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Abstract

Prevotella intermedia, a gram-negative anaerobic rod, is frequently observed in subgingival
polymicrobial biofilm from adults with chronic periodontitis. Peptidases in periodontopathic bacteria
are considered to function as etiological reagents. Pre. intermedia OMA14 cells abundantly express an
unidentified cysteine peptidase specific for Arg-4-methycoumaryl-7-amide (MCA). BAU17746 (locus
tag, PIOMA14 1 1238) and BAU18827 (locus tag, PIOMA14 II 0322) emerged as candidates of this
peptidase from the substrate specificity and sequence similarity with C69-family Streptococcus
gordonii Arg-aminopeptidase. The recombinant form of the former solely exhibited hydrolyzing
activity toward Arg-MCA, and BAU17746 possesses a 26.6% amino acid identity with the C69-family
Lactobacillus helveticus dipeptidase A. It was found that BAU17746 as well as L. helveticus
dipeptidase A was a Pl-position Arg-specific dipeptidase A, although the L. helveticus entity, a
representative of the C69 family, had been reported to be specific for Leu and Phe. The full-length
form of BAU17746 was intramolecularly processed to a mature form carrying the N-terminus of Cys'.
In conclusion, the marked Arg-MCA-hydrolyzing activity in Pre. intermedia was mediated by
BAU17746 belonging to the C69-family dipeptidase A, in which the mature form carries an essential
cysteine at the N-terminus.

Keywords: dipeptidase A; cysteine peptidase, autoprocessing; Prevotella intermedia; substrate
specificity; periodontal disease.

Introduction

Prevotella intermedia, a gram-negative anaerobic rod frequently noted in subgingival polymicrobial
biofilms, was obtained from adults with chronic periodontitis (Rams and van Winkelhoff, 2017; Deng
et al., 2017) and reported to be associated with periapical periodontitis (Gomes et al.,1994; 1996;
Jacinto et al., 2003). This bacterium has also been detected in association with other oral conditions,
including endodontic infections (Fukushima et al., 1990; Baumgartner et al., 1999), acute necrotizing
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ulcerative (Loesche et al., 1982), and pregnancy gingivitis (Raber-Durlacher et al., 1994). In addition,
others have implicated that Pre. intermedia is closely related to systemic diseases, such as
atherosclerosis, cardiovascular disease, and stroke (Scannapieco et al., 2003), as well as preterm birth
(Offenbacher et al., 2001). Because of its versatile nature, Prevotella species have also been observed
in the upper respiratory tract, urogenital tract (Eiring et al., 1998), and large intestine (Hayashi et al.,
2007).

Peptidases produced by periodontopathic bacteria provide nutrients for bacterial growth, and are
important etiologic reagents involved in degradation of periodontal tissues and alterations of the host
immune system and bioactive peptides (Potempa et al., 2000). Notably, various studies regarding Arg-
and Lys-specific gingipains of Porphyromonas gingivalis have been presented (Chen et al., 1992; Scott
et al., 1993; Pike et al., 1994; Pavloff et al., 1995; 1997), and more recent reports of dipeptide-
producing enzymes, known as dipeptidyl-peptidases (DPPs), and a novel acylpeptidyl oligopeptidase
are considered to be essential for growth and pathogenicity of P. gingivalis (Nemoto and Ohara-
Nemoto, 2016; Nemoto et al., 2016; Ohara-Nemoto et al., 2017). In contrast to gingipains solely
expressed in P. gingivalis, most DPP genes and their activities can be found in several periodontopathic
bacteria including Pre. intermedia (Ohara-Nemoto et al., 2018). However, little is known about
peptidases in Pre. intermedia yet, though it has been shown that the level of proteolytic activity in
clinical strains was significantly higher than that in commensal strains isolated from healthy subjects
(Yanagisawa et al., 2006). Pre. intermedia efficiently incorporates single amino acids and produces
ammonia (Shah and Williams, 1987; Takahashi and Sato, 2001), thus peptidases related to release
single amino acids are considered to be important.

In the present study, we identified the C69-family member dipeptidase A in Pre. intermedia
BAU17746. Enzymatic and biochemical properties of this peptidase were compared with two
additional C69-family members from Lactobacillus helveticus and Tannerella forsythia. The present
results demonstrated that current understanding regarding the substrate specificity of the C69 family
should be revisited. Moreover, we here report that the C69-family dipeptidase A is a unique cysteine
peptidase with an essential cysteine at the N-terminus.

Results
Exopeptidase activities of Pre. intermedia

Peptidase activities of Pre. intermedia OMA14 were determined with phosphate-buffered saline (PBS)-
washed and resuspended cells by use of a series of fluorogenic peptidyl-4-methycoumaryl-7-amide
(MCA) substrates (Figure 1). In our previous study, DPP4 from the bacterial strain has been cloned and
characterized (Ohara-Nemoto et al., 2017, 2018). In addition, Phe-Met-MCA was established as a
specific substrate for DPP7 (Nemoto et al., 2018), which enables determination of DPP7 activity
separately from that of DPP5 in bacterial cells. Figure 1A indicated that the activities of DPP7 for Phe-
Met-MCA and DPP4 for Gly-Pro-MCA were predominant, while some hydrolysis of Lys-Ala-MCA by
DPP5 was detected. No hydrolysis of Leu-Asp- or Leu-Glu-MCA was observed, in accord with lack of
the DPP11 gene in the genome (Naito et al., 2016).

Among 6 aminoacyl-MCA substrates (Arg, Lys, Leu, Met, Ala, Phe), predominant hydrolysis of
Arg-MCA was observed, while other activities were markedly limited. In order to determine whether
the Arg-MCA-hydrolyzing entity is mediated by either an exopeptidase or endopeptidase, hydrolyses
of various MCA substrates carrying Arg at the P1 position were examined. As shown in Figure 1C, Pre.
intermedia  predominantly hydrolyzed Arg-MCA, whereas degradation of Arg-Arg-, t-
butyloxycarbonyl-[(2S5)-2-amino-3-(benzyloxycarbonyl) propionyl (Boc)-FSR-, and Boc-RVRR-MCA
was limited, and hydrolysis of the remaining 5 substrates [benzoylglycyl (Bz)-Arg-, benzyloxycarbonyl
(Z)-Leu-Leu-, glutalyl (Glt)-Gly-Arg-, Z-VVR-, pyroglutamyl (Pyr)-RTKR-MCA] was negligible.
These results suggested that Arg-MCA-hydrolyzing activity was mediated by an Arg-specific
aminopeptidase.

To characterize this hydrolyzing activity, we examined its biochemical properties. The activity was
steeply increased in the presence of 3 — 30 mM dithiothreitol, then elevation continued in a linear
manner until 300 mM (Figure 2A), suggesting that this entity is a cysteine peptidase. Cellular Arg-
MCA hydrolysis reached a plateau at pH 7.5 in phosphate buffer, though was further increased when



using Tris-HCI buffer (Figure 2B), suggesting that an alkaline pH level caused disruption of the cells.
The Arg-MCA-hydrolyzing activity was scarcely detected in the culture supernatant. In contrast, that
activity was observed in bacterial cells, with greater activity noted in the fraction comprising the
cytosol and periplasm in the presence of dithiothreitol (Figure 2C).

Expression and processing of BAU17746

BAU17746 and BAU18827 in Pre. intermedia OMA14 have been annotated as C69-family cysteine
peptidases (Naito et al., 2016) and showed amino acid sequence identity of 21.5% and 14.7%,
respectively, to Streptococcus gordonii Arg-aminopeptidase (MER002648) (Goldstein et al., 2002), the
representative molecule of the C69.002 cysteine peptidase family. The amino acid identity between
BAU17746 and BAUI8827 was low (13.4%) (Table 2). SignalP-5.0 search
(http://www.cbs.dtu.dk/services/SignalP/) indicated the presence of a signal peptide in BAU18827
(M'KKLLLAVLAVCSFGAAKA™), but not in BAU17746, indicating that BAU17746 is a cytosol
protein, but that BAU18827 is secreted.

There are two major subfamilies in the C69 family, i.e., C69.001 represented by L. helveticus
dipeptidase A (Dudley et al., 1996; Vesanto et al., 1996) and C69.002 represented by S. gordonii Arg-
aminopeptidase. Although other members, i.e., exocytosis regulator secernin and Drosophila
melanogaster CG10098 protein are classified in other subfamilies C69.003-C69.006, their enzymatic
properties are unknown (Way et al., 2002).

To examine peptidase activities of BAU17746 and BAU18827, their full-length recombinant
forms with C-terminal Hise tag were expressed in Escherichia coli. Purified proteins were separated
with SDS-PAGE as 54- and 60-kDa species, respectively, in accordance with the calculated molecular
masses (Figure 4A). We found that BAU17746 exhibited activity toward Arg-MCA, whereas that from
BAU18827 did not show any hydrolysis (Figure 4B). Since Cys?® of S. gordonii Arg-aminopeptidase is
an essential residue (Goldstein et al., 2002), we speculated that the equivalent Cys'> of BAU17746 is
essential for its activity. In fact, both an N-terminal truncated form (BAU17746AN1-35) and the C15A
mutant (BAU17746C15A) completely lost Arg-MCA-hydrolyzing activity.

Recombinant BAU17746 revealed a faint 56-kDa band in addition to a major 54-kDa band (Figure
4A). N-terminal sequencing analysis demonstrated the N-terminus of the 54-kDa species as Cys!>. On
the other hand, the 56-kDa species was shown to be mainly composed of two species starting at Met' of
BAU17746 and Gly™ derived from pQE60, in addition to inevitable contamination of predominant 54-
kDa species with the N-terminus of Cys!® (Figure 4C). Thus, these results suggest that the 54-kDa
species from BAU17746 was a mature form with Cys'> as the N-terminus. Interestingly, the 54-kDa
processed species was never produced in the BAU17746C15A.

This phenomenon was clearly reproduced on glutathione S-transferase (GST)-BAU17746 fusion
protein and its C15A mutant. The 80-kDa GST-BAU17746 was recovered as a minor species in the
wild type, while 30- and 54-kDa species were dominant. An immunoblotting against anti-GST
antibody demonstrated that 30- and 80-kDa were GST proteins. Accordingly, the 54-kDa species
corresponded to mature BAU17746 (Figure 5A). The specific activity (pmol/min/ug protein) for Arg-
MCA of this preparation accounted for 30% of the wild type, which seemed to be reasonable, because
it contains a considerable amount of GST and a minor unprocessed 80-kDa fusion form (Figure 5A). In
contrast, GST-BAU17746C15A carrying no peptidase activity was solely recovered as an 80-kDa
species, confirming BAU17746-mediated processing at the Glu'-Cys'> bond.

We next determined the mechanism of the cleavage at the Glu'*-Cys!> bond. Even though the 80-
kDa GST-BAU17746C15A was co-incubated with BAU17746 mature form at 37 °C for 5h, the
degradation of the 80-kDa species was neither observed, the 30-kDa GST was nor produced, and no
increase in the 54-kDa species was observed (Figure 5B). This finding strongly suggested that the
cleavage at the Glu'*-Cys'> bond was not intermolecularly processed by a mature form, but
intramolecularly mediated by a proenzyme itself.

Arg-MCA-hydrolyzing property of BAU17746

The effects of reducing agents and protease inhibitors were examined with both Pre. intermedia cells
and recombinant BAU17746. Arg-specific aminopeptidase activities were significantly enhanced with
dithiothreitol and 2-mercaptoethanol in a dose-dependent manner, though the efficiency of



dithiothreitol was superior, reflecting its higher reducing potential (Table 3). Moreover, the activities
were completely inhibited by monoiodoacetic acid, a cysteine-blocking agent. To the contrary, the
effects of serine and metallopeptidase inhibitors on the cellular activity and BAU17746 are limited.
Taken together, these results confirmed that the Arg-MCA-hydrolyzing activity observed in Pre.
intermedia 1s mediated by a cysteine peptidase, BAU17746.

Recombinant BAU17746 hydrolyzed Arg-MCA most efficiently, while hydrolysis of other
aminoacyl- and peptidyl-MCAs was scarcely observed (Figure 6A, B). The activity was highly
dependent on dithiothreitol concentration (Figure 6C), and the pH profile showed a peak at pH 8.5 in
Tris-HCI buffer, while the activity itself was higher at pH 7.7 in sodium phosphate buffer (Figure 6D),
which indicated that the amino group of tris-hydroxymethane aminomethane functions as a very weak
inhibitor of Arg-specific peptidase. Accordingly, the peptidase activity of the recombinant forms was
measured in 50 mM sodium phosphate buffer at pH 7.7 containing 60 mM dithiothreitol in the
following experiments. The kcar and K values of the pe]ptidase for Arg-MCA were 0.012 s! and 1.67
uM, respectively, thus that of kca/Km was 0.0074 s' uM-',

We also examined the molecular status of the peptidase using size exclusion HPLC (Figure 6F).
BAU17746 was eluted at the 450-kDa position with a preceding shoulder. In contrast, the cellular form
was split into minor and major peaks of 350 and 120 kDa, respectively. Taken together, the peptidase
seemed to mainly be presented as a dimer in an endogenous form, while recombinant peptidase showed
a tendency to form at 8 — 10-mers. We previously reported a similar phenomenon with acylpeptidyl
oligopeptidase of P. gingivalis (Nemoto et al., 2016).

Property of BAU17746 as dipeptidase A

Our findings of partial hydrolysis of Arg-Arg-, Boc-FSR-, and Boc-RVRR-MCA were not reproduced
by BAU17746 (compare Figures 1 and 6), suggesting the possible presence of multiple Arg-specific
peptidases in Pre. intermedia. In addition, the finding that BAU17746 never showed hydrolysis of Arg-
Arg-MCA raised doubt about its aminopeptidase activity, because Arg-specific aminopeptidase should
sequentially degrade Arg-Arg-MCA into an arginine and Arg-MCA, and finally, into two arginines and
7-amino-4-methylcoumarin.

An updated BLAST search indicated a 26.6% identity of amino acid sequence of BAU17746 to that
of L. helveticus dipeptidase A (MER0002163), a representative C69.001-subfamily dipeptidase
A/PepDA (Table 2). In addition, we found that 7. forsythia putative dipeptidase (MER0284871)
possesses 74.9% identity to BAU17746, which recorded the highest value except for those from other
strains of Pre. intermedia. These findings suggested that even though BAU17746 was suspected to be
an aminopeptidase, it might be a dipeptidase belonging to the C69.001, of which Arg-MCA is accepted
as a dipeptide.

Since Leu-Leu was reported to be the preferred substrate for L. helveticus dipeptidase A (Dudley et
al.,, 1996; 2012), we examined the dipeptidase activity of BAU17746 using a modified cadmium-
ninhydrin assay with the substrates Arg-Leu and Arg-Phe. Those results conclusively demonstrated that
BAU17746 hydrolyzed these dipeptides, while its inert mutants (AN1-35 and C15A) did not (Figure 7).
Maximum dipeptidase activity was achieved at pH 8.3 in sodium phosphate buffer and at pH 8 in Tris-
HCI buffer (data not shown), identical to the pH profile for Arg-MCA hydrolysis. Noticeably,
dipeptidase activity was higher toward Arg-Leu and Arg-Phe than Leu-Leu, followed by Glu-Glu.
Furthermore, hydrolysis of the tripeptide Leu-Leu-Leu was not observed (Figure 7B). The dipeptide
Arg-Xaa was much more preferential than Arg-MCA for BAU17746, since the specific activities (20
nmol/min/pg) toward Arg-Leu and Arg-Phe (Figure 7A) were at least 500-fold higher than Vmax (0.041
nmol/min/pg) for Arg-MCA (Figure 6E), presumably due to a non-suitable structure at the MCA at the
P1’ position. The low kcar and kca/Km values for Arg-MCA may be related to these findings.
Conclusively, BAU17746 does not encode an aminopeptidase, but is a dipeptidase belonging to the
C69 dipeptidase A family.

P1-position specificity of C69.001-family dipeptidase A
C69.001 dipeptidase A is represented by the L. helveticus entity. It was previously reported that L.

helveticus dipeptidase A shows broad preference, except for Pro, at both the P1 and PI' position
residues, and that bulky hydrophobic residues, such as Leu-Leu, Phe-Leu (Dudley et al., 1996; 2012),



and Met-Leu (Vesanto et al., 1996), were found to be most efficiently hydrolyzed. Hence, the present
results raise a question with respect to the P1-position (N-terminal) specificity. To address this issue,
substrate specificity L. helveticus dipeptidase A as well as a putative dipeptidase member from the
periodontopathic bacterium 7. forsythia possessing the highest identity (74.9%) to BAU17746 was
examined. Recombinant dipeptidase A from L. helveticus and the putative dipeptidase of 7. forsythia
migrated to 60 and 55 kDa, respectively, in accordance with their calculated molecular masses (Figure
8A). Despite a previously reported preference for bulky hydrophobic amino acids, our findings showed
L. helveticus dipeptidase A to be preferential for P1 Arg as Pre. intermedia peptidase (Figure 8B). In
contrast, the 7. forsythia dipeptidase was not preferential for the P1-position Arg, but rather for Leu
(Figure 8C). As expected, these dipeptidases did not hydrolyze the tripeptide Leu-Leu-Leu or
dipeptidyl-MCA substrates (data not shown). Accordingly, these results indicate that the C69.001
dipeptidase A is comprised of at least two types of dipeptidases, one preferential for dipeptides with the
P1-position Arg and the other preferential for those with hydrophobic P1 residues.

P1'-position specificity of C69-family dipeptidase A

A previous study demonstrated that hydrolysis of Met-Ala (433%), Leu-Gly (272%), Phe-Gly (169%),
Ala-Phe (133%), Arg-Asp (105%), and Lys-Ala (103%) was superior to that of Leu-Leu (100%)
(Vesanto et al., 1996). Hence, we investigated the C-terminal preference of C69.001 dipeptidases
toward dipeptides with P1 Arg and P1° Leu, Phe, Met, Ala, Gly, Arg, Lys, and Asp. Among them, Pre.
intermedia dipeptidase A most efficiently hydrolyzed Arg-Gly, Arg-Phe, and Arg-Leu, and the other
dipeptides were moderately hydrolyzed, except for Arg-Lys (Figure 9A). Arg-Phe was the best
substrate for L. helveticus dipeptidase A, with other dipeptides, except for Arg-Lys and Arg-Asp, found
to be moderately hydrolyzed. A similar preference regarding Arg-Xaa dipeptides was shown by 7.
forsythia dipeptidase A, except that a lower level of efficacy was observed with Arg-Arg and Arg-Lys
(Figure 9B). Importantly, Leu-Leu was again the most superior among the examined substrates as
compared to P1 Arg-containing dipeptides for 7. forsythia dipeptidase. These results indicate that (i) P1
preference, i.e., Arg or Leu, is altered between the Pre. intermedia and L. helveticus dipeptidase A and
T. forsythia entity; (i1) P1° Lys is commonly unfavorable, and Arg and Asp are occasionally acceptable,
and (i11) non-charged residues at the P1’ position are relatively preferable for the three peptidases.
These observations suggest that P1’-position residues are not as strictly selected as compared to P1
position residues. Taken together, we concluded that three dipeptides, Arg-Leu, Arg-Phe, and Arg-Gly,
are appropriate substrates for Pre. intermedia and L. helveticus dipeptidase A, and that Leu-Leu is a
good substrate for 7. forsythia dipeptidase.

Discussion

The present results demonstrated that dominant Arg-MCA hydrolysis shown in Pre. intermedia is
mediated by Arg-specific dipeptidase BAU17746 that belongs to the C69-family dipeptidase A. Pre.
Intermedia dipeptidase A is composed of 479 amino acid residues with the essential Cys'>. In our
experiments, it was found to preferentially hydrolyze Arg-Gly, Arg-Phe, and Arg-Leu, and other
dipeptides with P1 Arg, except for Arg-Lys, were moderately hydrolyzed.

The P1 Arg specificity of BAU17746 is apparently incompatible with the P1 Leu preference of L.
helveticus dipeptidase A (Dudley et al., 1996; 2012; Vesanto et al., 1996). However, the present
investigation revealed that L. helveticus dipeptidase A also exhibits a P1 Arg preference and further
indicated that the lack of Arg preference noted in the previous study was due to usage of Arg-Asp, as
we found that P1’-position Asp as well as Lys were least preferable for L. helveticus dipeptidase A
(Figure 9B). Our results further demonstrated that all molecules annotated as the C69.001 dipeptidase
A are not specific for P1 Arg, because 7. forsythia dipeptidase A shows a preference for P1 Leu. Hence,
this subfamily comprises at least two dipeptidase members with distinct specificities, i.e., Arg and Leu
at the P1 position.

Pre. intermedia and T. forsythia each possess one dipeptidase A gene, while L. helveticus possesses
5 genes of the C69.001 subfamily (Rawlings et al., 2012), of which only one (MER0233043/PepDA)
has been enzymatically and biochemically characterized (Dudley et al., 1996; Vesanto et al., 1996; this



study). Based on the present findings showing multiple P1 preferences of the C69.001 subfamily,
characterization of other members is a topic of interest.

Sequence-based classification of the C69.001 members into P1 Arg- and Leu-preferential subtypes
seems inappropriate, because the sequence identity between altered P1 preferential Pre. intermedia and
T. forsythia dipeptidase A is much greater than that between Arg-preferential Pre. intermedia and L.
helveticus dipeptidase A (Table 2). We previously reported that the alteration in substrate specificity
between DPP7 specific for hydrophobic residues and DPP11 for acidic ones is primarily defined by a
single amino acid residue composing the active center (Ohara-Nemoto et al., 2011; Rouf et al., 2013).
Similarly, we attempted to find an essential amino acid residue to produce P1 Arg or Leu specificity of
the dipeptidases, though no such residue in the C69.001 subfamily was found in our examinations to
date.

The present study also demonstrated that P1’-position residues of dipeptidase A are not stringent.
Gly, Phe, and Leu at the P1’° position of dipeptides showed relatively higher potentials, while moderate
potentials were shown by the other residues. The ambiguity of a P1' residue in substrates has been
previously demonstrated in three-dimensional structure analysis of P. gingivalis DPP11, which strictly
binds to Asp and Glu residues at the P1 position, though an interaction with the P1’-position residue
was found to be relaxed (Bezerra et al., 2017). Results of the present study revealed that Arg-Gly, Arg-
Phe, and Arg-Leu are the best substrates for Pre. intermedia dipeptidase A (BAU17746), and Arg-Phe
the best for L. helveticus dipeptidase A.

Our study revealed the unique N-terminal location of the essential catalytic cysteine residue (Cys'?)
in a mature form of BAU17746. This indicates cleavage of the proenzyme at the Glu'*-Cys!®> bond,
which apparently occurs via the intramolecular proteolysis within the polypeptide chain of the
zymogen. In this respect the BAU17746 zymogenic form exerted endopeptidase activity on itself to
release the mature form with the exclusive dipeptidase activity. We should notify that essential cysteine
residues of the C69.001 subfamily are located near the N-terminus of the sequences at 2" to 26
positions from Met! (Rawlings et al., 2012), which indicates that this subfamily members commonly
possess essential cysteines at the N-termini of the mature forms. In fact, we noticed the existence of a
higher molecular mass species in addition to the major one of 7. forsythia dipeptidase, when a large
amount of proteins was loaded (data not shown). Furthermore, it has been reported that the N-terminus
of purified S. gordonii Arg-aminopeptidase appeared to be modified, because N-terminal sequencing
was not successful (Goldstein et al., 2002). However, it is well known that cysteine residue is not easily
identified by N-terminal sequencing (Figure 4C), and thus, we suspect that Cys?® is located at the N-
terminus in a mature form of S. gordonii Arg-aminopeptidase. If so, an essential cysteine of the
C69.002 subfamily is also located at the N-terminus.

By comparison with Penicillin V acylase, Class II glutamine amidotransferases, Penicillin G acylase,
and proteasome catalytic subunits, Pei and Grishin (2003) previously proposed that L. helveticus
dipeptidase A, which used to be classified in MEROPS to peptidases with unknown catalytic type U34,
belong to the superfamily of N-terminal nucleophile hydrolases and insisted that the essential residue
should be located at the N-terminus beyond the classes of cysteine, serine, and threonine peptidases.
The findings on this study truly confirmed their hypothesis.

It should noted that the processing of the Glu'*-Cys'> bond of BAU17746 proenzyme is
intramolecularly mediated by an endopeptidase activity of the proenzyme, although the mature
BAU17746 is a dipeptidase. Our preliminary data suggest that Glu'# is most suitable for the auto-
processing, and Asp'* is the second-best residue for this process (M.T.S and T.K.N, unpublished
observation). However, a dipeptide Glu-Glu is not an appropriate substrate of BAU17746 (Figure 7B).
Furthermore, the amino acid sequences of Pre. intermedia and T. forsythia dipeptidase A at the
processing site were Pro'?-Ser-Glu-Cys!® (numbering in BAU17746) and that of L. helveticus is GIn’-
Ser-Glu-Cys®. Therefore, the P1-position specificity of the dipeptidases is distinct from the specificity
of the processing site specificity. However, this may be not surprising that some of the members in the
N-terminal nucleophilic hydrolase superfamily are not peptidases (Pei and Grishin, 2003).

There are two C69-family members, BAU17746 and BAU18827, in Pre. intermedia. Although we
speculated that both may represent dipeptidases with altered specificity, our attempts to detect
aminoacyl-MCA hydrolysis as well as dipeptide hydrolysis of BAU18827 have not been successful to
date. Similarly, there are two C69-family members in 7. forsythia, of which one (MER0284871) is
dipeptidase A characterized in this study, while the other (MER0285668) is currently listed as an
unassigned member. The latter shows a 43.7% amino acid identity to BAU18827, indicating their close



kinship. Furthermore, there is only a single C69-family unassigned peptidase in P. gingivalis
(PGN _1103), which has 47.5% identity to BAU18827. Thus, orthologues of Pre. intermedia
BAU18827 are commonly present in 7. forsythia and P. gingivalis, as well as other species of the
phylum Bacteroidetes, although their activity remains unknown. Our purification data indicated that
BAU18827 appeared to be not processed at the Ala'®-Cys?® peptide bond (data not shown), which
might be related to no activity of recombinant BAU18827.

Although previous studies have shown that Pre. intermedia produces various kinds of proteases
(Suido et al., 1996; Holdeman et al., 1977; Deschner et al., 2003; Potempa et al., 2009; Potempa and
Pike, 2009; Yano et al., 2009), little is known about DPPs except for DPP4 (Shibata et al., 2003;
Ohara-Nemoto et al., 2017). In the present study, we confirmed expressions of DPP4, DPP5, and DPP7,
whereas DPP11 activity was not detected (Figure 1A). In fact, BLAST search results demonstrated that
the DPP11 gene is absent in Pre. intermedia. Because the DPP11 and DPP7 genes are distributed in
several different anaerobic bacteria, such as those of the phylum Bacteroidetes (Rouf et al., 2013), we
speculate that the ancestor of Pre. intermedia also possessed the DPP11 gene that may have been lost
during its evolution. Nevertheless, it is important to note that even though deletion of only a single DPP
gene may significantly reduce efficiency for complete metabolism of polypeptides into dipeptides, that
may be not have a significant effect on growth of this species, because Pre. intermedia can utilize free
amino acids as well as dipeptides, in contrast to P. gingivalis, which shows dominant dipeptide
utilization.

Materials and methods
Materials

pQE60 was purchased from Qiagen Inc. (Chatsworth, CA). pGEX4T-1, a Superdex 200 Increase
10/300 GL column, glutathione-Sepahrose 4B, low-molecular-weight markers, and full-range rainbow
molecular weight markers were obtained from GE Healthcare (Buchinghamshire, England). Restriction
enzymes and DNA-modifying enzymes came from Takara Bio (Tokyo, Japan) and New England
Biolabs (Ipswich, MA), while KOD-Plus-Neo DNA polymerase came from Toyobo (Tokyo, Japan).
Aminoacyl- and peptidyl-methylcoumaryl-7-amide (MCA) were obtained from the Peptide Institute
(Osaka, Japan), Arg-Leu, Arg-Phe, Leu-Leu, and Glu-Glu from Bachem (Bubendorf, Switzerland), and
Leu-Leu-Leu from Sigma-Aldrich Japan (Tokyo, Japan). Phe-Met-MCA was synthesized by Scrum
(Tokyo, Japan), while Arg-Arg, Arg-Lys, Arg-Met, Arg-Ala, Arg-Asp, and Arg-Gly were synthesized
by Biologica Co. (Nagoya, Japan). A ninhydrin reagent was obtained from Fuji Film-Wako Pure
Chemicals (Osaka, Japan).

Bacterial cells

Pre. intermedia OMA14 was isolated from the periodontal pocket of a Japanese patient with
periodontitis (Fukushima, 1992). Pre. intermedia OMA14 was selected as the strain can be
manipulated for gene transfer, after which the genome project was completed (Naito et al., 2016).
Bacteria were grown in anaerobic bacterial culture medium broth (Eiken Chemical Co., Ltd, Tokyo
Japan) at 37 °C under an anaerobic condition. In an early stationary phase, bacterial culture was
centrifuged at 9000 xg for 15 min at 4°C, and the supernatant filtrated with a 0.45-um filter was saved
as culture supernatant at -80°C until use. Bacterial cells were washed with ice-cold phosphate buffered
saline (PBS) at pH 7.4, then resuspended in PBS to absorbance at 600 nm of 2 and stored at - 80 °C. In
some experiments, bacterial cells were suspended in 20 mM Tris-HCI (pH 8.0) buffer containing 0.3
mg/ml of lysozyme, 0.1 M NaCl, 10 pg/ml of leupeptin, and 3 mM dithiothreitol. After two times of
freezing and thawing, the cytosol-periplasm fraction was obtained by centrifugation at 20,400 xg for 30
min at 4 °C.

Construction of plasmids

Pre. intermedia OMA14, L. helveticus ATCC 15009, and Tannerella forsythia ATCC 25611 genomic
DNA samples were prepared as previously reported (Ikeda et al., 2004). L. helveticus ATCC 15009



was obtained from RIKEN BRC JCM (Tsukuba, Japan). A DNA fragment of BAU17746 located at the
1238 position of the first chromosome of Pre. intermedia OMA14 (locus tag PIOMA14 1 1238)
(Naito et al., 2016) was amplified by PCR using KOD-Plus-Neo with genomic DNA and an
appropriate set of primers (SBAU17746M1Bam, 3BAU17746A479Bam) (Table 1). The PCR fragment
was digested by BamHI, then cloned into the BamHI site of pQE60 and GEX4T-1, as previously
described (Ohara-Nemoto et al., 2011), with the resulting plasmid designated as pQE60-BAU17746
and pGEX4T-1-BAU17746, respectively. Similarly, the DNA fragment of BAU18827 located at the
322 position of the second chromosome (PIOMA14 11 0322), genes for L. helveticus dipeptidase A
(MER0002163, KEGG entry: K08659, Uniprot accession: Q48558), and 7. forsythia putative
dipeptidase (MER0284871) were cloned into pQE60, and designated as pQE60-BAU18827, pQE60-
LhpepDA, and pQE60TfpepD, respectively. pQE60 plasmids encoding the N-terminal 35-residue
deleted form of BAU17746 (pQE60-BAU17746AN1-35) and an amino acid substitution from Cys'’ to
Ala (pQE60-BAU17746C15A and pGEX4T-1-BAU17746C15A) were prepared by PCR with pQ60-
BAU17746 and pGEXT4T-1-BAU17746, respectively, using appropriate primer sets (Table 1), as
previously described (Ohara-Nemoto et al., 2011).

Expression and purification of recombinant proteins

Escherichia coli XL-1 Blue transformed with the expression plasmids were cultured in Luria-Bertani
broth containing 75 pg/ml of ampicillin. Following an overnight culture, proteins were expressed using
0.2 mM isopropyl-thiogalactopyranoside at 30 °C for 4 h. After harvesting and lysing, the bacterial cell
lysate was obtained by centrifugation at 15,000 xg for 40 min at 4 °C and recombinant proteins were
purified by Talon affinity chromatography or glutathione-Sepharose 4B, as previously reported (Ohara-
Nemoto et al., 2011; Nemoto et al., 1994). Proteins were stored at - 80 °C until use.

Measurement of peptidase activity with fluorogenic substrates

Peptidase activity was determined using aminoacyl- and peptidyl-MCA, as previously reported (Ohara-
Nemoto et al., 2011; 2014). Briefly, an enzyme reaction was started by addition of recombinant
proteins (100 — 200 ng) or a cell suspension (10 ul of Ago = 2.0) to a reaction mixture (200 pl)
composed of 50 mM sodium phosphate buffer (pH 7.7), 5 mM EDTA, 60 mM dithiothreitol, and 20
uM aminoacyl- or peptidyl-MCA. After 30 min at 37 °C, fluorescence intensity was measured with
excitation at 380 nm and emission at 460 nm. For some experiments, pH was varied by use of 50 mM
sodium phosphate (pH 5 — 8) or Tris-HCI (pH 7 — 10), and the concentration of dithiothreitol was also
varied from 0 — 300 mM.

To determine enzymatic parameters, recombinant BAU17746 was incubated with 0 — 10 uM Arg-
MCA. Data were analyzed using a nonlinear regression curve fitted to the Michaelis-Menten equation
with the GraphPad Prism software package (GraphPad Software Inc., La Jolla, CA). Values were
calculated from 4 independent measurements.

Dipeptidase activity determination by ninhydrin assay

Dipeptidase activity was determined with 0.3 mM di- and tripeptides in a reaction mixture (200 pl)
using a modified cadmium-ninhydrin method (Doi et al.,1981). BAU17746 and T. forsythia dipeptidase
were incubated in a reaction mixture composed of 50 mM sodium phosphate (pH 8.3) and 10 mM
dithiothreitol at 37 °C, while L. helveticus dipeptidase A was incubated in 50 mM MES (pH 6.0) at 55
°C with 10 mM dithiothreitol. After 30 min, 400 pl of cadmium-ninhydrin solution was added and the
mixture was heated at 80 °C for 10 min. After cooling, absorbance at 508 nm was determined. Leucine
was used as the standard for the ninhydrin reaction.

Size exclusion HPLC

Recombinant protein or bacterial lysate was subjected to size exclusion HPLC using an AKTA explorer
10S (GE Healthcare) with a Superdex 200 Increase 10/300 GL column (1.5 x 30 cm) equilibrated with
20 mM Tris-HCI (pH 8.0) and 50 mM NaCl. Samples were eluted at a rate of 0.5 ml/min at room
temperature, with 0.5-ml fractions collected. Aliquots of the fractions were subjected to a peptidase



assay with Arg-MCA and SDS-PAGE.
SDS-PAGE, immunoblotting, and N-terminal sequencing

Purified proteins were separated by PAGE in the presence of 0.1% (w/v) of SDS with a
polyacrylamide concentration of 10% (w/v), and then stained with Coomassie brilliant blue R250
(CBB or transferred to a polyvinylidene difluoride membrane (Merck-Millipore, Darmstadt,
Germany). Immunoblotting was performed by using the anti-GST antiserum (2x10°-fold dilution),
and blots were visualized with alkaline phosphatase-conjugated anti-rabbit Ig(G+A+M) using 5-
bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium (Promega). An anti-GST antiserum
was developed with recombinant GST as an antigen in rabbits with the method reported previously
(Ohara-Nemoto et al., 2011; 2014). For the N-terminal sequencing, separated proteins were
transferred to a Sequi-Blot membrane (Bio-Rad Laboratories, Hercules, CA), stained with CBB. The
N-terminal sequences of CBB-stained bands were determined in Protein Research Institute (Osaka,
Japan).

Protein concentration

Protein concentration was determined with a protein assay method (Bio-Rad), with bovine serum
albumin used as the standard.
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Table 1 Primers used for expression and in vitro mutagenesis.

Peptidase Original Primers Sequence (5°-3)
plasmid

BAU17746 pQE60 SBAU188277M1Bam ACAAATGGATCCATGAAAGAAAATAAAGTT
3BAU188277A479Bam CGGCAGGGATCCTGCGCCGTGGAAAAGATA

BAU18827 pQE60 5BAU18827M1Bam AATTATGGATCCATGAAGAAACTACTTTTA
3BAUI18827E546Bam TTTAAGGGATCCTTCTGCAGGAACTTCAAA

BAU17746C15A pQE60 5BAU17746C15A GCAACCACGATGATTGTGGGACAGGAAATG
3BAU17746E14 TTCTGATGGTAAATTGCTTACCAAAAC

BAU17746A1-35 pQE60 5BAU17746E36Bam GTGGCAGGATCCGAAGACTGGGACGCCATG
3BAU17746A479Bam CGGCAGGGATCCTGCGCCGTGGAAAAGATA

GST-BAU17746 pGEXT4T-1 SBAU188277M1Bam ACAAATGGATCCATGAAAGAAAATAAAGTT
3BAU188277A479Bam CGGCAGGGATCCTGCGCCGTGGAAAAGATA

GST-BAU17746C15A  pQEX4T-1 5BAU17746C15A GCAACCACGATGATTGTGGGACAGGAAATG
3BAU17746E14 TTCTGATGGTAAATTGCTTACCAAAAC

Lh dipeptidase A pQE60 5LhDipepM1 ATGAAACAAACAGAATGTACTACTATCTT
3LhDipepD474 GTCGAGCAAGTCGTACTTCA

Tf dipeptidase A pQE60 5TFDipepAMI1 TTTTGGATCCATGAATAGTAAAAAGATTAA
3TfDipepAA481 GCTATGGGATCCCGCTCCGGCAAAGC

Restriction sites are underlined and mutated nucleotides are written in italics.
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Table 2 Peptidases expressed and extensively discussed in this study.

Species and Genome Locustag  Protein Family® Reference Amino acid identity (%)
Strain
PIOMA14 11 NCTC9124  The 1838 BFO_RS06995
0322 00164
Pre. intermedia AP014597 PIOMAI14 BAU17746/ C69.001 Naito et al., 13.4 21.5 26.6 74.9
OMA14 11238 Dipeptidase/ C69 2016
AP014598 PIOMAI14 BAU18827/ C69 Naito et al., 100 14.7 12.0 12.9

110322 Dipeptidase/ C69  unassigned 2016
S. gordonii LR594041 NCTC912 Arg- C69.002 Golstein et al., 100 18.4 20.2
NCTC9124 4 00164 aminopeptidase 2002

(RAP)/ abpB
L. helveticus CP002081 lhe 1838 Peptidase DA/ C69.001 Dudley et al., 100 24.5
CNRZ32 PepDA 1996; Vesanto
et al., 1996

T. forsythia 92A2 CP003191 BFO_ C69 C69.001 Friedrich et al., 100

RS06995 2017

? Classification by MEROPS
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Table 3 Effects of peptidase inhibitors and activators on Arg-MCA hydrolysis of Pre. intermedia
cells and recombinant BAU17746.

Reagent Concentration Cells (%) BAU17746 (%)
- - 100.0 100.0
Dithiothreitol 10 mM 1196.1 4080.6
30 mM 1520.9 5690.9
2-Mercaptoethanol 10 mM 133.9 309.8
30 mM 368.4 1832.1
Iodoacetic acid 5 mM 0 1.93
TLCK 50 uM 46.7 52.9
TPCK 85 uM 79.1 116.7
E-64 3 uM 83.8 94.6
Pefabloc 4 mM 46.9 64.3
Leupeptin 10 uM 38.4 84.03
PMSF 1 mM 112.5 27.04
EDTA 1 mM 196.6 152.4
EGTA 1 mM 2254 157.5

One hundred activities of Pre. intermedia cells and recombinant protein without any additional
reagents were set to 100%.
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Figure 1 Exopeptidase activities of Pre. intermedia.
(A) Dipeptidyl-peptidase, (B) aminopeptidase, and (C) arginine-specific peptidase activities of
cells were determined with MCA substrates. Pre. intermedia cell suspensions (10 pl) with A6oo nm

= 2 were used and the activity is presented per ml of cells. Values are shown as the mean + S.D.
(n=3).
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Figure 2 Effects of dithiothreitol, pH profile, and subcellular localization of Arg-MCA
hydrolyzing activity.

(A) Arg-MCA-hydrolyzing activity of Pre. intermedia cells was determined in the presence of 0
— 300 mM dithiothreitol. (B) Arg-MCA-hydrolyzing activity of the cells was determined at pH 5
— 10 in sodium phosphate (open circle) and Tris-HCI (closed circle) buffers. (C) Arg-MCA-
hydrolyzing activity was determined using culture supernatant (sup), cell suspension (cell), and
cytosol-periplasm fraction (cyto-peri) samples. Values are shown as the mean £ S.D. (n = 3).
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Figure 3 Alignment of amino acid sequences of Pre. intermedia BAU17746, T. forsythia
putative dipeptidase, L. helveticus dipeptidase A, and S. gordonii Arg-aminopeptidase.
Amino acid sequences of Pre. intermedia BAU17746 (Pi BAU17746), T. forsythia putative
dipeptidase (Tt dipeptidase A), L. helveticus dipeptidase A (Lh dipeptidase A), and S. gordonii
Arg-aminopeptidase (Sg Arg-aminopeptidase) were compared. Identical amino acids are marked
by an asterisk, and strongly and weakly similar amino acids are marked by colons and dots,
respectively. Cysteines (red letters) essential for the activity are boxed (see text). N-terminal
amino acid sequences were determined by sequencing of 54- and 56-kDa forms of BAU17746
are indicated by arrows. Thirty-five truncated residues in BAU17746AN1-35 are underlined with
a broken line.
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Figure 4 Expression and activity of recombinant proteins.

(A) Recombinant proteins (1 pg)

of BAU17746 (lanes 1 and 5), BAUI18827 (lane 2),

BAU17746AN1-35 (lane 3), BAU17746C15A (lane 4), and a mixture (0.5 pg each) of
BAU17746 and BAU17746C15A (lane 6) were separated with SDS-PAGE. Lane M, low-
molecular-weight
BAU17746C15A, and BAU18827 were determined with Arg-MCA. Values are shown as the
mean + S.D. (n = 3). (C) N-terminal sequencing of 54- and 56-kDa species of BAU17746.
Vector-derived amino acids are shown with small letters.

marker. (B) Peptidase activities
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Figure 5 Effect of the Cys15Ala mutation on the processing of BAU17746.

(A) Recombinant proteins (left, 1 pg; right, 0.3 pg) were separated with SDS-PAGE and stained
with CBB (left) or by immunoblotting with an anti-GST antibody (right). Low-molecular-weight
markers (left) and full-length molecular markers (right) were used. (B) Recombinant proteins
(0.2 mg/ml each, 40 ul) were incubated at 37 "C. After 5 h, proteins were denatured in the SDS
buffer and proteins (1 pg of each) were separated on SDS-PAGE.
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Figure 6 Properties of BAU17746.

(A) Aminopeptidase and (B) peptidase activities toward peptides containing Arg at the Pl
position were determined with recombinant BAU17746. (C) Arg-MCA-hydrolyzing activity of
BAU17746 was determined at 0 — 300 mM dithiothreitol. (D) pH profile of Arg-MCA-
hydrolyzing activity with sodium phosphate (open circle) and Tris-HCI (closed circle) buffers.
(E) Concentration dependence of Arg-MCA hydrolysis was determined. Values are shown as the
mean £+ S.D. (n = 3). (F) BAU17746 (0.5 mg/0.5 ml, open circle) and Pre. intermedia cell lysate
containing cytosol and periplasm fractions (0.5 ml, closed circle) were separately subjected to
size-exclusion HPLC with a Superdex 200 10/300 column. Activity was determined with Arg-
MCA. Molecular markers shown running in parallel are blue dextran 2000 (void volume),
thyroglobulin (756 kDa), ferritin (430 kDa), catalase (213 kDa), aldolase (156 kDa), and BSA
(67 kDa).
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Figure 7 Dipeptidase activity of recombinant peptidases.

(A) BAU17746, BAUI17746AN1-35, and BAU17746C15A dipeptidase activities were
determined with 0.3 mM dipeptides using a ninhydrin method, as described in the Materials and
methods. (B) Substrate specificity of BAU17746 was determined with 0.3 mM di- and tri-
peptides. Values are shown as the mean = S.D. (n = 3).
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Figure 8 P1-position specificity of L. helveticus and T. forsythia dipeptidases.

(A) Recombinant proteins (1 pg) of BAU17746 (lane 1), L. helveticus dipeptidase A (lane 2), and
T. forsythia dipeptidase (lane 3) were separated with SDS-PAGE. Lane M, low-molecular-weight
marker. (B) Peptidase activity of L. helveticus dipeptidase A was determined with 20 uM
aminoacyl-MCA (left) and 0.3 mM di- and tri-peptides (right). (C) Peptidase activity of T.
forsythia dipeptidase was determined with 20 uM aminoacyl-MCA (left) and 0.3 mM di- and tri-
peptides (right). Values are shown as the mean £ S.D. (n = 3).
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Figure 9 P1’-position specificity of recombinant dipeptidases.

Dipeptidase activities of (A) BAU17746 and L. helveticus dipeptidase A, and (B) T. forsythia
dipeptidase were determined with 0.3 mM dipeptides harbouring Arg at the N-terminus.
Additionally, the activity of 7. forsythia dipeptidase A was determined with 0.3 mM Leu-Leu
(presented in panel B). Values are shown as the mean = S.D. (n = 3).
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