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Abstract

Colorectal cancer (CRC) is known to be one of the most aggressive types of cancer.
While the gut is a diverse ecological inhabitant of thousands of bacterial species, rising evidence
links Fusobacterium nucleatum (F. nucleatum) with the disease. Whether this bacterium is a
causative factor for the disease or a species that merely happens to flourish in the CRC
environment, is not fully determined. F. nucleatum has been further classified into four
genetically different subspecies; nucleatum, polymorphum, animalis, and vincentii. These

subspecies are thought to vary in their virulence and the various diseases they might cause.

Up to that time, conventional matrix-assisted laser desorption ionization- time-of-flight
mass spectrometry (MALDI-TOF MS) has been used as a proteomics tool to detect the F.
nucleatum four subspecies, in pure cultures. Recently, the more advanced tandem time-of-
flight MALDI-MS (MALDI-TOF/TOF MS) technology has been introduced as an efficient and
accurate method of detecting bacterial pathogens at microbiology clinical diagnostic

laboratories.

Human saliva has been proposed as a potential route of F. nucleatum strains to reach
and colonize the CRC tissue. Along with the non-invasiveness, time-effectiveness, and ease of
acquisition, saliva represents a potential mirror for a myriad of systemic health changes in
humans. Hence, human saliva has been extensively used as a promising diagnostic tool in
healthcare. For this master’s thesis, we explored the capability of MALDI-TOF/TOF MS to

identify F. nucleatum to the subspecies level in saliva samples. The analyzed saliva specimens
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were obtained from patients with precancerous adenoma, the primary precursor for CRC, and

from non-diseased controls.

Results: We have optimized a proteomics approach that allows for the successful
identification of F. nucleatum at the subspecies-level directly from saliva samples. Our findings
highlight the presence of the F. nucleatum subspecies in both colorectal adenoma patients'
saliva and non-diseased controls’ saliva. We have also shown a difference in the F. nucleatum
subtypes inhabiting the diseased and non-diseased subjects. Specifically, F. nucleatum subsp.
nucleatum was absent in the patients’ saliva while it was detected in the non-diseased control
group. The possible identification of a specific F. nucleatum pathogen in the saliva may enable
future targeting of this pathogen as a means of screening for, detection, treatment, follow-up

or prevention of CRC.
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Résumé

Le cancer colorectal (CCR) est connu pour étre I'un des types de cancer les plus
agressifs. Alors que le célon est un habitat écologique diversifié de milliers d'espéces
bactériennes, de plus en plus de preuves relient Fusobacterium nucleatum (F. nucleatum) au
CCR. La question de savoir si cette bactérie est un facteur causal de la maladie, ou une espéce
qui ne fait que prospérer dans l'environnement du CCR, n'est pas totalement résolue. F.
nucleatum a en effet été classé en quatre sous-espéces génétiquement différentes: nucleatum,
polymorphum, animalis et vincentii; et on pense que ces sous-especes varient aussi bien dans

leur virulence que dans les maladies qu’elles pourraient causer.

Jusque-1a, la spectrométrie de masse conventionnelle par désorption-ionisation laser a
temps de vol assistée par matrice (MALDI-TOF MS, du nom en anglais : Matrix-assisted laser
desorption ionization- time-of-flight mass spectrometry) était utilisée comme outil de
protéomique pour détecter les quatre sous-espéces de F. nucleatum, dans des cultures pures.
Récemment, la technologie plus avancée en temps de vol, MALDI-MS (MALDI-TOF / TOF MS), a
été introduite en tant que méthode efficace et précise de détection des bactéries pathogenes

dans les laboratoires de diagnostic clinique microbiologique .

La salive a été proposée comme voie potentielle des souches de F. nucleatum pour
atteindre et coloniser les tumeurs colorectales. En plus de son caractere non invasif, son
efficacité en terme de temps et sa facilité d'acquisition, la salive représente un portrait
potentiel d’'une myriade de changements systémiques dans la santé chez I'homme. Par

conséquent, la salive humaine a été largement utilisée comme outil de diagnostic prometteur
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dans les soins de santé. Pour cette thése de maitrise, nous avons exploré la capacité de MS
MALDI-TOF / TOF a identifier F. nucleatum au niveau de la sous-espéce dans des échantillons de
salive. Les échantillons de salive analysés proviennent de patients diagnostiqués avec des
adénomes précancéreux et de témoins non atteints, sachant que les adénomes précancéreux

sont des précurseurs de CCRs, .

Résultats: Nous avons optimisé une approche protéomique permettant l'identification
réussie de F. nucleatum au niveau de la sous-espéce directement a partir d'échantillons de
salive. Nos résultats mettent en évidence la présence de la sous-espece F. nucleatum dans la
salive des patients souffrant d’'un adénome colorectal et dans celle des témoins non atteints.
Nous avons également montré une différence entre les sous-types de F. nucleatum chez les
sujets malades et ceux non malades. Plus précisément, F. nucleatum subsp. nucleatum était
absent dans la salive des patients alors qu’il a été détecté dans le groupe témoin non malade.
L'identification possible d'un agent pathogene spécifique de F. nucleatum dans la salive pourrait
permettre un ciblage ultérieur de cet agent pathogéne en tant que moyen de dépistage, de

détection, de traitement, de suivi ou de prévention du CCR.
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1. Literature Review

1.1 Fusobacterium

Fusobacterium bacterial genus is a strictly anaerobic non-sporulating, Gram-negative
staining bacterial group. It belongs to the family Bacteriodaceae. Some of the species belonging
to this family are common inhabitants of the oral cavity, specifically: Fusobacterium nucleatum,
Fusobacterium necrophorum, and Fusobacterium varium. While most of the Fusobacteria are
spindle-shaped, some of them are polymorphous, e.g., filiform-shaped cells, spherical
distended or globular-shaped cells(1). Fusobacteria were detected in clinical infections, e.g.,

pus and gangrene, as well as in children diseases(1-3).

1.2 Fusobacterium nucleatum (F.nucleatum)

F. nucleatum is one of the most common species that occurs to be found in humans
body cavities infections(4,5). Additionally, it is one of the most abundant species in the normal
flora of the oral cavity(6). Despite being closely correlated to periodontitis and gingivitis, F.
nucleatum has been detected in multiple sites of the human body(7), and in a plethora of
extraoral infections and conditions, for instance, peritonsillar abscesses(8), bacteremia and liver
abscesses(9,10), urinary tract infections(11), intrauterine infections(12), bacterial vaginosis(13),
pericarditis and endocarditis(14,15), lung and pleural infections(16,17), septic arthritis and
pyomyositis(18), appendicitis(19,20), pancreatic cancer(21), preterm birth and stillbirth(22) and

tropical skin ulcers(23).
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1.3 F. nucleatum subspecies

F. nucleatum is further classified into five subspecies that are normal inhabitants of the
oral cavity(24) - nucleatum, polymorphum, animalis, fusiforme and vincentii. F. nucleatum
subsp. fusiforme and vincentii could be classified into one subspecies based on 25
housekeeping genes, including 16S rRNA, rpoB, and zinc protease, according to previous
genomic analyses(25,26). These subspecies are known to vary in their virulence, pathogenic
activity, and different diseases that they cause (3,27-29). As an example, while F. nucleatum
ssp. animalis and polymorphum are linked with pregnancy complications and F. nucleatum ssp.
nucleatum is often isolated from periodontal disease, F. nucleatum ssp. vincentii is usually
found in the flora of the oral cavity(28). In a previous study, F. nucleatum subsp. animalis was
found to be the most prevalent F. nucleatum subspecies associated with colorectal cancer (CRC)
tissue samples(30). Additionally, another study has highlighted the dominance of F. nucleatum

ssp. animalis and F. nucleatum ssp. vincentii in the fecal samples of CRC patients(31).

1.4 F. nucleatum in human saliva, gut, and stool

Although the oral microbiome is known to be the second most diverse bacterial community,
coming after the stool microbiome(32,33), it has been less extensively studied than the gut
microbiome(34). The oral microbiome constitutes of more than 2000 bacterial taxa(32,35). The
gut microbiome could acquire the oral microbes through either the bloodstream or salivary
secretion(36). In average, more than 1 L of saliva is secreted by an adult human per day, which
generally flows into the gastrointestinal tract. Thus, the gut microbiome composition is affected

by its salivary opponent(37). A previous study has elucidated a difference in the microbiota
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composition between CRC patients and healthy individuals saliva, stool, and colon tissue(37).
According to another study, the level of F. nucleatum subspecies was found to be more
abundant in the stool of CRC patients when compared to healthy controls(38). At the
subspecies level, F. nucleatum ssp. animalis was shown to be the most predominant F.
nucleatum subspecies in CRC tissue samples in another study(39). In another recent research,

identical F. nucleatum strains were found in the saliva and the colon tissues of CRC patients(40).

1.5 Colorectal neoplasms: colorectal adenoma and colorectal cancer (CRC)

Colorectal adenomatous polyps are known to be the most dominant precursors of
colorectal cancers. In other words, most of the colorectal carcinomas arise from adenomas(41—
44). Adenomas were shown to affect 20 to 53% of people older than 50 years old in the United
States(45). CRC is the most prevalent gastrointestinal cancer(46) and a leading cause of death
among both men and women around the globe, accounting for more than 690,000 deaths in
2012(47). In 2017, 73 Canadians were diagnosed with CRC every day on average, with almost
10,000 death cases with CRC in the same year(48). Although the exact cause of the disease is
not yet elucidated, some risk factors have been highlighted including; smoking, lack of physical
activity and obesity, as well as alcohol, red and processed meat consumption. On top of these,
both family history and personal history of CRC, colorectal polyps, or inflammatory bowel
disease (IBD) are known to be significant risk factors as well(49,50). Recently, accumulating

evidence is linking CRC with the intestinal microbiota (36,51-53).

16



1.5.1 Gastrointestinal microbiome relation to colorectal neoplasms

The human gut is inhabited by more than 100 trillion microorganisms, which serves an
essential role in human body health(6). These microorganisms are involved in homeostasis,
through regulating a variety of biologic functions in the intestine(54,55). Upon disruption of this
intestinal balance, i.e., microbial dysbiosis, a myriad of complications could emerge, e.g.,

inflammatory bowel disease (IBD) and colorectal tumors(56,57).

1.5.2 F. nucleatum in colorectal neoplasms

Several studies have flagged the presence of Fusobacterium nucleatum in a significantly
higher abundance in colorectal adenomas (58—60) and in CRC-affected tissue compared to the
adjacent non-cancerous areas of the same tissue (61-65). These studies are consistent with
other reports on the presence of a higher F. nucleatum load in CRC tissues even at an early
point of clinical lesion development(59,64,66,67). Additionally, other studies have highlighted
that F. nucleatum promotes the pathogenicity of the disease through synergizing with other
Gram-negative bacteria such as Campylobacter spp., Liptotrichia spp. and Clostridium difficile

(68-70).

Recent studies have also shown that the presence of F. nucleatum might trigger some
molecular events that could play a key role of CRC pathogenesis; including BRAF, TP53, CHD7
and CHD8 mutations, microsatellite instability and CpG island methylator phenotype (71,72).
Despite a dearth of direct clinical evidence, F. nucleatum is now considered a potential
contributing factor of CRC susceptibility rather than a mere passenger in the human gut(58,73).

In one study performed on Apc min/+ mice, F. nucleatum was proven to be involved in
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carcinogenesis (59). Another study demonstrated that F. nucleatum could cause the CRC cells to
grow via B-catenin signaling pathway activation and promotion of oncogenic gene expression
through the FadA adhesion molecule (74). FadA is an essential virulence factor of F. nucleatum
as it aids the attachment of the bacteria to, and invasion of, the endothelial and epithelial host
tissue (75,76). F. nucleatum invades the cells through binding of FadA to the endothelial
cadherin receptor CDH5, upregulating inflammatory genes and promoting the secretion of
cytokines, e.g., IL-6, IL-8, IL-10, IL-18, TNF-a and NF-kB resulting in a pro-inflammatory tumor
microenvironment that facilitates tumor growth(58,77,78). FadA was also reported to interact
with E-cadherin surface molecule, which is a cell adhesion molecule expressed on both CRC and
non-CRC host cells and thought to be a strong tumor suppressor(79). This interaction triggers B-
catenin signaling, which then leads to the upregulation of Wnt genes such as wnt7a, wnt7b,
wnt9a, inflammatory genes such as NF-kB2, oncogenes such as myc and cyclin D1, and
transcriptional factors such as lymphoid enhancer factor (LEF-1), eventually leading to tumor
proliferation(74). Meanwhile, the bacteria-infected cells increase micro-RNA 21 (miR21)
expression through activating TLR-4 signal transduction to MYD88, which leads to the activation
of NF-kB (80). Fibroblasts activation protein 2 (Fap 2) is another critical virulence factor of F.
nucleatum, that leads to the suppression of anti-tumor immunity in various pathways. Fap 2 is
believed to bind to TIGIT receptor, which is an inhibitory receptor expressed by natural killer
(NK) and T cells, protecting the F. nucleatum-infected tumor cells from these cells’ attacks (80).
Moreover, Fap 2 contributes to the death of human lymphocytes, as well as to the attraction of
myeloid-derived suppressor cells (MDSC), which are thought to promote tumor development,

through the immunosuppression of the tumor microenvironment(59,81,82). Fap 2 additionally
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binds to the Gal-GalNAc host sugar receptor, which is overly expressed in CRC cells, enriching
the tumor tissue with F. nucleatum(83). The pathways through which F.nucleatum is presumed

to induce carcinogenicity are shown in Figure 1.
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Figure 1. 1 Plausible F. nucleatum pathways of inducing CRC pathogenesis mechanisms. FadA
in F. nucleatum promotes the CRC progression through increasing the inflammatory cytokines
level via attachment and invasion of the endothelial and epithelial cells (pathway 1) or through
activating E-cadherin B-Catenin signaling which increases the tumor cells proliferation (pathway
2). Fap2 also in F. nucleatum aids in CRC progression by producing an immune-suppressed
tumor microenvironment (pathways 3,4, and 5). MDSC: Myeloid-derived suppressor cell; TLR:
Toll-like receptor. Adopted from (84).




1.6 Detection of bacteria in human host tissues

Molecular techniques such as DNA/RNA sequencing, polymerase chain reaction (PCR)
and aptamer chemistry are the most widely used and accepted tools for bacterial identification
at the subspecies level, also known as “biotyping”(25,85-87). These methods could however
have limited applicability and could be both time-consuming and labor-intensive for subspecies
biotyping(25,88,89). Here comes the need for a precise and reliable method for bacterial
identification at the subspecies levels, as it could be used as the initial step of disease diagnosis
and a tool in large-scale epidemiological studies(55). A previous study has used matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) to detect
bacterial subspecies in pure cultures from clinical strains where they identified up to more than
80% of the subspecies of clinical isolates in accordance with 16s rRNA sequencing results(56). In
another study, it was concluded that MALDI-TOF MS could be implemented as a fast and
accurate method to identify the anaerobic bacteria isolated from clinical specimens(57). This
type of MS analysis utilizes signature mass spectra generated from bacterial proteins and
peptides that are characteristic of each microbe and identify the species by matching these
signature spectra against pre-existing spectral libraries(90). Tandem time of flight (TOF/TOF)
MS, however, generates peptide-specific spectra through multi-phase selection of
proteinogenic peptides using a data-dependent acquisition algorithm(91). In tandem MS
(MS/MS), peptides pass through a mass spectrometer a first time to measure their mass-to-
charge (m/z) ratios, and then further divided into smaller fragments which their m/z values are
also measured and searched against a peptide database for sequence matching and protein

identification, a process known as “de novo peptide sequencing”. Whereas MS/MS provides
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more depth and higher efficiency for complex mixtures compared to conventional MS

biotyping, it is more costly and time-consuming(59).
Rationale

This study aims to explore the capability of MALDI tandem time-of-flight mass
spectrometry, MALDI-TOF/TOF MS, to detect F. nucleatum subspecies directly from clinical
saliva samples. Further development of this approach could provide a novel non-invasive
method for the CRC detection or follow-up screening, and hence comes the need for such a

study.

2. Methodology

2.1 MALDI-TOF MS

MS is an analytical technique that is used to determine the exact mass of analytes,
resulting in mass spectra, which are schemes of the ions signals represented as abundance
versus m/z ratio. These mass spectra are of multiple uses, including, but not limited to,
determining the identity or structure of an unknown molecule(92). In a typical mass
spectrometer, the sample is ionized by increasing the internal energy of the molecules in an
“ionization source” forming ions that then travel through a specific distance inside a “mass
analyzer” with their m/z ratio determined by specific physical properties such as their velocity
or response to the electric and/or magnetic fields. The ions are then received by a detection

device and translated into mass spectra(93).
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2.1.1 lonization source

In MS, molecular entities could be captured and “detected” by a detector only if they
are electrically charged, thus the analyte must first be ionized. These ions are called “parent” or
“precursor” ions. lonization sources can be divided into hard and soft(94). While hard ionization
techniques break covalent bonds owing to the high energy imparted on the molecules, soft
ionization techniques maintain the covalent structure of the analyte(93). A widely used
example of hard ionization is electron ionization (El), in which high energy is transferred to the
sample molecules, resulting in variously sized “fragment” or “product” ions(95). Soft ionization,
on the other hand, includes chemical ionization (CI)(96), electrospray ionization (ESI)(97),
atmospheric pressure chemical ionization (APCI)(98,99), atmospheric pressure photoionization
(APPI) and MALDI(100). Nowadays, MALDI has become one of the most significant ionization
methods in clinical laboratories(101). In MALDI, the analyte is mixed in solution with an
ultraviolet (UV) irradiation-absorbing chromophore, known as the “matrix”, dried and co-
crystallized(90). Laser energy is then applied to the sample and almost entirely absorbed by the
matrix. The energy is then transferred to the analyte molecules, inducing excitation and
chemical instability resulting in the loss or absorption of one or more protons and/or other
charged species forming precursor ions(102). It is worth mentioning that multiple frameworks

of MALDI mechanism have been suggested, with the exact one remaining debatable(103-106).
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2.1.2 Mass analyzer

The mass analyzer, or mass filter, is responsible for filtering, separating, and occasionally
fragmenting the traveling ions into fragment or product ions(101). In clinical laboratories, time-

of-flight (TOF), quadrupole and ion traps are the most widely used mass analyzers(107,108).

In a TOF analyzer, ions are accelerated through an electrostatic field and separated
based on their velocity, which is dependable on their charge and mass. Given that the voltage
(energy) and the tube length (flight distance) are constant, the mass-to-charge ratio is
calculated through its proportion with the square of the time-of-flight (109). When combined
with MALDI, TOF becomes especially useful in analyzing macromolecules since it has a
hypothetically unlimited mass range(110). Additionally, TOF operates in pulses, which makes it

suitable to be used with pulsating ionization methods such as MALDI(111).

2.1.3 MALDI-TOF MS usage in microbial identification

MALDI-TOF MS has been used in multiple clinical studies for identifying bacterial or
fungal colonies(112). The microbes were initially cultured on agar plates, left to grow colonies,
and then the colonies of interest were picked with a sterile tool, e.g., toothpick, pipette tip or a
plastic loop, and applied directly to the metal target plate of the MALDI instrument(113). The
colonies were then coated and mixed with the matrix solution, e.g., alpha-cyano-4-hydroxy-
cinnamic acid (CHCA) in acetonitrile (ACN) and trifluoroacetic acid (TFA) or 2,5-
dihydroxybenzoic acid (DHBA) in water, ethanol, and ACN, and left to air dry. In case of
analyzing microbes of a specific biosafety concerns, the colonies were pre-treated with one of

the matrix solvent components, e.g., ethanol (114), or by the matrix solvent itself(115). When
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the spots were dry, the target plate was loaded into the MALDI instrument to run the analysis
and generate the mass spectra. The spectra were then searched against a reference spectral
database provided by the manufacturer and, in some cases, amended/modified by the
laboratory through adding custom strains. A matching score was annotated to the matched
spectra by the manufacturer-provided software by comparing the spectra with the reference in
the spectral library(101). Despite the evident advantages of this technique in identifying
bacteria, such as the rapidity of the analysis that takes almost 5 minutes per sample(116), as
well as the capability to identify the bacteria that is close to that of 16S rRNA sequencing, it still

has its limitations especially when it comes to database-dependant identification(117-121).
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Figure 2. 1 MALDI-TOF MS technical principle of operation. Sample is mixed with a laser-
absorbing matrix which facilitates the ionization. Precursor ions are accelerated towards the
detector due to a high-voltage electric field, and travel along the flight tube. The ion then hits
the detector generating a signal which, along with other travelling ions, is later translated into a
mass spectrum. The mass-to-charge (m/z) ratio of an ion is determined from the time it spent
to complete the flight tube, known as the time-of-flight. The figure is adopted from(90).
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2.1.4 Tandem time-of-flight mass spectrometry (TOF/TOF MS):

The main aim of tandem MS is to further fragment the resulting ions (precursor or
parent ions) into smaller fragments or ions (product or daughter ions), which could later be
more in-depth analyzed(101,122). Among the ion fragmentation methods available, collision-
induced dissociation (CID) and post-source dissociation (PSD) are frequently used in clinical
laboratories(123). In CID, parent ions are subjected to high gas pressure and multiple collisions
with the molecules of an inert gas, such as nitrogen, argon or helium, in a collision cell that
eventually leads to the breakdown of the parent ions bonds and formation of fragment ions.
Whereas in PSD, ions receive high excess energies by the ionization source and are
consequently destabilized and broken down into fragments immediately post-
ionization(124,125). The Autoflex™ Speed instrument (Bruker Daltonics, Germany) that was
used in this study implements the PSD fragmentation method. Tandem MS can operate in two
configurations: tandem in space and tandem in time. In the former, multiple phases of
fragmentation occur within two or more mass analyzers that are distinct and physically
separated. Transmission quadrupoles, times-of-flight, or sectors are examples of these
elements. On the other hand, in tandem in time, same as what was used in this thesis, a single
mass analyzer is used with the data acquisition steps for precursor and product ions conducted
in two different but consecutive time intervals, i.e. separated in time rather than in space. Here,
the mass spectrometer performs a “precursor ion scan”, selects precursor ions to fragment
upon the given criteria during the first time interval, and then performs a “product ion scan” for

every precursor ion selected in the previous scan at the subsequent time intervals(126).
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Tandem MS is currently considered one of the most efficient methods to identify and
characterize proteins in complex mixtures(127). A plethora of studies have reported the

implementation of tandem MS for the identification of microorganisms(128-131).

2.2 Preparation of biological samples

Sample preparation, including proteins extraction, clean-up and digestion, is a crucial

step to ensure obtaining superior quality MS data(132).

In our experiments, we initially centrifuged human saliva to remove cell debris, insoluble
materials, as well as potential solid contaminants. This was followed by protein precipitation to
purify and concentrate the protein content of the sample and protein fractionation to reduce

the complexity of the proteomics mixture.

2.2.1 Protein fractionation using solid-phase extraction

Solid-phase extraction (SPE) is a frequently applied technique for sample preparation in
MS-based proteomics. In this technique, proteins are separated from impurities and collected
in multiple fractions based on their different physicochemical attributes and/or their affinity to
the sorbent. The sample is dissolved in the liquid (mobile) phase and passed through a column
or cartridge filled with the solid (stationary) phase. First, sample constituents with no affinity
for the solid phase are washed away then those bound to the sorbent are eluted from the
column using an appropriate solvent. The solvent is later evaporated and the collected analyte
is reconstituted in the desired solvent(133). In this study, to separate the proteins, we used

reverse-phase C4 SPE spin-columns, which can separate analytes according to their affinity to a
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non-polar four-carbon (C4) hydrocarbon chain fused to silicon-based microparticles. Short
chains (C4 and C8) SPE sorbents are often of choice for protein separation. Columns with larger
hydrocarbon chains, such as C18 however, are preferred for smaller molecules, e.g., peptides
and amphiphilic organic compounds (134,135). SPE fractionation is an efficient approach to
reduce the complexity of biological mixtures, but it increases the amount of time and labor
required to conduct and analysis and reduces sample recovery due to inefficient bonding,

solubility issues and liquid handling(136).

2.2.2 Protein digestion and desalting of the digest mixture

Protein digestion is a critically important step in samples preparation for MS analysis.
The purpose of digestion is to generate molecular fragments, i.e. peptides, with appropriate
size that is suitable for the MS analysis(137). Trypsin is the most commonly used enzyme for
protein digestion in proteomics owing to its reasonable cost and its high cleavage specificity
and reproducibility(138). It is an endopeptidase that acts by cleavage at the C-terminus of
preferably arginine and lysine residues(139,140). We have used sequencing grade modified
trypsin, which is specifically modified by reductive methylation of its lysine residues for optimal
stability and autolysis prevention(141). Unspecific cleavage, and consequently decreased
reproducibility of the analysis, could result from the usage of less pure or unmodified trypsin in

MS experiments(137).

The next important step in sample preparation is the clean-up. This step aims to further

purify and concentrate the digest (peptide) mixture by eliminating salts, buffers, or detergents
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used during the previous preparation steps. For this purpose, we used the commercially
available ZipTip®C18 pipette tips (Millipore, Ireland), which are 10-puL tips filled with C18 SPE
sorbent, devoid of dead volume. The sample is aspirated through the tips and recovered

directly into the (MALDI) matrix solution, yielding cleaner and higher quality MS data(138).

2.3 Samples collection

2.3.1 Patients/controls selection

The study participants were recruited as part of an ongoing larger study that aims to
investigate the relationship between Fusobacterium nucleatum and CRC. All the subjects were
within the age range of 40-80 years old with no previous cancer history, familial polyposis, or
inflammatory bowel disease and had not been on antibiotic therapy for at least three months
before colonoscopy. The individuals were examined by colonoscopy at the Endoscopy
Department of Centre hospitalier de ['Université de Montréal (CHUM). Based on the
pathologically confirmed screening results, whether it yielded a positive diagnosis of colorectal
adenoma, participants were classified into a colorectal-tumor group and a colorectal-tumor-

free, i.e., control, group.

2.3.2  Saliva sample collection

Saliva samples of the participants were collected after obtaining their informed consent,
given that they had not history of antibiotic therapy in the past three months. In average, the
saliva sample production required 2-5 minutes, and for xerostomic (dry mouth) individuals, it
required more time, up to 30 minutes. The individual was instructed to leave 30 minutes gap

between giving the sample and eating, drinking, smoking, or gum chewing and then accumulate
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saliva in the oral cavity for 60 seconds at least. A labeled sterile plastic 50-mL conical collection
tube with a flat-top screw cap (Falcon, Fisher Scientific, USA) was opened, and the donor was
instructed to spit into the tube. This process could be repeated until the liquid saliva reached
the 5-mL line (excluding the foam). The lid was then screwed onto the tube securely, and the

fresh samples were kept on ice and then maintained at -80°C pending MALDI-MS analysis.

2.4 Data analysis and proteins identification

Protein digestion using a specific proteolytic enzyme, e.g., trypsin, leads to protein
fragments, i.e., peptides, that are specific to each protein (proteogenic peptides), with their
molecular masses providing a unique set of data from which their tentative amino acid
sequence could be inferred. The mass spectra matching m/z values of theoretical peptide
sequences listed in a searched database are called “peptide spectral matches” (PSMs). The
computer software then concatenates PSMs from a same protein to identify a potential
“protein hit”. This computer-assisted operation is named peptide mass fingerprinting
(PMF)(142). The matching degree between the exact mass of a peptide measured by the MS
instrument and the theoretical mass of that peptide in the database is indicated by a software-
assigned “protein score”. PSMs are then ranked in the order of their scores, i.e., the closeness
of their spectra to the database (theoretical) ones. Afterward, according to the user-defined
parameters and thresholds, the top scoring peptides are further analyzed to obtain the best

“hits.” If no matches were found, the protein, therefore, remains unidentified(143).

In this study, we employed tandem MS to identify proteins, which generates two types

of mass spectra. First, the spectra resulting from the initial precursor ion scan which are then
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used to choose which ions are to fragment and subject to the product ion scan based on
precursor ion signal intensity. This process is known as data-dependant acquisition (DDA)-
MS/MS(144,145). A top-ten DDA method was used in this study, i.e., only the 10 most abundant
precursor ions were fragmented and characterized by MS/MS, which could potentially mean
that only the most abundant proteins were showed in the list of identified proteins. It is worth
mentioning that, in theory, the MS/MS analysis could be repeated multiple times on de novo
product ions (MS" analysis). However, MS®> (MS/MS) is usually sufficient for peptide

identification(146).

Through bioinformatics analyses, robust and precise identification of the peptides
and/or proteins is made possible using a variety of software bundles, search engines, and
algorithms(143). Free search engines are available for PMF, e.g., MS-Fit (Protein Prospector,
USA), Aldente (ExPASy, Switzerland), and Mascot (Matrix Science, UK). The latter was used in
this study. Likewise, there are freely available protein databases for proteomics research, e.g.,
NCBI, and MSDB. We have chosen UniProt protein database, owing to its comprehensiveness

and low redundancy(143).

2.4.1 Mascot score

Mascot score is a probability-based scoring system used to interpret the quality of the
Mascot software’s search results. It is calculated from -10 Log (P), where P is the probability

that the matching between the MS spectra and the database is a random event(147). For

example, a statistical p-value of 0.05 as significance threshold would be corresponding to a
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score of 13. To further enhance our results, our Mascot score cut-off was set to 20, which is

equivalent to a significance p-value of 0.01.

3. Materials and Methods

3.1 Bacterial strains growth and culturing

Fusobacterium strains were obtained from a gracious grant from Prof. Joong-Ki Kook,
Korean Collection for Oral Microbiology (KCOM) and the Department of Oral Biochemistry,
College of Dentistry, Chosun University, China, in the form of freeze-dried bacteria in glass vials.
The strains used were as follows: KCOM 2763, F. nucleatum subsp. animalis; KCOM 1231,
subsp. vincentii; KCOM 1232, subsp. polymorphum; KCOM 1323, subsp. nucleatum. The strains
were revived by resuspending in 2 mL of sterile water. The suspensions were then sub-cultured
on Anaerobic Basal Agar (Oxoid, Thermo Fisher Scientific, USA) in Petri dishes with 5%
defibrinated sheep blood at 37°C in an anaerobic chamber (Vinyl Anaerobic Airlock Chamber,
Coy, USA), under regulated gas concentration: 87% N,, 10% CO,, and 3% H,, for 2-7 days until

evident growth of bacterial colonies.

Liquid cultures of these subspecies were then prepared in Anaerobic Basal Broth (Oxoid)
by inoculating 3-5 colonies and incubating in an anaerobic incubator at 37°C for 24-72 h as
needed. Diff-Quik™ (Modified Giemsa, Siemens, Germany) stains were used to visualize the
bacteria with light microscopy (Primo Star, Zeiss, Germany). The bacterial cultures were then
maintained by freezing 500 mL of the liquid culture added to 500 mL of 50% glycerol at -80°C
storage prior to MALDI-MS analysis. All the media used were reduced at the chamber for at

least 48 hours before usage.
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3.3 Bicinchoninic acid (BCA) assay

To obtain an estimate of protein concentration in the saliva samples, 5 mL of saliva was
collected from a healthy volunteer lab colleague that did not consume food in 30 minutes and
had not consumed antibiotics in three months, into a labelled 50 mL conical collection tube
(Falcon) and was maintained at -80°C overnight. The BCA assay was performed using Pierce™
BCA Protein Assay Kit (Thermo Scientific) and following the manufacturer’s instruction. First, in
a Thermo Scientific™ Pierce™ 96-Well Plate, a series of diluted bovine serum albumin (BSA)
standard solutions of known concentrations were prepared in water as reference standards to
establish a calibration curve. 20 uL of BSA standard was added in 9 wells as follows; 2000
pug/mL, 1500 pg/mL, 1250 pg/mL, 1000 pg/mL, 750 pg/mL, 500 pg/mL, 250 pg/mL, 125 pug/mL,
62.5 ug/mL, and 31.25 pg/mL. Next, saliva specimen was thawed on ice, then 0.5 mL of thawed
saliva was transferred into a 1.5-mL microcentrifuge tube and spun at 1500 g for 15 min (4°C),
and the supernatant was transferred into a clean tube. After that, three samples of the
supernatant were used as follows; 20 pL per well (undiluted), 4 pL in 16 pL water (5 times
diluted), 2 uL in 18 puL water (10 times diluted). These different sample diluents were measured
in triplicates. To each well, in addition to a two control wells, 200 uL of BCA working reagent
was added. The reagent was prepared using 80 pL of BCA reagent B (copper (Il) sulfate) to a 4
mL of BCA reagent A (bicinchoninic acid, 1 : 50 v/v). The microplate was covered, shook on a
plate shaker for 30 seconds, and then incubated at 37°C for 30 minutes. Next, it was left to cool
at room temperature and then read at 562 nm on a microplate reader. Using the established

standard curve, the BCA assay indicated a total protein concentration of 1422 pg/mL saliva.
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3.4  MS analysis

3.4.1 Saliva proteome extraction and preparation

To prepare the saliva samples for MALDI-TOF/TOF MS analysis, the protocol used was
derived from Dr. Momar Ndao’s laboratory protocols, Research Institute of the McGill
University Health Centre (RI-MUHC). First, the saliva specimen was thawed on ice, then 0.5 mL
of thawed saliva was transferred into a 1.5-mL microcentrifuge tube and spun at 1500 g for 15
min (4°C) to remove the cell debris, solid contaminants or insoluble materials, as described
earlier under section 2.2. After that, 0.35 mL of the supernatant (containing approximately 500
ug protein as assessed by the previously described BCA assay) was transferred into another
clean microcentrifuge tube. For protein precipitation, 0.7 mL of ice-cold 10% w/v trichloroacetic
acid in 90% v/v acetone was then added to the saliva supernatant and kept for at least two
hours at -20°C. The samples were then spun at 18,000 g for 5 min (4°C) to obtain a protein
pellet, and the supernatant was discarded. The resultant pellet was washed by ice-cold acetone
using 0.5 mL by vigorous mixing for 20 seconds, spun at 18000 g for 4 min (4°C). The wash step
was repeated, and the pellet was left to air dry at room temperature for 10 min. The pellet was
then resuspended in 0.25 mL 0.1 M ammonium bicarbonate (ABC) pH 7.5-8.0 using vigorous
mixing for at least 30 seconds. A digital ultrasound homogenizer (Misonix S-4000, USA) was
used to fully resuspend the precipitated salivary protein pellet at an amplitude of 3% for a total
of 2 min (30 seconds vibration, 30 seconds rest, two cycles) or until the pellet was completely

resuspended.
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3.4.2 Protein fractionation

Protein fractionation was done using reverse-phase (C4) SPE as follows: four elutions
were performed with four different solutions to yield four protein fractionates (1-4) in total per
sample: 5%, 20%, 50% and 80% acetonitrile (ACN) in 0.1% TFA to gradually decrease eluent
polarity. The procedure was done using four C4 Macro SpinColumns™ (Harvard Apparatus, USA)
per sample.The column was gently shook to ensure the sorbent is settled at the bottom, their
caps were removed and the columns were transferred into 2-mL microcentrifuge tubes. The
columns were rehydrated with 0.5 mL 100% ACN for 15 min and centrifuged for 4 min at 2000 g
to remove the solvent. The columns were then equilibrated with 0.5 mL 0.1 M ABC for another
15 min and centrifuged for 4 min at 2000 g. Next, the saliva specimen prepared in the previous
step (in 250 uL ABC) was loaded onto the SPE column and spun at 2000 g for 4 min to bind the
proteins, and the eluate (unbound fraction) was discarded. After that, to obtain the most polar
fractionate, 150 pL of 5% ACN in 0.1% TFA was added to the SPE column, centrifuged at 2000 g
for 4 min and the eluate was collected. This step was repeated with the 3 previously mentioned
elution solutions into 3 other clean tubes to yield four fractions in total per sample. The
fractions were then evaporated under vacuum using a centrifugal vacuum concentrator

(Labconco, USA) at 40°C for 2 h or until samples were dry.

3.4.3 Trypsin digestion

To each fraction, 150 puL 0.1 M ABC was added, incubated with 10 uL 0.1 M
dithiothreitol in 0.1 M ABC for 30 min at 60-70°C to denature proteins by reducing their

disulfide bonds between cysteine residues. To alkylate reduced cysteine residues, fractions
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were then incubated in the dark for another 30 min at room temperature with 15 uL 0.25 M
iodoacetamide (IAM) in 0.1 M ABC. The pH of the solution was checked and adjusted to 7.5-8.5
if deemed necessary, using 5% ammonium hydroxide to ensure optimal activity of trypsin. To
each fraction, 2.5 pg (25 pl 0.1 pg/mL trypsin in 50 mM acetic acid) of sequencing grade
modified trypsin (Promega™, USA) was then added and incubated overnight (16—20 h) at 37°C,
resulting in a total trypsin : protein ratio of 1 : 50 w/w. The digestion reaction was stopped by

adding 10 pL or more of 1% TFA, ensuring the pH was at or slightly below 6.0.

3.4.4 Desalting and spotting on MALDI target plate

Each digest clean-up was done using reverse-phase (C18) SPE utilizing ZipTip® pipette
tips (Millipore). First, 60 uL of ACN was added in a 1.5-mL microcentrifuge tube and the SPE
material was conditioned by rinsing 5 times with 10 pL ACN. Next, 60 pL of 0.1% TFA was added
in a 1.5-mL tube, and the ZipTip® was re-hydrated by rinsing 5 times with 10 pL of this solution.
After that, the sample (one saliva fraction) was loaded onto the C18 sorbent by slowly
aspirating (up and down pipetting) 10 uL of the sample 10 times. The ZipTip® was then rinsed
with 10 pL 0.1% TFA 5 times to remove unbound compounds. MALDI-MS matrix solution was
prepared using 10 mg/ml a-cyano-4-hydroxycinnamic acid (CHCA) in 0.1% TFA in 50% ACN,
vortexed for 15 minutes and centrifuged at 5000 g for 10 min. 8 pL of the matrix solution was
added in a 0.6-mL microcentrifuge tube, and the loaded ZipTip® was eluted into this solution by
aspirating 10 times to ensure proper mixing between the sample and the matrix to maximize

co-crystallization. Care was taken not to introduce air into the ZipTip® at any point of the
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procedure. The ZipTip® was then discarded, and 1.5 pL of the mixed matrix/sample solution
was spotted on a clean MTP 384 polished steel target plate (Bruker Daltonics). Each saliva
fraction was spotted 4 times (N=4) to correct for reproducibility issues. 1.5 pL of a positive-
mode electrospray ionization calibration solution (Agilent Technologies, USA) was also spotted
4 times (N=4) to calibrate the mass spectrometer prior to the analysis. The calibration solution
was a commercial mixture of 6 synthetic peptides with signals at m/z 904.4681, 1296.6853,
1570.6774, 2093.0867, 2465.1989, 3657.9294. The spots were left to air dry at room
temperature. The remove potential contaminants, the target plate was cleaned using Wenol®
metal polish (Reckitt Benckiser, Germany), cleaning solution from MALDI plate cleaning kit
(Applied Biosystems, USA) and an electronic duster (Dust-Off®, Falcon, USA) prior to the MALDI-

MS analysis.

3.4.5 MALDI-TOF/TOF MS analysis

The analysis was run using Autoflex™ Speed MS instrument (Bruker Daltonics) using
BioTools software version 3.2 (Bruker Daltonics). FlexControl software version 3.4 (Bruker
Daltonics) was used for data acquisition, FlexAnalysis software version 3.4 (Bruker Daltonics)
was used for data processing. Out of the four spots in total per saliva fraction using a positive-
mode ionization reflectron TOF acquisition method for m/z 700-4000 and a top-ten DDA
TOF/TOF analysis, i.e. 10 MS/MS analysis. In positive-mode ionization molecules absorb one or
more protons to form [M+nH]"™ ions. The reflectron TOF (reTOF) mode operates the TOF
analyzer at the highest resolution and mass accuracy but limits mass range to 6000 Da, which is
deemed sufficient for the analysis of peptides. The other operation mode is linear TOF which

has unlimited mass range, and is thus an ideal mode for intact (non-digested) proteins but with
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considerably lower resolution and mass accuracy. After data acquisition was completed, the
spectra were visually inspected in FlexAnalysis software and the spot with the maximum
number of peaks was selected out of each quadruplicate for PMF analysis. To do so, the MS
spectrum from the selected spot was merged with the corresponding 40 (= 4 x 10) MS/MS
spectra acquired from all four spots within the BioTools software. In the case of two equal
peaks numbers, the spot with the highest signal-to-noise ratio was chosen. The instrument was
calibrated to measure exact mass within 1 ppm accuracy. To identify the proteins, the database
search was done in BioTools software, using Mascot search engine for PMF protein search
against the Fusobacterium nucleatum subset of the UniProt protein database (17.2 MB as of 15-
05-2019, containing 84,375 reviewed and unreviewed protein sequences) or Fusobacterium
(40.3 MB as of 15-05-2019, containing 197,493 reviewed and unreviewed protein sequences).

Mass tolerance was set to 200 ppm for MS spectra and 0.4-0.6 Da for the MS/MS ions search.

3.4.6 Bacterial cultures analysis

The previously mentioned Fusobacterium strains, KCOM 2763, F. nucleatum subsp. animalis;
KCOM 1231, subsp. vincentii; KCOM 1232, subsp. polymorphum; KCOM 1323, subsp. nucleatum
were grown in liquid cultures from previously prepared glycerol stocks. A total of 1 mL mixture
of the four strains’ liquid cultures was made using 250 pL of each strain. This mixture was
prepared for MALDI-MS analysis as described for saliva samples and used as positive control

along with the patient and control saliva specimens.
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3.5 Experimental design

-

Patients/controls
selection

AB Sciex 4800™ MALDI
TOF/TOF instrument

N

i }
4 Influence of storage
temperature on the

[Saliva samples collection

4

[ MALDI-TOF/TOF MS

detection of £
N nucleatum subspecies

Conventional trypsin
digestion versus
microwave-assisted
digestion

Fractionated versus non- analysis

fractionated samples

./

Figure 3. 1 Flowchart showing the experimental design for this study.
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3.5.1 Proof of concept and methods development

3.5.1.1 Initial method development with AB Sciex 4800™ MALDI TOF/TOF instrument

In this experiment, we have used 4800 Plus MALDI TOF/TOF™ Analyzer (Applied
Biosystems, USA) to detect F. nucleatum subspecies in a volunteer saliva sample. A 5 mL of
saliva was collected and stored overnight in -80 °C, and the analysis was run using the same
discussed experimental approach in section 3.4. The proteins search was done using

ProteinPilot™ v2.0 software (SCIEX, USA) against UniProt database.

3.5.1.2 Testing the influence of storage temperature on the detection of F. nucleatum subspecies

A total of 5 mL of saliva was collected twice from a healthy volunteer. The
volunteer did not consume food in 30 minute prior to saliva sampling and had no antibiotics
treatment history in the past three months. The sampling was done by spitting into two
labelled 50 mL conical collection tube (Falcon) - 5 mL per tube. One tube was stored overnight
at -80°C and the other was maintained overnight at 4°C. The analysis was performed in
triplicate for each of the saliva samples and protein search was done for Fusobacterium genus.
The two samples were then analyzed by MALDI-MS using AutoFlex Speed™ instrument with the

previously described protocol.
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3.5.1.3 Conventional trypsin digestion versus microwave-assisted digestion

For proteomics analysis, trypsin digestion is usually performed overnight, i.e. 16—20 h at
37°C. To shorten the analysis time for an increased throughput, a series of experiments were
conducted to test trypsin digestion efficiency under microwave (MW)-irradiation conditions.
MW-assisted enzymatic digestion (MAED) has been shown to improve the quality of proteomics
analysis(148-150) . Four samples of 50 uL 1 mg/mL bovine serum albumin (BSA) in 0.1 M ABC
pH 7.5 were prepared. Three were subjected to MAED with different MW power (500-1100 W,
1 min) in a conventional MW cooking oven (Kenmore, USA), and one sample was digested using
the conventional digestion conditions. All samples were analyzed in duplicate and spotted for
MALDI analysis in quadruplicate (N = 2 x 4 = 8). Per each sample, the spot with the highest MS
peak number was selected for PMF and then combined with all the corresponding MS/MS

peaks to search against the UniProt database as described in the methods section.

In each microwave run, an additional Eppendorf tube were added with a mercury
thermometer sealed to the tube and with its tip immersed in a 50 uL 1 M ABC to measure the
temperature after each run. The four samples were then de-salted using ZipTips™ pipette tips
and spotted on MALDI target plate (4 spots per sample), loaded into Autoflex™ Speed
instrument, and the MADLI-MS was run as described before, searching against UniProt
database, using “Other Mammalians” as the class of protein search in BioTools software version
3.2 (Bruker Daltonics) and Mascot search algorithm. FlexAnalysis version 3.4 (Bruker Daltonics)

was used to inspect the spectral quality.
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3.5.1.4 Comparing fractionated versus non-fractionated samples

A total of 5 mL of saliva was collected twice from a healthy volunteer lab member that
did not consume food in 30 minutes and had not consumed antibiotics in three months, into
two labelled 50 mL conical collection tube (Falcon) - 5 mL per tube. The two tubes were
maintained at -80°C overnight. For MALDI-MS analysis, one sample was prepared using the
protocol described before. The other sample was analyzed using the same protocol initially but
was not subjected to reverse-phase (C4) solid-phase extraction (SPE) protein fractionation, but
rather the saliva supernatant (350 pL) was split into 4 equal parts into four 2 mL Eppendorf
tubes and vaporized in the Speed-vac. The rest of the previously described protocol was

followed as is.

3.5.2 Analyzing the adenoma cases specimens and controls specimens

A total of 4 patients with colorectal adenomatous polyps, and 8 non-adenoma controls
saliva samples were analyzed. One bacterial culture made of the mix of the four strains as
described before, was used as a positive control. Each sample had 4 fractions in total, out of

which 3 were spotted in quadruplicates. Patients and controls data are shown in Table A.1.

The MALDI-MS analysis was done as described before, with the search in Biotools
(Bruker Daltonics) software was doe using Mascot in UniProt database, using “Fusobacterium

nucleatum” query.
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4 Results:

4.1 Proof of concept and methods development

4.1.1 Initial method development with AB Sciex 4800™ MALDI TOF/TOF instrument

The experiment was conducted on one 5 mL saliva sample, maintained in -80 °C storage
overnight. The proteomics analysis was performed as described in the materials and methods
section, and protein identification was made by ProteinPilot™ software version 2.0 (Sciex,
Canada) against the Fusobacterium subset of the UniProt protein database using the Paragon
protein search algorithm(151) for trypsin digestion and iodoacetamide for cysteine alkylation.
We were able to detect a total of 15 proteins that belonged to the Fusobacterium genus (Table
A.2). This experiment showed the applicability of the MALDI-MS analysis to distinguish F.
nucleatum down to the subspecies level. The developed method was later transferred to an
Autoflex Speed (Bruker) MALDI-TOF/TOF MS instrument for improved throughput and

sensitivity.

4.1.2 Testing the influence of storage temperature on the detection of F. nucleatum
subspecies

In this experiment, two saliva samples of the same donor were stored overnight at
different storage temperatures, 4°C, and -80°C, respectively. MALDI-MS analysis was run as
described in the materials and methods section. BioTools software 3.2 (Bruker Daltonics) was

used for proteomics analysis utilizing a Mascot search engine (Matrix Science) for protein
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identification. The searches were done on UniProt protein database (Fusobacterium subset),
which included 197,493 reviewed and unreviewed protein sequences. The Mascot score cut off
value used was 20, equivalent to a significance P value of < 0.01. All the proteins identified
scored above 40 on Mascot score, indicating confident hits (Table 4.1 and Table 4.2). F.
nucleatum subspecies were detected in both samples, noting the lack of significant influence of
storage temperature on protein detection using MALDI-TOF/TOF MS analysis. These results also
showed the applicability of the MALDI-TOF/TOF MS approach to detect F. nucleatum down to

the subspecies level.

45



Protein accession and name

tr| AOA133NJ24| AOA133NJ24_9FUSO
Uncharacterized protein (Fragment)

tr| AOA2G9EFZ2 | AOA2G9EFZ2
Polyribonucleotide nucleotidyltransferase
tr| AOA2G9EC77 | AOA2G9EC77_9FUSO
Polyribonucleotide nucleotidyltransferase
tr| AOA2D3PLL3| AOA2D3PLL3_9FUSO
Polyribonucleotide nucleotidyltransferase
tr| AOA2D3M1N1|AOA2D3M1N1_9FUSO
Polyribonucleotide nucleotidyltransferase
tr| AOA2D3NW42 | AOA2D3NW42_9FUSO
Polyribonucleotide nucleotidyltransferase
tr| AOA2D3PW83 | AOA2D3PW83_9FUSO
Polyribonucleotide nucleotidyltransferase
tr| D4CS73| D4CS73_9FUSO
Polyribonucleotide nucleotidyltransferase
tr| K1GLF6 |K1GLF6_9FUSO
Polyribonucleotide nucleotidyltransferase
tr| D6LJI6 | D6LII6_9FUSO Mass:
Polyribonucleotide nucleotidyltransferase
tr| AOA095WG31|AOA095WG31_9FUSO
Polyribonucleotide nucleotidyltransferase
tr| AOA140NRJ4| AOA140NRJ4_FUSNU
Uncharacterized protein

tr|U7TAG8 | U7TAG8_FUSNU
Uncharacterized protein

tr|Q7P8F5| Q7P8F5_FUSNV
Uncharacterized protein

tr| AOA133NQT1|AOA133NQT1_FUSNU
Uncharacterized protein

tr| AOA117MW?77 | AOA117MW?77_FUSNC
Uncharacterized protein

Score
45

72

72

72

65

65

58

53

52

45

59

64

64

64

Organism
Fusobacterium equinum

Fusobacterium periodonticum
Fusobacterium periodonticum
Fusobacterium periodonticum
Fusobacterium periodonticum
Fusobacterium periodonticum
Fusobacterium periodonticum
Fusobacterium periodonticum ATCC 33693
Fusobacterium periodonticum D10
Fusobacterium periodonticum 1_1_41FAA
Fusobacterium periodonticum 2_1 31
Fusobacterium nucleatum subsp. animalis
7.1

Fusobacterium nucleatum CTI-1
Fusobacterium nucleatum subsp. vincentii
ATCC 49256

Fusobacterium nucleatum

Fusobacterium nucleatum subsp. nucleatum

Table 4. 1 List of Fusobacterium proteins detected by MALDI-TOF/TOF MS in saliva samples
stored at 4°C. Mascot protein score = -10 Log (P), where P represents the probability of a

protein hit to be a random event.
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Protein accession and name
tr|J5TNFO|JS5TNFO_9FUSO
2-hydroxyglutaryl-CoA dehydratase, D-component
tr| AOA2X3KA92 | AOA2X3KA92_9FUSO
(R)-2-hydroxyglutaryl-CoA dehydratase subunit alpha
tr| AOAO64A9R0 | AOA064A9R0_9FUSO
R-phenyllactate dehydratase medium subunit
tr| AOA16211V9 | AOA16211V9_9FUSO
2-hydroxyacyl-CoA dehydratase
tr| AOA017H320| AOA017H320_9FUSO
R-phenyllactate dehydratase medium subunit
tr| HIDBE4|H1DBE4_9FUSO Uncharacterized protein

tr| AOAOE2V2D7 | AOAOE2V2D7_9FUSO
R-phenyllactate dehydratase medium subunit
tr|X75779|X7S779_FUSNU

Uncharacterized protein

tr| AOA241Q0P7 | AOA241Q0P7_FUSNP
Uncharacterized protein

tr| AOA0S2ZHA3 | AOA0S2ZHA3_9FUSO
Uncharacterized protein

tr| AOA0S2ZQY1|AOA0S2ZQY1_9FUSO
Uncharacterized protein

tr| X7RXU7 | X7RXU7_FUSNU Uncharacterized
tr| ASTRG2| A5TRG2_Uncharacterized protein

tr| AOA1FODXX1| AOA1FODXX1_9FUSO Flavodoxin
tr| AOA0S2ZVKO | AOA0S2ZVKO_FUSNP Flavodoxin

tr| AOA241Q4N7 | AOA241Q4N7_FUSNP
Flavodoxin

tr| X813R2| X8I3R2_9FUSO

Flavodoxin domain protein

tr| AOA246EG78| AOA246EG78_FUSNP
Flavodoxin

tr| AOA1Z3CKB9 | AOA1Z3CKB9_FUSNP
Flavodoxin
tr|H1D4D1|H1D4D1_9FUSO
Chaperone htpG

Score
55

55

55

55

55

55

52

52

52

52

53
53

53
41

41

41

41

41

62

Organism / strain name
Fusobacterium necrophorum subsp.
funduliforme Fnf 1007
Fusobacterium necrophorum subsp.
necrophorum
Fusobacterium necrophorum BFTR-2

Fusobacterium necrophorum subsp.
funduliforme

Fusobacterium necrophorum subsp.
funduliforme B35

Fusobacterium necrophorum subsp.
funduliforme 1_1_36S
Fusobacterium necrophorum DJ-2

Fusobacterium nucleatum 13_3C

Fusobacterium nucleatum subsp.
polymorphum
Fusobacterium hwasookii ChDC F300

Fusobacterium hwasookii ChDC F174

Fusobacterium nucleatum 13_3C
Fusobacterium nucleatum subsp.
polymorphum ATCC 10953
Fusobacterium sp. HMSC064B11
Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium sp. OBRC1

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium necrophorum subsp.
funduliforme 1_1_36S

Table 4. 2 List of Fusobacterium proteins detected by MALDI-TOF/TOF MS in saliva samples
stored at -80 °C. Mascot protein score = -10 Log (P), where P represents the probability of a

protein hit to be a random event.
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4.1.3 Conventional trypsin digestion versus microwave-assisted digestion

For each sample, the spot with the highest MS peaks number was picked for PMF and
then combined with the resulting MS/MS peaks to be searched against the UniProt database as

illustrated in the corresponding methods section.

The highest number of MS peaks, PSMs, and the best Mascot score resulted from
Experiment #4, where temperature went up to 65°C using 880 W of MW power. When
compared to conventional digestion, all MAED samples yielded a higher protein sequence
coverage and hence superior performance over the conventional trypsin digestion (78-85%

MAED vs 72% conventional digestion). The data are shown in Table 4.3.

MW Maximum Protein
Sample Maximum Incubation #PSMs Mascot sequence
o power . # MS
# temp. °C time (Mascot) score  coverage
(W) peaks (%)
1 37 0 16 h 59 17 70 72.5
2 45 550 1 min 49 20 11 78.0
3 54 1100 1 min 45 21 116 80.1
4 65 880 1 min 55 24 118 83.4

Table 4. 3 Analysis condition and proteomics analysis results for one conventionally digested
sample (#1) and three microwave-assisted digested samples (#2-4). Mascot protein score = -10
Log (P), where P represents the probability of a protein hit to be a random event.
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4.1.4 Comparing fractionated versus non-fractionated samples

Two saliva samples of the same donor were stored overnight at -80°C. MALDI-TOF/TOF
MS analysis was run as described in the materials and methods section, with the modification
that one saliva sample was not fractionated. Instead, the saliva supernatant was split into 4
equal portions and evaporated under vaccum. The rest of the protocol was followed as
described before. BioTools software (Bruker Daltonics) was used for proteomics analysis
utilizing Mascot search engine for protein identification. The protein search was done against
UniProt protein database (Fusobacterium nucleatum subset), which included 188,063 reviewed

and unreviewed protein sequences, with the previously described search parameters.

Proteomics analysis of the non-fractionated saliva sample yielded comparable results to
those of the SPE-fractionated sample. Specifically, thirteen F. nucleatum proteins were
detected in the fractionated sample versus fourteen in the whole lysate (Table 4.4 and Table

4.5).
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Protein accession and name

tr|J8V657|J8V657_9FUSO

2',3'-cyclic nucleotide 2'-phosphodiesterase
tr| FOEP85 | FOEP85_FUSNU

Cell division topological specificity factor
tr| AOA323TUGO|AOA323TUGO_FUSNU
MBL fold metallo-hydrolase

tr| AOA3P1VSX9| AOA3P1VSX9_FUSNU
GlcNAc transferas

tr| AOA2B7Y5G9 | AOA2B7Y5G9_FUSNP
Autotransporter domain-containing protein
tr| AOA1Z3CLX0| AOA1Z3CLX0_FUSNP
GlcNAc transferase

tr| AOA2C6C779| AOA2C6C779_FUSNP
GIcNACc transferase

tr| Q8REY2 | Q8REY2_FUSNN

Cobalamin biosynthesis protein G

tr| D5R9Z4 | D5R9Z4_FUSN2

ChiG

tr| AOAOMA4SSI4 | AOAOMASSI4_FUSNC
Cobalamin biosynthesis protein G

tr| Q8REY2 | Q8REY2_FUSNN

Cobalamin biosynthesis protein G

tr| D5R9Z4 | D5R924_FUSN2
Cobalamin biosynthesis protein G

tr| AOAOMA4SSI4 | AOAOMA4SSI4_FUSNC
Cobalamin biosynthesis protein G

Score
41

45

47

52

52

38

33

56

42

42

56

41

41

Organism
Fusobacterium hwasookii ChDC

Fusobacterium nucleatum subsp. animalis
ATCC 51191
Fusobacterium nucleatum

Fusobacterium nucleatum

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium nucleatum subsp. nucleatum

Fusobacterium nucleatum subsp. nucleatum
(strain ATCC 23726 / VPI 4351)
Fusobacterium nucleatum subsp. nucleatum

Fusobacterium nucleatum subsp. nucleatum
(strain ATCC 25586 / CIP 101130 / JCM 8532
/ LMG 13131)

Fusobacterium nucleatum subsp. nucleatum
(strain ATCC 23726 / VPI 4351)
Fusobacterium nucleatum subsp. nucleatum

Table 4.4 The list of F. nucleatum proteins detected using SPE fractionation in the saliva

samples.
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Protein accession and name

tr| AOA140PV23 | AOA140PV23_FUSNU
Uncharacterized protein

tr|U7TBG4|U7TBG4_FUSNU
Uncharacterized protein

tr|F7L3H5 | F7L3H5_FUSNU
Uncharacterized protein
tr|HIHGF2|H1HGF2_FUSNU
Uncharacterized protein

tr| AOAOM4RME4 | AOAOMARME4_FUSNU
Uncharacterized protein

tr| AOA1S1MFL2 | AOA1S1MFL2_FUSNU
Uncharacterized protein

tr| AOA377GPB7| AOA377GPB7_FUSNV
Subtilase family

tr|R9R973 | R9R973_FUSNU
Uncharacterized protein

tr| D6BG23 | D6BG23_FUSNU
Uncharacterized protein

tr| AOAOM1VX85 | AOAOM1VX85_ FUSNV
Uncharacterized protein

tr| AOAOMA4RYS6 | AOAOMARYS6_FUSNU
Cupin

tr|Q7P2E6| Q7P2E6_FUSNV
Hypothetical Cytosolic Protein

tr| AOA2B7YNZO0| AOA2B7YNZO_FUSNP
Cupin

tr| AOA246EJ37 | AOA246EJ37_FUSNP
Cupin

Score
57

57

50

50

43

43

43

42

36

33

60

39

39

39

Organism

Fusobacterium nucleatum subsp.
71

Fusobacterium nucleatum CTI-1

Fusobacterium nucleatum subsp.
11 3
Fusobacterium nucleatum subsp.
FO419
Fusobacterium nucleatum subsp.

Fusobacterium nucleatum
Fusobacterium nucleatum subsp.

Fusobacterium nucleatum subsp.
4 8

Fusobacterium nucleatum subsp.
D11

Fusobacterium nucleatum subsp.
41 13

Fusobacterium nucleatum subsp.

Fusobacterium nucleatum subsp.
ATCC 49256

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium nucleatum subsp.
polymorphum

Table 4.5 The list of F. nucleatum proteins detected using the whole lysates (no SPE
fractionation) in the saliva samples preparation. The score indicates Mascot score

animalis

animalis

animalis

animalis

vincentii

animalis

animalis

vincentii

animalis

vincentii
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4.2 Analyzing saliva from adenoma patients and negative controls

As previously described in the materials and methods section, a mixture of 4 liquid
cultures representing 4 genetically different F. nucleatum subspecies was used as a positive
control in the MALDI-MS analysis. Twenty-three proteins from the 4 subspecies were
successfully detected in the positive control, signifying the reliability of the protocol, as well as

the instrument and parameters used to detect the F. nucleatum subspecies (Table 4.6).

Protein accession and name Score Organism/strain name
tr| X7RV25| X7RV25_FUSNU 42 Fusobacterium nucleatum 13 3C
Uncharacterized protein
tr| AOA2C6CC76 | AOA2C6CC76_FUSNP 30 Fusobacterium nucleatum subsp.
Uncharacterized protein polymorphum
tr| W3XR61|W3XR61_9FUSO 26 Fusobacterium sp. CM21
Uncharacterized protein
tr| AOA2N6THDO| AOA2N6THDO_FUSNU 43 Fusobacterium nucleatum CTI-6
Uncharacterized protein
tr| AOA246EE17 | AOA246EE17_FUSNP 43 Fusobacterium nucleatum subsp.
Uncharacterized protein polymorphum
tr| D6BFE3 | D6BFE3_FUSNU 31 Fusobacterium nucleatum subsp.
Uncharacterized protein animalis D11
tr| AOAOM1VSWO0|AOAOM1VSWO_FUSNV 29 Fusobacterium nucleatum subsp.
Uncharacterized protein vincentii4_1_13
tr| Q8RF68 | Q8RF68_FUSNN 29 Fusobacterium nucleatum subsp.
Hypothetical cytosolic protein nucleatum (strain ATCC 25586 / CIP

101130/ JCM 8532 / LMG 13131)
tr| R9R9U6 | R9R9U6_FUSNU 29 Fusobacterium nucleatum subsp.
Uncharacterized protein animalis4_8
tr| AOA3P1VVM7 | AOA3P1VVM7_FUSNU 28 Fusobacterium nucleatum 13 _3C
DUF452 family protein
tr| AOA2C6BVR4 | AOA2C6BVR4_FUSNP 28 Fusobacterium nucleatum subsp.
Uncharacterized protein polymorphum
tr| AOAOS1YT90| AOAOS1YT90_FUSNP 28 Fusobacterium nucleatum subsp.
Uncharacterized protein polymorphum
tr|Q7P338|Q7P338_FUSNV 28 Fusobacterium nucleatum subsp.

Hypothetical Cytosolic Protein

vincentii



tr| AOA241PZR4| AOA241PZR4_FUSNP
Uncharacterized protein

tr| ASTWN4 | ASTWN4_FUSNP
Uncharacterized protein

tr| F7KY58| F7KY58_FUSNU
Uncharacterized protein

tr| AOA2N6TKV6 | AOA2N6TKV6_FUSNU
DUF452 domain-containing protein

tr| AOA1S1MES85| AOA1S1IME85_FUSNU
Uncharacterized protein

tr| AOA140PQK8 | AOA140PQK8_FUSNU
Uncharacterized protein

tr| AOA377GQL1|A0A377GQL1_FUSNV
Uncharacterized protein conserved in bacteria
tr|HIHFO8 |H1IHFO8_FUSNU
Uncharacterized protein
tr|U7TFIS|U7TFI5_FUSNU
Uncharacterized protein

tr|U7STJ9| U7STJ9_FUSNU
Uncharacterized protein

Table 4. 6 Proteins from different F. nucleatum strains detected by MALDI-TOF/TOF MS in a

28

28

28

28

28

28

28

46

46

46

Fusobacterium nucleatum subsp.

polymorphum

Fusobacterium nucleatum subsp.

polymorphum ATCC

Fusobacterium nucleatum subsp.

animalis 11_3_2
Fusobacterium nucleatum

Fusobacterium nucleatum

Fusobacterium nucleatum subsp.

animalis 7_1

Fusobacterium nucleatum subsp.

vincentii

Fusobacterium nucleatum subsp.

animalis FO419
Fusobacterium nucleatum CTI-1

Fusobacterium nucleatum CTI-5

liguid culture containing a mixture of four F. nucleatum subspecies, namely; animalis,
polymorphum, vincentii, and nucleatum. Mascot protein score = -10 Log (P), where P
represents the probability of a protein hit to be a random event.

Additionally, as discussed in section 3, saliva samples acquired from a total of 4

colorectal adenomatous polyp patients and a total of 8 non-adenoma controls were analyzed

using MALDI-TOF/TOF MS. Each saliva fraction was spotted in quadruplicate. The previously

described protein search parameters were applied, with “Fusobacterium nucleatum” UniProt

subset for protein identification in Mascot.

The patients (N = 4) were assigned numbers from 1 to 4, and the controls (N = 8) were

assigned numbers from 1 to 8.
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The F. nucleatum subspecies found in both groups were F. nucleatum subsp. animalis
with the highest # protein IDs detected in both groups, represented as 24 hits in the patients, as
opposed to 51 hits in the controls. The next most abundant subspecies were F. nucleatum
subsp. vincentii (22 hits in patients , 24 hits in controls), F. nucleatum subsp. polymorphum (3
hits in patients , 20 hits in controls). However, the analysis of the patient samples yielded no F.
nucleatum subsp. nucleatum hits, compared to 13 hits of this subspecies that were found in the
controls. The numbers of proteins identified from each F. nucleatum subspecies are listed in

Table 4.7 and graphically visualized in Figure 4.1.
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A)

# Patient 1 2 3 4
F. nucleatum subsp. animalis 13 0 10 1
F. nucleatum subsp. polymorphum 1 1 0 1
F. nucleatum subsp. vincentii 2 14 1
F. nucleatum subsp. nucleatum 0 0 0 0
B)
# Control 1 2 3 4 5 6 7 8
F. nucleatum 13 17 4 4 0 2 4 7
subsp.
animalis
F. nucleatum 0 1 0 1 1 12 1 4
subsp.
polymorphum
F. nucleatum 2 3 5 4 9 2 1 0
subsp.
vincentii
F. nucleatum 0 3 0 0 3 3 0 4
subsp.
nucleatum

Table 4. 7 A) The number of F. nucleatum subspecies protein IDs detected per each patient
saliva sample (N=4).

B) The number of F. nucleatum subspecies protein IDs detected per each control saliva sample
(N=8). Data were obtained using AutoFlex™ Speed Mascot search engine in BioTools 3.3
software
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Figure 4. 1 Nested graphs showing the number of F. nucleatum subspecies protein IDs
detected per each subject in both patients and controls groups. The experiment was done in
technical quadruplicate. Values showed are means + SEM. Significance was assessed using
nested t-test * P < 0.05

The average of the Mascot score per subspecies per group was calculated, compared

and depicted in Figure 4.2. In descending order, in the patients, F. nucleatum subsp.

polymorphum had more confident protein hits with an average score of 57.3, followed by F.

nucleatum subsp. animalis (53.3) and vincentii (50.3). On the other hand, in the control group,
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the average scores were 48.4, 47.8, 46.9, and 43.8 for F. nucleatum subsp. vincentii,
polymorphum, nucleatum, and animalis, respectively. No significant differences were found
between the average Mascot scores for the subspecies, except for F. nucleatum subsp.

nucleatum, which was not detected in the patient group (P < 0.05).

— B Controls
B Patients

40

20

Mascot score

o P<0.05
fa.\_\% (,\\\\ 0’6\ \‘\}(0 mean + SEM
¢ @& ¢®
o F

F. nucleatum subspecies

Figure 4. 2 Mean Mascot scores of F. nucleatum subspecies proteins detected in each group,
patients, and controls. The experiment was done in technical quadruplicate. Values showed
raw statistical means + SEM. * P < 0.05.
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A total of 62 proteins from four F. nucleatum subspecies were found to be unique to the
patients (N = 4), while 133 proteins detected were unique to the controls (N = 8). One protein
was detected in both groups, which was an uncharacterized protein from F. nucleatum subsp.
vincentii with accession # AOA2G7H8S4_FUSNV. The results of the overlap analysis are shown in

Figure 4.3.

patients controls

62

(31.6%)

Figure 4. 3 Venn's diagram showing different F. nucleatum subspecies proteins detected in
the patients and controls groups. A total of 62 unique proteins were detected that belong to
F. nucleatum subspecies in patients group compared to 133 proteins unique to F. nucleatum
subspecies in controls. Uncharacterized protein of F. nucleatum subsp. vincentii (accession
AOA2G7H8S4_FUSNV) was the only protein in common between the two groups.
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4. Discussion

The findings of this study were our ability to detect F. nucleatum at the subspecies level
with the tandem time-of-flight MS, directly from clinical samples (saliva), without implementing
a separate culturing and isolation step. Since employing cultivation-based techniques for
microbial identification could add both time and costs burdens(152), using a cultivation-

independent technique promotes a more robust and cost-effective bacterial biotyping method.

Standard MALDI-TOF MS was formerly applied for bacterial detection successfully in
several investigations(153—156). Moreover, it was used in a previous study to detect the F.
nucleatum subspecies from clinical isolates(157). Despite the rapidity of the technique, it still
has the drawback of being highly dependent on the size and quality of commercially available
databases that include signature microbial spectra not to mention the additional cultivation

steps involved in their bacterial identification protocol (157,158).

For MALDI-TOF/TOF MS, each experiment was completed in three days, encompassing
an overnight protein precipitation step and an overnight trypsin digestion step, but we were
able to detect high numbers of proteins that were unique to each of the F. nucleatum
subspecies albeit from a small number of samples. That goes in hand with previous studies
reporting that MS/MS provides more comprehensive and sensitive detection of bacterial

taxonomic traits compared to the standard MALDI-TOF MS biotyping(159).
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Microwave-assisted digestion has also been reported in the proteomics literature in the
trials to make use of the unique characteristics of MW irradiation, with some encouraging
results that decreased the digestion time down to 6 minutes in some experiments(149,160—
163). We have conducted optimization experiments to compare the two techniques, and have
shown that digestion time could be limited to 60 seconds under optimal conditions as shown in
section 4.1.3. Of noticeable importance, the time difference between the standard overnight
digestion and our 60-second digestion, is promising to boost the throughput of the conducted
sample preparation protocol. However, questionable reproducibility of the microwave-assisted
digestion when used for multiple samples, would necessitate further development and
optimization, and thus was not incorporated in the final method used to analyze the clinical

samples.

To further optimize the protocol, we ran the pilot analyses on more than one
instrument, namely Autoflex™ Speed (Bruker Daltonics) and 4800™ (AB Sciex). While both
instruments were successful in identifying proteins from F. nucleatum subspecies in as little as
0.5 mL saliva, the Autoflex™ Speed’s performance was superior to 4800™ in terms of
throughput, sensitivity and the efficiency of protein identification. This could be owed to a
variety of reasons, including the different search algorithms used with each instrument (Mascot
for Autoflex™ Speed versus ProteinPilot™ for 4800™). Additionally, the inclusion of a novel
technology in the AutoFlex™ system, e.g., LIFT™ fragmentation cell which acts as the product
ion source for the MS/MS analysis and significantly enhances sensitivity, resolution and PMF

success rate, we opted for Autoflex™ Speed in this study(164).
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Before choosing to use MALDI-TOF MS analysis, we aimed at putting in use a
guantitative polymerase chain reaction (QPCR)-based method. Motivated by the quantitative
nature and the robustness of this technique, we planned to design strain-specific gPCR primers.
However, the high genetic similarity between the subspecies makes it challenging to design
these highly specific primers. For instance, it was reported that the difference between the 16s
rRNA sequences from F. nucleatum subspecies were as low as 0.6%—1.9%(25). In such, we got a
high rate of overmatches of nucleotide sequences with either F. nucleatum subspecies, or other

Fusobacteria, when tested primer sequences with a BLAST algorithm against the NCBI database.

It is noteworthy that we also performed an experiment where we did not fractionate
saliva proteins, but instead used the intact saliva sample, and the results were comparable to
the fractionated sample (Table A.3 and Table A.4). Nonetheless, we chose to adopt the widely
accepted samples preparation method, i.e., protein fractionation to reduce sample complexity
and increase the detection probability of less abundant proteins and/or minor F. nucleatum
subspecies(165). A SPE clean up would also be beneficial to the MS instrument as it removes
non-protein contaminants such as salts and carbohydrates that are abundant in raw saliva.
However, further investigation in this area is recommended as eliminating the fractionation
step could significantly improve the throughput of the analysis rendering it more amenable to

clinical testing.

Our findings indicate no statistically significant difference between the number and
average protein scores of the proteins identified from F. nucleatum subspecies in the patients
versus those found in the controls, which is in agreement with the findings of another study

that reported an absence of a significant difference between the counts of F. Nucleatum
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subspecies in CRC patients and non-CRC controls(37). Interestingly, however, we were not able
to detect any F. nucleatum subsp. nucleatum proteins in the saliva samples procured from the
four adenoma patients recruited for this study. This would raise questions whether this subtype
could lose its ecological habitat in the oral cavity in the case of a colon disease, or whether it is
an indication of a microbial dysbiosis in the oral flora that mirrors a gut dysbiosis. Although
unlikely, the lack of F. nucleatum subsp. nucleatum proteins could also be explained by the

limited number of the saliva samples from adenoma patients included in the analysis.

Out of 195 proteins that were identified in the saliva of the study participants, it was
interesting to find out that only a single protein occurred in common between the patients and
the controls. This may be referred to the “shotgun” nature of bottom-up proteomics, which is
the identification of proteins based on their resulting fragments or peptides from the
proteolysis process(166). Shotgun proteomics was named this way by the Yates lab, owing to its
similarity to the shotgun genomic sequencing(167). This makes it an arguably poorly
reproducible technique for protein profiling applications(168), such as the one used in this
study, it could, nonetheless, pave the way to screen for novel protein biomarkers as a

diagnostic or curative approach for patients with adenomatous polyps or CRC.

An important setback of this study is the relatively small number of samples included in
the MALDI-MS analyses. This is essentially attributable to insufficient number of patients
referring to the three gastroenterologists involved in this research project, with their conditions
consistent with patient selection criteria reviewed before. However, to further validate our data

and explore any possible correlation between the presence and distribution of F. nucleatum
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subspecies in the saliva of adenoma or CRC patients, it would be beneficial to account for a

larger number of cases with a longitudinal follow up analyses.

The nature of bottom-up shotgun proteomics analyses we used, which is based on
proteolytic digestion of the proteins and MS/MS analysis of the digest peptides, is yet another
limitation of the present study. In shotgun proteomics, analytical reproducibility is a well-known
challenge owing to the considerably fragmented nature of the data(131). We tried to reduce
this effect by analyzing saliva samples under standardized conditions and in technical
guadruplicate. Besides, the absence of a quantitative nature makes MALDI-MS data less reliable
as a precise abundance measure. Although the number of PSMs obtained from each subject
could be used to surrogate the abundance of corresponding bacteria in their saliva, we should
not overlook the possibility that the higher number of PSMs for some bacteria could have been
caused by their proteins being better retained during the samples preparation procedure rather

than an actual abundance.

Optimizing the same proteomics approach to use MALDI-TOF/TOF MS to detect the F.
nucleatum subspecies in colon tissues is currently under our investigation. This would be a

future direction for this study.

Additionally, we would advocate, under a more flexible timeline and budget conditions,
the in-parallel utilization of 16S rRNA sequencing technique to further validate the in-hand

results generated by MALDI-TOF/TOF MS.

5. Conclusion
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The possible role of F. nucleatum subspecies in the occurrence of CRC remains
imprecisely determined. Our study presents a novel technique for the detection of F. nucleatum
subspecies, from saliva specimens that could be later employed for a better understanding of a
possible individual role of those subspecies in the CRC development. Subsequently, this will
further aid in a possible targeting of a specific subspecies as a modality of screening for,

preventing or curing the disease in the future.

Here we have shown that tandem time-of-flight MALDI-MS is a powerful technique to
identify the F. nucleatum at the subspecies level. Our data advise that some differences in the
subspecies existing in the saliva might occur among the colorectal adenoma patients versus the
non-adenoma subjects. Understanding this contrast could assist in elucidating the disease
pathogenesis further. This opens up certain avenues so that this method could be used under a
variety of sampling and analysis protocols, which could improve the output of studies
conducted on a larger scale. In addition, this technique may facilitate the identification of other

microbial pathogens in saliva, putting in use suitable search parameters.
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Appendices

Subject Age Gender Histopathology

Control #1 69 Female

Control # 2 42 Male

Control # 3 76 Male

Control #4 78 Male

Control #5 66 Female

Control # 6 48 Female

Control #7 57 Male

Control #8 53 Female

Patient # 1 56 Male Tubulo-villous adenoma
Patient # 2 78 Female Tubulo-villous adenoma
Patient # 3 70 Male Tubulo-villous adenoma
Patient # 4 59 Male Tubulo-villous adenoma

Table A.1 Age and gender of the subjects participating in the study. The controls were
colorectal-adenoma free, while the patients had pre-cancerous colorectal adenoma.



Protein accession and name

tr|J8VK71|J8VK71_9FUSO

V-type ATP synthase subunit |
tr|Q7P754|Q7P754_FUSNV

ATPase

tr| AOA2B7YGS85| AOA2B7YG85_FUSNP
Hemin receptor

tr|J8vV310|J8V310_9FUSO
Cytoplasmic protein

tr| AOA323TYZ3 | AOA323TYZ3_FUSNU
Uncharacterized protein

tr| AOA2N6TFT4| AOA2N6TFT4_FUSNU
Uncharacterized protein
tr|J8VIX6|J8VIX6_9FUSO
Uncharacterized protein
tr|U7TJP9|U7TIP9_FUSNU
Uncharacterized protein (Fragment)
tr| ASTX11|A5TX11_FUSNP
Bacteriophage integrase

tr| AOA2B7YLR6 | AOA2B7YLR6_FUSNP

tr| AOA2B7YE51 | AOA2B7YE51_FUSNP

tr| FOERL7 | FOERL7_FUSNU
Uncharacterized protein (Fragment)
tr| X7RWR5 | X7RWR5_FUSNU
Aspartate--tRNA ligase

tr|RORDV4 |R9RDV4_FUSNU
Uncharacterized protein

tr| ASTVJ6|A5TVI6_FUSNP
Uncharacterized protein

Score
2.00

1.96

1.89

1.72

1.33

1.07

0.86

0.75

0.64

0.48

0.35

0.15

0.08

0.06

0.06

Organism
Fusobacterium hwasookii

Fusobacterium nucleatum subsp. vincentii
ATCC 49256

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium hwasookii ChDC F128
Fusobacterium nucleatum
Fusobacterium nucleatum
Fusobacterium hwasookii ChDC F128
Fusobacterium nucleatum CTI-6

Fusobacterium nucleatum subsp.
polymorphum ATCC 10953
Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium nucleatum subsp.
polymorphum

Fusobacterium nucleatum subsp. animalis
ATCC51191

Fusobacterium nucleatum 13_3C

Fusobacterium nucleatum subsp. animalis
4 8

Fusobacterium nucleatum subsp.
polymorphum ATCC 10953

Table A.2 The list of F. nucleatum proteins detected by AB Sciex 4800™ MALDI TOF/TOF
instrument (Bruker Daltonics). The score indicates ProtScore.
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