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1 Introduction to Mass Spectrometry

“All science is either physics or stamp-collecting.” (Ernest Rutherford)

“The more I learn about experiments, the less I believe in them.” (Cédric Notredame)

GENOMICS AND TRANSCRIPTOMICS have been tremendously successful in the last 40 years.
Indispensable prerequisites for this success is our capability to amplify DNA (via poly-

merase chain reaction) and to read its sequence with low error rates. If we shift to proteomics
(the large-scale study of proteins) then it becomes eminent what the analytical problems are:
Firstly, there is no way to amplify proteins. Secondly, there is no technique to sequence proteins.
Analysis is further complicated by the fact that proteins fold to complex three-dimensional
structures, and protein function can only be understood if we take into account these structures.
But even if we ignore the latter problem — and we will do so throughout this book — it is
understood that our situation is much worse than for Genomics and DNA analysis. This is even
more so the case for metabolite and glycan analysis.

Here, mass spectrometry comes into play. This analytical technique has been developed
about one century ago, and is routinely applied to biomolecules since the advent of “soft”
ionization techniques. Mass spectrometry has many advantages, such as high sensitivity when
measuring low-concentration molecules, high speed enabling high-throughput experiments, or
high accuracy that allows us to determine the mass of a molecule with outstanding precision.
But there is one peculiarity of mass spectrometry that makes its analysis quite different from,
say, genome sequencing data: We can only derive a single physical property of the molecules
or fragments under consideration, that is, their mass (or, more precisely, their mass-to-charge
ratio). Computing the mass of a known molecule is trivial. But how can we get back? How can
we make claims about the identity of molecules in our sample, when the only information we
have available is the mass of the molecule and, possibly, its fragments?

Computational mass spectrometry is a newly emerged field of research in Bioinformatics
with linkage to signal processing, database searching, sequence analysis, statistics, discrete
mathematics and graph theory, computational geometry, and others. Computational mass spec-
trometry addresses the automated analysis of mass spectrometry data, and is of fundamental
importance due to the high-throughput nature of mass spectrometry data.

This chapter is meant as a short introduction, to get things started. It is not meant as a
reference that you can come back in five to ten years, on a particular subject matter. Instead,
it introduces the “bare necessities” from chemistry and mass spectrometry, to provide somebody
from bioinformatics or computer science with enough information to dive into the application.
Readers with a background in Mass Spectrometry might skip this chapter altogether, and read
Chapter 17 instead. Many mass spectrometry and chemistry details have been simplified as
much as possible, and you might want to look into the literature to learn what is truly going
on — in case this is already known. These simplifications are made to set the focus on the
computational side. Also, details can get extremely sophisticated, and easily fill a textbook —
and as it turns out, many textbook have been filled with these details [49, 53, 102, 146, 214, 215,
233].
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1.1 Atoms, elements, and molecules

We now give a very short and somewhat oversimplified introduction to atoms and elements. For
the moment, we limit ourselves to the pure essentials that are needed to get ourselves going.
For more details in particular on isotopes and isotope distributions, we refer to Chapter 9.

Atoms are the buildings blocks of matter that cannot be decomposed chemically. With
the exception of particular environments such as neutron stars, all matter surrounding us is
composed of atoms. Atoms in turn are usually composed of three types of massive subatomic
particles: electrons which have a negative charge, protons which have a positive charge, and
neutrons which have no charge. Protons and neutrons make up the atomic nucleus and are
called nucleons. Atoms have no charge, and must contain the same number of protons and
electrons; if this charge is disrupted, the resulting particle is called an ion.

Atoms are classified by their atomic number, that is, the number of protons in the atom, that
defines which element the atom is. All atoms with identical atomic number share the same
chemical behavior and cannot be differentiated chemically. The elements most abundant in
biomolecules are hydrogen (symbol H) with atomic number 1, carbon (C, atomic number 6),
nitrogen (N, 7), oxygen (O, 8), phosphor (P, 15), and sulfur (S, 16). The “backbone” of all
biomolecules is made from carbon. Less abundant elements include fluorine, silicon, copper,
zinc, selenium, and tungsten.

Atoms of the same element can differ in their number of neutrons: Such atoms are called
isotopes of the element. Different isotopes occur naturally: For example, carbon can have six
or seven neutrons, with relative abundance 98.89% and 1.110% in nature, respectively. We will
ignore this problem for the moment, and come back to it in Sec. 9.1. For the moment, we assume
that all atoms of each element are monoisotopic.

The mass of an atom is measured in “unified atomic mass units” with symbol “u”. In
biochemistry and molecular biology, the term “Dalton” and the symbol “Da” are used for the
same quantity, and we will stick with this notation in the following. In 1961, the International
Union of Pure and Applied Chemistry defined 1 Dalton to be 1/12 of the mass of one atom of the
carbon-12 isotope.1 An atom that contains n protons and neutrons will have a mass of roughly
n Dalton. This is only a rough estimate however, since it does not account for the mass contained
in the binding energy of an atom’s nucleus. This explains the mass defect, the difference between
the atoms mass and the larger sum of masses of the contained protons, neutrons, and electrons.
See Table 1.1 for the monoisotopic masses of the six elements most abundant in living beings. In
this book, we will often leave out the unit “Dalton”, in particular in the mathematical context of
weighted alphabets. It should be implicitly understood that all masses in this book are measured
in Dalton, unless explicitly stated otherwise.

A molecule consists of a stable system of two or more atoms. Molecules are the smallest
particles that retain the chemical properties of the pure chemical substance containing them.
The atoms in a molecule are joined by a chemical bond through shared pairs of electrons. The
chemical formula reflects the exact number of atoms that compose the molecule. A chemical
formula may also supply information about the types and spatial arrangement of bonds in
the chemical. We use the term molecular formula to indicate that we are solely interested in
the number of atoms that compose the molecule. Molecules with the same atoms in different
arrangements are called isomers. For example, the amino acids leucine and isoleucine are

1Be warned that until 1961, physicists defined 1 amu (atomic mass unit) as 1/16 the mass of one oxygen-16 atom,
whereas chemists used the higher average mass of oxygen (the atomic weight) as their unit; see Chapter 9.
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element symbol mass (Da)
hydrogen H 1.007825

carbon C 12.0
nitrogen N 14.003074

oxygen O 15.994915
phosphor P 30.973762

sulfur S 31.972071

Table 1.1: Some important elements with monoisotopic masses in Dalton, rounded to six digits.

isomers. The nominal mass (nucleon number) of a molecule is the sum of protons and neutrons of
the constituting atoms. The mass of a molecule is the sum of masses of the atoms it is composed
of.

1.2 A tiny primer on biomolecules

This section introduces the “players”: Computational mass spectrometry, to the largest extend,
deals with the analysis of biomolecules. For those who are not familiar with this subject matter,
we recapitulate some important facts. Everybody else immediately jumps to the next section.

The “manual of life” is written in deoxyribonucleic acids (DNA): it contains the genetic
instructions specifying the biological development of all cellular forms of life.2 A DNA polymer
is a a chemically linked chain of nucleotides, each of which consists of a sugar, a phosphate and
one of four kinds of bases, namely adenine, cytosine, guanine, and thymine. When encoding
information, DNA usually appears in the form of a double strand or double helix. The two
strands of a DNA double strand usually form a perfect reverse complement of each other. As
a macromolecule, a DNA molecule can have a length of several centimeters. The genome of an
organism is, roughly speaking, the total information that is encoded in the DNA of its cells.
Every cell of an organism carries an identical copy of the genome, with few exceptions such as
gametes or mutations.

There exist efficient experimental techniques for analyzing DNA, starting from Polymerase
Chain Reaction (PCR) that allows us to replicate DNA at an exponential rate [10], Sanger
Sequencing [204] that has been used to sequence the human genome and a few others, Next
Generation Sequencing (454 pyrosequencing by Roché, Solexa by Illumina, SOLiD by Applied
Biosystems) that can sequence several Gigabases of DNA per day and machine, to third gen-
eration methods that are currently being developed. Mass spectrometry never had a dominant
role for the analysis of DNA, unlike it has for proteins; with the advent of second and third
generation sequencing, this will be even more so. Apart from a few pioneering methods, to
which the author of this book has contributed to some extend [23, 66, 147], computational MS
does not and will not deal with the analysis of DNA molecules.

Ribonucleic acids (RNA) are biochemically distinguished from DNA by the presence of an
additional hydroxyl group, and the use of uracil instead of thymine. A stretch of DNA can
be transcribed into RNA, such as messenger RNA (mRNA) encoding proteins. In eukaryotes,
certain parts of the RNA molecules are spliced out and the remaining parts are joined, respecting

2Biology has few rules without exceptions: RNA viruses encode their genetic instructions in RNA.
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the original order. Through this alternative splicing, one DNA sequence can be transcribed into
many different mRNA molecules. Other types of RNA exist that do not encode proteins, such
as transfer RNA (tRNA) or the famous microRNAs (miRNA). In the lab, there exist several
experimental techniques for analyzing RNA, such as microarrays. Regarding RNA analysis and
mass spectrometry, the same holds as for DNA and MS.

Finally, the mRNA is translated into a protein: Similar to a DNA strand that is a chain of
bases, a protein consists of amino acids joined by peptide bonds. An amino acid consists of a
carboxyl group, an amino group, and the side chain that is specific to each amino acid. Twenty
amino acids are encoded by the standard genetic code and are called proteogenic amino acids.
Often, amino acids are modified after translation, referred to as Posttranslational Modifications
(PTMs). These modifications are not encoded in the DNA or RNA template. The sequence
of amino acids constitutes the primary structure of the protein. Proteins fold into complex
secondary structures (alpha helix, beta sheet) and tertiary structures (spatial relationships in
space) that are crucial for their diverse functions. Proteins can also be part of a protein complex,
sometimes called quaternary structure. Proteins are essential to the structure and function of
all living cells and viruses. Many proteins are enzymes or subunits of enzymes, and catalyze
chemical reactions. Other proteins play structural or mechanical roles, are involved in immune
response, or the storage and transport of ligands.

Proteins range in size from below 100 amino acids to several thousand amino acids: the
muscle protein titin has a single amino acid chain of 27 000 residues. Short sequences of amino
acids, as well as parts of digested proteins (see below) are referred to as peptides. A variety of
PTMs exist in protein biosynthesis, such as the formation of disulfide bridges, or attachment
of biochemical functional groups by phosphorylation, acetylation, alkylation and methylation,
isoprenylation, glycosylation, and others. The presumably largest PTM is glycosylation, where
a (small or large) glycan is attached to one amino acid of the protein, see below.

Metabolites are the intermediates and products of metabolism which, in turn, is the en-
tirety of all chemical reactions that happen in living beings to maintain life. Metabolites
are rather small, with mass usually below 1000 Dalton. Examples of metabolites are amino
acids, monosaccharides, or adenosine-5’-triphosphate (ATP), the energy currency of the cell.
Primary metabolites are directly involved in growth, development, and reproduction of a cell or
organism; whereas secondary metabolites are not directly involved in those processes. Most of
the secondary metabolites in any given higher eukaryote remain unknown. Unlike for proteins,
genome sequencing usually does not allow us to deduce the structure of the metabolites. Also
unlike proteins or glycans that are made from smaller monomer building blocks, the molecular
structure of metabolites is not restricted. This results in a huge variety and complexity of these
molecules. We will come back to metabolites in Chapter 13.

There are many sub-classes of metabolites that have particular structural restrictions: For
example, lipids include fats, waxes, sterols, and fat-soluble vitamins. Lipids may be broadly
defined as hydrophobic or amphiphilic small molecules. Other sub-classes of metabolites include
nucleotides, amino acids, monosaccharides, steroids, or terpenes. We will not further discuss our
utilize the peculiarities of these sub-classes.

Glycans are the third major class of biopolymers, and are built from simple sugars (monosac-
charides). A large number of monosaccharides exist, but only few are present for an individual
species or cell. Glycans can be assembled in a tree-like structure, making their primary struc-
ture considerably more complex than that of proteins. Large glycans include starch, cellulose,
and chitin. Glycans can be attached to proteins or lipids, but may also be free molecules.
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Figure 1.1: The Calutron, used for separating the isotopes of uranium. It was developed by
E.O. Lawrence during the Manhattan Project. In 1945, calutrons were used to
produced weapons-grade 235U to build the nuclear bomb [184]. After the war,
gaseous diffusion technology and (even later) gas centrifuge technology replaced the
calutrons. [TODO: WEGEN RECHTEN FUER DAS BILD NACHFRAGEN]

Glycosylation, the attachment of glycans to proteins, is presumably one of the most extensive
and complex protein PTM. Glycans are believed to play an important role in cell growth and
development, tumor growth and metastasis, or immune recognition and response. Like for
metabolites, the structure of glycans cannot be directly inferred from the genome sequence of an
organism. We will come back to glycans in Chapter 14.

1.3 A short history of Mass Spectrometry

Mass spectrometers constitute a large and diverse class of instruments. Their development
began at the end of the 19th century with the research on Kanalstrahlen. At that time,
experiments by Sir Joseph J. Thomson gave evidence of the existence of stable (non-radioactive)
isotopes. In the early 20th century, Francis W. Aston (who helped to design Thomson’s equip-
ment) and Arthur J. Dempster, along with many others, proved the existence of numerous
isotopes, and provided measurements of their abundances and masses. In the following years,
mass spectrometry transformed from a somewhat “esoteric” technique into routine instruments
used in many labs throughout the world. At the end of World War II, mass spectrometry
was used to enrich uranium-235 needed to build the infamous uranium bomb, see Fig. 1.1.
The same techniques were later used to provide researchers from physics, chemistry, biology,
and medicine with separated isotopes of nearly all the elements of the periodic table. After
the war, two important new mass analyzer where invented, namely Time-of-Flight analyzers
by William E. Stephens, and quadrupole analyzers by Wolfgang Paul and Hans G. Dehmelt.
Also, mass spectrometry was increasingly used to analyze complex organic molecules. Mass
spectrometers where coupled to separation techniques such as Gas Chromatography, pioneered
by Roland S. Gohlke and Fred W. McLafferty, a combination which is still frequently in use today.
Development continued throughout the following years: Tandem mass spectrometry, developed
in 1966, coupled two or more mass spectrometers where one machine served as a source for
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to 1900 early mass spectrometry
1919 observation of isotopes using MS
1946 Time-of-Flight MS (TOF)
1953 quadrupole analyzers
1956 Gas Chromatography MS (GC/MS)
1966 chemical ionization
1966 Tandem MS (MS2), peptide sequencing
1966 metabolomics
1968 Electrospray Ionization (ESI)
1968 Collision Induced Dissociation (CID)
1974 Fourier Transform Ion Cyclotron Resonance (FT-ICR)
1984 Quadrupole/Time-Of-Flight Mass Analyzer (QTOF)
1985 Matrix-Assisted Laser Desorption Ionization (MALDI)
1989 ESI on biomolecules
1992 low level peptide analysis
1993 oligonucleotide ladder sequencing
1993 protein mass mapping
1999 quantitative proteomics and metabolomics with isotope labels
2000 Orbitrap
2004 Electron Transfer Dissociation (ETD)

Table 1.2: Short and incomplete list of important developments and inventions in the field of
mass spectrometry, tailored towards biomolecules. See the extensive overview at
http://masspec.scripps.edu/mshistory for much more information.

the next. In the same year, peptide sequencing using mass spectrometry was pioneered by
Biemann, Cone, Webster, and Arsenault [20]. Even back then, the interpretation of the mass
spectrum was supported by a computer program. Of particular interest for analyzing proteins
and other biomolecules is the development of “soft” ionization techniques, namely Electrospray
Ionization (ESI) by John B. Fenn, and Matrix-Assisted Laser Desorption Ionization (MALDI) by
Michael Karas and Franz Hillenkamp. Fragmenting peptides by Collision Induced Dissociation
(CID) was developed in 1968 [TODO: FORTSETZEN!] The Orbitrap was invented by Alexander
Makarov in 2000 and shows similar performance as an FT-ICR, but without the need of a
superconducting magnet. For an overview see Table 1.2.

Six Nobel laureates received their prize for discoveries and inventions in the field of mass
spectrometry: Joseph J. (“J.J.”) Thomson (1906, Physics), Francis W. Aston (1922, Chemistry),
Wolfgang Paul (1989, Physics), Hans G. Dehmelt (1989, Physics), John B. Fenn (2002, Chem-
istry), and Koichi Tanaka (2002, Chemistry).

1.4 Mass Spectrometry in a Nutshell

To understand what an MS instrument is doing, think of a “parallel scale”. This is a bathroom
scale that you can step on, with a twist: Instead of weighting just a single person, we can
measure the weights of many people in parallel. Think of a giant scale, where a million people
can step on in parallel: Our parallel scale then tells us that 5000 people weighted 64.7 kg, and
12000 people weighted 77.3 kg. We will come back to this example later.
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Figure 1.2: Schematic representation of a mass spectrometer.

To analyze molecules in an MS instrument, these molecules first have to be ionized: Only
ions will be effected by the electromagnetic field of the mass analyzer. Ionization can happen
by attaching one or more protons to the molecule, resulting in a positively charged ion; or, by
attaching one or more electrons, resulting in a negatively charged ion. The charge z of an
ion or molecule is a unit-free signed integer z ∈ Z, where unionized molecules have charge z =
0. Proteins and peptides, which are predominately ionized by ESI or MALDI (see below), are
usually positively charged.

It turns out that MS instruments are usually unable to distinguish an ion with mass m and
charge z = 1, from an ion with mass 2m and charge z = 2 and, more generally, from any ion with
mass z ·m and charge z ∈ N. So, we will not be able to record the masses of ions, but only the
mass-to-charge ratio m/z. In many applications, we may safely assume that most of the ions
have a single charge, and we can treat multiple charged ions separately, without considering
them in our general computational setup. For other applications, this is not the case, and we
have to deal with different and unknown charges in one measurement. We will come back to
this issue in Sec. 7.1. When we talk about recording the masses of ions in our sample, we in
fact mean recording the mass-to-charge ratio of the ions, then calculating the masses of the ions
under the assumption that, say, all ions are single charged.

Recall that an MS instrument can only analyze ions, whereas uncharged molecules are
unaffected by the electromagnetic fields of the instrument and, hence, will not be detected. For
convenience, we will often talk about the analyzed molecules, not their charged ion counterparts.
Again, it must be understood that we can easily calculate the mass of a molecule if we know the
mass of the corresponding ion, as well the “adduct ion” that is responsible for the charge of the
ion. Throughout this book, we usually assume that the ion is charged by the addition of a single
proton H+. In other cases, we can calculate the mass of the molecule analogously, see Sec. 7.3.

In principle, mass spectrometry can be though of as a three step process: at first, the
mixture of molecules that we want to analyze (the analyte) has to be ionized in the ionization
source. Next, analyte ions are separated in the mass analyzer. Finally, they hit the detector
and are recorded. A mass spectrum is then recorded by a computer. These three steps are
depicted in Fig. 1.2. Note that this separation into three steps is not true for all types of MS
instruments: For example, Orbitrap instruments do not separate mass analyzer and detector.
But to understand the principles, it is helpful to think of these steps as being separated; for
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the computational analysis, it is usually not important. It should be noted that most MS
instruments operate at very low pressure, close to a vacuum, to minimize the random interaction
of analyte ions and other particles inside the instrument.

Finally, let us come back to our example of a parallel scale, and talk about some of the limiting
factors of an MS analysis. First, assume that our scale tells us that there was a group of
people weighting 77.3 kg; but in reality, these people weight 77.4 kg. This corresponds to the
mass accuracy of the measurement, and is presumably the most important parameters that we
have to take into account in our analysis. Next, assume that there are two groups of people,
one weighting 88.4 kg, the other 88.6 kg. In this case, our scale might wrongly measure only
a single group of people with assumed weight 88.5 kg. This corresponds to the resolution of
the measurement, and gets important if there are several ions with almost identical mass.
Next, certain people might be “easier to detect” for our scale than others, so we cannot trust
the numbers of people in each group, and only say that “there is a reasonably large group of
people with weight 88.5 kg”. This corresponds to different “ionization preferences” of different
molecules.

[TODO: PASS OP!]
You will sometimes here people referring to mass spectrometry as “mass spectroscopy”. Using

this term is not a good idea, as it might lead to confusion with light spectroscopy — and mass
spectrometry has nothing to do with light or radiated energy. Similarly, a mass spectrum has
nothing to do with a spectrum of light.

We now describe some ionization sources, mass analyzers, and ion detectors in slightly
more detail. This description is again vastly incomplete, and rather meant to introduce some
important techniques that one gets in touch with when analyzing MS data. See any MS textbook
for more details.

1.4.1 Ionization sources

In the ionization source, analyte molecules are converted into ions. Charge can be created
by the addition of removing of a proton, or by adding other adduct ions, see Sec. 7.3. When
analyzing biomolecules, the challenge is to create ions without shattering the analyte molecules:
In particular proteins are easily fragmented to uninformative pieces using “hard” ionization
techniques.

Electrospray Ionization (ESI) was developed in 1968 by John B. Fenn. The analyte, dissolved
in a large amount of solvent, is pushed through a tiny, highly charged capillary. This
liquid pushes itself out of the capillary and forms mist of small droplets. When the solvent
evaporates, the analyte molecules are forced closer together; as they have identical charge,
they repel each other and eventually break up the droplets. Repeating this process, the
droplets get smaller and smaller, until the analyte ions are free of solvent. ESI tends to
produce multiple-charged ions, in particular for large analyte molecules such as proteins.
See Fig. 1.3 (left), and Fenn et al. [73] for more details.

Matrix-Assisted Laser Desorption/Ionization (MALDI) was developed in 1985 by Michael
Karas and Franz Hillenkamp. The matrix consists of small organic molecules, that absorb
energy at the wavelength of the used laser. The method is based on the co-crystallization
of the matrix an the analyte components, so that analyte molecules get incorporated
into the crystals. The matrix has two functions: it absorbs the light that is fired from
the laser, leading to the ionization; and, it protects the molecules of the analyte from
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Figure 1.3: Ionization sources: Electrospray ionization (ESI, left) and matrix-assisted laser
desorption/ionization (MALDI, right).

Figure 1.4: Left: Ions in an electromagnetic field. Right: Sector field mass analyzer.

being fragmented by the laser. Very large molecules can be ionized by MALDI without
fragmenting them. See Fig. 1.3 (right), and [127] for more details. [TODO: PASS OP!]

Electron Ionization (EI) was previously called Electron Impact (EI) ionization. It is mainly
used in conjunction with Gas Chromatography (see Sec. 1.6.2) for the analysis of small
molecules, such as metabolites, see Chapter 13. A beam of energetic electrons is fired at
the analyte molecules, inducing ionization and fragmentation. EI is not a “soft” ionization
technique, as many of the analyte molecules get fragmented during ionization, often to
an extend that no peak is recorded for the mass of the analyte ion. Consequently, EI is
practically never used for the analysis of proteins and peptides. But the fragmentation
of small molecules is well understood (textbooks have been filled with the details) and
the fragmentation spectrum can be used to identify the small molecule by searching in a
spectrum library.
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Figure 1.5: Mass analyzers: Quadrupole (left) and Time of Flight (TOF, right). [TODO: DRAW
FIGURES]

1.4.2 Mass analyzers

The second step of the mass spectrometry analysis is presumably the most important part, as
this determines the accuracy, sensitivity, resolution, and many other aspects of the machine. All
mass analyzers rely on the concept of sending the accelerated ions through an electromagnetic
field. In this field, the ions are deflected from their straight line of travel. The higher the charge
of the ion, the larger the force of deflection. On the other hand, ions of small mass are easier to
deflect than ions of large mass. The conceptually simplest mass analyzer is the sector field mass
analyzer, where ions fly in a curved tube; ions can pass the tube if and only if the mass-to-charge
ratio fits to the field intensity. By varying the field intensity, we can scan all m/z-values. See
Fig. 1.4.

In the following, we describe four mass analyzers that are, at present, very common for the
analysis of biomolecules.

• The Quadrupole mass analyzer consists of four circular and parallel rods, that are
applied oscillating electric fields. The quadrupole is used to filter analyte ions, based on
their mass-to-charge ratio. Only ions of a particular mass-to-charge ratio can pass trough
the quadrupole on a stable trajectory, see Fig. 1.5. By varying the current applied to the
rods, we scan through the range of mass-to-charge ratios. Quadrupole instruments usually
achieve rather low mass accuracy, such as 100 parts per million (ppm) or worse. See Miller
and Denton [166] for a detailed overview.

• Time of Flight (TOF) first accelerates ions in an electric field so that, in principle, all
ions have identical kinetic energy. Then, we measure the time ions need to fly through
a field-free drift tube, by sampling the current at the detector at discretized time steps.
The time-of-flight of an ion depends on its velocity reached during acceleration in the
electric field which, in turn, depends on the mass-to-charge ratio of the ions, see Fig. 1.5.
Orthogonal acceleration time-of-flight machines can achieve excellent mass accuracy and
resolution, and can be regarded as high-accuracy instruments. See Guilhaus [104] for a
detailed overview.
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Figure 1.6: Mass analyzers: Fourier Transform Ion Cyclotron Resonance (FT-ICR, bottom left)
and Orbitrap (bottom right). [TODO: DRAW FIGURES]

• Fourier Transform Ion Cyclotron Resonance (FT-ICR) These “Penning traps” keep
the ions confined in the high magnetic field of a super-conducting magnet. The ions circle
with frequencies that are inversely proportional to their m/z ratio, see Fig. 1.6. This
circling induces an alternating current in the metal plates that make up the trap; this
time-varying current can be recorded, so FT-ICR does not require a separate ion detector.
The current constitutes a frequency spectrum of the ion motion, and is converted into a
mass spectrum using the Fourier Transform. FT-ICR instruments have outstanding mass
accuracy (sometimes below 1 ppm) and very high resolution.

• The Orbitrap is an ion trap where moving ions are trapped around an electrode. The elec-
trostatic attraction is compensated by centrifugal force arising from the initial tangential
velocity. Potential barriers created by end-electrodes confine the ions axially, see Fig. 1.6.
The crux is not so much the analyzer itself, which has been known in Mass Spectrometry
for some time, but rather how to get ions into this trap. The LTQ Orbitrap by Thermo
Scientific uses several “tricks” to achieve this. The orbitrap mass analyzer is the first
fundamentally new mass analyzer introduced commercially in over 20 years. See Hu et al.
[115], Perry et al. [187] for more details.

It must be understood that there is no “perfect” mass analyzer: All come with there particular
advantages and disadvantages. For example, quadrupole MS may have a bad mass accuracy;
but these instruments are rather cheap, and can be operated at “high” pressure. Also, they can
serve as a filter for tandem mass spectrometry, see Section 1.5.

In the MS literature, there is always a race for the best MS instrument; and quite necessarily
so, as this drives the development of novel MS methods. But for the computational analysis,
we do not have the choice if the instrument that generates our data, is the spearhead in MS
instrumentation. Rather, we have to analyze the data at hand; or, estimate what mass accuracy
and other parameters are required to get the biological, biochemical, or chemical answers
that we are aiming for. The computational analysis of data from an antiquated instrument
is obviously a much harder task and, hence, also a bigger intellectual challenge than analyzing
data from a top flight instrument. At any given time, 99% of the MS instruments in operation
will not be such top flight instruments; so, there is good reason to develop methods for the other
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ones, too. In the best case, our computational methods will already work for “low quality” data;
but results will continuously get better for data of better quality.

1.4.3 Ion detectors

Finally, we have to record the ions that were separated in the mass analyzer. Detectors record
either the charge induced or the current produced when an ion passes by or hits a surface. The
number of ions that leave the mass analyzer for a particular m/z value is usually very small, so
the signal has to be amplified. Typical ion detectors include electron multiplier, Faraday cups,
and microchannel plate detectors. We noted above that for FT-ICR and Orbitrap, the detector is
part of the mass analyzer.

It turns out that the actual make of the ion detector is usually not relevant for the computa-
tional analysis. Hence, we omit all further details.

1.5 Tandem Mass Spectrometry

Tandem mass spectrometry describes numerous techniques where ions with a particular mass-
to-charge ratio are selected in a first mass analyzers, are introduced into a fragmentation cell.
The most prominent fragmentation technique is Collision Induced Dissociation (CID), where
molecules are passed through a collision cell containing some noble gas, such as helium or argon.
Fragmentation is achieved by collisions with the neutral atoms of the noble gas.

Let us come back to the most interesting part of tandem MS, the collision cell, where our
ions collide with the noble gas. Whereas the picture of flying a space ship into an asteroid field
is appealing, it is unfortunately wrong: In fact, the fragmentation is rather a chemical process
than a physical one. By colliding with the neutral gas, some of the kinetic energy of the molecule
is transferred into internal energy. This energy than triggers a fragmentation pathway which,
unfortunately, is usually much more complicated than simply cutting some of the bonds in the
molecule.

We call the ion that gets fragmented, the parent ion or precursor ion; the ions in the
fragmentation spectrum are called daughter ions or product ions. When a single charged parent
ion is fragmented, the charge of the the ion can stay with either of the (usually two) fragments.
In this case, the other fragment is not detectable by the MS instrument, and is called a neutral
loss. It depends on the size of the fragments and, in particular, their chemical structure, which
of the fragments is ionized and which is the neutral loss. As we do not fragment a single ion
but instead, billions of identical copies, it is still possible that we can detect both fragments of
this fragmentation reaction. In case the fragmented ion is multiple charged, the charges are
distributed between its fragments. Again, the distribution of charges to the fragment depends
on their size and chemical structure.

In passing, we mention that there exist other fragmentation techniques, such as electron
transfer dissociation (ETD) or higher-energy collisional dissociation (HCD). It must be un-
derstood that fragmentation spectra from different fragmentation techniques will look vastly
different when fragmenting the same molecule.

Finally, there exist other techniques besides tandem MS that allow us to fragment a molecule:
Presumably the most prominent is Electron Ionization, where

12
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1.6 Sample preparation and separation

Before some molecules can actually be fed to an MS instrument and analyzed there, some steps
are taken to make this analysis as simple as possible. In principle, we could directly feed a
sample to the instrument, and try to make sense of the data we collect. But this limits the
power of our MS analysis, as we have to deal with contamination during the analysis of the
data; contaminant signals can superimpose the true signals, dampening or even completely
eliminating them. Clearly, it depends on the biological question what we are interested in, what
we consider to be “contaminants”: In a proteomics experiment, all metabolites are considered
contaminants, whereas the converse is true for a metabolomics experiment. As both the
experimental setups and the computational analysis of the data for these two fields are very
different, it is practically impossible to analyze them in one go. But as we will see below,
separation is a crucial step for a comprehensive analysis, so enriching the molecules we are
interested in and getting rid of all others, is always a good idea.

Furthermore, it is sometimes hard or even impossible to directly analyze the biomolecules at
hand: A prominent example are proteins, that are “too large” for MS analysis, at least if we
are interested in more than their mass alone. So, proteomics analysis requires us to break the
proteins into pieces (peptides) before analyzing them by MS. There are at least two important
experimental setups for this task, that will be covered in more detail in Chapter 11.

I refrain from describing the experimental details that are needed, say, to extract proteins
from a cell. In most cases, these are not important for the computational analysis. In certain
situations, though, the exact biochemistry of this extraction can be relevant: An example
are “fixed modifications” of amino acids in proteomics experiments (such as the oxidization of
methionine, see Sec. 2.6) which are due to the experimental setup, not biochemical processes
in the sample. Usually, we can easily modify the computational approach to take into account
such peculiarities, and can safely ignore them when developing our computational methods.
But there are exceptions to this rule, and peptide database searching in the presence of variable
modifications is a prominent example.

1.6.1 Tryptic digestion

For some time, there appeared to be a competition in the MS community, regarding the largest
intact protein that could be analyzed by mass spectrometry. Apparently, this competition has
come to an end; a possible reason being that the mass of an intact protein does not tell you a
lot about the protein. Tandem MS of complete proteins is also not possible in most cases, due to
various reasons that are beyond the scope of this book. [TODO: NACHFRAGEN WARUM!] So,
the proteomics community came up with a trick: Instead of analyzing a complete protein, one
first cleaves the protein into shorter pieces, namely peptides, then analyzes these peptides by
MS.

Proteins can be cleaved into peptides by chemical or enzymatic methods. To understand
enzymatic digestion, note that peptide bonds in proteins are metastable, meaning that they
will break spontaneously in the presence of water; but this process is extremely slow. Breaking
peptide bonds can be leveraged by proteolytic enzymes such as trypsin, V8, or chymotrypsin. At
present, the predominant method for protein cleavage is tryptic digestion: The serine protease
trypsin cleaves peptide bonds at the carboxy side of a lysine (K) and arginine (R) residue by
hydrolysis, adding a water molecule. This cleavage is inhibited if the lysine or arginine residue
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is followed by a proline (P). The result of this cleavage are two peptides with sum formulas equal
to that of the initial protein, plus H2O.

[TODO: PASS OP!]

1.6.2 Separation by chromatography

Mixtures of biomolecules are often too complex to be directly fed into an MS instrument: The
abundant analyte ions would make it impossible to detect analyte ions that are less frequent in
the sample. Also, the huge number of resulting peaks in the mass spectrum, would severely limit
our ability to record tandem mass spectra. To this end, these mixtures are usually separated
before feeding them to the MS instrument. Chromatography is the predominant separation
technique to be coupled with MS.

[TODO: PASS OP!]
Chromatography can be easily coupled with continuous ionization sources such as ESI and EI;

for ionization by MALDI, separated parts of the sample first have to be collected before feeding
them to the MS instrument.

1.7 Exercises

1.1 Write a program that simulates protein cleavage by tryptic digestion.
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