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Abstract 

 

Porphyromonas gingivalis is an asaccharolytic, Gram-negative, anaerobic bacterium 

representing a keystone pathogen in chronic periodontitis. The bacterium’s energy 

production depends on the metabolism of amino acids, which are predominantly 

incorporated as dipeptides via the proton-dependent oligopeptide transporter (Pot). In this 

study, the localization of dipeptidyl-peptidases (DPPs) and Pot was investigated for the first 

time in P. gingivalis using immunoelectron microscopy with specific antibodies for the 

bacterial molecules and gold-conjugated secondary antibodies on ultrathin sections. High-

temperature protein G and hemin-binding protein 35 were used as controls, and the 

cytoplasmic localization of the former and outer membrane localization of the latter were 

confirmed. P. gingivalis DPP4, DPP5, DPP7, and DPP11, which are considered sufficient 

for complete dipeptide production, were detected in the periplasmic space. In contrast, DPP3 

was localized in the cytoplasmic space in accord with the absence of a signal sequence. The 

inner membrane localization of Pot was confirmed. Thus, spatial integration of the nutrient 

acquisition system exists in P. gingivalis, in which where dipeptides are produced in the 

periplasmic space by DPPs and readily transported across the inner membrane via Pot. 
 

 

 

Keywords: Dipeptidyl-peptidase, Immunoelectron microscopy, Periplasmic space, 
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Introduction 

 

Porphyromonas gingivalis, a Gram-negative anaerobe, is closely associated with chronic 

periodontitis [1] and has been further linked to systemic diseases, including type 2 diabetes 

mellitus, cardiovascular diseases, rheumatoid arthritis, and Alzheimer’s disease [2-5]. 

P. gingivalis can not metabolize carbohydrates, and its growth depends on amino acid 

metabolism [6]. Nutritional extracellular proteins are initially degraded to oligopeptides by 

endopeptidases, i.e., arginine- and lysine-specific gingipains [7], before being transferred 

through the outer membrane into the periplasmic space. RagAB has recently been identified 

as a molecule involved in the uptake of oligopeptides [8]. Dipeptidyl-peptidases (DPPs) 

then cleave oligopeptides to form dipeptides [9]. Concerning amino acid incorporation, 

three amino acids/oligopeptide transporters have been identified in P. gingivalis. These are 

the serine/threonine transporter (SstT) (PGN_1640), proton-dependent oligopeptide 

transporter (Pot) (PGN_0135), and oligopeptide transporter (Opt) (PGN_1518)[10,11]; Pot 

has been identified as the transporter responsible for dipeptide incorporation [11]. 

P. gingivalis possesses five dipeptidyl-peptidase genes consisting of DPP3 

(PGN_1645), DPP4 (PGN_1469), DPP5 (PGN_0756), DPP7 (PGN_1479), and DPP11 

(PGN_0607), which convert oligopeptides into dipeptides[12-15]. Because the substrate 

specificity of DPPs varies primarily at the penultimate position from the N-terminus (P1 

position), combining these peptidases can ensure complete conversion of oligopeptides to 

dipeptides [16, 17]. Two exopeptidases, acylpeptidyl-oligopeptidase (AOP) 

(PGN_1349)[18] and prolyl tripeptidyl-peptidase A (PTP-A) (PGN_1149) [19], aid in 

dipeptide production because the former is highly preferential to N-terminally acylated 

peptides and the latter is specific for peptides with Pro at the third position from the N-

terminus as DPPs do not metabolize types of these peptides. 

The discussion above postulated that DPPs are localized between the inner and outer 

membranes. Accordingly, the subcellular fractionation of P. gingivalis previously 

demonstrated DPP5 localization in the periplasmic space (15). To our knowleddge, 

immunoelectron microscopy (IEM) for soluble proteins on P. gingivalis ultrathin sections 

has not been reported to date. In this study, we used this method for the first time to 

investigate the localization of proteins involved in nutrient acquisition in the bacterium. 
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Materials and Methods 

 

Antibodies 

 

Polyclonal antiserum against recombinant DPP3, DPP4, DPP5, DPP11 [14,15,20], DPP7 

[21], and High-temperature protein G (HtpG) [22] of P. gingivalis were previously 

described. Anti-Pot peptide（C-M134YDNDTYRDKR144-OH） rat Ig was prepared by Scrum 

(Tokyo, Japan). Dr. Mikio Shoji (Nagasaki University) kindly provided the antihemin-

binding protein 35 (HBP35) (PGN_0659) rabbit serum. 

 

Preparation of resin-embedded bacteria for IEM 

 

P. gingivalis ATCC 33277 was cultured in anaerobic bacteria culture media (Eiken 

Chemical, Tokyo, Japan) supplemented with 5-µg mL-1 hemin (Fujifilm Wako Pure 

Chemical, Osaka, Japan) and 0.5-µg mL-1 menadione (Sigma-Aldrich, St. Louis, MO, 

U.S.A) at 37°C for 48 h under anaerobic conditions [14]. Bacteria (1 × 108 cells) were rinsed 

with PBS (-) (Nacalai Tesque, Kyoto, Japan) and fixed with 4% paraformaldehyde (Fujifilm 

Wako Pure Chemical) at room temperature for 4 h and then washed twice with 0.1-M PBS 

(-) and dehydrated with a graded series of ethanol (70%→80%→90%→100%×2). Samples 

were immersed in 50% (v/v) acetonitrile in ethanol at 4°C for 1 h and infiltrated with LR 

White resin (London Resin Company Ltd., London, UK) overnight at 4°C. Then, samples 

were polymerized at 60°C for 24 h. The resin-embedded samples were sliced into 50–80 nm 

ultrathin sections and collected on nickel grids (Nisshin EM, Tokyo, Japan) [23]. 

 

Immunoelectron microscopy (IEM) 

 

IEM was performed as previously reported [24]. Briefly, nickel grids were blocked with 

10% goat serum (Abcam, Cambridge, UK) in 0.1-M TBS at room temperature for 2 h. After 

washing with 0.1-M TBS, nickel grids were incubated at 4˚C with anti-P. gingivalis HtpG, 

HBP35, Pot, DPP3, DPP4, DPP5, DPP7, or DPP11 antibody (dilution, 1:5, 1:50, 1:1, 1:100, 

1:50, 1:200, 1:200, or 1:50, respectively). After 48 h, the nickel grids were washed with 0.1-

M TBS and incubated with 1:100 dilution of 10-nm gold-conjugated goat antirat IgG for 

anti-Pot Ig, or antirabbit IgG (Abcam) for others at room temperature for 2 h. Then, samples 

were washed four times with 0.1-M TBS and four times with MQ water. All samples were 
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air-dried and observed under a Hitachi H-7650 electron microscope (Hitachi High-Tech Co., 

Tokyo, Japan). The antiserum and second Ig dilution rates were determined to minimize 

nonspecific background. Each image was captured at 10 000× and 25 000× magnifications. 

The number of colloidal golds was counted in three observations. 
 

 

Results and Discussion 

 

IEM of P. gingivalis proteins 

 

Initially, HtpG and HBP35 were used as references for immunological detection. HtpG is a 

human Hsp90 homolog of bacteria localized in the cytoplasm [25], and HBP35 is an outer 

membrane protein with a conserved C-terminal domain [26]. As depicted in Fig. 1A, HtpG 

was solely observed in the cytoplasm. Most dots for HBP35 were observed near the edge of 

the cell surface, corresponding to the outer membrane (Fig. 1B, blue arrow). The 

periplasmic space surrounding the cytoplasm was depicted as an intermediate dense layer, 

with the middle line representing the peptidoglycan layer. The thickness of the periplasmic 

space was calculated as 23.7 ± 1.5 nm (n = 9). The inner membrane corresponded to the 

border between the cytoplasm and periplasmic space. The outer membrane was ambiguous, 

possibly because of its thin structure and presence of circumferential fimbriae. 

Next, we examined the localization of Pot. P. gingivalis Pot contains 12 

transmembrane α-helix motifs, which may be anchored in the inner membrane[11], and the 

antibody was raised against a deduced cytoplasmic region (M134YDNDTYRDKR144) 

between transmembrane helices 4 and 5. Pot was localized at the border region between the 

cytoplasm and periplasmic space, i.e. the inner membrane (Fig. 1C). 

 

DPP localization 
 

We then examined the localization of DPPs by IEM. DPP3 was exclusively located in the 

cytoplasm (Fig. 2A). In contrast, DPP4 and DPP5 tended to be localized in the periplasmic 

space (Fig. 2B and C), which is consistent with our previous research on the localization of 

DPP5 by cell fractionation and western blotting [15]. DPP7 and DPP11 were detected in 

greater abundance in the periplasmic space than DPP4 and DPP5 (Fig. 2D and E). More 

than half of these four DPPs appeared attached to the peptidoglycan layer (Fig. 2, red arrow). 
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Table 1 summarizes the localization of the proteins examined by IEM images. Several 

dots of the four DPPs were detected in the cytoplasm and inner membrane, which might 

represent newly synthesized molecules and molecules passing through the inner membrane, 

respectively. Most dots of the four DPPs in the periplasmic space appeared to be associated 

with the peptidoglycan layer. Because DPP11 has a molecular size of 12.8 Å in a substrate-

bound state and 16.6 Å in an unbound state [27], and the smallest pore of the peptidoglycan 

layer is estimated to be 70 Å across [28], DPPs seem to freely pass through peptidoglycan 

pores. Nevertheless, it should be noted that current IEM observations indicate a specific 

interaction of DPPs with the peptidoglycan layer. Whether there is an interaction between 

DPPs and peptidoglycan should be carefully examined in future studies. In a recent 

proteome analysis, periplasmic localization of DPP4, DPP5, DPP7, and DPP11 has been 

also proposed [29]. 

DPP4, DPP5, DPP7, and DPP11, as well as AOP and PTP-A, possess typical N-

terminal signal sequences [11], and the N-terminal 21-residue signal sequence of DPP11 

was processed in Porphyromonas endodontalis [14]. Therefore, these molecules should be 

processed and secreted from the inner membrane. In contrast, DPP3 found in the cytoplasm 

lacks the sequence and could be involved in the degradation of endogenous proteins. 
 

 
Conclusion 

 

This IEM study demonstrated the periplasmic localization of DPP4, DPP5, DPP7, and 

DPP11 and the existence of the dipeptide transporter Pot on the inner membrane in P. 

gingivalis. These results indicate an effective integration of the bacterial nutrient acquisition 

system composed of DPPs for dipeptide production and Pot for uptake. 
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Table 1. Localization of P. gingivalis proteins analyzed by IEM 

                                          

CP, cytoplasm; IM, inner membrane; PL, dots adhered to the peptidoglycan layer; PS, dots 

located in the periplasmic space but not associated with the layer; OM, outer membrane.  

 
CP IM PL PS OM Total Localization 

 

Protein 

% 

Dot number (mean ± S.D.) 

 

HtpG 81.3 

(8.7 ± 1.5) 

6.5 

(0.7 ± 0.6) 

6.5 

(0.7 ± 0.6) 

0 

(0.0 ± 0.0) 

6.5 

(0.7 ± 1.2) 

100 

(10.7 ± 0.6) 

CP 

HBP35 16.3 

(1.3 ± 1.2) 

8.8 

(0.7 ± 0.6) 

16.3 

(1.3 ± 1.2) 

12.5 

(1.0 ± 1.0) 

46.3 

(3.7 ± 1.2) 

100 

(8.0 ± 1.0) 

OM 

Pot 41.1 

(3.7 ± 1.2) 

55.6 

(5.0 ± 1.7) 

3.3 

(0.3 ± 0.6) 

0 

(0.0 ± 0.0) 

0 

(0.0 ± 1.2) 

100 

(9.0 ± 1.2) 

IM 

DPP3 77.6 

(8.7 ± 1.5) 

6.5 

(0.7 ± 0.6) 

2.8 

(0.3 ± 0.6) 

6.5 

(0.7 ± 0.6) 

2.8 

(0.3 ± 0.6) 

100 

(10.7 ± 0.6) 

CP 

DPP4 40.0 

(8.0 ± 3.6) 

1.5 

(0.3 ± 0.6) 

36.5 

(7.3 ± 2.9) 

16.5 

(3.3 ± 3.2) 

5.0 

(1.0 ± 1.7) 

100 

(20.0 ± 1.7) 

PL 

DPP5 24.3 

(9.3 ± 4.9) 

9.7 

(3.7 ± 1.2) 

39.2 

(15.0 ± 4.4) 

19.1 

(7.3 ± 2.5) 

7.8 

(3.0 ± 2.0) 

100 

(38.3 ± 2.90 

PL 

DPP7 15.8 

(3.0 ± 2.0) 

14.2 

(2.7 ± 1.5) 

43.7 

(8.3 ± 2.1) 

26.3 

(5.0 ± 2.7) 

0 

(0.0 ± 0.0) 

100 

(19.0 ± 3.5) 

PL 

DPP11 24.3 

(4.3 ± 2.9) 

13.0 

(2.3 ± 2.5) 

32.2 

(5.7 ± 1.5) 

18.6 

(3.3 ± 1.2) 

11.3 

(2.0 ± 1.0) 

100 

(17.7 ± 1.5) 

PL 
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Fig. 1 Immunoelectron microscopic analysis on HtpG, HBP35, and Pot in P. gingivalis 

Ultrathin sections were incubated with anti- (A) HtpG, (B) HBP35, or (C) Pot antiserum, 

followed by 10-nm gold-conjugated secondary IgG. Areas of the cytoplasm (CP) and 

periplasmic space (PS) are indicated in panel A. Dots localized in CP, on the outer 

membrane (OM), inner membrane (IM), and in PS are indicated by green, yellow, blue, and 

red arrows, respectively. The detection rates (%) of molecules are indicated at the bottom. 

Bars are 100 nm.  
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Fig. 2 Immunoelectron microscopy analysis on P. gingivalis 

DPPs(A) DPP3, (B) DPP4, (C) DPP5, (D) DPP7, and (E) DPP11 were detected with each 

primary antibody and gold-conjugated antirabbit IgG. The detection rates (%) of molecules 

in the cytoplasm (CP), inner membrane (IM), peptidoglycan layer (PL), periplasmic space 

(PS), and outer membrane (OM) are indicated. Dots adhered to the peptidoglycan layer are 

indicated by red arrows, and those in the periplasmic space are shown by red broken arrows. 

Bars are 100 nm. 


