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Abstract: Dipeptide production mediated by dipeptidyl-
peptidase (DPP)4, DPPS5, DPP7, and DPP11 plays a crucial role
in growth of Porphyromonas gingivalis, a periodontopathic
asaccharolytic bacterium. Given the particular P1-position
specificity of DPPs, it has been speculated that DPP5 or DPP7
might be responsible for degrading refractory P1 amino
acids, ie., neutral (Thr, His, Gly, Ser, Gln) and hydrophilic
(Asn) residues. The present results identified DPP7 as an
entity that processes these residues, thus ensuring complete
production of nutritional dipeptides in the bacterium. Ac-
tivity enhancement by the P1' residue was observed in DPP7,
as well as DPP4 and DPP5. Toward the refractory P1residues,
DPP7 uniquely hydrolyzed HX|LD-MCA (X = His, GIn, or Asn)
and their hydrolysis was most significantly suppressed in
dpp7 gene-disrupted cells. Additionally, hydrophobic P2
residue significantly enhanced DPP7 activity toward these
substrates. The findings propose a comprehensive 20 P1 x 20
P2 amino acid matrix showing the coordination of four DPPs
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to achieve complete dipeptide production along with sub-
sidiary peptidases. The present finding of a broad substrate
specificity that DPP7 accounts for releasing 48 % (192/400) of
N-terminal dipeptides could implicate its potential role in
linking periodontopathic disease to related systemic
disorders.

Keywords: DPP5; DPP7; incretin; periodontal disease; Por-
phyromonas gingivalis; substrate specificity

1 Introduction

Porphyromonas gingivalis, a Gram-negative anaerobic and
asaccharolytic rod, is considered to be one of the most potent
causative factors of severe periodontal diseases and shown
as a major cause of tooth loss in adults in developed coun-
tries (Holt and Ebersole 2005; Socransky and Haffajee 2002).
Furthermore, P. gingivalis infection in the oral cavity has
been found to be closely related to systemic diseases, such as
type-2 diabetes mellitus (Grossi and Genco 1998; Lalla and
Papapanou 2011; Preshaw et al. 2012), atherosclerotic car-
diovascular disorder (Genco and VanDyke 2010; Tabeta et al.
2014), decreased kidney function (Kshirsagar et al. 2007),
rheumatoid arthritis (Detert et al. 2010), and Alzheimer’s
disease (Teixeira et al. 2017). Thus, identification of virulence
factors related to this bacterium and synthesis of compounds
targeting them will lead to potent strategies for prevention
and treatment of these diseases.

P. gingivalis exclusively utilizes amino acids as the pri-
mary carbon and energy sources, making its growth highly
dependent on their uptake. Previously reported metabolic
analysis findings indicated that nutritional amino acids are
preferentially incorporated as dipeptides, but not as single
amino acids, in the bacterium (Takahashi and Sato 2001;
Takahashi and Sato 2002; Tang-Larsen et al. 1995). It has also
been shown that P. gingivalis possesses three types of amino
acid/oligopeptide transporters, i.e., serine/threonine trans-
porter (SstT), proton-dependent oligopeptide transporter
(Pot), and oligopeptide transporter (Opt) (Nelson et al. 2003).
We recently reported that the bacterium preferentially and
predominantly takes up dipeptides via Pot, while Opt
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transports tripeptides. In addition, knockout of the pot gene
caused significantly greater growth retardation than opt-
and sstT-gene-disrupted strains (Ohara-Nemoto et al. 2020).
These findings highlight the importance of dipeptide pro-
duction in the bacterium. In contrast to gingipains, which
degrade extracellular substrates (Potempa et al. 1995), DPP
activities have been detected in the periplasmic fraction but
not in the culture supernatant of P. gingivalis, as shown by
subcellular fractionation. This localization suggests their
roles in producing nutritional dipeptides within this space
(Ohara-Nemoto et al. 2014). Immunoelectron microscopy
experiments have further revealed the periplasmic locali-
zation of DPPs and Pot in the inner membrane, suggesting an
integrated amino acid uptake system (Shimoyama et al.
2023).

P. gingivalis dipeptide production is governed by four
DPPs, i.e., DPP4 (Banbula et al. 2000), DPP5 (18 Ohara-Nemoto
et al. 2014), DPP7 (Banbula et al. 2001), and DPP11 (Ohara-
Nemoto et al. 2011). DPP activities can be assessed by use of
synthetic chromogenic or fluorogenic substrates, including
Gly-Pro-4-p-nitroanilide or methycoumaryl-7-amide (MCA)
for DPP4, Gly-Phe-MCA for DPP5, and Leu-Asp/Glu-MCA for
DPP11. Although the commercially available Met-Leu-MCA
has also been used for measurement of DPP7 activity (Rouf
et al. 2013a,b), that substrate is degraded by DPP5. Accord-
ingly, we previously established a DPP7-specific substrate,
Phe-Met-MCA, which showed a 40-fold higher k.,,/Ky value
and was scarcely hydrolyzed by DPP5 (Nemoto et al. 2018).
Use of these DPP-specific substrates enabled quantitative
measurements of DPP activities in oral bacteria as well as
oral specimens (Ohara-Nemoto et al. 2022).

The substrate specificity of DPP is primarily defined by
the P1 residue, a penultimate amino acid residue from the
N-terminus, with previous studies showing DPP4 for Pro
(Banbula et al. 2000), DPP5 for hydrophobic amino acids
(Beauvais et al. 1997; Ohara-Nemoto et al. 2014), DPP7 for
hydrophobic amino acids (Banbula et al. 2001), and DPP11 for
acidic amino acids (Ohara-Nemoto et al. 2011). Subsite resi-
dues such as P2 (N-terminal residue) and P1’ (third residue
from N-terminus) were previously thought to have scant
effects on DPP activities. However, our previous study found
that both DPP7 and DPP11, members of the S46 exopeptidase
family, have a preference for hydrophobic P2 amino acid
residues (Rouf et al. 2013b). In addition, our more recent
study indicated that the prime-side residues increase the k.,
of DPP7, resulting in a broader P1 specificity than previously
considered. For example, DPP7 sequentially releases di-
peptides from the N-termini of incretins, i.e., glucagon-like
peptide 1 (7-37) (GLP-1) and glucose-dependent insulino-
tropic polypeptide (52-93) (GIP), thus reducing the half-life of
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GLP-1 by a factor of seven as compared to DPP4 (Ohara-
Nemoto et al. 2017, 2022).

Together, those findings demonstrated that DPP activ-
ities can be modulated by subsite residues and further raised
the following question. Although DPP5 can hydrolyze His-
Ala-MCA, can its failure to cleave GLP-1, which possesses the
NH,-His’-Ala®-Glu’ sequence, be explained by the effects of
prime side residues? Moreover, while the broad P1 speci-
ficity of DPP7 including amino acids with a low hydropho-
bicity index (HI) (Monera et al. 1995), such as Thr (HI =13), Gly
(0), Ser (-5), GIn (-10), and Asn (-28), has been observed with
recombinant DPP7 (Hack et al. 2017; Ohara-Nemoto et al.
2022), it awaits to be revealed whether these cleavages truly
occur in P. gingivalis. In this context, it is considered crucial
to elucidate the properties of DPPs in relation to these re-
fractory P1 amino acids.

The present study was conducted to examine the effects
of the P2, P1, P1, and P2’ positions of amino acids of sub-
strates on the activities of DPP7, as well as DPP4 and DPP5
with use of a two-step hydrolyzing method (Ohara-Nemoto
et al. 2022). A sophisticated collaboration between DPP5 and
DPP7 was revealed, culminating in a fuller understanding of
the comprehensive coverage of the 20 x 20 amino acid ma-
trix at the P1 and P2 positions by the four DPPs and relevant
peptidases.

2 Results

2.1 Activity enhancement by prime-side
amino acids for DPP4, DPP5, and DPP7

To investigate the effects of the P1' residue in detail, hydro-
lysis of HAXD-MCA, where X represents 12 different amino
acids, was measured using a two-step method (Figure 1,
Table S1). Under the conditions employed, when the examined
DPP hydrolyzes the substrate into His-Ala and Xaa-Asp-MCA,
the latter is readily converted into Xaa-Asp and 7-amino-4-
methylcoumarin (AMC) by an excess amount of DPP11. DPP11
does not hydrolyze tetrapeptidyl substrates, while it exhibits
activity exclusively toward Xaa-Asp-MCA. Consequently, hy-
drolysis of tetrapeptidyl-MCA was attributed to the first-order
reaction of the target DPP (Ohara-Nemoto et al. 2022). How-
ever, one might raise a question that the activity of the first-
step DPP might be affected by the second-step DPP11 activity.
In fact, DPP11 prefers hydrophobic amino acids at the N-ter-
minus (Ohara-Nemoto et al. 2011; Rouf et al. 2013b). Thus, we
here show the results with HAMD- and HAED-MCA as controls
among tetrapeptidyl substrates examined in Figure 1B. The
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hydrolyzing activity of DPP7 (10 ng) increased dependent on
the amount of DPP11 and thereafter reached a plateau over
3 ug. Therefore, we concluded that the DPP7 activity is defined
as the plateau stage independent of the DPP11 activity.
Consequently, the amount of DPP11 was fixed at 5 g in the
following experiments.

As shown in Figure 1C, DPP7 scarcely degraded His-Ala-
MCA, while it hydrolyzed HAXD-MCA with P1' Met, Leu, Ser,
Ala, Val, Tyr, Gln, Asn, and Glu to varying degrees. Activities
toward substrates with P1' Lys, Ile, and Phe were minimal
(Figure 1C). These results confirmed the previous finding
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that release of His-Ala from GLP-1 by DPP7 is increased by
the presence of an appropriate P1' residue. In addition, they
are the first to show activity enhancement by the P1' residue
in DPP4 and DPP5, both of which belong to the S09 family
(Figure 1D). The increase in activity was modest in DPP4 and
most prominent with P1' Met, followed by Leu, Tyr, Gln, and
Ser. DPP5 activity was significantly increased with P1' Ser,
and Met, followed by Asn, Leu, and Ala. Therefore, at least
towards substrates with P1 Ala, activity enhancement by a
P1' residue was shown to be common among the three DPPs.
In addition, despite structural similarities between Leu and
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Figure 1: P1’ preference for DPP4, DPP5, and DPP7 (A) The two-step process on the breakdown of HAXD-MCA is shown. Fluorescent AMC group is
indicated in blue (B) HAMD- and HAED-MCA were incubated with various amounts of DPP11 in the absence and presence of DPP7 (10 ng) at 37 °C for
30 min (C) His-Ala- and HAXD-MCA were digested by DPP7 (10 ng), or (D) DPP4 (25 ng) and DPP5 (25 ng) in the presence of DPP11 (5 pg) at 37 °C for 30 min.
values (mean + SD, n = 3) shown represent a typical example of three separate experiments (E) replotted hydrolysis findings for His-Ala- and HAED-MCA by
DPP4, DPPS5, and DPP7 shown in B and C. Values (mean + SD, n = 3) shown represent a typical example of three separate experiments (F) Relationships of
activities for HAXD-MCA between two DPPs were compared. Regression lines for DPP4-DPP5, DPP4-DPP7, and DPP5-DPP7 are y = 1.842x + 178.6
(R*=0.104), y = 2.678x + 59.10 (R* = 0.787), and y = 0.237x + 148.6 (R = 0.202), respectively.
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Ile, activities toward HALD-MCA were increased in the three
DPPs, while those for HAID-MCA were quite low, possibly
due to differences in the structural entropy of these side
chains (Creamer and Rose. 1992). Similarly, significant dif-
ferences in activities for HAYD- and HAFD-MCA were found.
These results again indicated a substantial role for the
PI-position amino acid in regard to these activities.
Furthermore, findings showing that the P1' residue had the
least effect on DPP4 activity likely reflects its strict prefer-
ence for P1 Pro followed by Ala, in contrast to the more
moderate specificities observed for DPP5 and DPP7.
Hydrolytic activities of the three DPPs toward His-Ala-
and HAED-MCA that mimic the N-terminal sequence
(underlined) of active GLP-1 (NH,-His’-Ala®-Glu’—) are
depicted in Figure 1E. These activities matched GLP-1
cleavage efficiency, ie., DPP5<DPP4<<DPP7, previously
demonstrated by MALDI TOF-MS analysis (Ohara-Nemoto
et al. 2022). Taken together, it is concluded that the inacti-
vation potentials of the three DPPs for GLP-1 are primarily
determined by their allowance for P1' Glu. Among the re-
lationships between the activities of DPP4 and DPP5, DPP4
and DPP7, and DPP5 and DPP7 toward the same substrates,
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only those of DPP4 and DPP7 were closely related
(y = 2.678x + 59.10, R* = 0.787), indicating similar P1’ prefer-
ences (Figure 1F). This latter result was unexpected, since
DPP4 and DPP7 exhibit completely different P1 specificities
and no amino acid sequence similarity (11.6 %). Currently,
there is no appropriate explanation for the similar P1'
preferences of DPP4 and DPP7, though the findings clearly
indicated no correlation between the HI of P1' amino acids
and their activities.

Involvement of the P2-position residue in DPP activity
was examined using a novel method with pentapeptidyl-
MCA in combination with P. gingivalis prolyl-tripeptidyl
peptidase A (PTP-A) as the second-step enzyme (Figure 2).
PTP-A has been shown to specifically recognize the third Pro
from the N-terminus and liberate an N-terminal tripeptide
(Banbula et al. 1999; Ito et al. 2006). When HA-|-AFP-|-MCA
was incubated with DPP7 (100 ng) together with increasing
amounts of PTP-A, hydrolysis reached a plateau at 15 pug of
PTP-A. As shown in Figure 2C, DPP4 and DPP7 activities to-
ward HAAXP-MCA (X = Phe, Tyr, Ile, Leu, Val, and Glu) were
increased as compared to His-Ala-MCA, while HAAEP-MCA
was found to be hydrolyzed by DPP4 but minimally by DPP7.
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Figure 2: Involvement of P2’ residue in DPP activity, and comparisons of contributions of P1”and P2’ residues (A) The chemical formula and cleavage sites
of HAAXP-MCA used for the two-step method are shown (B) HAAFP-MCA was incubated with PTP-A in the absence (closed circle) or presence (open circle)
of DPP7(0.1 ug). DPP7 activity (blue circle) was calculated by subtraction of hydrolysis in the absence of DPP7 from that in its presence. Values (mean + SD,
n =3) shown represent a typical example of three separate experiments (C) His-Ala- and HAAXP-MCA were incubated with DPP4, DPP5, or DPP7 (0.1 g) in
the presence of PTP-A (15 ug). Values (mean + SD, n = 3) shown represent a typical example of three separate experiments (D) specific activities of DPP4
and DPP7 for HAAXP-MCA (X = Phe, Tyr, Ile, Leu, Val, or Glu) plotted against the HI values of P2"-position amino acids (E) coefficient of variation for P1"and
P2’ positions, as described in the text, was calculated using data shown in Figures 1 and 2, respectively (mean + SD (n = 3). * p <0.001.
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Consequently, both DPPs exhibited similar P2' preferences
(y = 1.779x — 117.2, R* = 0.964), with P2’ Phe showing the
greatest level of activity, followed by Tyr, Ile, Leu, and Val.
Moreover, a weak correlation between the activities and HI
value regarding the P2’ residue was observed for both DPP4
and DPP7 (Figure 2D and E). In contrast, the activity of DPP5
was minimal with all of the substrates examined, suggesting
its poor acceptance of P3' Pro. Taken together, the present
results are the first to indicate that the hydrophobic P2’
residue has a positive role in DPP4 and DPP7 activities.

To examine the contributions of the P1' and P2’ positions
in DPP activity, it was speculated that if a position has an effect
on the activity, then it will vary depending on the amino acids
at the position. On the other hand, if the position does not
affect the activity, the activity amount should remain constant
regardless of the amino acids present. Thus, the importance of
a substrate position should be evaluated using coefficient of
variation, determined based on the standard deviation of
activities of substrates with various amino acids divided by
the average of specific activities toward those substrates. It
was considered that obtained value would be highest for a
protease at an essential position, such as the P1 position of
GluVv8 (Nemoto et al. 2008) and trypsin and the P1' position of
thermolysin. Analyses of the results shown in Figure 1C and D
for the P1' residue, and in Figure 2C for the P2’ residue showed
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that the coefficient of variation for the P1’ position of the three
DPPs was consistently higher than that for the P2 position
(Figure 2E), indicating that the P1' position has a more sig-
nificant effect on DPP activity. These findings are reasonable,
due to the proximity of the P1' position to the cleavage site, and
also consistent with crystallography data previously pre-
sented, which showed that residues at the P1' position are
tightly bound to DPP11, while those at the P2’ position are
partially exposed (Bezerra et al. 2017).

2.2 DPP7 responsible for liberation of
dipeptides with P1-neutral amino acids
and hydrophilic Asn

To investigate DPP activity toward refractory P1 amino
acids with an HI value lower than Ala (HI = 41), HXLD-MCA
[X indicates His (HI = 8), Gln (-10), or Asn (-28)] was syn-
thesized. In contrast to findings obtained with hydrolysis of
HALD-MCA, the three HXLD-MCA compositions were highly
resistant to DPP7 (Figure 3B). However, following pro-
longed incubation for up to 24 h with a large amount (1 pg)
of DPP7, gradual hydrolysis of the substrates was observed
(Figure 3C), suggesting that DPP7 has potential to hydrolyze
those. Under these conditions, DPP7 predominantly
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Figure 3: Hydrolysis of HXLD-MCA containing refractory P1 residue (A) Chemical formula and cleavage sites of HXLD-MCA used for the two-step method
are shown (B) Dipeptidyl- and HXLD-MCA were incubated at 37 °C for 30 min with DPP7 (25 ng for Tyr-Ala- and HALD-MCA, 1 ug for others) in the presence
of DPP11 (5 pg) (C) HHLD-, HQLD-, and HNLD-MCA were incubated with DPP11 in the absence (cont) or presence of DPP7 (1 ug) at 37 °C for up to 24 h (D)
Tetrapeptidyl-MCA was incubated with DPP4, DPP5, or DPP7 (1 pg) in the presence of DPP11 at 37 °C for 24 h (E) Left. Peptidyl-MCA was incubated with wild-
type P. gingivalis cells (10 pl of Aggo = 10) in the presence of DPP11. Right (magnified). Values for HHLD-, HQLD-, and HNLD-MCA are shown (F) Substrates
were incubated with wild-type P. gingivalis and dpp-gene disrupted cells (10 pl of Aggo = 10) in the presence of DPP11. Activities are presented as
percent + SD (n = 3), with those for wild-type P. gingivalis considered to be 100 %. Values (mean + SD, n = 3) shown represent a typical example of three
separate experiments. *' p <0.05, *2 p <0.005 (as compared to wild-type P. gingivalis).
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hydrolyzed the three substrates, while DPP5 exhibited a
lower level of hydrolysis only for HNLD-MCA and DPP4
showed no activity (Figure 3D).

Hydrolysis of Phe-Met-MCA and tetrapeptidyl-MCA
with P1 Ala (HALD-, HAMD-, and HASD-MCA) was
observed in P. gingivalis wild-type organisms. In accor-
dance with results of recombinant DPPs, the level of hy-
drolysis of substrates with P2 His and refractory P1
residue (HHLD-, HQLD-, or HNLD-MCA) were quite low in
the wild-type cells (Figure 3E). When hydrolysis was
evaluated using dpp-gene disrupted strains (Ohara-
Nemoto et al. 2011; 2014), the dpp7-gene disrupted strain
showed the greatest decrease (Figure 3F). These results
suggest that peptide degradation with P1 neutral amino
acid and hydrophilic Asn in the bacterium is predomi-
nantly mediated by DPP7.

The specific activities of recombinant DPPs were as
follows: DPP4, 5,323 + 1,544 pmol/min/ug (n = 5) and DPP11,
3,778 + 473 pmol/min/pg (n = 5), and DPP5, 759 + 342 pmol/
min/ug (n = 4) and DPP7, 593 + 173 pmol/min/ug (n = 8)
(Figure S2), indicating higher specific activities for DPP4
and DPP11. These differences are likely due to the highly-
restricted P1residues of DPP4 and DPP11, in contrast to the
broader specificities of DPP5 and DPP7. Accordingly, the
contents of DPP4, DPP5, DPP7, and DPP11 in the wild-type
P. gingivalis cells were calculated to be 0.9 + 0.0, 2.9 + 0.1,
9.5+ 0.3, and 1.4 + 0.1ng/pl (Ao = 10), respectively. This
distribution is discussed in greater detail later.

2.3 Enhancement of DPP7 activity by subsite
residues toward substrates with P1
neutral amino acids and Asn

DPP7 activity was found to be enhanced by hydrophobic P2
residue (Rouf et al. 2013a), thus the activity toward XNLD-
MCA with the substitution of P2 His for hydrophobic amino
acids was examined (Figure 4). DPP7 activities toward P1
Asn were significantly increased with P2 amino acids with
a higher HI value, such as Leu (HI = 97), Phe (100), Met (74),
and Tyr (63), as compared to P2 Glu (-31), Ala (41), Asp
(-55), and His (8) (Figure 4B Left). Slight increases in these
substrates due to hydrophobic P2 residues were also
observed with DPP4 and DPP5 (Right). A plot showing the
activities against HI of P2-position amino acids confirmed
that the activities of DPP4 and DPP5, as well as DPP7 were
positively corelated with the hydrophobicity of P2 amino
acids, and that DPP7 exhibited higher activities than DPP4
and DPP5 for all of the examined substrates (Figure 4C).
These results also reinforced findings indicating that DPP7
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primarily targets neutral and hydrophilic P1 amino acids.
Notably, the hydrolysis profiles in the bacterial cells for
these eight P2 amino acids with XNLD-MCA were indis-
tinguishable from that of recombinant DPP7 (compare
Figure 4B-D).

To examine the synergistic effects of P2 and P1' resi-
dues, nine tetrapeptidyl-MCA substrates with P1' Leu with
moderate enhancement of three DPPs were used, with Met
found to be most preferable for DPP7 and Ser most pref-
erable for DPP5 (see Figure 1). Those were combined with
P1 Ala as a positive control or Asn as a refractory residue,
P2 His, Tyr, or Leu, which vary in HI, and all with P2" Asp
(Figure 5A). DPP4 degraded HAMD- and HALD-MCA, as
noted above, followed by HASD-MCA, while degradation of
the other six substrates was negligible. These findings
were understandable, because DPP4 is exclusively specific
for P1 Pro and Ala. Furthermore, DPP5 exhibited the
highest level of activity toward HASD-MCA, followed by
HAMD-, HALD-, and YNSD-MCA, while its activity toward
the others was negligible. DPP7 cleaved the substrates with
P1Ala, HAMD-, HASD-, and HALD-MCA, as noted above, and
exclusively degraded substrates containing P1 Asn with
both P2 and P1' Leu (LNLD-MCA), and with P2 Tyr and P1'
Met (YNMD-MCA), followed by YNSD- and YNLD-MCA. As a
result, the synergistic effect of P2 Tyr and P1' Met was noted
with DPP7, as compared with HNLD-, YNLD-, and YNMD-
MCA while that of P2 Tyr and P1' Ser was noted with DPP5,
as compared with YNLD-, HNSD-, and YNSD-MCA though
was rather limited.

Hydrolyzing activities in wild-type P. gingivalis cells
were comparable to those observed with recombinant
DPPs (compare with findings shown in Figure 5A and B).
Among the dpp-gene disrupted strains, dpp7 KO showed
the most significant decreases in activity toward sub-
strates containing P1 Asn (LNLD-, YNLD-, YNMD-MCA)
(Figure 5C). In addition, a significant loss for HASD-MCA
was noted for the dpp5 KO strain. Thus, peptides with P1-
hydrophilic amino acid (Asn) were primarily processed by
DPP7 in the bacterial cells, though cleavage of substrates
with P1 Ala could be shared by DPP5 depending on the
subsite residues.

Activity sharing between DPP7 and DPP5 was further
compared using XNSD-MCA (X = Leu, Phe, or Tyr). For this
comparison, the unique activity of DPP7 for LNLD- and
FNLD-MCA was referred to as a positive control, and the
quite low activity of both DPPs for HNSD-MCA as a negative
control (Figure 6A). Both DPP5 and DPP7 showed significant
hydrolysis for LNSD-, FNSD-, and YNSD-MCA as compared
with that for HNSD-MCA. Nevertheless, the activities of
DPP7 for these substrates were consistently superior to
those of DPP5. In accord with these results, hydrolysis of
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Figure 4: Preference for hydrophobic P2 residue in DPP activities (A) The chemical formula and cleavage sites of XNLD-MCA used for the two-step
method are shown (B) XNLD-MCA was incubated with DPP7 (5 ng), DPP4 (40 ng), or DPP5 (40 ng) in the presence of DPP11 (5 pg) at 37 °C for 30 min (C)
Linear regression analyses were performed using the log of the DPP activities and HI of P2-amino acid residues. The HI values for Leu, Phe, Met, Tyr, Glu,
Ala, Asp, His were 97, 100, 74, 63, —31, 41, -55, and 8, respectively. Regression lines for DPP4, DPP5, and DPP7 are y = 0.0084x + 0.109 (R?=0.721),
y=0.0136x + 0.415 (R?= 0.880), and y = 0.013x + 1.487 (R? = 0.379), respectively (D) XNLD-MCA was incubated with wild-type P. gingivalis in the absence or
presence of DPP11 (5 pg). Values (mean + SD, n = 3) shown represent a typical example of three separate experiments.
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Figure 5: Synergistic effects of P2 and P1’ residues on DPP activities (A) Tetrapeptidyl-MCA substrates carrying P1 Ala or Asn with P2” Asp were incubated
with DPP4 (5-20 ng), DPP5 (5-40 ng) or DPP7 (5-20 ng) (B) Hydrolyzing activities of wild-type P. gingivalis (0.5-5 pl of Aggo = 10) in the presence of DPP11
(5 pg). Values (mean + SD, n = 3) shown represent a typical example of three separate experiments (C) Tetrapeptidyl-MCA substrates were incubated with
wild-type P. gingivalis or dpp-gene disrupted strains (0.5-3 pl of Aggg = 10). Results for HNLD- and HNSD-MCA are not shown, as their activities were quite
low, while that of HNLD-MCA is presented in Figure 3F. Values represent a typical example of three separate experiments and are presented as

percent + SD (n = 3) of wild-type P. gingivalis, which was considered to be 100 %. *' p <0.05, * p <0.005, ** p <0.001 (as compared to wild-type P. gingivalis).

substrates in P. gingivalis was most significantly reduced penultimate P1 Asn and presumably neural amino acids
in the dpp7 gene-disrupted cells (Figure 6B Right). Taken were predominantly hydrolyzed by DPP7, though the effi-
together, it was concluded that peptides carrying ciency was low.
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Figure 6: Degradation of tetrapeptidyl-MCA carrying P1’ Ser by DPP5 and DPP7, and in P. gingivalis cells (A) Tetrapeptidyl-MCA was hydrolyzed by DPP5
(20 ng) or DPP7 (5 ng) in the presence of DPP11 (5 pg) (B) Specific activities of wild-type P. gingivalis or dpp-gene disrupted strains (Ago = 10) (5 pl for YNSD-
MCA, 2 pl for others) in the presence of DPP11 (5 pg). Left. P. gingivalis wild-type cells. Right. Activities are presented as percent + SD (n = 3), with those of
P. gingivalis wild-type considered to be 100 %. Values shown represent a typical example of three separate experiments and are presented as percent + SD
(n = 3) of wild-type P. gingivalis (100 %). *' p <0.05, ** p <0.005, ** p <0.001 (as compared to the wild-type P. gingivalis).

2.4 Examinations of remaining ambiguous
amino acid residues to obtain a
comprehensive 20 P1 X 20 P2 amino
acids matrix

Additional detailed examinations were conducted with
specific amino acids to more comprehensively understand
the 400 combinations of P1 and P2 dipeptide release.

2.4.1 Degradation of substrates with P2 Asn, and P1 Asn
or Thr by DPP7

Although Asn is classified as a hydrophilic amino acid
(HI = -28), P2 Asn has been reported to stabilize the
DPP7-substrate complex (Nakamura et al. 2021). Hence,
examinations were conducted to determine whether
tetrapeptidyl-MCA carrying P2 Asn and P1 Asn or Thr,
which cover HI from 13 to —28 (see Table 1), is hydrolyzed by
DPP7, with substrates with P2 His used as a control. The
levels of degradation of HNLD-, HTLD-, HNLD-, and HTMD-
MCA by DPP5 and DPP7 were quite low, though notably
higher activity was shown with DPP7 as compared with
DPP5 (Figure S3A). Findings of substrates where P2 His was
substituted with Asn showed an increased activity of DPP7
for NNMD- and NTLD-MCA (Figure S3A). In contrast, the
activities of DPP5 for these substrates remained quite low.
Analysis of dpp-gene disrupted cells confirmed predomi-
nant degradation of NNMD- and NTLD-MCA by DPP7
(Figures S3B, C). These findings demonstrated that peptides
with a P1-neutral amino acid, Thr, and hydrophilic Asn are
efficiently hydrolyzed by DPP7 when Asn is located at the P2
position. Nevertheless, as compared to the significant effect
of P2 Asn, the difference in activity between neutral Thr

(HI = 13) and hydrophilic Asn (-28) at the P1 position
appeared to be small.

2.4.2 Hydrophilic P2 Arg, Lys, Glu, and Asp

Given that DPP7 predominantly hydrolyzes substrates
with P1 refractory residues and P2 residues classified as
very hydrophobic (HI = 100 to 74), hydrophobic (63-41),
neutral (13 to —10), or hydrophilic Asn (-28), the remaining
four hydrophilic P1 amino acids, Arg, Lys, Glu, and Asp
(HI = -14 to -55), were examined (Table 1). Arg and Lys
rarely remain inside of peptides, because they are likely
cleaved by the endopeptidases Rgps and Kgp, respectively,
before entering the periplasmic space of P. gingivalis. For
P2 Glu and Asp, DPP7 moderately hydrolyzed ENLD- and
DNLD-MCA, while DPP4 and DPP5 activities for those were
negligible, as shown in Figure 4B. Additionally, substitu-
tion of P2 His of HTMD for Glu or Asp provided ETMD- and
DTMD-MCA increased DPP7 activity, while DPP4 and
DPP5 activities were minimal toward these substrates
(Figure S4). Although a hydrophobic P2 preference is
generally observed for substrates with P1 hydrophobic
amino acids, that tendency was restricted in amino acids
with an HI higher than Ala (41) (Figure 4B, C). Hence, it is
currently speculated that activity enhancement of DPP7 by
P2 Asp and Glu is likely better suited than neutral residues.
Taken together, it was concluded that when Asp and Glu
are at the P2 position, DPP7 predominantly hydrolyzes
peptides with P1 neutral amino acid.

Finally, Pro, classified as an imino acid, was consid-
ered. The Yaa-Pro bond is known to be resistant to many
peptidases, including DPPs. To overcome this resistance,
P. gingivalis expresses PTP-A, which liberates an Xaa-Yaa-
Pro tripeptide from the N-terminus of a peptide. As a result,
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Pro is never or rarely present at the P2 position of
substrates.

3 Discussion

Using integration of the present results with previous find-
ings, a comprehensive 20 P1 x 20 P2 amino acid matrix is
proposed (Table 1), which indicates that the four DPPs, along
with PTP-A, Rgp, and Kgp, are capable of releasing all com-
binations of dipeptides in P. gingivalis. The endopeptidases
Rgp and Kgp anchored in the outer membrane degrade
polypeptides at the Arg-Xaa and Lys-Xaa bonds, respectively
(Potempa et al. 1995), while the resulting nutritional oligo-
peptides pass through the membrane and are processed in
the periplasmic space. When the penultimate position (P1
position) from the N-terminus is Pro or Asp/Glu, DPP4 re-
leases the dipeptide Xaa-Pro (Banbula et al. 2000), while
DPP11 releases the Xaa-Asp/Glu dipeptides (Ohara-Nemoto
et al. 2011), respectively. When the third position of peptides
from the N-terminus is Pro, PTP-A releases Xaa-Yaa-Pro tri-
peptides (Banbula et al. 1999). Dipeptides released by Rgp,
Kgp, DPP4, and DPP11, as well as tripeptides released by PTP-
A are indicated by open cells in Table 1, where specific
substrates for DPP4 and DPP11 are marked by black cells.

In addition to the 145 samples processed by DPP4, DPP11,
gingipains, and PTP-A, there are 255 dipeptides considered
likely to be released by either DPP5 or DPP7, and have been
tentatively categorized into five groups (colored cells in
Table 1), as noted following.

Group I (orange cells) — 90 combinations of very hy-
drophobic or hydrophobic amino acids, or hydrophilic Asn
at the P2 position with very hydrophobic or hydrophobic P1
amino acids. This group, which includes the DPP7-specific
substrate Phe-Met-MCA, shows maximal efficiency for hy-
drolysis by DPP7. Some of these results are presented in
Figure S3, while others have been described previously
(Nemoto et al. 2018).

Group II (grey cells) — 42 combinations of neutral or
acidic P2 amino acids with very hydrophobic P1 amino acids.
This group is predominantly processed by DPP5, as the
minimal requirement of hydrophobic P2 amino acid in DPP5
assures this role (Figures 1 and 5). Gly-Phe-MCA, a DPP5-
specfic substrate, is located in this group.

Group III (sky blue cells) — 21 combinations of neutral or
acidic P2 amino acids with hydrophobic and acidic P1 amino
acids. This group is processed by DPP5 or DPP7, with the
preference influenced by subsite amino acids, such as the P1’
position. For example, HASD-MCA was found to be pre-
dominantly hydrolyzed by DPP5 and HAMD-MCA preferen-
tially by DPP7 (Figures 1, 3, 5, and S1).
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Group IV (green cells) — 60 combinations of very hy-
drophobic or hydrophobic amino acids, or Asn at the P2
position with neutral amino acids or Asn at the P1 position.
This group is predominantly processed by DPP7 due to its
strong P2 preference for hydrophobic residues and Asn.
DPP5 may cleave these substrates with a lower level of effi-
ciency (Figures 4, 5, and 6).

Group V (yellow cells) — 42 combinations of neutral or
acidic P2 amino acids with neutral or acidic P1 amino acids.
Members of this group are degraded by DPP7, though the
extent of hydrolysis is limited (Figure 3).

Taken together, among the 400 combinations of P1 and
P2 amino acids, there were 192 (48 %), comprising Groups I,
IV, and V, shown to be primarily targeted by DPP7, 42 (10.5 %)
in Group II primarily targeted by DPP5, 21 (5.3 %) in Group III
primarily targeted by either DPP5 or DPP7, dependent on the
subsite residues, 34 (8.5 %) primarily targeted by DPP11, and
19 (4.8 %) primarily targeted by DPP4. Of the remaining
combinations, 74 (18.5 %) are targeted by gingipains and 20
(5%) by PTP-A. Thus, the enzymatic potential of DPPs
required for production of all types of dipeptides in P. gin-
givalis cells is considered to be in the ascending of order of
DPP4 (4.8 %), DPP11 (8.5 %), DPP5 (10.5 %), and then a large
increase for DPP7 (48 %), even following elimination of 21
(5.3 %) processed by either DPP5 and DPP7. Interestingly, this
order coincides with the estimated protein levels of the four
DPPs in P. gingivalis cells (Figure S2), as the regression curve
between the percent ratio (y axis) and protein level (x axis) of
those DPPs was y = 5.04x — 0.56 (R* = 0.985) (data not shown).
This suggests that protein levels of the four DPPs in P. gin-
givalis bacterial cells are regulated based on demand for
dipeptide production.

For many years, DPP activities have generally been
measured using synthetic dipeptidyl-p-nitroanilide or
dipeptidyl-MCA, with very efficient unveiling of DPP11 and
DPP5. However, in our previous study, several substrates,
such as Thr-Ser-, Gly-Gly-, and Ala-Asn-MCA, were shown to
be scarcely hydrolyzed by any known recombinant DPPs and
in P. gingivalis cells (Ohara-Nemoto et al. 2014). Should it not
be possible to hydrolyze peptides containing P1 neutral
amino acids (Thr, His, Gly, Ser, GIn) (HI = 13 to —10) or hy-
drophilic Asn (-28), then not only is dipeptide production
efficiency reduced by 30 % (6 of 20 amino acids), but also a
more significant loss occurs due to cessation of C-terminal
peptide degradation. In this regard, the present along with
our previous (Ohara-Nemoto et al. 2022) findings showing
that the prime-side residues of substrates enhance DPP7
activity and broaden P1 specificity are important. Further-
more, the present evaluations conducted with the new
method using pentapeptidyl-MCA and PTP-A revealed a P2’
preference of DPPs. This two-step reaction analysis is a
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valuable biochemical technique for studying subsite effects
that influence protease and peptidase activities. Using that,
we recently reported that Staphylococcus aureus Gluv8
endopeptidase exerts N-terminal exopeptidase activity,
which is assisted by an enhancing effect by hydrophobic P1'
amino acid (Nemoto et al. 2024). Thus, similarities regarding
the mechanisms of exopeptidase activities of DPPs and
GluV8 are suggested.

The ability of bacterial DPP7 to release nearly half of the
400 dipeptide combinations is noteworthy and suggests that
it degrades and/or inactivates a variety of host polypeptides
accompanying harmful effects on the host. While DPP4 from
periodontopathic bacteria degrades GLP-1 and GIP (35), we
previously reported that P. gingivalis DPP7 cleaves them
more efficiently and consecutively than DPP4, and also de-
grades glucagon, oxyntomodulin, and insulin A and B chains.
These results are also considered to be in accordance with
the finding that among the four DPPs, overexpression of
P. gingivalis DPP7 led to the greatest amount of growth
retardation in the E. coli host (Ohara-Nemoto et al. 2022).
Furthermore, the most intrinsic periplasmic proteins in the
phylum Bacteroidetes including P. gingivalis have the
N-terminally modified residue pyroglutamic acid to acquire
DPP resistance, the so-called Q-rule (Szcze$niak et al. 2023),
because all DPPs require unmodified N-terminus for hy-
drolysis. On the other hand, members of the phylum
Enterobacteriaceae including E. coli do not possess the
Q-rule, thus must be sensitive to DPPs, especially DPP7.

Exploration of the kinship of bacterial DPP7 with sys-
temic diseases is of interest (37, 38). Patients with poor oral
hygiene or advanced periodontitis increased risk of oral
microorganism bacteremia, and periodontopathic bacteria
have been reported to be isolated from the blood of more
than one-third of periodontitis patients (Forner et al. 2006).
Therefore, under certain conditions, bacterial peptidases
entering the bloodstream may degrade bioactive peptides
and consequently disrupt physiological systems. In partic-
ular, the present findings showing that DPP7 has an ability to
release N-terminal dipeptides from nearly half of the P2-P1
combinations imply it as a factor linking periodontopathic
disease to related systemic disorders.

In contrast to bacterial DPP4, orthologs of P. gingivalis
DPP5, DPP7, and DPP11 are absent in mammals and found
exclusively in subgingival bacteria that have potential to
cause periodontal diseases (40). DPP4 inhibitors, such as
sitagliptin and vildagliptin, are used clinically for treatment
of type 2 diabetes to reduce the HbA1lc level in affected pa-
tients (Gallwitz 2019; Mentlein et al. 1993). Therefore,
development of a DPP7-specific inhibitor is eagerly antici-
pated, as it may function synergistically with DPP4 inhibitors
and, moreover, any adverse effects could be minimal for
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such patients. In addition, bacteria from the Bacteroidetes
phylum, which form a large part of the gut microbiota,
possess DPP7 (Rouf et al. 2013a). It is thus considered that
additional investigations of the potential role of gastroin-
testinal bacterial DPP7 in systemic diseases will be
important.

4 Conclusions

The results obtained with the two-step hydrolyzing method
demonstrated that bacterial DPP7 can cleave even peptides
with refractory P1 amino acids with HI values lower than
that of Ala (HI = 41), i.e., neutral amino acids (Thr, His, Gly,
Ser, Gln, HI = +13 to —10), and hydrophilic Asn (HI = —-28). We
propose a 400-combination matrix of dipeptides composed
of 20 P1 and 20 P2 amino acids liberated by peptidases in
P. gingivalis. Notably, DPP7 is associated with at least 192
(48 %) of the combinations and shown as the most dominant
among the four DPPs involved in this process. The broad
substrate specificity of bacterial DPP7 implicates that its
role is not limited to nutritional dipeptide production in
P. gingivalis, but may be extended to breakdown of various
bioactive peptides in human hosts.

5 Materials and methods
5.1 Materials

All synthetic peptidase substrates used in the present study
are shown in Table S1. t-Butyloxycarbonyl (Boc)-FSR-, Gly-
Pro-, Phe-Met-, and Leu-Asp-MCA were purchased from
Peptide Institute (Osaka, Japan), and Gly-Phe-MCA was ob-
tained from Bachem (Bubendorf, Switzerland). His-Ala-, Tyr-
Ala-, and all of the tetra- and penta-peptidyl-MCA substrates
were not commercially available, thus were synthesized by
Scrum (Tokyo, Japan) at a purity = 90 %.

5.2 Bacterial strains and culture conditions

Construction of P. gingivalis ATCC 33277 derivatives NDP200
(Adpp4), NDP300 (Adpp5), NDP400 (Adpp7), and NDP500
(Adpp11) was performed as previously described (Ohara-
Nemoto et al. 2014; Rouf et al. 2013b). P. gingivalis strains
were grown anaerobically at 37°C (80 % N, 10 % CO,, 10 %
H,) in Anaerobic Bacterial Culture Medium broth (EIKEN
Chemical, Tochigi, Japan) supplemented with 0.5 ug/ml of
menadione. Appropriate antibiotics (ampicillin, erythro-
mycin, tetracycline) were added for cultures of dpp-gene
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deleted strains. P. gingivalis cells were harvested in the early
stationary phase and washed with ice-cold phosphate-buff-
ered saline (PBS), pH 7.3, then suspended in PBS for adjust-
ment to 10 at Aggo.

5.3 Expression and purification of
recombinant DPPs

Expression plasmids for P. gingivalis DPP4 (Rouf et al. 2013a),
DPP5 (Ohara-Nemoto et al. 2014), DPP7 (22), DPP11 (Ohara-
Nemoto et al. 2011), and PTP-A (Ito et al. 2006) tagged with a
C-terminal hexa-histidine have been previously reported.
Escherichia coli XL-1 Blue cells carrying an expression
plasmid were cultured in Luria-Bertani broth supplemented
with 75 pg/ml ampicillin at 37 °C overnight. After addition of
two volumes of fresh media, recombinant proteins were
induced with 0.2 mM isopropyl-B-p-thiogalactopyranoside at
30 °C for 4 h, then purified from the bacterial cell lysate using
TALON affinity chromatography, as previously described
(Ohara-Nemoto et al. 2011). A previous report noted that
recombinant PTP-A was not adsorbed to a TALON metal af-
finity resin (Clontech Lab. Inc., CA, USA) for an unknown
reason (29), thus PTP-A purification was performed by
chromatography using DEAE-Toyopearl 650 M (TOSOH,
Tokyo, Japan), with recombinant PTP-A purity shown by
SDS-PAGE results to be approximately 90 %.

5.4 Peptidase activity determination

The reaction was started by addition of recombinant DPPs
(0.5-100 ng) or a bacterial cell suspension (1-5 pl) in a reac-
tion mixture (200 ul) composed of 50 mM Na-phosphate
buffer (pH 7.5), 5mM EDTA, and 20 uM peptidyl-MCA. All
reactions were performed at 37 °C. For two-step measure-
ments, target DPP (5-100 ng) or bacterial cells (0.5-1 pl of
Agoo =10) were added in the presence of an excess amount of
DPP11 (5 pg) or PTP-A (15 ug) as the second enzyme, unless
otherwise stated. After 30 min, fluorescence intensity was
measured with excitation at 380 nm and emission at 460 nm,
while details for prolonged reactions are presented in
Figure 3. Decomposition of the substrate up to 10 % could be
determined as a first-order reaction. Rgp, DPP4, DPP5, DPP7,
and DPP11 activities in P. gingivalis cells (0.5-10 pl) were
determined using Boc-FSR-, Gly-Pro-, Gly-Phe-, Phe-Met-, and
Leu-Asp-MCA, respectively. DPP4, DPP5, and DPP7 activities
for the various dipeptidyl-MCA substrates examined were
determined using the conditions noted above, with an excess
amount of the second peptidase utilized to adjust the
measuring conditions in accordance with the other samples.
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5.5 Protein concentration

Concentrations of the purified proteins were determined
using Coomassie Brilliant Blue dye (Bio-Rad) with BSA as the
standard.

5.6 Statistical analysis

For continuous variables, statistical significance was deter-
mined using Student’s t-test with Bonferonni correction. P
values less than 0.05 were considered to indicate statistical
significance.

Abbreviations

AMC 7-amino-4-methylcoumarin

Boc t-butyloxycarbonyl-

DPP dipeptidyl-peptidase

GIP glucose-dependent insulinotropic
polypeptide (52-93)

GLP-1 glucagon-like peptide 1 (7-37)

HI, hydrophobicity index Kgp, Lys-gingipain

MCA 4-methycoumaryl-7-amide

Opt oligopeptide transporter

Pot proton-dependent oligopeptide transporter

PTP-A prolyl-tripeptidyl-peptidase A

Rgp Arg-gingipain

SstT serine/threonine transporter.
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