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Foreword

The use of mass spectrometry is becoming increasingly important for biomedical
research and for clinical applications. Detection of exogenous substances, such as
toxins, can be performed by mass spectrometry and was perhaps the initial use of
this technology in biomedicine. However, identification of endogenous, disease-
related molecules is also possible. With the advent of the genetic revolution, the
proteomic revolution has followed in close succession. Mass spectrometers are
essential for proteomic discovery, and other “omic” fields (such as glycomics,
metabolomics, lipidomics, and many more) are exploding with new information.
The sensitivity of mass spectrometers and increasingly more sophisticated bioinfor-
matics tools are opening up this field to untold possibilities for biomedical research-
ers and clinicians.

In the spirit of this revolution in biomedicine, we have assembled this comprehen-
sive work, which largely focuses on the application of mass spectrometry to “omics”
analysis in biomedicine. We start with broad descriptions of the field, definitions of
the machinery, and then delve into the various methods and approaches that can be
utilized. We consider aspects of molecular analysis and then discuss how mass spec-
trometry can be applied to our understanding of specific diseases and disorders.

Numerous MS-based methodologies are now available to researchers, and this
text reviews many cutting-edge and relevant technologies. Dudley focuses on the
application of matrix-assisted laser desorption/ionization (MALDI) in biomedicine,
while colleagues from Waters Corporation examine how peak capacity can be best
maximized. Brown describes quantitative shotgun proteomics with data-independent
acquisition and traveling wave ion mobility spectrometry as a versatile life-science
tool, while Hoedt and coworkers explore the use of stable isotope labeling by amino
acids in cell culture (SILAC) for protein quantification using mass spectrometry.
A chapter by Roy and coworkers discusses the complementary use of computational
structural biology in mass spectrometry.

Different aspects of proteins and other molecules can be studied using MS. Petre
explores protein structures and interactions, while Zamfir has tackled the use of
mass spectrometry to understand gangliosides. Ngounou Wetie et al. examine the
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analysis of protein posttranslational modifications and protein—protein interactions,
and Samways focuses on mass spectrometry-based analysis of ion channel structure
and function. Budayeva and Cristea further expand upon how protein—protein inter-
actions can be understood via mass spectrometry, while Ferguson et al. focus on its
use for understanding small molecules. Ckless elucidates how redox proteomics can
be studied in the lab, for eventual application to clinical uses, and Luck looks at
fluorinated proteins. Baral et al. explore mass spectrometry analysis using a model
animal system, the zebrafish, while Miller and Spellman describe the workflow for
biomarker discovery in a pharmaceutical company.

Focusing on health promotion, Andrei and colleagues examine how mass spec-
trometry can be used to analyze biomedically relevant stilbenes from wine. With
regard to increased understanding of diseases and disorders, chapters by Monien,
Schneider, Patel, and Sandu describe the use of mass spectrometry for analysis in
cancer. Topics covered include quantifying DNA adducts, analysis of breast milk,
apoptosis and cancer secretome analysis as identification of heat shock response.
In the field of infectious disease, Branza-Nichita and colleagues use mass spectrom-
etry to study the HBV life cycle, while Marrakchi et al. look at oxidative stress and
antibiotic resistance in bacterial pathogens.

Deinhardt examines how mass spectrometry can be used to understand neuronal
signaling, which could apply to numerous neurological and psychiatric conditions,
while Woods et al. study how mass spectrometry can facilitate the understanding of
a novel central nervous system protein. We then explore more applied uses of mass
spectrometry in the central nervous system: specifically, how biomarker discovery
may be directly performed for neurodevelopmental disorders and be used to under-
stand and potentially diagnose depression.

In the realm of therapeutics, Heckman and coworkers have used mass spectrom-
etry to localize and analyze the efficacy of nanoceria, a potential delivery system for
a variety of medical conditions. We finally end with a particularly important chapter
on bottlenecks in proteomics, topics that are encountered by almost all researchers
but that are almost never discussed in publications.

We thus present to the reader a comprehensive text, examining the many uses of
mass spectrometry in biomedicine, with the hope that this will be useful to both
researchers and clinicians. As this exciting field further expands, so will the potential
applications for using mass spectrometry to understand medical issues and to address
them through exploration, as well as eventual clinical prognosis, diagnosis, and moni-
toring. We look forward to an exciting era of MS-based discovery and application.

Potsdam, NY Alisa G. Woods
Costel C. Darie
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Chapter 1
Mass Spectrometry for Proteomics-Based
Investigation

Alisa G. Woods, Izabela Sokolowska, Armand G. Ngounou Wetie,
Kelly Wormwood, Roshanak Aslebagh, Sapan Patel, and Costel C. Darie

Abstract Within the past years, we have witnessed a great improvement in mass
spectrometry (MS) and proteomics approaches in terms of instrumentation, protein
fractionation, and bioinformatics. With the current technology, protein identifica-
tion alone is no longer sufficient. Both scientists and clinicians want not only to
identify proteins but also to identify the protein’s posttranslational modifications
(PTMs), protein isoforms, protein truncation, protein—protein interaction (PPI), and
protein quantitation. Here, we describe the principle of MS and proteomics and
strategies to identify proteins, protein’s PTMs, protein isoforms, protein truncation,
PPIs, and protein quantitation. We also discuss the strengths and weaknesses within
this field. Finally, in our concluding remarks we assess the role of mass spectrom-
etry and proteomics in scientific and clinical settings in the near future. This chapter
provides an introduction and overview for subsequent chapters that will discuss
specific MS proteomic methodologies and their application to specific medical con-
ditions. Other chapters will also touch upon areas that expand beyond proteomics,
such as lipidomics and metabolomics.
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Abbreviations

BN-PAGE Blue native PAGE

CI Chemical ionization

CN-PAGE Colorless native PAGE

DIGE Differential gel electrophoresis

EI Electron ionization

ESI Electrospray ionization

ESI-MS Electrospray ionization mass spectrometry
FT Fourier transform

IT Ton trap

LC-MS/MS  Liquid chromatography—mass spectrometry
mlz Mass/charge

MALDI Matrix-assisted laser desorption ionization
MALDI-MS MALDI mass spectrometry

MS Mass spectrometry

Mw Molecular weight

Q Quadrupole

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TIC Total ion current/chromatogram

TOF Time of flight

1.1 Introduction

Proteomics is the large scale study of the protein complement, also known as the
proteome. Proteomics is studied through mass spectrometry (MS) [1-8]. MS can be
used to investigate a large variety of chemical and biological molecules, including
products of chemical synthesis or degradation, biological molecules such as pro-
teins, nucleic acids, lipids, or glycans, or various natural compounds of either large
or small molecular mass. Depending on what type of molecule is being analyzed,
there are various types of MS focus, such as small-molecule MS, large-molecule
MS, and biological MS (when the molecules investigated are biomolecules). Within
biological MS, there are also different MS subfields, such as proteomics, lipido-
mics, glycomics, and metabolomics. The focus of proteomics is to analyze proteins
and protein derivatives (such as glycoproteins), peptides, posttranslational modifi-
cations (PTMs) within proteins, or protein—protein interactions (PPIs).

The standard workflow in a proteomics experiment starts with sample fraction-
ation, involving the separation of proteins prior to their analysis by MS [9—17]. This
can be done by one or more biochemical fractionation methods. For example, a one-
dimensional separation can be achieved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE); a two-dimensional separation can be performed
by two-dimensional electrophoresis or by affinity purification followed by
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General proteomics experiment
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Fig. 1.1 General proteomic experiment workflow schematic. Reprinted and adapted with permis-
sion from the Australian Journal of Chemistry CSIRO Publishing http://www.publish.csiro.
au/?paper=CH13137 [15]

SDS-PAGE. Biochemical fractionation is then followed by enzymatic digestion
(usually trypsin), peptide extraction, and peptide fractionation by HPLC and MS
analysis [1]. Data analysis leads to identification of one or more proteins and further
simultaneous investigation or re-investigation of the results can extract additional
information from the same MS experiment, such as PTMs and interaction partners
of some proteins (PPIs) [18-26]. A schematic of a proteomics workflow is shown in
Fig. 1.1 and a schematic of a proteomics experiment is shown in Fig. 1.2a.
Proteomic analysis can be performed using samples from various sources such as
supracellular, subcellular, intracellular, or extracellular, as well as at the peptide
level (peptidomics), protein (regular proteomics), PTMs (“PTM-omics”), or protein
complex level (interactomics). Proteomics can also be classified as classical or
functional, when one analyzes protein samples from two different conditions (for
example, normal and cancer), and targeted proteomics, when one focuses on a par-
ticular sub-proteome, such as phosphoproteomics or glycoproteomics. Proteomics
can also be classified based on the protein complement from a set of samples that is
being analyzed such as proteomes (i.e., all proteins) or sub-proteomes (i.e., just the
nuclei or mitochondria). A schematic of such classification is shown in Fig. 1.2b.
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Fig. 1.2 General proteomics experiment. (a) Proteomics experiment workflow schematic. (b)
Proteomics and applications schematic. (¢) Mass spectrometer schematic. Reprinted and adapted
with permission from the Oxidative Stress: Diagnostics, Prevention, and Therapy, S. Andreescu
and M. Hepel, Editors. 2011, American Chemical Society: Washington, D.C [16]
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Proteomic analysis can also focus on quality such as for protein identification, or
the determination of protein amounts by quantitative proteomics. These analyses
are usually performed using a mass spectrometer, the “workhorse” in a proteomics
experiment. A mass spectrometer has three main components: the ionization source,
a mass analyzer, and a detector (Fig. 1.2c). There are primarily two types of ioniza-
tion sources on mass spectrometers: matrix-assisted laser desorption ionization
(MALDI) and electrospray ionization (ESI). The mass spectrometers are conse-
quently named MALDI mass spectrometry (MALDI-MS) and electrospray ioniza-
tion mass spectrometry (ESI-MS). Here, we describe a proteomics experiment,
specifically how proteins and peptides are analyzed by MS. We also describe the
type of information that can be obtained from such an experiment.

1.2 Biochemical Fractionation

The first step in a proteomics experiment is biochemical fractionation, in which
various proteins are separated from each other using their physicochemical proper-
ties. Biochemical fractionation usually depends on the goal of the experiment and it
is perhaps the most important step in a proteomics experiment. A good sample frac-
tionation usually leads to a good experimental outcome. A proteomics experiment
can still be performed without biochemical fractionation, for example, when one
analyzes the full proteome of a cell at once. However, without biochemical fraction-
ation, the results in a proteomics experiment may not necessarily be optimal.

The physicochemical properties of proteins (or compounds of interest) that are
used to achieve biochemical fractionation are, among others, molecular mass, iso-
electric point, charge at various pH, and the protein’s affinity to other compounds.
These properties of the proteins are well exploited by biochemical fractionations
such as electrophoresis, centrifugation, and chromatography. Types of chromatog-
raphy can include affinity chromatography, ion exchange chromatography, and size-
exclusion chromatography.

To give one example, proteins can be separated by electrophoresis, usually SDS-
PAGE, reduced and denatured, and then separated according to their molecular
mass. If the reduction step is not used, the disulfide bridges in a protein or between
proteins remain intact, thus providing an additional fractionation principle: two pro-
teins with low molecular mass (such as haptoglobin subunits) are kept together
through disulfide bridges and are separated under SDS-PAGE under nonreducing
conditions as a heterotetramer with a high molecular mass. In a different variant of
SDS-PAGE, but not using the detergent (SDS), one may separate proteins under
native conditions. Therefore, simply by adding one reagent (for example, SDS) or
two (SDS and a reducing agent like dithiothreitol or DTT), separation of these pro-
teins may have a totally different outcome. A variant of SDS-PAGE is tricine-PAGE
[27, 28], which has a principle of separation similar to the SDS-PAGE, but it has the
highest separating resolution in the low molecular weight (Mw) proteins and pep-
tides (2-20 kDa), where SDS-PAGE has poor or very poor resolution. Therefore,
SDS-PAGE and tricine-PAGE complement each other.
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Other types of electrophoresis are blue native PAGE (BN-PAGE), colorless
native PAGE (CN-PAGE), and detergent-less SDS-PAGE (native PAGE) [1, 4, 6,
18-22, 29-34], all native electrophoresis. BN-PAGE separates protein complexes
by using the external charge induced by Coomassie dye; thus, the complexes will
have the same charge and will separate according to their molecular weight. If the
Coomassie dye is not used, the external charge is not induced and the separation
does not take place according to the molecular weight of the complexes, but rather
according to the internal charge of the protein complexes. This method, a variant on
BN-PAGE, is named CN-PAGE. CN-PAGE is particularly useful when two protein
complexes with identical mass must be separated from each other.

In addition to the techniques mentioned for biochemical fractionation, hyphen-
ated techniques may also be used. The classical example is two-dimensional elec-
trophoresis (2D-PAGE), which includes separation of proteins by isoelectric
focusing and by SDS-PAGE [3, 7, 35-45], still used in some proteomics labs. In
fact, a variant of 2D-PAGE is differential gel electrophoresis (DIGE), a powerful
method for gel-based proteomics. Other fractionation methods such as pre-coated
chips, centrifugal filters, and magnetic beads are also possible [46, 47].

1.3 Mass Spectrometry

A mass spectrometer has three main parts: an ion source, a mass analyzer, and a
detector. Initially, the sample is ionized and the ions produced by MALDI or ESI
source are separated in the mass analyzer based on their mass-to-charge (m/z) ratio.
The ions are then detected by the detector. The end product is a mass spectrum,
which is a plot of ion abundance versus m/z.

lonization sources. lonization of peptides is dependent on the electrical potential at
the ion source and on the pH at which they are analyzed. At low pH, the peptides are
protonated through the amino-containing amino acids such as Arg or Lys, while at
high pH, the peptides are de-protonated through the carboxyl-containing amino
acids such as Asp or Glu. When the electrical potential at the ion source is positive,
ionization is in positive ion mode. Conversely, when the electrical potential is nega-
tive, ionization is in negative ion mode. Therefore, there are two types of ionization:
positive, when peptides are analyzed at low pH and the Arg, Lys, and His are pro-
tonated, and negative ionization, when peptides are analyzed at high pH and the Asp
and Glu are de-protonated. In the current chapter, we will focus only on positive
ionization, because it is one of the most used ionization modes for analyzing pep-
tides and proteins. In addition, the enzyme that is the most widely used in proteomics
is trypsin which cleaves conveniently at the C-terminus of Arg and Lys and pro-
duces peptides that are, upon ionization, at least doubly charged (the peptide and the
C-terminal amino acid) and produces a y product ion series upon collision-induced
fragmentation (described later).

In addition to ESI and MALDI, there are several additional ionization methods,
such as chemical ionization (CI), electron ionization (EI), or atmospheric pressure
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chemical ionization (APCI) [48, 49]. El is used for analysis of organic compounds
and can be used for all volatile compounds with a mass smaller than 1,000 Da. EI
provides good structural information derived from fragmentation. However, molecu-
lar mass determination is rather poor (poor signal or the absence of M* ions) [50].
Chemical ionization is the opposite: it is very good for the determination of the
molecular mass of molecules, but it is not very good in providing structural informa-
tion due to reduced fragmentation in comparison to EI. Therefore CI and EI could
complement each other. In CI experiments, ionized species are formed when the gas-
eous molecules to be analyzed collide with primary ions present in the source under
a high vacuum [51]. A variant of CI is negative CI used only for volatile analytes with
a mass of less than 1,000 Da [52, 53]. Another ionization technique, APCI, is an
alternative for analysis of compounds that do not ionize in ESI. During APCI, gener-
ally only singly charged ions are formed and it is usually applied to compounds with
a molecular weight of less than 1,500 Da [54].

Mass analyzers. There are three main types of mass analyzers used for proteomics
experiments: trapping type instruments (quadrupole ion trap—QIT, linear ion
trap—LIT, Fourier transform ion cyclotron resonance—FT-ICR, and Orbitrap),
quadrupole (Q), and time of flight (TOF) instruments.

Trapping type instruments first accumulate ions and then allow for mass mea-
surement. The ion trap analyzers first capture ions in three-dimensional space (trap),
and then electrostatic gate pulses to inject ions into the ion trap. The ion trap-based
analyzers are relatively inexpensive, sensitive, and robust. They have been exten-
sively used in proteomic analysis. However, a problem with these instruments is
their accuracy for both precursor and product ions, partially overcome by an FT-ICR.
Unfortunately, this instrument is not very often used in proteomics research because
peptides do not fragment well and the instrument is expensive [55, 56].

In quadrupole mass analyzers, ions constantly enter the analyzers, which are
separated based on their trajectory in the electric field applied to two pairs of charged
cylindrical rods. There is an electric potential between each pair of rods drawing the
ions towards one rod. These instruments provide good reproducibility and low cost,
but their resolution and accuracy are limited [49, 57].

Instruments with TOF mass analyzers are popular for sample analysis in pro-
teomics due to their high resolution and relatively low cost, speed of measurements,
and high mass accuracy [49, 57]. In TOF mass analyzers, ions are accelerated by a
known electric field and then travel from the ion source to the detector. The instru-
ment measures the time it takes for ions with different masses to travel from the ion
source to detector,

Mass spectrometers can have stand-alone analyzers or in combination, usually
two or three analyzers within one instrument, thus taking advantage of the strength
of all combined analyzers simultaneously. Examples of such instruments are Q-Trap,
QQQ, Q-TOF, TOF-TOF, QQ-LIT; these instruments are also called hybrid mass
spectrometers, and are highly sensitive and also have a high resolution [1, 57-59].

MS detectors. The MS detectors are usually electron multipliers, photodiode arrays,
microchannel plates, or image current detectors.
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1.4 MALDI-TOF MS

MALDI-TOF MS or MALDI-MS (Fig. 1.3a) is mostly used for determination of the
mass of a peptide or protein and for identification of a protein using peptide mass
fingerprinting. In MALDI-MS, the peptide mixture is co-crystallized under acidic
conditions with a UV-absorbing matrix (for example, dihydrobenzoic acid, sinapinic
acid, alpha-hydroxycinnamic acid) and spotted on a plate. A laser beam (usually
nitrogen; 337 nm) then ionizes the matrix and peptides, which desorb and start to fly
under an electrical field. The matrix molecules transfer a proton to peptides, which
then become ionized, fly through the TOF tube, and are detected in the detector as a
mass spectrum. Charged peptides fly through the mass analyzer as ions according to
their mass-to-charge ratio (m/z) and to the formula: [M +zH]/z, where M is the mass
of the peptide and z is the charge of the peptide; H is the mass of hydrogen
(1.007825035 atomic mass units). In MALDI-MS analysis, the charge of peptides
is almost always +1 and the peptides are mostly observed as singly charged; the
formula is then [M+1x1])/1 or [M+1]/1 or [M+1]. Therefore, the peptides are
mostly detected as singly charged peaks or [MH]+ peaks (Fig. 1.3b).

In the MALDI-MS mass spectrum, one peak corresponds to one peptide and
many peaks correspond to many peptides, either from one protein or from more
proteins. Database search of the MALDI-MS spectra usually identifies that single
protein or those proteins through a process named peptide mass fingerprinting
(Fig. 1.3¢).

1.5 ESI-MS

In contrast to MALDI-MS, in which peptides are ionized with the help of a matrix
(and are in the solid phase), in ESI-MS (Fig. 1.4a) peptides are ionized in the liquid
phase, under high electrical current. Also, while in MALDI-MS peptides are mostly
singly charged, in ESI-MS peptides are mostly double or multiple charged.
Regarding the ionization method, peptides fly as ions according to m/z and calcula-
tion of the molecular mass of the peptide is performed according to the same
[M +z]/z formula, where z is again the charge (z is 2 for doubly charged peptides, 3
for triply charged peptides, etc.).

When a peptide mixture is injected into the mass spectrometer, all or most pep-
tides that ionize under the experimental conditions are detected as ions in an MS

»

Fig. 1.3 (continued) peptide mixture is analyzed by MALDI-MS and a spectrum is collected.
A similar experiment is performed in silico (a theoretical experiment in computer), but the cleavage
is performed in all proteins from a database. During the database search, the best match between
the theoretical and the experimental spectra then lead to identification of a protein. Reprinted and
adapted with permission from the Oxidative Stress: Diagnostics, Prevention, and Therapy, S.
Andreescu and M. Hepel, Editors. 2011, American Chemical Society: Washington, D.C [16]
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Fig. 1.4 ESI-MS of peptides. (a) An ESI-MS mass spectrometer. The ESI-MS has an ion source,
in which the ions are ionized, a mass analyzer that ions travel through, as well as an ion detector,
which records the mass spectrum. In ESI-MS, the sample is liquid, under high temperature and
high electric current. The sample dehydrates and becomes protonated for positive ionization. (b)
TOF MS spectra example, in which two different peaks, one triply charged peak with m/z of
736.81 (left) and one double charged with m/z of 785.81 (right, both circled and zoomed in), are
selected for fragmentation and produce the MS/MS spectra whose data analysis led to identifica-
tion of peptides with the amino acid sequence RESQGTRVGQALSFCKGTA (left) and
EGVNDNEEGFFSAR (right). Note that when the protonation site (R) is on the N-terminus of the
peptide, the quality of the MS/MS spectrum is not great and analysis of the b and y ions produced
by the MS/MS fragmentation is difficult to interpret. However, when the protonation site is on the
C-terminus of the peptide, the fragmentation produces a nice y ion series and the analysis of these
ions can easily identify the amino acid sequence of the peptide. Reprinted and adapted with per-
mission from the Oxidative Stress: Diagnostics, Prevention, and Therapy, S. Andreescu and M.
Hepel, Editors. 2011, American Chemical Society: Washington, D.C [16]
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spectrum in a process called direct infusion (ESI-MS mode). For example, if one has
10 peptides in an Eppendorf tube, one can identify all 10 peptides in one spectrum.
However, in the MS one identifies only the masses of the peptides. In order to iden-
tify the sequence information about one particular peptide, one must isolate one peak
that corresponds to one of the 10 peptides (precursor ion), fragment it in the collision
cell using a neutral gas (for example, Argon gas), and record a spectrum (a sum of
spectra) of the product ions that resulted from fragmentation of the precursor ion
called MS/MS (ESI-MS/MS mode). Data analysis of the MS and MS/MS spectra
usually leads to identification of the mass and sequence information about the pep-
tide of interest. Examples of ESI-MS and ESI-MS/MS spectra are shown in Fig. 1.4b.
As observed, the quality of the MS/MS spectra is directly dependent on the amino
acid sequence, but more important, by the position of the proton-trapping amino acid
(R, H, or K, in this case, R). For example, if the proton-trapping amino acid is on the
N-terminus, low intensity b and y ions are observed (Fig. 1.4b, left). However, when
the proton-trapping amino acid is located on the C-terminus, the fragments produced
are almost always y ions of high quality. This is also the main reason for which most
proteomics experiments use trypsin as an enzyme, since it cleaves the C-termini of R
and K and produces peptides with an R or a K at the C-terminus.

Sometimes, when a peptide has more than one proton accepting amino acid such
as Arg or Lys, the peptide may be protonated by more than two or three protons.
Therefore, the same peptide may be identified with more than two or three charges.
The advantage for these peptides is that if the precursor ion in a charge state of, e.g.,
2+ does not fragment well in MS/MS, then the peak that corresponds to the same
peptide but in a different charge state (e.g., 3+ or 4+) may fragment very well. One
drawback for the multiply charged peptides is that they are usually longer (2,500—
3,000 Da) than the regular peptides analyzed by MS (800-2,500 Da) and data analysis
for these peptides may be more difficult than for regular peptides. However, overall,
fragmentation of more than one peak corresponding to the same peptide but with dif-
ferent charge states may help in obtaining additional information about that peptide.

ESI-MS can be used not only for peptides but also for investigation of proteins
and the information is particularly useful for determining the molecular mass of
those proteins, of their potential PTMs, and of their conformation. In addition, the
high molecular mass proteins can also be analyzed by ESI-MS in either positive
mode (protonated) or negative mode (de-protonated), thus providing distinct, yet
complementary, information regarding the distribution of charges on the surface of
the protein investigated. Examples of MS spectra of a 16.9 kDa protein investigated
by ESI-MS in both positive and negative mode are shown in Fig. 1.5.

1.6 LC-MS/MS

Analysis of peptide mixtures by ESI-MS for determination of the molecular mass
of the peptides is usually a quick procedure. However if one wants to investigate
the sequence information of more than one peptide, it is not the method of choice,
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Fig. 1.5 ESI-MS proteins: ESI-MS spectra of intact 17 kDa protein, myoglobin, analyzed under
acidic conditions (pH~2). (a) MS spectrum in positive ionization; (b) MS spectrum analyzed in
negative ionization. The positive (A) and negative (-) charges are indicated. The peak with m/z of
616.32 (1+) corresponds to the heme group, which is the prosthetic group of myoglobin. Reprinted
and adapted with permission from the Australian Journal of Chemistry CSIRO Publishing http://
www.publish.csiro.au/?paper=CH13137 [15]


http://www.publish.csiro.au/?paper=CH13137#_blank
http://www.publish.csiro.au/?paper=CH13137#_blank

1 Mass Spectrometry for Proteomics-Based Investigation 13

since fragmentation of the ions that correspond to peptides happens manually; one
peptide at the time. For example, if one has 4 peptides in a mixture, we can deter-
mine the molecular mass of all peptides in minutes, but to determine their amino
acid sequence, the peptides must be selected for fragmentation one at the time.
Therefore, to automate this process, an alternative approach is necessary. One
option is to fractionate the peptides by column chromatography coupled to an
HPLGC, i.e., reversed phase-based HPLC (reversed phase columns are particularly
compatible with MS). The combination of HPLC and ESI-MS is named HPLC-
ESI-MS or LC-MS. In this setting, the peptides are fractionated by HPLC prior to
MS analysis. They can also be selected for fragmentation and then fragmented by
MS/MS. In a process called data-dependent analysis (DDA), usually 3—4 precursor
peaks (which correspond to peptides) are selected for fragmentation from one MS
scan and fragmented by MS/MS in a process called LC-MS/MS. In LC-MS/MS,
the mass spectrometer analyzes fewer peptides per unit of time as compared with
ESI-MS, simply because the HPLC fractionates the peptide mixture over a longer
period of time (such as a 60 min gradient) and gives the mass spectrometer more
time to analyze more peptides. A schematic of the LC-MS/MS is shown in Fig. 1.6a.

Various types of improvements can be done to increase the number of MS/MS
spectra with high quality data which can lead to identification of additional proteins.
One is at the flow rate of the HPLC. On a high flow rate, the mass spectrometer will
have less time to analyze the peptide mixtures, as compared with lower flow rate.
On a longer HPLC gradient (such as 120 min), the mass spectrometer will have
more time to analyze more peptides, as compared with a shorted gradient. The num-
ber of MS/MS may also influence the number of peptides fragmented per minute.
For example, a mass spectrometer has usually one MS survey followed by several
MS/MS, for example, between 3 and 10 channels for MS/MS (newer instruments
can be up to 30 MS/MS). If the method is set to have one MS survey scan and then
to do MS/MS of the two most intense peaks, then the instrument will work as fol-
lows: one second MS survey, one second MS/MS (Peak 1), one second MS/MS
(Peak 2), and then again one second MS survey (Fig. 1.6a).

Assuming that a mass spectrometer has a cycle of one MS and two MS/MS (such
as 0.1 s for an MS survey followed by selection of two precursor peaks for fragmen-
tation by MS/MS; 3 s per MS/MS), this means that in 1 min, the MS instrument can
perform ~30 MS/MS that can lead to identification of ~15 proteins. In a 120 min
gradient, the possible number of proteins that can be identified is ~15x 120=1,800
proteins, but keeping in mind that the real length of a 120 min gradient is about
90 min (the rest of 30 min in washing with organic), this means that an MS run can
identify ~15x90=1,350 proteins. If the length of an MS/MS decreases from 3 to 1 s
and the number of precursors selected within MS survey for MS/MS increases to 6,
then the number of proteins identified increases by sixfold (~1,350x6=38,100 pro-
teins). Assuming that these results are at a flow rate of 0.5 pL/min, if we reduce the
flow rate by Y2, the number of proteins that can be identified increases by a factor of
2 (i.e., 8,100x2=16,200).

However, when we calculate the number of these proteins that can be identified,
our assumption is that all the steps mentioned work perfectly. In practice, this is often
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Fig. 1.6 LC-MS/MS experiment. (a) In each LC-MS/MS experiment, with elution of peptides from
the HPLC gradually, the mass spectrometer analyzes corresponding ions via MS survey (recorded
in an MS spectrum). Ions with highest intensity (typically 1-8 ions; two ions in this example)
are selected for MS/MS fragmentation, fragmented, and then recorded as MS/MS #1 and MS/MS #2.
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not the case. For example, the type and length of the gradient in HPLC (for example,
sharp or shallow) do play an important role in peptide fractionation. An optimized
versus a non-optimized nanospray will always play a role in the outcome of the pro-
teomics experiment and the number of proteins identified. Obtaining a nanospray is
just not good enough; “getting a good nanospray” is crucial to the success of a pro-
teomics experiment. These and other known and/or unknown factors (not described
here) that may influence the protein identification do indeed decrease the number of
proteins identified in a proteomics experiment and in practice, a good LC-MS/MS
run usually leads to identification of about 500—1,000 proteins. An example of a total
ion current/chromatogram (TIC), MS, and MS/MS is shown in Fig. 1.6b.

1.7 Data Analysis

The raw data collected by a mass spectrometer are usually processed with software
(for example, Protein Lynx Global Server, PLGS from Waters Corporation) and the
output data (i.e., a peak list) is used for database search. There are many database
search engines such as Sequest, X!Tandem, Mascot, or Phenyx. The results from the
database search (such as from PLGS processing or Mascot search) can also be
imported into a third-party software such as Scaffold (proteomesoftware.com) and
further analyzed for protein modification, quantitation, and other factors.

MS may be not only qualitative but also quantitative and methods such as DIGE
[60], isotope-coded affinity tag (ICAT) [5], stable isotope labeling by amino acids
in cell culture (SILAC) [61], absolute quantitation (AQUA) [62], multiple reaction
monitoring (MRM) [63], or spectral counting [64] have been successfully used in
detection, identification, and quantification of proteins or peptides.

1.8 Protein Identification and Characterization

Determination of the molecular mass and amino acid sequence is the first step in
protein identification. Once the protein is identified, then it is characterized. There
are two methods for protein characterization using MS: a top-down approach when

<
<

Fig. 1.6 (continued) The mass spectrometer returns to the MS function at that point, recording an
MS spectrum (MS survey). Once again ions with highest intensity are selected for fragmentation,
fragmented, and recorded as MS/MS spectra. (b) An example of an LC-MS/MS experiment in
which total ion current is recorded and at a specified time, an MS survey is recorded and one peak
corresponding to a peptide (im/z of 582.56, doubly charged) is selected, and then fragmented in MS/
MS. The fragmentation pattern (primarily b and y ions) from MS/MS provides sequence information
regarding the peptide, leading to identification via database search. In this example, the peptide iden-
tified had the sequence VSFELFADK, identified as a component of human cyclophilin A. Reprinted
and adapted with permission from the Oxidative Stress: Diagnostics, Prevention, and Therapy, S.
Andreescu and M. Hepel, Editors. 2011, American Chemical Society: Washington, D.C [16]
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Fig. 1.7 Schematic workflow for bottom-up and top-down MS-based protein characterization and
identification. Reprinted and adapted with permission from the Australian Journal of Chemistry
CSIRO Publishing http://www.publish.csiro.au/?paper=CH13137 [15]

intact proteins are investigated and bottom-up approach when proteins are digested
and the peptide mixture is analyzed (Fig. 1.7).

A top-down approach allows for the identification of protein isoforms or any
potential PTMs within proteins [65]. In bottom-up approach, digested proteins are
subjected to MS analysis using on-line tandem mass spectrometry (MS/MS). In the
same bottom-up approach, peptide mass fingerprinting for protein identification is
also used, particularly in MALDI-MS analyses.

In a variation of bottom-up proteomics, known as shotgun proteomics, a large
protein mixture is digested, and the resulting peptides are fractionated by one-
dimensional or multidimensional chromatography and further analyzed by MS/MS
[66]. For maximum protein identification and characterization, a combination of
bottom-up and top-down proteomics is/can be used [67, 68].
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Characterization of proteins is not easy, but it becomes even more complicated
due to the intensive PTMs of proteins. It is very difficult to fully identify PTMs at a
particular time point in cells, tissues, or organisms and to derive a meaningful inter-
pretation and biological significance from these identified PTMs. So far, the only
method that is appropriate for large scale identification of PTMs is MS-based pro-
teomics [69]. PTMs are time- and site-specific events and are important to all bio-
logical processes. However, for a meaningful characterization, special enrichment
strategies must be used. These strategies are able to characterize most stable modi-
fications in proteins which include glycosylation, phosphorylation, disulfide bridges,
acetylation, ubiquitination, and methylation. MS approaches for identification and
characterization of proteins and PTMs are shown in Fig. 1.8.

Two common PTMs in proteins are glycosylation and phosphorylation.
Glycosylation is commonly found in extracellular proteins or in the proteins that
form the extracellular side and are responsible for biological processes such as cell—
cell communication or ligand—lectin interaction [70, 71]. In the pharmaceutical and
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biotechnology industry that focus on biotherapeutics, glycosylation is a critical
modification of recombinant proteins, which influences their stability and solubility
[72, 73]. Therefore, characterization of glycoproteins is difficult because the glyco-
sylation is not uniform and usually more glycoforms are simultaneously produced
by the cells and the accuracy in the MS-based identification and characterization of
the glycoprotein isoforms is crucial [74].

Analysis of glycoproteins may be accomplished by LC-MS/MS analysis of tryp-
tic digests. This method allows for identification of saccharide diagnostic fragments
(i.e., hexoses), but its detection efficiency for glycoproteins is rather poor [75-77].
A better strategy involves glycoprotein enrichment by affinity chromatography (lec-
tins), which facilitates its identification in subsequent LC—MS/MS analysis [78].
Another strategy involves the release of the glycans from glycopeptides, followed
by targeted analysis of the glycans. N-linked glycans can be digested using peptide-
N-glycosidase F (PNGase F), while O-linked glycans can be released by
B-elimination. Change in mass units for peptides upon glycan removal allows for
identification of the types of glycosylation (N- or O-linked), as well as the sites of
glycosylation. For N-linked glycans, PNGase F treatment leads to an asparagine-to-
aspartate conversion, with a net increase of 1 mass unit [14].

For O-glycans, conversion of serine to alanine and of threonine to aminobutyric
acid results in a net loss of 16 mass units [79]. While the currently developed meth-
ods allow for fast and reliable identification of glycosylation sites, their character-
ization is still a great challenge, mostly due to the presence of glycan positional
isomers [74].

Phosphorylation is a common and reversible PTM that plays a role in modulating
many cellular processes [80]. Abnormal phosphorylation in various proteins and the
phosphorylation patterns in the proteomes have been connected to various diseases
[81, 82]. Therefore identification of protein phosphorylation will allow us to under-
stand many physiological processes such as the phosphorylation-based signal trans-
duction pathways and hopefully may lead to the discovery of new therapeutic targets
[83-85].

Identification and characterization of phosphorylation on peptides are usually
accomplished by MS and scanning for neutral loss of HPO; (80 mass units) from
phosphotyrosine and H;PO, (98 mass units) from phosphoserine and phosphothreo-
nine residues [86, 87] usually allows the identification of phosphopeptides and the
amino acid that is phosphorylated. Complete methylation of peptide sample fol-
lowed by MALDI-MS analysis in both positive and negative ionization modes was
also successfully employed [88]. However, since phosphorylation is a transient
event and phosphorylation—dephosphorylation events may have opposite biological
effects, data verification, data validation, and data interpretation may be difficult.
Therefore, enrichment of phosphopeptides using TiO,, metal-oxide-based resins
(MOAC), a combination of TiO, and IMAC (TiMAC), and antibody affinity purifi-
cations [89, 90] is advised.

Another important protein PTM is disulfide bridges [11, 12, 15, 91], formed
through the oxidation of cysteine residues, with an important role in maintaining the
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three-dimensional conformation of proteins and inherently their physiological
function. Disulfide bridges are usually found in extracellular and membrane-bound
proteins, both as homodimers and homopolymers, but also as heterodimers and het-
eropolymers. Correct disulfide bridge formation is essential for proteins in adopting
their optimal three-dimensional structure and assignment of the disulfide connec-
tivities allows researchers to understand the structure and function of these proteins
under physiological conditions and to predict problems in normal functioning of
proteins when the disulfide bridges are scrambled or misconnected [92, 93].

Assignment of disulfide bridges in proteins may be accomplished by many
approaches. For example, separation of disulfide-linked proteins or peptides by
SDS-PAGE or tricine-PAGE under nonreducing and reducing conditions, followed
by Coomassie staining and MS analysis, is one option. This MS analysis involves
digestion of reduced and non-reduced aliquots of the same peptide mixture, fol-
lowed by comparison of the masses of peptides that contain one cysteine, versus the
disulfide-linked peptides in their oxidized form using MALDI-MS or ESI-MS [94,
95]. This task (assignment of disulfide bridges) is difficult when only one protein is
analyzed and it is even more difficult when there are more cysteine residues per
protein. In addition, there is no particular approach that allows one to identify disul-
fide bridges on a large scale. While mass spectrometry is capable of simultaneously
analyzing many disulfide bridges, there are no bioinformatics means to interpret the
MS data. Here we discussed only three types of PTMs, but there are many addi-
tional PTMs with biological significance and a similar number of challenges that
are yet to be solved for each PTM and for automation of high-throughput identifica-
tion and characterization of PTMs. However, it is clear to us that MS-based pro-
teomics is perhaps the best and only option to accomplish both identification and
characterization of PTMs.

1.9 Mass Spectrometry-Based Peptide and Protein Profiling
and Quantitation

In addition to qualitative proteomics, another dimension in a proteomics experiment
is quantitative analysis of proteins from the samples analyzed. Changes in protein
expression between different physiological states or between physiological and
pathological ones are common and qualitative proteomics without quantitative
interrogation is at its best, partial proteomics. Therefore adding an extra dimension
(quantitative) to MS-based proteomics expands its capabilities and advantages [96].

There are many workflows that have been developed and optimized to interrogate
two or more proteomes or particular proteins from these proteomes using quantita-
tive analysis, some of which are depicted in Fig. 1.9. Traditional quantitative analysis
compares two sets of proteomes or a proteome from two different physiological
states or physiological and pathological states and is a gel-based protein profiling
technology which employs 2D-PAGE [97]. The protein spots that have different
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Fig. 1.9 MS-based protein quantification workflow strategies via stable isotope labeling.
Reprinted and adapted with permission from the Australian Journal of Chemistry CSIRO
Publishing http://www.publish.csiro.au/?paper=CH13137 [15]

intensities are usually excised, digested, and analyzed by MS, usually accomplished
by instruments capable of MS/MS fragmentation (i.e., triple quadruple or ion trap
mass spectrometers), simply because many compounds have similar masses and it
may be difficult to monitor them in complex matrices. In addition, combination of
MS and MS/MS allows one to use a combination of precursor ion for MS and
fragment ions for MS/MS, thus providing a more selective monitoring of peptide/
protein quantity [98—100].

Protein quantitation can be made using label-based or label-free techniques.
Label-free methods are often used in many proteomic measurements because they
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are simple and the cost is low [99]. Proteins also do not require special handling,
such as tag or isotope labeling. With current advancements in software technology,
there is no limit to the number of samples that can be analyzed.

Among the approaches used for label-free protein quantification are spectral
counting and measurement of MS precursor ion intensity (or chromatographic peak
area) [101, 102]. In spectral counting, one measures the number of spectra that cor-
respond with peptides that are part of one protein [64, 103], while MS precursor ion
intensity approach interrogates the chromatographic peaks corresponding to par-
ticular peptides at a normalized elution time. The protein or peptide quantity is then
calculated using a standard curve or area under the curve as compared with another
sample. All these label-free methods, although fast and cheap, also have disadvan-
tages: they depend on analytical and biological reproducibility and any variation in
sample preparation or sample analysis can lead to technical and instrumental errors,
well reflected in the quantitation outcome [104, 105].

In addition to label-free quantitation, label-based quantitation strategies have
emerged that use stable isotopes (*C, N, O, or 2H) [106], in which native and
labeled samples are combined and analyzed simultaneously. This isotope-based
quantitation is also called absolute quantitation, as opposed to label-free, relative
quantitation.

Using the absolute quantification method, synthetic peptides or proteins are
used, which are labeled with stable isotopes on one or more amino acids [6, 107].
The peptides are used as internal labeled standards, which are added directly to the
samples to be analyzed. Due to the difference in the isotope pattern (and the mass
difference) during MS analysis, quantitation can be performed [108—110]. One
label-based quantitation method is stable isotope labeling of select amino acids
(usually arginine or lysine) in cell culture (SILAC), used for metabolic labeling
[61]. This method can be used in many applications such as investigation of signal-
ing pathways [8, 22, 111-119], but it is mostly restricted to cell culture and it cannot
be used to investigate biological fluids (i.e., blood, urine, saliva) [120]. However,
recently, Matthias Mann’s group created labeled mice. Animals were fed with a *C
arginine- and *C lysine-infused diet and then can be used to investigate biological
fluids [121, 122]. Another method for stable isotope labeling is the incorporation of
labeled/modified tags on specific amino acids. In one such method, cysteine resi-
dues may be labeled using an ICAT, in which two conditions (i.e., two proteomes)
are investigated [5]. For analysis of more than two conditions, such as for time-
course experiments, or for three or more different biological samples, labeling strat-
egies using isobaric tags for relative and absolute quantification (iTRAQ) and
tandem mass tags (TMT) have been successfully developed [123—125]. Although
these methods have improved quantification capabilities, there are still limitations
such as lack of reproducibility between individual analyses. Some of these issues
are addressed through targeted quantification using approaches such as selected
reaction monitoring (SRM) [126] and MRM [127], which have shown excellent
reproducibility when used with stable isotope-labeled internal standards [128, 129].

With fast advancement in current proteomic methodologies and technologies,
protein quantification and profiling will become a standard for use in clinical
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diagnostic laboratories. However, before large scale proteomics experiments can be
performed for clinical use, the reproducibility of large scale quantitation must be
addressed and new, improved quantitation platforms developed and tested.
Nevertheless, these new technologies indeed have the potential to be easily inte-
grated in the set of tools that can perform disease- or disorder-specific protein profiling
and that future is close to becoming a reality.

1.10 Identification of Protein—Protein Interactions (PPIs)
Using MS

The molecules within a cell are not static, but rather dynamic. They form various
types of interactions. These interactions can be static, as in protein complexes, or
dynamic, as in transient protein interactions such as hormone-receptor interactions
or substrate—enzyme interactions. All of these interactions within a cell form the
interactomics network or interactome, and the proteins are a major component
[130], modifying and controlling their own or other proteins’ functions [131]. The
dysregulation of these interactions, particularly PPIs, usually leads to a pathological
state such as diseases or disorders and their investigation is essential to the current
efforts to understand these diseases or disorders.

There are many methods for identifying PPIs such as size-exclusion chromatog-
raphy (SEC) [132-134], sucrose gradient ultracentrifugation [135, 136], the yeast
two-hybrid system (Y2H), or affinity purification MS (AP-MS) [3, 130, 137-140].
These methods allow identification of stable PPIs (i.e., by sucrose gradient, SEC, or
AP-MS), of binary interactions (Y2H), or of transient PPIs (AP-MS). However,
these current methods have limitations. Sucrose gradient ultracentrifugation and
SEC are time-consuming and not suitable for automation, while Y2H and AP-MS
can be automated, but have high rate of false positive identifications of PPIs [141-
143]. Therefore, efforts are being made to reduce these limitations.

Native gel electrophoresis (clear native PAGE or CN-PAGE and BN-PAGE) are
an alternative option and separate protein complexes according to their molecular
mass (BN-PAGE) or according to their internal charge and independent of their
mass (CN-PAGE) [21, 144]. The advantage of these methods is that they can sepa-
rate all protein complexes from the whole proteome in one single experiment and
can be combined with MS to identify protein complexes [145, 146]. However, the
problem with these methods is that the gels are usually “home-made,” are not
always reproducible, and require extensive work and bioinformatics expertise.

As an alternative option, one may also use ESI-MS for direct measurement of
stable and transient PPIs in a solution [147, 148]. However, we still do not have
capability to fully comprehend and the means to fully investigate the PPIs, in
particular transient PPIs and even more complicated transient PPIs that have
transient or reversible PTMs. This field will perhaps be called something like
PTM-ed-PPI-omics.
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1.11 Recent Advances

Currently we have the means to create disease animal models or control animal
models (such as the SILAC mouse for absolute quantitation) [149, 150]. Capabilities
of mass spectrometers have recently increased and currently MS-based technology
allows us to identify thousands of proteins. Current machines are rich in additional
technology that allows one to identify not only proteins and their PTMs and PPIs
but also their shape and configuration. Such instruments are commercially available
[151], thus filling the need for analysis of proteins that are not easy to investigate
using classical approaches such as X-ray and NMR [152]. Therefore, these and
other methods not listed here not only provide a solution for analysis of challenging
proteins but have also opened the doors to new fields such as structural proteomics
[153, 154].

1.12 Challenges and Perspectives

Many genomes have been sequenced. Many proteins from various sources have
been identified. However, it will be an enormous mistake to state that we have
identified a full proteome of a whole cell. This milestone has not yet been achieved.
We have identified many or most of proteins in specific cells, such as bacteria,
expressed at a particular time point, under particular growing conditions. However,
while we are close to identification of most proteins in a cell, we are far from iden-
tification of the full proteome, including all proteins, isoproteins, modified proteins
(PTMs), and truncated proteins. After the sequencing of the human genome,
humans realized that our genome contains only ~30,000 genes, but encodes for
about 100,000 unique protein sequences [155, 156]. Adding the truncated proteins,
splice isoforms, and mutated proteins, PTMs will give us a number of, between 1
and 2,000,000, proteins, many of them expressed either transiently or in a very low
concentration, thus making the cell’s proteome complexity more difficult to ana-
lyze and interpret [157]. To partially overcome some of these challenges, more and
more advanced MS-based technologies can be combined with many fractionation,
separation, and identification methods within one experiment, such as combining
immunoaffinity with gel electrophoresis, liquid chromatography (LC), and MS, to
increase sensitivity and dynamic range. Furthermore, there is plenty of room for
optimization of MS-based methods to be successfully used in high-throughput
analysis.

Therapeutic proteins are frequently membrane proteins [158—161]. However, the
membrane proteomics (membranomics) is the most difficult task that can be
achieved in proteomics. In addition, transmembrane proteins are the most modified
proteins by PTMs and are simply very difficult to investigate by MS, although some
progress has been made in this direction [162, 163].
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1.13 Conclusions

Despite the many challenges that the MS and proteomics fields face, the impact of
MS is stronger and stronger, year after year. The number of unknown proteins
decreases and protein databases become more comprehensive over time. With new
MS technology and with combinatorial approaches towards the simultaneous iden-
tification of proteins, isoproteins, and truncated PTMs, PPIs will hopefully allow us
to completely characterize proteomes at both a qualitative and quantitative level.
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Chapter 2
MALDI Profiling and Applications
in Medicine

Ed Dudley

Abstract Matrix-assisted laser desorption ionisation (MALDI) mass spectrometry
allows for the rapid profiling of different biomolecular species from both biofluids
and tissues. Whilst originally focussed upon the analysis of intact proteins and
peptides, MALDI mass spectrometry has found further applications in lipidomic
analysis, genotyping, micro-organism identification, biomarker discovery and
metabolomics. The combining of multiple profiles data from differing locations
across a sample, furthermore, allows for spatial distribution of biomolecules to be
established utilising imaging MALDI analysis. This chapter discusses the MALDI
process, its usual applications in the field of protein identification via peptide
mass fingerprinting before focusing upon advances in the application of the
profiling potential of MALDI mass spectrometry and its various applications in
biomedicine.

2.1 MALDI Mass Spectrometry

Matrix-assisted laser desorption ionisation (MALDI) mass spectrometry (MS) rep-
resents an ionisation process first described in the mid-1980s and was developed by
two independent research groups to the point at which MALDI mass spectrometers
became commercially available in the early 1990s. The MALDI process involves the
mixture of the analyte in solution with a “matrix” solution and co-crystallisation of
both matrix and analyte together. During ionisation a laser (usually with a
UV-nanometre wavelength) is fired at the mixture and causes desorption of the
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matrix and analyte into the gas phase. It is thought that the matrix is protonated first
and thus protonates the analyte during the MALDI process. One major advantage of
MALDI over other forms of ionisation, such as electrospray ionisation (ESI), is that
usually singly charged ions are detected for the analyte even at increased mass/
charge ratios. Comparatively ESI generates many multiply charged ion species for
higher molecular weight protonated molecules which complicate the mass spectra
generated and require deconvolution of the mass spectra in order to determine the
molecular weight of the protonated molecule. MALDI ion sources are usually com-
bined with time of flight (ToF) tubes for ion separation. The ToF tubes are utilised
either in linear mode (in which ions pass once the full length of the ToF tube) or in
reflectron mode (in which ions are reflected at the far end of the ToF tube and so pass
through two times the length of ToF tube before reaching the detector). Reflectron
mode analysis will provide a greater mass resolution but is limited to 5-10 kDa m/z
ions whilst linear mode analysis can detect masses over 100 kDa and has a greater
sensitivity. Considerations when undertaking a MALDI MS experiment are the
choice of matrix to be mixed with the sample, how the sample and matrix solutions
are mixed and the solvents used to solubilise both matrix and analyte. With reference
to protein/peptide profiling and analysis, a-cyanohydroxycinnaminic acid (CHCA)
is the most commonly utilised matrix for peptide analysis by MALDI MS whilst
proteins are thought to ionise more effectively using sinapinic acid (SA) as the
matrix. Both are used in concentrations of around 10 mg/mL and therefore represent
a considerable excess of matrix molecules to analyte molecules in the resulting co-
crystallised mixture. As a result of this the lower end of the mass spectrum (less than
800 Da) is dominated by ions arising from the matrix itself and is therefore usually
not studied during analysis. The solvent used for solubilising the matrix and mixing
with analyte also differs between peptide and protein analysis with sinapinic acid
dissolved in a solvent with a lesser acetonitrile content for protein analysis compared
to CHCA for peptide analysis. The main purpose of this is to prevent proteins poten-
tially precipitating due to the acetonitrile present which would prevent effective co-
crystallisation of matrix and analyte. More recently, novel matrix materials have
been investigated in order to determine whether improvements could be gained in
ionisation efficiency. Much of the research has focussed on using alternative matri-
ces in order to avoid low m/z ions which arise from the matrix itself and therefore
extend the mass window of analysis for MALDI MS further into lower m/z regions.
For this purpose graphene (a few layers of graphite) was utilised and allowed for
the analysis of nonpolar polymethylmethacrylate—approximately 650 Da [12],
whilst hydroxyflavones allowed for low molecular weight lipid profiling and also
required less laser energy for efficient ionisation of the analytes [90]. Further
advances in the analysis of peptides by MALDI MS have considered whether
improvements in sensitivity can be accomplished by chemical derivatisation of the
peptides prior to analysis. 1-(3-Aminopropyl)-3-butylimidazolium bromide (BAPI)
was utilised to derivatise the C terminal carboxyl groups of peptides prior to analysis
and was reported to result in a 42-fold improvement in sensitivity and the derivatisa-
tion product was demonstrated to be stable for at least 1 week [78]. As an alternative,
the phosphorylation of the N terminus of the peptides was also investigated as this
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was selective for the N terminal lysine of tryptic peptides and due to the improved
proton affinity provided by the additional phosphate group attached to the peptides
an increase in sensitivity was again reported [25].

In relation to proteomic analysis, the most common application of MALDI MS
is in undertaking peptide mass fingerprinting in order to identify an unknown pro-
tein and whilst this is not the topic of this chapter it is worth quickly reviewing.
Peptide mass fingerprinting analyses the tryptic digest (usually) of a single protein
and measures the m/z of the resulting tryptic peptides accurately (within at least
10 ppm). The resulting mass list of peptide m/z values can then be compared to a
database of theoretical protein digest endproduct peptides and their singly charged
m/z values and a protein identification suggested alongside a probability score for
the identification—an example is given in Fig. 2.1. More recently, MALDI sources
have been attached to ToF-ToF mass analysers which allow tandem mass spectrom-
etry to be undertaken on peptides. This generates fragment ions (B and Y ions)
alongside the mass of each peptide and therefore allows for more accurate identifi-
cation of more complex protein mixtures; however, this area is not the focus of this
chapter. In this chapter, we discuss the application of MALDI MS analysis in pro-
viding profiles of peptides and proteins from biological samples and how this type
of profiling analysis has been more recently expanded to nucleic acid and metabo-
lite analysis.

2.2 Sample Preparation for Protein/Peptides
for Protein Profiling

Protein profiling has been applied to various biological fluids; however, the majority
of studies have utilised plasma or serum as their starting material. Whilst serum and
plasma are reasonably easy to collect in a clinical setting they do present the
researcher with a large dynamic range of protein concentrations with up to 70 % of
the protein present being represented by serum albumin and up to 25 % comprising
globulin proteins [56]. These high abundance proteins are of little value for profiling
purposes and can obscure the ability of analytical techniques to study low abun-
dance proteins within the sample and therefore various sample preparation proto-
cols have been developed and tested in order to be able to study lower abundance
proteins by MALDI MS protein profiling. One obvious solution to the issue of high
abundance proteins is to selectively remove these from the sample prior to analysis.
A recent study compared immunodepletion columns that allowed for the removal of
the 7 and 14 most abundant serum proteins prior to MALDI MS analysis and found
that the removal of the 14 most abundant proteins and application of 2'.4'-
dihydroxyacetophenone as the matrix utilised for ionisation allowed for the most
reliable protein profile to be produced [21]. One issue regarding such immunode-
pletion columns is their cost and the time consuming nature of the protocol. One
column can usually be used to deplete up to 200 serum samples one at a time and
each depletion requires a number of steps to prepare the column, deplete the sample,
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m/z submitted | m/z Delta Sequence of peptide
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Fig. 2.1 An example of peptide mass fingerprinting spectra and the interpretation returned upon
database searching

elute bound proteins and regenerate the column prior to the next sample being
processed. A further complication may arise due to potential co-depletion of other
proteins associated with albumin in serum samples [5]. The most common alterna-
tive approaches to serum preparation prior to MALDI MS analysis are to utilise
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microscale tips with peptide/protein binding stationary phases incorporated or
magnetic beads with a range of immobilised chemistries. The most commonly
applied technologies are C18 reverse phase stationary phases for microscale tip
purification which allows usually for the study of low molecular weight peptides and
C8 reverse phase magnetic bead purification of low-to-medium molecular weight
proteins. Whilst reverse phase stationary phases are the most commonly utilised for
these types of sample preparation, other chemistries are available which exhibit dif-
fering affinities for different subsets of proteins. These include cation and anion
exchange stationary phases, mixed ion exchange resins, immobilised lectin station-
ary phases (for purification of glycopeptides/proteins) and immobilised metal affin-
ity technologies (for purification of phosphopeptides/proteins and anionic moieties).
Example MALDI spectra after microscale tip and bead separation for peptide and
protein profiling, respectively, are given in Fig. 2.2. In theory, the combination of all
of these different preparation approaches would allow for the fractionation of serum
samples and a more comprehensive survey of proteins present by MALDI MS anal-
ysis would result. These technologies have not only been applied to serum but
also been optimised for the analysis of peptide/protein profiles from other biofluids.
A recent study optimised the application of reverse phase microscale tip purification
of peptides from serum and found that reproducible protein profiles detailing over
400 individual peaks could be determined [9]. Whilst the application of magnetic
bead sample preparation to urinary peptide/protein profiling analysis noted that for
ion exchange and immobilised metal purification the pH of the urine to 7 was
required in order to allow reproducible recovery of analytes and whilst some inter-
day variation was noted between samples, this variability was reduced by normalis-
ing the protein content of the urinary sample purified to set amount of protein (3.5 pg
per sample) [22]. Similarly, magnetic bead purification protocols were applied to
profiling of cerebrospinal fluid and it was determined that samples were stable for
6 h at room temperature and 3 days at 4 °C prior to purification and analysis; how-
ever, contamination with high albumin or globulin levels had a detrimental effect on
the protocol and resulting mass spectra [8]. Of the two techniques (microscale tip
and magnetic bead purification), the microscale tips have been reported as offering
an improved and more reproducible protein exhibiting an average CV of 10 % of the
recorded relative abundance for over 100 peptide/protein peaks in any given profile
[84]. As an alternative approach, the fact that the majority of the high abundance
proteins in serum are of comparatively high molecular weight has been used as a
characteristic upon which to base a depletion protocol. Ultrafiltration of serum with
filters with molecular weight cut-offs of 50 and 30 kDa has been applied as a meth-
odology in order to allow for the study of low abundance proteins/peptides [3]. Such
protocols commonly dilute the serum with acidic solutions (2 % trifluoroacetic acid
for example) in order to dissociate peptides and proteins bound to albumin. Further
processing of the sample after ultracentrifugation, such as desalting, has been
reported to further improve protein coverage especially within the 3-20 kDa mass
range [4, 26]. As an alternative approach, differential precipitation utilising ammo-
nium sulphate and different organic solvents was tested for the preparation of calf
serum for MALDI analysis [85]. The different fractions obtained presented different
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Fig. 2.2 MALDI protein and peptide profiling. (a) Global peptide profiling. (b) MALDI phospho-
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peptide profiles, numbering in the hundreds with optimal signal-to-noise ratios
being derived from samples resulting from water solubilisation after organic solvent
precipitation. Similarly, acetonitrile precipitation was shown to remove more than
99 % of the protein from serum and reduced the presence of albumin in serum from
being the most abundant protein to being the 20th most abundant [43]. Further treat-
ment of the precipitated serum sample by acid hydrolysis has also been shown to
improve detection of major serum peptides (transferrin and fibrinogen) as well as
other peptide species between 4 and 10 kDa [51]. Other approaches involve prepara-
tion of the sample when applied to the sample plate and alternative ionisation means
other than MALDI being applied. One such method describes nanostructure initia-
tor mass spectrometry (NIMS) in which cysteine containing peptides are captured
by a maleimide chemistry and ionised without the need for a matrix to be applied,
thereby reducing background noise signals and improving sensitivity [50]. An alter-
native, but related, approach to MALDI protein profiling is surface-enhanced laser
desorption ionisation (SELDI) mass spectrometry. In SELDI preparation protocols,
the biofluid in question is applied directly to the SELDI plate (equivalent to the
MALDI sample plate) which has a surface chemistry similar to that found on mag-
netic beads and microscale tips as described previously. The sample is then washed
on plate removing salts and unbound proteins and the remaining proteins analysed
and presented either as raw spectra data or as interpreted gel-like images prior to
statistical analysis. SELDI is most commonly utilised to identify differential protein
peaks as prospective biomarkers; however, it has also been applied to the validation
of previously determined HPLC—mass spectrometry results as a rapid validation
method for studying levels of specific protein biomarkers in breathe condensate as
indicators of chronic obstructive pulmonary disease [24]. Furthermore, SELDI has
been applied in tandem with magnetic bead sample preparation utilising serum as
the starting biofluid to improve peptide/protein detection [76] and advances in sta-
tistical data analysis have attempted to address some determined issues of reproduc-
ibility and accurate biomarker identification when using SELDI analysis [18].

2.3 Protein Profiling and MALDI Imaging

After sample preparation, a common application of protein profiling from biofluids
is the characterisation of peptide and protein profiles followed by statistical exami-
nation of the profiles in order to determine any potentially diagnostic differences
between different cohorts that might represent biomarkers of any condition under
study. The analysis itself does not usually allow for the identification of the protein
from which any diagnostic protein or peptide peaks arise and so only the m/z ratio of
any prospective biomarker is determined by the analysis. Despite this, protein
profiling of biofluids has been applied successfully in a wide range of biomedical
areas. The approach has been applied widely in cancer biomarker research and pro-
tein/peptide peaks have been identified which allow for the discrimination of
patients from control cohorts but also differentiate pre- and post-operative patients
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and those at risk of metastasis and reoccurrence [88]. Furthermore, MALDI protein
profiling of urine of patients allowed for the identification of proteins whose urinary
expression could be used to identify patients at risk of liver injury due to chemo-
therapeutic treatments such as methotrexate [86]. Another area of well-studied
interest is the application of such protocols in diabetes and kidney-related disorders.
Magnetic bead preparation and MALDI analysis of urine samples were successfully
shown to be able to identify three proteins/peptides with reduced expression in type
two diabetes patients and further mass spectrometric analysis allowed these to be iden-
tified as three proteins without a known previous association with the disorder [13].
Peptide profiling was also applied to patients with primary nephrotic syndrome and
relevant control groups and a group of 14 peptide ions were shown to have good
diagnostic value offering the potential of replacing a time consuming and invasive
biopsy procedure for diagnosis [34]. The analysis has also been utilised in order to
further understand the potential beneficial effects of drug regimes utilised after
kidney transplant. The effect of the drug paricalcitol on the serum protein profile
was determined and the protein expression changes suggested to represent altera-
tions in the expression levels of parathyroid hormone, alkaline phosphatase, brady-
kinin and complement factor C4, thereby suggesting secondary effects of the drugs
administration [64]. More recently, protein and peptide profiling by MALDI mass
spectrometry has also been applied to conditions for which the biological cause is
less certain and/or variable in different cases. One key example of this is the appli-
cation of the technique in psychiatric disorder diagnosis. The principle of applying
different approaches to the preparation of the biofluid has been utilised predomi-
nantly to study serum protein and peptide changes. One study utilised acid hydroly-
sis in order to allow for peptide profiling to be undertaken in depression patients
and control subjects whilst others have utilised both magnetic bead and microscale
tip preparations for the same purpose [1, 35, 51]. Both allowed for the identification
of different prospective biomarkers for depression with significant area under the
curve values determined after the creation of receptor operator characteristic (ROC)
curves. The latter analysis identified three peptide ions which had diagnostic value
and whilst the accumulated relative abundance of the three biomarkers did not
further improve diagnostic ability, the combined study of all three with alterations
in two of the three being used as a diagnostic tool significantly improved diagnostic
accuracy. This finding demonstrates the potential benefit of the MALDI peptide/
protein profiling approach over techniques such as ELISAs which can only deter-
mine the expression of a single protein. The collation of the entire protein profile in
a single analysis offers the utilisation of the expression of multiple species within
the profile to be utilised without further analysis being undertaken and therefore
various expression levels can be studied and ratios of individual proteins/peptides
also utilised. Protein profiling after magnetic bead sample preparation has also been
utilised in other psychiatric disorders; the technique was utilised for the analysis of
serum samples from adolescent patients with autism spectrum disorder (ASD) with
and without co-morbid attention deficit hyperactivity disorder (ADHD) compared
to control subjects. Protein signatures were identified which differentiated all
patients from control subjects and also could differentiate the ASD patients into two
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groups (with and without co-morbid ADHD) [82]. A recent study considered the
differentiation of obese subjects compared to control subjects utilising ultrafiltration
to remove high abundance proteins and identified peptide signatures which differ-
entiated not only patients from control subjects but also patients with and without
diabetic symptoms. Such analyses suggest that the process of an unbiased protein
profiling experiment can allow for the discrimination of patients with disorders
whose biological cause is less certain and also allow for the differentiation of simi-
lar cohorts with different disorder diagnoses.

Whilst the majority of analyses in biomedical research utilising MALDI protein
and peptide profiling have studied biofluids after sample preparation of one form or
other, some have studied biological tissues and utilised a process of MALDI imag-
ing mass spectrometry for spatial analysis of protein and peptide signals. The pro-
cess of MALDI imaging requires spectra to be taken from tissues applied to a
MALDI sample plate after the incorporation of a suitable matrix. Multiple spectra
are obtained with high precision across the tissue and the data collated in order to
demonstrate the distribution of proteins and peptides within different cells within
the tissue examined. Such analysis has been utilised to study protein/peptide differ-
ences in cancer tumour cells compared to adjacent “normal” cells from formalin-
fixed tissue samples and identified specific signatures associated with early stage
disease and tumours with metastatic potential [80]. The analysis has also been used
to determine the altered regulation of candidate proteins involved in cancer progres-
sion identified by other studies with a resolution of 30 pm [52]. Whilst cellular
proteins can be easily determined by the imaging MALDI approach, it has been
reported that membrane proteins are less well represented by such analyses and one
study utilised a pretreatment approach to overcome this issue, allowing for the study
of two known membrane proteins and their acylation status within tissues [60].
Whilst most imaging MALDI analysis allows for a single matrix to be applied and
therefore one set of data to be obtained a recent approach utilised a frozen mouse
brain section to be analysed with two matrices—one utilised to study proteins/pep-
tides and a second used to emphasise lipidomic data—thereby allowing multiple
analyses to be undertaken and more information to be extracted from a single tissue
subsection [74]. Protein profiling from both biofluids and tissues therefore allows
for diagnostic differences to be determined and whilst the biological identity of the
protein or peptide in question is not obtained from the data, the unbiased analysis of
profiles allows for novel biomarkers to be identified within biomedicine.

2.4 Post-translational Modification Analysis

A further application of MALDI protein and peptide profiling is in the analysis of
the post-translational modification status of either the entire proteome or selected
proteins or peptides. Of the available post-translational modifications, the two which
have shown the greatest application to MALDI profiling are glycosylation and
phosphorylation; however, the latter of these is more commonly studied utilising
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Fig. 2.3 MALDI analysis of an AB-modified glycan

HPLC-mass spectrometric methods and selective tandem mass spectrometry analysis
such as constant neural loss and precursor ion discovery. Glycosylation therefore has
shown the greatest application with regard to MALDI protein and peptide profiling,
with the availability of magnetic bead technologies with immobilised lectin chemis-
tries in order to allow for the selective capture of glycoproteins and glycopeptides
prior to MALDI mass spectrometric analysis. The glycans themselves can be anal-
ysed after derivatisation and release from the peptide with dihydroxybenzoic acid
being utilised as a matrix as shown in Fig. 2.3. Further advances in the pre-analysis
preparation of glycoproteins/peptides has also encompassed the utilisation of a
microscale tip purification approach which uses a 50:50 mixture of graphite and
activated graphite (termed GA) in order to enrich for glycopeptides from protein
digests and the utilisation of oxidised ordered mesoporous carbon as a pre-analysis
purification approach [79, 95]. Larger scale pre-purification of glycoproteins com-
monly utilises offline separation techniques such as high-performance anion
exchange chromatography with pulsed amperometric detection (HPAEC-PAD) fol-
lowed by fraction collection and further MALDI mass spectrometric analysis [40].
The matrix choice when analysing glycoproteins and peptides has also previously
been studied and 4-chloro-cinnaminic acid suggested as a matrix for the analysis
of labile groups in negative ionisation mode and a combination of CHCA and 3-
aminoquinoline as a matrix applicable to complex mixture analysis when studying
glycoproteome samples [68, 91]. For comparative analysis of glycoproteins between
different samples a simple derivatisation method has also been developed in which
glycoproteins are reacted with differently labelled anthranilic acid and then mixed,
digested and analysed by MALDI profiling (in a similar manner to ITRAQ tech-
nology) with sub-picomolar limits of detection [83]. Furthermore, comparative
analysis of the glycosylation modification structure itself is also possible either by
separation from its proteins/peptides and chemical reaction or via in-source decay
processes being utilised during the MALDI process [31, 57]. The differential glyco-
sylation has been studied in a number of diseases, including congenital orders spe-
cifically of glycosylation and ovarian cancer [7, 94]. In the ovarian cancer study, the
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glycans themselves were cleaved from the glycoproteins and analysed by MALDI
profiling and these profiles exhibited improved diagnostic potential when compared
to the commonly utilised CA-125 biomarker. Further applications have also been
reported for the MALDI analysis of glycoproteins within a biomedical context. The
glycosylation status of proteins from stem cells during differentiation to adipose
tissue (adipogenic differentiation) was studied and specific changes in the glycopro-
teome identified which accurately allowed the differentiation event to be monitored
within the cells [30]. Other studies have focussed upon different glycosylation forms
of specific proteins of interest. The application of high accurate mass MALDI profil-
ing after purification allowed for the identification of six new apolipoprotein CIII
isoforms and their glycosylation status which may have a role in lipid metabolism
and transport within the body and ApoClIII isoforms have been identified as easy to
purify by microscale tip preparation and able to allow for diagnoses in chronic hepa-
titis C and alcoholic liver cirrhosis [61]. A different approach sought to study the
glycosylation status of membrane-type 1 matrix metalloproteinase (MT1-MMP) via
MALDI mass spectrometric analysis after immunoprecipitation from cell lines as
the glycosylation is required for cancer cell invasive processes [81]. The glycosyl-
ation status of haemoglobin has also been undertaken by MALDI profiling protocols
encompassing the study of the non-enzymatic glycosylation as a result of diabetes
and also differential glycosylation of different isoforms of haemoglobin suggesting
that the isoform presented by individuals may act as a risk factor for glycation
occurring in prospective patients of diabetes [15, 47].

The second commonly analysed post-translational modification of proteins utilis-
ing MALDI protein/peptide profiling is phosphorylation status. Numerous approaches
to MALDI matrix preparation and application have been suggested as enhancing
phosphopeptide profiling. Combining the matrix of 2,6-dihydroxyacetophenone
(DHAP) or 2',4’,6'-trihydroxyacetophenone (THAP) with the additive diammonium
hydrogen citrate (DAHC) has been investigated as to their potential to improve
phosphopeptide analysis and suggested less suppression by non-phosphorylated pep-
tides during profiling without selective purification of phosphopeptides [33, 96].
However different groups have reported improved signals utilising a further matrix
(dihydroxybenzoic acid) in combination with phosphoric acid as a matrix additive or
combinations of two matrices (CHCA and 3-hydroxypinolinic acid (3-HPA)) [45, 100].
Further approaches to enhance phosphoprotein and peptide analysis by MALDI
profiling have focussed on chemically altering the MALDI plate in order to selec-
tively trap phosphate containing species and these have mainly utilised titanium
dioxide as the linker to trap the phosphate group [89]. Phosphopeptide capture has
been achieved on a sintered material before elution and subsequent MALDI profil-
ing analysis and also by on-plate capture using photocatalytically patterned titanium
dioxide distributions on plate using nanoparticles [20, 77]. Each of these utilises
metal affinity to enhance the amount of phosphate containing peptide or protein in
the sample prior to analysis and has been demonstrated to enhance coverage of
expected phosphopeptides within tryptic digests of known phosphoproteins.
Commonly, casein has been utilised as a test protein in the purification of phosphory-
lated peptides as it provides a known phosphopeptide in order to gauge the success of
the purification technique (Fig. 2.4).
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2.5 Specific Protein Analysis

As well as protein profiling of entire proteomes, MALDI profiling has also been
utilised in order to assay for specific proteins and variations in specific proteins in
relation to different diseases. The approach has been applied to the study of diag-
nostic protein signatures for type 1 dengue virus, involving immunoaffinity capture
on magnetic beads and analysis of the proteome by MALDI profiling allowing for
differentiation of the virus from other similar viruses [10, 11]. Amyloid beta pep-
tides have also been immunopurified (from cerebrospinal fluid) and the different
isoforms studied by SELDI profiling allowing for the differentiation of 15 isoforms
of the peptide of which the expression levels of many were indicative of cognitive
decline in many age-related mental deterioration conditions [2]. MALDI profiling
in combination with immunopurification has also been utilised to study the status of
the circulating hormone Ghrelin [29]. The hormone can be acetylated and exists
therefore in multiple forms and these could be studied and relative ratios determined
by MALDI profiling following immunoprecipitation. In another study the
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phosphorylation status of a specific protein (a target for protein kinase C) was stud-
ied from serum samples from mice with and without tumours utilising MALDI
analysis and shown to provide diagnostic potential in relation to the ratio of phos-
phorylated and unphosphorylated peptide [41]. As well as studying natural protein
modifications by MALDI profiling, the formation of organophosphorus adducts of
human butyrylcholinesterase was also undertaken by MALDI analysis [37]. After
exposure to the pollutant, a protein extraction was utilised and proteins digested,
purified by titanium dioxide and analysed. The enzyme has the pollutant attached to
it at a specific serine residue within its structure and therefore the bound and
unbound mass of the tryptic peptide can be analysed by MALDI analysis as a ratio
and an indicator of exposure to the pollutant.

2.6 Organism Identification

A further area in which MALDI protein profiling has been successfully applied is
in the identification of organisms, primarily micro-organisms. In relation to micro-
organism analysis, the protocol usually requires a sample of the micro-organism to
be added to either a solvent or matrix solution. This is then added to the MALDI
sample plate with additional matrix, allowed to dry and the MALDI process allows
for the production of a protein profile from the organism itself. A number of groups
and mass spectrometer manufacturers have developed databases of the protein pro-
files exhibited by known organisms and the protein profile of an unknown organism
can therefore be compared to the database and an identification suggested as a
result [16]. The approach has been reported as successfully identifying characteris-
tics such as resistance in species and strain level identification within species as
well as differentiating different species based on the protein profile obtained.
Figure 2.5 shows spectra generated from the comparative analysis of four species
of bacteria after simple plating on the MALDI plate with the addition of sinapic
acid as a matrix. The process has been applied to various bacterial species including
those responsible for acne, in which the differentiation of different phylotypes was
also shown to be possible [59]. The method of sample preparation—in relation to
both the culturing of the bacterial species and the subsequent preparation of the
sample for MALDI analysis—has been investigated with broth media growth fol-
lowed by a protein extraction method before analysis being reported as being opti-
mal [27]. One group suggested that ribosomal proteins accounted for 10 of 13
species-specific peaks obtained by MALDI protein profiling and even strain-spe-
cific differences, confirming the expected mass shift by genome sequencing the
genes responsible for the proteins themselves and identifying the amino acid differ-
ences resulting in the mass shifts exhibited [75]. A further study utilised a similar
approach in order to confirm the identity of the peaks responsible for the differen-
tiation of clonal strains of Staphylococcus aureus utilising sequencing and anti-
sense RNA knockdown experiments in order to confirm the peptides responsible
[38]. MALDI has also been shown to be able to differentiate enteropathogenic and
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Fig. 2.5 MALDI protein profiles of four different bacteria

non-enteropathogenic strains of bacteria suggesting a role in fine-tuning the treat-
ment of patients with bacterial infections [69]. Other studies have utilised blood
culture bottles as the source of the micro-organisms under study and one study
developed an optimised spin lysis/formic acid extraction method for the subsequent
analysis [28, 49, 55, 71]. Such analyses would have a significant benefit to patients
suffering from sepsis. However, a separate report identified a direct transfer of the
sample to the plate and formic acid sample preparation as being optimal for subse-
quent analysis. The analysis was shown to be possible and both analysis from solid
colonies and from blood cultures have been suggested to provide improvements in
patient management in a hospital setting, being superior to existing blood culture
methods and reducing analysis time [72].

The MALDI protein profiling approach has also been utilised to characterise
rarer pathogenic bacteria and it was noted that of the various organisms studied
fewer bacteria needed a second confirmation analysis when using MALDI com-
pared to conventional approaches (50 compared to 620) [73]. Besides its application
in identifying clinical bacterial infections, the MALDI protein profiling approach
has also been reported in being able to confirm the identification of Bacillus anthra-
cis spores in suspicious powder in less than half an hour [17]. Due to the promise
suggested by such laboratory investigations inter-laboratory comparisons have been
performed in order to show the reproducibility of the technique between centres, to
compare competing MALDI mass spectrometers and commercial databases avail-
able and to compare the technique to existing methods of identification [23, 36, 42,
48, 53, 66, 93]. The method has also been applied to the identification of medically
important fungal species such as candida, allowing for phenotypical differences to
be determined in 1,383 isolates examined and also for antifungal susceptibility to be
accurately determined, thereby allowing for a more informed treatment of patients
[46, 87]. Beyond micro-organisms, the MALDI protein profiling approach has more
recently been applied to other organisms. The identification of Tsetse (Glossina spp.)
which are vectors of the so-called sleeping sickness was undertaken after formic
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acid/acetonitrile extraction from the insects allowing for species identification but
not sex determination [32]. Furthermore, a similar approach was used in the study
of Anopheles mosquito species in order to accurately differentiate between differing
subspecies and was shown to be an improved approach compared to the traditional
polymerase chain reaction (PCR)-based techniques commonly applied [58].
MALDI analysis has also been utilised to study and characterise venoms from dif-
ferent species, mainly focused on scorpions. The so-called venom mass fingerprint-
ing (VMF) was developed to study low levels of venom (nanograms of starting
material) and specific toxin components, such as short chain peptides which act on
potassium channels could be easily identified within venoms [54, 65].

2.7 Single-Nucleotide Polymorphism Analysis

Whilst a major focus of MALDI profiling has been concerned with the analysis of
proteins and peptides as biomolecular species, the ability of MALDI to provide
good mass accuracy signals for other biomolecules at high molecular weight has
also been studied. One of the major focuses of this has been in the analysis of short
sequence nucleotides, especially when applied to the analysis of single-nucleotide
polymorphisms (SNPs). SNPs are variations in genetic sequence in specific genes
which give rise to phenotypical variations in humans and can include susceptibility
to diseases and response to specific treatments. They are therefore useful as indica-
tors of disease risk and in the development of the most appropriate treatment
regimes for patients. For SNP analysis, DNA is taken from an individual and the
PCR used to amplify the DNA to a sufficient quantity. A primer is then designed in
order to reproduce the gene but lacking one of the four required bases for nucleo-
tide polymer extension. The length of the extended replication product of the gene
is therefore dependent upon how soon the replication process requires the lacking
nucleobase in order to further extend the replicating DNA. An example is shown in
Fig. 2.6. With careful primer design and knowing the expected SNP site this can
allow for differing length (and as a result differing mass) of the extended gene
product dependent upon (a) whether the SNP is absent from both gene copies, (b)
whether the SNP is present in only one gene copy and (c) whether it is present in
both gene copies. Given that the expected resulting mass shift is usually a few hun-
dred mass units, this can be clearly detected by the MALDI approach in sequences
up to 20-30 nucleotides in length. Furthermore, different genes and different
SNPs can be analysed simultaneously as long as the mass of the primer sequences
and their extension products is sufficiently different to be determined separately by
the MALDI profiling process. The approach has been applied successfully in a
number of different disorders including cancer, lupus, arthritis, cirrhosis, insulin
sensitivity and cholesterol metabolism disorders [10, 11, 14, 39, 63, 70, 97-99].
Usually after extension, the oligonucleotides are desalted using cation exchange
beads (due to the fact that the PCR requires the addition of magnesium chloride
which then interferes with the MALDI process) and mixing with a hydroxypico-
linic acid matrix with ammonium citrate as an additive.



2 MALDI Profiling and Applications in Medicine

100 -

90 1 Lig4 Gene
801 SNP12 T homozygote

70 -
60 -
50 -

% Intensity

40 -
30 -
20 -
10

5825.00

6137.68

49

4500

100 -
90 -
80
70
60
50
40 4
30

% Intensity

20
10

Ligd Gene
SNP12 C homozygote

6300 6900

Mass (m/z)

5826.36

b i el MM«MﬂﬂAAﬂ&AJ

6739.51

7500

4500

100 -
90 +
80 -
70
60 1
50 -

% Intensity

40 -
30 -
20 -
10 -

5100 5700

Ligd Gene
SNP12 T+C
heterozygote

6300 6900

Mass (m/z)

5824.75

M

6137.48

6738.48

I M St

7500

0 A A il e Audes s ol e,

4500 5100 5700

Fig. 2.6 Single-nucleotide polymorphism analysis utilising MALDI mass spectrometry

2.8 Metabolomics
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Metabolomic analysis does not commonly utilise the MALDI approach due to
matrix ions in the low mass range (less than 500 Da) which complicate the resulting
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spectra. However, more recently, the approach has been utilised to study cell metab-
olism in cancer cells, metabolites from blood spots and amino acids present in the
natural secretions of Lucilia sericata (the larvae of the greenbottle fly, utilised in
maggot debridement therapy) [6, 44, 62]. Of the study of different metabolite pro-
files, the most common application of MALDI profiling is in the field of lipidomics
in which phospholipids and associated species can be studied in a high-throughput
manner using the mass accuracy provided by the ToF tube to allow for the grouping
of phospholipids by head group and the revealing of the total length of both fatty
acid chains combined and the total number of double bonds presented by both fatty
acids combined. Usually, phosphatidylcholine lipids are analysed in positive ionisa-
tion mode due to the easily protonated head group associated with this class whilst
the other lipid groups provide an improved signal in negative ionisation mode. The
matrices utilised for the two ionisation modes differ, with dihydroxybenzoic acid in
trifluoroacetic acid and methanol allowing for positive ionisation and p-nitroalanine
in 2:1 chloroform:methanol being utilised for negative phospholipid analysis.
Example spectra are shown in Fig. 2.7, alongside the effect of dosing the matrix
with caesium chloride prior to analysis (causing a mass shift of 132 amu) which
allows for the differentiation of different lipids and their sodium adducts in positive
ionisation analyses. MALDI profiling in phospholipid analysis has found applica-
tions in the study of the species in eye lens, the lipid profiling of cancer cells, studies
as to embryo optimisation and studying changes in the biochemistry of spermatozoa
in obese patients [19, 44, 67]. In order to improve such analysis polystyrene spheres
have been suggested as a matrix additive in order to improve matrix heterogeneity
during crystallisation and precoating the MALDI plate with 1,5-diaminonaphtha-
lene has been used in order to allow MALDI imaging of phospholipid distributions
[92, 97]. Therefore, it can be seen that metabolite profiling, especially subclasses of
metabolites such as phospholipid profiling, is rapidly improving based on advances
already applied to protein and peptide profiling.

2.9 Conclusion

MALDI as a technique first found a niche role in allowing for the mass spectrometric
analysis of large biomolecules (proteins predominantly) as a singly charged species.
However it has been recognised as a potentially high-throughput method for the
analysis of a variety of other biochemical entities. With improvements in matrix
choices, heterogeneity of matrix crystallisation with analytes and post-acquisition
data analysis tools, MALDI has found applications in studying both the presence
and, in MALDI imaging, the distribution of many more biological moieties and
applications in low molecular weight metabolites are also increasing in their scope
and applications.
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Chapter 3
Simplifying the Proteome: Analytical
Strategies for Improving Peak Capacity

Lee A. Gethings and Joanne B. Connolly

Abstract The diversity of biological samples and dynamic range of analytes being
analyzed can prove to be an analytical challenge and is particularly prevalent to
proteomic studies. Maximizing the peak capacity of the workflow employed can
extend the dynamic range and increase identification rates. The focus of this chapter
is to present means of achieving this for various analytical techniques such as liquid
chromatography, mass spectrometry, and ion mobility. A combination of these
methods can be used as part of a data-independent acquisition strategy, thereby lim-
iting issues such as chimericy when analyzing regions of extreme analyte density.

3.1 Introduction

The term “proteomics” encompasses the large-scale qualitative and quantitative
study of proteins in a complex biological sample. The potential to understand the
nature of a biological system using this information, in conjunction with other
multi-omic data, is extensive. Current mass spectrometric techniques allow large-
scale, high-throughput analyses for the identification, characterization, and quanti-
fication of the proteome, but can encounter major limitations in effectively mining
complex biological matrices. A typical bottom-up proteomic experiment, for exam-
ple, can result in areas of extreme analyte density during liquid chromatography
(LC) separation (Fig. 3.1). These highly concentrated analyte regions are not only
problematic from a chromatography aspect but can also be an issue with respect to
the mass domain separation and detection.

Overcoming such challenges and increasing separation capabilities of analytical
systems involve finding means of increasing peak capacity and dynamic range of
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Fig. 3.1 Sample complexity and regions of analyte density represented by a 1,000 ng on-column
loading of HeLa tryptic digest, separated over 150 min gradient. The lower figure shows the chro-
matogram expanded (23-33 min) with peak width half-height between 0.1 and 0.22 min

the workflow. Peak capacity is defined as the maximum number of components that
can be separated to a specific resolution within a given separation space [1].
Throughout the course of this chapter, methodologies to increase system peak
capacity will be introduced, including multidimensional chromatography and ion
mobility (IM). Combined with a data-independent acquisition (DIA) strategy, these
methods can provide enhanced sensitivity, specificity, and speed to biomarker dis-
covery applications.

3.2 Expanding Peak Capacity from the LC Perspective

High performance liquid chromatography (HPLC) has and continues to be routinely
used in combination with mass spectrometry (MS) for the separation of analytes.
However, the performance of this technology has been augmented in recent years
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with the introduction of ultra performance liquid chromatography (UPLC), making
it possible to separate components from highly complex matrices with enhanced
chromatographic resolution, sensitivity, and increased throughput. Innovative
instrument design and advancements in column chemistries have contributed to
these enhancements, particularly with the adoption of smaller column particle size
for improved efficiency and pumping systems that can operate at elevated pressure,
whilst maintaining the same selectivity and retention characteristics as HPLC
equivalents [2]. Derivation of a mathematical expression which utilizes the van
Deemter equation [3] illustrates how peak capacity is influenced by particle size,
column length, diffusivity of the sample, linear velocity, and the length of gradient
(Eq. 3.1). The terms used are defined as column length (L), equivalent theoretical
plate height (H), analyte diffusion coefficient (D,,), packing material particle size
(d,), and empirical coefficients originating from the van Deemter equation (a, b, and
¢). The relationship between the logarithm of the capacity factor (k") and solvent
composition is expressed as B, with Ac representing the difference in solvent com-
position over the course of the gradient. Finally, #,/7, is defined as the gradient span.
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If we consider the effect of reducing column particle size (d,), transitioning from
a 5 pm HPLC column packing to 1.7 pm stationary phase particles, efficiency and
throughput can be improved up to a factor of three, but can generate backpressure
increases by a factor of 27 [4]. Utilization of these high pressures results in enhanced
separation efficiencies as represented by Fig. 3.2. Comparative chromatograms of
glycogen phosphorylase B separated over the same length of gradient using HPLC
and UPLC highlight increased column efficiency, resolution, and high throughput
with UPLC. Sensitivity gains with UPLC show greater separation capability there-
fore limiting ion suppression and allow low intensity species to be readily identified.
Factors other than d, can influence the optimization of peak capacity from the LC
platform. Three additional parameters, length of gradient, flow rate, and column
length, also have roles to serve. An increased gradient length (z,/t,) provides higher
peak capacities before eventually reaching a plateau where maximum peak capacity
is attained. Within the scope of proteomics, gradients tend to routinely operate
between 90 and 120 min depending on the complexity of sample being analyzed.
Since longer gradients are employed with flow rates of less than 1 pL/min, the use
of longer column lengths (L) to further increase peak capacity is viable. This is
particularly important for the diverse range of biological samples discussed in the
context of this review.

Multidimensional chromatography is a technique introduced as far back as
1953 [5], which described the use of two-dimensional (2D) paper chromatography
and electrophoresis for peptide separation. It was soon adapted for 2D gel electro-
phoresis [6], but a number of drawbacks, such as the potential to modify proteins
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Fig. 3.2 Comparison of (a) HPLC (5 pm particles) with (b) UPLC (sub-2 pm particles) for the
separation of a phosphorylase B tryptic digest

(i.e., free, unpolymerized acrylamide binding to the amino-terminal thereby
preventing Edman degradation), technical reproducibility, and time constraints
associated with performing gel analysis [7], make LC an attractive alternative.
At the peptide level, as typically applied in bottom-up proteomic studies, 2D-LC
provides high resolving power and ultimately increased peak capacity. Since the
first and second dimensions have their individual peak capacities, n.; and n.,,
respectively, it is the product and not the sum of both [8, 9] that contributes to the
overall peak capacity. This so-called product rule (n,,p) provides resolving powers
that are not a true representation and often overestimate due to under-sampling
effects of the first dimension. Accounting for the second-dimension separation
cycle (t.,), the first-dimension peak capacity (n..;), and the first-dimension gradient
time (,;) [10], the influence of under-sampling on effective 2D-LC peak capacity
shows no dependency on the first-dimension peak capacity (Eq. 3.2) with n,p;c
becoming less dependent on n;.

(3.2)
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In order to address the issue of under-sampling, an approximate model can be
generated (Eq. 3.3), which assumes that the retention characteristics of the first and
second dimensions are not correlated with little or no qualitative differences for
non-orthogonal dimensions.

t,,.n,
Mypre = 1g§3 t'z 3.3)
° Ye2

n

2D-LC experiments can be performed either off-line or on-line, depending on the
configuration available. Off-line methods are often simpler, requiring fractions
resulting from the first dimension to be collected prior to the second-dimension
phase of separation, providing greater flexibility since the user is less restricted to
the choice of eluent used in the first dimension. However, the risk of encountering
peptide losses is increased. Implementing an on-line approach can work effectively,
provided the selectivity between the two chemistries and compatibility of eluents
are feasible. In most cases, the choice of the first-dimension conditions affords flex-
ibility which can encompass a wide range of chemistries [11], such as strong cation
exchange (SCX) [12-15], size exclusion chromatography (SEC) [16—19], immobi-
lized metal ion affinity chromatography (IMAC) [20-24], or hydrophilic interaction
chromatography (HILIC) [25-27]. The second dimension, however, tends to remain
the same as that implemented for a 1D scenario (i.e., reversed phase). Of the exam-
ples provided, on-line SCX-RP is a common approach for peptide separation. The
technique is partially orthogonal; however, distribution over multiple fractions is
typically observed. An equally orthogonal technique, providing highly conserved
peptide fractions and reducing the need for high salt concentration as is the case with
SCX, is the use of a reversed phase—reversed phase (RP-RP) configuration [28].
Achieving RP-RP orthogonal separation is by differentiating on the basis of peptide
interactions with the RP surface at differing charge states [29-32]. Considering
acidic peptides, which are negatively charged at basic pH, this will result in early
eluting fractions consisting of acidic peptides. Conversely for the second dimension
at acidic pH, the acidic peptides eluting from the first dimension will now become
“neutral” and hence switch their order of elution to becoming later eluting peptides.
In the case of basic peptides the elution order is simply the reverse analogy described
for acidic peptides. This scenario is clearly demonstrated in Fig. 3.3 which is a
chromatogram of bovine haemoglobin tryptic digest. The chromatogram clearly
shows orthogonal behavior of acidic and basic peptides across two dimensions
operating at different pH. An RP-RP setup can be designed to comprise as many
fractions as required. However, greater fractionation will compromise the analysis
time and hence overall throughput, which also holds for off-line approaches. The
higher peak capacity provided by RP-RP results in an increase of peptide and pro-
tein identifications [28, 33, 34]. To illustrate this, an example is shown in Fig. 3.4a,
which represents comparative data from 1D, 2D 5-fraction, and 2D 10-fraction
experiments for the bottom-up (2D) LC-DIA-MS analysis of cytosolic Escherichia
coli. Sample loadings consisted of 750 ng (1D), 2.4 pg (2D 5-fraction), and 4.8 pg
(2D 10-fraction). Confident peptides and proteins are shown, with significant gains
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Fig. 3.3 The orthogonal nature of RP-RP demonstrated using a tryptic digest of bovine haemoglobin.
The acidic (T16p, T4p), “neutral” (T1a), and basic (T17a, T5a) peptides clearly show a shift in
retention order between pH 2.6 (a) and pH 10 (b) (Reprinted with permission from Gilar et. al.,
J. Sep. Sci., (2005), 28, 1694—1703)
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peptides
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achieved when 2D RP-RP is implemented. Transitioning from 1D to 2D (5-fraction)
resulted in a 47 % increase in terms of protein identifications and an additional 11 %
gain when fractionation is increased from 5 to 10 steps. This percentage gain can be
accounted for with increased sample loadings and the ability to sample over a larger
dynamic range (Fig. 3.4b).

3.3 Is Mass Resolution Alone Sufficient for Dealing
with Sample Complexity?

Over recent years there have been significant gains in the mass resolution that can
be achieved from mass spectrometers of various geometries. Mass resolution is an
important parameter, providing a means of differentiating ions resulting from a
complex sample. Resolution (R) is defined as a measure or capacity to distinguish
ions of adjacent mass number, m and Am, respectively (i.e., R=m/Am). It is impor-
tant however to differentiate between working resolution of an instrument and the
resolution which can be obtained in practice, since acquisition speed and m/z are
determining factors [35].

A range of high resolution mass analyzers are routinely used for biomarker dis-
covery experiments including traps and quadrupole time-of-flight (Q-ToF) geome-
tries. However, it is the geometry of a Q-ToF mass spectrometer which will be the
discussed platform for the remainder of this chapter [36]. The geometry of a Q-ToF
is a tandem version of the orthogonal accelerated ToF (oa-ToF), consisting of an
MS1 quadrupole and collision region with reflecting oa-ToF MS as MS2. Data can
be acquired in MS and MS/MS modes, providing high mass accuracy and sensitiv-
ity. These high levels of sensitivity are achieved compared with scanning instru-
ments, since orthogonal geometry is applied for the detection of ions as opposed to
sequential detection. A significant innovation to the original design saw the hybrid-
ization of ion mobility (IM) (Fig. 3.5) [37]. The principle of IM involves the separa-
tion of a packet of ions based on mobility differences as they drift through an inert
gas under the influence of a weak electric field [38] and is a well-established tech-
nique for the structural analysis of proteins [39], but can also be applied to bottom-
up proteomic applications [38]. Traditional IM experiments are typically performed
using a drift tube platform, which achieves separation by applying a uniform, static
electric field. In the case of IM-MS implemented within the geometry of a Q-ToF
instrument, mobility separation is achieved by using an RF ion guide, termed travel-
ling wave ion guide, to generate a travelling voltage wave, which has been thor-
oughly reviewed in the literature [40, 41]. Combining the travelling wave principle
of the device with elevated inert gas pressures results in a proportion of traversing
ions rolling back on the wave, whilst the average effect propels ions in the direction
of the travelling wave. Ion species with low mobility traverse slower, whereas ions
of higher mobility traverse faster, resulting in a shorter drift time. Comparative
advantages associated with IM-MS compared to drift tube variants include higher
sensitivity and sufficiently faster data acquisition. However, drift tubes still have a
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Fig. 3.5 A hybrid quadrupole-ion mobility-orthogonal acceleration time-of-flight mass spectrometer

distinct advantage in terms of the mobility resolution capabilities, which can be
typically three orders of magnitude over that of current IM-MS [42].

Separation by IM operates within a millisecond timescale which fits perfectly
between LC and ToF, which operate at the second and microsecond scale, respec-
tively. The three domains are not completely orthogonal; however, the resulting
system peak capacity that can be typically achieved is between 10- and 25-fold. It
has been illustrated how peak capacity can be determined from a chromatographic
standpoint. A similar approach can also be adopted for an oa-ToF mass analyzer
(Eq. 3.4) and ion mobility separation (Eq. 3.5).

RuafToF W
noaToF = n (34)
nl
Kin
"t RIM max
Prwim = — dk 3.5
kvr:[ k'kmax

The peak capacity contribution made by the MS dimension, as outlined by
Eq. 3.4, is defined by the mass spectrometer resolution at full width half maximum
(Roa-1or), monoisotopic mass (m), mass distribution (W,,), and the number of identi-
fied isotopic peaks within a spectrum (n;). Conversely, IM also contributes additional
peak capacity provided by the travelling wave device [43], describing the relation-
ship between resolution and ion mobility, where k represents mobility and Ry max
is an empirically derived maximum resolution travelling wave mobility separation.
Based on the assumption that all three domains are completely orthogonal a product
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describing the entire system peak capacity would be as defined by Eq. 3.6. In practice,
however, the degree of orthogonality is compromised as discussed earlier, since the
analytes rely on having the same physiochemical properties.

Mypie.vs oator ~ Mapre Prwim Pogtor S (3.6)

3.4 Integrating Ion Mobility into a Data-Independent
Strategy as Means of Increasing System Peak Capacity

A previous chapter introduced the concept of data-independent acquisition (DIA)
for acquiring bottom-up proteomic data sets. Combining DIA with the strategies
discussed here to increase peak capacity results in a sophisticated workflow that
utilizes ion mobility to provide IM-DIA-MS. The principle of this method works in
a similar manner as DIA, but with the additional degree of separation and specificity
that is afforded by IM. Based on the instrument geometry shown in Fig. 3.5,
IM-DIA-MS operates whereby the quadrupole mass analyzer is non-resolving. The
collision cell is located within the travelling wave ion guide region and when oper-
ating in DIA mode, it is the primary stacked ring ion guide (SRIG) which is used to
induce fragmentation. However, for IM-DIA-MS it is the secondary collision SRIG
located after the ion mobility SRIG which is utilized for fragmentation. The primary
SRIG maintains a static CE ensuring precursors are IM separated prior to fragmen-
tation within the secondary SRIG, resulting in fragment ions sharing the same drift
time as their associated precursors. This builds additional specificity into the analy-
sis, since drift time and chromatographic retention time can now be used to correlate
fragment ions with their respective precursors. For situations where the analyte den-
sity is large (i.e., the midpoint of a chromatographic gradient) the opportunity for
multiple precursors to be present in the collision cell at a single time event is highly
probable. The co-isolation of precursors sharing similar m/z and retention time is a
phenomenon termed as chimericy. Since multiple MS/MS fragments are generated
from multiple precursors the identification rate is significantly hampered resulting
in unidentified fragments and hence under-sampling of the proteome. It has been
reported that for highly complex samples, chimeras may be as high as 50 % of total
spectra [44]. Relying solely on chromatography and mass resolution is not adequate
to counter the effect. The additional separation capabilities provided by IM though
do provide an opportunity to increase selectivity in those areas of extreme analyte
density. Implementing IM-DIA overcomes some of the challenges associated with
data-dependent analysis (DDA), such as the most abundant peptides typically being
sampled and chimeric effects. Thoughts of increased sampling speed and sensitivity
of instrumentation alone are deemed as insufficient and alternatively merging high
resolution with a form of multiplexing (i.e., ion mobility) is thought to be necessary
for comprehensive proteomic analysis [45]. Product ions are tentatively associated
to precursors by means of a pre-database searching step. Isotope and charge state
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shown with additional drift time alignment for ion mobility workflows

information is collected for all precursors in addition to performing time and
drift-alignment correlation (Fig. 3.6). Retention time-alignment correlation can be
visualized by plotting the elution profiles of product ions from the elevated energy
trace, resulting in identical elution profiles as their respective precursors. This chro-
matographic apex retention time principle forms the basis for associating precursor
and product ions. The reasoning described for the alignment of chromatographic
profiles can also be replicated with respect to the drift time domain, since fragment
ions will share the same drift time as their associated precursor, thereby building
additional specificity into the workflow.

Acquiring data sets using the methodologies outlined thus far is illustrated by a
study involving the analysis of a Rattus Norvegicus exosome sub-proteome treated
with either galactosamine (GalN) or lipopolysaccharide (LPS) culture media [46].
Comparative strategies were conducted involving 1D- and 2D (RP-RP)-LC in
combination with DIA or IM-DIA. A three-way comparison of the results gained
from 1D-LC-DIA-MS, 1D-LC-IM-DIA-MS, and 2D-LC-DIA-MS (Fig. 3.7)
shows significant overlap with a large number of additional unique proteins identi-
fied with the implementation of IM. On average a 20 % increase is observed for the
average number of peptides assigned to a protein suggesting the IM workflow to be
more effective at sampling the proteome. Additional benefits include lower material
consumption whilst increasing throughput and enhancing specificity of the identi-
fications returned. The interaction between sensitivity and specificity has previ-
ously been addressed and has shown that increasing sensitivity alone does not result
with increased identifications unless accompanied with additional specificity [46].
This is exemplified for the identified proteins of this study showing greater than
twofold increase over the entire dynamic range (Fig. 3.8).
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Fig. 3.7 A comparative evaluation of peptides (a) and proteins (b) identified from treated Rattus
Norvegicus exosome samples. Both the peptide and protein results are subdivided into 1D (DIA),
1D (IM-DIA), and 2D (DIA) analyses. Identifications resulting from 1D were acquired at 10,000
FHWM resolution, whilst 2D was performed at 20,000 FHWM resolution (Rodriguez-Sudrez et.
al., Current Analytical Chemistry, 2013, 9, 199-211)
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Fig. 3.8 Based on a 1 pg loading of control Rattus Norvegicus exosome, the normalized estimated
molar amounts can be plotted to show a distribution expanding over two orders of magnitude of
dynamic range. Data resulting from 1D-LC-DIA-MS (black) and 1D-LC-IM-DIA-MS (gray) is
provided (Rodriguez- Sudrez et. al., Current Analytical Chemistry, 2013, 9, 199-211)
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The bulk of these discussions have focused on implementing analytical workflows,
yet thought should also be given to the informatic strategy applied to such data sets.
For example, the protein identification rate could be further improved by implementing
the use of spectral libraries and/or DIA fragment ion repositories [47].

3.5 Informatics: Processing IM-DIA-MS Data Sets

The nature of DIA and IM-DIA strategies does not rely on instrument selection of
the precursors as with DDA the capacity to relate precursors with their fragment
ions is therefore reliant on post-acquisition informatics using sophisticated algo-
rithms for peak detection [48, 49], precursor—product ion correlation, and database
searching [50].

3.5.1 Precursor-Product Ion Correlation

The tentative association of precursor and product ions as part of the pre-database
search step is performed prior to the data being compiled into a list containing four
dimensional attributes (ion mobility, retention time, m/z, and intensity) providing a
multidimensional distribution. The presence of background noise can result in over-
counting and therefore needs to be accounted for by applying a convolution filter to
suppress the effect. Each of these deconvoluted measurements is referred to as
accurate-mass, retention time (AMRT) components. For cases where multidimen-
sional chromatography has been used, raw data files are processed individually
before merging the processed outputs prior to database searching, ensuring that all
peptides representing a single protein can be identified and quantified in a single
event. Should peptides be shared between fractions, the summing process employed
allows quantification.

3.5.2 Database Searching

A comprehensive overview discussing a search algorithm for qualitative identifica-
tions based on DIA data sets has been described in the literature [51]. Briefly, fol -
lowing peak detection and alignment of the low and elevated energy AMRTSs a
constructed list of precursor/product ion associations is interrogated for putative
peptide identifications. A precursor/product subset list and a user-defined database
are subjected to a pre-assessment search based on a set of physiochemical properties
specific for tryptic peptides and proteins, which are applicable to both the liquid and
gas phase dimensions. The database element consists of a decoy database (either
randomized or reversed) being merged with the original user database, allowing a
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false discovery rate and minimum protein score to be automatically determined.
The search and score models are optimized using the previously mentioned physio-
chemical properties. The next stage of the algorithm search is divided into three
steps. The first step queries the precursor/product ion entries against the protein
database for sequences containing no tryptic-missed cleavages or variable modifica-
tions. A combination of precursor and fragment ion mass tolerances and accuracy
of fit to the physiochemical properties provides a mechanism by which peptide
identifications are scored and ranked. This process is continuously repeated until
either the false-positive rate is exceeded or protein identifications no longer exceed
the minimum score. The second step of the query specifically focuses on identifying
modifications and nonspecific cleavages for protein entries resulting from the first
pass as well as in-source fragments and precursor neutral losses. The final step of the
query aligns any unidentified low and elevated energy AMRTs from the previous
two steps before searching against the full database with no limitation on product
ion intensity and restriction on the number of modifications per protein.

3.6 Importance of Peak Capacity for Systems Biology:
A Multi-omic Biomarker Case Study

Complex data sets as described can be readily generated from an analytical perspective.
The inherent difficulty arises with the search results and interpreting these into a
biological context that can provide insight of both physiology and disease state of
the model being studied. Data sets can often be large and originate from not only
proteomics but also other omic areas such as metabolomics, lipidomics, genomics,
and transcriptomics to provide a comprehensive understanding of biochemical pro-
cesses and ultimately provide potential biomarkers. Since there is no single analyti-
cal system or workflow that can generate information for all the omic areas, gaining
access to data of a common format for searching and mapping pathways can prove
to be troublesome. Figure 3.9 represents an example workflow detailing how multi-
omic data sets are integrated and interrogated for system networks analysis [52].

A case study representing multi-omic data using techniques to improve peak
capacity for potentially identifying disease biomarkers is described here. The study
focuses on a rare genetic kidney disorder termed idiopathic nephritic syndrome
(INS), affecting only a small percentage of paediatric patients. The condition arises
from a faulty glomerulus, resulting in proteinuria additionally characterized by
edema, hypoalbuminemia, and hyperlipidemia, as well as increased levels of choles-
terol and triglyceride [53]. The study cohort consisted of urine samples from paedi-
atric subjects, control, and INS diagnosed. Samples were purified and prepared
appropriately for proteomic or metabolomic analysis [54, 55] prior to an experimen-
tal strategy which combined LC and DIA, with the proteomic experiments specifi-
cally utilizing IM-DIA-MS as a means of generating label-free data. In order to
establish differences between the two groups, statistical analysis using multivari-
ate methods of both data sets showed significant deviations between both cohorts.
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Fig. 3.9 Example pipeline for compiling and interrogating multi-omic data sets to pathway and
network mapping studies (Kohl et. al., Biochim. Biophys. Acta, 2014, 1844, 52-62)

Identifying analytes responsible for such perturbation started by reviewing the
protein data. In total more than 300 proteins were identified, with 80 % showing
significant fold change (greater than two) and p-values of less than 5 % across all
subjects. Hierarchical analysis (Fig. 3.10a) allows the visual identification of protein
expression trends across conditions in addition to potential intra-subject variances.
Regulated proteins showing distinct expression trends can be interrogated further as
demonstrated with the example peptide associated to the prostaglandin receptor
(Fig. 3.10b). The metabolite data was interpreted differently by means of con-
structing a loadings plot (Fig. 3.11) from previously derived OPLS-DA analysis.
The loadings plot is constructed such that compounds contributing the greatest
variance with the highest probability are target analytes for identification. In an
effort to combine the data streams and understand their contributions in a biological
context, pathway analysis was conducted to explore and visualize interactions and
networks resulting from both omic data sets. The resultant network indicates rele-
vant pathways such as chronic fatigue syndrome and neurological signs as major
contributors.



Under
Expressed

Over
Expressed

Control Disease pre-treated
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urinary proteins identified with 3 or more peptides and fold changes greater than 2. Subjects grouped
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3D montage images (b) are representative of prostaglandin receptor peptide TMLLQPAGSLGSYSYR
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3.7 Summary

The quest for identifying potential biomarkers is complicated and challenging with
the majority of studies involving highly complex samples over wide dynamic ranges
that require sophisticated analytical workflows to acquire, process, and biologically
interpret data sets. The most interesting and often most significant proteins are those
which are to be found at low abundance. From an LC-MS perspective, a number of
potential strategies have been introduced to address how the proteome can be
explored at greater depth, whilst limiting sample consumption and maximizing
throughput. Multidimensional chromatography combined with ion mobility enabled
DIA acquisition schema demonstrate how system peak capacity can be optimized.
As technologies advance the volume of data increases in size and complexity; there-
fore, informatic requirements and capabilities should also be addressed. These com-
bined efforts show not only increased peak capacity but also enhanced specificity,
afforded by the chromatographic and drift time alignment of precursor and product
ions, providing additional confidence to identifications.

Advancements towards finding relevant biomarkers are increasingly moving
towards a system biology approach, whereby multi-omic data sets can provide a
greatinsightinto pathway information and the interaction of networks. Amalgamating
techniques such as IM-enabled workflows with multi-omic biological pathway
analysis has the potential to assist in our understanding of disease and its etiology
for drug discovery.
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Chapter 4

Quantitative Shotgun Proteomics with Data-
Independent Acquisition and Traveling Wave
Ion Mobility Spectrometry: A Versatile Tool
in the Life Sciences

Lewis M. Brown

Abstract Data-independent acquisition (DIA) implemented in a method called
MSE can be performed in a massively parallel, time-based schedule rather than by
sampling masses sequentially in shotgun proteomics. In MSE alternating low and
high energy spectra are collected across the full mass range. This approach has been
very successful and stimulated the development of variants modeled after the MSE
protocol, but over narrower mass ranges. The massively parallel MSE and other DIA
methodologies have enabled effective label-free quantitation methods that have
been applied to a wide variety of samples including affinity pulldowns and studies
of cells, tissues, and clinical samples. Another complementary technology matches
accurate mass and retention times of precursor ions across multiple chromato-
graphic runs. This further enhances the impact of MSE in counteracting the stochas-
tic nature of mass spectrometry as applied in proteomics. Otherwise significant
amounts of data in typical large-scale protein profiling experiments are missing.
A variety of software packages perform this function similar in concept to matching
of accurate mass tags. Another enhancement of this method involves a variation of
MSE coupled with traveling wave ion mobility spectrometry to provide separations
of peptides based on cross-sectional area and shape in addition to mass/charge (m/z)
ratio. Such a two-dimensional separation in the gas phase considerably increases
protein coverage as well as typically a doubling of the number of proteins detected.
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These developments along with advances in ultrahigh pressure liquid chromatography
have resulted in the evolution of a robust and versatile platform for label-free
protein profiling.

4.1 MSF and Other Data-Independent Acquisition Strategies

Shotgun proteomics is a strategy with broad applicability, and is based on diges-
tion of proteins with proteolytic enzymes and analysis of the resulting peptides by
liquid chromatography—mass spectrometry (LC/MS). The method of choice for
data collection has long been a data-dependent acquisition (DDA) method in
which acquisition parameters are modified in real time by selecting a narrow mass
window in a quadrupole analyzer to allow precursor ions to pass through for frag-
mentation after an initial survey scan [1]. This was an important enhancement to
the initial approach of using stored mass and retention time information from
previous liquid chromatography runs [2]. More recently, a strategy has been pro-
posed [3, 4] and finally implemented [5, 6] using data-independent acquisition
(DIA) in a method called MSE to perform data collection in a massively parallel,
time-based schedule rather than attempting to sample masses sequentially. MSE
has been extensively developed as a method in which alternating low and high
energy scans are recorded across the full mass range and was implemented on
quadrupole time-of-flight mass spectrometers from Waters Corporation [5, 6]. The
original approach has been very successful and has stimulated the development of
variants modeled after the MSE protocol. These include sequential proteomic
method precursor acquisition independent from ion count (PACIFIC) [7], win-
dowed data-independent acquisition of total high-resolution (SWATH) [8], all-ion
fragmentation (AIF) [9], and multiplexed data-independent acquisition (MSX) [10].
These recent adaptations can be utilized on other instrument platforms, although
only MSE is unique in that it covers the entire mass range in each scan. Our group
has used MSE effectively on a routine basis for cells, tissues, and affinity prepara-
tions in a label-free approach to large-scale protein profiling [11-15]. The validity,
power, and effectiveness of MSE are now firmly established and extensively vali-
dated independently by many groups [16—18]. One example is our work on human
somatic stem cells, where we were able to use this technique to demonstrate clear
differential expression of proteins such as aldose reductase and many other pro-
teins (Fig. 4.1) which responded to the combination of growth factor priming and
increased osmotic pressure [ 13]. The roles of some of these proteins are character-
istic of the physiological states studied [13]. In that experiment, 5’-nucleotidase
and transgelin were detected as differentially expressed, and have been previously
linked to cell differentiation state. Data-independent label-free profiling was dem-
onstrated in that work to be a useful tool in characterizing cellular responses to
treatment regimes, and as an aid to optimization of cell priming protocols for
cartilage tissue engineering.
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4.2 DIA Strategies Enhanced by Accurate Mass
and Retention Time Matching Across Multiple
Chromatographic Runs

Our work on adipose-derived stem cells [13] uses the Elucidator Protein Expression
Data Analysis System from Rosetta (and Ceiba Solutions), a commercial program
to match accurate mass and retention time intensities of precursor ions across mul-
tiple chromatographic runs. This enabled measurement of the intensities of precur-
sor peptides even if fragmentation is not particularly successful for a particular
peptide in a particular chromatographic run. This approach to a large extent coun-
ters the limitation imposed by the stochastic nature of mass spectrometry that other-
wise results in a large amounts of missing data in large-scale experiments. A similar
strategy is used by the TransOmics Informatics for Progenesis QI (TOIP) from
Waters Corporation [19], a program also specifically enhanced to take advantage of
ion mobility separations (see below). Coupling mass and retention time matching
programs such as these with DIA technologies including MSE provides a particu-
larly powerful label-free platform that enables large and complex experiments
otherwise difficult to conduct by other methods.

These software approaches are enabled by new faster instruments capable of
data-independent scanning, but owe their conceptual inspiration to the concept of an
accurate mass tags database originally conceived by Smith’s group [20].

4.3 Enhancement of MS*: Coupling to Traveling
Wave ion Mobility Spectrometry (TWIMS)

A variation of MSE coupled with traveling wave ion mobility spectrometry (TWIMS)
provides the capability to perform separations of peptides based on cross-sectional
area and shape in addition to their mass/charge (m/z) ratio. The use of TWIMS for
shotgun proteomics is now well established and has been validated independently
by a number of groups [21-23]. A two-dimensional separation is achieved in the gas
phase, providing considerably increased protein coverage, typically a doubling of
the number of proteins detected, a significant advantage [12, 24]. The complex
TWIMS data requires a powerful computing platform, typically with a graphics
processing unit (GPU)-equipped computer with 448 cores or more [12, 24]. The
TWIMS principle is illustrated in Fig. 4.2 where integrating ion mobility drift time
enhances identification of peptides [25]. In a study of a bacteriophage virion pro-
teome [26], MSE with TWIMS was consistently more effective than more conven-
tionally employed DDA method. Current versions of the ProteinLynx Global Server
commercial program [5, 6] (Waters Corp.) have been enabled to process TWIMS data.

We have applied these techniques in many other systems [15, 26] including
patient samples [27]. Such analyses include fold-change and p-value determina-
tions, providing an unbiased view of phenotype or biological responses to experi-
mental treatments. An example is shown in Fig. 4.3 (mouse hippocampus) [12].
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Fig. 4.2 Diagram illustrating the role of ion mobility spectrometry in addressing the challenge of
peptides with both the same elution time in liquid chromatography (co-eluting) and having the
same mass (isobaric). Without ion mobility, fragmentation of isobaric peptides in the collision cell
results in a chimeric spectrum which is difficult to interpret. When ion mobility is activated,
peptides are separated in the mobility cell on the basis of their drift time. The end result is cleaner
spectra with reduced chimeracy [26]. Reprinted from Journal of Virological Methods, Vol 195,
Moran, Deborah; Cross, Trevor; Brown, Lewis M.; Colligan, Ryan M; Dunbar, David, Data-
independent acquisition (MSE) with ion mobility provides a systematic method for analysis of a
bacteriophage structural proteome, pp. 9—17, 2014, with permission from Elsevier
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Fig. 4.3 Fragment ion spectra of peptide ADQLADESLESTR with TWIMS off and TWIMS on.
Purple and grey peaks represent interferences and noise, respectively [12]

This figure represents fragmentation spectra collected with and without TWIMS
activated. It can be clearly seen from this example that the interfering peaks from
other peptides (derived from other proteins, magenta) and unassigned peaks (grey)
are largely separated out by TWIMS. These sorts of comparisons can be made in
data where spectra with or without TWIMS can be readily compared for the same
peptide.
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With this technique it is possible to quantify large numbers of proteins and
generate abundances (examples in Table 4.1) for each LC/MS/MS run and for each
biological replicate, and calculate means and standard deviations with coefficient of
variation as low as 10-20 % for replicate analyses [12]. Large-scale experiments
can be done on a routine basis with recording of many thousands of protein abun-
dance values for multiple biological and technical replicates.

MSE combined with TWIMS is being applied to a remarkable variety of practical
biological problems including the interactome of the RNA-binding protein RALY
[28], analysis of chaperonins and biosynthetic enzymes in the unculturable bacterial
endosymbiont Blochmannia, [29] and quantitative analysis of human embryonic
kidney cells proteome following sialic acid overproduction [30].

In another practical example of this technique, Drosophila melanogaster was
evaluated for the role of dMyc in the larval fat body (Table 4.2). The fat body is a
tissue that functions as a sensor of circulating nutrients to control the release of
Drosophila insulin-like peptides (Dilps) influencing growth and development.
Using MSE and TWIMS, it was demonstrated that dMyc affected expression of
hexokinase C and pyruvate kinase, key regulators of glycolysis, as well as of
stearoyl-CoA desaturase (Desatl). Desatl is an enzyme that is necessary for mono-
saturation and production of fatty acids, and its reduction affects dMyc and the
ability to induce fat storage and resistance to animal survival.

These techniques can also be applied very effectively to chemoproteomic affinity
experiments. For example, we have identified a protein target of a small molecule
(RSL3) that is an inducer of a novel form of cell death (ferroptosis) and a potential
novel anticancer agent [24]. In that work we also used DIA (MSF) with TWIMS.
A total of 1,353 proteins were detected in 27 HDMSE chromatograms. Analysis
focused on 979 proteins with identification and quantitation supported by two or
more unique peptides. Most detected proteins were not differentially bound to
fluorescein-RSL3 beads compared to controls. Only one protein, glutathione per-
oxidase 4 (GPX4_HUMAN), was significantly enriched (P<0.01) and had the
highest fold-change (26-fold in the affinity preparation compared to the inactive
analogue and 13-fold compared to the control of preincubation with free RSL3).
These studies identified GPX4 as an essential regulator of ferroptotic cancer cell
death using data-independent profiling with TWIMS and these results were con-
firmed by an extensive series of corroborative experiments [24]. Isotopic clusters of
an example peptide from GPX4 are given in Fig. 4.4

4.4 Conclusions

In mass spectrometry-based proteomics, there has been an evolution from initial
pioneering data-dependent approaches where slower instruments could not collect
enough precursor intensity data to allow robust label-free quantitation. The massively
parallel MSE and other DIA methodologies have enabled label-free quantitation and
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Table4.2 Quantitation of some proteins in fat bodies from cg-dMyc and cg-control D. melanogaster
larvae

Protein name UniProt ID Ratio fed Ratio starved P-value fed P-value starved
Desatl Q7K4Y0 1.2 2.6 0.0012 8.9E-43
Pyruvate kinase KPYK 1.8 2.3 6.4E-07 2.7E-32
Hexokinase C Q7IYW9 1.4 2.0 0.003 3.8E-28
Glutamine synthetase =~ GLNAI 1.4 1.4 1.5E-24 2.0E-21

Reprinted from Developmental Biology, Vol. 379, Parisi F, Riccardo S, Zola S, et al.: dMyc expression
in the fat body affects DILP2 release and increases the expression of the fat desaturase Desatl resulting
in organismal growth, pp 64-75., 2013, with permission from Elsevier

Active Inactive Competitor

Fig. 4.4 3D visualization of an isotopic cluster of an example peptide ILAFPCNQFGK from
GPX4 from an affinity preparation and two controls. Cell lysates were prepared from cells treated
with active probe, inactive probe, or active probe in the presence of competitor. Reprinted from
Cell Vol. 156, Yang, Wan S.; SriRamaratnam, R.; Welsch, Matthew E.; Shimada, K.; Skouta, R.;
Viswanathan, Vasanthi S.; Cheah, Jaime H.; Clemons, Paul A.; Shamji, Alykhan F.; Clish, Clary
B.; Brown, Lewis M.; Girotti, Albert W.; Cornish, Virginia W.; Schreiber, Stuart L.; Stockwell,
Brent R., Regulation of Ferroptotic Cancer Cell Death by GPX4, pp., 317-331, 2014, with permis-
sion from Elsevier

have been applied to a wide variety of sample types from cells to tissues, and have
been applied to viral, microbial, plant, animal, and patient samples. This evolution
has continued with the introduction of software to match accurate mass and retention
time data in large experiments, increasing sophistication of ultrapressure liquid chro-
matography separations and finally through orthogonal separation with technologies
such as TWIMS that significantly increase the number of proteins detected in an
experiment. This pipeline provides exceptional flexibility for large and complex
experiments and complements isotopic labeling approaches described in other chap-
ters of this volume.
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Chapter 5

Stable Isotope Labeling by Amino Acids
in Cell Culture (SILAC) for Quantitative
Proteomics

Esthelle Hoedt, Guoan Zhang, and Thomas A. Neubert

Abstract Stable isotope labeling by amino acids in cell culture (SILAC) is a
powerful approach for high-throughput quantitative proteomics. SILAC allows
highly accurate protein quantitation through metabolic encoding of whole cell pro-
teomes using stable isotope labeled amino acids. Since its introduction in 2002,
SILAC has become increasingly popular. In this chapter we review the methodology
and application of SILAC, with an emphasis on three research areas: dynamics of
posttranslational modifications, protein—protein interactions, and protein turnover.

5.1 Introduction

Mass spectrometry (MS)-based quantitative proteomics has become a powerful tool
for global functional protein analysis. Various quantitation techniques are now
widely used to compare the relative abundances of proteins and posttranslational
modifications (PTMs) on a large scale, allowing the addressing of biological ques-
tions from a systems biology perspective.

In principle, relative quantitation of a protein can be achieved by comparing
its MS signal intensities across different samples. However, the measurement of
MS signals can fluctuate, causing run-to-run errors in measurements of protein
abundance. More importantly, parallel sample handling prior to MS analysis can
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Fig. 5.1 Incorporation of stable isotopes for quantitative proteomics. The incorporation of stable
isotopes can be performed directly in cell culture for metabolic labeling. The incorporation of
stable isotopes into peptides can also be performed in vitro during proteolytic digestion using
enzymatic labeling. Another approach for incorporating stable isotopes consists of modifying pro-
teins or peptides with labeling reagents targeting specific amino acid functionalities by chemical
labeling

introduce significant variations. To address these issues, stable isotope labeling
approaches were developed.

In these methods, heavy stable isotopes are introduced into proteins/peptides in
one or more of the experimental conditions to be compared. Then the heavy labeled
sample is mixed with the unlabeled (light) sample and the mixture is analyzed by
MS. The heavy label introduces a predictable mass shift compared to the light sam-
ple, which can be readily detected by MS. Because the labeled and unlabeled pro-
teins/peptides have the same chemical and physical properties, they have the same
signal response factor in the mass spectrometer. Thus the heavy/light signal pairs
can be used to measure relative protein abundances. In addition, the sample pairs
stay together during sample handling and therefore quantitation accuracy is not
compromised by differences in sample preparation.

Stable isotope labeling-based approaches fall into three major categories depend-
ing on how heavy isotopes are introduced: (1) chemical labeling (e.g., ICAT, Isotope
Coded Affinity Tag [1], iTRAQ), isobaric Tags for Relative and Absolute Quantitation
[2] and TMT, Tandem Mass Tagging [3]), in which labels are attached to proteins/
peptides through chemical derivatization, (2) enzymatic labeling (e.g., H,'°*O/H,'*0)
[4] in which labeling is introduced through enzymatic reaction and (3) metabolic
labeling (e.g., SILAC, Stable Isotope Labeling by Amino Acids in Cell culture) [5,
6], in which labeling is incorporated into proteins during in vivo protein synthesis
(Fig. 5.1). In this chapter, we focus on the methodology and applications of SILAC.

The metabolic labeling approach was first adopted for proteomics by Oda et al., who
labeled bacterial proteins using nitrogen (**N) [7]. The mass shift caused by *N labeling
is dependent on the number of nitrogens present and thus is not constant for all peptides.
This complicates peptide identification and quantification [8]. Later, Matthias Mann
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Fig. 5.2 Protein quantification using SILAC. Cells are differentially labeled in medium with
normal arginine or medium with heavy arginine. After at least five cell divisions to ensure virtually
complete labeling, the two cell populations are combined, digested with trypsin, and analyzed by
nano LC-MS/MS. The tryptic cleavage creates pairs of peptides differing by 6 Da due to the
molecular weight difference between '>Cy-arginine and *Cg-arginine

and colleagues developed the SILAC approach for the study of eukaryote cells in which
they labeled cells by culturing them in a medium supplemented with heavy isotope
labeled amino acids [5].

Compared to chemical and enzymatic labeling, SILAC has an important advan-
tage: it generally allows combining the light and heavy labeled samples early in the
experimental workflow so that variability caused by parallel sample handling is
minimized.

In a typical SILAC experiment, cells are labeled by growing in either medium
with natural amino acids (light medium) or in medium containing one or more sta-
ble isotope labeled amino acids (heavy medium). In general, cells need to be main-
tained in SILAC media for at least five divisions to ensure virtually complete
labeling of proteins. Then if needed, differential experimental treatments are per-
formed. Equal amounts of the two differentially labeled cell populations or protein
extracts are combined prior to further sample handling and processing steps as
required by the experiment (Fig. 5.2). Because trypsin is the most commonly used
protease in proteomics and it cleaves carboxy-terminal to lysine and arginine residues,
double labeling with lysine and arginine ensures that every tryptic peptide (except
C-terminal peptides) contains a heavy amino acid and can be used for protein quan-
titation (Fig. 5.2).
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5.2 Applications and Examples of SILAC

5.2.1 Dynamics of Posttranslational Modifications

PTMs of proteins are known to play important roles in cell signaling. PTMs directly
affect protein structure, protein localization, activity, and interaction. Many PTMs
function as essential regulatory switches for various crucial signaling pathways.
Therefore, characterization of PTM dynamics can generate rich information that is
important for deciphering signal transduction mechanisms. The coupling of nano-
flow HPLC to tandem MS has made it possible to profile PTM changes for whole
proteomes.

Protein phosphorylation, catalyzed by kinases and reversed by phosphatases, is
a major regulatory mechanism of cellular pathways, especially those involved in
eukaryotic signal transduction. It is estimated to be the most abundant PTM, with
about 3 % of human genes encoding proteins with kinase or phosphatase activities [9].
Relative changes in phosphorylation of proteins have traditionally been studied by
methods such as phosphoamino acid analysis and use of *?P-labeled ATP coupled
to two-dimensional gel electrophoresis. However, these methods do not provide
quantitative information about individual phosphorylation sites, which is espe-
cially important because different phosphorylation sites on the same protein can be
differentially regulated. SILAC combined with MS allows for accurate, site-
specific quantitation of phosphorylation. The quantitation can be performed for a
single protein purified from cell lysates using immunoprecipitation [10-14]. But
the real strength of SILAC in phosphorylation analysis is its ability to profile the
whole phosphoproteome to obtain accurate site-specific changes. Recent advances
in LC-MS and phosphopeptide enrichment techniques have enabled quantitation of
>20,000 phosphosites from one SILAC experiment, allowing the description of
serine/threonine/tyrosine-phosphorylation dependent global landscape of cellular
signaling at the network level [15]. For large scale phosphoproteomic analyses,
enrichment of phosphorylated peptides is indispensable and several such tech-
niques have been developed and optimized in recent years [16—18]. The most popu-
lar techniques are affinity-based phosphopeptide enrichment technologies such as
IMAC (Immobilized Metal Affinity Chromatography) [19, 20] and metal oxide
chromatography including titanium dioxide (TiO,) [15, 21]. Combined with peptide
fractionation techniques such as Hydrophilic Interaction Liquid Chromatography
(HILIC) and Strong Cation eXchange (SCX), phosphopeptide enrichment by these
methods can enable large numbers of phosphosite identifications. However, cover-
age of tyrosine phosphorylation sites is often limited because of low occurrence of
tyrosine phosphorylation compared to serine/threonine phosphorylation. To
improve the coverage of the tyrosine phosphoproteome, tyrosine phosphorylated
peptides can be immunoprecipitated using anti-phosphotyrosine antibodies [22, 23].
Gruhler et al. used SILAC with IMAC for phosphopeptide enrichment to analyze
and quantify changes in protein phosphorylation of the G-protein-coupled receptor
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in the yeast pheromone response [24]. This technique has been used efficiently in
several studies [25-28]. The TiO, phosphopeptide enrichment method has been
used to study the phosphoproteome of Drosophila Schneider cells following a
knock down of a specific phosphatase by RNA interference [29], to analyze the
bloodstream and procyclic forms of Trypanosoma brucei [30], to compare cellular
phosphorylation levels upon epidermal growth factor (EGF) stimulation, and
growth factor combined with kinase inhibitors [31] and in technical comparison
with IMAC [23, 32].

An alternative strategy for analyzing phosphotyrosine signaling pathways is to
combine SILAC with anti-phosphotyrosine immunoprecipitation of intact tyrosine
phosphorylated proteins. Proteins that are differentially tyrosine phosphorylated
during signal transduction, or that differentially associate with these proteins, will
appear with changed SILAC ratios. This strategy has been successfully used for the
analysis of Receptor Tyrosine Kinases (RTK) signaling networks, including the
EGF receptor in HeLa cells [33] and the specific Her2/neu Receptor belonging to
the EGFR family in NIH3T3 cells [34]. Other RTK signaling pathways have been
studied using this method, such as the FGF receptor [35, 36], the PDGF receptor
[37], the EphB2-receptor in mouse neuroblastoma x rat glioma hybrid [38], the
insulin receptor in differentiated brown adipocytes [39], the TrkB in rat hippocampal
primary cells [40], the Met receptor through HGF and EGF activation in A549 lung
carcinoma cells [41], the Syk receptor in MCF-7 and MDA-MB-231 human breast
cancer cell lines, IL-2 receptor in human T cell line kit 225 [42] and the T cell receptor
in Jurkat T cells [43].

Because intracellular signal transduction is regulated temporally and spatially,
characterization of temporal and spatial dynamics of phosphorylation can provide
particularly useful data to help understand how signals are propagated in these
dimensions. In this regard, SILAC has been used to globally analyze phosphosites
after receptor stimulation, where the magnitude of change in phosphorylation, the
timing of phosphorylation or the subcellular localization were analyzed within the
same experiment [44-50].

In this review, our focus is on phosphorylation proteomics. However, other PTMs
including acetylation [51-53], ubiquitination [54-59], methylation [60—64] and
glycosylation [65-69] can be efficiently enriched, therefore amenable to large-scale
analyses. Some studies even investigate several PTMs in the same analysis, yielding
direct data on their crosstalk at a global level [13, 70-72].

5.2.2 Protein/Protein Interaction

In cells, proteins rarely function in isolation but instead interact with specific pro-
teins to form complexes in order to perform particular cellular activities. Thus,
deciphering the protein interaction network that dictates protein cellular function is
essential for better understanding of these functions. Traditionally people have
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used protein chips and two-hybrid systems for comprehensive protein—protein
interaction studies. However, these techniques suffer from high false positive and
false negative rates, because the assay is usually performed under non-physiological
conditions and the subcellular localization and the posttranslational dynamics are
not taken into account.

Advances in mass spectrometry for protein identification now allow identification
of large numbers of protein partners from immunoprecipitated protein complexes.
However, a major drawback of this type of assay is that sample-to-sample variations
from immunopurification and downstream sample preparation can lead to high false
positive rates for protein associations. Combining SILAC with affinity purification
of protein complexes using various experimental setups can help to unambiguously
distinguish specific partners from non-specific binding partners. Chait and col-
leagues have developed a method to distinguish contaminants from specific protein
partners. In this method, cells containing an affinity tagged protein are grown in
light isotopic medium while wild-type cells are grown in heavy isotopic medium.
After mixing equal quantities of these two populations of cells, an immunoprecipi-
tation is performed against the affinity tag. In MS, specific partners appear as isoto-
pically light, while non-specific interaction partners appear as a mixture of
isotopically light and heavy at a 1:1 ratio [73]. This strategy has been employed
successfully for the analysis of growth factor signaling [74], Glut4 in the insulin
signaling pathway [75, 76], integrin-linked kinase [77], and toll-like receptors [78].
SILAC has also been used to define tagged protein complexes in yeast [73,
79-83].

In addition, SILAC can be combined with RNA interference, allowing detection
of protein—protein interactions at their endogenous levels. After knocking down the
protein of interest by RNA interference in one of the two differentially labeled
conditions, the target protein and its partners should be more abundant in the
untreated cells than those in the knockdown cells, while contaminating proteins
should be present in similar amounts in both untreated and knockdown cells. It has
been first used for the identification of the partners of f-catenin and cbl [84]. This
method has been successfully used to identify the 14-3-3C interacting proteins
[85], the leucine-rich repeat kinase 2 interaction partners [86], to study the molecu-
lar functions of the ATP-dependent chromatin remodeling complex SWI/SNF in
cell cycle control [87] and to investigate the role of Stat3 in multiple myeloma
pathology [88].

SILAC can be used to identify the components of inducible protein complexes
that are formed upon activation of signaling pathways. Indeed, Blagoev and cowork-
ers have used SILAC for investigating the epidermal growth factor receptor (EGFR)
pathway at an endogenous level, by using affinity purification of proteins that asso-
ciates with the Src homology 2 (SH2) domain of the signaling adaptor protein Grb2
to identify components of the signaling complex induced by EGF stimulation of
Hel a cells [89].
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5.2.3 Protein Synthesis and Turnover

Protein degradation has a central role in a large number of cellular processes, including
signal transduction, cell cycle regulation, and apoptosis. Misregulated protein degra-
dation has been implicated in human diseases. Thus, global measurement of protein
degradation rates is necessary to understand the principles that govern these pro-
cesses. Cellular protein levels are determined by the balance of translation of new
proteins and degradation of preexisting ones. In the past, two main approaches were
used for the measurement of protein turnover. One approach relies on the incorpora-
tion of radiolabeled amino acids. This method, called pulse-chase, uses radioactive
35S-methionine to label the protein of interest for a brief period of time (“the pulse”),
and then the decay in radioactivity is measured over time (“the chase”). In the sec-
ond approach, protein degradation rates are measured by quantitative Western blot-
ting following translation inhibition by using protein synthesis inhibitors like
cycloheximide. However, this technique is less suitable for measuring the half-life of
long-lived proteins since the inhibitor could lead to severe cell stress [90].

SILAC is an efficient way to measure protein synthesis and degradation rates in
response to stimuli [91-93]. When cells are switched from light culture medium to
heavy medium, heavy amino acids are incorporated into newly synthesized proteins
resulting in a gradual increase of heavy labeled peptide signal in MS, whereas the
degradation of preexisting proteins is associated with the gradual loss of light pep-
tide signal [94]. This gradual change of relative abundance of light and heavy pro-
teins can be easily monitored by MS. Assessing the ratio between corresponding
labeled and unlabeled peptides over time can then indicate the rate of protein turn-
over. Conversely, cells can first be labeled completely with heavy amino acids and
then chased in light medium. Compared to traditional methods, SILAC cell culture
is performed without radioactivity or protein synthesis inhibitors. It also allows
measurement of large numbers of proteins within one experiment.

The first application of metabolic labeling for the analysis of protein turnover on
a protein-by-protein basis was performed in Saccharomyces cerevisiae [95]. A simi-
lar approach has been applied to the bacterium Escherichia coli [96], human HeLa
cells [97-99], human A549 lung carcinoma cells [92, 100], human stromal stem
cells [101], mouse NIH3T3 and C2C12 cells [98, 102] and chicken [91]. Selbach
and coworkers have compared protein translation rates between two samples by
pulsed SILAC labeling with two different sets of stable isotopes, medium and heavy
[102, 103]. Jayapal et al. used a multitagging proteomic approach by mixing iTRAQ
and SILAC labeling to estimate protein turnover rate constants in Streptomyces
coelicolor, a multicellular differentiated bacterium [104]. Recently, Ziv and col-
leagues have measured and analyzed the metabolic half-lives of synaptic proteins
from rat cortical neurons [94].

As first described by Lamond and coworkers, cellular localization was taken into
account to provide a high-throughput experiment for the unbiased analysis of
changes in subcellular protein localization and responses to stimuli. Whereas the
average protein turnover rate for HeLa cells is approximately 20 h, they found that
synaptic proteins exhibit half-life times of 2-5 days [94, 99].
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5.2.4 Prospective

Since its introduction in 2002, SILAC has become increasingly popular as an accurate
relative quantitation technique for proteomics. During the last decade, this technique
has been further refined and adapted to different types of applications. The efforts to
improve SILAC have been mainly focused on: (1) quantitation of samples that are
difficult to label and (2) to increase multiplexing.

Conventional SILAC requires that the cells must be completely labeled. This is
difficult for postmitotic cells such as primary cells because they do not divide in
culture. To circumvent this issue, it has been shown that by using two different sets
of heavy amino acids for labeling, straightforward SILAC quantitation can be per-
formed using partially labeled cells because the two cell populations are always
equally labeled [102, 105]. Approaches have been developed to metabolically label
model organisms like worms [106, 107], flies [108, 109], mice [110], and rats [111,
112] by long-term administration of heavy amino acid-enriched diets. For analysis
of samples that cannot be SILAC labeled (such as clinical samples), Oda and col-
leagues have developed a strategy in which a SILAC labeled lysate is spiked into
samples to be compared as an internal standard [113]. Mann and colleagues further
improved this method by using a mixture of multiple SILAC labeled cell lines as the
internal standard to more accurately represent the protein expression profiles of
human tissues [114]. This approach has been used to classify cell lines derived from
patients with various lymphoma subtypes [115] and adapted for global phosphosite
quantification in tissues [116].

There has been a growing demand for higher multiplex SILAC to allow the com-
parison of more samples within one analysis to increase the throughput and quanti-
fication accuracy. But in conventional SILAC, to avoid MS signal overlap, the
choices of labeling are limited. A single SILAC experiment can compare up to five
samples at a time [117]. Recently, Coon and coworkers have described a new
approach, called neutron encoding (NeuCode), which exploits the subtle (~6 mDa)
mass defects in common stable isotopes to expand SILAC multiplexing without the
increase in spectral complexity that accompanies traditional SILAC approaches [118].
This fresh SILAC variant offers the potential to achieve a quantitative capacity on
par with isobaric labeling, while maintaining the measurement accuracy of full MS
scan-based methods.
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Chapter 6
Utility of Computational Structural Biology
in Mass Spectrometry

Urmi Roy, Alisa G. Woods, Izabela Sokolowska, and Costel C. Darie

Abstract Recent developments of mass spectrometry (MS) allow us to identify,
estimate, and characterize proteins and protein complexes. At the same time, structural
biology helps to determine the protein structure and its structure—function relation-
ship. Together, they aid to understand the protein structure, property, function,
protein—complex assembly, protein—protein interaction and dynamics. The present
chapter is organized with illustrative results to demonstrate how experimental mass
spectrometry can be combined with computational structural biology for detailed
studies of protein’s structures. We have used tumor differentiation factor protein/
peptide as ligand and Hsp70/Hsp90 as receptor protein as examples to study ligand—
protein interaction. To investigate possible protein conformation we will describe
two proteins, lysozyme and myoglobin.

6.1 Introduction

6.1.1 What Is Structural Biology?

Structural biology is a rapidly developing field in science that determines the struc-
ture of macromolecules and how structure relates to its function. It is the structural
and functional analysis of biomolecules and biological systems. X-ray crystallogra-
phy and nuclear magnetic resonance (NMR) spectroscopy are the two most common
experimental methods widely used to determine bio macromolecular structures [1].
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X-ray crystallography is the most powerful method for protein structure
determination and analysis [2]. During the last decade, the technique of X-ray crys-
tallography has advanced significantly, and at this time, can provide very high struc-
tural resolution through rather routine measurements. Using X-ray crystallography
we can assess the structure—function relationship as well as study the ligand—receptor
interactions. We can also obtain atomic-level structural information of proteins by
using solution phase NMR spectroscopy, where the experimental samples can be
conveniently examined under normal physiological conditions. Using NMR spec-
troscopy proteins conformational changes, stability and dynamics could also be
measured. Moreover, solid state NMR is used to study the membrane protein struc-
tures [3]. Cryo-electron microscopy (Cryo-EM) is another recently developed
powerful experimental tool in structural biology [4]. The structural assembly in a
macromolecular complex is studied using this technique. In recent years, there is a
trend to combine Cryo-EM and X-ray crystallographic technique for detail under-
standing of the biological supramolecular complexes [4].

In silico or computational approach is another method to determine the 3D struc-
tures of biological macromolecules. Computational methods are supplemental to
the experimental data and 3D models are particularly important when there are no
readily available crystal or NMR structures. Homology modeling is a typical method
for predicting protein structures. Using homology modeling we can predict the 3D
structure of a protein based on the available template protein structure [S, 6].
Homology modeling typically follows four steps: identification of a template
protein, alignment, building a model structure, and lastly assessing that model [7].
Structural or sequence homologies may suggest mutually similar biological functions.
Other methods of protein structure predictions include ab initio and molecular
threading approaches [8—10]. The ab-initio approach is based largely on a set of
estimates derived from first-principle calculations, and does not require a template
structure for execution. Ab-initio method works best for smaller protein structure
prediction. Prediction by threading uses fold recognition technique and assesses a
known protein template with the target protein sequence. Additionally, Molecular
dynamics simulation (MD) may give some insight about proteins structural/confor-
mational changes, folding/unfolding, and stability as functions of time [11]. Longer
MD simulations may improve a model structure [12, 13]. The analytical capability
of computational structural biology has significantly progressed in recent years by
benefiting from the major advances occurred during the same time in the areas of
modeling algorithms [14, 15]. Critical assessment of structure prediction (CASP)
evaluates and assesses these structural protein model prediction methods [16].
Today’s structural biology is immensely used for fundamental research—to predict
and view biomolecular structure, to analyze their atomic level molecular interactions,
and to study the dynamics of a bio-system.

In earlier years the biochemical studies were centered on small molecules,
focusing largely on metabolites and metabolic pathways [17]. As the last two
decade’s efforts in this field have gradually moved toward the investigations of
larger and complex molecules like proteins, a rather large number of protein
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structures have become available. For instance, as of November 12,2013, the RCSB
protein data bank (PDB) contains 95,475 protein structures. As the new protein
structures are discovered, the structural biology become more innovative and chal-
lenging [14]. Very recently, new project-like human proteome projects have been
undertaken [18]. Broadly, development of these protein structures and design as
well as screening of small molecules, their structural insights, and interaction anal-
yses are the basis of today’s drug discovery and pharmaceutical industry [19].

6.1.2 Structural Biology and Mass Spectrometry

Mass spectrometry (MS) is a high-throughput experimental technique that aids in
the sorting and separation of ions based on their mass/charge (m/z) ratio. It is a useful
method widely used in many areas including Biology, Chemistry, Geology, Medicine,
and Environmental Science. Study of peptides and proteins using MS requires their
existence as charged gas-phase peptide or protein ions, and thus their m/z ratios are
measured [20-28]. The MS experiments are categorized based on the ionization
source and mass analyzer. Two MS techniques are typically used in proteomics
experiments: (1) Matrix Assisted Laser Desorption Ionization (MALDI) [29] and (2)
Electrospray Ionization (ESI) [30]. MALDI-MS uses dried matrix and a laser.
ESI-MS uses ionic peptides and proteins in liquid phase and is generally coupled
with liquid chromatography. MS allowed researchers to characterize biomolecules
and using the MS-based proteomics approaches we can identify possible cellular
connections and interactions that involve signaling pathways, physiology, and dis-
ease development [25, 31-39].

During the last several years, MS progressed enormously to aid research in struc-
tural biology [40—42]. MS coupled experiments not only can predict biomolecular
structures, sequences, and properties, but also help to monitor macromolecular assem-
blies as well as interactions among subunits and intricate dynamical systems [43].
In the following section we will briefly demonstrate how MS experimental data are
used in proteins structural analysis and dynamics.

Affinity purification-mass spectrometry (AP-MS) is used to identify the structure
and stoichiometry of protein subunits [42]. Combining AP-MS and proteomics
techniques help to identify and estimate protein—protein association, interactome
analysis, dynamics, and relevant functional components [44].

In recent years, mass spectrometry (MS) coupled hydrogen/deuterium exchange
(HDX) method is emerged as a powerful tool in structural biology. HDX MS tech-
niques are used to determine transitional conformational changes, comprehensive
protein dynamics, inter-domain interaction as well as ligand-induced structural
reordering [45—47]. Even residue-level structural insight, proteins property like
solvent accessibility, and protein—protein interaction analysis are possible using
HDX-MS [48].
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Ton mobility-mass spectrometry (IM-MS) are used to examine biomolecular
conformation and this procedure is used to determine the dissociation between lig-
uid and gas phase and recently used to compare the shape and conformations
between IM-MS gas phase experiment and the crystal structure [40, 41]. The struc-
tural architecture/assembly within proteins and protein complexes could be deter-
mined using ESI in combination with IM-MS [46].

Chemical cross-linking MS (CX-MS) has been used through several decades and
has progressively advanced. CX-MS is mostly utilized to measure the distances
between protein’s subunits and to extract information about their structural details,
protein—protein interactions, and neighboring residues [42]. As an example, CX-MS
and modeling experiment together helps to expose the topology of TRiC/CCT chap-
eronin [42, 49, 50].

Unlike soluble proteins, structural studies of membrane proteins are non-trivial
and difficult to examine using traditional methods like NMR or X-ray crystallogra-
phy. With MS and imaging MS, membrane protein structures, their interactions and
subunit dynamics are now being investigated and analyzed [51-53].

6.2 Examples of Structural Biology and Mass Spectrometry

6.2.1 Protein—Peptide and Protein—Protein Interactions

Perhaps the combination of structural biology and MS is at its best when comple-
mented by each other and by other methods. For example, we recently used a com-
bination of affinity purification, co-immunopurification, mass spectrometry, and
structural biology to identify the potential receptor candidates for tumor differentia-
tion factor (TDF), a protein produced by the pituitary and secreted through the
blood stream [24, 25, 31, 54-57]. The target organs for this protein are breast and
prostate, but its receptor was unknown. Therefore, the purification and identifica-
tion of the TDF receptor candidates was the obvious step that had to be performed.
To do so, we used TDF-P1, a peptide from the open reading frame of the TDF as
bait for our affinity purification experiments. MS analysis of the affinity-purified
proteins led to identification of GRP78, HSP70, and HSP90 proteins as potential
TDF receptor (TDF-R) candidates. Example of MS/MS spectra that led to identifi-
cation of these three proteins are shown in Fig. 6.1. Two types of interactions were
identified in these experiments: peptide—protein interactions (TDF-P1-GRP78), as
determined by AP-MS and further confirmed by structural biology and Western
blotting (Figs. 6.2 and 6.3). The next logical question was whether TDF-P1 interacts
directly with HSP90. Using two different types of structural biology software, we were
then able to conclude that TDF-P1 also interacts with HSP90 (Figs. 6.4 and 6.5).
Therefore, structural biology, when combined with MS, immuno-affinity purifica-
tion and Western blotting, as well as with other complementary techniques, becomes
particularly powerful.
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Fig. 6.1 Identification of TDF-R candidates in DU145 cells using AP and LC-MS/MS (AP-MS).
The TDF-R candidates were purified from cell lysates by AP using TDF-P1 peptide crosslinked to
agarose beads as a bait. The purified proteins were separated by SDS-PAGE and the gel bands were
excised and digested by trypsin. The peptide mixtures were analyzed by LC-MS/MS to identify the
purified proteins. (a) MS/MS spectrum of peptide VEIIANDQGNR that led to identification of
GRP78 as TDF-R candidate. (b) MS/MS spectrum of peptide TTPSYVAFTDTER that led to
identification of HSP70 as TDF-R candidate. (¢) MS/MS spectrum of peptide GVVDSEDLPLNISR

that led to identification of HSP90 as TDF-R candidate. Reprinted with permission from Roy et al.,
2013 [55]
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Fig. 6.2 Immuno-affinity precipitation (IAP) of GRP78 and TDF-P1 mixture. GRP78 protein was
incubated with TDF-P1 peptide and then the mixture was precipitated by IAP using anti-GRP78
antibodies (mouse monoclonal). The input, flow through, control and eluate were then investigated
by WB using anti-GRP78 (rat monoclonal) and anti-TDF (rabbit polyclonal) antibodies. Each WB
contains input mixture of GRP78 protein and TDF-P1 (lane 1), flow through after IP (lane 2) nega-
tive control (lane 3) and eluate from IAP (lane 4). The molecular mass markers are shown (in kDa)
on the left. Reprinted with permission from Sokolowska et al., 2012 [31]

6.2.2 Investigation of Protein Conformation

6.2.2.1 Case Study I: Lysozyme

We have taken hen egg-white lysozyme (PDB ID: 1IHEW) as an example to study
protein’s structural properties [58]. IHEW is the hen egg-white lysozyme with tri-N-
acetylchitotriose inhibitor complex. We have used H++ to predict the lysozyme
structure at pH 2.0 [59-61]. H++ is an automated server [http://biophysics.cs.vt.
edu/H++] that protonates the residues of a side chain to a given pH and computes
the pK values of ionizable groups in that protein structure. The relative accessibility
of the amino acids in hen egg-white lysozyme is determined using Swiss- PDB
viewer [6, 62].

1HEW is a single chain protein with 129 residues. Eight cysteine residues are
present in IHEW. These are: Cys6, Cys30, Cys64, Cys76, Cys80, Cys94, Cys115,
and Cys127. Four disulfide bridges are found between Cys6-Cys127, Cys30-
Cysl115, Cys64-Cys80, and Cys76-Cys94. These cysteine residues and the cystine
bridges are displayed in Fig. 6.6a, b. There are two glutamic acid residues in IHEW.
Pdb. These are Glu7 and Glu35. Glu7 is an exposed residue. Seven aspartic acid
residues are present in 1HEW. Among them Asp18, Asp48, Asp87, Aspl01, and
Asp119 are surface-exposed residues [6, 62]. The glutamic acid and aspartic acid
residues present in IHEW are displayed in Fig. 6.6¢c. There are six lysine residues
in IHEW.Pdb. These are Lysl1, Lys13, Lys33, Lys96, Lys97, and Lys116. Among
them Lys1, Lys13, Lys33, Lys97, and Lys116 are exposed residues. Eleven arginine
residues are present in 1HEW. These are Arg5, Argl4, Arg2l, Argd5, Arg6l,
Arg68, Arg73, Argll2, Argll4, Argl25, and Argl28. All of them are surface-
exposed residues [6, 62]. In a previous paper, Mehler and Guarnieri described the
buried residues in hen egg-white lysozyme [63]. One histidine residue is present in
1HEW structure. This is His15. This is a buried residue. The lysine, arginine, and
histidine residues present in IHEW structure are displayed in Fig. 6.6d. Figure 6.6a—d
are generated using Accelrys Discovery Studio 3.5.
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b

Fig. 6.3 Possible peptide binding pockets tentatively identified by GRAMM-X protein—protein
docking web server v.1.2.0. The TDF-P1 peptide (P1) binding pockets were predicted using pdb
structures 1YUW (a, b), 3LDN (c—e), 3N8E (f-h) and 2ES88 (i, j). Receptor proteins are shown in
the form of a ribbon diagram colored by secondary structure. P1 peptide is shown in space-filling
mode colored by atom type. Reprinted with permission from Sokolowska et al., 2012 [31]



114 U. Roy et al.

Fig. 6.4 Tentative docking sites of TDF-P1 on model HSP90 receptor protein as identified by
“GRAMM-X.” (a) Predicted docking sites and poses of docked peptide (yellow). The secondary
structure of the model receptor protein is colored from N (blue) to C (red) terminus. (b—d) Predicted
P1 binding sites, with the receptor protein displayed in green ribbon. The P1 peptide is shown in
the yellow space-filled mode. (b’—d") Neighboring amino acid residues of docked P1 on the model
receptor protein. Reprinted with permission from Roy et al., 2013 [55]



6 Utility of Computational Structural Biology in Mass Spectrometry 115

Fig. 6.5 Three additional potential docking sites on HSP90 for TDF-P1, as predicted by using
“Patch dock” and “Fire dock.” (e-g) Predicted P1 binding pockets. The receptor protein is dis-
played in green ribbon. The P1 peptide is shown in the yellow space filling mode. (e’-g’)
Neighboring amino acid residues of docked P1 on the model receptor protein. Reprinted with
permission from Roy et al., 2013 [55]

The relative accessibility of the amino acids of this protein at pH2 is displayed
in Fig. 6.7. In Fig. 6.7a, the exposed Glu and Asp residues are displayed in space-
filled mode. Figure 6.7c demonstrated the surface-exposed Lys and Arg residues in
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Fig. 6.6 (a, b) Cysteine residues and disulfide bridges in IHEW. (¢) The Glu (green) and Asp
(vellow) residues of 1HEW. (d) The Arg (blue), Lys (brown), and His (green) residues of IHEW.
These residues are displayed in space-filled mode. Secondary structure of IHEW is displayed in
gray color

space-filled mode. The blue color represents buried residues; where the red represents
the residues with greater surface accessibility [http://www.expasy.org/spdbv/].
Figure 6.7a—d are generated using Swiss Pdb Viewer/Deepview [6, 62].

A simple MS-based structural biology test for investigation of protein confor-
mation is to analyze a protein in native and denatured states and to compare the
two conformations and their MS spectra. This process can be easily performed
using electrospray ionization MS (ESI-MS), simply by injecting the native or
denatured protein using a syringe, in a process called direct infusion. Depending
on the ionization mode, one may monitor the number and abundance of the pro-
tonated (positive ionization mode) or deprotonated species for this protein and
therefore we may infer the conformation of a particular protein. Such an example
is given in Fig. 6.8, where Lysozyme was analyzed by ESI-MS (positive mode)
under acidic conditions (2 % Acetonitrile/ACN, 0.1 % Formic acid/FA in HPLC
water). Here Lysozyme is present in 11 species, differently protonated. The num-
ber of charges varies from 7(+) (m/z of 2047.47) and 17(+) (m/z of 841.83). The
most compact conformation of Lysozyme has the smallest number of charges
because most chargeable amino acids (Arg, Lys, or His) are buried inside the
three-dimensional conformation of the protein, while the most denatured (i.e., lin-
ear) Lysozyme molecule will have the highest number of charges, as upon dena-
turation, this protein’s protonation sites (i.e., Arg, Lys, and His residues) become
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Fig. 6.7 This picture illustrates the exposed vs. buried residues of 1HEW.pdb. (a, b) The surface
exposed Glu and Asp residues at pH 2 are displayed in space-filled mode. (¢, d) The surface exposed
Lys and Arg residues at pH 2 are displayed in space-filled mode. The relative accessibility of the
amino acids of this protein is based on rainbow color- the blue color represents buried residues; and
red residues are with higher surface accessibility. (a, ¢) Front view. (b, d) View from the back

available. This is well reflected in Fig. 6.8, where in the native conformation of
this protein, the species with the highest abundance is the 10(+) (m/z of 1432.05),
while in the denatured conformation of this protein (the protein was vortexed
extensively prior ESI-MS analysis), the species with the highest abundance is the
13(+) (m/z of 1432.05), suggesting that upon denaturation, the protein was in aver-
age protonated to three additional protonation sites (Arg, Lys, and His residues),
that were previously less accessible for protonation in the native state (Fig. 6.8).
We would like to note that the “native” and “denatured” terms are absolute
extremes, and should rather be viewed as two different conformations (i.e., con-
formation 1 and conformation 2).

When the ESI-MS and structural biology data are compared with each other,
particularly important information about the conformation of a protein can be
extracted. In our case, Lysozyme has a total of 5 Lys residues and 11 Arg residues,
all exposed, and a His residue, buried inside the protein. This makes a total of 16
(out of 17 total) potential protonation sites. When we compare the conformation 1
(native, the most abundant ion species is 10(+)) and conformation 2 (denatured,
most abundant ion species 13(+)), we can easily conclude that three (the difference
between 10(+) and 13(+) ion species) out of the 16 exposed protonation sites are
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Fig. 6.8 ESI-MS spectra (positive mode) of lysozyme which has two main, different conforma-
tions (1 & 2 or denatured and native conformations). The spectrum with the 13(+) ion as the most
abundant is the denatured conformation. The protein in the denatured conformation was obtained
by extensive vortexing. The spectrum with 10(+) ion as the most abundant is the native conforma-
tion. During transition from the native to denatured conformation, more protonation sites are
exposed to the environment and become protonated

either buried inside the protein or involved in H-bonds, thus keeping the protein in
native state (in addition to the disulfide bridges present). Additional inspection of
the spectra also allowed us to conclude that the apparition of the 17(+) ion in the
denatured protein suggests that the H residue is protonated, and the protein is indeed
denatured.

6.2.2.2 Case Studyll: Myoglobin

The crystal structure of the myoglobin (Mb) was described by John Kendrew and
coworkers in 1958 [64]. Max Perutz and John Kendrew received Nobel Prize in
Chemistry for discovering hemoglobin and myoglobin structures. Myoglobin is a
single chain globular protein with eight alpha helices (helices A—-H). Heme [proto-
porphyrin IX with Fe] is located in a hydrophobic cleft in Mb.
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Fig. 6.9 (a) Secondary structure of myoglobin (PDB ID: 1VXB). (b) The Glu (green) and Asp
(vellow) residues of 1VXB. (¢) The Arg (blue), Lys (brown), and His (green) residues of 1VXB.
These residues are displayed in space-filled mode

‘We have taken myoglobin (PDB ID: 1VXB) as an example to study its exposed and
buried residues. 1VXB is a single chain protein that consists of 153 amino acid resi-
dues [65]. H++ server [http://biophysics.cs.vt.edu/H++] was used to predict this struc-
ture at pH 2.0 [59-61]. The buried residues and relative accessibility of the amino
acids in 1VXB at pH 2.0 was determined using Swiss- PDB viewer [6, 62]. Mb has
been extensively studied in the low-pH (2.0—4.0) regime [66—70], and as suggested by
some of these studies [67, 69], the iron—His bond in myoglobin tends to break at such
low pH values. Figure 6.9a displays the secondary structure of Mb. There are 14 glu-
tamic acid and 7 aspartic acid residues in 1VXB. 19 lysine, 4 arginine, and 12 histidine
residues are present in this structure. The glutamic acid and aspartic acid residues pres-
ent in 1VXB are displayed in Fig. 6.9b. The lysine, arginine, and histidine residues
present in Mb structure are displayed in Fig. 6.9c. Figure. 6.9a—c are generated using
Accelrys Discovery Studio 3.5. Figure 6.10 displays the exposed and buried residues
of Mb at pH2. Asp20, Asp 44, Asp 60, Asp 122, Asp 126 are exposed residues.Glu4,
Glu6, Glul8. Glu38, Glu41, Glu52, Glu54, Glu59, Glu83, Glu105, Glu109, Glu136,
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Fig. 6.10 This depiction illustrates the exposed vs. buried residues in 1VXB. (a, b) The surface
exposed Glu and Asp residues at pH 2 are displayed in space-filled mode. (¢, d) The surface exposed
Arg, Lys, and His residues at pH 2 are displayed in space-filled mode. The relative accessibility of
the amino acids of this protein is based on rainbow color- blue denotes buried residues; and red
demonstrate residues with greater surface accessibility. (a, ¢) Front view. (b, d) View from the back

and Glu148 are exposed residues. Both Arg139 and Lys145 are buried residues. His12,
His48, His81, His97, His113, and His116 are exposed residues.

Comparative surface accessibility of the amino acids of this protein at pH2 is
displayed in Fig. 6.10. Figure 6.10a, c depict the exposed Glu/Asp and Arg/Lys/His
residues in space filling mode [http://www.expasy.org/spdbv/]. Figure 6.10a—d are
generated using Swiss Pdb Viewer/Deepview [6, 62].

A similar case as in the ESI-MS-based investigation of the two different confor-
mations of Lysozyme can also be observed for myoglobin. Figure 6.11 shows such
an example, where two different conformations are observed. For example, in con-
formation 1, the most abundant species is the 18(+) ion (Fig. 6.11a and zoomed in
b), in conformation 2, the most abundant species is the 23(+) ion (Fig. 6.11a and
zoomed in b), In “a,” the heme prosthetic group (m/z of 616.33) is also shown.
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Fig. 6.11 ESI-MS spectra (positive mode) of myoglobin which has two main, different conformations
(1 & 2 or denatured and native conformations). (a) The spectrum with the 23(+) ion as the most
abundant is a more denatured conformation. The spectrum with 18(+) ion as the most abundant is
a more native conformation. During transition from the native to denatured conformation, more

protonation sites are exposed to the environment and become protonated. (b) The spectra shown in
(a), but zoomed in
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When the structural biology data and ESI-MS data for myoglobin are compared
for the presence of the protonation site (R, K, or H) and the number of exposed resi-
dues within Myoglobin, we observe that we have a maximum of 19 Lys, 4 Arg, and
12 His residues, of which a maximum of 18 Lys, 3 Arg, and 6 His (total 27 residues)
are exposed. Judging from Fig. 6.11, we can easily conclude that in conformation 1,
where the most abundant species is the 18(+) ion, there are a total of 9 residues that
are either involved in H bonds or are prevented to be protonated, thus buried inside
the protein. In contrast, the protein in conformation 2 has the most abundant species
as the 23(+) ion, which leaves only 4 residues that are either involved in H bonds or
are prevented to be protonated. Therefore, protein in conformation 2 is the most
elongated and/or denatured conformation of myoglobin.

When one investigates the structure of a protein, additional ESI-MS approaches
can be used that, most of the time are confirmatory and/or complementary to the
ESI-MS. For example, the spectra from Figs. 6.8 and 6.11 were recorded under
acidic conditions and in positive ionization. However, one can use a neutral pH in
positive mode, which allows deprotonation of His residues, as well as ESI-MS in
negative mode at various pH. In this way, by analyzing the same protein under vari-
ous conditions of pH and ionization, additional and sometimes complementary
information can be extracted. Figure 6.12 shows such an example, where myoglo-
bin was analyzed under both positive and negative ionization. Therefore, in positive
ionization Arg, Lys, and His are protonated, while in negative ionization, amino
acids Glutamate/Glu and Aspartate/Asp are deprotonated. As mentioned earlier and
shown in Figs. 6.9 and 6.10, myoglobin contains 14 Glu and 7 Asp residues (21
total) of which only two Asp and one Glu are buried inside the protein. Yes, data
from Fig. 6.12 show that myoglobin, when analyzed in negative mode has the ion
species with 6(—) charges, meaning that only 6 Asp and Glu are deprotonated. By
combining the information about the number and type of residues that are exposed
(and buried inside the protein) under positive ionization (Arg, Lys, His) and the
information about the number and type of residues that are exposed (and buried
inside the protein) under negative ionization (Glu, Asp, and cysteine when it is not
involved in disulfide bridges), additional information about the residues involved in
H bridges are revealed.

Another type of information that can be extracted using ESI-MS of a protein is
the identification of the loose end of a protein. When a protein has only two ends
(i.e., N- and C- termini, unlike insulin, where there are two disulfide polypeptides
with four ends), one can investigate the fragmentation of the intact protein by
ESI-MS/MS. As such, the N-terminal part of the protein will produce b ions, while
the C-terminal part of the protein will produce y ions. Therefore, identification of
mostly y ions would suggest that the protein has the C-terminal part more flexible.
Conversely, identification of the b ions would suggest that the N-terminal part of the
protein is flexible. Such an example is shown in Fig. 6.13, where the 18(+) charged
ion of myoglobin was selected for fragmentation. Analysis of the product ions
within the MS/MS spectrum suggests that myoglobin has a flexible arm on the
N-terminal end. Evidence for this statement comes from identification of the product
ion with m/.z of 988.28 (Fig. 6.13b), which was produced from fragmentation of the
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Fig. 6.12 ESI-MS spectra of myoglobin. (a, b) The spectra were recorded within the m/z range of

500-2,000 in positive (a) and negative (b) ionization mode. (¢, d) The spectra were recorded
within the m/z range of 500-3,500 (c) and 1,500-3,500 (d), both in negative ionization mode



124 U. Roy et al.
a
18+ TOF MS ES+
100+ 893.41\ 943.04 7.68e3
713.69 N /8
847.90 1060.79
1131.47
32«
1414.11
0 mz
700 800 900 1000 1100 1200 1300 1400 1500
b
TOF MSMS 942 00ES+
i 2.73e3
941.87
‘.-}?.—
o)
P o
541.32559.35616.30 72749745 51 9324840 T 1072.72 1142.80
0 T T G | - L 4 " e A—
i Lol Rl R Eb N Gt AR i L L3 LR KA n.uz
500 600 700 800 900 1000 1100 1200
c o
oo B TOF MSMS 942.00ES+
541.32 b6 o 188
100 569.35 DGEWQ ©
616.30 727 49
SDGEW
575.30 b6
745 51
#{513.35 e 66549  727.09 78656 82156 oo e
_684.52 778,550 :
65745
648.49., , ||
il | | | 4l I I il i 0| || L
i 1R N1 AT || I i L 8 AL e J
0 e e e e J il mz

500 525 550 575 600 625 650 675 700 725 750 775 800 825 850

Fig. 6.13 ESI-MS and ESI-MS/MS of myoglobin. (a) ESI-MS spectrum of myoglobin. (b, ¢) The
18(+) ion with m/z 943.04 was selected for fragmentation and fragmented by ESI-MS/MS. Its frag-
mentation produced the 17(+) ion minus the first two N-terminal amino acids (GL) and a series of
b and y ions that corresponded to the amino acid sequence from the N-terminal part of myoglobin

precursor ion with m/z of 943.04, which is an 18(+) ion. The ion with m/z of 988.28
corresponds to the 17(+) precursor ion, but without the first two amino acids from
the N-terminus (GL). The theoretical mass of myoglobin is 16,951.48 Da and the
loss of a GL dipeptide would leave a mass of 16,781.27, an almost a perfect match
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for the 17(+) ion with m/z of 988.28. Further evidence that support the statement
that the N-terminus of the myoglobin is labile/flexible come from identification of
the b6 (m/z 559.35), b6-H,O (m/z 541.2), b7 (mm/z 745.51), b7-H,O (m/z 727.3) and
of several internal N-terminal fragments (m/z/616.23 which corresponds to DGEWQ
or m/z 575.20 which corresponds to SDGEW), but of almost no C-terminal frag-
ments (just y8 with m/z of 778.55).

6.3 Concluding Remarks

Structural mass spectrometry [32, 71] has now become an established experimental
technique for the analysis of complex macromolecular structures and assemblies.
The structures and subunit-interactions obtained through such experiments can be
further detailed and substantiated with the aid of various techniques of structural
biology [72]. In this regard, drug discovery, metabolism, and pharmacokinetics
likely represent the most frequently explored fields where MS techniques are sys-
tematically coupled with computational structural biology.
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Chapter 7

Affinity-Mass Spectrometry Approaches
for Elucidating Structures and Interactions
of Protein—-Ligand Complexes

Brindusa Alina Petre

Abstract Affinity-based approaches in combination with mass spectrometry for
molecular structure identification in biological complexes such as protein—protein,
and protein—carbohydrate complexes have become popular in recent years.
Affinity-mass spectrometry involves immobilization of a biomolecule on a chemically
activated support, affinity binding of ligand(s), dissociation of the complex, and
mass spectrometric analysis of the bound fraction. In this chapter the affinity-mass
spectrometric methodologies will be presented for (1) identification of the epitope
structures in the Abeta amyloid peptide, (2) identification of oxidative modifica-
tions in proteins such as nitration of tyrosine, (3) determination of carbohydrate
recognition domains, and as (4) development of a biosensor chip-based mass spec-
trometric system for concomitant quantification and identification of protein—
ligand complexes.
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CREDEX Carbohydrate recognition domain excision

2-DE Two-dimensional electrophoresis

DHB 2,4-Dihydroxybenzoic acid

ECP Eosinophil cationic protein

ELISA Enzyme-linked immunosorbent assay

ESI Electrospray ionization

FTICR Fourier transform ion cyclotron resonance
HCCA a-Cyano-4-hydroxy-cinnamic acid

HPLC High-performance liquid chromatography
LC Liquid chromatography

MALDI Matrix-assisted laser desorption/ionization
MS Mass spectrometry

3NT 3 Nitrotyrosine

PROFINEX Proteolytic affinity extraction

SAS Solvent accessible surface

SAW Surface acoustic wave

TFA Trifluoroacetic acid

ToF Time of flight

7.1 Introduction

Proteins have the ability to specifically interact with one or more ligands. Protein—
ligand complexes such as protein—protein, protein—carbohydrates, and protein—-DNA
play an essential role in a multitude of physiological and pathophysiological cellular
processes. Determination of protein—ligand-binding affinity is crucial for the
mechanistic understanding of protein’s function and for the development of new
biochemical, analytical, or biomedical applications.

Traditionally, the structure of proteins in complex with their ligand(s) have been
determined by X-ray crystallography, nuclear magnetic resonance (NMR), fluores-
cence and IR spectroscopy, and surface plasmon resonance [11, 26, 31, 52].
However, these methods have a number of limitations such as: (1) they require rela-
tively large amounts of pure protein, (2) many of these studies were performed
under nonequilibrium conditions, and (3) they are time consuming, through elaborate
and lengthy experimental protocols [52]. Also, the specificities of protein/peptide
antigen—antibody interactions were used either to obtain purified proteins from
complex mixtures (such as serum or cell lysates) or for antibody purification. The
former is typically performed using monoclonal or polyclonal antibodies attached
covalently to resins [49], while the latter is based on immunoglobulin-specific pro-
tein A or protein G affinity columns [10]. Immunoaffinity techniques such as
Western blot [15, 21], immunohistochemistry [45], and ELISA [17, 23] rely on the
use of antibodies of various specificities to detect antigen—antibody interactions,
providing information about the overall binding and strength of the interaction.
However, no details about the chemical structures of antibody—antigen binding can
be determined.
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Mass spectrometric methods can provide structural details on many levels for
different classes of biomolecules; proteins can now be analyzed by mass spec-
trometry to reveal complete or partial amino acid sequences, posttranslational
modifications, protein—protein interaction structure sites, and even provide
insight into higher order structure [44, 55]. One key advantage of mass spectro-
metric measurements is its capability to analyze extremely small quantities of
sample with high sensitivity. The “soft” ionization/desorption techniques such as
electrospray (ESI) and matrix-assisted laser desorption/ionization (MALDI)
were major tools used to developed affinity-mass spectrometric methods that
provide key data to identify the specific interacting structures within protein—
ligand interactions.

The combination of affinity-mass spectrometry (affinity-MS) was shown in the
last years, as an established methodology for (1) direct protein identification from
complex biological material [22], (2) identifications of epitope [9, 43, 46, 56],
paratope [42], and peptibody [41, 54], and (3) the identification of carbohydrate
recognition domains (CRDs) [29]. These results were possible by developing and
applying new approaches of affinity-MS in combination with selective proteolytic
digestion (epitope excision) and affinity selection of proteolytic generated frag-
ments (epitope extraction) as shown in Fig. 7.1. The development of these two
affinity approaches were based on the hypothesis that (1) in epitope excision, an
antibody will protect the binding site(s) of a bound protein or peptide antigen from
proteolytic cleavage, and (2) in epitope extraction, an antibody will bind a mini-
mum epitope sequence generated by the proteolytic cleavage of the antigen mol-
ecule in solution. The epitope excision (Fig. 7.1a) consists in immobilizing the
antibody on a Sepharose material in a micro-column and binding the antigen pep-
tide or protein to this column. Then, a specific protease is added to the column, and
the proteolytic digestion is performed. The non-bound fragments are washed
away, and the epitope—antibody complex is dissociated by using acidic condition
(elution). In the epitope extraction (Fig. 7.1b), the antigen molecule is first proteo-
lytically digested in solution, and the resulted fragments are added on the antibody
column and allowed to bind. Again, the non-bound fragments are washed away,
and the epitope—antibody complex is eluted by using acidic condition. The last
washing fraction and elution fraction are analyzed by mass spectrometry for the
identification of epitope structure.

The direct, chemical epitope identification approach using epitope excision/
extraction-mass spectrometry provided differential information about the epitope
structures by comparison of shielding of specific proteolytic cleavage sites com-
prised in the epitope peptide; information that cannot be directly determined by
affinity techniques such as Western blot, quantitative ELISA, and SPR. However,
the epitope identity can be readily ascertained and verified by affinity studies using
synthetic mutated peptides in affinity-mass spectrometric approaches.

This chapter describes recent progress made in the area of affinity-mass
spectrometric-based approaches for (1) identification of epitope structures in
Abeta amyloid peptide, (2) specific identification of oxidative modifications in
proteins, (3) for determination of CRDs, and as (4) development of a biosensor
chip-based system.



132 B.A. Petre

Sepharose
" immobilized “Sa
Ab column
o oo
add protein or pept/de proteolyt/c mixture
antigen conta/n/ng antigen peptide(s)
add protease | unbound peptides
: : ® e
v o®e
(Jd
®e

<

1

unbound peptide J ;

e H v
Q. .. *

bound epitope
peptide(s)

i
1
v

bound epitope
peptide(s)

Fig. 7.1 Analytical scheme of affinity-mass spectrometric identification of antigen epitope(s).
(a) In epitope excision the antigen is bound to the immobilized antibody column, and then proteo-
Iytical cleavage is performed using protease and (b) in epitope extraction the antigen is first
degraded proteolytically in solution and then applied on to the immobilized antibody column. The
resulted epitope containing fractions are analyzed by mass spectrometry

7.2 Materials and Methods

7.2.1 Immobilization of Antibodies to NHS-Activated
Sepharose

For preparing the affinity column, an aliquot of 100 pg anti-Ap(1-42) polyclonal
antibody from TgCRND8 mouse or anti-3nitrotyrosine (3NT) monoclonal antibody
(1 pg/pL) was mixed with coupling buffer (0.2 M NaHCO;, 0.5 M NaCl, pH 8.3)
and added to the appropriate amount of dry NHS-activated 6-aminohexanoic acid-
coupled Sepharose (1 g Sepharose swelled in approximately 3 mL of coupling buffer).
The coupling reaction was performed for 2 h at 25 °C under vigorous shaking. The
reaction mixture was then loaded into a micro-column (MoBiTec, Goéttingen,
Germany) and extensively washed by alternating twice 10 mL blocking buffer
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(0.1 M ethanolamine, 0.5 NaCl, pH 8.3), with 10 mL washing buffer (0.2 M NaOAc,
0.5 M NaCl, pH=4.0). To block unreacted active groups, the affinity matrix was
kept in blocking buffer for 1 h at room temperature; afterwards, the washing step
was performed using 30 mL PBS buffer, pH=7.4. The affinity column was stored in
PBS buffer at 4 °C.

7.2.2 Identification of the Abeta (1-40) Epitope by Proteolytic
Epitope Excision/Extraction-Mass Spectrometry

For epitope excision experiments 100 pg of antigen AB(1-42) synthetic peptide were
applied onto the immobilized antibody column. The micro-column was then gently
shaken for 1 h to allow complete binding of antigen. The column was then washed
with 20 mL PBS buffer for removal of unbound antigen peptide, and the remaining
affinity-bound AB(1-40) peptide was digested for 2 h at 37 °C by addition of 0.2 pg
of protease (trypsin, or a-chymotrypsin and aminopeptidase M) in 200 pL PBS
buffer. Supernatant non-epitope fragments were removed by washing with 20 mL
PBS buffer. After removal of the unbound peptide fragments, the immune complex
was dissociated from the immobilized antibody by addition of 500 pL 0.1 % TFA;
the column was shaken gently for 15 min, and the released epitope peptides were
collected into a micro-centrifuge tube. The samples were then lyophilized and stored
until mass spectrometric analysis. The column was regenerated by washing with
10 mL 0.1 % TFA followed by 20 mL PBS buffer. When handled in this way, affinity
micro-columns may be used at least 10-20 times without significant loss of antigen-
binding capacity. With the immobilization and proteolytic digestion conditions
employed, IgG antibodies generally are highly stable towards degradation, as
established in previous studies [33, 43].

For the epitope extraction experiments, the antigen, AB(1-40) synthetic peptide, was
first digested with the chosen protease. After 2 h digestion time at 37 °C the resulted
peptide mixture was added to the immobilized antibody column. The binding of the
antigen peptide fragment to the antibody was performed for 1 h at RT. The antigen
peptide retained on the column was eluted with 500 pL 0.1 % TFA. In all experiments
the supernatant, the final milliliter of the washing fraction, and the elution fraction were
lyophilized, desalted by Zip-Tip®, and analyzed by mass spectrometry.

7.2.3 Proteolytic Affinity Extraction-Mass Spectrometry
Jor Identification of Tyrosine Nitration Sites in Human
Eosinophil Proteins

For the proteolytic affinity peptide extraction, highly pure (>90 %) human eosino-
phil cationic protein (ECP) was denatured and digested in solution. The protein
was dissolved first at a concentration of 1 pg/pL in 10 mM NH,HCO; (pH 8) and
then DTT in 10 mM NHHCO; (50-fold excess, relative to the number of
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—S-S-bound in protein) was added. The reduction was carried out for 1 h at 56 °C
under gentle shaking. After cooling to room temperature, a solution of IAA in
MilliQ was added in 2.2-fold excess relating to DTT amount, and the reaction was
performed for 45 min at ambient temperature in the dark with occasional vortex-
ing. After lyophilization ECP was proteolytically digested by trypsin in 10 mM
NH,HCO;, pH=8. Trypsin was added to the sample at an enzyme to substrate
ratio of 1:30 (w/w), and the digestion was carried out at 37 °C for 4 h and then
quenched by freezing the sample with liquid nitrogen. The resulting peptide mix-
tures were analyzed directly by mass spectrometry or were used for immuno-
affinity experiments. The resulted ECP peptides fragments were added onto the
anti-3-NT-antibody column and incubated under gentle shaking for 2 h at room
temperature. The non-bound peptides fragments (supernatant fraction) were
removed by pushing air through the column using a 10 mL syringe. The matrix
was subsequently washed with 200 mL PBS buffer for removal of unbound pep-
tides. The immune complex between nitrated peptide and anti-3-NT antibody was
dissociated by addition of 0.1 % TFA. The collected fractions were analyzed by
MALDI-TOF and nano-ESI FT-ICR-MS. In a second experiment the elution frac-
tion was analyzed by Edman sequencing.

7.2.4 Online SAW Biosensor-ESI-MS Coupling

A Bruker Esquire 3,000+ ion trap mass spectrometer (Bruker Daltonik, Bremen,
Germany) was coupled online with an S-Sens K5 biosensor (Biosensor GmbH,
Bonn, Germany) via an manual interface. The interface developed for online cou-
pling of surface acoustic wave (SAW) biosensor with an ESI-ion trap mass spec-
trometer utilizes a six-port valve micro-column and micro-injector for desalting and
in situ concentration of protein samples dissociated from the protein—ligand complex
as illustrated in Fig. 7.6. The C s-reversed phase guard column coupled to the micro-
injector unit was from Rheodyne (California, USA). The antibody was immobilized
on carboxyl self-assembled monolayer (SAM) surface via available amide bond
(N-terminal or lysine residues). SAM is formed first by activation of the carboxyl
group with 200 mM N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) and
second by coupling reaction using 50 mM N-hydroxysuccinimide (NHS). A solution
of 300 nM of antibody was immobilized on the preactivated-SAM surface, followed
with capping of non-reacted NHS groups with 1 M ethanolamine pH 8.5. A 10 pM
solution of peptide ligands mixture was added, and affinity binding was performed
and recorded at a flow rate of 20 pL/min. All affinity binding experiments were per-
formed at 20 °C in PBS binding buffer, pH 7.5. Following association of ligand(s),
elution was carried out with glycine buffer, pH 2, cleaning of buffer salts and transfer
of the eluted compound into the ESI source were performed using 0.3 % aqueous
HCOOH (desalting step; approx. 300 pL at 70 pL/min) and with 0.3 % HCOOH/80 %
acetonitrile (elution step; 70 pL/min), respectively, by switching of the microvalve
injector. Determinations of dissociation constants were typically performed after
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immobilization of peptide using a 10 pM solution on the activated SAM surface at a
flow rate of 20 pL/min. The flow was then changed to PBS buffer, pH 7.5, and a solu-
tion of 350 nM anti-lysozyme antibody was added to block all unspecific binding
sites, followed by regeneration with 150 pL glycine buffer. Association kinetics were
determined with serial dilutions of 8—128 nM of antibody, followed with regenera-
tion by glycine buffer, pH 2, and concentrations and volumes of ligands were opti-
mized to obtain highest binding curves. Determination of antibody/protein
association kinetics was performed by extracting the data from the sensor signals
for all concentrations employed, using the 1:1 monomolecular growth model.
Determination of the dissociation constant is provided after plotting the pseudo-first
kinetic constant versus concentration, and applying a linear regression by
Kd=koffxkon™.

7.2.5 Proteolytic Excision/Extraction-Mass Spectrometry
of Ligand-Binding Peptides in Human Galectins-1
and Galectins-3

The covalent coupling of lactose to divinylsulfone-activated Sepharose 4B was per-
formed as previously described [6]. For proteolytic CRDs’ peptide excision, a solution
of 50 pg human galectin-1 or galectin-3 in 100 pL. 50 mM PBS buffer, pH 7.5, was
added to 200 pL affinity matrix and allowed to bind at 37 °C for 24 h. Any remain-
ing unbound galectin was washed out with 30 mL binding buffer, and the washing
fractions were collected and analyzed by MALDI-TOF-MS in order to determine
the extent of binding. The digestion of bound galectin was performed using trypsin,
in the binding buffer, with an enzyme to substrate ratio of 1:100, at 37 °C, for 3 h.
After digestion the supernatant was analyzed by MALDI-FTICR-MS. The free
tryptic peptides (not bound to the carbohydrate) were washed out with 30 mL PBS
buffer, pH 7.5. The washing fractions were analyzed by MALDI-FTICR-MS. The
affinity-bound peptides were eluted under strong shaking with 400 pL 0.3 M lactose
in PBS buffer, pH 7.5, at 37 °C for 15 min, and this procedure was repeated twice.
For galectin-1 protection of Cys residues from oxidation was performed using
0.6 mg DTT in the binding buffer and 1 g/L. DTT in the washing buffer.

In a second experimental approach, proteolytic CRDs peptide extraction, 50 pg
human galectin-1 or galectin-3 was digested in solution using trypsin (enzyme: sub-
strate ratio, 1:20) for 5 h at 37 °C in 200 pL PBS buffer, 50 mM at pH 7.5. A sample
aliquot from the digestion mixture was analyzed by MALDI-MS. The rest of the
digest was added over an affinity column containing 200 pL matrix. After incubation
for 12 h at 37 °C, the supernatant was removed and analyzed by MALDI-MS. Any
traces of free peptides were washed out from the column with 10 mL PBS buffer,
pH 7.5, and the washing fraction was analyzed by MALDI-FTICR-MS. The pep-
tides bound to lactose were eluted under shaking with 400 pLL ACN: 0.1 % TFA 2:1
at 37 °C for 15 min, repeating the procedure twice.
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7.2.6 Mass Spectrometry

MALDI-ToF-MS was performed with a Bruker Biflex™ linear TOF mass spec-
trometer (Bruker Daltonics, Bremen, Germany) equipped with a nitrogen UV laser
(337 nm) and a dual channel plate detector. A saturated solution of a-cyano-4-
hydroxy-cinnamic acid (HCCA) in ACN: 0.1 % TFA (2:1) was used as matrix.
Acquisition of spectra was carried out at an acceleration voltage of 20 kV and a
detector voltage of 1.5 kV.

High-resolution FTICR-MS was performed with a Bruker Daltonics Apex II
instrument equipped with a 7 T superconducting magnet, a cylindrical infinity ICR
analyzer cell, and a Scout-100 MALDI or a nano-ESI ion source. A 50 mg/mL solu-
tion of 2,4-dihydroxybenzoic acid (DHB) in ACN: 0.1 % TFA (2:1) was used as
matrix for MALDI-FTICR MS. Nano-ESI-FTICR mass spectra were obtained by
accumulation of 15 single scans, with the capillary exit voltage set to 20 V and the
skimmer 1 set to 10 V, while the capillary voltage was adjusted between —1,100 and
—1,200 V until a stable spray was obtained. The ions were accumulated in the
RF-only hexapole for 0.15 s before being transferred into the ICR cell. Calibration,
acquisition, and processing of spectra were carried out with the Bruker XMASS
Software.

7.3 Results and Discussions

7.3.1 Affinity-Mass Spectrometric Approaches for Elucidation
of a p-Amyloid-Plaque-Specific Epitope

Amyloid-B-peptide (AB) fragment(s) of the amyloid precursor protein (APP) is the
major peptide(s) constituent of senile amyloid plaques in brains, which represent
hallmark of Alzheimer’s disease (AD). The formation of neurotoxic oligomeric
soluble intermediates precedes aggregation and is critical to overall neurotoxicity
and progressive neurodegeneration [30]. Although AB has been studied thoroughly,
molecular details of pathophysiological degradation, chemical structure modifica-
tion, A} aggregation mechanism, and its cellular interactions remain unclear
[2, 20]. Understanding pathophysiological amyloid-B-peptide aggregation and its
interactions with ligands such as antibodies or protective proteins is a key prerequi-
site for the development of drugs capable of (1) neutralizing or disaggregating amy-
loid-B aggregates or (2) inhibiting the initial step(s) of aggregate formation.

Highly efficient affinity-MS methods such as proteolytic epitope excision and
proteolytic epitope extraction have been developed and applied to elucidate the
molecular mechanism of immunotherapeutic approaches involving AB “plaque-
specific” antibodies. These are produced in transgenic AD mouse models upon
active immunization with AB(1-42) and were found to promote disaggregation of
AB plaques and fibrils and to improve the memory impairment in AD mice [25, 27].
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Epitope excision/extraction experiments were performed using the immobilized
polyclonal antibody from TgCRNDS8 mouse (see Sect. 2.1) [14]. The antigen pep-
tide AB(1-40) was bound to the antibody column; the immuno-AB(1-40) complex
was allowed to form, and then trypsin was added onto the column as described in
Sect. 2.2. After removal of the unbound fragments generated by proteolysis, the
immune complex was dissociated by addition of 0.1 % TFA. In the MALDI-FTICR
mass spectrum (Fig. 7.2) of the supernatant fraction (A), all expected tryptic frag-
ments of B-amyloid AB(1-40) peptide were present. After washing off the unbound
fragments, in the spectrum of the elution fraction (B), only a single peak corre-
sponding to the A peptide [1-16] fragment was identified. This fragment was the
only one which remained bound to the polyclonal antibody and proved that the
epitope recognized by the polyclonal antibody from TgCRNDS transgenic mouse
was in this N-terminal region of the peptide.

For epitope extraction, the AB(1-40) was first digested using trypsin, and the
tryptic peptide mixture was added on the same antibody column upon regeneration.
The extraction experiment led to similar results, as the AB(1-16) tryptic peptide was
identified in the elution fraction. Therefore, further experiments were performed in
order to determine in detail the minimum structure of the AB(1-40) epitope.

A second epitope excision experiment with AB(1-40) was carried out as described
before but using endoprotease GluC instead of trypsin. This protease was chosen
because it cleaves the peptide bonds after glutamic (E) and aspartic (D) acid resi-
dues, enabling determination of shorter peptide sequences if these still remain
bound to the antibody. Analyzing the elution fractions by high-resolution MALDI-
FTICR MS, only a single peptide fragment corresponding to the amino acid
sequence AP (4-FRHDSGYE-11) was found bound to the polyclonal antibody col-
umn. A more detailed epitope elucidation experiment was carried out using a com-
bination of a-chymotrypsin and aminopeptidase M. Amino peptidase M is an
exopeptidase that cleaves all amino acids starting from the N-terminal part of the
antigen sequence. For the epitope excision experiments, the antigen peptide, AB(1-40),
was bound to the polyclonal anti-AB(1-42) antibody column, digested with
a-chymotrypsin and afterwards with aminopeptidase M with washing steps in
between. The MALDI-FTICR mass spectra of the supernatant and elution fractions
are shown in Fig. 7.3. a-Chymotrypsin digestion of AB(1-40) has generated the
fragment (1-10), which was further digested by aminopeptidase M.

From the MALDI-FTICR mass spectrum of the elution fraction, the smallest
fragment bound to the polyclonal anti-AB(1-42) antibody column was AB(4-10)
peptide. This represents the minimal structure of the 3-amyloid peptide recognized
by the polyclonal antibody. The specific N-terminal amino acid sequence AB
(4-FRHDSGY-10) was identified with high mass accuracy as the plaque-specific
epitope, providing a basis for the development of new lead structures for AD vac-
cine development [39, 42]. The identification and quantification of AR peptides
bound to specific anti-Af antibodies were provided by the newly introduced online
bioaffinity-electrospray mass spectrometry [5]. In several further studies, proteo-
lytic excision/extraction-mass spectrometry were successfully used for the identifi-
cation of interacting A} epitope sequences with aggregation-inhibiting polypeptides
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Fig. 7.2 Mass spectrometric epitope excision of AB(1-40): (a) MALDI-FTICR MS of the super-
natant fraction of AB(1-40) after trypsin digestion covering the whole peptide sequence.
(b) MALDI-FTICR MS of the elution fraction reveals only one AB peptide fragment (1-16).
Reprinted with author permission from [14]
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Fig. 7.3 Mass spectrometric epitope excision of AB(1-40) using a-chymotrypsin and aminopepti-
dase M. (a) MALDI-FTICR MS of the supernatant fraction and (b) MALDI-FTICR MS of the
elution fraction reveal minimum peptide fragment A3 (4-10) which remains bound to the antibody
column. Reprinted with author permission from [14]
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such as cystatin C [16], humanin [24], and AB-nanobodies (single chain llama anti-
-amyloid antibodies) providing also a potential for developing new diagnostic
tools for AD as well as for designing new potential immunotherapeutic agents [34].

7.3.2 Proteolytic Affinity Extraction-Mass Spectrometric
Approach for Identification of Tyrosine Nitration Sites

Tyrosine nitration represents an oxidative modification in proteins. It has been
shown to occur under physiologic conditions, but found to be substantially enhanced
under various pathophysiological conditions such as atherosclerosis, asthma and
lung diseases, neurodegenerative diseases, and diabetes [2, 7]. For the molecular
correlation of protein nitration with pathogenic mechanisms of human diseases and
with animal or cellular models of diseases, it is essential to identify the protein tar-
gets of nitration and the individual modification sites. Most identifications of pro-
tein nitrations have been obtained using immunoanalytical methods such as Western
blot, ELISA, and immuno-electron microscopy, employing different 3-NT-antibodies.
These antibodies were poorly characterized regarding their specificities, providing
only the overall detection of nitrations, and no identification of specific nitration
sites and structures [12, 13]. A combination of electrophoresis, Western blotting,
and mass spectrometry has been applied in several proteomics studies of nitrated
proteins from biological material [1, 2, 8]. However, specific 3-nitrotyrosine modi-
fication sites were not identified, rendering the identification of nitration sites criti-
cally dependent on the specificity of NT-antibodies. The failure of many mass
spectrometric-based approaches to characterize nitrated proteins may be due to
multiple causes such as (1) low abundance of NT-containing proteins/peptides,
(2) solubility problems, hydrophobicity, and/or extreme pl values of proteins, which
may compromise the isoelectric-focusing in 2-DE separations, (3) insufficient
recovery of NT-containing peptides from gels and/or HPLC columns during LC-MS
analysis, and (4) instability of nitrated peptides due to photochemical decomposi-
tion of nitro-tyrosine residues under UV-MALDI-MS analysis condition [1, 2, 38].
The problems of identification of tyrosine nitration at biologically relevant levels in
nitrated proteins have been overcome by the recent development of a proteolytic
affinity extraction-MS “PROFINEX” [37], analogue to epitope extraction proce-
dure described above (Sects. 2.2 and 3.1). The efficiency of the PROFINEX
approach is shown here in the example of human ECP isolated from patients with
abnormal elevate number of eosinophils in blood [47]. First ECP was denatured and
digested in solution, and the resulted tryptic peptide mixture was added to the
immobilized 3NT-antibody column. The 3NT-antibody—ECP peptide(s) complex
was allowed to form, and unbound ECP tryptic peptides were removed by washing.
Due to the high specificity of the 3NT-antibody for the antigen, only peptides
containing the antigenic determinant (the 3-nitro-tyrosine) should interact with the
antibody. Antibody-bound ECP peptide was eluted by dissociating the immune
complex under slightly acidic condition (pH=2.5). The supernatant, wash, (last mL
of wash) and elution fractions were collected, lyophilized, and analyzed by mass
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Fig. 7.4 Proteolytic affinity extraction-mass spectrometric approach. MALDI-TOF mass spec-
trum of unbound ECP tryptic peptides contained in the supernatant fraction. All four tyrosine resi-
dues in eosinophil cationic protein were found to be unmodified

spectrometry after desalting by C,g ZipTip. The unbound tryptic peptide contained
in the supernatant fraction was analyzed by MALDI-TOF (Fig. 7.4). All four tyro-
sine residues contained in ECP were found unmodified. The identified peptides
accounted for 54 % sequence coverage in the supernatant fraction.

The unequivocal identification of the peptide containing nitrated Tyr was
obtained by nano-ESI-FT-ICR analysis of the eluate (Fig. 7.5). The spectrum con-
tained a doubly protonated molecular ion at m/z 764.3618, corresponding to the
ECP peptide 2CTIAMRAINNY(NO,)R*, and nitrated at Tyr** residue. The
monoisotopic mass of the singly charged molecular ion was determined after decon-
volution of the ESI mass spectrum using the XMASS software and was assigned to
ECP peptide fragment (23-34) with a mass difference of 103 Da (45 Da for the nitro
group and 58 Da for Cys*—carbamidomethyl formation).

The missed cleavage at Arg?® indicates that this residue is part of an “epitope”
structure within ECP only upon nitration of Tyr*, because the same arginine residue
was cleaved by trypsin in the non-nitrated Tyr** containing peptide (Fig. 7.4).
A spatial orientation of tyrosine residues in ECP was illustrated using the crystal
structure available in the UniProt database (PBD accession number 1H1H) [28].
Using the molecular modeling software BallView 1.1.1, the secondary ribbon struc-
ture was rendered and is shown in Fig. 7.5. The location of Tyr** within a loop
structure is indicated by yellow, and all other three tyrosine residues were colored.
The solvent accessible surface (SAS) defined by using this molecular modeling
program showed that Tyr** residue of ECP has the highest surface accessibility
(94.4 A?), while the other three Tyr residues are embedded in the tertiary structure
of the molecule. Moreover, the hydroxyl group of Tyr** and the two equivalent
ortho carbons CE; and CE, extremely protrude in the exterior space. These are criti-
cal for allowing tyrosine to be modified by nitration. The molecular SAS model
shows that Tyr®® is completely buried in the protein core, and its hydroxyl group is
not exposed to the surface, while for Try!®” and Try'?? the hydroxyl groups and the
nearby carbons appear less surface exposed [35].
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Fig. 7.5 Proteolytic affinity extraction-mass spectrometric approach. Nano-ESI FTICR mass
spectrum of the elution fraction containing the nitrated ECP (23-34) peptide fragment, with nitro-
Tyr* residue. The inset shows the modeling structure of ECP indicating the accessible surface area
of the protein rendered using BallView 1.1.1 program based on the available X-ray crystal struc-
ture of the ECP (PDB entry 1H1H)

Furthermore, the combination of proteolytic affinity peptide extraction and
Edman sequencing provided quantitative information about the endogenous nitra-
tion of ECP in human eosinophil granules. Proteolytic affinity peptide extraction
was performed for ECP protein as described above followed by analyzing the elu-
tion fraction by Edman sequencing. The quantification was obtained by determina-
tion of initial and repetitive yields in each sequencing cycle. From the ratios of
sequenced nitrated peptides to intact ECP protein used for PROFINEX, approxi-
mately 15 % nitration level was determined for native nitrated ECP [35].

7.3.3 Online Bioaffinity-Mass Spectrometry for Molecular
Recognition Specificity of Anti-3-nitrotyrosine Antibodies

Another recently developed analytical tool for measuring molecular interaction kinet-
ics and identifying binding-specific structures is the online combination of SAW bio-
sensor with electrospray ionization MS (SAW-ESI-MS). SAW technology uses the
piezoelectric effect of amount differences loaded on a chip to detect bioaffinities with
high sensitivity in dilute solutions, without labeling approaches or recalibration for
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Fig. 7.6 Schematic representation of online combination of SAW biosensor instrument with
ESI-MS using a six-port valve micro-column interface. The waste capillary from the SAW biosen-
sor is connected to the interface in position 6 and the ESI-MS inlet capillary in position 3. Total
dissociation of protein(s) from the antibody surface was performed by elution with acidic buffer to
the micro-column interface (flow 1). This was followed by cleaning with washing solution, elution
with aqueous acetonitrile/HCOOH, and transfer of the eluate into the ESI source by switching the
injector position (flow 2). Adapted with kind permission of authors and printed with kind permis-
sion of Springer Science and Business Media from J. Am. Soc. Mass Spectrom. 21(10): 1643-8,
Dragusanu M., et al. (2010)

buffer changes [18, 40]. One of the first experiment we performed by SAW-ESI-MS
online coupling enabled the direct detection, identification, and quantification of
nitrated model peptides’ affinities to a 3 N'T-specific antibody [5]. A six-port valve
inject unit system was used between the SAW biosensor and the ESI mass spectrom-
eter equipped with a micro-guard column; the combination provides simultaneous
sample concentration, desalting, and flow rate adjustment for mass spectrometric
analysis of the dissociated ligand. The interface used for online coupling of SAW
biosensor with an electrospray ion trap mass spectrometer is illustrated in Fig. 7.6 and
described in detail by Dragusanu et al. [5]. After SAW biosensor measurement of the
peptide—antibody association, the peptide is eluted into the guard column (Fig. 7.6,
flow 1) and washed to remove PBS buffer salts. An HPLC-pumping system was used
for performing the elution of the peptide from the guard column into a manual-
assisted microvalve injector which further transferred the sample into the ESI source
(Fig. 7.6, flow 2). This interface system provided routine mass spectrometric analysis
of real time peptide/protein association from the biosensor surface and showed long-
term operation stability with minimal contamination of the ESI-MS system [5].

As shown before (Sect. 3.2) the use of anti-3-nitro-tyrosine-specific antibodies
has been essential for mass spectrometric identification of tyrosine nitrations using
proteolytic affinity-MS. Poor information regarding the specificities of anti-3-
nitrotyrosine antibodies has been reported before [4]. In a previous publication we
described a molecular study of the recognition specificities and affinities of two
commercially available, monoclonal anti-nitrotyrosine antibodies by dot-blot,
ELISA, and affinity-MS, using different 3-nitrotyrosine-containing peptides [36].
The comparison of the three methods essentially provided consistent results to
reveal differences in binding affinities and specificities by the anti-nitrotyrosine
antibodies, suggesting that antibody binding may be influenced by the peptide
structure adjacent to the nitrotyrosine modification.

Several nitrated peptides from ECP were synthesized by solid-phase peptide syn-
thesis, purified by reversed phase-HPLC and characterized by mass spectrometry.
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Fig. 7.7 (a) SAW binding and elution curves of the peptides mixture using online SAW-ESI-MS
and (b) ESI-MS spectra of the eluted fraction illustrating the mass spectrometric identification of
Tyr-nitrated ECP peptide 1 bound to the immobilized 3-NT antibody. Reprinted with kind permis-
sion of authors and Springer Science and Business Media from J. Am. Soc. Mass Spectrom.
23(11): 1831-1840, Petre B.A., et al. (2012)

These model-nitrated peptides have been used to study their affinity to monoclonal
anti-3-NT antibodies by online-SAW-ESI-MS. For example, the immobilization of
an anti-3NT antibody on the biosensor chip surface via a SAM is performed as a
first step. Following association of nitrated peptides from an equimolar mixture
(ECP-1 and ECP-2 peptides), dissociation was performed using an acidic glycine
buffer which transferred also the sample into the interface for ESI-MS analysis
(Fig. 7.6). Biosensor association curves and subsequent dissociation of affinity-
bound ECP peptides from a mixture of nitrated peptides are shown in Fig. 7.7a.
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The ESI mass spectra of the affinity-eluate showed exclusively ions of the
nitrated ECP-1 peptide (Fig. 7.7b). Affinity of the nitrated ECP peptide was found
to be completely abolished upon replacing the positively charged residues Arg?,
Arg*, Arg*, and Lys® by alanine, thus confirming the importance of cationic amino
acids adjacent to the nitration site. Affinity determinations of the nitrated peptide in
comparison to the intact ECP protein using the SAW biosensor provided also dis-
sociation constants of approximately 6 nM for the nitrated peptide ECP (24-41) and
28 nM for intact ECP [37]. In addition to the characterization of sequence variations
of ECP-nitrated peptides, a preliminary epitope motif derived from the antibody-
binding affinities of the tyrosine-nitrated prostacyclin synthase peptides was shown.
All these results reveal remarkable similarities, suggesting that (1) stabilization by
adjacent positively charged residues and (2) surface exposition of tyrosine-nitrated
sites are important factors [4].

The capability of anti-nitrotyrosine antibodies to discriminate between nitrotyro-
sine in different environments in proteins may be useful for producing antibodies to
specific motifs containing tyrosine residues and for the development of highly
specific biomarkers.

7.3.4 Proteolytic Affinity Excision-Mass Spectrometric
Approach for Identification of Carbohydrate Recognition
Structure in Human Galectins

Interactions of proteins with carbohydrates play an important role in several physi-
ological processes such as cellular recognition processes, intracellular regulation
pathways, immunological reactions, and the transcriptional or posttranscriptional
regulation of gene expression. Galectins are a class of lectin proteins that typically
bind p-galactose-containing glycoconjugates and share primary structural homology
in their CRDs. Each galectin CRD recognizes different types of glycan ligands and
shows highest affinity binding to different structures such as natural glycoconjugate
ligands expressed on cell surfaces or in the extracellular matrix providing a large
diversity of functions [3, 48]. Galectin-1 and galectin-3 have been shown to be
involved in pre-mRNA splicing [51]; galectin-1 can induce apoptosis of activated
T-cells by binding to cell surface oligosaccharides [32, 50], and galectin-3 can
activate neutrophils [53]. The precise structure of galectins—glycoconjugate ligands
interactions is not well understood. The combination of the proteolytic affinity exci-
sion approach and mass spectrometry was used to obtain the structural peptide
sequence from CRDs of human galectin-1 and galectin-3 [19]. The newly devel-
oped approach was named CREDEX-MS (carbohydrate recognition domain
excision mass spectrometry) and was performed using lactosylated Sepharose 4B as
an immobilization matrix support. Human galectin-1 was bound first to the affinity
matrix in phosphate-buffered saline, and any unbound protein was removed by
washing steps. In situ proteolytic digestion of remaining bound galectin-1 was performed
using trypsin, followed by complete removal of the unbound tryptic generated
peptides. Elution was performed using buffer solution containing 0.3 M lactose.
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Fig. 7.8 Proteolytic CRDs’ peptide excision for complexes of lactose with galectin-1 (fop) and
galectin-3 (bottom). MALDI-MS of elution fractions with signals of identified peptides. (Right)
X-ray crystal structures (PDB entries IW60 and 1A3K) showing the identified peptides in red and
the amino acids that are in direct contact with the carbohydrate in bold. Reprinted with permission
from Moise et al. J. Am. Chem. Soc. 2011; 133(38):14844-7. Copyright 2013 American Chemical
Society

The MALDI-MS mass spectrum of the elution fraction shows two specific tryptic
peptides (Fig. 7.8), which were displaced from bound galactin-1 by the presence of
cognate sugar (lactose).

The two peptides (1 and 2) covered the galectin-1 (64-73) fragment, a sequence
stretch with central tryptophan residue involved in C—H/n-interaction with galactose
[19] and, respectively, galectin-1 (37-48) fragment [29]. CREDEX approach was
applied for human galectin-3. Two specific peptides (3 and 4), galectin-3 (152-162)
fragment, and galectin-3 (177-183) from the tryptic generated peptides were identi-
fied by MALDI-MS analysis of the lactose eluted fraction. The same two peptides
were obtained by using proteolytic affinity extraction procedure, when galectin-3
was first digested in solution using trypsin; the resulted tryptic peptides were
allowed to bind to the affinity matrix, and after washing step the bound peptides
were eluted (Fig. 7.9).

Together these results provide evidence that the identified peptide fragments
within CRDs of galectin-1 and galectin-3, respectively, comprise key amino acids in
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Fig. 7.9 Proteolytic CRDs’ peptide extraction from galectin-3 digested peptide mixture.
MALDI-MS of (a) supernatant fraction, (b) wash fraction, and (c¢) elution fraction identify the
active galectin-3 peptide fragment (177-183) (peptide 3) and (152-162) galectin-3 peptide frag-
ment (peptide 4). Reprinted with permission from Moise et al. J. Am. Chem. Soc. 2011;
133(38):14844-7. Copyright 2013 American Chemical Society

contact with the carbohydrate ligand. These peptide structures may be considered
regions of biological importance for galectin-1 and galectin-3 and may be relevant
for further studies of other types of sugar-binding proteins.

7.4 Summary

The results shown here provide evidence that the new affinity-mass spectrometric-
based approach in combination with proteolytic digestion presents promising
perspectives for elucidating (1) a high diversity of antigen—antibody interactions,
(2) selective enrichment and identification of posttranslational modification in bio-
logical mixture, (3) extended binding sites, e.g., the interacting area for larger
carbohydrates ligands. The new affinity-mass spectrometric approaches presented
in this chapter may become increasingly utilized within interdisciplinary fields for
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the development of (1) biomolecules that inhibit or propagate molecular cell
processes, (2) structure-based drug design, and (3) rare diseases diagnostic
approaches using defected enzyme—substrate affinities.
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Chapter 8
Neurological Analyses: Focus on Gangliosides
and Mass Spectrometry

Alina D. Zamfir

Abstract Gangliosides, sialylated glycosphingolipids, are particularly enriched in
mammalian central nervous system where their expression is cell type-specific and
changes particularly during brain development, maturation, aging, and diseases. For
this reason, gangliosides are important diagnostic markers for various brain ail-
ments, including primary and secondary brain tumors and neurodegenerative dis-
eases. Among all biochemical and biophysical methods employed so far for
ganglioside analysis, mass spectrometry (MS) emerged as one of the most reliable
due to the sensitivity, accuracy, and speed of analysis as well as the possibility to
characterize in details the molecular structure of the identified biomarkers.

This chapter presents significant achievements of MS with either electrospray
(ESI), chip-based ESI, or matrix-assisted laser desorption/ionization (MALDI) in
the analysis of gangliosides in normal and diseased human brain. Specifically, the
chapter assesses the MS contribution in determination of topospecificity, filoge-
netic, and brain development stage dependence of ganglioside composition and
structure as well as in discovery of ganglioside markers in neurodegenerative/
neurodevelopmental conditions, primary and secondary brain tumors. The highlighted
accomplishments in characterization of novel structures associated to severe brain
pathologies show that MS has real perspectives to become a routine method for
early diagnosis and therapy based on this biomolecule class.
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8.1 Introduction

Lipid bilayer membranes of the vertebrate cells contain a special class of glyco-
sphingolipids (GSL) called gangliosides. Gangliosides consist of a hydrophobic
ceramide (Cer) moiety through which the molecule is attached to the plasma
membrane and a hydrophilic oligosaccharide chain. Cer includes a sphingoid base
and a fatty acid chain, both with variable composition from a species to another. The
carbohydrate core also exhibits variability of the length and structure. Besides, one
or more characteristic sialic acid groups (i.e., N-acetylneuraminic acid,
N-glycolylneuraminic acid) are attached to the oligosacchride core by an aketosidic
linkage. This way, gangliosides are inserted in the outer layer of the plasma mem-
brane [56] via the heterogeneous ceramide moiety, while their oligosaccharide
chain faces the external medium; thus, the carbohydrate chain is free to interact with
soluble extracellular molecules and with the hydrophilic portion of other membrane
components.

Although this particular class of GSLs is expressed on basically all vertebrate
cells, systematic investigations showed that central nervous system (CNS) contains
a several times higher ganglioside concentration than the extraneural tissue. This
feature indicates that ganglioside molecules are of particular importance for the
development and function of CNS [58].

As plasma-membrane components, enriched in specialized microdomains, i.e.,
“glycosynapse,”’ gangliosides interact with different signal transducers, thus mediat-
ing carbohydrate-dependent cell adhesion and inducing cell activation, motility, and
growth. Several reports emphasize the participation of gangliosides in significant
biological processes in the healthy CNS such as brain development, maturation,
aging [58], and defined functions of each specialized brain region, as well as in
pathological CNS, in particular neurodegenerative diseases [59] and malignant
transformation [26]. The regulatory roles of gangliosides at the CNS level were
clearly demonstrated by the observed dramatic change in their expression and
structure during development of the nervous system and their region-specific distri-
bution. On the other hand, certain structures were found to be differentially and
specifically expressed in the brain affected by neurodegenerative diseases [77].
Changes in ganglioside composition and content have been observed also during
neoplastic cell transformation. A decrease in the regular ganglioside profile and an
increase in the structures detected only in small amounts in the normal brain tissue
were found in primary and secondary (metastases) brain tumors, demonstrating a
direct correlation between ganglioside composition and histological type and grade
of the tumors [9, 17, 66]. This aspect provides the option to use gangliosides as
biochemical markers in early histopathological diagnosis, grading, and prognosis of
tumors. Therefore, nowadays gangliosides are considered valuable diagnostic markers
of CNS ailments being in the current focus of research also as potential therapeutic
agents.
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In the last decade several biophysical methods have been developed for the
investigation of ganglioside expression in severe brain diseases. Hence, for the
assessment of ganglioside quantity and composition in human brain, cell- and
tissue-staining analyses such as immunocytochemistry and immunohistochem-
istry and assays using chromatographic methods based on thin layer chroma-
tography (TLC) and high-performance liquid chromatography (HPLC) were
successfully employed [40, 69]. Ganglioside profiling, their quantification, and
correlation to histomorphology and grading of human tumors, i.e., gliomas,
were studied using a newly developed microbore HPLC method [84]. Also, the
application of infrared spectroscopy as an adjunct to histopathology in detecting
and diagnosing human brain tumors was demonstrated [36, 70]. Also, ganglio-
side expression in human glioblastoma was determined by confocal microscopy
of immunostained brain sections using antiganglioside monoclonal antibodies
[27]. However, to define the structure-to-function interrelationship of each par-
ticular ganglioside implicated in a physiological/pathological process and to
improve their diagnostic significance, more sensitive and accurate approaches
to enhance lipid-linked carbohydrate analysis under high-structural complexity
were necessary. In this context, mass spectrometry (MS) has emerged lately as
one of the most potent tools for the structural analysis of complex brain gan-
gliosides. Implemented initially with fast atom bombardment (FAB) ionization
[15], the capability of MS for sensitive structural analysis of gangliosides
increased significantly after the introduction of matrix-assisted laser desorption /
ionization (MALDI) and electrospray (ESI) ionization from one side and the
possibility to perform tandem MS or multistage MS for detailed structural
analysis.

Nevertheless, as compared to other classes of biomolecules, mass spectrome-
try of gangliosides has developed much slower. Although the value of ganglio-
side markers is universally acknowledged, the current inventory of species
identified by MS is rather poor as compared to proteomics field, and the number
of research laboratories constantly involved in MS of gangliosides is reduced to
only a few, worldwide. This state-of-the-art is a result of the high structural diver-
sity and heterogeneity of gangliosides and their inferior ionization efficiency as
compared to peptides and proteins, which require reconsideration of all MS con-
ditions for screening and sequencing. The experimental design must also be
adapted to the type of the possibly present labile moieties (NeuAc, Fuc, O-Ac),
the ionizability of the functional groups, and the special molecule constitution
consisting of a hydrophilic sugar core and a hydrophobic ceramide part. All these
characteristics made the class of gangliosides less amenable to MS. However, in
the subsequent parts of this chapter it will be shown that adequate strategies may
lead to a successful implementation of MS in ganglioside analysis, with impor-
tant results not only in brain mapping but also in discovery of species associated
to severe brain diseases.
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8.2 Ganglioside Nomenclature

Gangliosides and the precursor glycosphingolipids are currently abbreviated according to the
system introduced by Svennerholm and Fredman [71] and the recommendations of TUPAC-
TUB Commission on Biochemical Nomenclature [30] as follows: LacCer, Galp4GlIcp1Cer;
GA2, Gg;Cer, GalNAcp4Galp4Glcp1Cer; GA1, Gg,Cer, Galp3GalNAcP4GalB4Glcp1Cer;
nLc,Cer, Galp4GIcNAcP3Galp4GleplCer; LcyCer, Galp3GleNAcB3Galp4GlcplCer;
GM3, IP-a-NeuSAc-LacCer; GD3, IP-a-(NeuSAc),- LacCer; GT3, IFP-o-(NeuSAC)s 1 aecer;
GM2, IP-a-Neu5Ac-GgsCer; GD2, IP-a-(Neu5Ac),-Gg;Cer; GMla or GMI1, IP-a-
NeuSAc-Gg,Cer; GMI1b, IV3-o-Neu5Ac-Gg,Cer; GalNAc-GMIb, IV3-a-NeuSAc-
Gg5Cer; GDla, IV3-a-Neu5Ac,IP-a-Neu5Ac-Gg,Cer; GDI1b, 1B-a-(NeuSAc),-Gg,Cer;
GTIb, IV3-o-NeuSAc,IP-a-(Neu5Ac),-Gg,Cer; GQ1b, IV3-a-(NeuSAc),,IB-o-(NeuSAc),-
Gg,Cer; nLMI or 3'-nLM1, IV3-a-Neu5Ac-nLc4Cer; LM1 or 3'-isoLM1, IV3-a-Neu5Ac-
Lc,Cer; nLLD1, disialo-nLc,Cer;

8.3 Gangliosides in Normal Brain

Prior to MS introduction in brain research, mapping of the gangliosides expressed
in different regions of normal human brain was carried out using high affinity anti-
ganglioside antibodies based on immunohistochemistry, TLC coupled with densito-
metric scanning and two-dimensional TLC. Because of the principle of detection,
restricted to major components, and the low throughput, these methods offered a
limited amount of information. Therefore, in last years many efforts to implement
mass spectrometry with either ESI, nanoESI chip, or MALDI methodologies into
CNS ganglioside analysis have been invested.

8.3.1 Cerebrum

In view of the technical performances and the accuracy of data with biological
impact, high-resolution mass spectrometry on either Fourier transform ion cyclo-
tron resonance (FTICR) MS or quadruple time of-flight (QTOF) MS proved a
remarkable potential in brain ganglioside research. In comparison to all other MS
methods, FTICR MS exhibits an ultra-high resolution exceeding 10° and a mass
accuracy often below 1 ppm [53]. FTICR MS provides at the same time the advan-
tage of several ion fragmentation techniques based on precursor dissociation such as
CID, sustained off-resonance irradiation (SORI-CID), infrared laser multiphoton
(IRMPD), or electron capture dissociation (ECD) as well as the possibility to per-
form multiple stage MS (MS").
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Fig. 8.1 NanoESI FTICR MS in negative ion mode of the ganglioside mixture from normal adult
human cerebrum. Solvent Methanol. Sample concentration 5 pmol/uL. Capillary exit voltage
150 V. Number of scans 150. (Zamfir, Vukeli¢ et al. unpublished results)

In brain ganglioside research nanoESI FTICR MS in the negative ion mode was
shown [81] to be highly effective for screening and sequencing of the native gan-
glioside mixture extracted from human cerebrum (Fig. 8.1), for detailed structural
analysis of an isolated GT1 (d18:1/20:0) fraction screened by nanoESI (Fig. 8.2)
and sequenced using SORI-CID (Fig. 8.3). It was found that instrumental set-up in
negative ion mode detection and the solvent systems play a critical role for ganglio-
side ion formation by nanoESI FTICR MS and for generation in SORI-CID MS? of
product ions diagnostic for the polysialylated species.

Under adequate nanoESI FTICR MS screening conditions, cerebrum-associated
ganglioside species decorated with labile attachments that readily cleave-off such as
O-fucosylation and O-acetylation were detected in intact form (Fig. 8.1). Moreover,
under thoroughly optimized SORI settings a set of fragment ions specific for the
GT1 molecular form carrying the disialo (Neu5Ac,) element at the inner galactose
(Gal) residue were generated. Such a configuration is consistent with the GT1b
(d18:1/20:0) isomer in human cerebrum, identified under an average mass accuracy
below 5 ppm, at a sample concentration of only 5 pmol/pL. This enhancement of the
sensitivity is of particular importance for characterization of material from biologi-
cal sources wherefrom only minute quantities are available.
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Fig. 8.3 NanoESI-FTICR SORI-CID MS? in negative ion mode of the doubly deprotonated

molecule at m/z 1,077.043 corresponding to GT1 (d18:1/20:0) ganglioside species in human brain.
Inset: Isolation of the precursor ion. Excitation pulse length 0.4 s. Collision gas Ar. Other conditions

as in Fig. 8.1. The assignment of the fragment ions is according to the nomenclature [ 14]. Reprinted

with permission from Vukelic et al. [81]
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8.3.2 Cerebellum

Cerebellum is a morpho-anatomically and functionally highly specialized region of
the brain with characteristic differences in the composition of its major ganglioside
species, in comparison with cerebrum. The function, behavior, and even survival of
cerebellar neurons are highly dependant on the cellular expression of the ganglio-
side species.

The first exhaustive determination of ganglioside expression in human cerebel-
lum was accomplished by mass spectrometry using a high-resolution instrument
(QTOF MS) in combination with silicon chip-based nanoESI [88]. Due to highly
efficient ionization properties, silicon-based chips for nanoESI incorporated in a
NanoMate robot (Advion Biosciences) preferentially form multiply charged ions.
Furthermore, the in-source fragmentation of labile groups attached to the biomo-
lecular core is minimized. With an internal diameter of the nozzle of 2.5 pm the
system allows for flow rates down to 30-50 nL/min which represents a gain in
sensitivity by at least five times as compared to classical nanospray capillaries.
Additionally, the nozzles on the ESI chip provide a long-lasting steady spray, and
elimination of sample-to-sample carryover.

In view of these advantages NanoMate incorporating chip ESI technology was
coupled to QTOF MS and MS/MS and optimized in the negative ion mode, for the
characterization of a complex cerebellar ganglioside mixture [88]. Negative ion
mode screening of the cerebellum gray matter extracts enabled the identification of
no less than 46 different ganglioside species exhibiting high heterogeneity in the
ceramide motifs, sialylation status, and biologically relevant modifications
(Fig. 8.4a, b, Table 8.1). This way, the first realistic representation of the ganglioside
complexity, when compared against TLC and capillary-based ESI, was achieved.
The mixture was found dominated by GD1 glycoforms: 19 different doubly depro-
tonated molecular variants of GD1 have been detected. Also identified in the mix-
ture were GM1, GM2, GM3, GD2, GD3, GT1, and GQI, expressing different
ceramide portions. Biologically interesting O-acetylated and/or fucosylated GM1,
GD1, GT1, and GQI1 exhibiting a high degree of heterogeneity in their ceramide
motifs were also discovered (Table 8.1). For the first time, fully automated nanoESI
chip MS infusion was combined also with automated precursor ion selection and
fragmentation in data-dependant acquisition, allowing to obtain a sufficient set of
“fingerprint” ions for the structural elucidation of a GT1b isomer having the con-
figuration (d18:1/18:0), within 1 min of acquiring MS/MS data and only approxi-
mately 0.5 pmol of sample consumption.

In combination with ion trap mass spectrometry, chip-based nanoESI system
was also used for determination of gangliosides expressed in fetal cerebellum
[49]. A number of 56 ganglioside and asialo ganglioside species differing in
either the composition of the glycan core and/or that of the ceramide were iden-
tified. Interestingly, O-Ac- and/or Fuc-modified gangliosides, found in the adult
human cerebellum, were not identified in fetal human cerebellum. Ganglioside
chains modified by such attachments are associated with the tissue during its
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Fig. 8.4 Fully automated nanoESI chip QTOF MS in the negative ion mode of the ganglioside
mixture extracted from the gray matter of adult cerebellum. Sample concentration: 5 pmol/pL in
methanol. Acquisition time 3 min. Sampling cone potential 45-135 V. (a) m/z (700-980). (b) m/z
(980-2,050) [88]
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Table 8.1 Assignment of ganglioside components in the native mixture extracted from the gray
matter of normal human adult cerebellum (male, 20 years) detected by nanoESI chip QTOF MS

Type of m/z (monoisotopic)

molecularion Detected Calculated Assigned structure

[M+2Na-4H]* 611.40 611.35 GM3 (d18:1/18:0)

[M-H]" 1,179.57 1,179.74

[M-H]" 1,382.60 1,382.82 GM2 (d18:1/18:0)

[M-2H]* 734.96 73491 GD3 (d18:1/18:0)

[M+Na-2H]~ 1,492.78 1,492.81

[M-2H]*- 748.99 748.93 GD3 (d18:1/20:0)

[M-H]" 1,518.51 1,518.85 GM1, nLM1 and/or LM1 (d18:0/16:0)

[M-2H]* 771.98 771.93 GM1, nLM1 and/or LM1 (d18:1/18:0)

[M-H]" 1,544.61 1,544.85

[M-2H]* 786.00 785.92 GM1, nLM1 and/or LM1 (d18:1/20:0)

[M-H]" 1,572.61 1,572.85

[M-H]" 1,690.55 1,690.93 Fuc-GM1 (d18:1/18:0)

[M-H]" 1,716.56 1,716.94 Fuc-GM1 (d18:1/20:1)

[M-2H]*- 836.46 836.45 GD2 (d18:1/18:0)

[M-2H]* 850.47 850.47 GD2 (d18:1/20:0)

[M-2H]* 917.44 917.48 GDI1, nLDI and/or LD1 (d18:1/18:0)

[M+Na-3H]*> 928.45 928.47

[M-H]" 1,835.62 1,835.96

[M+Na-2H]~ 1,857.56 1,857.95

[M-2H]* 926.44 926.48 GD1, nLD1 and/or LD1 (t18:0/18:0)

[M-2H]* 924.44 924.49 GD1, nLDI and/or LD1 (d18:1/19:0)

[M-2H]* 931.46 931.49 GDI1, nLDI and/or LD1 (d18:1/20:0)

[M+Na-3H]*> 942.44 942.48

[M-H]" 1,885.60 1,885.98

[M-2H]*- 940.49 940.50 GD1, nLD1 and/or LD1 (t18:0/20:0)

[M-2H]*- 938.44 938.50 GD1, nLD1 and/or LD1 (d18:1/21:0)

[M-2H]* 945.47 945.51 GDI1, nLDI and/or LD1 (d18:1/22:0)

[M-2H]* 954.46 954.51 GDI1, nLDI and/or LD1 (t18:0/22:0)

[M-2H]*- 952.47 952.52 GDI1, nLDI and/or LD1 (d18:1/23:0)

[M-2H]*- 958.46* 958.52 GDI1, nLDI and/or LD1 (d18:1/24:1)

[M-2H]*- 966.44 966.53 GD1, nLDI1 and/or LD1 (d18:1/25:0)
or (d20:1/23:0)

[M-2H]* 988.40 988.49 Fuc-GD1 (d18:1/18:2)

[M-2H]*- 990.40 990.51 Fuc-GD1 (d18:1/18:0)

[M-2H]*- 999.41* 999.51 Fuc-GD1 (t18:0/18:0)

[M-2H]* 1,002.41 1,002.51 Fuc-GD1 (d18:1/20:2)

[M-2H]* 1,004.42 1,004.52 Fuc-GD1 (d18:1/20:0)

[M-2H]* 1,013.442 1,013.53 Fuc-GD1 (t18:0/20:0)

[M-2H]* 1,018.99 1,019.02 GalNAc-GD1 (d18:1/18:0)

[M-2H]*- 1,032.932 1,033.03 GalNAc-GD1 (d18:1/20:0)

[M-3H]*- 708.39 708.35 GT1 (d18:1/18:0)

[M-2H]* 1,062.96 1,063.03

[M+Na-3H]* 1,073.92 1,074.02

[M+2Na-4H]* 1,084.93 1,085.01

(continued)
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Table 8.1 (continued)

Type of m/z (monoisotopic) '

molecularion Detected Calculated Assigned structure
[M-3H]* 714.41 714.35 GT1 (t18:0/18:0)
[M+Na-3H]* 1,082.92 1,083.02

[M-3H]* 717.75 717.69 GT1 (d18:1/20:0)
[M-2H]* 1,076.97 1,077.04

[M+Na-3H]* 1,087.95 1,088.03

[M+2Na—-4H]* 1,098.92 1,099.02

[M-3H]J* 723.75 723.70 GT1 (t18:0/20:0)
[M+Na-3H]* 1,096.93 1,097.04

[M+Na-3H]* 1,094.95* 1,095.04 GT1 (d18:1/21:0)
[M-3H]* 727.11 727.04 GT1 (d18:1/22:0)
[M+Na-3H]* 1,101.92 1,102.05

[M+Na-3H]* 1,108.92* 1,109.06 GT1 (d18:1/23:0)
[M+Na-3H]* 1,114.96 1,115.06 GT1 (d18:1/24:1)
[M-3H]* 722.39 722.35 0-Ac-GT1 (d18:1/18:0)
[M-3H]* 731.74 731.70 0-Ac-GT1 (d18:1/20:0)
[M-2H]* 1,128.95 1,129.05 Fuc-GT1 (d18:1/17:0)
[M-2H]* 1,144.89 1,145.06 Fuc-GT1 (t18:0/18:0)
[M-2H]* 1,159.89 1,159.08 Fuc-GT1 (t18:0/20:0)
[M-3H]J* 805.40 805.38 GQ1 (d18:1/18:0)
[M+Na-4H]* 812.73 812.71

[M+2Na-4H]* 1,230.43 1,230.56

[M+3Na-5H]* 1,241.43 1,241.55

[M-3H]J* 814.74 814.72 GQ1 (d18:1/20:0)
[M+Na—-4H]* 822.07 822.05

[M+2Na—-4H]* 1,244.42 1,244.57

[M-3H]J* 819.38* 819.38 0-Ac-GQ1 (d18:1/18:0)
[M+Na-4H]* 826.73* 826.71

Reprinted with permission from [88]
d dihydroxy sphingoid base, ¢ trihydroxy sphingoid base
“Low intensity ions

later developmental phase. Therefore, based on the MS data it was hypothesized
that these modifications of cerebellum gangliosides start to reach a relevant
level only later, during extrauterine brain development and maturation. By com-
bining in high-throughput mode fully automated nanoESI chip MS infusion
with CID MS? at variable RF signal amplitudes, a complete structural character-
ization of two cerebellum-associated ganglioside species, GD1 (d18:1/20:0)
and GM2 (d18:1/19:0), was accomplished in only 1 minute of signal acquisition
for each MS? experiment and with a sample consumption, situated in the femto-
mole range.
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8.3.3 Defined Cerebrum Regions

8.3.3.1 Hippocampus

Hippocampus is a brain region situated inside the temporal lobe, under the cerebral
cortex. This particular sector of the brain belongs to the limbic system and plays a
vital role in learning, memory formation, and orientation [45]. Hippocampus is one
of the first brain areas displaying the neurodegenerative pathology in Alzheimer’s
disease (AD). Consequently, the primary clinical symptoms of AD are due to the
impairment of hippocampus functions and are characterized by disorientation and
progressive loss of memory. From this perspective, the evaluation of ganglioside
expression in this brain region has a particular clinical relevance for early detection
of alteration that is attributable to Alzheimer’s disease [55].

Mass spectrometry was introduced in human hippocampus ganglioside analysis
in 2006 via an analytical platform encompassing fully automated chip-base nano-
ESI on a NanoMate robot coupled to a high-resolution hybrid QTOF instrument [82].
Comparative analysis of gangliosides in fetal of different gestational weeks vs. adult
hippocampus revealed a specific expression and structure of individual species,
which depend on the brain development stage. Hence, polysialylated structures
were found markers of the earlier fetal developmental stage. Trisialylated species
were found better expressed in fetal hippocampus of 15 (FH15) and 17 (FH17)
gestational weeks, while tetrasialylated components, in particular GQ1 forms, were
found associated to FH15 (Fig. 8.5, Table 8.2) and not at all to FH17 and adult hip-
pocampus of 20 years of age (AH20). Remarkably, tandem MS carried out using
CID at low ion acceleration energies provided data consistent with GQ1b isomer in
F15 hippocampus.

In contrast with sialylation, Fuc or GalNAc modifications of the ganglioside
chain were found associated to the tissue in its either later fetal development stage
or adulthood; fucosylated components were identified in FH17 (Fuc-GD1) and
AH20 (Fuc-GD1 and Fuc-GT1) but not observed in FH15, while a GalNAc-GD1
species was found only in AH20. Actually, in this study using nanoESI chip MS
characterized by high ionization efficient, sensitivity, and reproducibility, the topo-
specific pattern and development-induced ganglioside modifications were for the
first time reliably demonstrated and correlated with the biological expectations.

8.3.3.2 Caudate Nucleus

Caudate nucleus (nucleus caudatus, NC) is an essential part of the brain learning
and memory system located within the basal ganglia of the brain of many animal
species. Other functions which may be associated with this part of the brain include
voluntary motor control and a regulating role in controlling the threshold potential
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Fig. 8.5 NanoESI chip QTOF MS in the negative ion mode of the FH15 ganglioside mixture. ESI
voltage 1.80 kV; cone voltage 40—100 V; Solvent MeOH. Sample concentration 3 pmol/pL; Inset:
expanded area m/z (1,150-1,300). Reprinted with permission from Vukeli¢ et al. [82]

Table 8.2 Comparative assignment of the ganglioside species identified by negative ion mode

nanoESI chip QTOF MS in fetal and adult hippocampus

m/z (monoisotopic)

Proposed structure Experimental Theoretical Molecular ion FH15 FHI17 AH20
GM3(d18:1/16:0) 1,151.94 1,151.71 [M-H]- + - -
GM2(d18:1/18:0) 1,382.77 1,382.82 [M-H]~ + + +
GM1(d18:1/18:0) 771.91 771.93 [M-2H]* + + +
1,544.80 1,544.85 [M-H]-
1,566.79 1,566.83 [M+Na-2H]"
GM1(d18:1/20:0) 786.05 785.92 [M-2H]* + + +
1,572.85 1,572.85 [M-H]-
GD3(d18:1/18:0) 734.88 73491 [M-2H]* + + +
GD2(d18:1/18:0) 836.42 836.45 [M-2H]* + + +
GD1(d18:1/16:0) 903.41 903.46 [M-2H]* + + -
GD1(d18:1/18:0) 917.43 917.48 [M-2H]* + + +
928.44 928.47 [M+Na-3H]*
1,857.92 1,857.95 [M+Na-2H]"
1,879.94 1,879.93 [M+2Na-3H]~

(continued)
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Table 8.2 (continued)

m/z (monoisotopic)
Proposed structure Experimental Theoretical Molecular ion FH15 FH17 AH20

GD1(d18:1/20:0) 931.44 93149  [M-2HP + + +
942.39 94248  [M+Na-3H]"
GD1(d18:1/24:1) 958.98 95852  [M-2H]" + + +
Fuc-GD1(t18:0/18:0)  999.47 99951  [M-2H]*" - + +
Fuc-GD1(t18:0/20:0)  1,013.89 1,013.53  [M-2H]" - - +
GalNAc- 1,018.91 1,019.02  [M-2H]" - - +
GD1(d18:1/18:0)
GT1(d18:1/18:1) 1,060.48 1,061.03  [M-2H] + - -
GT1(d18:1/18:0) 708.33 70835  [M-3HJ- + + +
1,074.47 1,074.02  [M+Na-3H]*"
1,085.49 1,08501  [M+2Na—4HJ>
GT1(d18:1/20:0) 717.91 717.69  [M-3HP- + + +
1,088.39 1,088.03  [M+Na-3HP"
1,099.40 1,099.02  [M+2Na—4HJ>
GT1(d18:1/24:1) 1,115.03 1,11506  [M+Na-3HP + + +
Fuc- GT1(d18:1/17:0)  1,129.40 1,129.05  [M-2H]" - - +
GQI(d18:1/18:0) 1,231.04 1,230.56  [M+2Na—4H> + - -
1,241.81 124155  [M+3Na-5H]

Reprinted with permission from Vukelic et al. [81]
+ the structure was detected; — the structure was not detected

for general neuron activation and thereby preventing overload through positive
feedback loops [21, 54]. Various disorders such as depression, Huntington’s dis-
ease, Parkinson’s disease, attention deficit disorder, schizophrenia, and obsessive
compulsive disorder are strongly related with this part of the brain [6, 79, 86]. From
this perspective, certainly, the evaluation of ganglioside expression in this brain
region is essential for neurological studies. The literature data related to NC glyco-
lipid investigation using other methods than MS is limited to a report on a few
identified species. The first consistent compositional and structural analysis of gan-
gliosides extracted from adult human NC was carried out using tandem mass spec-
trometry on a high-capacity ion trap (HCT) instrument equipped with nanoESI chip
in the negative ion mode [65]. Over 80 components differing in the carbohydrate
chain and ceramide composition, with a large range of fatty acids, were for the first
time discovered in NC. NC was found dominated by mono-, di-, and trisialylated
ganglioside structures. Twenty-two species were found to contain one sialic acid
(Neu5Ac) moiety, 28 species disialylated, and 20 trisialylated. MS analysis revealed
that the carbohydrate chains of gangliosides in human NC vary from one to four
monosaccharide units, while the Cer moiety exhibits a high heterogeneity in the
fatty acid and/or sphingoid base composition. Also, four tetrasialylated and two
pentasialylated structures, i.e., a GP3 (d18:1/12:0) and a GP2 (d18:1/20:0), were
detected and identified in the NC extract. The incidence of species with such a high
sialylation grade in other adult brain areas was not reported before. Therefore, the
identification in the NC of these structures has a particular biological and biochemi-
cal value. Besides, MS screening provided information on the incidence in NC of
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Fig. 8.6 NanoESI chip HCT CID MS? of the [M+2Na—4H]*" at m/z 904.77 corresponding to
GM1 (d18:1/34:2) ganglioside species detected in adult human NC. Solvent: MeOH. Sample con-
centration: 3 pmol/pL. Acquisition time: 1.5 min. Chip ESI —-0.85 kV; capillary exit =30 V. The
assignment of the fragment ions is according to the nomenclature [14]. Reprinted with permission
from Serb et al. [65]

several glycoforms modified by O-Fuc and O-Ac attachments and/or lactonization.
In addition to these findings, as no less than 14 species with fatty acids chains
exceeding 30 carbon atoms were discovered in NC, the presence of unusually long
fatty acid chains in Cer composition is another feature, which distinguishes funda-
mentally NC from the other brain regions. In the second stage of NC ganglioside
research by MS, a NC-associated structure exhibiting a rare ceramide composition
with 34 carbon atoms in the fatty acid chain was fragmented by CID MS? (Fig. 8.6).
Adequate fragmentation conditions induced the formation of parent ions diagnostic
not only for the carbohydrate sequence but also for the highly specific and at the
same time unusual fatty acid chain within the lipid part. Hence, the spectrum in
Fig. 8.6 and the derived fragmentation scheme in Fig. 8.7 show that the fatty acid
chain consisting of 34 carbon atoms bearing two double bounds is very well docu-
mented by the V-type fragment ion.

8.3.3.3 Sensory and Motor Cortex

Sensory cortex (SC) is a brain region located on the lateral postcentral gyrus of the
parietal lobe and represents the main sensory receptive area. Damages of this region
might affect the ability to recognize objects and, in an extreme condition, induce
impairment in the contra-lateral side perception of the subject outer environment [11].
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Fig. 8.7 Fragmentation scheme of the [M +2Na—4H]?" ion at m/z 904.77 corresponding to GM1
(d18:1/34:2) ganglioside species detected in adult human NC. Reprinted with permission from
Serb et al. [65]

Motor cortex (MC) represents an area of the cerebral cortex responsible for the
planning, control, and completing voluntary movements [12]. MC is the main
contributor to generating neural impulses, which pass down to the spinal cord and
control the execution of movements. Injury of this brain area creates spastic contra-
lateral weakness, which is most prominent in the distal extremities [12].

Being situated in close proximity, MC and SC are often both affected by various
disorders and accidents such as cerebral vascular accident, amyotrophic lateral scle-
rosis (ALS), multiple sclerosis, Ramsay Hunt syndrome, Parkinson disease (PD)
and brain cancer [4, 34, 48]. Lately, positron emission tomography-PET [50], and
functional magnetic resonance imaging-fMRI [10] emerged as highly efficient
imaging techniques for the study of functional reorganization of MC and SC.

Several studies demonstrated that use of GM1 ganglioside resulted in significant
symptom reduction in Parkinson’s disease (PD) patients [63]. Also, marked aberra-
tions in brain ganglioside profiles detected in MC were found related to ALS [76].

The actual trends in the management of MC and SC afflictions are oriented
towards a combination of imaging methods for diagnostic and development of novel
and effective drugs for treatment. In this regard, the last findings indicate that gan-
gliosides are in the focus of research as possible bases for vaccines and drug
therapies-oriented medication.

In a recent study high-resolution tandem MS on a QTOF instrument was devel-
oped and for the first time applied for the assessment of ganglioside composition and
structure in specimens of human MC and SC [18]. Screening of the MC and SC
extracts in the negative ion mode nanoESI, under identical conditions, disclosed the
presence of 90 distinct gangliosides in both native mixtures, of which 48 in MC and
42 in SC. Remarkably, in MC, 2 tetra-, 11 tri-, and 20 disialylated ganglioside compo-
nents were discovered in contrast with SC where only 8 tri- and 13 disialylated
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molecules were detected. Of high importance is the identification in MC of
tetrasialylated GQ1(d18:1/18:0) and GQ1(d18:1/20:0) species which were not
observed in SC. MC mixture was also found to contain a higher number of fucosyl-
ated and acetylated species as well as gangliosides with trihydroxylated sphingoid
bases. These findings demonstrated that the sialylation degree, fucosylation and acet-
ylation pattern, and sphingoid base hydroxylation of the gangliosides expressed in the
two cortex regions are to be correlated with the specific functions of MC and SC.

CID at low ion acceleration energies applied to elucidate the structure of fucosylated
species Fuc-GM1 (d18:1/20:0) revealed the presence in MC of an isomer exhibiting
both Neu5Ac and Fuc residues linked at the inner galactose. Since this structure was
not reported previously, seemingly Fuc-GM1 (d18:1/20:0) species with sialylated
and fucosylated inner galactose is associated to the motor cortex.

8.3.3.4 Neocortex

Neocortex is the newest area in brain development of mammals [29, 38]. In humans
it accounts for about 76 % of the brain volume, as the outer layer of the cerebral
hemispheres, made up of six layers. Among mammals human neocortex is the larg-
est [31], allowing a new level of advanced behavior such as particular social behavior,
language, and high-level consciousness. Neocortex is involved also in other elevated
functions such as sensory perception, generation of motor commands, spatial rea-
soning, and all of the conscious thoughts. Basically, the neocortex enables the most
complex mental activity, which is associated with humans.

Gangliosides extracted from fetal neocortex of 36 gestational weeks were
analyzed by mass spectrometry using a HCT with nanaelectrospray chip-based
infusion on a NanoMate robot [17]. Eighty-nine ganglioside species differing in
their carbohydrate chain structure and ceramide composition were identified in the
neocortex within only 2 min of signal acquisition for single MS screening experi-
ments. A notable characteristic is the identification in neocortex of six GQ species
and also asialo- components having the oligosaccharide composition HexNAcHex,
and HexHexNAcHex,.

Ganglioside chains decorated with peripheral attachments such as Fuc and/or
O-Ac were previously reported as associated to the tissue in its advanced develop-
mental phase. Indeed, MS investigation of neocortex provided relevant data docu-
menting 12 fucosylated species, of which three GT1, two GT2, two GD2, two
GM4, one GT3, one GDI1 and one GA2, seven O-acetylated structures corre-
sponding to GM1, GD3, GD1, GT1, and GQ1, exhibiting high heterogeneity in
their ceramide motifs. Contrastingly, in other fetal brain regions a much lower
number of O-acetylated species and no species modified by fucosylation were
found. This particular aspect suggests that Fuc- and O-Ac- gangliosides are rather
associated with the neocortex as the most recently developed human brain region,
where the high level of thinking takes place and specialized integrative tasks are
processed. The large number of ganglioside species identified in neocortex is to be
correlated with the complexity of the functions coordinated by this region and
with its central role in the higher mental functions as language, memory, thinking,
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attention, abstraction, and perception in humans. The results obtained in direct
comparative MS analyses of neocortex vs. brain lobes [17] have also shown that
differences in ganglioside expression in fetal human brain are dependent rather on
the phylogenetic development than topographic factors. This feature, discovered
exclusively by MS, provides a novel insight into the major role of gangliosides in
human brain evolution and advancement of its functions in comparison with the
other mammals.

8.4 Gangliosides in Pathological Brain

8.4.1 Neurodegenerative Diseases

Neurodegenerative diseases represent a group of ailments characterized by the deterio-
ration of the structure or function of neurons up to the death of neurons. Neurodegenerative
diseases including Parkinson’s, Alzheimer’s, Huntington’s diseases, ALS, anencephaly,
spinocerebellar ataxia, and dementia arise as a consequence of neurodegenerative pro-
cesses taking place from molecular to systemic level.

Gangliosides trigger a variety of neurodegenerative diseases [63, 64] from
autoimmune-induced neuropathies caused by anti-ganglioside auto-antibodies
to lipidoses, a group of inherited metabolic disorders caused by the accumula-
tion of gangliosides in cell bodies due to a obstruction of their catabolic
pathways [59].

Gangliosides were also shown to have neuritogenic and neuronotrophic activity
[8] and to facilitate repair of neuronal tissue after mechanical, biochemical, or toxic
injuries. In AD administration of GM 1, having a high affinity for Af resulted in the
reduction of Ap level in the brain, suggesting that GM 1 might serve as the therapeu-
tic agent reducing/preventing brain amyloidosis by sequestering the plasma Ap [3].
On the other hand, interactions of AP (1-40) with ganglioside-containing mem-
branes, particularly with membrane rafts enriched in GM1 and GM3, were hypoth-
esized to be involved in the pathogenesis of AD [52]. Using conventional
high-performance thin-layer chromatographic separation/detection, immunochemi-
cal, and immunohistochemical detection methods, specific changes in ganglioside
expression and quantity in investigated human brain regions in AD disease were
discovered [32, 35].

MALDI TOF MS in combination with a method for transferring lipids separated
on a TLC-plate to a poly-vinylidene difluoride membrane and direct mass spectro-
metric analysis of the individual lipids on the membrane was applied to the analysis
of individual lipids and ganglioside molecular species in neural diseases [78]. In the
case of Alzheimer’s disease the expression of GD1b and GT1b gangliosides was
found diminished in the hippocampal gray matter than in the hippocampal gray
matter of patients with Parkinson’s disease or the control patients [72]. The analysis
of single ganglioside molecular species in patients with Alzheimer’s disease dem-
onstrated a major decrease of species exhibiting (20:1/18:0) ceramide composition.
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Fig. 8.8 NanoESI chip HCT MS in negative ion mode of native ganglioside mixture from glial
islands of anencephalic fetus. Solvent MeOH. Sample concentration 5 pmol/pL. Acquisition time
7 min. Chip ESI -0.8 kV; capillary exit —50 V. Reprinted with permission from Almeida et al. [1]

These results imply that Alzheimer’s disease is a ganglioside metabolic disease
affecting the hippocampal area. Such findings explain in part the major symptoms
of the disease, which are related to abilities promoted by hippocampus.

In anencephaly, a congenital malformation of the fetal brain occurring when the
cephalic end of the neural tube fails to close [7], the first assessment of ganglioside
composition by MS was reported in 2001 [80]. In this study nanoEST QTOF MS and
tandem MS were applied for the first time for compositional and structural identifi-
cation of native gangliosides from anencephalic cerebral residue. By this approach
it was found that the total ganglioside concentrations in the anencephalic cerebral
remnant and in cerebellum were significantly lower than in the corresponding
regions of the age-matched brain used as control. In the cerebral remnant, GD3,
GM2 and GT1b, GM1b nLM1, and nLLD1 were found highly expressed. Oppositely,
GD1a was found better expressed in the anencephalic cerebellum, while GQ1b was
reduced in both anencephalic regions. In agreement with previously acquired infor-
mation using immunochemical methods, by nanoESI MS, members of the neolacto-
series gangliosides were also discovered in anencephalic brain tissues.

Supplementary information supporting a major modification of ganglioside
expression in anencephalic vs. age-matched normal brain tissue were collected by a
superior methodology based on fully automated nanoESI chip MS and multistage
MS using the coupling of NanoMate robot to HCT MS tuned in the negative ion
mode [1]. The ganglioside mixture extracted from glial islands of fetal anencephalic
brain tissue was investigated in comparison with the gangliosides from a normal
fetal frontal lobe. Under identical instrumental and solution conditions, 25 distinct
species in the mixture from anencephalic tissue (Fig. 8.8, Table 8.3) vs. 44 of
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Table 8.3 Assignment of the major ions detected by negative ion mode nanoESI chip HCT MS in
the ganglioside mixture extracted from the glial islands of anencephalic fetus

m/z monoisotopic

Molecular ion

Proposed structure

735.12
836.71
851.60
918.08
931.72
952.80
1,037.60
1,041.60
1,049.18
1,063.33
1,065.63
1,077.71
1,104.78
1,139.01

1,151.71
1,165.80

1,167.82

1,179.74
1,181.75
1,206.77
1,221.33
1,235.81
1,237.81
1,249.78
1,253.02
1,259.79
1,261.81
1,263.83
1,265.84
1,275.80
1,277.80
1,279.81
1,301.82
1,353.03
1,354.79
1,383.21
1,384.81
1,437.01
1,442.78
1,444.80
1,468.79

[M-2H]*
[M-2H]*
[M-H]~
[M—-2H]~
[M—-2H]
[M-H]
[M-H]
[M-H]~
[M—-2H]-
[M—-2H]-
[M-H]~
[M-2H]*
[M-2H]>
[M-H]~

[M-H]-
[M-HJ-

[M-H]-

[M-HJ-
[M-H]-
[M-H]-
[M-H]-
[M-H]-
[M-H]-
[M-HJ-
[M-H]-
[M-H]-
[M-H]-
[M-H]-
[M-H]"
[M-HJ-
[M-H]-
[M-H]-
[M-H]-
[M-H]-
[M-H]"
[M-HJ-
[M-H]-
[M-H]-
[M-H]-
[M-H]-
[M-H]"

GD3(d18:0/18:0)
GD2(d18:1/18:0)
GD2(d18:1/20:0)
GD1(d18:1/18:0)
GD1(18:1/20:0)
GD1(d18:1/23:0)
HexNAcHex,Cer (d18:0/14:0) or (d16:0/16:0)
GM4 (d18:1/20:2)
GT1(18:1/16:0)
GT1(d18:1/18:0)
HexNAcHex,Cer (d18:0/16:0)
GT1(d18:1/20:0)
GT1(d18:1/24:0)
GM3(d18:1/14:0) or (d18:1/h14:0)
or HexNAcHex,Cer (d18:1/22:4)
GM3 (d18:1/16:0)
HexNAcHex,Cer (t18:0/22:0)
or (d18:0/h22:0) or (d18:2/24:4)
GM3 (t18:1/16:0) or (d18:1/h16:0)
or HexNAcHex,Cer (d18:1/24:4)
GM3 (d18:1/18:0)
GM3 (d18:0/18:0)
GM3(d18:1/20:0)
GM3(d18:1/18:0)
GM3 (d18:1/22:0)
GM3 (d18:0/22:0)
0-Ac-GM3 (d18:1/20:0) (or GM3 (18:1/23:0)
HexHexNAcHex,Cer(d18:1/18:0)
GM3 (d18:1/24:2)
GM3 (d18:1/24:1)
GM3 (d18:1/24:0)
GM3 (d18:0/24:0)
0-Ac-GM3 (d18:1/22:1) (or GM3 (20:1/23:1)
0-Ac-GM3 (d18:1/22:0) (or GM3 (20:1/23:0)
0-Ac-GM3 (d18:0/22:0) (or GM3 (20:0/23:0)
0-Ac-GM3 (d18:1/24:2)
GM2 (d18:1/16:0)
GM2 (d18:1/16:0)
GM2 (d18:1/18:0)
GM2 (d18:0/18:0)
GM2 (d18:1/22:0)
GD3 (d18:1/16:0)
GD3 (d18:0/16:0)
GD3 (d18:1/18:1)

(continued)
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Table 8.3 (continued)

m/z monoisotopic Molecular ion Proposed structure

1,471.03 [M-H] GD3(d18:1/18:0)

1,472.83 [M-H] GD3 (d18:0/18:0)

1,519.10 [M-H]" GM1, nLM1 and/or LM1 (d18:0/16:0)
1,544.16 [M-H]" GM1, nLM1 and/or LM1 (d18:1/18:0)
1,545.20 [M-HJ GM1, nLM1 and/or LM1 (d18:1/18:0)
1,805.23 [M-H]~ GT3(d18:1/18:0)

1,836.40 [M-H]" GD1(d18:1/18:0)

Reprinted with permission from [1]

which 4 asialylated in the normal frontal lobe were for the first time identified.
These results indicate that a high number of ganglioside species associated to anen-
cephaly could be ionized and discriminated only by employing chip-based electro-
spray. Interestingly, GD3 (d18:1/18:0), GD2 (d18:1/18:0), GM1 (d18:1/18:0), and
their neolacto or lacto-series isomers were detected as ions of similar low abun-
dances in both mixtures, while GT1 (d18:1/18:0) and GD1 (d18:1/18:0) were found
highly expressed in ancencephalic brain tissue (Table 8.4). Moreover, several struc-
tures such as GT1, GQI1, and GQ2 emerged clearly associated to anencephaly. This
prominent occurrence of polysialylated structures in anencephaly is basically an
effect to be used for the diagnosis of the brain development stagnation, characteris-
tic to this disease [1]. In view of the results obtained by MS/MS, the earlier report
[80] has postulated that GT1b is one of the disease markers; however, because of the
limited information obtained by fragmentation analysis in a single CID stage, vali-
dation of sialylation sites could not be accomplished. To close this gap, a nanoESI
chip CID MS" protocol [1] for fine investigation of the anencephaly-specific GT1
(d18:1/18:0) species was elaborated (Fig. 8.9a—d). The beneficial combination of
chip infusion, high capacity of ion storage, and multistage sequencing rendered ions
diagnostic for the disialo (NeuSAc,) element localization at internal galactose moiety.
Hence, chip MS results disclosed for the first time GT1b species in the cerebral
remnant of anencephalic brain.

8.4.2 Primary Brain Tumors

Primary brain tumors account for approximately 2 % of all adult malignancies and
are responsible for about 7 % of years of life lost prior to age 70. In childhood, 20 %
of all malignancies identified prior to 15 years of age are primary brain tumors. This
situates the primary brain tumors on the second place among the most frequent type
of cancer identified in children. For primary brain tumors therapy, drastic surgical
resection radiation and chemotherapy are especially applied [43]. These methods
are frequently problematic firstly because of collateral brain tissue sensitivity to
disruption and secondly because of the toxicity accompanied by side effects of the
therapeutic agents.
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Table 8.4 Comparative overview upon gangliosides and asialo-gangliosides detected by negative
ion mode nanoESI chip HCT MS in the glial islands of anencephalic fetus and in the frontal lobe
of healthy fetal brain

Ganglioside Normal
species Proposed structure Anecephaly frontal lobe
GM1 nLLM1 and/or LM1 (d18:0/16:0) + +
nLM1 and/or LM1 (d18:1/18:0) + +
nL.M1 and/or LM1 (d18:0/20:0) + -
(d18:1/16:0) +
(d18:1/18:0)
(d18:1/22:0)
GM3 (d18:1/14:0) or (d18:1/h14:0) +
or HexNAcHex,Cer (d18:1/22:4)
(d18:1/16:0) -
(t18:1/16:0) or (d18:1/h16:0) or -
HexNAcHex,Cer(d18:1/24:4)
(d18:1/18:0) +
(d18:0/18:0) -
(d18:1/20:0) +
(d18:1/22:0)
(d18:0/22:0)
(d18:1/24:2)
(d18:0/24:0)
(d18:1/24:1)
(d18:1/24:0)
0-Ac-GM3 (d18:1/20:0) or GM3 (18:1/23:0)
0-Ac-GM3 (d18:1/22:1) or GM3 (20:1/23:1) -
0-Ac-GM3 (d18:1/22:0) (or GM3 (20:1/23:0)
0-Ac-GM3 (d18:0/22:0) (or GM3 (20:0/23:0)
0-Ac-GM3 (d18:1/24:2)
GM4 (d18:1/20:2) -
GD1 (d18:1/18:0)
(d18:1/20:0)
(d18:1/23:0) -
(d18:1/24:1)
(d18:0/18:0)
GD2 (d18:1/18:0)
(d18:1/18:1)
(d18:1/24:1)
(d18:1/24:0)
(d18:1/20:0) -
GD3 (d18:0/18:0) +
(d18:1/16:0) -
(d18:0/16:0) -
(d18:1/18:1) -
(d18:1/18:0) +
(d18:1/24:1) +

+ + + +

+ +

I+ 4+ + 1

+

++ 4+ o+ + o+

+

+ + + + + o+

(continued)



Table 8.4 (continued)

Ganglioside Normal
species Proposed structure Anecephaly frontal lobe
GT1 (18:1/16:0) + +
(d18:1/18:0) + +
(d18:0/20:0) + -
(d18:1/20:0) + +
(d18:1/24:0) - +
GT3 (d18:1/18:0) - +
(d18:1/24:0) - +
(d18:1/24:1) + -
GQl1 (d18:1/18:0) + -
Asialo- HexNAcHex,Cer (d18:0/14:0) or (d16:0/16:0) - +
species HexNAcHex,Cer (d18:0/16:0) - +
HexNAcHex,Cer (t18:0/22:0) - +
or (d18:0/h22:0) or (d18:2/24:4)
HexHexNAcHex,Cer (d18:1/18:0) - +
Reprinted with permission from [1]
a
i [M-2H]>
91727 MS* - Y‘ﬂ
1544 87
[M-2H]% -H 0
o B Y2u/Cig
Y. IB "~: 116150
Y, ZJ & Ysu{,Bm PY. ! 526;5 »
9 56462 066,63 109132 125402 1
1 “ooilesmea i i Y3u/B1g
Byp Bap i 10.23.925 1382.92
{29021 % 58132 ViOE R -.Yap'coz i
I R y 1500 1
" . . | : . : | . : i : . : hE :
200 400 600 800 1000 1200 1400 mz

Y,
AL

- GalNAc -0 - Gal -0 - Glc + O - Cer

Fig. 8.9 NanoESI chip HCT multistage MS of the doubly charged ion at m/z 1,063.34 correspond-
ing to GT1 (d18:1/18:0) species from glial islands of anencephalic fetus mixture: (a) MS. (b)
fragmentation scheme of ion at m/z 917.32. (¢) MS*. (d) fragmentation scheme of the ion at m/z
1,544.87. The assignment of the fragment ions is according to the nomenclature [14]. Reprinted
with permission from Almeida et al. [1]
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Fig. 8.9 (continued)

Tumorigenesis/malignant transformation is accompanied by aberrant cell sur-
face composition, particularly due to irregularities in glycoconjugate glycosylation
pathways. Various glycosyl epitopes constitute tumor-associated antigens [47, 73].
Some of them promote invasion/metastases, while some other suppress tumor pro-
gression. Among molecules bearing characteristic glycosyl epitopes causing such
effects are also gangliosides. Gangliosides were recently shown to play an impor-
tant role in brain tumor development, progression, and treatment [5, 37, 46, 66].

Glycosphingolipid-dependent cross-talk between glycosynapses interfacing
tumor cells with their host cells has been even recognized as a basis to define tumor
malignancy [23]. Specific changes of gangliosides pattern in brain tumors correlat-
ing with tumor histopathological origin, malignancy grade, invasiveness, and pro-
gression have been observed [67, 74]. Tumor cells of neuroectodermal origin may
shed their gangliosides into circulation, resulting in higher ganglioside concentra-
tions in serum [16]. This shedding of gangliosides into interstitial spaces and blood
of oncological patients has been suggested to be involved in increased tumor cell
growth and lack of immune cell recognition. Although higher concentrations of
serum gangliosides in oncological patients comparing to healthy individuals have
been reported [60], there have been no data on comparison of ganglioside
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concentrations in serum or cerebrospinal fluid before and after surgical removal of
tumor in individual patients. Glycoantigens and lipoantigens have been recognized
as relevant and potentially valuable diagnostic and prognostic markers and tumor
molecular targets for development/production of specific antitumor drugs [41] such
as glycolipids-based vaccines, but their investigation in this regard has been
neglected comparing to proteins.

Except for mass spectrometry, several biophysical and biochemical methods
such as Raman spectroscopy, immunocytochemistry, flow cytometry, western blot-
ting, transwell assays, and mid-infrared spectromicroscopy were developed and
optimized for the determination of lipid/glycolipid molecular markers in brain
tumors [17, 36, 69, 70]. Nevertheless, a large number of low abundant tumor-
associated species could not be detected by these approaches. Using these methods,
the data acquired on ganglioside composition in human brain tumors, sera and cere-
brospinal fluid were restricted to several major species; many less abundant species
have not been structurally characterized. This emphasized a need for detailed and
systematic screening and structural characterization of brain tumor glycoconjugate
composition, which could adequately be achieved only combining up-to-date, ultra-
sensitive, high-resolution methodological approaches of detection and sequencing
of biomolecules, such as advanced mass spectrometry combined with bioinformatics
for data interpretation.

8.4.2.1 Benign Tumors
Meningioma

Meningiomas are a group of tumors of the meninges, the membranes surrounding
the brain and spinal cord. Meningiomas occur from the arachnoid cap cells, which
enclose and adhere to the dura mater.

According to WHO [42] meningiomas are classified as benign (WHO grade 1),
atypical (WHO grade II), and malignant/anaplastic (WHO grade III). Ninety per-
cent of all diagnosed meningiomas are benign. Due to the reduced incidence of the
malignant type, in general meningiomas are regarded as tumors treatable by surgery
[24]. Altogether, meningiomas represent about 13—30 % of the primary intracranial
neoplasms, being among brain tumors only less frequent than gliomas.

If low-grade meningiomas are treated by surgical resection, which yields perma-
nent healing, higher grade forms require radiation therapy following tumor removal
[85]. Meningiomas can usually be surgically resected only if the tumor is superficial
on the dural surface and accessible; if invasion of the adjacent bone/tissue already
occurred, total removal is not feasible and the treatment is impeded. This particular
aspect, which applies to tumors in their latter form, together with the discrepancy
between the biological behavior and tumor grade opened lately new research direc-
tions in bioanalytics and molecular medicine towards discovery of molecular markers,
to allow early tumor detection and development of novel and more efficient thera-
peutic schemes.
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In this context, a complex strategy combining high-performance TLC, laser
densitometry, and fully automated negative ion mode nanoESI chip coupled to
QTOF MS was designed and applied for mapping of gangliosides in a specimen of
human angioblastic meningioma [62]. Qualitative analysis of ganglioside pattern
using TLC identified GM3, GM2, GM1, GD3, GDla (nLD1, LD1), GDI1b, and
GD?2 species in human meningioma. Moreover, comparative TLC analyses indi-
cated considerable differences between the proportions of ganglioside species in
meningioma vs. healthy brain tissue and showed for the first time that meningioma
tissue is rich in GD1a (nLD1, LD1). However, by high resolution MS with chip-
based ESI, 34 distinct species, of which two asialo, were identified. This inventory
determined by MS contained many more species than previously reported in menin-
giomas using other biochemical or biophysical methods. Besides the unexpected
number of species, an interesting characteristic revealed by MS is the exclusive
expression of species with shorter glycan chains and reduced sialic acid content,
i.e., maximum sialylation degree found in meningioma is 2.

Another characteristic of meningioma is the absence of O-fucosylation,
O-acetylation, or O-GalNAc modification of the main oligosaccharides chain of
ganglioside species found in other brain tumors or brains affected by neurodegen-
erative disorders. Furthermore, nanoESI chip MS evidenced that despite the low
percentage of GM1 fraction in meningioma, a number of eight abundant ions were
attributable to nine GM1 forms. CID MS/MS analysis documented that both
GMla and GM1b isomers are expressed in meningioma tissue. The findings
related to GM1 advocate for the first time that, beside GM3 species, already known
as an indisputable marker of meningioma, GMI class is also associated to this
type of tumor.

Hemangioma

Hemangioma represents a congenital benign tumor or vascular malformation of
endothelial cells. The ailment features enlarged blood vessels with a single layer of
endothelium accompanied by the absence of neuronal tissue within the lesions.
Cavernous hemangioma is the most widespread form of brain hemangioma. This
type can originate from any part of the brain and can also occur at any location along
the vascular bed [28]. Frontal and temporal lobes are the most common sites of
occurrence, with approximately 70 % of these lesions located in the supratentorial
region of the brain; the remaining 30 % arise in the infratentorial region.
Hemangioma is most usually diagnosed by imaging techniques such as mag-
netic resonance imaging. A more specific detection can be accomplished by
gradient-echo sequence MRI, able to expose even the tiny lacerations [39]. A prac-
tical choice to these methods is the early detection of hemangioma at an incipient
stage, based on routine screening and cancer biomarker discovery before clinical
symptoms arise. As bioindicators of brain cancer, gangliosides in hemangioma
were analyzed by mass spectrometry in an attempt to discover the species associ-
ated to this type of tumors [61]. Native ganglioside mixture extracted from brain
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hemangioma in the frontal cortex of an adult patient was screened by nanoESI chip
high capacity ion trap MS in comparison with age-matched healthy frontal cortex.
In contrast to the normal tissue, ganglioside mixture extracted from hemangioma
was found dominated by species of short oligosaccharide chains with a reduced
overall sialic acid content. From a total of 29 structures identified in hemangioma
tissue, 13 were monosialylated species of GM1, GM2, GM3, and GM4-type and 13
disialylated species of GD1 and GD2-type bearing ceramides of variable structure.
Only two polysialylated species namely GT1 having (d18:1/20:0) ceramide compo-
sition and GT3 with (d18:1/25:1) ceramide were detected. However, none of these
trisialylated ganglioside forms were detected in the normal tissue; this aspect shows
that such components are either absent or much lower expressed in normal frontal
lobe, being associated to hemangioma tumor. Interestingly, two modified ganglioside
structure were observed in the ganglioside mixture extracted from hemangioma:
0-Ac-GD2 (d18:1/23:0) and O-Ac-GM4 (d18:0/29:0). The same O-Ac-GD2
(d18:1/23:0) species was identified also in the normal tissue of the frontal cortex,
and was never reported in malignant tumors [61]. This suggested that O-Ac-GD2
structures might be markers of either benign cerebral tumors or tumors with reduced
malignancy grade.

According to the presented data on meningioma, apparently the expression of
polysialylated gangliosides is regulated in a growth- and development-dependent
mode and associated with the type of normal/aberrant brain tissue status.

8.4.2.2 Malignant Tumors
Astrocytoma

Astrocytomas (AcTs) are collection of CNS neoplasms characterized by predominant
cell type derived from an immortalized astrocyte. Situated in most parts of the brain,
sporadically even in the spinal cord, astrocytomas can induce compression, inva-
sion, and destruction of the neural tissue.

AcTs are categorized in four subtypes according to the growth rate and prospective
for proliferation in the adjacent brain tissue [42]: (1) pilocytic astrocytoma (grade I),
a slow-growing astrocytoma that usually does not spread to other parts of the CNS;
(2) low grade astrocytoma (grade II), a relatively slow-growing type, which can
invade the surrounding brain tissue and tends to reappear after treatment; (3) anaplas-
tic astrocytoma (grade III) characterized by a rapidly growing rate, with incursion in
the normal brain tissue and rapid recurrence after the treatment; (4) glioblastoma
multiforme (grade IV), the most aggressive and highly invasive type displaying
necrosis areas and a variety of cells including astrocytes and oligodendrocytes.

Astrocytomas have poor survival rates, considered from diagnosis and the begin-
ning of the treatment as follows: 10 years for pilocytic form, 5 years for patients with
low-grade diffuse astrocytomas, 2—5 years for anaplastic astrocytomas, and less than
1 year for patients with glioblastoma [87]. Regrettably, astrocytomas affect young
ages, the most cases of pilocytic astrocytoma being discovered in the first two decades
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Fig. 8.10 NanoESI Orbitrap MS screening in the negative ion mode of the gangliosides from
human astrocytoma. Solvent MeOH. Sample concentration: approximately 2 pmol/pL. Acquisition
time 1 min. Flow rate 150 nL/min. Sample volume consumption 150 nL. Spray voltage 1.1 kV.
Counterelectrode voltage —35 V. Reprinted with permission from Zamfir et al. [90]

of life [57]. In contrast, low-grade astrocytomas affect especially people aged
3040 years and, only in low percentage, patients younger than 20 years of age.

Astrocytomas are usually detected by expensive diagnostic imaging methods
often in a late phase, when only palliative treatment is possible. The only practical
alternative is the early detection of tumor, at a stage when the resection is possible,
which should be based on routine screening and biomarker discovery before clinical
symptoms arise. Therefore, nowadays, the research is focused on the development of
efficient analytical methods able to discover molecular fingerprints, among which the
class of gangliosides is the most promising. Based on these premises, in 2013 the first
investigation of gangliosides expressed in a low-grade astrocytoma by high-resolution
MS on an Orbitrap instrument was initiated [90]. The research was conducted towards
the first mapping of gangliosides in specimens from AcT, its surrounding tissue (ST),
and a normal control brain tissue from the frontal lobe (NT) under identical condi-
tions. Comparative (—) nanoESI MS screening at a sample concentration of only
2 pmol/pL of gangliosides from AcT (Fig. 8.10), ST (Fig. 8.11), and NT (Fig. 8.12)
has led to the following findings summarized in Table 8.5a—c: (1) ganglioside com-
positions in AcT and ST are altered in comparison to the ganglioside expression in
NT; (2) anumber of 30 species are associated to the tumor; (3) 14 ganglioside species
in AcT, 14 in ST, and only 5 in NT exhibit ceramide moieties with long chain fatty
acids exceeding 25 carbon atoms. This finding represents another characteristic dis-
tinguishing AcT and ST from NT; (4) ST extract presents high levels of sialylation,
fucosylation, and acetylation, typical for malignant transformation, a feature indicating
the phenomenon of AcT cells protrusion in the ST.
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Fig. 8.11 NanoESI Orbitrap MS screening in the negative ion mode of the gangliosides from
human astrocytoma surrounding tissue. Conditions as in Fig. 8.10. Reprinted with permission from
Zamfir et al. [90]
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Fig. 8.12 NanoESI Orbitrap MS screening in the negative ion mode of the gangliosides from
control tissue originating from the frontal lobe. Conditions as in Fig. 8.10. Reprinted with permis-
sion from Zamfir et al. [90]

The MS screening data indicated that AcT, ST, and NT present a common gan-
glioside structure: GT1(d18:1/18:0) or GT1(d18:0/18:1). CID MS*-MS* experi-
ments (Fig. 8.13) yielded a number of product ions corroborating for the presence
of a GT1c isomer (Fig. 8.14) in AcT and ST, but not in NT. A GT1c isomer having



181

8 Neurological Analyses: Focus on Gangliosides and Mass Spectrometry

(panunuoo)

(0:62/0:81P) 10D -[HE—eNZ+I] 81°8¢ 16°819°C 1¥°819°C

(0:1€/1:8TP)TOD (O*H-)-[H-] 8¢ 96°T8S°T LY'T8ST

(1:27/1:81P) 10D -[H-I] 0'9¢ 1TTLYT TITLY'T

(I'%1/1:81P) 10D -[He—eN+I] 86°¢E 10T8€°C €6'18€°C

(1°21/1:81P) 10D -[Hz—eN+I] €L'6T L6ESET 06'€S€T

(T:9T/1:81P) 11O H-I] ¥8°9¢C 91°6€TT 01°6€T°C

(0:€€/0:81P) TLO H-I €1'ce 08°LLIT €LLLTT

(1:81/1:8TP)TLO -[H-W] Is°€c L6'STIT T6'STIT

(T:L1/0:8TP)ILD 10 (I:LT/1:8TP)I.LD -[H-I] Iree 6011T 0PI

(0:7€/1:81P)1AD-OV-0 -H-] ¥6°8¢ 9TT01°C 0T'T01°C

(I:2E/1:81P) 1AD-OV-0 -[H-] eI've 1T°TLOT 91°TLOC

(I:¥2/0:81P)TLO 10 (0:+T/1:81P)TLD H-I 9C'6¢ 09°0S0C ¥$°050°C

(0:82/0:81P) 1AD -[HE—eNZ+I] oL'6l YT¥T0T 0T¥20°C

(1°TT/T:81P) -[Hz-eN+II 96'S1 60°6L8°T

€1D-9V-0 10 (0:L1/0:81P)ELD-ON (O'H-)-[H-N] 8CT'IC 01°6L8°T 90°6L8°1

(1:61/0:81P)1AD 10 (0:61/1:81P) IAD -H-] 09°1¢ L60SS°T €6'058°1

(€:61/0:81P)TAD 10 (T:61/1:81P)TAD -[H-] 08°LI 8789°1 6L189°1

(0:62/0:81P) TIND H-I orcI €YYl 6T P91

(0:81/1:81P) €AD-OV-0 H-I 86l 98°CIST €8°CIST

(0:LT/1:8TP)EIND -[H-I] [ 90'90€°1 ¥0°90€°1

(0:TT/1:81P) END -[H-I] 8191 18°6€T°1 6L SETT

(1:91/0:81P)SIAD 10 (0:91/1:8TP)SIND -H-] Ye'Ll 88°TSI'I 98°CSI°l

(1:81/0:81P)1.LO 10 (0:81/1:81P) 11D ~[HZ-IN 18781 €€°€90°1 1€°€90°1
(0:€z/1:02P) 10

(0:$7/1:81P) TAT 10/pUe TQTU ‘TAD ~[HZ-INI Ge0l £5°996 5996

uonisodwoos pasodoid Uol Je[NO[OJA (wdd) [eonQI09Y) [eyuowradxe

KoeInooe Ssej\

(o1dojostououwr) 2/us

(ordojostouowr) 2/ut

ISHOouBU 9pow UOT dA1E3oU AqQ Paj0a)p

SN deniqio

se LN (9) LS (q) "1oV (&) woij aomx1w apisorjgues oy} ur syuouodwod d[3urs jo uonisodwod pasodoid §°8 IqeL



= (1:97/1:81P)1LDO -H-] 9LSe 91°LETT 80°LETT
m (0:2T/0:81P) 11O -[H-I LS9¢ 09°981°C TS'981°C
M (0:€€/1:81P) TLO H-I] olce 08°SLIT €EL'SLIT
< (T81/1:81P)1LD -[H-W] S6'CE L6'E€TIT 06°€T1°C
(€:L1/0:81P)LLD 10 (T:LI/1:81P) LD -[H-W] yIee 60°CITC T0TIIT
(0:%€/1:81P)1AD-OV-0 [H-W] ¥S'8¢ 9T'T01°C 0T'T01°C
(0:2€/0:81P) 1AD-OV-0 -H-] 06'8¢ 61'9L0C €1'9L0°C
(I'zE/1:81P) 1AD-OV-0 -[H-I $6'8C 1T°TLOT SI'TLOT
(1:¥T/0:81P)TLO 10 (0:+T/1:81P)TLD H-I] LEYT 09°0S0C $$°0S0°C
(0:82/0:81P) 1D -[HE-BNT+I] ¥9°6¢ £T¥20°T LT'¥20°C
(Tze/1:81pP) -[He—eN+1] 09°9¢ 01°6L8°1

€1D-9V-0 10 (0:L1/0:81P)ELD-ON (O*H-)-[H-] 8T’ I¢ 60°6L8°1 SO'6L8°T
(0:¥2/0:81P)ELD -H-] S9'1¢ LSl 8E°LYS'l
(€:61/0:81P)TAD 10 (T:61/1:81P)TAD -[H-I €L'EC 87891 8L189°1
(T:6T/1:81P) TIND H-I] 90t¢ TTT99°1 81°799°1
(0:52/0:81P) TIND -[H-W] £EVC TEVP9°T LTHP91
(1:81/1:81P) €dD-2V-0 -[H-W] Ly'9¢ P8OIST 080151
(0:LT/1:81P)EIND [H-W] L6'CC 90'90€°1 €0°90¢°T
(0:TT/1:81P) END -H-] 6CYC 18°6€T°1 8LGET]
(0:61/0:8TP)SIND -H-I ¥0°S¢C 08°L61°1 LLL6T'T
(T:81/1:81P) END H-] 00°LT 96'SLI'T Y6 SLI‘T
(1:81/0:81P) LD 10 (0:81/1:8TP) LD —[HZ-W] 18781 £€°€90°T 1€°€90°T

(€:81/1:81P) 1T 10 TATU ‘TAD ~[Hz-INI L6°01 I€° 116 0c'I16

(0:0¢/1:81P) TAD-OV-0 —[HZ-INI o1l 8€TL8 LETLY
(I:L2/1:81P)1dD -H-] 8'8¢ 6See8T Y E€8°T
(0:1€/1:81P)1OD-OV-0 -H-] £8°LE 79TH9T ST
uonisodwoos pasodoid Uol JR[NO[OJA (wdd) [eonRI09Y) [eyuowradxe

KoeInooe SseIAl

(ordojostouour) zjut

(ordojostouour) 2/us

182

(Panunuod) §°g AqBL



183

8 Neurological Analyses: Focus on Gangliosides and Mass Spectrometry

(panunuod)

(0:91/0:81P)TIND

(0:81/1:81P) €AD

(1:91/1:81P) €D

(1:02/1:81P) TIND

(0:81/1:81P) TND

(0:01/1:81P) TIND

(0:81/1:81P) TOD

(0:T1/1:81P) CIND-ON]
(0:8T/T:8TP)SIND

(T:€1/1:81P) CIND
(1:€2/0:81P)1.LD 10 (0:€T/1:81P) LD
(0:81/1:81P) 11D
(1:81/0:81P)I.LD 10 (0:81/1:81P) LD
(T:Te/1:81P) T1LO

(TH1/1:81P) YIND

(0:2T/0:81P) 10DE ]
(0:07/1:81P) 1ATI0 [ATU ‘TAD
(0:81/1:81P) TAT1I0 [ATU ‘TAD
(1:€T/1:81P) 1dD-ond
(0:L2/1:81P)TdD
(0:1¢/1:81P)TOD-OV-0
(0:62/0:81P)TOD
(0:1€/1:81P)TOD
(1:27/1:81P)TOD
(TTe/1:8DILO
(I:¢1/1:81P)TOD

(0:02/0:81P) 1.LO-on
(0:91/0:81P)I.LO-oNd

H-I]
H-I]
H-I]
H-I
H-WI
[H-WI
—~[Hy—eNc+INI
H-I]
[H-I]
[Hz—eN+A]
~[HTt-II
~[HE—eN+A]
—[HZ-I]
—[HZ-IN]
[HZ-eN+IN]
H-I
~[HTt-I
~[HZ-I]
H-I]
H-I]
H-I]
_[HE—eNzZ+IN]
(O'*H-) -[H-N]
[H-WI
[HY—eNe+IN]
(O'H-) -[H-I]
H-I]
H-II

£€€'9¢
6l'LT
SL'LT
8¢€'8C
6'8¢
¥9°€C
LEVC
0S¢
rse
19°9¢
1781
981
1881
0961
01°0¢
gsol
YL 01
0601
C8'LE
Iv'Le
£8°LE
81'8¢
1L°8¢
0¥'9¢
eLLE
9¢'8¢
96'tve
09°6¢

98'816S°1
€O TLY'T
8L OV 1
688011
78'78¢°1
69'89C°1
YO'TETT
9¢¥TT’1
PL6LT'T
SYLTIT
07'860°1
0¥LO°1
€€°€90°1
08'610°T

12°086

¥€'LY6

P€'1€6

87'L16
0$7906°C
TS'€L9T
79°TY9°T
1S'819°C
95785°C
1TTLYT
TTS8ET
60'97€°T
08°'L8T°C
86'9¥C°C

T8'8IS°I
66'0LY'1
YL OV 1
18°80%°1
8LTSET
99'89T°1
10°1€T°1
€CVCTT
TL6LTT
TWLTIT
81'860°1
007LO‘T
1€°€90°1
8L°610°1

61°086

€E°LY6

£e'1¢6

LY'L16
6£€906°C
TEL9T
ST
17°819°C
91'T8ST
TITLY'T
€1'68€T
009%€°C
TLLSTT
069%C°C



A.D. Zamfir

184

[06] woiy uorssturrad yim pajuridoy

(T:8T/1:81P) 1D (O'H-)-[H-N] 16'8¢ LELTST 9T'LTS8T
(0:1€/1:8TP)TOD -[Hz—eN+I] (4813 96TT9T 9¥'TT9°C

(0:%2/1:81P) 10D -[Hz-eN+I] 19°6¢ YT¥TsT Y1vTST

(TTe/1:8DILD -[Hy—eNE+I] eLLE TTS8ET €1°S8€T

(T:97/1:81P)11O -[H-II 6L'SE 91°'6€TC 80°6€TC
(€:81/0:81P)T.LD 10 (T:81/1:81P)TLD -[H-II 99°LE 0Tyl [AR 74N
(T:¥€/1:81P)TAD-OV-0 -[H-II €1'8¢ ¥7'860°C 91°860°C
(0:%2/0:81P) T1O -[H-I] 96'8¢ 092S0C 76°T80°T

(T:TT/1:81p) SuoR[-ZAD -[H-] S0°Se 96'966°1 $6'966°1
(I'¥2/1:81P) IINTU-OVNXOH-XOH [H-W] Trse €5°C66'1 9%°266°1
(2:81/0:81P)TLO 0 (1:81/1:81P)TLD -[H-II 09°6¢ 70'996°1 €6°696°1
(T:¥T/1:81P) 1AD -[H-II 159¢ 76916°1 S8916°1
(0:02/1:81P)1AD -[HZ-eN+II] IrLe 66'688°1 76'688°1

(0:81/1:81P) TATI0 [ATU ‘TAD -[HZ-eN+I] L9LE S6°'LS81 88°LG8‘1
(0:81/1:81P)IATIOTATY ‘TAD [H-IWI 4513 ¥6°SES°T LY CES'T
(1:€7/1:81P) €1D [H-II T8¢ 0r"0€8°1 €€°0€8°1
(0:97/1:81P)TIND -[HE-eNT+IN] LTSE 68°00L°T €8°00L°1

(0:TT/1:81P) TWTIOTINTU TIND -[H-II LY'LE 76°009°1 98°009°1
(0:0T/1:8TP) TIN'TI0 TIN'TU ‘TIND -[H-II 8L'I¢ G8TLST 08CLST
(0:8T/1:8TP) TIN'T 10 TIN'TU ‘TIND [H-IWI 9¢Cce €8 VPS°T 8LYPST
uonisodwod pasodoig UoI JB[NIA[OJN (wdd) [eo12109Y) [eruowradxa

KoeInooe SsSeN

(ordojostouour) zjus

(ordojostouour) 2wt

(Ponunuod) §°g AQEL



8 Neurological Analyses: Focus on Gangliosides and Mass Spectrometry 185
T 10 1 5 |
1903 (4,/Cyy)- Zy
888.69 1544.93
90 ]
80 — Zy
] 1836.04
] Yu' 2-
70 4 564.56 WA Zy /M0
@ ] 106328  Zop
8 i 1818.02
5 60 vz 1253.83
g 1 B, ByICO, 4 z,,-ICO,
3 1 29010 537.21 Z,- 917.52 | (Z,/Z,)- 1792.04
< 501 726.62 (Z,,/Y,)-1070.40 ;
g ] Cyp 1052.39 (y Z5/CO,
£ 4017 P Z-MH,0 Y- 99 (Yo, /Zy) 11‘ : Z,-/CO,/H,0
S N 708.62 744.64 | 1088.41 500.9 1774.03
o] [BMO g el |z
] 364.14 saior || 87232 125 /Cyr * 1761.90
20 1 B | ;1091.78 | n. a.
] e Gy i - |1571.02
] 38215 | 59990 @Yo | | na  |15710
10 3 { ; ‘ 979.37 ’ 1346.84
0 Jeteswrtlidaap OWATRSVRE 7 E R RPROAN X RSN B )'l‘ [PRRFPRTTY PR EVITH VYT WE DTS Ly formy V2
200 400 600 800 1000 1200 1400 1600 1800 2000

Fig. 8.13 Structural analysis by CID MS? of the [M —2H]*" corresponding to GT1(d18:1/18:0) or
GT1(d18:0/18:1) detected at m/z 1.063.28 by MS screening of astrocytoma gangliosides. Collision
energy within 35-50 eV range (Elab). The assignment of the fragment ions is according to the
nomenclature [14]. Reprinted with permission from Zamfir et al. [90]

Fig. 8.14 Fragmentation
scheme of GT1c (d18:1/18:0)
or GTlc (d18:0/18:1) by CID
MS?. The assignment of the
fragment ions is according to
the nomenclature [14].
Reprinted with permission
from Zamfir et al. [90]
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(d18:1/18:0) ceramide composition was never identified in another brain tumor,
which shows that under the high-resolution conditions and multiple stage fragmen-
tation on Orbitrap MS, a novel species, biomarker of human astrocytoma was dis-
covered and structurally characterized.

Gliosarcoma

Glioblastoma multiforme is a rare primary neoplasm of the CNS, ranked by the
World Health Organization as a grade IV tumor [42]. Gliosarcoma is a variant of
glioblastoma multiforme [25] defined by a biphasic tissue pattern consists of alter-
nating areas displaying glial and mesenchymal (sarcomatous) differentiation.
Gliosarcoma accounts for about 2 % of all the glioblastomas, usually affecting the
adult population in the fourth to the sixth decade of life with a prevalence in male
population (male:female, 1.8:1).

Gliosarcomas are usually located in the cerebral cortex involving the temporal,
frontal, parietal, and occipital lobe in decreasing frequency. The typical clinical his-
tory of the patient is short and the presenting symptoms depend upon the location of
the tumor [25]. Even after radical resection by surgery followed by chemo- and
radiotherapy, the median survival time is usually 11.5 months with less than 10 %
survival after 2 years following diagnosis [44]. The failure of the present therapeutic
scheme in glioblastoma is the tumor aggressiveness which leads to rapid infiltration
of the tumoral cells into the adjacent healthy brain tissue, which makes them rather
inaccessible to treatment methods. Therefore, the present strategies investigated for
treatment is to target the invading tumor cells by using specific binding ligands [68].
The critical point is, however, to identify the tumor-specific target molecules and
characterize their structures in detail.

In the case of human gliomas, mono- and di-sialylated ganglioside species have
been suggested as associated species and/or antigens [19]. Although by various
methods a few gangliosides were found potential candidates as glioma-antigens, a
more comprehensive mapping of this tumor biomarkers could be achieved by high-
resolution mass spectrometry using chip-based nanoESI QTOF and ESI FTICR MS
for screening and CID for structural elucidation [83]. By these accurate methods it
was found that ganglioside expression in gliosarcoma is highly altered as compared
to the normal brain. For instance, GD3 species having d18:1/18:0, d18:1/24:1, and
d18:1/24:0 Cer compositions were found dominant in the ganglioside mixture
extracted from human gliosarcoma (Fig. 8.15). Unexpectedly a high abundance of
O-acetylated GD3 derivatives, particularly with d18:1/18:0 and d18:1/20:0 lipid
moiety structure, were also observed. GM2, GM1, and/or their isomers nLM1 and
LMI, as well as GD1 species characterized by heterogeneity in composition of
their ceramide moieties, were found abundantly in the mixture, while the species
with a higher sialylation degree were found poorly or not at all expressed. The
reduction in the total ganglioside content and the altered pattern in gliosarcoma vs.
control tissue is considered the result of both a lower overall biosynthetic rate, due to
change in expression of certain glycosyltransferases, and higher turnover rate [83].
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Fig. 8.15 NanoESI chip QTOF MS of the native gliosarcoma ganglioside mixture. ESI voltage
1.60 kV. Sampling cone 80 V. Acquisition 2 min. Average sample consumption 0.5 pmol. Reprinted
with permission from Vukeli¢ et al. [83]

A higher expression of sialyltransferase II (GD3 synthase) and a lower expression
of galactosyltransferase II were found to be the most probable causes of the very
high GD3 and very low GMla, GDla, and GD1b abundances. While the latter
species were previously known as glioma biomarkers, GD3 and the corresponding
acetylated forms were discovered only by mass spectrometry as tumor-associated.
Tandem MS by CID using as the precursor O-Ac-GD3 (Fig. 8.16) provided sequence
data consistent with the presence of gliosarcoma-associated isomer bearing
O-acetylation at the inner Neu5Ac residue, a form previously not structurally con-
firmed. The information derived from the MS data according to which gliosarcoma,
as the highest malignancy grade brain tumor, contains a higher amount of potentially
proapoptotic GD3 than of the O-acetyl GD3 species suports the previous assump-
tion [33] that the role of O-Ac-GD3 as tumor-specific component is the protection
of tumor cells from apoptosis.

8.4.3 Secondary Brain Tumors

When highly expressed, some of the glycosyl epitopes promote invasion and metas-
tasis and thus can lead to shorter survival rate of patients, while some others sup-
press tumor progression leading to higher postoperative survival period. Targeting
carbohydrate antigens such as gangliosides expressed on metastatic tumor cells
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Fig. 8.16 NanoESI QTOF CID MS/MS of the [M—H]" at m/z 1,540.96 corresponding to the
0-Ac-GD3 (d18:1/20:0). ESI voltage 1,000-1,250 V. Collision energy 25-40 eV. Collision gas
pressure 5—10 psi. Acquisition time 11 min. Average sample consumption 3.5 pmol. Inset: the
fragmentation scheme of O-Ac-GD3. Reprinted with permission from Vukeli¢ et al. [83]

represents a priority for the immunotherapy of cancer since aberrant glycosylation
exhibited by tumor cells is considered a factor of their uncontrolled growth, inva-
siveness, and increased metastatic potential.

8.4.3.1 Brain Metastasis of Lung Adenocarcinoma

Lung adenocarcinoma is a histological form of lung cancer that contains certain
distinct malignant tissue architectural, cytological, or molecular features. Non-
small cell lung cancer, the most frequent cause of cancer deaths in many countries,
has a high risk of brain metastases that reportedly reaches 44 % in brain autopsy. As
compared to other primary cancers, where brain spread is usually a later complica-
tion, lung cancer develops intracranial metastases relatively early and is often
accompanied by neurologic symptoms on initial diagnosis [22].

Untreated brain metastases have a median survival of about 4 weeks with almost
all patients dying from neurological rather than systemic causes [2]. Whole-brain
radiation therapy and chemotherapy are currently the standard, unfortunately only
palliative, treatments for patients with brain metastases. Even under treatment, the
prognosis for patients with brain metastases is generally poor, with median survival
time between 3 and 6 months [20].


http://en.wikipedia.org/wiki/Lung#Lung
http://en.wikipedia.org/wiki/Lung_cancer#Lung%20cancer
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Non-small cell lung cancer has been shown to exhibit elevated expression of
GM3 and GM3 synthase (sialyltransferase-I or SAT-I) mRNA with a positive cor-
relation between expression levels of SAT-I mRNA and GM3 in tumor tissues [51].
Overexpression of GM3 synthase was used to determine the effects of endogenous
gangliosides on the metastatic process of 3LL Lewis lung carcinoma cells. It is also
known that metastatic potential of lung cancer cells is regulated via GM1 ganglio-
side by modulating the matrix metalloproteinase-9. Low GM1 expressing cell lines
showed increased proliferation, invasion, and metastatic potential [91]. Another
ganglioside used in development of novel therapies for small cell lung cancer is
fucosyl-GM 1, which is specifically expressed in lung cancer cells. In the last year,
a bidomainal fucosyl-GM1 ganglioside-based vaccine for the treatment of small
cell lung cancer was developed [75]. It was also shown that an anti-ganglioside-
based cancer vaccine containing 1E10 anti-idiotypic monoclonal antibody induces
apoptosis and antiangiogenic effects in a metastatic lung carcinoma [13].

In 2011 high-performance MS was employed for the investigation of ganglioside
expression and structure in secondary brain tumors, i.e., brain metastasis of lung
adenocarcinoma [89]. Comparative nanoESI chip QTOF MS screening of ganglio-
sides from metastatic (Table 8.6) vs. healthy tissue (Table 8.7) showed considerable
discrepancy in expression, structure, and relative abundances of individual species.
In contrast to healthy cerebellar tissue, the ganglioside mixture extracted from brain
metastasis of lung adenocarcinoma was found to contain mostly species of short
oligosaccharide chains and reduced overall sialic acid content. More than a half,
from the total of 63 different ions detected and corresponding to 141 possible struc-
tures in brain metastatic tissue, represents monosialylated species of GM1, GM2,
GM3, and GM4-type. Besides the large number of monosialylated components, six
asialo species of GA1 and GA2-type bearing ceramides of variable constitution
were discovered. The observed differences in ceramide structures and alteration of
sialylation patterns were attributed to tumor-related changes in human carcinomas.

GD1, GD2, and GD3 as well as GT1, GT2, and GT3 with short carbohydrate
chains, expressing different ceramide portions, were also identified in the mixture.
Ganglioside components modified by Fuc or O-Ac could also be detected, but in a
different pattern than in healthy brain; most O-acetylated gangliosides were found
as monosialo species of GM3, GM2, and GM1 type, while fucosylated components
were represented by monosialo species of GM3 and GM4 structure, di- and trisi-
alylated GD1 and GT3 exhibiting high heterogeneity in their ceramide motifs [89].

By tandem MS using CID, brain metastasis-associated GD3 (d18:1/18:0) species
was structurally elucidated (Fig. 8.17a, b). This structure was reported to enhance
tumor cell proliferation, invasion, and metastasis in a variety of brain tumor cells,
especially in glioma and neuroblastoma.

From the methodological point of view it is to be mentioned that nanoESI chip
QTOF MS and CID MS/MS was able to provide compositional and structural char-
acterization of native ganglioside mixtures from secondary brain tumors with
remarkable analysis speed and sensitivity. Under the applied conditions a sample
concentration of only 2.5 pmol/pL, which corresponds to 250 fmol biological
extract consumption, was necessary for an experiment.
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Fig. 8.17 NanoESI chip QTOF CID MS/MS of the singly charged ion at m/z 1,471.29 correspond-
ing to GD3 (d18:1/18:0) from brain metastasis of lung adenocarcinoma. m/z range (a) 200-630.
(b) 650-1,500. Acquisition time 1 min. Insets: fragmentation schemes of the oligosaccharide core

and ceramide moiety. Reprinted with permission from Zamfir et al. [89]
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The bioanalytical platforms based on mass spectrometry demonstrated here for
the discovery of glycolipid/ganglioside molecular markers of brain in health and
disease have real perspectives of development into routine, ultrafast, and sensitive
methods applicable to other molecular markers of the pathologies at the neurologi-
cal and other levels.
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Chapter 9

Mass Spectrometric Analysis of Post-
translational Modifications (PTMs)

and Protein—Protein Interactions (PPIs)

Armand G. Ngounou Wetie, Alisa G. Woods, and Costel C. Darie

Abstract Of the 25,000-30,000 human genes, about 2 % code for proteins. However,
there are about one to two million protein entities. This is primarily due to alternative
splicing and post-translational modifications (PTMs). Identifying all these modifica-
tions in one proteome at a particular time point during development or during the
transition from normal to cancerous cells is a great challenge to scientists. In addi-
tion, identifying the biological significance of all these modifications, as well as their
nature, such as stable versus transient modifications, is an even more challenging.
Furthermore, interaction of proteins and protein isoforms that have one or more sta-
ble or transient PTMs with other proteins and protein isoforms makes the study of
proteins daunting and complex. Here we review some of the strategies to study pro-
teins, protein isoforms, protein PTMs, and protein—protein interactions (PPIs). Our
goal is to provide a thorough understanding of these proteins and their isoforms,
PTMs and PPIs and to shed light on the biological significance of these factors.

9.1 Introduction

9.1.1 Protein—Protein Interactions (PPIs)

Of the 25,000-30,000 human genes, about 2 % code for proteins. However, there
are about one to two million protein entities. This is primarily due to alternative
splicing, post-translational modifications (PTMs). After the completion of the
human genome project, a wealth of information and data was gained which now
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Fig. 9.1 PPIs play a role in almost every biological process and are thus important for life. Their
investigation will result in the understanding of pathological and physiological processes.
Reprinted and adapted with permission from Proteomics [4]

need to be translated into biological function. This genomic era led to the birth of a
new discipline called proteomics [1]. Proteomics sets out to identify proteins, their
sequence and known modifications as well as their quantitation in a biological sam-
ple for the purpose of understanding biological processes, protein cellular functions,
and their physiological and pathological involvement in diseases [2, 3]. Proteins
interact at the molecular level with other proteins, nucleic acids, lipids, carbohy-
drates, and metabolites to perform numerous cellular activities (Fig. 9.1). Interactions
depend on many factors, such as cell-type, developmental stage of the cell, cell-
cycle phase, external conditions, and obviously the presence of other proteins (inter-
actors). Physical contact between proteins may trigger conformational changes or
PTMs that modulate the activity of those proteins. Physical contact between pro-
teins is not always static and permanent; there is continuous reassembly and turn-
over. Protein complexes can consist of sets of more stably (stable PPIs) and less
stably (transient PPIs) interacting proteins or combination of both [4-11]. Examples
of stable complexes include hemoglobin, RNA polymerase, ribosomes, tubulin
o and P [12-16], whereas most interactions involving nuclear proteins and tran-
scription factors are dynamic and transient [17]. One can also distinguish between



9 Mass Spectrometric Analysis of Post-translational Modifications... 207

extracellular PPIs and intracellular PPIs. Particularly, extracellular PPIs involve
secreted proteins and membrane-associated proteins and constitute promising thera-
peutic targets [18]. PPIs can occur by means of hydrophobic interactions, van der
Waals forces, and ionic interactions [19, 20].

For example, the well-known p53 protein is activated by a diverse set of intra-
and extracellular events such as DNA damage, oncogenes, oxidative stress, and then
interact with a plethora of other molecules to mediate cell cycle regulation. However,
mutations in p53 can lead to uncontrolled proliferation of cells and consequently to
various types of cancer [21]. Based on this example, it can be seen that genotype,
environment, and phenotype influence each other resulting in complex molecular
interaction patterns and that disruption of these interactions can lead to pathologic
conditions. Diseases such as cancers, cardiovascular disorders, diabetes, and neuro-
logical dysfunctions are multifactorial, i.e., they arise from the involvement of many
genes and also possess multiple phenotypes. Therefore, the convergent mechanisms
leading to disease generation must be understood for the development of efficient
diagnostic and therapeutic approaches. PPIs span a wide range of cellular processes
such as metabolism, cell cycle control, and signal transduction [22]. Perturbations
of these PPIs, for instance, through mutations, can result in a pathology such as the
impairment of the BRCA?2 interaction with replication protein A that leads to the
generation of carcinogenic DNA changes [23, 24]. The rationale behind monitoring
proteins in general and PPIs in particular with regard to disease onset and progres-
sion is manifold. First, it has been shown that interacting proteins may have similar
functions and thus may be involved in the same diseases [22]. Second, disease-
relevant interactions have a higher affinity compared to disease-unrelated ones [25, 26].
In the past, mostly genetic and biochemical techniques were used for the investiga-
tion of PPIs. However, recently there has been a shift towards novel techniques such
as mass spectrometry (MS) and increased use of bioinformatics tools [4, 5]. Two of
the most-used techniques for PPI studies are the yeast two-hybrid (Y2H) system
and tandem affinity purification coupled to mass spectrometry (TAP-MS). MS-based
investigation of disease-related PPIs opens the door for the determination of novel
protein functions and thereby the unraveling of yet undiscovered novel pathogenic
mechanisms. Nevertheless, all the methods and techniques employed in the investi-
gation of PPIs have advantages as well as disadvantages and therefore, it is impor-
tant to analyze PPIs with more than one approach for both confirmation and
validation in order to avoid false-positive results.

9.1.2 Post-translational Modifications (PTMs)

The presence of several functional groups on protein backbones allow them to be
readily reversible, chemically modified following their biosynthesis. PTMs are
more predominant in eukaryotes than prokaryotes, with about 5 % of the genome of
eukaryotes coding for enzymes involved in protein modifications. PTMs are named
according to the functional groups transferred onto the amino acid residues.
Correspondingly, the transfer of phosphate, carbohydrate, methyl, and ubiquitin has
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Fig. 9.2 Nonenzymatic and enzymatic PTMs and the respective diseases and disorders they have
been related to as well as the strategy of identification of these PTMs by MS. Reprinted and
adapted with permission from the Australian Journal of Chemistry CSIRO Publishing http://www.
publish.csiro.au/?paper=CH13144 [35]

denoted phosphorylation, glycosylation, methylation, and ubiquitination, respec-
tively. Two types of PTMs exist: enzyme-catalyzed modification (e.g., phosphoryla-
tion, glycosylation) and covalent cleavage (glycation, oxidation). In the case of
enzyme-mediated PTMs, electrophilic groups are covalently added to the nucleo-
phile side chain residues, whereas nonenzyme-catalyzed modifications occur sim-
ply through a breakage of the peptide backbones. Common groups of enzymatic
units responsible for protein PTMs include kinases (phosphorylation), ubiquitin
ligases (ubiquitination), and acetyl-transferases (acetylation) and these enzymes are
tightly regulated and conserved across species. It has been well demonstrated that
diseases such as cancer are characterized by a high rate of mutations of protein PTM
effectors (kinases, ubiquitin E3 ligases) [27]. Further, many PTM-mediating
enzymes are themselves regulated by other PTMs resulting in complex PTM net-
works [28, 29]. Of the 22 proteinogenic amino acids known, Leu, Ile, Val, Ala, and
Phe do not undergo modifications in vivo, whereas some amino acids can harbor
multiple distinct modifications for example, lysine can be methylated, acetylated, or
ubiquitinated) [30-32]. Through these modifications, proteins gain in function and
structure [30]. There are approximately 200 or more different PTMs that have been
reported for the human proteome. Furthermore, protein PTMs control the activation
of proteins and therefore the regulation of many processes [9, 33—45]. Their rele-
vance in physiological and pathological processes no longer needs to be proven
(Fig. 9.2). It is likely that there are still a huge amount of undetected protein PTMs


http://www.publish.csiro.au/?paper=CH13144
http://www.publish.csiro.au/?paper=CH13144

9 Mass Spectrometric Analysis of Post-translational Modifications... 209

Cell

Cytoplasm

B

s et Lys Mot Lys

Protein-protein interactions
covalent or noncovalent,

myristoylation transient or stable

oH ATP ppp T

Ubiquitination S%residues o“':"“"}"' e Truncation
JH
y 2 kinase
\ s

o

HN™
OH
Disulfide-bridge

n  Protein
e

Post-translational
modification

Methylation,
acetylation

Glycosylation
Phosphorylation

Fig. 9.3 Illustration of the modifications and interactions that protein undergo post-synthesis by
the cell creating the huge diversity known among proteins. Reprinted and adapted with permission
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that may play a role in some diseases, but they are as of yet undiscovered due to
limitations of sample preparations, analytical techniques, data analysis, or the short
lifespan of these modifications. A review of the literature shows that PTMs have
been analyzed mostly in immortalized cancer cell lines and in large-scale experi-
ments in yeast and bacteria. In contrast, primary cells or tissues have been under-
studied so far likely due to the difficulty of handling them and because of their very
low protein content and low protein yield [31, 46—49]. While immortalized cancer
cell lines are characterized by mutational changes in regulatory proteins of the cell
cycle, cell-cell communication and apoptosis; primary cells can build a more accu-
rate picture of the physiological state in vivo [50-52]. There are a variety of tech-
niques available for the analysis of protein PTMs. One of the most employed, most
advanced methods used in the exploration of PTMs is MS-based proteomics. Pairing
MS to in vitro or in vivo biological assays (cell culture-based or knock-out models)
enables the extraction of biological function out of proteomic experiments [53].

9.1.3 Common PTMs

Common PTMs include oxidation, glycosylation, phosphorylation, methylation,
acetylation, and ubiquitination (Fig. 9.3).
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Oxidation of proteins is a very common process mediated by the so-called reactive
oxygen species (ROS: superoxide, hydrogen peroxide, hydroxyl radical), reactive
nitrogen species (RNS: nitric oxide, dinitrogen trioxide, peroxynitrite, nitroxyl
anion), and reactive lipid species (RLS: lipid aldehydes) leading to DNA base modi-
fication, phospholipid damage, irreversible protein oxidation, cell death, or muta-
genesis [54-56]. Amino acids that react mostly with reactive species include
tyrosine and cysteine. For instance, protein nitrotyrosine have been associated with
the development of several pathologies including heart failure, atherosclerosis,
aging, and hypertension [57].

Glycosylation is the most prevalent protein modification (about 50 % of protein
modifications) in the human proteome [58]. One can distinguish between N-linked
glycosylation at a consensus sequence of NXS/T via the nitrogen of side chains of
extracellular proteins and O-linked glycosylation via the hydroxyl oxygen of
serine, threonine, tyrosine, hydroxylysine, or hydroxyproline side chains of extracellular,
nuclear, and cytoplasmic proteins [59-63]. Enzymes called glycosyl-
transferases recognize specific protein motifs and then transfer the first monosac-
charide (or preformed oligosaccharide for N-glycosylation) onto the recognition
site. Other glycosyltransferases (and glycosidases for N-glycosylation) then
sequentially elongate the glycan sequence. Of the two forms of glycosylation
(N- and O-glycosylation), N-glycosylation is the most common. Glycosylation of
proteins play a major role in the proper folding and stabilization of proteins as well
as in cell-cell adhesion and communication [64]. In some cases of cancer and
infectious diseases, deficient or absent glycosylation has been proposed as a pos-
sible leading cause of these diseases [65]. Moreover, numerous drugs on the mar-
kets are glycoproteins that have well-characterized glycan entities necessary for
their function, efficacy, and safety [66]. Glycation, on the other hand, refers to the
nonenzymatic addition of sugar aldehyde or ketone to the E-amino group of lysines
or the N-terminal amino group of proteins. The glycan reaction, also known as the
Maillard reaction, leads to the irreversible formation of advanced glycation end
products (AGE), which can cross-link proteins thus rendering them detergent
insoluble and protease resistant [67, 68].

Phosphorylation is the transfer of a phosphoryl group from adenosine triphosphate
(ATP) or guanosine triphosphate (GTP) to primarily serine (86.4 %), threonine
(11.8 %), and tyrosine (1.8 %) residues through formation of a phosphoester bond
[31]. However, phosphorylation of histidine, aspartate, and arginine has also been
observed [69, 70]. Hydrolysis of the phosphoester bond releases orthophosphate
and is called dephosphorylation [71, 72]. It participates in a multitude of cellular
processes including protein synthesis, activity and stability, inter-/intracellular
signaling, gene expression, cell survival, and apoptosis [73, 74]. Consequently,
aberrant phosphorylation status of proteins has been related to many diseases such
as cancer. Enzymes that mediate phosphorylation or dephosphorylation are kinases
and phosphatases, respectively. There are more than 500 kinase-coding human
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genes and about 150 phosphatases, which points to their large involvement in
diverse cellular and biological events [75-77].

Methylation has been shown to occur mostly on lysine and arginine residues and to
a lesser extent also on histidine, cysteine, aspartic acid, glutamic acid, serine, and
threonine [78, 79]. Biological processes such as transcriptional regulation, RNA
processing, metabolism, and signal transduction are all shaped by methylation [78-80].
Methyltransferases are enzymes responsible for the transfer of one or more methyl
groups from S-adenosyl-methionine (SAM) to methylation recognition sequence
or motifs within proteins [81]. Methylation, acetylation, phosphorylation, and
ubiquitination are able to cross-talk as shown by the prevention of protein ubiqui-
tination through the methylation of lysine, thus prolonging the half-life of the
protein [82, 83].

Ubiquitination is one of the main mechanisms by which protein homeostasis, cell
cycle progression, gene transcription, receptor transport, and immune responses
are controlled [84]. Ubiquitination is a complex process that requires the action of
three different enzymes: ubiquitin-activating enzyme El, ubiquitin-conjugating
enzyme E2, and ubiquitin-ligating enzyme E3. El activates ubiquitin in an ATP-
dependent manner leading to the transfer of ubiquitin to the active cysteine site of
E1 through thioester bond formation and release of AMP. Subsequently, ubiquitin
is conjugated to the active cysteine site of E2 and thus allowing E3 to attach it to
a lysine residue on a particular protein through a thio-esterification reaction [85].
On the other hand, the so-called de-ubiquitinating enzymes (DUBs) can remove
the covalently attached ubiquitin [86, 87]. Due to its comparable size (about 700
El, E2, E3, and DUBSs) to the phosphorylation system (650 kinases and phospha-
tases [88-90]), ubiquitination is considered a proteome-wide modification. A dis-
tinctive feature between phosphorylation and ubiquitination is the fact that
contrary to phosphorylation, sequence recognition in ubiquitination is based on
the accessibility of lysine residues or the specificity of the E3 enzyme or E2/E3
enzymes [29, 91-94].

Originally thought to take place only on histones, acetylation has been now
reported on more than 80 transcription factors and other nuclear regulatory
molecules. As such, it mainly affects transcription and metabolic regulation.
Interestingly, enzymes involved in glycolysis, gluconeogenesis, the tricarbox-
ylic acid (TCA) cycle, the urea cycle, fatty acid metabolism, and glycogen
metabolism are acetylated [95-99]. The process of acetylation is catalyzed by
histone acetyltransferases (HATs), which transfer the acetyl group from acetyl-
coenzyme A to the amino group of lysine at the N-terminus of histones to form
3-N-acetyl lysine. This reaction can be reversed by the action of histone
deacetylases (HDACsSs) [96]. Both, HATs and HDACs are potential drug targets
for many disorders such as obesity, cancer, and neurodegenerative disorders
[100-103].
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9.2 Mass Spectrometry (MS)

9.2.1 Introduction

The technique of MS has revolutionized the biochemistry of biomolecules and is
constantly increasing and expanding. It is practically inconceivable today to imag-
ine the characterization of biomolecules (in particular proteins) and molecular com-
plexes without this tool. Briefly, a mass spectrometer is built of the following main
components: an ion source, where biomolecules are positively or negatively ion-
ized; an analyzer for the separation of gas phase ions according to their mass-to-
charge (m/z) ratio and a detector that registers the signal in the form of a spectrum.
Classically, we distinguish primarily between bottom-up proteomics which consist
in the digestion of proteins into short peptides prior to MS [37, 39, 104-107] and
top-down proteomics, which is the direct analysis (without digestion) by MS of
intact whole proteins [108]. Moreover, other approaches have been developed
recently such as the middle-down approach, in which fragmentation of large poly-
peptides (3—20 kDa) is undertaken [109]. Depending on the instrumentation avail-
able and the questions to be answered, one can go with one approach or the other.
The top-down approach is only possible with high mass accuracy instruments such
as a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR-MS).
As for bottom-up proteomics, there is a wide range of instruments that can be used.
Furthermore, there are other terminologies employed in the field of proteomics that
need to be defined here. The term shotgun proteomics or DDA (data-dependent
acquisition) refers to a selection of peptide ions for fragmentation based on certain
predefined criteria whereas targeted methods (e.g., selected reaction monitoring
(SRM)) focus on the transitions from precursor to product ions for quantitative pur-
poses [110]. Therefore, the latter approach exhibits lower detection limits and wider
dynamic ranges compared to the former one. In addition to different distinctive
approaches, there are also diverse fragmentation options available that can be used
with particular instrumentation types: collision-induced dissociation (CID) [111],
electron transfer dissociation (ETD) [112], and electron capture dissociation (ECD)
[113]. Fragmentation in CID occurs by collision with an inert gas (e.g., argon or
helium) and is mostly used in ion trap instruments (low-energy CID), triple quadru-
poles (QqQ), and quadrupole time-of-flight (Q-TOF) instruments (beam-type CID).
ETD and ECD fragmentations utilize anions with low-electron affinities to transfer
electrons to the cationic peptide resulting in the release of a hydrogen radical to the
backbone carbonyl group [112]. This fragmentation mode gives rise to c- and z-ions
contrary to the b- and y-series obtained with CID fragmentation. Another difference
between ECD/ETD and CID is the charge of the peptides preferred for fragmenta-
tion as the former has a preference for triply charged (3+) ions rather than doubly
charged (2+) ions for the latter. Based on the observation that the majority of pep-
tide ions are doubly charged and the more rapid CID reaction, it is hypothesized that
CID is more suitable for large-scale proteomics than ETD [114].
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After the samples are run, data analysis and processing are performed with a
plethora of available software. For instance, through the comparison of generated
fragment ion spectra against a database containing deposited MS/MS spectra of in
silico protein digests, high-confident protein identifications are made [115].

9.2.2 MS-Based Strategies to Analyze PPIs and PTMs

Prior to the development and widespread usage of MS, PPIs and PTMs were ana-
lyzed by a variety of biochemical and genetic methods. PPIs can be investigated by
a variety of non-proteomic methods including genetic (e.g., Y2H screen), bio-
chemical (e.g., pull-down, Co-IP or TAP combined with MS), biophysical (e.g.,
analytical ultracentrifugation, microscopy, FRET) techniques, and as of recently
more and more by bioinformatics [116—121]. In the case of PTMs, methods such
as Edman degradation, amino acid analysis, and radioisotope labeling were
applied. In both instances, these methods were characterized by a low-throughput,
low specificity and a narrow dynamic range. All these shortcomings are addressed
by proteomics-based MS, which is the reason it is the go-to method for PPIs and
PTM analyses [115, 122].

Covalently linked PPIs. PPIs can be investigated by a variety of different proteomics-
based MS methods depending on the information output desired. Disulfide-linked
proteins constitute a special case of covalently linked PPIs, which can be investi-
gated using reducing (R) and nonreducing conditions (NR). Disulfide linkages can
occur intermolecularly or intramolecularly or a mixture of both (Fig. 9.4a—d). An
example of an intermolecular disulfide linkage, as determined by direct infusion of
a cysteine-containing peptide in both monomeric and homodimeric forms, is shown
(Fig. 9.4e-h). In fact, this example is particularly useful as it investigates formation
and identification of the homodimeric disulfide bridges. Here, the peptide of inter-
est can be identified as a triply charged (3+) peptide with mass to charge ratio (m/z)
of 761.05 and as a doubly charged (2+) peptide with m/z of 1,141.09 (Fig. 9.4e). If
this peptide can easily be identified as a monomer or as a disulfide-linked homodi-
mer, with the homodimer formed when the monomer was in either (3+) with m/z of
761.05 (Fig. 9.4f) or (2+) with m/z of 1,141.09 (Fig. 9.4g), it is not that easy to
conclude that this peptide is in homodimeric form, as the only difference between
the monomeric and homodimeric forms is the charge state of (3+) versus (6+)
(Fig. 9.4f) or the (2+) versus (4+) (Fig. 9.4g). However, another alternative for easy
identification of only the disulfide-linked homodimer is to look for a peptide with
an uneven number of charges. For example, if a peptide has two charges, the disul-
fide-linked dimer has four charges, but if we look for the (3+) or (5+) charged
disulfide-linked peptide, then it is easier to identify the homodimer and to exclude
any monomer. For example, the peak with m/z of 913.05 (Fig. 9.4e) has a charge of
(5+), as demonstrated in Fig. 9.4h.
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Fig. 9.4 Disulfide-linked proteomics as performed theoretically by matrix-assisted laser
desorption-mass spectrometry (MALDI-MS) showing disulfide-linked peptides (P1, P2, P3, P4)
connected by intrachain or interchain disulfide-bonds or a mixture of both and their analysis in
reducing (R) and nonreducing (NR) conditions (a—d). ESI-MS of the cysteine-containing peptide
PKLHEIRIEKANNLLYINC in monomeric (e-g) and dimeric disulfide-bonded (e, h) forms. The
symbols x and “*”denote the monoisotopic peaks of the monomer (f, g) and of the dimer (f-h).
Reprinted and adapted with permission from the Journal of Laboratory Automation [36]

For disulfide-linked proteins, usually a nonreducing SDS-PAGE (SDS-PAGE
NR) in combination with MS can be undertaken (disulfide proteomics). The nonre-
ducing gel can then be compared with a reducing gel (SDS-PAGE R) for the identi-
fication of disulfide-linked proteins (Fig. 9.5a) [38]. Based on this principle, three
different sera samples were processed. While the protein bands in the SDS-PAGE R
are identical for all the samples, differences between the three samples are visible in
the SDS-PAGE NR (Fig. 9.5b). Those differences were determined by LC-MS/MS
to be haptoglobin (45 kDa, Fig. 9.5c, d). These findings were also validated by
Western blotting (WB) using antibodies against haptoglobin (Fig. 9.5e).

Transient and stable PPIs. Another gel-based technique for the investigation of
protein complexes is the Blue Native-PAGE (BN-PAGE), which was developed by
Schagger and von Jagow [123]. It was originally used for the isolation of membrane
protein complexes from purified bovine mitochondria and has a dynamic range of
10-10,000 kDa [123, 124]. Later this method was used by others [7, 8, 11, 125, 126].
Figure 9.6 shows protein complexes that were separated by BN-PAGE (1D)
and by Tricine (Fig. 9.6a—) or SDS-PAGE (Fig. 9.6d) in a second dimension (2D)
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Fig. 9.5 Disulfide proteomics of sera samples in NR and R SDS-PAGE (a, b). The 110 kDa bands
present in C1 and C2, but absent in N were analyzed by LC-MS/MS and the two peptides identified
in these runs (c, d) were found to be part of the haptoglobin protein (Hp). Confirmation of these
findings was done by WB (e). Reprinted and adapted with permission from Electrophoresis [38]

and stained to reveal the protein complexes (Fig. 9.6a—c, the horizontal band) or
electroblotted and analyzed with several antibodies (with anti-Ndh antibodies
(Fig. 9.6b, c) or anti-HRS antibodies (Fig. 9.6d)) by WB. The molecular mass of the
intact protein complexes (1D) was determined using customized acrylamide-
bisacrylamide gradients to accommodate different protein complexes of various
sizes (Fig. 9.6a—c). Separation of the protein complexes in 1D followed by 2D
(Fig. 9.6a) reveals the subunit composition of the protein complexes from thylakoid
membranes: Photosystem I, NADH-dehydrogenase (Ndh complex), Ribulose
bisphosphate carboxylase (RuBisCO), ATP synthase, or Cytochrome b6f complex
(Cyt b6f complex). The Ndh complex (Mw of 550 kDa) divides into the 290-kDa
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Fig. 9.6 Investigation of stable and transient PPIs of the thylakoid membranes and primary mouse
neuronal cell cultures by BN-PAGE and WB. First, the proteins were separated on BN-PAGE 1D
and Tricine PAGE 2D (a—c) or SDS-PAGE 2D (d). WB was undertaken using antibodies against
Ndh (b, ¢) and HRS (d). (a) Subunit composition and molecular mass of protein complexes.
(b) Disassembly of the Ndh complex (550 kDa) into the 290 kDa membrane Ndh subcomplex
(monitored by anti-NdhE antibodies) and the 250 kDa soluble Ndh subcomplex (monitored by
anti-NdhH, -K, and -J antibodies). (¢) Monomeric and dimeric forms of the Ndh complex. (d) HRS
protein complex formation upon stimulation of the cells with BDNF. Reprinted and adapted with
permission from Cellular Molecular Life Science [5]

membrane Ndh subcomplex (monitored by anti-NdhE antibodies) and the 250-kDa
soluble Ndh subcomplex (monitored by anti-NdhH, -K, and -J antibodies). Further,
the Ndh complex is detected in monomeric and dimeric forms (Fig. 9.6¢). Finally,
BN-PAGE was used to investigate transient PPIs in primary neurons unstimulated (—)
and BDNF stimulated (+). The appearance of an immunoreactive band in the BDNF
stimulated (+) suggests that HRS protein interacts with other proteins and forms
complexes of higher Mw (Fig. 9.6d). In another example, BN-PAGE followed by
LC-MS/MS (Fig. 9.7A) as well as electron microscopy (Fig. 9.7B) was employed
for the investigation of the multisubunit protein complexes (Fig. 9.7A) and
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Fig. 9.7 Investigation of PPIs of cell-lysate from NG108 neuroblastomaxglioma cell.
(A) Separation of cell-lysate by BN-PAGE and LC-MS/MS analysis of the gel bands correspond-
ing to protein complexes. The sequences displayed are part of Eif3S10, proteasome beta, valosin-
containing protein, and ATP citrate lyase. (B) Polymerization of vitelline envelope proteins (VE)
beta and gamma was explored by SDS-PAGE (left), BN-PAGE (middle), and electron microscopy
(EM) (right). Magnification is x15,000 (a), x60,000 (b), and x150,000 (c). Reprinted and adapted

with permission from Proteomics [4]
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assembly of proteins into protein complexes (Fig. 9.7B). Heteroprotein complexes
(Eif3S510 is part of an 800 kDa complex and proteasome beta is part of a 700 kDa
complex) or homoprotein complexes (valosin-containing protein is a 540 kDa
homohexamer and ATP citrate lyase is a 480 kDa homotetramer) were identified
using BN-PAGE and MS (Fig. 9.7A). In a different experiment, BN-PAGE and
electron microscopy were used to investigate assembly of the vitelline envelope
(VE) proteins (Fig. 9.7B). Here, VE gamma and VE beta monomers were purified
to homogeneity, as demonstrated by SDS-PAGE R and then their ability to
polymerize was investigated by BN-PAGE to visualize the different monomeric and
polymeric forms of these subunits. Polymerization of these proteins into VE alpha
and VE beta homopolymers and of VE alpha—VE beta heteropolymers, with distinct
polymerization patterns was demonstrated (Fig. 9.7B). Finally, electron microscopy
confirmed the difference in polymerization patterns between VE beta, VE gamma,
and a mixture of both.

A similar technique to BN-PAGE which has been used for the investigation and
purification of cytochrome bc/bf complexes is the Colorless Native PAGE
(CN-PAGE). This method separates protein complexes according to their internal
charge, but independent of their molecular mass. Due to the nature of CN-PAGE,
mostly acidic proteins (pI<7) are run on a CN-PAGE [124, 127]. Figure 9.8 shows
thylakoid membranes from mesophyll chloroplasts which were separated by
CN-PAGE in 1D followed by BN-PAGE in 2D and led to the identification of pro-
tein complexes such as PSI, ATP-ase, Cyt b6f complex, or PSII. Since complexes #2
and #3 have the same mass (about 400 kDa), they can only be distinguished by
CN-PAGE and not by BN-PAGE (Fig. 9.8). In the same sense, complexes #1 and #3
which co-migrate in CN-PAGE can only be separated in the second dimension due
to their different Mw. The position of PSI, ATP-ase, Cyt b6f complex, and PSII is
indicated. Note that there are no Mw markers for CN-PAGE because this method
does not separate protein complexes according to their Mw. The direction of migra-
tion in CN-PAGE and BN-PAGE is indicated.
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Native ESI-MS. MS has become the method of choice for the analysis of proteins,
protein interactions, and protein modifications. To this end, it can be paired with
other methods (AP-MS, TAP-MS, Co-IP-MS, cross-linking) to investigate PPIs.
Nevertheless, it is also possible to perform MS on intact protein complexes without
prior application of any other biochemical methods as it was observed that nonco-
valent receptor ligand complexes remained intact in the gas phase by using ESI-MS
[128]. This type of MS was termed native MS or MS of intact assemblies. Native
MS can reveal subunit stoichiometry, heterogeneity, and dynamical changes. Using
this approach, large molecular assemblies such as the proteasome [129], the eukaryotic
translation factor EIf3 [130], RNA polymerase III [131], intact viruses [132], and
membrane-bound complexes have been analyzed [133, 134]. Further, quantitative
MS-based proteomic strategies that are reliable and specific have also shed light on
the study of protein complexes. These quantitative approaches are mainly based on
stable isotope-labeling methods such as stable isotope labeling by amino acids in
cell culture (SILAC), isobaric tags for relative and absolute quantification (iTRAQ)
and isotope-coded affinity tags (ICAT) [135-140]. With these techniques, protein
complex composition and subunit abundance can be determined by comparison of
signal intensities or peak areas of isotope-labeled peptide pairs. They also make the
spotting of false positive interactions because the latter have abundance ratio around
1 whereas true interaction partners have abundance ratios higher than 1 [141]. Using
SILAC, interaction partners of GLUT4 [142], the integrin-linked kinase interac-
tome [143], and the protein phosphatase 1 [144] were detected. In another study by
Blagoev et al., SILAC was applied in conjunction with LC-MS/MS to identify com-
ponents of the epidermal growth factor (EGF)-dependent signaling complex and
these results were confirmed by confocal microscopy and FRET [145]. Another
study successfully explored changes in PPIs and phosphorylation patterns in yeast
and D. melanogaster cells by means of iTRAQ [146].

PTMs. For PTM studies by MS, there are several important considerations to take
into account. Due to the characteristically low abundance of PTMs (lower fmol
range) and their transient and labile nature, enrichment is an inevitable step. This
can be done by a variety of techniques. One technique that has been employed for
enrichment of modified phosphopeptides and O-glycosylated residues is chemical
derivatization, which is based on B-elimination and subsequent Michael addition of
the phosphate group and sugar residues [147-150]. Besides chemical derivatiza-
tion, antibody-based methods (e.g., anti-phosphotyrosine antibodies) can also be
utilized. Two other techniques mostly employed for the enrichment of phosphopeptides
are TiO, affinity chromatography and immobilized metal affinity chromatography
(IMAC). Sometimes prior to enrichment, fractionation of the samples by other
chromatographic means (size exclusion chromatography or ion exchange chroma-
tography) is undertaken in order to reduce sample complexity [46, 151, 152]
(Fig. 9.2). For the digestion of enriched peptides, enzymes as varied as trypsin,
LysC, GluC, AspN, or ArgC are used. The modified peptides can be selected in MS
mode and fragmented to identify and localize the site of modification. In some other
cases, neutral losses of the attached group (e.g., phosphate group) also serve as a
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tool for the identification of the type of modification and its location. Modifications
which present very close mass shifts can only be distinguished by using highly sen-
sitive and accurate MS instrumentation such as FI-ICR-MS or LTQ Ion Trap
Orbitrap. An example is the mass shifts generated by a tri-methylation (42.047 Da)
or an acetylation (42.010 Da) [153]. An overview of basic information on all the
PTMs discussed in this review is shown in Table 9.1.

Figures 9.9, 9.10, 9.11, 9.12, and 9.13 depict MS-based identification of PTMs
discussed in this book chapter. Figure 9.9 treats one of the most frequently occur-
ring protein alteration events in proteomics, namely methionine oxidation. This
modification results in a 16 Da mass shift in an MS spectrum [154]. In the tryptic
peptide mixture analyzed in this experiment, a peak with m/z of 769.42 (2+) corre-
sponding to a peptide with the sequence VKEGMNIVEAMER was identified
(Fig. 9.9a). The MS/MS fragmentation of this peak produced some b and y ions that
allowed us to confirm the identity of the peptide in question, with both methionines
oxidized to methionine-sulphoxide (Fig. 9.9b—d). A common process that follows
oxidation of methionine to methionine-sulphoxide (a 16 Da gain) is a neutral loss of
methane-sulfenic acid (a 64 Da loss). Therefore, we looked for both b and y ions
and precursor ions, but also for the neutral loss of y and precursor ions (y-64).
Identification in the MS/MS spectrum of the precursor ion with m/z of 769.44 (2+)
and its neutral loss (64 Da) ion with m/z of 737.49 (2+) as well as identification of
y12 and y12-64, y11 and y11-64, y10 and y10-64, y9 and y9-64, y8 and y8-64, y7
and y7-64, y4 and y4-64, and y12 (2+) and y12 (2+)-64 pairs, suggest that both the
N-terminal and C-terminal methionines are oxidized.

In Fig. 9.10, the investigation of the occupancy of an NXS/NXT N-glycosylation
site is shown. In this case, the peptide mixture resulted from a trypsin—AspN double
digestion after initial treatment of the original protein (IgG heavy chain) with
PNGase F. PNGase F specifically removes the N-linked glycosyl groups from the
NXS/NXT glycosylation sites. If the NXS/NXT site is glycosylated, the PNGase F
treatment would convert the asparagine from the NST site into aspartate; with a net
gain of 1 Da. From this peptide mixture, a doubly charged peak with m/z of 595.20
corresponding to a peptide with the sequence EEQYNSTYR was detected. Its MS/
MS fragmentation confirmed the amino acid sequence of this peptide. Therefore,
the peptide EEQYNSTYR has an asparagine at the NST site and the NST site is not
occupied by any oligosaccharides. The total ion chromatogram (TIC), the extracted
ion chromatogram (XIC) for the precursor ion with the m/z of 595.20, the mass
spectrum (TOF MS) showing the doubly charged precursor ion, as well as the MS/
MS of the precursor ion that led to identification of the peptide with the sequence
EEQYNSTYR is shown in Fig. 9.10. A different example of investigating the occu-
pancy of the glycosylation sites is shown in Fig. 9.11. In this case, MS-based deter-
mination of the occupancy of the NSS site is not possible, unless the (1) NSS is
glycosylated; (2) oligosaccharide group is removed by a PNGase F digestion and
Asn from the sequence NSS is converted to Asp (NSS to DSS); (3) NSS to DSS
conversion creates a new AspN cleavage site; and (4) trypsin—AspN double diges-
tion produces the peptide containing the DSS, which is identified by MS. As
observed in Fig. 9.11, the data indicate that the NSS site is glycosylated; the PNGase
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Fig. 9.9 Methionine oxidation of the peptide VKEGMNIVEAMER with m/z of 769.42 (2+) (a) as
confirmed by the b and y ions series produced by the fragmentation of this peptide (b—d). A closer
look at the b and y ions series from (b) and zoomed MS/MS spectra (¢, d) showed that the peptide
is oxidized at both methionines. Reprinted and adapted with permission from the Australian
Journal of Chemistry CSIRO Publishing http://www.publish.csiro.au/?paper=CH13144 [35]
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