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1. Introduction

Saliva started for been less studied than other body fluids, but in the last years it has being
receiving an increased attention. Until now, more than 2000 different proteins and peptides
have been identified in whole saliva and salivary glandular secretions [1]. From these, more
than 90% derive from the secretion of the three pairs of “major” salivary glands (parotid,
submandibular and sublingual glands). The remaining 10% derives from “minor” salivary
glands and from extra-glandular sources, namely gingival crevicular fluid, mucosal
transudations, bacteria and bacterial products, viruses and fungi, desquamated epithelial
cells, and food debris [2].

Saliva secretion is mainly under autonomic nervous system regulation. Sympathetic and
parasympathetic stimulation have different effects on the flow rate and composition of
saliva secreted. Whereas parasympathetic stimulation results in the production of a high
volume of saliva with low protein concentration, stimulation of the sympathetic branch of
the autonomic nervous system is responsible for the secretion of a small amount of saliva
with increased protein concentration. Besides this distinctive characteristic, and inversely to
what is observed for the majority of body systems, the effects of parasympathetic and
sympathetic innervations are not antagonic but rather exert relatively independent effects in
which the activity of one branch may synergistically augment the effect of the other [3,4].
Despite the thought of an exclusive nervous regulation, recent in vivo animal experiments
indicate a short-term endocrine regulation of salivary glandular activities as well [5-9].

The primordial function of saliva is to aid in the moistening and preprocessing of food,
aiding in deglutition. Besides this, other important functions exist for saliva, which can
generally be grouped in digestive (and ingestive) and protection [10]. For digestive (and
ingestive) purposes, saliva contains enzymes, including proteases, lipases and
glycohydrolases, which initiate partial break-down of food components. Among these
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enzymes, alpha-amylase is by far the enzyme present in higher amounts. There are also
salivary proteins involved in food perception, such as: salivary PRPs (proline-rich proteins),
which bind dietary polyphenols (mainly tannins) and are involved in astringency
perception [11]; carbonic anhydrase VI, suggested to influence bitter taste sensitivity [12];
and alpha-amylase, involved in sweet taste sensitivity [13]. Additionally, recent studies
suggest changes in saliva composition induced by taste [14-16], reinforcing the potential of
saliva in food perception and ingestive choices. Concerning protection role, several different
salivary proteins have been identified, namely mucins, acidic PRPs, statherins, among many
others. For example, salivary proteins adsorbed to the enamel surface form the enamel
pellicle, which helps to protect teeth [17]. Tt is also relevant to point the presence of proteins
with more than one function, and the sharing of the same function by different families of
proteins. This functional redundancy may help to ensure that a given function is always
present under a broader range of physiological conditions [18, 19]. An in-depth analysis of
saliva proteome, including the posttranslational modifications can therefore provide a
valuable resource for saliva function research.

The high potential of saliva as a source of biomarkers was one of the main responsible for
the great interest in this fluid. Several analytes are present in saliva in amounts that relates
to blood, with the great advantage of being collected using simple and non-invasive
methods. Proteomic techniques such as two-dimensional electrophoresis (2-DE), 2D-liquid
chromatography/mass spectrometry (2D-LC/MS), matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF/MS), and surface enhanced laser
desorption/ionization time-of-flight mass spectrometry (SELDI-TOF/MS), have been used in
saliva studies. Based on those techniques, potential salivary biomarkers for diseases such as
Sjogren syndrome [20], diabetes mellitus [21] and some different cancers [22] have been
suggested. 2-DE has been one technique of choice for the global analysis and initial profiling
of salivary proteins, being used as a first step for protein separation, followed by MS or
tandem MS (MS/MS) [23].

Whereas the salivary proteins from humans have deserved substantial attention, both in
terms of identification and characterization, as well as functional properties, animal saliva
has been much less studied. However, interest for the latter is being increasing, due to the
convenience on the use of animal models for diverse pathological and physiological
conditions and due to the potential of this fluid for disease diagnostic and for understanding
behavioral and physiological processes, important in animal production. Moreover, a
multidisciplinary approach that integrates knowledge about salivary proteins in the animal
kingdom (most important in mammals) and draws comparisons to possible functions in
humans would be valuable.

The following sections will give an overview about the use of electrophoresis in saliva
studies. Methodological issues and the major advantages and limitations for the use of this
technique in human and animal saliva studies will be presented. We will finish the chapter
by presenting alternatives to electrophoresis for the study of salivary proteome.
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2. Applications of electrophoresis for saliva proteome characterization

Even before the advent of proteomics, electrophoresis was frequently used for salivary
protein separation. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
[24], PAGE in non-denaturing conditions [25], isoelectric focusing [26], two-dimensional
electrophoresis (2-DE) [27], capillary electrophoresis (CE) [28,29] and free flow
electrophoresis [30] have all been used in saliva studies, with different purposes.

One-dimensional gel electrophoresis under denaturing conditions has several advantages:
virtually all proteins are soluble in SDS, allowing their separation; it covers a relatively high
range of molecular masses (from 10000 to 300000 Da) and allows the possibility of extremely
acidic and basic proteins to be visualized [31]. Moreover, SDS-PAGE has the advantage of
having a low sensitivity to salt concentration. However, by separating proteins only based
in their molecular masses, only limited information is obtained, since each of the bands
present in the gels is frequently constituted by different proteins. Limitation in the number
of proteins separated also occur using IEF, which separates proteins only based in their
charges.

2-DE takes advantages of the two different properties of proteins (molecular masses and
isoelectric points), allowing the separation and visualization, in a gel matrix, of a
considerable number of different proteins. This technique, which originates from the work
of O'Farrell and Klose in the 1970’s [32,33] became very useful for the study of complex
protein mixtures, such as saliva. Besides the very high separation capability of 2-DE,
ensuring well-resolved protein maps with more than 2000 protein spots, this technique has
also the advantage of mapping posttranslational modifications. Coupled to mass
spectrometry, for protein identification, 2-DE has been considerably used in several different
samples, including saliva [27,34]. Using this approach, the protein spots observed in 2-DE
gels are subsequently digested using a protease (usually trypsin), with the resultant digest
products analyzed by mass spectrometry. 2-DE can be used to compare expression levels of
proteins in related samples, such as those from altered experimental conditions, allowing
the response of classes of proteins to be determined. This approach has been suceffuly used
in a number of saliva studies [e.g. 35].

Salivary peptides and proteins have been analyzed by a variety of CE approaches (reviewed
in [36]. The term CE, although often used as shorthand for capillary zone electrophoresis,
refers to a family of related techniques, all based on the performance of the separations in
narrow-bore capillaries across which an electric field is applied. The types of CE that have
the greatest potential in proteomics (commonly used together with mass spectrometry) are
capillary zone electrophoresis and capillary isoelectric focusing [37]. The use of CE to
analyze saliva proteome, have been described and allowed the profiling and identification
of several salivary proteins [38]. Recently this technique was successfully used for the
identification of salivary profiles in cancer diagnosis [29].

The existence of different electrophoretic methodologies, allowing separations based on
different protein characteristics is of great utility in proteomics, contributing for the
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resolution of complex samples such as saliva. The electrophoretic methods described are
complementary of each other and since all have advantages and limitations, the choice for
each one will depend on the objectives of the study and on the salivary proteins of interest.

3. Methodological issues related to saliva proteome analysis

The concept of salivary proteome is related to the creation of a salivary protein catalogue,
where information that can be further used for several different purposes (e.g diagnostics,
physiological status) can be placed [39]. In this context, it is important that the results
obtained from different laboratories can be compared. Accurate examination of salivary
components requires optimal collection, processing and storage conditions. Moreover, most
of the studies aim comparisons among pathological/physiological conditions, and as such it
is essential that the differences obtained are not due to external factors. To avoid changes in
the protein and peptide composition from salivary secretions, standardized salivary
sampling protocols, processing and storage conditions need to be applied [23,39,40].

3.1. Sample collection, processing and storage

One of the particularities of saliva is its capacity of rapidly adapt to different conditions.
This is related to the fact of salivary secretion being mainly regulated by the two branches of
the autonomic nervous system (both sympathetic and parasympathetic), with only a minor
regulation from hormonal origin. Such type of regulation results in variations in
composition according to the stimulus. Circadian rhythm [41], gender [42], drugs [43],
exercise [44], among others, are factors that change salivary flow rate and saliva
composition. Additionally to variations in the composition from each salivary gland cell
type, the contribution of each individual salivary gland to the total fluid is not the same. For
example, minor salivary glands and submandibular glands have an important contribution
at rest, whereas in response to strong stimuli during feeding is the parotid contribution that
becomes dominant [45]. Concerning daytime, the flow rate of resting and stimulated saliva
is higher in the afternoon than in the morning, with the peak occurring in the middle of the
afternoon. The salivary protein concentration also follows this diurnal pattern [2]. Eating is
another strong stimulus for the secretion of saliva, and as such the interval between feeding
and saliva collection influences salivary flow rate, viscosity and protein composition.

The points referred above are important for the selection of the collection method: with or
without stimulation. For unstimulated saliva collection the draining method is usually
choose. Accordingly, saliva is allowed to drip off the lower lip to a tube maintained on ice.
On the other hand, stimulated saliva is frequently obtained after parafilm mastication, or
after sour taste stimulation [46].

Advantages and disadvantages exist for both approaches. Unstimulated saliva collection is
several times preferred, as stimulated saliva contains a diluted concentration of several
proteins, which may be of interest. However, it is difficult to have saliva completely free of
stimulation: due to the high range of stimulus influencing salivary secretion, even small
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variations in collection conditions, among different saliva donors (e,g light intensity,
temperature, emotional status, or others) may be sufficient to induce differences in results [39].

Stimulated saliva collection is generally used to have higher volumes of sample. In some
pathological conditions (e.g Sjogren’s syndrome, xerostomia) or post-radiation, stimulation
of salivary secretion may be the only way of obtaining adequate amounts of saliva samples
for analysis. However, difficulties may exist to make uniform the intensity and duration of
the stimulus and the secretion of certain proteins may be affected by the duration of
stimulation. For example, with prolonged stimulation of salivary flow, certain glycoproteins
may be incompletely glycosylated [39].

Another issue in regard with saliva sampling is the origin of the collected secretions, i.e.
whether it is glandular or whole saliva. Glandular fluid can be obtained through the use of
adapted collection devices, for both parotid and submandibular/sublingual secretions [47].
Through this, changes in salivary proteins by exogenous enzymes are avoided, since the
fluid is collected before it reaches the mouth.

Most of the studies on saliva in general have been obtained from human saliva. Concerning
animal saliva less is known and, although methodologies of collection, processing and
storage are based on the ones reported for humans, in most cases it is difficult to obtain
unstimulated saliva from animals. Only in domestic ruminants, which produce considerably
high volumes of saliva daily, in a continuous flow, it is possible to obtain whole saliva
samples by simply collecting the mouth flow into a large beaker [48]. Moreover, this method
only works with domesticated animals that are used to be handled by man.

For all the animals that do not produce large amounts of saliva, or for specific investigation
purposes, stimulation may be necessary. Under controlled experimental conditions, the
collection of stimulated saliva can be initiated either mechanically or chemically. Cotton
rolls (e.g. Sallivetes) are currently used for animal saliva collection for being both practical
and efficient in getting this fluid. Animals chew for some time, being saliva production
stimulated by mastication. The cotton roll moistened by the saliva is further centrifuged to
release the fluid. There is the possibility of some salivary proteins such as mucins and/or other
potential biomarkers irreversibly adsorb to the cotton roll, resulting in their loss. However, to
our knowledge, studies to elucidate this aspect are lacking. Chemical (pharmacological)
stimulation is sometimes used for saliva collection in animals with low amounts of saliva. For
example, in small rodents, it is very difficult to collect sufficient amounts for analysis without
stimulation and the use of parasympathetic agonists (e.g. pilocarpine) appears to be effective
[49]. This type of stimulant is referred to increase the volume production without changing the
proportion of the proteins secreted. Others types of chemical stimulants may be used. For
example, sympathetic agonists, such as isoproterenol, induce the synthesis and secretion of
granular proteins from salivary glands, thereby increasing salivary protein concentration and
changing the salivary protein profile [50].

While whole saliva can be collected using the already mentioned cotton-rolls, or through
direct aspiration from the mouth [49], glandular saliva collection can be achieved using
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catheters inserted into the ducts of the gland of interest. Although this method is invasive,
the level of invasion is minimal, and once the collection period is finished, the catheter can
easily be removed without causing any damage to the animal. This method was used to
study sheep and goat parotid salivary proteomes [34,51]. Collection of glandular saliva has
the advantage of accessing the secretion product of certain glands, as well as obtaining a
clear saliva sample with virtually no interfering compounds, such as food debris or
microorganisms. Glandular collection is most important for studies that aim on unraveling
the effects of particular factors on the secretion from individual glands [e.g. effects of dietary
constituents on parotid saliva [35]. However, this approach, if not carried properly, might
have the disadvantage of faulty catheter insertion which causes leakage of plasma proteins
into the salivary secretions due to disruption of epithelial integrity.

Wherever in humans or animals, the collection method of choice, as well as the origin of
fluid selected, will affect the outcomes and thus should depend on the objectives of the
study and on the specific group of proteins of interest.

In complex protein mixtures, such as saliva, sample preparation and fractionation constitute
one of the most crucial processes for proteome study. None of the currently available
proteomic techniques allow the analysis of the entire proteome in a single step. In body
fluids such as saliva, proteins have different physicochemical characteristics and a wide
concentration dynamic range and, as such, fractionation is essential. In this context,
electrophoresis may also be useful for that purpose. Preparative isoelectric focusing using
free flow electrophoresis is an example of the methods available for sample fractionation
and which has been used in saliva [30]. Before 2-DE separation, free flow electrophoresis has
the advantage of generating different fractions, which can be independently run. For
example, a first separation using isoelectric free flow electrophoresis results in fractions with
different pI ranges. Each of the resulting fractions can be further separated according to
charge, by using narrow pH ranges, in the first dimension allowing a more detailed picture
of the protein profile [30].

Saliva contains proteins present in high levels, and numerous low abundant proteins, for
which analysis may be of interest. The observation of the latter in electrophoretic gels is
obscured by the presence of the high-abundant proteins. When salivary proteome is used
for disease diagnostic purposes, the analysis of low abundant proteins is almost always
necessary, since most of potential salivary biomarkers are present in relative low amounts.
The major components of saliva are mucins, proline-rich glycoproteins, amylase and some
antimicrobial proteins that include agglutinin, lisozyme, lactoferrin, immunoglobulins,
histatins and defensins [27]. The protein alpha-amylase contributes to almost 60% of total
salivary proteome [52] and its depletion allows the analysis of less abundant proteins.
Salivary alpha amylase depletion can be achieved through elution of samples from starch
columns to deplete this protein specifically [53].

One of the main concerns when working with protein sample is to avoid undesirable
alterations during the several steps that go from collection to final analysis. One
characteristic of saliva is that many salivary proteins enter post-translational modifications
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(PTMs), namely glycosylation, phosphorylation, sulfation and proteolysis. From the
considerable amount of glycoproteins present in saliva, mucins represent an important
group, which is responsible for bacterial agglutination and lubrication of the oral cavity
tissues. Phosphoproteins also exist in a considerable amount of salivary proteins, with
several diverse roles [54]. Such modifications start in the acinar cells of salivary glands, and
continue when saliva enters the mouth, mainly due to the presence of host- and bacteria-
derived enzymes, what results in additional protein modifications [55].

Since these forms of PTMs are responsible for many functions of this fluid, a particular
attention should be directed to saliva collection processing and storage, in order to minimize
proteolysis, de-glycosylation and de-phosphorylation. Different research groups have
employed different methods for avoiding proteolysis, de-glycosylation and de-
phosphorylation. The addition of 0,2% trifluoroacetic acid to saliva after collection has been
one protocol used [56]. In a recent study, it was observed that the addition of protease
inhibitors to saliva may allow its storage at 4°C for approximately two weeks, without
significant degradation [53]. Nonetheless, some authors report that not even an inhibitor
cocktail can prevent all protein degradation [57]. Additionally, it was suggested to be possible
to keep the samples at room temperature (for a period of about two weeks), without
considerable changes in salivary proteome occurred, only by adding ethanol, [53].
Nevertheless, working on ice for no longer than one hour and subsequent storage of samples
at -80°C has been considered a safe and practical handling protocol [57-59]. Nonetheless, long
time storage, as well as freeze-thaw cycles can induce protein precipitation, in particular from
low molecular mass components [57]. In any case, little research has been directed on ways of
minimizing degradative processes, and this is clearly needed [39].

3.2. Staining procedures and PTMs in-gel analysis

Protein visualization is necessary for quantitative and qualitative analysis. In electrophoresis
this is achieved through reversible or irreversible binding of a colored organic or inorganic
chemical to the protein. An ideal staining procedure would be the one with a very low
detection limit, an optimal signal to noise ratio, a wide dynamic range and a wide linear
relationship between the quantity of protein and the staining intensity, and compatible to
mass spectrometry [60]. However, such an ideal stain does not exist.

Silver, Coomassie Brilliant Blue (CBB) and fluorescent staining are the most frequently used
methodologies. Silver staining presents a high sensitivity, making possible the visualization
of proteins present in amounts as low as 1 ng [61]. Silver staining techniques are based upon
saturating gels with silver ions, washing the less tightly bound metal ions out of the gel
matrix and reducing the protein-bound metal ions to form metallic silver. In 2-DE, Silver
staining is regularly used due to its potential for the visualization of low intensity protein
spots. However, it presents a narrow dynamic range and the tendency of the dye to stain
differently based on amino acid composition and PTMs. Moreover, by detecting low levels
of protein, each of the stained spots may have not sufficient amounts o protein for
subsequent analysis by mass spectrometry.
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CBB is a disulfonated triphenylmethane textile dye. CBB staining presents a linear dynamic
range and a moderately sensitivity. As such, CBB dyes are suitable for protein quantitative
analysis, which is necessary in proteomics analysis. Moreover, this staining technique is
compatible with mass spectrometry. Two modifications of CBB exist: R-250 and G-250. In
acidic solutions the dye sticks to the amino groups of the proteins by electrostatic and
hydrophobic interactions. Inversely to silver stain, CBB is not so extremely sensitive, thus
being necessary to load higher amounts of proteins in the gel. Consequently, CBB stained
spots contains considerable amounts of proteins, suitable for mass spectrometry analysis.

Saliva samples present particularities that should be considered for silver and CBB staining.
Parotid saliva contains a considerable amount of proline-rich proteins (PRPs), which are
difficult to stain with silver since they present low amounts of amino acids containing
sulfur, necessary for the binding of silver ions [61]. On the other hand, when stained with
CBB R-250 they usually present a violet-pink stain, which allows differentiating them from
all the other salivary proteins that stain blue. A destain protocol of 10% acetic acid, instead
of the common 10% acetic acid/ 10% methanol is generally used for this purpose [62].

The fluorescent dyes were more recently developed, presenting a high sensitivity and a
linear dynamic range, and in this way, being advantageous relatively to common silver
staining. For example, SYPRO staining technique has been used in several salivary
proteomic studies [e.g. 63]. This is a novel, ruthenium-based fluorescent dye. SYPRO Red
and Orange, bind to the detergent coat surrounding proteins in SDS denaturing gels, thus,
staining in such gels is not strongly selective for particular polypeptides [64]. SYPRO stains
are compatible with mass spectrometry and can be used in combination with other staining
techniques, for detection of PTMs, such as glycosylations or phosphorylations.

DIGE (Difference Gel Electrophoresis) technology represented an improvement in 2-DE
based proteomics, allowing more accurate comparisons among samples. Its convenience is
also true for saliva samples [65]. DIGE is based on the modification of proteins, before
electrophoresis, by attaching a fluorescent labeling. Cyanine-bases dyes (Cy2, Cy3 and Cy5)
are used with this purpose. These dyes label the amine group of protein lysines specifically
and covalently to form an amide. A different cyanine-based dye is added to each individual
sample. The dyes are designed to have the same molecular mass and charge to ensure that
proteins common to both samples have the same relative 2-DE mobility. The samples are
mixed and resolved in a single 2-DE gel. The proteins from the different dyes are visualized
by alternatively illuminating the gel at different wavelengths. With this technique, it is
possible to avoid some inter-gel variation.

PTMs, such as glycosylation and phosphorylation, can be accessed in electrophoretic gels
through staining procedures. As it was referred before, several different salivary proteins
suffer PTMs, which confer their characteristic functions. Consequently, their visualization in
electrophoretic gels is valuable. Detection of phosphoproteins can be achieved using
different procedures. Recently, Pro-Q Diamond was developed for phosphoproteins
staining. This affords wide specificity and high sensitivity. Phosphoserine,
phosphothreonine and phosphotyrosine containing proteins are detected [66].
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O- and N- glycosylated proteins are abundant in saliva. Some of the most well studied
salivary glycoproteins are mucins (MUC5B and Muc7) and proline-rich glycoproteins. The
most classical procedure for glycoproteins staining is periodic-acid Schiff (PAS) with the
protocol that allows detection of glycoproteins in gels being adapted from protocols of
histochemistry. However, it does not present a high sensitivity, resulting in the need of high
levels of protein load [67]. Another possible method is the more recently developed stain
Pro-Q Emerald that allows glycoprotein detection, presenting approximately 50-fold more
sensitivity than PAS [68] very useful when amount of sample is limited.

3.3. Protein identification

Proteome studies may be performed with two main different but somewhat complementary
purposes: to characterize a particular sample (e.g organism, cell, fluid), or to compare
samples from different experimental conditions. Independently of which of these two is the
focus, protein identification is a central aspect. In proteomic studies, electrophoresis is
frequently coupled to mass spectrometry technologies. Proteins selected in the gels are
excised and subjected to enzymatic in-gel digestion. In this process it is important that each
of the excised spots (or bands) present the amount of protein sufficient for MS analysis. So,
the choice of the staining methodology should take this into consideration, as well as the
need for the use of dyes compatible with MS (referred in previous section).

After proteins being identified, MS identifications need further to be validated, by Western
blotting, through the use of antibodies to the proteins of interest. This is only possible for
proteins for which commercial antibodies are available. There are some particularities of
saliva samples that may be considered for Western blotting. Using this technique, only the
protein spots (or bands) that react with the antibody are visualized. When comparison
among different samples is to be made, it is important to have the same load of protein in all
lanes or 2-DE gels. Different loads may result in erroneous results. The existence of internal
controls, i.e., proteins for which the levels are proportional to the amount of total protein
loaded in the gels, is important and is commonly used to circumvent putative differences in
protein loads [e.g 69]. The simultaneous use of a primary antibody for such internal control
and the use of a primary antibody for the protein of interest may allow adjustments: by
comparing the intensity of these internal controls, the relative amount of protein run for
each sample can thus be estimated. For saliva studies such strategy is not possible, since it is
not yet known one salivary protein which relative amount to total protein content remains
constant. One way to circumvent this limitation is through the staining of the membrane,
allowing the relative evaluation of protein content, before incubation with the primary
antibody [70]. With this procedure, it is possible to visualize the several lanes and
consequently the expression of the protein of interest may be compared as a percentage of
the total band intensity. The reversible Ponceau red staining [71] is the standard procedure,
despite its low sensitivity (detection limit in the range of 1 pg/spot).

Although in human saliva, protein identification can be generally performed with success,
for animal saliva this is not always the case. One of the major limitations in animal



72 Electrophoresis

proteomic studies is the lack of complete and annotated genome and protein sequences for a
great number of species, making salivary protein identification challenging. As consequence
there is the need for search in other related species databases, at the cost of eventually
producing high number of false positive results [72]. Moreover, the inexistence of
commercial antibodies for most of animal proteins makes validation of identifications more
difficult. Nevertheless, recent advances in sequencing the genomes of various domestic
animals (cattle, pigs and sheep) are increasing the ability to identify salivary proteins in
these animal species.

4. Advantages and limitations of electrophoresis for saliva proteome
analysis

Electrophoresis has been widely used in saliva characterization. Despite the advances in the
knowledge of salivary protein composition that SDS-PAGE and IEF allowed, the
development of 2-DE and its application to the study of saliva contributed for a great
advance in the comprehension of this body fluid. 2-DE has played a major role in the birth
and developments of proteomics, although it is no longer the exclusive separation tool used
in this field. Nevertheless, 2-DE continues to be essential in proteomics studies. Apart from
the great advantage arising from its efficiency in resolving a high number of proteins in
complex samples such as saliva and allowing the visualization of PTMs, 2-DE method has
also the advantage of being a method relatively inexpensive (at least comparatively to most
of the other techniques used in proteomics).

Although the great advantages of electrophoresis for the study of salivary protein
composition, saliva presents several particularities that need to be consider, and that will
limit the use of this technique. One of these particularities is the considerable ionic content
that saliva presents, which is important to account for when IEF or 2-DE is to be used in
protein separation; since separation according to electrical charge will occur, the existence of
charged compounds, or salts, in the sample may cause interference. Lowering of ions and
salt content may be achieved using ultracentrifugation membranes [e.g. 51], or through
protein acid precipitation (e.g. 10% TCA/90% acetone), in which the precipitate is
subsequently re-suspended in a buffer. Both of these procedures will also increase the
protein concentration, which may constitute an advantage since saliva samples may
sometimes be too diluted (for example, after parasympathetic stimulation). In any case some
protein loss will inevitably occur.

Another characteristic of saliva that limits its study by electrophoresis is the considerable
amount of mucins present. These are glycoproteins with high molecular masses, which
present particular physychochemical characteristics that difficult analysis using
electrophoretic separation. Moreover, the presence of mucins also limits the study of other
salivary proteins, since mucins form complexes with several proteins, interfering in the
analysis of the latter. Human salivary glands secrete two types mucins: oligomeric mucin
(MG1) with molecular mass above 1 MDa and monomeric mucin (MG2) with molecular
mass of 200-250 kDa, which together represent about 26% of total proteins from saliva [73].
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The high molecular mass of these molecules impede them to migrate through the
polyacrylamide matrix, resulting in their deposition in the top of the gel [74]. The exact mucin
content is dependent on the proportion of contribution from the different major salivary
glands for the total saliva. As such, the type of stimulation will influence the amount of
salivary mucins present. Stimuli that increase sublingual and submandibular saliva result in
higher amount of these proteins than when parotid glands are the major contributors.

The presence of high amounts of mucins confers a high viscosity to saliva, what has practical
drawbacks in sample preparation for analysis, such as difficulties in sample pipetting. Usage
of denaturing conditions, such as buffers containing 4-6M guanidine hydrochloride (GdmCI),
or the reducing agent dithiothreitol (DTT) can diminish the viscosity of mucous salivary
secretions [75]. However, this effect is achieved at expense of effects in the structure of
proteins, and should be avoided in studies where the maintenance of such structure is
necessary (for example when studying salivary complexes). The centrifugation of saliva
samples, which is one of the first approach usually performed in saliva preparation, also aids
in the removing of mucins. However, mucins and other glycoproteins are frequently involved
in protein complexes with other salivary proteins, namely amylase, statherin and PRPs,
resulting in particular protein losses, when the pellet is discharged.

Another limitation for the study of saliva using electrophoresis, which is common to the
majority of body fluids, is the high diversity in the levels of the different protein species. As
it was mentioned in section 3.1., a few salivary proteins are present in high amounts,
whereas many others appear in low levels. Depletion methods are needed, in order to
visualize the low abundant proteins, which may be of particular importance. If considering
the important application of saliva as source of disease biomarkers, and knowing that many
of those potential biomarkers are not secreted by the salivary glands, it is essential to have
access to the low abundant proteins, such as metabolic enzymes with antimicrobial activity
(e.g. lysozyme and lactoperoxidase).

Finally, saliva contains several low-molecular mass components that have important
functions, namely important bactericidal activity (e-g- histatins, defensins) [76]. The fact that
electrophoresis does not allow the separation of these compounds constitutes another
limitation in the application of electrophoresis to saliva characterization.

5. Alternatives to electrophoresis for saliva proteome analysis

Through this chapter the use of electrophoresis in saliva proteome analysis has been
emphasized. 2-DE and protein MS represent an integrated technology by which several
thousand proteins can be separated, quantified and identified. And, as has been being
referred, this approach has been considerably used in saliva proteome studies. However,
although the advantages of 2-DE, it does not allow the study of the complete proteome.
Moreover, as it was stated before, 2-DE have drawbacks which include poor gel-to-gel
reproducibility, and the requirement of relatively large amounts of sample, as well as
extensive labor and a considerable time required. As such, other proteomic techniques are
valuable for the study of saliva proteome.
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With the introduction of high-throughput LC coupled to tandem MS (MS/MS), the study of
complex systems moved towards a bottom-up proteomics analysis, where complex protein
samples are digested and the generated peptides, which are separated by high pressure
liquid chromatography (HPLC), are introduced into a mass spectrometer for fragmentation
and sequencing to identify and quantify the parent proteins. However, LC-MS analysis of
highly complex proteomic samples remains a challenging endeavor [77]. With this
approach, tryptic cleavage generates multiple peptides per protein so that proteomic
samples typically consist of hundreds of thousands of peptides. To date, no separation
method is capable of resolving so many components in a single analytical dimension prior
to the MS analysis. Thus, many research efforts have focused on the development of a more
sensitive multidimensional liquid chromatography (MudPIT) with higher peptide
separation power [21,22]. Initially, large scale shotgun proteomics was defined as an ion
exchange chromatography (specifically strong cation exchange-SCX) coupled to reverse
phase (RP) and mass spectrometry [78]. Nowadays, alternative configurations to SCX with
RP have also been investigated and include the use of anion exchange chromatography and
RP, affinity chromatography (AC) and RP, isoelectric focusing (IEF) and RP, capillary
electrophoresis (CE) [79,80]. Recently, a RPRP system was proposed for proteomics where
the first RP column uses a pH of 10 and the second RP column uses a pH of 2.6 [81,82]. This
later approach yielded higher proteome coverage when compared with the SCX-RP
approach [81,83].

These methodologies have been applied to saliva proteome characterization aiming the
extension of salivary proteins catalogue and further comparison within other biological
fluids. For instance, the use of a classical MudPit approach through combination of SCX-RP,
allowed the identification of more than 100 proteins [84]. In other experiments a shotgun
approach using only LC-MS/MS resulted in the identification of more than 300 proteins [85].
Different chromatographic combinations have been succeeded [30,80,86] which in
conjugation to instrumentation advances conducted to the identification of more than 3000
different components in saliva. Other approaches were also performed aiming the reduction
of saliva sample complexity through the utilization of combinatorial chemistry derived
hexapeptide libraries (Proteominer from BioRad) which lead to the identification of more
2300 different proteins [1]. This has been later used for PTM characterization mainly N-
linked salivary glycoproteins and their glycosylation sites [87]. Other methodologies aimed
at characterizing salivary glycoproteins consist in enrichment procedures based on affinity
chromatography with lectins [88] acting as a first dimension. In fact, saliva is a rich source of
both N- and O-linked glycoproteins, which play an important role in the maintenance of
oral health and protection of teeth [68]. In line with the characterization of the most
abundant PTMs in salivary proteins, namely phosphorylation, other systems were also
developed. For instance, Salih et al [89] developed an enrichment procedure based on
chemical derivatization using dithiothreitol (DTT) leading to the identification of 65
phosphoproteins. In a different approach, combining hexapeptide libraries, immobilized
metal ion affinity chromatography, SCX and RP, 217 unique phosphopeptides sites were
positively identified representing 85 distinct phosphoproteins [54].
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As stated above, and similarly to other bodily fluids, saliva contains several protein species
of low molecular weight which comprise around 40-50% of the total secreted protein content
[90]. Albeit particular functions can be attributed to the major peptide classes, several
questions about their precise role in oral cavity remain unclear. A strategy based on acidic
precipitation or passing the saliva supernatant through a defined cut-off filters and LC-
MS/MS have been widely adopted to perform the characterization of this low molecular
weight fraction [91-107]. Behind the identification of several fragments deriving from those
major peptide classes, several PTMs were also assigned. For instance, novel N- and O-
glycosylation sites were identified in PRPs [108] as well as S-Glutathionyl, S-cysteinyl and S-
S 2-mer recently identified in cystatin B [109].

More than identification of proteins, many studies aim the evaluation of protein expression
under different purposes and pathophysiological conditions. In fact, quantitative proteome
profiling is key for comparative analysis of proteins from normal and diseased patients, as
similar proteins may be present in both states but at significantly different concentrations.
Without quantitative information, the value of these differentially abundant proteins as
biomarkers may be overlooked. In the pursuit of these goals, gel-free approaches using
stable-isotope tagging or label free (based on spectral counting) have been used for
comparative analysis involving salivary samples. In these approaches, the typical flowchart
starts by protein digestion being, in case of isotope labeling, derivatized with respective
isotope, mixed and analysed simultaneously. Depending on the approach, up to 8 different
samples (iTRAQ-8plex, Absciex) can be compared at same time. As an example, Streckfus et
al. [110] evaluated the salivary protein expression in patients with breast cancer using a
iTRAQ approach identifying 55 proteins that were common to both cancer stages in
comparison to each other and healthy controls while there were 20 proteins unique to Stage
ITa and 28 proteins that were unique to Stage IIb. In case of label free, eluted peptides are
aligned in terms of retention time and comparative analysis will be based on spectral
counting [111]. For instance, Ambatipudi et al. [112] by MudPit and label free evaluated
the aging effect in the abundance of human female parotid salivary proteins where
extensive age associated changes in the abundance of many of salivary proteins were noted,
especially for proteins associated with host defense mechanisms.

6. Concluding remarks

The proteome of human saliva received considerable attention in the last years. However,
the improvement of the methods to study and characterize salivary proteins and/or the
changes in its profile is still an issue since the identification of potential biomarkers for
several pathological and physiological conditions is yet to be established. Moreover, a
complete knowledge on the importance of each salivary protein in oral environment is not
completely understood. Additionally, the growing interest in animal saliva, both due to
their value as models for humans, as well as for veterinarian and production purposes,
justifies the efforts to develop new protocols adapted to the particularities of these samples.
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Despite the existence of limitations, electrophoresis continues to be an essential tool in the
study of salivary proteome. It constitutes the bases for the separation of several different
components, allowing a summary characterization and also providing a purification step
prior the application of more selective and commonly more expensive methods.
Nevertheless, enhanced methodologies for sample fractionation and processing might be
useful to circumvent some of the limitations for the study of this fluid by electrophoresis.
Profiling such a fluid that rapidly changes according stimulus and where some of its
constituents interact with each other is challenging. Improved approaches will be necessary
to cope with the challenges in understanding of these interactions, their functions and health
consequences — the so called interactome — which will be the future in saliva characterization
and biomarker identification.
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