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Oligopeptidase B (OpdB) is a serine peptidase widespread among bacteria and protozoa that
has emerged as a virulence factor despite its function has not yet been precisely established.
By using an OpdB-overexpressing Escherichia coli strain, we found that the overexpressed
peptidase makes the bacterial cells specifically less susceptible to several proline-rich
antimicrobial peptides known to penetrate into the bacterial cytosol, and that its level of
activity directly correlates with the degree of resistance. We established that E. coli OpdB can
efficiently hydrolyze in vitro cationic antimicrobial peptides up to 30 residues in length, even
though they contained several prolines, shortening them to inactive fragments. Two
consecutive basic residues are a preferred cleavage site for the peptidase. In the case of a single
basic residue, there is no cleavage if proline residues are present in the P, and P, positions.
These results also indicate that cytosolic peptidases may cause resistance to antimicrobial
peptides that have an intracellular mechanism of action, such as the proline-rich peptides, and
may contribute to define the substrate specificity of the E. coli OpdB.
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Introduction

Oligopeptidase B (OpdB, E.C. 3.4.21.83) is a proteolytic
enzyme that belongs to the prolyl oligopeptidase family
(POP) of serine proteases [10, 24]. Initially discovered in
E. coli, this enzyme was found in several gram-negative
bacteria, spirochetes, [6, 24], and protozoa [5, 14], but not in
higher eukaryotes, with the exception of some plants [6].
Although the physiological role of OpdB has not yet been
elucidated in bacteria, it has been recently recognized as an
important virulence factor in trypanosome infections [17,
18]. In particular, in infective forms of Trypanosoma cruzi,
OpdB generates a calcium signalling factor that interacts
with a receptor at the mammalian cell surface, triggering
the intracellular mobilization of Ca®" [4], an essential step
for the trypanosome invasion. Deletion of the opdB gene in
T. cruzi resulted in trypanosomes that were attenuated for
virulence in a mouse model of infection [5]. In Trypanosoma
brucei and Trypanosoma congolense, OpdB contributes to the

pathogenesis of the infection through the anomalous
degradation of biologically active peptides in the bloodstream
of infected hosts [31]. Consistent with this view, the
administration of irreversible OpdB inhibitors to trypanosome-
infected mice significantly impaired disease progression
[19]. These results point out an important role of OpdB in
the pathogenesis of parasitic diseases, and its potential as a
novel target for antimicrobial therapy prompted an
analysis of OpdB homologs in bacteria. Little is known
about oligopeptidase B function in bacteria and no
physiological substrates have been identified [6]. It has
been previously observed that the OpdB from E. coli
and Salmonella Typhimurium have a trypsin-like substrate
specificity, cleaving peptides after basic residues of arginine
and lysine [15, 16], and its hydrolytic activity is restricted
to peptides shorter than 30—40 residues [7].

In a previous work, OpdB was associated with resistance
of E. coli cells to certain antimicrobial peptides (AMPs) [13].
These are an integral part of the innate immune system that
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protect a host from invading pathogenic bacteria [20, 32].
AMPs are considered promising compounds for an
alternative use in antibiotic therapy, and hence great effort
is being done to understand their mechanism of action [12,
26]. AMPs generally act on the surface of the target cells
and are membrane-permeabilizing agents. However, some
of them penetrate into the cytoplasm and inhibit intracellular
functions [3]. In a previous work, aimed to understand the
mode of action of a class of antimicrobial peptides rich in
proline residues (PR-AMPs), some E. coli clones showing a
reduced susceptibility to the peptides Bac7(1-35) and
Bac7(1-16) were isolated [13]. These clones were obtained
by transformation of a wild-type strain with a genomic
library constructed using DNA from a peptide-resistant
mutant. Some plasmids conferring reduced sensitivity to
the Bac7 peptides harbored a genomic region containing
the opdB gene.

In this study, we investigated the relationship between
expression of OpdB and decreased susceptibility of E. coli
to proline-rich peptides in order to gain new insights on
the activity of OpdB in terms of substrate specificity and
mechanism of action. The peptidolytic activity of OpdB on
AMPs suggests a possible involvement of this protein in
bacterial pathogenicity and, at the same time, it may
represent an interesting model to investigate the OpdB
substrate specificity.

Materials and Methods

Peptides, Bacterial Strains, Media, and Growth Conditions
All AMPs used were synthesized, characterized, quantified, and

Table 1. Strains and plasmid used in this study.

stored as previously described [2]. Bacterial strains and plasmids
used in this study are listed in Table 1. Cultures were grown in
Luria-Bertani (LB) or Mueller-Hinton (MH) broth at 37°C under
aerobic conditions with the addition of antibiotics when required.

Antimicrobial Activity Assays

Determinations of the MIC (Minimum Inhibitory Concentration)
values of the AMPs and of the bactericidal activity of Bac7(1-16)
against E. coli strains were performed as previously described [2].
Significance of differences among groups was performed by the
unpaired ¢ test. Values of p < 0.05 were considered statistically
significant.

Oligopeptidase B Cloning and Gene Deletion Constructs

The pBSAR-1 and pBSAR-11 clones derived from a Bac7-
resistant mutant DNA library were prepared as previously
described [13]. The opdB gene was amplified by PCR from the
PBSAR-1 plasmid DNA using forward (5- CGC AGA TCT ATG
CTA CCA AAA GCC GC -3") and reverse (5- ACA AGC TTA
GTC CGC AGG CGT AGC -3’) primers and cloned in the pQE-9
vector. In the resulting plasmid, pQAC-1, the OpdB ORF was
fused with a His-tag sequence at the 5-end, as confirmed by
sequencing; this plasmid was then used to transform strain XL-1
Blue of E. coli. The pBSAR-1A, pBSAR-1B, and pBSAR-1C constructs
were obtained by cleaving the pBSAR-1 plasmid respectively with
Banll, Ncol, and Smal, whereas the pBSAR-1D and pBSAR-1E
constructs were obtained by cutting pBSAR-1 and pBSAR-11 with
BamH1/HindIIL

Expression and Purification of Recombinant Oligopeptidase B
A strain expressing oligopeptidase B (HB3P) was obtained by

co-transformation of HB101 with the pQAC-1 and pREP4 plasmids.

Mid-logarithmic phase HB3P cultures were incubated in LB broth

Strain or plasmid

Relevant characteristics or genotype

Reference or source

E. coli strains

HB101 F~ leuB6 proA2 recA13 thil aral4 lacY1 galK2 xyl5 mtl1 rpsL20 supE44 hsdS20 lambda rymy DSMZz*
BW25113 lacI” rrnBT14 DlacZW]16 hsdR514 DaraBADAH33 DrhaBADLD78 KEIO collection”
JW1834 BW25113 AOpdB, Kan" KEIO collection”
Plasmids
pUC18 Multicopy vector, Amp" DSMZ?
pQE-9 Multicopy vector, Amp" Qiagen
pQAC1 pQE-9(OpdB) This Study
PpBSAR-1 pUC18, Amp*, Bac7"
PBSAR-1A PBSAR-1AexoX [13]
PBSAR-1B, pBSAR-1C PBSAR-1AOpdB AexoX This study
PBSAR-1D, pBSAR-1E PBSAR-1AOpdB This study

*DSMZ, German Collection of Microorganisms and Cell Cultures.

"Keio Collection at GenoBase (http:/ecoli.aist-nara.acjp).
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at 30°C with 10 uM IPTG for different times with shaking. Bacteria
were lysed in 6 ml of lysis buffer (10 mM Tris-HCl, pH 8.0, 0.1%
Tween 20), sonicated on ice (3x 10 sec pulses with 30 sec intervals),
centrifuged, and the supernatants stored at -20°C. OpdB was
purified onto HIS-Select resin (200 pl of 1:1 slurry) (Sigma-
Aldrich) in 500 mM NaCl, 0.1% Tween 20, 25% glycerol, and
10 mM Tris-HCl, pH 8.0 (buffer A), with addition of 5 mM
imidazole. After incubation for 30 min at 4°C with shaking, the
resin was washed three times first in buffer A supplemented with
20 mM imidazole and then in buffer A with 30 mM imidazole.
Finally, the His-tagged-OpdB was eluted with 150 mM imidazole.
After estimation of the concentration by the BCA assay (Pierce),
the fractions were analyzed by SDS-PAGE and the 12%
acrylamide gels were stained with Coomassie Blue.

Enzymatic Assays

The OpdB activity of protein extracts was determined by using
the fluorogenic substrate carbobenzoxy-Arg-Arg-4-methylcoumaryl
7-amide (Z-Arg-Arg-AMC) [23]. The enzymatic assays were carried
out in a reaction mixture of 0.2 ml containing 50 pM Z-Arg-Arg-
Amc in 100 mM Na-phosphate buffer, pH 8.0, and 5 ul of soluble
protein fraction or 5 ul of the purified recombinant endopeptidase.
The substrate hydrolysis was monitored at room temperature for
10 min by using a microtiter plate reader (Chameleon Hidex,
Finland), set at excitation and emission wavelengths of, respectively,
355 and 460 nm.

Antimicrobial Peptide Degradation

The peptidolytic activity of recombinant OpdB was evaluated at
37°C in 100 mM Na-phosphate buffer, pH 8.0, with a peptide
concentration of 100 uM and a molar OpdB/peptide ratio of 1:50.
Aliquots of the reaction mixture were withdrawn at different
times, and the products resolved by RP-HPLC using an analytical
X-Terra RPTM C18 column (Waters), eluted with a 0 to 40% water-
acetonitrile linear gradient in the presence of 0.05% TFA, and
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monitored at 214 nm. The percentage of cleavage was evaluated
from the area of the eluted peaks of the different fragments.
Eluted fragments were then identified by ESI-MS using an Esquire
4000 instrument (Bruker Daltonics).

Results

The Presence of OpdB-Carrying Plasmid in E. coli Confers
Reduced Susceptibility to Bac7(1-16)

A plasmid (pBSAR-1) conferring reduced sensitivity to
the proline-rich peptide Bac7(1-16) harbored an E. coli
genomic region containing the opdB gene and a partial
sequence of the exoX (yobC) gene, coding for oligopeptidase
B (OpdB) and exonuclease X, respectively [13].

To confirm the involvement of OpdB in the Bac7(1-16)
susceptibility, a set of deletion constructs starting from pBSAR-1
were prepared (pBSAR-1A -1E). Only those expressing a
complete opdB coding sequence or with a small deletion of
108 nucleotides at the 3’-end showed a low-susceptibility
phenotype and grew on solid medium supplemented with
the peptide at 10 uM. The absence of a complete opdB gene
sequence restored the full susceptibility to the peptide,
confirming that expression of the opdB gene was essential
to have a low-susceptibility phenotype (Fig. 1).

OpdB Activity Correlates with the Degree of Resistance
to Bac7(1-16)

No mutations were found in the coding region of the
opdB gene in pBSAR-1, while the presence of a large 5" UTR
in the plasmid was consistent with the presence of a
functional promoter. Therefore, the decreased susceptibility
to Bac7 fragments could be due to overexpression of the
oligopeptidase B caused by the high copy number of

Bacterial growth on
10 uM Bac7(1-16)

pBSAR1 [ opdB [ +
[}
1924300
PBSARIA [] +
pBSARIB | | +
PBSARIC -
pBSARID [ [ | -
pBSARIE [ [ exoX [ -

|
1923429

Fig. 1. Schematic representation of the inserts cloned in the plasmid pBSAR-1 and its deletion constructs.
The genomic fragments contained in the plasmid and their ability to confer resistance are schematized. Resistance (+) was considered as capacity

of bacteria to grow on a solid medium containing 10 ptM Bac7(1-16) peptide. Arrows indicate the direction of transcription.
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Fig. 2. OpdB activity and susceptibility of E. coli HB101-derived strains to Bac7(1-16).

(A) Hydrolytic activity of OpdB measured in protein bacterial extracts. Soluble fractions of protein extracts from HB101 cells transformed with
empty pUC18, pBSAR-1, or pBSAR-1D, were incubated with 50 pM Z-Arg-Arg-AMC in 100 mM Na-phosphate buffer, pH 8.0. Enzyme activity
was measured as variation in fluorescence intensity (F.I) min” pg” of protein using a microtiter plate reader settled at excitation and emission
wavelengths of, respectively, 355 and 460 nm. (B) Susceptibility of E. coli HB101-derived strains to Bac7(1-16). Bacteria were incubated for 60 min at
37°C in MH broth in the absence (white bars) or presence of 5 uM Bac7(1-16) (grey bars), serially diluted with 10 mM Na-phosphate, 400 mM NaCl,
and 10 mM MgCl,, pH 7 4, plated in duplicate on MH agar, and incubated overnight to allow viable colony counts (CFU/ml). Results are the mean
+ SD of four independent determinations. *p < 0.05 for HB101/pUC18 vs HB101/pBSAR-1. **p < 0.05 for HB101/pBSAR-1D vs HB101/pBSAR-1.

PBSAR-1. To verify this hypothesis, we compared the level
of enzymatic activity of OpdB in the protein extracts of
different HB101/pBSAR-derived clones with the degree of
susceptibility to Bac7(1-16). High levels of OpdB activity,
measured using the fluorescent substrate Z-Arg-Arg-AMC,
were observed in the HB101/pBSAR-1 protein extract. This
activity was due specifically to OpdB since HB101/pBSAR-
1D, which contained a partially deleted opdB, showed a
very low level of hydrolytic activity (Fig. 2A). In addition,
by using the viable plate count method, we found that E.
coli cells containing pBSAR-1 but not pBSAR-1D showed a
remarkably decreased susceptibility to Bac7(1-16) compared
with wt HB101/pUC18 (Fig. 2B). In parallel, we evaluated
the susceptibility to the proline-rich peptide of an E. coli
mutant strain lacking the opdB gene with respect to its wt
counterpart. The viable count assay indicated that the null-
odpB JW1834 strain was slightly but significantly more
sensitive to the peptide than its parental wild-type BW25113
strain (Fig. 3). Taken together, these results highlight a
correlation between the level of expression and activity of
OpdB and the bacterial susceptibility to Bac7(1-16), suggesting
that this proline-rich peptide may be cleaved in vivo by the
peptidase, reducing its antimicrobial activity.

OpdB-Mediated Resistance Can be Extended to Other

Proline-Rich Antimicrobial Peptides
To investigate the specificity of OpdB activity, HB101/
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Fig. 3. Susceptibility of E. coli BW25113 and of the opdB-null
mutant JW1834 strains to Bac7(1-16).

Bacteria were incubated for 60 min at 37°C in MH broth with 5 uM
Bac7(1-16) peptide, serially diluted with 10 mM Na-phosphate,
400 mM NaCl, and 10 mM MgCl,, pH 7.4, plated in duplicate on MH
agar, and incubated overnight to allow viable colony counts (CFU/ml).
The results are reported as CFU/ml (log scale) and represent the
average + SD of seven independent experiments. *p < 0.05 for peptide-
treated JW1834 vs peptide-treated BW25113 cells. **p < 0.01 for peptide-
treated JW1834 vs untreated JW1834 cells.



Table 2. Susceptibility of the HB101/pBSAR-1 and of the
control HB101/pUC18 strains to different AMPs.

MICE (uM)

Peptide

HB101/pUC18 HB101/pBSAR-1
Bac7(1-35) 1 2
All-D Bac7(1-35) 16 16
Bac7(1-16) 1 4
Bac5(1-31) 2
PR39(1-18) 2 16
SMAP-29 0.5 0.5

“The MIC was taken, after microdilution assay in microtiter plates, as the lowest
concentration of antimicrobial peptide resulting in a completely clear well after
18 h of incubation at 37°C. Results are the mean values of at least three independent

determinations performed in duplicate.

PBSAR-1 cells were exposed to a panel of structurally
diverse proline-rich AMPs and to the a-helical lytic peptide
SMAP-29. The HB101/pBSAR-1 strain showed a remarkably
decreased susceptibility, expressed as MIC values, to all
the proline-rich AMPs but not to the o-helical SMAP-29
(Table 2). In particular, the N-terminal active fragments
Bac5(1-31) from the bovine peptide Bac5, and PR-39(1-18)
from the porcine PR-39, showed respectively a 4- and 8-
fold higher MIC value with the OpdB overexpressing
strain with respect to the control strain (Table 2). MIC
values increased also for the all-L enantiomer of Bac7(1-35)
but remained unchanged for the all-D form (Table 2). These
results indicate that the overproduction of OpdB can also
decrease the bacterial susceptibility towards other proline-
rich peptides, suggesting that these AMPs may represent
or mimic a specific OpdB substrate recognized by the
oligopeptidase in a stereospecific manner.

OpdB Rapidly and Specifically Degrades Proline-Rich
Peptides, Preferring Substrates Shorter than 30 Residues
OpdB was recombinantly expressed and purified (details
in Materials and Methods). The expressed product was
then incubated with each of the above-mentioned peptides
to test their potential as substrates. All the AMPs were
hydrolyzed by the enzyme (data not shown), and the
cleavage sites were identified by mass spectrometry (Fig. 4).
In particular, peptides of less than 30 residues were
completely cleaved in small fragments in 20 min at a 1:50
OpdB/peptide ratio. On the contrary, peptides longer than
30 residues, such as Bac7(1-35) and Bac5(1-31), were only
partially degraded after 60 min of incubation, leading to a
percentage of cleaved molecules of 10% for Bac7(1-35) and
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| |
Bac7(1-16) RRIRPRPPRLPRPRPR

| |
Bac7(1-35) RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFP

}
PR-39(1-18) RRRPRPPYLPRPRPPPFF

b4 o
Bac5 (1-31) RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPI

i b)) )
SMAP-29  RGLRRLGRKIAHGVKKYGPTVLRIIRIAG

Fig. 4. Degradation of AMPs by OpdB.

Amino acid sequences of different AMPs and identified cleavage sites
for OpdB are reported ( | ). Purified recombinant endopeptidase was
incubated with each of the AMPs at an enzyme-to-peptide molar ratio
of 1:50, and the fragments were obtained after different times (from 20
min to 24 h), separated, and identified by LC-MS. The dotted arrows
on SMAP-29 represent predicted cleavage sites generating fragments
that have not been detected. Underlined PRP sequences represent
potential cleavage sites in which the arginine residue is shielded
against endopeptidase activity by the two flanking proline residues.

less than 50% for Bac5(1-31). As expected, all-D-Bac7(1-35)
was not cleaved at all (data not shown). As previously
reported [6], our data clearly confirm that two consecutive
basic residues are a good cleavage site for the peptidase.
Moreover, we showed that, in the case of a single basic
residue, the cleavage efficiency depends on the presence of
proline residues in the positions flanking the cleavage site.
When both positions are simultaneously occupied by
prolines (PR | P), hydrolysis of the peptide bond after the
Arg residue is totally abolished, whereas the presence of a
single proline residue in only one of the two flanking
positions does not prevent the cleavage (e.g., FR | P,
PR | L) (Fig. 4).

Discussion

Oligopeptidase B is a serine peptidase present in gram-
negative bacteria, protozoa, and plants. Despite its
widespread distribution, the physiological role of OpdB
has not been elucidated yet, even thugh OpdB in Trypanosome
and Leishmania infections has been recently recognized as
an important virulence factor [14, 18]. Based on enzyme
specificity in prokaryotes, it has been suggested that this
peptidase may be a processing enzyme that produces
biologically active products [23]. Starting from the observation
that the presence of an opdB-carrying plasmid in E. coli
conferred reduced susceptibility to PR-AMPs, in the present
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work we investigated the activity of this oligopeptidase in
the degradation of different antimicrobial peptides. Previous
studies have suggested that proline-rich AMPs should be
resistant to the action of serine proteases because of the
presence of proline residues that prevent cleavage of the
scissile bonds [27]. In contrast, our results indicate that the
serine peptidase OpdB can degrade proline-rich peptides,
broadening the pool of its putative physiologic substrates,
whose identity, up to now, is still unknown [6].

Unlike the canonical prolyl oligopeptidases (POP) that
catalyze the hydrolysis of the peptide bond on the carboxyl
terminal side of proline residues in peptides, OpdB shows
a trypsin-like activity [6, 16]. In particular, it was shown
that OpdB of Salmonella enterica exhibits hydrolytic activity
exclusively against substrates with basic residues in the P,
position [16]. The present study confirms these results and
adds new insights on the specificity of this endopeptidase.
We found that the presence of a proline residue in the P, or
P, position of the substrate peptide does not prevent its
cleavage by the enzyme, but when both positions are
occupied by proline, no cleavage is observed (Fig. 4). This
result suggests a difference in specificity between the
prokaryotic and eukaryotic forms of this protein, since the
presence of a proline residue in the P, position of Trypanosome
OpdB is sufficient to prevent its activity [9]. Moreover, we
showed that E. coli OpdB can efficiently hydrolyze cationic
antimicrobial peptides that are less than 30 residues in
length, suggesting a size limit of the cleavable unknown
peptide substrates.

We showed that the presence of multiple copies of the
opdB gene decreased the susceptibility of the bacteria to
Bac7(1-16) and to other proline-rich peptides. A direct
correlation between the amount of the peptidase expressed
in the cells and the bacterial sensitivity to the PR-AMPs has
been shown, indicating an active role of OpdB in
conferring the low-susceptibility phenotype to bacteria
overexpressing this protein. Interestingly, the endogenous
chromosomic OpdB in the wild-type strain also contributed
to decreasing the susceptibility of E. coli to Bac7(1-16) with
respect to an opdB-null mutant. This indicates that a normal
level of oligopeptidase under physiological conditions also
displays a protective, albeit modest, effect (Fig. 3).

The production of proteolytic enzymes in response to
AMPs has been described in both gram-negative and gram-
positive bacteria as an important mechanism of resistance
towards AMPs [8, 21]. For example, the outer membrane
protease PgtE of Salmonella enterica and of its E. coli
homolog OmpT are capable of cleaving a-helical AMPs [8]
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and protamine [29]. P. aeruginosa elastase induces LL-37
degradation in human wound fluid, leading to enhanced
bacterial survival [25], and S. aureus expresses and secretes
the metalloprotease aureolysin and the V8 serine protease,
which are also capable of cleaving and inactivating LL-37
[28]. As most of the AMPs act by binding to, and
permeabilizing the membranes of target bacteria, up to now
only proteases secreted or expressed on the cell surfaces
have been shown to be active against AMPs. Here we
showed that OpdB confers a reduced susceptibility to
proline-rich antimicrobial peptides, which show cell-
penetrating capability and act within the target cells [11, 22,
26, 30]. On the other hand, although OpdB is capable of an
efficient degradation of the o-helical peptide SMAP-29
(Fig. 4), it does not affect its antibacterial activity against
living bacteria, most likely because this peptide acts
rapidly on the target cells at the membrane level [1] and
does not encounter the intracellular peptidase during its
bactericidal action.

Based on these data, a role for this peptidase in the
resistance of AMPs may only be hypothesized, although
the AMPs display features to be good candidates as OpdB
substrates, due to their small size and to the presence of
several basic residues. Any future evidence indicating that
opdB is upregulated in some conditions will be important to
argue that the resistance of the overproducing strains is
physiologically meaningful.

However, the selective reduced susceptibility towards
the intracellular AMPs due to the proteolytic activity of
OpdB indicates that HB101/pBSAR-1 cells may be used
also as a powerful tool to investigate the mode of action of
AMPs and to discriminate between AMPs that are internalized
into the cells from those that act at the membrane level.

In conclusion, the results reported here show for the first
time that a cytosolic peptidase can be involved in the
degradation of AMPs as well, suggesting a potential and
still not fully characterized proteolytic activity towards
these molecules. Further studies will be necessary to better
characterize the OpdB mechanism of action.
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