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Preface

Over the last two decades tandem mass spectrometry has become one of the most
versatile analytical techniques in the study of biochemicals and it is expected to
expand further from its classical applications in chemical research to the study of
chemical entities at the systems level. The main objective of this book is to provide a
current review of the principles and various applications of tandem mass
spectrometry. Although there are a number of books dealing with mass spectrometry,
there is seemingly no book available in the market that can authoritatively describe the
qualitative and quantitative analyses of small and macro molecules by mass
spectrometry in a single text. This book comprises 30 chapters and is divided into five
main sections. Attempts have been made to offer a detailed discussion on background,
experimental methods and results with many illustrations in each chapter.

Thanks are expressed to the contributing authors who have attempted to provide
comprehensive review from the basic principles to cutting edge research of mass
spectrometry. Finally, I would like to thank Ms. Alida Lesnjakovic, Publishing Process
Manager, and other InTech publication staffs for their wonderful support.

Jeevan K. Prasain

Department of Pharmacology & Toxicology
University of Alabama at Birmingham
USA
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Applications of Tandem Mass Spectrometry:
From Structural Analysis to
Fundamental Studies

Paulo J. Amorim Madeira and M. Helena Floréncio

Centro de Quimica e Bioquimica, Departamento de Quimica e Bioquimica,
Faculdade de Ciéncias da Universidade de Lisboa

Portugal

1. Introduction

1.1 Mass spectrometry brief history and recent developments

The first and most important question to be asked: What is mass spectrometry?

The basic principle of mass spectrometry (MS) is to generate ions from either inorganic or organic
compounds by any suitable method, to separate these ions by their mass-to-charge ratio (m/z) and to
detect them qualitatively and quantitatively by their respective m/z and abundance. The analyte may
be ionized thermally, by electric fields or by impacting energetic electrons, ions or photons. The ...
ions can be single ionized atoms, clusters, molecules or their fragments or associates. lon separation is
effected by static or dynamic electric or magnetic fields.(Gross 2004)

Although this definition dates back to 1968, when mass spectrometry was at its childhood, it
is still valid. Nevertheless, two additions should be included. Firstly, besides electrons,
(atomic) ions or photons, energetic neutral atoms and heavy cluster ions can also be used to
ionize the analyte. Secondly, ion separation by m/z can be effected in field free regions, as
effectively demonstrated by the time-of-flight analyser, provided the ions possess a well-
defined kinetic energy at the entrance of the flight path.

From the 1950s to the present, mass spectrometry has evolved tremendously. The
pioneering mass spectrometrist had a home-built naked instrument, typically a magnetic
sector instrument with electron ionization. Nowadays, highly automated commercial
systems, able to produce thousands of spectra per day, are now concealed in a “black box”,
a nicely designed and beautifully coloured unit resembling more an espresso machine or
tumble dryer than a mass spectrometer.

Mass spectrometry (MS) is probably the most versatile and comprehensive analytical
technique currently available in the chemists and biochemists arsenal. Mass spectrometry
measures precisely the molecular masses of individual compounds by converting them into
ions and analysing them in what is called a mass analyser. This is the simplest, but
somewhat reductionist, definition of mass spectrometry. The days of the simple
determination of the my/z ratio of an organic compound are over. Today, mass spectrometry
can be used to determine molecular structures, to study reaction dynamics and ion
chemistry, to provide thermochemical and physical properties such as ionization energy,
appearance energy, reaction enthalpies, proton and ion affinities, gas-phase acidities, and so
on.
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Mass spectrometry is extremely versatile and several areas of physics, pharmaceutical
sciences, archaeology, forensics and environmental sciences, just to mention a few, have
benefited from the advances in this instrumental technique.

The history of mass spectrometry starts in 1898 with the work of Wien, who demonstrated
that canal rays could be deflected by passing them through superimposed parallel electric
and magnetic fields. Nevertheless, its birth can be credited to Sir J. J. Thomson, Cavendish
Laboratory of University of Cambridge, through his work on the analysis of negatively and
positively charged cathode rays with a parabola mass spectrograph, the great grand-father
of the modern mass spectrometers.(Thomson 1897; Thomson 1907) In the next two decades,
the developments of mass spectrometry continued in the hands of renowned physicists like
Aston,(Aston 1919) Dempster,(Dempster 1918) Bainbridge,(Bainbridge 1932; Bainbridge and
Jordan 1936) and Nier.(Nier 1940; Johnson and Nier 1953)

In the 1940s, chemists recognized the great potential of mass spectrometry as an analytical
tool, and applied it to monitor petroleum refinement processes. The first commercial mass
spectrometer became available in 1943 through the Consolidated Engineering Corporation.
The principles of time-of-flight (TOF) and ion cyclotron resonance (ICR) were introduced in
1946 and 1949, respectively.(Sommer, Thomas et al. 1951; Wolff and Stephens 1953)
Applications to organic chemistry started to appear in the 1950s and exploded during the
1960s and 1970s. Double-focusing high-resolution mass spectrometers, which became available
in the early 1950s, paved the way for accurate mass measurements. The quadrupole mass
analyser and the ion traps were described by Wolfgang Paul and co-workers in 1953.(Paul
1990) Development of the GC/MS in the 1960s marked the beginning of the analysis of
seemingly complex mixtures by mass spectrometry.(Ryhage 2002; Watson and Biemann 2002)
The 1960s witnessed the development of tandem mass spectrometry and collision-induced
decompositions,(Jennings 1968) being a high point in the field of structural analysis, in
unambiguous identification by mass spectrometry, as well as in the development of soft
ionization techniques such as chemical ionization.(Munson and Field 2002)

By the 1960s, mass spectrometry had become a standard analytical tool in the analysis of
organic compounds. Its application to the biosciences, however, was lacking due to the
inexistence of suitable methods to ionize fragile and non-volatile compounds of biological
origin. During the 1980s the mass spectrometry range of applications increased
“exponentially” with the development of softer ionization methods. These included fast
atom bombardment (FAB) in 1981,(Barber, Bordoli et al. 1981) electrospray ionization (ESI)
in 1984-1988,(Fenn, Mann et al. 1989) and matrix-assisted laser desorption/ionization
(MALDI) in 1988.(Karas and Hillenkamp 2002) With the development of the last two
methods, ESI and MALDI, the upper mass range was extended beyond 100kDa and had an
enormous impact on the use of mass spectrometry in biology and life sciences. This impact
was recognized in 2002 when John Fenn (for his work on ESI) and Koichi Tanaka (for
demonstrating that high molecular mass proteins could be ionized using laser desorption)
won the Nobel Prize in Chemistry.

Concurrent with the ionization methods development, several innovations in mass analyser
technology, such as the introduction of high-field and superfast magnets, as well as the
improvements in the TOF and Fourier transform ion cyclotron resonance (FTICR), enhanced
the sensitivity and the upper mass range. The new millennium brought new advances such
as two new types of ion traps, the orbitrap in 2000 by the hands of Alexander
Makarov(Makarov 2000) and the linear quadrupole ion trap (LIT) in 2002 by James W.
Hager. (Hager 2002)
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The coupling of high-performance liquid chromatography (HPLC) with mass spectrometry
was first demonstrated in the 1970s (Dass 2007). Nevertheless, it was with the development
and commercialization of atmospheric pressure ionization sources (ESI, APCI) that for the
first time the combination of liquid chromatography and mass spectrometry entered the
realm of routine analysis.(Voyksner 1997; Covey, Huang et al. 2002; Whitehouse, Dreyer et
al. 2002; Rodrigues, Taylor et al. 2007)

A full description of ionization sources and their underlying mechanisms is outside the
scope of this chapter. The reader in then encouraged to seek more information in other
sources. For example, there are several excellent reviews and books that cover nearly all
aspects of electrospray ionization (ESI), (Pramanik, Ganguly et al. 2002; Gross 2004; Covey,
Thomson et al. 2009; Kebarle and Verkerk 2009; Cole 2010; Crotti, Seraglia et al. 2011)
matrix-assisted laser desorption/ionization (MALDI), (Gross 2004; Hillenkamp and Peter-
Katalinic 2007; Cole 2010) atmospheric pressure photoionization (APPI) (Raffaelli and Saba
2003) and atmospheric pressure chemical ionization (APCI),(Byrdwell 2001; Covey,
Thomson et al. 2009), among others.

1.2 Tandem mass spectrometry basics

I feel sure that there are many problems in Chemistry which could be solved with far greater ease by
this than by any other method. The method is surprisingly sensitive — more so even than that of
spectrum analysis - requires an infinitesimal amount of material and does not require this to be
specially purified:...(Thomson 1921)

J. J. Thomson made this statement about mass spectrometry, but it may be even more apt in
describing tandem mass spectrometry. As such, besides being the father of mass
spectrometry, Thomson can also be considered the forefather of tandem mass spectrometry.
In fact, to demonstrate experimentally the processes of neutralization and collisional
ionization, Thomson built the first MS/MS instrument, which consisted in a serial
arrangement of two magnets, with the field on one magnet oriented perpendicular to the
other.(Busch, Glish et al. 1988)

Tandem mass spectrometry (MS/MS) can be considered as any general method involving
at least two stages of mass analysis, either in conjunction with a dissociation process or in a
chemical reaction that causes a change in the mass or charge of an ion.(Hoffmann and
Stroobant 2007)

In the most common tandem mass spectrometry experiment a first analyser is used to isolate
the precursor ion (mp*), which then undergoes fragmentation (this could be achieved either
spontaneously or by making use of some activation technique) to yield product ions (m¢*)
and neutral fragments (m,) which are then analysed by a second mass analyser. This
reaction is depicted in equation 1.

mp+—>mf+ + my (1)

An activation barrier must be surmounted before the general reaction depicted in equation 1

can occur. The energy to overcome this barrier can come from one of two sources (Busch,

Glish et al. 1988):

i. By the excess energy deposited onto the precursor ion by the ionization process.
Nevertheless, this is valid only we dealing with electron ionization at high energies.

ii. By means of activation methods such as collision activated/induced dissociation (CAD
and CID), infrared multiphoton dissociation (IRMPD), electron capture/electron
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transfer dissociation (ECD and ETD) and surface induced dissociation (SID), for which
the fundamental aspects will be discussed in section 2 of this chapter.
The principle of MS/MS is illustrated in Fig. 1. Tandem mass spectrometry can be conceived
in two ways: in space by the coupling of two mass spectrometers, or in time by an
appropriate sequence of events in an ion storage device. This consequently leads to two
main categories of instruments that allow for tandem mass spectrometry experiments:
tandem mass spectrometers in space or in time.(Hoffmann and Stroobant 2007)

Ge
e

ege o
°

o = o =

Fragmentation
by collision
with inert gas

Mass analysis of
the product ions

Isolation of the
precursor ion

Fig. 1. Principle of MS/MS: a precursor ion is isolated by the first mass analyser, fragmented
by collision with an inert gas and the products ions are analysed by the second mass
spectrometer.

Tandem mass spectrometers in space are either double focusing mass spectrometers (Fig. 2)
or instruments of the quadrupole type (Fig. 3).

Fig. 2. A)Double focusing mass spectrometer MS9 (AEI) installed at the Forensics Biological
and Environmental Mass Spectrometry Laboratory of the Faculdade de Ciéncias da
Universidade de Lisboa, Portugal. It is a Nier-Johnson geometry mass spectrometer, electric
sector-E- (1) is followed by the magnetic sector-B- (2) - EB - hence it is possible to study
metastable ions through linked scans. B) Double focusing mass spectrometer ZAB 2F (VG
Analytical) on display at the Faculdade de Ciéncias da Universidade de Lisboa, Portugal. It
is a reverse geometry mass spectrometer, magnetic sector (1) followed by an electric sector
(2), and it is equipped with a collision cell (3) making possible to perform CID experiments.
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Fig. 3. Extrel Pentaquadrupole QqQqQ instaled at the ThoMSon Lab, Universidade Estadual
de Campinas, Brazil. The photo was kindly supplied by Professor Marcos N. Eberlin.

Tandem mass spectrometers in time are ion traps (Fig. 4), Fourier transform ion cyclotron
resonance mass spectrometers (Fig. 5) and orbitrap.

To note that the theory underlying each mass analyser will not be addressed in this chapter
so the reader is encouraged to seek this information in other sources. There are several
reviews on the principle of quadrupole mass spectrometry,(Douglas 2009) ion traps, (Louris,
Cooks et al. 1987; Douglas, Frank et al. 2005; March 2009) FTICR, (Comisarow and Marshall
1974; Marshall, Comisarow et al. 1979; Marshall, Hendrickson et al. 1998; Barrow, Burkitt et
al. 2005) time-of-flight (Price and Williams 1969; Guilhaus, Selby et al. 2000) and information
on sector mass spectrometry that can easily be found in mass spectrometry
textbooks.(Chapman 1985; Gross 2004; Dass 2007; Hoffmann and Stroobant 2007)

Common tandem mass spectrometers in space have, at least, two mass analysers.
Quadrupoles are frequently used as mass analysers. For example, the QqQ configuration
indicates an instrument with three quadrupoles, where the second one (indicated by the
lower case q) is the reaction region working in RF-only mode (i.e. serving as a lens for all the
ions). Other instruments combine electric and magnetic sectors (E and B) or electric and
magnetic sectors and quadrupoles (E, B and qQ). Time-of-Flight (TOF) instruments
equipped with a reflectron or a combination of quadrupoles with TOF instruments are also
used to perform tandem mass spectrometry in space. (Hoffmann and Stroobant 2007)



8 Tandem Mass Spectrometry — Applications and Principles

Higher order MSn spectra can be acquired by combining more analysers; nevertheless, this
will certainly increase the complexity of the instrument and consequently its cost.
Theoretically, any number of analysers can be sequentially combined, but since the fraction
of ions transmitted in each step is low, the practical maximum, for the particular case of
beam instruments, is three or four.(Hoffmann and Stroobant 2007) Nevertheless, there is
always room to improve; researchers of the ThoMSon Lab (University of Campinas, Brazil)
built a one-of-a-kind instrument, the pentaquadrupole (Fig. 3A), QqQqQ. In fact, the
ThoMSon lab is best known as “The home of the pentaquadrupole”. This instrument is still
working and it is used mainly for the study of gas-phase ion-molecule reactions.

Tandem mass spectrometry experiments can also be performed through time separation
with analysers such has ion traps, FTICR and orbitraps, programmed so that different steps
are successively carried out in the same instrument. The maximum number of steps for
these instruments is generally seven to eight (even though manufacturers claim to go as far
as 10). In these instruments the proportion of ions transmitted is high, but, at each step, the
mass of the fragments becomes lower.(Hoffmann and Stroobant 2007) Considering ion traps
and FTICR, there are some differences among them. The most important is that in an ion
trap the ions are expelled from the trap to the detector in order to get a signal (i.e. they can
be observed only once at the end of the process), while in a FTICR the ions are detected in a
non-destructive manner and can be measured at each step in the sequential fragmentation
process.(Hoffmann and Stroobant 2007)

Ring electrode

lon source =) mm)p Detector

Entrance endcap Exit endcap
electrode electrode
Fig. 4. Schematic representation of an ion trap mass analyser.
a) Mazmekcisld B b) R
—
Exuitafion plale /-""'"‘"'\
(7))
r5zping clata I_( { \ & ,r' ]_ @
e
Cetection plaie \ | il
| Dl

Fig. 5. Schematic representation of: a) an ion cyclotron resonance cell (to note that the cell is
composed of 6 plates, 2 for excitation, 2 for detection and 2 for trapping of the ions), b)
excitation of an ion packet to higher orbit radius to allow detection.
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The four main scan modes available using MS/MS, product ion scan, precursor ion scan,
neutral loss scan and selected reaction monitoring - SRM - (also known as multiple reaction
monitoring, MRM) are depicted in Fig. 6. A symbolism proposed by Cooks and co-workers
(Schwartz, Wade et al. 1990) to easily describe the various scan modes is also depicted in
Fig. 6.

—) CID / Product ion scan
selected m/z scanned . — O

/ CID ) Precursor ion scan

scanned selected m/z O — .

\

CID / Neutral loss scan

scanned scanned O — O
m/z x

m/z x-a
CID o Selected reaction monitoring

|

selected selected . — ‘
precursor product
ion ion
m/za m/zb

@ Fixed mass analyser

QO  scanning mass analyser

Fig. 6. Tandem mass spectrometry main scan modes, CID stands for Collision induced
dissociation, and symbolism proposed by Cooks and co-workers (Schwartz, Wade et al.
1990) for the easy representation of the various scan modes.

Product ion scan, consists of selecting a precursor ion of a given my/z ratio and determining
the product ions resulting from fragmentation.

Precursor ion scan consists of selecting a given product ion and determining the precursor
ions. This scan mode cannot be performed with time-based mass spectrometers (ion traps
and FTICRs).

Neutral loss scan consists of selecting a neutral fragment and detecting the fragmentations
that lead to such loss. As in the case of precursor ion scan, this scan mode is not available in
time-based mass spectrometers.
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Selected reaction monitoring consists of selecting a fragmentation reaction. In this scan
mode the first and second mass analysers are focused on selected m/z ratios thus increasing
sensitivity.

Even though the precursor and neutral loss scans are not available in time-based
instruments, these can perform quite easily MS» experiments.

2. Fragmentation methods (Activation methods)

Early mass spectrometers were capable of only one stage of mass analysis and structure
elucidation relied on the dissociation of the molecular ion in the course of its formation and
within the ion source.

Soft ionization techniques (FAB, ESI and MALDI), that extended the range of application of
mass spectrometry to polar, thermally labile compounds yield primarily protonated (or
deprotonated) molecules with little or no fragmentation, limiting also the structural
information to a single stage mass spectrum. To circumvent this limitation, tandem mass
spectrometry emerged as an essential technique for structural analysis of a wide range of
compounds with a clear focus on biologically relevant compounds (drugs, peptides and
proteins, nucleic acids among others) over the past years.(Sleno and Volmer 2004)

Tandem mass spectrometry involves the activation of a precursor ion formed in the source
and the mass analysis of its fragmentation products. The ion activation step is crucial and
ultimately defines the type of product ions that are observed.(Sleno and Volmer 2004)

Method Energy range Instruments Description
Collision Low (1-100eV) QqQ IT, QqTOF, Collision-induced dissociation by
Induced QqLIT, FTICR .. . .
R collision of precursor ions with
Dissociation High (keV range) Tandem TOF, Sector inert target gas molecules
(CID) & & instruments 518 ]
Infrared antlnuous-wave l.ow-energy
Multiphoton infrared laser activates the
. .. Low IT, FTICR precursor ions by multiphoton
Dissociation . .
absorption with consequent
(IRMPD) .
fragmentation
Electron Low—gner.gy beam of electrons
Capture resulting in electron capture at
. P .. Low FTICR protonation, or cationic site, with
Dissociation .
subsequent fragmentation
(ECD) . . .
following radical ion chemistry.
Hybrid (BqQ), QqQ, | Collisions between precursor ions
Surface Low IT, FTICR and a solid target surface with or
Induced ;
. .. without a self-assembled
Dissociation . . .
SID) High Tandem TOF, RETOF | monolayer causing fragmentation
( as well as other side reactions.
IT- ion trap; FTICR - Fourier transform ion cyclotron resonance; TOF - time-of-fligth; QqQ
- triple quadrupole

Table 1. General description of the activation methods to be presented in this chapter.
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2.1 Collision Activated and Collision Induced Dissociations (CAD/CID)
Collision-Induced Dissociation (CID also called Collision Activated Dissociation - CAD)
remains the most common ion activation method available in present day
instruments.(Jennings 2000; Shukla and Futrell 2000) Collisions between the precursor ion
and a neutral gas target are accompanied by an increase in internal energy. This increase in
internal energy induces decomposition with a higher fragmentation probability than, for
example, metastable unimolecular dissociations.(Sleno and Volmer 2004)

The inelastic collision of an ion (with high kinetic energy) with a neutral, results on the
conversion of part of the kinetic energy into internal energy leading to the decomposition of
the ion.(Levsen 1978)

The conversion of kinetic energy into internal energy can be explained by the laws of
physics involving a mobile species (ion) and a static target (gas). In order to simplify the
description it is best to work in the center-of-mass (cm) framework instead of in the
laboratory reference frame, simply because the center-of-mass momentum is always
zero.(Sleno and Volmer 2004) The energy transfer in collisional activation and the kinetic
energy release during ion dissociation are deduced by applying, to the process, the
conservation of momentum and conservation of energy. The entire system is treated as a
whole and the ion and neutral velocities are stated as velocities relative to each other.(Busch,
Glish et al. 1988; Sleno and Volmer 2004)

The total energy available for conversion from kinetic to internal energy (Ecm) can be
determined by equation 2

Eem=[N/ (my+N)]*Erp @)

Where N is the mass of the neutral, m; is the mass of the precursor ion and Ei.p is the ion’s
kinetic energy. Equation 2 also tells us that the CID process is highly dependent on the
relative masses of the two species. For example, Ecn increases with the target’s mass,
allowing more of the ion’s kinetic energy to be converted into internal energy. It decreases,
however, with 1/mj;, meaning that larger precursor ions have less internal energy available
for fragmentation through collision processes.(Busch, Glish et al. 1988)

Collisional activation mechanisms have been extensively studied for diatomic ions with
neutral target atoms; but they are not well defined for polyatomic ions.(Sleno and Volmer
2004) The subsequent dissociation of activated ions is adequately described by the Rice,
Ramsperger Kassel and Marcus (RRKM) theory (Marcus 1952) and less well by the quasi-
equilibrium theory (QET).(Rosenstock, Wallenstein et al. 1952)

The overall CID process, which is depicted in equation 3, is assumed to occur by a two-step
process encompassing the excitation of the precursor ions and subsequent fragmentation.

mp* + N — mp* —»mst + my ®)

Since the activation of fast-moving ions is much faster than their dissociation, it is
reasonable to consider that the two processes are separate in time.

Based primarily on the kinetic energy of the precursor ion it is possible to separate the CID
processes into two categories (Table 1): low-energy CID and high-energy CID.

Low-energy CID occurs in the 1-100eV range and is common in ion traps, quadrupoles and
FTICR instruments. High-energy CID occurs in the kiloelectronvolt range and can be
performed in sector and TOF/TOF instruments. There are important differences in the
resulting CID spectra under low and high collision energy some of which will be briefly
described in this chapter. In order to get more information the reader is encouraged to read
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an excellent review on the subject published in the Journal of Mass Spectrometry.(Sleno and
Volmer 2004)

Low-energy CID is mostly performed in quadrupole instruments (such as triple
quadrupoles) and trapping instruments (such as ion traps and Fourier transform ion
cyclotron resonance instruments).

Taking as example a triple quadrupole, QqQ, the collision cell is the second quadrupole
(denoted q) and it is only operated in r.f.- mode (allowing the ions to be focused). This
collision cell is filled with a neutral inert gas (usually N> or Ar) and ion activation is
achieved by multiple collisions. Both the nature of the collision gas and its pressure inside
the collision cell are important factors. At higher collision gas pressures the number of ions
undergoing collisions and the probability for an individual ion to collide increases. In fact,
increasing the collision gas pressure is a convenient means of increasing the degree of
dissociation of higher mass ions (for which E. is low) and ions that are particularly
stable.(Sleno and Volmer 2004)

In an ion trap, the precursor ions are isolated and accelerated by on-resonance excitation
causing collisions to occur and product ions are detected by subsequent ejection from the
trap. With on-resonance excitation, the isolated precursor ion is excited by applying a small
(tickle) a.c. potential across the end-caps. lon activation times of the order of tens of
milliseconds can be used without significant ion losses, hence multiple collisions can occur
during the excitation period. Because of this relatively long time-scale, this excitation
technique falls into the category of the slow-heating processes.(McLuckey and Goeringer
1997) Nevertheless, for a slow-heating process, excitation in an ion trap is still fairly fast, due
to the high pressure of gas (normally He at ~ 1 mTorr) present in the trap. There are other
slow-heating methods with much longer excitation times, such as sustained off-resonance
irradiation (SORI) which will also be described in this chapter.

Much like ion traps, in FTICR instruments the isolation and excitation phenomena take
place in the same confined space where ions are trapped for a specific time, in a combined
magnetic and electrostatic field. On-resonance excitation can be achieved by using a short
(hundreds of ps) high-amplitude a.c. signal at the natural cyclotron frequency of the
precursor ion. This excites the ion rapidly via multiple collisions and deposits a large
amount of energy in the ion. The short irradiation time is necessary to minimize precursor
ion losses.

Off-resonance irradiation, the SORI technique, is usually applied for collisional activation of
precursor ions in FTICR instruments. In SORI, the precursor ion is excited at a frequency
slightly higher than the natural cyclotron frequency. lons undergo multiple
acceleration/ deceleration cycles as they repeatedly increase and decrease their orbital radii
in the FTICR cell before dissociation take place. The ion translational energy is small
compared with on-resonance excitation and much longer activation times (from hundreds of
milliseconds to seconds) are used without ion loss.(McLuckey and Goeringer 1997)
Consequently, a large number of collisions take place and the ion sequentially absorbs more
and more collision energy until the collision threshold is reached.

The mass of the neutral target has a more important role for low-energy CID. With heavier
targets more energy is transferred. Even though the average energy deposited per collision
is lower than in high-energy CID, product ion yields are very high due to the occurrence of
multiple collisions which are allowed by the collision gas pressure employed and the length
of the collision cell (in triple quadrupoles) or the time allotted for CID (in ion traps).
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Collisional activation in the keV range occurs in sector and TOF instruments, where the
precursor ions have very high translational energies. In both types of instruments, a
collision cell is placed between the two mass analysers. The precursor ion beam, with a
kinetic energy of a few keV, can enter the collision cell, usually causing single collisions
before mass analysis of the product ions. High-energy CID usually employs He as collision
gas, nevertheless, the collision yield can be increased by using a heavier gas (such as Ar
or Xe).

At high kinetic energies, ion excitation is mainly electronic, (Hitoshi, Pham et al. 1969)
however, vibrational and rotational energies can also play an important role in
excitation.(Franchetti, Freiser et al. 1978) The conversion of kinetic into internal energy is
most efficient when the interaction time coincides with the period of the internal mode
which is undergoing excitation.(Beynon, Boyd et al. 1986)

The two possible CID regimes often yield different products and this can be used to our
advantage since structurally important fragment ions can be formed in both techniques. For
unimolecular dissociations, direct bond cleavages require energies higher than
rearrangement reactions do.(Levsen 1978)

2.2 Infrared multiphoton dissociation (IRMPD)

Gaseous ions can be excited and subsequently fragmented by the absorption of one or more
photons. This type of activation has been performed with a wide range of photon energies
by using lasers of different wavelengths. In the early days, UV and visible lasers were used
whereas in recent years there has been an increase in the use of IR lasers. When using an UV
laser the absorption of only one photon provided enough energy to initiate the dissociation
of an isolated precursor ion. The same does not apply for the particular case of IR lasers.
These are of energies lower than the UV lasers hence, multiphoton processes are needed to
sufficiently excite ions for efficient fragmentation to occur. With the rise in popularity of
trapping instruments (such as ion traps and FTICR) there has been an increase in the
number of applications for IRMPD as an activation technique in tandem mass spectrometry.
Typically, the stored ions are activated by a low power (< 100W) continuous-wave CO; (10.6
pum) laser during a selected irradiance time (usually in the order of tens to hundreds of
milliseconds), followed by the detection of the resulting product ions.

Generally, photodissociation can be viewed by the mechanism depicted in equation 4.

nho kais

mp*+ N mp** _, mftmy @)

N
Where n is the number of absorbed photons, hv is the photon energy and kg is the rate
constant for photodissociation.

The activation mechanism is assumed to occur through absorption of IR radiation by IR
active modes present in the ion. After photon absorption, rapid energy redistribution over
all vibrational degrees of freedom occurs, resulting in a statistical internal energy
distribution, similar to CID. The dissociation occurs by low energy pathways, often the
lowest possible.

There are several requirements for photodissociation to occur: 1) the precursor ion must be
able to absorb energy in the form of photons producing excited species above the
dissociation threshold for the ion of interest; 2) the energy gained by photon absorption
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must overcome the energy lost by photon emission from the excited ions and deactivation
by collisions.

Ion activation by absorption of photons is rather non-selective, i.e. product ions derived
from the precursor ion can be further excited into dissociative states. Nevertheless, this
outcome can be disadvantageous if too many ions are formed and the resulting spectrum
becomes a complex collection of peaks.(Sleno and Volmer 2004)

The advantages of IRMPD are numerous. The amount of energy available is well defined,
e.g. for a 10.6 pm CO; laser, the absorption of one photon corresponds to 0.117 eV of
energy.(Sleno and Volmer 2004) If, for ion activation, enough time is given, the dissociation
efficiency is good. In the case of FTICR, there is no need to add gas to the cell to promote
activation and dissociation. Nevertheless, despite these advantages, it is a costly
fragmentation technique.

2.3 Electron Capture and Electron Transfer Dissociations (ECD/ETD)

Electron Capture Dissociation (ECD) was developed by McLafferty’s group in
1998.(Zubarev, Kelleher et al. 1998) Briefly, it involves the capture of low-energy electrons
by multiply charged ions, with charge state reduction and subsequent fragmentation. ECD
is the result of several important observations from ion-electron reactions which are all
described in an excellent review by Zubarev et al.(Zubarev, Haelmann et al. 2002) The study
of dissociative recombination (DR) correlates well with ECD and involves the fragmentation
of gaseous positive ions following electron capture. The excited neutral then dissociates into
two neutral (one radical and one even-electron species). Stabilization of the captured
electron is faster than electron emission. Therefore, bond dissociation occurs faster than a
typical bond vibration.

The main advantage of ECD is its ability to cause dissociation of very large biomolecules
(=40 kDa) at many sites, where other fragmentation methods are less effective.

ECD employs a tungsten filament (or a indirectly heated cathode) to emit a beam of very
low-energy electrons (< 0.2 eV) for activation of the precursor ion. FTICR mass
spectrometers are ideal for the application of ECD (McLafferty, Horn et al. 2001) and,
accordingly, all the currently commercial FTICR instruments are equipped with this
dissociation technique. The main reason for this is that the ICR cell traps the ions due to a
combination of a strong magnetic field and a weak electrostatic field, without having any
influence on the kinetic energy of the electrons during their interaction with the precursor
ions.(Zubarev 2003) However, it remains difficult to perform ECD in ion traps, where the
ions are trapped by strong RF potentials applied to the ring-electrode, thus affecting the
movement of electrons inside the trap. To solve this problem, electron transfer dissociation
(ETD) was developed by Hunt's group at the University of Virginia (Syka, Coon et al. 2004).
This will be briefly described at the end of this section.

Charge neutralization occurs when a singly charged ion undergoes electron capture and the
resulting neutral cannot, obviously, be detected by the mass spectrometer. As such, ECD is
only applicable to multiply charged cationic species. The dissociation mechanism involves
the fragmentation of an odd-electron ion resulting from electron capture by an even-electron
species. The dissociation of the ion is restricted to specific protonation (or cationic) sites
where the electron is captured. As a result, radical ion chemistry governs the bond
cleavages.(McLafferty and Turecek 1993). Nevertheless, the electron is not necessarily
captured directly at the charge site. The electron can land far from the cationic site with
subsequent electron transfer to the highest charge density site. The intramolecular potential
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difference, which causes this secondary electron transfer, is especially apparent in multiply
charged metal ion complexes. Metal ions, such as Fe3* and Zn?*, serve as an electron sink
and less fragmentation of the regions close to the metal is observed.(Zubarev, Horn et al.
2000) The landing of an electron on a multiply charged precursor ion creates an hypervalent
(hydrogen-excess) unstable species. Groups with high affinity for the hot hydrogen atom,
such as carbonyl or disulphide bonds, are principal sites for capture. The exothermicity of
charge reduction and H* capture leads to bond cleavage initiated at the radical site.

ECD has been described as a non-ergodic process,(Turecek and McLafferty 1984) where the
energy is not redistributed over the whole molecule and weakest bonds are not
preferentially broken following ion activation. ECD assumed to occur much faster than
other methods (CID and IRMPD) permitting the occurrence of direct bond cleavages only.
As a result, it has been reported that the strong backbone N-C, bonds of peptides are
cleaved, affording ¢ and z-type ions (see Fig. 7). Disulfide bonds, which are fairly stable
under other activation methods, are also preferentially broken.

. H:N
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j)\N OH
NH, 0

HoN
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c-type ion z-type ion
NHs

Fig. 7. Fragmentation scheme for the formation of ¢- and z-type ions after reaction of a low-
energy electron with a multiply charged protonated peptide.

An obvious advantage of ECD is the possibility to identify post-translational modifications
which remains difficult for the very labile y-carboxyl, o-glycosyl and sulfate linkages when
using other methods.(Zubarev 2003) Furthermore, even non-covalent interactions are stable
under ECD conditions,(Horn, Ge et al. 2000) which allows the study of specific interaction
sites and the determination of secondary and tertiary protein structures in the gas-phase.

The development of an ECD-like dissociation method for use with low-cost, widely
accessible mass spectrometers, such as ion traps and linear ion traps, would be of obvious
utility for protein sequence analysis. As stated above, storage of thermal electrons in a RF
ion-containment field is, at best, problematic. To circumvent this, Hunt and co-workers
(Syka, Coon et al. 2004) investigated the possibility of using anions as vehicles for delivering
electrons to multiply charged peptide cations. They relied on their experience on negative
ion chemical ionization (Hunt, Stafford et al. 1976; Hunt and Crow 1978) and concluded that
anions with sufficiently low electron affinities could function as suitable one-electron
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donors. Electron transfer to protonated peptides should be exothermic by 4-5.5 eV, trigger
the release of a hydrogen radical and initiate fragmentation via the same non-ergodic
pathways accessed in ECD.(Syka, Coon et al. 2004)

2.4 Surface Induced Dissociation (SID)

Surface Induced Dissociation (SID) is an activation method that is similar to CID, except that
a solid surface is used as collision target instead of an inert gas. It was first developed by
Cooks and co-workers in the 1970s and has been studied by several research groups,
including those of McLafferty (Chorush, Little et al. 1995), Wysocki (Dongré, Somogyi et al.
1996; Nair, Somogyi et al. 1996; Schaaff, Qu et al. 1998) and Futrell.(Laskin, Denisov et al.
2002; Laskin, Bailey et al. 2003; Laskin, Beck et al. 2003).

The main idea behind this activation method is that energy transfer in CID is limited by the
energy available in the center-of-mass reference frame (Ecm) which depends on the mass of
the target gas. By increasing the mass of the target, Ecn becomes larger and energy transfer
can be improved. Assuming that collisions occur with the entire surface, instead of with
individual surface molecules, the mass of the target is effectively infinite. In theory, energy
conversion should be more efficient in SID.(Laskin and Futrell 2003)

Cooks and co-workers classified the collision events at surfaces according to the collision
energy (velocity) of the impacting projectile (neutral molecules, ions, atoms).(Verena,
Jianwei et al. 2001) SID reactions fall in the ‘hyperthermal’ regime with energies ranging
from 1eV to 100eV.

Hyperthermal ions can scatter on a surface in an elastic, inelastic or chemically reactive
fashion (Table 2).

AB* AB
\ / Elastic scattering AB*+5X—AB*+5X
AB* SX*—»Fragments Charge transfer AB*+5X—SA+SB+5X*
\ ABor A + B/ Chemical sputtering AB*+SX—AB+SX*—5*/X*
AB'  AB™—» AT+B

Surface-induced dissociation AB*+SX—AB**+5X —A*+B+5X

AB* X-A*
X\ /

) X) x) X) Ion-surface reactions AB*+SX—AX*+SB
S S S S

Table 2. Elementary processes in ion-surface interactions (SX* stands for surface ions).

Inelastic and reactive scattering events are the most common processes observed at the
collision energies normally used in SID and reactive scattering reactions are undesired side
reactions that lead to reduced efficiency and sensitivity.

Given that in general SID and CID afford similar products, it is reasonable to rationalize the
activation mechanism for SID as a two-step process. Initially, the incident ion collides
(inelastically) with the solid surface, forming an internally excited ion, which then
undergoes unimolecular dissociations. The interaction time with the surface is of the order
of 1012 s, a short period compared with the dissociation time for polyatomic ions.(Sleno and
Volmer 2004)
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It is believed that the SID experiment involves collisional activation at the surface, followed
by delayed gas-phase dissociation of the scattered projectile ion. Nevertheless, at higher
collision energies, shattering of the projectile ion can occur at the surface, (Laskin and Futrell
2003) resulting in fragment ions with the same kinetic energy, since they all originate at the
surface.

The internal energy distributions of excited ions for SID are relatively narrow (Wysocki,
Ding et al. 1992), which offers an advantage over CID; where the internal energy of ions is
not as narrow. In general, all incident ions collide directly with the surface, whereas most
collisions in CID are glancing. Hence, the energy transferred can easily be varied, simply by
changing the impact energy.

The center-of-mass collision energy for SID is difficult to determine, and it has been shown
that several experimental factors! influence the amount of kinetic energy converted into
internal energy of the ion.(Meroueh and Hase 2002) Due to the relatively narrow range of
internal energies, SID has a potential application in isomer distinction.(Schaaff, Qu et al.
1998)

Several different instruments have been employed for SID of polyatomic ions however,
several important mass spectrometer modifications are necessary. Nevertheless, for FTICR
in particular, SID would be especially advantageous, given that to perform CID in these
instruments it is necessary to introduce a gas in the ICR cell, which has a negative effect on
mass resolutions. In fact, SID in an FTICR has been reported to be effective for the
dissociation of large peptides.(Williams, Henry et al. 1990)

This activation method remains a very promising technique especially for high mass ions
with relatively high dissociation thresholds, e.g. peptides and proteins. Nevertheless, it still
awaits incorporation into a commercial instrument.

3. Applications

In the next sections we will present some examples where tandem mass spectrometry
together with collision induced dissociations were helpful, namely for the identification of
isomers (Section 3.1) and for the determination of thermochemical quantities, proton
affinities and gas-phase acidities, in particular (Section 3.2).

3.1 Structure elucidation

We will present some examples of the application of tandem mass spectrometry together
with collision induced dissociation to study the gas-phase behaviour of some aniline
derivatives (Madeira 2010), a,p-unsaturated y-lactones fused to sugars(Madeira, Rosa et al.
2010) and isoflavone aglycones.(Madeira, Borges et al.)

Gas-phase behaviour of aniline derivatives

The structures of the aniline derivatives studied are depicted in Fig.8.
The electrospray ionization MS? spectra of the protonated haloanilines studied are depicted
in Fig. 9.

! These are surface composition, projectile structure, collision energy and incidence angle, just to name a
few.
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Fig. 8. Structures of the aniline derivatives studied. (X=F, Cl, Br, I and NO).
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Fig. 9. MS2 spectra at 30% collision energy level of: a) fluoroanilines, b) chloroanilines, c)
bromoaniline, d) iodoanilines.

It is clear that the fragmentation is similar for all, however, for the particular case of 2-
chloroaniline and 2-bromoaniline, the formation of an ion at m/z 92, attributed to the loss of
HCl, for 2-chloroaniline, and HBr, for 2-bromoaniline, allows for the differentiation of the
ortho from the meta and para isomers.

Interestingly, the protonated molecules of the three isomers of fluoroaniline afforded the ion
at m/z 92, attributed to the loss of HF, which was already reported for fluoranilines under
electron ionization conditions.(Tajima, Ueki et al. 1996) This loss was proposed to occur via
a “ring-walk” mechanism, where the fluorine atom migrates to the ortho position. A similar
behaviour has also been reported for 4-fluorotoluene and 4-chlorotoluene.(Parry, Fernandez
et al. 1992) Taking into account that the typical ion residence time within the ion trap is a
few hundred milliseconds (the maximum ejection time for these MS? experiments was set to
200 ms) and that this phenomenon was detected in a sector mass spectrometer,(Tajima, Ueki
et al. 1996) for which the typical ion residence time within the ion source is ca. 10 s, it is
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reasonable to assume that this ring walk is possible in ion trap mass spectrometry
conditions. With this in mind, it is understandable that the m/z 92 for 2-fluoroaniline has the
highest relative abundance of the three. The proposed fragmentation pathways for the
haloanilines are presented in Fig. 10.

NH,
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. -HX
NH +H
2 mz92*
4
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Fluoroanilines: nv/z 112 a
Chloroanilines: nv/z 128 X @
Bromoanilines: nvz 172 -
lodoanilines: nv/z 220 m/z 93

Fig. 10. Proposed fragmentation pathways for the protonated molecules of the haloanilines
(*- the m/z ion was only detected for the fluoroanilines, 2-chloroaniline and 3-bromoaniline).

The electrospray ionization MS2 spectra of the nitroanilines studied are depicted in Fig. 11. It
is quite clear that the three isomeric forms can easily be distinguished from the
fragmentation pattern alone.
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Fig. 11. MS2 spectra at 30% collision energy level of: a) 2-nitroaniline, b) 3-nitroaniline, c) 4-
nitroaniline.

The protonated molecule of 2-nitroaniline, Fig.11a, loses 18 Da, attributed to H,O, affording
an ion at my/z 121. Since this loss is not detected for the other two nitroanilines, it can be
attributed to an ortho effect. This effect is well documented in the literature for electron
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ionization,(Schwarz 1978; Bobyleva, Kulikov et al. 1989; Attygalle, Ruzicka et al. 2006;
Jariwala, Figus et al. 2008), but it was also observed when using -electrospray
ionization.(Holman, Wright et al. 2008) A possible pathway for this fragmentation is
depicted in Fig. 12 and involves the formation of a six-membered ring intermediary.

NH, OH HND) "‘(‘)H NH
\ 5 G
m/z 139 m/z 139 m/z 121

Fig. 12. Possible fragmentation pathway to afford the m/z 121 ion from the protonated
molecule of 2-nitroaniline (1m/z 139).

Gas-phase behaviour of a,f-unsaturated y-lactones fused to sugars

In this study (Madeira, Rosa et al. 2010) we came across an interesting behaviour of two of
the compounds studied (structures depicted in Fig. 13), that are isomers. The MS2 spectra of
the deprotonated molecules of these compounds are depicted in Fig. 14.
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Fig. 13. Structures of the two isomers included in the electrospray ionization study.

165
a)
327
267
121 146 | 179 207 939 ] |
327
b) 165
267
285
121 147 | 179 207 73g |
“‘\““\““\‘“‘\‘“‘\““\““\‘“‘\‘“‘\‘“‘\““‘““\““\““\“"\““““‘\““\““\““\““““‘\“"\“"\““\““\““\“"\““\““\““\
100 150 200 250 300 350 400

m/z

Fig. 14. Negative ion mode ESI MS? spectra at normalized collision energy of 15% of the
deprotonated molecules of: a) compound A; b) compound B. (Reprinted with kind
permission of John Wiley & Sons)
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These compounds are isomers that differ in the positions of the lactone moiety and of one of
the acetyl groups within the sugar ring. Regarding their fragmentation, the first significant
difference is the loss of 42 Da, ketene (HCCO), from the deprotonated molecule to afford
the ion at m/z 185. This loss is more pronounced for compound B than for A, and this
behaviour might be related with the different substitution patterns of these two compounds.
Both compounds lose 60 Da, CH3COOH, affording the product ions at m/z 267 and, again,
this loss is more pronounced for compound B than for A. This behaviour was attributed to
the fact that compound B possesses an acetyl group at C2 which is more labile than the other
substituents. In this particular case the MS? experiments allowed the distinction between
both isomers.

Gas-phase behaviour of isoflavone aglycones

Regarding the gas-phase behaviour of isoflavones (Madeira, Borges et al. 2010) it was also
possible to differentiate two isomers (prunetin and biochanin A) since their fragmentation
afforded different diagnostic ions for each. The ESI-MS? spectra of the protonated molecules
of formononetin, prunetin and biochanin A are depicted in Fig. 15.
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Fig. 15. ESI-MS?2 spectra at collision energy of 17 eV of the protonated molecules of: a)
formononetin; b) prunetin; c¢) biochanin A. (Reprinted with kind permission of John Wiley &
Sons)

The position of the methoxy group also influences the fragmentation pattern. For instance,
the losses of *CHs; and CH3OH were only detected for formononetin and biochanin A,which
have the methoxy group attached to the B-ring. The ions afforded by these fragmentations
can also serve to access the B-ring substitution.
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3.2 Gas-phase ion thermochemistry

Tandem mass spectrometry has other uses than the frequently and currently used structural
analysis or the identification of proteins. MS/MS techniques can, for example, also be used
to determine gas-phase thermochemical properties of several classes of molecules
(biomolecules included).

The kinetic method was developed in order to determine thermochemical properties
whenever the equilibrium method was either not applicable or the instrumentation was not
available, and was based on the rates of competitive dissociation of mass-selected cluster
ions.(Cooks and Wong 1998) Over the years, the kinetic method has been subjected to a
great deal of discussion, for example see the Special Feature issue of volume 34 of Journal of
Mass Spectrometry.(McLuckey, Cameron et al. 1981; Armentrout 1999; Capriolli 1999;
Cooks, Koskinen et al. 1999; Drahos and Vékey 1999).

Proton affinities and Gas-phase basicities of aniline derivatives

We will start with a simple example using only compounds with known thermochemical
properties. In this example we are going to deal only with proton affinities (PA) and gas-
phase basicities (GB) which can be determined in the positive ion mode.(Madeira 2010) The
kinetic method can, however, be used to determine other thermochemical properties. For
example, the gas-phase acidity is determined in the negative ion mode.

The thermochemical properties of several aniline derivatives are well known (Table 3) and
we will use these to illustrate how to apply the kinetic method in its simplest form.

PA (k] mol1) | GB (kJ mol?)
4-Nitroaniline 866.0 834.2
3-Fluoroaniline 867.3 835.5
3-Chloroaniline 868.1 836.3
4-Fluoroaniline 871.5 839.7
3-Bromoaniline 873.2 841.4
4-Chloroaniline 873.8 842.0

Table 3. Proton affinities (PA) and gas-phase basicities (GB) of haloanilines and 4-
nitroaniline. (Hunter and Lias) These values were assumed to have an error of 8.4 k] mol-1.

For this example we will determine the proton affinity and gas-phase basicity of 4-
nitroaniline by pairing it with the other reference compounds presented on Table 3. The
mass spectrum of a mixture of 4-nitroaniline and 4-fluoroaniline is presented in Fig. 16a and
the MS? spectra at different normalized collision energies are depicted in Fig. 16b-e.

In the MS? spectra presented earlier (Fig. 15b-e) it is clear that the ion at m/z 112 (protonated
4-fluoroaniline) has a higher abundance than the ion at m/z 139 (protonated 4-nitroaniline).
It is therefore reasonable to say that 4-fluoroaniline has a higher proton affinity (and gas-
phase basicity) than 4-nitroaniline. The abundance ratio between the reference ion (4-
fluoroaniline) and the unknown ion (4-nitroaniline) is a key element for the application of
the kinetic method. Repeating the procedure for the other references in Table 3 we obtain
the data presented in Table 4.
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Fig. 16. Full scan mass spectrum of a mixture of 4-nitroaniline (4NA) and 4-fluoroaniline
(4FA); b) MS2 spectrum of the heterodimer [4NA+H+4FA]* (m/z 250) at a normalized
collision energy (NCE) of 5%; c) MS2 spectrum of the heterodimer at NCE 7%; d) MS2
spectrum of the heterodimer at NCE 10%; ) MS? spectrum of the heterodimer at NCE 15%.

PA GB
(K mol) | (K] mol-) Ab(AH*)/Ab(BH*) | Ln[Ab(AH*)/Ab(BH")]
3-fluoroaniline 867.3 835.5 2.3 0.8
3-chloroaniline 868.1 836.3 2.7 1.0
4-fluoroaniline 871.5 839.7 0.7 -0.4
3-bromoaniline 873.2 841.4 2.6 1.0
4-chloroaniline 873.8 842.0 2.3 0.8

Table 4. Values of Ab(AH+)/ Ab(BH+) and Ln[Ab(AH+)/ Ab(BH+)]. (AH+ reference ion,
BH+ unknown ion). 3-bromoaniline and 4-chloroaniline are presented in italic because they
were not considered when constructing the In(abundance ratio) vs GB or PA graphical
representation. See explanation in the text.

3-Bromo and 4-chloroanilines were removed from the data, since their behaviour was
somewhat unexpected (Fig. 17a and b). Indeed, according to the gas-phase thermochemical
data presented in Table 3, after fragmentation of the heterodimer the abundance of the
protonated molecule of 4-nitroaniline should have been lower than that of 4-chloroaniline
and 3-bromoaniline. The MS? presented in Fig. 17 show the opposite thus, these two systems
were not considered when calculating the proton affinity and gas-phase basicity of 4-
nitroaniline.
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For these two systems, isomerization reactions could be responsible for this behaviour. For
the particular case of 4-chloroaniline, the migration from the para to the meta position should
be energetically favourable. This type of migration has already been reported by Parry et
al.(Parry, Fernandez et al. 1992) for para-halotoluenes and it seems to be a reasonable
explanation for this observation. In fact, the branching ratio found for 4-chloroaniline is
comparable to the one found for 3-chloroaniline, which supports the assumption of
isomerization.

a) 266

139

128
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172
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Fig. 17. ESI-MS2 spectra at NCE 5% of a) 4-chloroaniline + 4-nitroaniline proton-bound
heterodimer (1m/z 266); b) 3-bromoaniline + 4-nitroaniline proton-bound heterodimer (m/z
310).

The data on Table 4 allows us to construct the graphical representation that will enable us to
determine the proton affinity and gas-phase basicity of our unknown, 4-nitroaniline. This
graphical representation is depicted in Fig 18.

The proton affinity/gas-phase basicity is the intercept of the least mean squares trendline
with the x-axis. For 4-nitroaniline, the proton affinity was estimated to be 866.3£0.8 kJ mol-!
and the gas-phase acidity 834.5+0.8 k] mol-l. These values are in close agreement with the
literature values (Table 3), which are 866.0 k] mol! and 834.2 k] mol! for the proton affinity
and gas-phase basicity, respectively.

Gas-phase acidities of substituted phenols

Some antioxidant mechanisms displayed by several phenolic compounds relate with OH
bond dissociation energy (DHO(ArO-H). One way to determine it in the gas phase is to
combine the gas-phase acidity, A..H(ArOH), the electron affinity of the phenoxyl radical,
Eca(ArO*), and the ionization energy of the hydrogem atom, E;(H) (equation 5).
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Fig. 18. In[Ab(AH+)/ Ab(BH+)] vs gas-phase basicity (k] mol!) and proton affinity (k] mol).
(AH+ - reference ion, BH+ - unknown ion).

DHO(ArO-H)= AycHY(ArOH)+Eca(ArO*)-Ei(H) )
In the past years we have determined the gas-phase acidity for several substituted phenols,
including dimethylphenols,(Madeira, Costa et al. 2008) dimethoxyphenols and
chromanol(Madeira, Faddoul et al. 2011), with the purpose of establishing a bridge towards
vitamin E.
Fig. 19a and b depicts the negative chemical ionization mass spectrum of a mixture of 3,5-
dimethylphenol and 4-methylphenol and the MS? spectrum of the isolated heterodimer (/2
229). To note that in the case of proton affinities and gas-phase basicities the work is done in
the positive ion mode while for gas-phase acidities the mass spectra are acquired in the
negative ion mode.
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Fig. 19. (a) Chemical ionization mass spectrum of 3,5-dimethylphenol and 4-methylphenol
mixture. (b) MS?2 spectrum of the isolated heterodimer (1m/z 229, 6 ms of delay time). With
kind permission from Springer Science+Business Media (Madeira, Costa et al. 2008)
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Same as for the aniline derivatives presented earlier, if we pair the unknown compounds
with other compounds with known gas-phase acidity we can apply the kinetic method
formalism and determine its gas-phase acidity. The gas-phase acidity scales for
dimethylphenols (Madeira, Costa et al. 2008) and for dimethoxyphenols and chromanol
(Madeira, Faddoul et al. 2011) are graphically depicted in Fig. 20.
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Fig. 20. Experimental gas-phase acidity scales relative to phenol for: a) dimethylphenols,
with kind permission from Springer Science+Business Media (Madeira, Costa et al. 2008);

b) dimethoxyphenols, with kind permission from John Wiley and Sons (Madeira, Faddoul et
al. 2011).
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1. Introduction

Tandem MS is considered as a mass spectrum of a mass spectrum raised to the power n,
where 1 is the number of MS/MS spectra, obtained per molecular ion. When a peptide is
analyzed by mass spectrometry, the obtained MS spectrum provides the peptide mass.
When tandem MS (or MS/MS) is performed, such peptide is fragmented into daughter ions,
which provide information regarding the amino acid sequence of the peptide. Due to this
particularity, peptide tandem MS can be used in several applications involving protein
characterization and identification, such as the study of proteomes (Franco et al., 2011a,b)
and differential proteomics (Puerto et al., 2011) of different organs, tissues, cells or biological
fluids. In our laboratory we have also been using this approach for the characterization of
proteins with specific function in adhesives (Santos et al., 2009), the identification of protein
adducts as potential biomarkers of toxicity (Antunes et al., 2010), and protein glycation
(Gomes et al., 2008), it has also been useful in the identification of peptides with
immunomodulation properties (Ko¢i et al., 2010). Two types of information obtained by
mass spectrometry experiments are used for the study of proteins and peptides. They can be
identified or characterized based on their peptide map and primary structure. The
advantage of using tandem MS, is that it provides further data, and hence, confirm the
assigned peptide identification, thus reducing the chance of obtaining wrongly assigned
peptide/protein identifications. Additionally, the information obtained allows localizing of
post-translational or chemical modifications at the amino acid residue level.

2. Peptide fragmentation

2.1 Proteins into amino acids

Nowadays, peptide fragmentation is the most commonly used MS information for protein
identification in proteomic studies. In this type of studies, there are two approaches that can
be used: a gel-based approach (Franco et al., 2001a) or a gel-free approach (Washburn et al.,
2001), where the former involves an initial separation of a complex mixture of proteins in,
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for example, SDS- or two-dimensional-PAGE. Instead, in the latter, the separation of the
complex mixture of previously digested proteins is accomplished using one or two different
types of chromatographic separations. In this case, before the separation step, the proteins
need to be cleaved into smaller compounds, namely peptides. This is usually accomplished
through the use of specific proteases, most commonly trypsin. Different peptides are
generated during protein digestion with different proteases, for example trypsin cleaves
after lysine or arginine, and hence tryptic peptides will always end in one of these residues.
This digestion is necessary as, for most mass spectrometers, proteins are too big to be
analysed by tandem MS. This type of approach, where protein digestion is performed before
mass spectrometry analysis, is called bottom-up proteomics. Alternatively, intact proteins
can be directly analysed in particular mass spectrometers, for example FTICR and Orbitrap
mass spectrometers, for protein identification and characterization without the need of
proteolytic digestion. In this strategy, named top-down proteomics, proteins are introduced
into the mass spectrometer, its mass measured and directly fragmented in the equipment
(Reid & McLuckey, 2002). This procedure has several applications related to protein
analysis, such as the characterization of post-translational modifications, protein
confirmations, protein-ligand and protein-protein complexes, among others (see section 4.2
of this chapter). For more detailed information, we suggest the review by Cui and
colleagues (2011).

Sample handling for tandem mass spectrometry analysis should always be done with
special care due to the fact that contaminations and induced modifications during sample
processing can occur. A common contamination that can occur when performing, in
particular, protein digestions is with keratin, which can hinder the identification of proteins.
The most common keratin contaminations occur from human hair and hands from the
operator , indicating the crucial use of clean lab coat, cap and nitrile gloves. The use of an
electrostatic eliminator can also be used to reduce this type of contamination, as
demonstrated by Xu et al. (2011).

Standard protein digestion procedures are time consuming and involve multisteps.
Automatization has been introduced, although it is only cost effective and efficient for a
large number of samples. Alternatively simplified protocols have been developed. In a
study by Ren and co-workers (2009) a quick digestion protocol was implemented in order
to minimize the digestion-induced modifications on proteins, such as asparagine
deamidation and N-terminal glutamine cyclization, found to be directly proportional to
incubation time in reduction or alkylation and depending on digestion buffer
composition. The authors tested this modified protocol on immunoglobulin gamma,
which allowed reducing the total experimental procedure to a few hours, beside a protein
coverage of 98.6% for IgG.

Particular attention must be driven to the amount of salts and detergents that protein
digests have prior to MS or MS/MS analysis due to the fact that these can interfere with
the ionization of peptides and can create strong interference on the mass spectrum signal.
This can be by-passed by using a HPLC system prior to the MS analysis due to the fact
that salts and detergents do not bind to the typical reverse phase columns used for
peptide separation eluting in the first steps of the chromatographic run. If a HPLC system
is not used, then alternative simpler methods should be used, such as micro columns
packed with reverse -phase resins or graphite (Larsen et al., 2007) and, when using
MALDI-TOF-TOF, this desalting step can be done directly onto the MALDI target plate
(Jia et al., 2007).
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2.2 The fragmentation process

The MS fragmentation process occurs in the mass spectrometer mass analyzer or in a
collision cell through the action of collision energy on gas phase ions generated in the mass
spectrometer ion source. Several parameters influence this fragmentation process, including
amino acid composition, size of the peptide, excitation method, time scale of the instrument
used, ion charge state, etc (Paiz & Suhai, 2005). Presently, there are several fragmentation
processes available in commercial mass spectrometers, namely collision induced
dissociation (CID), electron capture dissociation (ECD), electron transfer dissociation (ETD),
etc.

The CID fragmentation method can be of two types: low- or high-energy, where the former
uses up to 100 eV and the latter from hundreds eV up to several keV (Wells & McLuckey,
2005). The low-energy CID can be found in quadrupoles whereas the high-energy is used in,
for example, tof-tof instruments.

The nomenclature of the daughter ions generated by CID was first established by Roepstorff
& Fohlmann (1984) and later reviewed by Biemann (1988), where the b-series ions extend
from the N-terminal and the y-series ions extend from the C-terminal. (see Fig. 1). The
calculation of the mass difference between consecutive daughter ions belonging to the same
ion series (for example b or y ion-series), allows the determination of peptide’s primary

sequence.
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Fig. 1. Schematic diagram of daughter ion nomenclature, adapted from Roepstorff &
Fohlmann (1984). A positively charged peptide (in black) is fragmented and the daughter
ions are shown (4, b, ¢, x, y, z).

CID fragmentation of peptides uses an inert gas, such as helium, nitrogen or argon, to hit
the peptides resulting in the excitation of the molecular ion leading to the polypeptide chain
breaking, and to a lower extent to that of the amino acid side chains, generating daughter
ions. The low-energy CID allows the rearrangement of the peptide after the loss of a
fragment (Yague et al., 2003) and it allows for multiple collisions (up to 100) in a time scale
for dissociation of up to milliseconds whereas, the high-energy CID does not permit such
process as it is too fast, breaking the peptide. Advantages of the high-energy CID are the
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differentiation of isobaric amino acids, such as leucine and isoleucine, as well as more
reproducible fragmentation patterns, however only a few collisions can occur (usually no
more than ten) due to the fast time scale for dissociation. The information obtained from
both types of CID is different; the low-energy CID will generate predominantly b- and y-
series ions, whereas with the high-energy CID a-, x- and immonium ions are also observed
(Fig. 1).

There are several models of how peptides fragment using CID, as reviewed by Paizs &
Suhai (2005), namely the mobile proton and the pathways in competition models. According
with the mobile proton model a peptide can acquire a positive charge at several sites, named
the protonation sites, and these include the terminal amino group, amide oxygens and
nitrogens and side chain groups creating several isomers. So, as soon as the peptide becomes
excited, a proton is added and this proton will move from protonation site to protonation
site before fragmentation (Paiz & Suhai, 2005). The mobile proton model can be mainly used to
interpret MSMS spectra in a qualitative manner. With the pathways in competition model,
peptide fragmentation is seen as a competition between charge-remote and -directed in
peptide fragmentation pathways, where generation of different peptides follows probability
rules based on energetic and kinetic characterization of their major fragmentation pathways.
For the charge-remote peptides selective cleavage can occur at the asparagines containing
peptides and at oxidized methionines, leading to fragment ions containing information
regarding the peptide’s amino acid sequence, whereas for the charge-directed peptides
fragment ions correspond to the loss of water, ammonia or other neutral losses (Paiz &
Suhai, 2005).

A disadvantage of CID is that the side-chain of peptides can be lost. With the other types of
fragmentation processes (ECD and ETD) this does not occur, which is particularly important
for the identification and characterization of some labile peptide modifications (Zubarev,
2004). While with CID the CO-N bonds are broken along the peptide backbone, with ECD
and ETD the N-Ca bonds are broken creating c-ions from the N-terminal and z-ions from
the C-terminal (Fig. 1). Both processes allow extensive peptide backbone fragmentation,
while preserving labile side chains (Bakhtiar & Guan, 2006). In ECD there is a reaction

[M 4+ nH" + e~ — |[M +nH|" Y| — fragments

where electrons attach to protonated peptides hence creating peptide cations with an
additional electron. After this, the peptide undergoes a rearrangement leading to
dissociation (Mikesh et al., 2006). In most cases the information obtained with ECD is
complementary to the information obtained with CID (Zubarev, 2004). ECD is mainly used
in FTICR mass spectrometers, however it has been developed a similar type of collision
energy, ETD, for ion-trap quadrupoles. The ETD advantage is the ability to analyze larger,
non-tryptic peptides, allowing the detection of multiple PTMs. ETD dissociates peptides in
the same bonds as ECD creating the same ion series. However, ETD does not use free
electrons but employs radical anions where A is the anion.

[M + nH]“+ + A7 = [[M’ + nH]{“_lH] 4+ A — fragments

This radical anion transfers an electron to the protonated peptide leading to its
fragmentation (Mikesh et al., 2006). ETD cleaves randomly along the peptide backbone while
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side chains and modifications, such as phosphorylation, are left intact. The technique only
works well for higher charge state ions (z>2), however comparing to CID, ETD is
advantageous for the fragmentation of longer peptides or even entire proteins, making this
technique important for top-down proteomics.

ECD and ETD produce a complete or almost complete fragmentation spectrum of peptides
leading to more information regarding the peptide sequence (Mikesh et al., 2006). However,
these types of fragmentation are usually associated with expensive mass spectrometers.
Despite the fact that CID is the routine method for fragmentation of peptides, ETD has been
described as a preferred method for peptides carrying labile PTMs.

A new method for fragmentation of peptides has been developed by Budnik and co-workers
(2001) named electron detachment dissociation (EDD).

[M—nH]" 4e, — [M—nH]""" +2¢

Like ECD and ETD, in EDD, fragmentation of peptides occurs in the N-Ca and provides
information regarding the primary structure of peptides. This method is particularly useful
for the analysis of acidic proteins (Ganisl et al., 2011) as they ionize better using electrospray
and are detected in negative ion mode. A drawback of EDD is the common loss of small
molecules (such as CO,) from the amino acid side-chains.

3. Analysis of tandem mass spectrometry data

After the mass spectrometer analysis a file is created containing a list of masses observed for
the peptides, which could be used as precursor ions. To each peptide selected for
fragmentation there is, in this experimental file, associated peptide fragments and all this
data can be analysed in order to obtain information regarding the amino acid sequence of
the peptide and further used for protein identification or characterization (Cottrell, 2011).
There are basically two ways to analyse this type of data: manually or submitting the data to
search engines where they are compared to selected protein sequence databases. The
manual analysis is done by looking at the mass difference between peaks of a tandem mass
spectrum and determining if this mass difference corresponds to the mass of a particular
amino acid (see section 3.2 for de novo spectrum analysis). However, this is quite a difficult
and time-consuming task with several cons, as both ion series are observed in the same
spectrum and each series might not be completed, as there can be missing fragments, which
produce gaps in the analyzed amino acid sequence. Additionally other fragments, mainly
arising from neutral losses and ions from other ion series are usually detected. As a first
option fragment patterns interpretation using automatic search engines is usually tried.
Although when homologous proteins are not available in protein sequence databases, this
approach is not successful. Alternatively, de novo interpretation softwares can be used and
the obtained results should be carefully checked, usually involving a manual case by case
inspection. This situation arises frequently for proteins isolated from organisms with non-
sequenced genomes (section 4.1) or if the protein is strongly modified (section 4.3).

3.1 Search engines for protein identification
There are several softwares available for this purpose, based on mathematical algorithms
that can help on the interpretation of this type of data. There are some free-ware softwares,
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Fig. 2. Schematic diagram of the common workflow of database search for peptide
identification.

for example MASCOT (Perkins et al., 1999) from Matrix Science (Mowse algorithm), Crux
(Park et al., 2008) from University of Washington (Sequest algorithm), and commercially
available softwares, for example Protein Pilot (Shilov, et al., 2007) from AB Sciex (which uses
Mowse and Paragon algorithms), Bioworks from Thermo Electron (Sequest algorithm) or
Peaks from Bioinformatic Solutions. But how do these softwares perform the analysis of the
peptide mass spectrometry data? Basically, they make a theoretical digestion, or in silico
digestion, of all proteins present in a database and generate theoretical fragments of these
peptides. After, it is done a comparison between the virtual and experimental data obtained
in the mass spectrometer, attributing a score to the peptide or protein identified, where the
highest the score the higher match is achieved and, consequently, more confident is the
identification generated (Fig. 2). The search process is governed by specified parameters. In
a recent review by Eng and co-workers (2011), it is presented a description of these
parameters and criteria common in available search engines, as well as their impact on the
identification results. Briefly, the mass tolerance for peptides and their fragments should be
defined (which varies depending on the resolution and mass accuracy of the mass
spectrometer used), the modifications introduced during sample treatment (for example, the
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alkylation with iodoacetamide) as well as known modifications of the protein under study,
the protease used for digestion and the maximum number of miss cleavages allowed, as
well as the database and taxonomy restriction to apply. The major limitation of database
searching is that only the peptides that are present in the database can be identified in the
search and sometimes by having one different amino acid, the peptide may not be found.
The most popular search algorithms include Sequest (Eng et al., 1994), Mowse and
X!Tandem.

A recent methodology for peptide identification from tandem MS data, consensus-based
method, implies the use of several search engines, hence different algorithms for peptide
identification, merging results files and rescoring of identified peptides using platforms
such as Scaffold (from Proteome Software Inc.) (Dagda et al., 2010). With this type of
strategy it is possible to increase the accuracy, sensitivity and specificity comparing to the
use of individual search engines due to different mathematical and algorithmic strategies
considered. An advantage of this approach is that it minimizes false positive identifications
by using different types of search engines, the disadvantage of one is overcome by the other.
The usual search engines used together for this type of strategy are Mowse, Sequest and
X!'tandem. The use of a fourth search algorithm does not appear to improve the results to a
further extend (Dagda et al., 2010).

3.2 De novo analysis

De novo sequencing of peptides by MS/MS is the process used for the determination of
peptide primary structure not based on the information available in databases. It is ideal for
the identification of proteins from organisms without sequenced genome or for the
characterization of novel proteins, their isoforms, biological or induced post-translational
modifications or peptides with non-proteic amino acids. An interesting review on the
subject was published in early 2010 (Seidler et al., 2010). Here we will present further details
on manual sequencing and available automatic algorithms, as well as some examples on the
characterization of peptides containing modified amino acids.

De novo sequencing analysis of MS/MS fragmentation data can be done manually or using
specific softwares. As previously pointed in this section, manual analysis of peptide tandem
MS spectra raises usually some difficulties, due to their complexity. Typically a sequence of
steps is followed during this exercise, although some have to be performed interactively: a)
assignment of major ion series, b- and y- or ¢- and z-; b) calculation of mass differences
between peaks attributed to the same ion-series, in order to determine the amino acid
residues present in the sequence; c) checking the presence of characteristic patterns for the
type of fragmentation process used, namely relative intensity of fragment peaks along the
m/z range, detection of neutral losses, immonium ions. In order to simplify the
fragmentation pattern, several peptide derivatization procedures have been developed that
allow the reduction of the peptide fragments to only one ion series, since the second loses its
ionization capacities (An et al., 2010, Franck ef al., 2010, Hennrich et al., 2010, Miyashita et al.,
2011, Nakajima et al., 2011). This strategy presents some drawbacks, namely due to
interference from the excess reagent and corresponding side products and low yield of
derivatization products. In our laboratory we have successfully used this approach for the
identification and N-terminal characterization of a cutinase purified from Colletotrichum
kahawae, a causal agent of the coffee berry disease (Zhenjia et al., 2007). Although having four
tryptic peptides common to C. gloeosporioides cutinase, the 21-kDa protein from C. kahawae
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Fig. 3. Mass spectra from C. kahawae after trypsin cleavage. A) MALDI-TOF MS spectra of
the tryptic peptides before derivatization with SPITC (peptides that were derivatized are
labelled). B) MALDI-TOF MS spectra of the tryptic peptides after derivatization with SPITC.
Peptides derivatized with SPITC (increase of 215 Da in m/z value) were subjected to PSD
analysis to obtain sequence information. Arrowheads indicate the peptides that were
subjected to further sequencing. C) Peptide sequence from peptide m/z 1.096. The resulting y
ions from my/z 1.096 fragmentation were identified in the database as the sequence VIYIFAR
(MASCOT, MS/MS ions search). This peptide was found in cutinase precursor form C.
capsici. The score of 63 for this identification is higher than the minimum of 38, which
indicates identity or extensive homology (p<0.05). Figure from Zhenjia et al, 2007.
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could not be identified with a significant score. To enhance fragmentation towards the
peptide bond, as described by Wang et al. (2004), a sulphonic acid group was introduced at
the N-terminus of the tryptic peptides using 4-sulphophenyl isothiocyanate reagent. Two of
the peptides derivatized were sequenced (Fig. 3). After a search in the database for
identification of the MS/MS ions generated, one of the peptides revealed 100% homology to
a highly conserved peptide from a cutinase precursor from C. gloeosporioides. Additionally,
in the peptide mass map of the 21-kDa protein, a peptide with a monoisotopic mass of 1.653
([M+H]*) is present, suggesting the blockage of the N-terminus with a glucuronamide
residue.

Several software packages for de novo sequencing interpretation of MS/MS spectra are
available, either proprietary, publicly available academic interfaces or commercial
programs. Bringans et al. (2008) published a comparative study of the accuracy of three
commonly used programs DeNovo Explorer™ (Applied Biosystems), Peaks Studio 4.5
(Bioinformatics Solutions, Inc) and PepNovo (Pitzer ef al., 2007). Combining the number
of correct residues assigned for Q TRAP and MALDI-TOF/TOF data, Pep-Novo (64.9%)
and PEAKS (64.5%) presented a higher accuracy than De Novo ExplorerTM (38.2%). The
obtained results indicated that the middle of the peptide was more accurately sequenced
and the optimal peptide length is 10-12 residues. As expected, the percentage accuracies
were generally related to the quality of the data. PEAKS and PepNovo although
presenting very similar accuracy results, often made different choices, consistent with the
difference in their algorithm design. For increased confidence in the accuracy of a derived
sequence, a combination of algorithms is advised. More recently several other programs
for de novo analysis have been developed (Chi ef al., 2010, He & Ma, 2010, Tessier et al.,
2010). The determined amino acid sequences can be used for further functional analysis
by homology search of protein sequence databases using adequate programs, namely
BLAST-related algorithms (Gaeta, 1998), as “bait for gene fishing” or as a probe for
antibody production.

The above-described workflow (MS and MS/MS spectra acquisition, de novo sequencing and
Blast search) was used for the identification of proteins present in sea urchin (Paracentrotus
lividus) tube foot adhesive (Santos et al., 2009). Beside the six proteins identified by
homology-database search, other MALDI-MS/MS spectra did not allowed direct protein
identification and were further used to automatically generate de novo sequences in an
attempt to obtain more information on these proteins. Five de novo-generated peptide
sequences were found that were not present in the available protein databases, suggesting
that they might belong to novel or modified proteins.

4. Aplications of peptide tandem mass spectrometry

4.1 Protein Identification in non-sequenced organisms

As previously mentioned, the inherent characteristics of tandem MS-based protein
identification provides a high-throughput and efficient methodology of utmost importance
in the context of research in a wide range of research subjects: Plant, Marine, Agronomical,
Human and Veterinary Medicine, Physiology, Parasitology, etc. Despite the efficiency and
reliability frequently associated to tandem MS, identifications obtained are nevertheless
hindered and highly dependent on how further the proteins of a specific study organism
have been described and entered in public databases. In this section we will address such
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issue and the possible solutions that might overcame when a researcher is faced with the
need of conducting proteomics studies using non-model organisms.

The number of protein entries per organism in public databases is extremely varied. In fact,
if the organism is either sequenced or a model organism, chances are that the number of
entries in public databases are representative enough to lead to a robust and publishable
tandem MS-based proteomics study. On the contrary, non-sequenced or non-model
organisms are however frequently poorly represented in databases, which may strongly
condition the success of any tandem MS-based proteomics study. A quick analysis on the
number of entries per organism in a public database, such as NCBI
(http:/ /www.ncbi.nlm.nih.gov/pubmed/), is presented in table 1 and is highly illustrative
of the above mentioned.

When working with a poorly studied or poorly described organism, protein searches have
to rely on protein entries that show a closer level of similarity with those of the protein of
interest to the studied biological issue. Such searches are termed homology searches as they
are dependent on the existence of homologies between the protein of interest and
information available on the internet. An illustrative example of a homology search
conducted by our research group, was the identification of tannin binding proteins in the
saliva of sacred baboon (Papio hamadryas) using MS/MS data (Mau et al., 2011). Sacred
baboons are very poorly represented in public databases and, concerning NCBI, a mere total
of 641 entries exist (September 2011). As a consequence, all proteins submitted for
identification were identified in primate species other than Papio hamadryas, nevertheless
with higher levels of representation in databases: Macaque, Colobus and Pan species
(respectively 70.000, 1.057 and 43.890). Another striking example was the study involving
Mediterranean mussel (Mytilus galloprovincialis) and the Vietnamese clam (Corbicula
Sfluminea) when exposed to Cylindrospermopsis raciborskii cells (Puerto et al., 2011). Again, both
studied species are very poorly represented in public databases (1575 for M. galloprovincialis
and 107 for C. fluminea). Consequently, all 26 identifications were obtained with higher level
of confidence in other species, with special relevance to the blue mussel (Mytilus edulis), a
species with 3.154 entries in NCBI.

Interestingly, public generalist databases may have remarkable differences regarding the
number of entries for a specific organism. Such difference will have necessary consequences
on the success rate of the identifications achieved. For instance, our research laboratory has
conducted a study on the proteome of cattle pathogen Ehrlichia ruminantium, the agent of the
tick-borne disease heartwater or cowdriosis (results unpublished). Identifications were
extremely low when conducting the search using the UNIPROT KB curated database (2.369
entries for Ehrlichia ruminantium). On the contrary, when the search was conducted resorting
to NCBI database, success rate of the identifications was substantially increased, as NCBI
more than triples the number of entries for E. ruminantium. Such difference is probably the
result of the fact that the number of laboratories conducting research on those specific
bacteria is extremely low. Consequently, the choice on the public database to deposit protein
sequences has necessarily significant implications. Additionally, curated databases only
allow entries for verified protein sequences. Such rule limits strongly the access to entries
based on, for instance, theoretical sequences obtained from genome-based information,
often the most relevant sources of information.

Resorting to public databases may itself strongly limit the probability of obtaining robust
and reliable identifications. In fact, the number of proteins entered in public databases is
ultimately dependent on the availability of the researcher and host institutions to enter the
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Sequenced or Model Organisms Non-Sequenced h Non-Model
Organisms
Organism Number Organism Number
8 of Entries 8 of Entries
Arabidopsis thaliana 552.550 | Red cabbage (Brassica oleracea) 2.290
Barrel Medic (Medicago 10.223 Lucerne (Medicago sativa) 2222
truncatulla)
Rat (Rattus norvegicus) 113.981 Black rat (Rattus rattus) 937
Mouse (Mus musculus) 266.662 Ryukyu mouse (Mus caroli) 205
Cattle (Bos taurus) 108.129 Water Buffalo (Bubalus 2,089
bubalis)
Rabbit (Oryctolagus cuniculus) 40.707 European hare (Lepus 478
europaeus)
Human (Homo sapiens) 1.963.679 Gorilla (Gorilla gorilla) 2.100
Chimpanzee (Pan troglodytes) 43.890 Pigmy Chlmpanzee (Pan 1.117
paniscus)
Rhesus macaque (Macaca 47,029 Celebes macaque (Macaca 7
mulatta) nigra)
Saccharomyces cerevisiae 225.898 Saccharomyces bayanus 541
Search performed on the 20th September 2011

Table 1. Protein entries in NCBI database - sequenced and model organisms vs. non-
sequenced and closely related non-model organisms.

information obtained in the database. Consequently, and imagining a putative consortium
or laboratory would be sequencing a given organism, if the information generated would
not be included in public databases, all such information would not be accessible to the
general research community, particularly what concerns protein identification using mass
spectrometry. Such information is, however, frequently compiled in the form of non-
publicly disclosed dedicated databases that are organized and updated by the same
consortium that generated it. Access to such databases may be granted in the form of
collaboration or by ceding it to interested researchers. A pertinent example of the above-
mentioned is a study we have conducted in our research group related to somatic
embryogenesis in Medicago truncatula (results not published). In this study, protein
identifications were conducted first using generalist databases, namely NCBI, with rather
poor identification rates of around 50%. However, when the same information was
submitted to a dedicated database, generated, kept and kindly ceded by the Samuel Roberts
Noble Foundation (Ardmore, OK, USA), identifications rates increased significantly to rates
over 85% of the searched proteins.

An interesting solution to the lack of information available on a specific organism may rely
on the use of a dedicated database on a specific organism to which the studied organism is
closely related and to which it would be expected that proteins would share a high level of
homology. Such a strategy would associate the specificity of a dedicated database to high
homologies of a very close species. It is likely that such strategy would only be surpassed, in
successful protein identification rates, by the use of dedicated databases specific to the
studied genus or species. Our research group has conducted one of such strategies to the
proteome characterization of coelomocytes in sea star (Marthasterias glacialis) (Franco et al.,
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2011b). Marthasterias glacialis sea stars are poorly represented in public databases with only
90 and 26 entries in NCBI and UniprotKB, respectively. Our research group has therefore
opted to conduct protein identification using a dedicated database on Strongylocentrotus
purpuratus (purple sea urchin), a sequenced organism, interestingly with over 1.500 entries
in Uniprot and over 6.000 in NCBI. With this highly successful strategy and using both
nanoLC-MALDI-TOF/TOF MS and two-dimensional electrophoresis with MALDI-
TOF/TOF, we were able to identify over 350 proteins of a highly complex proteome.
Conducting research in non-sequenced or non-model organisms poses interesting challenges
to proteomics researchers resorting to a uniquely reliable method for protein identification,
such as tandem MS. To overcome such difficulties, the use of either homology searches or
dedicated specific databases or even the combination of both may be a useful and interesting
strategy. Alternatively, the use of de novo sequencing may also be an interesting and effective
strategy that was the object of a previous section (section 3.2) in this chapter.

4.2 Top-down proteomics

So far, top-down mass spectrometry has been a less common application in tandem mass
spectrometry. This global-view technique has been of great interest as a first approach on
protein characterization, without the need of prior knowledge, for the determination of
protein’s exact molecular mass, post-translational modifications, etc. This examination is
made without the need of protein digestion, intact proteins are directly fragmented in the
mass spectrometer preventing artificial modifications that can occur during sample
handling and preserving some PTM information.

In a recent work by Zhang and co-workers (2011), top-down mass spectrometry has been
used for the analysis of human and mouse cardiac Troponin T. In this work, top-down mass
spectrometry and fragmentation techniques such as CID and ECD were used to identify and
characterize the modification sites of phosphorylation, acetylation, proteolysis, and spliced
isoforms of the highly acidic N-terminal of cardiac Troponin T. In a preliminary approach,
there has also been an attempt to employ this technology to clinical assays, as it was
described by Théberge and co-workers (2011) where the software, BUPID (Boston
University Protein Identifier) was developed in order to determine variant and/or modified
protein sequencing. This analysis was applied to patient samples for the identification of
transthyretin and haemoglobin in an automated and fast method, although it was concluded
that at this stage it works mainly for small and abundant clinically relevant proteins.

A new technology has now been applied to top-down mass spectrometry, namely travelling
wave ion mobility. A recent work by Halgand and colleagues (2011) involved the study of
the heterogeneity of the recombinant phosphoprotein domain of the measles virus
expressed in Escherichia coli. The use of this technique was particularly useful regarding the
reduction of top-down MSMS spectra and the elucidation of the origin of subtle sample
heterogeneity, regardless of the mechanisms responsible for the amino acid substitutions.

4.3 Post-translational modifications of proteins and peptides containing adducts

Another application of tandem mass spectrometry with biological and clinical relevance is
the identification and characterization of post-translational modification (PTMs) of proteins,
where mass spectrometry is the method of choice for this purpose. The modification of
proteins post-translationally is of great importance in protein activity and cellular
metabolism regulation. The protein’s amino acids may be modified after translation, altering
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the protein’'s molecular mass, and therefore it cannot be predicted from genome
information.

There are over 400 post-translational modifications of proteins described (Creasy & Cottrell,
2004). The most common and naturally occurring PTMs include phosphorylation,
glycosylation, cleavage, formylation, methionine oxidation and ubiquitination (see table 2,
as reviewed by Farley & Link (2009). We will focus mainly on applications of the most
common and also labile PTMs, phosphorylation, glycosylation, and also on glycation.
Phoshporylation and glycosylation are considered labile PTMs. In these cases, the site of
modification is lost, including during the fragmentation process, and more precisely with
CID. In a work performed by Carapito and co-workers (2009) a method to detect modified
peptides in a complex peptide sample and establish the nature of the modification was
developed based on the alternation between MS spectra acquisition using different collision
conditions. This experiment led to the cleavage of the substituents and hence to the
detection of modified peptides based on their specific fragmentation and on the detection of
low mass reporter ions. The described approach allows the detection of multiple
modifications without prior knowledge on its type.

Phosphorylation is a PTM that is particularly challenging, as it is present in low-
stoichiometry amounts in samples, therefore enrichment techniques are usually required
prior to mass spectrometry analysis, as reviewed by Leitner et al. (2011). Presently, there are
several techniques effective and available for this purpose, namely IMAC, titanium dioxide,
among others, and recently a highly efficient new enrichment technique using lathanum
ions for the precipitation of this type of modified peptides was developed (Pink ef al., 2011).
The advantage of the lanthanum enrichment is that it is based on a single step precipitation
and phosphoproteins can be isolated from frozen tissue or cells, after cell lysis, using several
buffer systems compatible with tandem mass spectrometry analysis.

Phosphorylated peptides can be analyzed using tandem mass spectrometry with CID.
However, this type of modified peptides can undergo neutral loss, particularly if
phosphorylated in serine or threonine amino acid residues. This means that the MSMS
spectrum would not contain much information regarding the site of modification and
peptide sequence as the energy for peptide fragmentation is directed towards the
phosphoric acid. To overcome this disadvantage, neutral loss LC-MS experiments can be
done, where MSn experiments are established. An advantage of this type of methods is that
the peptide after the loss of phosphoric acid can be fragmented again and information
regarding the modification site and amino acid composition can be obtained. A
disadvantage however is that the duty cycle of the equipment is long and the information
obtained is more complex for bioinformatic analysis (Leitner et al., 2011). The development
of ETD, prevents this type of problem, as the PTM is preserved during fragmentation,
allowing more informative MSMS spectra. Top-down has also been extensively used in the
identification and characterization of phosphorylation events, where in this case exact mass
of the phosphoprotein is obtained followed by direct characterization of the site of
modification, without the need for proteolytic digestion.

The other most common PTM is glycosylation. This PTM is important in protein function
and cell fate differentiation. Glycosylation, like phosphorylation, is regulated by enzymes
and it involves the binding of glycans to proteins being attached in linked or branched
chains with various glycan composition and length (Lazar et al., 2011), hence having an
impact on charge, conformation and stability of proteins. Glycosylation has been shown to
have an important role in several diseases, including cancer, inflammatory diseases and
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congenital disorders, etc. The study of glycosylation of proteins has been useful for the
development of novel vaccines and biomarkers discovery for diagnosis (Lazar et al., 2011).

PTM Nominal mass  |Stability Proposed biological function
shift (Da)
Phosphorylation
pSer, pThr + 80 Very labile Cellular signaling processes, enzyme activity,
intermolecular interactions
pTyr +80 Moderately
labile
Glycosylation
O-linked 203, >800 Moderately Regulatory elements, O-GlcNAc
labile
N-linked >800 Moderately Protein secretion, signaling
labile
Proteinaceous
Ubiquitination >1000 Stable Protein degradation signal
Sumoylation >1000 Stable Protein stability
Nitrosative
Nitration, nTyr +45 Stable Oxidative damage
Nitrosylation, nSer, |+ 29 Stable Cell signaling
nCys
Methylation +14 Stable Gene expression
Acetylation +42 Stable Histone regulation, protein stability
Sulfation, sTyr +80 Very labile Intermolecular interactions
Deamidation +1 Stable Intermolecular interactions, sample handling
artifact
Acylation
Farnesyl +204 Stable Membrane tethering, intermolecular
interactions, cell localization signals
Myristoyl +210 Stable
Palmitoyl +238 Moderately
labile
Disulfide bond -2 Moderately Protein structure and stability
labile
Alkylation, aCys +57 Stable Sample handling
Oxidation, oMet +16 Stable Sample handling

Table 2. Common PTMs of proteins, showing the mass difference of the modified protein as
well as its stability and biological function (Farley & Link, 2009).
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Due to the recent advances in technology, particularly in high performance liquid
chromatography and mass spectrometry, these methods have been the preferred choice for
the identification and characterization of glycosylated proteins. Just like with
phosphorylation, glycosylation modified protein/peptides need to be enriched prior to
mass spectrometry analysis. A common methodology for this purpose includes lectin
enrichment, which can selectively separate complex carbohydrate structures, as reviewed by
Lazar et al. (2011).

In mass spectrometry, the analysis of glycosylated peptides is particularly challenging, due
to the heterogeneity of oligossacharide moieties and to proteolysis difficulties, since glycan
motifs can prevent access of site-specific endoproteases, reducing protein coverage and
identification. A solution to prevent this is to remove the glycans chemically or
enzymatically, for example with PNGase F, prior to endoproteinase digestion. Another
problem with this type of PTM is the fact that there is an increase of peptide mass due to the
glycan moiety, which can lead to outside the adequate resolution range of most mass
spectrometers. To overcome this, a combination of broad specificity proteases can be used in
order to increase protein coverage and identification confidence, as well as characterization
of glycosylation events. The ionization of these modified peptides is also challenging due to
the fact that they can have low ionization efficiency, which implies lower sensitivity in
peptide detection. The ions generated can be due to the sequential loss of the sugar residues,
however, the ions from the fragmentation of the peptide backbone can be in low abundance
or even absent (Lazar et al., 2011).

Glycation is a type of chemical modification that can occur in vivo, but it is not controlled
enzymatically. Glycation is involved in alterations of structure and stability of proteins,
hence affecting protein function. This PTM has been shown to be involved in several
diseases, such as diabetes and amyloidotic neuropathies. In a study performed in
collaboration with our group, the effects of glycation in vivo and in vitro were studied on
yeast enolase. Peptide mass data were used to determine methylglyoxal-derived advanced
glycation end-product (MAGE) nature and location. Since only lysine and arginine residues
are modified, tryptic digestion of glycated proteins will produce peptides with at least one
miss cleavage associated to a defined mass increase corresponding to a specific MAGE.
Using this approach for MS data interpretation important differences were observed
between in vivo and in vitro glycation, that is the same residues were consistently modified
in vivo suggesting that it is a specific process, whereas in vitro this is not the case, that is
several residues are modified with different glycation end products (Gomes et al., 2008).
Another recent work by Oliveira and co-workers (2011) studied the mechanism of insulin
fibril formation in the presence of methylglyoxal, the most significant glycation agent in
vivo. To unequivocally identify glycated peptides and amino acid residues, non-glycated
and glycated insulin were digested using chymotrypsin followed by MS and MS/MS
analysis. A modified glycated peptide should be exclusively present in the MS spectrum of
glycated insulin with a mass value corresponding to the insulin peptide plus the specific
mass increment characteristic of a MAGE modification. This information was used to
construct an inclusion list of modified peptides to be fragmented by an additional MS/MS
experiment using the MALDI-TOF/TOF instrument. The sequence information thus
obtained allowed the unequivocal identification of MAGE-modified peptides and also
assignment of specific modified amino acids. This study showed that glycation by
methylglyoxal agent stabilizes soluble aggregates that retain native-like structures of
insulin.
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Another application of tandem mass spectrometry of peptides is the study of protein
adducts which is of great importance in toxicology studies. In a recent review by Rappaport
and co-workers (2011) it is described a strategy for the identification of adducts in human
blood, more precisely in haemoglobin and human serum albumin. In this review, a recent
mass spectrometry methodology is described, named fixed-step selected reaction
monitoring (FS-SRM), that involves a list of theoretical parent and product ions for the
detection of all modifications of targeted nucleophile within a range of adduct masses.
Another approach for this type of tandem MS application is described by Switzar and
colleagues (2011), where the protein digestion protocol conditions were optimized (pH,
temperature and time) in order to increase protein coverage and signal intensity of the
modified peptides.

This tandem mass spectrometry application has also been employed in the study of the
toxicity effect of anti-viral drugs, more precisely nevirapine (NVP) employed against human
immunodeficiency virus type-1 (HIV-1) (Antunes et al., 2010). MALDI-TOF-TOF-MS of
tryptic digests was used to identify which human serum albumin and human hemoglobin
amino acid residues were bound to NVP upon incubation with the synthetic model
electrophile 12-mesyloxy-NVP, used as a surrogate for the Phase II metabolite 12-sulfoxy-
NVP. The adopted strategy consisted of (i) comparison of the MS spectra of unmodified and
NVP-modified HSA and Hb digests. The presence of new m/z peaks in the latter was
presumed to correspond to potential NVP-amino acid adducts. (ii) The m/z values observed
exclusively in the MS spectra of the tryptic digests of the modified proteins were compared
to the theoretical tryptic peptide mass list for each protein, taking into account the mass
increase characteristic of NVP modification. (iii) This information was used to construct an
inclusion list of possible NVP-modified peptides to be fragmented by an additional MS/MS
experiment using the MALDI-TOF-TOF instrument. The amino acid sequence information
thus obtained allowed the unequivocal identification of NVP-modified peptides and the
assignment of the specific NVP-modified amino acids. This study prompts to the
identification of multiple modification sites suggesting several possible biomarkers of
nevirapine toxicity that can be useful for monitoring the toxicity of this drug in patients.
Reference should also be made to the characterization of disulfide bonds using tandem mass
spectrometry as these covalent bonds are important in protein folding and aggregation and
hence the detection of this type of PTM and identification of the involved cysteine residues
is particularly important for monitoring recombinant protein production, namely in the
biopharmaceutical industry. The wrong establishment of disulfide bonds may have a
remarkable importance in protein 3-dimensional structures and, consequently in their
functional activity, thus affecting protein drug selection, assay development and drug
testing. The conventional methodology for studying this PTM is, with HPLC or mass
spectrometry, to compare protein enzymatic digests using the target protein in their reduced
and native forms, where the chromatographic peaks or masses obtained are compared and
the differences obtained in the native form are considered due to possible disulfide bonded
peptides. In a recent study by Janecki & Nemeth (2011) an efficient method using MALDI-
TOF-TOF and high-energy CID was applied to identify disulfide-bonded peptides in
proteins with well-documented disulfide bond networks (namely bovine insulin and human
serum albumin) and on recombinant proteins where disulfide bonds were not defined,
without previous separation of the protein native digests. This method was based on the fact
that a number of fragmentation processes happen around the S-S bond leading to a “triplet
peak” signature in the spectrum (Fig. 4), which results from the symmetric cleavage of the S-
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S bond originating a cysteine fragment (middle peak of the “triplet peak signature”) and
asymmetric cleavage of the S-S bond originating dehydroalanine and thiocysteine fragments
with a mass difference from the middle peak of -34 and +32 Da, respectively (Fig. 4; Janecki
& Nemeth, 2011). Sometimes a smaller peak identified as the dehydrocysteine peak can
occur around the cysteine m/z peak. Hence this “triplet peak” signature can be used for
identifying peptides containing one or more inter-disulfide bonds.
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Fig. 4. Zoomed region of the tandem mass spectrum of the m/z peak 2071.01 of the native
peptic digest of bovine insulin showing the “triplet peak” signature and the characteristic S-
S bond fragments (from Janecki & Nemeth, 2011).

Top-down mass spectrometry has also been applied for the identification and
characterization of disulfide bonds, however this technique is still limited. In a recent study
by Chen and co-workers (2010), native chicken lysozyme was used to evaluate CID
fragmentation of protein disulfide bonds by LTQ Orbitrap in positive ion mode. They
identified fragments for low-charged protein precursor ions that correspond to the breakage
of disulfide-bonds and of protein backbone. These related disulfide-bond fragments resulted
from the addition or subtraction of a hydrogen atom or sulfhydryl group with mass changes
of -32, -2, +2 and +32 Da for -SH, -H, +H, and +SH, respectively, similar to the patterns
obtained by Janecki & Nemeth (2011) for tryptic peptides.

5. Concluding remarks

In this chapter we have reviewed the tandem mass spectrometry approach and its relevance
as a technique for the analysis of proteins. To date there are several methodological
developments namely, at the levels of sample preparation and experimental procedure and
on instrumental and software innovation. Additionally, the number of applications
regarding peptide identification, characterization of post-translational modifications,
peptide/protein adduct identification, de novo studies and proteome studies (including non-
sequenced organisms) are still being improved and diversified.
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1. Introduction

Darwin’s and Wallace’s evolution hypotheses had as their basis the survival of the fittest.
The morphological characteristics that an organism displays are acted upon by selective
forces, which control the likelihood that those particular characteristics will be transferred to
the next generation. Morphological characteristics observed by scientists in the 19th century
were understood by their successors in the 20th century as a phenotypic representation of
the complex expression pattern of an organism’s genome. Today, we recognize this
fundamental concept as the interaction between genome and environment (Qui & Cho,
2008; Dick, 2011; Tzeng et al., 2011). Phenotype is environmentally influenced through
molecular changes that begin with gene transcription (Kappeler & Meaney, 2010). Genome
complexity, organized and established during embryonic development, is the stage where
divergence between species begins (Wang et al., 2010).

Embryology is the intersection between evolutionary and developmental biology (Goodman
& Coughlin, 2000). Developmental biology focuses on questions of how genetics control cell
growth, differentiation and, ultimately, morphogenesis. For developmental biologists, the
timing and regulation of genome expression is crucial to achieving differentiation. In
contrast, how biological diversity is transformed through time is a key question for
evolutionary biologists. Nevertheless, both disciplines base their theoretical concepts on the
expression patterns of the genome.

Genomics as an approach ushered in the beginning of a new scientific era; a logical
progression is using genomic approaches to study diversity at the organismal level.
Significantly, shortly after completion of the human genome project, the scientific
community discovered that only 2% of the human genome is composed of functional genes
(Human Genome Project [HGP], 2008). It is fascinating that ~80% of the 20,000 to 25,000
genes in human DNA can be found in invertebrate genomes (Prachumwat & Li, 2008),
suggesting that just a small set of genes is responsible for observed species diversity. Thus, a
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series of questions arise in the genomics era: what makes us different from other organisms?
If all organisms have a largely common set of genes, which genes are responsible for, or
susceptible to molecular evolution? What molecular mechanisms maintain biological
diversity among species?

Insights from the genomics era illustrated that the genome is like an orchestra. The orchestra
uses the same instruments (genes) to generate different songs (organisms) that are distinct
and unique. But a song can be modified from one music genre to another just by changes in
tempo (phenotype) without losing its complete identity. Thus, the human’s song comes in
hundreds of different tempos without losing its identity, while the human song is very
different from the mouse’s song. Some scientists believe that epigenetics, factors causing
differential gene expression, is the molecular mechanism that explains these variations in
“tempo”. After all, it has been demonstrated that epigenetic changes induce differential
expression of genetic material and contributes to biological diversity (for examples see Levin
& Moran, 2011; Day & Sweatt, 2011). However, changes in gene expression alone cannot
fully explain diversity among species when most genes are shared. Thus, changes at the
protein level are likely to play a role in inducing or maintaining species level biological
diversity. Proteome dynamics in response to environmental cues or cellular insults can
further contribute to biological diversity. The same protein, differentially modified or
localized, could perform diverse functions in a specific cellular state. Although proteome
dynamics could serve as the basis to understand species level biological diversity, the
technology employed to identify and characterize protein changes require a theoretical
context in order to inform molecular evolution.

Here, we put forth the concept that understanding biological commonalities through
evolution could lead to the conceptualization of what contributes to the origin and
maintenance of biological diversity. Proteomics approaches need not be limited by indexed
and sequenced genomes from model organisms. The fact that most genes are conserved
among species suggests that we could design experiments to search for evolutionary
relationships from conserved proteins among members of genus, family, order, class or
phylum. In this chapter, we discuss how tandem mass spectrometry and improved
bioinformatics approaches could serve as powerful tools in the quest to uncover the
molecular enigmas of evolution.

2. Tandem mass spectrometry: a historical perspective

Tandem mass spectrometry is an invaluable tool for identifying and sequencing proteins,
and assessing their modifications. Protein sequencing methods provide insight into cellular
and molecular mechanisms. Protein analysis has progressed continuously since the first
reports by Dr. Edman, which illustrated that proteins are a sequential arrangement of amino
acids (Edman, 1950). These key observations were soon followed by Dr. Sanger’s sequencing
of the first protein, insulin (Stretton, 2002). The technological revolution of the 1980’s and
90’s included crucial developments in mass spectrometry instrumentation by Dr. Fenn and
Mr. Tanaka, which enabled the use of mass spectrometry for the study of biological
macromolecules (Tanaka et al., 1988; Fenn, 2002). These developments, for which Dr. Fenn
and Mr. Tanaka received the 2002 Nobel Prize in Chemistry, started a technical revolution
that moved protein analysis from sequencing purified proteins one at a time in isolation, to
the identification and quantification of multiple proteins in cellular extracts. These
technological innovations, combined with a growing body of genomic knowledge and data,
brought about the birth of proteomics (Patterson & Aebersold, 2003).
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The monumental task of sequencing the genome of different species is an essential
component for the identification of proteins and determination of their functions (Marshall,
2011). Genomic insight has made clear that protein diversity and biological function cannot
be explained using just gene expression (Adami et al., 2000). Biological function will
ultimately be determined by protein expression levels, in combination with each protein’s
structure, location and its interactions with other proteins and the environment.
Posttranslational modifications (e.g. phosphorylation, glycosylation, hydroxylation) and
processing (e.g. proteolytic cleavage, degradation), which alter protein sequence, structure
and interactions, will further refine biological function. Proteomics as a field is essentially
interested in characterizing each of these levels of complexity, for each protein, at each
developmental stage. This type of approach would be impossible using traditional protein
isolation, purification, and sequencing techniques.

With optimized sample preparation, tandem mass spectrometry instrumentation, and
database selection and search algorithms (as described later in this chapter), multiple
proteins within a complex mixture can be rapidly and definitively identified, and even
quantified. The sub-field of comparative proteomics quantitatively compares the diversity,
identity, and expression levels of proteins among samples, generally among individuals of a
specific species exhibiting different phenotypes. Comparative proteomic approaches have
great potential in medical diagnosis and treatment, as pathological conditions can be
compared at the protein level to healthy individuals (see Sanchez et al., 2004 for detailed
examples). A logical extension of comparative proteomics, evolutionary proteomics, assesses
the diversity, identity, and expression levels of proteins among samples obtained from
different species, in order to elucidate evolutionary patters and highly conserved
mechanisms (for example see Budovskaya et al. 2005; Heyl et al. 2007). A unique example of
evolutionary proteomics applications is the analysis of reproductive (seminal) fluids, since
these fluids are directly acted upon by selective forces and show rapid diversification
(Ramm et al., 2009; Marshall et al., 2011; reviewed in Findlay & Swanson 2010). Ramm et al.
(2008) analyzed the array of proteins found in rodent seminal fluids among 18 muriod
species. The study found significant variation in molecular mass of the same seminal
proteins among species, suggestive of amino acid divergence, and showed evidence for
sperm competition as a selective force.

To illustrate the potential of evolutionary proteomics in understanding the origin and
maintenance of biological diversity, we present examples of highly conserved proteins that
withstand evolution forces through multiple phyla. These proteins and biochemical
mechanisms have been conserved through evolution because they serve a crucial function in
an organism’s survival and reproduction and can be adapted to serve multiple functions.

2.1 Highly conserved proteins

The integration of genomics and proteomics led to important discoveries including the
identification of biomarkers and identification of conserved proteins from bacteria to
humans. In the 1990’s, the orthologous proteins of mammalian actin and tubulin were
identified in bacteria, indicating that cytoskeletal structures are crucial components that
preceded multicellular organisms (Bi & Lutkenhaus, 1991; Desai & Mitchison, 1998;
Graumann, 2004). Therefore, other molecular changes through evolution, such as protein
sequence and structure divergence, may explain the cytoskeletal differences between
prokaryotes and eukaryotes. Understanding these types of changes through a proteomics
approach will provide insight on molecular level changes that promote and/or enable
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species divergence. Prerequisite knowledge of highly conserved proteins and biochemical
mechanisms will guide hypothesis testing and enable narrow database searches. As in the
case of actin and tubulin, proteins and biochemical mechanisms that are highly conserved
through evolution are essential to the fitness of an organism (i.e. its likelihood to survive
and reproduce). We present two examples of highly conserved proteins: collagen, and the
proteins involved in blood coagulation. These proteins have been the focus of recent
evolutionary proteomics-based reports and will be further detailed in the technical aspects
of tandem mass spectrometry section of this chapter (section 3).

Collagen is found in all animals and is the most abundant protein in the majority of
vertebrates. It serves as the key structural protein in vertebrates, composing the vast majority
of the extracellular matrix, including bone matrix, skin and tendons. Collagen has a unique
hierarchical helical structure that provides the mechanical strength and stability necessary to
serve as a structural protein. At the amino acid level, collagen has a highly repetitive sequence
of Xaa-Yaa-Glycine, where Xaa is most often proline and Yaa is most often hydroxyproline,
although other amino acids can fill these positions. This repetitive sequence enables formation
of a helical structure, composed of three polypeptides, stabilized by hydrogen bonds (i.e.
tropocollagen molecules). Tropocollagen molecules pack together in a consistent staggered
array producing fibers, which are cross-linked together, increasing mechanical strength.
Collagen is highly adaptable, due to variations at the genetic, post-translational, and
processing levels, enabling it to serve a wide range of structural functions. There are at least 28
different types of vertebrate collagen, which vary in function and/or distribution (Shoulders &
Raines, 2009). Collagen variants likely evolved through a process of gene duplication and drift
within duplicated genes (Boot-Handford & Tuckwell 2003).

The presence and structural importance of collagen is equally important in invertebrates.
Collagen is present in all metazoans, although fibrillar forms of collagen appear to be
lacking in arthropods and nematodes (Garrone, 1999; Boot-Handford & Tuckwell 2003). For
example in sponges, the most primitive metazoans, spongin (short-chained collagens) are
involved in both adhesion to the substrate and as a skeletal matrix (Garrone, 1999). Collagen
also serves a key role in adhesion of marine mussels. Marine mussels adhere using a bundle
of byssal threads, which extend from the foot of the organism to the substrate, where they
display adhesive pads. Byssal threads are composed of a large collagen domain flanked by
two elastin domains, which provide the byssus with both mechanical strength and flexibility
(Coyne et al., 1997).

A second salient example of highly conserved proteins is those involved in blood
coagulation, a process that stems the loss of blood during injury and without which an
animal could not survive. In vertebrates, blood clot formation is brought about by two
closely interrelated and converging proteolytic cascades, first described by Davie and
Rantoff (1964) and MacFarlane (1964). Fibrinogen is proteolytically activated by this cascade,
producing fibrin monomers, which form a network and are covalently cross-linked by a
transglutaminase (factor XIII). In the blood coagulation cascade, inactive proteases
(zymogens) are converted to their active form by limited proteolysis and then in turn
activate the next protease in the cascade. All of the major coagulation cascade enzymes are
trypsin-like serine proteases, which cleave on the carboxyl side of arginine residues
(Neurath, 1984, 1986; Davie, 2003). Within this conserved system, variability in the non-
proteolytic domains of these enzymes allow for substrate and cofactor binding specificity
(Patthy, 1993; Neurath, 1999).



Evolutionary Proteomics: Empowering Tandem
Mass Spectrometry and Bioinformatics Tools for the Study of Evolution 61

A similar process has been shown to be involved in invertebrate blood coagulation. For
example, the blood of horseshoe crabs coagulates through two converging cascades of
trypsin-like serine proteases, contained within blood cells as inactive proteases, and released
upon exposure to minute quantities of pathogens (reviewed in Muta & Iwanaga, 1996;
Sritunyalucksana & Soderhall, 2000; Osaki & Kawabata, 2004; Theopold et al., 2004). Blood
coagulation in crustaceans occurs though the action of a Ca2* activated transglutaminase
(Fuller & Doolittle 1971; Lorand, 1972; Kopacek et al., 1993), which is homologous to
vertebrate factor XIlla (Wang et al., 2001). Involvement of trypsin-like serine proteases in the
crustacean blood coagulation process has also been shown (Durliat & Vranckx 1981;
Madaras et al., 1981; Soderhall; 1981).

The activity of proteolytic enzymes, such as those involved in vertebrate and invertebrate
blood coagulation, is widespread in biological systems (Neurath & Walsh, 1976; Neurath,
1986; Krem & Di Cera, 2002). These highly adaptable enzymes serve simple digestive
function in primitive organisms, yet have evolved to regulate complex physiological control
in higher organisms (Neurath, 1984; Krem & Di Cera, 2002). Apart from blood coagulation,
proteolytic cascades of serine proteases comprise a variety of systems including the
complement reaction, fibrinolysis, and dorsal-ventral patterning in drosophila (Neurath
1984; Krem & Di Cera, 2002). In each case, the proteolytic cascade enables amplification of a
small stimulus into a physiological response (Neurath & Walsh 1976; Neurath, 1986).
Proteolytic cascades are highly conserved because they work well, are adaptable, and can be
regulated with inhibitors, cofactors and specific feedback mechanisms. Amino acid sequence
analyses supports the hypothesis that the proteolytic cascades of vertebrate blood
coagulation, horseshoe crab blood coagulation, and drosophila dorsal-ventral patterning, all
evolved from a common ancestral cascade (Krem & Di Cera, 2002).

Variability on a common theme or conserved mechanisms at the molecular level may enable
species divergence. For example at the transcription level, variation in Hox genes, a highly
conserved group of genes that regulate body plan and structure through development, has
been shown to drive morphological evolution (Heffer et al, 2010). Post-translation
modifications, such as phosphorylation (Boekhorst et al., 2008) are highly conserved, and
variations in the extent or specific site of phosphorylation parallel phylogenetic divergence.
The identification and understanding of commonalities among distant species could provide
the basis to dissect protein and, ultimately, specie divergence. Thus, with an appreciation of
evolutionary proteomics approaches and highly evolutionarily conserved proteins, we
move on to discuss technical aspects of tandems mass spectrometry, which will ultimately
determine the success or failure of tandem mass spectrometry-based research.

3. Tandem mass spectrometry: technical aspects

Tandem mass spectrometry is defined as the sequential analysis of ions and their respective
fragmentation patterns (Hunt et al., 1986; Mann & Kelleher, 2008). In the case of protein
mass spectrometry analysis, this approach is also known as “bottom-up” proteomics.
“Bottom-up” proteomics is based on the fragmentation pattern of an ionized peptide, which
is unique to the corresponding sequence of that specific peptide. The uniqueness of those
product ions facilitates the identification of the peptide and, consequently, the
corresponding protein. This powerful discovery tool provides the opportunity to analyze
protein samples from different organisms, extinct or living, in the quest to uncover the
secrets of molecular evolution. To do so, there are several important technical aspects to be
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considered in tandem mass spectrometry: 1) sample preparation, 2) ionization, 3) mass
spectrometer capabilities and, 4) validation.

3.1 Sample preparation

The most important aspect in mass spectrometry analysis is sample preparation. The
increase in sensitivity, below attomole (10-18 M) levels, brought about by advancements in
technology makes sample preparation crucial, and inarguably the most important step in
mass spectrometry analysis (reviewed in Patterson & Aebersol, 2003). The sensitivity of the
current generation of mass spectrometers leaves no room for sample preparation error. In
the quest to identify proteins across different species, the integrity, quality and purity of the
samples are crucial. Different sample preparation paradigms have been recommended for
tandem mass spectrometry analysis. These paradigms are not exempt from potential pitfalls
and each project may require customization. The most important aspect is to prevent
decomposition, adducts and contamination. The first step after homogenization of tissue or
cells is the isolation of proteins from the membranous fraction. Lipids, from membrane or
detergents, are a contaminant that affects the analysis of proteins through tandem mass
spectrometry (see Table 2, Section 3.2). But, the most common contaminant in tandem mass
spectrometry analysis is keratin. Keratin is the principle structural component of the human
epidermis and is found in hair and nails. Thus, the first obstacle that a user of tandem mass
spectrometry technology needs to overcome is avoiding the identification of his or her own
keratin. Contamination with keratin results from touching sample tubes with bare hands,
skin peels falling into the sample due to dandruff, hair contamination, or simply air flow in
a crowded laboratory environment. Table 1 lists keratin sources and possible solutions to
prevent this common contaminant. However, keratin contamination is just the first hurdle to
overcome in the application of tandem mass spectrometry to molecular evolution studies.

Keratin Source Possible Solution \
Skin, hair, nails Wash sample tubes with ethanol three times, dry on speed vacuum
Always clean the surface area of benches and instruments to be
used with ethanol
Work under a laminar flow hood
Always use gloves and lab coat with cuffed long sleeves
Always wear disposable hair cover

Aerosol Work under a laminar flow hood

Use filter-pipette tips

Separate a set of pipettes that are kept in a clean area
Avoid crowed laboratory areas

Maintain proper ventilation

Tissue Sample Avoid contamination with skin or hair from the tissue sample
source

Rinse the tissue with buffer before homogenization

Avoid preparing samples close to areas used for euthanization,
surgery or dissection of animals

Table 1. Sources of keratin and possible solutions.
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When sample preparation is ideal, the integration of tandem mass spectrometry analysis in
molecular evolution studies could provide significant advances in the understanding of
molecular conservation and divergence. The concept that most genetic information is
conserved between species could serve to develop hypothesis-based approaches that
uncover similarities between modern organisms and those extinct millions of years ago, and
raises the question of what is the actual unit of evolution. The identification of similarities
could provide valuable insights about conserved mechanisms and molecular divergence
between distant species such as dinosaurs and birds or arthropods and humans.

However, the use of tandem mass spectrometry in molecular evolution studies remains
controversial. This is due to the lack of available protein databases for extinct or living
organisms that would enable comparison between taxa and the potential for contamination
with “modern” proteins during sample preparation. These concerns were the basis of a
debate over a report published in Science in 2007. Asara et al. (2007) targeted collagen as a
highly conserved and resilient protein in vertebrates, proposing that based on its molecular
characteristics it could be extracted from fossil bone. Asara et al. (2007) published the
identification of collagen altl from two extinct animals, mastodon (Mammut americanun)
and T. rex dinosaur (Tyrannosaurus rex). The authors went further to indicate that the
identified T. rex’s collagen peptides were more similar to birds’ (chicken) collagen than to
other species, while mastodon collagen peptides were similar to mammals (dog, bovine,
human and elephant). In the same Science issue, Schweitzer et al. (2007) provided evidence
of collagen I in T. rex’s cortical and medullary bone, using multiple techniques, atomic force
microscopy (AFM), in situ immunohistochemisty, and TOF-SIMS, validating the results
obtained by Asara et al. (2007). Both articles were subjected to an intense scrutiny and public
debate within the scientific community (Buckley et al. 2008; Pevzner et al. 2008). Part of the
scrutiny is valuable as it pushes researchers to ensure the integrity of their sample
preparation and analysis, while other part hinders progress, with obstacles difficult to
overcome. Interestingly, and not debated, the authors acknowledge the identification of
human keratin as a contaminant. Although unlikely due to fast rate decomposition of soft
tissue in comparison to bone, no one questioned if the keratin was actually a conserved
peptide from the well preserved dinosaur’s sample.

There were three major concerns in accepting the tandem mass spectrometry data published
by Asara et al. (2007), namely: sample preparation, database search, and validation of the
results (Buckley et al. 2008; Pevzner et al. 2008). The bioinformatics component in tandem
mass spectrometry is a bottleneck and the most quietly accepted limitation. Thus, an entire
section of this chapter will be dedicated to a discussion of bioinformatics with regard to its
use in molecular evolution studies. Validation is an important issue in mass spectrometry
and it is discussed within this section.

Concerns about sample preparation are essential, especially when the tissue under study is a
fossil that has been exposed to nature, decomposition and other organisms (big and small)
for millions of years. Thus questions of the purity of the T. rex samples are reasonable. We
are fascinated that only the results obtained from the T. rex samples were questioned and
not the mastodon, which was exposed to the same sources of contamination though for
lesser time.

Protein identification from a fossil, such as T. rex’s bone, is similar to searching for water on
Mars. As scientists, we are trained to use existing knowledge in the quest to generate new
knowledge. The use of tandem mass spectrometry for the analysis of protein extracted from
a fossil is based on the assumption that the amino acids that form “modern” proteins are the
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same as from ancient proteins and just the arrangement or amino acid order in the protein
sequence has been subjected to evolution. This is similar to the assumption that the
atmosphere and atoms prevalent on Mars are similar to those on Earth, and therefore there
should be water on Mars. Yes, water in Mars and amino acids on proteins from extinct
organisms may exist as we know them. But, it is reasonable to argue that some differences
may exist. For example, one challenge in sample preparation for extinct organisms is the
assumption that the chemistry and modifications of amino acids from millions of year old
proteins is the same as those recognized today. This also brings up the importance of
understanding the chemistry of amino acids, peptides, and proteins in the process of sample
preparation. Extraction, isolation and purification of peptides and proteins depend on the
chemical properties of amino acids and their interactions within the sequence. Sample
preparation often includes treatment with compounds that induce modifications of the
amino acids, such as hydroxylation, dehydration, oxidation and deamination (reviewed in
Lubec & Afjehi-Sadat, 2007). These modifications change the molecular mass of the amino
acids and, when not taken into consideration, affect the identification of peptides, due to
deviations from the theoretical molecular mass registered in the database (see below). In
reality, these considerations need to be taken into account for all samples not just for fossil
samples.

Hypothesis based-approaches for molecular evolution studies of living organisms is a lesser
challenge than for those of extinct animals, since issues of sample degradation and chemical
changes over time are less important. An example of such a study was the identification of
human coagulation factors in barnacle cement samples (Dickinson et al., 2009). The
aggregation and cross-linking of barnacle cement proteins is crucial for the barnacle’s
survival since the cement anchors the organism to the surface, enabling feeding and
reproduction. Based on the essential role of cement formation in the life cycle, it was
hypothesized that the formation of this structure in an aqueous environment could be
related to the molecular process involved in blood coagulation. As described in section 2.1,
highly evolutionarily conserved proteins comprise the blood coagulation cascade. Blood
coagulation is a life or death process that also involves the aggregation and cross-linking of
soluble proteins.

Examination of the cement using AFM revealed a mesh of fibrous proteins, structurally
similar to a fibrin blood clot. The first technical obstacle in analyzing the cement was sample
preparation. Dickinson el al. (2009) developed a strategy to obtain proteins secreted by the
barnacle during the process of cement release but before the secretion cured; the curing
process renders most of the proteins insoluble. Complete proteins can only be collected
prior to curing which involves at least one and probably other types of cross-linking
(Dickinson et al., 2009). AFM of cement collected in this manner indicated the formation of
fibrous structures upon polymerization, indistinguishable from those made by the barnacle
in situ, validating the collection technique.

Next, tandem mass spectrometry was used to uncover molecular similarities in proteins
between barnacles and humans (Dickinson et al., 2009). The barnacle cement’s extracted
proteins were resolved in one dimensional SDS-PAGE and subjected to trypsin digestion.
The purified peptides were then analyzed by tandem mass spectrometry and the obtained
spectrum subjected to sequence analysis against the human database. This approach led to
the identification of two conserved peptides that correspond to the protein
Transglutaminase, factor XIIIA, which plays a crucial role in the process of blood
coagulation (Dickinson et al., 2009). This result suggests that coagulation is a conserved
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molecular mechanism crucial for the survival of all organisms and that has been preserved
through evolution. Interestingly, the peptides identified correspond to only one factor in a
complex and multifactorial molecular mechanism. Thus, the result obtained serves as
foundation to uncover the similarities between blood coagulation and cement formation, but
importantly the information gathered could be used to delineate the divergence of this
process in organisms from two very distantly related taxa.

3.2 lonization

The popular phrase “garbage in, garbage out” describes the importance of sample
preparation in tandem mass spectrometry. However, there is one more important
component that needs to be considered before the analytes reach the mass analyzer of a
mass spectrometer: ionization efficiency. The process of sample ionization is carried out by
two principal ionization sources used for tandem mass spectrometry analysis, namely
Electrospray ionization (ESI) and Matrix-assisted laser desorption ionization (MALDI).
These two sources of soft ionization were crucial in the integration of mass spectrometry for
the analysis of biomolecules (Tanaka et al., 1988; Fenn, 2002). After all, only ions that are
generated by an ionization method can be analyzed by a mass spectrometer.

Chemical Source | Effect \
Lipid Cellular membrane, organelles Affect resolution when liquid
chromatography is used

Produce prominent and
persistent ions that could
suppress or mask other ions

Detergent Sample preparation buffers, Affect resolution when liquid
surfactants chromatography is used
Produce prominent and
persistent ions that could
suppress or mask other ions
Induce the formation of adducts

Salt Sample preparation buffers Induce the formation of adducts
Ion suppression
Ion overloading

Trifluoroacetic | Sample preparation solvent, reverse | lonization suppression
Acid (TFA) chromatography

Table 2. Chemicals and biomolecules that affect ionization and ion detection.

The efficiency of ESI to generate ions depends on three important factors: temperature, flow,
and voltage. However, other factors may suppress ion formation as described in Table 2. A
temperature of 200°C is constantly used at the ion transfer tube, which serves as the entrance
to the mass analyzer. This high temperature allows the evaporation of highly volatile
solvents in which analytes are dissolved (Table 3). The evaporation of the sprayed solvent
containing the analytes generates the separation of one drop into smaller drops in a physical
concept known as “Coloumbic explosion.” This process continues until the analytes are
completely dry and attracted to the mass analyzer where the ions are detected. Evaporation
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of the volatile solvent is a prerequisite for ion detection and, therefore, directly related to
sensitivity.

Based on this principle, flow rate is inversely related to sensitivity. The lower the flow rate
(200-300 nL/min) the faster the solvent is evaporated promoting more ions to be dried out
and detected by the mass analyzer. Thus, lower flow rate implies higher sensitivity.
However, ions are also formed if voltage is applied to the sample. In ESI, voltages applied to
the sample range from 1.0 to 2.5 kV. The combination of temperature, flow and voltage
generates the spray of ionized analytes detected by the mass analyzer.

MALDI requires use of a chemical matrix in which the analytes are embedded (Lubec &
Afjehi-Sadat, 2007). Table 3 shows matrices frequently used. Since laser energy is absorbed
by the matrix and transferred to the analyte, the solubility of the analytes in the matrix
affects the ionization efficiency. In practice, the three most common matrices are used to
determine the efficiency of ionization at the level of ion detection. Thus, it is recommended
to dissolve the same sample in each of the three matrices and evaluate results. Energy from
the laser is equivalent to voltage used in ESI, and therefore requires fine tuning and
optimization. The energy promotes ionization and transition to the gas phase. As for ESI, the
MALDI matrices are volatile so that the ions formed can be detected by the mass analyzer
(see below).

Ionization source | | Solvent |
ESI (10-80%) Acetonitrile/ (90-20%) Water/ (0.1-0.2%) Formic Acid
(10-80%) Methanol/ (90-20%) Water/ (0.1-1.0%) Acetic Acid
MALDI 2,5-Dihydroxybenzoic acid (DHB)

3,5-Dimethoxy-4-hydroxycinnamic acid (sinapinic acid)
a-Cyano-4-hydroxycinnamic acid (CHCA)
3-amino-4-hydroxybenzoic acid

Table 3. Ionization source and common solvents.

ESI and MALDI both have their advantages and disadvantages (Lubec & Afjehi-Sadat,
2007). ESI provides the advantage of ionizing the analytes as they are eluted from a column.
Liquid chromatography online to the ionization source provides a better resolution of the
analytes, avoiding clustering and exceeding the dynamic range (i.e. a measure of the
detection range of a detector; ratio of the largest to smallest detectable signal) of the
instrument. In MALDI, the chromatography needs to be carried out off-line and the
fractions analyzed individually. Off-line chromatography allows the analysis of only the
desired fractions, while in on-line chromatography all elution steps are analyzed. Older
instrumentation for on-line chromatography did not allow the recovery of fractions at a
specific retention time for re-analysis. At present, there are instruments, such as NanoMate
TriVersa (Advion), that collect fractions through out the chromatography gradient without
interrupting the ionization. Although controversial, MALDI is recognized as a better
ionization source for its capacity of assisted-energy transfer to the analyte, which reduces
the fragmentation or decomposition of the analyte at the ionization source. MALDI ionizes
certain peptides better than ESI, and vice versa. Thus, in molecular evolutionary studies is
important, when possible, to take in consideration and use both ionization sources for
tandem mass spectrometry analysis of a particular sample.
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In summary, ionization efficiency plays a crucial role in tandem mass spectrometry. It is
important to understand that the most abundant peptide in the prepared sample is not
necessarily the most abundant ion in the mass spectrum, because each peptide that reaches
the ionization source will have different ionization efficiency. Samples derived from
preserved fossils or live organisms need to be prepared in accordance with the requirements
of the ionization source used. Good sample preparation will increase the chances of protein
identification or characterization. However, the lack of fine tuning of the ionization source
could induce fragmentation, clustering and ionic suppression, converting sample
preparation efforts in a futile exercise. Once the conditions are conducive to increasing the
ionization efficiency, the mass spectrometer itself is the next component that requires
optimization.

3.3 Mass spectrometers

Mass analyzers have progressed at a fast and steady pace (Patterson & Aebersold, 2003). Sir
Joseph John Thomson would be delighted to see how the measurement of mass-to-charge
(m/z) ratio is done today. Crookes tubes used by Dr. J] Thomson are pieces of history in a
science museum. From instruments with very low resolution and dynamic range in the
1940’s (e.g. MS-2) to today’s high resolution instruments, such as the 14-Tesla Fourier
transform ion cyclotron resonance (FT-ICR) instrument, mass spectrometers continue
pushing forward our capacity to discover and understand molecular processes. Increased
mass accuracy, high resolving power, scanning speed and affordability are some of the
attributes of modern instruments (Mann & Kelleher, 2008). Given the technological progress
in mass spectrometry, this can become a reliable tool in the understanding of molecular
evolution. Nonetheless, the efficiency of a mass spectrometer depends on both of the
parameters discussed above, sample preparation and ionization efficiency.

The controversy surrounding the T. rex’s peptides sequences discussed above provide the
basis to understand why ion mass accuracy is an important criterion in the selection of a
mass spectrometer for a specific application (Mann & Kelleher, 2008). Why is ion mass
accuracy important? The identification of a peptide depends on the bioinformatics analysis
of the mass spectra recorded from a specific sample. The mass spectrometer detects ions,
which we know are from a digested protein(s) or from “chemical noise” in the sample. The
requirement for ion mass accuracy is directly related to the bioinformatics tools available for
data mining that depends on the mass of the precursor and product ions in a tandem mass
spectrometry analysis. The debate on the confidence level in the correlation of the MS and
MS/MS data with the database starts at the level of the MS spectrum (Pevzner et al., 2008).
In the T. rex example, the authors used an instrument that is considered a low-resolution
instrument, LTQ (linear ion trap), which has a lower mass accuracy than other available
instruments (Asara et al., 2007). Although mass accuracy is intrinsically related to the
resolving power of the mass spectrometer, it does not mean that a low-resolution mass
spectrometer generates poor quality data. The main point here is that the user needs to
consider the instrument’s capabilities in regard to the research application(s) and goal(s).
The resolving power of a mass spectrometer is defined, in simple terms, as the mass
analyzer’s capability to set apart two ions with similar m/z ratios. At the mass spectrum
level, the instrument resolving power can be seen as the “valley” or distance between two
ions with similar m/z (Mann & Kelleher, 2008). Examples of low- and high-resolution
instruments are listed in Table 4. The main difference among these instruments is the type of
mass analyzer used. Low-resolution mass spectrometers are more affordable and widely
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used for proteomics approaches in life sciences and biomedical research. Most of these
instruments are very sensitive, have high scanning speed and robust performance. Linear
ion trap mass analyzers are an example of a low-resolution mass spectrometer, but they
compensate with a high scanning speed and dynamic range. On the other hand, high-
resolution instruments generate accurate mass data, but with lower sensitivity and
robustness. Although it is not always feasible, ideally selection between low- and high-
resolution mass spectrometer is not just an issue of affordability (i.e. funds available), but
also of application.

Resolution Mass Analyzer Instruments (examples)
) Xevo TQ, Waters
Quadrupole TSQ, ThermoElectron
LCQ and LTQ, ThermoElectron
Low Ion trap 240-MS, Agilent

amaZon, Bruker

. ' Autoflex, Bruker
Time-of-flight TripleTOF 5600, AB Sciex

Hybrid LTQ Orbitrap, ThermoElectron
Synapt G2-S, Waters

High . Apex Qh 94TFT-ICR and
Fourier Transform Ion solarixFTICR, Bruker
Cyclotron Resonance LTQ-FTICR, ThermoElectron

Table 4. Low- and high-resolution mass spectrometers.

For example, generation of data from complex protein samples could be achieved using an
instrument with high scanning speed and sensitivity. The scanning speed is how fast the
instrument can target an ion for fragmentation. In complex protein samples many peptides
will elute from a column (LC-ESI) or ionize (MALDI) at the same time. Data acquisition
from such a sample will depend on how many ions were selected and subject to
fragmentation. In this case, a low-resolution mass spectrometer could extract the most
information from the sample. However, for applications that require precise determination
of m/z, such as quantification studies and identification of posttranslational modifications,
high resolution mass spectrometers (e.g. Fourier Transform Ion Cyclotron Resonance, FT-
ICR) are more appropriate. Based on scientific needs and marketing considerations, the
industry produces hybrid mass spectrometers, which provide the best of both worlds. These
instruments use a low-resolution mass analyzer (e.g. linear ion trap) to obtain information
from complex samples, taking advantage of high scanning speed and sensitivity. Then, after
the first data acquisition, ions can be transferred to FT mass analyzer where highly accurate
mass is obtained from the selected ions. Thus, hybrid mass spectrometers are versatile
instruments that should be considered as the most suitable tool in evolutionary proteomics
approaches, since they are able to analyze complex mixtures of proteins as well as enable
quantitative comparisons and high mass accuracy.

A relevant issue raised above is the identification of proteins from fossil samples or distant
taxa using the information and knowledge on “modern” proteins or genomes with limited
known sequences. The identification of proteins depends on detection of the precursor ion
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and its fragmentation pattern in the mass analyzer. The MS and MS/MS spectra are then
compared with a database to extract the information that will lead to the identification of a
peptide and, consequently, the corresponding protein. But, why cannot all peptides
produced from a digested protein be identified? In addition to differential ionization
efficiency between peptides, sensitivity, dynamic range and mass accuracy are crucial
components that contribute to sequence coverage. For example, mass accuracy contributes
to differentiating between isobaric amino acids, such as lysine (128.095) and glutamine
(128.059). Another isobaric pair is leucine (131.094) and isoleucine (131.094), which are
differentiated by fragmentation of their side chain. Amino acid modifications can also
induce isobaric pairs, for example oxidized methionine (147.035) and phenylalanine
(147.068). It is feasible to hypothesize that, in preserved fossil tissue or living organisms
from different taxa, amino acids may be differentially modified or the peptides may contain
unidentified amino acids. Thus, the question is: how many peptides are needed to correctly
identify a protein present in a sample using tandem mass spectrometry? The rule of thumb
is that two peptides are needed for a positive identification of a protein. Needless to say,
more is always better, but when databases from living organisms are used to identify
proteins extracted from fossil tissue this rule of thumb shortens the abysmal age differential
between the extinct and the living. If we do identify matching peptides, how can we be
certain that the identified protein is definitely in the sample? The answer is validation,
validation, validation.

3.4 Validation, validation, validation...

Optimization and understanding the different components that are required for tandem
mass spectrometry contributes to the generation of high quality and quantifiable data. The
attention to detail during sample preparation contributes to avoiding contamination,
undesirable modifications and decomposition of proteins. Calibration and fine tuning of the
ionization source and mass analyzer increase the sensitivity and maximize the capabilities of
the mass spectrometer. Despite all these considerations, the data generated by tandem mass
spectrometry depend on the power of the computational tools and data mining capabilities
available to the user. There is a phrase commonly used in the laboratory about the
interpretation of MS data; “if you did not detect a peptide, it does not mean that it is not there, but
if a protein was identified you better validate it...”

Validation of the results obtained by tandem mass spectrometry analysis is a requirement in
today’s proteomics approach. This fact recognizes that false positives could be detected
despite the selection of the most stringent filter parameters and the requirement of powerful
computational tools. However, the need for validation does not minimize the importance of
tandem mass spectrometry as a discovery tool. It is just another example of how the
scientific community finds ways to improve the quality and validity of their results. After
all, a result could trigger a hypothesis, and the hypothesis can only be accepted as theory if
it persists in scientific scrutiny over time.

Returning to the Asara et al. (2007) example and the controversy surrounding the
identification of collagen peptides conserved from dinosaurs to chickens, the authors used
different validation strategies to certify their tandem mass spectrometry analysis results,
which were based on a predetermined search for collagen peptides. The authors search for
collagen because it is a structurally strong protein that could withstand exposure to harsh
environmental conditions and be readily detected in bone tissue samples. First, the authors
generated a “database” that allowed them to search for the predicted collagen peptides in
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the raw MS/MS-MS spectra obtained in the tandem mass spectrometry analysis of proteins
extracted from the bone tissue. They generated a “database” using conserved sequences
among different taxa and point-assisted mutation matrices to take into consideration amino
acid divergence throughout evolution. The collection of peptides in the database was used
to identify peptides in the protein sample from T. rex bone tissue. This hypothesis-based
approach allowed the identification of 33% sequence coverage for collagen altl and 16%
collagen a2t1 (Asara et al., 2007). Validation of these results is necessary.

For validation of the identified collagen peptides from T. rex, Asara et al. (2007) used
synthetic peptides. The synthesized collagen peptides were subjected to tandem mass
spectrometry and the resulting fragmentation patterns (i.e. MS/MS) were compared to the
identified peptide from the T. rex sample. This strategy demonstrated that product ions from
the T. rex sample were similar to the corresponding synthetic peptide. Although this is a
valid strategy, this validation depends on the same technique that was used to generate the
data under scrutiny. The best validation strategies are described in a complementary report
by Schweitzer et al. (2007), published back-to-back with Asara et al (2007) in the same
Science issue. Schweitzer et al. (2007) used immunochemistry to locate collagen protein in
the tissue using an antibody against avian collagen. The antibody clearly showed
immunoreactivity in both cortical and medullary bone tissue from T. rex. In order to
detected immunoreactivity, the fixed tissue would need to have an epitope recognized by
the anti-avian collagen protein, suggesting that this protein may be present in the bone
tissue. Taken together with AFM and TOF-SIMS analyses, the immunochemical analysis of
T. rex tissue confirmed the tandem mass spectrometry data, indicating that at least, peptide
sequences homologous to collagen were present in the dinosaurs sample.

The second example described earlier in this chapter was the identification of coagulation
factors conserved from barnacle to human. Dickinson et al. (2009) demonstrated that the
polymerization of barnacle cement is similar to blood coagulation. The authors validated the
identification of Factor XIIIA (transglutaminase), using western blot and functional
analyses. Immunoreactivity to human factor XIIIA antibody was found in barnacle cement
at approximately 75 kDa, remarkably close to the 83 kDa mass of human factor XIIIA
despite roughly a billion years of evolutionary divergence. Dickinson et al. (2009) went on to
conduct two functional analyses: quantification of transglutaminase activity level and an
amino acid composition analysis procedure that specifically probed the end-product of
transglutaminase cross-linking (as described by Pisano et al., 1968, 1969). Both functional
analyses confirmed the presence and activity of a transglutaminase in barnacle cement.

The report by Dickinson et al. (2009) further expanded the evolutionary hypotheses
established by testing for other components of the blood coagulation cascade, trypsin-like
serine proteases, not specifically identified by tandem mass spectrometry. Evidence of
trypsin activity was shown through SDS-PAGE, i.e. a pattern of pro-forms of proteins, active
proteins and proteolytic clips. Activity of trypsin in barnacle cement was demonstrated by
trypsin activity quantification (using an arginine ester substrate), and the reliance of the
polymerization process on proteolytic activity was shown through trypsin inhibition assays.
Furthermore, western blot analysis showed immunoreactivity to bovine trypsin antibodies,
indicating shared epitopes between barnacle and vertebrate trypsin. Variations in non-
proteolytic domains of these enzymes are likely to enable substrate specificity. The results
demonstrated that coagulation is a conserved biological process relevant to the fitness and
survival of organisms as distant, in evolutionary terms, as barnacles and humans. This on-
going work is then directed toward using these similarities as a basis to dissect the



Evolutionary Proteomics: Empowering Tandem
Mass Spectrometry and Bioinformatics Tools for the Study of Evolution 71

molecular requirements for barnacle adhesion in order to identify functional divergence
from the mammalian blood coagulation process.

Validation of tandem mass spectrometry results is based on the application or source of the
sample used in the analysis. Protein identification could be validated by immunological
techniques such as western blot, immunohistochemistry and immunocytochemistry. Also,
immunoprecipitation or chromatography purification, followed by western blot analysis
could be used to validate the identification of a novel protein as part of a known protein
complex. Vega et al. (2008) demonstrated, using tandem mass spectrometry analysis of co-
immunoprecipitated proteins, the association between the novel mouse protein EFhd2 and
the human microtubule-associated protein tau (Tau) expressed in the brain of the tauopathy
mouse model JNPL3 (Vega et al., 2008). The identified mouse’s EFhd2 protein is 93%
identical to its human counterpart. Thus, immunoprecipitation of Tau from human brain
samples followed by western blot analysis validated its association with the human EFhd2
(Vega et al., 2008). This is not only an example of validation, but also how conserved
proteins from different living organisms and distant taxa (i.e. mouse to human) could be
used to identify proteins that were conserved through evolution. Thus, validation of results
obtained by tandem mass spectrometry analysis is a way to reinforce an already powerful
discovery tool.

4. Bioinformatics

As we have discussed in the preceding sections, two issues come to the forefront when
performing evolutionary proteomics; is our protein of interest accurately identified and can
we reliably infer the phylogeny of the organism in question? These questions become more
acute when considering fossil material, where we will only have fragments of proteins to
work with. We have already considered some aspects of this issue earlier in section 3.4. In
this section we discuss bioinformatics approaches and how they can address issues of
reliability.

4.1 Identifying proteins, databases and search strategies

4.1.1 Sensitivity: In both recovering sequences from fossil material (either bone or preserved
tissue like Thylacine tissues) or from biological materials where we hope to have
mechanistic insights through homology (e.g. barnacle glues), the issue of sensitivity is
important. For fossil material, degradation means that peptides of interest will be at low
abundance. For other materials, the proteins of interest may be of low abundance. Peptide
MS can achieve exquisite sensitivity, in the attomole range or sometimes even below. This
brings fossil material into the realm of the possible. However, while sensitivity is important,
another issue is dynamic range. High-abundance proteins limit what we can observe with
the given dynamic range of detection. For detection of peptides in complex mixtures, such
as we see with a sample such as barnacle cement, the dynamic range is currently in the
range of 103 to 104 (Mann & Kelleher 2008). This dynamic range issue may be why serine
proteases were not detected in MS/MS scans of barnacle cement. For fossil material,
exogenous contaminants such as bacterial proteins and keratin can be of high abundance
compared to the desired protein (Edwards, 2011), making detection of low abundance
material difficult.

4.1.2 Search Programs: The most common approach to identifying proteins in modern
MS/MS data is to search un-interpreted MS/MS data directly. There are a large number of
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programs, both commercial and free, which can implement these searches. Commercial
programs include SEQUEST, the original MS/MS database searching program, Phenyx,
ProteinLynx and many others. A selection of popular free programs is given in Table 5.

Program \ \ URL \
InSPect (web based, requires registration) | http://proteomics.ucsd.edu/LiveSearch/
Mascot (free web version and licensed http:/ /www.matrixscience.com/
version)
OMSSA (web based) http:/ / pubchem.ncbi.nlm.nih.gov/omssa/
Sonar (web based) http:/ /hs2.proteome.ca/prowl/knexus.html
X!-tandem (computer based -Linux and http:/ /www.thegpm.org/tandem/
Windows)

Table 5. Freely available de novo MS/MS peptide identification software.

Each program uses a variety of strategies to determine sequence identity. SEQUEST uses
correlation factors to match peptides while the Open Mass Spectrometry Search Algorithm
(OMSSA), Mascot and X!-tandem use a probabilistic approach. As well, there are a
bewildering variety of options available; all allow a choice of digest conditions, with varying
options. For example OMSSA has a menu of 20 different digest conditions, including no
digestion, while Sonar has only seven (and does not have a “no digestion” option).
Similarly, there are a number of options for modifications, both fixed and variable. InSpect
has the fewest options available of the free programs. All have a number of database options
to search, which will be discussed in the next section.

4.1.3 Data formats: There are a wide variety of data formats produced by MS/MS
instruments, many of which are proprietary and not readable by many of the programs
mentioned here. These formats will need to be converted into a common format. Usually the
vendor of the instrument will provide some data export capability, but there are also some
open source tools at Proteowizard (http://proteowizard.sourceforge.net/) and the Trans
Proteomic Pipeline (http://tools.proteomecenter.org/software.php). Conversion of these
files may cause some loss of information (e.g. loss of metadata when converting to DTA
format), which can potentially impact on the identification results. File formats include
DTA, a simple text file format with no metadata, PKL, MGF (Mascot Generic Format) and a
variety of formats to encode metadata using XML (mzXML, mzData and mzML). This
impacts the programs you can use to search for matches, SEQUEST uses the DTA format, X!
Tandem is set up to use DTA, PKL or MGF files, and OMMSA can handle DTA, XML
encapsulated DTA and PKL or MGF files. The PRIDE database of MS spectra
(http:/ /www.ebi.ac.uk/pride/init.do) , which can be helpful to validate search strategies,
uses the mzData format.

Given the variety of programs and formats available, which do you choose? Head-to-Head
comparisons have been performed on a limited number of these programs using validated
MS spectra; Boutilier et al (2005) compared SEAQUEST, Mascot, Sonar and Pepsea on an
LCQ and a high resolution mass spectrometer. They found limited overlap between the
programs, and this overlap was different with each instrument used. One approach to
overcome this limitation is to use multiple search engines. This comes with a significant
computational cost, but if differing programs identify the same peptides then there is
greater confidence in the result (Boutilier et al. 2005). This approach was used by Asara et
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al., (2007) where both Mascot and SEQUEST scores were used as part of the process to
validate T. rex collagen sequences.

4.1.4 Databases: Database choice is a trade-off between sensitivity and the time it takes to
search the database. Smaller, selective databases will take a short time to search but may
miss important peptides, while larger databases take much longer to search and may
produce results of lower statistical significance.

Database URL
RefSeq Protein http:/ /www.ncbi.nlm.nih.gov/RefSeq/
UniProt/Swiss Prot http:/ /www.uniprot.org/
Human Proteomics Database http:/ /www.hprd.org/
UniRef http:/ /www.ebi.ac.uk/uniref/
International Protein Index (closes Sept http:/ /www.ebi.ac.uk/IPI/IPlhelp.html
2011)

Table 6. Databases suitable for MS/MS peptide identification in fossil and phylogenetic
material.

The National Centre for Biotechnology Information (http://www.ncbinlm.nih.gov
/RefSeq/) and the European Bioinformatics Institute (http://www.ebi.ac.uk/) house two
major curated sequence databases, along with search engines and other bioinformatics tools.
These can be searched online through the MS search program, or the databases downloaded
locally for faster searching if the MS/MS predictor program allows searching local
databases (Table 6). For meaningful searches, it is imperative that high quality, curated
databases be used. Within even these narrow limits the choice of database is, as mentioned
above, a trade-off between speed of searching and low false positive rate versus more
exclusive searches (Duncan, 2010; Edwards, 2011; Cottrell, 2011).

For fossil material, smaller databases may be appropriate. For example, the SwissProt
section of the UniProtKB database is a non-redundant database. This means that it contains
a consensuses sequence for each protein, the known variants being encapsulated in a single
entry. Searching SwissProt will give fast results, at the risk of missing proteins with a low
representation. In the case of fossil bone, where we are typically trying to recover collagen
sequences, the speed and low error rate of such databases may be acceptable. More
comprehensive databases, where all the known sequences are represented (such as
UniRef100 or NCBInr) may be more appropriate with material from contemporary samples
where low abundance proteins are important.

Within a database, it may be worthwhile to restrict the search taxonomically to organisms
with the highest potential match. Most of the programs mentioned above have some
capacity to do this. Some (e.g. SEQUEST and X!-tandem), can run custom databases if the
peptides are likely to be poorly represented in larger databases. In follow up to the
Dickinson et al. (2009) report, the barnacle cement sequences were compared to a database
of custom non-redundant sequences from Pacifastacus leniusculus, a crustacean in which
coagulation has been well studied (Dickinson, Vega, Rittschof, Musgrave, unpublished).
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Anyone wishing to undertake identification of fossil proteins should make use of the PRIDE
database of MS spectra (http://www.ebi.ac.uk/pride/init.do) which contains MS spectra
for six extinct species, including T. Rex and Mammoth, to validate their search strategies
against these fossil spectra before proceeding.

4.1.5 When matches are found: With programs like SEQUEST, the final scores are given as
cross correlation. This does not typically provide enough information to decide if the protein
identifications are valid. Usually the SEQUEST output is passed through a series of
validation stages, typically the program Scaffold (http://www.proteomesoftware.com/
Proteome_software_prod_Scaffold.html) to validate the peptide identities, and
ProteinProphet (http:/ /proteinprophet.sourceforge.net/: Nesvizhskiiet al., 2003) to convert
the cross correlation scores to probabilities. Programs like Mascot and X!-tandem return
probabilities that the matches are wrong (an empirical expectation value in the case of X!-
tandem and a theoretical P-value in the case of Mascot). While X!-tandem and Mascot do not
explicitly need post-processing, conversion of their statistics to the probability of a true
match with ProteinProphet can be helpful, especially when comparing outputs. As stated
above, when matches are found the rule of thumb is validation, validation, validation.

4.1.6 Contaminants: Searching your results against a contaminants database is very
important, especially with fossil samples where contamination is a perennial problem (see
section 3.1 above for methods to reduce contamination; see also Edwards, 2011 and Cottrell,
2011). There are two collections of contaminants databases available for researchers to
download. The Max Planck Institute of Biochemistry, Martinsried, maintains a file of
proteins selected from the International Protein Index (http://www.biochem.
mpg.de/en/rd/maxquant/110606_backup/Downloads/Downloads.html). The Global
Proteome Machine Organization maintains a common Repository of Adventitious Proteins (
cRAP) which contains proteins selected from UniProt (http://www.thegpm.org
/crap/index.html). Additionally, most algorithms (e.g. BioWorks, Proteome Discover)
include filters for the most prevalent peptides produced from the major proteases used in
tandem mass spectrometry analysis. For example, by enabling this feature, peptides from
trypsin (or even keratin) could be filtered from the data. On the other hand, an exclusion list
with the m/z ratios of the most prominent ions from expected contaminants in the sample
preparation or solvent used could be created as part of the method. The mass analyzer will
not waste time fragmenting ions with the m/z ratios listed. Although this pre-analysis
exclusion strategy will generate “cleaner” data, it has the disadvantage that in low-resolution
instruments peptides with similar m/z ratios of the one excluded will not be analyzed.

4.1.7 False discovery rates: When running peptides through very large databases, there will
inevitably be false positive matches (above and beyond the contaminant issue above).
Estimates of the False Discovery Rate (FDR) are now used alongside the statistical measures
for indentifying peptides (Cottrell, 2011; Edwards, 2011). The FDR must be computed for
each sequencing run, and can be computed by running the spectra against a decoy. The
decoy run must be with identical search parameters to the real run, and the number of
matches from the decoy database gives an estimate of the number of false positives in the
run against the genuine database. Decoys can be sequences from the genuine database
which have been either reversed or shuffled. Some search engines can run the genuine and
decoy databases simultaneously. Cutoff for the FDR can be between 1% and 10%, however,
when running fossil sequences it is best to be as conservative as possible (Ramos-Fernandez
et al., 2008).



Evolutionary Proteomics: Empowering Tandem
Mass Spectrometry and Bioinformatics Tools for the Study of Evolution 75

4.2 Finding phylogenies

With your peptide sequences in hand, you can now approach building phylogenies. This is
no trivial task, for any group of organisms, there exist an enormous number of possible
phylogenetic trees which much be searched to find the optimal tree. As well, homoplasy
(convergent evolution, parallel evolution and site reversal) can confuse the analysis even
more. With MS/MS derived sequences, there is an additional problem if we do not have the
full protein sequence since some potentially useful phylogenetic sequence information will
be missing. Nonetheless, with careful attention useful phylogenies can be obtained.

Program URL ‘
BLAST (standalone or web-based http:/ /blast.ncbi.nlm.nih.gov/Blast.cgi
versions)
COMPASS (web based multiple http:/ /prodata.swmed.edu/compass/compass.p
Sequence alignment) hp
MAFFT (web-based multiple http:/ /mafft.cbrc.jp/alignment/server/index.ht
Sequence alignment and phylogeny) | ml
MUSCLE (web-based multiple http:/ /www.drive5.com/muscle/
Sequence alignment and phylogeny)
EMBL-EBI ClustalW (web-based http:/ /www.ebi.ac.uk/Tools/phylogeny/ clustal
phylogeny) w2_phylogeny/
Mobile@Pasture (web-based http:/ /mobyle.pasteur.fr/cgi-
Multiple phylogenetic methods) bin/ portal.py?#welcome

Table 7. Phylogenetics programs suitable for evolutionary MS/MS.

The first step in producing phylogenies is to produce multiple alignments with the database
of sequences with which you wish to form a phylogeny. This aspect of the process is often
given less attention than the others, but the accuracy of the alignments can have a significant
impact on the phylogeny derived from them (Ogden & Rosenberg, 2006). The problem is
particularly acute with fossil material, as coverage of the sequence will be incomplete (e.g.
only 32% of mammoth altl collagen sequence was recovered; Asara et al., 2007), and
alignment matching may have significant mis-matches. Programs like MUSCLE, COMPASS
or MAFFT which use iterative alignment gaps can have better selectivity than simple
CLUSTAL-W alignments. MAFFT also has the advantage of being tolerant of large gaps,
such as found in the MS/MS peptides recovered.

Once an alignment is produced then a phylogeny can be derived. There are many different
approaches to creating the phylogeny. Methods include Maximum Likelihood, Maximum
Parsimony, Bayesian, Neighbor Joining and the Unweighted Pair Group Method with
Arithmetic Mean (UPGMA). As with the choice of databases, the choice of a phylogenetic
algorithm is a trade-off between speed and accuracy. In head to head comparisons,
Maximum Likelihood and Bayesian approaches outperformed Maximum Parsimony and
Neighbor Joining (Ogden & Rosenberg, 2006) and Bayesian and UPGMA outperform
Maximum Likelihood (Douady et al 2003, Kahn et al., 2008). In general, with the large gaps
in MS/MS sequence data, Neighbor Joining does poorly. Unfortunately, at present,
Maximum Likelihood approaches can be prohibitively slow.
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A possible approach is to use multiple tree-making programs to determine the consensus.
This approach was used by Organ et al., (2008) who used two independent implementations
of Maximum Likelihood and one Neighborhood Joining scheme to determine the taxonomic
status of peptides retrieved from mammoth and T. Rex. All retrieved the T. Rex sequences as
being closer to chicken than to mammals, amphibians and fish; however, Neighborhood
Joining misplaced the alligator and mammoth sequences (Organ et al., 2008). UPGMA does
a much better job of developing relationships, but places mammoth in Canis.

Choosing the sequences to enter into your program can be critical; the tree constructed from
just aligning the top sequences picked up with BLAST and PHI-BLAST places T. Rex next to
Rattus. Excessive mammalian sequences can bias the result. A balance of taxonomic forms is
needed as well as a moderate sized-search space (Liska & Shevenko, 2003). A problem with
studying the other example described earlier, barnacle cement, is that that representative
proteins from related organisms are quite limited.

As for peptide prediction, there are a large number of programs available to perform
phylogenies, with many web-based systems (see the Table 7 for a short list of common
programs). Mobile@Pasture is a one stop shop, where a variety of different phylogenetic
methods are available (Maximum Likelihood, Bayesian and UPGMA) often with more than
one variation. The web versions of MUSCLE and MAFFT both come with inbuilt phylogeny
tests, but they are quite limited (Neighbor Joining and UPGMA). Again, anyone
contemplating constructing fossil phylogenies should test their programs against the FASTA
dataset in the supplemental data from Organ et al (2008).

5. Future directions

All aspects discussed above are important to be considered by the novice and contemplated
by the expert user of tandem mass spectrometry. They provide the basis to suggest future
directions that can enhance the use of tandem mass spectrometry in molecular evolution
studies. Special attention is directed to the subjects discussed below, with the understanding
that they are just some of the important areas to be considered in the quest to move from
hypothesis-based to discovery-based approaches in evolutionary proteomics.

5.1 Protein identification by de novo sequencing

The identification of proteins from tandem mass spectrometry data heavily relies on
databases generated from sequenced genomes (Colinge & Bennet, 2007; Kumar & Mann,
2009). As described above, this dependence hinders the capacity of tandem mass
spectrometry as a discovery tool. Additionally, many of the MS/MS data generated evade
the process of identification due to amino acid modifications not taken in consideration,
algorithms and filters used, among others. Analyzing each spectrum generated by tandem
mass spectrometry eliminates the high throughput capabilities of the instrument. Discovery-
based approaches are hindered by the limitation of not being able to detect non-conserved
peptides in a sample from extinct or living organisms using available databases. These facts
call to automatize the search for novel sequences in MS/MS data through a process called de
novo sequencing.

Today, identification of protein sequences by tandem mass spectrometry depends mostly on
database search algorithms. As discussed above, the ions detected in a MS spectrum are
selected for induced fragmentation, generating product ions in a second MS spectrum or
MS/MS. For example, figure 1 shows a MS spectrum (insert) where an ion corresponding to
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Fig. 1. MS and MS/MS spectra of a specific peptide. The figure illustrates the MS spectrum
(insert). The arrow indicates the m/z ratio of the ion corresponding to the 2+ charge state of
the peptide (black arrow). The MS/MS spectrum illustrates the product ions of
fragmentation. The specific peptide fragments identified by database search analysis are
indicated. These correspond to the expected product ions as shown in the table.

the 2+ charge state (black arrow) of the peptide listed on the table was detected.
Fragmentation of a peptide is produced by different techniques (see above). In this example,
collision-induced dissociation (CID) was used. CID is based on the movement of helium
atoms inside the linear-ion trap that collide against the selected ion (peptide). The peptide
bond is rigid based on its partial double-bond character. The instrument is tuned to induced
fracture at the peptide bond. An analogy that explains this concept well is an accident that
has probably happened to all of us at one time in our life. Remember when you threw a
baseball against a glass window? Yes, it broke! However, if the baseball had been thrown, at
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the same speed, to the glove of a friend, the glove did not break. Well, the glove is flexible
while the glass is rigid. The collision of helium atoms against the peptide induces its
fragmentation. A fragmentation event at the peptide bond generates two product ions,
known as b and y ions. The b ion is the fragment containing the carboxyl terminal of the
peptide bond and the y ion contains the amino terminal of the peptide bond. Thus, if a
peptide of 15 amino acids (as the one shown in figure 1, table) is fragmented at the fifth
amino acid of the sequence, b5 ion and y10 ion are generated. The products of the
fragmentation events are shown in the MS/MS spectrum and analyzed against the database.
The database search algorithms identified the corresponding sequence based on a
comparison with those in the database. Dependence of the comparison against known
sequences hinders the development of discovery-based approaches.

De Novo sequencing allows the subtraction of sequence information directly from MS/MS
spectra without the need to confront the data against a pre-established database (Dancik et
al., 1999). Programs developed for de novo sequencing started in the late 1980s. At the time
several computational problems needed to be overcome. First, the algorithms needed to
overcome the limitations of being instrument or method specific. Ion fragmentation is
conducted by different techniques. Collision-induced dissociation (CID), electron capture
dissociation (ECD), infrared multiphoton dissociation (IRMPD) and the combination of
these are some of the techniques used for the fragmentation of ions to extract sequencing
data. The difference among them is not only in the method used, but also in the
fragmentation efficiency of a particular sequence. This brings the second computational
problem. How do you assign sequence information to incomplete fragmentation products?
Not a trivial question to address even with today’s advances in computational biology.
Thirdly, the scoring system used to determine levels of confiability to select the correct
sequence from all possible alternatives needs to be robust and verifiable. Needless to say,
new algorithms need to overcome these three major problems.

A new generation of de novo sequencing algorithms has become available. DeNoS in 2005
claimed to be the first algorithm to sequence peptides with >95% reliability (Savitski et al.
2005). Other more commonly known algorithms are PEAKS and Lutefisk, which can be used
to analyze data obtained from both CID and ECD fragmentation (B. Ma et al., 2003; Johnson
& Taylor, 2002). Similarly, newly developed algorithms such as ADEPTS and ScanRanker
provide a platform not only to extract unassigned MS/MS spectra but also to increase the
confidence of peptide sequence alignments (He & B. Ma, 2010; Z.Q. Ma et al,, 2011).
Ultimately, “shotgun protein sequencing” takes advantages of sequence alignment to group
unidentified MS/MS spectra and identify modified and unmodified peptide variants,
generating a new method to study unknown proteins from tandem mass spectrometry
approaches (Bandeira, 2011). Undoubtedly, these approaches should serve to strengthen
discovery-based approaches to identifying conserved and novel proteins from extinct and
living organisms from different taxa.

5.2 Identification of biologically active peptides

As with most truly powerful scientific approaches, the immediate future of tandem mass
spectrometry is studies in which the sophisticated user applies his/her knowledge and
expertise to cross-disciplinary investigations of regulatory and physiological processes that
are now in reach. Routinely these studies provide insight as to the nature of evolutionarily
conserved as well as evolutionarily variable biochemical processes. The advancement of the
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specific field of enquiry as well as linking to molecular and biochemical approaches
provides insight into how evolution works. A relatively simple example of this kind of
problem is the processing of pro-forms of proteins into their active protein and signaling
peptides. As described in sections 2.1 and 3.4, proteolytic activation of inactive proteins is
the basis for a wide range of physiological processes including blood coagulation, the
complement reaction, fibrinolysis, dorsal-ventral patterning in drosophila, and adhesion in
barnacles. At one level these are some of the best understood processes in physiology and
biology. At the evolutionary level they are a frontier.

The following example of the potential cross disciplinary use of Mass Spectrometry is
signaling from marine chemical ecology. The signals are based upon the action of trypsin
like serine proteases, evolutionarily ancient and highly conserved enzymes, which are
important in sequencing proteins in Tandem Mass spectrometry. The signal molecules are
pheromones or resource cues that are found in at least 4 phyla of marine invertebrates and
that have strong similarity if not homology to the vertebrate complement cascade (Pettis et
al., 1993; Rittschof & Cohen, 2004). These signaling peptides are all peptides whose carboxyl
terminal sequences end in arginine or lysine. The peptides coordinate a wide variety of
processes such as prey location by gastropods, hermit crab shell location, larval release in
decapod crustaceans, and induction of larval settlement in barnacles, and have been called
keystone molecules by some ecologists (Zimmer & Butman, 2000).

Although these peptides have been known to exist for over 30 years, none have been
sequenced. Moreover, only in the case of barnacle settlement pheromones have the
precursors to the peptides, in this case, settlement inducing protein complex (SIPC; Dreanno
et al., 2006a; 2006b; 2007) been identified. These peptides which are active at nM  (10°) to
pPM (1012) should be low hanging fruit for modern techniques which have aM (10-18)
sensitivity. Knowing sequences and identifying precursors would enable the development
of theory of the evolution of peptide signaling and shed light on the evolution of activation
of the pro-forms of proteins, including which processes are highly conserved and which can
tolerate change and enable diversity to evolve. Cross-disciplinary interest would include
proteomics, enzymology, biochemistry, physiology, neurophysiology, behavior and
ecology.

5.3 Identification of posttranslational modifications: A case for substituted amino
sugars

Another area with high potential for the application of Tandem Mass Spectrometry is
sequencing and determining substituted structures of complex amino sugar polymers
associated with glucose amino glycans, such as heparin, chondroitan sulfate, related
polymers and their products. These polymers from vertebrates are a hot topic in materials
science (Ornitz, 2000). The related structures in estuarine and marine fish and invertebrates
are the source of substituted amino sugar signal molecules (Forward & Rittschof, 2000;
Rahmen et al.,, 2000). Again, in marine systems the actual structure of the native signal
molecules has not been determined. Rather, indirect enzymatic methods and purified
molecules from higher vertebrates, have been used in conjunction with bioassays to provide
insight as to the structure of active signals.

We see an interesting parallel between studying complex amino sugar polymers and
peptide sequencing. Sequencing of complex amino sugars is more difficult than peptide
sequencing because there are usually at least two kinds of common linkages that can be
degraded by enzymes and the sugars themselves can be substituted at a variety of sites with
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sulfates or acetates (Rittschof & Cohen, 2004). The first step in characterizing the sugar back
bone is to strip off the substituted groups. This is frustrating as these substitutions confer
biological activity. If techniques were developed using enzymes to sequence the polymers
with their substituents, one could begin to discern the evolutionary relationships between
the classes of substituted sugars and their conserved and variable regions.

Glucose amino glycans (GAG's) are a very important group of structural polymers which
have evolved signaling functions. They are the ultimate in post synthesis modification of
proteins and promise to entertain researchers for decades. Understanding their structures,
their conserved and variable components and their relations throughout biology is a
formidable challenge that will require coordinated use of techniques and approaches from a
wide range of disciplines, from medicine and agriculture to materials science and chemical
engineering. Mass spectrometry would inform the enquiry.

5.4 Funding issues

The use of tandem mass spectrometry in molecular evolution studies relies on a
multidisciplinary and interdisciplinary approach. As it is obvious from all the issues
discussed above, tandem mass spectrometry transcends many disciplines that range from
computational biology and bioinformatics to chemistry and biochemistry. The integration of
all of this knowledge is required to fulfill all of the capabilities that this technology puts in
our hands. Therefore, the complex nature of tandem mass spectrometry as a tool is a
cohesive force among scientists from diverse disciplines, whose professional goals and
motivation is discovery and pushing forward the boundaries of knowledge. However, there
is always a force in the opposite direction that pulls scientists away from each other,
FUNDING.

Why should funding agencies consider investing in the improvement of tools for molecular
evolution studies? First, the discovery of conserved mechanisms could provide valuable
information to dissect the pathways that are crucial for cellular function. This information is
essential for understand the pathophysiology of diseases that leads to cell death.
Additionally, drug development could benefit from this information since highly conserved
proteins could be “hubs” in a protein network involved in a variety of cellular processes
(Zhu et al., 2007). Second, the identification of conserved proteins paves the way to dissect
differences among organisms of different taxa, contributing to the understanding of
divergence and speciation. The dissected differences may contribute to the understanding of
molecular processes in a specific organism. Third, identification of conserved proteins and,
consequently, molecular mechanisms may uncover new experimental tools and applications
that benefit human kind. From the Dickinson et al. (2009) example, which showed
similarities between barnacle cement and human blood coagulation, elucidating the
proteome involved in barnacle adhesion may allow this organism to be used as an
invertebrate model to discover and validate anti-coagulant drugs and to develop biomedical
glues that could be later used in humans. This knowledge can also be employed in
preventing adhesion of barnacles; the settlement of barnacles on ships and other man-made
objects in the sea (i.e. biofouling) cost maritime industries billions of dollars annually.
Anticoagulants that have been well-developed by the pharmaceutical industry may prove to
effectively prevent barnacle adhesion when employed in a ship paint, which would greatly
improve fuel efficiency (Rittschof et al., 2011).

This is not a request without precedent. NIH invested $30 million in a project to unravel the
human brain’s connections. This effort brought together neuroscientists, microscopists,
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chemists, biochemists, neurologists, radiologists, and others in order to construct the
connection map that directs our mind. A similar effort to unravel the mysteries of molecular
evolution could bring together evolutionists, developmental biologists, mass
spectrometrists, bioinformaticians, computational biologists, statisticians, biochemists,
cellular biologists, chemists and neuroscientists. The benefits of such an effort go beyond
our inclination to understand the past, transcending to better understand our present.

6. Conclusions

In this chapter, the use of tandem mass spectrometry in molecular evolution studies has
been discussed from a user perspective. Important considerations, from sample preparation
to data mining, were explained to bear in the mind of those that want to venture on in these
studies and to entice the creativity of the expert to push the boundaries forward. The
examples used are recent debates and discoveries using hypothesis-based approaches to
understand the past and conserved molecular mechanisms. Although controversial, the
identification of conserved proteins from extinct organisms led us to think that, as stated
above, our song has been modified by changes in termpo to adjust in space and time. Essential
mechanisms that render the organism more fit to survive or respond to its environment
open our understanding on how conservation is an integral component of evolution. In the
future, scientists will continue joining forces in the quest to develop more instrumental and
bioinformatics tools to uncover the mysteries of the past for the benefit of the present and
future.
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1. Introduction

Post-translational modifications (PTMs) enable proteins carryout multiple biological
functions. PTMs facilitate and regulate various protein functions by changing the chemical
and physical characteristics of a protein, which affect its stability, cellular localization, and
its interaction with other proteins as well as non-protein molecules which endow the
protein-protein interactions, cellular localization and with new or altered biological
activities. Understanding how and to what extent cellular proteins are post-translationally
modified, at which sites on the protein, how the modifications affect the stoichiometry of the
protein sequence, and what the functional consequences of each of the modifications are,
therefore becomes indispensible for understanding cellular function and regulation of a
protein. Recent advances that facilitated combining affinity-based enrichment of low
abundant and novel PTMs with peptide sequencing with tandem mass spectrometric
analysis have increased its speed and sensitivity of analytical approaches. Although it has
been demonstrated that mass spectrometry can be an ideal tool for both qualitative and
quantitative analysis of protein modifications, comprehensive identification of PTMs using
mass spectrometry (MS) in a high-throughput manner remains a highly challenging task
because of the diversity, dynamic complexities, low abundance and heterogeneity of PTMs.
In addition, difficulties in interpreting tandem MS spectra for peptide sequencing, poor
peptide fragmentation, and surprising appearance of totally unexpected modifications,
among others, have compounded this challenge and limited the application of mass
spectrometry to the identification of a few types of PTMs.

We will describe in this chapter, a strategy we have been employing successfully for rapid,
efficient and sensitive identification of diverse and novel PTMs occurring in mammalian
biological systems in vivo. Our strategy includes: separation of unmodified and modified
proteins on 2-dimensional gel electrophoresis (2D-PAGE); and detection of low abundant
peptide modifications employing a selectively excluded mass screening analysis (SEMSA) of
unmodified peptides during LC-ESI-q-TOF MS/MS through replicated runs (Seo et al.,
2008), in conjunction with a searching algorithm MOD! (Kim et al., 2006; Na et al., 2008) and
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DBond (Choi et al., 2010), which we developed. We will also provide examples of novel
some low abundant cysteine modifications which we identified in cellular proteins
employing our strategy (Lee et al., 2009; Hwang et al., 2009; Jeong et al., 2011).

Since it is difficult in many cases, to predict the type and position of modifications from
autotranslated DNA sequences, it is highly important in the postgenomic era, to
experimentally obtain this information about PTMs. For, the type and position of PTMs
differ, depending on the organism, cell type, signaling process and its kinetics. Proteomics
allows deciphering the global picture of protein-related processes in the cell. But proteomics
cannot be successfully employed without defining the dynamic PTM maps, which in turn
requires the availability of a fast, reliable, and sensitive procedure for PTM characterization.
We believe that the highly sensitive and efficient strategies for unrestrictive blind PTM
identification that will be described in this chapter will help develop such PTM maps.

2. Diversity of post-translational modifications and their identification using
mass spectrometry

Structural changes in proteins can occur from various events including genomic mutations,
alternative splicing, proteolytic cleavage, chemical and enzymatic modifications in amino
acid side chains. These changes occurring inside cells and tissues cannot be recognized in
genomic level, other than by proteomic analysis which makes it possible to identify these
alternations. Since these modifications are highly diverse, many proteomic approaches are
required to identify them. This review will describe the diverse characteristics of PTMs in
proteins and the analytical approaches including mass spectrometry employed to identify
them.

2.1 Cellular protein modifications

Modifications in the side chain of amino acids of proteins can alter the protein’s charge,
polarity and spatial features, and induce conformational changes which in turn cause
changes in a variety of protein characteristics. These modifications can occur reversibly or
irreversibly, and be mediated by enzymes or non-enzymatic way. In addition, many
changes at the genomic level such as point mutation, deletion and insertion, alternative
splicing etc. induce alterations in amino acid sequences. Identification of these changes
may require different analytical MS methodologies, depending on the type of the
modification.

2.1.1 Amino acid substitution

Amino acid substitution, which can occur by point mutation in the genome, or chemical
conversion of one amino acid to another, is involved in 346 of the listed 900 modifications in
the database of protein modifications for mass spectrometry, UniMod (www.unimod.org).
The Human Gene Mutation Database (www.hgmd.org), as of August 2011, lists more than
113,000 mutations of 4,122 human genes, which include missense/nonsense mutation,
splicing, small and gross deletion/insertion, complex rearrangement and repeat variation.
Although a single amino acid substitution usually does not seem affect a protein’s structure
in most cases, several proteins are known in which a change in single amino acid change
caused significant changes in the protein structure and stability. An example is a single
mutation in hemoglobin causes sickle cell anemia, one of several monogenic diseases.
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Another way to occur amino acid substitution is by chemical conversion of one amino acid
to another, for example, Asn and GIn can be converted to Asp and Glu by deamination. Cys
residues are converted to Ser during oxidative stress (Jeong ef al., 2011). Mass spectrometry
has been extremely useful in identifying unexpected amino acid substitutions and deletion
and insertion of amino acids (Fig. 1). However, finding unknown substitutions with routine
peptide sequencing in conjunction with tandem MS is not to easy, because MS/MS spectra
searching algorithm matches only known sequences. In order to find these unexpected
amino acid changes, in MS/MS spectra, it is necessary to carry out de novo partial
sequencing of a peptide from an MS/MS spectrum. To find unknown amino acid changes,
we suggest using the searching algorithm MODi combined with peptide sequencing using
tandem MS.

2.1.2 Alternative splicing

Insertion and deletion of large amino acid sequences can markedly affect the protein
structure, in contrast to changes in single amino acid residues which mostly do not.
Alternative splicing can occur in a number of ways including exon skipping, exon insertion,
alternative 5 initiation, 3’ termination and even intron inclusions. About 74% of multi-exon
genes produce alternatively spliced protein variants in humans. These PTMs result in
proteins differing in binding affinity, enzymatic activity, localization within the cell, and
stability. Alternative splicing therefore, is a common phenomenon in biology. Existence of
the alternatively spliced variants can be detected only at the protein level. However, it is not
easy to find spliced variants without separating each variant population. 2D-PAGE is an
useful tool to separate the different variants because of their differences in their charges
(isoelectric points) and molecular weights (Fig. 1). Separation of each population of protein
variants is a prerequisite for employing mass spectrometry to identify the sequence changes.
By comparing the chromatogram of each population, it is possible to find peptide products
generated from alternative splicing, and then de novo sequencing the differential peptides.

2.1.3 Proteolytic cleavage

Proteolytic cleavage is obviously an irreversible protein modification. Proteins can be
cleaved by various proteolytic enzymes, which are classified into serine proteases, cysteine
proteases, aspartic acid proteases and metalloprotease, depending on their active sites of
action. Employing genome sequence analysis, 553 proteases were identified in the human
genome: 203 Ser proteases, 143 Cys proteases, 21 Asp proteases and 186 metalloproteases.
Since the substrate specificity of each protease is not known in many cases, the proteolytic
products can be further identified only at protein level. Unexpected cleavage products are
not easy to detect without mass spectrometry (Fig. 1). Full peptide sequencing with tandem
MS is the only way to characterize the cleaved products using the same strategy employed
to detect the alternative splicing variants.

2.1.4 Enzymatic modifications

Cellular protein modifications are designed by nature to initiate and regulate essential
cellular processes. The mechanisms for PTM regulation are not fully understood because of
their complexity. More than 200 kinds of enzymes (>5% of total proteins) have been shown
to be involved in catalyzing the various chemical modifications of protein side chains. In the
human genome, it has been shown that more than 500 proteases, more than 500 protein
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Wild type ABCDE FGHI ELMNO PQRST UVWXY £
AR substitution ABCDE XGHI) ELMNO PORST UWVWXY Z
Al deletion ABCDE -GHI) KLMNO PORST UNVWEY £
Al insertion ABCDE FXGHU KLMND PQRST UVWXY Z
Alternative splicing FGHIl KELMNO PORST UVWXY 2
ABCDE «==-- = KLMNO PORST UVWXY Z

Proteolyticcleavage HI) ELMNO PORST UVWXY Z
ST UVWXY 7

Fig. 1. Protein amino acid sequence changes with various ways generate unexpected peptide
fragments in MS analysis.

kinases, more than 150 protein phosphatases, 5 class methyltransferases, a series of
acetyltransferase and deacetylase, oxidoreductases, E1, E2, E3 for ubiquitination,
sumoylation and neddylation, operate among others. Since most enzyme induced protein
modifications are reversible, they are readily removed during the biological processes after
they function as signalling molecules.

Enzymatic modification of amino acid side chains occurs in various ways depending on the
species of amino acids, as shown in Table 1. For example, phosphorylation at -OH in Ser,
Thr and Tyr residues, can be promoted by various protein kinases and one third of total
human proteome is estimated to comprise substrates of various proteins kinases, predicted
to number more than 500. Phosphorylated proteins serve as substrates of kinases. They are
readily dephosphorylated by phosphatases. Tyrosine kinase receptors (e.g. PDGF receptor,
VEGEF receptor) are auto-phosphorylated by ligand binding and transduce the signalling as
turn ‘on” switch, and later dephosphorylated by phosphatases, as turn ‘off” switch. These
reversible modifications act as on/off switches in various signalling pathways by
controlling phosphorylation and dephosphorylation. Thus it becomes important to identify,
which residues are phosphorylated, which kinase acts on them, how long signalling is
turned on and which phosphatases are involved in the turn off.

In addition to kinases and phosphatases which signal phosphorylation/dephosphorylation,
other enzyme pairs are involved in reversible modifications; e.g. acetyltransferase and
deacetylase, acyltransferase and deacylase, methyltransferase and demethylase,
ubiquitinating and deubiquitinating enzymes, chemical oxidation and peroxidase and
reductase, glycosylase and deglycosylase, among others. Irreversible modifications are also
possible, for example, crosslinkiing of the proteins by transglutaminase. Although many
modifications have been identified thus far, an enormous number of unknown protein
modifications are waiting to be discovered. Mass spectrometry offers an useful analytical
approach to identifying and quantifying the unknown novel modifications, modification
sites, and the accompanying structural changes. The relevant methodologies are detailed in
section 2.2.

2.1.5 Non-enzymatic chemical modifications

Protein modifications can occur inside cells by chemical reactions rather than by enzymatic
action. Oxidation of Cys, Met, Pro, Trp residues is promoted by reactive oxygen species
(ROS) resulting in loss of protein activity or alteration of the protein’s biological function by
modifying its cellular localization and interactions with other proteins. Nitrosylation,
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formation of metabolic protein adducts e.g. 4-hydoxynonenal (HNE) adducts involving His,
Cys, Lys, chemical adducts with biotin, lipoic acid and phosphopantetheine are well defined
modifications (Table 1). Many metabolite adducts of proteins will be further investigated

using de novo sequencing using tandem MS and searching algorithm.

Modified amino Monoisotopic
PIM type acid residue mass change Remarks
Phosphorylation STYHD +79.966331 Appearance of AM = -97.976896 Da peak for
dehydration in the phosphorylation sites of
Ser and Thr.
Use phosphatase inhibitor in sample
Cysteine oxidation C Careful for artifactual oxidation
Dehydroalanine -33.987721
Cys to Ser -15.977156
Disulfide -2.0145
Sulfenic acid +15.994915
Sulfinic acid +31.98983
Sulfonic acid +47.984745
Thiosulfonic acid +63.961901
Selenylation +79.916520 Cys-5-SeH
C-nitrosylation +28.990164
Glutathionylation +305.068156
Acetylation K N-term +42.010565 Change (+) charge to neutral
Use deacetylase inhibitors in sample
Acylation Increase hydrophobicity of protein to be
Octanoylation ST +126.104465 anchored into membrane
Farnesylation C +204.187801
Palmitoylation C K N-term +238.229666
Geranyl-geranylation C K N-term +272.250401
Retinal K +266.203451
Diacylglycrol C +576.511761
Ubiquitination K +114.042927 Ubiquitin C-term Gly-Gly adduct
Use proteasome inhibitor in sample
Glycosylation
Fucose ST +146.057909
Hexoseamine NT +161.068808
Hexose NT +162.052824
O-GlcNAcylation NST +203.0743 N-acetylhexoseamine
Methylation Sterically bulky without charge change
Mono-methylation KR +14.01565
Di-methylation KR +28.0313
Tri-methylation KR +42.04695
Sulfonation STYC +79.956815
Deamidation NQ +0.984016 Amino acid substitution to D E
Chemical adduct
Allysine K -1.031634 Lys oxid to aminoadipic semialdehyde
Oxidation PDKNPYR +15.994915 Oxidation or hydroxylation
Hypusine K +87.068414
4-hydroxynonenal CHK +156.115030 HNE
Lipoyl K +188.032956
N-term
Met-loss M -131.040485 N-term Met removal by aminopeptidase
Met-loss + Acetyl M -89.029920 Acetylation in new N-term after Met loss
Artifactual adduct
Propionamide C K N-term +71.037114 Acrylamide adduct in PAGE
Carbamidomethyl CKN-term HD +57.021464 lodoacetamide derivative

Table 1. The list of identified post-translational modifications.
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2.2 Identification of post-translational modifications by mass spectrometry

Protein modifications play key role in protein structure, stability, its interactions and cellular
localizations. MS is an ideal analytical tool for analyzing protein sequences, identifying
many unknown post-translational modifications, sites modified, and amino acid sequences
inserted, deleted or repalced. Studies employing MS along with other techniques, have
recorded more than 900 PTMs in UniMod database (www.unimod.org). Number of PTM list
in this database is rapidly increased. This informations on the nature of PTMs should
facilitate a fuller understanding protein structure and function. A list of reported PTMs and
the corresponding sites of amino acids, monoisotopic mass change by PTM, and sample
preparation for identifying each PTM is shown in Table 1. These proteomic studies for PTM
analysis can be divided into two groups. One group consists of large scale analysis of one
kind PTM after enriching the modified proteins and identifying PTMs, necessitated by low
abundance of modified proteins. The second group comprises comprehensive analyses of
multiple modifications in one protein because the diversity of modifications in the chosen
protein (Fig. 2).

2.2.1 Large scale analysis of same type of PTMs in many proteins

Large scale identification of PTMs is not easy problem to be solved because each
modification has its distinct and unique chemical property including chemical affinity,
solubility, charge and hydrophobicity. In order to identify one kind of PITM in many
proteins with high throughput analysis, the enrichment of modified proteins or peptides
was combined with peptide sequencing with tandem MS. Affinity-based enrichment of
post-translationally modified proteins and peptides can provide to increase the relative
abundance of a selected PTM in the sample.

Several studies have reported the systemic identification of same PTM to understand wide
signaling cascade (Table 2). Phosphorylation, the most extensively studied PTM, has been
reported in more than 10,000 proteins, variously concerned with specific signaling, in cell
cycle, cancer, receptor function, and stress responses (Olsen et al., 2010; Dephoure et al., 2008;
Rikova et al., 2007, Kim et al., 2002, Kim et al., 2007a and 2007b). Intriguingly, although
phosphorylation seems to play a pivotal role in various signal cascades, phosphorylated
peptides constitute minor fraction of the total protein mileau. Due to the low abundance of
phosphopeptides and low degrees of phosphorylation, enrichment phosphopeptides is
essential prior to MS analysis (Fig. 2A). There are several strategies for enrichment of
phosphoproteins, including immobilized metal ion affinity chromatography (IMAC),
titanium dioxide (TiO2) chromatography, and immunoaffinity chromatography with anti-pY
antibodies (Thingholm et al., 2009). These enrichment techniques themselves have
advantages and disadvantages, related to different specificities of the proteins under study.
Immunoaffinity chromatography is a traditional biochemical technique, based on the
binding of proteins or peptides to phospho-specific antibodies. Highly selective phospho-
specific antibodies are available that can be utilized for the enrichment of phosphorylated
proteins prior to analysis by MS. IMAC takes advantage of the affinity of chelated (Fe3*,
Al+, Ga®*, or Co?*) ions towards the negative phosphate group of phosphopeptides.
Titanium dioxide chromatography utilizes the affinity for phosphate ions in aqueous
solutions. Titanium dioxide chromatography sometimes can be combined with IMAC in
which mono- and multiply phosphorylated peptides are efficiently enriched from highly
complex samples. When combined with other enrichment methods, the method offers an
efficient enrichment strategy for phosphoproteomic studies. In another approach, cellular
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proteins with or without treatment, were separated on 2D-PAGE and phosphorylated
proteins on Tyr residues were detected by anti-pY antibody, and each spot was analyzed
with tandem MS (Kim et al., 2007a and 2007b). Separation of modified protein from
abundant unmodified proteins on 2D-PAGE is an informative way to obtain only modified
proteins.

However, attempts to enrich other PTMs have met with limited success. Acetylation of Lys
residue is another abundant PTM with fundamentally important regulatory function.
Acetylation occurs as a co-translational and post-translational modification of proteins, such
as histones, p53 and tubulins. The acetyl group can become attached to either the a-amino
group at the protein N-terminus or the e-amino groups of Lys residues and eliminate the
positive charge of the amino group to make it uncharged. Thus, Lys acetylation, a reversible
PTM, regulates protein interaction with negatively charged DNA, thereby playing a key
regulatory role in gene expression. For example, acetylation of histone or p53 inhibits the
DNA binding and renders DNA more relaxed, and deacetylation reverses this process.
However, enrichment methods, except for immunoaffinity purification, have not been
developed thus far. There remains a need for robust methods that can address the
complexity and dynamic range of the cellular proteome.

In contrast to phosphorylation and acetylation as small chemical modifications,
ubiquitination, a PTM involving the covalent attachment of ubiquitin, a 76-residue
polypeptide, to Lys residue, induce bulk change of protein. Depending on the nature and
site of linkage, ubiquitination regulates protein degradation, signal transduction,
intracellular localization and DNA repair. Ubiquitination is readily detected by peptide
sequencing with tandem MS, because Gly-Gly adduct of ubiquitin C-terminal (+114 Da
increase) can easily be detected at Lys ubiquitinated residues in tryptic peptides. Most
common enrichment methodology for ubiquinated proteins is immunoaffinity purification
employing exogenously tagged ubiquitin (Danielsen et al., 2011). Recent studies have
employed endogenous ubiquitin enrichment using ubiquitin binding motifs such as
ubiquitin interacting motif (UIM) or ubiquitin associated (UBA) domain, rather than Ub-
antibody (Manzano ef al., 2008). About 200 ubiquitinated proteins binding to UBA domain
of p62 were identified in Arabidopsis.

Glycosylated proteins exist as heterogenous populations characterized by a range of
molecular weight, and play important role in membrane surface localization and as
receptors by raising the hydrophilicity and changing the surface charge. The O-linked p-N-
acetylglucosamine (O-GlcNAcylation) also plays a vital role modifying Ser and Thr residues
in many cellular processes, including signal transduction, protein degradation, and
regulation of gene expression. Since the lectin, Wheat Germ Agglutinin (WGA), has affinity
for terminal N-acetylglucosamine (GlcNAc) and sialic acid residues, lectin immobilized
affinity chromatography has been recently used for enrichment O-GIcNAc modified
peptides (Vosseller et al., 2006). Biotinylated O-GlcNac peptides are captured by avidin
chromatography (Wang et al., 2010).

Oxidative modification has emerged as a major PTM involved in oxidative stress. 4-
Hydroxy-2-nonenal (HNE), generated during lipid peroxidation, modifies proteins. 4-HNE
adducts are commonly enriched by immunoaffinity chromatography or solid-phase
hydrazide enrichment strategy (Mendez et al., 2010; Roe et al., 2007). Other oxidation
adducts of reactive Cys residues play key roles in cellular regulations. Recently dimedone,
and chemicals that specifically label sulfenic acid, have been used to enrich sulfenic acid
using biotin tagged dimedone, and to identify ROS sensitive Cys residues (Giron et al., 2011,
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Seo YH et al., 2009, Leonard et al., 2009). Large scale proteomic identifications of proteins
containing the same kind of PTM, e.g., phosphorylation or acetylation, can be interesting if
the relationship between a specific modification and biological function can be established.
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Fig. 2. Schematic diagram to identify one type modification in cellular proteins (A) and
comprehensive modifications in one protein (B).

2.2.2 Comprehensive identification of multiple PTMs in the same protein by MS

If the same protein has multiple and diverse functions, one can hazard the assumption that
it exists in several forms and contains different PTMs. Comprehensive identification of
PTMs in a single protein can therefore help understand how the protein exerts multiple
biological functions of multiply modified proteins as shown in Fig. 2B. However, it is not an
easy task to clearly identify the PTMs in the same protein, because biological samples of
proteins are mixtures of unmodified and modified populations, with unmodified molecules
abundantly predominating and the much less abundant modified molecules. A 100%
peptide coverage with MS/MS is required for identifying all modifications.

The low abundant PTMs can only be identified after adequately enriching their populations.
When complex enrichment methods are needed, use of 2D-PAGE based separation in
combination with mass spectrometry is beneficial. 2D-PAGE separates proteins based on
their isoelectric points and molecular mass, and makes it possible to separate various
modified proteins, spliced variants and proteolytic cleaved fragments. Proteomics has been
traditionally exploited power of 2D-PAGE, to separate proteins, especially coupling it with
MALDI-TOF MS, for the qualitative and quantitative analysis of proteins in complex
extracts. However, the limitations of this approach in terms of throughput analysis of
protein mixes have required the development of other proteomics approaches, based on
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separation of peptides rather than of proteins, or on direct protein identification and
selection on dedicated arrays (protein chips). However, 2D-PAGE based separation is
adequate in the comprehensive identification of PTMs because it can show the range of
complex PTMs.

PTM type Enrichment s cge Biological Association
(Mass Shift methods # of sites identified of the protein References
Phosphorylation . 20,443 sites on 6027
(79.9663) IMAC, and TiO2 proteins cell cycle Olsen et al., 2010
1400 sites on >1000 Mitosis Dephoure et al., 2008
proteins
cAMP/vasopressin-
IMAC 654 sites dependent signaling |Gunaratne et al.,2010
pathways
Imn.u.mo-.afflm‘t el 4551 sites on 2550 Lung cancer Rikova et al., 2007
purification with proteins
Anti-pY Ab 628 sites Cancer cells Rush et al., 2005
2D-PAGB:)Ant1-pY 81 proteins Heat shock Kim et al., 2002
. Endothelial cells .
95 proteins VEGF-, ROS-signaling Kim et al., 2007a
66 proteins Angiopoietin-1 Kim et al., 2007b
signaling
Acetylation Immuno-affinitiy 3600 sites on 1750 Human acute myeloid | Choudhary et al.,
(42.0105) purification with proteins leukemia cell line 2009
Anti-acetyl Lys Ab 1981 sites on 1013 Drosophila Weinert et al., 2011
proteins
1000 sites Human liver tissue Guan et al., 2010
Ubiquitination S . . Human osteosarcoma .
(114.0429) Tagged ubiquitin | 753 site 471 proteins cells Danielsen et al., 2011
110 sites 72 proteins Peng, J. et al., 2003
. 339 putative .
Sumoylation Tagged SUMO polySUMO polySUMO conjugates | Bruderer ef al., 2011
17 sites on 205 proteins HEK?293 cells Galisson et al., 2010
14 sites on 12 proteins Blomster et al., 2010
O-GlcNAcylation |  Lectin-affinity . . S
(203.0793) purification 141 sites on 64 proteins Cytokinesis Wang et al., 2010
65 sites Postsynaphc.denmty Vosseller et al., 2006
preparation.
4-HNE - .
(156.1150) Immunoaffinity 12 proteins Human RBCs Mendez et al., 2010
Solid-phase
hydrazide 125 sites on 67 proteins Roe et al., 2007
enrichment
2D-PAGE, MS Barly Alzheimers 1 Redd et al, 2009
isease
Biotin-dimedone . 1 d
Sulfenic acid purification 39 proteins HelLa cells Leonard et al., 2009
(15.9949) 2D-PAGE 35 proteins Hypertensive Rat Tyther et al., 2010
biotinylated 15d- Streptoavidin
PGJ2 a};ﬁnit 12 proteins Neuroblastoma Aldini et al., 2007
(316.2038) y

Table 2. Large scale identification of each PTM in proteins from divergent sources and

pathways.
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For example, phosphorylated, acetylated, glycosylated and oxidized proteins move in acidic
direction, ubiqutinated and sumoylated proteins move upward by increasing molecular
weight and disulfide bonded proteins move either upward with intermolecular disulfide or
downward with intramolecular disulfide bond. This information can allow the prediction of
the type of PTM and overcomes the limitations due to the complexity of PTMs.

Following the separation of the heterogeneous populations of modified proteins on 2D-
PAGE, we try to obtain comprehensive PTM information via replicate nanoLC-ESI MS/MS
analysis by raising the modified peptide coverage (Seo et al., 2008). To facilitate the
characterization of PTMs as much as possible, we devised the strategy of selective exclusion
acquisition in replicate run analysis. In data dependent acquisition (DDA) mode, most
intense precursor ions are redundantly acquired in nanoLC-ESI MS/MS run. If the exclusion
list is not used, identification of low-intensity ions in the presence of high-intensity ions
would be far less successful in randomly repeated runs. The number of obtainable MS/MS
spectra is limited in a single run analysis, because we select MS/MS spectra having
appropriate quality and quantity by optimizing the experimental procedure including
sensitivity, scan time, number of ion channel, time for return to MS scan from MS/MS scan,
elution time in LC etc. This is the reason for selectively excluding unwanted high-intensity
MS/MS data generation. Exclusion methodology is a way to separate wanted peptides from
unwanted ones. The overall scheme of Selectively Excluded Mass Screening Analysis
(SEMSA) is shown in Fig. 3. An exclusive implementation using this unmodified peptide
library, resulted in efficient identification of low abundant PTMs (Fig. 4). As the SEMSA
progressed, exclusion list is cumulated and then separation of unwanted peptide can
ameliorate the quality of MS/MS spectra. The LC-MS procedure is repeated three times to
obtain more MS/MS data. The MS data of the first run are then processed by ProteinLynx
v2.1 for peak deconvolution and peak list generation. The resulting MS/MS spectra are then
generated and submitted to Mascot and ProteinLynx database searches to obtain peptide
identifications. Only unmodified peptides now serve as candidates for a precursor exclusion
list, in terms of m/z and LC run times in the subsequent run. After the peak list of the
second separation is generated, the peaks are matched to peptides previously identified and
included in the exclusion list are automatically blocked from the peak selection prior to
MS/MS acquisition. The ranges of tolerance windows of excluding peak are typically
determined by mass accuracy and resolution in the MS scan and peak widths in the
chromatogram. This PTM specific exclusion strategy enables less intense PTM peptides to be
identified, thereby enhancing confidence level of PTM identifications.

To determine whether the GAPDH spots on 2D-PAGE have differential modifications, we
exhaustively examined the PTMs in each population using SEMSA (Seo et al., 2008). Diverse
PTM populations were identified in various peptides (Fig. 5). Especially, multiple
modifications of Cys residue in the peptide containing active site (122CTTNC56) were clearly
demonstrated: intra-disulfide between 152C and 156C, oxidation to cysteic acid (152C), and
transformation of Cys to Ser (152C). Simultaneously, 247C was shown to transform to
sulfinic acid, mainly dehydroalanine and cysteic acid. This indicates that reactive Cys
residues in GAPDH can be oxidized to various oxidation states depending upon tertiary
structural environments. Results of these studies clearly established the exact oxidation
sites, oxidation species, and the levels of oxidation states. This strategy was applied for
finding many low abundant modifications including phosphorylation, acetylation,
glutathionylation and some novel modifications (Hwang et al., 2009; Lee et al., 2010; Jeong et
al., 2011).
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Fig. 4. Comparison of MS/MS spectra of chosen low-density peptides under without (A)
and with (B,C) SEMSA strategy (cited from Seo et al., 2008).
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Combination of 2D-PAGE for separating modified populations and MS/MS analysis using
SEMSA, makes it possible to identify low abundant modified peptides and to raise the
identified peptide coverage nearly over 90%.

2.2.3 Bioinformatic tools for identifying multiple and novel modifications

The types and sites of PTMs in a protein vary widely. Although MS allows rapid
identification of many types of PTMs, data analysis and interpretation of MS/MS spectra for
identification of PTMs remain a major challenge. Most of the available search tools accept
only a few types of PTMs as input. We have developed interpretative tools called MODi (Na
et al., 2008) and DBond (Choi et al., 2010) for rapidly interpreting tandem mass spectra of
peptides with all known types of PTMs simultaneously without limiting a multitude of
modified sites.

Early approaches to PTM identification using MS/MS involved exhaustive searches of all
possible combinations of PTMs for each peptide from a protein database (Eng et al., 1994;
Perkins et al., 1999). Because the search space grows exponentially as the number of PTMs
increases, these early approaches performed a restrictive search that took into account only a
few types of PTMs during data analysis, ignoring all others. Investigators were obliged to
guess the PTMs expected to exist in a sample prior to a search, and many potentially
important PTMs may have been overlooked. A few tools were recently introduced for blind
PTM search. MS-Alignment (Tsur et al.,, 2005) predicts PTMs expected in a sample by
spectral alignment between a database peptide and a spectrum followed by InsPecT search
(Tanner et al., 2005). ModifiComb (Savitski et al., 2006) introduced a AM histogram between
unassigned spectra and base peptides found in a database. These blind approaches predict
PTMs based on the frequency of mass shifts (indicating potential PTMs) in a sample. Thus,
they all have the intrinsic weakness of missing rare or infrequently observed PTMs that
might provide important clues to understanding the function of a protein. Although many
approaches have been developed to take into account several types of PTMs, most of them
assume that there will be a single variable PTM per peptide and ignore peptides with
multiple modifications. MODi (pronounced “mod eye”) is essentially a sequence tag
approach (Mann et al., 1994; Tabb et al., 2003) (Fig. 6). It constructs a partial sequence of a
peptide from an MS/MS spectrum using de novo sequencing. MOD:i differs from previous
approaches in that it simultaneously uses multiple sequence tags derived from a spectrum
by introducing a notion of a tag chain, a combination structure of multiple sequence tags. A
tag chain offers an effective localization of modified regions within a spectrum and thus
allows rapid identification of multiple PTMs in a peptide, obviating search space explosion
by inspecting PTMs only in the modified regions of a peptide.

The tag chain algorithm resists de novo sequencing errors, whereas most tag-based
approaches depend critically on good de novo interpretations. This approach is scalable and
performs well even when more than 900 types of modification are considered and the
number of potential PTMs in a peptide increases. Compared with established tools, MOD:
reliably identifies a greater variety of modification types in multiply modified peptides and
even detects modifications of low abundance.

Another new algorithm called “DBond” analyzes disulfide linked peptides based on specific
features of disulfide bonds (Choi et al., 2010). Identifying the sites of disulfide bonds in a
protein is essential for thorough understanding of a protein’s tertiary and quaternary
structures and its biological functions. Disulfide linked peptides are usually identified
indirectly by labeling free sulfthydryl groups with alkylating agents, followed by chemical
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Fig. 6. Overview of MOD1algorithm (cited from Na et al., 2008).

reduction and mass spectral comparison or by detecting the expected masses of disulfide
linked peptides on mass scan level. However, these approaches for determination of
disulfide bonds become ambiguous when the protein is highly bridged and modified. For
accurate identification of disulfide linked peptides, we developed an algorithmic solution
for the analysis of MS/MS spectra of disulfide bonded peptides under non-reducing
condition. To determine disulfide linked sites, DBond takes into account fragmentation
patterns of disulfide linked peptides in nucleoside diphosphate kinase (NDPK) as a model
protein, considering fragment ions including cysteine, cysteine thioaldehyde (-2 Da),
cysteine persulfide (+32 Da) and dehydroalanine (-34 Da). Using this algorithm, we
successfully identified about a dozen novel disulfide bonds in a hexa EF-hand calcium
binding protein secretagogin and in methionine sulfoxide reductase. We believe that
DBond, which takes into account disulfide bond fragmentation characteristics and post-
translational modifications, offers a novel approach for automatic identification of unknown
disulfide bonds as well as their sites in proteins from MS/MS spectra (Choi et al., 2010).

2.2.4 Examples of multiply modified proteins

Employing SEMSA, a sensitive mass spectrometric method for detecting low abundant
protein modifications, and MODi and DBond algorithm for searching for unknown
modifications of separated protein on 2D-PAGE, we characterized the nature as well as the
relative abundances of these hitherto unknown Cys modifications in cellular GAPDH
purified on 2D-PAGE (Jeong et al., 2011). We found unexpected mass shifts at active site Cys
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residue (AM = -16, -34 and +64 Da) in addition to those of previously known oxidation
products including sulfinic and sulfonic acids, and disulfide bonds. Similar changes were
also found in other ROS-sensitive proteins including NDPK A, PRX6 and mitochondrial
proteins. Mass differences of -16, -34 and +64 Da are presumed to reflect the conversion of
Cys to Ser, DHA and Cys-SO,-SH respectively. The plausible pathways leading to their
formation from Cys were deduced from the distribution of the disulfide bonds and were
confirmed in model systems by analyzing three dimensional protein structures and by
employing model chemical reactions. Also sulfenic and sulfinic acids were detected as
acrylamide adducts (AM = +87 and +103 Da) in samples on SDS-PAGE. These findings
suggest that diverse modifications of redox-active Cys can be generated by ROS. These
findings of unknown modifications are due to the sensitive mass spectrometric method,
SEMSA, and unrestricted PTM search tool, MODi and DBond. These strategies should lead
to identification of many unknown modifications which doubtless occur in various
signaling pathways and in health and disease.

Combining 2D-PAGE for separating heterogenous population of one protein, SEMSA for
analyzing low abundant modified peptide with MS/MS and MOD: for searching algorithm
to identify novel and multiple modifications, makes it possible to identify multiple and low
abundant modifications of protein comprehensively.

3. Conclusion

Many protein modifications including amino acid substitutions, alternative splicing and
post-translational modifications regulate the various biological functions of proteins by
altering the protein-protein interactions, protein localization and protein activity.
Understanding the relationship between protein modifications and their physiological
activities will help define the principles on biological regulation. To demonstrate the exact
protein function and its regulation, comprehensive identifications of low abundant and
unexpected modification is essential. For the comprehensive identification of PTMs, peptide
sequencing using tandem MS can give the most effective results. However, identification of
PTMs does not simple as protein identification using MS. The enrichment of low abundant
PTMs is necessary. Because most enrichment approaches of many type of PTMs are
insufficient, we suggest the use of a combination of approaches: first separating the
heterogeneous populations of a protein with multiple modifications on 2D-PAGE, then
comprehensively identifying the PTMs employing SEMSA of MS/MS for detecting low
abundant modifications and raising peptide coverage up to 100%, and searching MS/MS
spectra using searching algorithm MOD: for multiple and unexpected modifications. With
these combined powerful proteomic tools, it will be possible to discover hitherto unknown
PTMs in proteins, that influence various signaling pathways. This will hold the key for fully
understanding the roles of proteins in biological and pathological processes in molecular
level.
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1. Introduction

Glycoproteins and glycopeptides are organic compounds that are composed of both
polypeptide and carbohydrate chains bonded together. For many years glycoproteins and
glycopeptides have been a subject of interest; however, recently they have aroused the
interest of biochemists and biologists from a wide range of fields. This increased interest is
partly due to the fact that glycoproteins were discovered to be abundant in living organisms
and glycoproteins appear in nearly every biological process studied. Glycoproteins help
many systems within the human body to function properly and optimally, and deficiencies
can be responsible for a whole spectrum of diseases, conditions and ailments. Examples of
glycoproteins include antibodies that interact directly with antigens. Major
histocompatibility complex molecules that interact with the T-cells as part of an adaptive
immune response and hemocyanins (Hcs) fudge molecules that transport oxygen in
mollusks and arthropods.

Detailed knowledge of protein glycosylation at the proteome level is becoming an important
aspect of post-genomic research. Moreover, glycobiology seeks to identify the molecular
structure of glycopeptides and to further explore the function of such peptides in relation to
other cells and molecules in the body. By determining how glycopeptides are structured and
in order to better understand how they work, researchers working in the field of
glycobiology may be able to produce treatments and therapies that improve health and
may prolong life. Therefore, the development and application of different analysis
techniques will increase the knowledge of their structure and function. A number of reviews
have been published in the last few years on analytical methods, including chromatography,
electrophoresis and MS, for the characterization of glycans and glycoproteins (Zaia, 2004;
Morelle et al. 2005; Dell and Morris 2010), and on general MS-based proteome and peptide
analysis methods (Medzihradszky, 2005; Domon et al. 2006; Froehlich et al. 2011).

Mass spectrometric (MS) techniques play a key role in glycoprotein and glycan analysis, to
study protein glycosylation at the glycopeptide level. Therefore, MS is becoming an
increasingly important aspect in proteomics. Current informatics tools are designed for
large, high-throughput mass-spectrometry datasets.

One of the analytical instruments used in laboratories a tandem mass spectrometer. This
instrument can analyze numerous compounds, such as those in body fluids and in the
environment. Enrichment and separation techniques for glycoprotein and glycopeptide
from complex (glyco-) protein mixtures and digests are summarized below. In addition to
detection by mass spectrometry, the microarray platform has also become an essential tool
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to characterize glycan structures and to study glycosylation-related biological interactions;
here one uses probes as a means to interrogate the spotted or captured glycosylated
molecules on the arrays.

2. Glycoproteomics

Almost all secreted and membrane-associated proteins are glycosylated through post-
translational modification. Protein glycosylation is one of the most important post-
translational modifications in eukaryotes, but remains poorly investigated. N-linked
glycans, with a common monosaccharide core and specific attachment motif, appear to be
amenable to analysis, but significant difficulties remain.

The key structural issues of glycoproteomics are protein identification, glycosylation site
determination, and glycan profiling at individual attachment sites (Tadjiri et al. 2005;
Harvey, 2006). The structure of glycoproteins and glycopeptides is composed of a peptide
chain with one or more carbohydrate moieties which constitute from less than 1% to more
than 80 % of the total protein mass. Glycoproteins usually exist as complex mixtures of
glycosylated variants (glycoforms). Glycosylation occurs in the endoplasmic reticulum (ER)
and Golgi compartments of the cell and involves a complex series of reactions catalyzed by
membrane-bound glycosyltransferases and glycosidases.

Based on the saccharide chains, referred to as glycans, two main classes of glycoprotein
structures are known: N-glycosylation, in which the oligosaccharide is attached to an
asparagine residue, and O-glycosylation, in which the oligosaccharide is attached to a serine
or threonine residue. The O-linked glycans consist of N-acetylgalactosamine attached to the
O-terminus of a threonine (Thr) or serine (Ser) residue (Fig. 1). The most common type of O-
linked glycans contain an initial GalNAc residue (or Tn epitope); they are commonly
referred to as mucin-type glycans. Other O-linked glycans include glucosamine, xylose,
galactose, fucose, or mannose as the initial sugar bound to the Ser/Thr residues.
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Fig. 1. O-linked glycan contain terminal N- acetyl neuraminic acid attached to a threonine
residue.
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The other class of glycoproteins are the N-linked glycans. These molecules consist of an N-
acetylglucosamine bond to the amide nitrogen of an asparagine molecule, where X can be
any amino acid (-X-Asn-X-Thr-) (Fig.2A,B).
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Fig. 2. A) Structures of a glycan at m/z 2393[M+Na]+ determined in matrix 2,5-
dihydroxybenzoic acid (DHB) B). Structure of an acidic glycan at m/z 1932 [M-H]-
determined in matrix 6-aza-2-thiothymine and 2,4,6-trihydroxyacetophenone (THAP).

Because carbohydrates and proteins by themselves serve in a vast number of biological
functions, such as structure, enzymes, protection, carriers, immunological, defense,
inhibitors, reproduction, etc. several techniques and analytical methods including
chromatography, electrophoresis and MS-based proteome and peptide analysis are
applied for the characterization of glycans and glycoproteins (Wada 2008; Sandra et al.
2004, 2007).

Another of these methods is nuclear magnetic resonance spectroscopy (NMR). The method
is used to obtain information about the structure and dynamics of proteins and glycans.
However, mass spectrometry has several advantages over NMR with respect to analysis of
H/D exchange reactions: much less material is needed, the concentration of protein or
glycan can be very low (as low as 0.1 uM), the size limit is much greater, and data can
usually be collected and interpreted much more quickly.

A very important advantage is that mass spectrometry offers different techniques and
approaches. Tandem mass spectrometry of the glycopeptides, isolated from tryptic digests
of glycoproteins can be performed in a rapid and sensitive manner. Electrospray ionization
(ESI) or matrix-assisted laser desorption/ionization (MALDI) mass spectrometry can be
used. In the case of MALD], profiling of oligosaccharides is achieved more appropriately by
the linear time-of-flight (TOF) mode than in the reflection mode. Robust and reliable
identification of proteins and the determination of the attachment sites often requires
multiple-stage tandem mass spectrometry (Wada 2008).

Combining gel and capillary electrophoresis, nano-LC and mass spectrometry, the
elucidation of post-translational modifications of Trichoderma reesei cellobiohydrolase I
(Sandra et al. 2004 a) of hemocyanin isolated from marine snails Rapana venosa (Sandra et
al.2007, Dolashka-Angelova et al. 2004) and of superoxide dismutase (Cu/Zn-SOD) from K.
marxianus NBIMCC 1984 yeast (Dolashka et al. 2010) were analysed.

The strategy used for the characterisation of RvH1 N-glycosylation combines two main
approaches (Fig. 3), where the intact RvH1 was subjected to PNGase F digestion and/or
tryptic digestion. The first approach includes reduction and alkylation of RvH1 followed by
PNGase F digestion of oligosaccharires from the protein. The N-glycans were analysed by
MALDI-TOF and CE-MS and followed by 8-aminopyrene-1,3,6-trisulphonate (APTS) and 3-
aminopyrazole (3-AP) labelling. Derivatisation of the oligosaccharides with APTS permits
high-resolution CE, allows the simultaneous detection of uncharged and charged glycans
and provides easily interpretable spectra.
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Fig. 3. Strategy used for the characterisation of the oligosaccharide structure of RvHu.

The second approach includs reduction and alkylation followed by tryptic digestion of the
glycoprotein. The N-glycopeptides were analysed by MALDI-TOF and nano-LC-MS or
nano-LC-ESI- techniques. Since the protein sequence of RvH1 is currently unknown, de novo
MS sequencing had to be performed on the glycopeptides. Proteomic techniques, such as
HPLC coupled to tandem mass spectrometry (LC-MS/MS), have proven to be useful for the
identification of specific glycosylation sites of glycoproteins (glycoproteomics).

However, glycosylation sites of glycopeptides produced by trypsinization of complex
glycoprotein mixtures are particularly difficult to identify because glycopeptides are usually
present in relatively low abundance (2% to 5%) in peptide mixtures compared to the non-
glycosylated peptides, and because the sugar fragments in the MS spectrum often dominate
the peptide fragments due to glycosidic bonds being more labile than peptide bonds. Some
approaches have been developed to overcome this problem, mainly based on multistage MS
(Bateman et al. 1998, Demelbauer et al. 2004), electron capture dissociation (ECD)
(Hakansson et al. 2001, 2003) or electron transfer dissociation (ETD) (Hogan et al. 2005).

3. Tandem mass spectrometry technique for glycoprotein and glycopeptide
analysis

An important application using tandem mass spectrometry is in protein identification. The
simplest form of the technique combines two mass spectrometers. One of these instruments
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is a Matrix-Assisted-Laser-Desorption/Ionization-Time-of-Flight-Mass-Spectrometer
(MALDI-TOF/TOF-MS), where the first mass spectrometer is used to select a single
(precursor) mass from the MS spectrum of a mixture of the precursor. After collisional
activation (CA) or collision-induced dissociation (CID), the second mass spectrometer is
used to separate the fragments ions according to their masses. The resulting “MS/MS”
spectrum consists only of production ions from the selected precursor (Fig.4).
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Fig. 4. Matrix-Assisted-Laser-Desorption/lonization-Time-Of-Flight-Mass-Spectrometer
(MALDI-TOF/ TOF-MS).

There are various methods for fragmenting molecules by tandem MS, including;:

e  collision- induced dissociation (CID),

e  electron capture dissociation (ECD),

e electron transfer dissociation (ETD),

e infrared multiphoton dissociation (IRMPD),

e  blackbody infrared radiative dissociation (BIRD),

e electron-detachment dissociation (EDD) and

e surface-induced dissociation (SID).

Tandem mass spectrometry of glycopeptides is known as one of the most important tools in
structural glycoproteomics. Various tandem MS (MS/MS) techniques for the analysis of
glycopeptides as MALDI, MALDI-TOF/TOF-MS or MALDI-quadrupole-TOF were
applied and compared with respect to the information they provide on peptide sequence,
glycan attachment site and glycan structure. Glycopeptide ionization was performed mainly
by CID or ETD.

3.1 Collision-induced dissociation

Early experiments with ESI and collision-induced dissociation (CID) on a triple-quadrupole
mass spectrometer have already established several of the key features of CID of
glycopeptides (Huddleston et al. 1993; Medzihradszky et. al. 1996). On the basis of this
pioneering work, ESI with CID of glycopeptides has become a key tool in glycoproteomics.
The potential of nano-ESI with a quadrupole-TOF mass analyzer for the characterization of
N- and O-glycopeptides has been shown to be a sensitive tool that provides information on
glycan structure, glycan attachment site, and peptide sequence. This method has been
successfully applied to the characterization of O-glycosylated peptides carrying the Tn-
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antigen (GalNAcp1-), the T-antigen disaccharide, or other slightly more elongated O-glycans
based on B-linked GalNAc, attached to serine or threonine residues (Chalabi et al. 2006).
Another type of glycosylations, analyzed by nano-ESI-quadrupole-TOF are O-fucosylation
(Macek et al. 2001), O-linked N-acetylglucosamine (Vosseller et al. 2006), as well as C-
mannosylation (Gonzales de Peredo et al. 2002). The C-linked mannose appeared to be very
stable in CID, in contrast to O-glycans and N-glycans.

3.2 Electron-transfer dissociation (ETD)

Similar to the peptide structural information obtained from CD, electron-transfer
dissociation has recently emerged as an MS/MS technique complementary to CID and
RMPD. Peptide fragmentation is generated through gas-phase electron-transfer eactions
from singly charged anions to multiply charged protonated peptides. Singly charged anions
are used as vehicle for the electron delivery to the multiply protonated peptides.

Analogous to ECD, dissociation from electron transfer results in peptide backbone
fragmentation into c- and ze-type ions. There fore this fragmentation is more useful for the
analysis of posttranslational modification (PTM) such as phosphorylation (Syka et al. 2004)
and glycosylation (Hogan et al. 2005). The feature makes this technique, together with ECD,
a very attractive tool for the localization of the PTM attachment.

4. Sample preparation and characterization

The methods to study glycoproteins, glycopeptides or glycans in MS-based analyzes vary
according to the specific research question. In many cases, these methods have been
developed with the aim to selectively obtain the N-glycoproteome of a particular sample by
MS analysis of the corresponding (deglycosylated) tryptic peptides to identify the
underlying proteins. In these types of studies, N-glycosylation sites in tryptic glycopeptides
usually are identified by conventional LC-MS/MS or MALDI-MS/MS analysis based on
the conversion of Asn to Asp upon treatment with N-glycanase (PNGase), or on the
localisation of the remaining GIcNAc-Asn tag wupon treatment with endo-N-
acetylglucosaminidases.

For the isolation of glycoproteins or glycopeptides by affinity chromatography various
lectins have been used so far. Lectin chromatography using concanavalin A (Con A) has
been reported for the enrichment of N-glycoproteins from diverse sources (Nasia et al.
2009). Enrichment techniques applied in combination with advanced MS/MS methods for
the direct analysis of intact glycopeptides to obtain sequence information of both the glycan
and the peptide moiety have been less commonly used. Now approaches using
fragmentation techniques in glycopeptide and glycan analyses such as ESI, MALDI and
LC/MS/MS-Q-Trap, are very popular to provide information on the peptide and glycan
sequences, as well as on the attachment site.

4.1 Characterisation of glycoproteins and glycopeptides

Several methods and techniques have been applied to analyse the oligosaccharide structure
of glycoproteins and glycopeptides. Applying both CID and ETD fragmentation techniques
sequentially to protonated glycopeptides provides information on the glycan structure
(CID) as well as the provide information on the peptide sequence and the glycan attachment
site (ETD). The combination of these complementary data sets allows the detailed structural
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characterization of glycopeptides species characterization of glycopeptides is performed
with different instrumental configurations, such as:

- MALDI-MS/MS

- Liquid chromatography systems compatible with on-line MS of glycopeptides

- ESI-MS/MS

- Capillary electrophoresis with on-line MS

4.1.1 MALDI-MS and MS/MS analyses of glycopeptides

MALDI-MS/MS of glycopeptides has been performed using the following instrumental
configurations:

e  MALDI-TOF with post source decay (PSD),

e MALDI-TOF/TOF,

e MALDI-quadrupole-TOF, and

e MALDI-IT/TOF MS.

MALDI-TOF/TOF MS of glycopeptides in protonated form has been established using 2,5-
dihydroxybenzoic acid (DHB) as a matrix (Uematsu et al. 2005, Wuhrer et al. 2004); the
observed fragments result in the MS spectrum. Three different groups of fragment ion
signals in MS are observed which provide information on both the peptide and glycan
moiety of the glycopeptides. MALDI-TOF/TOF-MS of N-glycopeptides results in all the
fragment ions retaining the peptide moiety, as well as in a set of cleavages at or near the
innermost N-acetylglucosamine residue. The signals [Mpep+H]+ and [Mpep+H-17]+ usually
arising from the cleavage of the side-chain amide bond of the glycosylated asparagine are
observed. Fragmentation characteristics are very similar to those observed with MALDI-
quadrupole /TOF-MS (Krokhin et al. 2005; Bykova et al. 2006) and MALDI-IT/TOF-MS
(Demelbauer et al. 2004; Takemori et al. 2006).

4.1.1.1 MALDI-MS and MS/MS analyses of glycosylation sites and determination of the
occupancy at a particular site

Determination of which sites in the glycoprotein are glycosylated and determination of the
extent of occupation at each site are generally accomplished by performing trypsinolysis or
other degradative reactions, generating a peptide/glycopeptide mixture. Glycopeptides can
usually be selectively detected in such mixtures by precursor ion scanning, followed by
MS/MS analysis of detected glycopeptides. This approach, however, is only straight
forward for proteins with known amino acid sequence. This restriction, which originates
from the dominance of the sugar fragments, can be overcome by performing MS/MS or MS3
on the Y1 ion (peptide + GIcNAc) generated via in-source fragmentation or MS/MS,
respectively (Sandra et al. 2007).

Since the protein sequence of one subunit of Rapana venosa hemocyanin (RvHi) is currently
unknown, this approach was not applicable. Therefore, de novo MS sequencing was
performed on the glycopeptides, obtained after tryptic digestion of RvH1 (Sandra et al.
2007). The glyco-moiety was removed from the glycopeptide because the sugar fragments
often dominate the peptide fragments due to glycosidic bonds being more labile than
peptide bonds. This is a phenomenon typically observed when using CID or PSD as
fragmentation techniques. To solve this problem electron capture dissociation or electron
transfer dissociation were applied. A method of labelling the N-glycosylation sites was used
by performing a PNGase F digestion in a buffer containing 50% H»'80O ( Sandra et al. 2004a).
The 180-labelling step can be performed either prior or subsequent to trypsinolysis. When
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choosing this approach, it is important to remove the remaining H»!80 to prevent unspecific
incorporation of the label into all tryptic peptides. Also, trypsin needs to be removed from
the hydrolysate. Since H>!80 can easily be removed by membrane filtration, labelling the
protein prior to the tryptic digestion was preferred. The complexity of the tryptic peptide
mixture is reflected in the nano-LC-UV chromatogram. By way of example the MALDI-TOF
spectrum corresponding to fraction 54, and an expanded view of the region containing the
180-labelling peptide ions at 2406.3296, are presented in Fig. 5. Sequence information can be
obtained by performing higher-order MS. The peptides containing the glycosylation sites
were detected via the 2 Da spacing between the unlabelled and labelled ions using MS

(Fig.5).
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Fig. 5. The nano-LC-MALDI-TOF spectra corresponding to fraction 54 (b) and an expanded
view of the regions containing the 180-labelling peptide ions at m/z 2406.3296 (inset).

Using this approach, 6 glycopeptides were identified from the enormous complexity of the
RvH1 tryptic digest. Nano-LC was used as a preceding separation step, and fractions were
directly collected onto a MALDI-target.

4.1.2 Characterisation of glycopeptides using MALDI-MS/MS and Q-Trap MS/MS
analyses

The structure MansGIcNAc2 of the glycan with mass of 1257.4 Da is represented with a
specific fragmentation nomenclature in Q-Trap MS/MS spectrum. The MS/MS spectrum of
the underivatised singly charged sodium-adduct is shown in Figure 6. The most dominant
ions are Y and B that arise from glycosidic cleavages. C and Z ions are also observed. They
can be differentiated from the Y and B ions without derivatisation, because of the
asymmetrical nature of the molecule. At this stage it is impossible to demonstrate the
existence of a branched structure. Many interesting cross-ring cleavage ions are also present
as 02As, 24A4, 03A3, and 35A3 ions rendue. They are very informative because they indicate a
linkage of a trihexose at carbon 6 of a hexose. When the structure is not methylated, minor
information can be extracted on the branching from the cross-ring cleavages.
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MALDI-MS/MS and Q-Trap MS/MS have been performed to analyse the carbohydrate
structure in the polypeptide chain of Cu/Zn-SOD from K. marxianus NBIMCC 1984 yeast
(Dolashka-Angelova et al. 2010). The obtained fractions after treatment of the protein with
trypsin were separated by HPLC and their amino acid sequences were determined by
MALDI-TOF-TOF. One putative linkage site was observed in the sequence
[EVWN(I/L)TGNSPNA(I/L)R] of the peptide with a mass of 1773.51 Da. The orcinol/H2504
test was effectively positive, confirming that one glycopeptide is present in a fraction eluted
at 19 min by HPLC. Structure of this glycopeptide was analysed by MALDI-MS/MS and Q-
Trap MS/MS.

The amino acid sequence of the peptide chain EVWN(I/L)TGNSPNA(I/L)R was
determined by MALDI-MS/MS, based on the singly-charged ions (Fig. 7). The difference
between two single ions at m/z 1571.01 and m/z 1773.51 is