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SUMMARY

Treponema denticola is an oral spirochete strongly associated with severe periodontal disease. A 

prominent virulence factor, the major outer sheath protein (Msp), disorients neutrophil chemotaxis 

by altering the cellular phosphoinositide balance, leading to impairment of downstream 

chemotactic events including actin rearrangement, Rac1 activation and Akt activation in response 

to chemoattractant stimulation. The specific regions of Msp responsible for interactions with 

neutrophils remain unknown. In this study, we investigated the inhibitory effect of truncated Msp 

regions on neutrophil chemotaxis and associated signaling pathways. Murine neutrophils were 

treated with recombinant protein truncations followed by assessment of chemotaxis and associated 

signal pathway activation. Chemotaxis assays indicate sequences within the C-terminal region; 

particularly the first 130 amino acids, have the strongest inhibitory effect on neutrophil 

chemotaxis. Neutrophils incubated with the C-terminal region protein also demonstrated the 

greatest inhibition of Rac1 activation, increased phosphoinositide phosphatase activity, and 

decreased Akt activation; orchestrating impairment of chemotaxis. Furthermore, incubation with 

antibodies specific to only the C-terminal region blocked the Msp induced inhibition of 

chemotaxis and denaturing the protein restored Rac1 activation. Msp from the strain OTK, with 

numerous amino acid substitutions throughout the polypeptide, including the C-terminal region 

compared to strain 35405, showed increased ability to impair neutrophil chemotaxis. Collectively, 

these results indicate the C-terminal region of Msp is the most potent region to modulate 

neutrophil chemotactic signaling and that specific sequences and structure is likely required. 

Knowledge of how spirochetes dampen neutrophil response is limited and Msp may represent a 

novel therapeutic target for periodontal disease.
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INTRODUCTION

Periodontal disease is a microbial-induced chronic inflammatory condition characterized by 

destruction of both the soft and hard tooth-supporting tissues1. It is estimated that 
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approximately 47% of the US population suffers from some form of periodontal disease2. 

Periodontal disease involves both dysbiosis of polymicrobial populations in the oral cavity 

and the host immune response1,3,4. In addition to being a leading cause of poor oral health 

and tooth loss, there are also significant links between periodontal disease and oral bacteria 

with systemic conditions including cardiovascular disease5,6, diabetes7, respiratory 

disease8,9 and cancer10–12.

Neutrophils are key rapid- response cells of the innate immune system that are recruited to 

sites of infection to eradicate pathogens, including in the oral cavity13. Neutrophils 

constitute the majority of the immune cells recruited to the gingival tissue and crevice14–16. 

The importance of neutrophils in maintaining periodontal health is reflected by the fact that 

more severe periodontal disease is observed in congenital diseases in which neutrophil 

recruitment and function are compromised15,17. Neutrophils migrate in a directed fashion 

towards chemoattractants, such as cytokines, complement peptides and bacterial products 

and chemicals including formyl group peptides (N-formylmethionyl-leucyl-phenylalanine, 

fMLP)18. Additionally, peripheral blood neutrophils from subjects with chronic periodontal 

disease have been reported to display impaired neutrophil chemotaxis in in vitro assays19,20.

Key to neutrophil chemotaxis is dynamic elongation, protrusion and retraction of the cell 

body, necessitating appropriate cytoskeleton remodeling and signaling mechanisms21,22. 

This requires asymmetrical distribution of molecules within the cell, including accumulation 

of the phosphoinositide second messenger molecule, phosphatidylinositol (3,4,5)-

triphosphate (PIP3). Appropriate localization of PIP3 and downstream Rac1 activation at the 

leading edge of the neutrophil has been proposed to act as a cellular “compass”, driving 

efficient neutrophil migration23–25. PIP3 production is catalyzed from phosphatidylinositol 

4,5- bisphosphate (PtdIns[(4,5)]P2) by the lipid kinase phosphatidylinositol 3- kinase 

(PI3K)26, while also being counteracted by the lipid phosphatases; the phosphatase and 

tensin homolog (PTEN) and the SH2-containing inositol phosphatase1 (SHIP1), which 

generate PtdIns[(4,5)]P2 and PtdIns[(3,4)]P2, respectively27,28. PI3K, PTEN and SHIP1 

play complex interconnected roles in orchestrating and regulating neutrophil directional 

sensing and migration29–32. PTEN acts a negative regulator of neutrophil functions, 

including actin polymerization and sensitivity to chemotaxis32,33

The spirochete Treponema denticola is a key pathogen of the polymicrobial dysbiotic 

biofilm associated with periodontal disease. T. denticola and other oral spirochetes are a 

minor component in gingival plaque of healthy individuals, however they proliferate 

robustly in plaque of individuals with periodontal disease34–37. Spirochetes preferentially 

localize in deep periodontal pockets at the biofilm-tissue interface38–40, in close association 

with neutrophils41. The major outer membrane sheath protein (Msp) of T. denticola is a 

prominent membrane protein42 and one of the organism’s most well-characterized virulence 

factors. Msp is well known to perturb cell functions and cell-signaling pathways in host cells 

including neutrophils (for recent review see43,44). Msp is able to upset the effective PIP 

balance through activation of PTEN and inhibition of PI3K activation45,46, leading to 

hierarchical inhibition of crucial downstream local neutrophil chemotactic events including 

selective Rac1 activation and actin cytoskeleton rearrangement47–49.
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Msp is thought to constitute a channel-forming porin, which can exist as one or more high 

molecular weight complex forms50–53. There is also a small central variable region which 

displays variation between some well-studied laboratory strains54,55, as well as noted 

heterogeneity in clinical samples56. Regions in the N- terminal half of Msp have been 

reported to mediate binding to extracellular matrix components54 while the C- terminal 

domain has been reported to possess pore-forming capability50. Localization of Msp within 

intact spirochetes is controversial as it has been reported that Msp is surface exposed53,57, 

while others have reported limited surface exposure58. Initial studies examining localization 

of Msp in intact spirochetes suggested the N- terminal and central V- region are surface 

exposed54, however a recent study has suggested that Msp has a bipartite architecture, with 

an N- terminal domain and a C- terminal domain, of which the C- terminal domain is surface 

exposed50. Given the differing thoughts on Msp location, structure, and function, it is clear 

there is still much to be understood about the structure and function of Msp.

Despite the wealth of knowledge about the interactions of Msp with host cells, crucial 

knowledge of the key protein regions involved is lacking. Regions of Msp responsible for 

extracellular matrix interaction and porin function have been reported50,54, yet protein 

region(s) important for modulation of neutrophil function are not known. The goal of this 

study is to identify the active region(s) of Msp responsible for impairment of neutrophil 

chemotaxis and to characterize the signaling mechanisms involved. Understanding this 

process will increase our knowledge of how T. denticola contributes to the impairment of 

neutrophil function. Moreover, Msp presents a novel target for development of new 

treatments or therapeutics with potential for improving both oral and overall health.

METHODS

Murine neutrophil isolation

Murine neutrophil isolation has been previously described46. All procedures were approved 

by the University at Buffalo Institutional Animal Care and Use Committee. Briefly, 

C57BL/6J wild-type mice (male, 6 weeks old) were purchased from Jackson Laboratory 

(Bar Harbor, Maine). Femurs and tibias were removed and cells were isolated from bone 

marrow by fractionation into discontinuous Percoll (Sigma) gradients (80%, 65%, 55%). 

Mature neutrophils were isolated from the 80%/65% interface.

Bacterial strains and culture conditions

Treponema denticola strains used in this study are listed in Table 1. Wild type strains were 

routinely grown anaerobically at 37 °C in NOS media while the Msp mutant strain MHE 

(gift of Dr. Chris Fenno) was grown in NOS containing 40 μg/ml erythromycin59. Cultures 

were examined for purity, typical morphology and enumerated using dark-field microscopy. 

For bacteria-neutrophil incubation experiments, strains were grown for 3 days anaerobically, 

washed 2 times with PBS, followed by counting by darkfield microscopy for use in the 

assay. All Escherichia coli strains were grown in Luria-Bertani (LB) broth with shaking or 

on LB agar at 37 °C with appropriate antibiotics.
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Cloning of the Msp proteins and Msp protein fragments

Bacterial strains and plasmid constructs used throughout this study are detailed in Table 1. 

Plasmids previously transformed into the E. coli strain M15 for expression of recombinant 

Msp, and the N-, V- and C- region proteins have been previously described54 and were 

generous gifts from Dr. Howard Jenkinson (The University of Bristol). Plasmid pET23b 

which adds a N-terminal T7 tag (~1 kDa) and a C-terminal six-histidine tag (~1 kDa) to the 

construct was a gift from Dr. Wilma Hofman (The University at Buffalo). The 1690-bp 

nucleotide sequence corresponding to the msp gene from strain OTK lacking the leading 

sequence, was amplified by PCR using genomic DNA as the template with the primers listed 

in Table 2. Strain OTK was a gift from Dr. Chris Fenno (The University of Michigan). The 

OTK Msp PCR product was digested with BamHI and XhoI (Thermo) and ligated into 

plasmid pET23b similarly digested. The C- terminal region of 35405 was further divided in 

half with the first 405-bp region termed CA and the remaining 411-bp region called CB, also 

amplified by PCR with primers detailed in Table 2. Both amplicons were digested with 

BamHI and XhoI (Thermo) followed by ligation into pET23b. These ligation mixtures were 

transformed into chemically competent E. coli strain DH5α and grown on Luria Broth (LB) 

plates containing 100 μg/ml ampicillin. The expression plasmids were named p23-OTK, 

p23-CA and p23-CB, respectively, and were isolated with Qiagen mini prep plasmid 

isolation kit following the manufacturer’s instructions. Plasmids were next transformed into 

E. coli strains for protein expression as follows; p23-CA and p23-CB into strain C41 (DE3) 

and p23-OTK into strain BL-21 pLysS (DE3).

Expression and purification of native and recombinant Msp and Msp fragments

Native Msp complex from strain 35405 was isolated as previously described52,60,61. Briefly, 

T. denticola cultures (2 l) were grown for 3 days in modified NOS medium62. The Msp 

preparation was highly enriched by sequential deoxycholate and n-octylpolyoxyethylene 

extraction, ultracentrifugation, autoproteolysis of the extract, concentration by ultrafiltration 

(Amicon Concentricon Plus 80), extensive washing in 10 mM Tris (pH 8.0) and distilled 

H2O ultracentrifugation and extensive dialysis.

Recombinant Msp (strain 35405) and the N-, V- and C- regional truncated proteins of Msp 

from strain 35405 were purified as previously described with minor modifications54 and the 

same method was used for recombinant Msp (strain OTK) and the CA and CB protein 

fragments unless otherwise indicated. The E. coli protein expression strains containing the 

plasmid constructs (Table 1) were incubated with shaking in 100 ml LB medium containing 

appropriate antibiotics (ampicillin (100 μg/ml) alone for pET23b and with kanamycin (25 

μg/ml) for PQE30) from an overnight culture to OD600 ~0.6. Isopropyl-β-D-

thiogalactopyranoside (IPTG) (1mM) was then added and the culture was incubated for 4 

hours 37°C. Bacteria were harvested by centrifugation (5,000 × g for 10 min). The rMsp, N, 

V, and C protein pellets were solubilized in 2 ml lysis buffer (8M urea, 0.1M NaH2PO4, 

0.01M Tris, pH 7) and mixed gently for 4 hours at room temperature. Cellular debris was 

removed by centrifugation (12,000 × g for 15 min). Pellets containing rMsp-OTK, CA and 

CB proteins were resuspended in 5 ml of lysis buffer and mixed by rocking for 1 hour at 

room temperature. The suspensions were then sonicated with a Branson Sonifier 450 at 

setting 5, using an 80% pulsed cycle of four 30 sec bursts with 2-min pauses. The sonicated 
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bacterial lysates were centrifuged 10,000 × g for 20 minutes at 4 °C to remove cellular 

debris. Phenylmethylsulfonyl fluoride (PMSF 100 μM) (Sigma) was added to all the 

resulting supernatants containing the proteins.

All resulting supernatants were incubated with HisPur Ni-NTA Resin (Thermo) according to 

manufacturer’s instructions. Briefly, 5 ml of bead suspension was centrifuged at 3,500 × g 

for 5 minutes and the storage buffer removed. The beads were equilibrated with the lysis 

buffer prior to incubation with the bacterial lysate suspension for 30 minutes at room 

temperature with rocking. A column elution was then performed by washing the resin with 

bound protein once with 2X resin volume of wash buffer (1M NaCl, 10% EtOH, 2% 

Tween-20, 10 mM imidazole) followed by two additional washes with lysis buffer 

containing 10 mM imidazole (2X resin volume). Recombinant proteins were eluted three 

times with the lysis buffer containing 300 mM imidazole (0.5 ml). Pooled eluates containing 

purified proteins were then dialyzed stepwise into 6M, 4M and 2M urea solutions, then into 

1X PBS three times using Slide-A-Lyzer Dialysis Cassettes (Thermo) of 20,000, 10,000, or 

3,500 MWCO, as appropriate. The concentration of the pooled eluates was determined using 

the BCA protein assay (Thermo). Protein purity and expected molecular weight size of all 

recombinant protein truncations was confirmed with Coomassie staining of an SDS-PAGE 

gel (Sup Fig 1) and western blotting with a His-tag antibody (Pierce) and anti-Msp 

antiserum (rMsp: 53 kDa, N-Msp: 23 kDa, C- Msp: 32 kDa, V- Msp: 8 kDa, CA-Msp: 14 

kDa, CB-Msp: 15 kDa), while OTK recombinant Msp reactivity was confirmed with a His-

tag antibody (62 kDa) as it does not react with this anti-Msp antiserum (data not shown). 

The endotoxin activity of the recombinant protein preparations was measured using a 

Limulus Amebocyte Lysate (LAL) assay (Pierce). All protein preparations were essentially 

free of endotoxin contamination (range of 0.00269 to 0.0079 EU/μg of protein). All 

experiments using native Msp complex, recombinant Msp protein or Msp truncations were 

performed using a concentration of 30 ug/ml as this is within the reported effective dose 

range to affect multiple functions of both neutrophils and fibroblasts45,47,49,60

Chemotaxis assays

Quantitation of chemotaxis using a Zigmond chamber has been previously described46. 

Briefly, cells were treated with nMsp, rMsp, N, C or V truncated proteins (30 μg/ml for all) 

for 30 minutes at room temperature prior to being resuspended in Hank’s Balanced Salt 

Solution (HBSS), pH 7.4, with 1% gelatin and allowed to attach to 1% BSA coated 

coverslips (22 × 40 mm) at 37 °C for 10 minutes. Coverslips were inverted onto a Zigmond 

chamber, and HBSS solution was added to the left chamber while 1 μM fMLP was added to 

the right chamber. Images were taken every 20 seconds for 15 minutes using a Nikon 

Eclipse microscope E1000 equipped with a Hamatsu camera (model ORCA-ER). Images 

were analyzed using ImageJ software and chemotaxis analysis (migration and speed) 

performed using the manual tracking and chemotaxis tools in ImageJ.

Analysis of chemotaxis using transwell assay was performed according to the 

manufacturer’s instructions (Transwell, Costar 3472 Clear, Corning). Briefly, media with or 

without fMLP (1 μM) was placed in the bottom of the plates. Neutrophils (0.5 × 106) were 

incubated with or without Msp proteins (30 μg/ml) for 30 minutes at room temperature. In 
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the case of chemotaxis experiments with whole bacteria, bacteria at an MOI of 500 (2.5 × 

108 bacteria) as determined by counting with a darkfield microscope were added to the 

media in the bottom of the wells in the absence of fMLP. To examine the effect of nMsp on 

unstimulated neutrophil movement, neutrophils pre-exposed to nMsp were placed in wells in 

the absence of fMLP. For all assays, the neutrophil suspensions were added to the top of the 

transwell and incubated at 37 °C for 1 hour. The top of the membrane was gently wiped 

clean and the entire membrane was fixed in 4% paraformaldehyde overnight at 4 °C. 

Membranes were then washed and stained with crystal violet. After subsequent washing 

with dH2O until all excess dye had been removed, cells fixed to the membrane representing 

the migrated cell population were counted using an inverted microscope. The cells in 5 

different areas of each membrane were counted, with duplicate transwells per condition, to 

yield the total migrated cells. All data were normalized to the control with fMLP alone 

(positive control). To determine the impact of antibody interaction on neutrophil chemotaxis, 

native Msp complex was incubated with a 1:50 dilution of α-N -terminal or α-C-terminal 

antibodies for 1 hour in PBS prior to exposure to neutrophils for 30 minutes and transwell 

chemotaxis as described above. Antibodies directed towards the N- and C-terminal region of 

Msp were kind gifts of Dr. Howard Jenkinson (The University of Bristol) and Dr. Justin 

Radolf (University of Connecticut Health Center)50,54

Rac1 activation assay

To determine the activation state of Rac1 in response to Msp and Msp truncated fragments, 

G-LISA assays were used following the manufacturer’s instructions (Cytoskeleton Inc.) as 

previously described45. Murine neutrophils (1 × 106 cells) were pre-treated with Msp 

proteins (30 μg/ml) for 30 minutes, followed by fMLP stimulation for 1 minute, washed and 

lysed. Equal amounts of cell lysate samples were used in the G-LISA assays. Rac1 

activation was measured using a luminescence plate reader at 100 ms integration (Molecular 

Devices FlexStation3).

Akt phosphorylation analysis

Murine neutrophils (1×106 cells) were pre-treated with Msp or Msp truncated proteins for 

15 minutes followed by stimulation with fMLP (1 μM) for 1 minute then lysed with SDS 

sample buffer and boiled. For western blot analysis, equal amount of the total protein lysates 

were separated by SDS-PAGE, followed by transfer to nitrocellulose. Membranes were 

blocked in 5% milk/TBS/0.1% Tween-20, incubated overnight in primary antibody anti-Akt 

Serine 473 at a 1:2000 dilution (Cell Signaling Technology) followed by an HRP- 

conjugated secondary antibody (1:5000). Following development, HRP was inactivated with 

0.2% sodium azide and blots were reprobed with non-phosphorylated Akt antibody (1:2000) 

and β-actin antibodies (1:5000) (Cell Signaling Technology).

Malachite green phosphatase assay

PIP lipid phosphatase activity was determined by measuring the amount of free phosphate 

released from a synthetic PIP3 substrate using a modified malachite green phosphatase assay 

as previously described45,46. Neutrophils (1 × 105) were partially permeabilized with 0.1 

volume of 2% n-octyl-β-glucopyranoside for 30 seconds, followed by treatment with Msp 

proteins. As a positive control, partially permeabilized neutrophils were stimulated with 
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1μM fMLP. Samples were incubated with 1 mM of Phosphatidylinositol 3,4,5-trisphosphate 

diC8 (Echelon) as a substrate, with 100 μl of malachite green solution (Echelon) for 30 

minutes at room temperature. Absorbance at 650 nm was measured using a microplate 

reader (FlexStation3 plate reader, Molecular Devices Corporation) and the amount of free 

phosphate released calculated using a prepared phosphate standard curve.

Statistical analysis

Comparisons between two groups were performed using t-tests using PRISM software 

(version 6). Results are based on at least 3 independent experiments. Statistical significance 

was defined as P<0.05. Error bars represent the standard error of the mean (SEM).

RESULTS

Loss of Msp increases neutrophil chemotaxis toward T. denticola

A key function of the neutrophil is to migrate toward and destroy invading bacterial 

pathogens. Using a transwell chemotaxis assay, we compared neutrophil migration toward 

wild type T. denticola strain 35405 and the Msp mutant strain, MHE59. Cells exposed to 

fMLP to stimulate chemotaxis were used as a positive control. Significantly more 

neutrophils migrated toward the MHE strain than the wild type strain (Fig 1). This suggests 

that the Msp protein plays an important role in limiting neutrophil chemotaxis, through 

surface exposure on the whole bacterium.

The C- terminal region of Msp strongly inhibits neutrophil chemotaxis

Truncations of the Msp protein, the N-, V- and C- regions (Fig 2), have been studied to 

identify regions which mediate extracellular substrate binding54. To determine the most 

active region of Msp that inhibits chemotaxis, we purified these recombinant Msp protein 

regions and full-length recombinant Msp as described54. Neutrophils were incubated with 

recombinant Msp proteins or native Msp complex (30 μg/ml) for 30 minutes prior to 

exposure to fMLP to promote chemotaxis (Fig 3). In a short-term Zigmond chamber 

chemotaxis assay, neutrophils were exposed to an fMLP gradient for 15 minutes to allow 

migration. Pre-treatment with the native Msp trimer complex has been shown to impair 

neutrophil chemotaxis46,48. We show that exposure to recombinant full-length Msp 

monomer also significantly decreased chemotaxis compared to cells stimulated with fMLP 

alone and that this protein was as equally effective as the native Msp in this regard (Fig 3A). 

Cells exposed to the V- and N- regions did not migrate significantly differently than cells 

stimulated with fMLP alone, but treatment of cells with the C- terminal region resulted in a 

significant reduction in migration, with cells only moving 4.7 μm compared to 14.4 μm. Our 

results here indicate that rMsp and the C- terminal protein truncation are similarly effective 

as the native Msp complex at impeding chemotaxis.

We next performed transwell chemotaxis assays in which neutrophils were incubated with 

proteins (30 μg/ml) followed by exposure to fMLP for 1 hour, allowing cells to traverse the 

membrane (Fig 3B). Exposure to either native Msp complex or rMsp monomer significantly 

reduced chemotaxis by ~70% compared to control cells, while the N- and V- regions were 

less able to, only reducing neutrophil chemotaxis by ~33% compared to fMLP stimulation 
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alone. Similar to the results of the Zigmond assay (Fig 3A), treatment with the C- terminal 

region had the greatest impact of all protein truncations tested, significantly reducing 

neutrophil chemotaxis by almost 60% (Fig 3B). Due to differences in the molecular weight 

of the recombinant proteins used in this study, differences in the molar dose must be 

considered. The majority of our experiments were performed using a concentration of 30 

ug/ml for each protein, which equates to differing molarities for each protein. However 

when transwell chemotaxis assays were performed with all proteins at equal molarities; the 

overall trend in their ability to impair neutrophil chemotaxis was similar to results obtained 

using all proteins at 30ug/ml. Overall, the effect of each protein occurs in a molarity dose 

dependent manner, yet individual effects of each protein region remains the same (data not 

shown). To confirm involvement of a specific Msp conformational interaction, we performed 

this assay with proteins denatured by boiling, which restored chemotaxis in response to 

fMLP stimulation (data not shown). Compared to directed migration towards fMLP 

characteristic of chemotaxis, there is also a low level of random neutrophil movement 

observed in migration experiments, therefore we also examined the effect of nMsp exposure 

on unstimulated neutrophil movement. Fewer cells migrated through the membrane when 

incubated with nMsp but unstimulated by fMLP compared to untreated cells (Sup Fig 2).

C- terminal specific antibodies block Msp impairment of neutrophils

It has been shown that antibodies directed towards the entire Msp protein are able to prevent 

Msp-mediated effects53,60,61. We were therefore interested to see if it was possible to block 

the active region of Msp responsible for impairment of neutrophil chemotaxis, as this would 

indicate the requirement of specific regions in this interaction. The native Msp complex was 

incubated with polyclonal antibodies directed towards either the N- terminal or C- terminal 

region of Msp54 at a 1:50 dilution for 1 hour before exposure to neutrophils and transwell 

chemotaxis assays as described above (Fig 4). There was no difference in chemotaxis of 

cells incubated with native Msp alone and those incubated with native Msp pretreated with 

the antibody specific for the N- terminal region (α-MspN). Both conditions resulted in 

strong inhibition of chemotaxis, indicating that this antibody does not bind the region of 

Msp that modulates neutrophil chemotaxis. However, pretreatment of native Msp with a C- 

terminal antibody (α-MspC), partially blocked inhibition of neutrophil chemotaxis 

compared to cells stimulated with fMLP alone. This result indicates the α-MspC antibody 

binds to the region of Msp that interacts with neutrophils to mediate inhibition of neutrophil 

chemotaxis. Similar results were also obtained with N- terminal and C- terminal antibodies 

from a second research group (data not shown)50. Strikingly, our results obtained using 

multiple antibodies provide further evidence supporting the notion that the C- terminal 

region is the active region of the Msp protein involved in inhibition of neutrophil 

chemotaxis.

The C- terminal region of Msp alters Rac1 activation

Rac1 is a key signaling component driving neutrophil chemotaxis24. Previously, we have 

shown that nMsp from T. denticola strain 35405 prevents Rac1 activation in neutrophils 

downstream of fMLP stimulation45,48. Our data presented within Figures 3 and 4 indicate 

that the C- terminal region of Msp most strongly impairs neutrophil chemotaxis, therefore 

we were wanted to determine if this inhibition occurs through a similar signaling mechanism 
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to that of intact Msp. Neutrophils were incubated with the protein truncations for 30 minutes 

and stimulated with fMLP for 1 minute prior to lysis. Rac1 activation was assessed using a 

Rac1 GLISA assay (Fig 5). The rMsp monomer protein reduced Rac1 activation in 

neutrophils almost 2-fold compared to control cells stimulated with fMLP alone (Fig 5A). 

The effect of treatment with the N- and V- regions was also very similar to the whole rMsp 

protein. As we anticipated, the C- region was the most effective of all the regions tested at 

reducing Rac1 activity and was also significantly more effective than the N- region (Fig 5A). 

To further confirm a conformational requirement for activity of the C- terminal region 

protein, we denatured the protein by boiling, which partially restored the Rac1 signaling 

response to fMLP (Fig 5B). Together, our data indicates that similar to intact native Msp 

complex, the rMsp monomer and the C-terminal region of Msp prevent Rac1 activation 

downstream of fMLP stimulation and suggests that protein confirmation and amino acid 

composition are important components for the effectiveness of these proteins.

The C- terminal region of Msp prevents activation of Akt

The Rac1-Akt pathway is important for proper chemotaxis in neutrophils, with the 

phosphorylation of Akt as an important downstream component of Rac1 activation63. Akt 

can also be considered an indicator of PIP3 generation, as PIP3 binds Akt and recruits it to 

the plasma membrane where Akt is activated by phosphorylation. Msp prevents correct 

spatial localization of PIP3 and Akt at the plasma membrane together with Akt 

phosphorylation in response to fMLP46,48 As we have demonstrated that the C- terminal 

region of Msp prevents Rac1 activation in neutrophils (Fig 5), we wanted to further assess 

Akt activation. Activation of Akt was assessed by measuring Akt phosphorylation in cell 

lysates following incubation with intact Msp or Msp regions and stimulation with fMLP by 

western blot (Fig 6). Stimulation of neutrophils with fMLP alone resulted in increased Akt 

phosphorylation while treatment of cells with rMsp monomer prior to fMLP stimulation 

prevented Akt phosphorylation, similar to our previous report for pre-treatment with native 

Msp complex46. Concurrent with our data reported herein for Rac1 activation (Fig 5), the C- 

terminal truncation was most effective at preventing Akt phosphorylation while the N-

terminal protein was less so (Fig 6). Together these observations indicate that rMsp 

monomer is highly effective at preventing Akt activation, and the most important residues to 

influence this action may be located within the C- terminal region.

The C- terminal region of Msp increases lipid phosphatase activity

PTEN is an important regulator of neutrophil chemotaxis, with increased PTEN activity 

negatively regulating the PI3 kinase pathway responsible for activating chemotaxis64. We 

were interested to see if the reduction in neutrophil chemotaxis observed after exposure to 

Msp regional polypeptides involved modulation of PIP3 phosphatase activity, similar to that 

of native Msp46. To investigate this, neutrophils were treated with Msp proteins followed by 

a modified malachite green assay to measure the amount of free phosphate released from a 

synthetic PIP3 substrate as an indirect measure of phosphatase activity. In this experimental 

setup, we presume we are primarily measuring PTEN activity, as PTEN is most efficient at 

dephosphorylating PIP3 in vitro65 and using both a PTEN chemical inhibitor and specific 

PTEN immunoprecipitation assay in combination with malachite green assay, we have 

previously shown that PTEN activity is increased by Msp in neutrophils46 As expected, 
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stimulation of neutrophils with fMLP decreased free phosphate release from PIP3, 

indicating reduced phosphatase activity (Fig 7). Exposure of neutrophils to rMsp increased 

the release of free phosphate from PIP3, similar to our observations for nMsp46. 

Furthermore, treatment of neutrophils with the N- terminal region did not increase the 

amount of free phosphate released, while treatment with the C- terminal region resulted in 

almost 3 fold more free phosphate released compared to the control (Fig 7). Overall, these 

results indicate that rMsp and the C- terminal region of Msp induce PIP3 phosphatase 

activity in neutrophils. This provides further evidence for a similar mechanism of action to 

that of native Msp and is consistent with our results herein for neutrophil chemotaxis.

The first half of the C- terminal region displays neutrophil inhibitory action

Thus far, treatment with the C- terminal region has had the strongest impact of the three 

regions tested on both reducing neutrophil chemotaxis and limiting the signal pathway 

regulating this function. We were interested to see if we could identify a more specific 

region of the C- terminal region of Msp that alters neutrophil response. To preliminary 

narrow down a target region, we further cloned and expressed two truncations of this C- 

terminal region, the first half termed CA encompassing the first 135 amino acids (14.3kDa) 

and the second half termed CB encompassing the later 137 amino acids (15.1 kDa) (Fig 1). 

Treatment with both of these truncations significantly reduced neutrophil chemotaxis, with 

the CA region being the most effective of the two (Fig 8A). Both regions also limited Rac1 

activation (Fig 8B) and Akt phosphorylation (Fig 8C and D), and while the data fits the trend 

of CA being the more inhibitory fragment, there was not a significant difference between the 

two regions in these assays. These results support our previous data and hypothesis that the 

C- terminal region contains regions that are highly effective at inhibiting neutrophil function 

but additional experiments are required to determine the most effective region conclusively, 

including the analysis of overlapping fragments and additional experiments to analyze 

neutrophil response to smaller truncations of the Msp protein.

Sequence variation in Msp alters the impairment of neutrophil chemotaxis

It is known that there is sequence variability between strains of T. denticola, including that 

of Msp55,56. We were interested to see if this sequence variation in the Msp protein would be 

enough to have an altered functional effect on chemotaxis. To investigate this, we cloned and 

expressed the Msp protein from T. denticola strain OTK, which differs significantly in the 

sequence throughout the protein, including in the C- terminal region55. The OTK rMsp 

protein reduced chemotaxis significantly more than both 35405 rMsp monomer and native 

Msp complex (Fig 9A) and also resulted in a stronger inhibition of Akt phosphorylation (Fig 

9B and C). Together, these results indicate that rMsp from strain OTK has a stronger effect 

on neutrophil function. As OTK is known to have significant sequence differences 

throughout the protein including the C- terminal region compared to strain 35405, this result 

could be expected and further supports the notion of protein sequence variation and topology 

affecting pathogenic interaction with neutrophils.
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DISCUSSION

Interactions of spirochetes with both resident cells and infiltrating immune cells during 

periodontal disease are well known to occur in the oral cavity. Surface proteins are 

prominent virulence factors of many pathogenic bacteria and play key roles in interactions 

with both host cells and other organisms. T. denticola is known to modulate neutrophil 

function, likely dampening the response of one of the key innate immune cells in the 

periodontal environment. T. denticola has been reported to be resistant to some antimicrobial 

peptides, induce less release of molecules from neutrophil granules, induce a differential 

cytokine response compared to other oral bacteria and possibly evade or delay neutrophil 

phagocytosis66–70. Furthermore, Msp is able to impair neutrophil chemotaxis through 

perturbation of actin assembly, calcium flux and selective Rac1 inhibition47–49. Moreover, 

we have reported that Msp impairs the local balance of PIP3 in the cell, through activation of 

PTEN together with concomitant inhibition of PI3K activation46. Upset of this crucial PIP3 

balance required for the establishment of neutrophil directionality leads to downstream 

impairment of neutrophil chemotaxis. Here we provide evidence for identification of active 

regions of Msp involved in inhibition of neutrophil chemotaxis.

We speculate that Msp in intact bacteria may interact directly with host cells to mediate its 

effects or may be shed from the spirochete in some fashion. While direct secretion of Msp 

by T. denticola has not been reported to date, Msp can be released as a component of 

bacterial outer membrane vesicles58,71 which may represent a novel way for Msp to interact 

with host cells both locally in the gingival tissue and periodontal pocket as well as at distant 

sites. Msp may mediate its effect on intracellular components through modulation of host 

cell signaling pathways by external engagement upon contact with the plasma membrane. 

Msp appears to remain extracellular or in close association with the plasma membrane61 

with host cell responses observed rapidly within minutes of exposure48,49,61. While specific 

interacting partners or receptors for Msp on host cells remain elusive, it has been reported 

that Msp interacts with a 65-kDa surface protein in HeLa cells72.

Native Msp in T. denticola has long been thought to exist as a membrane spanning β-barrel 

protein, which forms a trimeric complex associated with the protease dentilisin, in the 

bacterial membrane51,73,74, but the exact topology and conformation of Msp is controversial. 

More recently, it has been reported that Msp can exist as both distinct membrane associated 

and periplasmic trimer complex forms and these forms may have distinct physical 

properties50. Recombinant Msp proteins have been reported to display porin activity and 

binding to a range of extracellular matrix components such as laminin, fibronectin, collagen 

type I and fibrinogen50,53,54,74. Here we demonstrate that recombinant Msp in the monomer 

form is also able to impair neutrophil migration (Fig 3) through upset of the crucial PIP3 

balance leading to prevention of Rac1 signaling (Fig 5) and downstream Akt activation (Fig 

6), similarly to the native Msp trimer complex, expanding the functional knowledge and 

importance of the Msp protein.

Despite a wealth of studies investigating the impact of Msp on host cells, knowledge of 

protein regions or domains involved in specific biological interactions is limited. Regions in 

the N- terminal half of Msp have been reported to mediate binding to extracellular matrix 
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components54 while the C- terminal domain has been reported to possess pore-forming 

capability50. Localization of Msp within intact spirochetes is controversial as it has been 

reported that Msp is surface exposed53,57, while others have reported limited surface 

exposure58. Initial studies examining localization of Msp in intact spirochetes using specific 

Msp regional antibody labeling approaches suggested that only antibodies directed towards 

the N- terminal and central V- region (~ first 260 amino acids) reacted with surface exposed 

epitopes54 however more recently, a study using antibodies towards the C- and N- terminal 

domains of Msp has demonstrated that only the C- terminal domain (amino acids 332 – 543) 

is surface exposed50. These discrepancies may be due to differences in antibody specificity, 

antibody and protein accessibility and the techniques used to examine localization. Our data 

herein comparing neutrophil chemotaxis following exposure to wild type or Msp mutant 

strains (Fig 1) indicates that Msp in the native state with presumed surface exposure in intact 

organisms plays a significant role in modulating neutrophil chemotaxis. Likewise, we have 

previously reported that a strain lacking Msp was less able to alter the host actin 

cytoskeleton of fibroblasts45 and epithelial cell migration is increased following exposure to 

a Msp mutant strain75.

Furthermore, our data presented herein indicates that the C- terminal region of Msp, is the 

most inhibitory region preventing neutrophil chemotaxis downstream of fMLP stimulation 

(Fig 3). We have shown that polyclonal antisera from two different research groups directed 

towards similar yet different recombinant C- terminal protein regions are able to block 

neutrophil chemotaxis inhibitory regions on Msp, while N- terminal antibodies demonstrate 

minimal effect (Fig 4). As both our truncated C- terminal Msp regions were able to decrease 

neutrophil chemotaxis, Rac1 activation and Akt phosphorylation (Fig 8), it is possible a 

region spanning these two regions will contain the most important peptide region. Additional 

studies using smaller overlapping truncations will be required to definitively identify the 

most important region of Msp to alter neutrophil function. Overall, our data also supports the 

notion that the C- terminal region of Msp may be surface exposed.

Msp requires specific interactions with host cells to mediate its action, but these actions can 

be blocked by Msp specific antibodies as we demonstrated when the C- terminal antibody 

partially blocked the activity of Msp, allowing for chemotaxis to occur downstream of fMLP 

stimulation (Fig 4). Likewise, Msp-induced calcium transients and inhibition of collagen 

binding in fibroblasts can be reversed by pre-treatment with antiserum to the native Msp 

complex60,61. Inhibition studies have also revealed that exposure to either a native Msp or 

recombinant Msp antisera prevents adherence of T. denticola to periodontal ligament 

epithelial cells and Msp regional antibodies can inhibit adhesion to immobilized host 

extracellular matrix proteins53,54. Overall, our data indicates that the C- terminal domain of 

Msp is crucial for interactions with neutrophils in vitro and could be expected to be surface 

exposed. Surface exposed regions of bacterial proteins play key roles in interactions with 

host cells and represent potential therapeutic targets. For example, development of 

monoclonal antibodies recognizing active Msp regions may provide a useful therapeutic 

tool. Alternately, development of complementary peptides to active exposed regions could 

hold promise, as this approach has been used to develop selective inhibitory peptides to 

other bacterial porins76
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The msp gene displays interstrain variability55 and forms three main phylogenetic lineages 

defined by differing DNA sequence and antigenic properties. Commonly studied wild type 

strains 35405, 33520 and OTK represent members of the three distinct Msp groups. While 

the msp coding regions of strains 35405 and 33520 share high homology with 94.6% 

identity, the msp of strain OTK shows much lower homology to 35405 with only 50.6% 

identity overall. With regards to specific areas of variation between 35405 and OTK msp, the 

5′ end contains the highest level of homology at 80% while the 3′ ends have only 64% 

identity55. Each of these Msp groups is also serologically distinct, as antibodies raised 

against Msp from the strain 35405 react weakly with strain 33520 and do not react with the 

strain OTK55, possibly through variation in the central region of the amino acid sequence. 

Molecular methods have also been used to examine msp gene sequences from a variety of 

isolated strains as well as directly from subgingivial plaque samples where it was reported 

that these sequences display high similarity within the three established Msp groups56,77,78. 

Interestingly, serum antibodies from human subjects with moderate to severe gingivitis are 

also able to discriminate different T. denticola Msp protein groups79.

Due to their differing nucleotide sequence, T. denticola Msp proteins vary in size from 

approximately 53 kDa to 64 kDa55,80. Msp from the strain OTK has significantly different 

nucleotide and amino acid sequence compared to strain 35405, including the C- terminal 

region, and displays a larger molecular weight size of 62 kDa55. To our knowledge, there is 

little reported information regarding the pathogenic potential of the strain OTK, or Msp of 

this strain, interacting with host cells. Neither are there any functional comparisons of Msp 

proteins from different strains, Msp groups or serotypes. While little functional comparison 

between OTK, 35405 and other strains has been reported, it has been shown that strain OTK 

displays less dentilisin protease activity81. Here we demonstrate that OTK Msp appears to be 

able to impair neutrophil migration through impairment of PIP3 levels more effectively than 

35405 Msp, measured indirectly by downstream Akt activation (Fig 9). We postulate that 

this could be the result of direct sequence differences in potential crucial active regions 

within the C- terminal region of Msp, which we predict plays an active role in neutrophil 

interaction. Alternatively, the difference in amino acids could alter the topology and 

structure of the protein. These sequence variations may reflect functional differences in 

binding to host proteins or other protein interactions. Analysis of the predicted secondary 

structure of Msp OTK is similar to 35405 with multiple β-sheets forming a β barrel 

structure55, however amino acid variation may result in extension of surface exposed loops 

or structures (data not shown), which we speculate may reflect differing interactions with 

host cell molecules. Variability in Msp amino acid sequences could reflect evolution of 

periodontal disease and pathogenic potential through immune-driven antigenic variation, 

which is a common pathogenic feature of many spirochetes. Amino acid variation detected 

in a small number of clinical specimens led to antigenic modification of predicted surface 

exposed portions of Msp, primarily due to substitution of amino acids with diverse 

functionality such as polar vs non-polar or vice versa56. Interestingly, OTK Msp has 

significantly more polar amino acid residues compared to other Msps55, therefore may be 

reflective of the unique properties of this protein and its role in immune evasion.

While the periodontal clinical parameters of the subject that strain OTK was originally 

isolated from is not known, clonal abundance of the OTK msp genotype is significantly 
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associated with periodontal disease78, therefore this strain may have unique pathogenic 

potential. Further analysis and comparison of the functionality of different Msp proteins and 

pathogenic variability between different strains will aid in further understanding the 

important contribution of this virulence factor. While topology and physiochemical 

properties of Msp from 35045 have been reported50, knowledge of these properties for Msp 

proteins from other strains is not known. More detailed structural, biophysical and functional 

studies of both intact Msp and regional peptides of diverse Msp proteins, including from the 

strain OTK, are ongoing.

Similar to native Msp, which impairs the orchestration of neutrophil chemotaxis by upset of 

the cellular PIP3 balance through activation of PTEN leading to inhibition of Rac1 

activation46, the C- terminal region of Msp appears to use a similar mode of action. While 

all the regional truncated proteins were able to impair neutrophil chemotaxis in response to 

fMLP to some degree in both types of chemotaxis assays tested and prevent Rac1 activation, 

the C- terminal region was significantly more effective (Fig 5). A contribution for the N- and 

V- regional sequences in these processes cannot be completely ruled out by our studies, but 

the fact that only the C- terminal protein was able to increase PIP3 phosphatase activity (Fig 

7) and that Msp-mediated impairment of neutrophil chemotaxis can be reversed by exposure 

to a C-terminal antibody indicates that this region contains crucial sequences involved in 

neutrophil interaction.

While denaturation of the C-terminal protein by boiling significantly increased neutrophil 

Rac1 activation compared to the non-heated C-terminal protein, this treatment was only 

partially able to restore Rac1 activation (~ 33%) when compared to control fMLP 

stimulation alone (Figure 5). While heat denaturation of native Msp complex has been 

reported to almost completely restore host cell interactions such as chemotaxis in 

neutrophils48,49, collagen binding and calcium signaling responses in fibroblasts60,61 and 

adherence to host cells74; heat denaturation of the native Msp complex is only able to 

partially restore Rac1 activation in neutrophils48 to similar levels as the recombinant C-

terminal region. Overall, this indicates that heat-sensitive conformational specificity is 

important in the specific interaction of Msp with neutrophils, however the ability of the heat 

denatured C-terminal protein to retain inhibitory action towards neutrophils also suggests 

that primary amino acid sequence specificity may also be crucial in these interactions. 

Specific amino acid sequences within a region of a Klebsiella pneumoniae porin are 

involved in interaction with complement proteins, while specific amino acids of a 

Haemophilus influenzae porin are key to activating MAPK pathways and cytokine release82. 

Furthermore, spirochete outer membrane proteins including Msp may have unique β-barrel 

structure and composition, with differing heat modifiability properties compared to classical 

outer membrane proteins50, therefore we can speculate that less heat-sensitive linear motifs 

or unstructured protein regions83 may contribute to specific Msp-neutrophil interactions.

While we have previously shown using specific PTEN inhibitor and immunoprecipitation 

assays that Msp specifically activates PTEN to disrupt the local PIP3 concentration to impair 

neutrophil chemotaxis46, in this report we cannot rule out the contribution of other lipid 

phosphatases to the PIP3 phosphatase activity changes we observe. For example, the 5-

phosphatase SHIP-1 can also dephosphorylate PIP3 and is known to coordinate with PTEN 
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to control PIP3 signaling and chemotaxis, particularly during adhesion31. Future work will 

examine other phospholipid metabolism pathways in neutrophils which are manipulated by 

T. denticola.

In summary, this study has led to the novel observations that 1) sequences within the C- 

terminus of Msp contain important regions responsible for inhibiting chemotaxis, 2) this 

interaction can be blocked only with antibodies specific to the C- terminal region, 3) C- 

terminal Msp impairs PIP3 levels and Rac1 activation similar to the native Msp complex and 

4) msp sequence variation among strains may contribute to differences in pathogenic 

properties. Further experiments are still required to identify the specific essential region of 

Msp that alters neutrophil functionality, including assessment of overlapping protein regions 

and analysis of smaller protein regions. Knowledge of how T. denticola, an understudied oral 

pathogen, uses specific virulence factors to manipulate neutrophil function to evade the 

immune response is a crucial first step in development of potential therapeutics to improve 

oral health.
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Fig. 1. 
Msp impairs neutrophil chemotaxis in whole bacteria. In a transwell chemotaxis assay, 

murine neutrophils were exposed to T. denticola 35405 wild type or MHE (Msp mutant) 

bacteria for 1 hour to allow chemotaxis toward the bacteria through a membrane. Cells that 

migrated across the membrane were fixed, stained with crystal violet, and counted. 

Neutrophils exposed to the wild type and MHE bacterial strains were compared to each 

other, with more neutrophils migrated toward MHE than the wild type strain. Neutrophils 

alone and unstimulated with fMLP served as a negative control, while neutrophils stimulated 

with fMLP as the positive control for neutrophil chemotaxis and were compared to each 

other. Results were normalized to the control +fMLP. Graphs represents mean ± SEM of 3 

independent experiments (*** P < 0.001 and **** P < 0.0001 by unpaired t test).
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Fig. 2. 
Diagram of the Msp protein from T. denticola strain 35405 and recombinant protein regions. 

Native Msp: leading peptide (LP) 20 aa, N-terminal region (N) 182 aa, variable region (V) 

69 aa, C-terminal region (C) 272 aa. Recombinant Protein Regions: rMsp 530 aa, N-

terminal 189 aa, V-region 57 aa, C-terminal 272 aa, CA 135 aa, CB 137 aa. All recombinant 

proteins also have a 6X histidine tag. Black indicates recombinant truncations. Diagram 

modified from original version54.
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Fig. 3. 
TheC-terminal region of Msp most strongly impairs neutrophil chemotaxis in response to 

fMLP. A) Murine neutrophils were treated with rMsp or N, V, and C truncations for 30 min 

followed by exposure to fMLP in a Zigmond chamber for 15 min compared with neutrophils 

alone or neutrophils +fMLP (controls). The distance traveled by the cells was measured with 

ImageJ and compared to control +fMLP, with cells exposed to the C protein moving less 

than the other truncations and comparably to the nMsp and rMsp B) Neutrophils were 

treated the same as described in A but exposed to fMLP for 1 hour in a transwell chemotaxis 

assay. Cells that migrated across the membrane were fixed, stained with crystal violet, and 

counted. Results were normalized and compared to the control +fMLP. Fewer cells treated 

with nMsp, rMsp, and the C truncation migrated toward fMLP. Graphs represents mean ± 

SEM of 3 independent experiments (* P < 0.05, ** P < 0.01, *** P < 0.0001, **** P < 

0.0001 by unpaired t test).
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Fig. 4. 
Incubation of Msp with a C-terminal specific antibody blocks the Msp induced inhibition of 

neutrophil chemotaxis. Treatment of neutrophils with native Msp that was pre-incubated 

with 1:50 dilutions of antibodies specific to the N or C regions followed by a transwell 

chemotaxis assay. The numbers of migrated neutrophils incubated with antibody treated 

nMsp were compared to neutrophils treated with nMsp alone. Untreated neutrophils served 

as the negative control and untreated neutrophils exposed to fMLP served as the positive 

control to which the results were normalized and compared. Graphs represents mean ± SEM 

of 3 independent experiments (**** P < 0.0001 by unpaired t test).
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Fig. 5. 
The C- terminal region of Msp inhibits Rac1 activation downstream of fMLP stimulation. 

Neutrophils alone or stimulated with fMLP were experimental controls for all. A) 
Neutrophils were treated with Msp proteins or regional truncated proteins (30 μg/ml) for 30 

minutes followed by lysis. Rac1 activity in the lysates was measured as relative light units 

(RLUs) using a G-LISA assay kit. Treatment of neutrophils with the C region yielded the 

strongest inhibition in Rac1 activity. B) Denaturing the C- terminal protein by boiling for 10 

minutes prior to neutrophil treatment caused less inhibition of Rac1 activity in response to 

fMLP. Graphs represents mean ± SEM of 3 independent experiments (*** P < 0.001 and 

**** P < 0.0001 by unpaired t test).
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Fig. 6. 
The C-terminal region of Msp impair Akt activation in response to fMLP. Neutrophils were 

treated with rMsp protein, N and C regions (30 μg/ml) for 30 minutes followed by 

stimulation with fMLP for 1 minute and lysis by boiling. Neutrophils alone or stimulated 

with fMLP were experimental controls. Phosphorylation of Akt was assessed as measure of 

Akt activation. A) The C region is more effective than the N region at inhibiting neutrophil 

phosphorylation of Akt. Representative western blots of cells lysates were probed with α-

pAkt and α-total Akt, with α-β-actin as an additional loading control. B) Densitometry 

analysis of western blots was performed with ImageJ comparing pAkt to Akt. Results were 

normalized to Akt with the control + fMLP set to 1. Graphs represents mean ± SEM of 3 

independent experiments (* P < 0.05, ** P < 0.01, *** P < 0.001 by unpaired t test).
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Fig. 7. 
The C-terminal region of Msp increases PIP3 lipid phosphatase activity. Neutrophils were 

pretreated with nMsp, rMsp, N, and C or truncated Msp followed by assessment of 

phosphate release from a synthetic PIP3 substrate using a malachite green assay. Neutrophils 

alone and neutrophils stimulate with fMLP were experimental controls. Results were 

compared to the control alone, with the C region causing the most phosphate release. Graph 

represents the mean ± SEM of 1 of 3 independent experiments all showing the same results 

(* P<0.05, ** P<0.01 unpaired t test).
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Fig. 8. 
The CA region inhibits neutrophil function. A) Treatment of neutrophils with CA and CB 

protein truncations followed by transwell chemotaxis assay as described in Fig 3. Results 

were normalized and compared to the control +fMLP. Treatment with CA results in the 

strongest chemotaxis inhibition. B) Neutrophils were treated with CA and CB protein 

truncations (30 μg/ml) for 30 minutes followed by lysis. Rac1 activity in the lysates was 

measured as relative light units (RLUs) using a G-LISA assay kit. Treatment of neutrophils 

with both of these region yielded strong inhibition in Rac1 activity. C) Treatment of 

neutrophils with the CA and CB regions inhibit Akt phosphorylation. Representative 

western blots of cells lysates were probed with α-pAkt and α-total Akt, with α-β-actin as an 

additional loading control as described in Fig 6. D) Densitometry analysis of western blots 

was performed with ImageJ comparing pAkt to Akt. Results were normalized to Akt with 

the control + fMLP set to 1. Graphs represents mean ± SEM of 3 independent experiments 

(* P < 0.05 ** P < 0.01 *** P < 0.001 **** P < 0.0001 by unpaired t test).
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Fig. 9. 
Strain variation alters the inhibitory effect of Msp on neutrophil function. A) Treatment of 

neutrophils with rMsp proteins from strain 35405 and OTK, with neutrophils alone or 

stimulated with fMLP as controls, followed by a transwell chemotaxis assay as described in 

Fig 3. B) Treatment of neutrophils with rMsp from 35405 and OTK followed by lysis and 

assessment of pAkt levels as described in Fig 6. Representative western blots of cells lysates 

were probed with α-pAkt and α-total Akt, with α-β-actin as an additional loading control. 

C) Densitometry analysis was performed with ImageJ comparing pAkt to Akt. Results were 

normalized and compared to Akt with the control + fMLP set to 1. Graphs represents mean 

± SEM of 3 independent experiments (** P < 0.01 and **** P < 0.0001 by unpaired t test).
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Table 1

Bacterial strains and plasmid constructs

Component Relevant Characteristics Source

Bacteria

Treponema denticola

 35405 Wild type strain R. Ellen84

 MHE Msp mutant of strain 35405 J.C. Fenno59

 OTK Wild type strain J.C. Fenno55

Escherichia coli

 M15 Expression of recombinant Msp and N, V, and C, strain 35405 Qiagen

 C41 (DE3) Expression of recombinant CA and CB Msp, strain 35405 Lucigen

 BL21 (DE3) pLysS Expression of recombinant Msp, strain OTK A. Sharma

Plasmids

pQE30 3461 bp plasmid, adds N-terminal 6xHis tag H. Jenkinson54

 rMsp 1590 bp 35405-Msp gene cloned into pQE30 H. Jenkinson54

 rN-Msp 567 bp N-terminal fragment of 35405 Msp cloned into pQE30 H. Jenkinson54

 rV-Msp 171 bp V-region fragment of 35405 Msp cloned into pQE30 H. Jenkinson54

 rC-Msp 816 bp C-terminal fragment of 35405 Msp cloned into pQE30 H. Jenkinson54

pET23b 3665 bp plasmid, adds N-terminal T7 tag and C-terminal 6xHis tag W. Hofman

 p23-CA 405 bp CA fragment cloned into pET23b This study

 p23-CB 411 bp CB fragment cloned into pET23b This study

 p23-OTK 1690 bp OTK-Msp gene cloned into pET23b This study
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Table 2

PCR primers used for cloning of recombinant Msp genes.

Name Application Sequence

OTKfor23 Recombinant OTK Msp GATAGGATCCGGTACTCGTGGGCGGA

OTKrev23 Recombinant OTK Msp GATACTCGAGGTATGTAAGCTTGAGGCT

405CtermAfor23 Recombinant 35405 CA GATAGGATCCGGCAGCAAACAAATATGCT

405CtermArev23 Recombinant 35405 CA GATACTCGAGTGCTGATTTAAAGGCAAT

405CtermBfor23 Recombinant 35405 CB GATAGGATCCGGCTTCAGGAGATACGAAT

405CtermBrev23 Recombinant 35405 CB GATACTCGAGGTAGATAACTTTAACACC

Bold sequences indicate enzyme sites.
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