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ABSTRACT
Mass spectrometry-based proteomics can be used to investigate the properties of
alligator leukocytes and better understand the alligator innate immune system.
Proteomics is critical to understanding complex biological systems through the
elucidation of protein expression, function, modifications, and interactions. Separation
techniques, including liquid chromatography, gel electrophoresis, and ion mobility as
well as mass spectrometry tools such soft ionization and high resolution mass separation
are available for proteomic applications. With organisms such as reptiles, for which there
is limited genomic and proteomic data, a de novo sequencing approach can be
implemented. In this chapter, we describe the use of mass spectrometry-based proteomics
to determine peptide sequences from alligator leukocyte proteins and identify proteins
based on sequence homology. A description of the instruments and methods used for
analyzing peptides and proteins isolated from alligator leukocytes is provided.

1. BIOCHEMISTRY OF THE IMMUNE SYSTEM
Crocodilians are vertebrates with a complex immune system comprising
antimicrobial peptides, macrophages, heterophils, neutrophils, basophils, eosinophils,
phagocytic B cells, and proteins of the complement system. Like other vertebrates, they have
both innate and an adaptive immune system. [1, 2] Crocodilians thrive in microbe containing
environments but exhibit a strong resistance to infections.
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Alligator serum has been shown to have antibacterial, [3] antiviral, [4] and
antiamoebacidal properties. [5] Antibacterial activity has also been observed in crocodile
serum, particularly that of Crocodylus siamensis. [6, 7] In addition, the leukocytes of
Alligator mississippiensis have been shown to produce a broad antimicrobial activity
spectrum. [8] The alligator complement system, which is part of the innate immune system,
has also been shown to be effective against gram-positive bacteria. [3, 9] When alligator
serum was compared to human serum, the alligator serum was effective against different
strains of Gram-positive bacteria, whereas human serum had no antibacterial activity. It was
proposed that the complement is responsible for antiviral activity of the alligator serum.
Human T-cells were infected with human immunodeficiency virus type 1 (HIV-1) and when
incubated with alligator serum potent antiviral activity was observed. [4] These studies
suggest that crocodilian leukocytes play a central role in their strong innate immune system.

1.1. Innate Immune System
The innate immune system comprises different biomolecules including lysozymes,
proteins of the complement system, non-specific leukocytes, and antimicrobial peptides. [1]
Lysozymes are enzymes that lyse bacterial cells by the hydrolysis of their cell wall. [10] Lysis
entails the complement proteins rupturing the bacterial membrane therefore killing the
invading bacteria. [11] Lysozymes have been isolated from several reptilian organisms such
as, lizards, [12] turtles, [12] crocodiles, [13] and alligators. [14] The complement system
consists of various proteins found in plasma that kill bacteria via lysis or opsonization. [1]
Opsonization is the process by which opsonin proteins, found in blood serum, bind to the
bacterial membrane allowing the bacteria to be recognized by macrophages, which then
engulf the bacteria through phagocytosis. [1]
The complement immune system has been characterized in the American alligator [9] and
is believed to be responsible for antiviral activity exhibited by alligator serum. [4] There are
different pathways to the complement immune system: classical, alternative, and lectin. [15]
The classical pathway is activated by the immunoglobulins, immunoglobulin G (IgG) and
immunoglobulin M (IgM) that activate an immune response. [1, 15] The alternative pathway
does not require antibodies but is activated by viruses or lipopolysaccharides (LPS) on the
surface of bacteria. [11] Finally, the lectin pathway is activated by mannose sugars of proteins
that are on the cell surface of bacteria. [15]
Non-specific leukocytes in reptiles include eosinophils, herterophils, basophils,
monocytes, and macrophages. [1] Limited information is available about the function of
eosinophils in reptiles; however, in mammals they play a key role in the defense against
parasitic infections. [15] Heterophils are involved in the inflammatory response in reptiles
and are also responsible for suppressing microbial invasion. [16] Basophils contain
immunoglobulins on their surface and, when triggered by an antigen, release histamine. [17]
Monocytes and macrophages are phagocytic cells that are responsible for processing and
releasing antigens as well as releasing cytokines, [15] regulatory proteins that generate an
immune response. [18]
Antimicrobial peptides and proteins are important components of the innate immune
system. Antimicrobial peptides are found in the host defense system [19] and are typically
amphipathic and cationic and less than 10 kDa in mass. [20] However, they can also be
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anionic peptides [21] and proteins. [22] Antimicrobial peptides can be linear α-helical
with12–25 residues [20] or cysteine containing and β-sheet with several antiparallel β-strands
that are stabilized with up to six disulfide bonds. [20] There are also antimicrobial peptides
that are rich in specific residues such as tryptophan, [23] proline, arginine, [24, 25] and
histidine. [26]
There are two major antimicrobial peptide families found in vertebrates: defensins and
cathelicidins. Defensins are antimicrobial peptides that are rich in arginine residues and have
a characteristic β-sheet fold and six disulfide linked cysteines. [19] They are cationic peptides
that bind to microbes via electrostatic interactions. [27] Defensins have been found in
mammals and birds [28] and recently the first reptilian defensin was discovered in the
European pond turtle Emys orbicularis. [29] Defensins contain between 38-42 residues and
are found in cells and tissues involved in the host defense system, exhibit antibacterial,
antifungal, and antiviral activity. [19] In many animals, the highest concentration of defensins
is found in the granules, where the leukocytes are stored. [19] Another family of antimicrobial
peptides is cathelicidins, linear molecules that range in size from 12 to 80 amino acids that
have antifungal [30] and antibacterial activity. [31] Unlike the β-defensins, they lack disulfide
bridges. [32] Cathelicidins are produced in the myeloid cells in the bone marrow and stored in
the neutrophil granules. [33] They have been isolated from fish, [34] birds, [35] mammals,
[36] and reptiles. [37] Cathelicidins have also been found in monocytes, epithelial cells of the
skin, respiratory tract, urogenital tract, as well as T and B lymphocytes. [33]

Figure 1. Comparison of antimicrobial peptide interaction with animal and bacterial membranes.
(Modified from ref 38).

The membranes of microbes and multicellular animals differ in that microbes, such as
bacteria, have an outer membrane surface that is composed of lipids with negatively charged
phospholipid head groups. The outer membranes of plants and animals are composed of lipids
that do not have a net negative charge (Figure 1); the negatively charged head groups are
oriented towards the cytoplasm. [38, 39]
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Table 1. Antimicrobial peptides available for therapeutic use. [45, 49]
Peptide

Pharmaceutical
Name

Magainin 2

Pexiganan

Indolicidin

Omiganan
(MBI-226)

Indolicidin

MBI-594AN

Origin

Application

Stage

Topical

Foot ulcers

Completed
Phase III.
(Not
approved by
FDA)

Topical

Catheter
infection

Phase III

Topical

Acne

Phase III

Pig leukocytes

Oral

Mucositis

Phase III

Oral

Gingivitis

Phase II

Systemic

Antifungal

Preclinical

Systemic

Antibacterial

Preclinical

Systemic

Meningococcal
meningitis

Phase III

African clawed
frog skin
Synthetic
analog of
indolicidin
Cow
erythrocytes

Histatin

Iseganan
(IB-367)
P113P113D

Heliomycin

Heliomycin

Lactoferricin
Bactericidal
permeability
increasing
protein
histatin

Lactoferricin

Human
Tobacco
budworm
Human

XMP.629

Human

Protegrin

Mode of
Application

The primary model that explains the mechanism of antimicrobial peptides is the ShaiMatsuzaki-Huang model, [39, 40] which postulates that the peptide interacts with the
pathogen membrane, displacing the lipids and disrupting the membrane structure. In some
cases the peptide may also penetrate the cell. [40] The membrane of multicellular animal cells
contains cholesterol, which reduces the activity of the antimicrobial peptide via interaction
with the cholesterol or stabilization of the lipid bilayer. In addition to this mechanism, studies
suggest that there are other mechanisms involved: 1) depolarization of the bacterial
membrane leading to death, [41] 2) creation of holes in the cell wall causing cellular leakage,
[42] 3) activation of processes that cause cell death (e.g. destroys the cell wall by hydrolases),
[43] 4) disruption of the membrane function by rearrangement of the lipids on the outer cell
membrane, [39] and 5) destruction of the internal cellular components after internalization of
the antimicrobial peptide. [44]
Some antimicrobial peptides have been tested for pharmaceutical use, primarily as a
topical treatment. The first antimicrobial peptide to undergo clinical trial was magainin
isolated from frog skin, which was developed as a topical treatment for diabetic patients
suffering from foot ulcers. [45, 46] Phase III clinical trials showed the magainin peptide to be
as effective as the oral antibiotic ofloxacin. [47] A variety of antimicrobial peptides are
currently being developed as potential antibiotics as indicated in Table 1.
The broad spectrum of the antimicrobial peptides allows them to be used for diverse
applications; however, a major drawback of for clinical use is the level of toxicity: the level at
which the antimicrobial peptides are effective in vivo are usually toxic. [48] Other factors are
stability and immunogenicity. [45]
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1.2. Adaptive Immune System
The adaptive immune system is activated following the innate immune response. There
are two adaptive immune responses: cell-mediated and humoral adaptive. [1] Cell-mediated
immunity involves T-cells that are responsible for regulating antibody production. T-cells can
differentiate into two types of cells: cytotoxic T-cell (TC) or T helper cell (TH). TC can
rapidly kill bacterial or viral infected cells through apotosis. TH helps control other immune
cells. T-cells also release cytokines that affect the humoral response (the immune responses
mediated by antibodies). [1] Humoral adaptive immunity relies on B-cells that recognize
antigens and initiate responses to protect the body from foreign material. [15]

1.3. Study of the Immune System
Serological assays are often used to study the immune system of vertebrates. [50] There
are many different types of serological assays including agglutination, precipitation,
immunoassays, immunofluorescence, fluorescence-activated cell sorting analysis, and
lymphocyte function in which in vitro reactions between antigen and serum antibodies are
studied. These assays help elucidate the immune system‘s functional and regulatory
properties through lymphocyte function measurements and the responses of B- and T-cells as
well as antibodies.
Another approach to studying the immune system is hematology, which is the study of
blood, including white blood cells, red blood cells, hemoglobin, and platelets. [50]
Hematological tests allow for observation of live blood (whole blood that is unaltered and
unstained) with microscopy. Using this test, microbial activity in the blood and its potential
effects can be measured. In addition, the white blood cells can be quantified, which can
provide insight on how the immune system is functioning. There is also the standard blood
microscopy technique in which the blood is stained and fixed; however, staining kills the
blood cells.
Another technique for studying the immune system is chemical biology, which is
discussed in Section 2. Genomics and proteomics provide a molecular level view of the
immune system and its function as compared to serological assays and hematology tests.

2. CHEMICAL ANALYSIS METHODS FOR PROTEOMICS
Proteomics is the study of protein structure and function and is critical to the
understanding of complex biological systems in terms of protein expression, function,
modifications, and interactions. [51] Proteomics is related to genomics, which is the study of
the genetic make-up of an organism. [52] An important step towards understanding an
organism‘s biology is to determine its genome sequence. However, that is not enough to
provide information on complex cellular processes; the complement of proteins associated
with a particular genome is essential to this understanding. [53]
Proteomics is complimentary to genomics and provides an additional component to the
understanding of biological systems. However, there are significant challenges such as
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limited sample quantity, sample degradation, broad dynamic range (>106 for protein
abundance), post-translational modifications, and disease changes. [54] Protein
concentrations typically exceed the dynamic range of a single analytical instrument or method
necessitating the use of one or more dimensions of separation. [51]
Proteomics can be divided into three major branches: structural proteomics, [55]
expression proteomics, [56] and functional proteomics. [56] Structural proteomics involves
determining the structures of proteins, such as their shape (secondary and tertiary structure)
and amino acid sequence (primary structure). [55] A commonly used approach for protein
sequencing is Edman degradation, which was developed by Pehr Edman in 1950 and is one of
the oldest and most developed techniques for protein sequencing. [57] However, Edman
sequencing has largely been replaced by mass spectrometry for protein sequencing and
identification. [58, 59] Protein secondary and tertiary structures can be characterized by X-ray
crystallography and nuclear magnetic resonance (NMR) spectroscopy in addition to mass
spectrometry. [55]
Expression proteomics involves the quantitative and qualitative analysis of proteins under
different conditions. [56] This approach allows disease-specific proteins to be identified by
comparing the entire proteome between two samples. Proteins that are over-expressed or
under-expressed can be identified and characterized. The techniques commonly used for
expression proteomics are two-dimensional gel electrophoresis, [60] multi-dimensional
chromatography with mass spectrometry, [61] and protein micro-arrays. [62] Twodimensional electrophoresis suffers from limitations such as the large dynamic range of
protein expression in biological systems and difficulty in sequencing proteins that are posttranslationally modified. [56] Limitations of microarray technology include the sensitivity of
the arrays for detection of low abundance genes [63] as well as its inability to identify posttranslational modifications. [64] Unlike 2-D electrophoresis and micro-array techniques,
multi-dimensional chromatography with mass spectrometry can identify post-translational
modifications in expression proteomics. [65]
Functional proteomics is an approach to analyze and understand macromolecular
networks in cells. [56] Proteins and their specific roles in metabolic activities can be
identified.

2.1. Sample Purification
Blood plasma and serum are commonly used biological fluids for proteomic analysis
because many cells release a portion of their content into the plasma when damaged or upon
cell death. There are approximately 10,000 proteins present in human serum [66] and many
proteins of interest are present in low abundance. Plasma comprises ~97% high abundance
proteins including albumin (57–71%) and immunoglobulins (8–26%), [67] hence plasma
samples are difficult to analyze directly and purification is required. In addition, samples
usually contain contaminants such as lipids, nucleic acids, and surfactants. [68] The dynamic
range of expressed proteins is greater than six orders of magnitude [69] and protein mixtures
can be quite complex and contain proteins with different solubility, hydrophobicity, pI, and
molecular masses. [70] Therefore, sample purification is necessary before mass spectrometry
analysis.
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Separation methods such as affinity-based techniques, chromatography, and
centrifugation have been employed. [71] It is important that the proteins of interest are well
resolved with limited sample purification steps to avoid sample loss. Affinity-based
techniques have been established for removal of albumin and IgG using immobilized
antibodies that are selective against albumin [72] and protein A or protein G that selectively
capture IgG on the columns. [73] The removal of salts and other contaminants from protein
samples has been accomplished using precipitation with centrifugation. [68] Commonly used
precipitation methods include acetone, trichloroacetic acid (TCA), ammonium sulfate, and
chloroform/methanol precipitation.

2.2. Digestion
Protein digestion can be performed using three common approaches: in-gel, [74, 75] insolution, [76] or solid phase. [77, 78] With an in-gel digestion, the proteins are separated on a
1- or 2-D gel and the gel bands are excised for chemical or proteolytic digestion. [75] A major
advantage of in-gel digestion is that it removes detergents and salts that can be interferants in
the mass spectrometer. [75] However, a limitation to this method is the loss of peptides
during in-gel digestion through binding to the polyacrylamide. [75] Another approach is insolution digestion which entails digesting proteins directly in buffers or solvents such as
ammonium bicarbonate or acetonitrile. [79] This approach is advantageous in that low
abundance molecules that may otherwise be lost in the gel can be detected; however, it has
longer incubation times due to lower enzymatic concentrations. [80] Solid phase digestion is
another approach which includes immobilization of an endoprotease on a solid support, for
example monolithic columns [81] or microfluidic devises with integrated trypsin digestion.
[78] Solid phase digestion offers the advantages of speed, reduced interference from trypsin
autolysis products, and low sample consumption. [82, 83] A limitation to this method is the
use of organic solvents which improve digestion efficiency but can damage the immobilized
enzyme. [84]
Digestion efficiency can be improved by cysteine reduction before digestion. The
disulfide bonds are reduced with a reagent such as dithiothreitol (DTT) and an alkylation
reaction is performed with iodoacetamide to prevent new disulfide bridges from forming. [85]
Most endoproteases and chemicals cleave proteins at specific amino acids generating
peptide fragments of varying lengths. Peptide fragments between 6–20 amino acids are best
for MS analysis and protein database searching. [86] Endoproteases and chemicals used for
protein analysis are indicated in Table 2. The most commonly used endoprotease for
proteomics is trypsin. Trypsin cleaves at lysine and arginine residues, unless followed by a
proline in the C-terminus direction [87] and has good activity in both in-gel and in-solution
digests.
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Table 2. Chemicals and proteases used for enzymatic and chemical cleavage. Cleavage
with the endoproteases only occurs if the residue after the cleavage site is not proline,
except for Asp-N. [88]
Endoproteases
Trypsin

Cleavage Specificity
K, R

Glu-C

E, D

Lys-C
Asp-N
Arg-C
Chymotrypsin
Chemical Agents
70% Formic acid
Cyanogen bromide
2-nitro-5-thiocyanobenzoate, pH 989
Hydroxylamine, pH 990
Iodobenzoic acid

K
D
R
W, Y, F, L, M
Cleavage Specificity
D
M
C
N, G
W

Many proteins contain a significant number of lysine and arginine residues that are
spaced sufficiently in the sequence so that trypsin produces fragments that are a suitable
length for MS analysis. Another complementary enzyme used is Glu-C which cleaves at the
carboxyl side of glutamate residues. [91, 92] In the presence of selected buffers such as
sodium phosphate, it can cleave at both the glutamate and aspartate residues. Other proteases
listed in Table 2 with cleavage specificities are useful for producing peptides of varying
lengths depending on how many cleavages occur. This is useful for obtaining additional
information for database searching or for de novo sequencing if the protein sequence is not
known.
There are also non-specific endoproteases such as pepsin as well as endoproteases with
broad specificities such as chymotrypsin that are useful for producing multiple overlapping
peptides that can increase sequence coverage. [86] Proteins can also be cleaved with
cyanogen bromide, formic acid, and hydroxylamine. Cyanogen bromide is the most
commonly used for protein cleavage; it cleaves specifically at methionine residues. [93]

2.3. Separations
Two commonly used separation methods in proteomics are gel electrophoresis and liquid
chromatography (LC). Gel electrophoresis is an efficient method for separating and
identifying proteins in a gel matrix such as agarose or polyacrylamide. [68] Agarose is
typically used to separate larger macromolecules such as nucleic acids and polyacrylamide is
used to separate proteins. Polyacrylamide gel electrophoresis can be used to determine the
size, isoelectric point, and purity of proteins. [68] The gel pores are made by crosslinking of
the polyacrylamide with bis-acrylamide to form a network of pores that allows the molecules
to move through the gel matrix like a sieve. The gel pore size is determined by the acrylamide
monomer concentration and ratio of monomer to crosslinker. [94]
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Gel electrophoresis separates molecules based on the differences in migration velocity of
ions in the gel under the influence of an electric field. The migration velocity is the product of
applied electric field and the electrophoretic mobility, which is in turn proportional to the ion
charge and inversely proportional to the frictional forces. The frictional forces depend on the
analyte‘s mass and the viscosity of the solvent. Smaller analytes have a greater mobility and
migrate farther through the medium in a given time. Polyacrylamide gel electrophoresis
(PAGE) is used to separate proteins and peptides based on their size. Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) is the most commonly used gel based
technique for separating proteins. SDS is used to denature the proteins and gives the protein
an overall net negative charge. [95]
Two-dimensional gel electrophoresis (2D-GE) is used to separate proteins based on their
isoelectric point (pI) and mass. [95, 96] The first dimension separates proteins based on their
isoelectric point using isoelectric focusing. A protein‘s pI is determined by the type and
number of acidic and basic residues it contains. Protein separation is performed in a pH
gradient gel; the proteins migrate to the point in the gel at which their pI is identical to the pH
at which point the protein has a net charge of zero. The second dimension in 2D-GE separates
proteins based on their mass and is usually performed in a SDS gel (SDS-PAGE). Limitations
of 2D-GE include difficulty resolving large proteins or those with extreme pI or
hydrophobicity and lack of reproducibility. [97]
Liquid chromatography (LC) is a technique used to separate components on a stationary
phase using a liquid mobile phase. Reversed-phase high-performance liquid chromatography
(RP-HPLC) separates proteins and peptides by hydrophobicity [98] and is one of the most
powerful and commonly used liquid chromatography techniques. [99] Commonly used
hydrocarbon ligands for reversed-phase resins include C4 and C18. [98] C4 is commonly used
for polar proteins and C18 is primarily used for peptides.
Ultra performance liquid chromatography (UPLC) uses smaller particles and has high
speed and peak capacity (the number of peaks that can be resolved). [100] In contrast to
conventional HPLC columns that are packed with 3.5 to 5 µm particles, UPLC columns are
packed with 1.7 µm particles. [101] Smaller particles shorten the analyte‘s diffusion path
which improves separation efficiency, speed, and resolution. [102, 103]
Ion exchange is a form of chromatography that separates proteins and peptides based on
charge-charge interactions. [98] A cationic or anionic resin is used and proteins or peptides of
opposite charge are retained due to charge attraction. Hydrophilic-interaction chromatography
separates proteins based on their hydrophilic properties and the stationary phase is polar.
[104] Another separation technique is affinity chromatography, which separates proteins and
peptides based on their specific ligand-binding affinity. [98] There are two fractions collected
from affinity separation, the unbound and the bound proteins and peptides. The analyses and
detection of low abundant proteins, primarily in plasma, can be difficult due to the presence
of high abundant proteins such as albumin, immunoglobulins, and transferrin. [105]
Therefore, affinity-based approaches can be used either to remove high abundant proteins or
to enrich low abundant proteins. [97]
Due to the complexity of the protein samples, one-dimensional separation techniques are
usually insufficient and multi-dimensional separations are employed. In multi-dimensional
separations, two or more methods are coupled to improve the separation efficiency.
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2.4. Mass Spectrometry
Mass spectrometry (MS) is an analytical technique used for measuring the mass and
structure of molecules and is widely used for proteome analysis. [71] A variety of ionization
techniques can be used for mass spectrometry but the most commonly used for the analysis of
biomolecules are electrospray ionization (ESI) [106] and matrix assisted laser desorption
ionization (MALDI). [107-109] MALDI uses a matrix that absorbs laser energy and aids in
ionization of the analyte; the ions generated are typically singly charged. ESI uses a high
voltage applied to a capillary to produce highly charged ions from solution. After the ions are
formed they are transferred into a mass analyzer by an electric field where they are separated
according to their mass-to-charge ratio. Two stages of mass separation can be coupled (either
in space or in time) to obtain additional information of the sample being analyzed which is
known as tandem mass spectrometry (MS/MS). [110] Tandem mass spectrometry is often
used to determine peptide sequences from protein digests. [71] A peptide is selected in the
first stage of mass spectrometry and dissociated by collision with an inert gas. The fragments
are then separated in the second stage of mass spectrometry. [71, 111]
There are three MS-based proteome analysis approaches: 1) bottom-up proteomics, 2)
shotgun proteomics, and 3) top-down proteomics. In the bottom-up approach the protein
mixture is separated by 1 or 2-dimensional electrophoresis and the individual protein bands or
spots are cut and digested with an enzyme such as trypsin to produce peptides. The peptides
are analyzed by mass spectrometry using MALDI peptide mass fingerprinting or with liquid
chromatography and ESI tandem mass spectrometry (MS/MS) to create sequence tags for
database searching. [112-114] Some of the major advantages of using the bottom-up approach
are the ability to obtain high-resolution separations and a comprehensive coverage of
proteins. Bottom-up the most widely used technique in proteomics, [115] hence many
bioinformatics tools are available. In addition, proteins can be separated from a complex
mixture before digestion, aiding in identification. Drawbacks of this approach are the limited
dynamic range [116] and difficulty separating membrane proteins. [117, 118]
In shotgun proteomics, a mixture of proteins is enzymatically digested and separated
using strong cation-exchange chromatography (SCX) followed by reversed-phase liquid
chromatography (RPLC). [97, 119] The separated peptides are subjected to tandem mass
spectrometry and database searching. [119] A major advantage of the shotgun technique is
that thousands of proteins can be identified in a single analysis and it is better suited to
membrane proteins. However, limitations include the need for complex mixtures to be
purified prior to separation, [120] limited dynamic range, [51] and bioinformatics challenges
in identification of peptide and protein sequences from a large number of acquired spectra.
[51]
In the top-down approach, intact proteins are separated by gel electrophoresis or HPLC
before being introduced into the mass spectrometer. [112, 114] The mass of the protein is
measured and tandem mass spectrometry is used to generate sequence tags (a short subsequence of a peptide sequence) for database searching. Alternately, de novo sequencing, an
approach to determining a peptide sequence without prior knowledge of the sequence, can be
performed. [114] Top-down sequencing can be used to locate and characterize posttranslational modifications, determine the complete protein sequence, and it minimizes timeconsuming preparation steps such as digestion and separation of peptides. Conversely, spectra
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generated by multiply charged proteins can be very complex and the suite of bioinformatics
tools for protein identification is limited.
A unique approach to biomolecule separation is ion mobility spectrometry, which can be
combined with MS in ion mobility mass spectrometry (IM-MS). [121-123] Ion mobility is a
gas-phase technique that separates ions based on their drift velocity through a buffer gas in
the presence of an electric field. [121, 122] The mobility is dependent on the collision cross
section of the ion. An ion mobility spectrometer consists of a gas filled cell where ions travel
under the influence of an electric field. [121] Ions with larger cross-section undergo more
collisions with the buffer gas, hence their passage through the drift cell is slower, whereas
smaller molecules undergo fewer collisions and pass through the drift cell more rapidly. [121]
When coupled with MS, both the mass to charge and size to charge ratio of the ions can be
determined. Both MALDI and ESI can be used as an ionization source for IM-MS. [124]
However, many IM studies of peptides and proteins reported in literature use ESI. [125-127]
IM can also be coupled with tandem MS to obtain additional peptide and protein information.
[128]
IM-MS separations can produce similar separation efficiency compared to HPLC and CE.
[122] LC-MS has a high dynamic range; [129] however, the LC separation limits sample
throughput and the demands of the MS ion source can limit optimization of the LC
separation. [130] IM has two major advantages over LC: it reduces separation time and it
separates biomolecules into chemical classes based on their high order structure; [131, 132]
for example peptides, DNA, oligonucleotides, and lipids or protein conformational classes
such as α-helix and random coil. [133] However, IM-MS has its shortcomings for proteomic
applications, specifically poor sensitivity and limited peak capacity. [122] Despite the
limitations, IM-MS, has proven useful for proteomics, [122] metabolomics, [134] and
glycomics. [135]
There are four commonly used mass analyzers for proteomics, quadrupoles, time-offlight (TOF), ion trap, and Fourier transform ion cyclotron (FT-MS). [113] These mass
analyzers can be used in tandem (MS/MS) for peptide and protein identification. Examples of
tandem mass analyzers are linear ion trap (LIT), linear ion trap - orbitrap (LTQ-Orbitrap),
quadrupole-fourier transform ion cyclotron resonance mass spectrometer (Q-FTICR),
quadrupole-time of flight (Q-TOF), ion trap-time of flight (IT-TOF) and time-of-flight/timeof-flight (TOF/TOF) [136, 137].
Tandem mass spectrometry is often used to determine the sequence of peptide from
protein digests. [138] A peptide is separated from a mixture of peptides in the first mass
spectrometry stage and dissociated by collision with an inert gas or other means. The
resulting fragments are separated in the second mass spectrometry stage producing a mass
spectrum (MS/MS). [111, 138] Cleavage of the peptide backbone by the collisions usually
occurs at the amide bond. A nomenclature has been proposed by Roepstorff and Fohlman
[139] and later modified by Biemann [140] to designate peptide fragment ions. When the
charge is retained on the N-terminus the ions are represented by the symbols a, b, and c and
when the charge is retained on the C-terminus the ions are represented by the symbols x, y
and z. The subscript denotes the residue counting from either the N or C terminus (Figure 2).
The most common ions produced by low energy collisions are b and y-ions [141].
The most commonly used enzyme for digesting proteins is trypsin, which produces
peptides with arginine or lysine residues at the C-terminus, therefore y-ions predominate.
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Figure 2. Common ions produced from peptide fragmentation.

Time-of-flight (TOF) is a commonly used mass analyzer that offers several advantages:
1) theoretically unlimited mass range which is limited in practice by detector, 2) high ion
transmission, 3) simple to operate, and 4) low cost. TOF can be coupled to both electrospray
and MALDI ion sources for analysis of biomolecules from a few hundred Da to greater than
150 kDa. [106, 142] MALDI-TOF is commonly used for protein identification via peptidemass fingerprinting. [113] Instruments including Q-TOF and IT-TOF have been coupled with
TOF mass analyzers for proteomic applications. Q-TOF and IT-TOF can be used for bottomup and top-down proteomics as well as PTM identification. [137] Both instruments provide
mass resolution above 10,000, mass accuracy between 2-5 ppm and detection limits at the
attomole level. [137, 143] Hence, these instruments are applicable to de novo sequencing.
Tandem time-of-flight mass spectrometers can be thought of as two time-of-flight mass
spectrometers tandem in space. Like other hybrid TOF instruments TOF/TOF can be used for
protein identification and de novo sequencing. TOF/TOF instruments have been designed
with different collision cell configurations. The Applied Biosystems (ABI) TOF-TOF
instrument configuration consist of ions being decelerated into a collision cell where they
collide with an inert gas and the products are reaccelerated from a second pulsed ion
extraction source. [144] With the Bruker TOF-TOF instrument, ions are initially accelerated
at lower energy, then collide with an inert gas in a collision cell that is then ―lifted‖ to a high
potential. [145] The ―LIFT‖ cell increases the ion kinetic energy and a metastable suppressor
removes unfragmented precursor ions. [145].
Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry is used for topdown proteomics and identification of modified proteins. It can perform multiple stages of
mass spectrometry sequentially, and provides high mass resolution and mass accuracy. [146]
FT-ICR has the capability to measure thousands of peptides and proteins in a complex
mixture, provides low limit of detection for proteins (attomole level), high resolution, and
MS/MS for proteins >100 kDa. [147, 148]
Ion trap instruments trap ions in a dynamic electric field and have the advantage of fast
scan rates, MSn scans, high sensitivity, and mass accuracy of 100 ppm. [137] Ion trap
instruments can be used for both bottom-up [149] and top-down proteomics [150] due to their
fast scan rates and sensitivity. [137] Ion traps can also be used as hybrid instruments. A
commonly used hybrid ion trap is the LTQ-Orbitrap. In an orbitrap, ions circle between two
electrodes and their axial motion is detected. [151] The LTQ-Orbitrap can be used for protein
identification, quantification and identification of post-translational modification. [137]
Therefore, the LTQ-Orbitrap is a more compact alternative for top-down sequencing of
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proteins with detection limit ranging between attomole to femtomole range, mass accuracy of
2 ppm and isotopic resolution of small proteins. [137, 150]

3. PROTEIN BIOINFORMATICS
Bioinformatics is the approach used to analyze large numbers of genes and proteins [152]
and is important for the analysis of mass spectrometry data due to the large quantities of data
produced. [153] It is used in proteomics to provide functional analysis and mining of data
sets. [152] Peptide and protein data can be interpreted via peptide mass fingerprinting,
database searching, or de novo sequencing.
Peptide mass fingerprinting (PMF) is a protein identification method based on the
accurate identification of peptide masses. [154] In this method proteins are separated and
individually digested using an enzymatic or chemical approach to generate peptides. The
peptides are analyzed via ESI or MALDI mass spectrometry and a peptide mass fingerprint,
the masses of the intact peptides in the sample, is obtained. The mass fingerprint is compared
to theoretical cleavages of protein sequences in databases and protein matches are scored
based. [154, 155] Several programs have been developed for peptide mass fingerprinting
including MassSearch, MS-FIT, PepMAPPER, PepSea, PeptideSearch, ProFound and
PeptIdent. [156] Peptide mass fingerprinting only provides hits for proteins that are in a
sequence database.
An alternate approach to database searching is mass spectral matching. This entails
matching the experimental spectrum to a library of previously obtained MS/MS data. [157]
This method is a fast and precise means to identifying peptides whose proteome has been
previously identified. Its major limitation is its inability to be used for identifying or
discovering new peptides.
Another approach for database searching compares tandem mass spectra to theoretical
spectra to identify peptides in the protein database. Theoretical tandem mass spectra are
produced from fragmentation propensities that are known for a specific series of amino acids.
Search engines that are used for database searching includes Mascot, [158], SEQUEST, [159]
X!TANDEM, [160] Open mass spectrometry search algorithm (OMSSA), [161] SONAR,
[162] ProbID, [163] PeptideProphet [164] and OLAV-PMF. [165] Two commonly used
search engines include Mascot and SEQUEST. The latter uses a cross-correlation score to
match hypothetical spectra to experimental spectra [159] whereas Mascot uses a score that
indicates the probability of whether or not a spectral match was random. [158] Mascot is
based on probability scoring and the lowest probability is the best match. The match
significance criteria depend on the size of the database. The score is reported as -10log (P),
where P is the probability. Hence, the best match has the highest score. When some
commonly used search engines were compared, including SEQUEST and Mascot, the latter
proved to be able to better discriminate between a correct and incorrect hit as compared to
SEQUEST. [166] An overall evaluation showed that Mascot outperformed the other
algorithms used in the study, which included PeptideProphet, Spectrum Mill, SONAR and
X!TANDEM.
Database searching offers several advantages including high-throughput, robustness, and
annotated proteins (detailed information on each protein). Despite these advantages there are

14

Lancia N. F. Darville, Mark E. Merchant and Kermit K. Murray

also some disadvantages, including false positive identification due to selection of
background peaks, unidentified peptides due to post translational modifications, scoring a
longer peptide that may be from a lower quality MS/MS data (low signal-to-noise ratio) with
a higher score than a shorter peptide from a higher quality MS/MS spectrum (high signal-tonoise ratio), and, most importantly, it is impossible to identify a peptide that is not part of a
protein in the database. [167]
De Novo sequencing is an approach to identifying peptides without database searching,
for example for a species whose genome has not been previously sequenced. It is also used to
identify post-translational modifications. The de novo approach determines peptide sequences
using information such as the fragmentation method, for example collision induced
dissociation (CID), [168] electron-transfer dissociation (ETD), [169] or electron-capture
dissociation (ECD), [168, 170] the type of enzyme used, as well as any chemical
modifications. Some commonly used de novo sequencing programs are PEAKS [171] Mascot
Distiller [85], Lutefisk, [172] PepNovo, [173] and SHERENGA. [174] Tandem mass
spectrometry data can also be searched against expressed sequence tag (EST) databases to
identify peptides and proteins for organisms without complete genomes. ESTs are nucleotide
sequences (200 to 500 nucleotides long) that are generated by sequencing either one or both
ends of an expressed gene originating from specific tissues. [175] These nucleotide sequences
are translated into protein sequences for protein identification from tandem mass spectra.
Under CID, peptides cleave along the peptide backbone and fragment ions generated
from the N-terminus of the peptide are labeled a, b, and c, whereas fragments generated from
the C-terminus of the peptide are labeled x, y, and z. [176] De novo spectra generated from
low energy CID gives only partial peptide ion coverage because of its backbone cleavage
specificity; in low energy CID spectra c, x, z and a-type fragment ions are not observed. [176]
Hence, it is usually beneficial to collect peptide spectra from other fragmentation methods
such as ETD or ECD. Some of the limitations associated with CID include overlapping
fragment ion peaks (which can cause incorrect peak assignment), low signal for some of the
ions in the CID spectra, difficulty identifying post-translational modifications, and the
inability to differentiate between the amino acids leucine and isoleucine. [167] The ETD and
ECD techniques can be used which can differentiate between leucine and isoleucine as well
as identify post-translational modifications. ECD also produces less specific backbone
cleavage as compared to CID; therefore, more extensive sequence information can be
obtained on proteins. [168] However, a limitation of ETD and ECD is their inability to
produce good quality data with shorter peptides, such as those generated from tryptic digests.
[167]
Basic local alignment search tool (BLAST) is a search algorithm that is used to compare
sequence similarities between experimentally determined nucleotide or protein sequences
with nucleotide or protein databases. [177] This approach is useful for the identification of
proteins from organisms that have unsequenced genomes. [178, 179] A BLAST alignment
pairs each amino acid in the queried sequence to those in another sequence from a protein
database. BLAST begins a search by indexing short character strings (amino acid sequences)
within the peptide query by their starting position in the query. The ―word size‖ (length of the
amino acid sequence) for a protein-to-protein sequence comparison is typically three. The
BLAST software then searches the database to look for matches between the indexed ―words‖
from the queried peptide to character strings within the sequence in the database. Whenever a
word match is found, BLAST then extends the sequence (using the database sequence) in the
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forward and backward direction to create an alignment. The BLAST score value increases as
long as the alignment matches and will begin to decrease once it encounters mismatches.
[180, 181]
The BLAST results are quantified by comparing them to the expect value (E-value). The
E-value threshold represents the number of times a good match is expected to occur by
chance and is proportional to the size of the database. BLAST determined E-values that are
greater than the threshold E-value are considered significant. The higher the similarity
between the queried sequence and the sequence in the database the lower the E-value is. This
can be seen in Equation 1,
𝐸 = 𝐾 ∗ 𝑚 ∗ 𝑛 ∗ 𝑒 −𝜆𝑆

Equation 1

where K is a constant (scaling factor), m is the length of the query sequence, n is the length of
the database sequence, λ is the decay constant from the extreme value distribution (scales for
the specific scoring matrix used) and S is the similarity score. [180]

4. ELUCIDATION OF ALLIGATOR LEUKOCYTE PROTEINS
The study of alligator leukocytes at the molecular level is key to understanding the
function of the immune system and the proteins involved in its potency. Although this area of
study is relatively new, there have been several recent studies in which the utility of
proteomics approaches to the study of the crocodilian immune system has been demonstrated.
In a recent work from our group, proteins from the leukocytes of the American
alligator (Alligator mississippiensis) were characterized using a bottom-up proteomics
approach with bioinformatics for protein identification. [14] A three-step strategy was
performed to identify similar proteins in the gel bands and spots: de novo sequencing, Mascot
search, and BLAST search. As noted above, one of the major challenges in the study of the
alligator blood proteome is the limited information available on the reptilian genome and
proteome. [29, 182] Therefore, in this study, proteins from the alligator leukocytes were
identified based on sequence similarity. Forty-three proteins with sequence similarity to the
alligator leukocyte proteins were identified and found to be common among eukaryotes and
associated with the immune system. The searches showed that the alligator proteins matched
similar proteins in the database. The proteins were grouped based on their functionality where
protein functions were divided into six groups: cytoskeletal proteins, immune proteins,
enzymes, DNA/synthesis proteins, other function, and unknown function. Proteins involved
in the cytoskeletal system, immune system, and other systems made up the three most
abundant groups of peptides with 37%, 23% and 23% contribution, respectively. Examples of
immune related proteins identified were myeloid protein, cathepsin C, and complement
component c3.
Similar to alligators, crocodiles have also shown to have a similar and potent immune
system and this potency is believed to be contributed by the presence of antimicrobial
compounds.[8] In the leukocyte extract of crocodiles (Crocodylus siamensis), four novel
antimicrobial peptides leucrocin I, II, III, and IV were purified using reversed-phase
chromatography and sequenced using mass spectrometry. [183] The leucrocin peptides
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showed to have different primary structures and were 7 to 10 amino acids long. The amino
acid sequence of two of the leucrocin peptides, leucrocin I and leucrocin II whose masses
were 804.9 and 847.9 Da were determined using tandem mass spectrometry. The sequences
of leucrocin III and IV were not determined, due to the purity of those two peptides. The
leucrocin peptides exhibit antibacterial activity against gram-negative bacteria, including
Staphylococcus epidermidis, Salmonella typhi and Vibrio cholerae. The toxicity of the
leucrocin peptides towards human red blood cells in vitro was also studied. Leucrocin I was
shown to have mild toxic effects on human red blood cells while leucrocin III and IV peptides
did not exhibit toxicity to human red blood cells at the tested concentrations. However,
leucrocin II exhibited the highest toxicity toward human red blood cells. The interaction
between leucrocin peptides and bacterial membranes were also studied to determine the
peptide‘s bactericidal mechanism. The results showed that the four leucrocin peptides
permeabilize the outer membrane of bacterial cells and leucrocin II, III, and IV disrupt the
liposome membrane. The leucrocin peptides isolated from crocodile leukocytes were fully
characterized for antimicrobial behavior and leucrocin I and II show unique sequence
structure when compared to other antimicrobial peptides previously reported.
There is limited information available on alligator and crocodile leukocytes at the
molecular level. However, another compound related to the immune system of crocodiles has
been characterized at the molecular level using a proteomics approach. An antibacterial
compound, crocosin, was isolated from crocodile (Crocodylus siamensis) blood plasma.
Crocosin was partially purified using reversed-phase liquid chromatography and
characterized using different biological assays. [183] Crocosin exhibited antimicrobial
activity towards both gram-negative and gram-positive bacteria, Salmonella typhi and
Staphylococcus aureus respectively. [184] Tandem mass spectrometry was used to elucidate
the structure of crocosin; however, the tandem mass spectrometry results showed that
crocosin may not be a peptide because the molecular masses did not correspond to the
common amino acids. [184] Therefore, the structure of crocosin has not been determined.
Some studies have been performed to characterize the proteins and peptides from
alligator leukocytes; [185] however, none have been fully characterized. Alligator leukocytes
have been isolated and its extracts were separated by reversed phase chromatography and
analyzed using tandem mass spectrometry. The antimicrobial activity of the peptides from the
chromatographic fractions was tested for growth inhibition of various microbes and
antibacterial activity was observed for Escherichia coli, Enterobacter cloacae and Klebsiella
oxytoca, indicating that the antimicrobial peptides from the alligator are active against gramnegative bacteria. The masses of two molecules were identified in the fraction exhibiting
antimicrobial activity using mass spectrometry. These molecules were subjected to tandem
mass spectrometry for structure elucidation. The tandem mass spectrometry results showed
that these molecules are peptides because of the amino acid sequences that were predicted.
Peptide sequences were determined using de novo and manual sequencing. This work
confirms that antimicrobial peptides are present in Alligator mississippiensis leukocytes and
can be isolated and partially characterized. Based on preliminary results, these peptides
exhibit characteristics similar to previously identified antimicrobial peptides.
Proteomic analysis of alligator leukocytes helps provide a better understanding of
alligator and crocodile immunity as well as provide more insight on the evolutionary
development of reptile‘s immune system. The initial characterization of the alligator
leukocyte proteins [14] has paved the way for further investigations. Therefore, a more
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exhaustive MS-based proteomics study should be performed to obtain a comprehensive
overview of the proteins involved in the alligator‘s immune system. Proteomic studies of the
alligator leukocytes may also contribute to drug discovery.
Alligator leukocyte extracts have been shown to inhibit the growth of bacterial, viral
and fungal pathogens. [186] Inoculation of the Candida yeast species with alligator leukocyte
extract showed rapid antifungal activity. There was strong antifungal activity observed for
Candida parapsilosis, Candida lusitinae, and Candida utilis. Alligator leukocyte extract also
showed strong antibacterial activity against both Gram-negative and Gram-positive species.
The strongest antibacterial activity was observed for Shigella flexneri, Citrobacter freundii,
Streptococcus faecalis and Streptococcus pyogenes, Moderate antibacterial activity was also
observed for Escherichia coli, Pseudomonas aeruginosa, and Salmonella choleraesuis.
Alligator leukocyte extract showed moderate antiviral activity against human
immunodeficiency virus-1 (HIV-1) and herpes simplex virus-1 (HSV-1). However, the
antiviral activity was compromised by the cytotoxicity of the leukocyte extract; therefore the
antiviral activity can potentially be higher. This study indicates that alligators have molecules
in their leukocytes that have broad-spectrum antimicrobial activities which can have
significant clinical applications.
Investigation of the alligator leukocytes is ongoing. Given the strong antimicrobial
characteristics of the alligator leukocytes and the significant information that can be obtained
from using mass spectrometry-based proteomics, it is projected that proteomics will help
unravel the proteome of alligator‘s immune system.
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