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Abstract

MALDI imaging mass spectrometry (IMS) is a powerful tool for the visualization of protein
distribution in tissues. But as the identity of the detected proteins in most cases remains
unknown the full potential -beyond diagnostic and prognostic purposes- cannot be unlocked.
To address this important challenge of the field and move towards the comprehensive protein
identification from MALDI imaging studies a method for the extraction of the protein containing
MALDI matrix layer was developed. The established procedure allowed the bottom-up
identification of about 1,400 small, soluble and abundant proteins that constitute the set of
proteins most likely detectable by MALDI imaging experiments of human tissues. The validity of
this assumption was underlined by the conjuncture that over 90% of all proteins reported in
MALDI imaging studies are included in the ‘human MALDI matrix proteome’.

The potential of MALDI imaging is founded in the fact that the detected masses correspond to
proteins including all their modifications (proteoforms). These proteoforms can therefore be
seen as molecular probes for all processes the proteins underwent. As the usage of proteases
corrupts the integrity of the intact mass bottom-up approaches cannot be utilized for the
identification of such species. Therefore a top-down proteomics approach using high resolution
LC-ESI-MS was employed and resulted in the identification of over 500 proteoforms derived
from two MALDI imaging specimens. The analytical depth of this strategy could be increased by
employing an iterative exclusion list strategy which prevented the repeated sequencing of high
abundant proteoforms. Most of the identified species arose from N- and C-terminal fragmented
proteins, indicating considerable protein processing activity in tissues.

The top-down proteomic approach was further applied to specimens obtained from human
tumors xenotransplanted into mice. Owing to the comparatively long sequences of the 550
identified species, it was possible to distinguish whether the proteoform was derived from the
host organism or from the tumor itself.

An important requirement for the concatenation of identified proteoforms to the imaging
experiment is the accurate calibration of the MALDI MS spectra. Based on the PAS-sequence
repeat a calibration standard was designed covering the typical mass range of imaging
experiments. Based on the same sequence motive, a multi-peptide calibration standard tailored
for bottom-up proteomics was synthesized and assessed for the calibration of MALDI MS and

MS/MS spectra.






Zuammenfassung

MALDI Imaging Massenspektromie (IMS) ist eine leistungsfahige Technologie zur Abbildung von
Proteinen in Geweben. Da die Identitdt der detektierten Proteine jedoch in den meisten Fallen
ungeklart bleibt, kann das volle Potential -Uber diagnostische und prognostische Anwendungen
hinaus- nicht ausgeschopft werden.

Um diese bedeutende Herausforderung des Feldes zu l6ésen und alle Proteine aus MALDI
Imaging Studies zu identifizieren zu kénnen, wurde zunachst eine Methode zur Extraktion der
Protein-enthaltenden MALDI Matrix Schicht entwickelt. Die geziehlte Extraktion erlaubte es,
1.400 kleine, leicht l6sliche und abundante Proteine mittels eines bottom-up Ansatzes zu
identifizieren. Diese Proteine stellen mit hoher Wahrscheinlichkeit die Gruppe der Proteine dar,
welche in MALDI Imaging Experimenten von humanen Geweben detektierbar sind. Diese
Vermutung konnte durch die Tatsache untermauert werden, dass sich 90% aller in MALDI
Imaging Studien identifizierten Proteine im hier dargestellten "humanen MALDI Matrix
Proteom" wiederfinden.

Das Potential von MALDI imaging liegt vor allem darin begriindet, dass die detektierten Massen
Proteinen einschlieflich aller Modifikationen (Proteoformen) entsprechen. Proteoformen
kénnen daher als Sonde fiir alle Prozesse angesehen werden, die jene durchlaufen haben. Da
der Einsatz von Proteasen die Integritdt der Proteoformen zerstort, ist ein bottom-up Ansatz
nicht fir deren Sequenzaufklarung geeignet. Aus diesem Grund wurde zur ldentifizierung von
Proteoformen aus Matrixextrakten ein top-down Ansatz gewdahlt. Aus Proben zweier MALDI
Imaging Proben konnten iber 500 Proteofomen identifiziert werden. Die meisten dieser Spezies
stammten von C- oder N-terminalen Proteinfragmenten. Dies lasst auf umfangreiche Protein-
prozessierung im Geweben schliefen. Ferner wurde der top-down Ansatz auf Proben von
xenotransplantierte humanen Tumoren angewandt. Die vergleichsweise langen Sequenzen der
550 identifizierten Spezies erlaubten es hierbei, die Proteoform dem Tumor beziehungsweise
dem Wirtsorganismus zuzuordnen.

Eine wichtige Voraussetzung, um die identifizierten Proteoformen mit der Masse aus dem
Imaging Experiment vergleichen zu kdnnen, ist eine genaue Kalibrierung der MALDI Spektren.
Basierend auf dem PAS Sequence Motiv wurde ein Standard etabliert, der den typischen MALDI
Imaging Massenbereich abdeckt. Beruhend auf demselben Sequenz Motiv wurde ein
Peptid-Kalibrations-Standard synthetisiert und hinsichtlich seiner Eignung als Kalibrant fir

MALDI MS und MS/MS charaktrisiert.






Chapter 1:

General Introduction

Mass Spectrometry

General Principle
Mass spectrometry enables determining the mass-to-charge ratio of atoms and molecules.
Since the pioneering work of J.J. Thomson [1] the general set-up of such an instrument has not

changed and consist of three main parts (Figure 1-1)

Figure 1-1: The three principal components of a mass spectrometer: The ion source, the mass
analyzer and the detector. To minimize interactions of the gas-phase ions with gas particles a

high vacuum has to be maintained in the complete system.

In the first part, the ion source, analyte molecules are charged and get transferred into the gas
phase. The charge carrying analytes can easily be manipulated by means of electric or magnetic
fields. This is exploited in the second component, the mass analyzer, where ions are separated
depending on their mass-to-charge ratio (m/z). In the third part, the detector, the abundance of
the separated ion species is determined. The data system creates the mass spectrum, a
graphical representation of the m/z signals versus their abundance. As the instrument
determines the mass-to-charge ratio (m/z) the actual molecular mass can be calculated if the
charge state of the ion is known. The atomic mass unit (u or Da for Dalton) is defined by the
convention that the '2C isotope of carbon has a mass of exactly 12 u. As the mass directly

depends on the (sub-) atomic composition, it is an inherent characteristic of atoms and



molecules and therefore one fundamental measure to determine their identity. For this reason
mass spectrometry is used in many different fields for a huge number of analyte classes.
Different ionization methods and analyzer types have been developed to address this variety.
The mass-spectrometric characterization of proteins and peptides is a challenging analytical
task as the molecular weight of proteins can range from a few kDa to MDa. This limits the

number of applicable ionization methods and analyzers.

lonization of proteins and peptides

Many of the available ionization methods are quite harsh and lead to fragmentation of the
analyte molecules. Electrospray ionization (ESI) [2] and matrix-assisted laser
desorption / ionization (MALDI) [3] allow ‘soft’ (meaning destruction free) generation of gas
phase ions. The discovery of MALDI was influenced by the development of secondary ion mass
spectrometry (SIMS) [4,5] and fast atom bombardment (FAB) [6] which allow for the ionization
of smaller peptides but are mainly used for elemental analysis. Except for FAB all those ion

sources can be used for imaging experiments.

Similar to fast atom bombardment, ionization in the SIMS process is achieved by a
bombardment of the analytes with a primary high-energy particle beam penetrating into the
sample. The penetrating atoms (FAB) or ions (SIMS) induce a collisional cascade which leads to
desorption of some secondary ions into the gas phase. Two modes of SIMS that mainly differ in
the intensity of the applied primary beam are available. Dynamic SIMS uses higher intensities
and therefore penetrates deeper into the sample which enables profiling depths of nanometers
to some hundred micrometers [7]. In contrast static SIMS is performed at lower beam
intensities and mainly samples the surface region, leaving its structure intact [8]. Even in static
mode the energy of primary beam particles is relatively high. Therefore, larger molecules tend
to get fragmented during the process of ablation and ionization. Surface treatment approaches
like metal-assisted (MetA-SIMS) or matrix enhanced SIMS (ME-SIMS) [9] allow expanding the

accessible mass range from about 1000 Dalton to 3000 Dalton.

Instead of using fast ions or atoms also energy-rich electromagnetic beams can be employed for
desorption and ionization. But only if assisted by the so called matrix, laser desorption
ionization (LDI) facilitates the destruction free ionization of large molecules. The matrix is
typically a derivate of an organic acid (Figure 1-2 A). A solution of it is mixed at huge molar

excess with the analyte and ‘co-crystallizes’ after solvent evaporation. Common to all
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substances used as MALDI matrix is a delocalized m-electron system which absorbs the energy
of the employed laser allowing for an efficient, controllable and fast energy transfer by resonate
absorption of the laser energy [10] without affecting the integrity of analyte molecules. The
absorption damages the crystal lattice and leads to a rapid solid-to-gas phase transition,
resulting in a plume (Figure 1-2 B) [11]. Even though introduced in 1988 [3,12] the mechanism
of MALDI is still not completely understood. Two rivaling mechanisms are proposed. The lucky
survivor model postulates that pre-charged analyte ions together with their counter ions are
already embedded in the crystal before actual laser irradiation. Free ions are generated by
dissociation of neutral clusters followed by counter-ion separation or by dissociation of charged

clusters not followed by ion neutralization.
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Figure 1-2: Matrix assisted laser desorption ionization.

A| MALDI matrix molecules with delocalized m-electron systems absorbing UV laser energy
sorted from ‘cold’ to ‘hot’ (SA: sinapinic acid, DHB: 2,5-dihydroxybenzoic acid, CHCA or HCCA:
alpha-cyano-4-hydroxycinnamic acid) B| Scheme of the MALDI process. [13] C| The unified
protonation mechanism [13] postulates that both lucky survivor and gas phase protonation are

parallel processes.

The gas phase ionization model on the opposite predicts that neutral analytes get only charged
in the plume by collisions with (de)protonated species in the gas phase, e.g. matrix molecules.
Both models seem to take place more or less in parallel but to what extend is influenced by a

multitude of different parameters. Therefore the ‘unified MALDI analyte protonation



mechanism’ [14] which combines both models has been proposed (Figure 1-2 C). Even though
the details may be subject of further research, the development of MALDI enables the

destruction free or “soft” ionization of large organic molecules like intact proteins.

Another soft ionization method is electro spray ionization (ESI, Figure 1-3). It enables the
destruction free transfer of a large variety of substances from the solvated state into gas phase
[2] with almost no upper mass limitation. Due to the possibility to interface liquid
chromatography with mass spectrometry by an ESI source, it became the most widely used
ionization technique [15]. The first step in the ionization process is the dispersion of the liquid.
This is accomplished by the application of a potential to a liquid filled nozzle. Two opposing
forces affect the shape of the liquid. The surface tension tries to minimize the surface area and
the electrical Coulomb attraction pulls the liquid into the direction of the counter electrode. The
resulting elliptical shape inverts at a certain voltage into a pointed cone emitting a solvent jet.
This jet becomes instable and the spray consisting of small highly charged droplets is formed.
Due to solvent evaporation those droplets shrink and the field density on the surface increases
until the so-called Rayleigh limit is reached. At this point a droplet-based Taylor cone is formed
resulting again in the formation of a spray of smaller droplets. This process is repeated by every
droplet until the remaining charge is insufficient to reach the field density limit. Finally drops
containing only one analyte molecule are produced and by further solvent evaporation a
‘naked’ ion resides (charge residue model [16]).

An alternative mechanism is proposed by the ion evaporation model [17]. Here, the field
strength at the surface of the main droplet is rescued by expelling solvated ions. Experimental
data suggests that both models are true but the charge residue model is in better agreement
for larger molecules. Contrary to MALDI, ESI often generates multiple charged ions.
Minimization of the flow rate and miniaturization of columns and needles led to the
development of nanoESI. Due to flow rates in the range of a few nano liters per minute, the

initial droplet size is very small, which leads to nearly 100% ionization efficiency [15] .
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Figure 1-3: The electro spray process.

A| Formation of analyte ions with ESI. (1) Electrophoretic separation of anions and cations; (2)
Taylor cone formation; (3) solvent evaporation from droplets; (4) Coulomb explosion and
formation of single solvated analyte ions via charge residue or ion evaporation; (5) declustering
of solvated ions. (adapted from [13]) B| Desorption ESI (DESI) ion source enabling surface
sampling (adapted from [18]).

Mass analysis

After the ionization process the charged analytes are separated according to their
mass-to-charge ratio. Different concepts are used for this purpose but all are based on the

manipulation of the gas-phase ions by means of electrostatic or magnetic fields.

Conceptually the simplest principle is employed in the time-of-flight analyzer (TOF)
(Figure 1-4 A) where ions are accelerated by an electrical potential into the direction of a
detector. After leaving the electrical field all ions possess the same kinetic energy but have
different m/z dependent velocities. Based on their velocity ions need different times to pass
through the field-free drift zone. By recording the time of impact on the detector, the flight
times are measured and m/z values can be calculated (Figure 1-4 B).

A quadrupole mass analyzer is constructed from four rods which are arranged in parallel around
a common axis (Figure 1-4 C). A radio frequency voltage is applied to the opposing electrically
paired rods. The rapidly changing electrical field induces an m/z dependent oscillating motion of
the ion moving along the axis of the rods. Additionally to the radio frequency a direct current is

applied to the paired rods which induces a m/z dependent deflection of traveling ions. This



leads to three scenarios: i) The amplitude of the radio frequency induced oscillation is too large
and the ion is depleted. ii) The influence of the deflection leads to a collision with the rods. iii)
The influence of both forces allows a stable trajectory and the ion passes through the
guadrupole. Depending on the voltage settings a quadrupole can be used as an ion guide
allowing a wide m/z range to pass or as a mass filter which only permits the passage of ions in a
narrow m/z range.

A linear ion trap basically consists of a quadrupole with two additional electrodes on both ends
imposing a potential barrier. This allows trapping of ions on stable trajectories insight of the
trap. Mass analysis is realized by varying the applied voltages which leads to an m/z dependent
ejection followed by the ion detection. Furthermore it is possible to use the analzyer for the
isolation of certain ions. To achieve this, m/z ranges above and below the targeted range are
selectively ejected. Three-dimensional traps follow the same principle but the four rods are
replaced by a ring electrode (Figure 1-4 D).

The onion shaped orbitrap analyzer consists of an inner spindle electrode and an outer
electrode which is divided into two parts (Figure 1-4 F). lons oscillate in a static electrical field
between both electrodes on stable trajectories. Of the three possible oscillations, only the
frequency of the movement along the spindle axis is dependent on the m/z value. This
frequency is detected as an image current induced between the two parts of the outer
electrode. The m/z value of the oscillating ion is deduced using Fourier transformation. Even
though the principle of the orbitrap was known for a long time (Kingdon trap [19]) it could not
be utilized because the controlled injection of ion packages into the orbitrap was not possible.

Only with the introduction of a c-shaped trap this problem was solved [20].

Based on the separation principle, all analyzer types have different performance specifications
(Figure 1-5) which make them advantageous for different applications. Besides all other
parameters the resolution is an important criterion for the ability of a mass analyzer to resolve
different molecular species with similar but distinct masses [21]. Low resolution instruments
only allow determining the peak apex of the isotopic envelope and therefore the calculation of
the average m/z value. High resolutions analyzers are capable to separate the single isotopic
peaks and therefore facilitate to deduce the charge and monoisotopic mass (the mass of a

molecule containing just the most abundant isotopes for each element).
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Figure 1-4 Different mass analyzers.

A| Schematic representation of a time-of-flight analyzer: lons are accelerated by an electrical
field into the flight tube which has a defined length. All ions possess the same potential energy
but m/z dependent velocities. The velocity results in different impact times on the detector.
B| The ‘TOF’ equation: showing the proportionality of the flight time and the square root of the
mass. C| A Quadrupole analyzer consists of four parallel rods imposing a quadrupolar field. The

latter is generated by applying an oscillating electrostatic field to the two opposing rod pairs.



(adapted from [22] D| In a 3-dimensional ion trap a quadrupolar field is imposed by a ring
electrode. lons can be trapped by the potential barrier imposed by the end caps (adapted from
[22]. E| Hybrid Linear lon Trap/Orbitrap Mass Spectrometer. The linear ion trap can be used as a
mass analyzer or a as device for ion accumulation and selection. The accumulated ions are
transferred to the c-trap which focuses the ions and introduces them into the Orbitrap analyzer.

(adapted from [20]). F| cutaway view of the orbitrap mass analyzer (adapted from [23]).
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Figure 1-5: Specifications of different mass analyzers.

A| Standard values for different analyzer types. (Adapted from [24,25]). B] Calculated peak
shapes for a peptide at different resolutions. The peak shape at 500 corresponds to the isotopic
envelope. The insert shows the definition of FWHM (full width at half maximum) (simulated with
Xcalibur).

As mentioned before, some analyzers can be used to selectively filter or isolate a certain m/z
ranges. This is exploited for an experiment termed tandem MS or MS/MS where ions are
selected, fragmented and detected subsequently. The information of the resulting fragment
spectrum delivers additional information about the structure of the fragmented ion species.
Those experiments can be carried out in time (e.g. both in an ion trap) or in space (isolation and
fragmentation in different analyzers). The latter is performed on so called hybrid instruments
(e.g. Figure 1-4 E). Popular combinations are Trap-Orbitrap or Quadrupole-TOF. Also TOF
analyzers allow a flight time dependent selection of ions. For this purpose a charged grid

capable of deflecting ions is placed in the flight tube. As all parameters (m/z value of ions to
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pass, distance of the ion source to the grid and therefore the time at which the ions arrive at
the grid) are known, the voltage of the deflecting ion gate is only switched off at that very
moment a certain m/z range arrives, allowing these to pass. As the fragment ions, created after
acceleration, obtain the same velocity as the precursor ion (and therefore arrive the grid at the
same time) this technique can be used for the acquisition of MS/MS spectra in MALDI-TOF

instruments.

Imaging Mass Spectrometry

Imaging techniques in tissue research

Image generating techniques influence the way we can see the world and often led to dramatic
changes in its perception. The discovery of the X-ray for example not only enables visualizing
fractures of bones but also allows elucidating the structure of crystalized proteins and DNA. The
invention of the light microscope has basically revolutionized the concepts of biology and is still
one of the fundamental tools in many areas like material science, microbiology and histology.
Nearly as long as microscopy itself, dye-based approaches have been used to improve contrast
and therefore the interpretability of microscopic preparations. The field of histochemistry uses
the specific interactions of dyes with structures or substance classes. The most prominent
example is the combination of Hematoxilin and Eosin, allowing a rough differentiation of nuclei
and protein-rich structures. Immunohistochemistry takes advantage of the high specificity of
antibodies against a target molecule structure. After an antibody has bound to its target, an
enzymatic staining reaction or a fluorescent dye is used to unravel distribution and abundance
of the targeted structure. Small analytes like drugs are difficult to be detected by antibodies. A
method which allows investigation of small molecules is autoradiography. Here an atom of a
molecule is exchanged with its radioactive counterpart allowing to visualize the distribution of
the labeled substance in a biological system from whole body level down to microscopic
dimensions [26]. Immunohistochemistry and autoradiography are very powerful tools and
histochemistry is indispensable in the field of light microscopy. A shortcoming of all these
techniques is that they only have a high chemical specificity or even need prior knowledge of
the target. In contrast, mass spectrometric imaging approaches do not depend on a priori
assumptions but enable a less biased discovery of correlations between the distribution of

different molecular features and the morphology of the underlying tissue.



Imaging Mass spectrometry

Imaging mass spectrometry (IMS) or mass spectrometry imaging (MSI) allows the
comprehensive analysis of the spatial intensity distribution profiles of different molecular
species [27]. Mass spectra are acquired in a spatially resolved fashion from defined positions on
the surface of a planar sample (Figure 1-6 A, B). Analogue to digital imaging each spectrum is
linked to a position on a two-dimensional grid and represents a single pixel that can be

reconstructed into a raster image (Figure 1-6 C).

A B C

>
7>
-

Figure 1-6: General principle of imaging mass spectrometry.
A| Imaging specimen placed on a 2-dimensional grid B| Acquisition of mass spectra for each
coordinate x,y; (‘pixel’) of the grid C[ False color reconstruction of the distribution of the mass

values.

For imaging MS three major ionization methods are used. Two of them are based on desorption
and ionization of analytes from a solid surface via a beam of ions generating secondary ions
(secondary ion mass spectrometry SIMS) or a beam of photons (laser desorption ionization LDI).
The third one employs a modified set-up based on electro spray desorption and ionization
(DESI, Figure 1-3 B). Secondary ion mass spectrometry was the first ionization method
employed for imaging experiments [28,29] and is widely used in the field of material sciences
[30]. Static SIMS leaves the sample intact and mainly samples the surface region. It offers a
lateral resolution [8] below 1 um which corresponds to the size of mitochondria [31] (Figure
1-7 A) and enables the visualization of subcellular structures. The achievable lateral resolution
and the accessible mass range makes SIMS imaging a very attractive tool for the detailed
visualization of a variety of different substance classes like inorganic ions [32], lipids [33,34] as

well as drugs and their metabolites [26].
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MALDI allows overcoming the mass range limitations of SIMS and enables to visualize the
distribution of a wide variety of different molecules. Which analyte class is preferentially
ionized and therefore imageable is to a huge extend determined by the matrix. A number of
different approaches has been reported over the last 17 years including imaging experiments
focusing on proteins and peptides [35] or the spatial expression of N-linked glycans [36], lipids
[37] or sulfatides [38]. Also combinatorial imaging approaches -targeting different analytes- are
possible like for example the investigation of the distribution of drugs and their metabolites
[39] or the co-localization of proteins and drugs in whole body animal sections [40] were
reported. The achievable lateral resolution is on the one side determined by the laser
wavelength and on the other side by the minimal surface area that needs to be irradiated in
order to ablate and ionize a sufficient number of ions to reach the limit of detection.
Furthermore the sample preparation and its influence on matrix crystal size are critical factors
which define the regularly achievable lateral resolution of MALDI imaging experiments to the
range of 50-200 um. which is equal to one or some cells per pixel. Only in recent years some

studies reported lateral resolution down to 20 um [41] or even subcellular resolution [42] .
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Figure 1-7: Dimensions of Biological systems and capabilities of ionization methods to resolve
such structures. A| Schematic picture of an eukaryotic animal cell and size ranges of the
organelles [31]. B| Achievable lateral resolution and chemical selectivity for different ionization

techniques used in MSI [43] compared to micro autography (added from [44]).

Other than in MALDI and SIMS which are by default equipped with a movable two-dimensional

sample, ESI sources are usually static. One solution enabling ESI imaging is the liquid extraction

11



from defined spots on the surface of the sample, followed by direct infusion ESI-MS
measurements. An automated sampling and spraying device is described [45] but due to
dispersion of the liquid on the sample surface this technique only allows minor lateral
resolution. A more sophisticated solution is desorption electrospray ionization (DESI) [46]
(Figure 1-3 B). In this setup, the ESI spray is directed onto the sample surface and the charged
droplets ablate analyte molecules. The ‘loaded’ droplets transport the analyte molecules in the
direction of the counter-electrode (inlet of the MS) while the droplet based ESI process takes
place. An advantage of the technique is that it is carried out under atmospheric conditions and
no perfectly plane surface has to be prepared. The system has been applied for different
samples and analyte classes, such as lipids of the human lens [47], or mouse brain [48] as well

as for metabolites of bacteria [49] or chemical profiling of banknotes [50].

The different imaging techniques cover most of the analytes in biological systems. Furthermore,
MS imaging workflows need little to no sample preparation while preserving tissue integrity.
The latter allows the combination of different (traditional) imaging techniques on the basis of
the very same sample. Imaging mass spectrometry is therefore a highly valuable addition to the
toolkit of microscopy-based tissue research. Especially MALDI imaging is appealing as it enables

the in situ analysis of proteins and peptides.

MALDI Imaging mass spectrometry of proteins and peptides

Proteins are polymers assembled from 20 different amino acids. The chain length can vary from
some to hundreds of amino acids. Determined by their structure, they perform a variety of
different tasks, such as substance transport and binding, intra- and extracellular signaling and
catalyze metabolic reactions. The structure itself is determined by the amino acid sequence
which is encoded in the genome. Today it is believed that humans possess about 20,000 protein
coding genes [51]. Due to additional modifications during transcription and translation as well
as posttranslational modifications on the protein level, the variety of different proteoforms
Figure 1-8 [52] is tremendous. The proteome (the entireness of all proteoforms under a given
condition [53]) varies from cell type to cell type and reflects the adaptation of a biological
system to different environments and conditions. Elucidating these changes is the goal of
proteomics as the large-scale study of the proteome [54]. MALDI imaging of proteins or better
proteoforms is therefore very appealing as it enables taking spatially resolved snapshots of the

proteome in the context of tissue morphology.

12



Chapter 1: General Introduction

Set of base primary

e I -
proteolysis sequences
RNA splicing I R
“Isoforms”
‘ X
Coding SNPs 58R —5
Mutations 109W—C

Site-specific

5K — acetylation
features

Post-translational 25S —» phosphorylation

modifications 43 Y —- phosphorylation
201 K—> monomethylation =
2 e

o] o}
I i

cH,
I.:’ -3 All sources of

combinatorial variation

A proteoform } ‘

Figure 1-8: Possible modifications events from protein sequence to the final proteoform.

(from [52])

From tissue sections to false color proteoforms distribution portraits

The first step in every tissue centered research is the preservation of the collected specimens.
Activity of endogenous proteases will not only change the morphology but will also produce
artificial proteoforms. As it preserves the histological features and allows storage at room
temperature for long time periods formalin fixation is the most frequently used preservation
technique. Formaldehyde treatment leads to inactivation, stabilization and immobilization of
proteins by its reaction with N-termini of amino acids as well as the side chains of arginine,
cysteine, histidine and lysine. Furthermore intermolecular crosslinks by methylene bridges are
formed [55]. Snap freezing of tissue specimens causes no additional modification and sample
stability in liquid nitrogen is guaranteed over years [56]. But as storage of such samples is
expensive the number of snap frozen specimens is low compared to the rich archives of
formalin fixed preparations. An alternative is alcohol-based preservation as it unifies the
benefits of the cryo- and FFPE preservation and allows storage at moderate temperatures
without severe alteration in the chemistry or morphology [57]. Especially the crosslinks in FFPE
samples make MALDI imaging of a formalin fixed specimens impossible without prior
treatment. Being a quite recent technique alcohol fixation seems promising, but cryo-specimens

are still the most widely used samples for protein and peptide imaging.

After preservation the next step is the sectioning of the tissue samples. The sections typically

have a thickness of 3 to 20 um and are mounted onto a solid surface i.e. a conductive
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microscopic slide. In the case of fresh frozen tissue this is carried out in a cryotome. Depending
on the analytes of interest and the tissue type, the sample is subjected to a defined washing
procedure which removes interfering substances but keeps the analytes in place. For proteins
typically a multi-step washing procedure with increasing alcohol concentrations is carried out.
This treatment removes salts, water and fats which would suppress ionization and at the same

time it fixates the proteins [58].

Figure 1-9: Schematic representation of the matrix application process
A| Protein micro extraction by matrix solution. B| Mixture of MALDI matrix and proteins after

solvent evaporation C| Laser desorption of analytes co-crystallized with the matrix molecule.es

As mentioned before, the MALDI process is dependent on a crystalline matrix layer with
embedded analyte molecules. In most cases this layer is prepared by the application of a
solution of matrix molecules in a mixture of water and an organic solvent (Figure 1-9). Besides
dissolving the matrix molecules the liquid droplets also act as micro-chambers, extracting
proteins from the underlying tissue. The larger the covered surface area, the wider the analyte
can diffuse away from its point of extraction [59]. This as well as the size of the matrix crystals
limits the achievable lateral resolution. Therefore the aim is to prepare a homogenous matrix
layer with small crystals from small droplets while achieving sufficient extraction from the
sample. Besides manual application using simple nozzles, different automated systems are
available for a reproducible matrix application. One uses the ink printer principle [60] another
one generates the droplets via vibrational vaporization [61] or the pneumatic atomization [62].
Alternatively the matrix layer can be prepared by sublimation which circumvents the floating
bias [63]. It is also possible to introduce an additional spraying step before the application of

the matrix solution and apply a protease for on tissue digestion [42].

The typical mass range for MALDI-TOF imaging of proteins is between 2 kDa and 20 kDa. The
detection of larger species is compromised due to the decreasing sensitivity of the instrument

for increasing masses as well as due to the suppression of the ionization of larger species. The

14



Chapter 1: General Introduction

latter can be addressed by more stringent washing procedures [64,65] and even imaging of
species above 100 kDa has recently been reported [66]. As the sample leaves the instrument
basically undestroyed also successive circles of washing and coating are possible which allows a
stepwise coverage of different mass ranges or different analyte types. Furthermore all classical
staining techniques and immunohistochemical methods are applicable and digital microscopy
can be performed from the very same microscopic slide as used for imaging. Thereby the
morphological information of traditional histology can be complemented with the distribution

of molecular species making MALDI imaging a molecular microscope [67].

Not only can the image generation within a tissue help to address question like tumor
heterogeneity [68] but it is also a very powerful tool if used for the comparison of larger patient
cohorts with for example known clinical endpoints. Such studies are quite challenging as not
only experimental conditions have to be set up very reproducible but also the data processing
and analysis are critical steps for robust results. Data processing aims to remove sources of
variation other than biologically relevant information [69]. These processes include
normalization of spectra, baseline correction, alignment and calibration was well as peak
detection and peak integration. The processing results in lists of m/z values and their respective
peak area linked to the x and y coordinates. This list is the basis for visualization and also for
further analysis. The aim of the latter is for example to unravel feature patterns which correlate
to regions of interest or patient outcome and to test the validity of those findings with

sophisticated statistical methods. A detailed review on this topic can be found elsewhere [70].

Biomedical applications of MALDI imaging of proteins

The eye is a highly structured organ but at the same time the proteome especially of the lens is
quite simple and mainly consists of few proteins with only little turnover [71]. Hence changes in
the proteome of the lens are mainly at the level of post-translational modifications.
Posttranslational modifications also play an important role in the indisposition of the eye,
making it both a relevant and ideal model organ for MALDI imaging. Studies have investigated
the role of the localization of a-crystallin and its modified and truncated forms in the context of
cataract development [72—76]. By applying stringent washing conditions or on tissue digestion
also the localization of integral membrane proteins in the lens and the retina were elucidated
[77-79]. The investigation of glioblastoma was one of the first examples [80] showing the
potential of the technology and also connecting two main fields in biomedical research where

many MALDI imaging studies are carried out: Cancer research and neuroscience. Important
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aspects in the field of cancer research are classification and prognosis prediction. In this
respect, MALDI imaging has proven its power for many different cancer types. In breast cancer
for example the expression level of human epidermal growth factor receptor 2 (HER2) is a
prognostic marker for the response to a treatment with trastuzumab. Walch and coworkers
show that the HER2 status can be correlated with peak patterns derived from MALDI imaging
[81]. The predictor built from this study was shown to be transferable to gastric tumors [82].
The same group published a study were they demonstrated that patient outcomes in intestinal-
type gastric cancer can be correlated with a set of seven proteinous species. Similar study
designs were applied in Barrett’s adenocarcinoma [83], papillary thyroid carcinomas [84] or for
the classification of six different common cancer types [85]. Oppenheimer and coworkers used
MALDI imaging in clear cell renal cell carcinoma for the reliable identification of margins
separating normal tissue and tumor tissue by aberrant molecular patterns in the tumor
microenvironment (Oppenheimer et al., 2010). The brain is not only an important organ but,
due to its inherent bilateral symmetry and extensive substructure, also an interesting system
for method development in MALDI imaging [69]. One of the first protein MALDI IMS studies was
the molecular profiling of proteins and peptides in a Parkinson’s disease model as well as the
observations of changes based on the administration of L-Dopa [86]. Another study focused on
the isoform-specific profiles of the myelin basic protein in different regions throughout the
mouse brain under normal and pathological conditions [87]. Latter was induced by the usage of
ethidium bromide leading to myelin disorders which play a role in multiple sclerosis.
Neuropeptides are secreted molecules acting as endocrine or paracrine transmitters and play a
central role in neuronal signaling. First experiments targeting the distribution of neuropeptides

were carried out using exocrine tissues and ganglia from sea slugs (Aplysia californica) [88].

The application of on-tissue digestion allows the peptide based imaging of FFPE tissue
specimen. This is especially interesting because of the rich archives of formalin fixed tissues
alongside with clinical data that is available. Tissue microarrays (TMA, basically a collection of
different tissues in a block of paraffin) are especially interesting as they allow the uniform
processing and measurement of many samples in parallel. Using such a TMA with biopsies
derived from adenocarcinoma and squamous cell carcinoma was imaged and the resulting data
was used to build a classifier, using a support vector machine algorithm to separate both cancer
types [89]. In another TMA-based study, principal component analyses was used to establish
molecular profiles which allow the distinction of normal and cancer tissue in pancreas. This

study is interesting as they employed an ion mobility analyzer and therefore were able to
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separate isobaric ions [90]. Based on FFPE tissue and on-tissue digestion, it was demonstrated
that a proteomic profile could successfully classify Spitz nevus (SN) and Spitzoid malignant

melanoma (SMM) with high specificity and sensitivity [91] .

Challenges in MALDI imaging of proteins

MALDI imaging of proteins has proven its power but is still an evolving field. Like every
analytical technology there is always a striving for improvement. One of the main challenges in
the field is the lateral resolution which is not only limited by sample preparation and
crystallization but also by the smallest achievable diameter of the laser, which is dependent on
the wavelength. A smaller laser irradiated area implicates that fewer ions are created, which
leads to the need for higher detection sensitivity. Furthermore the higher the lateral resolution,
the more data points relative to the area have to be acquired which limits through-put, drives
the need for faster acquisition and increases the amount of generated data. Related to the
sensitivity issue there is a need for a higher dynamic range, which is especially limited due to
the relative high noise level in spectra from TOF analyzers if coupled to MALDI sources. For a
comprehensive analysis of the proteome the accessible mass range is still too small.
Improvements in mass accuracy and resolution are needed to discriminate overlapping species
and ion mobility might be needed to address the problem of isobaric species. Furthermore
guantification in MALDI is not trivial as changes in peak intensity can have many reasons and
are not directly linkable to relative changes in peak abundances. This is especially true for
MALDI imaging as the biological matrix is very complex and influences the ionization efficiency.
Nevertheless MALDI imaging has proven its huge potential in classification and prognosis
prediction, which would allow for applications similar to the biotyper [92]. The latter uses
spectral libraries of pure bacterial colonies to identify bacteria by comparing protein profiles.
One of the main remaining issues of protein imaging is the identification of the proteins
constituting the MALDI MS peaks. The next paragraphs will give an overview how protein
identification is addressed in the field of proteomics and how these principles can be applied to

identify proteins from MALDI imaging.
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Mass Spectrometry based Protein Identification
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Figure 1-10: Schematic representation of bottom-up and top-down workflows.

A Bottom-up strategy always involves an enzymatic digestion. The complex peptide mixture is
separated and precursor ion spectra are acquired. Based on that, peptide precursors get
selected and fragmented. The resulting fragment spectra allow deriving (partial) sequence
information used for peptide based protein identification. Top-down approaches aim to identify
intact proteoforms. Therefore no enzymatic cleavage is used and separation is carried out on
protein level. Mass spectrometric analysis is similar but the derived data is more complex. Some

workflows start with top-down protein separation and employ proteolytic cleavage at a later

stage.
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Developed 30 years ago by Mullis [93] the polymerase chain reaction facilitates the
amplification of DNA. Millions of copies can be created starting from only two antiparallel
molecules per cell. The nearly unlimited availability of sample material dramatically lowered the
sensitivity requirements for analytical techniques and catalyzed the investigation of genes and
sequencing of whole genomes [94,95]. In contrast proteins cannot be amplified in a similar
fashion. The characterization of the proteome composed from a complex mixture of large and
small, physico-chemically different proteins with a dynamic range from some to millions of
copies per cell (not even accounting for their modification status) is a very challenging analytical
task [96]. Two principal strategies for the analysis of complex protein mixtures are used today.
The bottom-up approach adopts the idea of shotgun sequencing of DNA and involves the
proteolytic cleavage of proteins into peptides of a similar length. Top-down proteomic
approaches aim to completely characterize intact proteins or better proteoforms. Both
strategies include sophisticated separation techniques as only purified species can be

sequenced by mass spectrometry.
Protein identification by bottom-up proteomics

Decreasing diversity by increasing complexity

Nowadays protein identification in most cases refers to bottom-up proteomic approaches as
being the most widely used technique [97] for this purpose. Common to all bottom-up
workflows is the usage of a protease and the mass determination of the generated peptides.
Trypsin is the most frequently used enzyme as it cuts sequence specific after the two basic
amino acids arginine and lysine generating peptides with a basic residue at the C-terminus. This
is beneficial for the ionization efficiency and charge stabilization of the ions [98]. Furthermore
the frequency of arginine and lysine leads to a quite even peptide length distribution having a
maximum at about 11 amino acids [99]. Even though digestion increases sample complexity
[100], the resulting peptides have similar properties and are easy to handle. The sample
complexity has to be reduced prior to mass spectrometric analysis to meet the specifications of
the instrument in terms of detection limit, dynamic range and scan speed [101]. This is often
achieved by chromatographic separation, where complexity is resolved on a time scale by
‘sorting’ and thereby concentrating the analytes in narrow time increments. The standard for

this purpose is reversed phase chromatography where peptides are separated due to their
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different hydrophobicities. For this purpose analytes have to be solved in an aqueous solvent
and are transported with the flow of the so called mobile phase through a column. The column
is filled with small particles posessing a hydrophobic surface that interacts with the peptides
and retains them. As the hydrophobicity of peptides is dependent on their amino acids
sequence [102] peptides show different affinity to the stationary phase and different solubility
in the mobile phase. Local equilibria between the bound state (retention) and the solved state
(transport) for each molecular species are established until the end of the column is reached. In
gradient elution an over-time increasing percentage of a second more hydrophobic solvent is
mixed into the mobile phase. The second solvent weakens the interaction of the peptides with
the stationary phase and allows tuning the analytes’ retention. Reverse phase chromatography
not only offers excellent separation and continuous elution of peptides but also the
composition of the mobile phase can be chosen to be compatible with electrospray ionization

allowing to directly interface it with a mass spectrometer.

Depending on the complexity of the sample as well as the performance of the LC-MS setup,
additional prior separation steps might be needed to achieve the desired analytical depth.
Historically gel-based electrophoretic separations on protein level were employed followed by
in-gel digestion and LC-MS [103]. A drawback of gel based approaches and especially of
isoelectric focusing, which is used as the first dimension of separation in two-dimensional gel
separation, is the loss of hydrophobic proteins (i.e. membrane bound), extremely basic or acidic
proteins and the low peptide recovery yields of in-gel digestion workflows. To address these
issues in-solution and filter aided digestion [104] became popular over the last years often
combined with multi-dimensional peptide separation strategies [105]. The final step in the

separation process, the isolation of single molecular species, is carried out in the mass analyzer.

Peptide based protein identification

An early MS based protein identification strategy is the peptide mass fingerprint (PMF) where
the experimental peptide masses are compared to the peptide masses generated from the
digestion of known proteins. This technique allows the unambiguous identification of already
characterized proteins if the digested sample contains a few, in an ideal case only one, protein.
The drawback of this approach is the need for a sufficient amount of purified protein for the
analysis. Small proteins are hard to identify as the number of possible peptides is low which
makes the matching less specific. If sequence information is available the described workflow

can also be implemented in silico. Here the theoretical fragment masses can be calculated from
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protein sequences [106,107]. This also allows considering modifications of amino acid residues
as they directly influence the peptide mass. This approach is mainly combined with two-
dimensional gel electrophoresis as this technique offers a very high separation power on

protein level [108].

As mentioned, single peptide species can be isolated by means of different analyzers. The
selected species (precursor) can then be fragmented. As peptides tend to fragment along their
backbone it is often possible to deduce (partial) peptide sequence information. To distinguish
the possible peptide fragments Roepstorff and Fohlman [109] suggested the nomenclature as

depicted in Figure 1-11.
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Figure 1-11 Roepstorff and FohIman Nomenclature.

Possible fragmentation locations and the names of the resulting ions. (adapted from [110]).

A complete ion series would enable to (de novo) sequence [110] a peptide by matching peak
distances with the residue masses of the single amino acids. But spectra where this is possible
are rare. Depending on the resolution and accuracy of the spectrum, some amino acids with
similar molecular masses cannot be distinguished (i.e. glutamine and lysine Am = 0.0364 Da)
Furthermore the tendency of a certain peptide bond to break is dependent on the neighboring
amino acids. Therefore not all possible fragment ions have the same intensity or probability of
being generated. Also the way in which ions are fragmented has a major influence on the
detectable ions. The most commonly used fragmentation techniques are collision-induced
dissociation (trap-type CID), higher energy collisional dissociation (HCD or beam-type CID) as
well as electron transfer (ETD) [111] and electron capture dissociation (ECD) [112]. On MALDI
instruments additionally laser induced dissociation (LID) and in-source decay (ISD) are available.
Fragmentation in CID is induced by collisions of the gas phase molecules with an inert gas.
These collisions lead to vibrational excitation and finally to breakage of intermolecular bonds.

Depending on the kinetic energy of the collision, two types of CID are distinguished. In low-
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energy CID, which is mainly carried out in trap analyzers, multiple collisions take place until
sufficient vibrational energy is taken up for fragmentation. The energy is distributed within the
molecule and eventually results in the dissociation at the weakest bonds. This is in most cases
the peptide bond resulting in spectra populated by b- and y- ions. In higher energy dissociation
or also beam-type CID, the transferred energies are higher and the dissociation happens nearly
instantaneously. This leads to a more random dissociation resulting in spectra with a higher
probability of complete b- and y- ion series but also with more internal fragments and neutral
losses. This technique is available on quadrupole-TOF instruments or the HCD cell in Orbitrap
hybrids instruments. In ECD and ETD electrons are directly or indirectly transferred to cations in
the gas phase. The unpaired electron destabilizes the molecule and leads to rapid bond

cleavage of the peptide backbone at the N-C alpha bond resulting in c- and z- ions.

The acquisition of fragment spectra is in most cases carried out in a data dependent fashion.
First all ions present at this time are scanned in a full scan. Based on this scan and parameters
like charge, m/z value and the intensity precursors are selected for fragmentation in the next
scans. This sequence of full scan and fragment scans is repeated (duty cycle). To prevent
sampling of the same peak already picked m/z values are excluded from fragmentation for a
certain time. The outcome of such an experiment is a list of picked precursors with the
corresponding fragment spectra. This information even with incomplete ion series can be used
by a search engine for protein identification (Figure 1-12).

Based on the precursor mass the search algorithm calculates all possible sequence
combinations from a protein database (Figure 1-12 A). As the searching algorithm has only to
consider proteolytic peptides the number of possible matching peptide sequences is restricted
which limits the searching space and makes the search more specific. For every sequence in this
list, theoretical fragment spectra are calculated and compared to the experimental spectrum.
Based on the agreement of theoretical and experimental precursor mass as well as the
similarity of the theoretical and experimental fragment spectra each calculated hit is scored and
ranked. The best scoring entry has the highest probability of being a correct assignment and
identifies a protein based on the peptide identification. But even high scoring hits might be
wrong. To get an estimate for the frequency of false positive hits of a dataset two approaches
are frequently used (Figure 1-12 B). One strategy, the so-called decoy strategy, uses a second
search against an additional database which in most cases a randomized or inverted version of
the original database. A hit in the decoy database is defined as a false positive identification.

The number of hits in the original and the decoy database is an estimate for the global false
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discovery rate (FDR) of the search against the real database. The second employed method for

FDR estimation uses Bayesian statistics to model a local peptide probability.
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Figure 1-12: MS/MS spectrum based peptide and protein identification.

A| Based on the precursor mass possible sequences are calculated for database entries. For all
sequences a theoretical spectrum is calculated and compared with the experimental spectrum.
Possible hits are scored and ranked. B| Two strategies for false identification rats calculation.
The target decoy strategy uses a search against a second ‘nonsense’ database. Probability

filtering uses Bayesian statistics for the FDR calculation of a dataset. (adapted from [13]).

Even though digestion of a complex protein mixture introduces even more complexity
bottom-up approaches are very successful in identifying a large number of proteins. A reason
for the success of this approach is that in contrast to proteins, peptides have similar properties
and are comparably easy to handle. However, their properties are different enough to reduce
the complexity of the peptide mixture by means of different chromatographic separation
techniques and adapt it to the capabilities (scan speed and sensitivity) of the employed mass
spectrometer. State of the art instrumentation allows to profile near to complete proteomes
within an hour [113]. This is to a huge extend a result of fast scanning, high resolution and high
accuracy mass spectrometers coupled to nanoLC-ESI systems offering high separation power

and sensitivity.
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Besides the technically driven progress in the successful identification of as many peptides and
proteins as possible, proteomic techniques also allow for quantitation. A possibility for that
purpose is to compare peak intensities between different LC runs (label free quantification) or
count the number of identified peptide-spectrum-matches per protein (spectral counting). The
introduction of heavy isotopes is another widely used strategy for quantification (e.g. ‘stable
isotope labeling by amino acids in cell culture’ (SILAC) [114] or ‘isobaric tag for relative and
absolute quantitation’ (iTRAQ) [115]). Those strategies allow combining samples in early stages
of the workflow as the differentially labeled peptides can be (only) distinguished by their mass
difference.

Bottom-up approaches are also used for the identification of peptides from MALDI imaging.
Identifications directly from the tissue are reported [116]. But as the mass-based isolation of
peptides on the background of all other peptides is not trivial, only peptides with a high local
abundance are identifiable in this way. As outlined in this chapter, a strategy to overcome this
bias is the extraction of peptides followed by LC separation and tandem mass spectrometry
[117]. The precursor mass is then used to relate back to the mass of the peptide imaging
experiment. For the identification of m/z species from protein MALDI imaging, this approach is

not applicable as the information of the precursor mass is lost due to the proteolytic digestion.

Top-down proteomics

In principle the identification, characterization and quantification of proteoforms should be one
of the main goals of proteomic approaches as those in vivo species can be seen as molecular
probes and are the direct result of processes within a biological system. Bottom-up approaches
often deliver only a limited depth of information as in most cases not the complete protein
sequence is covered by identified peptides. The basic idea of top-down approaches is similar to
those of bottom-up (Figure 1-10). Top-down strategies also use the information derived from
tandem mass spectra of isolated and fragmented precursor ions. But as there are no cleavage
enzymes involved, the number of possible sequences matching to the measured mass increases
dramatically. Furthermore, the sensitivity of MS instruments for larger molecules is not as good
as for smaller molecules. In ESI experiments, this effect is even more dramatic as the protein
will be available in different charge states, diluting the signal for precursor as well as for
fragment ions. The larger the isolated protein is, the more possible fragmentation channels
have to be populated with enough ions to gain a sufficient signal. Partially this can be addressed

by optimizing parameters of the MS instrument for different mass ranges which involves a mass
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dependent pre-fractionation. As the latter is prone to sample loss large quantities of starting
material have to be available.

Only in recent years this approach got more feasible as the instrumentation has been improved
and made accessible to a larger group of users. High mass accuracy and resolution provided by
the novel generation of orbitrap instruments combined with highly efficient fragmentation and
ion transfer abilities allows for the generation of high quality data [118]. Resolution and
accuracy are in this respect especially important as the searching space for searches with no
enzyme specificity dramatically increases for wide precursor and fragment tolerances. Also the
software was adapted and new search engines dedicated for the field of top down proteomics
have been developed (ProsightPC [119] and msalign+ [120]). But still the advances in
instrumentation are the main driver increasing capabilities for identification and
characterization of intact proteins and proteoforms. A recent paper [121] demonstrates the
possible power of native high accuracy mass spectrometry by being able to distinguish 59
different proteoforms of ‘one protein’ (chicken ovalbumin). Discriminating the differentially
modified proteoforms would have not been possible by a bottom-up approach. A landmark
paper from Kelleher and co-workers showed the general feasibility of high throughput
top-down proteomics. By mimicking two-dimensional gel electrophoresis in solution, they were

able to identify over 4000 proteoforms derived from over thousand proteins [122].

As it is the intact mass of a proteoforms which is measured in MALDI imaging as well as in
top-down proteomics a combination of both approaches would link the two experimental
strategies help to fully unlock the potential of MALDI imaging. But as the instrumentation is
only emerged in the last years a few studies already employed such an combinatorial approach

[123-125].

25



Objective and outline of the thesis

MALDI imaging mass spectrometry has proven its considerable diagnostic and prognostic value.
One of the main concerns of the field is that the molecular identity of potential markers mostly
remains unknown. The goal of this thesis is therefore to address this issue by the development
of strategies for the identification of proteoforms detected in MALDI imaging experiments and
thereby unlock the full potential of this technique.

Following the idea that only proteins co-crystallized with the matrix molecules can be ionized
and detected, a straightforward matrix layer extraction procedure was established. This allowed
the isolation of the matrix proteome from MALDI imaging specimens derived from human
tissues and its subsequent characterization via bottom-up proteomics (Chapter 2).

As the usage of proteases destroys the integrity of the proteoforms detected in an imaging
experiment, bottom-up approaches cannot be utilized for the identification of intact proteinous
species. Therefore a top-down strategy using high resolution and high accuracy mass
spectrometry was chosen to unravel the identity of the proteoforms from human tissues
(Chapter 3). To enhance the sensitivity employed approach an iterative exclusion list strategy
was developed. This strategy profited from the subset database compiled from the bottom-up
identified matrix proteome.

The established top-down approach was further applied for the identification of proteoforms
derived from human tumors xenotransplanted in mice (Chapter 4). To increase the
identifications of longer proteoforms the mass range was iterated by employing the so called
‘mass mode’ which allows mass instead of m/z based precursor selection.

Chapter 5 describes the assessment of a new mass calibration standard designated for the
calibration of MALDI spectra in the typical mass range of imaging experiments. The standard
consists of a 20 kDa protein expressed in E.coli with three tryptic cleavage sites. Mixing the
protein with its tryptic peptides results in a calibration standard with equally distributed
calibration points. Furthermore a calibration standard tailored for bottom-up proteomic
approaches was synthesized and evaluated for its utilization as MS and MS/MS calibration

standard.
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Chapter 2:
Bottom up Characterization of the

MALDI Matrix Proteome

Introduction

Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS) is an
emerging technique that can be described as a multi-color molecular microscope as it allows
visualizing the distribution of many molecules as mass to charge (m/z) signals in parallel in situ
[126]. Originally described some 15 years ago [127] the method has been successfully adapted
to different analyte classes including small molecule drugs [128], metabolites [129], lipids [130],
proteins [131] and peptides [132] using e. g. formalin fixed paraffin embedded (FFPE) as well as
fresh frozen tissue [133]. Because the tissue stays intact in the process, MALDI IMS is
compatible with histochemistry [134] as well as immunohistochemistry and thus adds an
additional dimension of molecular information to classical microscopy based tissue analysis
[135]. Imaging of proteins is appealing as it conceptually allows determining the localization and
abundance of proteoforms that naturally occur in the tissue under investigation, including
modifications such as phosphorylation, acetylation or ubiquitination, protease mediated
cleavage or truncation [52]. Therefore a proteinous m/z species detected by MALDI IMS can be
viewed as an in situ molecular probe of a particular biological process. In turn, m/z abundance
patterns that discriminate different physiological or pathological conditions might be used as
diagnostic or even prognostic markers [83,136] In recent years, MALDI IMS of proteins has been
successfully applied to different cancer types from the brain [137], breast [81,138], kidney
[139], prostate [140] and skin [141]. Furthermore, the technique has been applied in the
context of colon inflammation [142], embryonic development [143], Alzheimer’s disease [144]

and amyotrophic lateral sclerosis [145]. With a few notable exceptions [136,138,139,141,145—



153], the identity of the proteins constituting the observed characteristic m/z patters has
generally remained elusive. This not only precludes the validation of the putative biomarkers by
for example immunohistochemistry, but also the elucidation of the biological processes that

might underlie the observed phenotype.

Here a straightforward extraction and identification method for proteins embedded in the
MALDI matrix layer which represent the molecular species amenable to MALDI IMS is
presented. Using a bottom-up proteomic approach including tryptic digestion and liquid
chromatography tandem mass spectrometry (LC-MS/MS), an inventory list of proteins derived
from this layer was created which is termed MALDI matrix proteome. Although the bottom-up
approach breaks the link between the identified proteins and the m/z species detected in
MALDI IMS, the list of identifications serves as the pool of proteins from which all potential
proteins detectable in MALDI imaging are most likely derived. The proposed extraction method
is generic and can be applied to any MALDI IMS specimen to characterize the sample specific

matrix proteome.
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Methods

MALDI IMS Sample preparation

Chapter 2: The Matrix Proteome

Cryosections (10 um) of fresh frozen tissue (esophagus, stomach carcinoma stomach normal

tissue, colon mucosa, colon muscle, colon adenoma, colon carcinoma, two different mamma

carcinomas and osteosarcoma) were cut on a cryostat (CM1950, Leica Microsystems, Wetzlar,

Germany), transferred to cooled (-20 °C) conductive Indium-Tin-Oxide (ITO) coated glass slides

(Bruker Daltonik, Bremen, Germany) and treated with 1:1 poly-lysine: 0.1% NP40 (nonyl

phenoxylpolyethoxylethanol 40). The sections were washed in 70% ethanol and 100% ethanol

for one minute each, air-dried and subsequently coated with MALDI matrix (10 g/l sinapinic

acid, Sigma Aldrich, in 60% acetonitrile, 0.2% trifluoroacetic acid, TFA) using the ImagePrep

spray device (Bruker Daltonik) according to Table 2-1.

Table 2-1: Detailed method for matrix coating of imaging specimens using the Bruker

ImagePrep.
Matrix thickness Nebulization Incubation Dry
Phase 1 10 cycles 25% power 5s 60 s
30% modulation
2.2 s spray
Phase 2 1 cycle - - 60s
Phase 3 Matrix layer 25% power 30s 20%
thickness 0.1V 4- 30% modulation Complete dry every 2"
18 cycles Sensor 0.1V cycle
Safe dry 20 s
Phase 4 Matrix layer 25% power 30s 20%
thickness 0.3V 8- 30% modulation Complete dry every
40 cycles Sensor 0.2V 4th cycle
Safe dry 50 s
Phase 5 Matrix layer 25% power 30s 20%

thickness 0.35V 4-

64 cycles

35% modulation

Sensor 0.3V

Complete dry every
4th cycle
Safe dry 60 s
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Protein extraction from matrix coated cryosections

Proteins were extracted from IMS samples in three steps which are illustrated in Figure 2-1. In
the first step, the matrix coated area of the cryosection (approx. surface area 5 cm?) was
covered with 150 pl of 7.5% acetonitrile in 0.2% TFA, incubated for one minute and the liquid
containing the protein extract was recovered using a pipette. This step was repeated using a
further 300 pl of solvent and both extracts were combined. In the second step, the same area
was covered with a total of 150 pl of 60 % acetonitrile 0.2% TFA and the liquid was immediately
collected again. Note that the first extraction step (low organic content) allowed extracting the
matrix without liquid spreading beyond the covered area. The second extraction step (high
organic content) dissolved the matrix completely to recover all of the embedded protein in a
separate tube. In a third step, the solvent extracted remaining tissue was removed from the
slide by means of a scalpel and collected in a tube as a third sample. The two solvent extracts

and the excised tissue section were dried using a vacuum concentrator.

SDS gel electrophoresis and in gel digestion

Seventy-five ul of 2x LDS sample buffer (lithium dodecyl sulfate, Invitrogen, Carlsbad, CA)
containing 100 uM dithiothreitol (DTT) were added to each of the dried samples. After
incubation for one hour at 90°C on a shaker, 17.5 ul of a 550 mM iodoacetamide (IAA) was
added, and the sample was incubated for 30 min in the dark to alkylate cysteines. After 10 min
of centrifugation at 11,340 x g, samples were heated to 90 °C for 10 minutes and 25 pl of the
sample were loaded onto a denaturing gradient gel (4-12% NuPAGE, Invitrogen). The run time
for acetonitrile extracts was 5 minutes (just to run the samples into the gel) and 45 minutes for
the total tissue extracts (to separate the proteins) at a constant voltage of 200 V. Gel lanes
derived from total tissue extracts were cut into 12 equally sized slices. Samples derived from
the matrix extracts were cut as a single piece. In-gel tryptic digestion of the proteins was

performed according to [154] using sequencing grade trypsin (Promega, Mannheim, Germany)

LC-MS/MS analysis for bottom-up protein identification

Nanoflow LC-MS/MS was performed by coupling a nanoLC-Ultra 1D (Eksigent, Dublin, CA, USA)
to an LTQ-Orbitrap XL (Thermo Scientific, Bremen, Germany). Tryptic peptides were dissolved in
20 pl of 0.1% formic acid, and 10 ul were injected for each analysis. Peptides were delivered to
a trap column (100 um inner diameter 2 cm length, packed with 5 um C18 resin, Reprosil PUR
AQ; Dr. Maisch, Ammerbuch, Germany) at a flow rate of 5 pl/min in 100% buffer A (0.1% FA in

HPLC grade water). After 10 minutes of loading and washing, peptides were transferred to an
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analytical column (75 pm x 40 cm C18 Reprosil PUR AQ, 3um; Dr. Maisch). Peptides from
acetonitrile extracts of the tissues were separated using a 210 minute gradient from 7 to 35% of
buffer B (0.1% FA in acetonitrile) at 300 nl/min flow rate. Peptides from total lysates of tissue
sections were separated by a 90 minute gradient from 2 to 35% of buffer B at 300 nl/min. The
LTQ-Orbitrap was operated in data-dependent mode, automatically switching between MS (in
Orbitrap) and MS2 (in ion trap). Full scan MS spectra were acquired in the Orbitrap at 60,000
resolution and an AGC (automatic gain control) target value of 1e6. Internal lock mass
calibration was performed using the ion signal [(Si(CH;),0)¢H]" at m/z 445.120025 present in
ambient laboratory air. Tandem mass spectra were generated by collision induced dissociation
(CID) for up to 15 peptide precursors in the linear ion trap at a target value of 5,000 and a
normalized collision energy of 35. Precursors selected for fragmentation were dynamically

excluded for 30s.

MS data processing and protein identification

Mascot Distiller version 2.2.1 (Matrix Science, London, UK) was used for peak picking, charge
deconvolution and de-isotoping. The resulting peak list files were searched against the IPI
human database (version 3.68, 87,061 sequences) using the Mascot search engine version
2.2.04 (Matrix Science). Search parameters included a precursor mass tolerance of 10 ppm and
fragment tolerance of 0.6 Da. Enzyme specificity was set to trypsin with a maximal number of
two missed cleavages. Carbamidomethylation of cysteine residues was set as a fixed
modification and deamidation of asparagine and glutamine, oxidation of methionine and
acetylation at the peptide N-terminus were set as variable modifications. Mascot search results
were loaded into Scaffold (version 3.00.08, Proteome Software, Portland, OR, USA) and filters in
Scaffold [155] were applied to result in false discovery rates (FDR) of 0.8% on protein level and

0.4% on peptide level.

Bioinformatic data analysis

Lists of identified proteins were analyzed for cellular compartment, biological function and
canonical pathways using Ingenuity Pathway Analysis, IPA (Ingenuity Systems,
www.ingenuity.com). For the survey of proteins from published human MALDI IMS studies, the
reported protein accession numbers were mapped to IPl accession numbers using the ID
mapping tool of Uniprot (www.uniprot.org). For papers reporting proteins from other
organisms, respective sequences were first analyzed by BLAST (www.uniprot.org) and

subsequently mapped to the corresponding human ortholog.
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Results

Characterization of the matrix proteome

In keeping with the idea that any protein must be contained in the MALDI matrix layer in order
to be detectable by the mass spectrometer, the goal was to identify these proteins
systematically. Tissue samples were prepared for MALDI IMS according to standard procedures
but instead of executing an imaging experiment, the protein containing matrix layer was
dissolved and collected from the MALDI matrix layer using 7.5% acetonitrile (ACN) followed by

60% ACN and finally recovered the entire remaining material from the glass slide (Figure 2-1).

7.5% ACN 60% ACN Scrape

A B / / /

Matrix layer

mark for co-registration tissue section Tissue layer

MW 1" Extraction 2" Extraction| Tissue removal

Matrix coated

5 ; D:
MALDI imaging C (kD] .
specimen z
250 -
150 -
After extraction 100 -
with 7.5% ACN "
50 = : ;. 3
After extraction 37 - s
with 60% ACN p—
25 - =
20 - =
15 = -
16 = L e

Tissue removed

In-gel digestion using trypsin
LC-MS/MS, protein identification

Figure 2-1 : Extraction of proteins from MALDI IMS slides.

A| MALDI imaging specimen during the different stages of the sample preparation process of a
ready-to-measure MALDI imaging specimen (stomach normal tissue) during the sequential
extraction of the sinapinic acid matrix layer and tissue removal. B| schematic representation of
the two-step extraction procedure using 7.5% and 60% acetonitrile in 0.2% tri-fluoro acetic acid
(TFA). The remaining tissue is recovered by means of a scalpel. C| Silver stained SDS PAGE of the
proteins recovered from the microscopy slide showing that the acetonitrile extractions primarily

recover low molecular weight proteins.
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The extraction step with 7.5 % ACN was chosen as, due to the high water content of this buffer,
it did not spread across the tissue and the resulting partially de-coated area also prevented
spreading of the high ACN extraction buffer. The 60% ACN concentration was chosen to mimic

the concentrations during the matrix application process.

Analytical SDS-PAGE separation of the three protein pools (Figure 2-1 C) shows that the 7.5%
ACN extract mainly contains small proteins (<35 kDa). Increasing the concentration of the
organic solvent to 60% ACN dissolves the MALDI matrix layer completely and extracts proteins
up to ~70 kDa in size (the strong band is human albumin). The total tissue protein extract
(Figure 2-1 C) shows the typical range of proteins expressed in human tissues covering the
entire mass scale. Samples from ten different tissues were processed in this way (Figure 2-2 A)
and subjected all to tryptic digestion and protein identification using LC-MS/MS (bottom-up

proteomic approach).

A B W 7.5% ACN 60%ACN  mTissue

o . . 7.5% 0.0% . —Combined extracts —All sampels combined
Identifications per single tissue ACN ACN Tissue

Esophagus (carcinoma) 414 319 1333 4,000 1

Stomach (normal tissue) 314 360 1510 3500 4

Stomach (carcinoma) 427 684 2532 - !

Colon (mucosa) 203 501 2316 F_EJ 3,000 - /—f

Colon (muscle) 283 344 1389 o

Colon (adenoma) 720 809 2802 % 2,500 A

Colon (carcinoma) 554 701 2315 2

Mamma (carcinoma I) 492 396 2474 2 2,000 4

Mamma (carcinoma 1) 441 458 2523 -E

Osteosarcoma 327 501 2178 # 1,500 A
Combined results

1,000 4

Average 428 689 2137

Cumulated 1144 1333 3709 500

Combined Extracts 1435

Exclusive 37 2268 0 4

Total number of IDs 3738 1 2 3 4 5 6 7 F 9 10

Cumulated samples

Figure 2-2: Bottom-up proteomic characterization of MALDI IMS samples.

A| Protein identification summary of ten human tissues. B] Cumulated number of identified
proteins from the ten different tissues and three protein extractions. Samples are ordered such
that the highest number of identifications is obtained for the smallest number of samples

combined.

Using 20% of each extract of a single microscopic slide with approximately 5 cm? tissue surface,
400, 700 and 2,100 proteins were identified on average from the 7.5% ACN, 60% ACN and total
extracts respectively (Figure 2-2 A). The total number of proteins identified from all matrix

extracts was 1,435 and 3,709 from all total extracts. With a few exceptions (37 proteins), all
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proteins identified from the matrix extracts were also present in the total extracts (the core
proteome [156]) showing that the sample preparation used for MALDI IMS studies extracts a
subset of the total proteome of the human tissue. Notably, the core tissue proteomes were
rather similar between tissues as accumulating all distinct protein identifications across the
tissues lead to rapid saturation (Figure 2-2 B). A similar but less pronounced effect was also
observed for the acetonitrile extracts indicating that the data mainly covers ubiquitously

expressed abundant proteins.
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Figure 2-3: Properties of identified proteins.

A| Distribution of identified proteins by molecular weight. Bins were chosen according to the
marker used in the SDS PAGE shown in Figure 2-1 B. Blue bars represent the distribution of
entries in the Uniprot database (human only). B relative distribution of proteins by cellular

compartment.

An analysis of the molecular weight (MW) distribution of the identified proteins (Figure 2-3 A)
shows that many more small proteins (<25kDa) are detected in the matrix layer compared to
the total tissue, which is consistent with the data obtained by SDS-PAGE analysis and MALDI
IMS data from the literature where most protein features are detected between 2-25 kDs [126]
and seldom beyond 40 kDa [157]. The bottom-up protein identification data from the matrix
layer did, however, also identify many nominally medium sized and large proteins (by MW in
Uniprot). This is inconsistent with the SDS-PAGE data shown in Figure 2-2 C and indicates that
the larger proteins are either present in quantities below the detection limit of silver staining or
that these represent protein fragments arising from protease cleavage (see also below). The

majority of all proteins identified from extracts are cytoplasmic proteins (Figure 2-3 B) and the
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Chapter 2: The Matrix Proteome

matrix extracts contain relatively more extracellular proteins but relatively fewer plasma
membrane proteins than the tissue extracts. Taken together, the characterization of the matrix
proteome shows that it mainly consists of small, soluble, abundant and well annotated human

proteins.

A near complete list of published MALDI IMS biomarkers

As noted in the introduction, the molecular identities of m/z patterns detected in MALDI IMS
studies often remain unknown. A comprehensive literature survey was conducted and resulted
in a list of 254 m/z species that were identified from human and rodent tissue (Table 2-2).
Thirteen of the 22 reports analyzed human tissue specimens and identified 60 distinct human
proteins. These proteins were then matched to the proteins identified in the ten tissues and, if
so, in which extracts and how often they were found. Interestingly, 90% of all IMS markers
reported in the literature were found in the matrix proteomes despite the fact that the organs
used in the literature were different from the ones used here. It is also noteworthy that the
same proteins tend to be identified in multiple studies indicating they are rather abundant and

not necessarily specific for a particular tissue or disease.

Many IMS studies use rodents as disease models and the list of identified human matrix
proteins also covers nearly 80% of the rodent orthologs (Table 2-2). To assess protein
abundance specifically, all 3,700 proteins identified were ranked in the total tissue extracts by
the number of tandem mass spectra with which they were identified (divided by the size of the
protein) and proteins identified from the literature were highlighted the in orange
(Figure 2-4 A). The expression range of proteins in the total tissue extract spans approximately
four orders of magnitude and most of the IMS biomarkers appear to be abundant cellular

proteins.

When plotting the 1,400 matrix proteins on the same scale (Figure 2-2 B), most of the reported
IMS markers are also abundant in the matrix. However, there are also some proteins with quite
high abundance in the matrix but only medium or low abundance in the tissue (e.g. cytochrome
c oxidase). This may suggest that MALDI IMS, at least in principle, can access proteins across
several orders of magnitude in cellular protein expression. An alternative explanation is that the

spray coating process may strongly favor the solubilization of some particular proteins.
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Table 2-2: Proteins previously reported in MALDI IMS studies and their frequency of
observation in the present study. The maximum number of observations ‘in extracts’ is 20 (i.e.
10 human samples, two acetonitrile extractions each) and 10 ‘in tissue’. ‘# of references’ counts

how often a proteins has been reported in a publication either in human or rodents.

Gene UniProtKB Frequency of obs. # of references Gene UniProtKB Frequency of obs. # of references
name entry extracts in tissue rodent human name entry extracts  tissue rodent human
ACBG1  Q96GR2 0 0 ] 1 0 MBP P02686 0 0 ] 1 1
ACBP P07108 15 9 L 2 MIF P14174 20 10 M s 2
ACTB P60709 20 10 | 1 ol | mMT1G P13640 g 4 | 1 0
AGR3  Q8TDO6 & 5 0 1 MT2 P02795 g 4 | 1 0
ALBU P02768 20 10 B ol | MTPN  P58546 10 10 | 1 1
APOAZ  P02652 5 8 | 1 o| | NDUA4 000483 9 10 | 1 0
ATOX1 000244 0 5 | 1 o| | NEDD8 Q15843 a 9 | 1 0
ATPSI P56385 14 10 | 1 o| | NEUG Q92686 0 0 | 1 0
ATPS)  P18859 3 4 | 1 1 PCP4  P48539 0 0 | 1 0
BZMG  P61769 18 9 B 1 PPIA P62937 19 10 | 1 0
BASPF1  P80723 8 2 | 1 o| | PROFL  PO7737 20 10 | 1 0
CALM P62158 16 9 I s 1| | PSMEL  Qo6323 20 10 | 1 0
CH10 P61604 20 10 B 1| | pTGDS  Pa1222 0 0 | 1 0
COF1 P23528 20 10 | 1 ol | PTMA  POBas4 1 10 B 0
COX1 P00395 0 2 | 1 o| | a32012 Q32012 17 10 | 1 0
COX17 Q14061 7 1 | 1 1| | c49610 Q49610 5 9 ;- 0
COXSA  P20674 13 10 | 1 o| | 49965 Q499Gs 0 0 | 1 0
COX58  P10606 13 7 | 1 o| | acre P07919 10 8 | 1 0
COX6AZ Q02221 10 8 | 1 o| | acrs 014949 5 9 | 1 0
COX6C  P09669 18 10 | 1 2 RL22 P35268 15 10 | 1 0
COX7C  P15954 4 8 | 1 1 RL38 P63173 18 10 | 1 0
COXSA  P10176 0 0 | 1 0 RLA2 P05387 12 10 | 1 1
CRIPL  P50238 13 6 | 1 2 RS21 P63220 15 10 | 1 1
CRIS1  P54107 0 0 | 1 o| | RS27A  P62979 20 10 | 2
CX6B1  P14854 0 0 B 0 RS28 P62857 18 10 | ) 1
CX7A1  P24310 1 4 | 1 0 RS29 P62273 14 3 | 1 0
CX7A2  P14406 5 9 B o| | swoe  Poa271 1 1 | 1 0
cye P99999 20 10 H : 2| | swa1  P23297 1 3 | 1 0
CYTB P04080 18 10 B 1| | sioaa  p26447 17 10 | 1 0
CYTC P01034 8 5 | 1 o| | sioAs  P06703 19 10 | 1 5
DCD P81605 12 10 | 1 o| | si0as  Pos109 16 9 | 1 2
DEF1 P59665 18 10 s o| | sioas  Ppos702 15 9 B 0
DLRBL  QONP97 13 9 | 1 1| | s10aa  P60903 11 9 | 1 3
FKBIA  P62942 18 10 . o| | sioaB  P31949 20 10 M s 3
FKBP2Z  P26885 12 9 | 1 0 scG2 P13521 0 0 | 1 0
FXYD3 Q14802 0 0 | 1 o| | TaGL2  Pp37802 20 10 | 1 0
GPX5 075715 0 0 | 1 o| | TBCA 075347 17 9 | 1 0
GSTM1  P09488 0 3 | 1 0 THIO P10599 20 10 B 3
GSTM3  P21266 0 9 | 1 ol | TiMsa 060220 5 6 | 1 0
GSTPL  P09211 15 10 | 1 o| | ToMm7  @epoUL 0 0 | 1 0
H2AIC Q93077 12 9 | 1 0 TTHY P02766 17 10 B 0
H2A2A  Q6FI13 20 10 B o| | TYBl0  P63313 g 4 | ) 1
H2BIE  P33778 18 9 | 1 1 Tyea P62328 10 5 . 1
H2B1H Q93079 20 10 | 1 o| | uBASZ  P62987 0 0 | 1 0
H31 P68431 20 10 H : o| | UsSMG5  Q96IXS 7 10 | 1 0
Ha P62805 20 10 I s 2
HAKAI  Q75NO03 0 0 | 1 0
HBA P69905 20 10 H : 3 # proteins identified
HBB P68871 20 10 B 3
HINT1 P49773 13 10 I 1 o in extracs in tissues
HOPX  Q9BPYS 0 0 | 1 0 in human
ISK1 PO0995 5 2 | 1 0 60  54(90%)  55(92%)
LEG1 P09382 18 10 | 1 1
LSMB P62312 9 9 I 1 o in rodents
LYsC P61626 16 9 B 0 72 56(78%)  59(82%)
M3K2  QOY2U5 0 0 | 1 0
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Figure 2-4: Relative abundance of proteins identified in MALDI IMS.

A|[ Proteins from all 10 human tissues were ranked according to the number of assigned spectra
divided by the molecular weight of the proteins’ database entry. MALDI IMS markers extracted
from the literature (see also Figure 2-2) are indicated in orange showing that these are mainly
abundant cellular proteins. B| Proteins identified from the MALDI matrix layer plotted against

the ranked protein abundance used in panel A.
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Discussion

The application of MALDI IMS of proteins has grown steadily over the past 15 years. At the
same time, there still is a striking discrepancy between the sophistication with which such
images can be generated and the ability to identify the underlying proteins. Out of the many
hundreds of publications reporting MALDI IMS data and biomarkers only about 22 (13 human, 9
rodent), at the time of completing this study and mostly very recent papers, have also revealed
the name of the protein. There are many reasons for this general inability to identify a protein
using MALDI IMS. First, a mass measurement of a protein or fragment thereof as provided by
MALDI IMS is not a good indicator for protein identity because any such mass can be generated
from nearly any protein sequence within the mass accuracy of the experiment (1-2 Da). Second,
the direct mass spectrometric sequencing of the detected m/z feature in a MALDI mass
spectrum is generally not possible owing to the generally inadequate sensitivity, resolution and
mass accuracy and mass range of these instruments in tandem MS mode. Many researchers
have therefore decoupled the imaging experiment from the protein identification experiment
and resorted to detailed bottom-up proteomic analysis of a separate tissue sample from which
the image was created [150]. In a more sophisticated approach, on-tissue tryptic digestion
followed by MS analysis has been employed for protein identification [132]. While these have
sometimes been successful, they are also time consuming and, in fact, there has often been a
fair amount of ‘educated guessing’ in trying to connect molecular weight information from the
MALDI IMS experiment to a list of proteins identified from a tissue. The above shortcomings
have plagued the field to an extent that there is growing concern, at least in parts of the
community, about the general value of m/z feature information for biomarker discovery in the
absence of protein identification information. This is because the identity of any biomarker

must be known in order to validate and develop it into a useful clinical tool.

In this chapter an alternative way to approach this issue was taken by reasoning that any
protein detectable by MALDI IMS must not only be present in the underlying tissue, but also
reside in the matrix layer of the tissue preparation. Therefore a simple extraction procedure
that recovers the proteins from the matrix was developed. Proteins were digested and with the
protease trypsin and the ‘matrix proteome’ was identified by high performance LC-MS/MS.
Exemplified on ten human tissues, this enabled the generation of a shortlist of ~1,400 mostly

small, abundant and soluble proteins that contain nearly all MALDI IMS protein biomarkers
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reported in the literature thus far. Proteins (e.g., E2F3, S100B) that were found only rarely (or
never) may have been difficult to distinguish from closely related proteins, possibly
misidentified in the original publication, or of too low abundance in the tissues analyzed here
(e.g., myelin basic protein, MBP, P02686, which is essentially only expressed in central nervous
system tissue, www.proteinatlas.org/ENSG00000197971). Many of the reported biomarkers
were identified in many if not most of the tissues analyzed here. For example, the pro-
inflammatory cytokine MIF (macrophage migration inhibitory factor, P14174) was found in all
ten tissues as well as each of the acetonitrile extracts and this is also true for many other cases.
Ingenuity pathway analysis (IPA) of protein identified here and in the MALDI IMS literature
(both human and rodents) show significant overrepresentation of, for example, 'mitochondrial
dysfuntion' and 'EIF2 signaling' both of which are intimately linked to cancer (Table 2-3 to 5). In
light of the above and because IMS biomarkers are generally abundant proteins, this
observations strongly suggest that IMS biomarkers are mostly molecular surrogate markers of
quite broad specificity rather than proteins involved in the molecular mechanism underlying a

specific disease or physiology.

Compared to direct MALDI MS/MS or on-tissue digestion, the bottom-up LC-MS/MS approach
has the advantage of superior sensitivity and analytical depth (i.e., the number of proteins that
can be identified). Still, it is important to connect protein identification back to the m/z feature

measured in the IMS experiment.

Table 2-3 Proteins identified in MALDI IMS studies from human tissues

Ingenuity Canonical Pathways -log(p-value) Ratio # of molecules
Mitochondrial Dysfunction 1.11E01 8.03E-02 11
EIF2 Signaling 3.12E00 2.75E-02 5
Nur77 Signaling in T Lymphocytes 2.9E00 5.26E-02 3
Role of IL-17A in Psoriasis 2.89E00 1.54E-01 2
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Table 2-4 Proteins identified in MALDI IMS studies from rodent tissues

Ingenuity Canonical Pathways -log(p-value) Ratio # of molecules
Mitochondrial Dysfunction 9.39E00 7.3E-02 10
EIF2 Signaling 4.94E00 3.85E-02 7
mTOR Signaling 2.88E00 2.63E-02 5
LXR/RXR Activation 2.68E00 3.17E-02 4

Table 2-5 Matrix Extracts of the ten human tissues

Ingenuity Canonical Pathways -log(p-value) Ratio # of molecules
EIF2 Signaling 3.43E01 4.18E-01 76
Mitochondrial Dysfunction 2.02E01 3.8E-01 52
Regulation of Actin-based Motility by Rho 1.06E01 3.37E-01 29
Actin Cytoskeleton Signaling 1.03E01 2.17E-01 50

Overall the proposed method is a significant contribution to the field of protein MALDI imaging
as it enables the targeted isolation of all proteins co-crystallized in the MALDI matrix layer.
Furthermore the strategy could be seamlessly integrated in the imaging workflow, as the matrix
has to be removed after the imaging in experiment in order to prepare the tissue sections for
digital microscopy. The bottom-up identification drastically reduces the list of candidate
proteins possibly detectable in MALDI imaging experiments. It is therefore highly valuable for

result interpretation and fundamental for hypothesis generation and validation.
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Chapter 3:
Proteoform Identification from MALDI
Imaging Specimens using High Resolution

Mass Spectrometry

Introduction

MALDI imaging allows the visualization of the spatial distribution of proteoforms directly on the
tissue. This, for example, allows to differentiate different tumor types solely based on their m/z
patterns [85] or the investigation of the heterogeneity [68,124] of tumors on a molecular level.
The latter is a promising application as there is no straightforward approach which would allow
identifying the different sub-populations of a tumor. In the context of MALDI imaging studies
aiming to reveal biomarkers however, the identification of proteinous m/z species is one of the
most important tasks as only known target molecules can be validated by an independent
technique like immunohistochemistry. Moreover, the elucidation of the complete sequence of a
protein including all its (posttranslational) modifications combined with the spatial information
on the background of the tissues’ morphology offers a unique starting point for the
investigation of the biological mechanisms leading to this proteoform [52]. Bottom-up
proteomic approaches are very successful in identifying hundreds of proteins in the course of
hours [113]. The success of these approaches is linked to the usage of a protease cleaving
proteoforms into peptides. However, owing to the proteolytic digestion the link between the
m/z value of the intact species is lost. The goal is to identify the intact species by a top-down
approach [158] and thereby exploiting the complete potential of MALDI IMS. The most
appealing way to achieve this goal would be to conduct the imaging experiment and the

identification of the single species on the same instrument in one experiment. Many MALDI



instruments offer the possibility to isolate and fragment single species, but there are only a few
examples in the literature [146] where this approach was successfully used. The reasons for this
are several fold. Imaging studies targeting proteins are carried out with the ‘cold’ matrix
sinapinic acid which allows a less fragmentation prone desorption and ionization of large
molecules [159]. For the generation of fragment spectra, often ‘hot’ matrices are chosen as the
transfer of vibrational energy is higher, leading -compared to ‘cold’ matrices- to a more efficient
fragmentation. Furthermore, imaging experiments are often performed in the linear TOF mode
which offers high sensitivity but lacks mass resolution and only delivers average masses at low
resolution. Moreover some MALDI instruments have an upper mass limitation (5 kDa for the
UltrafleXtreme) for which they allow performing MS/MS experiments. For higher masses, a
strategy called in-source decay (ISD) [160] can be applied. Due to the fact that this technique
can only deal with single proteins, it was mainly used in combination with excessive separation
on protein level. Only recently it was shown that identifying proteins directly on tissues is

possible by ISD if a protein is the dominating species in a certain tissue region [161].

Most protein identification strategies in the MALDI imaging field employ whole tissue lysis and a
protein extraction, often followed by a molecular weight cut-off filtration or other weight based
separation strategies along with separation and fractionation [86,162,163]. These fractions are
screened again by MALDI for the m/z peaks of interest and ideally contain only a single species
which allows employing all strategies for sequence elucidation e.g. differential proteolysis
(mainly in early publications) [164], followed by mass spectrometric analysis or direct
fragmentation. By using such liquid based approaches the spatial information is lost, but the
mass still links the imaging and identification experiments. In recent years the available MS
instrumentation has significantly improved and now offers fast scanning high resolution, high
mass accuracy and highly sensitive instruments [118,165]. This should facilitate the successful
implementation of top-down approaches as confident identification is driven by these

parameters.
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Methods

Sample preparation

MALDI imaging specimens and protein containing tissue extracts thereof were prepared as
described for the bottom-up approach in the previous chapter. The 7.5% and 60% acetonitrile
extracts were combined and dried in a vacuum centrifuge. The dried samples were
reconstituted in 50 % acetonitrile, 0.2% TFA and passed through STAGE tips [166] packed with
C18 Empore™ extraction disks (3M, St. Paul, US). The flow-through fraction containing the

proteins was dried and reconstituted in buffer A (0.1% formic acid).

LC-MS/MS analysis and proteoform identification from esophagus and colon samples

Nano-LC-MS/MS measurements of intact proteoforms extracted from a MALDI imaging
specimen of oesophagus and of colon were carried out using a nanolLC-Ultra 1D+ (Eksigent,
Dublin, CA, USA) coupled to a LTQ-Orbitrap Elite mass spectrometer (Thermo Scientific,
Bremen, Germany). Samples were loaded onto the same columns set-up, using the same
solvents as in Chapter 2. Gradient separation was performed as follows: 2-10% B in 1 min; 10-
35% B in 34 min; 35-90% B in 2 min; 90% B for 4 min; 90-2% B in 0.5 min; 2% B for 3.5 min. The
Orbitrap Elite was operated in data dependent mode automatically switching between full MS
and MS/MS mode. Full MS spectra were acquired in the Orbitrap over a mass range from 430 to
1800 m/z summing up four microscans. The three most intense precursor ions with charge
states greater than three were selected for fragmentation using higher-energy collisional
dissociation (HCD) and a normalized collision energy of 30. Once sequenced, precursors were
dynamically excluded from selection for 10 seconds. Eight, respectively four microscans were
acquired for each precursor in separate LC-MS/MS runs to generate tandem mass spectra with
sufficient quality for proteoform identification. Both MS and MS/MS were acquired at a
resolution of 60,000 in the Orbitrap using a target value of 1e6. Raw mass spectra were
processed using Mascot Distiller version 2.4.2 (Matrix Science). The resulting charge-
deconvoluted and de-isotoped spectra were searched against the IPl human database (version
3.68, 87,061 sequences) using the Mascot search engine version 2.3 (Matrix Science). The same
data was also searched against a subset database (fasta file generated using the export function
of Scaffold) containing 5,465 sequences assembled from the bottom-up analysis described in
the previous chapter (3,738 protein sequences and 1,727 isoform sequences). All searches were

carried out using 7 ppm precursor tolerance and 0.04 Da fragment ion tolerance. Acetylation of
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lysine, protein and peptide N-terminus, deamidation of glutamine and asparagine as well as
oxidation of methionine were set as variable modifications. No enzyme was specified for
searching. In order to sequence less abundant precursors via the data dependent acquisition
the search results of the first measurement were used to compile an exclusion list for further
LC-MS/MS iterations. The peak list files of all runs were merged into one file using Mascot
daemon. Searches were run without the decoy option i) because searching against human IPI
would have taken excessively long (an estimated 8 days on a 12 CPU server) and ii) because the
target-decoy approach is not well suited to estimate FDRs in low complexity samples such as
the ones analyzed here. Search results were loaded into Scaffold version 3.6.3. For protein
identifications to be accepted, the Mascot ion score had to be equal or above the Mascot
homology score of 52. In addition, proteins identified by a single peptide were verified by
manual inspection of the tandem mass spectra. Identifications based on tryptic peptides

originating from carry over from previous runs were excluded.

Data analysis

Protein sequence coverage was calculated from the ‘peptides start and stop index’ column in
the scaffold spectrum export function and normalized to the protein length using MS Excel. The
heatmap visualization was carried out using R (performed by Mathias Wilhelm, Chair of
Proteomics and Bioanalytics, TUM) and clustered for N-/C- terminal coverage. Fragment
spectrum annotation was performed using the web based expert system [167] and the mgf file

generated by Mascot distiller.
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Results

Proteoform identification using high resolution MS and a trimmed

database

In the previous chapter it was shown that the introduced extraction method is well suited for
the isolation of the matrix proteome. Moreover, it minimizes the needed sample amount which
is especially critical if human tissues are investigated. The modified STAGE tip protocol has
proven to be fast and effective to remove particles that were eventually co-extracted from the
MALDI imaging specimen and interfered with LC-MS/MS measurements. A forty-five minute
gradient originally developed for the separation of a tryptic digest with modest complexity was
chosen as a starting point and optimized for longer and therefore inherently more hydrophobic
proteoforms. A steep increase of buffer B at the beginning of a linear gradient ending 5 %
higher than typically used for tryptic peptides allowed for a time efficient separation. The
acquisition of MS and MS/MS spectra at a resolution of 60.000 and at least 4 microscans
enabled charge state recognition also of highly charged precursors as well fragment ions
thereof (Figure 3-1 A and B). This is important as it allows calculating actual precursor and
fragment masses (deconvolution) and therefore facilitates the identification of longer

sequences (Figure 3-1 C).

But even though spectrum quality was sufficient, most of the selected precursors were in the
low mass range and only a few species above 3 kDa were identified. The data dependent
acquisition selects (based on the fixed parameters m/z range and charge state) the most
intense ions of a full scan for fragmentation. This decision algorithm therefore discriminates
against the sampling of heavier species as the available molecules are likely to be distributed
over several charge states and into more isotopic peaks [168]. The dynamic exclusion method
was only partially capable to address this problem and low intensity as well as highly charged
peaks were only occasionally selected for fragmentation. To overcome this bias a list of
precursor masses of proteoforms identified in the first LC-MS iterations was generated and
used as a static exclusion list in the instrument method. This resulted in a more frequent

sampling of masses above 4 kDa (Figure 3-2 B).
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Figure 3-1: High resolution MS/MS spectra enable charge recognition

A| HCD spectrum of precursor 993.51 m/z charge 5+ B| zoom in of A from 900 to 1200 showing

fragment ions and charges up to +5 C| annotated, charge deconvoluted and de-isotoped

tandem mass spectrum of intact and acetylated thymosin beta-4 (score 266), internal fragments

were omitted.

The exclusion list approach was facilitated by the utilization of a smaller subset database which

enabled a reduction of searching time and therefore allowed to iterate the sample in shorter

intervals This subset database was created from sequences of proteins identified by the

bottom-up strategy in the previous chapter and only contained 5455 entries. The application of

this strategy successfully increased the number of unique identifications in the higher mass
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Chapter 3: Proteoform Identification from Human Tissues

range. In total 126 distinct proteins and 530 proteoforms were identified from 768 unique
spectra when searching against the subset database (Figure 3-2 A). To review whether using the
smaller database leads to a loss in identifications the search was repeated against the complete
IPI human database [169]. Containing 15x more sequence entries dramatically increases the
searching space and resulted in an about three times longer searching time. 124 proteins were
identified in common and only seven proteins were additionally identified by searching the

larger database.

A B 1,199

Identified proteins Identified proteoforms Identified spectra

658
520

77 26

IPI subset IPI subset IPI subset <K < 4K < 6K < 8K 8-12K

Figure 3-2: Identification of proteoforms using different databases

A| Comparison of identified proteins, proteoforms and unique spectra generated by searching
the human IPI database (87,061 entires) or the subsetDB (5,455 entries) showing that almost all
proteins can be identified in the 15x smaller subsetDB. B| Mass distributions of precursor ion in

bins of 2kDa leading to a successful top-down identification

At peptide and spectrum level only 16 species were exclusively identified by searching the IPI
database, whereas the number of peptides and spectra identified by searching the subset
databases is more than 3 (peptides) to 4 times (unique spectra) higher. This is mainly a result of
the lower Mascot identity score threshold resulting from the smaller search space. Comparing
the number of unique spectra (768) to the number of identified spectra (~2,500) shows, that

still many species have been repeatedly selected.

The vast majority of the identified peptides are smaller than 4 kDa. However it is noteworthy
that peptides as large as 12 kDa could also be identified (Figure 3-2 B) using sample quantities
recovered of a single microscopic slide. Interestingly, many of the identified proteins are
represented as C-Terminal and N-Terminal fragments (Figure 3-3) suggesting significant protein

processing within the tissue that gives rise to these species.
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Figure 3-3 Normalized sequence coverage of identified proteins.
Each line represents one protein. The darker the red scale density, the more spectra matched to
the respective region of the protein indicating that most proteins identified from MALDI IMS

samples are fragments of the original protein sequence.

Discussion

Identification of proteoforms from MALDI IMS experiments provides the link between the
images and furthermore allows the investigation of the underlying mechanism leading to these
species. But this task is still not addressed very well. Direct sequencing on the tissue is for many
reasons a very demanding task and seldom successful. By off-tissue approaches the localization
information is lost, but separations based on other techniques allow relating back to the
imaging experiment by using the mass as link. Classical tissue disruption and homogenization
approaches allow to collect and isolate the complete proteome of the investigated tissue
section, but as all proteins are included, excessive separation has to be carried out. The
extraction procedure described in Chapter 2 circumvents much of the work intensive and loss

prone steps and directly targets the proteins of interest.
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High mass accuracy and high resolution instruments facilitate the identification also in higher
mass ranges as the spectra allow to deduce charge state and enable deconvolution of MS and
MS/MS spectra [170]. But still, identification becomes more challenging the heavier the
proteoforms are: The longer the sequence the more possible fragmentation channels have to
be populated which means that more ions have to be collected for fragmentation. LTQ-Orbitrap
instruments allow varying the number of collected ions for fragmentation only in a static
manner via the (predicted [171]) automatic gain control, which is only able to ‘count’ charges.
This means that the higher the charge state of the collected ion is, the fewer molecules are
collected for the same AGC value. Therefore, the target value is always a compromise between
scan time and spectrum quality [165]. Furthermore, longer proteoforms tend to form ions of
different charges leading to an effect called charge state dilution which led to selection and
fragmentation of the same ‘target’ in different charge states during the data dependent
acquisition [169]. Additionally the intensity of a single m/z species is low as it is distributed into
more and more isotopes. Taken together this leads to a mass dependent decrease of
identifications. However, the identification of the most prominent peaks from MALDI imaging

experiments is possible using this strategy.

Even with very high quality mass spectrometric information, top-down database searches are
time consuming as the precursor mass could have been originated from nearly any protein
sequence if no enzyme specificity limits the number of possibilities [107]. This is also reflected
in the Mascot identity threshold scores which is a negative logarithmic measure of the
probability of a hit being random. For typical bottom-up approaches this threshold is in the
range of 25 to 30, whereas in the searches with no enzyme specificity it typically has a value
around 50. Clearly the number of possible precursor masses is not only a function of mass
accuracy and therefore search tolerance, but also of database size [107]. The effect of a 15x
smaller database was shown for the identification of proteins based on searches against the
subsetDB compared to the IPI database [169], which led to decreased score thresholds and

therefore an increased number of identifications.

An interesting observation from literature survey and the top-down analysis is that the majority
of the IMS biomarkers reported in the literature were detected as full length, unmodified
proteins while the top-down analysis clearly showed that many of the m/z species in the matrix
layer are fragments of much larger proteins (Figure 3-3) or are post-translationally modified

(Figure 3-2). This has been generally overlooked in the past because these fragments could
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technically not be readily identified. It further suggests that many more IMS biomarkers could
now be identified without the common ‘educated molecular weight guessing’ based on the
simple (but often invalid) assumption that a protein would be detected as an intact, unmodified
molecule. Recent evidence suggests, that the fragmented proteins are not the result of sample
preparation and degradation artifacts but are genuine and discriminating surrogates of

biological processes occurring in the respective tissue [149,163,172].
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Tumor Xenografts in Mice

Introduction

Xenotransplantation offers the possibility to grow various solid cancer types hosted in model
organisms. This allows for the investigating different clinical conditions such as the response of
the tumor to drug treatment [173]. A project of Katharina Huber (Institute of Pathology,
Helmholtz Center Munich) focused on the response of a head and neck squamous cell
carcinoma to the treatment with different kinase inhibitors. Besides monitoring the drug
distribution, changes in proteomic patterns were investigated by MALDI imaging. The
established workflow was employed to identify proteoforms from xenografts of different

treatments and time points.

Methods

LC-MS/MS analysis

The MALDI imaging specimens were prepared from 6 differentially treated xenografts hosted in
mice. The matrix proteome extract for LC-MS/MS analysis was prepared in the same way as in
the previous chapter. Gradient separation was performed on a nanolLC-Ultra 1D+ (Eksigent)
coupled to a LTQ-Orbitrap Elite mass spectrometer (Thermo Scientific) as follows: 2-15% B in 1
min; 15-45% B in 34 min; 45-90% B in 2 min; 90% B for 4 min; 90-2% B in 0.5 min; 2% B for 3.5
min at a flow rate of 300 nl/min. Buffer A was prepared from water and buffer B from
acetonitrile. Both buffers were supplemented with 0.1% FA and 5% DMSO (v/v). Each sample

was measured three times with modified acquisition methods on a LTQ-Orbitrap Elite mass



spectrometer operated by the Xcalibur Software (Version 2.2). In the first run, full MS spectra
were acquired from 390 to 1800 m/z at a resolution of 60,000 and a maximal scan time of
100 ms collecting 1e6 charges. Dynamic recalibration was performed using a background ion
species at m/z 401.922718 with the elemental composition [CsH10014S5]" generated from DMSO
containing buffers [174]. The three most intense precursor ions with a charge state greater 3
and a m/z value greater than 450 (resulting in a minimums m/z of 1797) were selected for HCD
fragmentation collecting 5e5 charges within a maximum scan time of 500 ms. HCD spectra were
acquired at a resolution of 60,000 using 2 microscans. For the second and third iteration a
target value of 1e6 for MS/MS was chosen and data dependent precursor selection was carried
out in mass mode picking only species with a mass greater than 5000 Da. Maximum scan time

was set to 1 second. Precursors selected once were dynamically excluded for 30 seconds.

Database Searching

Raw mass spectra were processed as stated in Chapter 3. Peak list files of the three runs of one
sample were merged into one file using Mascot distiller. The resulting charge-deconvoluted and
de-isotoped spectra were searched against a Uniprot human database containing only canonical
isoforms (UniProtKB, 20120905 (20.225 sequences; 11,291,209 residues) and a Uniprot mouse
database containing only manually reviewed protein entries (UniProtKB 20130617, 16,613
sequences; 9,294,716 residues). All searches used 7 ppm precursor tolerance and 0.07 Da
fragment ion tolerance. Methylation, di-methylation and acetylation of lysine, as well as
acetylation of protein N-termini were selected as variable modifications. No enzyme was
specified for searching. Search results were loaded into Scaffold version 3.6.3. For protein
identifications to be accepted, the Mascot ion score had to be equal or above the query

dependent Mascot identity score.

Data analysis

Protein identification data was exported from Scaffold using the spectrum export function.
Microsoft excel 2010 was used for data handling. Graphics were generated using Tableau 8.0
(Tableau Software). Xcalibur query language (XQL, Thermo Scientific) was used for extracting
data from RAW-files. Precursor m/z and charge for searched spectra were extracted from mgf
files. Based on the charge state and m/z values, precursor ions selected for fragmentation
during LC-ESI-MS experiments were used to calculate the respective average [M+H]". Average

total ion current (TIC) were calculated for bins of the size of 1 Dalton using Tableau.
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Reconstructed mass spectra of the selected precursor ions were plotted with MS excel where

peak shapes were approximated by the formula:
flxn) = 0.2xp_ 5 + 0.4, 1 + x5 + 042551 + 02X,

where x is the average TIC of bin n. In the same way reconstructed spectra of successfully
identified precursor ions were generated using the m/z values from Scaffold spectrum export.
Those reconstructed spectra were overlaid with MALDI spectra exported from Flex Analysis

(Bruker).

Results

Proteoform identification and discrimination of organisms

In total seven samples from MALDI imaging specimens were prepared and three LC-MS
experiments were performed with varied parameters. In the first run the minimal required
mass to be selected for fragmentation was set to 1796 Da. For the second and third run the
‘mass mode’ in the instruments software was enabled. In this mode the data dependent
precursor selection is based on the deconvoluted mass instead of m/z values and was adjusted
to fragment only precursors with a minimum mass of 5 kDa. The effect of the modified
acquisition method is reflected in the increased number of selected precursors (Figure 4-1 A,
blue bars) in and above the 5 kDa bin. The number of scans however does not translate into a
higher number of identifications in this mass range (green bars). A simple explanation would be
that the number of available precursors was just too low for sufficient MS/MS spectra even, if
the maximum fill time used (Figure 4-1 B, red area). The decrease of the identification rate for
higher masses could then be addressed to charge state dilution and isotope dilution effects as
discussed in chapter 3. However, the drop of the MS/MS TIC intensities for masses above 5 kDa
not reaching the maximum injection time (Figure 4-1 B, green area) can not only be explained in
that way.

Linked the low intensities and the long fill times, another effect called space charging [175]
might be involved in the identification rate decrease for highly charged ions of low abundance.
As trap instruments first collect all available ions species and then selectively eject the ones

above and below the targeted m/z range the long accumulation times may have led to an
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overfilling of the trap. The resulting high charge density building up inside the trap during the
ion accumulation interacts with the imposed quadrupolar field and eventually comprises the

performance and therefore also the selection efficiency of the trap.
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Figure 4-1: Mass dependence of scan events and identifications.
A| Count of spectra that where acquired, searched, reached maximum injection time (full IT) of
500ms or 1000ms respectively, not reached max. injection time (less IT) and those that were

successfully identified B| Average TIC per bin of spectra reaching (red) or not reaching (green)

maximum injection time.

Still the complete measurement resulted in 2014 spectra with a Mascot ion score equal or
above the Mascot identity score and 550 proteoforms derived from 306 proteins were
identified (Figure 4-2 A).

Interestingly, for over 75% of the identified precursors it was, due to the long sequences,
possible to discriminate whether the proteoform was derived from the human tumor tissue or
from the tumor hosting organism. The analysis on the level of spectral counts of the subcellular
localization of the 3 groups (human, mouse, not distinguishable) reveals a relative
overrepresentation of proteins from mouse in the category ‘extracellular space’ (Figure 4-2 B).
Most of these spectra are derived from fragments of serum albumin. Furthermore many of the
spectra in the category ‘cytoplasm’ are derived from mouse hemoglobin alpha and beta. Both
have a high abundance in red blood cells [176]. A relative underrepresentation of proteins from
mouse is shown for the nucleolus. These results are in good accordance with the biological
situation as the human tumor tissue is integrated into tissue and supplied by the blood cycle of
the host organism. Furthermore the distribution is very similar to the results from the

bottom-up approach in chapter 2 (Figure 2-3). An example for a proteoform where no clear
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discrimination was possible and which was identified from 86 of 377 spectra identified in this
category is the ubiquitin. It is a highly conserved prokaryotic protein [177] and has the same

sequence in mouse and human.
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Figure 4-2: Organism specific proteoform identification.
A| Number of identified peptide spectrum matches, identified peptide sequences and proteins.
B| Relative distribution of identified spectral matches sorted according to the subcellular

localization of the protein from which it was derived.

Linking identifications and MALDI spectra

The final goal of this approach is to link the identified proteoforms to the peaks from MALDI
imaging. As MALDI mainly generates singly protonated species the direct way would be to
calculate the average m/z value of the [M+H]" of the identified proteoforms and match it to the
respective peak of the MALDI spectrum by a simple lookup. Another method which allows a
more global visual comparison between the MALDI peaks and the species selected for
fragmentation is depicted in Figure 4-3. Here the MALDI spectrum (Figure 4-3 A) is aligned on a
common mass axis with a spectrum reconstructed from the deconvoluted [M+H]" values of the
precursors ions selected for fragmentation versus their average MS/MS TIC (Figure 4-3 B, red)
during the LC-MS/MS analysis. The resemblance of the MALDI and the reconstructed spectrum
is good, especially for high intensity peaks in the lower mass range. In the higher mass range
intensities decrease in the reconstructed mass spectrum, but also above 10 kDa counterparts in
both spectra can be recognized. Successful identifications are plotted accordingly (in blue)

enabling a simple annotation of identified species in the MALDI spectrum.
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Figure 4-3: Resemblance of MALDI-TOF MS and LC-ESI-MS measurements (next page)

A| MALDI spectrum of a matrix extract spotted in sinapinic acid. B|] Reconstructed spectrum
from selected precursors (as [M+H]" in bins of 1 Da) plotted against the average TIC intensity of
the MS/MS spectra per bin from 3 LC-MS runs in red and the TIC intensities (x10) of the spectra
that led to an identification in blue. C| Overlay of a MALDI spectrum and the reconstructed
spectrum. Peak in MALDI is assembled from different species of which two were identified as
proteoforms of ubiquitin (RL40). The peak at 8560 has a Mascot score of above 124. The second
peak at 8569 was identified with a score of 78 and a Mascot delta score of 0. The original
spectrum does not allow annotating the site of the suggested modifications (twice acetylated at
K, twice di-methylated K). Acronyms (blue) indicate the protein name from which the identified

proteoform is derived (see below).
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Figure 4-4: Zoom into MALDI spectrum in the mass range from 2000 to 4000 Da..
In red reconstructed: average TIC of MS/MS. In blue: reconstructed average TIC of identified

spectra. Peptides sequences and proteins were matched from top down identification data.

Acronyms:

ACTB: actin beta, ALBU: albumin, COX7C: cytochrome c oxidase subunit Vlic, F10A1: Hsc70-interacting
protein G3P: glyceraldehyde 3-phosphate, H31: histone H3, HBA: hemoglobin alpha, MIF: Macrophage
migration inhibitory factor,PTMA Prothymosin alpha RL40: ubiquitin-60S ribosomal protein L40,RS14: 30S
ribosomal protein S14, S10A8: protein S100-A8, TYB10: thymosin beta-10, TYB4: thymosin beta-4
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Overlying the MALDI spectrum and the reconstructed spectrum and focusing on a smaller mass
range permits a more detailed comparison (Figure 4-4). Such an overlay also enables to judge
the calibration of the MALDI measurement as the mass values from the LC-MS/MS experiment
are accurate and precise. The resemblance of the mass values is still good which often allows
annotating the peaks identity but often the intensities do not correspond very well.
Furthermore this view enables to recognize if a peak in the MALDI spectrum is generated from
two or more ion species but could not be resolved in the linear mode (Figure 4-3 C). Still for
some peaks no corresponding peak can be found in either direction. This may have several
reasons. One might be that the MALDI species are sodium or potassium adducts whereas most
ESI species are protonated. A not corresponding peak might also be the result of in-source
fragmentation during the ESI process, which would lead to shorter and therefore lighter species
as measured in MALDI MS. An indicator for such a process would be a high frequency of
prolines at the terminal position of the identified sequences as peptides including proline are
prone to induce fragmentation [178]. However, an investigation of the terminal amino acids (as
well as the previous and following amino acid in the sequence of the respective protein) of the
identified proteoforms did not show any over-representation of proline compared to its

frequency in the human proteome. In-source fragmentation can therefore be excluded.

Discussion

High resolution MS instruments coupled to nanolLC systems permit to acquire data with
sufficient quality for the identification of long and highly charged proteoforms. As shown in
Chapter 3, employing a reduced database not only aids the identification of proteoforms but
also allows generating exclusion lists. This strategy prevents repeated sequencing of already
identified high intensity peaks in consecutive runs and therefore a gain in analytical depth. For
the samples analyzed in this chapter no such bottom-up generated database was available and
minimal versions of the Uniprot database for human and mouse had to be employed for
database searching. This resulted in a searching time of about one day per sample which made
the exclusion list approach not appropriate. Therefore a different approach was used to iterate
the sample in the higher mass range. But even though the choice of the mass mode option led

to a high number of sequencing events for precursors with a deconvoluted mass above 5 kDa,
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the success was limited. Besides the acquisition related issues this result might be due to
several possible reasons: i) the species selected possess modifications which were not expected
and therefore not included in the search, or ii) the modification is an internal crosslink e.g.
disulfide bridges like in the case of defensins, iii) the database was chosen too small and did not
contain the respective protein.

Nevertheless a large number of proteoforms was identified and some of those could be
unambiguously linked to the MALDI spectrum of the respective sample. Missing counterparts in
both directions might also be addressed by complementary ionization methods [179,180].
Still this approach is promising and with further development into the fragmentation of larger
precursors, this mass range should also be more easily addressable.

Furthermore it was shown that long identified sequences reveal the species from which it was
derived. This might open the possibility to distinguish intra and extracellular effects of the

tumor tissue.
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Chapter 5:
PAS-cal: Calibration Standards for MALDI

Mass Spectrometry

Introduction

Matrix assisted laser desorption/ionization (MALDI) [181] is widely used in life science research.
Beside the molecular weight determination of intact proteins and application to protein and
small molecule imaging [182], MALDI instruments are frequently employed for protein
identification purposes using either peptide mass fingerprinting (PMF) [107] or liquid
chromatography coupled tandem mass spectrometry (LC-MALDI MS/MS) [16,183]. In all these
applications, accurate mass determinations are highly important, requiring careful and frequent
mass calibration of the instrument. For time-of-flight (TOF) mass analyzers, hardware
components such as delayed extraction elements and ion mirrors render mass calibration more
complex than the simple quadratic correlation between an ion's flight time and its mass and, as
a result, a number of higher order calibration functions have been introduced [184,185].
Especially in MALDI-TOF MS, further factors influence mass accuracy such as temperature, spot
morphology [186] and target plate geometry as well as the sample position on the target

[187,188], which leads to the need for frequent calibration during measurements.

A generic mass calibration standard suited for bottom-up proteomic applications is therefore
highly desirable and should meet a number of requirements; i) cover the typical mass range of
(tryptic) peptides, ii) provide many calibration points with small mass increments to enable
fitting higher order calibration functions, iii) yield robust intensities in MS and MS/MS, iv) have
a molecular composition that is not easily confused with the analytes under investigation and v)

have a long shelf life. These criteria are not fully met by widely used peptide calibration



standards that typically encompass few naturally occurring peptides or non-peptidic polymers

such as poly(propyl-glycol), PPG [185].

Here the design, synthesis and application of a calibration standard termed PAS-cal that
addresses the above needs is described. The design was inspired by the protein PASylation
technology recently introduced by Schlapschy et al. [189] in which recombinant therapeutic
proteins are furnished with multiple sequential copies of a [ASPAAPSAPPAA], peptide cassette
consisting solely of the structurally disordered amino acids proline, alanine and serine (hence
the name PAS), which leads to an expanded hydrodynamic volume and strongly increases the
half-life of said proteins in the blood stream by retarding kidney filtration. Among several useful
features of these sequences, they do not occur in natural proteins, they are highly soluble
under aqueous conditions and their lack of stable structure allows peptide synthesis in a
straightforward manner. Based on these considerations, 30 PAS-cal peptides were synthesized
ranging from 8 to 37 amino acids in length utilizing the same sequence motif that can be used in
combination or alone to calibrate MALDI MS and MS/MS spectra. This enabled the efficient
multi-point calibration of such spectra, resulting in an increased number of peptide and protein

identifications from complex mixtures analyzed by LC-MALDI MS/MS.

Based on the same idea a PAS-cal protein calibration standard covering a mass range up to 20
kDa was designed and expressed as a SUMO fusion protein in E.coli. The sequence includes
three arginine residues resulting in a set of four PAS-polypeptides of different length after
digestion with trypsin. A mixture of the intact protein and its tryptic peptides measured by
MALDI MS leads to a spectrum with mass distances of about 2000 Da making it a perfect

standard for MALDI MS of smaller proteins and MALDI imaging applications.
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Methods

Peptide synthesis
(Performed by Ksenia Bashkueva during her Bachelor thesis at the chair of proteomics and

bioanalytics)

PAS-cal peptides were produced by solid-phase synthesis following the standard Fmoc strategy
on a parallel peptide synthesizer (MultiPep, Intavis, Cologne, Germany) at 2-umol scale. For
each peptide, proline, alanine or serine (Intavis) were initially coupled to a solid support
containing an immobilzed Lys or Arg residue (TentaGel S Trt-Arg(Pbf)Fmoc, TentaGel S Trt-
Lys(Boc)Fmoc Rapp Polymere GmbH, Tibingen, Germany) followed by the sequential coupling
of further amino acids (compare Table 5-1 for sequences). To prevent the generation of
erroneous sequences, free amino groups were capped by acetylation after each synthesis cycle
and prior to the next Fmoc de-protection step. After completion of the synthesis scheme,
peptides were released from the resin using 92.5% trifluoroacetic acid (TFA), 5% tri-
isopropylsilane and 2.5% water and subsequently lyophilized. Synthesis control was performed
by MALDI MS analysis and the crude PAS-cal peptides were subsequently used in isolation or

mixed empirically to obtain a balanced MS intensity distribution.

Preparation of E. coli proteolytic digest

(Performed by Christoph Résli, DKFZ,Heidelberg)

E. coli cells (TG1 Electroporation-Competent Cells, Agilent, Waldbronn, Germany) were grown in
LB broth at 37°C. Supernatant was removed after centrifugation at 10,000 x g for 20 min at 4 °C,
and 10 ml lysis buffer (10 mM Tris-HCI (pH 7.5), 5 mM EDTA, 1 x complete Protease Inhibitor
Cocktail, Roche Applied Sciences, Mannheim, Germany) per gram wet bacteria was added. Cells
were lysed using a sonifier (Branson Sonifier W250D, Danbury, US) at 40% intensity for 6
intervals (10 sec on, 15 sec off). After centrifugation (10°000 x g, 4 °C, 25 min), the supernatant
was frozen at -20 °C until further use. Disulfide bridges were reduced using dithioerythritol (5
mM, 60°C, 30 min) and free sulfhydryl groups were alkylated with iodoacetamide (15 mM,
room temperature, in the dark, 30 min). Proteins were denatured in 6 M urea and 50 mM Tris-
HCI (pH 8.0), followed by protein digestion using a mixture of LysC and Trypsin (Promega,
Mannheim, Germany, protein:protease ratio of 25:1) for 4 h at 37 °C. Subsequently, the buffer

system was adjusted to a urea concentration of 0.86 M by adding 50 mM Tris-HCI (pH 8.0), 1
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mM CaCl, in water. The digestion mixture was held at 37 °C und agitated overnight. Protease
activity was quenched by the addition of TFA to a final concentration of 0.1% v/v. The resulting
peptide mixture was desalted using OMIX C18 Tips (Agilent) according to the manufacturer's

protocol and the eluted sample was dried in a vacuum concentrator and stored at -20 °C.

MALDI MS measurements of PAS-cal peptides and peptide mass fingerprinting

PAS-cal peptides and mixtures thereof were dissolved in water to 2 umol/ml (estimated from
synthesis scale) and mixed 1:1 with a-cyano-4-hydroxycinnamic acid (HCCA, 10 mg/ml in 50%
acetonitrile, ACN, 0.1% TFA, Bruker Daltonik, Bremen, Germany). Samples were spotted onto a
stainless steel target (Bruker Daltonik) using 0.5 ul per spot. Samples were then recrystallized
using 0.1 pl ethanol, resulting in a homogeneous matrix layer. MALDI TOF spectra were
acquired in positive ion reflectron mode on an UltrafleXtreme MALDI-TOF/TOF instrument
(Bruker Daltonik, operated by FlexControl 3.3, sample rate of 4 GS/s) by summing up to 1000
laser shots over a mass range of 500-3500 m/z. Tryptic peptides from bovine cytochrome C and
bovine serum albumin as well as peptide calibration standard Il (all from Bruker Daltonik) were
prepared accordingly. For peptide mass fingerprinting, UltrafleXtreme mass spectra were
converted into peak lists using flexAnalysis (version 3.3, Bruker Daltonik). Resulting xml files
were submitted to Mascot (2.4.1 Matrix Science, London, UK) and searched against the
SwissProt database (version 57, taxonomy filter set to ‘other mammals’ considering
carbamidomethylation of cysteines and oxidation of methionines as variable modifications.
Peptide mass tolerance was set to 75 ppm, full trypsin specificity was required, allowing up to 2

missed cleavages.

LC-MALDI MS/MS measurements and data processing of E. coli protein digests
(performed by Christoph Résli, DKFZ, Heidelberg)

E. coli peptides were dissolved in 5% ACN, 0.1% TFA in water to a concentration of 1 pug/ul and
10 ul were loaded directly onto a reversed phase column (1.7 um BEH130 C18, 75 um x 250
mm, Waters, Milford, USA). Peptides were separated on a nanoACQUITY UPLC (Waters) using a
binary solvent system (solvent A: 0.1 % TFA in water; solvent B: 0.1 % TFA in ACN) and using the
following gradient: 5-11% B in one min; 11-14% B in 3 min; 14-30% B in 63 min, 30-40% B in 13
min. Eluting peptides were mixed online with HCCA (3 mg/ml HCCA, ProteoChem, Cheyenne,
USA in 70% ACN, 0.1% TFA in water containing the standard peptides Gonadoliberin,

Angiotensin |, Neurotensin and Adrenocorticotropic Hormone Fragment (ACTH) 18-39, each at a
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concentration of 150 pmol/ml. The mixture was spotted onto an Opti-TOF LC/MALDI insert (AB
SCIEX) using an automatic MALDI spotter (SunCollect, SunChrom, Friedrichsdorf, Germany).
Spotting was started with a delay of 10 min after sample injection. 1200 spots were prepared
per LC run, corresponding to 4 s wide fractions per spot. MALDI MS and MS/MS measurements
were carried out on a TOF/TOF 5800 System (ABSCIEX, Framingham, USA) controlled by
TOF/TOF Series Explorer Software V4.1.0 (build 12). Per spot, 8 x 250 shots for MS spectra and
up to 12 x 250 shots per MS/MS spectrum were summed up. MS spectra were internally
calibrated using the 4 peptides spiked into the matrix solution. MS/MS spectra were calibrated
using 6 calibration points from ACTH 18-39 or 50 calibration points of the 37 amino acid PAS-cal
peptide (PAS-cal37). Tandem mass spectra from LC-MALDI MS/MS experiments were processed
by Protein Pilot (Version 4.5, ABSCIEX) employing the Paragon Algorithm 4.5.00, 1654.

Protein identification from LC-MALDI data

The resulting peak lists (in Mascot generic format, MGF) were searched against the SwissProt
database (v57, taxonomy filter Escherichia coli) using Mascot (version 2.4.1) with a mass
tolerance for precursors of 25 ppm and 0.15 Da for fragment ions. Enzyme specificity was set to
trypsin, allowing a maximum of two missed cleavages while carbamidomethylation of cysteines
was set as fixed modification. Search results were exported from Mascot and further analyzed
using Microsoft Excel 2010 and Tableau 8.1 (tableausoftware, Seattle, US). Peptide spectrum
matches (PSMs) with a score lower than the Mascot identity score of 30 were categorically

removed prior to subsequent analysis.

PAS-cal protein expression in E.coli and digest tryptic digestion

(performed by Joscha Breibeck at the Lehrstuhl fiir Biologische Chemie, WZW, TUM)

The design and expression of the Pas-cal proteins were performed by Joscha Breibeck and will
only be briefly described. The SUMO-PAS-cal fusion protein was expressed in E. coli BL21 (DE3).
Cells were grown at 37 °C in LB medium. The cell pellet was homogenized in a French press,
clarified by centrifugation and sterile filtration. The protein solution was loaded onto a Ni/NTA
resin and eluted using an imidazole gradient. The resulting fractions were dialyzed and
subjected to ion exchange chromatography. SUMO-proteins were concentrated by
ultracentrifugation and cleaved by recombinant truncated SUMO protease. Preparative size
exclusion chromatography was used to clean the PAS-cal protein. Aliquots were incubated with

sequence grade trypsin.
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MALDI MS of PAS-protein and peptides

The solutions of the intact PAS-protein and the trypsin-digested PAS-cal (0.28 mg/ml in 50 mM
NH,HCOs) were mixed in the ratio 3:1 in order to trigger the formation of dimeric and trimeric
peptide adduct ions in the MALDI spectrum. To the resulting peptide mixture an equal volume
of 2,5-dihydroxybenzoic acid solution (DHB, 10 pg/mL in 30% acetonitrile in water, 0.2%
trifluoroacetic acid) was added and the mixture was spotted according to the dried droplet
method [3]. MALDI-MS analysis was performed with the instrument UltrafleXtreme from Bruker
(Bremen, Germany) in the linear positive mode (source voltage: 25 kV). Using 1000 shots per
spectrum, an m/z range from 1000 to 23000 was analyzed with ion suppression below an m/z
ratio of 1500. m/z values for the various expected peptide species were calculated with

Compass IsotopePattern software (Version 1.3) based on the amino acid sequences.
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Results and Discussion

PAS-cal peptides: mass calibration standard for bottom-up proteomics

To establish a peptidic mass calibration standard for MALDI MS in proteomics that meets the
requirements outlined in the introduction, two sets of 30 peptides each (termed PAS-cal) were
synthesized based on the basic PAS repeat "ASPAAPSAPPAA" with a C-terminal lysine or
arginine residue added to aid ionization in the MALDI process. This design principle led to
tryptic-like peptides covering a mass range from about 750 Dalton (8 amino acids) to 3200 (37
amino acids) Dalton (Table 5-1) which is also the typical mass range of peptides generated by

trypsin digestion of proteins or protein extracts.

While lysine-terminated PAS-cal peptides tended to form sodium and potassium adducts (data
not shown), arginine containing peptides were dominantly observed as [M+H]" and yielded
higher intensities as described before [190]. Due to the fact that PAS-cal peptides are
intrinsically unstructured [189], peptide synthesis even for the longer peptides was
straightforward and allowed to directly use the crude synthesis products for subsequent
experiments. The high solubility of these peptides also rendered them stable under aqueous
conditions, which permitted use of the same PAS-cal preparations over more than two years

without noticeable losses.

Two applications for the PAS-cal peptides were investigated: i) the mass calibration of MALDI
TOF spectra for protein identification by peptide mass fingerprinting and ii) the calibration of
MALDI MS/MS spectra for protein identification via fragment ion based database searching. For
the first application, 30 arginine terminated PAS-cal peptides were mixed to yield a balanced
distribution of intensities in a MALDI spectrum (Figure 5-1 A) covering the range from 756.39 to
3140.62 m/z. The peak spacing corresponds to the residue masses of one of the three amino
acids that make up the PAS-cal peptides, thus allowing multi-point calibration of MALDI MS
spectra. To evaluate which of the calibration methods provided by the instrument software
(flex control) performs best, PAS-cal and the commercially available "peptide calibration

standard Il" (Bruker) were mixed and analyzed together.
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Table 5-1: Arginine-terminated PAS-cal peptides.
The PAS repeat unit used in this study is indicated by the dotted lines.

Monoisotopic
i Sanumce Peptide sequence

[M+H]" length
756.399878 8 ASPAAPSR
827.436992 9 ASPAAPSAR
924.489756 10  ASPAAPSAPR
1021.54252 11 ASPAAPSAPPR
1092.57963 12 ASPAAPSAPPAR
1163.61675 13 ASPAAPSAPPAAR
1234.65386 14 ASPAAPSAPPAAAAR
1321.68589 15 ASPAAPSAPPAAIASR
1418.73865 16 ASPAAPSAPPAAIASPR
1489.77577 17 ASPAAPSAPPAA?SPAR
1560.81288 18 ASPAAPSAPPAAASPAAR
1657.86565 19  ASPAAPSAPPAAIASPAAPR
1744.89767 20  ASPAAPSAPPAAIASPAAPSR
1815.93479 21 ASPAAPSAPPAAASPAAPSAR
1912.98755 22 ASPAAPSAPPAA?SPAAPSAPR
2010.04032 23 ASPAAPSAPPAA'ASPAAPSAPPR
2081.07743 24 ASPAAPSAPPAAASPAAPSAPPAR
2152.11454 25  ASPAAPSAPPAAIASPAAPSAPPAAIR
2223.15166 26 ASPAAPSAPPAAIASPAAPSAPPAAIAR
2310.18369 27 ASPAAPSAPPAAASPAAPSAPPAAIASR
2407.23645 28 ASPAAPSAPPAAASPAAPSAPPAAIASPR
2478.27356 29  ASPAAPSAPPAAIASPAAPSAPPAAIASPAR
2549.31068 30 ASPAAPSAPPAA?SPAAPSAPPAMASPAAR
2646.36344 31 ASPAAPSAPPAAASPAAPSAPPAAIASPAAPR
2733.39547 32 ASPAAPSAPPAAIASPAAPSAPPAAIASPAAPSR
2804.43258 33 ASPAAPSAPPAAIASPAAPSAPPAAASPAAPSAR
2901.48535 34 ASPAAPSAPPAAASPAAPSAPPAA:ASPAAPSAPR
2998.53811 35 ASPAAPSAPPAA%ASPAAPSAPPAA§ASPAAPSAPPR
3069.57523 36 ASPAAPSAPPAA/ASPAAPSAPPAAIASPAAPSAPPAR
3140.61234 37 ASPAAPSAPPAAASPAAPSAPPAAIASPAAPSAPPAA

PAS- repeat

Acquired mass spectra were calibrated internally against either the mass list of the Bruker
standard or the mass list of the PAS peptides. For both standards the ‘cubic- enhanced’
calibration method outperformed the other three options (linear, linear correction and
quadratic) and resulted in relative standard deviations of 2 ppm each, indicating that this is the

best achievable mass accuracy on this particular instrument (data not shown).

As the mass accuracy of MALDI TOF instruments depends on several parameters including e.g.

matrix morphology [186] or spot localization on the target plate, each sample has to be
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calibrated. This may be achieved by internal spectrum calibration using e.g. endogenous or
spiked trypsin autolysis products [191]. However, this approach is often not robust as the
endogenous levels of trypsin autolysis peptides are largely unpredictable and ‘guessing’ the

appropriate amount of spiked standard can be difficult.
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Figure 5-1: Evaluation of PAS-cal peptides for protein identification by peptide mass
fingerprinting. A| MALDI TOF MS spectrum of the PAS-cal peptide mixture (30 peptides).
B| PMF search results for bovine serum albumin and cytochrome c tryptic digests. Vertical lines
indicate averages of five measurements. C| Relative mass errors for all measurements including

a 4th order polynomal trend line (black line) along with the 95% confidence interval (grey lines).

In addition, correcting the higher order effects of time-to-mass calibration usually requires
multi-point calibration. As a result, MALDI MS spectra are most often externally calibrated. To
evaluate the PAS-cal standard (comprising the 30 mixed peptides) as an external calibrant for
peptide mass fingerprinting, digests of bovine serum albumin (BSA) and bovine cytochrome C
were analyzed by MALDI TOF MS in reflectron mode and the measured spectra were either

calibrated on the PAS-cal standard or on the commercial Bruker standard (both spotted
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nearby). Mascot search results showed that the performance of both standards was
comparable in terms of number of detected peptides and sequence coverage but PAS-cal
calibration exhibited slight improvements in terms of mass error and protein score
(Figure 5-1 B, C; note that the Mascot score is a log10 score, thus a difference of 1 score points
translates into 10x higher confidence). It was also observed that the intensities of the high m/z
PAS-cal peptides decreased as the MALDI ion source of the instrument became contaminated
over time owing to the use of high frequency lasers. This effect may serve as a simple QC

measure to define an instrument maintenance interval.

Following the trend in proteomic research to analyze more complex mixtures, today's analytical
strategies typically combine peptide separation by liquid chromatography with tandem mass
spectrometry (LC-MS/MS) both on electrospray ionization (ESI) and on MALDI instruments. The
success of peptide and protein identification in such experiments critically depends on mass
accuracy [192] and largely the same requirements apply with respect to the properties of
calibration standards for MS and MS/MS calibration. One notable difference is that a single
peptide generating fragment ions covering the entire mass range may suffice to calibrate a
tandem mass spectrum. PAS-cal peptides are ideally suited for this purpose as the C-terminal
arginine residue promotes the formation of a strong y-ion series. The MALDI tandem mass
spectrum of the longest PAS-cal peptide (PAS-cal37) is shown in Figure 5-2. Its appearance
resembles that of the PAS-cal mixture because the singly charged y-ions of PAS-cal37 have the

same chemical composition as the protonated peptides from the synthetic mixture.
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Figure 5-2: Annotated fragment spectrum pattern of PAS-cal37 peptide.

Exhibiting fragment ions covering the entire sequence.
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To evaluate the utility of PAS-cal37 (3140.61 Da, 50 calibration points) for the multi-point
calibration of tandem mass spectra, two LC-MALDI MS/MS experiments using tryptic digests of
E. coli were performed and the results were compared with analogous duplicate experiments
calibrated on the fragment ion spectra of ACTH 18-39 (2464.19 Da, 6 calibration points), which
is widely used as MS2 calibration standard. As shown in Table 5-3, PAS-cal37 calibration led to
improvements in all metrics applied, including an increase of peptide spectrum matches (PSM)
by 18% with a concomitant 15% increase in peptide identifications and 13% increase in protein
identifications. In addition, the average and median Mascot scores were also slightly improved
in the PAS-cal37 calibrated experiments (again note log 10 space of the Mascot ion score so
that even small score differences of three points correspond to a considerable effect in absolute

space).

Table 5-2: Result summary of LC-MALDI MS/MS measurements:
Note that only identifications were accepted that exceeded the Mascot peptide identity

threshold of 30.

sample # distinct protein  # distinct peptide # peptide # submitted Average mascot  Median mascot
identifications identifications spectrum matches queries score score
PAS 1 994 4,069 4,277 16,446 65 56
PAS 2 1,002 4,130 4,338 16,418 64 56
Total 1,178 4,738 8,615 32,864 65 56
ACTH 1 838 3,310 3437 15,268 62 53
ACTH 2 910 3,722 3,868 16,124 63 53
Total 1,043 4,123 7,305 31,392 62 53

Further analysis of PSMs with ion scores of equal or greater than the Mascot identity threshold
(of 30) revealed two factors that are responsible for the observed improvements when using
PAS-cal37 for the calibration of tandem mass spectra. First, more fragment ions were matched
within the search tolerance (Figure 5-3 A, B upper panel) and, second, the median fragment ion
mass error was smaller compared to ACTH calibration (Figure 5-3 B middle and lower panel).
Obviously, the number of matching fragments drives the identification score and the lower
mass error of the fragments aids in discriminating against alternative PSMs for the same

tandem mass spectrum.

Furthermore the suitability of the PAS-cal standard for retention time and mass calibration in
LC-ESI-MS/MS experiments (data not shown) was investigated. While the standard can, in

principle, be used for these purposes, there are limitations. First, all PAS-cal peptides are
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hydrophilic which renders their elution time profile in reversed-phase HPLC separations of
peptides rather narrow. This may, however, be addressed in the future by adapting the
underlying design principle to include more hydrophobic amino acids. Second, PAS-cal peptides
(like any other peptides) pick up more charges as the sequence gets longer which somewhat
narrows the m/z range across which ESI spectra can be calibrated. This is not a strong limitation
though, as tryptic peptides from complex digests show a very similar behavior. Alternatively,
the QCAL standard reported by Simon Gaskell’s group [193] or the PAS-cal protein standard can

be used for extending the mass range for the calibration of ESI spectra.
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Figure 5-3: Multi-point calibration of tandem mass spectra using PAS-cal37 and ACTH.

A| Distribution of absolute mass errors of matching fragment ions B| Upper panel: number of
matched fragments (within a tolerance of 0.15 Da) as a function of fragment ion mass (in bins of
50 Da). Middle panel: median mass error of matched fragments in ppm as a function of

fragment ion mass. Lower panel: same as in B but in Dalton.
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PAS-protein and its tryptic peptides for mass calibration in the

range 2-20kDa

For the calibration of higher mass ranges a PAS-cal protein was synthesized. Its sequence

includes three arginine residues (Figure 5-4) which are cleavage sites for trypsin.

AASPAAPSAPPAAASPAAPSAPPAAASPAAPSAPPAAASPAAPSAPPAR
AASPAAPSAPPAAASPAAPSAPPAAASPAAPSAPPAAASPAAPSAPPAA
ASPAAPSAPPAAASPAAPSAPPARAASPAAPSAPPAAASPAAPSAPPAA
ASPAAPSAPPAAASPAAPSAPPAAASPAAPSAPPAAASPAAPSAPPAAA
SPAAPSAPPAAASPAAPSAPPARAASPAAPSAPPAAASPAAPSAPPARA

Figure 5-4: Sequence of the expressed PAS-cal protein containing 245 amino acids including

four arginine residues (highlighted in yellow)

Measured with MALDI TOF in the linear mode intact PAS-cal was observed in three (seldom
four) charge states whereas the doubly protonated ion species showed the highest intensity
(not shown). A mixture of the intact polypeptide and its tryptic peptides, showed the four
standard peptides (A, B, C, D) as well as the singly (CS 1) and doubly (CS 2) charged states of the

intact concatamer at their expected m/z ratios (Figure 5-5 and Table 5-3).

By adjusting the relative amount of the tryptic peptide fragments to a threefold excess over the
intact PAS-cal polypeptide, the formation of di- and trimeric adduct species between the
peptides could be observed. It is well-known from MALDI experiments that several peptides can
“share” one single charge by coordinating the same proton, leading to m/z ratios resulting from
the sum of the single species involved in the complex [10]. Most likely in this case, the bridging
protons are shared by the basic arginine residues present in each of the PAS-cal peptides.
Exploiting this phenomenon of adduct formation, the m/z gap between the singly and doubly
charged states of the intact polypeptide could be complemented. Due to the intrinsic sequence
repetition of the concatamer, the m/z ratio 12218.5 can be assigned to two different possible

dimeric peptide complexes.
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Figure 5-5: MALDI-MS spectrum of PAS-cal and its tryptic peptides acquired in linear mode.
The inset shows an enlarged view of the charge states +1 and +2 of the intact polypeptide as

well as the di- and trimeric species formed by the tryptic peptide fragments.

Table 5-3: MALDI-MS signals measured for PAS-cal peptides.

Species calculated m/z-signals observed m/z-signals
Peptide 1 (A) [M+H]* 2153.379 2153.372
Peptide 2 (B) [M+H]* 4131.548 4131.618
Peptide 3 (C) [M+H]* 6109.718 6109.739
Peptide 4 (D) [M+H]" 8087.888 8088.431
IM]** (CS 2) 10247.775 10247.907
PAS-cal (intact) "

[M]" (CS 1) 20495.536 20495.361

Dimer CC/BD [M+M+H]" 12218.439 12218.471
Dimer CD [M+M+H]* 14196.599 14196.438
Dimer DD [M+M+H]* 16174.769 16174.401
Trimer BCD [M+M+M+H]" 18327.147 18327.671
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Chapter 5: PAS-cal

These additional effects of the PAS-cal polypeptide standard in MALDI experiments make it
suited for the calibration of a broad m/z range. Even though the di-and tri-mere formation
could only be observed for DHB matrix, all other peaks were also observed with sinapinc acid
guaranteeing a calibration point at 20495 m/z. This makes the PAS-protein and peptide mixture
an ideal calibrant for MALDI imaging applications. Analogue to the synthesised PAS-cal37
peptide the tryptic peptides (Table 5-3) could be used as calibration standards for
MALDI-MS/MS spectra up to a mass range up to typically used in middle-down (similar to
bottom-up but proteases/agents with less frequent cleavage sites are used [194,195]) or

top-down experiments targeting small to medium proteoforms.

75






Chapter 6: Final Conclusions

Protein MALDI imaging is an appealing methodology as it enables to study proteomic patterns
in a spatially resolved fashion on the background of tissue morphology. One of the main
challenges of the field is the identification of the molecules detected in the imaging experiment.

This thesis was set out to address these issues.

By mimicking the matrix layer preparation conditions, the here established sample preparation
procedure offers a straightforward way for the isolation of the matrix proteome with minimal
sample amount needed and which can seamlessly be integrated into the MALDI imaging
workflow. The bottom-up analysis showed that mainly small, soluble and high abundant
proteins co-crystallize (or at least conglomerate) with the MALDI matrix molecules and are
therefore detectable in the imaging experiment. A comparison with identified species from
literature underlines these findings and defines the list of possible markers that can be derived

from MALDI imaging studies.

The sample preparation method also enables the direct analysis via LC-ESI-MS and allows for
the direct sequencing of proteoforms from the matrix layer. It was shown that the employment
of subset-databases, an interactive exclusion list strategy and the utilization of the ‘mass mode’
facilitated the identification of proteoforms up to a mass of 12 kDa. Still the employed
strategies were not perfectly able to address the specific issues of data dependent acquisition
methods of the used instrument when measuring intact proteoforms. A recently published data
acquisition/identification pipeline called autopilot [168] unifies those strategies and enables the
instrument software to perform advanced data dependent acquisition. The selection criteria are
based on the ‘targets’ (mass species in different charge states) instead of m/z values. Those are
compared in real-time to a database of already identified proteoforms. Sequencing events are
only triggered for unknown target masses or to improve sequence coverage of not yet
sufficiently covered proteoforms by varying fragmentation conditions. Full sequence coverage
including all post-translational modifications is desirable as it results from all processes its

precursor underwent.



The comparably long sequences of the identified proteoforms often enable to deduce the
organism from which it was derived. This might be valuable information to investigate the
interplay between the tumor tissue and the host organism in xenograft models. The analysis of
the identified proteoforms showed that there are many C- and N- terminal fragments of
proteins. This suggests that there are proteolytic processes in those tissues. However, the
question if this is an effect of sample handling or of processes before deriving the sample was

not investigated.

The introduced graphical method for matching the identified proteoforms to the peaks of a
MALDI spectrum showed that the resemblance of both methods is good but not perfect. This
might be a result of the different ionization efficiency of the same species in ESI and MALDI. The
established method employing ESI-MS can be seen as a shortcut which often leads to
identification of MALDI imaging species. For unmatched peaks of interest the classical way of
fractionation and screening of the fractions under imaging MS conditions might not be

circumventable.

For the correlation of the identified proteoforms with the peaks of the MALDI spectrum the
mass accuracy of the latter is an important criterion. This is achieved by a proper calibration of
the MS spectrum. For this purpose a protein was designed only containing proline, alanine and
serine residues as well as 3 basic arginine residues. Mixing the intact protein with its tryptic
peptides results in an excellent standard covering the typical imaging mass range with evenly
distributed calibrations points. Based on the same PAS sequence repeat a multi-peptide
calibration standard was developed and has proven its applicability in peptide mass finger
printing. Single peptides can also be employed as MS/MS calibration standard and it has been
shown that MS/MS accuracy and therefore overall performance improves by using many

calibration points resulting from the fragment spectra of the standard peptide.
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Appendix

Abbreviations and Acronyms

ACN acetonitrile

AGC automatic gain control

BSA bovine serum albumin

CID collision induced dissociation

Da Dalton

DESI desorption electro spray ionisation
DHB 2,5-dihydroxybenzoic acid

DMSO dimethyl sulfoxide

DTT dithiothreitol

e.g. exempli gratia

ECD Electron-capture dissociation

ESI electro spray ionisation

ETD Electron-transfer dissociation

FA formic acid

FDR false discovery rate

FFPE formalin fixed paraffin embedded
FWHM full width at half maximum

g gram

HCCA alpha-cyano-4-hydroxycinnamic acid
HCD higher-energy collisional dissociation
HCI hydrogen chloride

HPLC high performance liquid chromatography
i.e. id est

IAA iodoacetamide



IMS
ISD
ITO
LC
LDS
LID
m/z

MALDI

min
mM
MSI
NP40
PAGE
PSM

SA
SDS
SIMS
STAGE
TFA
TIC
TOF
Tris

TUM
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imaging mass spectrometry
in-source decay

indium-tin-oxide

liqguid chromatography

lithium dodecyl sulphate

laser desorption/ionization
mass-to-charge ratio
matrix-assisted laser desorption/ionization
mascot generic format

minute

millimolar

mass spectrometry imaging

nonyl phenoxylpolyethoxylethanol 40
Polyacrylamide gel electrophoresis
peptide spectrum match

second

sinapinic acid

Sodium dodecyl sulfate

secondary ion mass spectrometry
stop and go extraction

trifluor acetic acid

total ion current

time of flight
tris(hydroxymethyl)aminomethane)
Technische Universitdt Miinchen
atomic mass unit

volt
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