
 
 

Bachelor thesis, 15 hp 

Program in Life Science, 180 hp 

Spring term 2018 

 

   

 

 
 

  

 

Assessment of polymerization possibilities  
of two fimbriae proteins, Mfa3 and Mfa4,  

in Porphyromonas gingivalis 
 

Gintare Jokubaityte 
 

Supervisors: Karina Persson and Thomas Heidler 
 

 



2 
 

Abstract 
 

Shift in the microbial communities within their habitats is associated with a number of 

chronic diseases. Periodontitis, the 6th most common chronic infection worldwide, is not an 

exception. Gram-negative obligate anaerobe Porphyromonas gingivalis is presumably the 

keystone pathogen in chronic periodontitis, a disease that initiates with the gingival tissue 

inflammation and may result in the tooth loss. Owing to the vast arsenal of virulence 

factors, P. gingivalis has also been associated with a range of systematic diseases, thus the 

need for novel therapeutics calls for the need for diverse studies. Since the bacterial 

fimbriae have been identified as significant colonization tools, that aid the biofilm 

formation, targeting their assembly mechanism is a good approach. Porphyromonas 

gingivalis has at least two forms of fimbriae, namely FimA and Mfa1, but the knowledge of 

their structure and function is scarce. In this study, possible interaction of two Mfa1 fimbrial 

constituent proteins, Mfa3 and Mfa4, was analysed. Reportedly, these proteins undergo a 

step-wise maturation process, where the mature forms are generated via the cleavage of 

arginine specific gingipain (Rgp). Subsequently, polymerization proceeds via a donor-strand 

complementation mechanism. We detected newly formed complexes in the case of 

unassisted interaction setup, as well as in the reaction mimicking the Rgp digestion. The 

nature of the complexes, however, is yet to be elucidated, thus assay optimisations are 

underway.  
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Introduction 

Microbial communities can perfectly coexist, promoting a healthy environment, but they 

may also act as causative agents of disease1. The contributing factor in the latter can be 

either the decrease in the beneficial symbionts, or the emergence of pathogens1. This 

perturbation in the local microbiota has been termed as dysbiosis and is presumably 

associated with a number of chronic diseases1–5. Indeed, the disruption in tissue-microbe 

homeostasis is the initiative factor of severe inflammation and tissue damage, associated 

with periodontitis, the 6th most common chronic infection worldwide, affecting a staggering 

35% percent of the population6,7. Reportedly, the development of the disease is triggered 

when oral microbiota shifts from primarily housing gram-positive aerobes to gram-negative 

anaerobes, the event that gradually replaces symbiosis with pathogenicity1,4.  

The key role in the causation of chronic periodontitis has been attributed to the gram-

negative obligate anaerobe Porphyromonas gingivalis (P. gingivalis)2,8-9. Owing to its vast 

arsenal of virulence factors, P. gingivalis is also often associated with a number of 

systematic diseases, such as rheumatoid arthritis, diabetes, nonalcoholic fatty liver disease 

and pancreatic cancer to name but a few4,7,9,12–16. Virulence factors, including outer 

membrane vesicles, Arg- and Lys-gingipains, lipopolysaccharides, phosphatases and 

fimbriae, makes the bacterium less susceptible to the host's immune response and thus 

allows the invasion of the periodontal sites12,14. Fimbriae, are considered as one of the 

major colonization tools and are often implicated in various aspects of pathogenicity15,16. As 

filamentous polymers, protruding from the cellular surface, they are morphologically 

equipped for adherence to gingival cells, matrix proteins and the neighbouring bacteria 

within the biofilm10,16,19,20. Reportedly, P. gingivalis possesses at least two forms of fimbriae, 

namely FimA and Mfa1, which are distinguishable on the basis of their subunit sizes and the 

filament length2,9,12,16,18. 

The binding targets of the fimbriae are yet to be confirmed, however, current research 

suggests that FimA and Mfa1 interact with streptococcal glyceraldehyde 3-phosphate 

dehydrogenase and C-terminal domain SspB/A adhesins respectively8,15. Even though 

genetically distinct, both fimbriae belong to the type-V fimbria and share a similar 

morphology, i.e. the presence of five distinct protein components8. Multiple FimA or Mfa1 

subunits assemble into the fimbrial shaft, whereas FimC-E or Mfa3-5 comprise the tip 

portion and thus are termed as accessory proteins8,11,15,19. Neither the FimB, nor the Mfa2 

subunit features in the mature fimbriae, thus, presumably, they act as anchors (Fig. 

1A)8,12,16,18,20. The exact mechanism, leading to fimbrial polymerization and the parts played 

by each component, are yet to be elucidated. Current knowledge with regards to the 

assembly mechanism, mainly arises from the Escherichia coli studies, which is also gram-

negative, however, only distantly related8. Since P. gingivalis exhibits no detected genes 

coding for the necessary assembly components described in E. coli studies, this makes the 

comparative studies somewhat elusive and calls for an in-depth analysis of P. gingivalis 
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itself8,11. The focus of this study was on Mfa3 and Mfa4, two components of the Mfa1 

fimbriae.  

 
Figure 1. Mfa1 fimbriae in Porphyromonas gingivalis and the ribbon diagrams of two tip components, Mfa3 
and Mfa4. (A) Graphical representation of Mfa1 fimbriae, where each subunit is assigned a number based on 
its name, and the vertical line represents the outer membrane. The number of the Shaft proteins is not an 
accurate representation, but is chosen for the sake of general visualization. (B) and (C) display the ribbon 
diagrams of Mfa3 and Mfa4 respectively, with their respective Rgp cleavage sites. The cleaved portions are 
depicted in magenta.  

 

Mfa3 and Mfa4 share a few common features. Both proteins are composed of two β-

sandwich domains and both have a flexible loop, connecting the first and the second β-

strands8,11. The loop is the site of the arginine residue, serving as a recognition site for the 

indigenous arginine specific gingipain (Rgp), which is vital for protein maturation (Fig. 1A, 

B)8. According to previously established knowledge, the maturation process in type-V 

fimbrial proteins proceeds in a step-wise manner7,8,10,11. Mfa3 and Mfa4 first have their 

signal peptides cleaved after transport in the periplasm, by signal peptidase II. The 

generated precursor is further cleaved outside of the cell by Rgp at the N-terminal Arg43 

and Arg53 residues respectively, yielding a mature protein11. More than one hypothesis 

regarding the fimbriae polymerization has been proposed. One of them suggests that the 

hydrophobic groove, originated as a result of Rgp cleavage, readily accepts the flexible N-

terminal strand, i.e. the donor strand, of the next mature protein, via a donor-strand 
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complementation mechanism11,19. The process closely resembles the zip-in-zip-out 

mechanism in E. coli, where the polymerization machinery involves chaperones, whose β -

strands are displaced by those of fimbrial proteins in an equivalent manner11. Since no 

chaperones have yet been detected in P. gingivalis, the N-terminal extension is thought to 

function as an isogenous chaperone, filling in the gap before the actual binding partner is in 

vicinity11. Although structural and functional studies of these proteins are still ongoing, to 

current knowledge, both Mfa3 and Mfa4 are needed for the intact and functional 

fimbria8,10,11,15,19. Studies with Mfa3 and Mfa4-deficient mutant strains have shown that the 

absence of any of these tip proteins leads to the failure to incorporate the remaining 

accessory components into the fimbriae8,10,11,15,19. The proteins have also shown the 

tendency to auto-aggregate, which consequently acts as a downfall in the virulence 

mechanism10,15. 

The pathogenicity of P. gingivalis has long been recognised and the bacterium has since 

been a subject of intense studies, aiming towards the new drug discovery. Numerous 

studies have come up with numerous treatment proposals, ranging from herbal remedies to 

photo-activated disinfection (PAD) and, perhaps most commonly, antibiotic 

treatment3,5,11,14,17,19. However, in a scientific setup, bacteria are commonly studied in 

planktonic culture. This lifecycle is far from resembling their natural habitats, where they 

tend to associate into complex heterogeneous structures, i.e. biofilms1,3. Indeed, it has been 

firmly established that periodontitis is a biofilm-associated disease1. Antibiotics have thus 

far shown promise against planktonic cultures, but they are often unable to penetrate 

biofilms1,3,9,17,20. Thus the downfalls of present treatments creates a niche for novel 

therapeutics. To gain a better insight into polymerization events, further analyses of 

structure and function of the fimbrial proteins are evidently required. This in turn will pave 

the way for the novel anti-bacterial drug development, with the polymerization machinery 

as the target. 

Aim 

The aim of the study was to successfully over-express and purify two of the fimbrial tip 

proteins, Mfa3 and Mfa4, and to perform a series of diverse interaction analyses with the 

aid of both already established and new techniques. Reportedly these proteins polymerise 

via a donor-strand complementation mechanism in vivo, thus our protocols were aimed at 

mimicking the cellular behaviour with the readily available resources, while concomitantly 

optimising the inefficient steps.  

Materials and methods  

Overexpression. Competent E. coli BL21 (DE3) cells were transformed with the pET-28a 

expression vectors, containing mfa3 and mfa4 genes (GenBank accession codes BAG32808 

and AP009380 respectively), derived from genomic P. gingivalis (strain ATCC 33277) DNA. 

The constructs encoded His6-PMSDYDIPTTENLYFQGAM and kanamycin resistance. After a 
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50 s (42° C) heat shock, both stocks were supplemented with revitalizing medium (SOC 

broth, composed of 0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM 

MgCl2, 10 mM MgSO4, 20 mM glucose) and incubated at 37° C for 1 hour. Transformants 

were selected in kanamycin induced (50 μg mL-1) agar plates. The cells were cultured 

separately, based on their gene products, and also in combination, in order to investigate 

the occurrence of any unaided interaction. Primary cultures were prepared in the Lysogeny 

Broth ((LB) 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl), supplemented with 50 μg mL-1 

kanamycin, and grown at 37° C O/N, whereupon they were sub-cultured in a fresh LB and 

grown to the optical density of ~ 0.7, at 600 nm. The cultures were induced with 0.25 mM 

IPTG and subjected to 20° C for a second O/N incubation period. Cells were harvested by 

centrifugation at 4000 rpm. The pellets were flash-frozen by liquid nitrogen and stored at - 

80° C.       

Purification. Cell pellet was resuspended in lysis buffer (1x PBS pH 7.4, 300 mM NaCl, 10 

mM imidazole, 2 mM β- Mercaptoethanol, 1% triton-X 100 and an EDTA-free protease 

inhibitor cocktail (Roche)) and lysed by sonication (10 s pulse/20 s pause, for a total of 2:30 

min, at a power of 10) on ice. The crude lysate was centrifuged at 23000 rpm for 20 min, in 

order to remove the debris. The supernatant was subjected to a Ni-NTA agarose-packed 

(Qiagen) affinity column, where the nonspecifically bound proteins were washed out with 1x 

PBS pH 7.4, 140 mM NaCl and 10 mM imidazole, and the target protein was eluted with 1x 

PBS pH 7.4, 140 mM NaCl and 250 mM imidazole. The eluent was supplemented with TEV 

protease, at an enzyme : target protein ratio of 1:100 (w/w) and the sample was dialysed 

O/N in 1x PBS, at 4° C.  Cleaved His-tags and dissociated TEV were removed via the sample 

re-elution by 1x PBS pH 7.4, in a Ni-NTA-packed column. The eluent was concentrated by a 

centrifugal filter (AMICON ULTRA-15 15 mL - 10 KDa cutoff), at 4000 rpm, 8° C. It was 

subsequently centrifuged for 5 min, at 15000 rpm, 8° C and filtered (0.2 μm GHP ACRODISC 

13).  The protein was further purified by size-exclusion chromatography (HiLoadTM 16/60 

SuperdexTM 200 prep-grade column, Amersham Biosciences), exchanging the buffer to 20 

mM Tris-HCl pH 7.4, 100 mM NaCl. Fractions, corresponding to the target protein, were 

concentrated by a centrifugal filter (AMICON ULTRA-15 15 mL - 10 KDa cutoff), flash-frozen 

by liquid nitrogen and stored at - 80° C. All purification steps were followed and controlled 

by SDS-PAGE.    

Pull-down assay. The fraction obtained after the 1x PBS pH 7.4, 140 mM NaCl, 10 mM 

imidazole wash, containing sufficient amounts of His-tagged protein, was concentrated by a 

centrifugal filter (AMICON ULTRA-15 15 mL - 10 KDa cutoff). 4 mg of the protein were 

loaded onto 400 μL Ni-NTA resin for a 1 hour interaction period. The resin was washed 3x 

with 5CV 1x PBS pH 7.4, whereupon 4 mg of the His-tag-free target protein were added. 

After a 30 min incubation period, the wash was repeated, followed by an additional 1x 5CV 

wash with 1x PBS pH 7.4, 140 mM NaCl, 10 mM imidazole and a subsequent elution with 

100 μL 1x PBS pH 7.4, 140 mM NaCl and 250 mM imidazole. Every procedural step was 
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assisted by a 2 min centrifugation at 3300 rpm, 8° C. The outcome was assessed by SDS- and 

BN-PAGE.  

Enzyme assisted polymerization assay. The protein sample was diluted with 20 mM Tris-HCl 

pH 7.4 and supplemented with trypsin, to obtain a 1:100 (w/w) enzyme : target 

protein ratio. To establish the optimal proteolysis time, the digestion was monitored by 

assessing the aliquots at 15 min intervals, terminating the tests at a 60 min mark. 30 min 

was determined as an optimal time period. In subsequent studies, the solution was 

incubated on ice for 30 min. The sample was loaded onto an anion exchange column 

(MonoQ HR5/5 GE healthcare), where the unbound fractions were washed with 20 mM Tris-

HCl pH 7.4, and the target protein was recovered via a gradient elution with 20 mM Tris-HCl 

pH 7.4 and 1 M NaCl. Fraction corresponding to the target protein was supplemented with 

the sample of the binding partner at a target protein : binding partner ratio of 1:1 (w/w) and 

0.7 M urea. The solution was incubated O/N, at 4° C. The cleavage and chromatography 

products were analysed by SDS-PAGE, and the interaction events were assessed by BN-

PAGE. Dilute protein samples were precipitated by trichloroacetic acid (TCA) prior to SDS-

PAGE analyses.  

Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE). BN gels were prepared 

following a standard 10% SDS-gel recipe, replacing the SDS with the equivalent amount of 

water. Prior to loading, 7 μg of the sample were mixed with the 2x BN sample buffer (15 

mM Bis-Tris, 40% glycerol, 0.04 % bromophenol blue, 5mM β-ME, pH 6.8) in a 1:1 ratio (v/v). 

Once loaded, the samples were overlaid with cathode buffer (15 mM Bis-tris, 50 mM Tricine, 

0.002% Coomassie blue G250, pH 7). The inner chamber of the electrophoresis cell was 

filled with the remaining of the cathode buffer, whereas the outer chamber was filled with 

anode buffer (50 mM Bis-Tris, pH 7). The buffers were cooled to 4° C prior to use. The gel 

was subjected to 100 V for a period of 0.5 hours, whereupon the voltage was increased to 

250 V, and the gel was run for 3-4 hours, or until the dye front reached the end. The loading 

and the running of the gel was performed at 4° C. 

Two-dimensional BN/SDS-PAGE. Gels were prepared following a standard 15% SDS-gel 

recipe, with a single elongated lane for the first dimension BN-PAGE off-cut and a regular 

well for the molecular weight marker. The BN-PAGE lane of interest was incubated in 2x SDS 

sample buffer (15 mM Tris-HCl, 40% glycerol, 8% SDS, 0.04% bromophenol blue, 5mM β-ME, 

pH 6.8) for 10 min, at room temperature. Subsequently, the gel was boiled in a microwave 

for 20 s, followed by a 15 min incubation period at room temperature. The gel slice was 

placed over the elongated lane of the SDS-PAGE and overlaid with SDS sample buffer. 

Electrophoresis was performed following a standard protocol.  

Silver staining. The 2D gel was incubated in the Fixer solution (40% ethanol, 10% acetic acid, 

50% water) for 1 hour and  washed in water for at least 0.5 hours. It was then sensitized in 

0.02% thiosulfate for 1 min and washed in water for 3x 20 s. The gel was incubated in 4° C 

0.1% silver nitrate and 0.02% formaldehyde solution (0.2 g AgNO3, 200 mL water, 40 μL 36% 
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formaldehyde (added just before the use)) for 20 min, followed by another 3x 20 s water 

wash. The gel was transferred into a new tray, in order to decrease the potential 

background staining, caused by the AgNO3 residues. Gel was washed by water for 1 min. It 

was then developed in 3% sodium carbonate and 0.05% formaldehyde (7.5 g Na2CO3, 250 

mL water, 125 μL 36% formaldehyde (added just before the use)). The developer was 

removed once the proteins could be visualised. The gel was washed for 20 s by water and 

immersed in 5% acetic acid for 5 min, in order to terminate the staining. It was stored in 1% 

acetic acid.  

TCA precipitation. The protein sample was mixed with TCA at a sample : TCA ratio of 1:4 

(v/v) and incubated for 10 min, at -20° C. The mixture was centrifuged at 15000 rpm for 5 

min, at 4° C. The supernatant was discarded and the pellet was washed with -20° C cold  

acetone 2x 200 μL. Each wash was assisted by the 5 min centrifugation step. The pellet was 

dried and solubilised in the SDS sample buffer. 

Results and discussion 

Overexpression of Mfa3 and Mfa4 

Competent E. coli BL21 (DE3) cells were transformed with the pET-28a expression vectors, 

bearing the genes of interest, i.e. mfa3 and mfa4 respectively. The integrity of the 

constructs was verified with the aid of the kanamycin-induced streak plate. The multitude of 

colonies, observed after an O/N incubation, indicated resistance to the selectable marker, 

thus a successful transformation. Cells were cultured separately, based on their gene 

products. A fraction of each culture was used to prepare a combined sample, in order to 

initiate the subsequent interaction studies.  

Purification of Mfa3 and Mfa4  

As the first purification step, the samples were subjected to the Ni agarose-packed affinity 

column, based on the idea that the string of histidine molecules within the His-tag 

supplemented region, exhibits a stronger affinity to Ni, outcompeting any possible 

unspecific interactions, arising from naturally occurring histidines, that might be present in 

other constituents of the given sample. The purification progress, monitored by SDS-PAGE 

(Fig. 2A-C), indicated that the target protein got progressively purer with each procedural 

step. The gel also allowed to estimate the successful cleavage of the polyhistidine affinity 

tag, since the target band was observed to have settled lower both in the dialysed and the 

final elution samples (Fig. 2A-C, 5, 6), in comparison to the preceding loads. The successive 

purification of the eluents continued by the size exclusion chromatography column. The 

consistency of the protein-column interaction could be concluded via comparison of the 

individual elution profiles with the joined one. In both cases Mf3 and Mfa4 were eluting at ~ 

70 mL and ~ 80 mL respectively (Fig. 2D-F). The size exclusion column was also to reveal 

whether any Mfa3 and Mfa4 interaction had taken place. Former studies (unreported) had 

proposed that the formed complex might be eluting at ~ 60 mL. Hence the minor bump, 
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preceding the main Mfa3 peak, could indicate a complex formation (Fig. 2D, F). In the 

current case, the SDS-PAGE revealed that the fraction in question also contained both of the 

proteins, with Mfa3 clearly the dominating one (Fig. 3A, 1).  

 

Figure 2. Mfa3, Mfa4 individual and combined purification analyses, where (A-C) display the SDS-PAGEs for 
Mfa3, Mfa4 and Mfa3&Mfa4 respectively, monitoring the Ni-Affinity Chromatography, and (D-F) correspond to 
the respective elution profiles, following the size-exclusion chromatography. (A-C) lanes: 1- crude lysate, 2- 1st 
wash, 3- 2nd wash, 4- eluent, 5- dialysed sample, 6- re-elution, 7- Molecular Weight Marker.     

 

Detection of a Mfa3 and Mfa4 complex by BN-PAGE 

To assess whether a complex would form, a sample with both proteins in the mix was 

prepared for follow up tests by BN-PAGE. The sample was allowed to react O/N, at room 

temperature. A conclusive picture was not obtained, due to either low sample 

concentrations or non-optimal separation (Fig. 3B). Nonetheless, three protein fractions 

could be detected. Apart from the ones seemingly corresponding to Mfa3 and Mfa4 

respectively, a new higher complex was apparent (Fig. 3B, 3). 
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Figure 3. Size exclusion chromatography elution profile of the mixed Mfa3&Mfa4 sample, and the BN-PAGE, 
representing the unassisted protein interaction. (A) SDS-PAGE, displaying the collected elution fractions, 
corresponding to the peaks in Figure 2F. Lanes 1-6 and 8-14 are the protein fractions, whereas lane 7 
corresponds the Molecular Weight Marker. (B) BN-PAGE. Lanes: 1- purified Mfa3, 2- His-Mfa3 eluent, 3- 
Mfa3&Mfa4 interaction sample (protein bands are circled by a grey dotted line), 4- His-Mfa4 eluent, 5- purified 
Mfa4. 

 

Assessment of Mfa3 and Mfa4 interaction via a pull-down assay 

The possibility of unassisted interaction was further explored via a pull-down assay. 

Therefore, the wash fractions form the initial Ni-affinity purification, still containing 

polyhistidine tags, were interchangeably used as "baits" (labelled as His-Mfa3 and His-Mfa4 

in Fig.3B and Fig.4) for the equivalent cleaved and purified interaction partners, i.e. "preys". 

The "preys" also served as experimental controls, since their binding to the column would 

indicate the presence of unspecific nickel-protein interaction. Indeed, an obvious hint of 

such an occurrence could be observed on the SDS-PAGE (Fig. 4A, B, 9-11), where the protein 

bands, corresponding to the three consecutive wash steps, are as sharp as those 

corresponding to the interaction setup (Fig. 4A, B, 1-6). Judging from the presence of Mfa4 

in the last PBS wash and the near absence of it in both the final imidazole wash and the 

elution fractions, it appears that the protein did not interact with Mfa3 (Fig. 4A, 5, 6), but 

instead showed some relatively minor interaction with the Ni resin. Similar pattern could be 

observed in the control sample, where the protein concentration got progressively weaker 

with each procedural step. Contrary, with Mfa4 as a bait, the elution fraction contained 

both of the proteins (Fig. 4B, 6), however, the behaviour of the control revealed that instead 

of the presumed protein complex, a rather strong nickel-Mfa3 binding had taken place (Fig. 

4B, 9-11). Unsurprisingly, this pattern is observed in Mfa3 rather than Mfa4, since the 

naturally occurring histidine content in the former is twice as high. It is thus reasonable to 

assume that the incident of the two protein bands is a result of unspecific interaction rather 

than the expectative one. BN-PAGE did not unambiguously show a higher complex 

formation (Fig. 2B, 2, 4), although in the case of His-Mfa4, the observed pattern could be 

comparable to that of the O/N sample.  
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Figure 4. Pull down assay profiles. (A) Assay with His-Mfa3 as a bait. Lanes: 1- His-Mfa3, 2- PBS wash, 3- Mfa4 
(the prey), 4- PBS wash after the incubation with Mfa4, 5- wash with 10 mM imidazole-supplemented PBS, 6- 
elution with 250 mM imidazole-supplemented PBS, 7- Molecular Weight Marker, 8- Mfa3&Mfa4, 9-11 are the 
experimental controls, corresponding to PBS wash, 10 mM imidazole-supplemented PBS wash and the elution 
fractions respectively (B) Equivalent to (A), but with His-Mfa4 as the bait and Mfa3 as the prey. (C) Assay with 
His-Mfa3 as the bait and trypsin cleaved Mfa4 as the prey. Sample order in lanes 1-7 is equivalent to 
corresponding lanes in (A) . Samples 8-13 were supplemented with 0.5 M urea. Sample order is the same as in 
lanes 1-7. 

 

Protease and urea-assisted Mfa3 and Mfa4 interaction 

To assist the possible complex formation, both proteins were subjected to a series of timed 

limited proteolyses with α-chymotrypsin and trypsin. Since the estimated cleavage points 

(Appendix 1) were in close proximity to that of Rgp (unavailable at the time), the setup was 

to mimic the naturally occurring cellular event. The estimated outcome was based on the 

hypothesis that the first cleavage point would free the hydrophobic groove for the donor 

strand of the respective binding partner to interact with. Mfa3 did not seem to be 

susceptible to proteolysis in a desired manner by neither of the enzymes, i.e. instead of 

generating a clear cut-off, even after the 60 min mark, the vast majority of the proteins 

remained intact (Fig. 5A), whilst the remaining portion were degrading in an uncontrolled 

manner. Mfa4, on the other hand, exhibited a higher protease susceptibility, especially to α-

chymotrypsin, since 15 min were already enough to lose a substantial portion, whereas 

trypsin required 4 times as long to achieve an equivalent result (Fig. 5B). However, the 

generated cut-off was above 14.4 kDa, which would indicate that the protease cleaved 

around 1/3 of the protein. Even though the cleaved portion was significantly bigger than 

desired, it could still be speculated that the hydrophobic groove was generated prior to the 

major cut, thus the complex formation could still be possible. Hence, to further investigate 

the enzyme assisted protein interaction potential, Mfa4 was subjected to trypsin proteolysis 

for 30 min, in order to reserve an adequate time window for the follow-up steps. The 

protein sample was subsequently supplemented with a low urea concentration, to enhance 

the partial unfolding. A urea-free fraction served as an experimental control.  
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The repeated pull-down assay with the his-tagged Mfa3 yielded similar results for both of 

the fractions, although higher protein concentrations seemed to have been obtained with 

urea present (Fig. 4C). Interestingly, Mfa3 and the cleaved Mfa4 was apparent in the eluent, 

which did not seem to be the case in the protease-unaided assay (Fig. 4A). However, as 

trypsin was not removed, it is uneasy to estimate how and if it affected the column-bound 

Mfa3 and hence the interpretation of the observed results is difficult. The BN-PAGE follow-

up resulted in an inconclusive outcome, i.e. no protein bands were detected. This could be 

an indication that the potent trypsin protease cleaved the remaining protein at every lysine 

and arginine residue present. The cleavage products would be expected to be too minor to 

detect by BN-PAGE.  

   

 
Figure 5. Proteolysis profiles, where A is a display of Mfa3 digestion series with α-chymotrypsin (left) and 
trypsin (right), and B shows the equivalent study with Mfa4. Representative digestion time periods are 
displayed above each well. 

 

Mfa4 purification by anion exchange chromatography 

In order to counteract the undetermined proteolysis events, trypsin was removed from the 

reaction with the aid of anion exchange chromatography, once the set digestion time had 

elapsed. The significant difference in isoelectric points (pI) allowed for an optimal separation 

at pH 7.4. The positively charged trypsin (pI ~ 10.1 - 10.5) had no interaction with the 

column and was detected in the initial wash fraction, whereas Mfa4 (pI ~ 5.02), bearing a 

negative charge, was recovered via the gradient elution with increasing salt concentration 

(Fig. 6B). SDS-PAGE revealed an incomplete digestion, hence the later fractions, 

corresponding to the original Mfa4, were eluting prior to the cleaved ones, resulting in a 

fused peak (Fig. 6A, B). For further studies, fractions, containing the lowest concentration of 

the uncut protein, were used. 
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Figure 6. Anion exchange chromatography elution profile of the trypsin-cleaved Mfa4, where (A) displays the 

SDS-PAGE and (B) is the respective chromatogram. (A) Lanes: 1- reference Mfa4, 2- wash fraction, containing 

trypsin, 5- Molecular Weight Marker, 3, 4 and 6-10- fractions corresponding to the major peak in (B).  

 

 

Urea-assisted Mfa3 and Mfa4 complexation  

The enzyme-free sample was subjected to a series of urea concentrations, within the range 

of 0.5 - 1.0 M, and to 2 or 12 hours of interaction time. The results did not show any 

significant deviation from one another, despite the 0.7 M urea sample seemingly exhibiting 

higher protein concentrations (Fig. 7A, 3). Discounting the possibility this was the result of a 

higher sample volume in the particular well, the sample composition was deemed the most 

effective and thus was used in the follow up studies. To test whether the reaction time has 

any influence on the outcome, the sample components were left to interact for 2 and 12 

hours. Indeed, the BN-PAGE revealed that an extended reaction time period might lead to 

different complexations (Fig. 7B, 3, 4). What was also discovered, was the oligomerization of 

Mfa3 (Fig. 7B, 2). 

 

Evidently, the protein formed complexes with itself not only in a single protein solution, but 

also with the addition of Mfa4. The extent of dimerization seemed to vary, depending on 

what environment the protein was in, however, in neither case an oligomer was observed. 

Even in a single protein solution, complexes, that could possibly be identified as dimers and 

tetramers, were observed. The addition of urea and Mfa4 had a different effect on the 

degree of Mfa3 oligomerization, depending on the time span the reaction took. 2 hours 

seemed to be enough for dimerization, however, after an O/N incubation, tetramers had 

started to appear (Fig.7B, 3, 4). Mfa4 also reacted to the presence of urea and/or the 

addition of its binding partner. When comparing the outcome corresponding to the single 

protein solution with that of the mixture, the latter exhibited a different set of complexes 

(Fig. 7A, B). The initial protein form was no longer present in the mixed sample, and instead 

a higher complex was apparent. Presumably, the extent of unfolding, induced by low urea 

concentrations, is enough to retain the Mfa3 in its oligomeric form, thus in the presence of 

Mfa4, the proteins are able to interact. Among other possibilities would be the Mfa4 

dimerization or even assembly into higher oligomers.  
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Figure 7. BN-PAGE analyses of the different urea concentrations and exposure times on the sampe 
compositions. (A) Lanes: 1- purified Mfa4, 2- protein sample, supplemented with 0.5 M urea, 3- protein 
sample, supplemented with 0.7 M urea, 4- protein sample, supplemented with 0.8 M urea, 5- protein sample, 
supplemented with 1 M urea. (B) Lanes: 1- trypsin-cleaved Mfa4, 2- purified Mfa3, 3- 0.7 M urea-assissted 2 
hour interaction, 4- 0.7 M urea-assissted 12 hour interaction. 

 

AgNO3 staining for visualisation of the compound compositions  

To shed some light on the complex compositions, an unstained band, bearing the O/N 

sample, was excised and analysed by the two-dimensional gel electrophoresis (2D-PAGE). In 

principle, the method was to separate the exisitng molecules according to their molecular 

mass, which would in turn indicate the conctituents of the particular complex. To enable 

visualisation, the AgNO3 staining method was subsequently applied. The method, however, 

did not dissipate the speculations. While a few stained spots were detected, they were not 

consistent with the molecular weights of the analysed proteins, thus they could be deemed 

as staining artifacts.  

 

 
Figure 8. 2- DE and silver staining of the BN-PAGE off cut, corresponding to the 0.7 M urea-assissted 12 hour 
interaction sample, where (A) represents the position of the BN-PAGE off cut, atop the SDS-PAGE and (B) is the 
AgNO3- stained second dimension SDS. Stained spots are circled by a grey dotted line.  
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Conclusions 

Porphyromonas gingivalis has long been established as a keystone pathogen, modulating 

the synergy of the entire oral microbiota. The created dysbiosis does not only cause chronic 

inflammation and periodontal destruction, but may also lead to a number of systematic 

chronic diseases. Despite its abundance and the extensive research, the knowledge on the 

structure and function of its fimbriae is still lacking. This study was aimed to elucidate 

whether the hypothesis, based on the previous structural and biophysical analyses 

regarding the Mfa3 and Mfa4 association via the donor-strand complementation 

mechanism, could be tested.  

Previous studies (unreported) have claimed that in the mixture of the three tip proteins, i.e. 

Mfa3, Mfa4 and Mfa5, the former two might have the tendency to form a weak complex. 

Since the discovery was based on the results of the size exclusion chromatography, this was 

the first interaction assessment in the current case. The mixed Mfa3&Mfa4 sample was 

subjected to the size exclusion column. However, even if occurring, the weak interaction 

would most likely not sustain in the column's matrix. Indeed, only small representative peak 

was recorded by the chromatogram, whereas SDS-PAGE revealed the presence of both 

proteins, however, with a clear dominance of Mfa3. The sample with Mfa5 in the mix, had 

yielded both a more prominent peak and the protein ratio closer to 1:1. It could be 

hypothesized that the presence of Mfa5 has an influence on the assembly of the tip 

proteins. Although the subsequent analyses by the BN-PAGE showed the tendency of Mfa3 

to oligomerise, so this could also indicate the nature of the peak. To see if the proteins were 

naturally drawn to associate just by being in close proximity to one another, they were 

allowed to interact overnight and the outcome was analysed by the BN-PAGE directly. A 

complex that did not correspond to the profile of neither Mfa3 nor Mfa4, was found. Similar 

patterns were observed on all of the subsequent blue native gels, i.e. the presence of the of 

the higher protein complexes, however, without conclusive follow up tests, the nature of 

their composition could only be speculated. Complexation under the given conditions, 

however, would hamper and/or question the donor-strand complementation studies, since 

the proposed mechanism involves more than just the two proteins in a solution. Although it 

should be taken into account that experimental setup did not resemble the cellular 

environment, where a number of other factors may contribute to the outcome.  

Owing to the collaboration of various intramolecular interactions, proteins are moderately 

more stable in their folded states. One of the ways to disrupt the stability is the addition of a 

co-solvent, such as urea. Reportedly, in the presence of aromatic amino acids, the 

equilibrium towards the unfolded state is shifted via the urea-aromatic stacking 

interactions21. However, even in the presence of urea, no Mfa3 oligomer was detected. It 

should be noted that the stoichiometry of the fimbriae components is still a subject of 

research, and it has not been irrefutably determined that Mfa3 and Mfa4 assemble in 1:1 

ratio. The observed Mfa3 aggregation might mean that more than one of these proteins are 
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polymerized into one fimbriae. On the other hand, the oligomerization might indicate that 

the protein is simply unstable when removed out of its natural environment, i.e. in the 

absence of other cellular components in P. gingivalis.  

Mfa3 oligomerization might also suggest that it was searching for the interaction partner, 

but the experimental setup was lacking of some vital components for the polymerization 

with Mfa4 to take place. One might theorize that Mfa4 refolds after the trypsin cleavage, 

and the generated flanking end gets buried inside the hydrophobic core, rendering itself 

inaccessible. Additionally, the region exposed after digestion might be far from resembling 

the one generated under natural conditions, when Rgp is involved, thus Mfa3 preferentially 

forms homooligomers.  It can as well be speculated that Rgp does not only cleave, but is 

also acting as a chaperone, whose assistance is vital.  

A number of factors influence the stability and behaviour of the protein once it is out of its 

natural environment. Additionally, the experimental outcome varies depending on the 

procedural setup. For instance, the idea to use an alternative enzyme for Rgp was borrowed 

from the former Kloppsteck et al studies, where the Mfa4 cleavage with chymotrypsin 

closely mimicked the function of Rgp. As shown here, instead of freeing the hydrophobic 

groove, the cleavage resulted in the loss of 1/3 of the protein and did not lead to an optimal 

interaction. Additionally, different oligomeric forms may exhibit different affinities for their 

binding partners, and the macromolecular association is often oligomer specific. Preferential 

Mfa3 oligomerization hinders the access of Mfa4, and thus troubleshooting this occurrence 

would be the first step in the future assay optimization.  

As well as optimising the conditions to maintain the proteins in their oligomeric forms, the 

tests whether the presence of both Rgp and the remaining fimbrial subunits, are underway. 

Without further studies with much needed method optimisation, the outcome of this study 

is still a subject for speculation. Broadening of the scarce knowledge about the structure 

and assembly mechanism of the fimbrial proteins, would advance the search for novel more 

efficient therapeutics.  
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Appendix 

1. Mfa4 sequence with trypsin cleavage sites (Rgp cleavage point is indicated by the red arrow) 

 

 

 

 


