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Abstract
Background. Porphyromonas gingivalis is a major human oral opportunistic pathogen and a key etiological agent 
of periodontal disease, contributing to inflammation and bone loss in the oral cavity. Periodontitis is not limited 
to oral health complications; it has also been associated with a range of systemic conditions, including coronary heart 
disease (CAD), respiratory disease, rheumatoid arthritis, chronic kidney disease (CKD), and certain types of cancer.

Objectives. Immunization-based prevention of periodontitis appears to be a promising strategy; however, 
no vaccine is currently available for commercial use. In the present study, a novel vaccine candidate against 
P. gingivalis was proposed, consisting of a P. gingivalis protein, gingipain, glycosylated with the carbohydrate 
moiety of P. gingivalis lipopolysaccharide (LPS).

Materials and methods. Glycosylation of gingipain was achieved in Escherichia coli by introducing the Cam-
pylobacter jejuni N-glycosylation system, the P. gingivalis LPS biosynthetic pathway and the gingipain gene.

Results. The neoglycoprotein was purified using column chromatography to a purity exceeding 99%, yielding 
a soluble antigen. The modified protein was recognized by commercial antibodies targeting the protein backbone, 
the carbohydrate moiety, and a custom monoclonal antibody specific to the purified LPS of P. gingivalis American Type 
Culture Collection (ATCC) 33277. The glycoprotein was used to immunize mice, and the resulting sera were analyzed 
for their ability to opsonize bacterial cells. The absence of detectable opsonization suggests that the elicited antibod-
ies are more likely directed against the protein component of the vaccine rather than the glycan surface antigen.

Conclusions. The final product was most likely assembled correctly, as it was recognized by LPS-specific 
antibodies. Further evaluation in an animal model of induced periodontitis is necessary to determine whether 
the elicited antibodies can effectively inhibit gingipain released by the pathogen. If this vaccine candidate 
demonstrates protective efficacy, the approach could accelerate and enhance the safety of vaccine design 
against a wide range of other pathogens.
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Background

Porphyromonas gingivalis is  a  common human op-
portunistic pathogen of the oral cavity. The bacterium 
is a facultative anaerobe responsible for the destruction 
of dental tissue, leading to periodontosis.1 It is highly diffi-
cult to culture in vitro, which hampers studies on its physi-
ology and virulence. However, with the recent advances 
in genome sequencing and systems biology, it has been 
possible to elucidate a  large part of  its metabolic path-
ways.2 The recently published corrected DNA sequence3 
of the original data4 on P. gingivalis and the other pub-
lished sequences enabled a comparison with the metabolic 
pathways of other systems, specifically the well-known 
Escherichia coli genome and metabolome.5,6 The analy-
sis identified multiple therapeutic targets and potential 
prophylactic strategies.7 The last aspect of the analysis 
is important as it is more cost-efficient to prevent the dis-
ease than to treat it.

There is no commercially available vaccine against peri-
odontitis or P. gingivalis. Existing strategies rely on a com-
bination of gingipains with other components, most likely 
fimbriae8–13 or  hemagglutinin adhesion.8 A  capsular 
polysaccharide was also tested and was found superior 
to the pure protein antigens.14

Analysis of DNA genomes of P. gingivalis showed that 
the pathogen produces at least 2 proteases, the Arg-type 
gingipain and the Lys-type gingipain.15 The proteins are 
highly homologous and used by the bacterium to cleave 
host proteins, including bone tissue of  teeth,16 leading 
to the destruction of periodontal tissue.17 The gingipain 
protein sequences also contain adhesin motifs, poten-
tially responsible for the  recognition and attachment 
to the host’s cell surfaces.18 Research performed by other 
groups identified a type IX secretion system (T9SS) re-
sponsible for gingipains’ secretion.19,20 The blockade of this 
system was proposed as an indirect strategy for the preven-
tion of periodontitis caused by P. gingivalis.21

Objectives

Systems biology analysis of the metabolic network has 
identified conserved pathways involved in the lipopolysac-
charide (LPS) synthesis in P. gingivalis.2 The LPS is a major 
constituent of the outer membrane of Gram-negative bacte-
ria. Glycoconjugates  composed of the carbohydrate portion 
of LPS coupled to carrier protein have been employed as vac-
cine candidates in numerous studies, while glycoconjugates 
of capsular polysaccharides of Hemophilus influenzae type 
B, Neisseria meningitis and Streptococcus pneumoniae are 
already successfully implemented into vaccination regime. 
Considering studies on the role of LPS in P. gingivalis in-
fection and seroprotection,15–17 we commonly reasoned 
that LPS is a good antigenic target for a vaccine against 
P. gingivalis. We also proposed using gingipain as a dual-
function component, serving both as a carrier for the LPS 
carbohydrate moiety and as a proteinaceous antigen.10,22–24 
However, the metabolic pathways involved in LPS biosyn-
thesis have not been fully elucidated through experimental 
studies. The pathogen produces 2 distinct types of LPS, one 
carrying the O-polysaccharide and the A-LPS containing 
anionic polysaccharide (APS), with different repeating unit 
structures.25,26 The synthesis pathways of the outer carbohy-
drate O- and A-antigens are poorly understood. Therefore, 
a comparison with other systems is used to assign putative 
roles to genes and assemble operons responsible for the syn-
thesis of similar structures in other pathogens.27–29

Glycans are generally poor antigens, and require con-
jugation with proteins, most notably the inactivated tox-
oids from different bacterial species, in order to render 
T-dependent antigenic character and elicit an effective 
immune response.30 Currently, 5 carrier proteins are li-
censed as components of glycoconjugate vaccines: a geneti-
cally modified cross-reacting material (CRM) of diphtheria 
toxin, tetanus toxoid (T), meningococcal outer membrane 
protein complex (OMPC), diphtheria toxoid (D), and H. in-
fluenzae protein D (HiD).31

In the USA, the only adjuvant approved by the U.S. Food 
and Drug Administration (FDA) for primary vaccination 

Highlights
	• A novel P. gingivalis vaccine candidate was engineered by glycosylating gingipain with the O-antigen of P. gingivalis 
LPS in a modified E. coli strain.

	• The antigen was successfully expressed in E. coli and purified to over 99% purity using advanced chromatography 
techniques.

	• Western blot analysis confirmed efficient glycosylation, with the antigen recognized by both anti-gingipain and 
anti-LPS antibodies.

	• This innovative strategy eliminates the need for chemical conjugation, enabling precise, recombinant LPS glyco-
sylation for vaccine development.

	• If proven effective in animal models, this approach could accelerate the development of vaccines for periodontitis 
and other bacterial infections.
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is aluminum hydroxide, which significantly limits the ef-
fectiveness of carbohydrate-based vaccine components.32 
Other adjuvants, based on the synthetic LPS component 
monolauryl phosphate (MLP) or synthetic cytosine-phos-
phate-guanine (CpG) nucleotides, have been underrepre-
sented in licensed vaccines.32 Adjuvants based on squalene 
oil, a natural product derived from marine mammals, are 
not recommended due to their animal source, despite being 
used in commercial vaccines against influenza.33

Standard methods for the formation of glycoconjugates 
are based on the chemical coupling of carbohydrates with 
a protein via various chemical strategies. This approach 
raises many issues that have to be addressed in the produc-
tion process, like reproducibility, yield, purification from un-
desired chemical modifications, and others. There is an area 
for improvement, but addressing these challenges may re-
quire innovative strategies beyond traditional approaches.

An alternative strategy to couple carbohydrate antigens 
to peptide or protein is based on the utilization of Campylo-
bacter jejuni undecaprenyl-diphosphooligosaccharide-pro-
tein-glycotransferase (PglB) glycosyltransferase.34 The en-
zyme catalyzes carbohydrate transfer to the side-chain 
amide of Asparagine (Asn) in the recipient peptide with 
a defined acceptor sequence D/E-X-N-X-S/T. The trans-
fer process is relatively inefficient, and numerous stud-
ies have been conducted to improve its efficiency. Finally, 
a double mutant (RR → DL) in the original PglB sequence 
was identified, exhibiting broad transfer specificity for 
the Asp-Tyr-Asn-Ala-Thr (DYNAT) acceptor sequence.35,36 
The final step involved removing the competing O-antigen 
ligase (WaaL in E. coli) to eliminate the native pathway 
responsible for transferring the host-synthesized O-antigen 
to the lipid core. This strategy has been successfully dem-
onstrated using the Burkholderia mallei O-antigen to cre-
ate a recombinant vaccine covalently linked to a protein.37 
Additionally, N-glycan transfer-based technology has been 
applied in the development of other vaccines.38–40

In  the current work, a novel strategy has been used 
to design a genetic system to produce a vaccine candidate 
against P. gingivalis. The genes synthesizing O-antigen 
in P. gingivalis have been identified computationally using 
various software, transferred into E. coli and co-expressed 
with a mutated C. jejuni pglB gene and the P. gingivalis 
antigens, termed pI, fused with the recognition sequence 
for the PglB transferase. The construct produced a modi-
fied antigen which was recognized by antibodies raised 
to all fragments of the derivatized protein.

Materials and methods

Microbial strains

Campylobacter jejuni strain RM122141 was obtained from 
Prof. Anna Pawlik at the Hirszfeld Institute of Immunol-
ogy and Experimental Therapy of  the Polish Academy 

of Sciences, Wrocław, Poland. Porphyromonas gingivalis 
strain DSM 20709 (American Type Culture Collection 
(ATCC) 33277) was obtained from the Leibniz Institute 
DSMZ (German Collection of Microorganisms and Cell 
Cultures GmbH, Braunschweig, Germany). Escherichia coli 
cloning strains were purchased from 2 suppliers (Lab–Jot sp. 
z o.o., Warsaw, Poland; Life Technologies sp. z o.o., Warsaw, 
Poland). Saccharomyces cerevisiae cloning strain MaV203 
was supplied with the GeneArt High-Order Genetic As-
sembly Kit (Life Technologies sp. z o.o.). The E. coli protein 
expression strains BL21(DE3) and its variants were pur-
chased from Merck (Merck Life Sciences sp. z o.o., Poznań, 
Poland) or from New England Biolabs (Lab-Jot sp. z o.o.).

Microbial growth media

Bacterial media were purchased from Sigma-Aldrich 
(Merck Life Sciences sp. z o.o.) or BTL (BTL Sp. z o.o., Łódź, 
Poland). Antibiotics for bacterial selection were obtained 
from Merck (Merck Life Sciences sp. z o.o.). Auxotrophic 
yeast selection medium Complete Supplement Mixture 
(CSM) was supplied with the GeneArt High-Order Genetic 
Assembly Kit (Life Technologies sp. z o.o.). Yeast cells were 
grown on CSM medium supplied with glucose, included 
in the GeneArt High-Order Genetic Assembly Kit, at 30°C 
for 3 days.

Culture od P. gingivalis for LPS isolation

Porphyromonas gingivalis ATCC 33277 strain was re-
vitalized after lyophilization under anaerobic conditions 
(BD GasPak EZ Anaerobe Container System, ref. 260678; 
BD Biosciences, Franklin Lakes, USA) on Columbia Agar 
(Sigma-Aldrich, Merck Life Sciences sp. z o.o.) plates sup-
plemented with 5% defibrinated sheep blood. The bacte-
rial growth was carried out at 37°C for 5–7 days. Bacterial 
mass was collected, suspended in Columbia Broth (Bio-
World, Dublin, Ireland), centrifuged at 5,000 × g for 30 min 
(HERMLE Labortechnik Z36HK, Wehingen, Germany) 
and the bacterial pellet was freeze-dried (Lablyo Freez-
edrier, York, UK).

Bacteria were typically selected on Miller–Hinton agar 
plates with appropriate antibiotics: ampicillin (50 µg/L), ka-
namycin (50 µg/mL), spectinomycin (50 µg/mL), or chlor-
amphenicol (25 µg/L). Bacteria were grown on an appropri-
ate selection plate or in a Luria–Bertani liquid medium 
supplied with appropriate antibiotics at 37°C for 12–24 h. 
Longer growth times for bacteria were needed for con-
structs in the final phases of assembly.

Chemical reagents

Common chemical reagents were purchased from 
Sigma–Aldrich (Merck Life Sciences sp. z o.o.). Chro-
matography columns were bought from Sigma-Aldrich 
(Merck Life Sciences sp. z o.o.) or VWR (VWR sp. z o.o., 
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Gdańsk, Poland). Imidazole (p.a.) was purchased from 
Sigma-Aldrich (Merck Life Sciences sp. z o.o.). TCEP-HCl 
was obtained from Sigma-Aldrich (Merck Life Sciences 
sp. z o.o.).

Primary and secondary antibodies

Mouse α-6 × Histidine (His) monoclonal antibody and 
biotin-conjugated goat α-mouse IgM secondary antibody 
were purchased from Life Technologies (Life Technologies 
sp. z o.o.). Mouse α-P. gingivalis strain W83 monoclonal 
antibody was obtained from Creative Diagnostics (CD Bio-
sciences, Shirley, USA). Rabbit polyclonal α-P. gingivalis and 
α-gingipain R1 (a.a. 228–720) antibodies were purchased 
from antibodies on-line (antibodies on-line, Aachen, Ger-
many). The streptavidin-HRP conjugate was bought from 
Sigma Aldrich (Merck Life Sciences sp. z o.o.).

Monoclonal antibodies against P. gingivalis LPS were 
raised using P.  gingivalis ATCC 33277 strain bacterial 
mass as an immunogen and a purified LPS as an antigen 
for screening in  enzyme-linked immunosorbent assay 
(ELISA) . The LPS was prepared from a dry mass (35 mg) 
of P. gingivalis via extraction with Trizol reagent according 
to the protocol described by Yi and Hackett.42 The genera-
tion of the hybridoma cell lines was performed using a stan-
dard procedure,43 with some minor modifications. Briefly: 
7-week-old Balb/c mice were immunized 4 times at 2-week 
intervals with 50  µg of  dry bacterial mass suspended 
in 100 µL of phosphate-buffered saline (PBS) and emulsi-
fied with an equal volume of Freund’s incomplete adjuvant; 
2 × 50 µL was given into a skin fold in the lumbar region 
and the remaining portion intraperitoneally. The final boost 
(4th injection) was administered intraperitoneally without 
adjuvant. Two days later, the animals were euthanized and 
spleens harvested for cell isolation. Splenocytes were fused 
with Sp2/0-Ag14 myeloma cells according to the standard 
method with polyethylene glycol (PEG). Hybridoma colo-
nies were screened using ELISA on 96-well microtiter plates 
coated with P. gingivalis LPS. Positive wells were subjected 
to repeated cloning (3 times) using the limiting dilution 
method to ensure monoclonality. Hybridoma clones were 
expanded and adapted to grow in hybridoma serum-free 
medium (CD Hybridoma Medium, CD Biosciences; Thermo 
Fisher Scientific, Waltham, USA) for antibody production. 
Antibody class was estimated using the Mouse typer iso-
typing kit (Bio-Rad, Hercules, USA), indicating IgM class. 
Finally, a portion of the antibody was purified in an Maltose-
binding protein (MBP) agarose column (Pierce, Rockford, 
USA), according to manufacturer protocol.

Animal experiments obtained approval from the Com-
mittee for Animal Experiments at  Hirszfeld Institute 
of Immunology and Experimental Therapy, Polish Acad-
emy of Sciences (approval No. 062/2023). Porphyromonas 
gingivalis and C. jejuni were grown on Q (a specialized 
culture medium used for the isolation and growth of P. gin-
givalis) agar plates under anaerobic conditions at 37°C. 

Typically, bacteria were grown for 3–4 days and the num-
ber of bacteria from 1 agar plate was enough for isolation 
of genomic DNA.

Cloning vectors

Yeast shuttle cloning vector pYES1 linearized (pYES1L) 
was supplied with the GeneArt High-Order Genetic As-
sembly Kit (Life Technologies sp. z o.o.). Bacterial subclon-
ing vectors were obtained from the TOPO XL-2 Cloning 
Kit (Life Technologies sp. z o.o.) or the NEB PCR Clon-
ing Kit (Lab-Jot sp. z o.o.). Destination vectors: pACYC-
DUET-1, pETDUET-1, pRSFDuet-1, and pCDFDuet-1 were 
purchased from Merck (Merck Life Sciences sp. z o.o.).

Site-directed mutagenesis

The  procedure was performed with GeneArt Site-
Directed Mutagenesis Kit (Life Technologies sp. z o.o.) 
on plasmids with size up to 13 kb or with Q5 Site-Directed 
Mutagenesis Kit (Lab-Jot sp. z o.o.) on longer plasmids.

Bioinformatics analysis

Reconstructed metabolic networks of  bacteria were 
obtained from the BioCyc database.5 Pathways involved 
in cell wall biosynthesis were selected for E. coli as a ref-
erence and compared with P. gingivalis pathways. Due 
to a later revision of the originally deposited genome as-
sembly for P. gingivalis ATCC 33277, the hits were cor-
rected manually. Genes identified as potential hits were 
analyzed with PathwayTools software available within 
the BioCyc database to identify operons and other genes 
potentially involved in LPS biosynthesis in P. gingivalis.

Since the database does not have identified pathways for 
LPS biosynthesis besides for E. coli, an additional search 
was performed within the Prokaryotic Operon Database 
ProOpDB44 to identify genes involved in LPS biosynthesis.

The final assignment was performed by comparing whole 
genomes with the Mauve tool45 using E. coli K-12 as a refer-
ence strain and P. gingivalis W83 strain, in which some genes 
involved in LPS biosynthesis have already been identified.28

Genomic DNA isolation

Whole genome nucleic acids were isolated from a single 
Q agar plate using a Genomic Mini kit from A&A Biotech-
nology (A&A Biotechnology, Gdynia, Poland).

DNA cloning and assembly

Genes assigned as having roles in LPS biosynthesis were 
amplified with Platinum Superfine (Life Technologies sp. 
z o.o.) or Q5 Hot Start (Lab-Jot sp. z o.o.) DNA polymer-
ases according to manufacturer’s instructions, separated 
on an agarose gel, excised, and extracted with Monarch 
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DNA Gel Extraction kit (Lab-Jot sp. z o.o.). Polymerase chain 
reaction (PCR)-amplified genes were used directly for subas-
sembly of smaller parts or subcloned into appropriate vec-
tors using the TOPO XL-2 Cloning Kit (Life Technologies 
sp. z o.o.) or the NEB PCR Cloning Kit (Lab-Jot sp. z o.o.).

pACYC/pET/pCDFDuet-1 vectors assembly

Assembly of fragments was performed with the GeneArt 
High-Order Genetic Assembly System (Life Technolo-
gies sp. z o.o.) according to manufacturer’s instructions. 
The 1st assembly was performed in the yeast strain MaV203 
with up to 6 inserts/vector and the fragment order was 
verified with a single colony PCR amplification using prim-
ers spanning putative fragment junctions. The product size 
was selected not to exceed 600–700 bp due to the known 
restrictions of  the  PCR approach. In  the  2nd round, 
the fragments were reassembled into the yeast pYES1L 
vector to obtain a single fragment. The 3rd assembly stage 
used that fragment and the destination vector. As before, 
the verification was performed with a single colony PCR. 
The final construct was verified using Sanger DNA se-
quencing on fragments amplified by PCR.

The strategy with the yeast shuttle vector created prob-
lems at  the  3rd assembly stage when moving the  con-
structs into E. coli. Therefore, it was decided to use up 
to 3 fragments per assembly directly in E. coli employing 
the GeneArt Plus Seamless Assembly System (Life Tech-
nologies sp. z o.o.). Fragments were amplified directly from 
genomic DNA with the 2nd fragment typically preceded 
by an internal ribosome entry sites (IRES) sequence and as-
sembled into the expression vectors according to the manu-
facturer’s instructions. Gene order was verified with PCR 
of junction sequences and the ends were verified by partial 
DNA sequencing. Due to the length of constructs and gen-
eral difficulties with amplification of long DNA fragments, 
attempts to fully sequence the constructs were not success-
ful. The final strategy was as follows: The gene fragment pI, 
corresponding to the modified antigen for the pRSFDuet-1 
vector, was codon-optimized for E. coli and synthesized 
using GenScript. The pglB gene was cloned from C. jejuni 
genomic DNA using NEB PCR cloning kit (New England 
Biolabs), mutated to contain RR>DL replacement35 and as-
sembled into pRSFDuet-1 using GeneArt Genetic Assembly 
System (Life Technologies sp. z o.o.) according to the manu-
facturer’s instructions. The remaining genes for pACYC-
Duet-1, pCDFDuet-1 and pETDuet-1 vectors were cloned 
from the genomic DNA of P. gingivalis ATCC 33277 strain 
(gingipain fragments, LPS biosynthetic pathway genes) us-
ing standard molecular biology techniques.

Protein expression and purification

Plasmids pACYCDuet-1, pETDuet-1, pRSFDuet-1, 
and pCDFDuet-1 with cloned inserts were transformed 
into BL21(DE3) chemically competent cells according 

to the manufacturer’s instructions. Clones were selected 
on Luria–Bertani or Miller–Hinton agar plates supple-
mented with chloramphenicol (25  µg/mL), ampicillin 
(50 µg/mL), kanamycin (50 g/µmL), and spectinomycin 
(50 µg/mL).

To express proteins, a single colony from the selection 
plate was added to 3 mL of lysogeny broth (LB) medium 
supplemented with antibiotics and grown at 37°C with 
constant shaking (150 rpm; Excella 24R; Excella, Hamburg, 
Germany) overnight. The next day, 300 µL of the culture 
was added to a fresh 30 mL LB medium supplemented with 
antibiotics and grown at 37°C with constant shaking for 
about 2–3 h to become visibly turbid (optical density (OD) 
600 = 0.4–0.6). The culture was added to 3 L of Terrific 
Broth (TB; Thermo Fisher Scientific) medium in baffled 
flasks supplemented with antibiotics and grown as before 
to reach OD600 = 0.4–0.6. At this point, the culture was 
cooled down at room temperature for about 30 min and 
isopropyl β-D-1-tiogalatopyranoside (IPTG) was added 
to a final concentration of 0.2 mM. The culture was in-
cubated again at 18°C with vigorous shaking (300 rpm; 
Excella 24R) for 16–20 h. The cells were harvested by cen-
trifugation at 12,000 × g, 4°C for 30 min (Sorvall Lynx 
6000  centrifuge, and Fiberlite F12- 6x500 LEX rotor; 
Thermo Fisher Scientific). The combined cell paste was 
stored at −80°C for processing.

The frozen cells from a 3L bacterial culture were thawed 
by warming at room temperature for about 30 min and 
resuspended in  200  mL of  ice-cold extraction buffer 
(20 mM Tris-HCl, pH = 8.0, 0.5 M NaCl, 10% v/v glycerol, 
20 mM imidazole, pH = 8.0, 1 mM tris(2-carboxyethyl)
phosphine (TCEP)-HCl, 1 mM ethylenediaminetetraacetic 
acid (EDTA)) supplemented with Complete EDTA-Free 
(Roche, Basel, Switzerland) protease inhibitor cocktail ac-
cording to manufacturer’s recommendations. The cells 
were disrupted by sonication on ice (3 cycles of a 30 s burst 
followed by a 30-s cooling period; Ultrasonic Disintegrator 
model UD-11, power level 4; Techpan sp. z o.o., Puławy, 
Poland) and centrifuged at 50,000 × g at 4°C for 1 h using 
a Sorvall LYNX 6000 (A27-8x50 rotor; Thermo Fischer 
Scientific) centrifuge.

The supernatant was collected, and MgCl2 was added 
to a final concentration of 5 mM to complex with EDTA. 
The mixture was loaded directly onto a preequilibrated 
Ni-agarose column (5 × 5 mL HisTrap crude + 1 × HisPrep 
FF 16/10) connected to an AKTA START (GE Healthcare, 
Chicago, USA) system at 1–2 mL/min flow rate of the load-
ing buffer (20 mM Tris-HCl, pH = 8.0, 0.5 M NaCl, 10% 
v/v glycerol, 20 mM imidazole, pH = 8.0, 1 mM TCEP-
HCl), and the column was washed with 5 column volumes 
(CV) of the loading buffer and developed with a stepwise 
elution by imidazole: 5 CV of loading buffer with 20, 250 
and 500 mM imidazole, pH = 8.0. Fractions were analyzed 
with sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE), subjected to rapid buffer exchange 
on desalting columns (2 × HiPrep 26/20 Desalting) against 
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buffer A (10 mM Tris-HCl, pH = 8.0, 10% v/v glycerol, 1 mM 
TCEP-HCl) and loaded onto Q Sepharose anion exchanger 
(5 × 5 mL HiTrap Q Sepharose HP) at 2 mL/min flow rate. 
The column was washed with 5 CV of buffer A and devel-
oped with a 0–100% gradient of buffer B (buffer A+ 1M 
NaCl) over 20 CV at 2 mL/min flow rate. Column fractions 
were examined with SDS-PAGE, and positive fractions, 
as judged by molecular weight and western blotting results 
with anti-gingipain and anti-His antibodies, were diluted 
with an equal volume of hydrophobic interactions chroma-
tography (HIC) buffer A (2 M ammonium sulfate, 10% glyc-
erol v/v, 10 mM Tris-HCl, pH = 8.0, 1 mM TCEP-HCl) and 
loaded onto HiScreen Phenyl HP column (1 × 4.7 mL; GE 
Healthcare) at 1 mL/min flow rate. The column was washed 
with 3 CV of HIC buffer A and developed with a 0–100% 
gradient of HIC buffer B (HIC buffer A without ammonium 
sulfate) at 1 mL/min flow rate. Fractions were examined 
using SDS-PAGE for molecular weight and reactivity with 
anti-His and anti-gingipain antibodies. Positive fractions 
were pooled and stored at −20°C for further examinations.

SDS-PAGE and western blotting

The protein electrophoresis was routinely performed 
on 10% acrylamide gels using the FastCast premixed solu-
tions (Bio-Rad) or MiniProtean TGX precast 4−20% 10-
well minigels (Bio-Rad) according to the manufacturer’s 
recommendations. All gels were run under reducing condi-
tions and protein detection was performed with NOVEX 
Colloidal Blue Staining Kit (Life Technologies sp. z o.o.). 
To detect proteins by specific antibodies, the gels were 
transferred to a 0.22-µm Whatman Westran S polyvinyli-
dene difluoride (PVDF) (Sigma-Aldrich, Merck Life Sci-
ences sp. z o.o.) or a 0.45-µm Pierce nitrocellulose (Life 
Technologies sp. z o.o.) membrane using a MiniProtean 
Western Blotting wet transfer module (Bio-Rad) either 
overnight or  for 1  h, according to  the  manufacturer’s 
recommendations.

Western blotting

Following wet transfer, samples were incubated with 
primary antibodies in blocking buffer (3% non-fat dry 
milk, 0.05% Tween-20 in 1× Tris-buffered saline, pH 8.0) 
for at least 2 h at room temperature or overnight at 4 °C. 
The antibodies were used at the following dilutions: α-His 
– 1:2,000; α-gingipain – 1:5,000; α-LPS IgG – 1:5,000; and 
α-LPS IgM – 1:2,000.

After washing 5 times with 10 mL 1 × TBST for 5 min, 
the membranes were incubated with secondary antibodies 
coupled to biotin diluted 1:10,000 for 2 h at room tempera-
ture, washed again with 1 × Tris-buffered saline with Tween 
(TBST) as before and incubated with a 1:500,000 diluted 
streptavidin-horseradish peroxidase (HRP) conjugate for 
2–3 h at room temperature. The membranes were washed 
7 times with 10 mL of 1 × TBST and additionally 2 times 

with 1 × TBS. Drained membranes were overlaid with TMB 
Enhanced One Component HRP Membrane Substrate 
(Sigma-Aldrich, Merck Life Sciences sp. z o.o.) or Pierce 
1-Step ULTRA Blotting Solution (Life Technologies sp. 
z o.o.), according to the manufacturer’s recommendations. 
Developed membranes were visualized using an in-house 
imaging system based on Nikon D7100 camera equipped 
with an AF-S Micro Nikkor 60 mm 1:2.8 G ED lens (Nikon 
Corp., Tokyo, Japan). Images were transferred to a laptop 
with NikonTransfer2 software, converted to a *tiff format 
with Adobe CS2 software (Adobe Inc., San Jose, USA) and 
saved for further manipulation. Due to the overall blue 
background of the TMB substrate, the images were mini-
mally enhanced to remove the background.

Results

General strategy

The overall concept for the formation of neoglycocon-
jugate composed of P. gingivalis gingipain and O-antigen 
is presented in Fig. 1. The original biosynthetic pathway 
responsible for the synthesis of O-specific antigen (Fig. 1A) 
was identified via systems biology analysis and then trans-
ferred into E. coli. The host’s waaL ligase gene was removed 
and replaced with an engineered pglB glycosyltransferase 
gene from C. jejuni (Fig. 1B).

Genome analysis and pathways 
identification

Analysis of the genome of P. gingivalis strain ATTCC 
33277 was performed with BioCyc software PathwayTools.5 
The search identified conserved genes based on the pu-
tative function assignment according to the Kyoto En-
cyclopedia of  Genes and Genomes (KEGG) database 
of metabolic pathways.46 However, the analysis was lim-
ited in scope as the similarity of genes between the Bio-
Cyc reference, E. coli K-12 strain and the P. gingivalis 
ATCC 33277 genome was too low to have an unambigu-
ous assignment. Therefore, the P. gingivalis genome was 
analyzed again using the prokaryotic operon database 
ProOpDB44 to identify putative operons involved in LPS 
biosynthesis (KEGG pathway 0540). The performance 
was verified on known E. coli genomes and the cataloged 
pathways available in EcoCyc6 and KEGG databases.46 
The result of the analysis of the P. gingivalis genome was 
again compared with the genome of E. coli K-12 strain 
to  identify genes with a function similar to the E. coli 
genes involved in  LPS synthesis (EcoCyc database). 
The results were compared by whole genome alignment 
of E. coli and P. gingivalis W83, W50 and ATCC 33277  ge-
nomes to find potential rearrangements. The final results 
identified 36 genes belonging to 8 metabolic pathways 
(Table 1). Only 1 gene was identified directly as involved 
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in O-antigen biosynthesis (pgn0223) and 2 in capsular 
antigen biosynthesis (pgn1524->pgn1525). The  Lipid 
IVA biosynthesis genes (pgn0206, pgn0544), as  well 
as the dTDP-L-rhamnose biosynthetic pathway I genes 
(pgn0546->pgn0549) were also identified. The former 
is a part of a broader lipid IVA biosynthesis pathway, 
while the latter is the common enterobacterial antigen 
biosynthesis pathway identified using the PathwayTools 
software in the BioCyc database.

The pgn1243 gene product (Table 1) is involved in O-
antigen biosynthesis in  many Gram-negative bacteria. 
The gene is part of a larger operon pgn1245->pgn1240 (Bio-
Cyc database, PathwayTools prediction). In E. coli, the or-
tholog of pgn1243 is involved in the production of colanic 
acid,47 a part of the E. coli capsular antigen. Transposon 
mutagenesis of P. gingivalis showed that the gene is es-
sential for LPS biosynthesis.48

Gene pgn1251 has a dual function in type A and type 
O LPS biosynthesis in P. gingivalis.49 It is also essential for 
pathogen growth.50,51 Genes pgn0361, pgn1239->pgn1240 
and pgn1668 have been shown to be involved in type A LPS 
biosynthesis.52 Due to technical problems with assem-
bling different operons in E. coli (described later), the genes 
pgn0361 and pgn1668 are not listed in Table 1 despite hav-
ing been identified in the ProOpDB search.

Genes pgn0223->pgn0244 form an operon (BioCyc, Path-
wayTools). The pgn0223 ortholog is involved in lipid and 
common enterobacterial antigen biosynthesis in E. coli.53 
Genes pgn0224->pgn0229 are part of an operon (BioCyc 
database, PathwayTools software) whose members (WecC, 
RfaB) have orthologs in E. coli genome and are involved 
in bacterial lipid biosynthesis (KEGG pathways database).

Gene pgn0234 (Table 1) codes an  enzyme involved 
in  the  biosynthesis of  the  common enterobacterial 

in E. coli.54,55 The E. coli operon has orthologs correspond-
ing to only 2 genes, pgn0233 and pgn0234, from the P. gin-
givalis ATCC 33277 strain genome (BioCyc database, Path-
wayTools software).

Gene pgn0206 is part of a lipid IVA biosynthesis path-
way (PGN_RS00965). The pathway is highly conserved 
in bacteria and could easily be identified in P. gingivalis 
due to the protein sequence similarity (BioCyc database, 
PathwayTools software).

Antigen identification and engineering

The choice of antigen for the vaccine construct was 
based on the  literature data. Porphyromonas gingivalis 
secretes gingipains, Kgp and Rgp, which have been shown 
to be responsible for bone destruction and a general host 
protein proteolysis.17 Gingipains also contain cell adhesion 
domains that interact with proteins in the gum matrix, 
facilitating bacterial colonization.56 Since the whole gin-
gipain is too large a protein for seamless recombination, 
fragments corresponding to the catalytic domain of Rgp 
gingipain have been used in fusion with the cell adhesion 
fragments (Fig. 2).

The O-specific antigen is a substrate for the WaaL ligase 
that transfers the newly synthesized polysaccharide onto 
lipid A core oligosaccharide, a key step in LPS synthesis 
(Fig. 1). Short forms of LPS (composed of Lipid A and core 
oligosaccharide) are present in rough serotypes of Gram-
negative bacteria. Therefore, WaaL activity is not requisite 
for survival. To prevent O-antigen attachment to the LPS, 
the waaL gene was removed. The resulting strain of modi-
fied E. coli BL21(DE3) exhibited poor growth and was not 
stable in the presence of ampicillin, despite having an en-
gineered β-lactamase gene as a resistance marker. Since 

Fig. 1. A simplified scheme of the proposed strategy for genetically engineering Escherichia coli to produce recombinant O-antigens of Porphyromonas 
gingivalis. A. In the parental E. coli strain, lipopolysaccharide (LPS) biosynthesis begins with the assembly of the O-specific polysaccharide unit on the carrier 
lipid undecaprenyl phosphate. This unit is subsequently transported to the periplasm, where polymerization occurs and the completed O-antigen chain 
is transferred to the lipid A-core by the endogenous WaaL ligase. B. In the engineered E. coli strain, the native O-antigen biosynthetic genes are deleted 
and replaced with a gene cluster encoding the P. gingivalis O-antigen. In this modified background, O-antigen chains are no longer transferred to the lipid 
A-core via WaaL, but instead conjugated to a recombinant gingipain (GP) protein engineered to contain an N-glycosylation motif. This enables transfer 
of the O-antigen to the protein via the Campylobacter jejuni PglB oligosaccharyltransferase, resulting in the formation of a gingipain–O-antigen glycoconjugate
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the final construct was supposed to have multiple vectors, 
each with a separate resistance marker and a replication 
origin, it was decided to abandon the strategy assuming 
removal of the waaL gene from E. coli. Instead, the protein 
acceptor was modified with a removable 6xHis affinity 
tag to facilitate product purification on His tag affinity 
column.

Attachment of O-antigen was engineered to proceed 
to a triplicate DYNAT sequence previously used for gly-
cosylation in bacteria. The strategy used here employed 
a  modified C.  jejuni pglB gene having a  DL (aspartic 
acid, leucine) mutation introduced to relax the transfer 
specificity and increase the efficiency of produced glyco-
conjugates.35,36 Finally, the engineered E. coli BL21(DE3) 

Table 1. Partial list of genes identified in database searches

Gene ID Predicted gene function Predicted pathway

Pgn0545 LTN synthase none

Pgn0546 glucose-1-phosphate thymidyltransferase rmlA dTDP-L-rhamnose biosynthesis I

Pgn0547 dTDP-4-dehydrorhamnose 3,5-epimerase dTDP-L-rhamnose biosynthesis I

Pgn0548 NAD(P)-dependent oxidoreductase dTDP-L-rhamnose biosynthesis I

Pgn0549 dTDP-glucose 4,6-dehydratase dTDP-L-rhamnose biosynthesis I

Pgn1239 glycosyltransferase family 2 LPS type A biosynthesis52

Pgn1240 glycosyltransferase RfaB LPS type A and type O biosynthesis52

Pgn1241 MULTISPECIES: hypothetical proteinpgn_RS05960 none

Pgn1242 exopolysaccharide biosynthesis protein (EpsG) none

Pgn1243 UDG-glucose 6-dehydrogenase
UDP-α-D-glucuronate biosynthesis

(from UDP-glucose)

Pgn1244 protein release chain factor B none

Pgn1245 long-chain-fatty-acid-Co-A ligase multiple (fatty acids biosynthesis)

Pgn1246 hypothetical protein PGN_RS05985 none

Pgn1250 hypothetical protein PGN_RS05990 none

Pgn1251 glycosyltransferase RfaB type A and type O LPS biosynthesis49

Pgn1523 polysaccharide export outer membrane protein polysaccharide transport

Pgn1524 capsule biosynthesis protein (CapM) capsule biosynthesis

Pgn1525 capsular polysaccharide biosynthesis protein capsule biosynthesis

Pgn0223
undecaprenyl-phosphate N-acetylglucosaminel 1-phosphate 

transferase WecA
O-antigen biosynthesis/lipid biosynthesis

Pgn0224 UDP-N-acetyl-D-mannosamine dehydrogenaseWecC UDP-N-acetyl-α-D-mannosaminouronate biosynthesis

Pgn0225 glycosyltransferase none

Pgn0226 hypothetical protein PGN_RS01085 none

Pgn0227 glycosyltransferase family 1 RfaB none

Pgn0228 coenzyme F390 synthetase none

Pgn0229 histidinol phosphate phosphatase L-histidine biosynthesis

Pgn0230 serine O-acetyltransferase none

Pgn0231 aminolaevulinic acid dehydrogenase none

Pgn0232 glycosyltransferase family 2 none

Pgn0233 glycosyltransferase none

Pgn0234 UDP-N-acetylglucosamine 2-epimerase (non-hydrolyzing) UDP-N-acetyl-α-D-mannosaminouronate biosynthesis

Pgn0206 lipid-A-disaccharide synthase lipid IVa biosynthesis

Pgn0376 3-deoxy-8-phosphooctulonate synthase LPS biosynthesis

Pgn0544 3-deoxy-D-manno-octulosonic acid transferase lipid IVa biosynthesis

Pgn0696 HAD-IIIA family hydrolase none

Pgn1750 3-deoxy-manno-octulosonate cytidylyltransferase LPS biosynthesis

Pgn2086 lysophospholipid acyltransferase family protein lipid A biosynthesis

LTN – lysine-tRNA ligase; rmlA – rhamnose metabolism locus; dTDP – deoxythymidine diphosphate; NAD(P) – nicotinamide adenine dinucleotide 
(phosphate); LPS – lipopolysaccharide; RfaB – lipopolysaccharide glucosyltransferase I; UDP – uridine diphosphate; WecA – undecaprenyl-phosphate alpha-
N-acetylglucosaminyl 1-phosphate; WecC – UDP-N-acetyl-D-mannosamine dehydrogenase; HAD – haloacid dehalogenase.
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strain has 2 parallel active pathways for the attachment 
of O-antigen in the original E. coli pathway and the modi-
fied pathway from P. gingivalis exerted by the mutated PglB 
protein. Since the PglB is a membrane protein, the origi-
nal antigen containing gingipain sequence fragments was 
modified to include a periplasmic secretion signal pelB 
attached to the N-terminus (Fig. 2).

Genetic assembly and pathway reconstruction

The number of genes and the length of the potential con-
struct were not optimal for a single vector. It was decided that 
the genes would be split into 4 separate vectors: pRSFDuet-1, 
pETDuet-1, pCDFDuet-1, and pACYCDuet-1. The vectors 
allow stable co-expression of up to 8 gene fragments under 
the control of separate T7 promoters57 and the strategy has 
been used in the past by different groups.58,59

The sequences were arranged to conserve transcription 
order with linkers followed by ribosomal binding sites at-
tached to new reading frames. The final gene arrangements 
in the pCDFDuet, pETDuet and pACYCDuet vectors, each 
containing genes involved in P. gingivalis LPS biosynthesis, 
are presented in Fig. 3.

Protein expression, purification and analysis

Assembled plasmids were used for protein expression 
in E. coli BL21(DE3) strain. The presence of all 4 plasmids 

significantly reduced bacterial growth. Initial attempts 
to grow the cells at 37°C during the induction phase were 
not successful due to protein degradation. Also, the main 
protein band detected in total cell lysate corresponded 
to a lower molecular weight species when examined using 
anti-His antibodies. Therefore, the cells were grown in TB 
medium at  37°C without induction and cooled down 
to room temperature before adding IPTG. The growth 
temperature was also lowered to 18°C to allow for protein 
induction while preventing protein degradation. The strat-
egy resulted in a soluble protein after the first Ni-agarose 
purification.

However, the main anti-His band corresponded to a lower 
molecular weight, most likely the non-glycosylated prod-
uct. Due to  the  low sensitivity of anti-LPS antibodies, 
the potentially derivatized antigen band at around 70 kDa 
was not visible on the same blot. The main protein fraction 
eluting at 250 mM imidazole was subsequently dialyzed 
and further purified using an anion exchange column. 
At this stage, the protein could be detected in the fractions 
eluting at around 150 mM NaCl concentration (Fig. 4A).

The pooled fractions were subsequently applied to a high-
resolution hydrophobic interaction chromatography (HIC) 
column – HiScreen Phenyl Sepharose. The protein eluted 
near the end of the salt gradient (Fig. 4B), indicating a high 
degree of hydrophobicity. This observation was supported 
by computational modeling and molecular dynamics (MD) 
simulations, which suggested that the protein likely forms 
a stable dimer.

Final protein purity was assessed with SDS-PAGE us-
ing the Colloidal Blue Staining Kit (Life Technologies sp. 
z o.o.). The purified protein exceeded 99% purity (Fig. 4A, 
G) and displayed an apparent molecular weight of approx. 
70 kDa (Fig. 4G). It was also successfully derivatized with 
the O-antigen from P. gingivalis strains W83 (Fig. 4C) and 
ATCC 33277 (Fig. 4D), and incorporated the fused pI an-
tigen (Fig. 4F).

Discussion

Periodontal diseases are an increasingly prevalent health 
concern influenced by  multiple factors. Chief among 
these are poor oral hygiene and high consumption of re-
fined sugars, especially in children, which together foster 
the proliferation of pathogenic oral microbiota, ultimately 
contributing to alveolar bone resorption and dental car-
ies.60,61 At least 3 major bacterial pathogens are implicated 
in human periodontal disease, with P. gingivalis emerging 
as one of the most prominent.62 Currently, no commercial 
vaccine is available, and ongoing research is focused on de-
veloping effective vaccination strategies.22,63,64 Several 
protein antigens have been proposed as vaccine targets. 
Notably, studies on vaccines against other Gram-negative 
bacteria have demonstrated that bacterial polysaccharides, 
particularly when conjugated to a protein carrier, can serve 

Fig. 2. Map of the pRSFDuet vector containing the cloned Porphyromonas 
gingivalis antigen gene pI and the Campylobacter jejuni glycosyltransferase 
gene protein glycosylation locus B (pglB). The pI gene is a synthetic 
construct codon-optimized for expression in Escherichia coli. 
The pglB gene was cloned from C. jejuni genomic DNA and modified 
by introducing a double RR → DL mutation, as detailed in the Materials 
and Methods section

R – arginine D – aspartic acid L- leucine.
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as highly effective immunogens. The O-antigen portion 
of LPS is particularly preferred, as it is highly strain-spe-
cific. Targeting the O-antigen helps minimize the risk 
of generating antibodies that cross-react with commensal 
bacterial flora.

Vaccine design strategies based on systems biology ap-
proaches to reconstruct putative bacterial pathways re-
main in the early stages of development. In particular, 
efforts to map carbohydrate biosynthetic pathways are 
often constrained by the limited experimental validation 
of in silico predictions, leading to significant gaps in avail-
able data.

In silico metabolic reconstruction of P. gingivalis polysac-
charide biosynthetic pathways began shortly after the or-
ganism’s genome was sequenced.2 These analyses predicted 
the existence of 3 major extracellular carbohydrate com-
ponents; however, to date, experimental evidence has con-
firmed only 2: type A and type O LPS.25,26 The identifica-
tion of additional components involved in LPS biosynthesis 
has largely been based on gene-level analysis, focusing 
on genes homologous to those in the well-characterized 
LPS biosynthetic pathways of enterobacteria (Table 1).

To  facilitate the  identification of  vaccine candidates 
against P. gingivalis, the pathogen’s complete metabolome 

Fig. 3. Map of expression vectors carrying putative Porphyromonas 
gingivalis lipopolysaccharide (LPS) biosynthetic pathway genes. 
A. pCDFDuet; B. pACYCDuet; C. pETDuet. Each vector contains selected 
genes involved in the synthesis of the variable region of P. gingivalis LPS, 
based on homology to known enterobacterial biosynthetic pathways
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was reconstructed using in silico methods. Genes associ-
ated with the synthesis of the variable region of LPS were 
selected and introduced into E. coli (Table 1). Because many 
biosynthetic components are conserved between E. coli and 
P. gingivalis, gene selection was deliberately limited to reduce 
vector load and maintain plasmid stability (Fig. 2,3). Antigen 
conjugation was also designed in E. coli by the inclusion 
of a mutated PglB enzyme to couple synthesized carbohy-
drate coats to the antigen (Fig. 1). Unfortunately, removal 
of the competing waaL ligase gene from E. coli was not pos-
sible due to its detrimental effect on the survival of the host. 
Therefore, the mixture of the pI antigen derivatized with 
P. gingivalis and E. coli carbohydrates were separated chro-
matographically to a very high degree and the purified an-
tigen was confirmed to contain the P. gingivalis O-antigen 
(Fig. 4C,D). Due to a low amount of protein, attempts to de-
termine carbohydrate structure were not undertaken.

While experimental verification of the full biosynthetic 
pathways proposed in this study was not conducted, se-
lected components have been identified by other researchers 

(Table 1 and the Results section). The final product was 
most likely assembled correctly, as it was recognized by 
LPS-specific antibodies (Fig. 4C,D). This strategy provides 
a proof-of-concept for designing future vaccine candidates 
without the need for toxoid conjugation or large-scale cul-
tivation of pathogenic bacteria to isolate LPS. If the candi-
date demonstrates protective efficacy in an animal model 
of periodontitis, the approach could enable faster and safer 
vaccine development for a wide range of pathogens. Prepa-
rations for in vivo verification of the proposed periodontitis 
vaccine candidate are currently underway.

Conclusions

Although we faced some issues during experimenta-
tion, the  final product was most likely assembled cor-
rectly, as the LPS-specific antibodies recognized it. De-
spite the lack of bacterial opsonization by the generated 
antibodies, their specificity suggests that the antigenic 

Fig. 4. Purification and immunological characterization of the pI antigen derivatized with carbohydrates from Porphyromonas gingivalis American Type 
Culture Collection (ATCC) 33277. A. Anion exchange chromatography fractions (Sepharose Q HP); B. Hydrophobic interaction chromatography (HIC) 
fractions (HiScreen Phenyl Sepharose); C–F. Western blot analysis of pooled HIC fractions using the following antibodies: C. α-LPS IgG (raised against 
P. gingivalis W83); D. α-LPS IgM (raised against P. gingivalis ATCC 33277); E. α-His tag antibody; F. α-Arg-type gingipain antibody; G. Total protein staining with 
the Colloidal Blue Kit. Experimental procedures are described in detail in the Materials and Methods section

His – Histidine; Arg – Arginine; LPS - lipopolysaccharide; IgG – immunoglobulin G; Q – quaternary amine, HP– high-performance.



E. Brzozowska et al. Reconstructed vaccine against P. gingivalis12

presentation was successful, primarily targeting the pro-
tein component. If  the candidate is confirmed to offer 
protection in an animal model of periodontosis, the design 
of future vaccines could be performed faster and more 
safely for many other pathogens.

Data availability statement

The datasets supporting the findings of the current study 
are openly available in Zenodo at https://doi.org/10.6084/
m9.figshare.27960216.

Consent for publication

Not applicable.

Use of AI and AI-assisted technologies

Not applicable.

ORCID iDs
Ewa Brzozowska  https://orcid.org/0000-0003-0922-3625
Wiesław Świętnicki  https://orcid.org/0000-0002-9354-8184
Jordan Sycz  https://orcid.org/0000-0003-4709-094X
Agnieszka Korzeniowska-Kowal  
 https://orcid.org/0000-0001-7569-8018

Michał Skowicki  https://orcid.org/0000-0003-1955-5615
Tomasz Lipiński  https://orcid.org/0000-0002-1644-1308

References
1.	 Nakayama M, Ohara N. Molecular mechanisms of Porphyromonas gin-

givalis-host cell interaction on periodontal diseases. Jpn Dent Sci Rev.  
2017;53(4):134–140. doi:10.1016/j.jdsr.2017.06.001

2.	 Mazumdar V, Snitkin ES, Amar S, Segrè D. Metabolic network model 
of a human oral pathogen. J Bacteriol. 2009;191(1):74–90. doi:10.1128/
JB.01123-08

3.	 Acuña-Amador L, Primot A, Cadieu E, Roulet A, Barloy-Hubler F. 
Genomic repeats, misassembly and reannotation: A case study 
with long-read resequencing of Porphyromonas gingivalis reference 
strains. BMC Genomics. 2018;19(1):54. doi:10.1186/s12864-017-4429-4

4.	 Naito M, Hirakawa H, Yamashita A, et al. Determination of the genome 
sequence of Porphyromonas gingivalis strain ATCC 33277 and genom-
ic comparison with strain W83 revealed extensive genome rear-
rangements in P. gingivalis. DNA Res. 2008;15(4):215–225. doi:10.1093/
dnares/dsn013

5.	 Karp P, Billington R, Holland T, et al. Computational metabolomics 
operations at BioCyc.org. Metabolites. 2015;5(2):291–310. doi:10.3390/
metabo5020291

6.	 Karp PD, Riley M, Paley SM, Pellegrini-Toole A, Krummenacker M. EcoCyc: 
Enyclopedia of Escherichia coli genes and metabolism. Nucleic Acids Res.  
1997;25(1):43–50. doi:10.1093/nar/25.1.43

7.	 Grover V, Kapoor A, Malhotra R, Kaur G. Porphyromonas gingivalis 
antigenic determinants: Potential targets for the vaccine develop-
ment against periodontitis. Infect Dis Drug Targets. 2014;14(1):1–13. 
doi:10.2174/1871526514666140827100930

8.	 Yonezawa H, Kato T, Kuramitsu HK, Okuda K, Ishihara K. Immunization 
by Arg-gingipain A DNA vaccine protects mice against an invasive 
Porphyromonas gingivalis infection through regulation of interferon-γ 
production. Oral Microbiol Immunol. 2005;20(5):259–266. doi:10.1111 
/j.1399-302X.2005.00220.x

9.	 O’Brien-Simpson NM, Pathirana RD, Paolini RA, et al. An immune 
response directed to proteinase and adhesin functional epitopes pro-
tects against Porphyromonas gingivalis-induced periodontal bone loss.  
J Immunol. 2005;175(6):3980–3989. doi:10.4049/jimmunol.175.6.3980

10.	 Zhang P, Yang QB, Balkovetz DF, et al. Effectiveness of the B subunit 
of cholera toxin in potentiating immune responses to the recombi-
nant hemagglutinin/adhesin domain of the gingipain Kgp from Por-
phyromonas gingivalis. Vaccine. 2005;23(39):4734–4744. doi:10.1016/j.
vaccine.2005.05.004

11.	 Frazer LT, O’Brien-Simpson NM, Slakeski N, et al. Vaccination with 
recombinant adhesins from the RgpA–Kgp proteinase–adhesin com-
plex protects against Porphyromonas gingivalis infection. Vaccine. 
2006;24(42–43):6542–6554. doi:10.1016/j.vaccine.2006.06.013

12.	 Puth S, Hong SH, Park MJ, et al. Mucosal immunization with a flagel-
lin-adjuvanted Hgp44 vaccine enhances protective immune respons-
es in a murine Porphyromonas gingivalis infection model. Hum Vaccin 
Immunother. 2017;13(12):2794–2803. doi:10.1080/21645515.2017.1327109

13.	 Kim TG, Huy NX, Kim MY, et al. Immunogenicity of a cholera toxin B 
subunit Porphyromonas gingivalis fimbrial antigen fusion protein 
expressed in E. coli. Mol Biotechnol. 2009;41(2):157–164. doi:10.1007/
s12033-008-9102-3

14.	 Choi JI, Schifferle RE, Yoshimura F, Kim BW. Capsular polysaccharide-
fimbrial protein conjugate vaccine protects against Porphyromonas 
gingivalis infection in SCID mice reconstituted with human peripher-
al blood lymphocytes. Infect Immun. 1998;66(1):391–393. doi:10.1128/
IAI.66.1.391-393.1998

15.	 Ross BC, Czajkowski L, Hocking D, et al. Identification of vaccine can-
didate antigens from a genomic analysis of Porphyromonas gingivalis. 
Vaccine. 2001;19(30):4135–4142. doi:10.1016/S0264-410X(01)00173-6

16.	 Kadowaki T, Yoneda M, Okamoto K, Maeda K, Yamamoto K. Purifica-
tion and characterization of a novel arginine-specific cysteine pro-
teinase (argingipain) involved in the pathogenesis of periodontal 
disease from the culture supernatant of Porphyromonas gingivalis. 
J Biol Chem. 1994;269(33):21371–21378. PMID:8063764.

17.	 O’Brien-Simpson N, Veith P, Dashper S, Reynolds E. Porphyromonas 
gingivalis gingipains: The molecular teeth of a microbial vampire.  
Curr Protein Pept Sci. 2003;4(6):409–426. doi:10.2174/1389203033487009

18.	 Boisvert H, Duncan MJ. Clathrin-dependent entry of a gingipain adhe-
sin peptide and Porphyromonas gingivalis into host cells. Cell Microbiol.  
2008;10(12):2538–2552. doi:10.1111/j.1462-5822.2008.01228.x

19.	 Nonaka M, Shoji M, Kadowaki T, et al. Analysis of a Lys-specific serine 
endopeptidase secreted via the type IX secretion system in Porphy-
romonas gingivalis. FEMS Microbiol Lett. 2014;354(1):60–68. doi:10.1111 
/1574-6968.12426

20.	 Nonaka E, Kiyama-Kishikawa M, Hayakawa M. Identification of 40-kDa 
outer membrane protein as an aggregation factor of Porphyromon-
as gingivalis to Streptococcus gordonii. J Oral Sci. 2001;43(4):239–243. 
doi:10.2334/josnusd.43.239

21.	 Lasica AM, Ksiazek M, Madej M, Potempa J. The type IX secretion 
system (T9SS): Highlights and recent insights into its structure and 
function. Front Cell Infect Microbiol. 2017;7:215. doi:10.3389/fcimb. 
2017.00215

22.	 O’Brien-Simpson NM, Holden JA, Lenzo JC, et al. A therapeutic Porphy-
romonas gingivalis gingipain vaccine induces neutralising IgG1 anti-
bodies that protect against experimental periodontitis. NPJ Vaccines.  
2016;1(1):16022. doi:10.1038/npjvaccines.2016.22

23.	 Yasaki-Inagaki Y, Inagaki S, Yamada S, Okuda K, Ishihara K. Produc-
tion of protective antibodies against Porphyromonas gingivalis strains 
by immunization with recombinant gingipain domains. FEMS Immu-
nol Med Microbiol. 2006;47(2):287–295. doi:10.1111/j.1574-695X.2006. 
00091.x

24.	 Nakagawa T, Saito A, Hosaka Y, Ishihara K. Gingipains as candidate 
antigens for Porphyromonas gingivalis vaccine. Keio J Med. 2003;52(3): 
158–162. doi:10.2302/kjm.52.158

25.	 Paramonov N, Bailey D, Rangarajan M, et al. Structural analysis 
of the polysaccharide from the lipopolysaccharide of Porphyromo-
nas gingivalis strain W50. Eur J Biochem. 2001;268(17):4698–4707. 
doi:10.1046/j.1432-1327.2001.02397.x

26.	 Rangarajan M, Aduse-Opoku J, Paramonov N, et al. Identification 
of a second lipopolysaccharide in Porphyromonas gingivalis W50. 
J Bacteriol. 2008;190(8):2920–2932. doi:10.1128/JB.01868-07

27.	 Paramonov N, Aduse-Opoku J, Hashim A, Rangarajan M, Curtis MA. 
Identification of the linkage between A-polysaccharide and the core 
in the A-lipopolysaccharide of Porphyromonas gingivalis W50. J Bac-
teriol. 2015;197(10):1735–1746. doi:10.1128/JB.02562-14

https://doi.org/10.6084/m9.figshare.27960216
https://doi.org/10.6084/m9.figshare.27960216
https://www.doi.org/10.1016/j.jdsr.2017.06.001
https://www.doi.org/10.1128/JB.01123-08
https://www.doi.org/10.1128/JB.01123-08
https://www.doi.org/10.1186/s12864-017-4429-4
https://www.doi.org/10.1093/dnares/dsn013
https://www.doi.org/10.1093/dnares/dsn013
https://www.doi.org/10.3390/metabo5020291
https://www.doi.org/10.3390/metabo5020291
https://www.doi.org/10.1093/nar/25.1.43
https://www.doi.org/10.2174/1871526514666140827100930
https://www.doi.org/10.1111/j.1399-302X.2005.00220.x
https://www.doi.org/10.1111/j.1399-302X.2005.00220.x
https://www.doi.org/10.4049/jimmunol.175.6.3980
https://www.doi.org/10.1016/j.vaccine.2005.05.004
https://www.doi.org/10.1016/j.vaccine.2005.05.004
https://www.doi.org/10.1016/j.vaccine.2006.06.013
https://www.doi.org/10.1080/21645515.2017.1327109
https://www.doi.org/10.1007/s12033-008-9102-3
https://www.doi.org/10.1007/s12033-008-9102-3
https://www.doi.org/10.1128/IAI.66.1.391-393.1998
https://www.doi.org/10.1128/IAI.66.1.391-393.1998
https://www.doi.org/10.1016/S0264-410X(01)00173-6
https://pubmed.ncbi.nlm.nih.gov/8063764
https://www.doi.org/10.2174/1389203033487009
https://www.doi.org/10.1111/j.1462-5822.2008.01228.x
https://www.doi.org/10.1111/1574-6968.12426
https://www.doi.org/10.1111/1574-6968.12426
https://www.doi.org/10.2334/josnusd.43.239
https://www.doi.org/10.3389/fcimb.2017.00215
https://www.doi.org/10.3389/fcimb.2017.00215
https://www.doi.org/10.1038/npjvaccines.2016.22
https://www.doi.org/10.1111/j.1574-695X.2006.00091.x
https://www.doi.org/10.1111/j.1574-695X.2006.00091.x
https://www.doi.org/10.2302/kjm.52.158
https://www.doi.org/10.1046/j.1432-1327.2001.02397.x
https://www.doi.org/10.1128/JB.01868-07
https://www.doi.org/10.1128/JB.02562-14


Adv Clin Exp Med. 2025 13

28.	 Rangarajan M, Aduse-Opoku J, Hashim A, Paramonov N, Curtis MA. 
Characterization of the α- and β-Mannosidasess of Porphyromonas 
gingivalis. J Bacteriol. 2013;195(23):5297–5307. doi:10.1128/JB.00898-13

29.	 Shoji M, Sato K, Yukitake H, Naito M, Nakayama K. Involvement 
of the Wbp pathway in the biosynthesis of Porphyromonas gingi-
valis lipopolysaccharide with anionic polysaccharide. Sci Rep. 2014; 
4(1):5056. doi:10.1038/srep05056

30.	 Costantino P, Rappuoli R, Berti F. The design of semi-synthetic and 
synthetic glycoconjugate vaccines. Exp Opin Drug Discov. 2011;6(10): 
1045–1066. doi:10.1517/17460441.2011.609554

31.	 Pichichero ME. Protein carriers of conjugate vaccines: Characteris-
tics, development and clinical trials. Hum Vaccin Immunother. 2013; 
9(12):2505–2523. doi:10.4161/hv.26109

32.	 Shi S, Zhu H, Xia X, Liang Z, Ma X, Sun B. Vaccine adjuvants: Under-
standing the structure and mechanism of adjuvanticity. Vaccine. 
2019;37(24):3167–3178. doi:10.1016/j.vaccine.2019.04.055

33.	 Del Giudice G, Rappuoli R, Didierlaurent AM. Correlates of adjuvan-
ticity: A review on adjuvants in licensed vaccines. Semin Immunol. 
2018;39:14–21. doi:10.1016/j.smim.2018.05.001

34.	 Matsumoto S, Shimada A, Nyirenda J, Igura M, Kawano Y, Kohda D. 
Crystal structures of an archaeal oligosaccharyltransferase pro-
vide insights into the catalytic cycle of N-linked protein glycosyl-
ation. Proc Natl Acad Sci U S A. 2013;110(44):17868–17873. doi:10.1073/
pnas.1309777110

35.	 Ihssen J, Haas J, Kowarik M, et al. Increased efficiency of Campylo-
bacter jejuni N-oligosaccharyltransferase PglB by structure-guided 
engineering. Open Biol. 2015;5(4):140227. doi:10.1098/rsob.140227

36.	 Ollis AA, Zhang S, Fisher AC, DeLisa MP. Engineered oligosaccharyltrans-
ferases with greatly relaxed acceptor-site specificity. Nat Chem Biol.  
2014;10(10):816–822. doi:10.1038/nchembio.1609

37.	 Garcia-Quintanilla F, Iwashkiw JA, Price NL, Stratilo C, Feldman MF. 
Production of a recombinant vaccine candidate against Burkholde-
ria pseudomallei exploiting the bacterial N-glycosylation machinery. 
Front Microbiol. 2014;5:381. doi:10.3389/fmicb.2014.00381

38.	 Marshall LE, Nelson M, Davies CH, et al. An O-antigen glycoconju-
gate vaccine produced using protein glycan coupling technology is 
protective in an inhalational rat model of tularemia. J Immunol Res. 
2018;2018:8087916. doi:10.1155/2018/8087916

39.	 Wetter M, Kowarik M, Steffen M, Carranza P, Corradin G, Wacker M. 
Engineering, conjugation, and immunogenicity assessment of Esche-
richia coli O121 O antigen for its potential use as a typhoid vaccine com-
ponent. Glycoconj J. 2013;30(5):511–522. doi:10.1007/s10719-012-9451-9

40.	 Cuccui J, Thomas RM, Moule MG, et al. Exploitation of bacterial 
N-linked glycosylation to develop a novel recombinant glycoconju-
gate vaccine against Francisella tularensis. Open Biol. 2013;3(5):130002. 
doi:10.1098/rsob.130002

41.	 Fouts DE, Mongodin EF, Mandrell RE, et al. Major structural differences 
and novel potential virulence mechanisms from the genomes of mul-
tiple Campylobacter species. PLoS Biol. 2005;3(1):e15. doi:10.1371/jour-
nal.pbio.0030015

42.	 Yi EC, Hackett M. Rapid isolation method for lipopolysaccharide and 
lipid A from Gram-negative bacteria. Analyst. 2000;125(4):651–656. 
doi:10.1039/b000368i

43.	 Mitra S, Tomar PC. Hybridoma technology: Advancements, clinical 
significance, and future aspects. J Genet Eng Biotechnol. 2021;19(1):159. 
doi:10.1186/s43141-021-00264-6

44.	 Taboada B, Ciria R, Martinez-Guerrero CE, Merino E. ProOpDB: Pro-
karyotic Operon DataBase. Nucleic Acids Res. 2012;40(D1):D627–D631. 
doi:10.1093/nar/gkr1020

45.	 Walker JM, Darling AE, Treangen TJ, Messeguer X, Perna NT. Analyz-
ing patterns of microbial evolution using the Mauve genome align-
ment system. Methods Mol Biol. 2007;396:135–152. doi:10.1007/978-
1-59745-515-2_10

46.	 Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes.  
Nucl Acids Res. 2000;28(1):27–30. doi:10.1093/nar/28.1.27

47.	 Stevenson G, Andrianopoulos K, Hobbs M, Reeves PR. Organization 
of the Escherichia coli K-12 gene cluster responsible for production 
of the extracellular polysaccharide colanic acid. J Bacteriol. 1996; 
178(16):4885–4893. doi:10.1128/jb.178.16.4885-4893.1996

48.	 Sato K, Kido N, Murakami Y, Hoover CI, Nakayama K, Yoshimura F. 
Lipopolysaccharide biosynthesis-related genes are required for col-
ony pigmentation of Porphyromonas gingivalis. Microbiology. 2009; 
155(4):1282–1293. doi:10.1099/mic.0.025163-0

49.	 Yamaguchi M, Sato K, Yukitake H, Noiri Y, Ebisu S, Nakayama K. A Por-
phyromonas gingivalis mutant defective in a putative glycosyltrans-
ferase exhibits defective biosynthesis of the polysaccharide por-
tions of lipopolysaccharide, decreased gingipain activities, strong 
autoaggregation, and increased biofilm formation. Infect Immun. 
2010;78(9):3801–3812. doi:10.1128/IAI.00071-10

50.	 Chen J, Ni Y, Liu C, et al. Rapid identification and quantitation for 
oral bacteria based on short-end capillary electrophoresis. Talanta. 
2016;160:425–430. doi:10.1016/j.talanta.2016.07.049

51.	 Klein BA, Tenorio EL, Lazinski DW, Camilli A, Duncan MJ, Hu LT. Iden-
tification of essential genes of the periodontal pathogen Porphy-
romonas gingivalis. BMC Genomics. 2012;13(1):578. doi:10.1186/1471-
2164-13-578

52.	 Shoji M, Sato K, Yukitake H, et al. Identification of genes encoding gly-
cosyltransferases involved in lipopolysaccharide synthesis in Porphy-
romonas gingivalis. Mol Oral Microbiol. 2018;33(1):68–80. doi:10.1111/
omi.12200

53.	 Lehrer J, Vigeant KA, Tatar LD, Valvano MA. Functional character-
ization and membrane topology of Escherichia coli WecA, a sugar-
phosphate transferase initiating the biosynthesis of enterobacterial 
common antigen and O-antigen lipopolysaccharide. J Bacteriol. 2007; 
189(7):2618–2628. doi:10.1128/JB.01905-06

54.	 Danese PN, Oliver GR, Barr K, Bowman GD, Rick PD, Silhavy TJ. Accumula-
tion of the enterobacterial common antigen lipid II biosynthetic inter-
mediate stimulates degP transcription in Escherichia coli. J Bacteriol.  
1998;180(22):5875–5884. doi:10.1128/JB.180.22.5875-5884.1998

55.	 Meier-Dieter U, Starman R, Barr K, Mayer H, Rick PD. Biosynthesis 
of enterobacterial common antigen in Escherichia coli: Biochemical 
characterization of Tn10 insertion mutants defective in enterobac-
terial common antigen synthesis. J Biol Chem. 1990;265(23):13490–
13497. PMID:2166030.

56.	 McAlister AD, Sroka A, Fitzpatrick RE, et al. Gingipain enzymes from 
Porphyromonas gingivalis preferentially bind immobilized extracellu-
lar proteins: A mechanism favouring colonization? J Periodontal Res.  
2009;44(3):348–353. doi:10.1111/j.1600-0765.2008.01128.x

57.	 Tolia NH, Joshua-Tor L. Strategies for protein coexpression in Esche-
richia coli. Nat Methods. 2006;3(1):55–64. doi:10.1038/nmeth0106-55

58.	 Wu X, You P, Su E, Xu J, Gao B, Wei D. In vivo functional expression 
of a screened P. aeruginosa chaperone-dependent lipase in E. coli. 
BMC Biotechnol. 2012;12(1):58. doi:10.1186/1472-6750-12-58

59.	 Pham SQ, Gao P, Li Z. Engineering of recombinant E. coli cells co-
expressing P450pyrTM monooxygenase and glucose dehydrogenase 
for highly regio- and stereoselective hydroxylation of alicycles with 
cofactor recycling. Biotech Bioeng. 2013;110(2):363–373. doi:10.1002/
bit.24632

60.	 Johansson AK, Johansson A, Birkhed D, Omar R, Baghdadi S, Carlsson GE.  
Dental erosion, soft-drink intake, and oral health in young Saudi 
men, and the development of a system for assessing erosive anteri-
or tooth wear. Acta Odontol Scand. 1996;54(6):369–378. doi:10.3109/ 
00016359609003554

61.	 Kim S, Park S, Lin M. Permanent tooth loss and sugar-sweetened 
beverage intake in U.S. young adults. J Public Health Dent. 2017;77(2): 
148–154. doi:10.1111/jphd.12192

62.	 Zhang Y, Shi W, Song Y, Wang J. Metatranscriptomic analysis of an in vitro 
biofilm model reveals strain-specific interactions among multiple 
bacterial species. J Oral Microbiol. 2019;11(1):1599670. doi:10.1080 
/20002297.2019.1599670

63.	 Huang N, Shimomura E, Yin G, et al. Immunization with cell-free-
generated vaccine protects from Porphyromonas gingivalis-induced 
alveolar bone loss. J Clin Periodontol. 2019;46(2):197–205. doi:10.1111/
jcpe.13047

64.	 Muramatsu K, Kokubu E, Shibahara T, Okuda K, Ishihara K. HGP44 
induces protection against Porphyromonas gingivalis-induced alve-
olar bone loss in mice. Clin Vaccine Immunol. 2011;18(5):888–891. 
doi:10.1128/CVI.00556-10

https://www.doi.org/10.1128/JB.00898-13
https://www.doi.org/10.1038/srep05056
https://www.doi.org/10.1517/17460441.2011.609554
https://www.doi.org/10.4161/hv.26109
https://www.doi.org/10.1016/j.vaccine.2019.04.055
https://www.doi.org/10.1016/j.smim.2018.05.001
https://www.doi.org/10.1073/pnas.1309777110
https://www.doi.org/10.1073/pnas.1309777110
https://www.doi.org/10.1098/rsob.140227
https://www.doi.org/10.1038/nchembio.1609
https://www.doi.org/10.3389/fmicb.2014.00381
https://www.doi.org/10.1155/2018/8087916
https://www.doi.org/10.1007/s10719-012-9451-9
https://www.doi.org/10.1098/rsob.130002
https://www.doi.org/10.1371/journal.pbio.0030015
https://www.doi.org/10.1371/journal.pbio.0030015
https://www.doi.org/10.1039/b000368i
https://www.doi.org/10.1186/s43141-021-00264-6
https://www.doi.org/10.1093/nar/gkr1020
https://www.doi.org/10.1007/978-1-59745-515-2_10
https://www.doi.org/10.1007/978-1-59745-515-2_10
https://www.doi.org/10.1093/nar/28.1.27
https://www.doi.org/10.1128/jb.178.16.4885-4893.1996
https://www.doi.org/10.1099/mic.0.025163-0
https://www.doi.org/10.1128/IAI.00071-10
https://www.doi.org/10.1016/j.talanta.2016.07.049
https://www.doi.org/10.1186/1471-2164-13-578
https://www.doi.org/10.1186/1471-2164-13-578
https://www.doi.org/10.1111/omi.12200
https://www.doi.org/10.1111/omi.12200
https://www.doi.org/10.1128/JB.01905-06
https://www.doi.org/10.1128/JB.180.22.5875-5884.1998
https://pubmed.ncbi.nlm.nih.gov/2166030
https://www.doi.org/10.1111/j.1600-0765.2008.01128.x
https://www.doi.org/10.1038/nmeth0106-55
https://www.doi.org/10.1186/1472-6750-12-58
https://www.doi.org/10.1002/bit.24632
https://www.doi.org/10.1002/bit.24632
https://www.doi.org/10.3109/00016359609003554
https://www.doi.org/10.3109/00016359609003554
https://www.doi.org/10.1111/jphd.12192
https://www.doi.org/10.1080/20002297.2019.1599670
https://www.doi.org/10.1080/20002297.2019.1599670
https://www.doi.org/10.1111/jcpe.13047
https://www.doi.org/10.1111/jcpe.13047
https://www.doi.org/10.1128/CVI.00556-10

