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ABSTRACT

Background: Tau is an established substrate for gingipains secreted by Porphyromonas gingivalis.
Hyperphosphorylation of tau and neurofibrillary tangle (NFT) formation is a defining lesion of Alzheimer’s
disease (AD) where NFT distribution is related to Braak stage and disease severity.

Objectives: To assess gingipains’-fragmented tau peptides for their antimicrobial properties and for the
likelihood of paired helical/straight filament (PHF/SF) formation with implications for the NFT lesion.
Methods: Seven non-phosphorylated (A-G) and three phosphorylated (A-C) tau peptides, were tested for
antimicrobial properties against P. gingivalis. Polarizing light properties were determined using Congo Red
staining. Secondary and tertiary structures of peptides B-F were determined using transmission electron
microscopy (TEM) and circular dichroism (CD) was undertaken for the soluble peptides A in phosphorylated
and non-phosphorylated states.

Results: Phosphorylated tau peptide A displayed a significant effect against planktonic P. gingivalis. The CD
results demonstrated that both peptides A, in phosphorylated and non-phosphorylated states, in

aqueous solution, adopted mainly R-type structures.

Non-phosphorylated peptides B-F and phosphorylated peptides B-C were insoluble and fibrillar under the
TEM. The secondary and tertiary structures of the non-phosphorylated peptide B demonstrated fewer helical
twists, whereas peptide C displayed significantly more helical twists along the whole fibre(s) length following
its phosphorylation.

Conclusions: Phosphorylated peptide A reduced P. gingivalis viability. CD spectroscopy demonstrated the
phosphorylated and the non-phosphorylated peptide A predominantly formed from B-sheet structures in
aqueous solution with potential antimicrobial activity. Phosphorylation of tau peptides physically changed

their tertiary structure into PHFs with potential for self-aggregation and binding to the NFT lesion.

Key words: Antimicrobial, B-sheet, birefringence, gingipains, neurofibrillary tangles, Porphyromonas

gingivalis, tau



INTRODUCTION
Alzheimer’s disease (AD) is a major cause of dementia constituting around 60-80% of all cases. AD can
manifest via several pathways as it is comorbid with Lewy body disease, Parkinson’s disease [1] and other
neurodegenerative diseases [2], stroke/ischemic stroke as well as type 2 diabetes mellitus [3-5]. Diagnosis of
AD is based upon clinical symptoms and upon the presence of two microscopical lesions, namely the amyloid-
beta (AP) plaques and neurofibrillary tangles (NFTs) in post-mortem brain tissue sections [6]. The
antimicrobial protection hypothesis [7] states that AP release and its accumulation in AD brain is the result of
an initial microbial infection, which could be from multi-species of cross-Kingdom (viruses, bacteria, fungi)
microorganisms, including the oral bacterium Porphyromonas gingivalis. Notably however, evidence shows
that amyloid (AP) peptide is one of a range of antimicrobial peptides which are produced in response to
pathogens. P. gingivalis has gained prominence due to its ability to induce inflammation peripherally via the
oral inflammatory disease, periodontitis [8]. P. gingivalis and/or its virulence factors, mainly gingipains and
lipopolysaccharide (LPS) located in the outer layer of the membrane, can enter the brain, and give rise to
neuroinflammation [9, 10]. The brain has a limited ability to deal with microbial pathogens as it relies mainly
on its innate immune inflammatory responses [11, 12]. However, other clearance pathways, which work
independent of the innate immune system to clear degraded proteins in the brain, have been noted and are
reviewed elsewhere by Singhrao and Olsen [11]. The resulting inflammation is thought to enhance the
neuronal loss associated with AD. Regarding the gingipain hypothesis, Cortexymes’s Atuzaginstat has been
reported to decrease the rate of cognitive decline in AD patients with P. gingivalis infection, in phase 2/3 of
the GAIN trial at CTAD 2021 [13]. The GAIN trial highlights the potential benefit of Atuzaginstat in mild to
moderate AD cases and suggests that this oral pathogen may be involved in the early stages of AD initiation
and to some extent in the disease progression. However, the results of the GAIN trial could have been
strengthened with the inclusion of tau CSF levels for phospho-tau 181 (threonine231) and total tau as a
biomarker for AD progression.

The present study was encouraged by Kobayashi et al. [14], who reported that several motifs in tau

protein had antimicrobial properties. Two of the motifs (VQIINK” and “VQIVYK) were also present in the



gingipains’-fragmented tau peptides and this led us to investigate the antimicrobial phenomenon attached to
these two hexapeptide motifs on P. gingivalis.

In AD, phosphorylated tau features in NFTs along the microtubule binding domains of tau constituting
paired helical and straight filaments (PHFs and SF). PHFs show twists along their fibres, with the helical part
being approximately 20 nm wide, 80 nm apart with the twist being 10 nm long [15]. Neuropil threads are also
associated with AD and the spread of the NFTs and neuropil thread pathology is considered in Braak staging
as mild, moderate and severe stages of disease progression [16, 17].

The concept that human tissue specific microbiomes can undergo dysbiosis and affect disparate organ
pathology, such as the oral-gut microbiome, has associated periodontal pathogenic bacteria with AD
development. This is supported by epidemiological and laboratory-based studies [9, 10, 18-20] and with P.
gingivalis exotoxin gingipains to tau breakdown [10]. Originally, Poole et al. [9] demonstrated P. gingivalis
LPS in AD brains, some of which, looked like clusters of outer membrane vesicles. The outer membrane
vesicles have been reported to carry gingipains and other lesser virulence factors [11]. A literature review by
Zhan et al. [21] found evidence for much more bacterial LPS in the AD brain compared to the control brain.
Similarly, Dominy et al. [10] identified the DNA for the elusive and suspect bacterium P. gingivalis mostly
in AD brains. Authors have increasingly identified LPS and gingipains in AD brains [9, 10]. Bacterial factors
like LPS are potent immune modulators [22] and in the context of NFT biogenesis, can induce immune
signalling cascades that indirectly activate glycogen synthase kinase 3-beta (GSK-3[). This can lead to
phosphorylating tau at serine (ser)396 and threonine (thr)231 amino acid residues as reported elsewhere [23,
24].

Excessively phosphorylated tau becomes insoluble and toxic, this provided the rationale to explore the
role of the gingipains’-fragmented tau peptides, for a better understanding of their functional and structural
characteristics. This concept agrees with the effects of the AP1-40/42 peptides, which show similar antimicrobial
peptide properties [25, 26] and suggests that it is the presence of pathogenic microbes in the brain, which
provoke antimicrobial responses via A release and consequently, give rise to neuroinflammation and damage

to neurons. P. gingivalis is a Gram-negative, anaerobic intracellular bacterium, which is considered a keystone



pathogen in periodontitis [27]. LPS with its plethora of virulence factors is a potent stimulator of the host’s
innate immune signal transduction pathways in a tissue/cell specific manner [22].

There is also accumulating evidence that structure is key in the antimicrobial interaction exerted by
peptides such as human AB40 and AP42, which appear to possess amyloid-mediated antimicrobial properties
[28, 29]. Based on these observations, and to obtain further mechanistic information on the mode of action of
phosphorylated peptides, circular dichroism (CD) experiments were performed in solution and in the presence
of trifluoroethanol (TFE) in order to obtain structural information on the soluble tau peptides A.

Tau in the brain is predominately found in neurons. Human tau undergoes numerous post-translational
modifications including phosphorylation [30-32]. Hyperphosphorylation causes bound tau to dissociate from
microtubules as free tau. In the process, tau hyperphosphorylation contributes to loss of affinity to their
specific microtubule binding domains, which results in their collapse, which in turn, disrupts the neuronal
cytoskeleton and renders the neuronal transportation system inefficient [33]. Free tau within the neuronal soma
converts to PHFs and/or SF with variable filament sizes [34]. Kanagasingam et al. [35], mapped VQIVYK,
VQIINK motifs in the gingipains fragmented tau peptides [10] to their microtubule binding domains in PHFs
and SFs [35]. This is an important domain linking PHFs and SFs to the NFT lesion.

Host enzymes implicated in phosphorylating tau include CDKS, casein kinase 10, casein kinase 2,
cyclic AMP dependent protein kinase, GSK-3[3 [30-31]. The mechanism of hyperphosphorylation of tau via
P. gingivalis suggests either its infection and/or virulence factors (LPS, gingipains) induce signalling pathways
that can indirectly activate GSK-3p in vitro and in vivo [36-38], which in turn, could be phosphorylating de
novo tau at ser396 and thr231 residues as already reported [23, 24].

The aims of the present study were to determine the action of gingipains’-fragmented tau peptides for
their antimicrobial properties on P. gingivalis planktonic cultures and to assess the secondary and tertiary
structures of tau containing “VQIINK” and “VQIVYK” hexapeptide motifs, for PHFs and/or SF. The overall
rationale was to forge causal links of gingipains’-fragmented tau peptides with PHFs and SFs to the NFT

lesion and AD, and in turn, gingipains to tau and periodontal disease.



MATERIALS AND METHODS

Porphyromonas gingivalis cultures

P. gingivalis ATCC 33277™ was cultured for 26 h in Tryptone soya broth (TSB) supplemented with haemin
(5 mg/L), menadione (1 mg/L), (Sigma-Aldrich, UK) in an anaerobic workstation (Don Whitely Scientific,
UK) set at 37°C temperature and under an atmosphere of 5% H2, 5% CO2, 90% N2 to achieve log phase
growth to an optical density (OD) of 0.240 at 660 nm. Planktonic cells were diluted down to 10 in sterile
Ringer’s buffer (Sigma-Aldrich, UK) to obtain colony-forming units per millilitre (cfu/mL) using the
countable range of 30-300. Subsequently, a surface drop method [39] was employed, using fixed volume
aliquots (20 pl) of P. gingivalis, of a 1x10™ diluted cell suspension were pipetted out (in triplicate), onto the
surface of freshly poured, dried and pre-labelled Tryptone soya agar supplemented with haemin (5 mg/L),
menadione (1 mg/L), (Sigma-Aldrich, UK) and 10% defibrinated, oxalated horse blood (Oxoid SR0050)

referred to as blood agar plates (BAP).

Assessment of the putative gingipain binding tau hexapeptide motif antimicrobial activity on

Porphyromonas gingivalis

Stock concentrations (1 mM) of peptides designated A-G (non-phosphorylated) and A-C (phosphorylated)
(Table 1) were freshly prepared in ¥ strength sterile Ringers (Sigma-Aldrich, UK) on each day of the
experiments. P. gingivalis in cell suspension diluted down to 1x10**was prepared in sufficient volume for test
peptides and controls. Working dilutions of each peptide assessed in triplicate were at concentrations of 750
UM (where possible), 500 uM, 333 uM, 150 uM, 50 uM and 10 uM were made in P. gingivalis cell suspension
diluted down to 1x10“. An equal volume (20 pl) was placed on to their respective BAP media (freshly
prepared in-house). Controls consisted of a fixed volume (20 ul) of the same P. gingivalis cell suspension
diluted down to 1x10* without peptides to which an equivalent volume of sterile ¥ strength sterile Ringers
was added to compensate for the difference in volume of stock peptide initially used to dilute peptide at the
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required concentration) onto BAP medium as for the test peptide plates. Following incubation for 72 h under
anaerobic conditions at 37°C, the plates were checked for discrete colonies within the range of 30-300. Cfu/mL

were calculated according to the appropriate dilution factor using the formula:

cfu/mL = Average number of colonies x 10 x 5
dilution factor (1x10-4)

Birefringence of tau peptides following Congo red uptake
Light Microscopy

Droplets (25 pL) of non-phosphorylated and phosphorylated-tau reconstituted peptides were placed onto
Vectabond™-treated glass slides and allowed to air dry. Peptides were stained with Congo Red and mounted
in Gurr’s neutral mounting medium under a coverslip and examined for the presence of green birefringence
through crossed polarisers on an Olympus BX51 light microscope (Olympus Optical Co. UK, Ltd) at a
wavelength range of 455 to 600 nm. Photomicrographs were captured with a Zeiss Axiocam and Axiovision

software (Carl Zeiss Vision GmbH, Hallbergmoos, Germany).

Circular dichroism for the structure of the soluble tau peptide A in non-phosphorylated and
phosphorylated states

Circular dichroism spectra of tau peptides A in both its non-phosphorylated and phosphorylated forms were
diluted (0.01 mg/mL) in either neutral pH PBS or 50% 2,2,2-TFE and their absorbance was measured using a
Jasco J-815 fluorescent spectrophotometer (JASCO Deutschland GmbH, Germany) with a 1-mm path-length
in a quartz cuvette to minimize any non-specific absorbance. Ten scans were averaged for each sample over
a wavelength range of 180-260 nm at 0.5 nm intervals. A bandwidth of 1 nm, and a scan speed of 100 nm/min
was used. The averaged blank spectra from PBS alone were subtracted from the test peptides. For secondary
structure estimation, circular dichroism spectra were deconvoluted using the SELCON 3 Algorithm (protein

reference set 3) [40, 41] on the DichroWeb [42-44].



Transmission Electron Microscopy (TEM)

Droplets (50 pL) of reconstituted peptides in the ¥4 strength sterile Ringer’s buffer were dispensed onto
Nescofilm (Bando Chemical Industries Ltd. Kobe, Japan) in a humidified incubation chamber.
Formvar/carbon coated nickel grids (400 mesh) were floated, film side down, on droplets of each supernatant
for 20 minutes, transferred to 1% glutaraldehyde in neutral pH, 0.01 M phosphate buffered saline (PBS) for
10 minutes, and washed by placing on droplets of PBS (3 x 1 minute) and further washed in reverse osmosis-
purified water for 6 x 1 minute. Grids were then transferred to 2% uranium acetate for 10 minutes [45], lifted
off with fine forceps, excess stain solution drained with Whatman 50 filter paper, and grids were allowed to
air dry. Samples were examined in a Hitachi HT7800 TEM (Hitachi High Tech Ltd., UK) at 100 kV and

images were captured with Radius software (EMSIS GmbH, Germany).

Statistical analysis

Where possible, the data was analysed using the Statistical Package for the Social Sciences (SPSS). The data
was non-parametric, and the Mann Whitney U test was used to determine the differences between two
independent groups by comparing the mean cfu/mL of each of the peptides with the corresponding controls at
all dilutions for antimicrobial activity. A statistical probability (P value), less than or equal to <0.05 was

considered significant.

RESULTS
Assessment of the putative gingipain binding hexapeptide motif antimicrobial activity on
Porphyromonas gingivalis

Antimicrobial activity of non-phosphorylated peptides A-G against P. gingivalis demonstrated no statistical
difference compared to the control (P. gingivalis without peptide). An example result is shown for peptide A

(Fig. 1A).



A highly significant statistical difference (p = 0.0000, Fig. 1B) was seen in the phosphorylated peptide A
compared to the control (P. gingivalis without peptide) as determined by the non-parametric Mann Whitney
U test. Therefore, phosphorylated peptide A is acting as an antimicrobial agent on P. gingivalis across a range
of micromolar concentrations (Fig. 1B). No statistical difference was observed for antimicrobial activity of

the phosphorylated peptides B and C on P. gingivalis planktonic cultures.

Birefringence of tau peptides under crossed polarisers

Peptides A phosphorylated and non-phosphorylated, and peptide G non-phosphorylated forms were not
retained on the glass slide because they were soluble and kept washing off making further investigations
impossible. All peptides B-F in non-phosphorylated forms and peptides B-C phosphorylated forms displayed
apple green birefringence when viewed through crossed polarisers over a wavelength range of 455 to 600 nm.
In the non-phosphorylated form, peptide B appeared to have a random fibrillar appearance with blue/green
hue or birefringence (Fig. 2A). The phosphorylated peptide B formed a lattice-like crystal structure, remained
birefringent with a deeper green shade (Fig. 2B), compared with its non-phosphorylated form shown in Fig.
2A. In its non-phosphorylated state peptide C appeared to have a lattice crystal structure, that gave apple green
hue (Fig. 2C). In its phosphorylated state, peptide C (Fig. 2D) exhibited blue/green birefringence with random
aggregating short fibrils. Tau peptide D in its non-phosphorylated state (Fig. 2E) gave greenish birefringence
with some lattice structure. Non-phosphorylated tau peptides E and F (Figs. 2F and 2G) gave greenish

birefringence in aggregated clumps without any lattice structures.

Assessment of the secondary structure of the soluble peptide A in non-phosphorylated and
phosphorylated forms using circular dichroism

The secondary structure of the soluble tau peptide A in its phosphorylated form using CD spectroscopy (Fig
3) demonstrated that in aqueous solution, peptide A adopted, a conformation consisting of mainly R-type
structures with low levels of a-helix in solution (< 15%). In the presence of TFE, the CD spectra confirmed

that both forms of peptide A structures were typical of a mixture of a-helical (< 15%) and random coil



structures with a maxima peak at 198 nm and a negative broad band at 207 nm that indicated partial antiparallel
R-sheet structures. Further analysis of the spectra using SELCON 3 showed that this structure was mainly of
unordered, B-sheet type (Table 3). The presence of TFE which was used to stabilise the secondary structure,
demonstrated a strong negative band at 198 nm and 203 nm, which is characteristic of a “turn” within the

peptide representing an anti-parallel B-sheet structure.

Secondary and tertiary structure of peptides B-F by Transmission Electron Microscopy (TEM)

Tau peptides A and G

For tau peptide A, both non-phosphorylated and phosphorylated forms and peptide G non-phosphorylated
form it was found that, there was no adsorption of the protein to the support film and further analysis by TEM
was abandoned.

Non-phosphorylated tau peptide B demonstrated long (mean length 1164nm range 500-2000nm) fibrils
forming random aggregates, some fibres displayed a clear and consistent distance along the twisted repeat
morphology (dimensions not calculated) (Fig. 4A, black arrows). The phosphorylation of peptide B also
showed long fibrils, but their helical repeats decreased significantly along the fibre length (Fig 4B) compared
with the non-phosphorylated form shown in Fig. 4A.

Non-phosphorylated tau peptide C ultrastructure mostly demonstrated short (mean length 439 nm range 143-
725nm) fibrils (Fig. 4C), although there was the odd longer fibril that appeared to be randomly aggregating
with shorter fibrils in the process of forming twists (Fig. 4C arrows). The phosphorylated peptide C
predominantly demonstrated thickened fibrils (Fig. 4D) compared with the non-phosphorylated peptide C
shown in Fig. 4C. The phosphorylated peptide C fibrils showed helical twists (anti-parallel R-sheet structure)
along all of its fibre length(s) (Fig. 4D, black arrows) that were of a clear and consistent distance from each
twist. Although, not measured, the twists in the phosphorylated tau peptide C were much tighter as compared
to the periodicity of the twists observed in the non-phosphorylated tau peptide B.

The non-phosphorylated tau peptide D demonstrated short (mean length 391 nm range 136-655 nm) straight

fibrils (Fig. 4E). Tau peptide E was of medium length (mean length 658 nm range 200-1500 nm) fibrils, with
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random aggregates (Fig. 4F). Tau peptide F formed long fibrils (mean length 1100nm range 200-5097 nm)
with very few aggregates displaying helical twists within the fibrils (Fig. 4G). Overall, all the fibrils from
peptides B-F bearing VQIINK and VQIVYK hexapeptide motifs demonstrated twists whereby some twists

were more obvious than others.

DISCUSSION

P. gingivalis is a keystone periodontal disease pathogen [27] and produces gingipains, which are classified as
collagenases and trypsin-like cysteine proteinases capable of cleaving tau protein into several peptides [10].
This has implications for AD neuropathology because the activity of intra neuronal gingipains could be a
source of free tau. The implication here is that free tau will give rise to PHF and SF, if cleaved from the
microtubule binding domains because they undergo self-aggregation and become incorporated into NFTs [30,
34]. NFTs are hyperphosphorylated tau and one of the two diagnostic lesions of AD. NFTs are linked to Braak
staging and progression of AD [17]. They spread in a predictable pattern to involve connecting neurons that
project between the individual cortical regions and hippocampus, amygdala, and association cortices of the
frontal, temporal, and parietal lobes and possibly in reverse order from the locus coeruleus [17, 46].

In the present study, gingipains’-fragmented tau peptides containing “VQIINK” and “VQIVYK”
hexapeptide motifs, which form helical twists in vivo, retained their propensity to form tertiary structures ex
vivo. The tertiary structure seen in peptides B-C therefore, equate to PHFs and SF in vitro. The difference in
roles between soluble peptides A and G would be better explained in terms of their behaviour under
physiological conditions where they may be involved in promoting the formation, elongation, maintenance,
and stability of structural microtubules [47]. The insoluble peptides B-E with their ability to form PHF and
SF appear to have a role in forming cytoskeletal pathology leading to NFT formation in AD [47]. To elucidate
the interactions between the tau peptides and P. gingivalis, several, antimicrobial assays were undertaken to
explain the mechanism of killing this oral bacterium. The first step in the antimicrobial action of tau peptide

A against the P. gingivalis bacterium is its outer membrane permeabilization. The minimum lethal
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concentration of phosphorylated peptide A was within a range of 750 to 50 uM [14]. However, Kobayashi et
al. [14] tested their peptides on Staphylococcus aureus (Gram-positive), Escherichia coli (Gram-negative) and
Candida albicans using very different antibacterial assays. The present study tested antimicrobial activity
against P. gingivalis. Although P. gingivalis is also a Gram-negative bacterium, it has differences in its outer
membrane composition, making it impossible to compare the concentrations obtained in the two different
studies [14].

It can also be argued that P. gingivalis ATCC 33277 strain can shield the antigenic structures that are
crucial in the interaction between the bacterium and antimicrobials [48]. It appears that P. gingivalis is not
easily eradicated due to the keystone status of this bacterium as a microbial “persister” [27, 49, 50]. The
persister phenomenon of P. gingivalis is an adaptive mechanism that increases its survival under lethal doses
of antimicrobial compounds by becoming dormant even in the planktonic phase. As a result, the persister form
of the bacterium can revive when the effect of the antimicrobial treatment expires. This potential mechanism
of protection may be due to its membrane phospholipid composition which is enhanced in
phosphatidylglycerol over phosphatidylethanolamine [51]. However, we did find enhanced Kkilling of
planktonic P. gingivalis with only few persister cell colonies surviving at lethal doses (750 uM to 50 uM) of
phosphorylated peptide A, which has three amino acid residues out of ten which are prone to phosphorylation
and is soluble. Since, phosphorylation lowers the pH of the peptide solution, this may have contributed to the
killing of P. gingivalis, which has been reported to grow within the narrow optimal pH range of 6.5-7.0 [52].
Interestingly, researchers have shown that AD is associated with a decreased pH of the brain and cerebrospinal
fluid [53]. If this is the case, then the laboratory conditions in this study may not have been dissimilar to the
in vivo state of the AD brain. Therefore, a possible link may exist between tau as a substrate for gingipains
remains with PHF and SF in NFT formation [10].

In vivo experimental models have suggested that LPS from oral, Gram-negative bacteria especially P.
gingivalis does have arole in chronic local inflammation [54], increasing cognitive decline [55] and tau protein
cleavage from its bound state to microtubules and phosphorylation [10, 23, 24, 35, 56]. Phosphorylation of

tau protein by GSK-f activation is supported by our own gene array data from in vitro application of P.
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gingivalis LPS to the neuroblastoma IMR-32 cells [37] and in vivo animal model of periodontitis for
investigating AD [38].

In the present study, we tested one peptide from the proline-rich domain (peptide A), which in an AD
brain contains many residues prone to phosphorylation. Peptides B-F were from the microtubule binding
domains with VQIINK and VQIVYK motifs which harbour paired helical filaments and residues prone to
phosphorylation and peptide G from the C-terminal domain with at least 8 serine and threonine sites prone to
phosphorylation. All peptides contain residues such as threonine and serine which are prone to
phosphorylation. It is known that excessive phosphorylation causes the normally soluble tau to become
insoluble [53] and subsequently affects the physicochemical properties of the peptides leading to
conformational changes. Due to spontaneous and uncontrolled aggregation of free and/or phosphorylated tau,
NFTs are considered toxic to nerve cells.

Kobayashi et al. [14] did not report their secondary or tertiary structures for any of the short peptides.
Their focus was on testing the antimicrobial properties against Staphylococcus aureus (Gram-positive),
Escherichia coli (Gram-negative) and Candida albicans. It was apparent that the peptide motifs studied by
Kobayashi et al. [14] not only consisted largely of polar amino acids, but also had an unprotected a-amino
group and the carboxylic acid terminus, which are prone to retaining positive and negative charges
respectively. In larger peptides/proteins those functional groups would normally contribute to the intermolecular
hydrogen bonding, and consequently self-assembly. In the case of shorter peptides, as those reported by
Kobayashi et al. [14], the functional groups would have remained uninterrupted with a potential for
interference with bacterial viability.

During this study peptides B and C (phosphorylated and non-phosphorylated) D, E F (non-
phosphorylated) were found to self-assemble and to form fibrillar structures (TEM). Even though peptides B-
F consist of either VQIVYK or VQIINK antimicrobial motif they did not show any antimicrobial activity
against P. gingivalis. It is our understanding, that the functional groups that are contributing to the
antimicrobial properties of the peptide become inactive during the intermolecular hydrogen bonding and self-

assembly into fibrillar structure.
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Alternatively, Divry [57] showed that the centre of many amyloid-beta (Ap) plaques, based upon their
histochemical reactions with Congo Red stain, are birefringent under polarised light. In the present study we
attempted to evaluate the birefringence properties to tau. The present ex vivo study used pure tau and the
results clearly demonstrated birefringence at the same polarizing light wavelength characteristic for insoluble

AB.

In vivo studies however, which are based on the understanding of amyloid precursor gene (APP)
processing, infers that APP is processed via either of the non-amyloidogenic or the amyloidogenic pathways,
both of which generate soluble ectodomains (sAPPa and sAPPp) and identical intracellular C-terminal
fragments (AICD). Of these, the AICD domain is detected by anti-amyloid antibodies [6, 58]. Therefore, the
possibility of intraneuronal amyloid being present in the NFT-bearing neurons means that either amyloid or

tau, or both, are showing birefringence.

Pure tau also presented an opportunity to test whether the helical twists occur ex vivo as Terry [15]
considered, the NFT to be composed of twisted tubules or as Kidd [59] suggested, that they were paired
filaments arranged in a double helix with intermittent narrowing of a specific periodicity. Our results appear
to agree with Terry [15] and Kidd [59] in that they form helical repeats or twists (dimensions not measured),
but they appeared fibrillar rather than tubular ex vivo under the TEM. The present study also shows that
physicochemical properties of non/phosphorylated tau can decrease and/or increase the “twists” along a fibril.
As the dimensions of the twists were not measured, the authors of this study are unable to determine whether
they represent the same ultrastructural properties of their periodicity or by twist width, as those previously
reported by Terry [15]. Nevertheless, twists were present in both non-phosphorylated or the phosphorylated
state, which seemed to be of a slightly different (loose or tight) configuration, depending on their post-

translational status, as observed in this study.

Investigations of mammalian cells in vitro and in vivo animal models following P. gingivalis infection
suggests many of the kinases and phosphatases including GSK-3f involved in tau phosphorylation are

activated via signal transduction pathways and phosphorylation of tau by GSK-3p following P. gingivalis

14



infection [23, 24, 37, 38]. Therefore, P. gingivalis, a keystone pathogen of periodontal disease is a strong risk

factor for AD as suggested previously by Kanagasingam et al. [35].

The peptides chosen for testing were decided upon in the first case by their ability to represent the tau
containing “VQIINK” and “VQIVYK” hexapeptide [10]. This is because they were mapped according to their
microtubule binding domains in PHFs and SFs linking back to the NFT lesion [35]. This lesion is related to
the Braak staging and disease severity. Hence, these peptides are relevant to the neuropathology of AD. An
initial peptide toxicity prediction was then requested from the Severn Biotech Limited, UK (Table 3), the
company that initially synthesised the non-phosphorylated peptides, before undertaking further laboratory
testing. The antimicrobial prediction programme suggested that peptide A would not be toxic and therefore
was chosen as a control peptide for those that were predicted to be toxic, bearing the VQIINK and VQIVYK
motifs [Table 2]. Our results suggest that phosphorylated peptide A did reduce P. gingivalis numbers at the
750 to 50 uM range of concentrations and our explanation for this differing expectation is that a prediction

tool used to generate the antimicrobial properties in this instance can only be regarded as being theoretical.

Future research

Further research on antimicrobial peptides

Dominy et al. [10) reported nine possible tau peptides cleaved by gingipains. Here we investigated seven tau
peptides. Further research needs to be undertaken to investigate the structure of the remaining two peptides,
which were not investigated here. Once the structures of the peptides are confirmed, the research could be
expanded to investigate the binding of all nine tau peptides to bacterial membranes as described by Jung et al.
[60]. Wall et al. [61] devised a model using liposomes for investigating the ability of a peptide binding to a
model membrane when the peptide lacks a tryptophan residue using a fluorescein-phosphatidylethanolamine
(FPE) probe [60-63]. Based on these studies the antimicrobial action of the peptides will give an insight into
their ability to bind to the membranes of target organisms which may involve specific lipids or membrane
receptors.

Assessment of the cytotoxicity of the hexapeptide and other motifs:
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This should be carried out on differentiated neuronal cells in vitro for up to 72h time points with exposure to

the various concentrations of tau peptides in triplicate with a known toxic compound as a control.

CONCLUSIONS

The tertiary structure of tau peptides B-C (non-phosphorylated and phosphorylated forms) confirms physical
changes caused by post-translational modification. TEM of peptides B-F gives some information about the
PHF/SF ability to self-aggregate and become incorporated to form longer fibres. The phosphorylated tau
peptide C with clear stacking and twisting of the fibres suggests significant hydrophobicity on the external
part of the fibre. This may contribute to further aggregation of PHF or SF to form larger aggregates and bundles
of filaments leading to NFT formation. Peptides B-F in their non-phosphorylated and peptides B-C in their
phosphorylated states displayed mainly B-sheet type structures and this correlates with their birefringence. A
shared characteristic of tau with AB. A possible link with tau, as a substrate for gingipains, is strengthened via
ex vivo formation of PHF and SF linking back to NFTs.

The pathological relevance of the present study is the plausibility of free tau being released, by gingipains,
from microtubules. Eventual death of the neuron would release the free tau into the cerebral parenchyma and
activate the innate immune responses and contribute to neuroinflammation [64-66]. Free tau could also be
spreading to connecting neurons [67].

Overall, there is a basis for prevention by removal of the potential causative agent if that is P. gingivalis or its

gingipains at the primary (oral) site.
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LEGENDS

Table 1: Tau peptides N = 7 (A-G) of interest in this study taken from Dominy et al. [10] and the putative
phosphorylated residues (green) as reported by Kanagasingam et al. [35]. VQIINK and VQIVYK motifs
indicate paired helical filament containing regions of tau constituting neurofibrillary tangles that bind to
microtubule binding domains. They were commercially synthesized and supplied by Severn Biotech Limited,

(UK) in their purified crystallised (powder) form with/without posttranslational modification.

Designated [Region in Tau Peptide sequence identity in full length tau
letter N-C termini (for those investigated in this study)
Non-phosphorylated-TPSLPTPPTR
A R211-R221
Phosphorylated-211TPSLPTPPTR220
Non-phosphorylated-HQPGGGKVQIINKKLDLSNVQSK
B K259-K290
Phosphorylated-267THQPGGGKVQIINKKLDLSNVQS*K287
Non-phosphorylated-VQIINKKLDLSNVQSK
C K28-K290
Phosphorylated-275VQIINKKLDLSNVQS!'#K285
D K298-K317 Non-phosphorylated-HVPGGGSVQIVYKPVDLSK
E K298-K321 Non-phosphorylated-HVPGGGSVQIVYKPVDLSKVTSK
F K294-K321 Non-phosphorylated-DNIKHVPGGGSVQIVYKPVDLSKVTSK
G R406-K438 Non-phosphorylated-HLSNVSSTGSIDMVDSPQLATLADEVSALAK

Table 2. An initial non-phosphorylated peptide toxicity prediction carried out by Severn Biotech Ltd., UK

Region in | Peptides A-G Toxic? | No  of | Charge
Tau N-C residues
termini
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R211-R221 TPSLPTPPTR No 10 +1
K259-K290 HQPGGGKVQIINKKLDLSNVQSK Yes 23 +3
K28-K290 VQIINKKLDLSNVQSK Yes 16 +2
K298-K317 HVPGGGSVQIVYKPVDLSK Yes 19 +1.09
K298-K321 HVPGGGSVQIVYKPVDLSKVTSK Yes 23 +2
K294-K317 DNIKHVPGGGSVQIVYKPVDLSK Yes 23 +1.09
K294-K321 | DNIKHVPGGGSVQIVYKPVDLSKVTSK Yes 27 +2

Table 3. Secondary structure determination of tau peptide A in its non- phosphorylated and phosphorylated

states
Peptide A Conditions | Helix Strand = Turns Unordered
Non- phosphorylated| 1 x PBS 15.2 32.2 22.2 34.9
Non- phosphorylated | 50 % TFE 13.7 32.4 21.5 34.5
Phosphorylated 1xPBS 134 31.7 21.2 34.1
Phosphorylated 50 % TFE 13.5 32.7 215 34.3

Figure 1: Antimicrobial activity of peptides peptide A in non-phosphorylation and phosphorylation state on
P. gingivalis.

1A. Non-phosphorylated peptide A

Bar chart to show the growth of viable P. gingivalis (cfu/mL) at varying concentrations of peptide A versus
bacterial growth without peptide (Fig. 1A). There was no statistical difference (P value greater than 0.05) in
each of the non-phosphorylated peptides A-G compared to the control (without drug), as determined by the

non-parametric Mann Whitney U test. Error bars represent standard error of mean.
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1B. Phosphorylated peptide A
Bar chart as in Fig. 1A. Phosphorylated peptide A (Fig. 1B) demonstrated highly significant statistical
difference (P = 0.0000) in the phosphorylated peptide A compared to the control (without drug) as determined

by the non-parametric Mann Whitney U test across the range of dilutions tested. Error bars as for Fig 1A.
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Figure 2: Polarising light microscopy following Congo Red staining shows its apple green birefringence in

peptides B and C in their non-phosphorylated and phosphorylated states and peptides D-F in their non-

phosphorylated form.

Non-phosphorylated peptide B

< Phospho

\
rylated peptide B
Y

i Non-phbsphbﬁlétqd peptide D

\ :

Pl D PV
KA fEN

i
P

Non-phosphorylated
peptide E

Non-phosphorylated
) peptide F

Tau peptide B in its non-phosphorylated state (Fig. 2A) aggregated to give blue/green birefringence. In the

phosphorylated form, peptide B remained birefringent with deeper green shade (Fig. 2B). The peptide C in its

non-phosphorylated state appeared with lattice crystal structure and gave apple green birefringence (Fig. 2C).

In its phosphorylated state, peptide C (Fig. 2D) gave blue/greenish birefringence and the lattice structure

appeared to have been disrupted. Tau peptide D in its non-phosphorylated state (Fig. 2E) gave greenish

birefringence with some lattice structure. Non-phosphorylated tau peptides E and F (Figs. 2F and 2G) gave

greenish birefringence in aggregated clumps without any lattice structures.

Figure 3 Circular dichroism spectroscopic analysis of tau peptide A
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Non-phosphorylated peptide A (Fig. 3A) and phosphorylated peptide A (Fig. 3B) show circular dichroism

spectra in the presence of PBS (black) and TFE (grey).

Figure 4

Tau peptide B in its non-phosphorylated state showed long fibrils with clear and consistent periodicity of
twists (Fig. 4A black arrows). In the phosphorylated state peptide B remained fibrillar but its helical turns

were less defined although they are present (Fig. 4B). Micron bar = 100 nm.
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Tau peptide C in its non-phosphorylated state appeared as shorter fibrils, not fully assembled into fibres and
with fewer twists (Fig. 4C arrows). In the phosphorylated state peptide C remained fibrillar and demonstrated
numerous clear, consistent twists throughout all the fibres along their length that appeared to be tighter than
those seen at the same magnification for tau peptide B in its non-phosphorylated state shown in Fig. 4A black

arrows, to become like paired helical structure (4D, black arrows). Micron bar = 100 nm.
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Non-phosphorylated tau peptides D, E, F (Fig. 4 E, F, G). Peptide D in its non-phosphorylated state appeared
as short and long fibrils randomly arranged without twists and some clustering suggesting it may be
hydrophobic (Fig. 4 E),

Peptide E in its non-phosphorylated state appeared as random clusters suggestive of hydrophobic interation
with other fibrils composed of short and some long fibrils without clear twists (Fig. 4F).

Peptide E in its non-phosphorylated state appeared with longer strands of fibrils suggestive of short fibrils

joining up to form longer fibres (Fig. 4 G). Micron bar = 100 nm.
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