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1 INTRODUCTION

Proteomics is currently well-established method of bioscience. Basically, proteomics allows
studying proteins in detail or in large scale identification experiments. Both approaches
have their substantial merits. Knowledge of detailed protein properties is essential in
deciphering protein function, activity or in description of protein inhibition by various
drugs. Second approach, large scale analysis relies on broad knowledge of proteins, based
both on experimental evidence of protein or genome sequencing and translation. This
approach allows us to determine changes in single proteins, but as well to describe protein
groups involved in particular processes. Those approaches are depending on each other. To
be able to perform large scale analysis, we have to have enough information about
particular proteins. And to study protein in detail, we have to have information about

protein itself, about its localization and function in the cell.

Proteomics thus needs precise methods to separate, identify, sequence and describe
proteins. Protein separation relies mainly on precipitation, affinity-based, electrophoretic
or chromatographic methods. Separated proteins could be identified by specific antibody,
by enzyme assay or by mass spectrometry. Protein sequence is important mainly for mass
spectrometry (MS) identification and molecular modeling of protein structure. It could be
determined by Edman sequencing or by MS approaches like de-novo sequencing. Further
description of proteins could be done by elucidation of structure by X-ray crystallography,
role in the cell by knock-out/overexpression experiments, description of binding factors by
affinity purification and so on. Proteomics is thus very broad and complex method and it is
difficult to cover all mentioned methods together. In this thesis, first mentioned methods —
protein separation, identification and in limited extent as well sequencing will be discussed.
All those steps are covered in current “shotgun” proteomics approach focusing on

identification of as broad part of the sample proteome as possible.

This thesis is focused on human proteomics. Two projects using MS and antibody based
methods for qualitative and quantitative protein analysis will be discussed in the

experimental part.



1.1 Protein separation methods

Proteins in the cell or in serum represent a mixture which is complicated to analyze without
any separation. There is a big number of proteins — about 10,000 different proteins in the
cell and very broad concentration range — seven orders of magnitude in the cell and even
ten to twelve orders of magnitude in the plasma [1]. The newest mass spectrometers are
available to analyze samples up to six orders of magnitude [2] of concentration range. A
good separation method is thus needed to separate and concentrate proteins of interest.
This will reduce this concentration range and will increase probability of successful protein
detection. Since each of methods discussed further has different drawbacks, it is beneficial
to combine multiple separation methods for further extension of protein detectability. The
most important separation methods in proteomics are electrophoresis and
chromatography. Those methods are applied most often, but in certain cases it is useful to

use other methods, like a protein precipitation or affinity chromatography.

1.1.1 Electrophoretic methods

Protein electrophoresis is a set of diverse methods based on protein mobility in electric
field. It varies from starch or paper electrophoresis, gel electrophoresis used in clinical
biochemistry to a set of currently used scientific electrophoretic methods. Basic
electrophoretic methods used in current science are mainly gel based like native
electrophoresis [3], isoelectric focusing [4], capillary electrophoresis [5] or most widely
used denaturation electrophoresis using sodium dodecyl sulphate and polyacrylamide gel

(SDS-PAGE) [6].

1.1.1.1 SDS-PAGE

SDS-PAGE electrophoresis (Figure 1) is currently the most often used electrophoretic
method which allows protein separation according to molecular weight. Electrophoretic
migration is in principle dependent on protein mass, charge and shape. In SDS-PAGE,
charge and shape are reduced to uniform level by protein denaturation - proteins are
denatured by SDS and heating prior gel loading and both gel and electrode buffer contains
SDS [6]. This step destroys secondary structure of protein. Proteins are thus reduced to
detergent coated linear form with uniform SDS to protein ratio about 1.4 to 1. Denaturation
reduces different charges and shapes and makes electrophoretic separation dependent on
protein molecular weight only [7]. Molecular weight determination accuracy is further

increased by introducing two-gel system. This system consists from less dense stacking gel



and more dense separation gel. Those gels are prepared using buffers containing Tris-HCI
and glycine with different pH. This pH difference together with stacking/separation gel
boundary has key effect to protein band width and thus mass accuracy. pH of electrode
buffer is 8.3 and glycine is negatively charged in this condition. When electric current is
applied, glycine travels together with chloride ions into stacking gel, where pH is 6.8. At this
pH, glycine becomes uncharged and starts to migrate slowly. Chloride anions, on the other
side, hold their charge and migrate still with the same speed. Glycine and chloride creates
this way a thin boundary of migrating ions in the stacking gel. Speed of protein migration is
in the middle between chlorides and glycine and proteins are forced to migrate in this thin
boundary. Situation will change in the moment, when proteins reach separation gel with pH
8.8. Glycine becomes anion again and boundary with chlorides is abolished. Proteins will
further focus on the border of separation gel just because of higher density and bigger
resistance of the separation gel. Low density of stacking gel allows proteins to migrate to
this boundary more less as a single band and in separation gel starts separation according

to molecular weight. Experimental set-up of SDS-PAGE result in sharp, well separated

protein bands (Figure 1), which is one of the reasons of its wide popularity.

Figure 1: SDS-PAGE electrophoresis — its typical instrumentation (A) and representative

Coomassie stained gel (B).

The main advantage of SDS-PAGE lies in its versatility. There is a huge selection of gel
densities suitable to separation of proteins of different sizes even with possibility to
purchase commercially available gradient gels ideal for separation of broad range of protein
molecular sizes. Separated gels can be visualized by a variety of stainings, e.g. by silver or
Coomassie staining. Proteins from gels can be specifically identified by transfer to a
membrane and detection by specific antibody or by excission from gel, digestion and

identification by MS.
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1.1.1.2 Native electrophoresis

SDS-PAGE is not the only existing electrophoretic method. There are other gel-based
electrophoretic approaches. The first, native electrophoresis is the closest to original
electrophoresis setups. Proteins migrate in electric field in their native conformation
without any modifications as in first electrophoretic experiments. This bring several
benefits, proteins are after separation still in their original shape and in active form. Since
there is no denaturation step in native electrophoresis, protein-protein interactions
remains preserved and bound proteins are separated together. On the other side native
electrophoresis is not much suitable for analytical preparation, since protein mobility is
dependent not only on its molecular weight, but as well on protein shape or net charge.
Although those factors are expressed in an equation [8], native electrophoresis cannot beat
SDS-PAGE in determination of protein molecular mass. Native electrophoresis and its
variants are used in protein purification when proteins in active form or protein-protein

complex are needed.

1.1.1.3 Isoelectric focusing

Isoelectric focusing (IEF), is a variant of electrophoresis separating proteins according to
their relative charge in pH gradient. Relative charge of protein is determined by its
isoelectric point. This point is a pH value, where protein has no charge. When a protein is in
acidic conditions, it bears positive charge and migrates to cathode. Conversely, protein in
basic conditions bears negative charge and migrates to anode. If such a migration is done in
pH gradient, protein will stop its migration at pH corresponding to its isoelectric point. pH
gradient is made using ampholytes, which are compounds with polyamino and polycarboxy
moieties, which have both acidic and basic properties. Based on composition of particular
ampholyte, it will buffer pH at its own isoelectric point [9]. Ampholyte mixtures are very
complex and thus are offered mainly commercially (e.g. Ampholine, Pharmalyte,
Immobiline or Servalyt). Another choice in IEF analysis is pH gradients immobilized on gel

strips (e.g. produced by Bio-Rad, GE Life sciences or Thermo Fischer Scientific).

1.1.1.4 Two dimensional electrophoresis

Above-mentioned approaches have limited resolution only. The worst resolution has the
native electrophoresis, SDS-PAGE and gel-strips based IEF are better choices for protein
separation. However, their resolution is still not high enough to cover whole protein
distribution mentioned in introduction of chapter 1.1. The one way how to improve

resolution of both methods is to utilize orthogonality of SDS-PAGE and IEF. This approach
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has been introduced by O’Farrell in 1975 [10]. 2D electrophoresis (2DE; Figure 2) offers a
possibility to separate up to 5000 proteins; however it suffers from low reproducibility
caused by gel-to-gel variations. To overcome this, two main approaches are used. The first
is to use multiple fluorescent stains and analyze all samples in one gel. This approach is
called 2D difference gel electrophoresis (2DIGE, Figure 2) [11]. Second approach consists in
software processing of scanned gels to obtain image overlay. There are number of

companies focusing on this issue, for example Bio-Rad, Decodon, Non-Linear etc.

A pH 4 7 B
250
M‘g -l 1%
o BTl -
g ——— . ¥ -
: g L
2 AR
? IR B (-
- i PRSI e o
S NI e £
B e e A T
—mcs o g 4 s
Py, TR 4 " -
AL PP, . T I - "’_’ »
- S e =
- . = 8"+ ‘e
o~ A %
S - COn e e =
», - S,
. o' .
. "
e -
..,-1 ; . 2 A\l
s 4 -
Qe . e .
Q °
-
- N - :

Figure 2: 2D Electrophoretic methods: classic 2D electrophoresis (A) and 2D DIGE (B). 2DE
and DIGE figures were adapted from [12,13].

The strength of gel based methods is separation of intact proteins and ability to distinguish
protein isoforms. Disadvantages are well-known and they are low dynamic range, poor
resolution and gel to gel variations of 2DE gels. DIGE can overcome the problem of gel
reproducibility but the dynamic range remains low. Frequent identification of differentially
expressed highly abundant proteins (enolasel, heat shock protein or vimentin) is another
restriction. We should be very careful with interpretation of identification of these proteins

frequently involved in stress response or housekeeping processes [14].

1.1.1.5 Capillary electrophoresis

The most advanced electrophoretic method is capillary electrophoresis. Electrophoretic
separation here occurs in a capillary, which offers similar properties as a capillary liquid
chromatography (discussed below). Those properties are good resolution and high
sensitivity. Capillary separation brings a slightly different principle of separation, which
involves behavior of liquid in capillaries. Capillaries can be also filled with functional
sorbents. Both issues are discussed in detail elsewhere in the literature, e.g. in specialized

books. Capillary electrophoresis can be coupled to MS similar way to liquid chromatography
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(LC). In this case, it is necessary to replace regular buffers to volatile. This set-up is used in
proteomics as an alternative to 2-DE with MS detection or LC-MS [15]. Capillary
electrophoresis is a less popular method in proteomics compared to LC-MS (595 references
for “capillary electrophoresis proteomics” and 10413 references for “liquid

chromatography proteomics” in PubMed up to July 2016).

1.1.2 Chromatographic methods

Another method of separation frequently used in protein analysis is chromatography. It is a
method based on different analyte balance between affinities to stationary or mobile
phase. Briefly, all analytes are dissolved in mobile phase. This mobile phase flows through
porous stationary phase. Analytes begin to separate according their balance between
affinity to stationary phase and solubility in mobile phase. Thus analytes with lower
solubility in mobile phase and higher affinity to stationary phase will be more retained
compared to analyte with high mobile phase solubility. The key for this type of analysis is a
careful selection of stationary phase affinity mechanism and corresponding mobile phase.
Best separation is obtained if, for example, stationary phase is hydrophobic and mobile

phase is hydrophilic or vice versa.

Chromatographic separation of proteins is very important and versatile method for both
preparative and analytical separations. Preparative separations are used in protein
purification processes, where great care is taken not only to achieve natural conformation
or protein activity, but to get good resolution, recovery, throughput or reproducibility of
chromatography as well. The stationary phase for preparative experiments should be also
stable, easy to maintain and inexpensive. Preparative chromatography uses mostly
principles of affinity chromatography, immunoaffinity chromatography or gel filtration
chromatography. Analytical liquid chromatography became a key step in protein / peptide

separations in current proteomics [16].

The main difference between preparative and analytical chromatography is in scale and
purpose of separation. Preparative chromatography is focused on obtaining bigger amount
of target compound, whereas analytical chromatography is usually performed in much
smaller amounts enough to prove presence and quantity of analyte. This can be illustrated
at most often used analytical chromatography method - high performance liquid

chromatography (HPLC). Classic HPLC uses columns with diameter in millimeters, most
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often 4.6 or 2.1mm and flow rates less than milliliter per minute. Since its development,
HPLC became the method of choice for analytical sample separation in both chemistry and

life sciences.

1.1.2.1 HPLC in proteomics

Proteomic HPLC analysis brings several important advantages, such as superior separation
power, sensitivity or easy connection to modern identification methods such as mass
spectrometry. At the same time HPLC in proteomics is challenging because of two main
reasons. The first and main drawback in proteomic analysis is a high concentration range
already discussed in chapter 1.1. Lot of biologically very important proteins is present in
very low concentrations and good sensitivity of the analysis is thus essential. Sensitivity of
HPLC is, besides other, dependent on the inverse of the square of the two radii of the
columns [17]. Higher HPLC sensitivity can be thus achieved with lowering of inner column
diameter. Decrease of column diameter lead to increase of backpressure and thus is
necessary to reduce mobile phase flow. Such reduce in flow don’t have any influence on
sensitivity of HPLC system, mainly with electrospray ionized MS detection [17]. Decrease of
diameter and flow related to regular HPLC (flow in hundreds pl/ml to ml/min, column
diameter in mm) led to development of capillary HPLC (flow in pl/ml, column diameter in
hundreds of um) or nano-HPLC (flow in hundreds of nl/min, column diameter in um) used
in current proteomics (Figure 3). Miniaturization of HPLC in proteomics also led to
development of HPLC chips, which reduce dead volumes of regular instrumentation and
which implement all important parts including sample loading, fluidics, column and

electrospray ion source [18].
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Figure 3: Modification of HPLC specific for proteomics: Nanocolumn (75um x 15cm, 3um,
100 A pore size) packed together with nanospray (A) and total ion chromatogram of typical

proteomic separation (first 100 minutes from 160 minutes run time shown; B).

The second main challenge of proteomic HPLC is sample complexity. Protein or peptide
fraction of sample is relatively homogenous polymeric mixture differing only in sequence of
21 basic amino acids. Homogeneity of sample is further supported by tryptic digestion,
when peptides have average length 8.4 amino acids [19]. Typical proteomic sample is thus
very homogenous in composition, but very rich in single compounds — in this case digested
peptides. For example in [19], authors were able to identify 27,822 peptides using trypsin
alone and 92,095 peptides using multiple proteases. For successful separation of such
sample is beneficial to employ several orthogonal separation mechanisms, for example
electrophoresis or chromatography based on reverse phase, ion exchange or hydrophobic
interaction retention mechanisms. From those, reverse phase based chromatography
allows the easiest coupling to MS detection. Reverse phase HPLC is thus most often used
method in LC-MS based proteomics. Separation power of reverse phase HPLC in proteomics
can be increased by already discussed pre-separation by orthogonal method [16] or by
using long gradients (Figure 3) [20]. Orthogonal methods in protein HPLC such as cation or
anion exchange based or hydrophilic interaction liquid chromatography are usually used

prior reverse phase separation.

1.1.2.2 Reverse phase HPLC

Reverse phase (RP) separation model is not limited to proteomics. In fact, it has become a
very widespread method and when is in current literature referred to HPLC or LC-MS, it is
usually thought RP-HPLC or RP-LC-MS [16]. Principle of this method is separation of
analytes based on their hydrophobicity between hydrophilic mobile phase and hydrophobic
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stationary phase (Figure 4). The simplest hydrophilic solvent is water and elution strength
of mobile phase is raised by addition of more hydrophobic organic solvents. The possibility
to use water based buffers, which are cheap and environmentally friendly is together with
versatility of RP separation one of keys to RP popularity. The most common organic phases
are acetonitrile and methanol, although other organic solvents with different elution
strength can be used as well. In proteomics, acetonitrile is preferred prior to methanol,
since water-acetonitrile solutions have a lower back-pressure, lower UV cut-off and higher
elution strength [21]. Both solvents are compatible with MS detection. The other important
property of proteomic RP LC-MS analysis is a buffer selection. Buffers for proteomic analysis
have to be volatile to be compatible with MS. According to isoelectric properties of
peptides, it is beneficial to acidify mobile phase to enable uniform positive charge of
analyzed peptides and thus enhance their MS ionization. Formic, acetic and trifluoroacetic

(TFA) acids are used for such purpose.

Stationary phase in RP is made hydrophobic in various ways. The most common reverse
phase resin is silica chemically coated with octadecyl aliphatic residues (C18 resin, Figure 4).
C18 is strongly hydrophobic and it is well suitable for peptide analysis. Resins with octyl (C8)
or butyl (C4, Figure 4) residues are less hydrophobic and better e.g. for analysis of intact
proteins because less hydrophobicity doesn’t cause extensive denaturation [22]. Coated
silica represents classic resin used in RP-HPLC. As an alternative to classic bead filled
column, polymeric or monolithic RP stationary phases offer a higher throughput and lower
backpressures [23]. Methacrylate and polystyrene-divinylbenzene are the most popular
polymer sorbents for RP-HPLC. Monolithic columns are made by polymerization of silanes
or above-mentioned polymers in situ [23]. Both particle-based and monolithic resins have
their disadvantages. Particle — based resins have lower surface area and thus retention,
selectivity and therefore resolution are limited. Monolithic resins are casted directly into
column — this may result to problems with reproducibility of pore structures. This results to
high batch-to-batch variability of analytical performance. Furthermore, monolithic columns
have generally weak mechanical stability. There is an additional issue with polymer
monoliths, i.e., the potential swelling problems in the presence of solvents. A solution to
those issues is core-shell sorbents. Core shell sorbents contain solid non-porous cores with
porous shells. This allows joining advantages of both previous resins as is high resolution or
lower backpressure. The biggest limitation of core shell particles is their complicated

preparation [24].
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Figure 4: Common type of HPLC sorbents: octadecyl (C18) and butyl (C4) bound silica and

SAX

PS-DVB (polystyrene-divinylbenzene) are sorbents used for RP-HPLC, sulfonium bound silica
is for strong cation exchange (SCX) and quaternary ammonium for strong anion exchange

(SAX) separation.

1.1.2.3 Alternative HPLC separation modes

Separation of proteins or peptides based on their hydrophobicity is only one of possibilities.
Another possibility is their separation based on ion exchange. Cation exchange
chromatography or strong cation exchange chromatography (SCX, Figure 4) can be used for
that purpose. They are based on protein positive charge at low pH, which have a strong
affinity to catex resin (Figure 4). Elution of bound proteins or peptides is done either by pH
change (and protein/peptide charge loss) or by ionic strength increase by strong cations
which have better affinity to resin. Both pH change and ionic strength increase are done
with increase of mobile phase gradient. SCX could be used as stand-alone method for

protein purification as well as pre-fractionation method adding next dimension to RP-LC-MS
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analysis [25]. In this case, elution strength has to be done by volatile salts compatible with
MS. Volatile salts has to be used in case of direct connection of SCX with RP as in MudPIT
(Multidimensional Protein Identification Technology) protein identification strategy.
Unfortunately, direct coupling of two modes of chromatography is rather complicated as
each mode uses different solvent for increasing of elution strength [25]. SCX is also
beneficial for phosphopeptide or phosphoprotein separation or selective enrichment of
post-translational modifications (PTMs) [26]. SCX prefractionation is powerful method itself
and provides a better results than pre-fractionation by SDS-PAGE or isoelectric focusing

[27].

SCX is in literature preferred method for orthogonal two-dimensional LC separations.
However, some other methods were tested with good orthogonality to RP as well. Those
methods are strong anion exchange (SAX), hydrophilic interaction liquid chromatography
(HILIC) or Electrostatic repulsion-hydrophilic interaction chromatography (ERLIC). SAX and
HILIC are used as alternative to SCX with good orthogonality to RP-HPLC [28]. Those
methods can be alternatively used for separation of charged PTMs, like phosphorylation

[29], glycosylation [30] or protein nitration [31].

1.1.2.4 Detection in proteomic HPLC

HPLC is a powerful separation model, but there is a need for peak detection in eluent. The
most often used HPLC detectors in proteomics are UV spectrophotometer or mass
spectrometer. Spectrophotometer using UV lamp is non-destructive method and is less
sensitive to salts than MS. It is thus beneficial in SCX/SAX fractionation experiments or as
orthogonal detection method to MS. UV spectrophotometry is used mostly to monitor LC
efficiency. On the other hand mass spectrometry offers higher sensitivity and ability to
identify analyzed peptide. Mass spectrometry will be discussed later in this thesis in its own

chapter.

1.1.3 Affinity purification

Another protein separation procedure is selective enrichment of protein (or peptide from
digest) based on specific affinity to resin. This affinity is provided by physical or chemical
bond of target analyte to this resin. Such bond can have various forms depending on nature
of analyte and one analyte can be affinity purified by employing its different properties as
will be shown later in this chapter. Affinity purification — sometimes termed affinity

chromatography as well — is thus a very variable method allowing isolation of broad range
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of proteins. It plays an important role e.g. in drug — target elucidation, phosphoproteome
enrichment or in separation of recombinant proteins. This approach is widely used and
contains lot of variations depending on particular experimental setup. It is not in the
capacity of this thesis to describe all variations of affinity chromatography and this topic is
reviewed elsewhere in literature as well as in our review (Appendix A). Basic principle of
affinity purification method will be demonstrated on one of possible applications,
enrichment of phosphoproteome. This is a very important application of affinity
chromatography, because phosphorylation of proteins has important role in cellular
regulation and in the same time phosphopeptides have worse ionization properties in MS
due negative charge of phosphate. During regular proteomic experiment, phosphopeptides
are detected with lower efficiency than non-phosphorylated peptides and their enrichment

is thus necessary for any phosphoproteomic study.

1.1.3.1 Enrichment of phoshorylated proteins — an example of affinity
purification
There are several ways how affinity purification of phosphorylated proteins or peptides can
be done. The first decision in such an experiment is if there will be purified protein or
peptide bearing phosphorylation. The enrichment of whole phosphorylated protein has
definite benefits — e.g. more peptides from this protein increases probability of proper
identification or localization of phosphorylation. The main drawback of this approach is a
necessity to isolate protein from complex matrix and poor efficiency, when up to 80% of
protein is lost during sample processing. This limits phosphoprotein enrichment only to
abundant proteins [32]. Enrichment of phosphorylated peptide only is more often used, as
it overcomes complicated approach of protein purification. After such enrichment, only
phosphorylated fraction of peptides remains and proteins are identified with those
peptides only. This could be complication, because some phosphorylation domains occur in
multiple proteins and it is impossible to determine which of those proteins was originally

phosphorylated [32].

Second decision in enrichment of phosphorylated proteome is a mechanism of enrichment.
There are several modes of chromatography, which allows selective separation of
phosphoproteome such as SCX, SAX or HILIC (Figure 5) [32]. Affinity enrichment can offer
better selectivity than above mentioned HPLC modes. There are three main principles of

enrichment methods based on affinity to phosphorylation. Phosphorylated proteins or
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peptides could be enriched based on antibody specificity, affinity of phosphate group to

metals or by chemical modification of phosphorylation [32].

1.1.3.2 Immunoaffinity enrichment

There are two main applications of antibodies in protein phosphorylation studies.
Antibodies may be specific to phosphorylated amino acid, which could be serine or
threonine, but also amino acids, where phosphorylation is less often, like a tyrosine. Those
antibodies could be used in detection of phosphorylated proteins, e.g. in western blot or for
immunoprecipitation of phosphorylated proteome. The main disadvantage of such an
approach is in specificity of antibodies. Antibodies are only rarely specific only to
phosphorylated amino acid, but often to surrounding peptide sequence as well. This
reduces versatility of this method, but on the other side is possible to produce antibodies

specific to particular protein phosphorylation space [32].

1.1.3.3 Metal-based affinity enrichment

Second affinity approach is based on affinity of phosphate to metals. The phosphate group,
which has intrinsic negative charge is attracted to metal cations and retained with good
efficiency. In this approach are used two main methods - immobilized metal affinity
chromatography (IMAC) or metal oxide affinity chromatography (MOAC; Figure 5). IMAC is
based on immobilization of metal cations to matrix. Such a matrix is in most applications
iminodiacetic acid or nitrilotriacetic acid and typical metals for IMAC are Fe** or Ga**. The
main advantage of IMAC is lot of available experimentally validated protocols originating in
long tradition of this method [32]. MOAC affinity chromatography is based on simpler
matrix than IMAC. Instead of immobilization of metal ions, MOAC relies on insoluble metal
oxides, like titanium dioxide or aluminium oxide. In MOAC, titanium dioxide is preferentially
used for phoshopeptide and aluminium oxide for phosphoprotein enrichment [32]. Those
methods are used mainly for separation of phosphorylated peptides. Although they are
widely used, both IMAC and MOAC aren’t absolutely specific to phoshorylation. Acidic
peptides with free carboxyl group are retained at IMAC and MOAC with good affinity as
well [33].
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Figure 5: Principles of phosphoprotein enrichment methods: immobilized metal affinity
chromatography (A), metal oxide affinity chromatography (B) and strong cation exchange

chromatography (C). Figure adapted from [34].

The last method used in affinity enrichment of phosphopeptides is a chemical modification
of phosphate group with resulting anchoring to beads. Compared to previous two
approaches, this method allows superior specificity, however it complicates sample
preparation with additional steps. Efficiency of different chemical modification has been

also discussed [32].

Here, one of many applications of affinity chromatography was briefly discussed. Since it is
not main aim of this thesis, I've picked phosphoproteome enrichment as a good and well
characterized affinity approach important in current proteomics. Other affinity based
method and their connection to mass spectrometry are reviewed by Rylova et al. (Appendix

A).

1.1.4 Precipitation

Protein precipitation is one of basic method for protein separation. It relies on changing
properties of protein’s aqueous solvation layer. This layer masks protein’s charge by layers
of counter ions and prevents single proteins from direct contact by repulsive forces. If
aqueous solvation layer is weakened, protein structure becomes more relaxed with
exhibiting hydrophobic core and protein repulsion is weakened. Interaction of protein
hydrophobic cores leads to formation of non-soluble multi-protein complexes and thus to

protein precipitation. We can distinguish two basic protein precipitation approaches. The
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first is a total protein precipitation, which is beneficial for isolation of total protein from
matrix. This can be done by mixing sample with larger volume of organic solvent, like an
ethanol or acetone or precipitating proteins with trichloroacetic acid (TCA). Organic
solvents weaken power of aqueous and help with hydrophobic core exhibition whereas TCA
precipitates proteins by lowering pH of solution. Three chlorines in structure of TCA also
increases precipitation potential [35]. Both organic solvent and TCA precipitation have
similar efficiency [36]. Another approach for protein precipitation allows even separation of
different proteins by increasing concentration of salt. This method consists of adding inert
salt, most commonly ammonium sulphate [37]. Ammonium acetate is kosmotrope, which
means that it stabilizes water structure and reduces amount of water in protein solvation
layer. When an optimal salt concentration is reached, protein of interest will precipitate.
This kind of protein precipitation is reversible and allows purifying protein in native

conformation with preserved activity.
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1.2 Protein identification methods

In a previous section, protein separation methods were discussed. Such a separation needs
to be visualized to check proper efficiency. The simplest visualization is in case of
precipitation, where we see protein pellet after centrifugation. Electrophoretic and
chromatographic methods can be visualized e. g. by staining SDS-PAGE gel by Coomassie or
silver, or joining UV detector after chromatographic column. However, those approaches
are non-specific and visualize all proteins. In this section, different strategies of protein

identification will be discussed.

Proteins could be identified in various ways, however only three main are most versatile
and universal. The first method relies on immune system property to recognize alien
molecules in the organism. Alien molecules are recognized by variable chains of
immunoglobulins. Variable chains contain a place called paratope, which is specific to
certain place of target molecule, an epitope. Using antibody specific to certain protein
allows identifying and quantifying of this protein in mixture. Methods based on antibody
detection are simple and don’t require expensive laboratory equipment. On the other side,
highly specific and sensitive antibodies are necessary for those methods. Antibodies itself

or as a part of diagnostic kits have higher price as well.

Whereas antibody based protein identification is a clever use of biology, second main
approach, mass spectrometry, originates in analytical chemistry. MS was originally used to
determine molecular weights of elements and its isotopes. Later it become widespread in
analysis of organic compounds and with introduction of soft ionization techniques even for
proteins, peptides, RNA and DNA. Although MS identification of proteins is dependent on
complex and expensive instruments, it has increasing popularity due to its speed, sensitivity

and relatively easy identification of complex protein mixtures.

The last method of protein identification lies in direct sequencing of protein or peptide. This
can be done either chemically by Edman sequencing or by fragmentation analysis in mass
spectrometer. Direct sequencing is method of choice if we are working with sample with
little or no proteomic evidence. Without this evidence, there is no antibody or previously
known sequence. Direct sequencing is thus the most straightforward approach in such

conditions.
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1.2.1 Antibody based identification methods

Antibody based protein detection is older than MS or gene sequencing. In the beginning of
immunology, this method suffered from low specificity, which was solved by introduction
of monoclonal antibodies [38]. Monoclonal antibodies are immunoglobulins specific to only
one epitope. The production of antibodies of such purity was allowed by isolation and
immortalization of single leukocytes. Advent of monoclonal antibodies allowed two
strategies of protein identification. First strategy is to raise an antibody against specific
protein. The main benefit is that antibody and its target protein are well described. When a
target protein is not known yet, a second strategy consisting from immunization of animal
with protein mixture and then producing a panel of monoclonal antibodies could be used.
Screening of this panel could be tested e. g. in biomarker studies. Such a screening was
responsible for discovery of part of biomarkers used in current medical practice [39]. An
example of this could be carbohydrate antigen 19-9 (CA 19-9). This marker was discovered
in 1981 by Koprowski et al. [40] as the antibody best distinguishing colon cancers from

other bowel diseases or healthy volunteers.

Target protein- antibody bond has to be visualized. The common visualization methods are
conjugation of antibody with enzyme, radioactive or fluorescent tags (Figure 6). There are
two enzymes used for such labelling — alkaline phosphatase and horseradish peroxidase.
Visualization is then done with specific enzyme substrate which will change in color or
became luminescent by enzymatic reaction. Radioactive tag visualization is done mainly
with iodine isotopes, which are gamma emitters with reasonable half-life [41]. In the case
of fluorescent probes is slightly more complicated situation, because a lot of dyes are
available and lot of vendors offer antibodies with fluorescent tags. Fluorescent or

radioactive tags are used directly, without adding of additional agents.
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Figure 6: Labelling methods for antibody visualization — radioactive with collection of
gamma emissions, fluorescent with collection of emitted light and enzyme labelled with

collection of light emitted during enzymatic transformation of light emitting substrate.

Only one labelled antibody is used only very rarely. Usually there is common to use two
antibodies — first antibody recognizing the actual antigen and secondary labelled antibody
specific to stable chain of this primary antibody. This approach was developed in ‘70s [42]
and brings substantial benefits to the analysis. Secondary antibodies helps promoting the
sensitivity of the assay, eliminating the non-specificity for many analytes and thus
decreasing the relative standard deviation of the assay or reducing dosage of the antibody

[43].

Antibody based methods can be divided into two main branches — to immunoassays and
immunomicroscopy. Immunomicroscopy is protein identification and visualization method.
Protein is here detected on microscopic slide. Together with information about protein
presence, we obtain even information about protein distribution in tissue. However,
protein quantification in immunomicroscopy is challenging and requires skilled personnel.
Immunoassays are, on the other side, focused mainly on protein quantification.
Immunoassays are done usually in liquid and thus information about protein distribution in

tissue is lost.

1.2.1.1 Immunoassays

Immunoassays are laboratory assays involving antibody for protein detection and accurate
quantification. These assays are divided based on detection system used e. g. to
radioimmunoassay or enzyme-linked immunosorbent assay (ELISA; Figure 7) are routinely
done for protein quantification in both research and clinical practice. Radioimmunoassay is
an older method, determining the level of antigen by level of radioactivity released from

antibody conjugated with radioisotope [44]. This method is simple and reliable, and is
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clinically used e.g. in analysis of allergens [45] or prostate specific antigen [46].
Radioisotopes however require specific equipment and are subjected to regulations.
Therefore different approaches were developed to overcome need of radioisotopes. The
most known of these approaches is ELISA. This method became widespread because of its
simplicity, accuracy and sensitivity [47]. There is a big offer of commercially available kits

for determination of plethora of proteins for both scientific and diagnostic purposes.
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Figure 7: The illustration of enzyme-linked immunosorbent assay principle. Figure adapted

from [48].

1.2.1.2 Western blot

Another type if immunoassay, which is as well very widespread and is responsible for
discovery of many protein regulations and interactions, is immunoblot or Western blot
(WB). Main difference of WB compared to other immunoassays is in previous protein
separation by SDS-PAGE or 2DE. WB is thus a method of identification and quantification of

gel separated proteins.

Western blot is a simple method relying on transfer of proteins from SDS-PAGE gel to
nitrocellulose membrane developed by Towbin in 1979 [49]. The main advantage of WB is
that proteins are transferred from space (inside gel) to surface (of membrane; Figure 8).
Thus they become more concentrated and better available for antibody detection. WB is
the method of choice for comparison of protein expression in various conditions and small
amount of samples. Its main advantage is simplicity and low demands to laboratory
equipment. The popularity of this method can be demonstrated by fact that original Towbin

article has been cited more than 10,000 times and WB has been used in even more articles
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without reference. On the other side, weak sides of WB are reproducibility, which is in
original WB setup rather poor [50], and protein quantification with low precision. Protein
quantification is in original setup claimed only as semi-quantitative [49]. In this chapter, key
features of WB will be introduced, such as membrane, antibody detection methods and

evaluation of WB.

Transfer buffer

Cathode ()

Filter paper
Gel

Nitrocellulose membrane —D D

Membrane
Anode (+) (with transferred

proteins)

*If proteins are hydrophobic,
use PVDF membrane instead.

Figure 8: lllustration of protein transfer step in western blot. Figure adapted from [51].

Membrane is the key point for WB. It has to have a good binding capacity to proteins and it
cannot allow proteins to migrate through. In original setup, there was used nitrocellulose
membrane with 0.45 um porosity. This membrane is still used. However, there are several
options how to increase binding capacity and reduce migration through membrane. The
first option is to reduce pore size, usually to 0.2 um. This membrane retains proteins better
than membrane with larger pores. Another possibility is to use another type of membrane.
Nylon [52] or polyvinylidene fluoride (PVDF) [53] were originally tested for this purpose and
both materials showed better mechanical and binding properties than nitrocellulose.
Whereas PVDF is used today in approximately equal level as nitrocellulose, nylon

membranes are used preferentially for transfer of nucleic acids [54].

Another important issue in WB is detection. Original system relies on horseradish
peroxidase conjugated secondary antibody and recording of chemiluminiscence to X-ray
film. This approach is quite sensitive and not requiring advanced equipment. On the other
side, photographic detection of chemiluminiscence is labor intensive, difficult to optimize
and only limited concentration range can be meaningfully recorded at one exposition time
[55]. A solution to limitations of photography was introducing of Charge-Coupled Device
(CCD) cameras. Those cameras are recording digital image, thus it is more difficult to obtain
oversaturated bands which complicates precise quantification [55]. A solution of other

problems common to chemiluminiscence, e. g. unequal distribution of chemiluminiscent
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reagent at membrane, is introduction of fluorescently labelled secondary antibodies. This
approach brings several advantages as better quantification precision, stable signal even
from stored membranes or possibility to detect multiple proteins at one membrane at once
[56]. The only drawbacks are higher prices of fluorescent antibodies and autofluorescence
of nitrocellulose and PVDF membranes. There is constant development for membranes

with lower autofluorescence [57].

Western blotting quantification accuracy is strongly dependent on experimental setup.
With classical chemiluminiscence detection and exposition to X-ray films it suspected as
only semi-quantitative method [49]. The accuracy grows if CCD camera overcoming
saturated peaks is used, however WB in this is still considered as mostly semi-quantitative.
A different situation is with using of fluorescent antibodies, which brings western blot really
guantitative [58]. Quantitative information of WB is strongly dependent on protein amount
loaded to membrane. Variations of protein load are usually corrected by normalization of
analyzed values to levels of selected housekeeping protein — R-actin, tubulin or
glyceraldehyde-3-phosphate dehydrogenase. This approach has, however, some
limitations, which is different levels of housekeeping proteins among different cells or
conditions (e.g. age) or limited accuracy [59]. As an alternative, staining of total protein
load was suggested. Initially this type of normalization was done with Ponceau S [60], Sypro
Ruby [61] or Coomassie stain [62]. Recently, Bio-Rad introduced a novel technique of total
protein normalization called Stain-free [63]. This type of staining consists of covalent bond
of stain to proteins after UV activation. This stain is diluted in electrophoretic gel and first
imaging step is done after electrophoresis. This allows monitoring efficiency of transfer as

well. Stain-free normalization strategy is shown at Figure 9.

cEr

Figure 9: Stain-free strategy for total protein normalization. Stain-free dye is activated in
the electrophoretic gel (A) by UV light. This serves as a control of quantitative transfer to
membrane (B). Total protein lane is then used as normalization for immunodetection of

target protein (C).
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1.2.1.3 Immunomicroscopy

Immunomicroscopy allow visualizing protein localization and showing its approximate
quantity. Typical representants of this category are immunohistochemistry (IHC) and
immunofluorescence microscopy (IF). IHC become popular tool for visualization of protein
localization for more than 70 years [64]. IHC is still used in research and routine diagnostics
in molecular pathology [65]. Immunofluorescence is special application of IHC. In IF,
fluorescently labelled secondary antibodies are used to visualize intracellular localization of
primary antibody’s target antigen. This approach is particularly beneficial in connection

with super-resolution or confocal microscopy [66]. Typical outputs of IHC and IF are shown

at Figure 10.

Figure 10: Tissue and cellular analysis by IHC and IF. At IHC picture (A) detection of Rb (4H1)
(Cell Signaling) antibody on formalin fixed paraffin embedded human tissue with 100x
magnification. IF picture (B) shows intracellular localization of UTP11L protein either alone
or merged with DAPI staining of nucleus (C). Detailed description of sample and used

antibodies are in Chapter 2.2.1.

1.2.2 Mass spectrometry based methods

Mass spectrometry, especially in combination with capillary or nano-LC, has become a
golden standard in proteomics [67]. The key to success of this technology lies in its
versatility with easy multiplexing of analyses. LC-MS allows relatively fast and reproducible
protein identification and quantification. The output of LC-MS proteomic analysis depends
on used instrument, which could be lower resolution instrument like an ion trap mass
spectrometer. But currently most expanded approach is the high resolution MS done on
precise time-of-flight or Fourier transformation mass spectrometry (ion cyclotron
resonance or Orbitrap). High resolution MS is based on obtaining two kinds of information
— even MS’ from the ion trap before Fourier transformation analyzer and accurate mass

which simplify peptide identification [68]. The main drawback is that these advanced
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instruments are expensive. Optimization of LC/MS method is quite complex and can be

taken as drawback as well.

MS can be also used as a stand-alone method, mainly for identification of isolated proteins.
Stand-alone MS identification without fragmentation analysis is called Protein mass
fingerprinting and is used for identifying proteins separated by 2DE, immunoprecipitation,
affinity purification or similar method [69]. Protein mass fingerprinting is simple and fast
method, mainly because it lacks long LC separations. On the other side, proteins are
identified with lower probability score and identification of more proteins in mixture is

complicated.

In this chapter, mass spectrometry and its applications in current proteomics will be briefly

reviewed.

1.2.2.1 Principle of MS

Mass spectrometry is method which determines mass of ions in gas phase. Sample of any
origin thus must be ionized and transferred into gas phase. This is done in ion source, an
entry device of any mass spectrometer. The ions entering to mass spectrometer are in
mixture. This mixture is separated according to mass of single compounds in mass analyzer.
Single compounds are then detected in ion multiplier transferring ion impact to electric

signal.

1.2.2.2 lon source

lons source is a device which transfers analytes in various environments to charged ions in
gas phase. There are many principles how to do it. Electron ionization (El) and chemical
ionization (Cl) are the oldest methods. In case of El, analyte is already in gas phase (or in
vacuum) and is hit by electron from electrode. This leads to ionization. However, this
method of ionization is considered as hard because it is leading to extensive fragmentation
of analyte [70]. Cl is much gentler method, where ionization is done by collision with small
molecule, like a methane or ammonia. This leads to less extensive fragmentation and
clearer spectra [71]. Those methods need analyte in gas phase and they are used for

analysis of organic compounds in connection to gas chromatography.

El and Cl are not usable for bioanalysis from two main reasons. First has been already
mentioned, it is need of analyte in gas phase. Second, and main reason, is that those
methods transfer amount of energy leading to fragmentation of even low molecular

organic compounds. Thus proteins or peptides can’t be analyzed because of extensive
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fragmentation. This has been solved with introduction of matrix assisted laser
desorption/ionization (MALDI) and electrospray (ESI) ion sources by Karas and Fenn [72,73].
Those new ion sources dramatically widened applications of MS. Moreover, they were so
important for world science, that Tanaka [74] and Fenn won Nobel prize in chemistry in

2002.

MALDI ion source depends on co-crystallization of analyte with organic compound called
matrix (Figure 11). This occurs on steel plate called target. Target is then introduced into
evacuated ion source of mass spectrometer. Crystals of analyte and matrix on MALDI target
are then shot by laser. Matrix absorbs energy of laser, transfers the energy and charges the
analyte. Charged ions are then forced to leave crystals to mass spectrometer by applying
current to target. Laser used in MALDI can have ultraviolet or infrared wavelength. For
proteomics, UV laser is used almost exclusively. Matrix has to absorb very well in
wavelengths of used laser. The most often used matrices for proteomic applications are a-
Cyano-4-hydroxycinnamic acid, 2,5-dihydroxybenzoic acid and sinapinic acid. MALDI usually

produces singly charged ions, as single proton or electron is transferred by matrix [75].

ESI ion source depends on spraying the charged liquid in stream of hot gas, usually
nitrogen. Thus liquid evaporates to the point, where charged ions are very dense and
repulsive forces of ions with same polarity will prevail to forces of droplet surface tension.
This leads to so called Coulombic explosion and release of ions to gas state. lons are
transported to mass spectrometer by ion optics (Figure 11). ESI could be easily connected
to LC-MS separation to enhance analytic power. ESI usually produces multiply charged ions

[76].
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Figure 11: The schematic representation of MALDI (Matrix-assisted laser
desorption/ionization; A) and ESI (Electrospray ionization; B) ionization method. Figure

adapted from [77].

The MALDI and ESI are the most often used ionization techniques in bioanalytical MS.
However, there are different “soft” ion sources as well. Atmospheric pressure chemical
ionization (APCI) is used mainly for analysis of less-polar low-molecular weight compounds,
e. g. carotenoids [78], analysis of drugs [79] or in lipidomics [80]. Atmospheric pressure
photoionization (APPI) takes place as complementary approach to ESI and APCI in analysis
of drugs, natural products or in environmental analysis [81]. Although those ionizations
techniques are soft, they aren’t used in proteomic analysis. The last technique mentioned
here is desorption electrospray (DESI). DESI is basically variant of electrospray which allows

imaging analyses of lipids [82], drugs and metabolites [83] or proteins [84] as well.

1.2.2.3 Mass analyzer

Mass analyzer is an important part of mass spectrometer in which ions are being separated
according their mass. This separation could be done according their physical (time-of-flight)
or electro-magnetic properties (e. g. quadrupole, ion trap, magnetic sector etc.). Mass
analyzer could be either simple (time-of-flight, ion trap) or hybrid (triple quadrupole,
quadrupole-time-of-flight, orbitrap). In proteomics, there is a big interest for using high
resolution analyzers like a time-of-flight, ion cyclotron resonance or orbitrap because of

sample complexity and accuracy of identification. Some low resolution instruments, like an
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ion trap or triple quadrupole are used due to their advantageous properties as well. For
example, ion trap allows collecting fragmentation spectra with fast and with good
sensitivity and triple quadrupoles are method of choice for MS based quantification.

Magnetic or electrostatic sectors aren’t usually used in proteomics.

Time-of-flight (TOF) mass analyzer is the simplest of currently used mass analyzers. Basically
it is an evacuated tube. lon will enter on one side and will free fly to another. Because all
ions will get the same energy at the ion source, their velocity will be dependent on their
mass; ions will thus arrive to detector in different times [85]. Disadvantage of single TOF
analyzer is bad resolution, as can be seen e. g. on analysis of big molecules. This
disadvantage is caused by spread of energy obtained in ion source and thus ions of the
same mass create clouds. This is solved by reflectron, the ion mirror which neutralizes ion
clouds and makes ions more focused. It also doubles the length of flight path making
resolution even better [86]. The example of molecule analyzed in linear and reflectron

mode is shown at Figure 12.
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Figure 12: MALDI-TOF mass spectrum of Angiotensin Il in linear (A) and reflectron mode (B).

Quadrupole (Q) is just slightly more complicated. It has been developed in 1953 [87] and it
consist from four metal rods organized in square. lon separation is formed by changing
current on the rods. Current of the same polarity is inserted always on the diagonal rods.
Using frequency based changes of polarity; ions inside the Q are forced to rotation

movement. When a rotation frequency of an ion reaches a limit of stability, ion will leave
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the Q. This limit is dependent on mass of ion. By changes of rotation frequency, Q can serve
as mass analyzer, thus is scanning ion masses, or as mass filter, thus filtering only one mass
or mass range through quadrupole. This filtering ability is used in hybrid mass
spectrometers and ion optics. lon optics, which directs the ion flow in hybrid (e. g. orbitrap

based) mass spectrometers, is usually based on quadrupoles.

Derivative of quadrupole allowing to not only filter, but also to store ions is called lon trap
[87]. The main differences are two additive rods on the beginning and end of the analyzer.
lons can be thus trapped inside. This is the first analyzer which offers multiple MS. Trapped
ions can be hit by gas atoms (collision induced dissociation fragmentation mode, CID) or
fluoranthene atoms (electron transfer dissociation fragmentation mode, ETD) leading to ion
fragmentation. This can be repeated — one fragment will remain trapped and subjected to
further fragmentation. This ease of fragmentation is used with advantage with proteomics,
because acquired spectra are obtained fast with good sensitivity. lon trap can be used
either as stand-alone instrument, which is able to identify about 700 of proteins (Appendix

B), or as a part of orbitrap based hybrid instrument.

The need of high resolution introduced two mass analyzers based on Fourier
transformation (FT). FT is method of transforming signal in time (waves) to frequencies.
Mass analyzers based on this principle thus analyze vibrations caused by ions with different
masses. This allows achieving of high resolution, however longer analysis times are required

for best performance.

The first of commonly used mass analyzers with FT is ion cyclotron resonance introduced in
1974 by Comisarow and Marshall [88]. The principle is recording ion vibrations during their
fly in cyclotron. This is an instrument with very powerful resolution, however its main
drawbacks is its size and need of cooling superconductive magnet by liquid helium and

nitrogen.

The next FT based analyzer is orbitrap. It has been developed in 2000 by Makarov [89]. lons
are analyzed in special orbital ion trap (Figure) where they are separated by rotation and
oscillation. Oscillation is then recorded by orbital electrodes and subjected to FT. Resolution
of orbitrap is not as high as in ion cyclotron resonance, on the other side orbitrap based

mass spectrometer is much less complicated and more compact.
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1.2.2.4 Hybrid mass analyzers

Those basic mass analyzers have their limitations, which can be overcome by combining of
multiple analyzers in one instrument. Those instruments are then called hybrid
instruments. The best known hybrid instrument is triple quadrupole utilizing filtering
capability of single quadrupoles. The variant of this instrument is replacing last quadrupole
by TOF, which provides better resolution of spectra. The last, unrelated to triple quadrupole
and with most complicated architecture, are orbitrap based hybrid instruments. Basic

scheme of mentioned instrument is at Figure 13.
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Figure 13: Schema of hybrid mass spectrometers: triple quadrupole (A), quadrupole - TOF
(B) and quadrupole - linear ion trap - orbitrap (C). All instruments are coupled to ESI before
Q1 (Q). In orbitrap, Q serves as mass filter, C-trap focuses ions for Orbitrap analysis and
octopole serves as main crossroad of ions. This crossroad stores and sends ions based on

user set protocol.

In triple quadrupole instrument, the first quadrupole can either scan masses of compounds
or filter one specific mass. Second quadrupole serves as collision cell, where ions of analyte
collide with atoms of gas causing fragmentation of ions. Third quadrupole has the same

properties as first one. It scans or filters the ion fragments. The experimental setup, where
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first quadrupole is set to filter parent mass of determined compound and third quadrupole
to filter only fragment specific to this compound is called selected reaction monitoring
(SRM). Precursor and fragment pair is called transition. Monitoring of more fragments from
one precursor is then multiple reactions monitoring (MRM). SRM and MRM are more or
less synonymous because modern mass spectrometers allow fast and easy monitoring of lot
of transitions. SRM/MRM approach is great in selective analysis and quantification of low
and middle molecular weight compounds, e. g. in metabolomics or in proteomics. To

simplify nomenclature, only MRM abbreviation will be used further in this thesis.

The biggest disadvantage of triple quadrupoles is their low resolution often leading to false
positivity of transition. MRM or improving resolution can overcome this issue. The hybrid
mass spectrometer with all advantages of triple quadrupole together with high resolution is
quadrupole with TOF (Q-TOF). Q-TOF (Figure 11) instrument offers high resolution of TOF
mass analyzer without compromising sensitivity or speed of analysis of triple quadrupoles
[90]. Q-TOF based instruments are suitable for high resolution MRM (reported as HR-MRM)
[91] or sequential window acquisition of all theoretical fragment ion spectra (SWATH)
analyses [92]. SWATH analysis is a method of data independent analysis with larger
precursor windows (swaths). This method will be further discussed in Label-free techniques

chapter.

The hybrid mass spectrometers with most complex architecture are orbitrap based
instruments (Figure 11). It usually consists from advanced ion optics, C-trap, orbitrap, linear
ion trap and in some instruments quadrupole. This complex architecture is allowing
orbitrap to be an ultimate tool for proteomic analysis. Orbitrap allows determining accurate
mass of analytes. This process in not fastest, so meanwhile linear ion trap can analyze
fragmentation spectra of selected ions. Both information together allows increasing protein
identification rate [93]. For example, in cell lysate analyzed in our laboratory by LC-MALDI
on Bruker UltrafleXtreme instrument was identified 1500 proteins (unpublished results).
The same lysate analyzed on Thermo Velos Pro orbitrap instrument provided 3400

identified proteins (Appendix B).

Combination of multiple mass analyzers allows adding new functions to mass spectrometer
or performing more analyses at once. Using this approach, it is possible to build an ultimate

instrument for proteomic analysis.
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1.2.3 Protein sequencing methods

In typical MS experiment, proteins are identified by probability score based on number of
matched peptides. Peptides are searched by matching mass spectra with peptide sequence
in database. Those databases have various sizes depending on current knowledge and
scientific interest about particular organism. This can be illustrated on Uniprot database,
which has more than 1 million entries related to human, but only 262 entries for badger
(Meles meles). Those numbers are valid to July 2016. Protein sequencing is the approach,
which actually fills those databases. Sequencing of proteins can be done by three basic
approaches. First one is translating of genome sequence [94]. This is done by reverse
transcription of mRNA to cDNA followed by DNA sequencing. Since human genome project
is already finished [95], all hypothetical sequences are translated into database and thus
they allow faster way of adding knowledge about such proteins via proteomics. If no
genome sequence is available, there are still two “wet lab” approaches for determining

protein sequence — Edman degradation and MS de novo sequencing.

1.2.3.1 Edman degradation

The most often used method of peptide sequencing was published in 1950 by Edman [96].
This method allows sequencing peptides from N-terminus. The principle of method is bond
of phenyl isothiocyanate to N-terminal amino acid. Phenylthiolcarbamoyl derivative of
amino acid is then cleaved under acidic conditions and separated by HPLC or thin-layer
chromatography. Then next amino acid can be processed the same way. This approach can
be easily automated, however reasonable sequencing length is about 30 amino acids [97].
Digestion of proteins, routinely used in shotgun proteomics, was originally invented to
overcome this limitation of Edman degradation [98]. The main advantage of Edman
degradation is that it provides protein sequence independently from databases with almost
no errors however with lower throughput. The biggest disadvantage of Edman sequencing
is worse sensitivity compared to MS and higher requirements to sample amount. Edman
sequencing is considered mainly as historic approach, but as shown on Figure 14, it is still

used.

1.2.3.2 Mass spectrometry sequencing

Mass spectrometry replaced Edman sequencing as main proteomic detection method
mainly because its higher throughput and sensitivity [98]. MS basically offers multiple
analytic modes. The vast majority of those modes are based on comparison of detected

masses with databases. Identification analytic mode which is not dependent on good
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database is called de novo sequencing [99]. Its principle is to decipher peptide sequence
directly from MS/MS spectra without comparison to database. This approach is beneficial
for analysis of poorly characterized organisms [100], newly raised antibodies [101] or in
study of peptide toxins [102]. Thanks to recent advantages in result processing, this
approach can be also used in high throughput manner as an alternative to classic database
search [99]. De novo sequencing is used for current MS sequencing tasks and is under
constant development. As shown from Figure 14, de novo sequencing is method with

raising interest.
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Figure 14: The count of articles in PubMed related to “Edman degradation” and “de novo

mass spectrometry” in timescale. Data are relevant to 10. 4. 2016

1.3 Top-down and bottom-up proteomics

There are two basic approaches in large scale proteomic study. Those approaches are called
top-down or bottom-up based on direction, in which proteins are studied. Top-down
approach is based on separation and analysis of intact proteins. MS analysis of intact
proteins allows to precisely determining protein sequence of smaller proteins (less than 50
kDa) with all its PTMs and isoforms (Figure 15). This is achieved by combination of electron
capture / transfer dissociation (ECD/ETD) fragmentation mode and high resolution mass
spectrometer. High resolution allows having isotopic resolution even for bigger proteins.
ECD or ETD is crucial fragmentation method because both modes fragments specifically at
peptide bond and they preserve more fragile PTMs. This allows locating position of

concrete PTM. However there are some challenges in comparison with more popular
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bottom up approach. The main ones are poor protein solubility, insufficient sensitivity of

MS in comparison to bottom up and algorithms for MS result processing [103].

The second approach is called bottom-up or shotgun proteomics. Correspondingly with its
name, proteins are digested into smaller peptides, which are analyzed (Figure 13). However
identified peptides covers complete protein sequence only rarely. Incomplete sequence
coverage then resembles quasi-random firing pattern of shotgun. Although digestion of
proteins to peptides is favorable for MS analysis, it raises complexity of sample (proteins
are digested to multiple peptides). This makes a good separation prior analysis even more
necessary. Another challenge is the matching of spectra to peptide and peptide to protein,
which is not a trivial task. With respect to all its drawbacks, bottom up approach became
the most widely used approach for proteomic MS analysis [104]. In the following

paragraphs, single steps crucial in bottom-up proteomics will be introduced.
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Figure 15: Main proteomic approaches: Bottom up (A) and Top down (B) approaches for MS

analysis of proteins. Figure adapted from [105].

1.3.1 Sample preparation and digestion in bottom-up proteomics

Samples are prepared for bottom-up proteomics various ways depending on particular
samples. Usual procedure can be briefly described as protein extraction, protein

enrichment and digestion. Protein extraction depends on the nature of sample (cells,
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serum, fresh or formalin fixed paraffin embedded tissue, body fluids etc.). Protein
enrichment is optional and is usually performed by protein separation methods discussed in

the Chapter 1.1. This step serves for reducing of sample complexity.

1.3.1.1 Sample preparation

Prior to key step of bottom-up approach, protein digestion, there are two common steps in
sample preparation: a protein reduction of disulfide bonds and alkylation of free cysteines.
This prepares proteins prior digestion and prevents occurring of bounded dipeptides. All
mentioned steps are optional and serves for better preparation of sample. Experimental
setups for performing digestion are various and dependent on previous processing of
sample, for example an in-gel digestion for processing from SDS-PAGE gels or in-solution
digestion for free protein solutions. Whereas in-solution digestion is just adding of reagents
into solution, in-gel approach takes advantage of one important gel property - proteins are
encapsulated in the gel and thus can be washed several times without sample loss.
Proteolytic enzyme can later enter the gel freely and digested peptides are no longer
retained in the gel and can be easily extracted. These methods suffers from several
drawbacks like a difficult automation of in-gel digestion or poor efficiency of detergent

removal in in-solution digestion [106].

There is a big effort to overcome such drawbacks together with constant need of improving
the sensitivity of proteomic assay. This effort resulted into introduction so called proteomic
reactors, which can be in its simplest form a spin filter device [106], reactor built in pipette
tip [107], coated magnetic beads [108] or complex microfluidic devices [109]. From these
protein reactors, mainly spin filter derived filter aided sample preparation (FASP; Figure 16)
protocol [106] gained a wide popularity due to its simplicity, high throughput and
acceptable efficiency. FASP basically combines benefits of in-solution and in-gel digestion.
Sample is in the beginning in the solution, which is loaded into spin filter. This filter serves
as a carrier device and allows sample washing and detergent removal. In the last step,
proteolytic enzyme is applied. After digestion, peptides can go through the filter and
undigested macromolecular complexes are retained. FASP is two times more efficient than

simple in-solution digestion [110].
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Figure 16: Schema of filter-aided sample preparation (FASP) protocol. Figure adapted from

[111].

1.3.1.2 Digestion

The step, which is common in all bottom-up approaches, is digestion by proteolytic enzyme.
Although there are several enzymes possible to use [112], only one enzyme is used in most
proteomic experiments. This enzyme is trypsin. Beyond its wide popularity is the fact that
trypsin is robust, cheap, and specific. Trypsin also generates peptides in a mass range of
500 to 3,000 Da, which is optimal for chromatographic separation and yields peptides that
ionize and fragment well due to the presence of a C-terminal lysine or arginine residue that
efficiently protonates under acidic conditions [104]. This is beneficial for MS detection of
such peptide. Relying on trypsin in bottom-up proteomic experiment has as well its
drawbacks. The main one is that majority of tryptic peptides (56% of all generated peptides
are < 6 residues) are too small and thus generally not identified by MS, meaning that only a
restricted segment of the proteome is covered. Consequently, this limited sequence
information makes it often impossible to distinguish between protein isoforms and also to

identify all PTMs decorating the proteins [113].

There are several possibilities how to improve tryspin digestion. The first one is to use
alternative protease. However, proteases currently used had their own drawbacks
reviewed in [113], where the most serious is inability to compare quantitative data
between different proteases. Currently the best approach is a combination of multiple

proteases. The most often is digestion with lysyl endopeptidase (Lys-C) from
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Lysobacter enzymogenesis prior to trypsin digestion [110]. Using of Lys-C, which is specific

only to lysine greatly improves trypsin efficiency [110].

The last but not least step in proteomic sample preparation is a desalting of digested
peptides. This step is done, because mass spectrometry in general is very prone to salts and
polar contaminants of the sample. Desalting step is thus based on separation of salts and
polar compounds from less polar peptides. As has been discussed before, a reverse phase
resin — mostly C18 — is used for this step almost exclusively. For peptide desalting, there are
some common experimental setups, like a sample clean-up before LC-MS or using short
pre-column in LC method. Both these approaches have been employed in this thesis

(Appendices B and C).

1.3.2 LC-MS analysis

LC-MS analysis is crucial for both top-down and bottom-up proteomic methods. Because LC
part of the proteomic analysis has been already discussed in chapter 1.1.2 and principle of
MS in chapter 1.2.2, this chapter will focus only to LC-MS acquisition methods specific in

proteomics.

In top-down proteomics, there is main approach consisting from already described high
resolution MS' followed by ECD/ETD fragmentation. In bottom-up, there are three main
mass spectrometric approaches — data dependent analysis (DDA), MRM and data

independent analysis (DIA) [104].

DDA is the most often used MS approach in proteomics. It consists of two successive steps
— first is determination of full MS® spectrum. This spectrum is processed and peaks are
picked and selected for fragmentation by performing MS>. Two kinds of information
obtained — the accurate mass of precursor peptide and its fragmentation spectra revealing
peptide’s sequence — are used separately in succeeding sample processing. Fragmentation
spectrum is usually utilized for peptide identification by database or spectral library match
(see chapter 1.3.4.2) or by de novo sequencing (chapter 1.2.3.2), but they could serve for
quantification in some label experiments discussed in chapter 1.3.3.1 as well. If MS® spectra
serve mainly for identification and less for quantification, the situation is reverted for
parent ion spectra. Quantification of peptides is in most cases calculated from peptide
precursor ion and their extracted ion chromatograms. Precursor spectra can be also used
for identification by accurate mass and time tag, which is matching mass and retention time

to known peptides. The main issue of DDA is undersampling phenomena — this means that
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peptides for fragmentation are selected semi-randomly, usually as certain count of most
intense ions in the spectrum. The result of undersampling is decreased reproducibility of
replicates. Modern MS instruments have undersampling issue reduced, but it is not still

eradicated [104] (Appendix B).

MRM principle has been already discussed in chapter 1.2.2.4. It is method of choice for
precise quantification of relatively small amount of peptides in multiple samples. Amount
of analyzed peptides can be raised by introducing scheduled MRM, what means performing
scan of particular transition only in certain retention time. The major drawback of MRM in

proteomics is difficult optimization, especially for bigger amounts of transitions [104].

The last approach combining advantages of previous two ones is DIA. DIA is based on
fragmentation of wide mass windows making mixed spectra of all precursor and product
ions presents in particular mass window. This prevents undersampling and allows
extraction of peptide transition ex-post. Peptide search is more demanding than in case of
DDA. For example in SWATH analysis (discussed later as quantification approach) is
recommended to search peptides against spectral library which is prepared by DDA analysis
on the same instrument [104]. Principle of DDA and DIA and their comparison are shown at

Figure 17.
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Figure 17: The comparison of data dependent and data independent mass acquisition.

Figure adapted from [114]

1.3.3 MS based quantification

Peak area in mass spectrometry is not as straightforwardly dependent on quantity as in
HPLC, but also on ionizability of analyzed compound. MS peak can be thus quantified only
by comparing to the peak of same compound. There are two basic ways how to quantify in
MS. The first is adding an isotope labelled standard, or in case of proteomics, isotope
labelled peptide and the second way is a method of calibration curve. Isotopic label can be
introduced into sample by several methods discussed below. However sometimes is
introducing of isotope label not possible or very difficult. For the calibration curve method,
it is absolutely necessary to keep ionizability factor constant. This is possible only with
electrospray ionization with stable settings [115]. Those techniques are commonly

discussed as label-free quantification. The basic principle of different isotope labelling
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methods and their comparison to label-free approach are shown at Figure 18. Both isotope

labelling and label-free approaches have been reviewed in Rylova et al. (Appendix A).
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Figure 18: Comparison of different quantification approaches in LC-MS based proteomics.
ITRAQ/TMT represents isobaric tagging by chemical modification of the samples; SILAC
metabolic labelling and LABEL FREE the quantification approach without any label. Basic
steps of proteomic analysis are marked at the figure with marking of the step, where

introduction of label occurs. Asterisk marks the stage of quantification event.

1.3.3.1 Isotope labelling methods

There are several quantification protocols differing in the way of introducing isotope tag.
The most used methods are currently labelling with isobaric tags or metabolic labelling.
Those approaches are used in proteomic experiments focused e. g. to the discovery of

biomarkers [116] or molecular targets of possible and established anti-cancer drugs [117].

1.3.3.2 Isobaric labelling

The first category of isotope labelling methods are tandem mass tags (TMT; [118]) and
isobaric tags for relative and absolute quantitation (iTRAQ; [119]), which are based on
chemical binding of isobaric tag to the N-terminal end of a peptide (Figure 18). The isobaric
tag consists from three parts — a reactive part binding to peptide, a reporter ion being
released during peptide fragmentation and balance group which balances differences
between reporter ions. Isobaric tag based methods allow easy multiplexing with possibility

to quantify up to eight samples in case of iTRAQ [120] or ten samples in case of TMT [121].
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This multiplexing is in contrast to other labelling methods, which allow quantifying only two
or three samples, and is one of main benefits of TMT and iTRAQ. Another advantages are
clean spectrum (all labels have the same mass in MS') and possibility to label wide variety
of samples including tissues. Disadvantages are risk of co-isolation of more precursors in
MS? and need of MS® in high-plexing experiments. Both TMT and iTRAQ are sold
commercially, but there is a cheaper alternative, DilLeu isobaric tagging as well [122]. This
approach is freely available with only main drawback — user has to synthetize tags in
laboratory. DiLeu works on the same principle as TMT or iTRAQ and allows up 8-plexing

[122].

1.3.3.3 Metabolic labelling

Stable isotope labelled amino acid in cell culture (SILAC) is very versatile and frequently
used quantification method [123]. This approach is based on culturing cells in media
supplemented with isotopically labelled amino acids, typically arginine and leucine. Those
two amino acids weren’t selected randomly — trypsin cleaves specifically after these amino
acids. Regular proteomic sample processing will thus result into peptides bearing one, only
occasionally two labelled amino acids. Cultivation of cell cultures with such modified media
will result in incorporation of those amino acids into cellular proteins in around five
passages, depending on cell type. Those labelled cells are later mixed with its unlabeled
counterpart and they are processed together (Figure 18). This approach allows limited
multiplexing by introducing different labels into cells. The resulting spectrum is thus more
complicated, since every peptide has two or more peaks in MS'. Quantification is based on
extracted ion chromatogram for each labeled peptide. The major benefit is
straightforwardness of labelling and result processing. As will be shown in experimental
part, it allows determining drug target response on particular cell line (Chapter 2.2). The
drawback of this method is suitability for cell cultures only. There is a stable isotope
labelling processes for whole organisms, e. g. mouse, however they are much more

complicated [124]. It is not possible to analyze tissue samples by SILAC.

1.3.3.4 Other isotope labelling

Apart from these main quantification approaches, few other labelling techniques exist.
Those methods are: protein digestion in water with heavy oxygen *0 [125], metabolic
labelling of cells using heavy nitrogen °N [126], isotope coded affinity tag (ICAT) [127],
isotope coded protein labelling (ICPL) [128], global internal standard technology (GIST)

[129]. Labelling with *®0 suffers from several disadvantages like incomplete incorporation
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of labelled oxygen into digested peptides and not possible multiplexing. However, it is still
one of the cheapest and simplest methods for protein quantification in MS [130]. Metabolic
labelling with °N is currently used mainly in the research of simpler organisms such as
plants, invertebrates and unicellular organisms [131]. ICAT, ICPL and GIST are based on
introducing an isotope labelled tag on peptides. In ICAT, tag is bound on a selected rare
amino acid, usually cysteine and affinity purification of only cysteine containing peptides.
ICPL tag containing H, or D, is bound to amine residue of lysine of reduced and alkylated
protein or proteins in the complex sample, which allows further manipulation with these
proteins. GIST tag labels universally to the primary amino group of all peptides. These
methods are not very widely used and basically they offer virtually the same results as

SILAC, TMT or iTRAQ.

1.3.3.5 Label-free methods

In some cases, it is difficult or impossible to introduce isotopic label. It is then necessary to
introduce quantification approach, which is not isotopic label dependent. This approach
depends on quantitative property of ESI. This property is currently the principle of
guantitative MS. In analysis of low molecular compounds, MRM is often synonymous with
guantitative MS. In discovery proteomics, however, MRM is not often applicable and thus

different methods for MS quantification without isotope label had to be developed.

There are two main methods for label-free proteomic MS quantification. First one is similar
to common MS quantification approach. It consists of counting peptide’s peak area and
directly comparing this area to peak area of the same peptide in different run. This
approach is called area under curve (AUC) [132]. Second method is based on presumption,
that more abundant protein will be identified with more peptides. This method is referred
as spectral counting [133]. The main advantages of AUC are linearity in broad concentration
range (10 fmol-1000 pmol) and straightforward processing, main drawbacks are high
request for LC/MS reproducibility and accuracy. On the other side, accuracy of
quantification may be decreased by peptide co-elution as well as by losing peak information
during switching between MS and MS” scan modes. High resolution mass spectrometers
with data independent acquisition mode are recommended for obtaining best results.
Spectral counting is less demanding to computing power and can be calculated as protein
abundance index during each Mascot search. There are as well a lot of modifications of

those two main methods reviewed in [134].
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Nor AUC or spectral counting is hardly usable in DIA. In DIA, a SWATH acquisition method
has been introduced. SWATH is based on fragmenting peptides in larger windows called
swaths (Figure 19) [92]. Those swaths have from 10 to 25 Da and resulting spectrum is
chimeric MS? spectrum of all peptides in particular swath. Quantification lies in between
label free and MRM analysis. A workflow for SWATH analysis consists from one data
dependent analysis serving for construction of peptide spectral library and several SWATH
runs. Particular peptide of interest is then selected as parent mass and mass of its
fragments from identification run and quantification information is extracted from SWATH
runs and visualized in similar way to MRM transition. The main advantage amount of

peptides quantified this way which can be almost unlimited.
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Figure 19: The principle of SWATH data independent acquisition. Mass spectrometer is set
to acquire MS/MS spectra in fixed, relatively wide mass windows (A) which leads to cover
all mass range (B). Single peptides are evaluated in MRM-similar manner (C) based on single

chimeric fragmentation spectra (D). Figure adapted from [135].
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1.3.4 Data processing and database search

The most important information in both top-down and bottom-up approach are MS/MS
spectra. Those spectra contain sequence information about particular peptides. This
information is however coded in mass peaks of single amino acids losses. Peptide sequence
has to be deciphered from mass spectra first. There are several approaches for this

deciphering, like de-novo sequencing or search in databases or spectral libraries.

1.3.4.1 Database based search
MS/MS spectra in bottom-up proteomics can be evaluated several ways. The most often
used approach is database search using specialized algorithm. There are databases

available online — the most known are UniProt (http://www.uniprot.org/) or NCBI

(https://www.ncbi.nlm.nih.gov/protein/) — but it as well possible to get specialized

databases. The most of searching algorithms works with regular FASTA sequence format
and both can be done — either download database of choice from internet or to make own.
Database search by different algorithms usually works on simple principle — in the first step,
mass spectra are deconvoluted — MS' and MS’? peaks are picked and transferred into
numeral form. Proteins in database are then digested in-silico and results from MS are
compared to this in-silico digest. Peptide, which corresponds with spectrum with highest
probability, is chosen as hit. The exact mechanism of database search differ by particular
algorithms, typical examples are e.g. Mascot [136], Sequest [137] or Andromeda (part of
MaxQuant package [138]).

1.3.4.2 Spectral libraries

Although database search is well established method, it takes a lot of computational power
to search. The main drawback of database based approach is repeated search of abundant
proteins in multiple samples. To overcome this, spectral libraries, originally used in analysis
of organic compounds, were adapted to proteomics. The main advantage of spectral library
search is increased speed of analysis. The spectral libraries are instrument specific and have
to be filled in similar manner as protein databases. The main difference is that we can fill
regular database with DNA transcripts, but spectral library can contain mass spectra
corresponding to peptides only. For example, human ion trap library contains 340 357

spectra, whereas chicken database contains just 3125 spectra [139].
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1.3.4.3 De-novo sequencing and accurate mass tag search

Besides those two main approaches, there are few other methods for bottom-up
proteomics. The first can be de novo sequencing of every spectrum. This approach is
computationally even more demanding than database search [139], but it is under constant
development [99]. Another can be accurate mass and time tag [104], which is comparison
of retention time and accurate mass to already known peptide. Compared to previous

approaches, this one is the less sophisticated.

Data analysis for top-down proteomics has still reserves for further development. Currently,
there are software tools for protein mass deconvolution from multiply charged peaks. First
tools for protein sequence determination from MS? spectra have been already introduced

even for analysis of more complex samples [103].

1.3.5 Bioinformatic evaluation of results

All proteomic techniques aim to the discovery of a certain number of differentially
expressed proteins. Unfortunately, those proteins don’t have big information value alone,
because proteins are involved in particular cellular pathways, work as a part of multiprotein
complex, are regulated or regulate another proteins etc. Similarly to protein IDs or gene
symbols, cellular processes have been characterized and referenced in two main databases
— Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG). KEGG serves
as a virtual model of the cell and the main purpose of GO is to serve as the unifying
vocabulary. Thus the same process and the orthologous protein have the same GO
annotation between different species [140,141]. Each protein has multiple GO annotation
terms. This count depends on importance of protein in cellular structure and current
knowledge about such protein. Such GO annotation terms can be downloaded to each
protein by simple tools. One of those tools is Annotation in MaxQuant. However, GO
annotation itself doesn’t provide much information, because proteins are usually involved
in multiple pathways. For such a purpose, more sophisticated algorithms to annotate and
visualize genomic, transcriptomic or proteomic data were developed. Commercially
available are the Thomson Reuters MetaCore™ program (GeneGo; Figure 20), Elsevier
Pathway Studio and IPA (Ingenuity® Systems). Further, several free programs were
introduced to help researchers gain more information about identified proteins. To this
class of analytical tools belongs for example: the Software tool for researching annotations
of proteins (STRAP, [142]), Gene Map Annotator and Pathway Profiller (GeneMAPP, [143]),

Pathway Tools [144], on-line tools available from Gene Ontology Web site
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(www.geneontology.org, [145]), ProteomeCommons (proteomecommons.org/tools-
browse.jsp, [146]) or Database for Annotation, Visualization and Integrated Discovery

(DAVID, https://david.ncifcrf.gov/ [147]).
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Figure 20: Graphical output from GeneGo annotation (A) and STRING protein-protein

interaction (B) analysis.

Protein-protein interactions are aside from cellular processes annotated in GO. These
interactions are much wider than participation of protein in single process. Protein-protein

interactions are very important part of cellular communication, signal transfer or
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modulation of enzyme activity. A good visualization of protein-protein interaction can be a
good guide in determining mechanism of cellular response, as can be seen in Chapter
2.2.2.3 in Experimental part. The tools used for visualization of protein — protein

interactions are  STRING  (http://string-db.org/;  Figure 20 [148]), BioGrid

(http://thebiogrid.org/ [149]), Agile Protein Interaction DataAnalyzer (APID,

http://bioinfow.dep.usal.es/apid/index.htm [150]) or human protein—protein interaction

prediction database (http://www.compbio.dundee.ac.uk/www-pips/ [151]).

1.4 Other MS-based proteomic methods

1.4.1 Targeted MS methods

Targeted MS methods overcome limitations of both western blot and classical identification
approach. They are focused to study particular proteins; however, analysis could be set to
guantify a number of proteins, which are no longer suitable to analyze by WB both
economically and in terms of time. Targeted MS methods beat identification approach in
sensitivity, which are few orders of magnitude higher. There are few basic approaches:
classical MRM done at triple quadrupoles, and two variants called high resolution MRM
(HR-MRM) and parallel reaction monitoring (PRM). HR-MRM is done at Q-TOF instruments
and PRM at Q-Orbitrap instruments. HR-MRM and PRM are similar in a way that both are
performed at high resolution instruments and both filter only precursor ions. Instead of
filtering product ions, they record full product spectrum and filtering is done during data
processing. Targeted MS approach is as well suitable for analysis of post-translational
modifications [152]. This approach can be used e.g. for biomarker validation [153],
phosphoproteomic assays [154] or as validation of protein expression change in regular
proteomic experiments instead of WB [155]. Targeted MS can be for popularization
purpose called mass ELISA relating to quantification power, specificity and high-throughput

of ELISA experiments.

1.4.2 Non-covalent mass spectrometry

MS can be also used in structural proteomics. Although it lacks the sensitivity and accuracy
of NMR and X-ray crystallography, it is much faster and provides sufficient information on
protein conformation and ligand binding. There are several methods for studying drug-
protein and drug-DNA interactions. Analysis of intact proteins could be performed using
both ESI and MALDI ion sources. ESI, and more beneficially nano-ESI in combination with

single quadrupole, triple quadrupole or Q-TOF, analyzers are used in the analysis of
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biological macromolecules more often. The main reason for using nESI is that it produces a
lot of multiply charged ions with high accuracy rather than a few ions produced by MALDI -
usually single, double and sometimes even higher charged ions with low resolution caused
by the linear TOF analyser. Change in intensity of different charged states also allow to
determine changes in conformation [156]. Macromolecule shape determination is
elucidated as charge profile of multiply charged protein. This shape determination is
allowed because in the duration of a typical MS experiment, a protein is held in a vacuum
by hydrogen bonds in its natural conformation. Fragmentation of multimeric protein
complexes is also a non-covalent mass spectrometry tool. The methodical part of non-
covalent MS is reviewed in more detail in [156]. Non-covalent MS can be used to reveal the

protein drug target [157] or to study drug-DNA binding [158].

1.4.3 Surface enhanced laser desorption/ionisation

Surface enhanced laser desorption/ionisation (SELDI) is a variant of MALDI-TOF which is
used for differential proteomics [159]. The SELDI is designed to affinity enrich proteins of
interest directly on the surface of target and no previous separation is needed. This method
also allows construction of protein chips with direct mass spectrometry analysis. The chips
are currently commercially available as a Bio-Rad ProteinChip Technology™. However, even
with SELDI approach advantages, like on-chip sample preparation and direct mass analysis,
whole proteins without digestion are measured in linear time-of-flight analyzer with low
accuracy. The SELDI-TOF approach is used preferentially in medicinal biomarker discovery
and diagnostics in preference than in drug discovery. SELDI approach has only limited use
alone, because it provides only protein mass, but not identification. Protein identification
has to be determined by different approaches, for example by using ESI-FTICR to identify

differentially expressed proteins [160].

1.5 Clinical proteomics — presence, future and perspectives

The proteomics is currently one of the main scientific methods; however, it just starts
getting on clinical use. The oldest and most often clinically used methodology is IHC and
western blot used mainly in molecular pathology and microbiology diagnostic. Another
widely used method is ELISA or RIA, which is frequently provided as a commercial kit
allowing precise and reproducible protein/antigen determination and quantification with
low cost instrumentation. In comparison, mass spectrometry based proteomics is not
widely disseminated method in clinical proteomics yet from several reasons, which are:

expensive instrumentation, complex sample preparation, qualification of operators and
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difficult quantification. On the other side, MS offers substantial advantages as a high
sensitivity and high specificity in comparison to antibody identification. The MS approach,
which offers the best applicability for clinical analysis is an MRM. This approach is targeted
(see Chapter 1.4.1) and can be compared with ELISA in terms of sensitivity and specificity.
Moreover, MRM analysis can be easily multiplexed for detection of multiple proteins in one

analysis, which is hard to obtain in immunoassays.

Targeted MRM approach has been employed in our laboratory to determine hepcidin levels
[161] and is currently used as a part of diagnostic panel used for paediatric patients with
iron homeostasis dysregulations. Another possible uses of MRM could be in detection of

pancreatic cancer biomarker [162] or in prediction of Tamoxifen resistance [163].

However, not only MRM based MS approaches could be used for clinical diagnostics.
Regular bottom-up approach can be used as well. Its main benefit is ability to identify and
(at least semi-) quantify those unknown proteins. A practical application of this approach

could be typization of amyloid tissues [164], also currently used on our institute [165].

The role of MS methods in clinical diagnostics is continuously growing. It is routinely used in
metabolomic screening of newborns [166], microbiological identifications [167] or
toxicological screening. From those mentioned, microbiological identification on MALDI
Biotyper from Bruker is based on our current knowledge a first FDA approved proteomic
MS method (Figure 21) [168]. MALDI Biotyper is based on acquiring of unique fingerprint
spectra from highly abundant proteins in the bacteria. Those applications show good

applicability in clinical practice.
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Figure 21: Principle of MALDI Biotyper microbial strains identification strategy. Bacterial
colony smear is transferred on MALDI target, mixed with matrix (HCCA; a-Cyano-4-
hydroxycinnamic acid) and unique spectrum of high abundant proteins is collected and MS

fingerprint is compared with database. Figure adapted from [168]

It is highly expected, the connection of MS and proteomics will follow this trend. The first
swallow of this statement is the proteomic MRM analysis, which became known among
physicians as “mass spec ELISA” with comparable properties, such as above mentioned
specificity and sensitivity. As has been already discussed, MRM has growing importance in
clinical proteomics [169]. The role of MS could increase further, correspondingly with
growing number of mass spectrometers and clinically validated and FDA approved
methods/analytes. Clinical applicability of bottom-up or top-down proteomics will be rather
limited to discovery experiments (e.g. for biomarkers) or to typization of simple matrices as
before mentioned in the classification and diagnostic of amyloidosis. There are two main
reasons for this opinion. The sample processing for bottom-up proteomics is time and work
demanding and secondly, and according to me more important reason, is that such a

profiling provides long and complex list of proteins, where substantial portion of
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identificated proteins are irrelevant for diagnosis. Furthermore, about 80% of collected
spectra aren’t identified at all (Appendix B). This unidentified spectra are called protemics
dark matter [170], which can be visualized by better search for PTMs, mutations or
alternatively spliced protein forms [171]. Those tasks couldn’t be done with current
commercial software setup, but they can be particularly beneficial e.g. in cancer diagnostics

before targeted therapy application.
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2 EXPERIMENTAL PART

2.1 Aims

The first aim was to study response to anti-cancer drugs by proteomic profiling.

During this project we were focusing on cellular response to platinum-based anti-

cancer drugs on complex proteomic level.

Second aim was to establish quantitative and qualitative analysis of new cancer biomarker

asporin in stably transfected E. Coli and breast cancer cell cultures.
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2.2 Proteomic profiling of anticancer drugs

Our project is typical representative of large scale proteomic analysis in discovery phase. In
this kind of experiment are analyzed proteins from biological samples with the aim to
identify and quantify as much proteins as possible. This allows detecting proteins which
don’t have any change in expression together with differentially expressed proteins
with/without biological relevance. We have applied this approach to study of drug response
of in clinical practice used platinum drugs on cancer cell lines models. For this purpose, we
have selected well-growing and highly chemosensitive CCRF-CEM cells derived from acute

lymphoblastic leukemia.

The original and first platinum drug on the market is cisplatin (CisPt). This drug is widely
used in clinical practice. The main mechanism of action of CisPt is formation of covalent
adduct to DNA. Thus the most rapidly dividing cells are most affected. The most significant

side effects are nephrotoxicity, nausea and resistance development [172].

To overcome several drawbacks of CisPt, new derivatives were introduced on market. From
this second generation platinum drugs, carboplatin (CarboPt) is best known and most
widely used [173]. CarboPt is transformed in the cell into the same active form -
cis(diamine-diaqua)platinum and forms the same kind of DNA adducts [172]. However it

results in cross-resistance of CisPt and CarboPt [174].

This cross-resistance led to development of third generation platinum drugs. The most
known one, oxaliplatin (OxaPt), doesn’t share cisplatin cross-resistance [175] and
moreover, it is effective even to cancers insensitive to CisPt, e.g. colorectal cancer. OxaPt
became one of treatment strategies to colorectal cancer and after discovery of its highly
synergic effect with 5-fluorouracil became a golden standard of adjuvant therapy in

colorectal cancer [176].

Importance of those drugs in the clinic is as well followed by particular scientific interest.
The biggest effort is focused into cisplatin, carboplatin and oxaliplatin follows. This interest
can be split into several ways — i) into an optimization of treatment regimes, ii) into ways
how to prevent or reduce side effects, iii) into a characterization of resistance mechanisms
action of platinum drugs is reviewed e.g. in [172]. However, large scale proteomic analysis

of even those deeply studied drugs can reveal a new, currently unknown, target or it can
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help in joining currently known mechanisms of response together and further help in

designing scientifically driven, rational based, therapeutic protocols.

The second aim in this approach is to compare cellular response between those drugs.
Although they are very similar and even forming the same (CisPt and CarboPt) or very
similar (OxaPt) DNA adducts, they differ significantly in the spectra of toxicities. For
example, the most discussed problem of CisPt is nephrotoxicity [177], in CarboPt it is
myelosuppression [178] and for OxaPt peripheral neuropathy [179]. The comparison of
cellular responses can suggest mechanisms involved in susceptibility of different tissues to
those compounds. This comparison is best when all conditions are the same. To allow this,
we have determined constant ICsy, which is concentration of drug which will inhibit cellular
growth by 50%. The concentration of five times of ICsy was used in all following
experiments to ensure that enough of drug has been delivered to cell. The next issue is time
of treatment. The approaches used usually, which is fixed time point, like a 24 or 48 hours,
don’t respect the different speed of drug effect and can lead to monitoring of late apoptotic
mechanisms only. We have thus decided to monitor time to caspase activation as a
hallmark of apoptosis and stop the treatment in the half time of such caspase activation
and start of irreversible cell death. This will prevent beginning of apoptosis and it should

reveal better image of cellular response.

2.2.1 Material and methods

2.2.1.1 Chemicals and reagents

Oxaliplatin (Eloxatin) was obtained as a 5 mg/ml stock solution from Sanofi. If not
mentioned otherwise, all chemicals were obtained from Sigma. Fetal calf serum (FCS) was
purchased from Pan Biotech (Germany). The MagicRed assay kit was purchased from
Immunochemistry Technologies, USA. RPMI media lacking arginine and lysine was obtained
from Biowest, USA. HPLC/MS grade water was produced using a Merck Millipore Milli-Q
Direct-8 purifier with an LC-PAK polisher (Merck), and HPLC/MS grade acetonitrile was
purchased from J. T. Baker, USA. Proteomic grade trypsin was purchased from Promega.
Bensonase and Luminata Forte were obtained from Merck. Pierce 660 nm Protein Assay kits
for protein concentration measurements with lonic Detergent Compatibility Reagent were
purchased from ThermoFisher Scientific, USA. Pertex rapid drying medium was used for
slide mounting (Histolab, Sweden). The following antibodies were used: Anti-UTP11
(AbCam), Anti-WDR46 (Sigma), Anti-TRF1 (Santa Cruz), Anti-RPS19 (Santa Cruz), Anti-p53

(Cell Signaling), Anti-Fibrilarin (Sigma) and Anti-B-actin (Sigma), horseradish peroxidase
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conjugated anti-rabbit (Sigma), horseradish peroxidase conjugated anti-mouse (Sigma),
Alexa-488 anti-goat (Life technologies) and Alexa 488 anti-rabbit (Invitrogen). ELISA kits

were purchased from Thermo Fisher (Ferritin) and RnD Systems (Apolipoprotein Al).

2.2.1.2 Cell culture, analysis of ICs, and time to apoptosis

T-lymphoblastic leukemia derived cell line (CCRF-CEM) was purchased from American
Tissue Culture Collection and was cultivated according recommendation in RPMI media
supplemented with 20% of FCS, 100 IU/ml penicillin and 10 pg/ml streptomycin. Inhibition
of tumor growth/survival expressed by 50% inhibition constant (ICs) value was determined
by MTT assay as described previously [180,181]. Time to apoptosis was determined by
Magic Red assay (Immunochemistry Technologies). Briefly, CCRF-CEM cells 10°/ml were
treated by 5 x ICsy concentration of OxaPt. Assay was performed according to manufacturer
instructions and fluorescence was detected with excitation at 590 nm and emission 630 nm

wavelength.

2.2.1.3 SILAC labeling and treatment with drugs

All experiments in this study were done in three biological replicates. CCRF-CEM cells were
grown in complete RPMI media lacking arginine and lysine and supplied with either **Cq
(light) or *Cs (heavy) labeled arginine and lysine. They were cultured for five passages to
ensure that “light” or “heavy” amino acids were completely incorporated. The
completeness of labeling was verified by mass spectrometry (data not shown). Light cell
lines were diluted to concentration of 10° cells per ml and treated with 5 x ICs
concentration of OxaPt for half time to apoptosis induction (concentration of drug and
respective treatment time for CisPt 12.6 uM and 2.5 h, for CarboPt 50.7 uM and 3 h and for
OxaPt 29.3 uM and 4 h). Following treatment, light and heavy cells were mixed in the same
ratio. The mixed cell suspension was washed twice in ice-cold PBS with protease inhibitors
and once with ice-cold PBS. Washed cells were lysed in lysis buffer containing 20 mM Tris-
HCl, 7 M Urea, 10 mM DTT, 1% Triton X-100 and 0.5% SDS, 2U benzonase and transferred
to 1.5 ml microfuge tubes. The cell-lysate was incubated on ice for 5 min; two extra units of
benzonase were added and incubated for an additional five minutes. Lysates were cleared
at 16000 g at 4°C for 10 minutes and supernatants were transferred into 1.5 ml eppendorf

tubes and stored at -80°C.

2.2.1.4 Sample preparation for LC- MS/MS

Cell-lysate was resolved by preparative SDS-PAGE (MiniPrep Cell, BioRad) and the gel was

cut into 20 slices representing protein fractions separated by the MW. The gel slices were
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subsequently dehydrated by acetonitrile and proteins were reduced with 50mM Tris(2-
carboxyethyl)phosphine at 90°C for 10 minutes and alkylated with 50 mM iodoacetamide
for 1 hour in the dark. Samples were then washed three times with water and acetonitrile
successively, with last 50% acetonitrile wash. Samples were solubilized and trypsinized in
trypsin buffer (6.25 ng/ul trypsin, 50 mM 4-ethylmorpholine, 10% v/v acetonitrile, pH 8.3)
overnight at 37°C. The supernatant was transferred into new eppendorf tubes and peptides
were extracted from gel pieces successively in three steps by 80% acetonitrile with 0.1%
TFA, 0.1% TFA in water and with 50% acetonitrile. Extracts were pooled and dried in
SpeedVac (Eppendorf). Dried samples were reconstituted in 5 pl of 80% ACN with 0.1% TFA
and diluted with 145 pl of 0.1% TFA. Reconstituted samples were purified using a C-18
MacroTrap column (Michrom Bioresources, USA), dried in SpeedVac and resuspended in 20

ul of 5% acetonitrile with 0.1% formic acid for LC-MS/MS analysis.

2.2.1.5 LC/MS

Mass spectrometric analysis was performed in parallel on three mass spectrometers. The
first one was electrospray/ion trap (ESI/IT) low resolution instrument. Samples for this
analysis were analyzed in nanoHPLC Agilent nano1200 (Agilent Technologies, USA) coupled
with Bruker HCTUItra ESI-IT mass spectrometer (Bruker Daltonics, Germany). Analyses were
performed with flow 0.4 pl.min™* nonlinear gradient with water with 0.1% FA as a solvent A
and ACN with 0.1% FA as a solvent B on Agilent Zorbax 300SB-C18 column with diameters

150 mm x 75 um and particle size 3.5 um (Agilent Technologies, Germany).

The second tested approach was using MALDI-TOF mass spectrometry coupled with LC
separation. In this case, samples were separated in Agilent Capillary 1200 (Agilent
Technologies, USA) coupled with Proteineer fc (Bruker Daltonics, Germany) spotting
machine. Analyses were performed with nonlinear gradient with flow 4 pl.min™ using MS
grade water with 0.1% TFA as solvent A and ACN with 0.1% TFA as solvent B on Michrom
(Michrom Bioresources, USA) Magic C18AQ column with diameters 0.2 x 150 mm and
particle size 5 g and 200 A inner material size. Fractions were collected to 384 spots, each
with 8 seconds step and 1 ul of 1 pg.ml™* a-cyano hydroxycinnamic acid. Mass spectra were
acquired on Bruker Autoflex Ill instrument (Bruker Daltonics, Germany) with m/z scale 600
— 3500, reflectron positive mode. Acquired spectra were automatically evaluated by
WARP-LC and FlexAnalysis software (Bruker Daltonics, Gemany) and this software also

selected a parent masses for subsequent MS/MS acquisition.
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The third mass spectrometric approach was using an Orbitrap Elite (Thermo) instrument
fitted with a Proxeon Easy-Spray ionization source (nESI-Orbitrap), coupled to an Ultimate
3000 RSLCnano chromatograph. One microliter of sample was loaded on a PepMap 100 (7
S5um x 2 cm, 3 um, 100 A pore size) desalting column (Thermo) “in-line” with a PepMap
RSLC (75 um x 15 cm, 3 pm, 100 A pore size) analytical column (Thermo) heated at 35°C.
The peptides were subsequently separated on the analytical column by ramping the organic
phase from 5% to 35% during a total run time of 150 minutes. The aqueous and organic
mobile phases were, respectively, 0.1% formic acid and acetonitrile, 0.1% formic acid. The
FTMS resolution was set to 120,000 and precursor ions were scanned across an m/z range
of 300.0- 1950.0. The twenty most intense ions were selected in the linear ion-trap for
fragmentation by collision (CID) in the orbitrap. Collision energy of 35 eV was applied

throughout.

2.2.1.6 Data analysis

Mass spectra obtained from ESI/IT were analyzed in Proteinscape 2.1.0 573 software
(Bruker Daltonics, Germany), where those mass spectra were searched by two algorithms —
Mascot (Matrix Science, UK) and Phenyx (Genebio, Switzerland). For Mascot, these settings
were used: database NCBI, taxonomy human (Homo sapiens), enzyme trypsin, 2 allowed
missed cleavages, modifications: carbamidomethylation of cysteine (fixed), oxidation of
methionine (variable) and label *C¢ on arginine and lysine (variable), peptide tolerance *
0.5 Da, MS/MS tolerance + 0.5 Da, peptide charge 2+ and 3+, monoisotopic mass. One
peptide was accepted with mascot score at least 12 and protein was accepted with at least
one peptide with mascot score higher than 40. For Phenyx, we have used these settings:
database uniprot_sprot, taxonomy homo sapiens, default parent charge 2, 3, 4, scoring
model HCTUItra, Trust parent charge medium, modification same as in Mascot, enzyme
Trypsin (KR), parent error tolerance 0.5 Da, maximum 2 allowed missed cleavages, cleavage
mode half cleaved, conflict resolution none, Turbo on, b-y ions, error tolerance 0.5 Da,
coverage 20%. Search results from both algorithms were collected and processed by

Proteinscape’s utility Protein extractor.

Mass spectra from MALDI-TOF were processed by Proteinscape software and searched by
Mascot and Phenyx in similar conditions as in ESI experiment. Differences in search

methods were following: Mass charge 1, MS toleration 100 ppm, MS/MS toleration 0.5 Da.

Peak picking and peptide search for nESI-Orbitrap data was done by MaxQuant v. 1.3.0.5

[138] with SwissProt human database downloaded 4. 4. 2013. All fractions data of one
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sample were searched together. Carbamidomethylation of cysteines was selected as fixed
modification, oxidation of methionines and protein N-term acetylation as variable
modifications. Minimal peptide and razor peptide count was set to 1 and peptide length to
6. Mass tolerance of parent ions was set to 20 ppm and tolerance of fragments was set to
0.5 Da. Peptide and protein FDR rate were set to 1%. Arginine and lysine were set as special
amino acids with filtering of labeled amino acids. For quantification, razor peptides were
selected with discarding unmodified counterparts of peptides, re-quantification and iBAQ
were allowed. Search result was processed in Perseus 1.4.0.6, where decoy search results
and contaminant items were removed and Significance B test has been performed using
normalized ratios of replicates and their respective intensities. Proteins, which had
significance score below 0.05 in at least two replicates, were selected for further studies.
Pearson coefficients were calculated using log2 ratios of SILAC quantifications of single

replicates divided by their average.

Venn diagrams were created in Perseus and Venn Diagram Plotter 1.5

(http://omics.pnl.gov). Pearson coefficients were calculated in Microsoft Excel as a plot of

log, of replicate L/H ratio vs. log, of average L/H ratio from proteins which were quantified

in all replicates.

Bioinformatics analysis of the B significant protein list was performed with the Database for
annotation, visualization and integrated discovery (DAVID, v6.7,

http://david.abcc.ncifcrf.gov/, downloaded 13. 1. 2016) [147]. Results were viewed using

DAVID’s Functional Annotation Clustering method. Protein-protein interactions were

visualized using STRING database (http://string-db.org, downloaded 13. 1. 2016) [148].

STRING graphical output was then divided into clusters. Cluster was selected as close group

of at least 7 proteins which binds closely together than with proteins outside of cluster.

2.2.1.7 Immunoblotting

CCRF-CEM cells were-treated by OxaPt as before. Cells were harvested and centrifuged at
90 g for 5 min at 4°C, washed twice in PBS with 5 mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 5 mM sodium fluoride and 1 mM PMSF. Cells were lysed with SDS
lysis buffer (62.5 mM Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, 1% mercaptoethanol, 0.5%
bromophenol blue), heated for 10 minutes at 95°C and incubated with 2 units of benzonase
for one hour at room temperature. Protein content was measured using the Pierce 660 nm
Protein Assay containing the lonic Detergent Compatibility Reagent. For SDS-PAGE

electrophoresis, a 10 ug of total protein was resolved by 12% SDS-PAGE. Separated proteins
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were blotted to a nitrocellulose membrane (0.2 um pore size, Bio-Rad) using the TransBlot
Turbo semi-dry system (Bio-Rad). The membrane was blocked for 1 hour in 5% non-fat dry
milk in TBS/T (Tris-buffered saliva with 0.1% Tween-20) and incubated with appropriate
antibodies in 5% v/v BSA in TBS/T overnight, at 4°C, with agitation. After incubation,
membranes were washed with TBS/T and incubated with peroxidase labeled secondary
antibody and visualized by Luminata Forte peroxidase substrate. Chemiluminiscence was
collected by the HCD camera (Li-Cor Odyssey FC). Band intensities were normalized to their
respective actin band and averages of three biological replicates were processed into bar

graphs. Significance of protein change was calculated using t-test and p-value below 0.05.

2.2.1.8 ELISA assay

Cell lysates were prepared the same way as for immunoblotting. The proteins from 10
million of cells were precipitated by extent of ethanol and centrifuged 10 minutes with
2000 g. Pellet was reconstituted in water. The total protein amount was determined using
bicinchonic acid assay. The ELISA assays to ferritin and apolipoprotein Al were performed

according to manufacturer’s instructions.

2.2.1.9 Nucleoli staining

The CCRF-CEM cell line was treated the same way as for proteomic analysis. After
treatment, cells were spinned to microscopy glass by Cytospin centrifuge (Sakura, Japan) at
500 rpm for 5 minutes. Spinned cells were allowed to dry, fixed by 4% paraformaldehyde in
PBS and stained by toluidine blue according to Smetana [182]. After staining, slides were
mounted into Pertex (Histolab, Sweden). Three replicates were observed on Zeiss Axio
microscope with Zeiss AxioCamERc 5s digital camera at 400x magnificence. From each
sample, 100 cells nucleoli were counted and classified according to Smetana to compact

nucleoli, ring nucleoli and micronucleoli [182].

2.2.1.10 Immunofluorescence

Cells were spun using a Cytospin centrifuge as described above, fixed with
4% paraformaldehyde in PBS for 15 minutes at room temperature, and permeabilized with
0.5% TritonX-100 in PBS for 15 min. The cells were then washed three times in PBS with
0.1% Tween 20 and incubated overnight at 4 °C with primary rabbit or goat antibodies
against fibrilarin, DDX56, WDR46, RPS9 and UT11L in 5% FCS. The samples were then
washed three times in PBS with 0.1% Tween 20 and incubated with the corresponding anti-
rabbit/goat secondary antibodies conjugated with Alexa Fluor 488 in 5% FCS for 1 hour at

room temperature. Coverslips were stained with DAPI for nuclei counterstaining and
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mounted in mounting medium. The localization of the proteins of interest was examined
using confocal spinning disc fluorescent microscopy (Carl-Zeiss Observer Z1) at 1000 x

magnification.

2.2.2 Results

2.2.2.1 Analysis of ICs5y and time to apoptosis

The ICsy value of CisPt was determined to 2.52 uM, of CarboPt to 10.14 uM and ICs5, of
OxaPt to 5.9 UM by MTT cytotoxic assay. We have used five-fold of this value (5 x ICso; 12.6
UM, 50.7 uM and 29.3 uM, respectively) for our experiments. Those started with Magic Red
time to caspase activation analysis. This time has been set as a time, when fluorescence
signal of treated cells is 10% higher than signal of control cells. CCRF-CEM cell line was
treated with 5 x ICsq of drugs and lysed at half-time to caspase activation - 150 min for

CisPt, 180 min for CarboPt and 240 min for OxaPt.

2.2.2.2 Mass spectrometry results

The first obtained information is count of fragmentation spectra. Because identification in
regular proteomic experiment is done based on those spectra, it is important to have
spectra of both high quantity and quality. We have acquired in average 70283 + 10137
spectra from ESI-IT, 10862 + 2052 spectra from this were successfully identified. MALDI-TOF
acquired 73547 + 14990 spectra and identified 3838 + 812. Using nESI-Orbitrap, 596296 +
32521 spectra were acquired and 109260 + 22419 were identified (Figure 22).
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Figure 22: Count of fragmentation spectra acquired and identified using different MS

methods.

Next to count of identified peptides, their reproducibility is also a very important
parameter. The low reproducibility of large scale proteomic and metabolomic experiments
is called undersampling [183] and it is caused by semi-random rules of peak picking prior to
MS? analysis. In order to determine level of undersampling, we have compared
reproducibility of MS method we have used in analysis. In ESI-IT was identified 6177 + 1218
peptides common in all three biologic replicates, in MALDI-TOF 1778 + 92 peptides and in
nESI-Orbitrap was common 12296 + 2028 peptides (Figure 23).
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Figure 23: Numbers of identified and quantified peptides for single analyses expressed in
Venn diagrams. Sum was counted from number of peptides present in at least one replicate
per method. Graphics of summary diagram (Sum) is following: ] nESI-Orbitrap; Hesi-iTa
M vaLDI-TOF.

The count of identified proteins is important for composition of protein families or single
proteins and to evaluation of their change. The more peptides were assigned to particular
protein, the higher is its sequence coverage and quantification is more accurate for
particular protein and method. The average count of peptide per protein was 12.0 £ 1.6 at
ESI-IT, 7.4 £ 1.5 at MALDI-TOF and 5.5 + 0.4 at nESI-Orbitrap. The respective sequence
coverage was (in percent) 28.9 + 3.0 at ESI-IT, 15.6 + 2.8 at MALDI-TOF and 15.8 + 1.6 at
nESI-Orbitrap. The count of identified proteins was 660 + 124 for ESI-IT with 66% coverage
between all three replicates, 355 + 68 proteins for MALDI-TOF with 41% coverage and 3430

+ 306 proteins for nESI-Orbitrap with 76% coverage (Figure 24).
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MALDI-TOF nESI-Orbitrap

Figure 24: Numbers of identified and quantified proteins at single analyses expressed in
Venn diagrams. Sum was counted from number of proteins present in at least one replicate

per method. Graphics of summary diagram is following: ] nESI-Orbitrap; Hesiir o W
MALDI-TOF.

The last compared parameter is quantification accuracy expressed as R* among
quantification values of single replicates and their average. R* value for ESI-IT was 0.454 +

0.047, for MALDI-TOF 0.569 + 0.081 and for nESI-Orbitrap 0.692 + 0.063 (Figure 25)
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Figure 25: Quantification accuracy. For each replicate (R1, R2 and R3) was calculated
coefficient of determination (R?), to express how well regression line represents the data of

individual replicate against average (all three replicates) quantification for particular drugs.

Proteins identified by ESI-IT and MALDI-TOF were evaluated together because of their
reported complementarity. Total amount of identified proteins is shown in Figure 24. Lists
of total identified proteins for CisPt, CarboPt and OxaPt are attached in digital form on CD.
For selection of significantly regulated proteins, we have selected the most frequently used
criteria [184—-186], two-fold change in protein abundance. The proteins fulfilling those

criteria are shown in Table 1 for CisPt, Table 2 for CarboPt and Table 3 for OxaPt.

Table 1: Proteins identified by ESI-IT and MADI-TOF and changed at least two-fold after

CisPt treatment.

Accession Protein ESI-ITR1 ESI-ITR2 ESI-ITR3 MALDIR1 MALDIR2 MALDIR3 Average
gi|14150122 SLD5 0.05 0.09 0.07
gi]46014976 Human Mitchondrial Fission Protein Fis1 0.35 0.29 0.32
gi|33357459 Chain A, Human Pyruvate Dehydrogenase 0.63 0.34 0.49
gi| 148277071 thioredoxin reductase 1isoform 3 0.11 1.04 0.58
gi]5453549  thioredoxin peroxidase 112 0.15 0.64
gi|4826848  NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5 1.01 0.27 0.64
gi| 12408656 calpain 1, large subunit 0.30 1.09 0.70
gi]33468965 hypothetical protein LOC57456 0.91 0.19 1.59 0.89
gi|4503895  galactokinase 1 5.00 1.52 3.26
gi| 16751921 dermcidin preproprotein 3.70 11.11 3.23 6.01
gi|223278356 glutamate receptor, ionotropic, N-methyl-D-aspartate 3A precursor 5.56 20.00 12.78
gi13212456  Chain A, Crystal Structure Of Human Serum Albumin 6.25 100.00 53.13
gi| 197927201 translocase of outer mitochondrial membrane 6 homolog 100.00 100.00 100.00
gi|7657257  translocase of outer mitochondrial membrane 20 homolog 100.00 100.00  100.00 100.00
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Table 2: Proteins identified by ESI-IT and MADI-TOF and changed at least two-fold after

CarboPt treatment.

1D protein ESI-ITR1 ESI-ITR2 ESI-ITR3 MALDIR1 MALDIR2 MALDIR3 Average
gi|14150122 SLD5 0.09 0.28 0.18
gi|13491174 MARCKS-like 1 0.54 0.01 0.27
gi|4505685  pyruvate dehydrogenase (lipoamide) alpha 1 0.42 0.35 0.38
AB6NKO7 Eukaryotic translation initiation factor 2 subunit 2-like protein 0.48 1.27 0.24 0.66
gi|36030883 RP42homolog 2.17 0.24 1.21
gi|16751921 dermcidin preproprotein 2.33 25.00 13.66
gi|3212456  Chain A, Crystal Structure Of Human Serum Albumin 12.50 4.35 100.00 6.25 100.00 44.62
gi|39995059 caspase 2 isoform 1 preproprotein 1.14 100.00 50.57
gi|239745516 PREDICTED: hypothetical protein XP_002343510 1.49 100.00 50.75
gi]197927201 translocase of outer mitochondrial membrane 6 homolog 100.00 100.00 100.00
gi|50949594 hypothetical protein 100.00 100.00  100.00
gi| 7657257  translocase of outer mitochondrial membrane 20 homolog 100.00 100.00 100.00 100.00

Table 3: Proteins identified by ESI-IT and MADI-TOF and changed at least two-fold after

OxaPt treatment.

1D Protein ESI-ITR1 ESI-ITR2 ESI-ITR3 MALDIR1 MALDIR2 MALDI R3 Average
gi|21755646 unnamed protein product 0.01 0.01 0.01
gi|14150122 SLD5 0.15 0.15
gi|57208257 ribophorin II 0.13 1.16 0.65
gi|94536866 hypothetical protein LOC124220 2.44 2.44
gi193279940 Human Eukaryotic Initiation Factor 4a, Eif4a 5.00 1.49 3.70 3.40
8147132620 keratin 2 4.17 3.70 2.44 3.44
gi|55956899 keratin 9 5.26 4.76 313 4.38
P02533 Keratin, type | cytoskeletal 14 (CK-14) (K14) 4.55 4.55
gi]121039 1g gamma-1 chain C region 5.00 5.00
gi|269849769 Keratin, type | cytoskeletal 10 6.67 7.69 4.00 6.12
8119395750 keratin 1 3.45 3.70 2.86 833 12.50 6.17
gi120150229 Chain A, Crystal Structure Of The Mrp14 Complexed With Chaps 9.09 9.09

Because ESI-IT and MALDI-TOF approaches didn’t provided any meaningful results as can be
seen from tables 1, 2 and 3, we have decided to re-analyze the samples using nESI-Orbitrap
practically immediately after being operational in our laboratory. The numbers of identified
proteins acquired from nESI-Orbitrap are shown at Figure 24. Since nESI-Orbitrap analyzes
accurate mass with very high resolution, it allows more sophisticated quantification
approaches. The one used in our experiment is a Significance B test, which counts protein
significance not only based on its fold change, but as well based on its intensity [138]. More
intense proteins are usually being quantified more precisely and thus a smaller change can
be significant. Proteins significant in at least two biological replicates were selected to
reduce random results. The list of B-significant proteins for CisPt is in Table 4, for CarboPt in

Table 5 and for OxaPt in Table 6.
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Table 4: Proteins B-significantly changed after CisPt treatment. R1, R2 and R3 are marks of

biological replicates, H/L means normalized heavy to light ratio and SigB is calculated

Significance B p-value. Proteins with this value below 0.05 were considered as significant.

Protein name Gene ProteinID L/HR1 L/HR2 L/HR3 SigBR1 SigBR2 SigBR3
Synaptogyrin-2 SYNGR2 Q3KQzZ2 0.40 0.29 0.45  2.8E-145 1.5E-296 1.5E-88
Autophagy-related protein 101 ATG101 Q9BSB4 0.75 NaN 0.18 5.3E-04 1.0E+00 5.6E-261
Mitogen-activated protein kinase 3 MAPK3  P27361 0.59 NaN 0.35 1.5E-29 1.0E+00 9.5E-89
Mothers against decapentaplegic homolog 1 SMAD1 Q15797 NaN 0.71 0.43 1.0E+00 4.1E-04 1.8E-25
SH3 domain-binding glutamic acid-rich-like protein 3 SH3BGRL3 Q9H299 0.73 NaN 0.47 2.0E-35 1.0E+00 2.5E-63
Thyroid transcription factor 1-associated protein 26 CCDC59 Q9P031 0.51 0.70 NaN 3.4E-30 1.6E-04 1.0E+00
Exportin-6 XPO6  Q96QU8 0.71 NaN 0.51 5.7E-05 1.0E+00 4.9E-15
Hydroxymethylglutaryl-CoA synthase, cytoplasmic HMGCS1 Q01581 NaN 0.67 0.73 1.0E+00 1.1E-22 9.3E-11
Serine beta-lactamase-like protein LACTB, mitochondrial LACTB  P83111 0.71 0.69 NaN 2.8E-07 4.8E-09 1.0E+00
Mitotic spindle assembly checkpoint protein MAD1 MADIL1 Q9Y6D9 0.74 0.77 NaN 4.2E-09 5.5E-10 1.0E+00
Argininosuccinate synthase ASS1 P00966 1.08 0.73 0.62 5.6E-01 7.1E-20 5.2E-43
Fatty acid desaturase 2 FADS2 095864 0.94 0.80 0.84 1.0E-01 3.9e-11 2.1E-04
Gephyrin GPHN  F5H039 1.04 0.85 0.85 9.5E-01 9.1E-05 6.9E-04
D-3-phosphoglycerate dehydrogenase PHGDH 043175 1.01 0.94 0.87 2.1E-01 2.7E-04  7.7E-09
Plasminogen receptor (KT) PLGRKT Q9HBL7 1.04 0.94 0.91 7.5E-01 1.6E-04 1.4E-05
Cysteine-rich protein 1 CRIP1  P50238 1.27 0.99 1.19 6.1E-08 2.0E-01  4.6E-04
Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 F5H3A1 1.16 1.12 1.19 4.3E-05 1.1E-02 3.1E-04
CD44 antigen CD44 P16070 0.98 1.28 1.29 3.2E-01 1.9e-04 8.4E-04
Lysophosphatidylcholine acyltransferase 1 LPCAT1 Q8NF37 2.75 1.24 1.09 1.4E-28 9.7E-09 6.5E-01
Protein S100-A9 S100A9  P06702 2.88 NaN 2.22 2.1E-09 1.0E+00 2.4E-08
Protein FAM208B FAM208B QS5VWN6 3.31 NaN 2.27 1.2E-18 1.0e+00 1.3E-08
WD repeat-containing protein 11 WDR11 Q9BZH6 3.13 2.98 NaN 9.8E-25 8.7E-31  1.0E+00
Lysozyme C LYz P61626 3.82 3.52 434 4.5E-29 1.4E-12 1.5E-15
DDRGK domain-containing protein 1 DDRGK1 Q96HY6 2.64 9.07 0.96 1.3E-20 8.6E-71  2.4E-01
Cystatin-A CSTA P01040 7.49 3.85 3.90 1.6E-28  3.2E-15 3.7E-17
Zinc-alpha-2-glycoprotein AZGP1  P25311 6.16 NaN 7.63 6.2E-15 1.0E+00 4.3E-17
Trypsin-3 PRSS3  P35030 14.23 NaN 412  6.6E-104 1.0E+00 9.3E-18
Dermcidin DCD P81605 16.21 7.75 8.11 0.0E+00 8.9E-68 9.8E-136
Prolactin-inducible protein PIP P12273 13.92 NaN 7.84 1.1E-32 1.0E+00 4.5E-50
Dystrophin DMD P11532 18.77 9.75 815  7.2E-108 1.4E-56 1.3E-23
AP-1 complex subunit mu-1 APIM1  K7EPJ8 175.95 155.54  135.01 0.0E+00 3.0E-293 1.8E-191
Mucin-19 MUC19 Q7Z5P9 237.33 148.36 144.27 0.0E+00 4.6E-293 1.1E-191
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Table 5: Proteins B-significantly changed after CarboPt treatment. R1, R2 and R3 are marks

of biological replicates, H/L means normalized heavy to light ratio and SigB is calculated

Significance B p-value. Proteins with this value below 0.05 were considered as significant.

Protein name Gene ProteinID L/HR1 L/HR2 L/HR3 SigBR1 SigBR2 SigBR3
Histone H2A type 1-C HIST1IH2AC Q93077 NaN 0.41 0.19 1.0e400 0.0E+00 0.0E+00
Centrosomal protein of 41 kDa CEP41  Q9BYV8 NaN 0.40 0.77 1.0E+00 1.4E-155 5.2E-04
tRNA (guanine(37)-N1)-methyltransferase TRMTS  Q32P41 0.61 NaN 0.66 2.8E-24 1.0E+00 8.0E-07
F-box/LRR-repeat protein 12 FBXL12 Q9NXK8  0.68 0.79 NaN 1.6E-10 5.9E-05 1.0E+00
Ribosome biogenesis protein BOP1 BOP1 Q14137 0.66 0.88 NaN 2.6E-22  1.2E-04 1.0E+00
Galectin-1 LGALS1  P09382 0.89 0.91 0.83 1.2E-08 5.3E-06  2.9E-06
Mitotic spindle assembly checkpoint protein MAD2A  MAD2L1 Q13257 0.76 1.06 0.87 1.5E-10 7.4E-01 5.1E-04
Glucose-6-phosphate isomerase GPI P06744 0.85 0.95 0.93 8.1E-14 1.4E-04 5.6E-04
40S ribosomal protein $28 RPS28  P62857 NaN 0.93 0.92 1.0E+00 1.0E-04  4.5E-05
Thioredoxin reductase 1, cytoplasmic TXNRD1 Q16881 0.95 0.96 0.93 1.56-03 5.3E-04 2.9E-04
Stathmin-2 STMN2 Q93045-2 0.95 0.93 1.00 8.5E-04 9.2E-07 1.4E-01
Aurora kinase B AURKB  J9JID1 1.00 1.34 1.36 7.36-01 2.5E-05 1.9E-05
Calmodulin-like protein 5 CALML5 Q9NZT1 1.66 2.01 NaN 7.3E-23  9.3E-08  1.0E+00
Telomeric repeat-binding factor 2 TERF2 Q15554 2.74 1.09 2.70 3.6E-16  4.4E-01 1.7E-28
Leukosialin SPN P16150 4.23 1.01 173  6.7E-163 2.8E-01  4.3E-40
WD repeat-containing protein 11 WDR11 Q9BZH6 1.49 3.63 NaN 3.3E-27 1.9E-42 1.0E+00
Exportin-6 XPO6 Q96QU8S  3.49 NaN 2.05 2.5E-20 1.0E+00 3.0E-06
Protein FAM208B FAM208B Q5VWN6  4.11 NaN 2.83 7.2E-23  1.0E+00 2.6E-09
Protein S100-A9 S100A9 P06702 NaN 4.67 3.57 1.0E+00 4.2E-50 1.5€-17
Lysozyme C LYz P61626 4.72 NaN 3.75 1.2E-14 1.0e+00 1.2E-11
Protein S100-A8 S100A8  P05109 NaN 8.93 1.63 1.0E+00 1.0E-36  5.0E-04
Cystatin-A CSTA P01040 6.85 4.18 NaN 3.9E-73 5.6E-27  1.0E+00
Prolactin-inducible protein PIP P12273 9.26 NaN 3.51 7.8E-32  1.0E+00 4.0E-11
Trypsin-3 PRSS3 P35030 7.97 7.96 11.94  4.5E-121 1.3E-35 4.5E-205
Dystrophin DMD P11532 17.83 16.22 4.04 1.1E-35 6.7E-72  4.1E-19
Dermcidin DCD P81605 18.89 9.19 12.54  2.1E-255 3.0E-212 8.2E-149
Alpha-2-macroglobulin A2M P01023 20.74 9.43 NaN  2.2E-144 9.9E-23  1.0E+00
AP-1 complex subunit mu-1 APIM1  K7EPJ8  199.37  191.66 NaN  5.1E-283 0.0E+00 1.0E+00
Mucin-19 MUC19 Q7Z5P9 208.11  198.08 NaN  3.8E-283 0.0E+00 1.0E+00
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Table 6: Proteins B-significantly changed after OxaPt treatment. R1, R2 and R3 are marks of

biological replicates, H/L means normalized heavy to light ratio and SigB is calculated

Significance B p-value. Proteins with this value below 0.05 were considered as significant.
Table is continuing on next page.
Protein name Gene Protein ID L/HR1 L/HR2 L/HR3 SigBR1 SigBR2 SigBR3

Probable U3 small nucleolar RNA-associated protein 11 UTP11L Q9Y3A2 0.24 0.25 0.23 0.0E+00 4.5E-134 1.5E-284
WD repeat-containing protein 46 WDR46 B4DNIO 0.28 0.28 NaN 5.2E-122 9.5E-297 1.0E+00
Ribosome biogenesis protein NSA2 homolog CDK105 Q5J7V2 0.31 0.29 0.32 5.6E-101 8.1E-153  3.9E-60
Glioma tumor suppressor candidate region gene 2 protein  GLTSCR2 B4DVK1 NaN 0.32 0.40 1.0E+00 5.3E-112  9.4E-32
Centrosomal protein of 41 kDa CEP41 Q9BYV8 0.23 0.47 0.45 3.0E-213  1.2E-20 5.1E-22
Protein Hook homolog 3 HOOK3 Q86Vvs8 0.38 NaN 0.41 3.3E-35 1.0E+00 1.5E-59
60S ribosomal protein L7-like 1 RPL7L1 Q6DKI1 0.45 0.40 0.45 7.7e-61 2.3E-301  8.6E-63
Probable ATP-dependent RNA helicase DDX56 DDX56 Q9NY93-2 0.45 0.47 0.69 1.7e-63  1.3E-34  1.9e-07
DDB1- and CUL4-associated factor 13 DCAF13 ESRHM4 0.52 NaN 0.56 3.1E-19 1.0E+00 3.7E-10
COBW domain-containing protein 1 CBWD6 F5H3X4 0.52 0.54 0.57 3.9E-18 4.2E-20 8.0E-18
Non-homologous end-joining factor 1 NHEJ1 H7C0G7 0.87 0.28 0.48 2.3E-01 2.3E-162  4.6E-17
Ribosomal L1 domain-containing protein 1 RSL1D1 Q32062 0.58 0.57 0.59 7.0E-53 7.3E-124 1.3E-127
Mitotic spindle assembly checkpoint protein MAD1 MAD1L1 B3KR41 0.34 0.82 NaN 3.0E-46 4.8E-04 1.0E+00
U3 small nucleolar RNA-associated protein 14 homolog A UTP14A Q9BVI6-3 0.65 0.62 0.62 6.1E-15 4.7E-20 1.3E-26
Nucleolar protein 7 NOL7 QoumMY1 0.61 0.70 0.67 1.2E-06  7.2E-11  8.8E-05
Protein FAM207A FAM207A cauu7 0.64 0.72 NaN 1.2E-05 1.1E-03 1.0E+00
U3 small nucleolar RNA-associated protein 6 homolog UTP6 Q9NYH9 1.01 0.52 0.53 9.6E-01 1.3E-22 1.6E-12
Guanine nucleotide-binding protein-like 3 GNL3 Q9BVP2-2 0.71 0.72 0.75 8.6E-19 1.5E-22  3.0E-09
Serine/threonine-protein kinase PLK1 PLK1 P53350 0.68 0.84 0.68 4.4E-06 3.8E-03 1.2E-07
Actin-related protein 10 ACTR10 Q86TY2 0.53 0.73 0.95 1.3E-17 7.9-14  5.6E-01
Protein CutA CUTA 060888-3 0.98 0.37 0.88 5.0E-01 1.5E-259  2.0E-06
ATP-dependent RNA helicase DDX54 DDX54 Q8TDD1 0.72 0.74 0.82 8.7E-05 7.7E-08  1.6E-03
Protein RRP5 homolog PDCD11 Q14690 0.76 NaN 0.77 1.3E-12 1.0E+00 9.2E-23
Probable rRNA-processing protein EBP2 EBNA1BP2 Q99848 0.78 0.75 0.77 7.8E-06  3.0E-12  5.5E-04
Pre-mRNA-processing factor 39 PRPF39 Q86UA1 NaN 1.33 0.21 1.0E4+00 4.6E-04 0.0E+00
RRP12-like protein RRP12 Q5JTH9-2 0.78 NaN 0.78 8.6E-06 1.0E+00 1.1E-04
Probable ATP-dependent RNA helicase DDX27 DDX27 B726D5 0.80 0.78 0.82 2.6E-04 2.5E-09  3.7E-05
Ribosome biogenesis protein BRX1 homolog BXDC2 A0JLQS 0.78 0.80 0.84 1.1E-10 5.8E-11  5.2E-03
Pumilio domain-containing protein KIAA0020 KIAA0020 Q15397 0.82 0.76 0.85 3.1E-07 8.6E-16  7.9E-09
Centromere protein F CENPF P49454 0.82 NaN 0.82 1.1E-03 1.0E+00 8.2E-14
Nucleolar protein 16 NOP16 Q9Y3C1 0.84 0.85 0.78 1.6E-03  2.5E-06  6.9E-05
RNA-binding protein 28 RBM28 Q9NW13 0.82 0.78 0.88 8.7E-04 1.0E-08 8.9E-03
Nucleolar and spindle-associated protein 1 NUSAP1 Q9BXS6-4 0.81 0.95 0.79 7.6E-04 1.0E-01 1.8E-06
60S ribosomal protein L35a RPL35A P18077 0.84 0.90 0.83 6.3E-06 6.6E-05 1.5E-02
Importin subunit alpha KPNA2 Q6NVW7 0.79 0.93 0.86 3.1E-05 2.0E-02  2.0E-08
60S ribosomal protein L15 RPL15 P61313 0.85 0.85 0.88 4.1E-05 2.0E-08  2.8E-07
60S ribosomal protein L13 RPL13 Q6NZ55 0.88 0.82 0.88 1.56-03 4.6E-11  4.1E-08
60S ribosomal protein L34 RPL34 P49207 0.86 0.85 0.87 1.5E-04 4.5E-08 6.6E-02
60S ribosomal protein L7a RPL7A P62424 0.84 0.86 0.89 1.7E-05  2.4E-07 5.2E-07
60S ribosomal protein L27a L27a Q9BQQS5 0.87 0.87 0.85 4.3E-04 7.6E-05 1.3E-02
60S ribosomal protein L36 RPL36 Q9Y3U8 0.85 0.83 0.92 1.6E-05 2.7E-11  2.0E-01
60S ribosomal protein L6 RPL6 Q8TBKS5 0.87 0.85 0.89 3.98-04 1.6E-08 2.4E-06
G2/mitotic-specific cyclin-B1 CCNB1 P14635 0.83 0.94 0.84 1.0E-03 4.8E-02 4.3E-04
Pescadillo homolog PES1 B5MCF9 0.87 0.87 0.87 1.4E-02 3.1E-07 3.6E-07
Ribosomal protein L19 RPL19 Q8IWR8 0.84 0.88 0.91 6.2E-06 1.1E-05 3.2E-05
Myb-binding protein 1A MYBBP1A 131113 0.87 0.86 0.89 6.7E-04 4.7E-02  1.5E-06
60S ribosomal protein L18a RPL18A MOR3D6 0.87 0.86 0.90 3.98-04 1.4E-07 7.8E-06
40S ribosomal protein S8 RPS8 Q5JR95 0.87 0.87 0.89 3.86-04 1.0E-06  2.2E-06
60S ribosomal protein L7 RPL7 P18124 0.86 0.87 0.91 1.2E-04 1.9e-06 2.0E-05
60S ribosomal protein L4 RPL4 P36578 0.86 0.87 0.90 1.2E-04 4.4E-06  9.5E-06
40S ribosomal protein S5 RPS5 MOROFO 0.86 0.89 0.89 1.8E-04 4.9E-05 4.8E-07
40S ribosomal protein S16 RPS16 MOR3HO 0.88 0.87 0.89 1.1E-03  3.4E-06 1.6E-02
40S ribosomal protein S4, X isoform RPS4X P62701 0.88 0.87 0.90 8.8E-04 4.3E-06 6.6E-06
60S ribosomal protein L10a RPL10A P62906 0.87 0.88 0.91 4.8E-04 6.4E-06  5.6E-05
60S ribosomal protein L18 RPL18 G3Vv203 0.87 0.87 0.92 2.6E-04 3.4E-06 4.1E-04
40S ribosomal protein S23 RPS23 P62266 0.88 0.90 0.89 1.1E-03 1.6E-04  6.1E-06
60S ribosomal protein L23a RPL23A P62750 0.87 0.87 0.93 5.98-04 9.9E-07 4.9e-04
60S ribosomal protein L13a RPL13A Q53H34 0.87 0.87 0.92 4.0E-04 4.8E-06 3.6E-04
40S ribosomal protein $24 RPS24 P62847-2 0.88 0.87 0.92 1.1E-03 3.7E-07  7.9E-02
60S ribosomal protein L14 RPL14 Q6IPH7 0.88 0.89 0.92 1.1E-03 8.4E-06 1.8E-04
60S ribosomal protein L8 RPL8 E9PKZ0 0.88 0.87 0.93 1.36-03 3.9-06 1.1E-03
40S ribosomal protein S3a RPS3A Q6NXR8 0.90 0.88 0.91 6.5E-03  7.6E-06  3.6E-05
Nucleolar GTP-binding protein 1 GTPBP4 Q9BZE4 0.87 0.90 0.92 2.2E-04 6.7E-05 1.2E-03
40S ribosomal protein S11 RPS11 M0QzC5 0.89 0.89 0.91 3.6E-03 3.3E-05 2.6E-04
60S ribosomal protein L3 RPL3 P39023 0.90 0.88 0.91 6.76-03  1.1E-05 5.8E-05
60S ribosomal protein L21 RPL21 Q6IAX2 0.87 0.87 0.95 4.0E-04 2.6E-06 1.3E-02
Integral membrane protein 2A ITM2A 043736-2 0.81 1.05 0.84 2.7E-04 4.9E-01 2.7E-04
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Table 6 (continued).

Protein name Gene Protein ID L/HRL L/HR2 L/HR3 SigBR1 SigBR2 SigBR3
40S ribosomal protein S6 RPS6 Q96DV6 0.87 0.89 0.94 4.6E-04 6.6E-05 1.9E-03
60S ribosomal protein L32 RPL32 D3YTB1 0.88 0.90 0.91 1.2E-03 4.5E-04 2.0E-01
60S ribosomal protein L35 RPL35 HOY3A0 0.86 0.90 0.95 2.1E-04 1.4E-04 1.9-01
40S ribosomal protein S13 RPS13 P62277 0.86 0.87 0.98 1.5E-04 1.5E-06 4.8E-01
40S ribosomal protein S3 RPS3 P23396 0.89 0.90 0.94 1.9E-03 3.4E-04 3.2E-03
60S ribosomal protein L10 RPL10 P27635 0.92 0.91 0.91 1.56-02 5.3E-04 1.9E-04
60S ribosomal protein L12 RPL12 P30050 0.88 0.95 0.92 1.0E-03 5.7E-02 8.9E-04
Far upstream element-binding protein 3 FUBP3 Q96124 0.96 0.91 0.92 1.86-01 1.7E-04 8.1E-04
60S ribosomal protein L26 RPL26 Q6IBH6 0.88 0.89 111 7.3E-04 1.3E-04  2.6E-02
Argininosuccinate synthase ASS Q5T6L4 1.32 0.92 0.97 2.0E-05 1.5E-03 4.0E-01
Ubiquitin-conjugating enzyme E2 Z UBE2Z B4DL66 1.54 1.05 0.67 5.2E-04 7.2E-01  5.1E-05
Ribosome production factor 2 homolog RPF2 Q5VXM9 0.94 0.87 1.50 1.7E-01 1.3E-03  2.9E-07
Ribonucleoside-diphosphate reductase subunit M2 RRM2 P31350 1.01 1.15 1.16 8.4E-01 1.2E-03 6.1E-04
Interferon regulatory factor 3 IRF3 MOROR8 0.12 2.10 1.15 0.0E+00 9.7E-15 1.3E-01
Ubiquitin-60S ribosomal protein L40 UBB 13Qs39 1.10 1.15 1.13 5.0e-02 7.7E-07  1.2E-05
Heat shock 70 kDa protein 1A/1B HSPA1A P08107 1.18 1.16 1.05 3.4E-04 1.6E-07 3.0E-01
Pre-mRNA-splicing regulator WTAP WTAP Q15007 0.63 1.59 1.26 9.4E-09 2.2E-12 1.8E-05
60S ribosomal protein L27 RPL27 E4W6B6 1.30 0.86 1.44 2.9E-08 2.9e-07 1.8E-17
Ferritin FTH1 G3vi1D1 1.46 117 1.02 1.86-03 1.3E-03  9.6E-01
Telomeric repeat-binding factor 2 TERF2 H3BRO6 1.63 1.28 1.25 3.98-08 5.0E-05 2.9E-05
DDRGK domain-containing protein 1 DDRGK1 Q96HY6 2.54 3.48 1.02 7.6E-31 2.1E-91 9.7E-01
28S ribosomal protein $26, mitochondrial MRPS26 Q9BYNS8 0.71 4.94 NaN 5.1E-05 1.7E-88  1.0E+00
Leukosialin SPN P16150 2.81 3.74 3.25 9.0E-35 1.0E-96 3.5E-243
Methionine--tRNA ligase, mitochondrial MARS2 Q96GW9 2.46 5.13 NaN 2.9E-13  4.5E-54 1.0E+00
Zinc-alpha-2-glycoprotein AZGP1 C9JEVO 5.02 4.42 2.46 8.2E-10 3.8E-14 5.4E-08
39S ribosomal protein L43, mitochondrial MRPL43 Q8N983-4 4.81 3.95 NaN 1.5E-52 1.7E-100 1.0E+00
Lysozyme C LYz P61626 13.61 2.38 0.46 1.2E-128 1.0E-17 4.2E-268
Lipocalin-1 LCN1 P31025 5.84 NaN 5.55 5.7E-18 1.0E+00  1.5E-28
Prolactin-inducible protein PIP P12273 7.65 9.29 8.46 1.2E-19 3.2E-66 6.4E-91
Apolipoprotein A-| APOA1 P02647 12.48 6.13 NaN 6.5E-71 2.5E-16  1.0E+00
Dermcidin DCD P81605 13.67 8.46 8.19 5.4E-72 0.0E+00 1.2E-148
Protein S100-A9 S100A9 P06702 22.40 5.06 3.89 1.7E-76  6.5E-33  1.3E-23
Lysophosphatidylcholine acyltransferase 1 AYTL2 D3DTC2 9.20 NaN 12.73 5.7E-119 1.0E+00 0.0E+00
Protein S100-A8 S100A8 P05109 16.99 NaN 8.23 9.5E-133  1.0E+00  1.2E-32
Hemoglobin subunit alpha HBA1 P69905 20.57 14.04 10.12 7.2E-76 4.9E-120  3.5E-46
Dystrophin DMD P11532-4 22.24 21.41 4.35 1.9E-76 1.8E-164 5.4E-114
Putative uncharacterized protein DKFZp686C11235 DKFZp686C11235 Q6MZV7 40.67 NaN 2.49 1.2E-142 1.0E+00 1.1E-15
Keratin 1 KRT1 H6VRG2 52.04 46.56 31.21 3.0E-144 2.2E-173 3.1E-181
Alternative protein CSF2RB CSF2RB LOR5A1 126.44 119.70 74.13 1.3E-147 0.0E+00 0.0E+00
Mucin-19 MUC19 Q7Z5P9-2 161.79 188.39 164.67  3.9E-148 0.0E+00 0.0E+00

Since proteomic profiling of OxaPt revealed the biggest amount of significantly changed
proteins, | have started with biologic verification of those proteins first. The two drugs

remaining, cisplatin and carboplatin are currently re-analyzed to provide better results.

2.2.2.3 Bioinformatic analysis

We have analysed data by two bioinformatic tools: DAVID for protein and process
annotation and STRING for protein-protein interactions. The results from DAVID’s
functional annotation clustering shown that majority of significantly changed proteins are
involved in ribosomes, ribosome biogenesis or those proteins are localized in nucleolus
(Table 7). The output from STRING was in graphical format and is showing four main
clusters (Figure 26). First cluster contains centromere or mitosis related proteins (7
proteins), second one secretory proteins involved in innate immunity response (8 proteins),
third one contains ribosomal proteins (39 proteins) and fourth one contains nucleolar
proteins (24 proteins). Next to those clusters, there are 7 unclustered proteins, which had

connection to other proteins.
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Table 7: DAVID anotation analysis of B-significant proteins. For simplicity, only annotation
clusters with enrichment score higher than 10 are shown with six highest scored processes
for each cluster. Annotation cluster 1 is focused to ribosomes, annotation cluster 2 to

ribosome biogenesis and rRNA processing and annotation cluster 3 to nucleolus.

Annotation Cluster 1 Enrichment Score: 42.00

Category Term Count % PValue
KEGG_PATHWAY hsa03010:Ribosome 38 36.89  6.54E-58
GOTERM_BP_FAT G0:0006414~translational elongation 38 36.89  1.26E-57
GOTERM_MF_FAT G0:0003735~structural constituent of ribosome 41 39.81  7.40E-56
SP_PIR_KEYWORDS ribosomal protein 41 39.81 1.10E-54
SP_PIR_KEYWORDS ribonucleoprotein 43 41.75  9.59E-51
SP_PIR_KEYWORDS ribosome 31 30.10 1.14E-50
Annotation Cluster 2 Enrichment Score: 12.26

Category Term Count % PValue
GOTERM_BP_FAT G0:0042254~ribosome biogenesis 19 18.45  7.37E-20
GOTERM_BP_FAT G0:0022613~ribonucleoprotein complex biogenesis 19 18.45  9.22E-17
GOTERM_BP_FAT GO0:0006364~rRNA processing 15 14.56  7.94E-16
GOTERM_BP_FAT G0:0016072~rRNA metabolic process 15 14.56  1.48E-15
GOTERM_BP_FAT G0:0034470~ncRNA processing 15 1456  1.76E-11
GOTERM_BP_FAT G0:0034660~ncRNA metabolic process 16 15.53  2.27E-11
Annotation Cluster 3 Enrichment Score: 11.78

Category Term Count % PValue
GOTERM_CC_FAT G0:0005730~nucleolus 33 32.04 1.32E-17
GOTERM_CC_FAT G0:0031981~nuclear lumen 40 38.83  1.03E-13
GOTERM_CC_FAT G0:0070013~intracellular organelle lumen a4 4272 1.21E-13
GOTERM_CC_FAT G0:0043233~organelle lumen 44 42.72  2.70E-13
GOTERM_CC_FAT G0:0031974~membrane-enclosed lumen a4 42.72  5.36E-13
SP_PIR_KEYWORDS nucleus 38 36.89  8.83E-04
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Figure 26: STRING analysis of B-significant proteins. Cluster (A) shows centromere proteins
and proteins involved in G2/M stop. Cluster (B) shows common secretory proteins. Cluster
(C) shows ribosomal proteins and cluster (D) shows nucleolar proteins. Proteins in clusters

are shown in tables with respective marking.

From STRING analysis, we have obtained four above mentioned clusters — proteins localized
to centromere and involved in G2/M stop, secretory proteins involved in innate immune
response, ribosomal

proteins and proteins localized in nucleolus. For orthogonal

verification of protein abundance, we have selected at least on protein from cluster.
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A next protein cluster was created during literature survey of significantly changed protein’s
function. This cluster consists of proteins involved in DNA damage response. The table

overview with those proteins is in Table 8.

Table 8: Significantly changed proteins involved in DNA damage response. Proteins are
provided with their average fold change, intensity, Significance B p-value and reference to

their involvement in DNA damage response.

Protein names Gene names RatioL/H Reference
Glioma tumor suppressor candidate region gene 2 protein GLTSCR2 0.36 Kimetal., 2011
Non-homologous end-joining factor 1 NHEJ1 0.55 Yano et al., 2009
Pumilio domain-containing protein KIAA0020 KIAA0020 0.81 Changetal., 2011
Nucleolar and spindle-associated protein 1 NUSAP1 0.85 Kotian et al., 2014
Ribonucleoside-diphosphate reductase subunit M2 RRM2 1.11 Luetal., 2012
Telomeric repeat-binding factor 2 TERF2 1.39 de Lange et al., 2010

Validation of proteomic experiment

2.2.2.4 Immunoblot and ELISA verification

For antibody based verification, we have selected at least one protein from each STRING
cluster (Figure 26). The most of proteins were validated by western blot, with exception of
APOA1 and FTH1, for which we have used ELISA kits used in clinical biochemistry. The
results from antibody verification shown at Figure 27 show nice correlation of MS results
with antibody assays. There is often difference in the absolute numbers, but the trend is

the same in all tested proteins.
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A) Immunoblots B) Immunoblot evaluation
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Figure 27: Immunologic verification of protein fold-change in proteins CCNB1, UTP11L,
WDR 46, DDX56, RPS19 and TP53. Western blot bands in respective triplicates for OxaPt
and control is shown in A and their normalized graphical output in B. Protein levels of
APOA1 and FTH1 were verified by ELISA kit. Their relative intensity compared with MS
intensities is in C. Graph columns marked with * have p-value below 0.05 according to t-

test.

2.2.2.5 Immunofluorescence staining

In the Figure 27, we have done immunologic verification of MS results. However, MS, WB or
ELISA assays don’t tell anything about protein localization. To overcome this, we have
performed IF staining of RPS19, DDX56 and UTP11L to elucidate their localization. As can be
seen from Figure 28, all proteins localized mainly in nucleolus and followed the same

expression trend after treatment.
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Figure 28: Immunofluorescent staining of UTP11L, DDX56 and RPS19 visualizes their

nucleolar localization.
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2.2.2.6 Microscopy staining

There were many of nucleolar and ribosomal proteins significantly changed after OxaPt
treatment. Next step of evaluation was thus a light microscopy of whole nucleoli. For this
purpose, we have used old, but proven method of toluidine blue staining with evaluation to
three histologic nucleoli types: compact nucleoli, which are metabolically active; ring
nucleoli, which are reversibly (e.g. during cell cycle) inactive, and micronucleoli, which are
permanently inactive. In the Figure 29, we can see strong shift from compact nucleoli in

control to micronucleoli after OxaPt treatment.

A) Toluidine staining of nucleolus
Control L-OHP

B) Distribution of nucleolar types C) Examples of nucleolar types

809 Compact

Ring

Control L-OHP treated Micronucleoli
® Compact = Ring  MMicronucleoli

Figure 29: Toluidine blue staining of control and L-OHP treated CCRF-CEM cell line (A).

Distribution of different nucleolar types is shown in B and their examples in C.



2.2.3 Discussion

Here | show large scale proteomic profiling experiment aimed to describe cellular response
to drug treatment. In this experiment were used different mass spectrometers — ESI-IT,
MALDI-TOF and nESI-Orbitrap. In this comparison, nESI-Orbitrap provided the best
identification results (except of sequence coverage) from the same samples. What is
interesting is a discrepancy between count of analyzed and identified spectra. This
phenomenon has been already described [187] and offers a space for improvement in
search engines. This discrepancy was highest in MALDI-TOF experiment, however here it is
not because of search engine, but it is caused by nature of MALDI acquisition strategy. In
precursor ion scan, there are all peaks with signal to noise ratio higher than 7 selected for
fragmentation. The fragmentation procedure starts from most intense peaks, thus first few
of spectra obtained are of high quality. However, moving to less intense peaks together
with intensive laser burn of sample produces very low quality spectra for the least intense

peaks.

The protein lists obtained from ESI-IT and MALDI-TOF analyses were processed together
because their reported complementarity [188]. For determination of significantly changed
proteins, a common condition of significance in proteomic experiments, two-time fold
change ratio, was chosen [188]. Unfortunately, results are rather disappointing, since only
13-15 proteins from particular datasets were changed at least two-times. From such a few
results it is impossible to elucidate cellular response to drug treatment. A re-analysis of
already prepared samples on nESI-Orbitrap provided 32 proteins significantly changed in
case of CisPt, 29 proteins for CarboPt and 107 proteins for OxaPt using more sophisticated
Significance B algorithm [138]. The reason, why OxaPt provided such a huge amount of
proteins and allowed to reconstruct several response processes (discussed below) and Cis
and CarboPt didn’t is still under evaluation. In the time of writing this thesis, there are new
samples of CisPt and CarboPt treated cells prepared to MS analysis. Treatment conditions

are based on carefully re-analyzed ICso and time to apoptosis values.

We defined a protein as having been significantly up- or down-regulated if it had a
significance B p-value below 0.05 in at least two replicates (Table 6). Bioinformatic analyses
of these proteins were performed using the functional annotation clustering method
implemented in DAVID. This method assigned high scores to ribosomal and nucleolar
clusters (Table 7) A second, complementary, analysis based on protein-protein interactions

was performed using STRING. This revealed four distinct clusters (Figure 26) corresponding
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to proteins related to the centromere and G2/M checkpoint (Figure 26 A), secreted proteins
(Figure 26 B), ribosomal (Figure 26 C) and nucleolar proteins (Figure 26 D) Proteins from

clusters A, Cand D are also involved in responses to cellular damage and stress [189].

Some of the proteins identified as being significantly up- or down-regulated (FAM207A,
ACTR10, HSPA1A, FTH1, MARS2, MRPL43 and LPCAT1) remained unclustered in the STRING
analysis (Figure 26) Literature searches on these proteins only revealed relevant
information for HSPA1A, FTH1 and LPCAT1. HSPA1A functions as a protein chaperone, but it
is also involved in anti-inflammatory and anti-oxidant processes [190] and DNA damage
responses [191]. FTH1 is involved in innate immune reactions and is overexpressed upon
lipopolysaccharide stimulation [192], anoxia or oxidative stress [193], among other things.
FTH1 (ferritin) has been considered as a vehicle for platinum drugs [194]; it is possible that
such drugs may form ferritin conjugates and thus induce its overexpression. LPCAT1 is
reported to have anti-inflammatory properties [195]. The change in the levels of FTH1 was

verified by ELISA (Figure 27).

Cluster A (Figure 26) contained proteins related to the centromere and G2/M cell cycle
phase. L-OHP has been reported to arrest mitosis at the G2/M checkpoint [196]. This is
consistent with our observation that L-OHP treatment caused the downregulation of cyclin
B1 (CCNB1) [197] and PLK1 [198], as well as proteins interacting both with centromeres and
microtubules such as NUSAP1[199], MAD1L1 [200], HOOK3 [201], CEP41[202] and CENPF
[203] (Table 8). The downregulation of CCNB1 following L-OHP treatment has been

observed previously [204] and was verified by immunoblotting (Figure 27).

Cluster B (Figure 26) consisted of proteins secreted extracellularly, all of which were
upregulated and many of them seems to associate with histogenetic origin of CCRF-CEM
cells (T lymphocytes/lymphoblasts). LYZ is involved in innate immunity and ameliorates
oxidative stress [205] and has previously been reported to be elevated after cisplatin
treatment [206]. SPN is a one of the major glycoproteins in T-cells; it is involved in cellular
adhesion and its upregulation activates the p53 protein, which can lead to cell cycle arrest
[207]. In addition, p53 plays a central role in DNA damage responses, as discussed below.
Lipocalin 1 (LCN1) is a transporter of small hydrophobic molecules [208] and the increase in
its expression is probably linked to L-OHP detoxification. According to a previous report
[209], LCN1 is a potential biomarker of cisplatin-induced nephrotoxicity. AZGP1 is involved
in lipid metabolism and has been identified as a promising biomarker of different types of

carcinomas. It effects the cell cycle by downregulating the cyclin dependent kinase cdc2
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and slows the G2/M transition [210]. PIP, which was also upregulated in our experiments, is
a potential cancer biomarker whose abundance increases in breast and prostate cancers
and which binds to AZGP1 [211] Variation of APOA1 level can be linked to poor prognosis in
cancer, both without [212] and with cisplatin treatment [213]. APOA1 reportedly has anti-
inflammatory, anti-apoptotic, and (of particular relevance during L-OHP treatment),
antioxidant activity. As such, it is reasonable to suppose that the increase in APOA1l
expression following L-OHP treatment is due to the high oxidative stress induced by the
drug, so an increase in APOA1 expression can be regarded as a biomarker for effective L-
OHP therapy [214]. The interaction between APOA1 and its cellular receptor, ABCA1,
triggers several signaling events. These include the activation of the Cdc42 protein (which
leads to cytoskeletal reorganization) and changes in the ability of other oncoproteins,
including Ras and EGFR, to induce cellular transformation. In addition, binding partners of
APOA1 such as APOL1 are involved in autophagy. Identifying the mechanisms that
modulate APOA1 gene expression could lead to a deeper understanding of L-OHP’s
mechanism of action, and APOA1 expression could be monitored as a biomarker for
treatment response. Two other proteins that were identified as being significantly
upregulated, S100A8 and S100A9, are known to be involved in acute inflammatory
responses and the induction of apoptosis via the release of nitric oxide and reactive oxygen
species [215]. The differential overexpression of APOA1 following L-OHP treatment was

verified using ELISA (Figure 27).

We observed statistically significant downregulation of several ribosomal proteins in cluster
C (Figure 26). This is a sign of ribosomal stress, which causes the shutdown of ribosome
biosynthesis [189]. However, ribosomal proteins were not regulated uniformly: some
ribosomal proteins were downregulated non-significantly (e.g. RPS19, whose
downregulation was verified by immunoblotting and microscopy — Figures 27 and 28) and
others exhibited no detectable change in expression (e.g. RPL5, RPL11; Protein list
appended electronically on CD). These differences in ribosomal protein expression may be
connected to the roles of the ribosomal proteins in nucleolar stability, rRNA synthesis or
p53 activation [216]. L-OHP treatment would be expected to affect ribosomes [217] and the

ribosomal pathway may be involved in the development of L-OHP resistance [218].

Correspondingly to down-regulation or ribosome biosynthesis, the concentration and
distribution of proteins localized in nucleolus shown in Figure 26 may indicate nucleolar
stress, which reportedly causes the shrinkage or disruption of nucleoli under stress

conditions [219] and has been reported to occur after L-OHP treatment [220,221]. We were
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able to reproduce these results during the early stages of the L-OHP response (Figure 29)
and observed a clear shift towards metabolically inactive micronucleoli (12% to 69%, Figure
29C). This phenomenon is reflected in our proteomic data, which show the downregulation
of proteins involved in the small (UTP11L, UTP6, UTP14A, DCAF13, PNO1 and WDR46 [222-
225]) and large (NSA2, PES1, DDX27, EBNA1BP2 (EBP2), RBM28, RPF2 and EFTUD1 [226—
232]) ribosomal subunit processomes, RNA processing proteins(NOP16, DDX proteins
[233,234]), nucleolar stress sensors (MYBBP1 [235]) and PES1 interactors (BRIX1, RRP12
[227]). We selected three proteins from this set — UTP11L, WDR46 and DDX56 — for
immunoblot verification because of their high fold changes (Figure 26); in all three cases,
immunoblotting confirmed their downregulation (Figure 27) and change of nucleolar
localization was confirmed by immunofluorescence microscopy (Figure 28). Nucleolar stress

was observed also using light microscopy (Figure 29).

In addition to the proteins assigned to the clusters shown in Figure 26, we found that
several of the proteins identified in the proteomic analysis have previously been reported
to be involved in DNA damage responses (Table 8). DNA damage is known to trigger
nucleolar and ribosomal stress [189] and the formation of DNA-platinum crosslinks is well
established as the main effect of platinum drugs [172]. In our experiments with L-OHP
treatment, we observed the upregulation of the DNA damage response proteins TERF2
[236], RRM2 [237] as well as the downregulation of other DNA damage response proteins
such as NHEJ1 [238], NUSAP1 [239], GLTSCR2 [240], and KIAA0020 [241].

Ribosomal and nucleolar stress are closely linked. Downregulation of nucleolar RNA
processing and ribosomal processome proteins shuts down ribosome biosynthesis. On the
other hand, nucleolar stress is triggered by DNA damage-induced inhibition of RNA
polymerase | [242]. Our experiments revealed no changes in the expression of RNA
polymerase | upon L-OHP treatment (Table in electronic appendix). However, nucleolar
stress responses can also be activated via TOPBP1 [243] While our analysis identified

TOPBP1, we were not able to quantify this protein (Table in electronic appendix).

Nonetheless, all three stress responses (ribosomal, nucleolar and DNA damage) are known
to activate the p53 pathway. The activation of this pathway by DNA damage responses is
well described and reviewed elsewhere, and the main pathway of DNA damage-dependent
p53 activation is through nucleolar disruption [189]. Nucleolar and ribosomal stress
primarily activates p53 as a consequence of the binding of MDM 2 to the free ribosomal

subunits RPL5 and RPL11 [189]. We were only able to quantitate a change in the expression
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of the p53 protein in one of our three replicate analyses, in which its expression increased
by a factor of 1.73. The increase in its expression upon L-OHP treatment was subsequently
verified by immunoblotting (Table in electronic appendix, Figure 27). Although the
nucleolar stress response pathway is predominantly p53-dependent in mammals, there are
other mechanisms of apoptosis activation driven by nucleolar stress. Those mechanisms
occurring in cancer or organisms lacking a p53 protein homolog are reviewed by James et
al. [244]. Cancer cells generally have unusually large nucleoli [245], and one of the proteins
involved in the p53-independent nucleolar stress response, pescadillo (PES1), has been
shown to be upregulated in p53'/' cells and in cancer. In keeping with our results,

downregulation of PES1 reportedly leads to cell cycle arrest and apoptosis [246] (Table 6).

Introduction of nucleolar stress plays an important role in cancer treatment. This can be
illustrated by the wide range of anticancer drugs that cause such stress, including L-OHP,
cisplatin [247], and etoposide [242]. Indeed, some authors have suggested that nucleolar
stress proteins may be viable targets for anti-cancer drug development [248] because drugs
selectively targeting the nucleolus would be unlikely to cause major genotoxic stress and

additional mutations.

Prior to this work, the effects of L-OHP treatment on nucleolar stress had only received
passing attention, notably in Jamieson’s investigation into the use of microscopy to monitor
nucleolar shrinkage [220]. This shrinkage correlates with observed level of neuropathy in
rats or mice, and can be modulated by sequential dosage with paclitaxel and L-OHP [220].
Study of L-OHP induced nucleolar stress was allowed using modern proteomic high
resolution MS techniques based on Orbitrap mass analyzer. We have done this experiment
on parallel ESI-HIT and MALDI-TOF/TOF techniques previously. Hovewer, using such
technology, we weren’t able to see significant signs of nucleolar stress except of few

ribosomal proteins.

Interestingly, extensive proteomic profiling of L-OHP treated CCRF-CEM cells did not
revealed activation of apoptotic machinery, thus confirming validity of our approach based
on treatment of cells with cytotoxic drugs for time corresponding to half-time to induction

of apoptosis.

The data from this part has been published in two articles: “The comparison of mass
spectrometry approaches in proteomic profiling of drug responses” (Appendix B), accepted
for publication in Chemagazin, discusses used methods and compares MS approaches.

“Proteomic profiling reveals DNA damage, nucleolar and ribosomal stress are the main
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responses to oxaliplatin treatment in cancer cells.” shows biological interpretation of OxaPt
drug response analyzed by nESI-Orbitrap. This article is submitted to Journal of Proteomics.

MS data are available via ProteomeXchange with identifier PXD003543
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2.3 Determination of asporin in breast cancer derived cell

cultures.

The next part of this thesis is focused to 45 kDa extracellular protein asporin, which has
been discovered by three independent groups in 2001 [249-251]. Asporin plays an
important role in development of normal tissues, in particular of odontogenesis [252],
osteoathritis [253] or in cartilage and bone development [254]. Asporin binds to
transforming growth factor-p or collagen type Il via aspartic acid rich N-terminal region and
central part of protein [255]. Asporin inhibits collagen fibrilogenesis by competition with
decorin in binding the same sites of collagen. This competition may have a role in regulating
the development of extracellular matrix. The asporin N-terminal polyaspartate domain also
binds calcium, and works in concert with other domains in order to initiate the
mineralization of collagen [256]. The crystal structure of asporin hasn’t been solved yet,
however, there is a computational model of asporin (Figure 30) available from Protein

model portal [257].

Figure 30: A computational model of asporin (accession Q9BXN1) made by Swissmodel

group from University of Basel. Model is accessible via Protein model portal [257].

Asporin is involved in disease development as well. Genetic polymorphisms of asporin have

been associated with various bone and joint diseases, including osteoarthritis, rheumatoid
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arthritis and lumbar disc disease [258]. Asporin has been studied e.g. in Duchenne muscular
dystrophy [259], in tissue samples of degenerative mitral valve disease [260], or in cancer
biology, mainly in the sense of elucidating its function [261,262] or as a possible biomarker

[263,264].

The current study is focused to role of asporin in cancer progression. Asporin is connected
with higher metastatic potential in pancreatic cancer [263] and faster proliferation in
gastric cancer [262]. On the other side it has been found as a tumor suppressor in breast
cancer [265]. The role of asporin in growth, migration and invasion of cancer cells was
studied by Dana Simkova (Appendix C).The proteomic task in this project was to verify
antibody specificity, what is supposed to be better approach than verification of MS results

by antibody based method [155], and provide orthogonal quantification information.

2.3.1 Material and methods

2.3.1.1 Production of recombinant asporin

One milliliter aliquot of frozen bacterial culture containing the plasmid carrying the gene for
asporin was thawed and suspended in 100 ml of LB medium (10 g NaCl, 10 g tryptone, 5 g
yeast extract per liter) with kanamycin (75 mg/L) and incubated overnight on a heated
rotation shaker (37°C). The next day this starting culture was added to 1 liter of fresh LB
medium containing kanamycin. The culture was again incubated on rotation shaker until
reaching the sufficient density for the induction (0.D.600=0.6). Expression of the
recombinant asporin was induced by Isopropyl-B-D-thiogalacto-pyranoside (IPTG, final
concentration 1 mM), bacteria were incubated for another 5 hours and then harvested by
the centrifugation. Bacterial pellet was resuspended in denaturating lysis buffer (8 M urea
buffered by 50mM Tris, pH 8), sonicated (10x10 s, 2 min intervals) and centrifuged (10000g,
10 min, room temperature). The obtained supernatant was used for protein purification
using the metaloaffinity chromatografy with Ni-NTA agarose. Washing and elution was

performed using buffers with decreasing pH (8 M urea, pH 6.3; 5.9 and 4.5).

2.3.1.2 Cell lines

All experiments with human cell lines and E. Coli clones were done by co-authors of
recently published article (Appendix C). Briefly, Hs578t cells, obtained from ECACC
(Salisbury, UK), MDA-MB-231 and BT-549, obtained from American Type Culture Collection
(Rockville, MD, USA) and the gingival fibroblasts obtained from healthy donors were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM; Life Technologies, Carlsbad, CA)
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supplemented with 10 % foetal bovine serum (FBS, Thermo Scientific, MA, USA), 1%

penicillin/streptomycin (Life Technologies) and insulin (10 pg/ml) (Life Technologies).

For asporin overexpression, E. Coli and two human cell lines, MDA-MB-231 and BT-549,
were transfected either with ASPN full length sequence (TrueClone, pCMV6-AC, Origene) or
with open reading frame (TrueORF, pCMV6, Origene) sequence using Neon Transfection
System (Life Technologies). Stable cell lines were selected with 0.5 mg/ml geneticin for 2

weeks and then kept under low selection pressure at 0.1 mg/ml geneticin.

2.3.1.3 Immunoblotting

Cells were harvested into RIPA buffer (50 mM Tris HCI pH 8.0; 150 mM NaCl; 1% NP-40 0.5%
sodium deoxycholate; 0.1% SDS) supplemented with protease/phosphatase inhibitor
cocktail (Roche). Twenty micrograms of whole cell lysate were separated by electrophoresis
in 10% Bis-Tris polyacrylamide gel followed by blotting to nitrocellulose membrane. Non-
specific binding sites were blocked by incubating the blots for 2 hrs at room temperature
with 5% (w/v) non-fat dry milk in PBS. Blots were incubated overnight with primary
antibodies at the following concentrations: anti-ASPN (1:1000; # HPAO008435; Sigma-
Aldrich, Protein Atlas; plus other antibodies specified in Supplementary Table 1), anti-FAK
pY397 (1:500, Life Technologies), and anti-GAPDH (1:25000; Sigma-Aldrich) was used as a
loading control. Secondary antibodies were as follows anti-rabbit 1gG, HRP-linked Antibody
(#7074) and Anti-mouse 1gG, HRP-linked Antibody (#7076), both purchased from Cell
Signaling Technology, MA, USA. Signal detection was performed with Dura/ Femto ECL

western blotting substrate (Thermo Scientific, MA, USA).

2.3.1.4 In-gel and on-membrane digestion

In-gel digestion was performed as described in chapter 1.2.1.4. SDS-PAGE gel was stained
by Coomassie stain and photographed using Bio-Rad GS-800 calibrated densitometer.
Selected bands were chopped, destained using 50 mM ammonium bicarbonate/acetonitrile
washes, reduced with 50 mM Tris(2-carboxyethyl)phosphine at 90°C for 10 minutes and
alkylated with 50 mM iodoacetamide for 1 hour in the dark. Samples were then washed
three times with water and acetonitrile successively, with last 50% acetonitrile wash.
Samples were solubilized and trypsinized in trypsin buffer (6.25 ng/ul trypsin, 50 mM 4-
ethylmorpholine, 10% v/v acetonitrile, pH 8.3) overnight at 37°C. The supernatant was
transferred into new eppendorf tubes and peptides were extracted from gel pieces
successively in three steps by 80% acetonitrile with 0.1% TFA, 0.1% TFA in water and with

50% acetonitrile. Extracts were pooled and dried in SpeedVac (Eppendorf). Dried samples
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were reconstituted in 5 pl of 80% ACN with 0.1% TFA and diluted with 145 ul of 0.1% TFA.
Reconstituted samples were purified using a C-18 MacroTrap column (Michrom
Bioresources, USA), dried in SpeedVac and resuspended in 20 pl of 5% acetonitrile with

0.1% formic acid for LC-MS/MS analysis.

On-membrane digestion was performed according to Luque-Garcia and Neubert [266].
Immunoblotted nitrocellulose membrane before blocking was stained with 0.2% (w/v)
Ponceau S, chopped, blocked with 0.5% (w/v) polyvinylpyrrolidone PVP-40 and incubated
30 min at 37°C with agitation. After incubation with PVP-40, membrane slices were washed
three times with MilliQ water and digested using 12.5 ng/uL trypsin dissolved in 50 mM
ammonium bicarbonate overnight. The peptides were isolated using excess of acetone
added to dry membrane. Acetone dissolves nitrocellulose and currently precipitates
peptides. Samples were centrifuged 10 min at 14,000 g at room temperature, supernatant
was removed and precipitate was allowed to dry. Dried precipitate was reconstituted prior

MS analysis in 5% acetonitrile and 0.1% formic acid buffer.

2.3.1.5 MALDI-TOF analysis

The LC-MALDI-TOF analysis was performed similar way as in proteomic profiling experiment
(Chapter 1.2.1.5). Briefly, samples were separated in Agilent Capillary 1200 (Agilent
Technologies, USA) coupled with Proteineer fc (Bruker Daltonics, Germany) spotting
machine and Michrom (Michrom Bioresources, USA) Magic C18AQ column with diameters
0.2 x 150 mm and particle size 5 p and 200 A inner material size. Fractions were collected to
384 spots, each with 8 seconds step and 1 pl of 1 pg.ml™ a-cyano hydroxycinnamic acid.
Mass spectra were acquired on Bruker Ultraflextreme instrument (Bruker Daltonics,
Germany) with m/z scale 700 — 3500, reflectron positive mode. Acquired spectra were
automatically evaluated by WARP-LC and FlexAnalysis software (Bruker Daltonics, Gemany)
and this software also selected a parent masses for subsequent MS/MS acquisition.
Obtained mass spectra were analysed by Proteinscape 3.1.0 348 software (Bruker
Daltonics, Germany), where those mass spectra were searched by two algorithms — Mascot
(Matrix Science, UK) and Phenyx (Genebio, Switzerland). Search results from both

algorithms were collected and processed by Proteinscape’s utility Protein extractor.

2.3.1.6 nESI-Orbitrap analysis

nESI-Orbitrap analysis was performed the same way as in previous project. An Orbitrap Elite
(Thermo) instrument fitted with a Proxeon Easy-Spray ionization source (nESI-Orbitrap),

coupled to an Ultimate 3000 RSLCnano chromatograph. One microliter of sample was
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loaded on a PepMap 100 (75 um x 2 cm, 3 um, 100 A pore size) desalting column (Thermo)
“in-line” with a PepMap RSLC (75 pm x 15 cm, 3 pum, 100 A pore size) analytical column
(Thermo) heated at 35°C. The FTMS resolution was set to 120,000 and precursor ions were
scanned across an m/z range of 300.0- 1950.0. The twenty most intense ions were selected
in the linear ion-trap for fragmentation by collision (CID) in the orbitrap. Collision energy of
35eV was applied throughout. MS data search was performed using MaxQuant software

package with SwissProt human database downloaded 4. 4. 2013.

2.3.1.7 MRM targeted analysis

MRM assay was performed on AB Sciex QTrap 5500 mass spectrometer coupled with
Dionex Ultimate 3000 LC. Two standard peptides with sequences LYLSHNQLSEIPLNLPK and
YWEMQPATFR (JPT Peptide technologies, DE) were used for optimization with five most
intense transitions for the first peptide and eight for the second (Table 9). Mass
spectrometry parameters were following: lon source gas flow (GS1) 10 |/min, curtain gas
flow (CUR) 10 I/min, lon spray voltage 2800 V. Liquid chromatography conditions were
following: Column was a Thermo PepMap RSLC (75 um x 15 cm, 3 pm, 100 A pore size),
mobile phase A was water with 0.1% formic acid, B was acetonitrile with 0.1% formic acid.
Total analysis length was 60 minutes with following gradient: 0 — 10 min 5% B; 10 - 40 min
increase to 35% B; 40 - 41 min increase to 95% B; 41 — 45 min hold for 95% B; 45 — 46 min
decrease to 5% B and the rest of analysis was equilibration at 5% B. One microliter of
analyzed sample, either standard, positive control or unknown sample was loaded.
Resulting spectra were Gaussian smoothened and exported from Analyst software (AB

Sciex).
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Table 9: MRM transitions of LYLSHNQLSEIPLNLPK and YWEMQPATFR peptides. Q1 is mass
set on first quadrupole, Q3 mass set on third one. DP is Declustering Potential, CE Collision

Energy and CXP Collision Cell Exit Potential.

Peptide Ql1(Da) Q3(Da) Time(ms) DP (V) CE(V) CXP(V)
LYLSHNQLSEIPLNLPK (3+) 660.43 681.50 150 121 25 18
660.43 649.90 150 121 19 16
660.43 593.40 150 121 23 50
660.43 682.40 150 121 25 20
660.43 438.40 150 121 37 36
YWEMQPATFR (2+) 664.63 608.50 50 141 27 16
664.63 591.40 50 141 29 18
664.63 552.40 50 141 35 40
664.63 979.50 50 141 29 28
664.63 551.50 50 141 35 12
664.63 719.40 50 141 27 26
664.63 609.40 50 141 29 16
664.63 592.20 50 141 31 18

2.3.1.8 PRM targeted analysis

PRM targeted analysis was performed on an Orbitrap Fusion (Thermo Scientific) instrument
fitted with a Proxeon Easy-Spray ionization source, coupled to an Ultimate 3000 RSLCnhano
chromatograph. Ten microliter of sample was loaded on a pu-Precolumn C18 PepMap 100
(300 pm x 5 mm, 5 pm, 100 A pore size) desalting column (Thermo Scientific) “in-line” with
a PepMap RSLC (75 pm x 50 cm, 3 pm, 100 A pore size) analytical column (Thermo
Scientific) heated at 35°C. The peptides were subsequently separated on the analytical
column by ramping the organic phase from 5% to 35% during a total run time of 165
minutes. The aqueous and organic mobile phases were 0.1% formic acid diluted in water or
acetonitrile, respectively. There were two parallel experiments running simultaneously on
mass spectrometer. The first one was single FTMS scan with resolution set to 120,000 and
precursor ions scanned across an m/z range of 400- 1600. The second experiment was
targeted MS2 with HCD collision and Orbitrap detector. Resolution was set to 30,000 and
HCD collision energy to 35%. The resulting spectra were evaluated in Skyline-daily

2.6.1.6899 software [267].

2.3.1.9 Linearity assay

Hela cells were lysed using RIPA buffer (50 mM Tris HCI pH 8.0; 150 mM NaCl; 1% NP-40
0.5% sodium deoxycholate; 0.1% SDS) on ice for 30 min and lysate was centrifuged at

cooled centrifuge with speed 20000 g for 10 min. Protein content was measured using the
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BCA assay (Sigma). Ten microgram proteins from this lysate were spiked with concentration
range from 100 ng to 10 zg of recombinant asporin. Spiked samples were digested in-
solution using incubation with 6 uM DTT for 30 minutes at 57°C for protein reduction, 11
UM of iodacetamide for 1 hour at dark for sample alkylation and 12 ng/ul of trypsin for
overnight digestion at 37°C. Samples after digestion were evaporated using vacuum
centrifuge, reconstituted in water with 5% acetonitrile and 0.1% TFA, purified using

Macrotrap (MiChrom) column and analyzed by PRM analysis.

2.3.2 Results

2.3.2.1 Quality control of stably transfected E. Coli

The first task of this project was to validate effectivity of two clones of stably transfected E.
Coli expressing recombinant asporin. In the first case, His-tag affinity purified proteins from
the first one has been separated on SDS-PAGE gel and chopped gel slices were subjected to
MALDI-TOF analysis with search against human and E. Coli database. Resulting scores of E.
Coli protein are higher and better corresponding with band intensity. The identification
scores of human proteins are — with exception of Heat shock protein HSP90 in band 6 —

which may be caused by a high homology of chaperones accross species (Figure 31).

Band Marker (kDa) Band Database Protein Score
250 1 E. Coli Glutamine--fructose-6-phosphate aminotransferase 618.6

Human Lymphoid-restricted membrane protein 38.9
150 2 E. Coli Alkyl hydroperoxide reductase 23511

100 = Human Src substrate cortactin 69.6

3 E. Coli Elongation factor Tu 2 359.7

1 54 Human putative 34.6

| o 50 4 E. Coli Glycerol dehydrogenase 556.0
| Human Lymphoid-restricted membrane protein 31.7
5 E. Coli Uncharacterized protein YbiB 887.4

Human Lymphoid-restricted membrane protein 347

6 E. Coli FKBP-type peptidyl-prolyl cis-trans isomerase slyD 496.2

Human Heat shock protein HSP 90-beta 323.8

7 E. Coli GTP cyclohydrolase 1 709.6

Human Kinesin-like protein KIF27 74.3
8 E. Coli Catabolite gene activator 13091

Human Lamin-B1 33.0

Figure 31: Coomassie blue stained SDS-PAGE gel of His-Tag purified E. Coli lysate. In the
table are shown proteins with the highest score in particular band for E. Coli and human

database.

The second stably transfected E. Coli clone was prepared as three different cellular lysates —

first, “native” lysis buffer contained Tris buffered saliva with lysozyme only (N), lysis buffer
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with 1% SDS (S) and lysis buffer with 8M Urea (U). Those cellular lysates has been separated
on semi-preparation SDS-PAGE with 200 pg of protein loaded. Two fractions from each

sample, shown on Figure 32, were chopped for further analysis.

E. ColiU

. r
Figure 32: SDS-PAGE gel resolving three different E. Coli lysates. N means for cells lysed

with native lysis buffer, S with SDS lysis buffer and U with urea lysis buffer. Area marked red

was chopped for MS analysis.

In-gel digested bands were subjected to parallel MALDI-TOF and nESI-Orbitrap analyses.
This time, asporin was identified in all samples (Table 10) with different intensity and
probability score. MALDI-TOF and nESI-Orbitrap are independent methods with different
scoring system. MALDI-TOF uses MASCOT probability score and MaxQuant used in
evaluation of nESI-Orbitrap results summed intensity. Both values were followed by their
respective sequence coverages and shown in Table 10 for comparison of lysis buffer
efficiency. Lysates produced with SDS lysis buffer provided the highest yields of asporin
from stably transfected E. Coli clone. This lysate was further used as a positive control in the

targeted analyses.
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Table 10: MALDI-TOF and nESI-Orbitrap results of asporin identification in E. Coli lysates.
Score is expressed in Mascot probability score and intensity, which is sum of all peptide ion
intensities per protein. Sequence coverage (SC) is the only qualitative parameter, which can

compare both mass spectrometers.

Sample MALDI-TOF nESI-Orbitrap
Score SC(%) Intensity SC (%)
N1 79.6 4.5 6.4E+06 12.1
N2 NA NA 5.0E+06 21.3

S1 1191.6 33.7 8.5E+07 46.1
S2 1362.8 36.3 6.4E+07 40.8
ul 750 21.8 1.4E+07 27.1
U2 909.2 32.1 9.3E+06 211

2.3.2.2 Antibody verification on cell lines

The next task was verifying of antibody specificity by MS techniques according to Aebersold
[155]. For this reasons, two nitrocellulose membranes were run in parallel. One was
processed in regular way with anti-asporin antibody and chemiluminiscence detection
(Figure 33). Based on this information, positively stained bands from non-blocked second

membrane was chopped and processed by on-membrane digestion protocol.
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Figure 33: WB membrane of cell lines incubated with Lund anti-asporin antibody (Appendix

C). Rounded bands were chopped and prepared for MS analysis.

MS analysis was performed in parallel by MALDI-TOF and nESI-Orbitrap. In average, we
have identified 9 + 4 proteins per spot by MALDI-TOF and 546 + 123 proteins by nESI-
Orbitrap. However, asporin haven’t been identified in any of samples. The next step was to
analyze a preparative electrophoretic gel with 200 pg of protein loaded (Figure 34). This gel

was run in parallel with immunoblot.

Figure 34: Parallel WB analysis (A) and preparative SDS-PAGE gel (B). Red squares indicate

the range of molecular weights chopped for successive MS analysis.
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The digests from preparative electrophoresis were analyzed on nESI-Orbitrap. The results
were very similar to above mentioned. Unfortunately, asporin wasn’t detected even in
those samples. The fail of identification approach led us to development of targeted MS
assays. Digested extracts frompreparative electrophoresis were used for optimization of

targeted approach.

2.3.2.3 Targeted MS analysis

Targeted MS analyses were performed on two instruments. The first one was quadrupole-
ion trap hybrid mass spectrometer. We have optimized transitions for peptides
LYLSHNQLSEIPLNLPK and YWEMQPATFR according to Table I. The chromatogram of

synthetic peptides with 10 fmol amount is provided in the Figure 35.

2x10°
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Figure 35: Chromatogram of MRM transitions of 10 fmol peptide standards with sequence

LYLSHNQLSEIPLNLPK (blue-red) and YWEMQPATFR (green).

For further validation of sample processing efficiency, 11.9 pmol of recombinant asporin
was loaded into SDS-PAGE gel, chopped, digested and analysed using MRM (Figure 36). A

weak, but still detectable signal has been observed.
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Figure 36: MRM chromatogram for 11.9 pmol of recombinant asporin. Monitored peptides

were LYLSHNQLSEIPLNLPK (blue-red) and YWEMQPATFR (green) as above.

The E.Coli S1 digest was selected as a positive control for determination of matrix effect of
complex biological sample. Processing of this lysate has been described before. The

resulting peak resembles signal of standard peptides (Figure 37).
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Figure 37: MRM transitions spectra for E. Coli S1 cellular lysate. Monitored peptides were

LYLSHNQLSEIPLNLPK (blue-red) and YWEMQPATFR (green).
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Those optimization results looked promising. Cellular lysate of BT549-ASPN, which has the
strongest asporin expression (Figure 34), were thus analyzed by MRM. On the figure 38,
there is a zoom-in to spectrum of BT549-ASPN showing a weak peak masked by noise.

Asporin content in other samples was, unfortunately, below limit of detection.
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Figure 38: Zoom-in of MRM chromatogram of BT549-ASPN cell lysate. Arrow points peak of
LYLSHNQLSEIPLNLPK (blue-red) peptide. This peak is unfortunately under limit of detection.

As with MS identification approach, we have failed to verify antibody specificity with
sensitive MRM approach. Therefore, we have tried PRM targeted analysis performed on
orbitrap with high resolution and accuracy. PRM is thus very clean transition spectra.
Reduced noise thus increases sensitivity. Another advantage of PRM analysis is a good
tutorial in Skyline program, which allowed setting up transitions for more peptides than in
MRM analysis. Those peptides were MLDLQNNK 2+ (Peptide 1), LYLSHNQLSEIPLNLPK 3+
(Peptide 2), ISTVELEDFKR (2+ Peptide 3 and 3+ Peptide 4) and ITDIENGSLANIPR 2+ (Peptide
5). The intensities of these peptides for samples from Figure 34 are shown at Table 11.
Although weak, those MS intensities correspond to intensity WB signals reported above.
Signal of this strength laid under limit of quantification (see below) and asporin

concentration in different cell lines couldn’t been thus determined.
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Table 11: PRM transition intensities (in counts per second) of asporin measured in selected

cellular samples.

sample Pepl Pep2 Pep3 Pep4d Pep5
Hs578T 1 0 0 600 0 0
Hs578T 2 0 0 0 0 0

Gingival fibro. 1 0 500 1500 0 600
Gingival fibro. 2 0 0 0 0 0

BT549-ASPN 1 500 1500 1500 2500 2000
BT549-ASPN 2 0 1000 0 0 0
MDA-MB-2311 0 0 400 0 0
MDA-MB-231 2 0 0 0 0 0

Successful validation of antibody specificity led to a need of orthogonal verification of
results from odontogenic differentiation (Figure 39). MS and WB intensities were in good

correlation in this case as well.
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Figure 39: WB and MS analysis of samples after odontogenic differentiation. Peptides 1 and

5 weren’t detected in those samples.

2.3.2.4 Linearity and sensitivity

In the figures shown previously, there is a clear evidence that WB is in case of asporin more
sensitive then MS. To verify this, we have spiked 10 pg of Hela cell lysate with asporin in
concentration range 3 umol — 3 amol and analyzed in parallel by WB and PRM MS. Limit of
detection was 3 pmol for both MS and for WB (Figure 40). Limit of quantification for MS

was 30 nmol contrary to WB, which is linear since limit of detection.
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Figure 40: Comparison of sensitivity and linear range between MS (A) and WB (B). Above
asporin-specific band (ASPN) is one band of non-specific binding, which serves as a loading

control. In this case, WB is three orders of magnitude more sensitive.

2.3.3 Discussion

Initial tasks in this project were thus verifying its secretion in two clones of stably
transfected E. Coli and verifying antibody specificity of Sigma-Aldrich anti-ASPN antibody.
The approach of choice for those experiments was LC/MS identification strategy on MALDI-
TOF and later on nESI-Orbitrap. Both analyses are routinely done in our laboratory and
proven to be sensitive enough for such task (Chapter 2.2). Both strategies were successful
to identify asporin only in one E. Coli clone, which exprimed asporin in large amounts. This
was further supported by semi-preparative gel electrophoresis with 200 pg of loaded

protein and favorable lysis buffer.

The fail of LC/MS approach led us to switch to more sensitive methods, which is MRM and
later PRM. We were successful to verify antibody specificity, however only by highly
sensitive and specific PRM approach and with border intensities. The linearity assay (Figure
40) revealed the reason. Limit of quantification for recombinant asporin spiked into Hela
cell lysate was 30 nmol. Asporin could be detected by MS only in high concentrations. This

is in contrary with declared sensitivity of instrument (factory specification is 167 amol of
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reserpine) or with sensitivity of different peptides analyzed in the same instrument (limit of
detection for K-ras peptide LVVVGACGVGK is 15 amol [268]), or to senstivity of synthetic
asporin peptides as well (Figure 35). In our concentration range, we are calculating with
amount of protein, not peptide. The difference between protein and peptides is shown in
MRM section, where 11.9 pmol of recombinant asporin provides poor signal detectable
only thanks to low complexity of sample (Figure 36) and on the other side 10 fmol of
synthetic asporin peptides LYLSHNQLSEIPLNLPK and YWEMQPATFR were analyzed with

very high intensities.

LC-MS proteomic analysis is considered as very sensitive, although there are several factors
influencing sensitivity of protein analysis. First one can be different ionization of peptides.
This was really observed specially in PRM analysis (Figure 40) by different intensities of
Skyline generated transitions. However, this doesn’t explain fall of intensity of all peptides
in relatively high protein concentration. Another issue can be matrix effects, which can
cause ion suppression [152]. This is not the cause of low sensitivity, because we have seen
low intensity signal in MRM transition of pure recombinant asporin with 11.9 pmol
concentration (Figure 36) and on other side very high signal was observed in E. Coli lysates

(Figure 37) with rich matrix background.

The most probable explanation of the poor asporin sensitivity phenomenon is a poor
processing efficiency, since protocols for sample preparation are well established and
proven to be effective (see Chapter 2.2). My hypothesis is poor digestion of asporin by
trypsin. Trypsin is used as digestion enzyme in proteomics almost exclusively (see Chapter
1.3.1.2). Using trypsin in proteomics is advantageous, but have several limitations [113],
mainly with poor coverage of portion of proteome lacking arginine and lysine in protein
sequence [113]. In the literature was as well described differential efficiency in trypsin
digestion of native vs. denatured or fibrillar vs. globular proteins [269] or proteins with
different levels of disulfide bonds [270]. The kinetics of trypsin digestion is studied for long
time, the oldest accessible study is from 1924 [271], but it is studied now as well.
Differential speed of trypsin digestion in proteomics is described by Ye [272]. This literature
evidence makes poor trypsin efficiency on asporin viable hypothesis. On the other side,
asporin was successfully detected by LC-MS in dental cementum [252], in decorin deficient
Duchenne muscular dystrophy [259], in tissue samples of degenerative mitral valve disease
[260] or as possible biomarker of pancreatic cancer [264]. However, those studies don’t
contain the absolute asporin quantification. The issue of asporin sensitivity in proteomics

thus needs a further study.
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This research has been done as a part of article published in Oncotarget journal at July 7,

2016 (Appendix C).
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3 SUMMARY

The thesis is divided into three relatively independent parts. Theoretical introduction is
outlined as review of proteomic workflow divided into most crucial steps of current
proteomic analysis — protein separation, protein identification and both top-down and
bottom-up proteomics. Protein separation chapter discussed a broad scale of separation
methods including the most important methods such as SDS-PAGE, affinity purification or
liquid chromatography. Protein identification methods chapter offer a brief review of
protein identification strategies including antibody based methods (for example
immunoassays, western blot or immunomicroscopic methods), mass spectrometry and
protein sequencing methods. The most popular discovery approach in current proteomics is
a combination of liquid chromatography as a separation step with mass spectrometry for
protein identification. This approach is divided on top-down or bottom-up proteomics in
dependence if whole proteins or digested peptides are analyzed. In this thesis, | have used
almost exclusively bottom-up approach and Chapter 1.3 is thus more focused on this
method. The theoretical part is closed by overview of less often mass spectrometry

approaches in proteomics.

The workflow reviewed in theoretical part can be used in a broad scale of current science’s
challenges as is shown in experimental part, where two different projects are solved. In the
first one, proteomics is used to discover cellular response to anticancer drugs. In the second
project, advanced proteomic methods were used to validate antibody specificity and

confirm presence and quantity of potential cancer biomarker.

It is beneficial to use large-scale analysis in determination of cellular response of the drug.
Among other large-scale experiments, such as genomic or transcriptomic, analysis of
proteome is closest to actual place of drug effect. Unfortunately, compared to DNA or
MRNA, it is not possible to amplify proteins yet. Proteomic analysis has to be very sensitive
to be effective. This has been shown on proteomic profile of cellular response to three
common, platinum-based, anti-cancer drugs. If MS approach based on “traditional” low
resolution instruments was used, number of identified proteins didn’t exceed 1000 and list
of proteins significantly changed after treatment was very brief. Unfortunately, in such brief
lists were repeatedly present few proteins uniformly changed after treatment with broad
scale of different drugs (data not shown). The introduction of state-of-art high resolution
instrument led to significant increase of identified proteins followed by similar increase in

count of significantly changed proteins. This increment showed the best results for OxaPt,
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where it allowed reconstructing main response pathways. The changes in case of CisPt and

CarboPt were less distinctive.

There were five main areas of CCRF-CEM cellular response to OxaPt treatment. Two of
them are very closely related and it is nucleolar and ribosomal stress. Nucleolar and
ribosomal stress were for OxaPt confirmed by WB and IF microscopy. Those effects were
also observed by other research groups as nucleolar shrinkage after OxaPt treatment
[220,273]. In those studies, nucleolar shrinkage was given in correlation with neuropathy.
Relation between OxaPt and ribosomes has been reported as two-sided. On one side OxaPt

affects ribosomes [217], on the other side ribosomes are involved in OxaPt resistance [218].

The other two interesting groups of proteins are proteins related to centromere/involved in
G2/M stop or proteins involved in DNA damage response. Contrary to most commonly
mentioned effect of platinum drugs, covalent bond of platinum to DNA, those protein
groups were less abundant and DNA damage response group wasn’t even discovered by
common bioinformatic tools. On the other side, DNA damage response is known to trigger

nucleolar stress [244].

The last group of regulated proteins was secretory proteins which are often involved in
innate immunity or in response to oxidative stress. Oxidative stress is one of often reported
responses to platinum drugs in general. The role of innate immunity in OxaPt treatment is
described in vivo [274], but it is still unclear in case of cell line. However, one from those
proteins, Apolipoprotein Al, has shown itself as potential biomarker of effective OxaPt

therapy [214].

Whereas in the proteomic profiling experiment antibodies were used to verify MS result, in
the second project of this thesis, MS was used to verify antibody specificity. This is useful
particularly in case, when more bands are observed and is necessary to decide which band
is specific. In this project, the level of potential cancer biomarker, asporin, and its role in cell

biology was determined.

Proteomic analysis of asporin was done in two branches. In the first branch, | have tested
transfected E. Coli lysate for proper asporin expression. This task has been done relatively
easily, because in the second analyzed sample bacteria expressed asporin in a big amount.

This sample served as a positive control for the rest of experiments.

The second branch of experiments consisted of qualitative and quantitative analysis of

asporin in cell lines — the particular antibody verification. This task was particularly
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challenging, because standard proteomic method as MS protein identification or MRM
failed to detect asporin due to poor sensitivity which was specific only to asporin. The task
of antibody verification was fulfilled using orbitrap based PRM analysis, however again with
unsatisfactory sensitivity to asporin. The main issue of proteomic determination of asporin
has been found in sample processing. The 10 fmoles of synthetic asporin peptides provided
very strong signal on MRM, even compared to digest from 12 pmol recombinant protein.

The reason of such a discrepancy is still unknown and is a object for future research.

In those two projects, almost all main proteomic methods discussed in theoretical part
were used to fill the research objectives. Proteomic profiling of cancer cell lines treated by
platinum drugs used SILAC metabolic labelling, SDS-PAGE separation, LC-MS detection using
bottom-up approach and result verification using western blot and immunofluorescence
microscopy. Asporin validation project was solved using regular bottom-up LC-MS approach
with successive movement to more sensitive methods, like MRM or PRM targeted

approaches.
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4 SOUHRN

Tato dizertacni prace je rozdélena na tfi relativné samostatné casti. Teoreticka ¢ast je
koncipovana jako prehled soucasnych proteomickych metod rozdélenych na zakladni kroky
soudasné proteomické analyzy — separaci a identifikaci proteind a top-down a bottom-up
proteomiku. V kapitole o proteinové separaci je diskutovana Sirokd Skala separacnich
metod vcéetné téch nejpouzivanéjsich, jako je SDS-PAGE elektroforéza, afinitni purifikace
nebo kapalinova chromatografie. Strucny prehled metod identifikace proteini obsahuje
metody vyuZivajici protilarky (napfiklad imunostanoveni (ELISA), western blot nebo
imunomikroskopické metody) hmotnostni spektrometrii a metody sekvenace proteind.
Nejoblibenéjsi pfistup v souasné proteomice je kombinace kapalinové chromatografie a
hmotnostni spektrometrie. Tento pfistup se dale déli na top-down a bottom-up proteomiku
v zavislosti na tom, jestli se méri celé proteiny, nebo jejich tryptické digesty. V této praci byl
vyuzivan zejména pfristup bottom-up, proto je kapitola 1.3 zamérena zejména na popis
tohoto pfristupu. Teoreticka ¢ast je zakonéena prehledem méné castych hmotnostné

spektrometrickych pristup(.

Postupy popsané v teoretické ¢asti jsou vyuzivany pti reseni celé fady ukol( v soucasné
védé. To je mimo jiné ukdzano v experimentalni ¢asti, kde jsou feSeny dva projekty. V
prvnim z nich je proteomika vyuZita k uréeni bunééné odpovédi na protinadorova léciva.
V druhém projektu byly pouzity pokrocilé proteomické metody k validaci specifity protilatky

a potvrzeni pfitomnosti a mnoZstvi potencidlniho nadorového biomarkeru.

PFi urcovani bunécné odpovédi na léCivo je vyhodné pouZivat tzv. large-scale analyzu.
Typickymi pfiklady tohoto druhu analyzy jsou genomické nebo transkriptomické
experimenty, ale také proteomika, kterd mapuje expresni zmény na Urovni protein(i. Na
rozdil od DNA nebo RNA neni mozné v soucasné dobé proteiny amplifikovat. Z toho divodu
musi byt proteomickd analyza velmi citlivd. To je mimo jiné ukdzano na prikladu
proteomického profilovani bunééné odpovédi na tfi béZna platinova cytostatika. Pokud byla
pouzita identifikace proteind pomoci ,tradi¢nich” hmotnostnich spektrometrl, pocet
identifikovanych proteinli nepresahl tisic a seznam signifikantné zménénych proteind byl
velmi strohy. BohuZel se vtomto seznamu casto opakovaly stejné proteiny nezdvislé na
pouzitém lécivu, coZ miZe souviset s jejich abundanci a relativni jednoduchosti identifikace.
Zavedeni nejnovéjSiho vysokorozliSovaciho hmotnostniho spektrometru na principu
orbitrapu vedlo k vyraznému zvyseni poctu identifikovanych proteini a obdobnému zvyseni

signifikantné regulovanych protein(. Toto zvySeni se nejlépe projevilo u oxaliplatiny, kde
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umoznilo analyzovat hlavni drdhy bunécné odpovédi. Zmény pozorované u cisplatiny a

karboplatiny byly méné vyrazné.

Bunécnou odpovéd' linie CCRF-CEM na oSetfeni oxaliplatinou Ize rozdélit na pét hlavnich
oblasti a to DNA poskozeni, nukleoldrni a ribozomalni stres, alterace bunécného cyklu a
zmény na urovni sekretomu. Nukleolarni a ribozomalni stres jsou pfibuzné a souvisejici
procesy, pficemzZz tyto vysledky byly ovéfeny western blotem a imunofluorescencni
mikroskopii. Nukleolarni a ribozomalni stres byl pozorovan mikroskopicky jako zmenseni
jadérka po osSetreni oxaliplatinou také jinymi védeckymi tymy [220,273]. V téchto studiich
bylo zmenseni jadérka ddvano do souvislosti s nezadouci neuropatii, ktera je indukovdna
oxaliplatinou. Vztah oxaliplatiny a ribozom( je oboustranny. Na jedné strané oxaliplatina
ovliviiuje produkci ribozomU [217], na strané druhé jsou ribozomy zapojeny do rezistence

na oxaliplatinu [218].

Dalsi dvé zajimavé skupiny jsou skupiny protein( zapojenych v zastaveni mitozy v G2/M fazi
a proteiny Ucastnici se vopravé poSkozeni DNA. Poskozeni DNA je pfitom nejcastéji
uvadénym efektem platinovych |écCiv. Je proto zajimavé, Ze draha poskozeni DNA byla
nejméné zastoupena a nebyla odhalena béznymi bioinformatickymi nastroji. Na druhou

vvo

stranu, odpovéd na poskozeni DNA je jednim ze spoustéci nukleoldrniho stresu [244].

Posledni skupinou regulovanych proteint jsou sekretované proteiny Casto se podilejici na
vrozené imunité, mezibunécénych interakcich nebo pfi odpovédi na oxidativni stres.
Oxidativni stres je jednim z Casto popisovanych efektl platinovych léciv. Role vrozené
imunity je pfi Ié¢bé nadord oxaliplatinou popsdna in vivo [274], v bunécné linii je tato role
nejasna. Jeden znadregulovanych sekretovanych proteinl, apolipoprotein Al, je

potencidlnim biomarkerem efektivni terapie oxaliplatinou [214].

Zatimco v profilovacim projektu byly protilatkové metody vyuZity k ovéreni MS vysledk,
v druhé casti experimentalni ¢asti byla vyuZita MS k ovéreni specificity protilatky. To je
dilezité zejména v pripadé, kdy se protilatka vaze na vice protein(, jak miZeme casto na
westernblottu pozorovat pozitivitou vice band a je potfeba rozlisit, ktery band, protein, je
specificky. V tomto pfipadé byla ovéfovdna koncentrace a role potencionalniho nadorového

biomarkeru — asporinu.

Proteomicka analyza asporinu byla provadéna ve dvou experimentalnich schématech. Prvni
z nich byla validace exprese asporinu v lyzatu transfekované baterie E. Coli. Tento projekt

byl Uspésné splnén, jelikoZ jiz druhy testovany klon linie exprimoval asporin v mnoZstvi
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bezpecné dostacujicim pro identifikaci pomoci hmotnostni spektrometrie. Tyto vzorky byly

v dalSich analyzach vyuZity jako pozitivni kontrola.

Druhd vétev experimentld spocivala v kvalitativni a kvantitativni analyze asporinu
v bunécnych liniich — tedy vlastni validaci protilatky. Tento Ukol se ukdzal byt velkou vyzvou,
jelikoz béiné proteomické postupy jako MS identifikace, nebo MRM analyza mély vici
asporinu velmi malou citlivost. Ukol validovat specificitu protilatky byl splnén a? pouZitim
metody PRM na hmotnostnim spektrometru s s vysokym rozliSenim. Citlivost vSak nebyla
zcela uspokojujici ani v tomto pfipadé. Hlavni pfic¢ina nizké citlivosti byla nalezena v ptipravé
vzorkll, protoZe 10 fmol roztok syntetickych peptidd asporinu poskytoval pfi MRM velmi
silny signal, zatimco vzorek pfipraveny z 12 pmol rekombinantniho proteinu signdl spise

slaby. DGvod tohoto rozdilu bude predmétem dalsiho vyzkumu.

V téchto dvou projektech byla vyuZita vétSina metod popisovanych v teoretické casti.
V proteomickém profilovani byly vyuzity metody metabolického znaceni SILAC, SDS-PAGE,
LC-MS detekce s vyuzitim bottom-up proteomiky a vysledky byly validovdany metodami
western blot a imunofluorescencni mikroskopie. Projekt validace asporinu byl feSen
zpocatku svyuZitim bézného bottom-up LC-MS proteomického pfistupu s postupnym

presunem k citlivéjSim metodam jako jsou MRM nebo PRM cilené metody.
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2DIGE
APCI
APPI
AUC
CarboPt
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El
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ERLIC
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ETD
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FT
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GO
HILIC
HPLC
HR-MRM
ICso
ICAT
ICPL
IEF

2D electrophoresis

2D difference gel electrophoresis
Atmospheric pressure chemical ionization
Atmospheric pressure photoionization

Area under curve

Carboplatin

Charge-Coupled Device

Chemical ionization

Collision induced dissociation

Cisplatin

Database for annotation, visualization and integrated discovery
Data dependent analysis

Desorption electrospray ionization

Data independent analysis

Dithiothreitol

Electron capture dissociation

Electron ionization

Enzyme-linked immunosorbent assay
Electrostatic repulsion-hydrophilic interaction chromatography
Electrospray ionization

Electron transfer dissociation

Filter aided sample preparation

Fourier transformation

Global internal standard technology

Gene Ontology

Hydrophilic interaction liquid chromatography
High performance liquid chromatography
High-resolution multiple reaction monitoring
50% inhibition constant

Isotope coded affinity tag

Isotope coded protein labelling

Isoelectric focusing

Immunofluorescence microscopy
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IMAC
IPTG

iTRAQ
KEGG
LC
Lys-C
MALDI
MOAC
MRM
MS
MTT
MudPIT
OxaPt
PBS
PMSF
PRM
PTM
PVDF
PVP

Q
Q-TOF
RP
SAX
SCX
SDS
SDS-PAGE
SELDI
SILAC
SRM
SWATH
TCA
TFA
T™T

Immunohistochemistry

Immobilized metal affinity chromatography
Isopropyl-B-D-thiogalacto-pyranoside

lon trap

Isobaric tags for relative and absolute quantitation
Kyoto encyclopedia of genes and genomes

Liquid chromatography

Lysyl endopeptidase from Lysobacter enzymogenesis
Matrix assisted laser desorption/ionization

Metal oxide affinity chromatography

Multiple reactions monitoring

Mass spectrometry
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Multidimensional Protein Identification Technology
Oxaliplatin

Phosphate buffered saliva

Phenylmethanesulfonyl fluoride

Parallel reaction monitoring

Post-translational modification

Polyvinylidene fluoride

Polyvinylpyrollidon

Quadrupole

Quadrupole with time-of-flight

Reverse phase

Strong anion exchange

Strong cation exchange

Sodium dodecyl sulphate

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Surface enhanced laser desorption/ionisation

Stable isotope labelled amino acid in cell culture
Selected reaction monitoring

Sequential window acquisition of all theoretical fragment
Trichloroacetic acid

Trifluoroacetic acid

Tandem mass tags
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TOF Time-of-flight
uv Ultraviolet light
WB Western blot
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Abstract: Target discovery using the molecular approach, as opposed to the more traditional systems ap-
proach requires the study of the cellular or biological process underdying o condition or disease, The ap-
proaches that are employed by the "bench™ scientist may be genetic, genomic or proteomic and each has its rightful place
in the drug-target discovery process. Affinity-based proteomic techniques currently used in drug-discovery draw upon
several disciplines, synthetic chemistry, cell-biology, biochemistry and mass spectrometry, An important component of
such techniques is the probe that is specifically designed to pick out a protein or set of proteins from amongst the varied
thousands in a cell lysate. A second component, that is just #s imponant, is liquid-chromstography tandem mass-
spectrometry (LC-MS/MS), LC-MS/MS and the supporting theoretical framework has come of age and is the 1ol of
choice for protein identification and quantification, These proteomic tools are critical to muintaining the drug-candidate

supply, in the larger context of drug discovery.

Keywords: AfTinity purification, drug-target discovery, immaobilization, mass-spectrometry, probe, quantification.

LLINTRODUCTION

The identification of one or more “druggable”™ compo-
nents of a biological pathway or network is often the starting
point for the de-novo development of a drug although it has
not always been so, The use of many therapeutic agents has
traditionally been on the basis of their observed effects (phe-
notypic sereening) and not on the basis of their cellular
mechanism of action (rational drug design) {1-3]. Overington
et al. have reported that only 82% of Food and Drug Admin-
stration (FDA) drugs approved between 1989 and 2000 had
one or more defined cellular target [4, 5]. Approved drugs
with unknown mechanisms of action imclude Bexarotene and
arsenic trioxide, for the treatment of cutancous T-cell lym-
phoma and acute promyelocytic feukemia (PML) respec-
tively [6]. Such drugs may have off-target effects that are the
result of drug-binding to targets that are not known or not
intended. and may be detrimental or beneficial to the patient
[6-8). Drugs having poly-pharmacological effects that are
beneficial, especially in diseases like cancer, are at a pre-
mium [9]. Conversely, drugs with adverse off-target eflects
can sometimes be repurposed. Thalidomide 15 an illustrative
example. Originally prescribed to expectant women to ease
pregnancy-associated  nausea  and  “moming  sickness”
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in 1957, it was discontinued when discovered to cause hor-
rific congenital abnormalities. Five decades later, the drug
has found new use in leprosy and cancer treatment [10].
Celecoxib is another example. It was designed 1o treat os-
teoarthritis but 1s now prescribed for colorectal cancer pre-
vention [11]. The small-molecule Histone deacetylase 6
(HDACG) inhibitor, tubacin also inhibits Serine Palmitoyl
transferase (SPT), the rate-himiting enzyme of sphingolipid
biosynthesis [12],

A clearer understanding of the in-vivo interaction behav-
ior of the drug-candidate will facilitate the design of a drug
that has a more defined target or targets. Such a drug-
candidate is likely to have more predictable effects and can
better inform clinical trials. In any case, the rationale for
more complete knowledge of drug-targets 15 considerable
and must be heeded,

Our knowledge of cellular and physiological processes of
the human body has gone hand-in-hand with the develop-
ment of analytical tools and procedures in the chemical and
hiomedical sciences. Conventional techniques such as elec-
trophoresis and chromatography still form the mainstay of
protein analyses, but now work alongside newer instruments
such as microarrays and mass spectrometers [13].

The following is a discussion of some proteomic analyti-
cal techniques frequently used in drug-target isolation and
identification, They are affinity-based and occur at the con-
fluence of synthetic organic chemistry, cell biology, bio-
chemistry and mass spectrometry. A unifying feature in the
techniques is the use of a probe molecule to isolate a target-

© 2015 Bentham Science Publishers
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protein(s). Another such feature is the mass-spectrometric
identification and quantification of isolated targets, Some of
the techniques discussed here have been previously grouped
under the descriptor Chemical Proteomics (a technique in
which the probe bonds covalently with the target) [14, 15].
The common issues that accompany each technique are pre-
sented, as are the efforts made to get around them,

2. AFFINITY PURIFICATION

Affinity purification is a generic technique based on in-
teraction hetween a ligand (probe) and protein of interest
(target or target molecule). The technique was first devel-
oped in the early 1950s and has evolved since then to include
a number of variants that have been successfully applied to
molecular target identification [16].

A typical atfinity purification experiment (Fig. 1) begins
with the modification of the probe (a drug, drug-candidate or
an inhibitor) and its immobilization on a solid phase matrix.
To ensure that the probe’s target specificity is retained after
derivatization, the structure and activity of the modified
probe is compared with that of the unmodified parent com-
pound, The immobilized probe is then incubated with the

Rylovar et al

sample of interest, usually cell-lysate. Biomolecules in the
sample that interact with the probe are captured during incu-
bation. The resin is then washed free of non-specifically
bound proteins and other “contaminant”™ molecules. Captured
target proteins are cluted by a buffer that disrupts the ligand-
protein interaction, These proteins are analyzed and identi-
fied by different techniques such as 1D or 2D gel electropho-
resis, Westemn blotting and mass spectrometry, This ap-
proach is frequently used for studying protein interaction
networks and in identification of drug targets [17]. The type
of tag used for the purification varies with the purpose, with
the scale of the purification and on the ease of preparation of
the affinity matrix.

2.1.The Issue of the Non-Specific Interaction

An affinity purification or a protein-protein interaction is
characterized by at least two parameters, sensitivity and
specificity, These parameters indicate the “goodness™ of the
affinity purification technique and are necessary for the pur-
pose of comparison of two or more techniques.

Sensitivity is a feature by virtue of which a true mterac-
tion is detected. 1t is denoted as a ratio of the number of true
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Fig. (1). Typical workflow of affinity purification: Modified (e.g. biotinylated) compound is immobilized onto solid-phase (streptavidin
coated beads). Cell lysate is incubated with immobilized compound on the solid-phase. Specific proteins are captured by compound and non-
specific ones are washed out. Target proteins are then cluted and subjected to 1D SDS PAGE and LC-MS/MS.
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interactions that are detected to the total number of true in-
teractions. Thus,

Sensitivity = TP/ (TP + FN) n

Where, TP - True-positives are true interactions that are
detected by the technique. FN - False-negatives are true in-
teractions that are not detected by the technique

Specificity is a feature by virtue of which a false interac-
tion does not happen and is not detected. It is expressed as a
ratio of the truly non-interacting proteins to the total number
of non-interacting proteins. Thus,

Specificity = TN/ATN + FP) (2)

Where, TN = True-negatives are interactions that are not
supposed to happen and are not detected. FP = False-
positives are interactions that are not supposed to happen,
but are detected

Equation 2 suggests that the specificity of a technique is
an inverse function of the number of false-positives. The
specificity of a protein interaction may also be indicated by a
dissociation constant, Ky The higher the Ky, the higher 1s
the probability that the binding-site of the protein will be
populated by its true binding-partner or ligand.

The primary challenge in affinity purification lies in iso-
lating “real™ target proteins while excluding non-specifically
bound “contaminants”, the false-positives. Interactions
which escape detection because of the experimental condi-
tions or because of a himitation of the technique are false-
negatives. For example, probes that target post-translational
modifications will be rendered ineffective if the modification

Solution-phase biotinylation
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1s absent or 15 lost in sample preparation. Sterie hindrance of
the probe or target protein by another molecular entity will
also preclude a fruitful interaction. From equation | above, it
is evident that as the number of false negatives decreases,
there is a proportional increase in the sensitivity i.c. sensitiv-
ity is inversely proportional to the number of false negatives,

An intefligent choice of the affinity matrix can go some
distance in alleviating the problem of non-specific interac-
tions, as the matrix and probe linkers can be a source of such
interactions [18, 19]. Matrices that are incompletely derivat-
ized may also bind contaminants with high affinity. The pro-
teins that bind non-specifically to the common matrix types
(aparose, Sepharose ete) have been identified and listed for
reference [20-22].

There are different ways of separating valid targets (true-
positives) from non-specifically bound proteins (false-
positives) and improving the confidence of discovery, Pre-
incubating the sample with non-derivatized and inactive ma-
trix before the actual experiment improves the purity of the
isolated product. Serial incubation of cell-lysate with the
affinity resin is yet another option (serial affinity-
chromatography) [23]. Cell-lysate is incubated with two suc-
cessive batches of affinity-resin. The first batch captures
most of the true targets and the second, most of the non-
specifically bound contaminants.

There are several ways of immobilizing a compound to a
matrix (Fig. 3). The probe may be chemicaily bonded to the
matrix via its functional group, for eg. a sulthydryl, a hy-
droxyl, amino or carboxyl. This approach has been used for
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Fig. (2). Two alterntive approaches o modify compound A: The selection of more suitable method is based on specific requirements such
as required quantity of the target system, its stability and availability of analyte (for low quantities the solution-phase method is preferable).
A typical polymer support is divinyl-styrene based resin. Except for amides also ester or ether groups are frequently used to attach individual

parts of the target system.
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Fig. (3). Examples of compound immobilization stritegies.

the tyrosine Kinase inhibitors imatinib, nilotinib and
dasatinib. The inhibitors are first chemically treated to intro-
duce amino and acetyl groups on their surfoce and are then
immobilized on N-hydroxysuccinimide activated Sepharose
via the same groups [7]. Commonly used matrices are poly-
sacchande-derived  (agarose,  Affi-Gel®,  Sepharose),
methacrylate-derived (Toyopearl®) or magnetic beads (Dy-
nabeads®, SG beads) [24]. Affinity matrices are constantly
being developed and improved, to enhance binding of the
specific target and to minimize non-specific interactions.
Their applications, strength and limitations are reviewed in
detail by Sakamoto er al. [25].

A competitive-binding experiment, where the free probe
competes with immobilized probe for the target, is another
approach for determining spurious interactions [26, 27]. The
Stable Isotope Labeling of amino Acids in Cell-culture, or
SILAC, is an isotope labeling technique that is used for
quantifying proteins in a sample by mass-spectrometry (de-
scribed in section 3.1 below) labeled (heavy, H) and unla-
beled (light, L) cell-lysates are incubated with the immobi-
lized small-molecule probe, and the unlabeled lysate simul-
taneously incubated with non-immobilized probe. Following
incubation, the probe-bearing beads are washed, mixed and
the probe-protein complexes eluted. These are separated by
SDS-PAGE and analyzed by LC-MS/MS. Specifically
bound target proteins have a H/L ratio greater than 1, while
the non-specific ones have an H/L ratio of | (Fig, 4) [28].
The principle of competitive binding has been applied to the
investigation of cellular kinases too. Kinases and phospha-
tases are frequently involved in regulation of different cellu-
lar processes because they phosphorylate and dephosphory-
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Jate proteins. Because blocking a single kinase can perturb
one or more cellular pathways Kinases are considered to be
potentially valuable drug-targets |29, 30]. The ATP binding
domain of a Kinase binds to ATP to hydrolyze it to the corre-
sponding mono-phosphate form. Multiple ATP structural
analogs fused to synthetic beads (KinobeadsTM) exploit this
property to isolate specific tyrosine kinases involved in CML
that are targets of BCR/ABL inhibitors [31, 32]. Cell-lysate
is incubated with Kinobeads in the presence and absence of
inhibitors. Tyrosine kinase binding to Kinobeads is competi-
tively inhibited by the inhibitors. The difference in the levels
of bound kinases in the two samples, as measured by quanti-
tative mass-spectrometry, distinguishes the target Kinases
from the false-positives. The method must be used with cau-
tion though, as some kinases do not hind to Kinobeads, even
though they bear an ATP binding domain. A similar ap-
proach has identified novel targets of the multi-kinase inhibi-
tor E-3810 [33]. As with other proteins, protein kinases may
also be isolated using their respective inhibitors as probes,
for example. bisindolylmaleimide X, AX14596, PP58 and
purvalanol [34],

There is another less evident problem that results in false
positives, It is encountered in samples where the dynamic
range of protein concentrations is high [14]. A protein that is
not a true target may still bind to the probe by virtue of its
high concentration, even though it has a low affinity (for the
probe). As a result the probe captures some non-specific
high-abundance proteins (HAPs) in addition to the true (low-
abundance) target. One of the strategies for overcoming this
problem is called Protcominer™ (BioRad) [35-37). The
technique is based on an exhaustive combinatorial library of
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Fig. (4). Identification of protein targets by quantitative protcomics: Cells of interest are incubated with labeled (heavy, H) and non-labeled
(light, L) aminoacids (SILAC). Non-labeled cell extract is simultancously incubated with immobilized and free small-molecule, Heavy cell
lysate is incubated with immobilized small-molecule alone, Afterwards, both bead-types are washed and mixed in equimolar quantities, Cap-
wred proteins are eluted, separated by SDS PAGE, analyzed by MS and quantified, Target protein has heavy to light ratio (H/1.) above one

and nonspecific protein has H/L ratio approximately one.

hexapeptides that can theoretically bind every possible pro-
tein in @ sample. When sample is incubated with the Pro-
teominerTM matrix, HAPs quickly saturate their binding
sites and the surplus flows off, while the low-abundance pro-
teins (LAPs) bind almost completely, This results in the de-
pletion of HAPs and in the enrichment of LAPs, therehy
effectively decreasing the dynamic range of protein
concentrations in the sample by a few orders of magnitude.

Other, more conventional strategies for reducing the dy-
nami¢ range of protein concentrations in serum utilize unti-
hodies that target the most abundant proteins [38-40]. The
relative rate of trypsin digestion of high- and low-abundance
proteins is also a basis for improving the dynamic range of
detection of proteins [41]. This technique, christened
DigDeAPr, has been used with cell-lysates but can be ex-
tended to complex mixtures that have a wide range of protein
concentrations [41].

2.2. Affinity Reagents that Bind Non-Covalently
2.2.1. Biotin and Streptavidin

The strong non-covalent interaction between biotin and
streptavidin (or avidin) is the basis for a common type of
affinity purification [42]. These interactions are the strongest
known, non-covalent interactions occurring in nature (K, =
1#10™"). The probe is tagged with biotin and used to “fish™
for interaction partners in the sample. The probe and the cap-
tured proteins can then be isolated on a streptavidin coated
matrix via the biotin tag. In drug-target identification studies,
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it is common practice to biotinylate the drug or inhibitor, as
for instance, biotinylated 2-hydroxycinnamic acid (HCA).
This drug binds to proteasome subunits (target) in lysates of
SW620 colon cancer cell-line and inhibits the L3-like activ-
ity of the proteasome [43]. Biotinylated diazonamid can
likewise tsolate the mitochondrial enzyme ornithine delta-
amino transferase from HeLa cell-lysate [44]. The primary
downside to this purification strategy is that the strong strep-
tavidin-biotin interaction requires stringent clution condi-
tions that may negatively affect protein structure or function.

Key to the synthesis of the biotin label is the design of
the spacer that connects the target molecule to the biotin
moiety |18, 45-47), Spacer design and its impact on the af-
finity purification has been intensively studied and some
rules formulated [48-51]. The design must conform to these
principles to perform optimally: (i) 1t must be sufficiently
long to prevent steric repulsion between avidin and the target
biomalecule; ii. it should not interact with the target bio-
molecule to cause a false-positive result | iii. it must also not
alter the solubility of the biotin probe in water.

Aliphatic spacers such as caproic acid derivatives have
been used frequently in the past although the newer ethyl-
ene glycol (EG) spacers are now preferred, as they satisfy
the above criteria better [52]. The compound of interest is
typically attached to the biotin-EG system via a stable am-
ide bond. It can he done either by acylation of the biotin-
EGs-NH2 system by carboxy group-containing compounds
or acylation of an amino group-containing compound with
the biotin-EGs-COOH system. Derivatization has tradition-
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ally been done using solution-phase synthesss and more
recently using solid-phase synthesis. The substrate for bi-
otinylation (or conversely the biotin-EG-NH2 system) is
pre-immobilized or directly synthesized on an insoluble
polymer backbone, and the resulting preloaded resin then
used for reaction with an appropriate compound for e.g. the
Biotin-PEG-NovaTag™ (Novabiochem) [53-36). Con-
versely, the biotin-EG-NH2 system may be immobilized in
place of the biotinylated substrate. Preparation of a similar
system for immobilization of carboxy-group containing
analytes via spacers of different length has also been de-
scribed [57] (Fig. 2).

2.2.2. The Recombinant Tag

Several commercially available tags can be cloned into
the protein of interest, expressed in cukaryotic of prokaryotic
cells and isolated by aftinity-methods, The FLAG tag is a
small hydrophiiic octopeptide (DYKDDDDK) that works in
this manner [58]. Recombinant proteins containing this tag
may be over-expressed and solated using anti-FLAG anti-
bodies immobilized on a suitable support resin, Isomeric
forms of protein kinase C have been identified using FLAG-
tagged bisindolylmaleimide 111 (Bis [11), an inhibitor of pro-
tein Kinase C [59). The FLAG tag was considered generally
applicable till a few years ago, when it was shown that a
sulfation event (a post-translational modification) eliminates
the interaction of the FLAG tag and anti-FLAG antibodies
|60]. Such a modification lowers the yield of the purification
without ever becoming evident. The sulfation was observed
in insect cells and is not known 1o oceur in the CHO and
HEK293T human cell-lines. The His-tag exhibits this prob-
lem to a degree and it is likely that other tag-systems suffer
from it 0. A systematic, comparative investigation of the
various clonal tag-systems has not been reported so far, but
potential savings in time and resources may make such a
study worth investing in [61],

The His-tag is a sequence of 6-histidine residues that is
also cloned into the protein of interest. Histidine residues
bind with high affinity to divalent metal ions on a solid ma-
trix (Ni*", or Co™") [62-64). Bound proteins may be eluted by
a high concentration of free histidine. The GST-tag works
similarly [65]. GST is a 26-amino acid enzyme called Glu-
tathione-S-Transferase and its binding ligand is its substrate,
glutathione, Glutathione is a three-residue moiety (Glu-Cys-
Gly) that is immobilized on a solid matrix via the reduced
cysteine. Concentrated, reduced glutathione constitutes the
elution reagent. Yet another clonal tag-system is the eight-
amino acid Strep-tag system [66]. It is based on the strep-
tavidin-biotin principle and binds to streptavidin or an engi-
neered streptavidin matrix. However, it requires much milder
elution conditions than the streptavidin-biotin interaction,

The tag-systems mentioned above are archetypal of the
class of clonal affinity-based tags. Each system has its
strengths, and because no single tag is appropriate for all
purposes a protocol may utilize two or more in a purification
process. The tag may sometimes not be specific enough or its
affinity of interaction may require stringent clution condi-
tions that are harmful to proteins. Larger tags impose a larger
metabolic burden on the culture organism than the smaller
ones and may not be ideal for use in eukaryotic cells. Addi-
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tionally, an expensive resin that cannot be recycled is also
not likely to be widely used [61].

2.2.3. Click Chemistry Based Probes

The structure of the drug/inhibitor in question may some-
times be amenable to modification by click-chemistry [67].
“Click™ reactions are near-ideal chemical reactions that are
typically easy to perform in different conditions, have high
yields that are pure, and are not affected by the reactant
groups. The Huisgen's cyclo-addition reaction is the classi-
cal example of this type of chemical reactions [68]. It is the
1.3- dipolar cycloaddition reaction between an azide and a
terminal or internal alkyne that yields a 1,2 3-triazole. For
instance, after incubation with the sample, alkyne derivatized
Orlistat is made to react with rhodamine-azide and visualized
on an electrophoretic gel by fuorimetry [69]. Alternatively,
if the protein-drug complex is to be recovered, Orlistat-
alkyne is coupled to an affinity-tag-azide. Click-chemistry
may be used in exploring drug-binding sites in proteins as
well and to investigate the off-target effects of drugs [69],
Because click-reaction conditions are flexible, they are easily
performed under “native” conditions to avoid harming the
biological sample. An alkyne group engineered into an
ABPP or photoaffinity label can expand their downstream
analytical and purification options [69].

2.2.4. ldentification of Drug-Targets without Isolation

Target protein identification may sometimes be performed
without isolating the drug-target complex [70-73]. One tech-
nique is based on the refative conformational stabilities of
free- and small molecule-bound protein and is called Drug
Affinity Responsive Target Stability (DARTS), Small mole-
cule binding may stabilize the conformational stability of the
protein, with the result that it becomes more resistant to de-
naturation and less susceptible to proteolysis [72]. Small
molecule binding may also sterically protect a protease cleav-
age site. This property has been made use of in the identifica-
tion of the FK506-binding protein 12 (FKBP12) and the
mammalian target of rapamycin (mTOR) as targets of kinase
inhibitor E4 and rapamycin respectively [74]. Cellular wrgets
of grape-seed extracts have also been successfully screened
by this technique [75). Cell-lysate is mcubated with the de-
sired small molecule or an inactive structural analog. The
mixtures are subject to protease digestion and the pro-
teins/peptides subsequently resolved by electirophoresis and
identified by LC-MS/MS. A difference in the intensity of a
band on an electrophoretic gel is indicative of a drug-target
interaction (Fig. 6). There are other variants of this technique
and these have been discussed at length in Lomenick er o/
[70). DARTS is conceptually simple and the technigue does
not involve derivatization of the drug or molecule-of-interest,
However, as with other technigues, it is not without issues,
The probability of non-specific interactions increases with the
complexity of the protein mixture and cell-lysates are very
complex mixtures, Moreover, the cell solubilization condi-
tions are artificial. Protease cleavage sites are occasionally
missed by the proteolytic enzyme because proteolytic diges-
tion doesn't always go to completion and because some pro-
teins are inherently resistant to digestion [72]. The proteolytic
enzyme may also act on proteins complexed with the target-
protein to further complicate results [31],
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Fig. (5). PhotoafTinity labeling with two isotopes: PAL probes consisting of an affinity tag (biotin) and un isotopically labeled photoreactive
tag (non-deuterized, Dy and deuterized benzophenone isotope label, D) are mixed in 1:1 ratio. Probes are incubated with cell lysate and sub-
sequently irradiated by UV-light, Proteins are then purified via avidin resin and identified by MS. Idemification of the unique isotopic pattern
(M. mass of peptide with non-deuterized tag; M+11, mass of peptide with deuterized tag) of some peptides helps to distinguish valid protein

targets from frequent contaminants.

2.2.5. Decreasing Sample Complexity: Capturing the Sub-
Proteome

The affinity purification procedure may be designed to
capture not just one protein but an entire class of proteins.
The N-glycoprotecome, phosphoprotcome or the SUMOy-
lated group of proteins are important druggable PTMs in
cancer and have suitable purification procedures [76-79).
The probe, in this case, binds non-specifically to all proteins
bearing a particular post-transiational modification (PTM).

Antibodies against phosphate group epitopes are com-
monly used reagents for isolation of phosphorylated pro-
teins [80]. However, because they are specific to an epi-
tope, they allow enrichment of only one Kind of phosphory-
lated peptide at a time. This problem is circumvented when
the purification is based on phosphotyrosine, phosphoserine
or phosphothreonine antibodies or a non-specific electro-
static affinity between the negatively charged phosphate
groups and positively charged metal cations (Immobilized
Metal Affinity Chromatography IMAC and by Metal Oxide
Affinity Chromatography, MOAC) [80-82]. The negative
charge on the free carboxyl groups and acidic amino acids
must be neutralized for the isolation of peptides with phos-
phate groups by appropriate affinity resin or by conven-
tional ion-exchange chromatography (hydroxyapatite col-
umn enrichment or Hydrophobic Interaction Liquid Chro-
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matography, or HILIC) |83], Conversely, the phosphate
group itself may be derivatized to improve its binding to
the affinity resin, The derivatization step is not always de-
sirable because it introduces an additional step in the sam-
ple preparation workflow, and because the reaction does
not always go to completion, Furthermore, phophorylated
proteins or peptides can be visualized on a polyacrylamide
gel using a fluorescent stain, Pro-Q Diamond. Fluorescent
bunds are then cut out and prepared for identification by
mass-spectrometry [84].

In some cases, it is possible to reverse the affinity puri-
fication technique such that the purified target-protein is
given the role of a probe to screen for active compounds,
Desorption/lonization on Silicon, or DIOS, is one such
method. DIOS is now known by its commercial name
NALDI™ (Nano-Assisted Laser Desorption and loniza-
tion) [%5-87]. It is a matrix-free method and uses laser
desorption and ionization of compounds from a porous sili-
con surface to directly analyze probe-target interactions by
mass-spectrometry, This is illustrated in the investigation
of Bovine Serum Albumin (BSA) binding partners by Zou
er al. [88]. BSA was immobilized on a silicon surface (wa-
fer) and incubated with a mixture of two molecules, keto-
profen and sulpiride, The silicon surface was then washed
to remove unbound compound and subject to direct NALDI
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analysis, The analysis yielded a signal for ketoprofen but
none for sulpiride, confirming that Ketoprofen binds to
BSA and that sulpiride does not,
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Fig. (6). DARTS. Protein lysate is incubated with a small-molecule
compound and then subjected to protease digestion, Target proteins
interacting with the small-molecule compound are enriched and
protected against protease digestion while nonspecific proteins are
digested.

2.3. Affinity Reagents that Bind Covalently

The affinity purification techniques described so far de-
pend on a physical interaction between the probe and its tar-
get-protein. However probes may also be engineered to form
chemical bond(s) with their targets to increase their specific-
ity and sensitivity,

2.3.1. Photo-Affinity Labeling (PAL)

The photoaffinity probe (PAP) typically consists of three
components; a drug/ligand that interacts specifically with the
target, a photoreactive group that forms the chemical bond
with the target, and at least one reporter group (Fig. §) [89,
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90]. The probe is incubated with the target and then irradi-
ated with light of appropriate wavelength. The probe binds to
its target and upon irradiation, the photoreactive group forms
a chemical bond with the same. Photoaffinity probes are
classified into roughly three types on the basis of their pho-
toreactive group, although there are probes that fall outside
this classification: benzophenones, aryl azides and diazirine.
All three kinds of PAPs are used in the (high-throughput)
identification of drug-leads and for the investigation of the
drug-target interaction [91]. Ovalicin and fumagilin tagged
with a bifunctional-PAP have been used in cellular target
screens [92-94]). Labeling ideally requires that (i) the PAPs
be inert in the absence of actinic light, (ii) the activating light
not be of a harmful wavelength, lest the protein-target he
damaged, (i) the lifetime of the activated photoreactive
moicty be smaller than the lifetime of the drug-target interac-
tion (iv) the photoreactive and the reporter groups not get in
the way of the drug-target binding and (v) that the adduct
formed during the reaction be stable enough to withstand the
rigors of the downstream purification or analytical process.
The caveat with this technique is that the binding profile of o
PAP is different in live cells and in cell-lysates.

In a variation on this principle, the photo-reactive group
can be made with one (3H) or two ('H, “H) different isotopes
[95, 96]. When the two isotopic-PAPs are used in equimolar
quantities i the same purification, they vield unique isotopic
patterns in a tandem mass spectrum that can help discern
valid protein targets from false-positives.

2.3.2, Activity-Based Protein Profiling (ABPP)

Activity-based protein profiling relies on chemical bond-
formation for target enzyme discovery, The probe here con-
sists of three parts, a “warhead” which can bind covalently
with a functional group in the active-site of the target en-
zyme, a tag for the visualization or purification of target pro-
teins, and a linker joining these two parts [97-99], The tag is
a fluorophore, a biotin group or a click-chemistry group (de-
scribed in section 2.2.3), On incubation with cell-lysate the
probe binds to target proteins and bound enzymes can be
purified using the biotin-group, visualized by electrophoresis
and identified by mass spectrometry. ABPP can be scaled for
profiling proteins, and by extension their source tissues, on
the basis of their biological activities. This isn’t possible
with other proteomic techniques such as PAGE or LC-MS,
Multiple ABPP probes have been used to comprehensively
map the binding-surface of a known target in order to deter-
mine a greater number of specific binding sites [100]. The
different variants of orlistat (tetrahydrolipstatin, THL), THL-
R, THL-L and THL-T have been used to determine orlistat's
possible off-target effects [69)].

2.3.3. Cell-Permeable Probes

In some cases it is desirable to have a drug/probe that is
cell permeable, to monitor and identify drug-target interac-
tions in the native state [101, 102]. Orlistat and several other
ABPP, photo-affinity and click-chemistry probes have this
property. The HIV Trans-activating transcriptional activator
(TAT) is a nine-residue peptide (RKKRROQRRR) with a pre-
ponderance of positively charged amino acids, and can trans-
port molecular cargo into eukaryotic cells [101, 103]. The
cargo could be metabolites, peptides, proteins or nucleic
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acuds. The TAT peptide could potentially also transport some
of the above mentioned affinity tags into the cell in studies of
drug-target interactions. A composite probe consisting of the
drug (Bis 111), a fluorescent group and the TAT peptide has
been used, for instance, for this purpose [104]. Other cell-
penetrating peptides are now available and may be similarly
used in future for the entire class of affinity-tags [105]. A
provision for tag cleavage and removal, as by incorporation
of a thrombin cleavage site is another desirable feature of a
tag-based system [106]. This is important when the isolated
target is to be analyzed by mass-spectrometry without inter-
ference from the affinity tag.

3. PROTEIN QUANTITATION IN DRUG-TARGET
DISCOVERY

It is evident from the preceding section that drug-target
identification frequently requires the relative or absolute
quantification of one or more proteins in multiple samples.
Protein identification and quantification is performed down-
stream of an afTinity purification. The sample preparation
protocol, the mass-spectrometer and the quantitation proce-
dure (labeled samples or label-free; Fig. 7) is dictated by the
purpose of the experiment. Proteins isolated from the affinity
purification stage may directly be used for preparation of MS
samples, or may be further resolved by |- or 2-dimensional
electrophoretic separation before being processed for MS.
Procedures for isolating proteins from Western blot transfer
membranes have also been developed [107].

3.1. Quantification Using Isotopic Labels

Quantification has traditionally been done using isotope
tags. Common tagging protocols include the Stable Isotope
Labeling with Amino acids in Cell culture (SILAC), Isotope
Coded Affinity Tags (ICAT), Tandem Mass Tags (TMT) and
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the Isobaric Tag for Relative and Absolute guantification
(TRAQ) [108-111]. SILAC and ICAT are isotopic labeling
protocols that use isotopes of hydrogen, carbon and nitrogen
(*H, "’C, "N). They are based on a mass-difference between
the light and the heavy isotope labels. The mass difference
causes a shift in the peaks of the labeled peptides relative 1o
the unlabeled peptide. The intensities of the two peaks indi-
cates the relative quantities of the two peptides,

SILAC involves the labeling of cells in culture in mini-
mal media, Cells are grown in media containing normal or
labeled amino acids. Labeled amino acids are incorporated
into cellular proteins via natural biosynthetic pathways. Five-
ten cell-doublings later, the two cell samples are harvested,
mixed, processed and trypsinized before being analyzed by
mass spectrometry. Because samples are labeled during cell
culture the method is suitable only for samples derived from
culture and not for samples from other sources. Samples that
cannot be labeled in culture may be labeled after collection
using the ICAT, TMT or iTRAQ labeling procedures, The
extent of labeling can be more precisely controlled in these
post collection labeling techniques since it is not dependent
on the in vive protein metabolic rate or the cell doubling-
time. The SILAC mass-difference concepl, in most setups,
restricts the number of samples that can be simultaneously
analyzed to two, For this reason, the method cannot be used
in experiments with multiple samples, Different ionization
states of a peptide will alter the observed mass difference
between the heavy and light peptide. Additionally, the mini-
mal medium itself may perturb the cellular physiology such
that the observed biological effect is not completely true.
Deuterium-labeled amino acids create another issue. The
deuterium labeled peptide migrates ahead of the unlabeled
peptide in the reverse-phase chromatographic column and
changes the peptide’s clution profile. This causes a split in
the MS1 peak of the peptide and makes quantification less

SILAC LABEL FREE
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Fig. (7). A principie of mass-spectrometry peptide-labeling technigues: iTRAQ/TMT labeling is based on isobaric tag and quantification is
done at the MS/IMS level, SILAC labeling is based on metabolic incorporation of isotopic label into cell culture and quantification is done st
the MS level. This is ideal for high resolution mass spectrometry where MS has usually higher accuracy than MS/MS. However, SILAC is
more or less limited to cell cultures. Label free technigques rely on peak-intensity, spectral-count, peptide-count and/or fragment-ion intensity

for quantification of protein,
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accurate. Isotopes of "'C and "N do not cause this problem
and are therefore most commonly used. These isotopes also
give rise to a larger mass-difference that can be more accu-
rately measured.

ICAT resolves some of the issues of SILAC [109]. The
ICAT tag consists of three groups- a thiol-reactive group. an
isotope coded tag and a biotin moiety. A cleavable linker is
sometimes included between the isotope tag and the biotin to
facilitate purification [112]. The two collected samples are
reduced and trypsinized and incubated with ICAT labels 1o
allow thiol reactive groups to react with the reduced thiols on
cysteine residues. Differentially labeled samples are then
mixed and subject o mass-spectrometry. The property of
thiol specificity is at once useful and problematic- useful
because tagged peptides can be purified, and problematic
because peptides lacking cysteines are lost [113]. Further-
more, the accuracy of the protocol depends on the fabeling
efficiency. Less than optimal Jabeling will bias the quantifi-
cation and make the results unreliable.

3.2. Quantification Using Isobaric Labels

Labeled quantification evolved further with the introduc-
tion of isobaric tags called Tandem Mass Tags (TMTs) and
isobaric tags for relative and absolute quantification
(iITRAQ) [110.111]. Isobaric tagging allows the simultane-
ous analysis of more than two samples and does not require
the isolation of tagged peptides.

TMTs consist of at least three groups, a reporter group, a
mass normalization group and @ protein reactive group.
These tags are amine reactive and are therefore more likely
10 have a higher efficiency of labeling than ICAT tags.
TMTs are available in sets of two, six or ten labeling rea-
gents (2-plex, 6-plex and 10-plex respectively) [110, 114].
Tags of a particular set have identical overall mass. For this
reason, two identical peptides tagged with different TMTs
will co-elute from a reverse-phase column and have the same
MS' spectral peaks. Depending on the labeling reagent, two,
six or ten samples can be simultancously analyzed by MS.
The control und treated sample sets are trypsinized, labeled,
pooled and analyzed, Upon peptide fragmentation of selected
MS' precursor-ions by collision-induced dissociation in the
mass spectrometer, the MS® spectrum exhibits the reporter
group peaks in addition 10 the characteristic peptide frag-
mentation peaks. The intensities of the different reporter
group ions indicate the refative quantities of the peptide in
the different sample sets. Untagged peptides will not have
reporter-group peaks in the MS” and will therefore be disre-
garded in the quantification process, This makes isobaric
tagging intrinsically more accurate than the ICAT labeling
procedure described above. TMT has been used in the de-
termination of targets of antidepressant drugs [115],

One assumption here is that the applied m/z window se-
lects only a single desired precursor-ion for fragmentation.
However, in reality, additional precursor-ions within a 2kDa
range of the desired ion are also fragmented. Reporter groups
from these additional precursors then lower the quantifica-
tion accuracy [116]. Another assumption is that the difTerent
isobaric tags label proteins in the different treatment groups
(samples) with equal efficiency. But it may not necessarily
be so. The nature of the peptides in the samples and possibly
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their concentration, influences the derivatization reaction and
affects quantification [117]. The above description of tandem
mass tags is also true of the ITRAQ tags, except that iTRAQ
is also meant for absolute quantification. iITRAQ tags come
in 4-plex and 8-plex reagent kits and enable the use of up to
S samples [111, [18].

3.3. Quantification by Selected Reaction Monitoring
(SRM)

Absolute quantification is now also possible with AQUA
peptides (acronym for Absolute Quantification and with
SRM (Selected Reaction Monitoring) [119-122]. SRM is the
detection and quantification of specific proteins in a sample.
It is based on the prior knowledge of one or more proteotypic
peptides from the protein of interest. A proteotypic peptide is
one which is always formed upon protein digestion and has
complete or near complete onization. The mass-to-charge
ratio of a peptide’s precursor- and fragment-ions and its
chromatographic retention time are characteristic of the pep-
tide and together constitute a “transition™ or “assay™. There
may bhe more than one transition per peptide. The mass-
spectrometer is directed 1o follow pre-specified transitions
for a specified duration and to measure their intensities. The
quantity of the peptide may be caleulated from a standard
curve of an identical labeled peptide (intensity versus con-
centration). Reliable SRM assays for most of the human,
yeast and bacterial proteins are now publicly available in the
SRMAtlas, an online repository [ 123].

SRM can precisely measure multiple proteins in a mix-
ture of proteins on the basis of pre-supplied transition infor-
mation. Transitions, of the order of 10°, can be reliably
measured in a single SRM run, boosting throughput incre-
mentally and solving a long-standing problem in proteomics
[124]. Statistical design of experiments employing SRM may
be guided by a statistical software devoted 1o this purpose
called SRMstats [125].

3.4. Label-Free Quantification

The label-free approach 15 a more recent quantification
approach that dispenses with the labeled standard. This ap-
proach has evolved sufficiently for routine use in differemt
studies [126-131], It is generally agreed that the theoretical
basis for such quantification is a “work-in-progress™ but the
convenience of the label-free approach outweighs any small
loss in accuracy, The technique also does away with the la-
bor and cost of the labeling step and can be applied o multi-
ple datasets and to datasets retrospectively.

Bottom-up proteomics consists of piecing together protein
sequence information from constituent peptides. Protein sam-
ples are processed and digested into peptides. The peptide
mixture is resolved by reverse-phase liquid chromatography,
jonized and injected into the mass-spectrometer. These pep-
tde-ions, also called precursor-ions, are scanned and their
intensities plotted as a function of chromatographic retention-
time (Fig. S1). The plot is called the total ion chromatogram.
A peak or a specific retention time range can be selected and
the intensity of the constituent peptides plotted as a function
of their mass-to-charge ratio (m/z). This graph is the MS'
spectrum and each peak in the MS' spectrum represents a
precursor-ion. Desired precursor-ions are selected for frag-
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mentation. The fragmentation process breaks up precursor-
ions into smaller peptides called fragment-ions and their in-
tensities are graphed as a function of their m/z values in the
MS* spectrum. For a given energy applied 1o the fragmenta-
tion, a precursor-ion will always vield the same fragment-
ion(s). The different fragment-ions in the MS® spectrum are
compared with peptides in a database using their masses to
derive their sequence and to identify the protein.

The initial plot of peptide-ion intensity versus retention
time may be used to determine the quantity of peptide in a
particular mixture. The Area Under Curve (AUC) and Per-
centage Area (PA) are two techniques that use this parameter
[122, 129, 132-136]. The latter is called by different names
depending on the normalization algorithm it uses: Total
AUC, PA, AUCqyy, or Ry, Chromatographic peak intensity
and peak areas exhibit a good correspondence with protein
abundance but the calculation is made difficult by noise and
by peptides that co-elute or elute close to each other.

A tally of MS™ spectra from all peptides of a protein is
also a measure of a protein’s abundance [ 126, 129, 131, 137,
138]. The tally is called the spectral count, The Normalized
Spectral Abundance Factor (NSAF), log,{protein ratio), and
Rsc all use this feature. Appropriate normalization must be
applied to correct for differences in jonization efficiency
though, which is frequently not ideal, Neither is detection
linear across an indefinite range of protein concentrations.
Additionally, because identification and sequencing is done
using peptide masses, an artefact can skew the measurement,
The artefact is any peptide that has the same mass as the pep-
tide of interest but not the same sequence.

Alternatively, the number of unique peptides identified
from a protein, or the peptide count, also indicates its abun-
dance [126, 138]. Peptide and spectral counts show a good
correlation with protein abundance but may tend to overes-
timate the abundance, especially when low spectral counts
are observed.

The above quantification techniques use a single mass-
spectral parameter for measuring protein quantity in a sam-
ple, either the spectral count (an MS” feature) or the chroma-
tographic peak arca. A more recent approach for measuring
quantity uses a Normalized Spectral Index (Sly) that is de-
rived from the peptide count, the spectral count and the
fragment ion intensity (an MS® feature), In comparisons of
the different label-free technigques, the Sly outperforms the
others indicating that multiple features yield a more consis-
tent and reliable measure of abundance than a feature alone
[139, 140]. One or more of the above methods are now inte-
grated into computational workflows that analyze tandem
mass-spectra | 140].

It is important to note that inadequacies in data acquisi-
tion can bias label-free quantification such that a biological
effect is observed, The effect may not be real. It is impera-
tive that cerntain standards be rigorously applied to data ac-
quisition before the data can be considered worthy of label-
free analysis. Individual (shotgun-proteomics) runs on a
mass-spectrometer typically have only a 30% overlap. For
this reason, multiple (5-10) runs are required (regardless of
the instrument) to achieve a 95% analytical completeness of
the data before the data can be used [139, 141].
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4. IN PERSPECTIVE

It is important to view the drug-target discovery process
in the larger context of rational drug-development. This in-
volves the identification of one or more components of the
refevant dysfunctional process. Such @ component is oflen
expressed at different levels in the normal and diseased tis-
sue, or exhibits different levels of activity and constitutes a
druggable target [5, 142-144]. The target may be a protein,
nucleic acid or metabolite. OF these, proteins constitute the
majority and an estimate puts the number of druggable pro-
tein targets at a few hundred [5].

4.1. The Genomic Approach, or the Proteomic?

Knowledge of the aberrant component can be obtained by
examining its DNA, RNA or protein. These are complemen-
tary sources of information and the aberration can be ex-
plained more completely be considering them all, For in-
stance, protein sequence alterations may be accurately de-
termined by mRNA sequencing [145]. However, RNA-
sequencing is of little use when it comes to investigating
protein modifications that oceur post-transiationally. These
require protein identification tools.

The information from nucleic acid is sometimes at odds
with information derived from protein. In other words, there
isn't always a correspondence between the RNA and protein
expression profiles and the relation is vet to be completely
understood [ 146],

The speed of the transcriptional process, the nature of the
mRNA transcnipt, the changes wrought on the transcript
post-transcription, its stability and translation into protein,
the modifications subsequently made to the protein, the pro-
tein’s stability and its tumover are all determinants of the
relative levels of RNA and protein [146]. These RNA and
protein profiles are “read™ by the genomic and proteomic
technique respectively, and any lack of correspondence be-
tween the two species may be attributed to one or more of
the above reasons. For instance, a gene whose mRNA is un-
stable but is copiously translated into stable protein during its
lifetime, will exhibit a large discrepancy between its RNA
and protein levels. Conversely, an aberrant gene that is con-
stitutively expressed is likely to have high levels of both
mRNA and protein,

Technigue has a role too in the incongruity. The method
of tissuc collection and storage, the sample processing proto-
col and the instrument influence the guantification. A large
cross-platform study, much like the first NCI-CPTAC con-
ducted study for protcomics, would go a long way in stan-
dardizing experimental conditions for the measurement of
RNA and protein [147].

4.2, Validating the Target

The drug-target candidates from the different discovery
approaches are collated and put through a rigorous validation
procedure. Target validation is meant to confirm the role of
the discovered target in the disease phenotype, It must be
demonstrated in this phase that the drug-candidate effects the
intended change and that it has the desired therapeutic effect
| 148]. The drug-candidate may cause a change in the expres-
sion level of different proteins, in a moedulation of enzyme
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activity, in & disruption or stabilization of protein-protein or
protein-DNA interaction(s) or in the incorporation of post-
translational modifications in proteins [5, 143, 144, 149].
The validation process is guided by the technique of target
discovery and is normally performed in the cell- or animal
models [148]. Validation is followed by lead-discovery and
optimization, and then by preclinical tests, before the drug-
candidate can graduate to a clinical trial,

The validation and subsequent lead development and op-
timization process is lengthy and expensive [150]. Only a
small percentage of drug-targets pass the validation stage. It
has been estimated that only three out of sixty new drug-
candidates identified qualify as a marketable drug {151]. The
total cost of drug-development- from target identification to
market can now cost anywhere between USD4 billion and
USDI4 billion [151-154]. It does not help that drug-targets
reported in the literature are not reliable candidates for devel-
opment. Upto 60% of the relevant biomedical literature may
have results that are irreproducible [155-158]. The problem is
acute and some pharmaceutical companies now routinely
conduct preliminary checks of reported targets before com-
mitting valuable resources to their validation and to drug-
development. Discovery appears to influence overall re-
search-and-development productivity more than anything else
[153]. It makes sense therefore to improve the confidence of
target-discovery such that valuable time and resources are not
wasted i the validation and post-validation stages,

Increasing the specificity of the affinity-purification
method such that the number of false-positives is lowered
would go some distance in increasing the confidence of tar-
get identification. More specific affinity-caplure reagents
would help here, as would a greater number of them. To this
end, the Human Proteome Project is tasked with developing
antibodies for each of the 20,300 proteins coded by the hu-
man genome [159]. More rigorous standards and guidelines
for investigating and reporting drug-targets would stem the
decline in experimental reproducibility and facilitate drug
development. Such standards have already been proposed for
biomarker development and have helped [ 160, 161].

4.3. The Target as Part of a System

As stated at the outset, a comprehensive knowledge of
the in-vivo interaction behavior of the drug-candidate can
guide the design of a drug that has a more defined target or
targets. There is a growing realization that biological sys-
tems, networks and modules within the cell must be consid-
ered in their entirety and that it is not enough to examine
components in isolation. The observed effect of a drug is the
sum total of interaction of multiple cellular and physiological
systems. Systems biology has contributed to this realization.
This is a relatively new discipline but has become indispen-
sable in the drug-development enterprise in recent years, It
deals with the relationships between the different compo-
nents of a system 1o determine how they interact and how
they function as a whole [162. 163]. It enables the integra-
tion of genomic and proteomic data with environmental data
1o better describe the organism's phenotype and to predict its
response to a stimulus.

Systems biology has spawned computationaf tools for
viewing a potential target in the larger cellular or physiologi-
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cal context and to increase the confidence of target-
dentification. They include MetaCore™ (Thomson Reuters),
Pathway Studio (Elsevier), IPA (Ingenuity Systems), the
Software Tool for Researching Annotations of Proteins
(STRAP), Gene Map Annotator and Pathway Profiler
(GeneMAPP), Pathway Tools and the Database for Annota-
tion, Visualization and Integrated Discovery (DAVID) [87,
164-166]. Various companies also offer in-house software
for drug-target discovery, lead discovery, drug-repositioning
ete. on a contractual basis.

4.4. The “Promiscuous* Drug

A review of all FDA approved therapeutics/imaging
agents from the period 1998-2009 shows that most of the
first-in-class drugs were those discovered by conventional
phenotypic screening, and not by target-based drug-
discovery [3]. Clearly, there is scope for improvement in the
target-discovery approach.

Drugs frequently interact with unintended cellular com-
ponents and have unpredicted and unexpected effects [167].
The polypharmacological effects of drugs were discussed in
an carlier section as a rationale for a “more complete knowl-
edge of drug-targets”. Adverse side-cffects are usually de-
tected in late-stage clinical trials when the drug is adminis-
tered to the patient. As the pharmacokinetics and dosage of
the drug has already been tested prior to this, it makes sense
to find a new use for the drug and salvage some of the devel-
opmental effort, than start all over again [168]. Ever-
increasing drug-development costs can be partly offset by
such “repurposing” of failed drugs [169). Repurposing
would also supplement the dwindling supply of drugs to the
market [ 169].

Even if the drug has beneficial, if off-target effects, it is
worthwhile to define and characterize the target-set. Living
systems have redundant signaling pathways for any given
task and this is especially true of cancer cells, The “plastic-
ity in the signaling network enables cancer cells to switch to
alternative signaling routes when a particular component or
pathway is blocked, und is the cause of their resistance to
therapy [170]. Overcoming signaling “plasticity”™ requires
that the redundant pathways be simultancously blocked and
is the reason polytherapy is preferred to monotherapy in can-
cer treatment. Likewise, a drug that binds to multiple cellular
targets, with low affinity, may have a greater potential for
safely curing a disease than one that binds “tightly™ to a sin-
gle target [171],

4.5. Advancing the Science

A road-map for development of proteomic tools and
reagents has been laid out in an NIH-conducted workshop
and seeks to partially address this question [172], The
workshop put forward feasible goals in protcomics that
include (i) increasing the sensitivity of mass-spectrometry
by 100- or a 1000-fold (ii) development of novel affinity-
capture reagents that are more specific (in their interaction
with bait} and casy and inexpensive to prepare (i.c, a gen-
eral improvement in affinity-resing) and (iif) software that
is better able to separate signal from noise in mass-spectral
data, and that is less susceptible to over-fitting, Recom-
mendations for advancing the cutting edge n systems-
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biology-enabled medicine have also been made in work-
shops and seminars in related areas [173].

4.6. Big Data

With the coming of next-generation sequencing tools and
precision mass-spectrometry has come an information deluge
and the need for computational tools for storage, mining and
analysis of this data. The need has been recognized but the
development of software is still not commensurate with the
advancements in instrumentation. The ideal sofiware would
analyze mass-spectrometric data, collate related information
from scientific literature and databases and prepare a report
that is of value to the scientist and the medic. This is not fea-
sible yet, although a vision of information-enabled medical
science that is tailored to an individual has been articulated
[174].

It is sobering to recall that the rational drug-discovery
process yielded only a minonty of the FDA approved drugs
in the decade gone by [175]. The biomedical community
must step up to the challenge of improving that score, that
the promise of rational drug-design may be realized.

ABBREVIATIONS

FDA = Food and drug administration

PML = promyelocytic leukemia

HDAC6 = Histone deacetylase 6

SPT = Serine Palmitoy| transferase

SG = Styrene and glycidyl methacrylate

SILAC = Stable Isotope labelling of amino acids in
cell-culture

H = Heavy isotopic label

L = Light isotopic label

SDS-PAGE = Sodium dodecylsulphate polyacrylamide gel
clectrophoresis

LC = liquid chromatography

MS = Mass spectrometry

ATP = Adenosine triphosphate

CML = Chronic myeloid leukemia

HAPs = high-abundance proteins

LAPs = low-abundance proteins

HCA = 2-hydroxycinnamaldehyde

EGs = Ethyleneglycols

PEG = Polyethyleneglycol

BIS 111 = bisindolylmaleimide 111

GST = Glutathione S tranfrease

DARTS = Drug affinity responsive target stability

FKBPIZ = FK506 binding protein 12

mTOR = Mammalian target of rapamycin
PTM = Posttranslational modification
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SUMO = Small ubiquitin-like modifier

IMAC = Immobilized metal afTinity chromatography

MOAC = Metal oxide affinity chromatography

HILIC “  Hydrophobic interaction liquid chromatog-
raphy

DIOS = Desorptionfionization on silicon

NALDI = Nano-assisted laser desorption/ionization

BSA = Bovine serum albumin

PAP «  Photoaffinity probe

PAL = Photoaffinity label

ABPP = Activity based protein profiling

THL = Tetrahydrolipostatin

HIV = Human immunodeficiency virus

TAT = Trans-activator of transcription

ICAT = lIsolope code

™T = Tandem Mass Tag

iTRAQ = Isobaric tag for relative and absolute quanti-
tation

SRM = Slected reaction monitoring

AQUA = Absolute quantification

AUC = Area under curve

PA = Percentage area

NSAF = Normalized spectral abundance factor

Rsc = Ratio of spectral counts

Shy = Normalized spectral index

DNA = Deoxyribonucleic acid

RNA = Ribonucleic acid

mRNA =  Mediator RNA

NCI-CPTAC= National cancer institute - Clinical pro-
teomics wmor analysis consortium

USD = United states dollars

IPA = Ingenuity Pathway Analysis

STRAP = Software tool for researching annotations of’
proteins

GeneMAPP = Gene Map Annotator and Pathway Profiller

DAVID = Database for Annotation, Visualization and
Integrated Discovery

NIH = National Institutes of Health
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HMOTNOSTNI SPEKTROMETRIE

POROVNANI HMOTNOSTNE
SPEKTROMETRICKYCH PﬁiSTUPQ
V PROTEOMICKEM PROFILOVANI LECIV

OZDIAN T., HOLUB D., RYLOVA G., VACLAVKOVA J., HAJIDUCH M., DZUBAK P.
Ustav molekularni a transla¢ni mediciny, Lékatska Fakulia, Univerzita Palackého v Olomouci, petr.dzubaki@upol.cz

P analyze proteomy se vyigivaii dva hlavni lontové zdroje. eloksrosprej (ESI a srairici asistovand laserova desorpee’ionizace (MALDE. Pro
udely jejich porovndni bvla SILAC znacend linie CCRF-CEM adetiend tremi platinovimi 1é¢ivy a neasledné byl po frakcionaci a digesci ana-
Ivzovan celobunéént proteinovy Ivzdt. Vaorky byly paralelné méteny na thech hmotrosinich spektrometrech s riznymi analyzatory — iomtovou
pasti (ESINT), ancalyzdtorem doby letu (MALDI-TOF) a orditding ontovou pasel (nESI-Orbitrap). Ka2dy spekirometr byl spojen x visokoucinmosu
kapalinovou chromatografil a by nezdvisle optimalizovdn pro nefvidsi wikon. Data hvla nezdvisle analvzovdna, pricem? priméray podet pro-
reinil ldentifikovanyeh ESISIT i 660 + 124 5 66% pfekryvem ve viech tfech replikitect, w MALDI-TOF 355 « 68 proteinii x 41% prekryvem
a u nESI-Orbiteap 2430 £ 306 proteini x 76% phekrnyvens. Kvanrifikadni plesnost vijddiend jako R byvla w ESI-IT 0,454 + 0,047, u MALDI-TOF
0,524 + 0,734 o u nESE-Orbitrap 0,692 + 0,063, PH vzajemném porovedni se proteiny ldemtifikované ESI-IT @ MALDI-TOF [isily minimilné

a bvly beze shyvtku identifikovdny také pomoct nESI-Orbitrap,

Uvod

Hmotnostnl spektrometne (MS) je jednou ze zikladnich metod iden-
tifikace proteind. Daleo by se fici, Z¢ rozvoj hmotnostni spektrometrie
stoji do znadné miry i za rozvojem peoteomiky. Ve svych podatcich byla
vyuZivand k identifikacim jednotlivich proteind, naptikiad metodou
protein mass fingerprinting, pfidem? v soudasnosti je schopai identi-
fikovat tisice proteint vedle sebe. BEzné je propojeni hmotnostniho
spekirometru s vysokodinnou kapalinovou chromatografii (HPLC),
jsou ale moZnd i jind spojeni, napfiklad s elektroforetickou separaci,
nebo s iontove vymennou chromatografii. Casté je i kombinovini metod
naptiklad v prvnim kroku separace elektroforézon, digesce o naslednd
HPLC-MS analyza. Tim se dosihne lepdi separace jednotlivich peptidd
a zvydi s tak jejich zichyt, Cilem whoto pfispéviu je porovnat th
metody hmotnostné spektrometricke analyzy pouZivané v proteomice,

Prvni metodou identifikace proteind je on-line spojeni HPLC s elek-
trosprejem a iontovou pasti (ESI-IT). Tato kombinace vyniké rychlosti
méfeni jednotlivich spekter a mozmosti rychlé fragmentace peptidi,
Diky vysoké rychlosti méfeni jednotlivech spekter ji moZné fragmen-
tovat vEt&i mnozstyvi peptidic vytékajicich v jednom okamZiku z koloay.
Nevyhodou je niZéi rozliSeni hmotnostnich spekter.

Drubou metodou je spojent HPLC s matric asistovanou laserovou
desorpei/ionizact s analyzatorem doby letu (MALDISTOF), Tento
zpisob ionizace vyZzaduje piitomnost matrice, 4 proto musi foto spojeni
probihat oft-line za pomoci spotovacibo zafizeni. PR spotoviini docha-
zi k pfimichavini matrice do HPLC eludtu, pfidem2 vznikla smés je
dévkovana na MALDI tertik. Hlavnl vyhodou HPLC-MALDI-TOF
analyzy je Easové oddéleni separsce od ssmotného médeni. Hmotnostnd
spektrometr ma tedy Eas fmgmentovat viechny piky ve spektru, Casové
oddéleni méfeni od separace je¢ soutasné nejvetdi nevyhodou tohoto
pfistupu. Méteni mize trvat v ziviskosti na bohatosti vzorku a2 Sesti-
ndsobek doby HPLC béhu,

Poslednim pfistupem v tomto porovaani je spojent nanoHPLC
s hybridnim hmotnostnim spektrometrem s orbitalni jontovou pasti
a nanoelektrosprejem (nESI-Orbitrap). Vyhod hoto spek tru
Jje vysoka pfesnost analyzy peptida v orbitalni iontové pasti, kterd trva
delsi dobu ne2 méten v linedmi ionové pasti, Proto se s vihodou uplat-
fuie uspoladini, kdy po zméfeni peptidd v pasti orbitilni je molné je
ditle fragmentovat v paralelnd fontové pasti, Dochdzi tak k ziskani dvou
druhii informaci. Prvni informaci je velmi presnit hmotnost dostadujici
k identifikaci peptidu n druhou informaci je jeho sekvence ziskand
z fragmentacnibo spekira. Jako hlavni nevyhaodu [ze uvest v soutasnosti
vysokou cenu phistroje,

Toto srovrini je také stovmini dvou generaci proteomickych pistupi,
V prvanim, stardim, jsme vychazeli 2 komplementarity ES|a MALDI,
kdy vyuzivime skuteénosti, 2¢ néktere peptidy se Iépe ionizuji pomoci
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jednohe zdroje a jiné pomoci drubého [ 1], Za Otelem daliiho zvysend
identifikace proteind jsme pouZili vyhleddvini pomoci dvou mecha-
nismi (Mascot [2] a Phenyx [3]) a dvou databazi (NCBI a Uniprot).
Novejal pristup spocivd v analyze nanoHPLC s dlouhym gradientem
a piesnou analyzou nESI-Orbitrapem, Data 2 té10 metody byla zpra-
coviina @ vyhledana v akademickém softwaru MaxQuant [4], ktery
vyuZivi databiizi Uniprot, Z tohoto popisu je tedy jasné, ¢ novéjsi
plistup je mnohem jednodussi a zeyména ve srovnini s HPLC-MALDI-
~TOF také mnohem rychlejsi.

Material a metody

Chemosenzitivni bunétnou linii CORF-CEM jsme omadili metabo-
lickym izotopickym matenim metodou SILAC [5], kterd je zaloZena
na dlouhodobé kultivaci bunek § J1@2kym™ “COC, angininem a "'C,
Iyzinem. Takto znadenou  t&2kou™ linii jsme pouZill ve viech pfipadech
jiko kontrolu, [zotopicky neznadend, Jehka®, bundni linke byla nuproti
tomu oetfena cisplatinou (koncentrace I&iva 5 x IC50= 12,6 M, doba
inkubace 2,5 h). karboplatinou (5 x IC50 = 50,7 uM, doba inkubace
3 ) o oxaliplatinou (5 x 1C50 = 29,3 uM, doba inkubace 4 h). Tyvto
koncentrace byly stanoveny na zitkladé predchozich experimentd jako
pétinisobek cytotoxicke koncentroce, kteri usmrti po 72 hodindch 50 %
bunik (1C50). Casy ofetieni 1é¢ivy byly stanoveny jako polovina Susu
do aktivace kaspaz, jejich2 aktivita je zndmkou nezvratné zahajenych
procesd vedoucich k bundtné smrti (apopidze). Pro jejich stanoveni
jsme pouzili kit MagicRed monitorujici aktivit kaspdz (6], Timio
jsme v experimentech pouZili ekviaktivai koncentraci a srovnatelny
Eas oFetfen, ve kterém jsme zohlednili rychbost nistupu bunétng smrti
po osetfeni ruznymi 1&8ivy. Zaroven jsme se yyvarovali bodnoceni
pozdnich apoptotickych zmén, které by v pozdéjiich intervalech phe-
vladly. Po inkubaci by la odetiend bundind linie smichina v poméru 1:1
s neodetfenoy linii. Smés byla lyzovina pufrem obsahujicim 20 mM
Tris-HCL, 7 M mogovinu, 10 mM DTT, 1% Triton X-100, 0,5% SDS
22U benzonazy. Lyzit byl separovin pomoci preparativai SDS-PAGE
clektroforézy, Elektroforeticky gel byl roztezin na 20 frakci o proteiny
v téchto frkcich redukovany Tris(2-karboxyethy!)fosfinem, alkylovany
Jjodacetamidem a nafiépeny trypsinem. Smés peptidd byla po $t¢penia
pred LO/MS analyzou pedisténg pomoci kolonek MiChrom Macrotrap
5 C18 sorbentem,

Hmotnostné spektrometricka annlyza probihala celkem na tfech
phistrojich. Nejprve byly vzorky analyzovany na iontové pasti Bruker
HCTultra spojené s kapalinovym chromatografem Agilent 1200 a
kolonou Agilent Zorbax 300SB-C18 o rozmérech 150 mm 5 75 pm
a velikosti &dstic 3,5 um, Mobilni filze byly voda s 0,1% kysetinou
mravend] a acetonitril 5 0,1% kyselinou mravenéi, Gradient byl na-
staven s narastem od 5 % do 30 % organické fize po dobu 70 minut
s pritokem 04 pl/min. Zméfena spektra byla odeslina do programu
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Bruker ProteinScape 2.1.0573, kde byl vyhledina dvéma paralelnim|
phistupy. Prvnim byl algoritmus Mascot s databazi NCBI aktualni
k 21.1.2010 u nastavenim; taxonomie Homo saplens, enzym trypsin,
2 povolend chybnd Stépeni, modifikace: karbamidomethylace cysteinu,
oxidace methioninu a znadeni “'C, argininu a “'C, lysinu, himotnostni
wlerance peptidd £ 0,5 Du, MSMS tolerance = 0,5 Da, néboj peptidi
2+ a 3+, Peptid byl skeeptovin pifi minimdlnim Mascot skére 12 a
protein pit minimalnim skore 40, Druhy algoritmus, Phenyx, mél o
nastaveni; databdze UniProt (aktdlni k 25.1.2010), taxonomie Home
sapiens, vychozi naboj jonth 2+, 3+, 4+, skérovaci model HCTultra,
modifikace byly totoné juko v algoritmu Mascot, enzym trypsin, hmot-
nostni talerance 0.5 Da, maximalné povolend 2 chybna Ssépeni, mod
stépeni Jhalf cleaved™, bey jonty, sekvendni pokrytl 20 %, Visledky
z obou vyhledivacich péistupl byly spojeny a zpracovany pomoci
nastroje Protein extractor a proteiny byly kvantifikoviny nastrojem
Bruker Warp-LC verze 1.2, Viechna data pak byla zpracoving pomoci
programu ProteinScape,

Paralelnl analyzou k prvnimu ptistupis byla analyza LC-MALDL
Separace probikala off-line na kapalinovém chromatografu Agilent
Capillary 1200 s kolonou MiChrom Magic C18AQ 0,2x150 mm o ve-
likosti Sastic 5 pm spojenym se spotovacim robotem Bruker Proteineer
fe. Mobilni fiaze byly voda s 0,1% trifluoroctovou kyselinou a acetonitil
5 0,1% trifluoroctovou kyselinow, pritok 3 ul/min, gradient byl 5 %
do 5. minuty a pak se procento organicke faze linedmé zvysovalo az
na 35 % po dobu 55 minut, Poté ndsledoval proplach 95% organickou
fazi po dobu IS minut a ckvilibrace na vychozi podminky trvala 15
minut. Frakce byly sbirany mezi 6. a 70, minuton. Eluit byl pomoci
spotovaciho robota rozdélen na 384 frakel s délkou jedné frakee 8 s &
ke kazdé fraker byl peidavin | pl a kyanohydroxyskoficove kyseliny
(1 pg/ml) jako matrice, Samotné méteni probihalo na pHstroji Bruker
Autofiex 1. V prvni fazi byla zméfena MS spektra v rozsahu miz
600-3500 v reflektronovém pozitiviim mddu pfi sile laseru 67 % a
napéti ni detektoru 2426 V. Na jeden spot bylo naméteno 2000 spekier,
Po proméfeni celého teréiku byl v programu WARP-LC vygenerovin
seznam pikd vhodnych pro fragmentadni analyzu, Ta probihala auto-
maticky v reflektronovém pozitivnim mddu s izolataim oknem 10 Da
o se zvySenim sily lasers 0 65 % it napéti na detektoru o 100 % vici
méfeni prekurzorovych iontd. Hmotnostnl spektra byla zpracovina v
programu ProteinScape a vyhledana pomoci algoritmi Mascot a Phenyx
podobnym zphsobem juko u dat 2 lontové pasti s rozdily v nastaveni;
ndboj 1+, MS tolerance 100 ppm a MS/MS tolerance 0,5 Da.

Analyza nESI-Orbitrap byla provedena nia phstroji Orbitrap Elite
(Thermo) spojenym s lontovym zdrojem Proxeon Easy-Sprisy a chroma-
wgrafem Ultimate 3000 RSLCnano. Jeden mikrolitr vzorku byl nanesen
na odsolovaci kolonu PepMap 100 (75 pm x 2 em, 3 pm, velikost pord
100 A; Thermo) zapojenou in-line™ s analytickou kelonou PepMap
RSLC (75 pm x 13 cm, 3 pm, velikost pord 100 A; Thermo) vyhtiva-
nou na 35 °C. Peplidy byly separoviiny na analytické kolone s lineime
rostoucim gradientem organické filze 2 5 % na 35 % s celkovou délkou
béhu 150 minut, Vodna fize byla voda s 0,1% kysclinou mravendi o or-
ganickd fikze acetoniteil 8 0,1% kyselinou mravendi, Rozliseni orbitdlni
pasti bylo nastaveno na 120000 a peekurzorové jonty byly skenoviny
v hmotnostnim rozsahu 300-1 950 miz. V kazdém cykiu bylo vybrino
dvacet nejintenzivadjdich fonth pro fragmentaci kolizi indukovanou
disociaci & analyzovano v linedmi pasti s kolizni eoergii 35 ¢V,

Vybér piki u vyhledini peptida u nESE-Orbitrap probéhly s pomoci
programu MaxQuant v, 1,3.0.5[4] pouzivajici databdzi UniProt (aknuil-
ni k4,4.2013) omezenou na lidské proteiny. Véechny frukee a replikdty
Jednoho K¢iva byly vyhleddny spoletng, Karbamidomethy lace cysteind
byla zvolena jako fixni modifikace a jako variabilnl modifikace oxidace
methionind a scetylace proteint nu N-koncl, Bylo pouZito znaeni
pomoci C, argininu o UC lysinu, Minimalni poéet peptidi a razor
peptidd by nastaven na | a minimdlni détka peptidu na 6 sminokyselin.
Hmotnostni tolerunce prekurzorového iontu by la nastavena na 20 ppm
a tolerance fragment na 0.5 Da. Podet filednyeh identifikaci (False
discovery rate, FDR) byl pro proteiny a peptidy nastaven na | %
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Data 2 hmotnostnich spektrometrd ESILIT a MALDI-TOF byla
exportovina z programu ProteinScape ve formé excelovych tabulek,
katalogova Eisla proteind by s sjednocena na standard UniProt pomocl
nastroje Retrieve / 1D mapping (http2/www.uniprot.ong/uploadiistsd,
aktudlni ke 2. 3. 2016) o pfevedena na textovy soubor, Data 2 nESE-
-Orbitrap vyhledand pomoci programu MaxQuant jsou v textovém
formidtu standardné. Vyexportovana data byla zpracovana v programu
Perseus 1.4.0 s vyuZitim funkci Combine runs a Numerical Venn
Diagram. Vennovy diagramy byly vizuslizoviny pomoci progrumu
Venn diagram plotter 1.5 a Inkscape 0.48. Pro porovndvini metod by ly
powdity peptidy i proteiny, které nebyly jen identifikoviny, ale 1aké
kvantifikoviny. Kvantitatival informace md phi biologické interpretaci
maohem v vwznum ne pouhi identifikace.

Jako pryvni porovidvanou informaci jsme zvolili podet MS/MS spek-
ter, ktera byla danou metodou zméfena a identifikovana, Uspéing iden-
tifikace MS/MS spekter vede k uréeni peptidi. Naslednym skladanim
peptida se identifikujf pfisludné proteinové rodiny a konkeétni proteiny.
Peptidy a proteiny jsme porovadvali pomoci Vennnovych diagrami pro
Jednotlivé metody a replikary, ale 1aké pro viechny metody dohromady.
V 1omito zobrazend jsou zapodieny peptidy s proteiny pHitomné alespod
v jednom replikatu na metodu.

Pro porovnini kvantifikaéni 6¢innosts byly vybriny pouze proteiny,
které se pro dané lé&divo a metodu vyskytovaly ve viech tfech opa-
kovinich. Hodnota poméru téZkého a lehkého peptidu (H/L) byla
zpramérovana a do grafu byly vyneseny vziahy jednotlivich analyz
k jejich priméru. Hodnota kvantifikadni pfesnosti byla urfena jako R¥
a je uddna pro ka2dy replikin s metodu 2viase,

Vysledky a diskuze

P poroviivani hmotnostnich spektrometri je nutné vzit do dvahy fadu
faktor juko je rozliSeni, presnost, citlivost a rychlost. Tyto parame-
try jsou ditleZité o pfispivaji ke konetnému vysledku proteomického
experimentu, Jak jiz bylo feéeno v uvodu, v tomto piispéyku porovii-
vame technologicky rozdilng HPLC-MS pRistupy o spiSe neZ abychom
porovnivalt samotné hmotnostni spektrometry, bodnotime komplexni
uginnost th odlisnych experimentdinich uspofddini, 2 nichZ kazdé
mi své vyhody a nevyhody. Jednotlivé platformy by by totiz nezivisle
optimalizovany pro co mejyvyssi vikon, a tudiz nebylo mozné porovadvat
méfeni pi steinych podminkich (napf. HPLC gradient, velikost kolony
a daldi), Data pochazejici 2 ESEIT a MALDI-TOF byla zpracovivana
a uchovavina v softwaru Bruker ProteinScape. Data z tietiho piistroje,
nESI-Orbitrapa, byla zpracovina v programu MaxQuant vytvodfeném
piimo peo analyzu spekter z Orbitrapu, Ackoliv existuji umiverzaini
formity prezentace MS spekter [7], povazovali jsme specinlizovany
software doddvany vyrobeem, respektive yyvinuty pfimo pro konkrétni
phistro), 2z lepsi fedenl.

Prvnim parametrem, ktery v tomto prehledu porovndvame, je potet
MS/MS spekter, Je to podet piki, kieré dany software vyhodnotil juko
vyznamné a zvolil pro fragmentaci. Fragmentace prekurzorovyeh sonti
mi pro identifikact peptidd veliky vyznam, protoZe v idedInim péipadé
jsme z fragmentaénibo spektra schopni uréit celou sekvenci peptidu.
Téchto idedlnich spekter je viak v bézné analyze milo. Spektra, kierd
neobsabuji kompletni sekvenéni informaci, jsou viak presto identifi-
kovina na ziklade pravdépodobnostniho modelu [2]. V piipwde ESI-
-IT byl primémy podet MS/MS spekter 70283 = 10137, 2 tobo bylo
identifikovino 10862 £ 2052, U MALDI-TOF bylo naméfeno 73 547
4 14990 spekter, 2 who 3838 £ K12 byloe identifikovino, Analyza po-
moci nESI-Orbitrap poskytla 596296 £ 32 521 namefenych a 109260
4 22419 identifikovanych spekter (obr. 1)

Poget identifikovanych peptidi je prvnim dileZitym parametrem,
Stejné dulezit je ale 1 jeho reprodukovatelnost. Stay, kdy sice mame
dostatek peptidit, ale nizkou opakovatelnost, se nazy vil undersampling
a je nezadoucim efektem large scale” proteomickych a metabolomic-
kych experimentd [8). Na obrizku 2 je plekrytl jednotlivich peptida,
kdy v pripadé ESEIT bylo identifikovino 6 177 £ 1218 peptidi pfe-
kryvijicich se ve vech ech replikitech, u MALDI-TOF 1778 = 92
peptidi a nES1-Orbitrap mél prekryv 12296 = 2028 peptidis,

Dvkandoni ma dalii virand
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Obr. 1 - Podet MS/MS spekter, které byly jednotlivymi metodami
zméteny a spekter, které byly identifikovany a kvantifikovany
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Obr. 2 - Mira pfekryvu identifikovanych a kvantifikovanych pep-
tid( pro jednotliva méfeni, Suma byla poéitana z poétu peptidid,
kleré se v dané metodé vyskytovaly alespod v jednom replikatu,
Grafické znazornéni sumamiho diagramu je nasledujici

W ESHY B MALDLTOR

Potet identifikovanyeh peptidd je dilezity pii bodnoceni zmén na
drovni proteinovych rodin a jednotiivich proteind. Cim vice peptidi
bylo pfitazeno konkrétnimu proteiny, tim je vwasi jeho sekvendni po-
Kkryti atim pfesndjsi je kvantifikace a daiSi Gdaje o studovaném proteinu.
Primérny podet peptidl na protein byl 12,0 £ L6 u ESIIT, 74 £ |5
u MALDI-TOF a 5.5 = 0.4 u nESI-Orbitrap. Pokryti sekvence bylo
(v procentech) 28,9 + 3,0 u ESEIT, 15,6 £ 2.8 u MALDETOF a
15,8 + 1,6 u aES1-Orbitrap. Podet proteind identifikovanych
ESE-IT byl 660 = 124 & 66% prekryvem ve viech thech replikitech,
uMALDI-TOF 355 + 68 proteind s 419 pfekryvem a u nESEOrbiteap
3430 + 306 proteind s 76% piekry vem (obr. 3). Nejménd proteind bylo
tedy identifikovano metodou MALDE-TOF a zéroven byla v 1éto metodé
nejvysi troved undersamplingu. Metody ESI-IT a nESI-Orbitrap se
s problémem undersamplingu vyrovnaly lépe, pfesto lze vidét roadil
Jjednoho fadu v podtu identifikovanych proteind.

PE porovniani ESI-IT a MALDE-TOF je nutné vzit v potaz, 2¢
z peincipu metody je rozliSeni o piesnost MALDI-TOF oproti ESI-IT
minobem vyadi, Z toho plyne rozdil v kvantifikalni pfesnosti mazomény
na obrdzku 4, kdy ESEIT mélo primémou piesnost R* 0,454 £ 0,047
aMALDI-TOF R 0,569 = 0,081, Kvantifikaéni phesnost nESE-Orbitrup
Jje v ramel porovndvanyeh metod nejvysdi, ato R = 0,692 + 0,063,

Z poroyniani na obrizku 2 a 3 je ziejmé, Ze udivand komplementarita
MALDI & ESI phstupl se ve zkoumnaném vzorku ptilis neprojevila.
Jejich komplementaritu jsme v nadl laboratofi pozorovali a2 p#i po-
uZiti MALDI-TOF spektrometru novEjsi gencrace (nepublikovana
data). Vyznum komplementarity MALDI-TOF a ESI-IT oviem zanika
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v porovisini s daty ziskanymi z nES1-Orbitrap, kdy jsme idemifikovali
Juk viechny proteiny 2 ESI-IT wk viechny proteiny z MALDI-TOF,

Veasi podet identifikovanyeh proteind ndm umoduje popsat vice
detaili v bunétné odpovedi. Nase data odedzl padobay trend, jeko byl
popsdn v Clanke Hammerové et al [1] 2 roke 2010, kdy sutofi kvan-
tifikovali 778 proteind pomoci komplementirnich plistupd MALDI-
-TOF a ESI-FTICR. Signifiknntné zméndné proteiny zde byly pouze
zminéné, ptipadné ¢lendné do jednotlivych skupin. V &ldnku o pét let
novéjsim, od autord Petrovide et al. [9], bylo kvantifikovdno pomoci
novéjdi generace iontové pasti 2064 proteini a jiz se neuvadi pouze
signifikantni zrmény jednotlivech proteind. ale popisuji se i ueelené bu-
néiné procesy oviivnéné doxorubicinem, Za timto posunem stoji nejen
rozvoj podtu identifikovanych proteind, ale také rozvo) bioinformatiky
umoziujici zafazeni proteinit do jednotlivych drah, Pomoci zlepseni
v 1&chto oblastech jsme schopni ziskat ucelengjdi informace o bunééneg
odpovédi na odetfeni 1étivem.

Zavér

Porovnali jsme tH nezivislé proteomické péistupy, ESIIT, MALDI-
~TOF a nESI-Orbitrap, 2 hlediska jejich (84 i v LC-MS uspofadani,
Ve véding sledovanych parmetr med nejvérsi dspéinost identifikiace
nESL-Orbitrap. Pomoct ESI-IT bylo identifikoviino vice proteind nez
v phipade MALDI TOF, MALDI-TOF naproti tomu poskytlo plesnéji
kvantifikaci. U pristupy ESET se vyskytoval nejvyisi podet peptidd
na protein a pozorovili jsme nejvydsi sekventol pokryti v edmei celého
experimentu.

Zévérem je nutné #lci, ze ve srovaani powityeh peistupi je Orbitrap
2¢ viech 1 plistrojd nejnovjsi o toto srovnind je diky tomu § odraszem
rychiého vivoje ptistrojovych a analytickych technologii v oblast
proteomiky  hmotnostni spektrometrie 2a nékolik poskednich let,

Podékavini: Pravce byla financowina = projekse MSMT za pomoci
Ndrodnihe programu wdriitelnoxti (Narodni program wdriifelnosti,
LO1304),
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Obr. 4 - Kvantifikacni pfesnost. Poméry jednotiivych
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Abstract
THE COMPARISON OF MASS SPECTROMETRY APPROACHES
IN PROTEOMIC PROFILING OF DRUG RESPONSES,

Sunmmrary: There are twor main musy spectromelry approaches in profeome
amalysis: electrospeay (ESI amd matrix assiaed laser desorption lonization
(MALDY). For purposes of thele comparivon, the SILAC labeled CORF-CEM
cwll fime whes tresatidd by three platimun drvgy and wivole cell Iyvane was amalyzed.
Samplex were meavwnd in parallel by three masy spectromesers - jon trap (ESI-
A7), timeot-flight (MALDI-TOF) and orbisal ton trap (nESE-Orbitrap). Each
speciomuter way comped wirh high performance ligeid chromatography and
Indepersdently apimized for best perfoemance. Dot were analyzed indopencdont-
by and average comnt of identifted proseing was 660 = | 24 with 66% caverage
i all theee replicates, MALDI-TOF witie 355 + 68 proteins and 41% coverage
and nESH-Orbiteap 3430 0 306 profeim with 76% coverage. (hantification
accrracy of ESIIT determined ox RY was 0,354 = 0,097, MALDI-TOF (1524
= (1134 anid RESI-Orhigrap 1692 + 0,060 Proteiny ddentified by ESEIT and
MALDITOF i at Joast one replicate way nearly the same and alf of them weee
Mdentified in nESE-Orbitrap ay well
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oS, mass Spec V. LC-MS
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ABSTRACT

Asporin has been reported as a tumor suppressor in breast cancer, while asporin-
activated invasion has been described in gastric cancer. According to our in silico
search, high asporin expresion associates with significantly better relapse free survival
(RFS) in patients with low-grade tumors but RFS is significantly worse in patients
with grade 3 tumors. In line with other studies, we have confirmed asporin expression
by RNA scope in situ hybridization in cancer associated fibroblasts. We have also
found asporin expression in the Hs578T breast cancer cell line which we confirmed
by quantitative RT-PCR and western blotting. From multiple testing, we found that
asporin can be downregulated by bone morphogenetic protein 4 while upregulation
may be facilited by serum-free cultivation or by three dimensional growth in stiff
Alvetex scaffold. Downregulation by shRNA inhibited invasion of Hs578T as well as
of CAFs and T47D cells. Invasion of asporin-negative MDA-MB-231 and BT549 breast
cancer cells through collagen type I was enhanced by recombinant asporin. Besides
other investigations, large scale analysis of aspartic acid repeat polymorphism will
be needed for clarification of the asporin dual role in progression of breast cancer.

INTRODUCTION clements for cell survival i.e. growth factors, inflammatory
molecules and immune soluble mediators [3]. ECM

Tumor progression is partly a result of evolving consists of a plethora of proteins of varying structure and
crosstalk between different cell types within the tumor function [4]. Inter alia, the small leucine rich proteoglycan
and its surrounding supportive tissue/tumor stroma [1]. tamily (SLRPs) constitutes an important group of ECM
The extracellular matrix (ECM) is a dynamic structure proteins, widely found in most extracellular matrices [5].
providing constructional support, organisation and Asporin was identified by three research groups in
orientation into tissues [2] as well as supplying crucial 2001 [6, 7, 8). The aspartic acid rich N-terminal region and
www.impactjournals.com/oncotarget 1 Oncotarget
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central part of the asporin molecule bind type 11 collagen
[9] while collagen 1 is bound by the central region,
Asporin inhibits collagen fibrilogenesis and competes with
decorin in binding the same sites. For this reason, this
competition may have a role in regulating the development
of ECM., The asporin N-terminal polyaspartate domain
also binds calcium, and works in concert with other
domains in order to initinte the mineralization of
collagen [10]. Asporin plays an important role in normal
development, in particular of cartilage, bone and teeth,
while its genetic polymorphisms have been associated with
various bone and joint diseases, including osteoarthritis,
rheumatoid arthritis and lumbar disc disecase [11].

We identified asporin by microdissection and
expression profiling as a novel breast cancer related
protein | 12]. It was upregulated in invasive carcinomas, in
particular lobular ones, together with other extracellular
matrix proteins such as periostin or versican [13, 4],
Asporin can also be found in gene lists from other
expression microarray analyses both in breast and other
cancer types | 15-19]. Association of asporin with different
types of cancer has also been confirmed by other methods
such as tag profiling and mass spectrometry |20-23].
Important findings have been recently reported by
Satoyoshi et al. [24] who found strong asporin expression
in cancer associated fibroblasts and its importance in
coordinated invasion of gastric cancer. On the other hand,
Maris et al. [25] have described the tumor suppressive
potential of asporin in breast cancer. With respect to
these contrudictory results, the role of asporin in cancer
progression and the tumor microenvironment deserves
further investigation.

RESULTS

Asporin associates with better prognosis in
low-grade tumors but not in high-grade breast
cancer

To acquire novel clues for the role of asporin
in breast cancer we performed data mining using the
Kaplan-Meier Plotter database comprising 4142 breast
cancer patients, Detailed results on relapse free survival
(RFS), overall survival and distant metastases free
survival are summarized in Table 1 and Supplementary
Table 1A, Although high asporin expression may serve
as a good prognostic marker for tumor grades 1 and 2,
the opposite can be observed in high-grade breast cancer
(Figure 1A). High asporin expression is associated
with significantly worse RFS both in estrogen receptor
positive and negative grade 3 tumors, in particular with
metastasis to lymph nodes (Figure 1B, Table 1), Asporin
predicts good response to endocrine therapy in estrogen
receptor positive breast cancer, in particular the luminal
A molecular subtype. However, it is associated with
worse RFS in the chemotherapy treated basal subtype

or in the untreated luminal B subtype (Supplementary
Table STA).

Analysis of other cancer types showed significantly
worse overall survival of ovarian and gastric cancer
with high asporin expression. On the other hand, lung
adenocarcinoma with high asporin expression had better
outcome than patients with low asporin expression
(Supplementary Table S1B).

Identification of asporin positive cells in-vitro
and antibody validation

We have searched public repositories (Gene
Expression Omnibus and Array Express) and found HsS78T
as the only breast cancer cell line with asporin expression
(Supplementary Figure SIA), which we confirned by
qRT-PCR (see below). Western blot results with several
antibodies were not clear in relation to mRNA expression
of positive gingival fibroblasts and negative breast cancer
cell lines BT-549 and MDA-MB-231 (Supplementary Figure
S2, Supplementary Table S2). Given the urgent need for a
reliable antibody for subsequent experiments we saught
another positive control, Asporin plays an important role in
collagen mineralisation [ 10] and it has recently been found to
be strongly upregulated during odontogenic differentiation of’
human dental pulp stem cells (hDPSC) [26]. We reproduced
this finding (three independent samples with mean AACt
4.93 which corresponds to approximately 30 fold mRNA
upregulation) and western blot results were in concordance
with the mRNA levels (Figure 2, Supplementary Figure S2).
Presence of asporin in the indicated double-band was further
confirmed by mass spectrometry (Supplementary Figure S3,
Supplementary Table $3).

Asporin is regulated by BMP4, serum-starvation
and 3D cultivation in Hs578T cells

We have tested multiple treatments which could
modify expression of asporin in Hs578T. Expression of
asporin is increased by TGF-beta in chondrocytes 27,
28], however, we observed no consistent upregulation
of asporin after TGF-beta (Figure 3A, 1.3 mean fold
upregulation), Other members of the TGF-beta family,
BMP2 and 4, have been reported to increase asporin
levels in periodontal ligament cells [29]. In breast cancer
HsS78T cells, BMP4 slightly downregulated asporin
and phosphorylation of focal adhesion kinase (FAK)
at tyrosine 397 (2.4 and 2.1 mean fold downregulation,
respectively), while BMP2 did not cause any consistent
changes (Figure 3A, 1.2 mean fold downregulation).
BMP4 also downregulated the asporin mRNA level
(three independent samples with mean AACt 3.77
which corresponds to approximately 14 fold mRNA
downregulation).

Interestingly, asporin expression was markedly
enhanced in serum free medium in comparison to a
medium containing 10% FBS (Figure 3A and 3D,
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Table 1: Prognostic value of high asporin expression in different breast cancer categories

subtype® statuste PIOBSOSUE  poo atients  status  PIOBROSE o aticots  dtates  PTUPPOK Loips  patieats

valoe*** value value

wny any 0,43 3554 any n 0.046 1y any 042 1609
FR+ 1 0067 1802 FR+ m 00012 377 ER+ " 0.0014 577

ER- il 01 671 ER- 0.16 142 ER- 0.57 170

Her2 ! 0.081 168 Her2 nd. 2% Her2 05 1l

Her2- " 048 756 Her2- 025 2 Herl- 018 82

LN+ 0.4 945 LN+ 0.33 197 LN+ 490 337

LN- 061 1813 LN- 1" 0034 428 LN- i 0,035 896

Gl m 00013 308 Gl 0.13 135 Gl 048 172

G2 " 00039 724 G2 " 000033 287 G2 m 0.0021 495

G3 il 00l G3 0.33 347 Gi 0.21 391

G3 ER+ 1l 0028 235 GIERe 0.58 9%  GIER 051 132

G3 ER- 1 00035 203 GIER- ! 0.13 109  GIER- | 0,068 125

G3 Hee2+ 0,67 87 G3 Her2+ nd. 35 G3 Herd+ 0.93 Y]

(3 Her2- 1 00025 239G3 Her2- i 0.066 46 G3 Her2- 019 37

G3 LN+ 1 0005 271 GIILN4 0.32 122 G3ILNe 035 123

G3 LN- 037 381 G3LN- 0.38 160 G3LN- 035 269
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LN- 1 0042 9% LN- 0.29 221 LN- 1 0,065 546

G3 ! 012 169 G 03 7 G 0.39 97

luminal B any il 0.02 1002 any 052 320 any 0 3ol
ER 1l 00039 356 ER+ 0.69 w9 ER* 0.91 146

FR- 0,88 128 ER- 028 2 ER- 0.81 2%

LN+ i 0017 275 LN+ 03 45 N+ 0.61 87

LN- 0.63 446 LN- ! 0.091 &0 LN- 0.38 17

G3 i 012 200 G3 24 % G3 0.69 05

basal any ! 0079 550 any 0.5 204 ny 023 219
sulsy pe ER- 0,41 36 ER+ . 14 ER+ nd 10
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prognostic

subtype*  statusss  PIURROMC  poo patients  status 08 patients  states  PTEOC GuRS  patients

value*** value vilue
ER- 1 0,038 339 ER- 019 o ER- .39 74
LN+ u 0042 144 LN+ 0.31 52 LN+ 046 L
IN- 0.69 29 N 067 9% LN- 0.74 134
G3 017 263 a3 039 129 G3 0.57 136

* Molecular subtypes were derived from gene expression profiling st KMPLOT (http/kmplot.com/analysis/), With respect to the available Her2 status by
FISH (see column status), the Her2 molecular subtype is not shown,

** Protein expression of estrogen receptor (ER+, ER-) may differ from mRNA expression which is used for moleculur classification.

*o® Arrows indhicate positive (1) or pegative (] ) prognostic value of high asporin expression, Significance p= 0.01, p<0.05 and trend p0). 15 are
highlighted by three, two or one armow, respectively,

el not done for kess than 30 patients; RES, relapse froe survival: OS, overall survival; DMES, distant metastasis firee survival,

A B
“’«»—o...w".t m.an.c:’na.on,; 104 u.um?.g;i
b logrars I = 0001 gk P .
l“\-.-\,.-.t
G4 emw e 00 4
o X » - W
Nt ce@e et
LB 04 4
e 024
ow — .
o] i G1. N=308 o= G3 ER+, N=235
-+ g T Y T
o £ 100 1%0 :‘ﬂ L £y 100 50 200
Time dmontred Time imoreta)
10 4 MR+ 0061053 08 104 MRS T4 18250
wgrack F » 000% wgrank ' = 00035
08 on \\
g B¢ ey g 06 \\‘“
»,
ey
ca " ) o4 4 e B |
.- . -
623 02
Exprmswen Eaprmascn
pP3 bl ! G2, N=724 | ol = G3 ER-. N=293
Y T ; T T
o = 100 150 0 0 ¥ 150 o %0
Time (northe) Tere jmortta)
10 I 1260106174 10 m-um’u\»xom
Paome logrank P s 000005
LLE 08
oe o0 i bt
—_—y Tty
04 04 “"*.“
1‘ |
03 4 02 P —
o BN-T2 o )
ol = G3,N=723 I G3 LN+, N=271
¢ L ] 100 150 0 220 ] = 9o 50
Tine (momna ) Tera (moms)

Figure 1: Asporin expression has different prognostic value in low-grade and advanced breast cancer. A, High asporin
expresion associntes with significantly better relapse free survival (RFS) in patients with low-grade tumors but RES s significantly worse in
patients with grade 3 umors. B, High asporin expression is associated with significantly worse RFS both in estrogen receptor positive and
negative grade 3 twmors, in particular with metastasis to lymph nodes. HR, hazard ratio; N, number of patients in the KMPLOT analysis,
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22.5 mean fold protein upregulation; mean AACt 4.03
which corrésponds to approximately 16 fold mRNA
upregulation). Lack of nutrients may correspond to
stress conditions for cancer cells i vive where hypoxia
also often occurs. We have tested cultivation of HsS78T
in hypoxic conditions both in serum-free medium and
with 10% serum, but we did not observe any consistent
influence of hypoxia on asporin expression {Figure 3D, 1.1
mean fold upregulation in serum-free medium),

Asporin binds to collagen type 1, inhibits its
fibrillogenesis and may affect the extracellular matrix
[10]. In this sense, we tested whether different 3D matrices
can modulate asporin expression in Hs378T. The matnix
of collagen type | (800 pg/ml) and Geltrex had no effect
but 3D polystyrene Alvetex increased asporin expression
(Figures 3B-3C; 10.0 mean fold protein upregulation;
mean AACt 2.8 which corresponds to approximately 8 fold
mRNA upregulation), Neither upregulation of asporin by
serum starvation nor Alvetex matrix was associated with
changes in phospho-FAK (Figure 3A-3B),

Downregulation of asporin inhibits invasion of
HsS78T through collagen matrix

In order to further test the importance of asporin
expression in Hs378T we prepared three stable clones with
shRNA against asporin. We confirmed downregulation
of asporin expression (Figure 3E: mean AACt 53
which corresponds 10 approximately 40 fold mRNA
downregulation) which did not affect proliferation,
adhesion, migration or spheroid growth (data not shown).

£ i
e 4 m@

< EH
;’ao"o\lt-
® >3 & £ 2
2 2nhpgi
I'&mng
- SnE
Lo 7%
e e

Ab Proteinatlas

Importantly, downregulation ol asporin inhibited invasion
through the collagen type | matrix (Figure 3F).

We also generated stable clones of MDA-MB-231
and BT-459 cells with asporin ORF (open reading frame
with myc and DKK 1ag) expression vectors. Expression of
mRNA was comparable to Hs578T while immunoblotting
detected a band with slower mobility (Figure 2;
immunoblotting for MDA-MB-231 is not shown).
Expression of asporin ORF did not affect proliferation,
adhesion, migration or invasion of stable clones of BT-549
or MDA-MB-231 (data not shown). Interestingly, we were
not able to prepare stable clones with expression vector
with full asporin sequence (including 5° and 3'UTR),

Recombinant asporin enhances invasion through
collagen type | matrix

Asporin binds to collagen type [, inhibits its
fibrillogenesis and may affect extracellular matrix |7, 10].
Prof. Oldberg Kindly provided us with the recombinant
asporin which we used in invasion assays. First, we tested
invasion of the three breast cancer cell lines mentioned
above through various concentrations of collagen type
I matrix (50, 200 and 800 pg/ml: data not shown) and
selected a concentration of 200 pug/ml which was also
used by Sodek et al. [30). MDA-MB-231 and BT-349
cells invaded faster through the collagen matrix which
was prepared with the recombinant asporin in comparison
with the matrix without asporin (Figure 4A-4B). Invasion
of Hs578T was comparable in both matrices (data not
shown).
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Figure 2: Validation of asporin antibody (Proteinatlas #HPAOOS435) in breast cancer cells, gingival fibroblasts and
human dental pulp stem cells (hDPSCs). Black srrow indicates strong upregulation of asporin in hDPSCs sfter odontogenic
differentiation, BT-549-ASPN with stable transfected asporin open reading frame sequence display a band with higher melecular weight (o
similar band was observed also in MDA-MB-231-ASPN cells, data not shown). Validation of other antibodies is provided in Supplementary

Figure S2.
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Figure 3: Glycoprotein asporin in Hs578T breast cancer cells. A. Asporin is consistently upregulated by serum starvation (SFM-
etrl, serum-free medium control) and downregulated by two-day treatment with 100 ng/ml bone morphogenetic protein 4 (BMP4), Mild
asporin downregulation by TGF-bets was not reproduced in other experiments. BMP4 also decreased phosphoryiation of focal adhesion
at tyrosine 397 (FAKy397). Inhibition of translation by cotreatment with 10 pg/ml cycloheximide led to downregulation of asporin but not
of FAK. All treatments were performed in serum free media for 48 hours. B. Expression of asporin is upregulated by 12-day cultivation of
HsS78T cells in Alvetex polystyrene scaffold (3D) in comparison to normal 2D conditions. C. Formallin-fixed paraffin-embedded HsS78T
cells (stained with hematoxylin-cosin) in polystyrene Alvetex scaffold (transparent stellar shapes: magnification 1000x). D. Four-day
cultivation of HsSTET cells in hypoxic conditions does not consistently change asporin expression. E. Expression of asporin is successfully
downregulated with three different shRNAs. F. Invasion of Hs3787T cells (parental cells are displayed in green, control cells with scrambled
shRNA are in red) through collagen matrix is inhibited by shRNAs 17 and 19 (blue and purple, respectively). Similar inhibition was
observed also for the shRNA 18 (dati not shown). Reading of cell index was every 10 minutes up 10 42 hours with the real time cell
monitoring xCELLigence instrument (error bars indicate standard deviations from quadruplicate measurement). All experiments were
performed at least three times and representative blots/chart are shown.
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Figure 4: Recombinant asporin enhances invasion of MDA-MB-231 A. and BT-549 B. breast cancer cells through
collagen matrix. Both models were seeded at a density of 75000 cells per well into CIM plates conted by collagen stiffened in presence
(green) or absence (red) of 10 nM recombinant asporin. The bottom chambers were filled with complete medium containing 10% FCS
(fesal calf serum) as a chemoattractant. Reading of cell index was every 10 minutes up to 42 hours with the real time cell monitoring
xCELLigence instrument (error bars indicate standard deviations from quadruplicate measurement). All éxperiments were performed at
least three times and representative charts are shown.
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RNA scope in situ hybridization detects asporin
in cancer associated fibroblasts

We have identified asporin as a novel breast cancer
related protein by laser microdissection and microarray
analysis [12], in particular in invasive lobular carcinomas,
However, asporin has been repeatedly reported to be
expressed by cancer associated fibroblasts (CAFs) or
other stromal cell types [15, 23, 24, 25]. Although laser

microdissection is designed for single cell isolation we
cannot exclude the possible capturing of adjacent cells,
in particular in invasive lobular cancers which may
grow in thin lines. As there is no reliable antibody for
immunohistochemistry, we decided to use RNA scope
technology with gene-specific probe pairs for detection
of asporin in breast cancer tissues, As @ positive control
(Figure 5) we used endometrium (Supplementary Figure
S4) and the above mentioned hDPSCs afier odontogenic

Figure 5: Asporin is detected by RNA scope in situ hybridization in invasive breast cancer. Human dental pulp stem cells
before A, and after B. odontogenic differentiation, as well as endometrium C., were used as positive controls. Specific dot-like positivity
was found in cancer associated fibroblasts both in ductal D, and lobular E-F. invasive carcinomas (black arrows), Asporin positivity was
rarely observed also in cancer celis (F. white arrow). Magnification is 1000x while lower magnification (400x) of the same samples is

provided in the Supplementary Figure S5,
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differentiation. Next, we hybridized 43 lobular and 7
ductal invasive breast cancer tissues. However, frequencies
of specific dot-like signals were very low which precluded
statistical analysis. Asporin dot-like positivity was found
in CAFs both in ductal and lobular invasive carcinomas
(Figure 5 and Supplementary Figure S5),

Downregulation of asporin in cancer associated
fibroblasts attenuates their coordinated invasion
with breast cancer cells

We have tested three different CAFs from patients
with grade 3 breast cancer (full details are in the Methods

Cell index

section) and selected those with the fastest invasion and
proliferation for knock-down and co-culture experiments
with T47D cells. This breast cancer cell line has low
invasive potential alone and represents luminal B subtype
[31] (please note poor RFS of luminal B patients with high
asporin expression in Table 1), Transwell experiments
indicated coordinated invasion of CAFs with T47D cells
which was attenuated by asporin knock down in CAFs
(Figure 6A) (Figure 6B and 6D).

Similarly to HsS578T, asporin expression was
enhanced in CAFs by their 3D culture in Alvetex scaffold
(Figure 6C). Analysis of aspartic acid (D) repeat length
of asporin revealed that our breast CAFs have D13/
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Figure 6: Invasion of breast cancer associated fibroblasts and T47D cells is attenuated by asporin downregulation.
A. Transwell experiment indicate coordinated invasion of cancer associnted fibroblasts with T47D cells through extrucellular matrix
composed of collagen, matrigel and crosslinking ribose (70000 CAFs, green; 70000 TA7D, red; CAFs + T47D, 35000 each, blue; 35000
CAFs, purple), Western blot analysis shows downregulation of asporin by shRNA B. and its upregulation upon 3D cultivation of CAFs
in Alvetex polystyrene scaffold C, D, Downregulation of asporin attenuated invasion of CAFs and T47D cells (70000 CAFs shRNA ¢trl,
green; 70000 CAFs shRNAIS, red; CAFs shRNA ctrl + T47D, 35000 each, purple; CAFs shRNA 18 + T47D, 35000 each, blue). All
experiments were performed three times and representative blots/charts are shown.
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D14 genotype which has recently been associated with
poor metastasis-free survival of prostate cuncer patients
(Supplementary Figure S6) [32].

DISCUSSION

The need for complex 3D culture models to unravel
novel pathways and identify accurate biomarkers in breast
cancer has been recently reviewed [33]. We have observed
asporin upregulation during 3D culture of Hs578T cells
in polystyrene scaffold Alvetex, but not in collagen or
Geltrex matrices. Similarly, expression of tropomyosin
kinase 2 was increased by 3D cultivation on collagen-
coated polystyrene scaffold Alvetex [34] in comparison
to 2D culture. Stiffness of the matrix is a major factor
which could affect tumor progression |1, 35]. Polystyrene
scaffold is stiffer than collagen or Geltrex matrices and
may better simulate solid stress in tumors in vivo.

In contrast to chondrocytes or peridontal ligament
cells [28, 29] we found no asporin modulation by TGF-
beta or BMP2 in Hs378T cells. Nevertheless, asporin was
slightly downregulated by BMP4. Similarly to BMP7,
expression of BMP4 is low in invasive breast cancer and
its signafling has been implicated in the maintenance of
tumor dormancy [36-38]. Unexpectedly, we observed
upregulation of asporin in serum-free cultivation. We
speculate that this induction could lead 10 enhanced
motility towards better sources of nutrients, Upregulation
by starvation has also been reported for other proteins in
cancer, ¢.g. glucose regulated chaperones [39, 40).

MDA-MB-231 and BT-349 cells invaded faster
through collagen matrix which was prepured with the
recombinant asporin in comparison to the matrix without
asporin, This may be related to less dense matrix due
to inhibition of collagen fibrillogenesis by asporin [10],
Invasion of Hs578T cells, which is accompanied by
endogenous asporin production, was not further enhanced
in the matrix with recombinant asporin. On the contrary,
asporin downregulation decreased invasion of Hs578T
cells through the collagen matrix. As shown by Satoyoshi
ct al, [24] asporin itself can promote invasion of both
cancer cells and cancer associated fibroblast by interaction
with CD44 and activation of Racl. We have not observed
any phenotypic change of BT-349 and MDA-MB-231
cells after stable transfection, however, asporin from ORF
sequence may not refiect its native form,

We found asporin dot-like positivity mostly in
cancer associated fibroblasts both in ductal and lobular
invasive carcinomas which is in concordance with studies
both from breast or other solid tumors such as prostate
or gastric cancer [23, 24), Cancer associated fibroblasts
resemble myofibroblasts with smooth muscle actin which
is also expressed in so called myoepithelial HsS78T [41].
Interestingly, HsS78T and SNB-75 cancer cells with
asporin expression have the highest expression of smooth
muscle actin (Supplementary Figure S1B). Asporin has

also been reported 10 be expressed by gastric cancer cell
lines and to enhance their oncogenic properties [42]. As
asporin belongs to secreted proteins, regulation of its
expression both in CAFs and cancer cell is relevant for
alteration of the tumor microenyironment,

Maris ¢t al. [25] have recently desceribed the tumor
suppressive potential of asporin in several breast cancer
models. This may be true for a subset of breast cancer
patients, However, in silico data mining on a large
cohort of breast cancer patients showed that high asporin
expression is associated with significantly worse RFS both
in estrogen receptor positive and negative grade 3 tumors,
even with metastasis to lymph nodes. Asporin was also
associated with worse RFS in the chemotherapy treated
basal subtype and in the untreated luminal B subtype.
Van't Veer et al, [43] have recently assembled 72 breast
cancer-related gene expression datasets, containing
approximately 5700 samples altogether, where asporin
is included in an extracellular matrix module comprising
58 genes. Importantly, asporin was found as one of the
most upregulated genes in bone metastases of breast and
prostate cancer |17, 44]. This is in accord with its primary
function in skeletal development (mainly hones, cartilage
and teeth), regulation of collagen fibrillogenesis and
induction of mineralization (6, 7, 10, 45]. Hurley et al.
[32] have recently described different metastatic potential
of prostate cancer related to the polymorphism of aspartic
acid (D -repeat of asporin, which may also be important in
breast cancer. D14 allele (heterozygous with D13 as well
as in combination with any other allele) was associated
with poor patient outcome, which is in line with decreased
invasion of our breast CAFs upon asporin downregulation
(genotype D13/D14), The unique asporin polyaspartate
repeat binds caleum [10] and the D14 allele was also
linked 10 predisposition for knee joint osteoarthritis
whereas the D13 allele was more prevalent in healthy
individuals [46]. The role of other alleles, such as D15
(homozygous in breast cancer cell line HsS78T) or D16
(heterozygous with D13 in bacteria used for production
of recombinant asporin) awaits clucidation. Maris et
al. [25] used transcript variant 1 with 13 aspartic acids
(NM_017680.4) for both in virre and in vive experiments
and therefore their results are in good concordance with
the study of Hurley et al. [32] which decribed tumor
suppressive effects of the D13 allele in prostate cancer.

In conclusion, we found that asporin can be
downregulated by bone morphogenetic protein 4 in
Hs578T cells and its upregulation may be facilited by
serum-free cultivation or by three dimensional growth.
Downregulation by shRNA inhibited invasion of HsS78T
as well as of CAFs and T47D cells while mvasion of
asporin-negative MDA-MB-23 1 and BT549 breast cancer
cells through collagen type 1 was enhanced by recombinant
asporin, In contrast 1o these ohservations, tumor
suppressive effects of usporin were published by others.
Importantly, opposing effects of different asporin alleles
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have recently been reported in prostate cancer. lts dual
role is also documented by our metaanalysis of publicly
available data which found asporin to be associated with
better prognosis in low-grade tumors but not in high-grade
breast cancer, Besides other mvestigations, large scale
analysis of aspartic acid (D)-repeat polymorphism will be
needed for clanfication of asporin dual role in progression
of breast cancer.

MATERIALS AND METHODS

Cell culture

Authenticated and mycoplasma-free breast cancer
cell lines were used for all experiments, Hs578t cells,
obtained from ECACC (Salisbury, UK), were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM; Life
Technologies, Carlsbad, CA) supplemented with 10 %
foetal bovine serum (FBS, ThermoFisher, MA, USA),
1% penicillin/streptomycin  (Life Technologies) and
insulin (10 pg/ml) (Life Technologies). MDA-MB-231,
BT-349 and T47D. obtained from American Type Culture
Collection (Rockville, MD, USA), were cultivated in
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin,

Normal human gingiva! fibroblasts (kindly provided
by prof. Jitky Ulrichova from Department of Medical
Chemistry and Biochemistry at Palacky University
Olomouc) were obtained from medically healthy donors
who were clinically free of periodontal disease. Samples
of gingiva were obtained from patients undergoing
surgical removal of third molars at the Department of
Oral and Maxillofacial Surgery (University Hospital,
Olomouc). The tissue acquisition protocol adhered 10 the
requirements of the local Ethics Committee. All patients
had signed written informed consent,

The gingival tissues were washed three times in
phosphate buffered saline (PBS) containing antibiotics
(pamycon and colinomycin), The excised gingiva were cut
into | mm pieces, plated in Petri dishes (10 cm diameter)
and cultured in DMEM with 10% FBS and 1% penicillin/
streptomycin. Explants were incubated m humidified
atmosphere with 5 % CO, at 37°C. Cells were fed weekly
until the fibroblasts reached confiuence, After 4-6 weeks
cell cultures were trypsinized and transferred into 75 em’
cultivation flasks. Cells were used between the 3 and 10
passages for experiments.

Breast cancer associated fibroblasts

Isolation of primary breast cancer associated
fibroblasts was performed according to modified protocol
from Giannoni et al. [47, 48]. Tissue samples were
obtained from patients undergoing surgical removal of
breast cancer at Masaryk Memonial Institute (Bmo, Czech

Republic). The tissue acquisition protocol adhered 1o the
requirements of the local Ethics Committee and all patients
had signed written informed consent. Picces of breast
cancer tissue were minced and put on a 100 mm tissue
culture dish, Sterile microscopic shide was put over the
tissue picees, slightly pushed, and overlaid with DMEM
medium supplemented with 20% FBS, 2% penicillin/
streptomycin, 100 pg/ml Kanamycin (Serva, Germany),
2.5 pg/mi amphotericin B (ThermoFisher Scientific).
Approximately 3 weeks after initial sceding of tissue
pieces, the microscopic slide was removed and fibroblasts
were further maintained as a regular cell culture, Afier
approximately two weeks in culture, the cultivation
medium was changed to DMEM with 10% FBS and
1% penicillin/streptomycin. To confirm  homogeneity
of isolated fibroblasts (denoted as BCAF3, BCAF4 and
BCAF3), we performed FACS analysis of three selected
surface fibroblast markers using BD FACSVerse flow
eytometer. Cell suspension obtained by trypsinisation
was stained with primary antibodies against FAP (human
fibroblast activation protein alpha, MAB3715, R&D
Systems), FSP (fibroblast surface protein, F4771, Sigma-
Aldrich). followed by staming with secondary antibody
Alexa Fluor 488 conjugated donkey anti-mouse 1gG (H+L)
(A21202, ThermoFisher Scientific); and primary antibody
anti-fibroblast FITC (130-100-134, Miltenyi Biotec).
Dead cells were excluded from the analysis using LIVE/
DEAD Fixable Far Red Dead Cell Stain Kit (L10120,
ThermoFisher Scientific). Analysis showed uniform
positivity for all three markers and simultaneously, no
positivity for non-fibroblast markers EpCAM (324220,
BioLegend), CD31 (303104, Biolegend), and CD45
(304054, BioLegend) was detected.

We have isolated fibroblasts from three patients
with invasive breast cancer, no special type (samples
were denoted as BCAF3, BCAF4 and BCAF5) with the
following clinicopatological parameters: BCAF3 - grade
3, pT2 (25 mm), pNO, M0, Her2 positive, ER 0%, PR (0%,
AR 100%, Ki67 52%; BCAF4 - grade 3, pT2 (35mm),
pNla(3/15), MO, Her2 negative, ull ER, PR and AR 100%,
Ki67 30%; BCAFS - grade 3, pT3 (55mm), pNO, Her2
negative, ER 100%, PR vanable (0-3-80%), AR 80%,
Ki67 55%. BCAF4 grew fastest and were more invasive
than BCAFS (data not shown: BCAF3 were not tested for
invasion due to their slow proliferation). BCAF4 (passages
from 9 to 11) were used as a model of cancer associated
fibroblasts in all experiments.

Transient asporin knockdown in BCAF4 (specific
shl® and control scrambled shRNA! please see the
sequences below) was performed with Viromer®
transfection reagent { Lipocalyx, Hall, Germany) according
to manufacturer protocol. Standard medium was changed
after 12 hrs and one day later the cells were starved in
serum free medium for 6 hrs before invasion experiments
(see below).
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Human dental pulp stem cells and odontogenic
differentiation

The isolation and culture of dental pulp stem
cells (hDPSC) were performed according to protocol
described previously [49]. Impacted wisdom teeth were
obtained from healthy donors with informed consent at
the Department of Dentistry under approved guidelines of
the Ethical Committee of the Faculty Hospital in Hradec
Kralove. For odontogenic differentiation, hDPSCs were
cultured until confluence and then incubated with alpha-
MEM supplemented with 10 mM beta-glycerolphosphate,
50 puM ascorbic acid and 0.1 pM dexamethasone for one
week [26].

Experimental treatments of HsS78T cells

Multiple  treatments  which  could  modify
expression of asporin in HsS78T were tested. TGF
(transforming growth factor ) m concentration of 10
ng/ml, BMP2 and BMP4 (bone morphogenctic protein
2 and 4) in concentration 100 ng/ml were added to 24
hrs starved Hs578t ¢cells in serum deprived media for
48 hrs. Additionally, cach cytokine was combined with
cycloheximide treatment (Sigma-Aldrich, Germany)
in final concentration 10 pg/ml for the same period of
time. Long term cultivation of Hs378t cells in presence
of 1 pM dexamethasone (Sigma-Aldrich) was for three
weeks. Expression of asporin was also monitored after 4
day cultivation of Hs378T cell under hypoxic conditions
with 3% O..

Cultivation of Hs378t in 3D was performed
with polystyrene scaffold Alvetex® (Reinervate, UK),
Geltrex® (Life Technologies) or collagen type | (Purecol®,
Advanced BioMatrix, Carlsbad, CA) and lasted for 12
days with medium exchange every 4 days. Geltrex thin
gel method was performed by mixing 500 pl of Geltrex
with 1000 pl cultivating media followed by 1.5 hour
incubation in 37°C. Collagen in a concentration of 800
pg/ml was diluted to 150 mM NaCl buffered with 20 mM
Hepes (pH 7.4), and lefi to solidify in 37 °C in cell culture
incubator.

Generation of stably transfected cell lines

For asporin overexpression MDA-MB-231 and
BT-549 were transfected either with ASPN full length
sequence (TrueClone, pCMV6-AC, Origene) or with open
reading frame (TrucORF, pCMV6, Origene) sequence
using Neon Transfection System (Life Technologies),
Stable cell lines were selected with 0.5 mg/ml geneticin
for 2 weeks and then kept under low selection pressure at
0.1 mg/ml geneticin,

For asporin knockdown Hs378t cells were similarly
transfected with short hairpin RNAs (sh17 AGT TGA AAT
ACCTCCAGATAATCT TCC TT, shI8 TCC AAC AGT
GCC AAA GAT GAA GAA ATC TT or sh19 CGA GTA

TGT GCT CCTATTATT CCT GGC TT in pRS plasmid,
OriGene) and selected with 1 pg/ml puromycin, Both
overexpression and knockdown of ASPN were checked
by RT-PCR and western blotting, Control cells were
transfected with empty pRS plasmid or scrambled shRNA
(GCA CTA CCA GAC CTA ACT CAG ATA GTA CT;
Origene #TR3(0012).

Adhesion, proliferation and migration assays

Experiments were carried out using XCELLigence
Real-Time Cell Analyzer (RTCA) DP instrument (Roche
diagnostic, GmbH, Germany). For adhesion assay 40 000
cells were seeded on E-plate 16 surface and increasing cell
index was monitored every 30 seconds for 4 hrs, followed
by recording cell proliferation for additional 64 hrs.

For migration monitoring, fully confluent cell
population in a standard cultivation medium supplemented
with 10 pg/ml mitomycin C (Roche) was scratched by
pipette tip. Migrating cell populations were monitored
every second hour for 24 hrs. Experiments were repeated
at least three times.

Invasion assays

Invasion assays were carried out using XCELLigence
Real-Time Cell Analyzer (RTCA) DP instrument (Roche).
Parental breast cancer cell lines (MDA-MB-231, BT-349
and Hs5781) were tested with collagen | matrix prepared
with or without recombinant asporin (kind gifi from
Professor Ake Oldberg, University of Lund). Bottom
side of CIM plate inserts (Roche/Acea, CA, USA) was
pre-coated with 30 pl of cooled 200 pg/ml collagen |
(Purecol®, Advanced BioMatrix, Carlsbad, CA) prepared
as described by Kalamajski et al. [10]. Resulting aqueous
phase was pipetted off after 30 minutes leaving a thin
collagen film. The upper side of the inserts was coated
with 30 pl of cooled collagen | with or without 10 nM
recombinant asporin and the solution was incubated at
37°C for 6 hrs. The lower chamber of the CIM plate was
filled with 170 pl 10% FCS DMEM as a chemoattractant.
Background signal was measured after addition of 30
! of serum-free media per well followed by 1 hour of
incubation at 37°C. Cells which were starved in medium
without serum for 6 hrs were harvested and seeded in
amount of 75000 cells per insert well. Cell index was
monitored every 10 minutes for 42 hrs,

For stably transfected cells (MDA-MB-231, BT-549
and Hs3781) the invasion barrier was prepared from 200
pg/ml pure collagen 1 (collagen G1, Matrix BioScience
Gmbl Germany) and CIM plate was coated as described
above. Collagen solution in the upper part of wells was
incubated for 1 hour at 37°C and then 75000 starved cells
were added. Increasing cell index was recorded every 10
minutes for 24 hrs. All experiments were repeated at least
three times.
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Madified protocol was used for CAFs and T47D
cells. The upper side of the inserts was coated with
30 pl of mixture of 200 pg/ml neutralized collagen |
(Advanced BioMatrix, Carlsbad, CA), Matrigel® (200
pg/ml; Corning, MA, USA) and 15 mM D-ribose (Sigma-
Aldrich) and then incubated at 37°C for | hr [50], Lower
chamber of the CIM plate was filled with 170 ul 10%
FCS DMEM as a chemoattractant, Collagen-Matrigel-
ribose clot was overlaid by 30 pl of serum-free media.
Assembled coated CIM plates were left at 37°C in the
incubator for 1 hr followed by reading background signal,
Starved cells were harvested and seeded in amount of
70000 cells per insert well or 35000 per cell line in co-
culture experiments. Cell index was monitored every 10
minutes for 42 hrs. Experiments were repeated three times,

Spheroid assay

Spheroid cell culture was performed by the liquid
overlay method [51]. Briefly, all cell models were
seeded at 10 000 cells on convex face of 1.53% agarose
LE (Promega, WI, USA) in DMEM. The plate was
then spun at 1000 rpm for 15 minutes to induce cell
aggregation and subsequently each well was overlayed by
100 ul of standard cultivation media |[52]. Formation of
mammospheres was recorded after 4 days,

In situ hybridization by RNAscope and
immunohistochemistry

Archival tissue samples of 50 invasive breast cancer,
among them 43 invasive lobular (ILC) and 7 invasive
ductal carcinomas (IDC) were obtained from patients
between years 1999 and 2006, We have previously found
high fevels of asporin in ILC than IDC [12), therefore, ILC
cases were specifically selected to reach sufficient sample
size. The study was approved by the Ethics Committee
of the Faculty of Medicine and Dentistry. Control cells
from in virre culture were homogeneously distributed in
an agarose gel matrix, creating an antificial tissue, and then
formalin-fixed and paraffin-embedded [53], These controls
were used also for immunohistochemistry validation
(Supplementary Table S2), however, the results didn't
reflect the mRNA levels of asporin in any method tested
(antigen retrieval by boiling either in a microwave for
20 min in citrate buffer pH6 or in a water bath in EDTA
pHY; visualization by DAB chromogen and Dual Link
secondary antibody, Dako) [13].

In situ hybridization for asporink RNA  was
performed using the RNAscope® 2.0 kit according to the
manufacturer's manual (Advanced Cell Diagnostics, USA;
[54]. Briefly, 5 pym formalin-fixed, paraffin-embedded
tissue sections were deparaffimized in xylene and pre-
treated with heat (15 minutes, boiling in water bath) and
protease (undiluted protease solution, 30 minutes, 40°C,
DAKO hybridizer). Length of the main hybnidization

step was increased from 2 o 3 hrs (40°C), Then signal
amplification system which included hybridization with
preamplifier, amplifier and label probes, and subsequently
chromogenic detection with DAB (3,3'-diaminobenzidine)
was used. Positive staining was identified as brown
punctate dots in the cell, Negative control probes (DapB)
and positive control probes (POLR2A) were also included
for cach examined slide,

With respect 1o the RNA scope technology, several
aspeets should be commented upon. The frequency of dot-
like positivity was low, while other types of positivitics
occurred, for example in arcas with inflammation or
rare homogenous nuclear positivity in negative control.
The results may also be affected by vanability of patient
samples. Although all samples were fixed and embedded in
our pathology laboratory according to standard protocols,
we observed differences in signals with RNA scope
positive control, Dreyer et al. [35] compared RNA scope
with DNA {1 sira hybridization and PCR detection of HPV
infections. Surprisingly, RNA scope signals occurred even
after digestion with RNase. In our opinion, RNA scope
technology may support results obtained by other methods
but is not a robust enough method for routine use as yet.

Mass spectrometry

Cells were lysed and 200 pg of proteins was
separated on SDS-PAGE as described below. Gel was
coomassie stained and relevant molecular weight bands
were excised, destained, reduced by 50 mM Tris(2-
carboxyethyl) phosphine hydrochloride (Sigma-Aldrich),
alkylated by 50 mM lodoacetamide (Sigma-Aldrich) and
digested with proteomic grade trypsin (Promega) at 37°C
overnight. Mass spectrometric analysis was performed on
an Orbitrap Fusion (ThermoFisher Scientific) instrument
fitted with a Proxcon Easy-Spray ionization source,
coupled to an Ultimate 3000 RSLCnano chromatograph.
Ten microliter of sample was loaded on a p-Precolumn
CI8 PepMap 100 (300 pm x 5 mm, 5 pm, 100 A pore
size) desalting column (ThermoFisher Scientific) “in-
line™ with a PepMap RSLC (75 pm x 50 em, 3 pm, 100
A pore size) analytical column ( ThermoFisher Scientific)
heated at 35°C. The peptides were subsequently separated
on the analytical column by ramping the organic phase
from 5% to 35% during a total run time of 165 minutes.
The agueous and organic mobile phases were 0.1% formic
acid diluted in water or acetonitrile, respectively. There
were two parallel experiments running simultancously
on mass spectrometer, The first one was single FTMS
scan with resolution was set to 120,000 and precursor
ions were scanned across an m/z range of 400- 1600. The
second experiment was targeted MS2 with HCD collision
and Orbitrap detector. Resolution was set to 30,000 and
HCD collision energy 10 35%. The transitions of most
suitable peptides were designed and resulting spectra were
evaluated in Skyline-daily 2.6.1.6899 software [56].
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Production of recombinant asporin

One milliliter aliquot of frozen bacterial culture
containing the plasmid carrying the gene for asporin
was thawed and suspended in 100 ml of LB medium (10
g NaCl, 10 g tryptone, 5 g yeast extract per liter) with
kanamycin (75 mg/L) and incubated overnight on a heated
rotation shaker (37°C) [10]. The next day this starting
culture was added to | liter of fresh LB medium containing
kanamycin. The culture was again incubated on rotation
shaker until reaching the sufficient density for the induction
(0.D. ,=0.6). Expression of the recombinant asporin was
induced by Isopropyl-f-D-thiogalacto-pyranoside (IPTG,
final concentration 1 mM). Bacteria were incubated for
another 5 hours and then harvested by the centrifugation.
Bacterial pellet was resuspended in denaturating lysis
buffer (8 M urea buffered by SOmM Tris, pH 8), sonicated
(10x10 s, 2 min intervals) and centrifugated (10000, 10
min, room temperature). The obtained supernatant was
used for protein purification using the metaloaffinity
chromatografy with Ni-NTA agarose. Washing and
elution was performed using buflers with decreasing pH
(8 M urea, pH 6.3: 5.9 and 4.5). Glutathion-S-transferase
recombinant asporin (H00054829-P01, Abnova, Taiwan)
was purchased for quantification of asporin by mass
spectrometry (Supplementary Figure S3).

RNA isolation, reverse transcription and
quantitative PCR

Total RNA isolation was performed by the RNeasy
Mint Kit (Qiagen), quantified by Nanodrop, pretreated
with Dnase | (Invitrogen, Carlsbad, CA, USA) and reverse
transcribed with random hexamers and  SuperSeript
Il Reverse Transcriptase (Invitrogen). The real-time
polymerase chain reaction reactions were performed using
specific primers and probes (ASPN forward 5°GGG TGA
CGG TGT TCC ATA TC 37, reverse 3'TTG GTG GTA
AGC CTT TAG GAA 37, probe 5" BHQI-TTG CAG AAG
CAAAAC TGA CC-FAM 37 TBP forward 5'CAC GAA
CCACGG CAC TGATT 37, reverse S'TTT TCT TGC
TGC CAG TCT GGA C 37, probe 5' BHQI-TCT TCA
CTCTTG GCT CCT GTG CAC A-HEX ¥') and Probes
Master Mix for 50 cycles of denaturation, annealing and
extension (95-60-72°C cach for 20 5) at the LightCycler
480 instrument (Roche). Relative quantification was
carried out according 1o the AACt method using TBP as a
reference gene [57).

Protein extraction and western blot analysis

Cells were harvested into RIPA buffer (50 mM
Tris HCI pH 8.0; 150 mM NaCl 1% NP-40 0.5%
sodium deoxycholate; 0.1% SDS) supplemented with
protease/phosphatase inhibitor cocktail (Roche). Twenty
micrograms of whole ccll lysate were separated by
electrophoresis in 10% Bis-Tris polyacrylamide gel

followed by blotting to nitrocellulose membrane. Non-
specific binding sites were blocked by incubating the blots
for 2 hrs at room temperature with 5% (w/v) non-fat dry
milk in PBS. Blots were incubated overnight with primary
antibodies at the following concentrations: anti-ASPN
(L1000, # HPAOOS435; Sigma-Aldrich, Protein Atlas;
plus other antibodies specified m Supplementary Table
$2), anti-FAK pY397 (1:500, Life Technologies), and anti-
GAPDH (1:25000; Sigma-Aldrich) was used as a loading
control. Secondary antibodics were as follows anti-rabbit
IgG, HRP-linked Antibody (#7074) and Anti-mouse 1gG,
HRP-linked Antibody (#7076), both purchased from
Cell Signaling Technology, MA, USA. Signal detection
was performed with Dura/ Femto ECL western blotting
substrate (ThermoFisher Scientific), Analysis of optical
density was performed using ImageJ software.

In silico data mining

Expression of asporin in cancer cell lines was
checked either in Gene Expression Omnibus database at
the National Center for Biotechnology Information or in
ArrayExpress database at the European Bioinformatics
Institute. The prognostic and predictive value of asporin
(ASPN: 219087 a1) was further evaluated by Kaplan-
Meier Plotter (KMPLOT) [58], where all settings were
left at default values (database version 2014; breast cancer
analysis was performed from 8% 10 107 September 2015;
other cancer types were analysed on 23" February 2016).

Genotyping of the asporin D-repeat
polymorphism

The aspartic acid (D) - repeat polymorphism located
in the N-terminal region of the ASPN gene was evaluated
according to Hurley et al. [32]. Briefly, PCR products
(fluorescent forward primer 53" 6-FAM-ATT CCT GGC
TTT GTG CTC TG and non-labeled reverse primer 5°
TGG CTT CTT GGC TCT CTT GT) were mixed with
GeneScan™ 500 TAMRA™ Size Standard and Hi-Di™
Formamide { Applied Biosystems, Foster City, CA, USA)
and denatured 3 min at 95°C. Then, it was separated
on ABI PRISM® 3130 Genetic Analyzer and obtained
data were analysed and visualised using GeneScan®
Analysis Software (Applied Biosystems). Genotypes of
BCAF3, 4 und 5 were DI3/D14, D13/D14 and D13/DIS,
respectively.

Genotype of three samples (BCAF4, HsST8T
and plasmid DNA from E.coli producing recombinant
asporin; Supplementary Figure S6) was confirmed by
Sanger sequencing. PCR was performed with the same
primers (without FAM tag in the forward primer) using
HotStarTag Master Mix (Quiagen, Hilden, Germany).
Products were purified by QIlAquick PCR Purification
kit (Qiagen) and used as o template for sequencing
PCR which was performed using BigDve Terminator
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vl Cycle Sequencing kit (Applied Biosystems). PCR
products of this second PCR were purified by BigDye
XTerminator™ Purification Kit (Applicd Biosystems)
and then separated by capillary clectrophoresis on ABI
PRISM* 3100 Genetic Analyzer (Applied Biosystems).
Obtained data were analysed using Sequencing Analysis
Software™ and visualised with GeneMapper® Software
(Applied Biosystems). Whole procedure was performed
according to the manufacturer protocol.
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Supplementary Figure S1: Microarray analysis in NCI-60 cancer cell line panel (GDS4296 in GEO Database at the
National Center for Biotechnology Information). A. Histogram with two positive cell Tines is shown while all other cell Tines were
negative (full histogram can be casily found in the GEQ Database). Hs578T breast cancer cell line has higher signal also in GSES720,
GSE15026 and GSE24717. Other cell lines with asporin mRNA expression can be found in Cancer Cell Line Encyclopedia (Supplementary
Table S4). B, Expression of smooth muscle actin (gene name ACTA2) is highest in the asporin positive cell lines Hs578T and SNB-75.
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Supplementary Figure S2: Validation of the indicated antibodies (antibody Lund was Kindly provided by prof.
Oldberg; see also Supplementary Table 82). Grey arrows indicate bands which partially correspond with R1-PCR results. Black
arrow is commented in the main Results section,
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Supplementary Figure S3: Mass spectrometric analysis of asporin. Dilution series was prepared by spiking recombinant asporin
in indicated amount into 10 ul lysate of HeLa cells. Mass spectrometric analysis detected a sample with 10 ng recombinant asporin A, while
western blotting with the Proteinatias antibody ¥HPA0OS435 detected n sample with | pg of asporin B. The sample with 100 ng was not
analysed by western blotting due 10 expected very high signal. One ng of recombinant asporin (without HeLa lysate) wis loaded as a control
directly for electrophoresis (ctrl; molecular weight of the recombinant asporin is 70 kDa due to the fusion with glutathion S-transferase).
Experiment was repeated three times, representative image is shown. Supplementary Figure S3 C, displays polyscrylamide gel with loading
of 200 pg protein of hDPSCs after odontogenic differentiation (three ndependent samples). The gel was cut ot the indicated molecular
weights and analysed by mass spectrometry (see Supplementary Table S3). A similar gel was prepared for BTS39-ASPN.
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Supplementary Figure S4: Expression of asporin by RNA sequencing in different human tissues (Expression Atlas of

ArrayExpress database at the European Bioinformatics Institute). The highest expression was detected in endometrium, gall
bladder, heart A, and breast (B., Hlumina Body Map).
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Supplementary Figure S5: Expression of asporin by RNA scope in situ hybridization. The same samples as in the Figure 4
are shown at lower magnification (400x).
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Supplementary Figure S6: Genotyping of asporin D-repeat polymorphism. Hs578T cells contain D15 allele AL, while breast
cancer associated fibroblasts have D13/D14 genotype C. Besides expected D13 allele, the asporin producing £ coli contained also D16
allele B., which was confirmed by Sanger sequencing (along with Hs578T cells and CAFs). Axes Y and X display fluorescent intensity and
capillary electrophoresis mobility, respectively (please see Material and Methods for further details).
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Supplementary Table S2: Overview of asporin antibodies

tested In this published
Supplier producer host cat.no. immunogen study article '
IPLNLPKSLAELRIHENKVKKIQKDTFKGMNALHY Figure 1, Satoyoshi ctal
Sigma- 8 i 2 3 LEMSANPLONNGIEPGAFEGY TVIHIRIAEAKLTS Suppl. Figure 2014, Maris et
Aldrich ~ Prowinarlas.org  rabbit  HPAGORA3S ) pp11 | ELHLDYNKISTVELEDFKRYKELQRL 2. 1HCnot  al. 2015, Hurley
GLGNNKITDIENGSLAN hown etal. 2016
Gruber et
hs8741 Suppl. Fi . 2009
Aboww el ol e ISTVELEDFKRYKELQRLGLGNNKITDIENGSLANIP ‘:"'l’l '“.'f"’l" {GenWay),
Cren Wiy P » e RVREIHLENNKL = " Leeetal 2011
6BAICS shown
(Abcam catslog
# not specified)
Prof Suppl. Figure
Oldberg Lund group rabbit in-hoase expressed from cDNA 2 THC not
shown
Abcam Ho et al. 2010,
Wi "
Everedt- notspocificd gom 031303 IHENKVKKIQKDT data ot Hurmg ot al.
EBO6GTO shown
Riotech 2011
5482 S . Figure
Abnova Abnova rabbit Hm:())‘,)-';:_‘)- full recombinant prosein Suppl f sure
our i > ; PR R e LAY data not
untibody  DF Voitesek - rabbit in-house I'VELEDFKRYKELQR Rk
our o . ; PO w T data not
antibody Dr. Vojtesck rabbit m-house HLENNKLKKIPSGLPE FrOenis
ot § : : e Yamada f al.
available Yamada group  rabbit in-house EPRSHFFPFD ot tested 2006
YGLILNNNKLTKIHPKAFLTTKKLRRLYLSHNQLSEIP
Abeam  nolspecificd  rabbit  WP1SH04and  ENLPKSLALLRIHENKVKKIOKDTIKGMNALHVLEM okt
’ - ah75317 SANPLDNNGIEPGAFEGVT and symhetic peptide o
derived from the C-terminal domain, respectively
EYVLLEFLALCSAKPFFSPSHIALKNMMLKDMED TDDD
Sigma- : i : s DPDDDDDDDDDDEDNSLFPTREPRSHFFPFDLFPMCPF -
Aldrich  Protwinatlasong - rabbit  HPAGZ42I0 oy sy v HOSDLGLTSVPINIPFDTRMLDLONNK] "ot tested

KEIKENDFKGLTSLYGLILNNNKLTKIHPKA

' References not included in the main article: Gruber et al. Asporin, a susceptibility gene in osteoarthritis, is expressed
at higher levels in the more degenerate human intervertebral dise. Arthritis Research & Therapy 2009, 11: R47;

Ho et al. The biomechanical characteristics of the bone-periodontal ligament-cementum complex. Biomaterials 2010;
31:6635-46; Hurng et al. Discontinuities in the human bone-PDL-cementum complex. Biomaterials 2011; 32:7106-17.
THC, immunohistochemistry.
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Supplementary Table S3: Mass-spectometric intensities (counts per second) of asporin peptides in samples cut from
a gel with loading of 200 pg protein (Figure S3C)

sample Pepl Pep2 Pep3
Odonto.diffi# 1 40 kDa 3000 1500 3000
Odonto.diffi# 1 30 kDa 0 0 0
Odonto.diff#2 40 kDa 2000 1500 2000
Odonto.dift#2 30 kDa 0 0 0
Odonto.difi#3 40 kDa 3000 1000 2000
Odomto.diff#3 30 kDa 0 0 0
BT549-ASPN 50 kDa 2000 2000 2500
BT549-ASPN 40 kDa 0 0 0

Pepl, thrice charged LYLSHNQLSEIPLNLPK; Pep2, twice charged ISTVELEDFKR: Pep3, thrice charged
ISTVELEDFKR. Specific transitions were validated by the analysis of the recombinant asporin.
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