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Abstract: Identifying peptide substrates that are efficiently
cleaved by proteases gives insights into substrate recognition
and specificity, guides development of inhibitors, and improves
assay sensitivity. Peptide arrays and SAMDI mass spectrom-
etry were used to identify a tetrapeptide substrate exhibiting
high activity for the bacterial outer-membrane protease
(OmpT). Analysis of protease activity for the preferred
residues at the cleavage site (P1, P1’) and nearest-neighbor
positions (P2, P2’) and their positional interdependence
revealed FRRV as the optimal peptide with the highest
OmpT activity. Substituting FRRV into a fragment of LL37,
a natural substrate of OmpT, led to a greater than 400-fold
improvement in OmpT catalytic efficiency, with a kcat/Km value
of 6.1 X 106 L mol@1 s@1. Wild-type and mutant OmpT displayed
significant differences in their substrate specificities, demon-
strating that even modest mutants may not be suitable
substitutes for the native enzyme.

The protease OmpT belongs to the omptin family of
proteases, which are present on the outer membrane of
most E. coli and functions as a defense mechanism for the
bacteria by cleaving antimicrobial peptides secreted by the
host epithelial cells.[1–3] It also acts as a virulence factor by
aiding in the spread of the bacteria within the host cells.[4]

Identifying peptide substrates that are efficiently cleaved by
OmpT can thus help to improve both the sensitivity of
peptide-based assays for E. coli detection in complex mix-
tures and in the design of d-amino acid based peptide
inhibitors.

Peptide optimization for target proteases can be achieved
using various methods, including phage display,[5,6] internally
quenched fluorescent substrate libraries,[7, 8] positional scan-
ning synthetic combinatorial libraries (PS-SCL),[9, 10] cellular
libraries of peptide substrates (CLiPS),[11] and in silico

studies.[12] However, detection of optimal protease targets
using most of the above methods relies heavily on substrate
labels or tags that can alter the substrate structure and
influence reaction rates.[13–15] Self-assembled monolayers for
matrix-assisted laser-desorption–ionization mass spectrome-
try (SAMDI-MS) is an efficient approach that avoids the
many limitations of traditional label-based assays and phage
display methods.[16] SAMDI-MS uses self-assembled mono-
layers of long-chain alkanethiolates on gold-coated surfaces
to which peptides (or other enzyme substrates) are immobi-
lized (Figure 1).[17] We have shown that the SAMDI assay
format is well-suited to quantitatively measure a broad range
of enzyme activities and that it is compatible with high
throughput formats that use arrays in the common 384 and
1536 spot formats.[18–25]

Herein we demonstrate the use of SAMDI-MS and
peptide arrays in identifying FRRV, a tetrapeptide substrate
for OmpT that is cleaved with high efficiency. When FRRV
was substituted into a fragment of LL37, an antimicrobial
peptide and a natural substrate of OmpT, the protease
displayed a more than 400-fold improvement in kcat/Km value

Figure 1. Illustration of the method used to identify peptide substrates
for the OmpT protease. Peptides from a library are individually pre-
treated with OmpT in 384-well plates. The solutions are then trans-
fered to monolayer array plates, where the peptide substrate and
cleaved product undergo immobilization to the maleimide-terminated
monolayer. In SAMDI-MS, the monolayer is irradiated with a laser that
dissociates the thiolate–gold bond, resulting in the release of ionized
alkanethiolate–peptide species from the surface. The enzyme specific-
ity and activity can be determined from characteristic mass shifts and
relative peak intensities in the MS spectrum.
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over the original peptide. Additionally, we compare the
activity of wild-type (wt) and mutant (mut) OmpT on the
same peptide array in order to gain insight into differences in
the substrate specificity of the protease.

We began the process of peptide optimization with the
rational design of a peptide library composed of 76 individual
peptides. The library was based on a known tetrapeptide
sequence (ARRA)[26] where each position was sequentially
modified with one of nineteen different amino acids with the
exception of cysteine, which through its thiol group might
interfere with the immobilization reaction. Additionally, this
starting sequence was consistent with OmpTQs preference for
a di-basic residue at the cleavage site (Supporting Informa-
tion, Figure S1).

We synthesized the 76 peptides using standard protocols
and individually treated them with wild-type protease that
was recombinantly expressed in E. coli, and refolded from
inclusion bodies. To avoid autoproteolysis of wtOmpT during
its in vitro expression and purification, we and others have
used a mutant form of the protease. The mutOmpT, carrying
a subtle mutation in its sequence (G216-K217-R218 changed
to K216-G217-R218 to remove the dibasic proteolysis site),
has a circa 30% lower activity than wtOmpT and has been
presumed to share the same substrate specificity.[26–30] How-
ever, we recently developed a method that suppresses auto-
proteolysis in wtOmpT,[31] making it possible to use the
protease in high-throughput screening (HTS) assays. This
method is based on the addition of excess LPS during the
in vitro refolding stage of wtOmpT inclusion bodies.
Although we are unable to confirm whether LPS plays
a direct role in preventing wtOmpT autoproteolysis, the low
levels of autoproteolysis directly translated to higher specific
activity.

After treatment of the peptides with wtOmpT, small
volumes of each reaction (2 mL) were transferred onto array
plates having 384 gold islands that were modified with
a monolayer presenting maleimide groups at a density of
about 10 % against a background of tri(ethylene glycol)-
terminated alkanethiolates.[32] The maleimide functionality
allows for the selective immobilization of cysteine-terminated
peptides, and the glycol functionality is effective in preventing
the non-specific adsorption of proteins.[33] The array plates
were analyzed by MALDI-TOF MS to obtain a mass
spectrum for each spot, and the protease activity was
calculated by measuring the relative area under each molec-
ular ion peak (M+) from each spectra according to the
equation:
Activity(%) = AUCproduct/(AUCsubstrate + AUCproduct)·100 %.
Hence, the activity represents the percent yield in conversion
of the substrate to the product, and though the activities
provide a rank-ordering of the substrate turnovers, they do
not provide a direct comparison of the substrates (which
requires measurement of kcat and Km, as described below). We
also note that when the substrate and product have different
ionization efficiencies, the activity would be skewed and not
give the actual yield of the reaction. However, we confirmed
this was not the case in our study by using the peak for the
tri(ethylene glycol)-terminated background alkanethiolate as
an internal control; this analysis showed that the ionization

efficiencies for substrate and product differed by less than 2%
(Supporting Information, Table S1).

Our results are consistent with those reported by Dekker
et al.[27] using mutOmpT; the wtOmpT also has an absolute
preference for charged basic residues at the P1 and P1’
positions, though with a modest preference for Arg–Arg over
a combination of Arg and Lys (Figure 2, rows 2 and 3). As

expected, charged acidic residues are not favored at the
cleavage site nor in its immediate vicinity. This can be
explained by the acidic residues in the active site where the
catalytic pairs consist of Asp83–Asp85 and His212–Asp210.[28]

Beyond the cleavage site, the protease displays less stringent
requirements for residues at the P2 position (Figure 2, row 4),
and has a preference for small hydrophobic residues like Ala
and Val at the P2’ position (Figure 2, row 1). Overall, these
results are mostly in agreement with previous reports
obtained using mutOmpT,[27,29] thus validating the use of
SAMDI-MS in determining the substrate specificity for
wtOmpT. Although the protease displayed a sufficiently
high activity for ARRA, we observed that three substrates-
YRRA, PRRA, and ARRV-displayed higher activity, dem-
onstrating the value of using arrays that include previously
unknown substrates.

This first array was useful in determining the preferred
residues at each of the four positions. However, it is
recognized that there is often an interdependence of amino
acids at each position in the peptide sequence, and therefore
arrays having two variable positions would be expected to
reveal still more active substrates. We designed a larger
peptide library that was based on the sequences described
above, but where the P2 and P2’ positions were varied
simultaneously, with arginine held constant at the P1 and P1’
positions. This array contained 361 peptides of the form
AcGXRRZGC, where the X and Z residues are one of
nineteen amino acids excluding cysteine.

We treated this larger array with wtOmpT and then
analyzed each spot with SAMDI-MS to determine the activity
(Figure 3, representative spectra are shown in the Supporting
Information, Figure S2). Twelve tetrapeptides displayed
higher activity for wtOmpT than did the ARRA peptide,
which had an activity of 91.0 %. Among these, FRRV

Figure 2. Wild-type OmpT activity screen on the 76 peptide library
displayed as a heatmap. White areas correspond to no activity and
dark areas correspond to high activity. The five most active peptide
substrates are shown in the table together with the observed activity.
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exhibited the highest activity of any peptide in the array, at
98.9%. Moreover, this larger peptide array also confirmed the
preference for small hydrophobic residues Ala, Ile, and Val at
the P2’ position and for Ala and Phe at the P2 position.
Interestingly, SAMDI-MS also revealed a strong positional
interdependence for the P2’ and P2 positions. For example,
when the P2’ position was occupied by a small hydrophobic
residue and the P2 position was occupied by an aromatic
residue or methionine, there is high activity, as is the case with
the peptide substrate FRRV (Figure 3).

To validate if FRRV was indeed a preferred substrate for
the protease, we substituted this tetrapeptide sequence into
LL37, a natural substrate for OmpT.[1,34] LL37 is a cationic
antimicrobial peptide that is secreted by the epithelial cells of
lungs and intestines into the extracellular environment as part
of innate immunity. To establish and maintain infection,
OmpT present on pathogenic E. coli strains is known to
cleave LL37 at the two dibasic sites present in its sequence,
thus rendering them inactive (Figure 4 A).[1] We synthesized
two variants of a fourteen amino acid N-terminal fragment of
LL37 in which the original FRKS sequence of LL37 was
substituted with either FRRV or ARRA. For the unmodified
LL37 fragment, wtOmpT exhibited a catalytic efficiency of
1.4 X 104 L mol@1 s@1 (Figure 4C). However, when FRRV was
substituted into this sequence, the catalytic efficiency signifi-
cantly improved to 6.1 X 106 L mol@1 s@1, which is approxi-
mately 400-fold higher than the original FRKS peptide. When
the natural sequence was substituted with ARRA, wtOmpT
exhibited a catalytic efficiency of 5.8 X 105 Lmol@1 s@1 that is
approximately 40-fold higher than for the original peptide.
These experiments establish that the protease is more active
for FRRV than for ARRA or the natural sequence FRKS. A
sequence homology of LL37 in primates reveals that positions
P2-P1-P1’ (F-R-K) for the first di-basic site are highly
conserved.[35] The P2’ position is less conserved with the
occurrence of either Ala or Val, the same two non-polar
residues that are highly favored at this position (Supporting
Information, Table S2). However, human LL37 appears to

have evolved with Ser, a small polar residue, at the P2’
position and for which the protease has a relatively poor
cleavage preference.[35] It may be possible that this change is
a consequence of positive selection pressure driven by
exposure to various bacterial pathogens.

Finally, we used the large arrays to directly compare the
substrate specificities of mutOmpT (Figure 5A) and wtOmpT
(Figure 3). Interestingly, the relative difference heatmap for
the two proteases (computed as a difference in activity
relative to the activity of wtOmpT for the same substrate;
Figure 5B) reveal trends illustrating differences in their
specificities. Despite both OmpT variants exhibiting a high
catalytic activity for FRRV, we observed substantial differ-
ences in the activities of the two proteases for many of the
substrates. Most noticeably, mutOmpT displayed a higher
activity for peptides substituted with Ser at the P2’ position
(Figure 5B, row-S). A similar comparison of wtOmpT and
mutOmpT activity on the LL37 peptide fragments again
revealed a difference in their specificity. While both OmpT
variants displayed similar activity for the FRRV and ARRA-
substituted LL37 peptide fragments (Figure 5C), mutOmpT
displayed poor activity for the original natural sequence
(FRKS). This was in contrast to the high activity of wtOmpT
for the above peptide. Such stark difference in properties of
the wild-type and mutant forms of the protease illustrates the
ways that even modest mutants (that is, interchanging two
adjacent residues outside of the active site) can lead to distinct
differences in substrate specificity.

In conclusion, the use of SAMDI-MS and peptide arrays
in this work was able to reveal trends in OmpT activity and

Figure 3. Wild-type OmpT activity screening of a combinatorial peptide
library with substrate sequence AcGXRRZGC displayed as heatmap. The
top five peptide substrates and corresponding OmpT activities are
displayed in the table.

Figure 4. Kinetic comparison of peptide substrates that are inserted
into the LL37 fragment. A) The LL37 sequence has 2 dibasic sites that
can be cleaved by OmpT. A 14 amino acid peptide from the N-terminal
of LL37 was substituted with the FRRV or ARRA sequences and
compared to the native sequence having the FKRS motif. B) Kinetic
data for cleavage of the FRRV substrate by wtOmpT (data for the two
other peptides are included in the Supporting Information, Figure S3).
C) Best-fit values for Km and kcat were used to determine the kcat/Km

turnover numbers for each substrate.
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interplay between multiple positions in the peptide substrate
sequence. Peptide arrays permit the unbiased evaluation of
hundreds to thousands of enzyme substrates. In this example,
we demonstrate that peptide arrays and SAMDI-MS are able
to discover new short peptide sequences that have catalytic
turnover numbers that are approximately 400-fold greater
than that for the native sequence and approximately 40-fold
greater than that for the previously identified “best” ARRA
substrate. Further, we use the peptide arrays to reveal
significant differences in substrate specificity for the wild-
type and mutant proteases, showing that these forms of the
OmpT protease cannot be used interchangeably, as they often
have been in OmpTresearch. We believe this approach will be
important for enabling studies of a broader range of
proteases.[36, 37]
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