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ABSTRACT 

GENETICALLY ENGINEERING GINGIPAINS FOR HIGH YIELD LARGE SCALE 
PURIFICATION 

Andrew E. Fuchs 

8/31/23 

Porphyromonas gingivalis is a keystone oral pathogen in the progression 

of periodontal disease and has been implicated in the etiology of many other 

systemic human diseases. P. gingivalis produces primary virulence factors 

termed the gingipains, a group of cysteine proteases. There is a high demand for 

high purity gingipains for downstream in vitro studies where P.g. is implicated, 

both oral and systemic. Gingipain production candidate mutant P.g. strains were 

generated to isolate each gingipain for large scale purification and the purified 

gingipains characterized. Two mutants were determined not to be viable for large 

scale purification of gingipains, each for different reasons, which may give some 

insight into novel mechanisms of adaption in P. gingivalis.
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INTRODUCTION 

In 2021, the World Health Assembly voted to include oral health in the 

non-communicable disease category, and further recommended that oral health 

treatment and prevention should be included in universal healthcare programs, 

highlighting the importance of oral health to overall systemic health. About 1 

billion cases of severe periodontal disease were reported worldwide in 2019. 

When combined with other aspects of oral health, untreated caries and 

edentulism, total oral health cases were larger than the next 5 most prevalent 

non-communicable diseases, combined6. This list includes cardiovascular 

disease, diabetes mellitus, cancers, and chronic respiratory diseases. Chronic 

periodontal disease, or periodontitis, is a major factor of overall oral health, but 

also has been implicated in many other systemic diseases, such as diabetes 

mellitus, respiratory disease, cardiovascular disease, osteoporosis7, preterm 

birth8, low birth weight9, 10, metabolic syndrome11, rheumatoid arthritis12, 

atherosclerosis13, cancer14, and Alzheimer’s disease15. This highlights the 

importance and relevance of oral health to the overall health and well-being of 

the individual.  

Periodontitis is characterized as a chronic inflammatory disease driven by 

bacterial colonization of the tooth surface below the gum line16. However, unlike 
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an acute infection, where an invading pathogen at a site of injury can be 

challenged and eventually cleared by the host immune response, the oral cavity 

is host to many species of beneficial commensal bacteria, which the host 

immune response naturally tolerates17. When healthy, the host immune response 

and the bacterial microbiota maintain a homeostatic state. Periodontitis occurs 

when the homeostasis is disrupted and composition of the oral microbial 

community shifts from a predominantly commensal makeup to a dysbiotic 

community that includes periodontopathogens, with Porphyromonas gingivalis, 

Treponema denticola, and Tanerella Forsythia being strongly associated with the 

disease18. Of these, P. gingivalis has been termed a keystone pathogen in the 

etiology of periodontitis, due to its relatively small abundance in dysbiotic biofilms 

but with disproportionately large effects on its microbial community and host 

tissues19. 

P. gingivalis is one of the more well studied members of the

periodontopathogens, due to its status as a keystone pathogen in periodontitis, 

as well as its relative ease of culturing compared to the other known pathogenic 

species. P. gingivalis is a gram-negative obligate anaerobe bacterium that 

produces many virulence factors to influence its environment. As a gram-

negative bacterium, P. gingivalis has both an inner and outer membrane, which 

must be transited to successfully secrete proteinaceous virulence factors that are 

produced in the cytoplasm. P. gingivalis uses the sec transporter system to move 

cargo proteins across the inner membrane (IM) to the periplasm, then uses the 

type IX secretion system (T9SS) to export the cargo across the outer membrane 
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(OM)1 (Figure 1). With a two-step transport system different methods are 

required to properly identify cargo proteins for transport, which come in the form 

of an N-terminal sec signal sequence20 for the IM sec system, and a C-terminal 

domain (CTD) sequence for transport by the OM T9SS21.  

As the only currently identified protein secretion system for P. gingivalis1, 

understanding the mechanism of secretion for the T9SS has been a tempting 

target for investigation. Studies on the CTD have shown that exact sequence 

specificity is not required for transport; rather that the structure of the CTD is key 

for T9SS transport22. Modifications to the structural motifs of the CTD can either 

cause cargo to be stuck in the periplasm22 or prevent the glycosylation and 

Figure 1 – Hypothetical model of Type 9 secretion system. Overall structure not currently known and displayed as a 
blue background with known components. Cargo proteins are translocated across the Inner Membrane by the Sec 
system via the N-terminal signal peptide. Cargo protein folding occurs in the periplasm. C-terminal domain signals for 
translocation through the T9SS. PorU functions in a sortase-like manner, removing the CTD from the cargo protein and 
attaching the cargo to the outer membrane by glycosylation with anionic LPS. Adapted1 
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attachment of the cargo to the OM with anionic lipopolysaccharides(A-LPS), 

causing the cargo protein to be secreted into the extracellular space23. A wild-

type P. gingivalis strain, HG66, has demonstrated this particular secretory 

behavior, and was discovered to have a LOF mutation in the wbpB gene 

responsible for the production of A-LPS, and subsequently the successful surface 

attachment of T9SS cargo proteins24. 
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GINGIPAINS 

Cargo for the T9SS includes the gingipains, a family of cysteine proteases 

that account for up to 85% of the total proteolytic activity associated with the 

bacterium25. These trypsin-like proteases are one of the major virulence factors 

of P. gingivalis and are critical to the survival and host immune modulation 

abilities of the bacterium. Gingipains have been shown to be critical for evading 

host immune response26, heme acquisition27, host tissue penetration28, 29, 

degradation of complement proteins30, activation of blood coagulation, platelet 

aggregation, cytokine degradation, and enhance expression of matrix 

metalloproteinases31. This widespread effector ability is in part due to the 

relatively broad range of proteolytic activity available to the gingipains. 

 There are two members of the gingipains with specificity for arginine (Arg) 

at the P1 position, R gingipain A (RgpA) and R gingipain B (RgpB)2. They are 

highly specific proteases for Arg at the P1 position but will hydrolyze bonds with 

any amino acid at the P1' position, giving endopeptidase activity at any Arg-Xaa 

bond. They have also been shown to exhibit limited carboxypeptidase and 

aminopeptidase activity with n-terminal and c-terminal Arg substrate residues, 

respectively32.
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The last member of the gingipains is K gingipain (Kgp), with specificity for 

lysine (Lys) at the P1 position. Like the R gingipains, it is also highly specific for 

the P1 position and accepts any residue at P1' for endopeptidase activity at any 

Lys-Xaa bond, however some residues in the P2 position (Arg,Lys) makes a Lys-

Xaa peptide bond in the sequential motif Lys/Arg-Lys-Xaa resistant to proteolytic 

cleavage by Kgp5. 

Structurally, gingipains are composed of several shared motifs (Figure 2). 

All gingipains have an N-terminal sec signal for transportation across the IM sec 

system, followed by a profragment and catalytic domain. The profragment 

functions as an inhibitor for the catalytic domain during transport and maturation 

of the zymogen, until transport through the T9SS, where it is eventually cleaved 

and cleared33. In RgpA and Kgp, the catalytic domain is followed by an 

immunoglobulin-like domain and a series of hemagluttinin/adhesin domains, 

HA1-4. Finally, all three gingipains have the C-terminal domain motifs necessary 

for secretion by the T9SS2, 5. The catalytic domain for RgpA and RgpB are highly 

homologous, with most variances occurring in the C-terminal region, away from 

the catalytic center34, which shares a 97% identity among the caspase-like 

folds35. After maturation and secretion through the T9SS, the HA domains have 

been cleaved and form a non-covalent complex together with the catalytic 

domain (Figure 3). The CTD signal is cleaved off during A-LPS attachment, 

leaving the whole complex anchored into the membrane. In P. gingivalis strains 

that have deficiencies in the A-LPS synthesis pathway, the CTD region is still 
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removed from the enzyme, but without A-LPS available as a membrane 

attachment point the protein is secreted into the surrounding media.  

Gingipains are considered one of the primary virulence factors of P. 

gingivalis due to unrestrained proteolytic activity against a broad array of host 

Figure 2 - a) Domain scheme for zymogens produced by RgpB and RgpA genes. Cleavage sites for maturation denoted 
by arrows. Adapted2 b) Domain scheme for Kgp zymogen from multiple strains, highlighting variability in HA domain 
processing. Adapted5  
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proteins, the essential role in the acquisition of nutrients, and participation in the 

maturation of other virulence factors36, 37. Mutant strains deficient in gingipain 

activity are not pathogenic in various animal models of infection36, 38, 39. To further 

investigate the role gingipains play in various in vitro and in vivo models, as well 

as solve the crystal structure via x-ray crystallography, they first must be isolated 

and purified.

Figure 3- Scheme for catalytic processing of gingipain zymogens. Gingipain domains are cleaved then either attached 
to the outer membrane by glycosylation with OM-associated A-LPS or secreted in a soluble form. RgpA and Kgp are 
assembled into non-covalent multidomain complexes consisting of their catalytic domains and hemagglutinin/adhesin 
domains. RgpA and Kgp complexes also form non-covalent associations with each other. Adapted3 
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PROTEIN PURIFICATION 

Purification of membrane-bound proteins is possible with membrane 

disruption and the use of detergents but will leave the purified proteins with 

heterologous saccharide residues at the membrane attachment point, which is 

not acceptable from a crystallography standpoint40. Further, the steps necessary 

for membrane processing are laborious and not ideal for large-scale purification. 

A common method of producing proteins suitable for X-ray diffraction analysis is 

to produce the recombinant protein in Escherichia coli, using commercially 

available and widely used plasmid expression systems. However, this is not 

viable for gingipains due to their proteolytic activity, as well as the maturation 

process in P. gingivalis being required for proper folding. When the expression of 

gingipains is activated, the cytotoxic effects rapidly kill the host E. coli and halt 

further gingipain production. Due to the role the T9SS plays in the proper 

maturation of gingipains, there is an open question of whether any gingipains 

produced in other species without a T9SS would be properly analogous to wild-

type enzymes. For these reasons it is necessary to produce modified gingipains 

in P. gingivalis strains. 

The discovery of wild-type strain HG66 and its secretion of gingipains into 

the extracellular environment was a key step in the initial purification of 
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gingipains41. By using a strain that secreted the target protein into the 

extracellular space, any membrane manipulation could be avoided, and the 

proteins could be precipitated and purified solely from the cell culture media. By 

using the differing affinities of each enzyme, Kgp and RgpA/B could be separated 

by affinity chromatography, then RgpA/B further separated by size exclusion 

chromatography, due to RgpA being complexed with HA domains and having a 

larger molecular mass. This worked well; however, the affinity separation was 

never perfect and some low level of gingipain cross-contamination always 

persisted. Investigation into HG66 revealed the WbpB mutation that caused this 

secretion behavior24, which could be used for future mutant strains. 

To strengthen the affinity separation, a common technique used is the 

addition of an affinity tag into the gene of the protein of interest42. A six-histidine 

repeat is commonly used as an affinity tag to readily bind onto a nickel-

Sepharose matrix, where it can be washed then eluted in a purified form. This 

strategy has been used in previous P. gingivalis mutants for RgpB and Kgp.  
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PREVIOUS WORK 

A six-histidine tag insertion was previously used to investigate the oligomerization 

motif in the catalytic domain of Kgp4 (Figure 4). Disruption of the oligomerization 

motif would prevent formation of the non-covalent complex of the catalytic 

domain with the hemagglutinin/adhesin domains. A series of mutations, both 

inserts and overwrites, were designed to disrupt the oligomerization motif. The 

CTD signal was present at the end of the polypeptide after the HA domains and 

serves as the site of attachment to the OM. By preventing the catalytic domain 

from complexing with the membrane bound HA domains, the catalytic domain 

was secreted into the surrounding media. This provided a mutant producing 

Figure 4 a) full domain scheme of W83 Kgp pre-processing. b) Remaining domains of Kgp after maturation and 
processing. c) Amino acid sequence from the C-terminal region of the Kgp catalytic domain. Blue color indicates 
adhesin binding (oligomerization) motif. Yellow highlight indicates homologous residues with sequence of RgpA. d) the 
6-His insertion into the oligomerization motif that generated the KgpP1 mutant to produce soluble Kgp catalytic
domain. Adapted4.
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soluble His-tagged Kgp catalytic domains (Kgpcat), however it came with several 

drawbacks. The total Kgp activity produced was only one third that of the wild 

type, and this reduction was confirmed to not be expression based, so was 

theorized to be a product of misfolded proteins, likely during the maturation 

process. The soluble activity that was present was subjected to affinity 

chromatography and was found to have only 6-7% intact six-His tags, based on 

Kgp activity. Investigation of the affinity flowthrough found peptides with mono-, 

di-, and tetra-histidine repeats, indicating truncation of the his-tag had led to the 

low affinity binding. Nevertheless, this mutant remained a good source of Kgp 

catalytic domain for further downstream in vitro and in vivo studies for several 

years, before eventually >99% of Kgp activity exhibited this same truncation of 

the His-tag.  

For RgpB, a mutant termed RgpB6H had been generated in W83 

background that took advantage of the structure of the CTD to cause secretion 

into the external media23 (Figure 5). By adding a six histidine repeat tag at a 

specific point N-terminal to the CTD, the structural conformation was changed 

sufficiently to prevent attachment of A-LPS to the enzyme. This mutant was 

highly successful at producing the gingipain RgpB, which consists of the catalytic 

domain of the arginine gingipains and an Ig-like fold. Purification of RgpB allowed 

for investigation into the effects of arginine proteolytic activity in various in vitro 

and in vivo models. While strains with such a mutation should only secrete RgpB 

into the extracellular space, RgpB purified from this mutant always exhibited low 

levels of lysine-specific proteolytic activity, indicating some level of contamination 
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with Kgp catalytic domains. Further purification by affinity chromatography could 

not separate these activities and similarities in pI, molecular mass and other 

physicochemical properties make the use of other chromatographic approaches 

such as size exclusion, ion exchange, and hydrophobic interactions not 

appropriate.  

Figure 5 – construction of RgpB6H mutant (662i6H) a): insertion of 6xHis tag into RgpB gene b) localization 
of Rgp in RgpB6H mutant is predominantly in media compared to the prevalent cell-bound association found 
in wild type c) Western blot for anti-RgpB shows sharp secretion band at ~47kDa for RgpB6H compared to 
the diffuse membrane-associated RgpB found in wild type d) western blot against anti-6xHis shows 
successful expression of His-tag in RgpB6H. Adapted22
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NEW STRAINS 

 

Three new strains were generated, one for each gingipain, to address 

different goals for each enzyme. Kgp had previously been purified in its catalytic 

domain form from the KgpP1 strain; however, this strain eventually showed the 

same affinity tag truncation seen in other candidates during the mutant 

construction. To address this truncation, a new mutant was devised with an 

insertion of eight histidine repeats. KgpP1 had been successful at producing a 

catalytic domain pure enough for X-ray crystallography to solve the structure, but 

the structure of the full-length Kgp protein remains unsolved. This new mutant 

was designed to produce full-length Kgp protein with an affinity tag in sufficient 

purity and quantity to be viable for X-ray crystallography analysis. Rather than 

achieve protein secretion through disruption of the CTD structure with the His-tag 

insertion, this mutation was made in a W83 background strain with a deletion in 

the WbpB gene, a key factor in the generation of A-LPS. This allowed for 

screening several potential insertion points for the affinity tag. The mutant 

candidate selected for this project had an eight-histidine insertion n-terminal to 

the SLA amino acid sequence in the Kgp gene (Figure 6). The name for this 

mutant is W83 ΔwbpB Kgp8HSLA, or Kgp8H.
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RgpA had similar design goals to Kgp; a full-length RgpA affinity mutant 

has not been successful to date. A six-histidine affinity tag insertion was planned 

into the RgpA gene to produce soluble full-length RgpA that would be suitable for 

characterization and X-ray crystallography. The mutant was also made in the 

W83 ΔwbpB background to allow for secretion of all T9SS carrier proteins and 

allow for a larger range of potential 6-His tag insertion targets. The candidate 

mutant selected for this project had the 6-His insertion made c-terminal to the YIP 

sequence of the final HA domain, just before the beginning of the CTD (Figure 7). 

This allowed for processing by the T9SS and secretion of full-length RgpA. This 

mutant was termed W83 ΔwbpB RgpA-YIP6HIS, or RgpA6H. 

RgpB had been successfully purified from the strain RgpB6H in the past, 

however enzymes purified from this strain always had low levels of Kgp lysine 

specific proteolytic activity present. To produce purified RgpB without this trace 

contamination, a new mutant was planned in a ΔKgp background. This mutant 

Figure 6- Domain scheme for Kgp8H prepro-peptide with arrow indicating mutation for affinity tag insertion.

Figure 7 – Domain scheme for RgpA6H prepro-peptide with arrow indicating location of affinity tag insertion.
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was also designed with an 8-His tag to prevent any potential truncation seen in 

previous 6-His Kgp strains. The mutation was made N-terminal to the TSAID 

sequence in the RgpB gene, which is the same insertion point (662) used in the 

previous RgpB6H mutant. This insertion point disrupts the proper attachment of 

the enzyme to A-LPS after removal of the CTD, causing the secretion of RgpB 

(Figure 8). This mutant was termed W83 ΔKgp RgpB8HTSI, or RgpB8H. 

Figure 8 – Domain scheme for RgpB8H prepro-peptide with arrow indicating location of affinity His tag 
insertion.
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GOALS 

This project initially started with the goal of performing large scale purifications of 

each mutant to determine the viability of each mutant to produce targeted 

gingipains and determine the yield and scalability of those gingipains. These 

gingipains would then be characterized to determine their proteolytic and 

biochemical properties. As the project progressed, a new goal of gaining insights 

into the unknown processes of gingipain maturation and profragment degradation 

was also added. 
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RESULTS 

W83 ΔWBPB KGP8HSLA (KGP8H) 

Mutant Kgp8H was generated by insertion of an 8-His repeat N-terminal to 

the SLA pattern of the CTD. The SLA motif is the first residues of the CTD and 

should be removed from the final gingipain by the normal maturation process. 

This leaves the His tag attached to the C-terminal HA domain after maturation 

and allows for the affinity purification of the full non-covalent complex. In total, 

eight large-scale purifications and three small-scale were performed. The first 

large scale purification was 10 liters and was performed according to protein 

purification method. After nickel-Sepharose affinity chromatography, fractions 

were collected from elution and assayed for Kgp activity (Figure 9). Two fractions 

exhibiting the highest activity were sampled for western blot analysis and N-

terminal sequencing of the detected HA domains (Figure 10). Western blot for the 

recurring YTYTVYRDG motif in the HA domains showed unexpected processing, 

with five distinct band patterns for only two motif repeats in the Kgp gene. 

Blotting for anti-6xHis showed two low molecular weight bands as well as a band 

around 50 kDa, indicating aberrant processing of the HA4 domain. N-terminal 

sequences showed proper processing of catalytic and HA1 domains; however, 

no sequences for HA2/3 were detected. Several unusual cleavage sites were 
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found in the HA4 domain, including at methionine and threonine residues, 

indicating proteolytic activity not commonly seen in P. gingivalis. The affinity 

purification was serviceable, with a total Kgp activity recovery of 3.1% compared 

to the initial cell culture activity (Figure 11).  

The following two large scale purifications (Prep 2+3) were 20 liters, but 

both lost Kgp activity at the 20L culture stage. At the time it was considered an 

anomaly with the anaerobic chamber environment, growth conditions, or potential 

contamination, but Rgp activity in the 20L culture remained consistent through all 

three purifications at the culture stage.  

Figure 9- Graph of Kgp activity in each fraction of nickel-Sepharose elution. SDS-page analysis of each fraction is 
overlaid, indicating fraction homogeneity.  
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Prep 4 was the first successful 20L prep of the large-scale purifications, 

with nearly 32% of the total Kgp activity recovered in the nickel-Sepharose 

eluate. Analysis of western blot confirmed the presence of the Kgp catalytic 

domain, HA domains, and His tag, indicating successful purification of full length 

Kgp (Figure 12). The banding patterns were similar to those found in purification 

1, with minor changes in relative band intensities. The final yield of the purified 

enzyme was 6.13 mg, or 0.307 mg/L of culture. 

The remaining large-scale preps, 5-8, all had similar issues arise. The first 

issue was the presence of a white precipitate in the acetone pellet after 

resuspension in ion exchange buffer. At this stage of the purification process, the 

Figure 10– N-terminal sequencing of Kgp8H purification product a) Protein transfer to PVDF membrane visualized with 
commassie blue for N-terminal sequencing. Two elution samples exhibited the same banding patterns. b) Seven 
distinct bands were identified for N-terminal sequencing. c) Western blot for anti-YTYTVYRDG (Anti-HA), a recurring 
motif in the HA domains revealed 5 distinct bands. d) Western blot for anti-6xHis tag showed two low molecular 
weight bands and one band at 50 kDa.  e) Amino acid sequence for the Kgp gene in mutant Kgp8H. Canonical domain 
structures are separated by color. N-terminal sequence cleavage sites are denoted in bold. Recurring YTYTVYRDG motif 
for anti-HA antibodies is underlined. f) N-terminal residue sequences for identified bands. Cleavage site denoted with 
#. 
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proteins have been collected from the media by acetone precipitation and should 

readily resolubilize after dialysis. In these purifications, however, the presence of 

this insoluble white precipitate accompanied a drop in Kgp activity. This was first 

detected after centrifuging the dialyzed acetone pellet to remove insoluble 

materials; Rgp activity loss was around 6% while Kgp activity loss was 46%. 

Figure 11- Retained Kgp activity expressed as a percent of initial whole cell culture activity (WCC) at each 
subsequent purification step for large scale purification 1.



22 

Figure 12- a) Retained activity of Kgp and Rgp at each stage of purification as a percentage of whole cell culture 
(WCC). western blot analysis of purified Kgp8H for b) anti-HA c) anti 6xHis and d) anti-Kgp reveals the presence of 
the repeated HA motif, His tag at low molecular weight, and catalytic domain at expected molecular weight.  
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Further investigation of the insoluble solids revealed that sonication was not 

sufficient to resolubilize the Kgp activity. This insolubility problem resulted in large 

drops in recovered Kgp activity at the acetone precipitation stage, 45% recovery 

compared to the 70% recovery for Rgp averaged amongst the large-scale preps, 

as well as at the DE-52 chromatography stage. After application on the DE-52 

media, Kgp average activity recovery dropped to 25%, compared to the 50% 

average recovery for Rgp activity.  

The second issue that arose was the apparent instability of the secreted 

Kgp from this mutant. Gingipains purified from wild-type or other mutants are 

stable for months when stored at -20°C and years when stored at -80°C. 

Gingipain activity will remain stable throughout the normal timeframe a large-

scale purification takes. In the later large-scale preps for Kgp8H, the activity for 

Kgp would rapidly degrade from process samples stored at 4°C for even a few 

days. Further investigation revealed that acetone precipitation pellet samples 

dialyzed to ion exchange buffer then frozen at -20° for 7 days lost 25% Kgp 

activity, while Rgp activity remained unchanged. Elution samples from nickel-

Sepharose stored at -80°C showed unchanged Kgp activity. 
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To further investigate these issues, a series of three small-scale 

purifications were planned, for 2L each. The issues were even more pronounced 

in these later purifications, showing a ~25% loss of Kgp activity at the pellet 

resolubilization stage and a further ~30% loss after the DE-52 application, 

averaged across all three purifications. The degradation issue was also 

observed, with whole cell culture samples taken from all three purifications losing 

an average of 35% Kgp activity after 48 hours stored at 4°C. Averaged yield was 

0.219 mg or 0.109 mg/L culture. Western blot analysis showed evidence of 

Figure 13- a) Retained Kgp and Rgp activity, averaged across all small-scale purifications, at each stage of purification 
as percentage of WCC. b) Kgp and Rgp activity of WCC at 0H and 48H timepoints after storage in 4°C indicates a ~35% 
loss of Kgp activity while Rgp activity remains unchanged. Western blot of Ni-Sepharose eluate from small scale preps 
with c) anti-HA, d) anti 6xHis e) anti-Kgp indicate substantially more degradation banding patterns than previous large 
scale purification blots, as well as degradation of the catalytic domain. His tag was also detected in large weight 
(~50kDa) c-terminal bands with degradation patterns.
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degradation in banding patterns of anti-HA and anti-Kgp, as well as different 

degradation patterns between small-scale preps (Figure 13).  
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W83 ΔKgp RgpB8HTSI (RgpB8H) 

This mutant was designed as a source for RgpB free from Kgp activity. The 

background strain used was W83 with the Kgp gene deleted, then a tag insertion 

was made at the same point as the previous RgpB mutant strain, 662, N-terminal 

of the TSI motif. An 8-His repeat tag was used to potentially prevent His-tag 

truncation seen in other mutants. 

The initial large-scale purification was 10 liters total and performed 

according to standard protein purification protocol. After purification, protein 

Figure 14 -a) Retained Rgp activity at each purification stage as a percentage of whole cell culture total activity. B) 
SDS-PAGE of final RgpB8H purified protein shows evidence of profragment at ~32kDa as well as cleavage products at 
~12-13kDa. Western blot on final RgpB8H purified sample for c)anti-His d)anti-RgpB e)anti-Rgp f) anti-Kgp and g)anti-
HA confirmed the successful insertion and purification of His tag on the ~50kDa catalytic domain, the ability of the 
purification process to remove the HA domains, and consequently the RgpA complex, from the final sample, and the 
success of the ΔKgp mutation to silence expression of Kgp.
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samples were characterized by activity assay, SDS-PAGE, and western blot 

(Figure 14). Western blot analysis showed single band RgpB with His-tag 

attached, as expected. Blotting confirmed the absence of Kgp as well as the 

ability of the purification process to separate out the HA domains associated with 

RgpA. A ~23 kDa band remains associated with the purified RgpB8H in the SDS-

PAGE, which is the profragment normally degraded during the maturation 

process. The profragment is only partially inhibiting the gingipain proteolytic 

activity, with the final purified sample possessing about 60% specific activity 

compared to samples purified from the RgpB6H mutant. Final yield from this 

large-scale prep was 22 mg, or 2.2 mg/L culture. This was a comparable yield to 

the previous RgpB6H mutant, which averaged 2-2.5 mg/L culture. 

To further investigate the presence of the profragment in samples purified 

from RgpB8H, a series of three small-scale purifications was performed. Each 

small-scale purification was 2L total culture volume and all three were run in 

parallel. Purification activity recovery of small scale was comparable to large 

scale purification (Figure 15). Averaged yield of purified protein was 2.68 mg/L. 

Final protein samples purified from small scale cultures also showed partial 

inhibition from retained profragment inhibitors. Purified RgpB8H with the 

profragment was incubated together with previously purified Kgp at 37°C for one 

hour. After incubation, the profragment band had been completely degraded, and 

Rgp activity increased over threefold (Figure 16). 
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Figure 15— Averaged Rgp activity recovery at each stage of purification for small scale cultures.

Figure 16–a) SDS-PAGE analysis of final RgpB8H from small scale purifications. b) SDS-PAGE analysis of RgpB8H 
samples alone or mixed with purified Kgp incubated for 1 hour at 37°C. Profragment band at ~23kDa is degraded in 
samples mixed with Kgp. c) Rgp activity of RgpB8H samples increased threefold after incubation with Kgp.
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W83 ΔWBPB RGPA-YIP6HIS (RGPA6H) 

This mutant was designed as a source for full-length RgpA, or “heavy 

RgpA” (HRgpA). The background strain for this mutant deleted the previously 

identified WbpB gene in W83 to prevent synthesis of A-LPS and consequently 

secrete all T9SS cargo proteins, including HRgpA, into the extracellular space. A 

six-histidine affinity tag was inserted into the gene for RgpA C-terminal to the YIP 

motif in the final HA domain, one residue N-terminal of the CTD cleavage 

residue. To investigate mutant viability, a 1L pilot culture was processed and 

RgpA6H was purified for analysis. Western blot confirmed the presence of the 

intact His tag at the HA4 domain, RgpA catalytic domain, and HA domains. 

Blotting for His tag identified the HA4 domain insertion around 23kDa; however, a 

signal at 50kDa also developed, likely a result of processing in the HA1 domain. 

Anti-HA blotting showed several bands reactive for the recurring motif, but the 

molecular weights do not all match with the expected domains. The presence of 

several more bands than recurrent motifs in the RgpA gene indicates processing 

outside canonical domain structures. Purified RgpA6H was analyzed by N-

terminal sequencing to determine sequence of processed domains (Figure 17). 

Sequences for each expected domain were confirmed; however, two sequences 

for N-terminus of HA3 may indicate aberrant processing. Final yield of purified 

RgpA6H was 0.3 mg/L with an activity recovery of 1.6%.
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Next, two large scale 20-liter purifications of RgpA6H were performed and 

Figure 17 Initial purification data of RgpA6H. a) SDS-PAGE banding of purified RgpA6H indicated purification of 
multi-band complex b) Highlighted bands were analyzed by N-terminal sequencing. Western blot analysis of 
purified RgpB6H for c) anti-6xHis d) anti-Rgp e) anti-HA. Anti-His showed an unexpected band at 50kDa. Anti-HA 
showed heterologous processing of detected HA motifs. f) N-terminal sequences from analyzed bands with * 
denoting cleavage site. g) Full amino acid sequence of RgpA gene from RgpA6H. N-terminal sequences in bold. 
Putative domains in differing colors. Lowercase indicates residues canonically lost during the maturation 
process. Anti-HA motif sequences are underlined. 
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analyzed. The final yield for these purifications was a 0.4% and 0.49% Rgp 

activity recovery, 3.42mg and 4.66mg or 0.171mg/L and 0.233mg/L, respectively. 

The transition to large scale purification appeared to have lowered the ability of 

affinity matrix to purify RgpA6H, so a series of small-scale purifications was 

performed. Three one-liter purifications were performed, with final yields of 

0.81mg, 1.06mg, and 0.78mg, for an average yield of 0.883mg/L. A further set of 

three two-liter purifications was performed; however, after affinity 

chromatography no proteins were eluted. Analysis of the protein sample that was 

loaded onto the nickel-Sepharose column showed that 4-6 histidine repeats 

could not be detected in any of the three two-liter small scale samples (Figure 

18). 
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Figure 18 – Western blot analysis for samples before and after nickel-sepharose affinity purification for three small 
scale preps against a) anti 4-6xhis b) anti-6xhis and. c) anti-6xhis for large scale purifications 1-3 indicates loss of the 
His affinity tag in later purifications compared to the earlier preps. D) Average Rgp activity recovery for 6 small scale 
purifications.
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DISCUSSION 

The overall objective of this project was to determine the viability of three 

mutants to produce their engineered gingipains in large-scale quantities, and 

then to characterize those products. Each mutant was created to generate a 

single purifiable gingipain and was selected for its apparent success at producing 

a soluble gingipain with an affinity tag. Transitioning to large-scale purifications 

presents unique challenges, and mutants that appear viable in initial low-volume 

cultures may not remain so after subsequent passaging and large-scale 

purification. Ultimately, Kgp8H and RgpA6H are non-viable for gingipain 

purification, while RgpB8H is a viable source for Kgp-free RgpB, with a significant 

deviation from wild type with partial profragment retention.  

Kgp8H was an initially promising candidate that seemed successful in 

producing full-length Kgp, a result that had remained elusive to this point. The 

initial purification was confirmed with a novel antibody for a recurring motif in the 

HA domains, showing the HA domains were retained, and sequencing data 

revealed the N-terminal starting residues for each band. This appeared to have 

successfully purified the HA domains along with the catalytic domain at first 

glance. Further investigation revealed several bands with N-terminal cleavage 

sites that did not have arginine or lysine at the P1 position, which is not a 
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common result in P. gingivalis. Additionally, the presence of the His-tag band at 

~50kDa also indicates a likely arginine cleavage site in the middle of the HA1 

domain that is not processed further, leaving a 50kDa polypeptide. The presence 

of several bands binding mAb reactive to the YTYTVYRDG recurring motif also 

indicates cleavage patterns that do not strictly adhere to the canonical HA 

domain regions. There were three strongly reactive bands for two recurring motifs 

in the Kgp gene, so there must be some heterologous proteolytic processing 

affecting HA domains. The lack of sequencing results for the N-terminus of HA2 

and HA3 also indicated that the domain maturation and processing of Kgp had 

significantly diverted from wild type enzymes. 

In subsequent large-scale purifications, it became apparent that a large 

portion of secreted Kgp8H was becoming insoluble after acetone precipitation, 

then lost in later purification steps. This white precipitate did not seem to be 

aggregate or readily resoluble; however, not all soluble Kgp activity was affected. 

Centrifuging after the protein pellet dialysis is required to remove unwanted 

insoluble materials, however due to the solubility issue of Kgp in this mutant, 

significant amounts of target proteins also were lost. After protein pellet dialysis, 

the resulting sample is loaded onto DE-52 matrix, which in addition to functioning 

as an ion-exchange chromatography matrix is also the first stage where the 

sample is mechanically filtered. Again, due to the solubility issue, further 

significant amounts of Kgp activity were lost at this stage where the enzyme 

should not be retained. 
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Also observed in these large-scale purifications was rapid losses of Kgp 

activity, sometimes even after only days of storage at 4°C, an environment where 

gingipains are usually stable for months to years. These losses were evident in 

repeated activity assays of samples at the cell-free media and acetone 

precipitate stages, and occurred even in samples that were stored for 7 days at -

20°C. However, samples at later steps of purification, after removal of Rgp 

activity, did not exhibit the same degradation. Taken together with the banding 

patterns seen in the western blots, it appears Rgp cleavage activity is degrading 

the Kgp8H produced by this mutant at residues not expected in the wild-type. As 

the maturation process of gingipains has not been fully elucidated at the time of 

writing, it is difficult to speculate what may have changed in this mutant to expose 

arginine residues not typically cleaved to this proteolytic activity. One possibility is 

the insertion of the His-tag interfered with the normal folding process of the 

gingipain, and the resulting structure may have exposed normally protected 

arginine residues. This structural change could also explain the precipitation if 

the abnormal structure was further modified by the acetone precipitation into a 

completely insoluble configuration.  

Overall, the two issues of solubility and stability make Kgp8H mutant not 

viable for large-scale purification. The stability issue is incompatible with the time 

required for large-scale purifications, further compounded by the large yield 

losses caused by the insolubility. These issues may have been exacerbated by 

mutations incurred by repeated passaging; however, even the characterization 

data obtained from the initial purification has some evidence of degradation. A 



36 
 

new insertion point for affinity tag in a new mutant is a better option for 

purification of full-length Kgp than attempting to solve both stability and solubility 

issues in this mutant.  

 The RgpB8H mutant was designed as a source of RgpB activity free from 

any Kgp contamination. This goal was met, as all RgpB8H purified from this 

mutant did not have even trace levels of Kgp activity. The mutant transitioned to 

large-scale purification well and produced yields comparable to the previous 

RgpB mutant. The proteolytic activity of RgpB8H is affected by the incomplete 

clearance of the inhibitory profragment, but enough activity remains to be a 

viable source of RgpB. The partial inhibition and presence of cleavage products 

indicate that Kgp plays some role in the proper clearance of the profragment, 

confirmed by incubation of purified RgpB8H with previously purified Kgp. 

RgpB8H mutant is an excellent option for experiments where Rgp activity free 

from any Kgp activity is critical. 

 RgpA6H mutant was generated as a source of full-length RgpA, which has 

been difficult to isolate in the past. By insertion of the His affinity tag, RgpA could 

be collected in large quantities and high purities from large-scale purifications. 

The mutant initially produced RgpA with affinity tag, although the yields were 

relatively low. This was acceptable as a novel source of RgpA as any amount 

produced was valuable. However, successive purifications showed declining 

yields, eventually producing no soluble RgpA with a detectable His affinity tag. 

This tag truncation has been seen in previous mutants for the Kgp gene yet the 

exact mechanism of tag truncation remains unknown. It is more likely to be a 
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post-translational modification of the produced protein rather than a mutation of 

the gene sequence; however, sequencing of the genome is necessary to confirm. 

With the tag truncation occurring after several rounds of passaging, it is likely that 

some compensatory mutation was developed by P. gingivalis to affect the tag. 

Without the attached His tag, this mutant secretes all T9SS cargo proteins into 

the extracellular space, essentially an analog for the wild-type HG66 strain. The 

mutant could be remade and maintained with careful regulation of passages to 

theoretically maintain the His-tag. Without addressing the underlying mechanism 

of tag truncation, this unknown mechanism would still be present and eventually 

become problematic at some point in the future.  
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FUTURE WORK 

The truncation of the RgpA His tag seems to be the result of some 

unknown mechanism utilized by P. gingivalis. To further investigate the effects in 

the RgpA mutant, we plan to sequence the gene for RgpA to ensure that the 

affinity tag insertion is still intact, and then sequence the whole genome to screen 

for potential compensatory mutations. If any are present, it may lead to a better 

understanding of the mechanisms of affinity tag truncation and allow for methods 

for circumvention. If the truncation issue can be fixed or mitigated, purified full 

length RgpA will be used for x-ray crystallography, to solve the structure of the 

HA domains and to further investigate the hemagglutinin and adhesin activities of 

those domains. 

Kgp8H had multiple problems that prevented success as a protein 

production candidate. We plan to sequence the Kgp gene to verify that the 

insertion remains intact, then sequence the whole genome to screen for 

compensatory mutations. While this mutant does not produce intact full-length 

Kgp as hoped, it may be useful in investigating the gingipain maturation process 

as a case where maturation was disrupted.  

 The presence of partially processed but undegraded profragment in 

purified RgpB8H may provide some insights into profragment degradation in wild
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 type gingipains. Sequencing the profragment band as well as the potential 

degradation bands could identify an initial cleavage point for total profragment 

degradation.  



40 

MATERIALS AND METHODS 

PROTEIN PURIFICATION 

MATERIALS 

• Anaerobic chamber/jars filled 90% (v/v) N2, 5% (v/v) CO2 5% (v/v)

H2 gas mix

• Liquid growth media - enriched trypticase soy broth (eTSB) per 1L:

• 30g trypticase soy broth (Sigma T8907), 10g yeast extract (Gibco

212750), autoclave sterilize then add filter sterilized 5ug/ml Hemin

(Sigma H9039), 0.25mg/ml L-cysteine (Spectrum CY110) and

0.5ug/ml Menadione (Sigma M5625).

• Dithiodipyridine (Arcos 162240250)

• Dithiodipyridine buffer (20mM Bis-Tris, 150mM NaCl, 1.5mM 4,4ˈ-

Dithiodipyridine, 0.02% NaN3, pH 6.8)

• DE-52 anion-exchange matrix (Biophoretics B45059.02)

• Blood agar plates – prepare eTSB with 1.5% agar (VWR J637),

autoclave sterile then add filter sterilized Hemin, L-cysteine,

Menadione, 20% (v/v)
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• blood (Defibrinated sheep, Lampire 7239001), and selective

antibiotics, if applicable. Acetone (Fisher A949-4)

• Nickel-Sepharose 6 fast flow matrix (GE 17-5318-03)

• Flat bottom 2.8L flask and container

• Sorvall Evolution RC Refrigerated centrifuge with Sorvall SLC-3000

rotor or equivalent

• Sorvall Lynx 6000 Refrigerated Centrifuge with F9-6x1000 rotor or

equivalent

• Centrifuge bottle 400ml PPCO Thermo 3141-0500

• Centrifuge bottle 1000ml PPCO Thermo 010-1491

• Ion-exchange buffer: 50mM Bis-Tris, 5mM CaCl2, 0.02% NaN3 pH

6.5

• Nickel-Sepharose binding buffer: (20mM Na2HPO4, 500mM NaCl,

20mM imidazole, 0.02% NaN3, pH 7.4)

• Nickel-Sepharose elution buffer: (20mM Na2HPO4, 500mM NaCl,

500mM imidazole, 0.02% NaN3, pH 7.4)

• Fractionation machine (Pharmacia Biotech GradiFrac 18-1993-01)

• Dry Ice

• Cytiva AKTA go FPLC system

• HiLoad 16/60 Superdex 200 pg column (GE healthcare 17-1069-

01)

• Dialysis bag (Spectra/Por standard RC tubing 12-14kD mwco

132754)
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• Amicon stirred cell concentrator VFSC40001

• Concentrator membrane (Biomax 30kDa PBTK07610)

• Spectrophotometer (molecular devices Spectramax m5)

• Stir plate/Stir bars

• Separatory funnel with stand and clamps

• Final gingipain buffer (20mM Bis-Tris, 150mM NaCl, 5mM CaCl2,

0.02% NaN3 pH 6.8)

METHOD 

Purification of gingipains followed a modified version of protocol 

previously described41. P. gingivalis bacterial stocks stored at -80°C were 

revitalized in 5mL selective eTSB and grown in anaerobic conditions for 2-

3 days, until absorbance measured at 600nm (OD600) reached 1.3 to 1.5. 

Culture was then plated on blood agar plates selective for each strain’s 

resistances and incubated for 5-7 days until single colonies were able to 

be collected. Single colonies were cultured in 5 mL selective eTSB in 

anaerobic conditions for 2-3 days to OD600 1.3-1.5, then 1mL grown 

culture was used to seed 50mL selective eTSB and grown for a further 2-3 

days to OD600 1.3-1.5. Large scale cultures were seeded with 25-50mL 

seed per L of selective eTSB media and grown 3-4 days until reaching 

OD600 1.3-1.5. Assay for gingipain activity was performed at each grown 

culture step to verify strain viability according to assay protocol. Grown 

culture was centrifuged at 10000g for 30 min 4°C to separate cells from 
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culture medium. Medium was collected, kept at 4°C, and 1.5mM 

Dithiodipyridine was added.  

Assembly of acetone precipitation apparatus consisted of stir plate, 

container with flat bottom 2.8L flask on top, large stir bar in flask, and 

stand holding separatory funnel over opening of flask. P. gingivalis 

collected medium was added to flask, then prechilled (-20°C O/N) acetone 

was added to the separatory funnel and added dropwise to the flask in a 

60% (v/v) ratio (1.5L acetone to 1L medium). Dry ice was packed into 

container outside flask to keep flask chilled during precipitation. 30-minute 

precipitation started when all acetone was added, and sample vigorously 

stirred to prevent icing. Precipitate solution was centrifuged at 17568g for 

30 min at 4°C. Pellets were collected and resuspended in Dithiodipyridine 

buffer, stirred to homogenize, then dialyzed in 4L Dithiodipyridine buffer at 

4°C overnight. Dialysis bag was transferred to series of 4 4L ion exchange 

buffers and dialyzed at 4°C for 4 hours each. After dialysis the sample was 

centrifuged 10000g at 4°C for 30 minutes then concentrated on Amicon 

concentrator with 30k mwco membrane in 4°C. Sample was then loaded 

2x gravity on 50 mL bed volume DE-52 matrix equilibrated in ion exchange 

buffer and column flowthrough was collected. Sample was then dialyzed 4 

times to 4L Nickel-Sepharose binding buffers at 4°C for 4 hours. A 10mL 

bed volume nickel-Sepharose column was prepared and equilibrated with 

Ni-Sep binding buffer, then sample was applied to column by 2x gravity. 

Column was washed with ni-sep binding buffer until absorbance at 280nm 
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was <0.02. Ni-sep elution buffer was applied to column and fractions were 

collected with fractionation machine. Fractions were assayed for gingipain 

activity and pooled together, then pools were concentrated with 30k 

MWCO spin concentrators. Sample was dialyzed to final gingipain buffer 4 

4L for 4 hours each at 4°C. Protein sample was run on FPLC system with 

HiLoad Superdex 200 16/60 column for size exclusion, flow rate 

0.75mL/min in final gingipain buffer and 1mL fraction size. Fractions were 

assayed for gingipain activity and pooled together for final sample. 

GINGIPAIN ACTIVITY ASSAY 

MATERIALS 

• Gingipain assay buffer (200mM Tris, 150mM NaCl, 5mM CaCl2,

0.02% NaN3 pH 7.6)

• 1M L-Cysteine stock (Spectrum CY110)

• 96 well clear plate (Corning Costar 9017)

• Spectrophotometer (molecular devices Spectramax m5)

• Rgp substrate: Bz-arg-pNA (Bachem 4000792.0250)

• Kgp substrate: Ac-lys-pNA (Bachem 4004444.0250)

• Dimethylsulfoxide (DMSO) (Sigma 472301)

METHOD 

Gingipain substrates must be reconstituted in DMSO for solubility to 

a stock concentration of 200mM or 500mM. Substrates must be further 
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diluted in DMSO for assay working concentration of 20mM. Absorbance 

readings will be taken with shaking at A280 every 30 seconds for a period 

of 10 minutes at 37°C. Assay scheme must be planned such that total well 

volume of buffer, substrate, and sample equals 200uL. Sample volume 

must be adjusted such that the kinetic curve over 10 minutes is within the 

range of spectrophotometer reading limits. Assay buffer must be activated 

with 20mM L-cysteine and is viable for 4 hours after activation. Activated 

buffer is first added to each well, then sample is added to buffer. Substrate 

is added to each well to bring total volume to 200uL, then 

spectrophotometer readings are immediately started. Final Kmax reading 

is divided by volume of sample used and gives final unit value of 

mOD/ul/min for gingipain activity. 

SDS-PAGE 

MATERIALS 

• Precast 4-12% Bis-tris polyacrylamide gel (Invitrogen NuPAGE

NP0335BOX)

• Β-mercaptoethanol (BME) (Sigma M-7522)

• Na-tosyl-L-lysine chloromethyl ketone (TLCK) (Sigma T7254)

• Sample buffer (Invitrogen NuPAGE LDS sample buffer 1941674)

• Heat block capable of 100°C

• X-cell surelock electrophoresis system (Invitrogen novex)
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• Power supply (Bio-rad powerPac 300)

• SDS running buffer (Invitrogen NuPAGE MES SDS NP0002-02)

• Molecular mass protein standard (Precision plus Protein Standards,

BioRad)

• Blue safe stain (Novex SimplyBlue SafeStain LC6065)

• Microwave

• Rocking shaker (VWR 10127-876)

METHOD 

Samples were incubated with 2ul of 200mM TLCK for 10 minutes at 

room temperature. Reduced samples added 5µl NuPAGE loading buffer 

and incubated 5 min at 100°C, then added 5µl NuPAGE loading buffer 

with 10% BME (Sigma M-7522) and the samples heated at 100°C for 5 

additional minutes. Samples were electrophoresed on 4-12% Bis-Tris 

SDS-PAGE (Invitrogen NP0335BOX) at 160 volts for 60 minutes. Gel was 

stained with SimplyBlue stain and heated in microwave for 1 min, then 

incubated for 1 hr. on rocking shaker. Stain was then discarded, and gel 

was heated in microwave in dH2O for 2 minutes, then incubated for 2 

hours to de-stain. 
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WESTERN BLOT 

MATERIALS 

• Nitrocellulose membrane (Biorad 162-0116)

• Sponge Pads (Invitrogen EL9052)

• Filter paper (Whatman 3 1003-917)

• Bio-Rad mini PROTEAN 3 cell

• Transfer buffer (25mM Tris, 192mM Glycine, 20% methanol)

• Ice pack

• Ice and container

• Power supply (Bio-Rad PowerPac 300)

• Milk (BioShop SKI400.500)

• Rocking shaker (VWR 10127-876)

• TTBS (20mM Tris, 150mM NaCl, 0.1% Tween-20 pH 7.5)

• A.P. conjugate substrate kit (Bio-rad 1706432)

METHOD 

Followed SDS-PAGE method until gel run was finished before 

staining. Filled transfer assembly container with prechilled degassed (4°C) 

transfer buffer and soaked fiber pads, filter paper, gel, and nitrocellulose 

membrane. Assembled transfer sandwich from negative side: Fiber pad, 

filter, gel, membrane, filter, Fiber pad. Rolled transfer sandwich with roller 

to remove air bubbles before closure. Loaded transfer sandwich into 
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transfer assembly, added ice pack behind negative side, then filled 

assembly with chilled transfer buffer. Assembly placed in container 

surrounded with packed ice. Transfer performed at 100v for 60 min, then 

membrane stained with Ponceau S solution to check for successful 

transfer. Membrane blocked with 5% milk then incubated at R.T. for 1 hour 

with rocking. Membrane was then washed 3 times with TTBS for 5 

minutes each with rocking, then incubated with primary antibodies 

overnight at room temperature with rocking. After washing 3 times with 

TTBS for 5 minutes with rocking, membrane was incubated with 

secondary antibodies for 2 hours at room temperature with rocking. Final 

wash of 4 times TTBS with 5-minute rocking was performed, then 

membrane was developed with alkaline phosphatase color development 

kit until signal was clear. Development was stopped by rinsing membrane 

with dH2O. 

IMAGING 

MATERIALS 

• Imager (Bio-Rad ChemiDOC XRS+)

• Software (Bio-Rad ImageLab 6.0)

• White light conversion screen (Bio-Rad 1708289)
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METHOD 

Polyacrylamide gels and western blot membranes were imaged 

with imager and associated software using presets for Coomassie blue protein 

gels and colorimetric blots, respectively.  

MUTAGENESIS 

Generation of the three mutant strains used in this project was performed 

in the Potempa lab at Jagiellonian University, Krakow, Poland. Kgp8H and 

RgpA6H were created by Danka Mizgalska. RgpB8H was created by Zuzanna 

Nowakowska.  
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