significant reduction in PTAA’s fluores-
cence intensity for samples containing K12, J96, and Lemo21-
(DE3) strains, suggesting that these E. coli strains were able
to cleave LL37pggy (Figure 5B blue, red, and magenta).
Control samples containing the E. coli BL21 strain did not
show any reduction in PTAA’s fluorescence intensity (Fig-
ure 5B black). Moreover, the reduction in PTAA’s fluores-
cence is consistent with the different levels of OmpT
expression on the surface of different E. coli strains. This
was also confirmed in a separate FRET-based kinetic study
(Figure S7).

Although it is tempting to exploit this differential OmpT
expression to distinguish between specific strains of E. coli,
we do not consider surface OmpT levels as a reliable marker
since protein expression levels are influenced by the bac-
teria’s environment and growth stage.! For the two wild-type
strains, K12 and J96, the limit of detection (LOD) which we
define as a 20% change in fluorescence intensity, is 10° and
10° CFUmL™, respectively (Figure 5B blue and red). The
ability to detect E. coli in highly contaminated water samples

\ Add Peptide  Add PTAA l
\J \ \ Il ‘
1 1 Lo
Pre-cogmcqntration \
\ min i .
J Incubation (1 h) Present Absent
Pre-culture (5 h) E. coli
20 mL 2mL0.2 mL
1004 3 100+
@ 80 80
o
c
[
?
o 60 60
e
o
=
TS
2 404 40
20-  —e—E. coli “BL21 (-OmpT) 20
—e—E. coli J96 (+ OmpT) —=—E.coliBI21 1 —e—E.coliBI21 10
—a—E. coli K12 (+ OmpT) ——E.coliJ96 1 -—+—E.coliJ9% 10
—v—E. coli LEMO (+++ OmpT) 0 —+—E.coliK12 1 —<«E.coliK12 10
0 T T : T T T T T T T T T
10 10* 105 10° 10" 10° 4 5 6 7 8

E. coli concentration (CFU/mL) Total assay time (h)

Figure 5. E. coli detection. A) Approaches to E. coli sensing using
PTAA-LL37¢gpy: (Top) E. coli sensing using the pre-concentration
method, (Bottom) E. coli sensing using the pre-culture method.

B) Detection of different strains of E. coli. Fluorescence intensity of
PTAA when mixed with LL37gg, treated with different E. coli strains
while using the pre-concentration method. 200 pL (light grey), 2 mL
(grey) and 20 mL (dark grey) of sample volumes were used for
detecting 10%, 107, 10°-10° CFUmL™" of E. coli, respectively. C) Fluores-
cence intensity of PTAA when mixed with LL37ey treated with E. coli
K12 or J96 wildtype strains using pre-culture method for detecting

1 and 10 CFUmL™" of E. coli. Data in B & C were normalized for the
highest PTAA fluorescence intensity at 550 nm and plotted as %
fluorescence. Error bars in B & C indicate standard error of the mean
for data points averaged from duplicates for n=3.
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Table 3: Selected list of commercially available E. coli detection kits.

for on-site applications. However,  pyodyct, Assay Type LOD Assay Timel Storage
these are without doubt high E. coli  Company
concentrations and it would be g o e o157 Selective N.A. 8-18h RT
ml.'wh more useful to de\{elop strgt- Romer Labs? enrichment
egies that enable detection of sig- media and LFI
nificantly lower levels of E. coli
contaminated samples. AquaVial Colorimetric 1 CFUmL™ ~24 h N.A.
Aquabsafe!® (Enzyme)
. . _ MicroSnap™ E. coli Test Kit Biolumi i 10 CFU 8h N.A.
Detection of E. coli at 1-10 CFUmL™’ v r}ﬁ]p confest & loluminogenic <
. Hygiena substrate
using a Pre-culture Step
Drinking Water Test Kit Colorimetric 1CFUcL™ 18-24 h RT
In order to improve the LOD,  Rakiro* (Enzyme)
we repeated the experiment with
the two wild-type strains, K12 and Compartment Bag Test Colorimetric N.A. 24-48 h RT
? 43]
J96, while introducing a pre-culture Aquagent
step. For th.e sake of convenience, Colilert Enzyme NA. ~24h RT
we call this approach the “Pre- ppxxi
culture method” (Figure 5A bot-
tom panel). In this method, water Solus E. coli O157 ELISA ELISA 10*-10° CFUmL"™' 18-22 h 2-8°C

samples spiked with E. coli at 1 and ~ Solus Scientific"!

10 CFUmL™ cells were first cul-
tured in LB media for up to 7h.
200 pL of this pre-cultured sample
was then analyzed by following the steps described in the pre-
concentration method above. Results indicate that PTAA’s
fluorescence intensity at 550 nm reduced by almost 35 % and
44% for 1 and 10 CFUsmL™' of K12 strain, respectively,
when pre-cultured for only 5h (Figure SC dark and light
green). Similarly, a reduction in PTAA’s fluorescence inten-
sity of 28% was observed for 10 CFUsmL™"' of J96 strain
when pre-cultured for 5 h (Figure 5 C magenta). It took 8 h of
pre-culturing to detect 1 CFUmL™ of the J96 strain which
showed a reduction of PTAA’s fluorescence intensity of
almost 51 % (Figure 5C light blue). In other words, by using
the pre-culture method of detection, as low as 1 CFUmL ™" of
K12 E. coli can be detected within 6 h. For J96, the E. coil
strain commonly seen in urine samples of patients suffering
from urinary tract infections, 1 CFUmL™' can be detected
within 8 h. Meanwhile, PTAA mixed with LL37gzgy exposed
to BL21 cells lacking surface OmpT did not exhibit a reduc-
tion in fluorescence (Figure 5C black and grey). The slight
increase in fluorescence observed at the end of 6 and 8 h,
respectively, is likely due to changes in the growth media
during the course of the assay when cells continue to grow
(Figure S8). Thus, the proposed assay works well for analyz-
ing water samples where there is very little interference from
the sample matrix. However, it might become necessary to
include a pre-processing step for samples with complex
matrices such as biological fluids and food samples.

Using the method described above, we were able to detect
E. coli in highly contaminated samples within 1 h, and with
the use of a pre-culturing step, we improved the assay
detection limit in weakly contaminated samples to detect as
low as 1 or 10 CFUmL™ in as little as 6-8h. This is
a significant achievement because most commercially avail-
able kits require about 2-3 fold longer assay time to detect
1 CFUmL™ of E. coli.®*! In Table 3, we benchmark the
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[a] Assay time, including any incubation steps involved.

proposed method in terms of LOD and assay time against
a few existing kits (a comprehensive comparison of the
OmpT-PTAA method with commercial kits and published
research methods is summarized in Figure S9 and S10).
Additionally, storage benefits governed by the use of highly
robust materials (polymer and peptide), simplicity and ease of
use, and overall cost offer opportunities to translate the assay
into a viable test format for applications near outbreaks and
in resource-limited regions.

Conclusion

We report a simple yet sensitive method to detect very low
levels of E. coli in water by targeting the bacteria’s surface
protease activity. To the best of our knowledge, this is the first
time, an outer-membrane protease in conjugation with an
unlabeled peptide has been targeted to develop a functional
assay for E. coli detection. In this method, PTAA was
employed as a reporter capable of distinguishing between an
intact and cleaved peptide that was previously optimized for
OmpT. Characterization of PTAA-peptide interactions help-
ed identify net charge and peptide length (and indirectly the
secondary conformation) as important factors that affect
PTAA structural and optical properties when interacting with
the intact and cleaved peptides. In combination with our
previous study on optimizing peptides for OmpT,'"! we have
gained significant insights into OmpT-peptide and peptide-
PTAA interactions which helped us design cationic peptides
for E. coli detection that were not only optimized for catalytic
activity, but also for optimal reporting. Using this method, we
were able to detect as low as 1 CFUmL ™" of the K12 and J96
wild-type E. coli strains in water within a total assay time of 6
and 8h, respectively. These assay times are significantly
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shorter than most commercially available detection Kkits for E.
coli.

The OmpT based approach for E. coli detection utilizing
protease specific substrates can be developed into a test kit
that can easily be extended to other bacteria expressing
similar outer-membrane proteases e.g., Salmonella, Y. pestis,
etc. By identifying substrate sequences that are exclusive to
each protease, it is possible to design assays capable of
detecting multiple bacteria in a sample. Development of such
multiplexed detection strategies based on protease substrate
specificity is currently under way and will be reported
elsewhere.
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