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1.1
Introduction

In the past 30 years, mass spectrometry (MS) has undergone a spectacular devel-
opment, in terms of both its technological innovation and its extent of applica-
tion. On-line liquid chromatography—mass spectrometry (LC—MS) has become
a routine analytical tool, important in many application areas. The introduction
of electrospray ionization (ESI) and matrix-assisted laser desorption/ionization
(MALDI) has enabled the MS analysis of highly polar and large molecules, includ-
ing biomacromolecules. MS is based on the generation of gas-phase analyte ions,
the separation of these ions according to their mass-to-charge ratio (m/z), and the
detection of these ions. A wide variety of ionization techniques are available to
generate analyte ions (Section 1.3). Mass analysis can be performed by six types
of mass analyzers (Section 1.4), although quite frequently tandem mass spectrom-
eters, featuring the combination of two mass analyzers, are used (Section 1.5). The
data acquired by MS allow quantitative analysis of target analytes, determination
of the molecular mass/weight, and/or structure elucidation or sequence determi-
nation of (unknown) analytes (Section 1.6).

This chapter provides a general introduction to MS, mainly from a functional
point of view. Next to basic understanding of operating principles of ionization
techniques and mass analyzers, the focus is on data interpretation and analytical
strategies required in the study of biomolecular interactions using MS.

1.2
Figures of Merit

1.2.1
Introduction

An MS experiment typically consists of five steps: (i) sample introduction, (ii) ana-
lyte ionization, (iii) mass analysis, (iv) ion detection, and (v) data processing and
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interpretation of the results. Sample introduction may involve individual samples
or may follow (on-line) chromatographic separation. Mass analysis and ion detec-
tion require a high vacuum (pressure < 107> mbar). Analyte ionization may take
place either in high vacuum or at atmospheric pressure. In the latter case, a vac-
uum interface is required to transfer ions from the atmospheric-pressure ioniza-
tion (API) source into the high-vacuum mass analyzer region.

In its basic operation with on-line chromatography or other forms of continuous
sample introduction, the mass spectrometer continuously acquires mass spectra,
that is, the instrument is operated in the full-spectrum (or full-scan) mode. This
means that a three-dimensional data array is acquired, defined by three axes: time,
m/z, and ion intensity (counts). This data array can be visualized in different ways
(Figure 1.1). In the total-ion chromatogram (TIC), the sum of the ion counts in the
individual mass spectra are plotted as a function of time. A mass spectrum repre-
sents a slice of the data array of the ion counts as a function of m/z at a particular
time point. Summed, averaged, and/or background subtracted mass spectra can
be generated. Mass spectra may be searched against libraries, when available, to
assist in compound identification. In an extracted-ion chromatogram (XIC), the
counts for the ion with a selected m/z are plotted as a function of time. The m/z
selection window may be adapted to the resolution of the mass spectrometer. In
instruments providing unit-mass resolution, the selection window in most cases is
+0.5 m/z units (u), whereas with high-resolution mass spectrometry (HRMS, see
below) selection windows as small as +10 mu can be used (narrow-window XIC).
In a base-peak chromatogram (BPC), the ion count recorded for the most abun-
dant ion in each spectrum is plotted as a function of time. BPCs are especially
useful for peak searching in chromatograms with relatively high chemical back-
ground. More advanced tools of data processing are discussed in Section 1.6.1.

Three figures of merit are relevant: mass spectrometric resolution, mass accu-
racy, and the acquisition speed, that is, the time needed to acquire one spectrum
(or one data point in a chromatogram).

1.2.2
Resolution

Despite the fact that mass spectrometrists readily discuss (and boast) on the res-
olution of their instruments, it seems that there is no unambiguous definition
available. The IUPAC (International Union of Pure and Applied Chemistry) rec-
ommendations [1] and ASMS (American Society for Mass Spectrometry) guide-
lines [2] are different in that respect [3, 4]. Most people in the MS community
define resolution as m/Am, where m is the mass of the ion (and obviously should
be read as m/z) and Am is either the peak width (mostly measured at full-width
half-maximum, FWHM) or the spacing between two equal-intensity peaks with
a valley of, for instance, 10% [1]. The FWHM definition is generally used with all
instruments, except sector instruments where the valley definition is used. The
resolving power is defined as the ability to distinguish two ions with a small differ-
ence in m/z However, resolving power has also been defined as m/Am and the
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N-glycopeptide from the LC-MS analysis of a
tryptic digest of a commercial immunoglobu-
lin G (IgG) standard, analyzed using a Dionex
Ultimate 3000 nano-LC coupled via ESI to a
Bruker Maxis Impact Q-TOF MS in the labora-
tory of one of the authors (D. Falck).

resolution as the inverse of resolving power [3]. The IUPAC definition is used

throughout this text.

In a simple and straightforward way, mass analyzers can be classified as
either unit-mass-resolution or high-resolution instruments (see Table 1.1). For
unit-mass-resolution instruments such as quadrupoles and ion traps, calculation
of the resolution as m/Am is not very useful, as the FWHM is virtually constant

over the entire mass range.

m/z
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Table 1.1 Characteristics and features of different mass analyzers.

Analyzer Resolution? Mass Full-spectrum Selected-ion Pressure
accuracy performanceb) performanceb’ (mbar)
Quadrupole Unit-mass +0.1 + ++ <107°
Ion-trap Unit-mass +0.1 ++ + 1075
Time-of-flight ~ <70000 <3 ppm ++ - <1077
Orbitrap <140000 <1lppm ++ - <107°
FT-ICR <400 000 <1ppm ++ - <107°
Sector <60000 <3 ppm + ++ <1077

a) Resolution based on FWHM definition, except for sector (5% valley definition).
b) ++, instrument highly suitable for this operation; +, instrument less suitable for this
operation; and —, instrument not suitable for this operation (post-acquisition XIC possible).

123
Mass Accuracy

In MS, the mass of a molecule or the m/z of an ion is generally expressed as a
monoisotopic mass (molecular mass) or m/z, referring to the masses of the most
abundant natural isotopes of the elements present in the ion or molecule. In chem-
istry, the average mass or molecular weight is used, based on the average atomic
masses of the elements present in the molecule. The exact mass (or better m/z) of
anion is its calculated mass, that is, its theoretical mass. In this respect, the charge
state of the ion is relevant, because the electron mass (0.55 mDa) may not be negli-
gible. The accurate mass (or better m/z) of an ion is its experimentally determined
mass, measured with an appropriate degree of accuracy and precision. The accu-
rate mass is the experimental approximation of the exact mass. The nominal mass
(or better m/z) is the mass of a molecule or an ion calculated using integer val-
ues for the masses of the most abundant isotopes of the elements present in the
molecule or ion. The mass defect is the difference between the exact mass and the
nominal mass of ion or molecule [1, 5].

The achievable mass accuracy in practice depends on the resolution of the mass
analyzer and the quality and stability of the calibration of the m/z axis. An instru-
ment providing unit-mass resolution generally allows m/z determination for
single-charge ions with an accuracy of +0.1 u (nominal mass determination). In
HRMS, the mass accuracy is generally expressed either as an absolute mass error
(accurate mass — exact mass, in mu) or as a relative error (in ppm), calculated
from

accurate mass—exact mass
( ) x 10°

(exact mass)

In HRMS of small molecules, the error in m/z determination will typically be in
the third decimal place (accurate mass determination).

From the accurate m/z of an ion, one can use software tools to calculate its
possible elemental compositions. The number of hits from such a calculation
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obviously depends on the m/z value, the number of elements considered, and
the mass accuracy achieved [6]. The number of hits may also be reduced by
taking an accurately measured isotope pattern of the ion into consideration
[7, 8]. For a given ion with m/z M, the relative abundances of the ions with m/z
M+1, M+2, and M+3 reveal the presence (or absence) and even the number
of specific elements, for example, Cl, Br, and S from the M+2 ion. For small
molecules (<1 kDa), the maximum number of carbon atoms in the molecule can
be estimated by dividing the relative abundance (in percent) of the M+1 peak by
1.1. Ultra-HRMS instruments have additional possibilities to derive elemental
composition, as they can even separate the contributions of different atoms
to the M+2 isotope peak. This is illustrated for an unknown compound with
C,3H,4N;04S, in an onion bulb in Figure 1.2 (see also [9]).

As discussed in Section 1.6.6, mass accuracy also has a distinct influence on
the ease and quality of protein identification from peptide-mass fingerprints or
peptide-sequence analysis approaches.

1.24

General Data Acquisition in MS

The general mode of data acquisition of a mass spectrometer is the full-spectrum
(or full-scan) mode. In this mode, mass spectra are continuously acquired between
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Figure 1.2 Demonstration of high- a resolution of 380000. (Reprinted with
resolution mass spectrometry. Simulated permission from Prof. Kazuki Saito (RIKEN
isotopic pattern for an unknown com- Plant Science Center, Yokohama, Japan) and

pound with C;3H,,N;0,4S, in an onion bulb  Bruker Daltonics Application Note # LC-MS
with isotopic fine structure exhibited at 85, ©2013, Bruker Daltonics, 1822187.)
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alow m/z and a high m/z within a preset period of time (mostly <1 s). Obviously,
the information content of the spectrum depends on (i) the selected ionization
technique, (ii) the resolution of the instrument, and (iii) data system parameters.
The mass spectra are acquired in continuous or profile mode, that is, with a num-
ber of data points per m/z value. For unit-mass-resolution instruments, ~10 data
points per m/z suffice, whereas in HRMS far more data points per m1/z are required
to provide the appropriate resolution and mass accuracy. Either the profile data are
saved by the data system, eventually after some data reduction such as apodiza-
tion to reduce the data file size (see, e.g., [10]), or centroiding is performed, where
only a weighted average of the mass peak is saved [4]. The latter greatly reduces
the data file size. Post-acquisition data processing tools may require either profile
or centroid data.

Some mass analyzers (see Table 1.1) can also acquire data in the selected-ion
mode, which means that the mass analyzer is programmed to select a particular
m/z for transmission to the detector during a preset period (the so-called dwell
time, typically 5—200 ms) and to subsequently jump to other preselected m/z val-
ues; after monitoring all selected m/z values, the same function is repeated for
some time, for example, during (part of) the chromatographic run time. Thus,
compared to the full-spectrum mode, the MS has a longer measurement time of
the selected ion, and thus provides enhanced signal-to-noise ratio (S/N). The data
can be displayed in terms of XICs. This acquisition mode is especially applied in
targeted quantitative analysis. With HRMS instruments not capable of a selected-
ion mode, improved S/N and targeted quantitative analysis can be achieved post-
acquisition in narrow-window XICs (see Section 1.2.1).

For a proper understanding of the possibilities and limitations of MS, one should
be aware of the fact that a mass spectrometer can generally perform only one
experiment at a time. However, various experiments can be performed consec-
utively. Functions may be defined to perform various experiments repeatedly. As
outlined in Section 1.6.1, decisions for the next experiment may be based on the
data acquired in the previous experiment (data-dependent acquisition, DDA). The
time required for individual MS experiments very much depends on the type of
instrument used (and its purchase date). Because of the huge progress in faster
electronics, modern instruments can perform faster than older instruments.

1.3
Analyte lonization

1.3.1
Introduction

More than 50 analyte ionization techniques are available for MS. An ion-
ization technique has to generate gas-phase analyte ions, either in (high)
vacuum or transferable from atmospheric pressure into high vacuum, to enable
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subsequent mass analysis. The various ionization techniques can be classified in
different ways.

Analyte ionization techniques can be classified based on the physical state of
the analyte molecules: (i) gas or vapor, (ii) liquid or in solution, or (iii) solid or
dry on a target. Traditional ionization techniques such as electron ionization (EI)
and chemical ionization (CI) are examples of gas-phase ionization techniques,
and are thus frequently used in on-line gas chromatography—mass spectrome-
try (GC-MS). ESI, which is extensively used in on-line LC—MS and peptide and
protein analysis, is a liquid-phase ionization technique, whereas MALDI and des-
orption electrospray ionization (DESI) are examples of solid-phase or surface ion-
ization techniques. Gas-phase ionization requires either gas-phase samples or
evaporation of the analytes before ionization. Surface ionization techniques are
frequently so-called energy-sudden techniques [11], in which intense localized
energy is applied to the sample, for example, by means of a laser pulse, to simul-
taneously ionize and transfer the ion from the solid phase to the gas phase. In
liquid-phase ionization, the sample solution, for example, the LC (liquid chro-
matography) mobile phase, is nebulized into small droplets, from which gas-phase
analyte ions are generated, for example, in ESI.

A second classification is based on the amount of internal energy that is put into
the molecule on generation of the ion. In a hard ionization technique such as EI,
typically a few electron volts internal energy is transferred to the molecular ion,
M. This internal energy results in rapid in-source compound-specific fragmen-
tation. The mixture of intact molecular ions and fragment ions is subsequently
mass-analyzed. In a soft-ionization technique, hardly any internal energy is trans-
ferred to the ion during the ionization process. Often, a protonated or deproto-
nated molecule, [M+H]* or [M—H]", is generated and no in-source fragmentation
occurs. Some ionization techniques allow some control over the amount of energy
deposited in the ion on its formation.

A third classification is based on the type of primary ions generated in the ion-
ization process. The molecular ion, M**, generated in EI, is an odd-electron ion
(OE**), whereas the protonated or deprotonated molecule, [M+H]* or [M—H]",
generated in ESI or MALDI, are either positive- or negative-charge even-electron
ions (EE* or EE™). In this context, the nitrogen rule is important, which states that
a molecule, a M™*, or any other OE**® with an odd mass or m/z should contain an
odd number of N atoms, whereas a (single-charge) EE* with an odd m/z contains
an even number of N atoms. For a known elemental composition, the nitrogen
rule allows discriminating between OE*® and EE* ions.

Another useful tool is the double-bond equivalent (DBE), “degree of unsatura-
tion,” or “ring double bond” (RDB) parameter. The DBE can be calculated from
the elemental composition of the molecule of ion, using the equation:

DBE=1+C—%(H+F+C1+Br+1)+%(N+P)

The DBE is a measure of the number of unsaturations in the molecule, that is, the
number of rings and/or double bonds. DBE is an integer number for a molecule
oran OE*® and a number ending at 0.5 for an EE* ion. For molecules with P and S

7
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atoms, the DBE does not consider the double bonds in, for instance, a phosphate
((RO);P=0), a phosphorothioate ((RO);P=S), a sulfoxide (S=O), or a sulfone
(SO,) as a double bond.

1.3.2
Electrospray lonization

In ESI, a solution, for example, the mobile phase from an LC column, is nebu-
lized into an API source as a result of a strong electric field, eventually assisted
by N, as a nebulizing gas and heating. Small, highly charged droplets (1—-10 pm)
are generated. Gas-phase ions are generated in the process of droplet evapora-
tion and field-induced electrohydrodynamic disintegration of the droplets [12].
The gas-vapor mixture (N, and mobile-phase solvents) with analyte ions is sam-
pled from the ion source into the vacuum interface. Desolvation and collisional
cooling of the ions occur when they move through the vacuum interface toward
the high-vacuum mass analyzer [13]. In most cases, either [M+H]* or [M—H]~
is generated, depending on the operating polarity, but other adduct ions such as
[M+Na]* or [M+CH;COQ]~ may be generated as well (or instead).

In terms of instrumentation, significant improvements in the performance
of ESI interfaces have been achieved. In the ion source itself, the orthogonal
rather than axial positioning of the electrospray needle is important to reduce
contamination of the ion-sampling orifice. In the vacuum interface, ion trans-
mission has been improved by the use of continuously more advanced RF-only
(radiofrequency) ion focusing and transport devices, that is, next to RF-only
quadrupoles (see also Section 1.4.2), hexapoles, and octapoles and also the
implementation of ion funnels [14] and traveling-wave stacked-ring ion guides
[15]. Whereas in most analytical applications of ESI-MS low pressure is pursued
in the vacuum interface, the preservation of protein complexes in native-MS is
best achieved at somewhat higher pressures in this region [16]; valves have been
implemented to allow pressure adjustments in native-MS experiments.

The ionization mechanism of ESI is not fully understood [12, 17, 18]. The
two prevailing models are the charge-residue model of Dole [19] and the ion-
evaporation model of Iribarne and Thomson [20, 21]. Both models assume that
analyte molecules are present in solution as preformed ions, which can, for
instance, be achieved by choosing an appropriate pH of the solution or the
mobile phase. According to the charge-residue model, the sequence of solvent
evaporation and electrohydrodynamic droplet disintegration proceeds until
the microdroplets contain only one preformed analyte ion per droplet. By
evaporation of the solvent, the preformed analyte ion is released to the gas phase.
According to the ion-evaporation model, gas-phase ions are generated from the
highly charged microdroplets, because the local field strength is high enough for
preformed ions to be emitted into the gas phase. Although the two models are
to some extent complementary, the relative importance of either mechanism in
the actual ion production of a particular analyte is difficult to decide. Smith and
Light-Wahl [18] discussed whether the preservation of noncovalent associates of
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proteins and drugs in ESI is reasonable within the context of proposed ionization
mechanisms for ESI. They argue that the stripping of noncovalently associated
solvent molecules from the highly desolvated multiprotonated molecules can
be achieved without influencing other noncovalent drug—protein associations.
They suggested that the initial highly charged droplets in the 1-um-LD. range
repeatedly disintegrate to generate nanodroplets in the 10-nm-1.D. range. The
latter further shrink by evaporation to yield the ions detected in MS.

Given the importance of droplet evaporation during ESI, the generation of
smaller droplets is more favorable in term of sensitivity and the ability to preserve
noncovalent molecular associates. This can be achieved by using nanoelec-
trospray ionization (nESI), where the analyte is sprayed, for example, from a
gold-coated fused-silica capillary with a tip diameter of 1—5 pm rather than from
the 100 to 150-um tips that are used in conventional (pneumatically assisted) ESI.
Flow rates as low as 20 nlmin~! can be nebulized [22]. Thus, gentler operating
conditions (temperature, gas flows, needle voltage) can be achieved. nESI is
extensively used in the analysis of biomacromolecules, that is, in native MS,
where intact protein complexes are studied [16], as well as in combination with
nano-LC for proteomics studies [23, 24]. Integrated chip-based nano-LC-nESI
devices have also been developed [25].

ESI enables the soft ionization of highly labile and nonvolatile compounds such
as (oligo)nucleotides, (oligo)saccharides, peptides, and proteins without signif-
icant fragmentation. In the analysis of biomacromolecules, an ion envelope of
multiple-charge ions, [M+nH]"* or [M—nH]"", is generated (see Figure 1.3), from
which the molecular weight of the molecule can be accurately calculated (better
than 0.01%) using software procedures (see Section 1.6.5).

100 1590.6 1789.2 14305.7

1431.6

14402.8
2044.6
1000 1200 1400 1600 1800 2000
Figure 1.3 Electrospray ionization mass modification with permission of Prof. Ali-
spectrum of hen egg lysozyme, show- son Ashcroft (Biomolecular Mass Spectrom-
ing an ion envelope of multiple-charge etry Group at University of Leeds, UK) from
ions [M+nH]"*. Inset: Deconvoluted or http://www.personal.leeds.ac.uk/~fbsmaspe/

transformed spectrum. (Reprinted after tutorial.html.)
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133
Matrix-Assisted Laser Desorption lonization

Next to ESI, MALDI is the most important ionization technique in the analy-
sis of biomacromolecules. MALDI was introduced in 1988 [26, 27]. In a typi-
cal MALDI experiment, 0.3—1 pl of an aqueous analyte solution is mixed with
0.5—1 pl ofa ~5 mM solution of an appropriate matrix, for example, sinapinic acid,
2,5-dihydroxybenzoic acid, or a-cyano-4-hydroxycinnamic acid, in 50% aqueous
acetonitrile containing 0.1% trifluoroacetic acid, and then deposited onto a metal
target. On drying, cocrystallization of matrix and analyte molecules takes place.
When these crystals are laser-bombarded with photons that fit the absorption
maximum of the matrix, for example, with 337 nm from a N, laser for the matri-
ces mentioned, gas-phase analyte ions are generated in the selvedge, which can be
mass-analyzed by a time-of-flight mass spectrometer (TOF-MS) [28, 29]. Unlike
ESI, where ion envelopes of multiple-charge ions are generated, mostly single-
charge protonated molecules [M+H]* are generated in MALDI-MS, together with
less abundant [M+2H]?* and [2M+H]" ions.

MALDI-TOF-MS is widely applied especially in the analysis of proteins, pep-
tides, and oligosaccharides [28 —30]. It is used in bottom-up protein identification
using peptide-map fingerprinting approaches (Section 1.6.6). Currently, MALDI-
MS plays an important role in two emerging application areas of MS: imaging MS
[31] and identification of bacteria and microbial fingerprinting [32].

Surface-enhanced laser desorption ionization (SELDI-TOF-MS) is a variation
of MALDIL. Instead of an inert metal target, a modified target is applied to achieve
biochemical affinity with the analyte molecules [33]. In SELDI, the protein mix-
ture is spotted onto the surface with a specific (bio)chemical functionality, for
example, cation- or anion-exchange materials, hydrophobic materials, or mate-
rials with immobilized metal affinity, lectin, or even protein or antibody affinity.
Specific proteins in the mixture bind to the surface, while others can be removed
by washing. Thus, on-target biomolecular interactions are used as part of the mea-
surement strategy. The specific binding to the SELDI target acts as a sample pre-
treatment and/or analyte isolation step. After washing, a matrix is applied and
the experiments proceeds as in MALDI-TOF-MS [33]. SELDI-TOF-MS is cur-
rently extensively used for clinical diagnostics and in clinical biomarker discovery
studies.

134
Other lonization Methods

Next to EI, ESI, and MALDI, already discussed, there is a wide variety of other
analyte ionization techniques. In coupling of LC and MS, atmospheric-pressure
chemical ionization (APCI) is an important alternative to ESI. In APCI, the LC
mobile phase is nebulized by pneumatic nebulization. The aerosol is evaporated
in a heated zone of the interface probe, enabling soft desolvation of analyte
molecules. The gas-phase CI is initiated by a corona discharge needle, which
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ionizes the mobile-phase constituents, which in turn ionize the analyte molecules
by gas-phase ion—molecule reactions. Again, mainly [M+H]* or [M—H]~ ions
are generated with little internal energy. APCI is generally limited to molecules
with masses below 1kDa, but can ionize somewhat less polar analytes than
ESL

In the past decade, a large number of, sometimes closely related, atmospheric-
pressure surface ionization techniques have been introduced [34]. DESI may serve
as an example. If a high-velocity spray of charged microdroplets from a (pneumat-
ically assisted) electrospray needle is directed at a surface, mounted in front of the
ion-sampling orifice of an API source, gas-phase ions from the surface material
or surface constituents can be observed by MS [35]. In this way, analytes may be
studied at surfaces without extensive sample pretreatment, for example, to analyze
drugs of abuse in tablets. The introduction of such surface ionization techniques
also opens possibilities to perform chemical imaging of surfaces such as thin-layer
chromatography plates and tissue sections [36].

In paperspray ionization (PSI), biomolecules are ionized from a paper tip
emerged with nonpolar solvents such as hexane or toluene, placed in the electric
field close to the ion-sampling orifice of an API source [37]. Although the
polar biomolecules are largely insoluble in these solvents, [M+H]*, [M+Na]*,
or [M—H]~ ions are observed. Meanwhile, the technique has found several
applications, including the analysis of noncovalent protein complexes [38].

135
Solvent and Sample Compatibility Issues

In both ESI and MALDI, the ionization efficiency of a particular analyte may
be influenced by the solvent composition, but also by (coeluting, when LC
separation is applied) sample constituents. Either ionization enhancement or
ionization suppression may take place. If the effect is due to sample constituents,
it is mostly called a matrix effect [39]. If not dealt with properly, matrix effects can
have highly detrimental effects on accuracy and precision in routine quantitative
analysis. However, matrix effects, especially severe ionization suppression, may
also have distinct influence on the analyte response of constituents of complex
mixtures during qualitative analysis. High salt concentrations, nonvolatile
salts, surface-active components, for example, phospholipids in blood-related
samples, and proteins are known for their matrix effects in small-molecule
quantitative bioanalysis. Nonvolatile compounds, be it sample constituents or
solvent additives, may result in ionization suppression, in reducing response
or S/N by extensive formation of background ions at every m/z, formation
of alkali metal ion adducts or H*/Na*-exchange products, and/or ion source
contamination.

Optimization of the sample composition and/or mobile-phase composition,
if LC separation is involved, is important to achieve the best response and
selectivity in MS. Systematic studies on the influence of additives on ESI perfor-
mance have been reported [40, 41] and give an initial idea on which additives

11



12

1 Introduction to Mass Spectrometry, a Tutorial

can be applied and which ones should be avoided. With respect to buffers,
preferably only volatile buffer constituents are permitted, that is, ammonium
salts of formic, acetic, or carbonic acid. Borate, citrate, and phosphate buffers,
frequently applied in LC, but also many of the buffer systems such as TRIS and
HEPES, frequently used in biochemistry, are not compatible with ESI-MS. The
same holds for components frequently applied to help solubilizing proteins, that
is, detergents such as TWEEN and sodium dodecylsulfate (SDS) and chaotropic
agents such as urea and guanidine-HCl. This limits the applicability of ESI-MS
in the analysis of proteins that are difficult to solubilize, for example, membrane
proteins. Although MALDI-MS is considered less impacted by the presence
of such additives on the target, various reports indicate that severe ionization
suppression may occur in MALDI-MS as well [42, 43]. This is especially impor-
tant as MALDI-MS approaches are less likely to be preceded by a separation
step.

High concentrations of proteins should not be introduced in ESI-MS. This
means that on analysis of undigested blood-related samples (whole blood, plasma,
serum), care must be taken. In most applications of intact protein analysis by MS,
either the concentrations applied are relatively low or the amount introduced is
low due to the use of nESI flow rates.

1.4
Mass Analyzer Building Blocks

1.4.1
Introduction

In this section, the different mass analyzers are briefly discussed, with special
attention on their possibilities and limitations. A summarizing overview on the
available mass analyzers is provided in Table 1.1. Most of them may be used as
stand-alone systems, when equipped with an ion source of choice, a detection
system, and a data system. Alternatively, they may be combined into tandem MS
(MS—MS) systems (see Section 1.5).

Any discussion on mass analyzers should perhaps start with introducing the
sector instrument, which is historically at the basis of all MS developments.
Ions with mass m and z elementary charges e are accelerated with a voltage
V into a magnetic field B with a path with a radius of curvature r. One can
derive the equation m/z = B%*r?e/2V, which indicates that the separation of
ions with different m/z can be achieved in three different ways: by variation
of the radius of curvature ions with different #1/z are separated in space, while
by variation of either B or V ions of different m/z are separated in time, that
is, they can be detected one after another by a single-point detector at a fixed
position behind a slit [44]. Better performance of the sector instrument in
terms of mass resolution is achieved by combining the magnetic sector with an
electrostatic analyzer, resulting in a double-focusing instrument, which provides
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high resolution and accurate mass determination. Until the mid-1990s, the
sector instrument was the instrument of choice for HRMS and accurate mass
determination. Since then, it has been rapidly replaced by alternatives that are
less expensive and much easier to operate, especially in combination with API
sources.

14.2
Quadrupole Mass Analyzer

A quadrupole mass analyzer or mass filter consists of four hyperbolic- or circular-
shaped rods that are accurately positioned parallel in a radial array (Figure 1.4a).
Opposite rods are charged by either a positive or a negative direct-current (DC)
potential, at which an alternating-current (AC) potential in the radiofrequency
region (megahertz, thus indicated as RF) is superimposed. At a given DC/RF
combination, only the ions of a particular m/z show a stable trajectory and are
transmitted to the detector, while ions with unstable trajectories do not pass the
mass filter, because the amplitude of their oscillation becomes infinite. Thus, the
quadrupole acts as a variable band pass filter [46]. By changing DC and RF in
time, usually at a fixed ratio, ions with different m/z values can be transmitted to
the detector one after another.

The quadrupole mass filter can be operated in four modes. (i) It can be applied
in full-spectrum mode by scanning DC and RF in a fixed ratio, providing generally
unit-mass resolution and nominal monoisotopic mass determination with great
ease of operation, versatility, fast scanning, and limited costs. Scan speeds as high
as 10000 us~! can be achieved. (ii) Alternatively, it can be applied in selected-ion
monitoring (SIM) mode, dwelling on selected m/z values, and capable of rapidly
switching (within <5 ms) between different m/z values. In SIM mode, significantly
improved S/N can be achieved, making the SIM mode of a quadrupole ideal for
routine targeted quantitative analysis. (iii) In RF-only mode, the quadrupole can
be used as an ion-transport and focusing device. As such, RF-only quadrupole
and related hexapole or octapole devices have been used in vacuum interfaces of
API-MS systems and as collision cells and/or ion-transport devices in MS—MS
instruments (Section 1.5.2). (iv) Finally, a quadrupole mass analyzer can be
applied as a linear ion trap (LIT), providing similar features as the conventional
three-dimensional ion traps (see Section 1.4.3) [47-49]. The majority of mass
spectrometers installed and used are based on quadrupole mass analyzer
technology.

143
lon-Trap Mass Analyzer

A typical (three-dimensional quadrupole) ion trap consists of a cylindrical ring
electrode and two end-cap electrodes (Figure 1.4b) [50, 51]. The end-cap elec-
trodes contain holes for the introduction of ions from an external ion source and
for the ejection of ions toward an external detector. A He bath gas (~1 mbar) is
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used to stabilize the ion trajectories in the trap. The basic mass analysis process
consists of two steps, performed consecutively in time: (i) injection of ions by
means of an ion injection pulse of variable duration and storage of the ions in the
trap by application of an appropriate low RF voltage to the ring electrode and (ii)
ramping the RF voltage at the ring electrode to consecutively eject ions with differ-
ent m/z values from the trap toward the external detector (resonant ion ejection)
[50, 51]. As too high numbers of ions in the ion trap adversely influences mass res-
olution and accuracy due to space-charge effects, the number of ions that can be
stored in the trap is limited. Software control of the duration of the ion injection
pulse from the external ion source with the ion current at the time has been devel-
oped [51]. Ion ejection and subsequent detection can be achieved with unit-mass
resolution, or at enhanced resolution by slowing down the scan rate.

A typical feature of an ion-trap MS is its excellent full-spectrum sensitivity,
resulting from the accumulation of ions in the first step. The system can be oper-
ated in SIM mode, but the gain achieved is far less than in a quadrupole. The res-
olution achieved depends on the scan speed and the age of the instrument. Older
ion traps provide peak widths (FWHM) of 0.2 u at a scan speed of ~300 us™?, unit-
mass resolution (FWHM ~0.7 u) at 5500 us™!, and degraded resolution (FWHM
of 3.0u at 55000 us™!), whereas more recently introduced systems provide better
resolution at higher scan speeds, for example, FWHM of 0.1 u at 4600 us~! and
of 0.58 uat 52000us~!. A FWHM of 0.1 u enables almost baseline resolution for
[4+] ions.

More recently, linear two-dimensional ion traps (LIT) were introduced as
an alternative to three-dimensional ion traps [47-49]. Because a LIT is less
prone to space-charging effects, a higher number of ions can be accumulated,
and enhanced sensitivity (~60X) can be achieved. LITs are extensively used in
hybrid MS—MS instruments (see Section 1.5.6), but stand-alone versions of a
LIT have been introduced as well, thus competing with the three-dimensional
ion traps. A dual-pressure two-stage LIT has been reported as well: the first
high-pressure ion trap serves to capture, select, and fragment ions, whereas the
second low-pressure ion trap is used to perform fast scanning of product ions,
eventually at enhanced resolution [52].

1.4.4
Time-of-Flight Mass Analyzer

A time-of-flight (TOF) instrument consists of a pulsed ion source, an accelerating
grid, a field-free flight tube, and a detector [53, 54]. The flight time ¢ needed by
the ions with a particular m/z, accelerated by a potential V, to reach the detec-
tor placed at a distance d, can be calculated from ¢ = d X \/{m/(2zeV)}. Pulsing
of the ion source is required to avoid the simultaneous arrival of ions of differ-
ent m/z at the detector. In MALDI-TOF-MS experiments, the pulse rate of the
source is directly related to the pulse rate of the laser (typically <1 kHz). One of
the benefits is, in principle, the unlimited mass range of the TOF-MS. When com-
bined with continuous ion sources, such as ESI, much higher pulse frequencies are
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applied (20-50 kHz). The spectra from multiple pulses are accumulated, provid-
ing enhanced spectrum quality by averaging random noise. In LC—MS, spectra
acquisition rates up to 50 spectra per second have been reported.

The resolution of a TOF-MS is limited by the speed of the detection and
acquisition electronics, which nowadays is hardly a limiting factor, and by the
initial ion kinetic energy spread of the ions. Delayed extraction [55], orthogonal
acceleration [53], and especially the use of a reflectron [53, 56] are powerful
tools to reduce the deteriorating effect of the ion kinetic energy spread on the
resolution. The reflectron, consisting of a series of equally spaced grid or ring
electrodes connected to a resistive network, creates a homogenous or curved
retarding field that acts like an ion mirror. Assume that two ions with the same
m/z but slightly different kinetic energy enter the reflectron. The ion with the
higher kinetic energy penetrates deeper into the field and thus has a slightly
longer flight path, and in effect reaches the detector more simultaneously with
the ions with the lower kinetic energy (Figure 1.4c). Since its introduction, more
advanced dual-stage reflectrons have been produced. With a reflectron-TOF in
combination with either delayed extraction (in MALDI) or orthogonal acceler-
ation (with continuous ion sources, such as ESI), a mass resolution in excess of
15000 (FWHM) can be readily achieved, enabling accurate mass determination
(<3 ppm) [57]. Currently, commercial TOF-MS systems are available with a mass
resolution in excess of 70 000 (FWHM).

145
Fourier Transform lon Cyclotron Resonance Mass Spectrometer

A Fourier-transform ion cyclotron resonance mass spectrometer (FT-ICR-MS)
can be considered an ion-trap system, where the ions are trapped in a magnetic
rather than in a quadrupole electric field. The ICR (ion-cyclotron resonance)
cell is positioned in a strong magnetic field B (up to 15T). The cylindrical or
cubic ICR cell consists of two opposite trapping plates, two opposite excitation
plates, and two opposite receiver plates (Figure 1.4d). The ions with m/z describe
circles with radius r perpendicular to the magnetic field lines. This results in
a cyclotron frequency o, = 2nf = v/r = Bez/m, where f is the frequency in
Hertz. The cyclotron frequency is thus inversely proportional to the m/z value.
The ions, trapped in their cyclotron motion in the cell, are excited by means
of an RF pulse at the excitation plates. As a result, the radius of the cyclotron
motion increases and ions with the same m/z values start moving in phase.
The coherent movement of the ions generates an image current at the receiver
plates. The image current signal decays in time, because the coherency of the ion
movement is disturbed in time. The time-domain signal from the receiver plates
contains all frequency information of the ions present in the cell. By Fourier
transformation, the time-domain signal is transformed into a frequency-domain
signal, which can then be transformed into a mass spectrum [10, 58]. As ion
trapping is involved in FT-ICR, concerns with space-charging effect are valid
as well.
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FT-ICR-MS instruments provide extremely high (mass-dependent) resolution,
typically in excess of 10° (FWHM), accurate mass determination (<1ppm),
and a dynamic range of five orders of magnitude. The resolution increases
with measurement time, and longer measurement times are only possible if
extreme high vacuum (~107° mbar) is achieved in the ICR cell. Higher spec-
trum acquisition rates can be achieved in instruments with a higher magnetic
field strength, that is, the same high-resolution spectrum can be achieved in
a shorter time. At present, commercial FT-ICR-MS systems are available that
provide a resolution of ~650 000 (at m/z 400, FWHM) at 1 spectra per second.
For many years, FT-ICR-MS was primarily used in fundamental studies of
gas-phase ion-molecule reactions. However, because of its high-resolution
capabilities, FT-ICR-MS in combination with ESI is an ideal tool for the
characterization of large biomolecules [59]. At present, FT-ICR-MS plays an
important role in top-down strategies to characterize proteins [60, 61] (see
Section 1.6.6).

14.6
Orbitrap Mass Analyzer

Similar to FT-ICR-MS, the acquisition of mass spectra in an orbitrap MS
is based on the Fourier transformation of image currents of trapped ions.
However, in the orbitrap, no magnetic field is involved. The ions perform an
axial oscillation while rotating around a cylindrical inner electrode. The image
currents are detected by the two outer electrodes (Figure 1.4e). The mass spectra
are generated by Fourier transformation of the time-domain signals into the
frequency-domain signals. The m/z value is inversely proportional to the square
of the frequency. Orbitrap instruments, which have been introduced only
recently [10, 45, 62], allow ultra-high-resolution measurements (in excess of 10°,
FWHM) at relatively high speed. Although a stand-alone version of the orbitrap
has been produced [63], in most cases hybrid systems are applied (see Section
1.5.8).

An important practical aspect to orbitrap MS performance is the adequate
delivery of ions into the orbitrap. In commercial systems, this is done in a pulsed
way by means of a C-trap, which is essentially a curved high-pressure quadrupole
capable of trapping ions and sending them as a concise ion package into the
orbitrap [45, 62]. A schematic diagram of the instrumental setup is shown in
Figure 1.4e.

Similar to FT-ICR-MS, the mass resolution of an orbitrap improves with longer
measurement times. However, significant progress has been made recently in
improving the acquisition rates. Whereas initial commercially available orbitrap
systems needed ~1.6s to achieve a resolution of 100000 (at m/z 200, FWHM),
more recent systems can achieve a resolution of 140 000 (at m2/z 200, FWHM) in
1s, and an orbitrap-based system enabling a resolution of 450 000 (at m/z 200,
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FWHM) has been described as well. This enables accurate mass determination
with an accuracy within 1 ppm.

147
lon Detection

Different types of ion detection devices are in use. All ion detection systems must
be backed by sufficiently fast electronics, including analog-to-digital converters
(ADC:s), to enable the high-speed data acquisition required in MS [44].

The most widely applied detection system is an electron multiplier, based on the
repeated emissions of secondary electrons, resulting from the repeated collisions
of energetic particles at a suitable surface. The electron multiplier may be either
of the discrete dynode type or of the continuous dynode type [64]. The typical
gain of an electron multiplier is 10°. The electron multiplier is used in combina-
tion with quadrupole, ion-trap, and sector instruments. They have limited lifetime
(~1-2vyears). A conversion dynode, held at a high potential (5—-20kV), is posi-
tioned in front of the multiplier, to enable the detection of negative ions and to
increase the signal intensity of ions, especially in the high-mass region.

With TOF instruments, microchannel plate (MCP) detectors are applied, as
they are more suitable for ion detection when the ion beam is more spread in
space. An MCP is an array of miniature electron multipliers oriented parallel to
one another, often with a small angle to the surface [65]. In order to generate a
spectrum from ion arrival events in TOF instruments, either a time-to-digital con-
verter (TDC) or an ADC is applied. TDCs provide excellent time resolution and
low random noise, but do not discriminate in the intensity of the pulse. High ion
densities may lead to saturation effects. In an ADC, the integrated circuit chip
receives a time-dependent signal and generates a typically 10-bit digital output:
both arrival time and the number of colliding ions are recorded. ADCs can provide
1-4 GHz time resolution and discriminate 1024 different ion intensity levels.

In FT-ICR-MS and orbitrap MS systems, ion detection is based on the detec-
tion of high-frequency image currents if the ions move coherently, as described
in Sections 1.4.5 and 1.4.6 [58]. The signals of all ions, that is, with different m/z
values, are detected simultaneously.

1.5
Tandem Mass Spectrometry

1.5.1
Introduction: “Tandem-in-Time” and “Tandem-in-Space”

In tandem mass spectrometry (MS—MS), two mass analyzers are combined in
series (in time or space, see below) with a reaction chamber in between. The m/z
values of ions are measured before and after the reaction within the reaction
chamber. In most cases, a change in mass and thus in m/z is involved, although
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Figure 1.5 Analysis modes of an MS—-MS instrument (“tandem-in-space”), with (a) product-
ion analysis, (b) precursor-ion analysis, (c) neutral-loss analysis, and (d) selected-reaction

monitoring mode.

a change in charge, for example, charge stripping of multiple-charge ions, is
also possible. For positive ions, the precursor or parent ion m * is converted

p

into the product or daughter ion m,* via the loss of a neutral fragment m,,.
Whereas the neutral fragment m _ is not detected, its mass can be deduced
from the m/z difference of m,™ and m4*. In the product ion analysis mode (see
Figure 1.5a), which is the most basic MS—MS experiment, the precursor ion mp+
is selected in the first stage of mass analysis (MS1), while the product ions m,*
are mass-analyzed and detected in the second stage (MS2) [66].
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The historical starting point of MS—MS is the observation and explanation in
the 1940s of the occurrence of metastable ions in a magnetic-sector instrument
[67]. Subsequently, it was discovered that the abundance of the metastable ions
can be increased by energetic collisions in a collision cell. From the mid-1970s
onward, instruments were especially designed for MS—MS, for example, triple-
quadrupole (TQ) instruments [68], multistage MS—MS in ion-trap instruments
[69], hybrid quadrupole-time-of-flight instruments (Q-TOF) [70], hybrid
quadrupole-linear ion-trap instruments (Q—LIT) [47], TOF-TOF instruments
[71], and hybrid LIT —orbitrap instruments [45, 62].

The MS—MS instrument includes a combination of two mass analyzers. The
first and second stage of mass analysis may be performed by the same type of mass
analyzer, as in a TQ or an ion-trap instrument. In TQ instruments, the three steps
of the MS—MS process, that is, the precursor ion selection, collision-induced dis-
sociation (CID; see Section 1.5.2), and mass analysis of the product ions, are per-
formed in spatially separated devices (“tandem-in-space”), whereas in an ion-trap
instrument, the three steps are performed one after another in the same device
(“tandem-in-time”) [72]. In a hybrid instrument, the first and second stage of
mass analysis are performed in two different types of mass analyzers, for example,
a first-stage quadrupole and second-stage linear ion trap in a Q—LIT instrument,
or in a first-stage quadrupole and second-stage TOF in a Q—TOF instrument.

An MS-MS instrument allows studying the fragment ions of selected pre-
cursor ions and is therefore an indispensable tool in fundamental studies on ion
generation, ion—molecule reactions, unimolecular fragmentation reactions, and
identity of ions. It plays an important role in qualitative analytical applications
of MS involving the on-line coupling of MS to GC (gas chromatography) or LC,
for example, in the identification of drug metabolites (Section 1.6.4) or in peptide
sequencing (Section 1.6.6) and protein identification (Section 1.6.7).

1.5.2
lon Dissociation Techniques

MS—MS is based on the gas-phase dissociation or fragmentation of selected ions.
It may involve either metastable ions or activated ions. Metastable ions are ions
with sufficient internal energy that survive long enough to be extracted from the
ion source before they fragment, but may then fragment in the mass analyzer
region before detection. The charged fragments of metastable ions may be
detected, for example, using various linked-scan procedures in double-focusing
sector instruments [44, 66]. However, fragmentation may also be induced by
activation of selected ions, that is, by increasing their internal energy. The most
widely applied method of ion activation is collisional activation. On acceleration
and collision of the selected ions with a target gas (He, N,, or Ar) in a collision cell,
the ion translational energy can partially be converted into ion internal energy.
If subsequent dissociation of the ion occurs in the collision cell, the process is
called collision-induced dissociation. CID is a two-step process: after converting
ion translational energy into ion internal energy in an ultrafast collision event
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(~107%5s), unimolecular decomposition of the excited ions may yield various
product ions by competing reaction pathways. CID can be performed in two
different energy regimes [73]. Low-energy CID is performed in most instruments.
During the residence time in the collision cell, the selected precursor ions undergo
multiple collisions with a target gas (~1073 mbar He, N,, or Ar). In sector and
TOF-TOF instruments, high-energy CID can be performed, involving single kilo
electron-volts collisions with He as target gas. High-energy collisions may result
in more informative and more complex MS—MS spectra, because a wider range
of fragmentation reaction pathways is opened. In the low-energy CID regime,
one may further discriminate between collision-cell CID and ion-trap CID. In
collision-cell CID, applicable to TQ and Q-TOF instruments, collisions are
performed with N, or Ar after acceleration of the precursor ions with 10—60 V.
In ion-trap CID, collisions are performed with a smaller target (He instead of Ar),
ion excitation is achieved by an RF waveform pulse, and the interaction time is
milliseconds in ion-trap CID rather than microseconds [50].

Various other ion activation methods have been used, mostly in specific applica-
tions and/or instruments [73, 74]. Some of these methods are primarily developed
to induce fragmentation in FT-ICR-MS instruments, for example, infrared multi-
photon photodissociation (IRMPD), sustained off-resonance irradiation (SORI),
and black-body infrared radiative dissociation (BIRD) [73, 74]. Others such as
surface-induced dissociation and laser photodissociation have been used on var-
ious instruments, but mostly by a limited number of research groups. Currently,
the most widely applied alternative ion-activation methods are electron-capture
dissociation (ECD) and electron-transfer dissociation (ETD) [75, 76]. A nice com-
parison of some of these ion dissociation techniques has been reported for gly-
copeptide analysis [77].

ECD is based on the interaction of multiple-charge protein ions with low-energy
free electrons (~1eV) in an FT-ICR cell, resulting in the formation of multiple-
charge odd-electron ions, [M+nH]”~1** [78]. In CID, peptides predominantly
show backbone fragmentation at the peptide bond, resulting in the so-called b and
y" ions [79] (see also Section 1.6.6). In ECD and ETD, cleavage of the N-C_ bond
is observed, thus resulting in even-electron ¢’ and odd-electron z* ions. More-
over, in ECD, labile bonds to posttranslational modifications such as glycans and
phosphates are mostly preserved [75]. The low-energy electrons used in ECD are
generally generated from an (indirectly heated) electron-emitting surface. In ETD,
the peptide fragmentation is induced by transfer of electrons from radical anions
of compounds such as fluoranthene to the multiple-charge ions [76, 80]. ETD is
more readily implemented on other type of mass analyzers such as ion-trap, Q-
TOF, and orbitrap instruments [75].

153
Tandem Quadrupole MS-MS Instruments

Probably the most widely used MS—MS configuration is the TQ instrument,
where mass analysis is performed in the first and third quadrupoles, while the
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second quadrupole is used as a collision cell in the RF-only mode, that is, in
a Q—q.,;—Q configuration [68]. Although usually called a triple-quadrupole
instrument, because of the initial lineup of two analyzing quadrupoles and a
quadrupole collision cell, the term tandem quadrupole (TQ) would nowadays be
more appropriate to describe most of the commercially available instruments.
The gas-filled RF-only collision cell, which provides refocusing of ions scattered
by collisions, results in significant transmission losses. In attempts to reduce
these losses, alternative RF-only collision cells have been developed, for example,
RF-only hexapoles or octapoles. In a linear-acceleration high-pressure collision
cell (LINAC), an axial voltage and tilted rods are used to reduce the residence
time of the ions in the collision cell and to reduce crosstalk [81]. Crosstalk may
occur on rapid switching between two selected-reaction monitoring (SRM, see
below) transitions with the same product ion from two different precursor ions.
Product ions of the first precursor ion are erroneously attributed to the second
precursor ion, because these still reside in the collision cell while MS1 is already
switched to the second precursor ion. A stacked-ring collision cell, featuring an
axial traveling-wave or transient DC voltage to propel the ions and to reduce the
transit times, has been reported as well [15].

The introduction and wide application of soft-ionization techniques such as
ESI has in fact greatly stimulated the use of MS—MS. The most frequently applied
MS-MS data acquisition mode is SRM, applied in routine targeted quantitative
analysis [82]. In the SRM mode (see Figure 1.5d), both stages of mass analysis
perform the selection of ions with a particular m/z value. In MS1, a precursor
ion is selected, mostly the protonated or deprotonated molecule of the target
analyte. The selected ion is subjected to dissociation in the collision cell. In MS2,
a preferably structure-specific product ion of the selected precursor is selected
and detected. Thus, an SRM transition is a combination of a precursor ion m/z, a
product ion m/z, and all MS parameters, for example, collision energy, required
to measure this transition with the best sensitivity in a particular TQ instrument.
Because of the high selectivity involved in SRM, excellent sensitivity may be
achieved in target quantitative analysis (see Section 1.6.2). The SRM mode is
the method of choice in quantitative bioanalysis using LC—MS, for example, in
(pre)clinical studies for drug development within the pharmaceutical industry
[83—-85], and is also widely used for targeted quantitative analysis in many other
application areas, including environmental, food safety, and clinical analysis. It
has also been implemented in quantitative analytical strategies using GC—MS as
well [86]. The SRM mode is frequently (but erroneously) called “multiple-reaction
monitoring” (MRM) to indicate that multiple product ions of one precursor ion
are monitored, even when only one product ion is monitored. In addition to
SRM, various structure-specific screening procedures for the TQ instruments
were introduced, for example, the precursor ion analysis (PIA) and neutral-loss
analysis (NLA) mode [87, 88] (see Section 1.6.1 and Figure 1.5b,c).
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lon-Trap MS"” Instruments

An jon-trap instrument provides three features, which makes it ideally suited for
MS—-MS. It has the possibility to m/z-selectively eject ions from the trap, it is
operated with a constant He pressure in the trap that may serve as collision gas,
and it is possible to apply an m/z-selective RF waveform to the end-cap electrodes
to excite ions of the selected m1/z [50]. In ion-trap MS—MS, one starts with a pop-
ulation of ions, from which the precursor ion is selected, excited, and fragmented,
resulting in a new population of (product or daughter) ions. The latter popula-
tion can be scanned out to be detected, or can serve in a new series of subsequent
steps of the process: selection of a product ion as precursor ion in a new MS—MS
experiment, which is to be excited and fragmented, leading to a new population
of (granddaughter) ions. Excitation means that the selected ions move with wider
amplitude, and thus at greater speed, through the ion trap. This leads to more
energetic collisions with the He bath gas, which in turn leads to a gain in ion
internal energy and subsequent fragmentation of the excited precursor ion. The
various steps of the process are performed one after another in the same space
(the ion trap), and can thus be considered to be “tandem-in-time” [72]. The pro-
cess described can be repeated to achieve multiple stages of MS—MS or MS” (up
to 10 stages in most instruments).

As indicated in Section 1.5.2, the ion-trap CID process differs from collision-
cell CID: smaller target, RF ion excitation, and longer interaction time. As a result,
different fragmentation pathways may be accessible in ion-trap CID compared to
collision-cell CID, especially in fragmenting fragment ions in MS” experiments.
For some compounds, for example, glycosylated saponins [89], stepwise fragmen-
tation can be achieved, for example, subsequent losses of sugar monomers in sub-
sequent MS—MS steps (Figure 1.6). The lower energy involved in ion-trap CID
facilitates the acquisition of a wealth of structural information, for example, by
stepwise fragmentation and the generation of fragmentation trees [90]. A frag-
mentation tree is generated by further fragmenting selected fragment ions of a
particular stage of MS" into the next stage, that is, MS"*!. This provides a wealth of
information in structure elucidation and identification of unknowns, as is clearly
demonstrated for polyphenols [91].

1.5.5
Tandem TOF (TOF-TOF) Instruments

MALDI is considered to be a soft-ionization technique. However, considerable
fragmentation of MALDI-generated ions occurs after acceleration; that is,
metastable ions are generated. This process is sometimes indicated as laser-
induced dissociation [92]. Obviously, the fragmentation of metastable ions can
be induced by additional (high-energy) collisions in a collision cell, which may
also result in CID. In MALDI-TOF-MS terms, the process of fragmentation of
metastable ions is frequently called post-source decay (PSD) [93]. The kinetic
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Figure 1.6 LC-MS" in an ion-trap instrument: stepwise fragmentation of glucosylated
Saponin 26. (Reprinted with permission from Ref. [89]. ©1998, Elsevier Science.)

energy of these fragment ions my in PSD significantly differs from that of the
parent ions m,,, whereas their velocities are the same. The difference in kinetic
energy is proportional to m4/m,,. They also suffer from a wide ion kinetic energy
distribution. Therefore, these fragment ions are not observed in the TOF-MS pro-
cess, unless specific actions are taken, including the use of a gridless curved-field
reflectron or a reflectron with a time-dependent field. A linear-TOF experiment
can be used to measure the precursor ions, whereas a number of reflectron-TOF
experiments are needed to acquire the wide-range product ion spectrum.
Finally, the product ion mass spectra have to be concatenated by the data
system [93].

The problems with the different kinetic energies of precursor and products
ions, described above, can also be solved by decelerating the precursor ions
before dissociation, for example, from 20 keV down to 1-2keV, and then reac-
celerating the product ions generated in a collision cell. This is generally done,
in one way or another, in a TOF-TOF system [94]. MALDI-TOF-TOEF-MS
systems can currently be routinely applied to acquire MS—MS information from
MALDI-generated ions, for example, in proteomics and glycomics [30, 95, 96].

156
Hybrid Instruments (Q-TOF, Q-LIT, IT-TOF)

In this section, three types of hybrid MS—MS systems are discussed, two with
TOF mass analyzers as MS2 and one with a LIT in MS2.

The Q-TOF instrument can be considered as a modified TQ instrument,
where the MS2 quadrupole has been replaced by an orthogonal-acceleration
reflectron-TOF mass analyzer [70]. That means that in MS mode, the quadrupole
(MS1) is operated in RF-only mode and the RF-only collision cell with low
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collision energy, whereas in MS—MS mode the quadrupole performs the
selection of the precursor ion with unit-mass resolution and fragmentation of
the precursor ion is achieved in the collision cell. In both modes, the ions are
orthogonally accelerated into the flight tube and high-resolution mass analysis
is performed in a reflectron-TOF analyzer (MS2). Q—TOF instruments are now
available from various instrument manufacturers [57]. They are widely used
in structure elucidation and biomacromolecule sequencing (see Section 1.6).
Because collision-cell CID is applied, the fragmentation characteristics are the
same as in TQs. In structure elucidation, a significant advantage of Q—TOF is the
ability to perform accurate mass determination (<5 ppm) for both precursor and
product ions. Principles and applications of Q—TOF hybrid instruments have
been reviewed [97, 98].

Hybrid MS—MS instruments have been developed, featuring ion traps in either
the first (MS1) or the second stage of mass analysis (MS2). If the ion trap is imple-
mented as MS], it generally acts as a “filter” with respect to the number of ions
that is transferred to MS2, based on the duration of the ion accumulation in the
ion trap. In addition, MS” experiments may be performed before transferring a
package of ions to MS2. Thus, in such hybrid systems, no collision cell has to
be present between the first and second stage of mass analysis. This is true for
ion-trap hybrids with FT-ICR-MS (see Section 1.5.7) and orbitrap (see Section
1.5.8) instruments, but also for the hybrid ion-trap-time-of-flight (IT - TOF) sys-
tem. IT—TOF systems have been pioneered by the group of Lubman [99, 100]. It
has subsequently become commercially available for both MALDI and LC-MS
applications [101]. It readily provides high-resolution MS and MS” data, and has
been applied for structure elucidation, for instance, in metabolite identification
[101] or otherwise [102]. Unlike CID in other IT devices, where He is used to sta-
bilize the ion trajectories and as collision gas, pulses of Ar are used to prevent
precursor ions from being lost from the trap and to perform MS” in an IT - TOF
instrument.

In the Q—LIT hybrid instruments [47, 103], a (linear) IT is implemented as the
second stage of mass analysis (MS2), for accumulation of ions to achieve improved
sensitivity after collision-cell CID, and/or to perform MS?. The Q—LIT instrument
can be operated either as a conventional TQ instrument, where it is capable of all
TQ acquisition modes including SRM, or as the hybrid instrument. In the hybrid
mode, full-spectrum data can be acquired in the enhanced product ion (EPI) anal-
ysis mode with up to 60-fold enhanced sensitivity compared to TQ instruments,
while still acquiring collision-cell CID spectra. The system also allows the acqui-
sition of MS? spectra, with the second dissociation step to be performed in the
LIT [103, 104]. Hardware, electronics, and software control of the Q—LIT instru-
ment have been optimized to allow very rapid switching between various MS
and MS—MS experiments. Q—LIT instruments have found wide application in
LC-MS.
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1.5.7
MS-MS and MSn in FT-ICR-MS

As targeted ions can be selectively trapped in the ICR cell, while unwanted
ions can be eliminated by the application of RF pulses, the MS” procedures in
an FT-ICR-MS instrument greatly resemble those in an ion-trap instrument.
However, successful operation of an FT-ICR-MS instrument requires extreme
low pressures in the cell (~10~° mbar). Thus, the vacuum constraints hamper
the possibilities of performing CID in the FT-ICR cell [58]. This problem can
be elegantly solved either by the use of hybrid systems where fragmentation is
performed before transfer of ions to the ICR cell or by the use of alternative ion
dissociation techniques. With respect to hybrid systems, both quadrupole—FT-
ICR-MS systems [105] and LIT-FT-ICR-MS systems [106, 107] have been
described and widely applied. These hybrid systems provide great versatility,
user-friendliness, and excellent performance characteristics. With respect to
alternative ion-activation methods, IRMPD, SORI, and, more recently, ECD and
ETD have been frequently applied (cf. Section 1.5.2).

The potential of FT-ICR-MS in studying biomolecular interactions can be
illustrated by some early examples [108, 109]. ESI-MS was used to generate
gas-phase ions of noncovalent complexes of 16 benzenesulfonamide inhibitors
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Figure 1.7 Negative-ion ESI spectra (using  their binding affinity, and (c) SWIFT isola-
FT-ICR-MS) of 7.0 M bovine carbonic anhy-  tion of three of the inhibitor ions (from B),
drase Il with benzenesulfonamide inhibitors  Glu-, Lys-, and GIn- at m/z 399-401 and sub-
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sity of dissociated inhibitors correlate with
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with bovine carbonic anhydrase II (BCA-II), which are introduced into the
FT-ICR cell (see Figure 1.7). The tightly folded complexes generally formed only
two charge states. Complexes of BCA-II were observed with all 16 benzenesul-
fonamides with relative abundances consistent with the binding constants of the
inhibitors in solution. Competition experiments could be performed as well by
adding an excess of a high-affinity inhibitor to the electrosprayed solution. For
some inhibitors of closely related masses, gas-phase dissociation of the (isolated)
complexes was achieved to release the inhibitors, measure their accurate mass,
and subsequently perform a second dissociation step to study the fragmentation
of the inhibitors (see Figure 1.7) [108]. This approach was coined “bioaffinity
characterization mass spectrometry” [109]. It basically comprises three steps: (i)
selective accumulation of a noncovalent protein—ligand complex, (ii) gas-phase
dissociation of the complex to release the ligand, and (iii) fragmentation of the
ligand for further structure elucidation [109].

158
Orbitrap-Based Hybrid Systems

Although stand-alone orbitrap systems have been produced, the full power of the
orbitrap mass analyzer is achieved by its use in an MS—MS setting. The initial
instrumental setup of the orbitrap consisted of a hybrid LIT —orbitrap configura-
tion, featuring an LIT to control the number of ions transferred to the orbitrap
and to perform MS”, a C-trap to direct the package ions into the orbitrap, and
the orbitrap itself (see Figure 1.4e) [45]. As the ion-trap system in this commercial
LIT - orbitrap instrument is equipped with separate off-axis detectors, simultane-
ous acquisition of high-resolution precursor ion and unit-mass-resolution prod-
uct ion mass spectra can be achieved. If both precursor ions and product ions are
detected using the orbitrap, high resolution (~100000, FWHM) is used for the
precursor ions, whereas medium resolution (~15000-30 000, FWHM) is gener-
ally sufficient for the product ions of a well-characterized precursor ion.

Later on, it was demonstrated that CID could be achieved in the C-trap,
which is a gas-filled quadrupole type of device [110]. The C-trap fragmentation
resembles the collision-cell CID more than it resembles the ion-trap—CID.
Subsequently, separate higher-energy RF-only collision octapoles (higher-energy
collision-induced dissociation, HCD) were mounted on LIT -orbitrap hybrid
systems to make optimum use of this feature. Such a system can be considered
a gas-phase ion-chemistry laboratory on its own, featuring different ways to
perform fragmentation, that is, ion-trap CID, HCD, and eventually ETD, as
well as different ways to measure the m/z values of the resulting ions, that is,
by unit-mass resolution with the ion trap or by ultra-high resolution with the
orbitrap. In fact, HCD also led to the stand-alone orbitrap [63], mentioned earlier,
thus providing the possibility to efficiently fragment ions without precursor ion
selection, as well as to hybrid quadrupole—orbitrap systems [111].

Most recently, a tribrid orbitrap-based system was introduced, featuring
parallel quadrupole and LIT systems, next to an orbitrap mass analyzer [112].
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In this system, precursor ion selection is performed either in the quadrupole or in
the LIT. In the former case, fragmentation can take place either in the HCD cell,
followed by orbitrap mass analysis, or in the ion trap, followed by mass analysis
and detection in either the ion trap or the orbitrap. In the latter case, (eventually
multistage) fragmentation takes place in the ion trap, again with mass analysis
and detection in either the ion trap or the orbitrap. Fragmentation by HCD is
performed in the HCD cell, while ion-trap—CID or ETD can be performed in the
ion trap. The high-field orbitrap analyzer implemented provides at a resolution of
~500 per ms acquisition time, thus ~120 000 in 0.26 s (at #2/z 200, FWHM), with
a maximum of ~500 000 in ~1.1's (at m/z 200, FWHM).

159
lon-Mobility Spectrometry-Mass Spectrometry

Ion-mobility spectrometry (IMS) is a powerful tool in the study of gas-phase
ions [113, 114]. An ion-mobility spectrometer consists of (i) an ion-generation
region, mostly a radioactive ®*Ni foil, (ii) a charge-separation region, (iii) an ion
shutter, (iv) the actual drift-reaction region, and (v) an ion detector, for example,
a mass spectrometer. The ion shutter provides pulse-wise introduction of ions
into the drift tube, in which a uniform axial electric field gradient (typically
1-1000V cm™) is maintained with a series of guard rings, separated by elec-
trically insulating spacers and connected with an appropriate precision resistor
network. The IMS measures how fast a given ion moves through the buffer gas
(He, N,, or Ar) in a uniform electric field, and can thus be used to determine
(reduced) ion mobility from the drift time. IMS may be considered being gas-
phase electrophoresis. Larger ions undergo more collisions with the buffer gas
and thus will have longer drift times than smaller ions. Higher charge states of an
ion experience a greater effective drift force, and thus show higher mobility than
the lower charge states. From the measured reduced mobility, the experimental
collision cross section can be determined, after appropriate calibration with
reference compounds [115]. Theoretical prediction of the collision cross section,
for example, for peptides, is also possible, generally showing good correlation to
experimental values [116, 117].

The on-line combination of IMS with MS results in a very attractive tool to com-
bine analysis of conformation and shape, as performed in IMS, with the analysis
of m/z and structural features, as performed in MS. IMS—MS has been pioneered
by the groups of Bowers [118] and Clemmer [119, 120], developing IMS interfaced
to quadrupole or TOF instruments. IMS—MS provides a rapid gas-phase separa-
tion step before MS analysis, enabling the identification of ions with different drift
times, thus with different collisional cross sections. Instrumental developments
in IMS—MS have been reviewed [121]. IMS—MS is extensively used to study gas-
phase protein conformations, for instance, in relation to neurodegenerative and
neuropathic diseases such as Parkinson’s and Alzheimer’s disease [122]. Currently,
there are three ways to implement IMS in IMS—MS.
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The groups of Bowers and Clemmer [118, 119, 123] use the type of drift tubes
also applied in stand-alone IMS. Whereas the conventional drift-tube approach
has been the first way to perform ion mobility in combination with MS, drift-tube
IMS—MS systems have become commercially available only very recently (2014).
Nevertheless, successful application of this type of IMS — MS instruments has been
demonstrated from various other laboratories as well for both small molecules and
biomacromolecules [121—124].

A successful alternative approach to IMS—MS is based on the use of traveling-
wave stacked-ring ion guides, which were initially developed to replace RF-only
hexapole ion guides in vacuum interfaces for API or as collision cells [15, 125].
To this end, a Q—TOF instrument featuring traveling-wave ion guides in both
the vacuum-interface region and the collision-cell region was constructed. Ini-
tially, ion-mobility spectra were acquired by storing ions in the ion-source ion
guide and gating them periodically to the collision-cell ion guide, operated at a
0.2-mbar pressure of Ar. The mobility-separated ions were subsequently analyzed
using the TOF-MS system [15]. The initial setup was developed into a hybrid
Q-IMS-TOF instrument [125]. The collision-cell region of this instrument fea-
tures three traveling-wave stacked-ring ion guides, of which the middle one is used
as a 185-mm-long ion-mobility drift tube, operated at pressures up to 1 mbar and
up to 200ml Ar gas, and the other two may be used as 100-mm-long collision
cell, operated at 1072 mbar when applicable. The system can be applied for a wide
variety of ion-mobility studies, such as protein conformation studies [122] and
differentiation of heterogeneities in glycoproteins [126].

A third way to perform IMS—MS is high-field asymmetric waveform ion-
mobility spectrometry (FAIMS) [127-129]. In FAIMS, the gas-phase mobility
separation of ions in an electric field is achieved at atmospheric pressure. In its
simplest design, the FAIMS device comprises two parallel rectangular electrodes
at a uniform distance. One of the electrodes is grounded, while at the other an
asymmetrical waveform is applied, characterized by a significant difference in
voltage in the positive and negative polarities of the waveform. Ions drift through
the gas between the electrodes and are separated depending on their mobility.
Whereas at low field the ion mobility is proportional to the field strength, at high
field the ion mobility becomes dependent on the applied electric field. Because of
the applied asymmetric waveform, the ions show a net displacement toward the
grounded plate, which, however, is compensated for by a DC voltage (compensa-
tion voltage). This ensures that the ions remain between the plates. Scanning of
the compensation voltage allows ions with different mobilities to be monitored.
Next to the ion-mobility separation of the ions, focusing of the beam is achieved,
thus improving the sensitivity in an FAIMS—MS system. Currently, a variety of
(often cylindrical) electrode configurations are applied [127-129]. Commercially
available FAIMS devices are primarily applied to improve sensitivity and to
reduce matrix effects in quantitative analysis using LC—ESI-MS [129, 130].

In its various forms, IMS—MS plays an important role in many forefront
application areas of biological MS, including structural proteomics [131, 132],
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characterization of protein assemblies [133], and chiral and structural analysis of
biomolecules [134].

1.6
Data Interpretation and Analytical Strategies

1.6.1
Data Acquisition in MS Revisited

As indicated in Section 1.2.4, the two basic acquisition modes of MS are the full-
spectrum mode and the selected-ion mode. The full-spectrum acquisition mode
is applicable to all mass analyzers, in MS, MS—MS, and MS” modes. The full-
spectrum mode in MS—MS and MS” is the product ion analysis mode (Section
1.5.1). The selected-ion acquisition mode, that is, SIM in single-MS instruments
and SRM in MS—MS instruments, is a powerful tool in especially the beam instru-
ments, that is, quadrupole and sector instruments, to improve S/N in targeted
analysis by elongating the dwell time at a particular m/z. The resulting data are
somewhat comparable to XICs (Figure 1.1c), but often with better S/N than when
acquired in full-spectrum mode. Although ion-trapping devices, both ion-traps
and FT-ICR-MS systems, can perform a selected-ion acquisition mode as well,
the gain in S/N will generally be less than in beam instruments under similar con-
ditions. In TQ instruments, SRM is a powerful tool to greatly enhance selectivity,
and thereby achieve excellent lower limits of quantification in targeted quantita-
tive analysis (see Section 1.6.2). In HRMS, especially demonstrated for TOF and
orbitrap instruments, post-acquisition narrow-window XIC is a powerful tool to
achieve excellent S/N in targeted quantitative analysis. Recently, a high-resolution
variant of SRM was proposed, involving the post-acquisition use of accurate mass
product ions in MS2 (see Section 1.6.2).

Another powerful data acquisition mode is the DDA mode (also called
information-dependent acquisition) [135, 136]. In DDA, the instrument performs
a rule-based automatic switching between a survey and a dependent mode.
The most widely applied DDA experiments switches between full-spectrum MS
survey mode and a full-spectrum product ion (MS—MS) analysis dependent
mode, but switching between SRM as a survey mode and product ion analysis
as a dependent mode, for instance, is also demonstrated (see Section 1.6.4 for
an example). The switching is controlled by the intensity of a possible precursor
ion observed and eventually by additional criteria such as isotope pattern, charge
state, specific m/z values on an inclusion list or an exclusion list. In this way,
highly efficient data acquisition is possible: MS and MS—MS data of unknown
compounds in a mixture are acquired simultaneously in one chromatographic
run. An alternative to DDA is data-independent acquisition (MSF) [137], where
scanwise switching between MS and MS—MS is performed to obtain fragments
for all precursor ions present. The MSM approach, described for LIT —orbitrap
instruments, is a bit similar [138]. Both data-dependent and data-independent
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acquisition procedures are frequently used in qualitative analysis of mixtures
with unknown constituents, for instance, in metabolite identification (see Section
1.6.4) and proteomics (see Section 1.6.7) workflows.

In “tandem-in-space” instruments, two other data acquisition modes can be
performed, that is, the PIA and the NLA modes (see Figure 1.5b,c), which are
especially powerful for the screening for related structures in complex mixtures.
It allows screening for compounds that on CID show either a characteristic frag-
ment ion (in PIA mode) or a characteristic neutral loss (in NLA mode). In the PIA
mode, MS1 is continuously scanned, while in MS2 a characteristic fragment ion
is selected and detected. In PIA mode, a signal is detected if an ion transmitted in
MS1 on CID generates the common product ion selected in MS2. In the PIA mass
spectrum, peaks are shown with their precursor ion m1/z value. An early example
of PIA involves the screening for phthalate plasticizers in environmental samples
by means of the common fragment ion with m/z 149, due to protonated phthalic
anhydride [87]. In the NLA mode, both MS1 and MS2 are scanned, but with a fixed
m/z difference. In NLA mode, a signal is detected if an ion transmitted in MS1 on
CID loses a neutral molecule with a mass fitting the fixed m/z difference. An early
example of NLA is the monitoring of CO, losses from deprotonated aromatic car-
boxylic acids [87]. NLA and PIA are frequently applied in drug metabolism studies
(see Section 1.6.4) [139] and in phosphoproteomics [140].

1.6.2
Quantitative Bioanalysis and Residue Analysis

LC-MS on a TQ instrument operated in SRM mode is the gold standard
in routine quantitative analysis, as, for instance, performed in pharmacoki-
netics/pharmacodynamics (PKPD) and absorption, distribution, metabolism,
excretion (ADME) studies during drug discovery and drug development by the
pharmaceutical industry and related contract-research organizations [83-85].
Whereas in such pharmaceutical applications just one SRM transition per
compound is applied, in many areas of quantitative analysis at least two SRM
transitions per compound are applied. The latter can be attributed to protocols
issued by regulatory bodies, defining procedures in residues analysis [141, 142],
which demand not only quantitative analysis of a target compound, but also con-
formation of its identity, based on retention time, precursor and product ion, and
intensity ratio between two specific ions, for example, two compound-specific
SRM transitions. This protocol, initially made for the analysis of veterinary drug
residues in food of animal origin, has been widely adapted in other areas of
residue analysis, for example, for pesticide analysis in fruits and vegetables and in
drinking water, in sports doping, and in forensic/toxicological analysis. Strengths
and weaknesses of such an approach have been critically assessed [143, 144].
Perhaps the most obvious limitation of this approach in residue analysis is that a
targeted method is applied to search for “in principle” unknown contaminants.
More recently, the use of HRMS has been advocated as an alternative to the
targeted approach based on SRM transitions and TQ instruments [57, 145]. The
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approach is sometimes called a qual/quant strategy. HRMS provides the possibil-
ity to acquire full-spectrum data at up to 50 spectra per second and yields accurate
mass data. The analysis is untargeted and does not need prior optimization of
(multiple) SRM transitions. It also provides the possibility for post-acquisition
data mining and retrospective analysis, for example, to search in already acquired
data for the presence of a later discovered metabolite or previously not antici-
pated contaminant. Initial limitations of HRMS in quantitative analysis in terms
of lower limit of quantitation and linear dynamic range have been greatly removed
by recent technological developments.

1.6.3
Identification of Small-Molecule “Known Unknowns”

Identification of unknowns may be directed to either “known unknowns” or
“unknown unknowns.” The term known unknown was introduced to indicate
compounds that are unknown to the researcher, but actually described some-
where in the scientific literature and/or available in compound databases [146].
The “known unknowns” differ from the target compounds searched for in
targeted residue analysis, described in Section 1.6.2, which can be considered as
“known knowns.” The identification of “known unknowns” is a highly challenging
task, even more so for “unknown unknowns.” This task can generally not be
performed by using MS technologies alone, especially because MS often is
not a very powerful tool in clearing stereoisomerism issues. Thus, in this, MS
analysis should be combined with other techniques, especially nuclear magnetic
resonance (NMR) spectroscopy. In practice, this is not straightforward, if one
keeps in mind that NMR needs ~100—1000 times more (pure) compound to get
an interpretable spectrum. Besides, MS and MS” are readily performed within
the timescale of high-resolution chromatography, whereas NMR requires far
longer data acquisition times, typically 8—16 h when only low concentrations are
available. Thus, either fraction collection or time-consuming stop-flow operations
have to be performed, when multiple unknowns within one LC run are to be
identified by NMR.

The general procedure of the identification of unknowns consists of a number of
steps, which primarily are described for “known unknowns” [7, 146, 147]. (i) One
needs to collect as much information on the unknowns as possible. Parameters
such as origin of the sample, solubility, thermal stability, and possibly underlying
chemistry may provide valuable pieces of information. (ii) One needs to estab-
lish whether the sample is actually amenable to MS analysis, by GC-MS in EI
mode, LC—MS in either positive-ion or negative-ion mode (or preferably both),
MALDI-TOF-MS, or by any of the other available MS techniques. (iii) If the first
MS data are acquired by HRMS, the calculation of the elemental composition of
the unknown is possible, especially when a soft-ionization technique is applied.
(iv) On the basis of the elemental composition and the general information on the
unknown, compound databases may be searched for known structures, which will
be successful for the “known unknowns,” but not for the “unknown unknowns.”
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(v) Subsequently acquired MS—MS or MS” data allow filtering the known struc-
tures from the database search by checking the observed fragmentation behavior
against predicted fragmentation of the database-retrieved structures. In favorable
cases, this leads to a (number of) potential structure proposal(s) for the unknown.
(vi) In the end, standards should be purchased or synthesized and analyzed to
check retention time, fragmentation behavior, and possibly other properties. (vii)
For the “unknown unknowns”, the database search did not provide results, thus
requiring more complicated de novo data interpretation, possibly incorporating
substructure searches. Additional tools such NMR, IR, and others will certainly
be necessary to solve the puzzle.

At this stage, as a result it may be reported that a structure proposal for the
unknown is available, for which the calculated elemental composition is in agree-
ment with the measured accurate mass of the precursor ion, the main fragments
in the product ion spectra could be assigned and seem to agree with the proposed
structure, and chromatographic and MS characteristics seem to be in agreement
with that of a synthetic standard (or an “known unknowns”). Further experiments
may need to be performed, for example, preparative LC in order to collect suf-
ficient material for NMR analysis, to further confirm the structure and rule out
isomerism issues.

1.6.4
Identification of Drug Metabolites

The structure elucidation of related substances, be it synthesis by-products or
degradation products of active pharmaceutical ingredients drug metabolites, or
natural products within a particular compound class, can be performed by more
or less similar strategies [148 —151]. Suitable sample pretreatment and LC meth-
ods must be developed for the isolation and separation of the related substances.
The acquisition of MS, MS—MS, and/or MS” spectra of the parent drug and the
thorough interpretation of these spectra is of utmost importance to the success
of the study. After the analysis of relevant samples in LC—MS mode and data
processing to search for potential related substances, MS—MS or MS” have to be
acquired. Nowadays, this is mostly done by DDA or data-independent MSF pro-
cedures, using automatic switching between survey MS and (dependent) MS - MS
or MS” experiments, preferably using HRMS [57, 150]. Finally, interpretation of
the data has to be performed, often followed by additional LC—MS” experiments,
isolation of particular compounds, synthesis of standards, and NMR analysis.
Drug metabolism is directed at increasing the polarity of the drug to enhance
its excretion via the kidneys into the urine. It generally occurs in two steps, that
is, first by, among others, oxygenation and dealkylation (Phase I metabolism) and
second by conjugation with, for instance, sulfate, glucuronic acid, or glutathione
(Phase II metabolism). From an MS point of view, the biotransformation of drugs
results in metabolic m/z shifts, for example, of —14.052 Da due to demethylation
and +15.995 Da due to hydroxylation, or N-oxide or sulfoxide formation. From
m/z shifts in the metabolites, relative to the parent drug, one can often conclude
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which metabolic change occurred. Understanding of the MS—MS fragmentation
of the parent drug allows to keep track of these metabolic shifts in the structure of
the compound. To this end, the parent drug can be subdivided into a number of
so-called profile groups, to keep track of metabolic 71/z shifts of the precursor ions
and to pinpoint them to particular structural elements [152, 153].

The experimental and data interpretation procedures in the identification of in
vitro drug metabolites may be illustrated for the antidepressant drug nefazodone,
which in the past few years has frequently been used to demonstrate advances in
LC-MS and MS technology [154—156]. The structure of nefazodone, its MS—MS
spectrum, the identity of a number of its fragments, and relevant profile groups
are given in Figure 1.8a. Initially, a Q-LIT system was applied to profile and
identify as many as 22 nefazodone metabolites, 7 of which were not previously
reported [154]. DDA was applied to acquire EPI spectra (see Section 1.5.6). An
iterative data processing strategy was applied, based on (i) the recognition of
characteristic product ions, for example, the ions with m1/z 274 and 140; (ii) the
generation of XICs of samples and controls to find possible metabolites; and
(iii) the inspection of the product ion spectra of the newly identified metabolites
in order both (a) to recognize other characteristic ions that may be used in
the generation of additional XICs, for example, the ions with m/z 290, being
the oxidized form of the ion with m/z 274, and (b) to identify the metabolites,
based on the profile group approach [154]. Subsequently, the identification
of the metabolites was confirmed by accurate mass determination using an
LIT —orbitrap system. Additional metabolites resulting from N-dealkylation or
hydrolysis reactions of large groups were detected as well [155]. An overview of
the metabolites found is given in Figure 1.8b. Fourteen out of the 26 identified
metabolites involved oxidation (hydroxylation or N-oxidation) of the parent drug.
In many cases, the exact position could not be established. It must be pointed
out that the described post-acquisition iterative data processing strategy closely
resembles an experimental data acquisition strategy based on PIA and/or NLA.
Screening for nefazodone metabolites in PIA using the product ions with m/z
246, 274, and 290 (cf,, Figure 1.8a) and NLA using constant neutral losses of 196,
224, and 212 Da has also been demonstrated [156]. Another powerful tool in the
screening and profiling of drug metabolites is the use of mass-defect filtering
(MDF) in HRMS [157]. The metabolic m/z shifts are accompanied by a shift in the
mass defect of the metabolite, for example, of —0.0157 Da due to demethylation
and —0.0051 Da due to hydroxylation. If the biotransformation does not lead to
major structural changes in the parent drug, for example, N- or O-dealkylation
or hydrolysis of large side groups, the mass-defect shifts are limited to +40 mDa
for Phase I metabolites and +70 mDa for Phase II metabolites. Software tools
have been developed to process HRMS data and to perform MDF within a

Figure 1.8 Metabolite identification of Phase-l metabolites of nefazodone. MS-MS
nefazodone. With (A) MS—MS spectrum, spectrum of nefazodone redrawn from Ref.
interpretation and profile groups of the par-  [155]. (Reprinted with permission from Ref.
ent compound nefazodone. (B) Overview of  [155], ©2007, John Wiley & Sons Ltd.)
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+70mDa wide window around the exact m/z of the parent drug [157]. This
has been successfully demonstrated for nefazodone [156]. However, as in the
biotransformation of nefazodone, major structural changes do occur (see above),
and additional mass-defect filters must be defined and used [156].

In many cases, multiple oxygenated metabolites may be observed. H/D-
exchange experiments may be performed to discriminate between C-
hydroxylation and N- or S-oxidation. All three types of metabolites show a
+15.9949 Da mass shift. The hydroxylated metabolites show H/D exchange,
whereas the N- or S-oxidated products do not [158]. Differentiation between
various isomeric C-hydroxylated metabolites is often difficult. In this respect,
IMS—MS may be of help. For isomeric hydroxylated metabolites, the differences
in drift time are generally too small, compared to the resolution of the IMS
separation [159]. A selective derivatization of aromatic hydroxyl groups of drug
metabolites into N-methyl pyridinium derivatives has been demonstrated to
sufficiently increase the differences in collision cross sections, and thus in drift
times, to allow differentiation between isomeric forms [160]. In an earlier study,
the same group differentiated between isomeric glucuronic acid conjugates using
IMS-MS [161]. By correlating theoretically predicted collision cross sections
to measured drift times of a parent drug and its fragments, a calibration plot
was generated, which could subsequently be used to differentiate between
chromatographically separated isomeric glucuronic acid conjugates or N-methyl
pyridinium derivatives.

In total, the described data acquisition and processing strategies form an elab-
orate toolbox that may be used in profiling and identification of drug metabolites
(see Figure 1.9). The acquired full-scan high-resolution MS data sets may be inter-
rogated using XIC, MDF, isotope-pattern filtering (if specific isotopic features,
e.g., Cl or Br atoms, are present in the parent drug), and background subtraction,
whereas data-dependent and/or data-independent MS—MS and/or MS” data sets
may be interrogated using product ion filtering or PIA and neutral-loss filtering or
NLA [157]. NLA is especially powerful in the screening for Phase II drug metabo-
lites, using constant neutral losses of 80 and 176 Da for sulfate and glucuronic
acid conjugates, respectively [139]. The potential of IMS—MS in this area has just
started to be explored.

Similar strategies are applied in the screening for reactive metabolites by
glutathione trapping [162]. In positive-ion mode, either NLA using losses of
129 Da (pyroglutamic acid) or 307 Da (glutathione) or PIA with the characteristic
product ion with m/z 130 (protonated pyroglutamic acid) can be applied to screen
for glutathione conjugates, whereas in negative-ion mode PIA using the common
fragment ion with m/z 272 can be used [163]. Enhanced selectivity in NLA is
achieved in MSFE with a post-acquisition selection of the precursor ions that show
the loss of 129.043 Da, the accurate mass of pyroglutamic acid [164]. Alternatively,
SRM-triggered DDA on a Q-LIT instrument can be applied using a wide range
of predicted SRM transitions for possible glutathione conjugates [165]. NLA
in combination with reactive-metabolite trapping by stable-isotope-labeled or
chemically modified glutathione has been another screening strategy [166, 167].
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Figure 1.9 Toolbox for profiling and iden-  data-dependent and/or data-independent
tification of drug metabolites. The acquired ~ MS-MS and/or MS" data sets may be inter-

full-scan high-resolution MS data sets rogated using product-ion filtering (PIF) or
may be interrogated using extracted-ion precursor-ion analysis (PIA) and neutral-loss
chromatograms (XIC), mass-defect filter- filtering (NLF). (Reprinted with permission
ing (MDF), isotope-pattern filtering (IPF), from Ref. [157], ©2009, John Wiley & Sons

and background subtraction (BS), whereas Ltd.)

Obviously, MDF can also be applied to screen for glutathione conjugates of
reactive metabolites [168].

1.6.5
Protein Molecular Weight Determination

One of the great benefits of ESI-MS is the ability to generate multiple-charge
ions for biomacromolecules such as peptides and proteins, oligonucleotides, and
oligosaccharides [169]. In proteins, the multiple charging is due to protonation at
the basic amino acids, that is, Lys, His, and Arg, as well as at the N-terminal [170].
On the basis of the m1/z values of the ions in the ion envelope of multiple-charge
ions, the molecular weight can be calculated using an averaging algorithm [169,
171]. The algorithm assigns the number of charges to the peaks in the ion enve-
lope and then averages the calculated values for the molecular weight. This simple
and straightforward approach can be applied manually to relatively simple spec-
tra with good S/N. Computer algorithms for the deconvolution or transformation
of ESI-MS mass spectra of proteins have been developed [171] (see Figure 1.3).
An even more powerful software tool is based on maximum-entropy algorithms
for transformation of ESI-MS mass spectra [172]. The latter provides far batter
resolution in the transformed spectrum, enabling detection of small mass dif-
ferences between proteins in mixtures. These software tools are commercially
available from various instrument manufacturers. The maximum-entropy-based
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algorithms are especially important if ESI spectra of heterogeneous proteins, for
example, glycosylated proteins, are to be transformed.

The deconvolution of ESI spectra of oligonucleotides follows the same lines,
except that in the negative-ion ESI mode, deprotonation has to be considered.
The deconvolution may be hampered by the presence of H*/Na*-exchange ions
in the ion envelope. Therefore, attention has to be paid to adequate desalting of
the samples before molecular weight determination [173].

1.6.6
Peptide Fragmentation and Sequencing

MS using either ESI or MALDI as an ionization technique plays an important role
in the characterization of proteins. Next to molecular weight determination of
the intact protein (see Section 1.6.5), MS readily enables amino acid sequencing
of peptides and proteins (see also Section 1.6.7). On fragmentation in MS—MS,
using CID or any of the other ion dissociation techniques, a peptide shows primar-
ily backbone fragmentation. Nomenclature rules have been proposed to readily
annotate the spectra [79]. The N-terminal fragments are annotated with a, b, or
¢, depending on the position of the backbone cleavage (see Figure 1.10), whereas
the corresponding C-terminal fragments are annotated with x, y, and z. Under
high-energy CID conditions, amino acid side-chain cleavages may occur, leading
to d, v, and w ions. Although initially accents were used to indicate protonation
and hydrogen rearrangements, for example, the ¢ and y ions in positive-ion mode
were annotated as ¢’ and y”’ to indicate that the y-ion was generated after rear-
rangement of a hydrogen to a shorter peptide and subsequent protonation; these
accents are nowadays left out in most cases. In low-energy CID, but also in, for
instance, SORI and IRMPD, fragmentation occurs at the peptide bond. Thus, pre-
dominantly b and y ions are observed, together with some a ions due to CO losses
from b ions. In peptide sequencing by MS—MS, mostly double-charge ions are

z4 z3 z2 z1
x4 X3 [x2 X1
4 3 Iz y1
R IIl O R I—|| (0] R
N N OH
w w
(0] R H (0] R H (0]
pif | |e2l | [e3] | |b4
atl  |ed sl |a
cf 2 oy o4
Figure 1.10 Nomenclature for backbone position of the backbone cleavage, whereas
cleavages of peptides, according to Roep- the corresponding C-terminal fragments are
storff [79]. The N-terminal fragments are annotated with x, y, and z.

annotated with g, b, or ¢, depending on the
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selected as precursor ions. In that case, next to b ions both single-charge and
double-charge y ions may be observed. This leads to a series of sequence ions.
In ECD and ETD, cleavage of the N-C_ bond is observed, thus resulting in even-
electron ¢’ ions and odd-electron ze ions [75].

For a known amino acid sequence, the m/z values of the fragment or sequence
ions can be easily predicted. To this end, residue masses of amino acids are used,
defined as the mass of the amino acid minus water (H,O, 18.011 Da). The m/z
of the b, ion equals 1.007 u (H*) plus the residue mass of the N-terminal amino
acid; the m/z of the b, ion is that of the b, ion plus the residue mass of the second
N-terminal amino acid, and so on. The m/z of the y, ion equals 19.018 u (H;O%)
plus the residue mass of the C-terminal amino acid; the m/z of the y, ion is that of
the y, ion plus the residue mass of the second C-terminal amino acid, and so on.
Interpretation of the product ion spectrum of a peptide thus involves identifying
the series of b ions and y ions and fitting the amino acid residue masses in between
adjacent peaks. As an example, the annotated product ion spectrum of [Glul]-
fibrinopeptide B is shown in Figure 1.11.

1.6.7
General Proteomics Strategies: Top-Down, Middle-Down, Bottom-Up

Proteomics involves the large-scale study of structure and functions of the pro-
teins in the complete proteome of an organism or system. MS plays an important
role in proteomics studies. In this respect, a proteomics study may be considered
as a combination of two workflows, that is, an experimental workflow based on MS
and MS—MS analysis of the proteome, and a bioinformatics workflow to efficiently
interpret the data acquired. For clarity, these two workflows are best explained for
a single protein and its identification first.

In the MS-based experimental workflow, there are three approaches to identify
a protein in a proteome, that is, top-down, bottom-up, and middle-down [60, 61].

In the top-down approach, the intact protein, mostly a selected multiple-charge
ion generated by ESI as the precursor ion, is subjected to an ion dissociation
technique in an MS—MS experiment [60, 61]. High-sensitivity HRMS is needed,
preferably using FT-ICR-MS or orbitrap MS systems, as interpretation of the
data requires differentiation between the many different charge states that might
be present in the product ion spectrum. Significant progress has been made in
top-down proteomics [174, 175]. The isolation of the relevant proteins from a pro-
teome is one of the challenges in top-down proteomics as, due to the low diffusion
coefficient of proteins, the chromatographic separation of proteins is not very
efficient; mostly C, rather than C,4 reversed-phase LC is used. Electrophoretic
techniques, especially solution-phase isoelectric focusing, can be a powerful alter-
native. Isolation of individual proteins from complex mixtures by immunoaffinity
techniques may be applied. Although CID may be used, the most prominent ion
dissociation techniques for top-down proteomics are ECD (with FT-ICR-MS)
and ETD (with orbitrap and Q—TOF instruments). In some cases, the internal
energy of the selected precursor ion is first increased by CID or infrared laser
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Figure 1.11 Annotated MS-MS spec-
trum of the [Glu1]-fibrinopeptide (amino-
acid sequence: EGVNDNEEGFFSAR),
acquired on a Waters Q-TOF 2 instru-
ment and processed using Waters

BioLynx® software, part of the Mass-Lynx
suite. In the top spectrum the b-series
are annotated, the bottom one the
y-series.

light before ECD or ETD. Advanced software tools have been developed for the
interpretation of the data [174, 175]. Along these lines, top-down proteomics has
been applied for the characterization of intact proteins, especially in mapping
posttranslational modifications such as phosphorylation and glycosylation [176],
of the study of protein conformations and of noncovalent protein—ligand and
protein—protein complexes, where among other techniques H/D-exchange
experiments play an important role [177]. Top-down proteomics is expected to
play an increasingly important role in the characterization of therapeutic proteins
(biopharmaceuticals). Besides ESI-MS approaches, MALDI-TOF-MS has also
been applied in top-down proteomics, either by in-source decay [178] or by
TOF-TOF approaches [179]. MALDI-FT-ICR-MS may be considered as well.
In the bottom-up approach to protein identification, the intact protein is first
enzymatically digested into smaller peptides, after reduction of the Cys—Cys
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bridges by dithiothreitol and alkylation of the thiol groups of Cys by iodoac-
etamide [61, 180]. Peptides can be separated more efficiently using reverse-phase
liquid chromatography (RPLC) and can be efficiently fragmented by CID in a
wide range of MS—MS instruments. Trypsin is the most widely applied protease
for protein digestion [181]. Trypsin cleaves the protein at the C-terminal side of
the basic amino acids Arg or Lys, except when there is Pro. This results in peptides
(the peptide map or peptide-map fingerprint) that readily form double-charge
ions in ESI-MS, which can be selected as precursor ions for efficient CID in
MS-MS. The tryptic peptides of an isolated protein or a complete proteome can
be separated by RPLC before ESI-MS analysis with DDA to obtain both MS and
MS—-MS (or MS”) data within the same chromatographic run. In the analysis of
complex proteomes, on-line two-dimensional (nano-)LC can be used [23, 24].
In this case, the (complex) peptide mixture is fractionated by cation-exchange
chromatography by means of a step salt gradient. Each fraction is desalted and
preconcentrated on a short RPLC trapping column. The peptide mixture in
each fraction is eluted from the trapping column by a solvent gradient (typically
consisting of water, acetonitrile, and an acid) onto a (nano-)LC column for
peptide separation and on-line ESI-MS analysis with DDA. Powerful software
tools have been developed for data processing and interpretation [180].

Data interpretation by the (parallel) bioinformatics workflow can be readily
explained for the bottom-up approach [182] (cf. Table 1.2). The starting point of
the bioinformatics workflow is the availability of protein databases, eventually
derived from DNA or genomic databases. Given the known protease selectivity
of trypsin, as well as that of many other proteases, the in silico digestion of all
proteins in the protein database results in a huge collection of peptides. For each
peptide from the in silico digestion of the protein database, its mass or m/z value,
amino acid sequence, and protein ID are stored. MALDI-TOF-MS or LC-MS

Table 1.2 Bioinformatics workflow complements the parallel biochemical workflow to
achieve protein identification based on peptide map.

Experimental workflow Bioinformatics tools

Isolate the proteome of relevant (cDNA-derived) Protein sequence database for
biological system relevant species

Perform tryptic digestion into Perform in silico digestion of protein database

complex peptide mixture
List calculated mass of peptides with three
pieces of information

¢ Peptide mass
¢ Amino acid sequence of peptide
¢ Protein ID origin of peptide

Obtain peptide-mass fingerprint Search experimental masses against calculated
using MALDI-MS or LC-MS masses
List of peptide-masses Scoring algorithm for possible hits (protein IDs)
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analysis of the mixture of tryptic peptides results in a list of m/z values, the
so-called peptide-mass fingerprint or peptide map. This list of m/z values can be
scored against the m/z values of the peptides from the in silico digestion of the
protein database. Bioinformatics software tools have been developed to perform
this process. In most cases, the scoring algorithm converges to a particular
protein from the database, which means that a number of peptides in the peptide
map correspond to partial sequences of a particular protein in the database.
The software actually provides scoring values on the likeliness that a particular
experimental peptide map is derived from a particular protein. In this way, the
peptide map may lead to protein identification [183, 184]. When HRMS data can
be used, a surprisingly small number of peptides is needed to achieve protein
identification.

An alternative workflow involves separation of proteins by one- or two-
dimensional gel electrophoresis and staining to visualize the proteins. Spots of
interest, for example, specific protein spots or up- or downregulated proteins in
a comparative study, can be cut out of the gel. After destaining, in-gel trypsin
digestion can be performed. The formed peptides can be readily extracted from
the gel and analyzed by either MALDI-TOF-MS or LC—MS to obtain the peptide
map or peptide-mass fingerprint, which can be interpreted by means of a similar
bioinformatics workflow [185, 186].

Table 1.3 Bioinformatics workflow complements the parallel biochemical workflow to
achieve protein identification based on peptide map and MS” information.

Experimental workflow Bioinformatics tools

Isolate the proteome Protein sequence database
Perform tryptic digestion Perform in silico digestion
Obtain peptide-mass fingerprint Search against calculated masses
List of peptide-masses Short list of peptides

Acquire MS—MS spectra of peptides in Predict sequence ions for selected peptides
2D-LC-MS"
Each entry contains:

¢ Peptide mass (Precursor m/z in MS—MS)
¢ Amino acid sequence of peptide

¢ Predicted sequence ions (b and y ions)

¢ Protein ID origin of peptide

Data-dependent acquisition in Predict sequence ions for peptides on short list
(2D-)-LC—-MS" results in:

¢ List of peptide-masses
¢ MS—MS spectra

Search experimental MS—MS data against
predicted sequence ions
Scoring algorithm for possible hits (protein IDs)
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This process can even be made more powerful if additionally experimental
MS-MS data are available for the peptides in the peptide map. As outlined in
Section 1.6.6, the m/z values of (possible) sequence ions of a peptide with a known
sequence can be readily predicted. Thus, the above-mentioned stored information
for each peptide from in silico digestion (mass or m/z, amino acid sequence, and
protein ID) can be easily complemented by predicted m/z values of the sequence
ions of each of these peptides (cf. Table 1.3). Thus, the m1/z values for the fragment
ions in the experimental product ion spectra of all fragmented peptides can be
cross-correlated to the information in the database in order to achieve an even
more reliable protein identification [187, 188]. Powerful bioinformatics tools
have been developed that are based on these principles, for example, MASCOT
[189], SEQUEST [190], and advanced modifications thereof [191].

Finally, the middle-down approach shows resemblances to both bottom-up
and top-down strategies. The larger protein is first digested in larger fragments,
for instance, using the OmpT protease [192], which selectively cleaves between
two basic amino acids. The resulting protein fragments are subjected to common
top-down proteomics strategies for identification and/or characterization. The
application of all three approaches in the characterization of histone variants has
recently been reported [193].

1.7
Conclusion and Perspectives

MS is a powerful tool in qualitative and quantitative analysis of compounds with
biological relevance. Currently available analyte ionization techniques, especially
ESIand MALDI, provide ionization for a wide variety of biomolecules, from small
cellular metabolites up to large biomolecular aggregates. The ions generated in
this way may be studied with a wide range of mass analyzers, providing molec-
ular mass or weight information on intact molecules. A plethora of tandem MS
instruments, featuring a range of different ion activation and dissociation tech-
niques, enables structure elucidation and sequencing. As such, MS is a powerful
tool to study biomolecular interactions at different levels, as readily demonstrated
in subsequent chapters of the book.
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