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Ilepiinyn

H Tpoteivopatikny givol po 0pmoTn Kot amapoitntn Te(voloyio 6T HOPLoK KOTTOPIKN
Boioyia. Egoapudletonr yioo tov €VIOMIGUO TOV GULGTOTIKOV TOV UIKPOV TPOTEVIKOV
COUTAOK®OV KOl TOV HEYOA®V O0pyovidimv Kol Y. TOV TPOGOOPIGHO TV  HETO-
HETAPPOOTIK®V Tpomonmomoewy. Ilapadociokd, mn Ipoteivopatiky pe Pdaon 1™
eoopatopeTpio nalag mpayuatonoleital ypnoponodvtag v tpocéyyion bottom-up, n
omoio mEPAaUPAVEL TNV TPOTEOAVTIKN TEYN TPOTEIVOV TPV OO TNV QOCHOTOUETPIKY
avaivon. AvtiBétwc, n top-down mpoteivopoatiky givar wkavr vo, avayvopilel kol va
TOGOTIKOTOEL TOL LOVOOIKA TTPOTEOLOPPAL, TANPOPOPIEG ONAOT TTOL YAVOVTOL LE TNV TEYN
TPOTEIVOV KAt TNV Tpocéyyion bottom-up. Xe avt ) pébodo, dbikta 10via Tpwteivig M
Opavcuata peydrov Tpoteivov vrofdiioviol o€ Opavcpatomoinon oy aéplo eAcT Yo
(QOOUATOUETPIKY avilvon. Qotdco, n mpocéyyion top-down dev eivar 1060 KOAG
edpatwpévn g n bottom-up Aoy ¢ moAvmAokdTTaC TOL delypaToc Kot £Tot avolée vEeg
TPOKANGELS 6TOV TopEN. AvTd Ta YeyovoTta dkaoroyohv v avdamtvuén tov "Peak Finder
Software", evO¢ @UAMKOU TPOC TO YPNOTY, OAOKANPOUEVOL Kol €V YPNOEL AOYIGHKOV
avVOAVONG OGO UEV@DV, TO 0TT010 SIELKOAVVEL TNV TAVTOTOINGT TPOTdVT®VY BpavcuaTonoinong
TPOTEIVOV, 00MNYOVTAG £TGL OTN OOMIKN  OWAEVKOVOY KOU TOV  EVIOTIGUO 00DV
Opavcpatonoinong tpwteivng.






Abstract

Proteomics is a robust and indispensable technology in molecular cell biology. It is applied
to identify the components of small protein complexes and large organelles and to determine
post-translational modifications. Traditionally, mass-spectrometry-based proteomics has
been performed using the bottom-up approach, which involves the proteolytic digestion of
proteins before MS analysis. In contrast, top-down proteomics is capable of identifying and
quantitating unique proteoforms, information that is lost with protein digestion during the
bottom-up approach. In this method, intact protein ions or large protein fragments are
subjected to gas-phase fragmentation for MS analysis. However, the top-down approach is
not as well-established as the bottom-up due to the sample complexity and thus has opened
up new challenges in the field. These facts justify the development of “Peak Finder
Software”, a user-friendly, integrated and in-use data analysis software, which expedites the
identification of protein fragmentation products, leading this way in the structural elucidation
and the identification of fragmentation pathways of a protein.
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1. Introduction to mass spectrometry

Mass spectrometry (MS) is a novel analytical technique used to quantify known materials,
to identify unknown compounds within a sample, and to elucidate the structure and chemical
properties of different molecules. The complete process involves the conversion of the
sample into gaseous ions, with or without fragmentation. lons are then characterized by their
mass to charge ratios (m/z) (Equation 1-1) and relative abundances. In recent years, this area
has seen significant advances and is applicable across diverse fields, including forensic
toxicology, metabolomics, proteomics, pharma/biopharma, and clinical research. Specific
applications of mass spectrometry include drug testing and discovery, food quality and safety
evaluation[1], pesticide residue analysis, isotope ratio determination, protein identification,
and carbon dating.

Equation1-1 m/z definition

1.1. Introductory Concepts Isotope pattern

Isotopes are defined as nuclides having the same atomic number but different mass
numbers.[2] According to The IUPAC Compendium of Chemical Terminology, the Isotope
pattern is a set of peaks related to ions with the same chemical formula but containing
different isotopes, for instance, the 16 and 17 mass to charge peaks in a CH4 sample
emerging from 12CH4+ and 13CH4+ ions.[3]

1.2.Basic principle

In a typical MS procedure, a mass spectrometer generates multiple ions from the sample
under investigation. Positive ions or fragment ions formed are further accelerated so that
they all have the same kinetic energy and then deflected by a magnetic field according to
their masses. The lighter and more charged they are, the more they are deflected. The beam
of ions passing through the machine is detected electrically and the relative abundance of
each ion type is recorded.

The instrument consists of three components as shown in Figure 1-1.
a) lon Source

An ion source, sometimes referred to as ionizer, is a device that creates atomic and molecular
ions, it is used to convert a portion of the sample into ions so that they can be deflected by
magnetic fields. Only electrically charged particles are affected by a magnetic field but
electrically neutral ones aren't. A large number of ionization techniques have been developed
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over the last few decades depending on the phase of the sample. Specifically for the gas
phase, the fundamental reaction producing electron ionization is Equation 1-2., where s
the atom or molecule being ionized, ~ is the electron, ** is the resulting ion.

+ -~ T+ 2 -
Equation1-2

b) Mass Analyzer

A mass analyzer separates the moving ions, which have been accelerated into a finely
focused beam on the basis of their mass-to-charge ratios. This separation is driven by electric
or magnetic field. By varying the electric and magnetic field ions of different mass can be
made to enter the detector.

There are various types of mass analyzers, each of them has some special features and the
appropriate application is selected based on them. The ideal analyzer should be capable of
separating as small as possible m/z differences, allowing the analysis of large numbers of
ions to be more sensitive and compatible with all sample introduction and ionization
techniques.

A very important feature of a mass analyzer is its resolution (R), which is given by Equation
1-3, in which is the mass difference of two consecutive peaks and is the mass of the
first peak.

Equation1-3 Resolution calculation

c) Detector System

The streams of sorted ions pass from the analyzer to the detector, which is a collector system
that can quantify the intensity of separated ion beams. Relative abundance of each resolved
ionic species is thus recorded in the form of mass spectra. Each ion represents a separate line
recorded in form of peak intensity. This information is used to determine the chemical
element composition of the original sample and the isotopic composition of its constituents.
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Figure 1-1 Schematic diagram of a Mass Spectronjéter

The analyzer and detector are kept in a vacuum so that the ions produced do not collide with
air molecules and the ion trajectories are sustained at a precise speed.

1.3. Analytical Techniques in Mass Spectrometry
The main analysis methods employed in mass spectrometry are:

A Full Scan

A Single lon Monitoring (SIM)

A Tandem Mass Spectrometry (MS / MS), divided into others subcategories of
scanning techniques, such as Selected Reaction Monitoring-SRM or Multiple
Reaction Monitoring-MRM.

1.3.1. Tandem masspectrometry
Tandem mass spectrometry is an important technique, also known as MS/MS, which aims
to enhance the specificity of the mass spectrometer. Two or more than two mass analyzers
are connected in sequence to reveal in-depth information about the molecular structure of
the analyte. In this case, one analyzer depends on the data of the other, therefore named data-
dependent. The MS system can be operated in different modes, depending upon the
application.
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Mass analysis of the analyte is carried out in two sequential stages, wherein the first analyzer
performs ion isolation, then fragmentation is induced by collision-induced dissociation
(CID) in the collision cell, and finally are followed by separation of fragmented ions based
on m/z ratio in the final analyzer. Consequently, there are two scanning modes: the first is
parent scan mode in the first analyzer, which detects the precursor ion of interest, and the
second is product ion scan or MS/MS scan or fragmentation scan where the fragmented ion
is detected. [5]

1.4.Peptide or Proteif r agment s6 types

The types of fragment ions observed in an MS/MS spectrum depend on various factors
including primary sequence, the amount of internal energy, how the energy was introduced,
charge state and so forth. Fragments can be detected only if they carry at least one charge. If
this charge is retained on the N terminal fragment, the ion is classed as either a, b or c. If the
charge is retained on the C terminal, the ion type is either x, y or z.

Double backbone cleavage gives rise to internal fragments. Usually, these are formed by a
combination of either b-/y-type cleavage (amino-acylium ion) or a-/y-type cleavage (amino-
immonium ion). Internal fragments are named with their amino-acid subsequence. It is
important to recognize the potential generation of such fragments to avoid the misassignment
of internal ions instead of those resulting from a single bond cleavage.[5][6]Lastly, the
abovementioned ions may occur with single or multiple losses of -H>O,-NH3 or both.

Ynii
;ﬂ:l
Xni | Vni .
- _i_ L i—_____ ln_tgrngll fragments
“HN--CH:-CO#NH--CH--CO--NH-
Side chainfosses 17 | ____:'_l_'i '
vvvvvvv i : CHTR’

-
a8 b R i
C; !
diz= -

Figure 1-2 Peptide Fragmentation
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1.5. Data analysis- mass spectrum

As stated in a previous section the most common data representation of the output of the
mass spectrometer is the mass spectrum. The mass spectrum is an intensity vs. m/z (mass-
to-charge ratio) plot, which shows the mass of the molecule and the masses of pieces from
it.

Each vertical line, referred to as a peak, represents a different ion and its height represents
the abundance of that ion. The peak of the spectrum with the greatest intensity is called the
base peak. Customarily, the spectra are focused and adjusted based on the base peak, so the
graph is adjusted to the height of the base peak and the intensities of the other peaks are
projected relative to the base peak. The monoisotopic ion peak is the peak corresponding to
the relative molecular mass of the compound under study and although it stems from the
most abundant isotope of each atom type, it is not always the most abundant isotopic peak
in a spectrum. This is due to the fact that as the number of atoms in a molecule increases the
probability of the entire molecule containing at least one heavy isotope increases. For
example, if there are 100 carbon atoms in a molecule, each of which has an approximately
1% chance of being a heavy isotope, then the whole molecule is not unlikely to contain at
least one heavy isotope. In addition to these peaks, other types of peaks that are often
detected are [7]:

A Fragment/Daughter ion peak, is the peak corresponding to the ions that result from
the fragmentation of molecular ions in the ionization chamber

A Rearrangement ion peak, it is the result of the recombination of fragment ions

A Metastable ion peak, represent the ions that are formed by the decomposition of
analyte between source and magnetic analyzer

A Multicharged ion peak, regarding ions that are formed with more than one charge

A Negative ion peak, in case a molecule captures an electron during electron
bombardment this results in the formation of a negative ion, which forms a negative
ion peak in the spectrum.

A Isotope peaks, which are obtained from element isotopes, such as e.g. the two
isotopes of chlorine: 35CI, 37Cl. These two isotopes are found in nature at 75% and
25%, respectively. Isotope peaks play an important role in the identification of
molecular masses, spectrum processing and the identification of unknown
compounds.

A Substrate-noise peaks, which may be due to well-known and widely used molecules,
such as water, nitrogen, or molecules entering the analytical system from various
sources.
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1.5.1. Mass interpretation

Mass spectra are used to obtain information concerning the relative molecular mass (the
molecular weight) of the compound. Identifying the exact mass of a molecule is critical, but
this is not sufficient for a detailed characterization structure of peptides and proteins. It is
necessary to use Tandem Mass Spectrometry (1.3.1), which consists in carrying out a double
mass analysis on a given sample. To achieve this there are employed either two analyzers in
series or the same analyzer at different times.

The mainly used protein identification techniques are:

A Peptide mass fingerprinting (PMF), in which an unknown protein is digested with
endoprotease to yield the constituent small peptides. In PMF, protein identification
is performed by comparing the mass spectrometric peak list with that of the
theoretical peak list generated from databases. [8] Popular programs are MASCOT,
PROFOUND, MSFIT, and ALDENTE.

A Peptide fragmentation fingerprinting (PFF) uses low energy collision-induced
fragmentation (CID) for peptide ions fragmentation in a gas phase in MS/MS
instrument. Such fragmentation occurs mostly at peptide amide bonds and yields two
types of fragments: b ion, which preserves N-terminus, and c ion with C- terminus.[7]
The acquired spectra are compared with programs containing the predicted spectra
of peptides of proteins in the database. Cases of such applications are MASCOT and
SEQUEST. Unfortunately, this approach is not suitable if there is any mass variation
because of certain modifications or if the protein is not reported in the database.

A De novo peptide sequencing is a reconstitution of the peptide sequence from the
fragmentation spectra based on peptide fragmentation rules. It is a straightforward
approach when protein identification becomes elusive. The assignment was
traditionally accomplished by Edman’s sequencing, but due to the rise of the
bioinformatics tools, the generated data is examined for protein homology adopting
the BLAST tool.[7]

1.5.2. Deconvolution

For the determination of the molecular weight of a protein, it is assumed that adjacent peaks
in a series differ by one charge, charging is only due to proton attachment to the molecular
ions, and ionization occurs to only the intact molecule. As shown in Equation 1-4 the x-axis
value in spectra (m/z) is the ratio of the molecule mass (M) adducted nH to the charge state,
where n poses as the number of protons adducted. Consequently, in a pattern of the different
forms of a chemical formula, based on the various potential isotopes for each element, m/z
peaks differ by 1/z. While z increases, the pattern of the charged compound will be denser.
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Equation1-4 Deconvolution

For instance in Figure 1-3, given the initial assumption and n=0, m/z=1212, and
m/(z+1)=1131, are solved to z = 14 and m = 16968.[9]

3 772 808
738 849
707 893
679 943
| 998
N,_
/653 1060
1131
|
1212
L 1305
J LVLX-L,LLLL—-L = L miz
700 BoO 900 1000 1100 1200 1300

Figure 1-3 Mass spectrum of a protejf]

1.5.3.Charge state disibutions produced inESI

Electrospray ionization (ESI) of proteins creates a wide distribution of multiply-charged ions
leading to various peaks in the mass spectrum. This multiple charging allows accurate
measurement of large molecular weight proteins with most types of mass spectrometers,
which has set ESI as the primary ionization method for MS characterization of intact
proteins.[10]

ESI uses electrical energy to serve the transfer of ions from solution into the gaseous phase
before the mass spectrometric analysis. lonic species in solution can thus be analyzed by
ESI-MS with increased sensitivity. But also neutral compounds can be converted to an ionic
form in solution or gaseous phase by protonation or cationization, and therefore can be
studied by ESI-MS.

The transfer of ionic species from solution into the gas phase by ESI involves the following
steps, as shown in Figure 1-4: [9]
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A Dispersal of a fine spray of charged droplets.
A Solvent evaporation.
A lon ejection from the highly charged droplets.

g

Figure 1-4 Mechanism of electrospragnizatior{9]

However, spectra acquired from ESI-MS assemblies demonstrate two important sensitivity
problems[11]:

A Spectra are often partly obscured by low signal-to-noise and wide peak shapes due
to residual solvation and adduction after the process.
A The sequential charge state series as a result of highly charged ions are closely
spaced.
Thus, spectra that include multiple species often suffer from high degrees of peak overlap or
contain highly interleaved charge envelopes, which act as a complication to determining the
entire mass of an assembly. Overlap emerging from the presence of multiple, unresolved
ions misrepresents the signals in both m/z and intensity and perplexes accurate measurement
of the underlying species. Moreover, highly interleaved charge state distributions can lead
to errors in defining charge envelope membership, assigning charge states, and calculating
molecular mass.
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2. Top-down mass spectrometry

2.1 Proteomics

The genome of an organism is static. Nevertheless, gene expression is a changing process
that is continually affected by environmental and physiological conditions. Thus, a lot of
information can be gained by monitoring the actual gene products being expressed to
maintain cellular function.[12] Proteomics is the global-scale characterization of proteins
and their abundances in a biological system, including the protein spatial distribution and
temporal dynamics. Proteomics is crucial for early disease diagnosis, prognosis, and to
monitor disease development. Furthermore, it has an indispensable role in drug development
as target molecules.

For mass spectrometry, the proteins are derived from the sample and digested using one or
several proteases to generate a specific set of peptides. Supplementary steps including
enrichment and fractionation can be added at protein or peptide level to reduce the
complexity of the sample or when the analysis of a specific subset of proteins is desired. The
obtained peptides are analyzed by liquid chromatography coupled with mass spectrometry
(LC-MS). Typical approaches include either the analysis of deep coverage of proteome by
shotgun MS or quantitative investigation for a definite set of proteins through targeted MS.
The resulting spectra provide information about the sequence and the isoform of the protein.

In bottom-up proteomics workflow the proteins are enzymatically or chemically cleaved into
peptides which are then analyzed in the mass spectrometer. The MS analysis is performed
on the individual peptides, and the information is then joined together to unveil the protein
identity and characteristics, as co-and post-translational modifications or isoforms.

2.2. Top-down mass spectrometry

Traditionally, mass-spectrometry-based proteomics has been performed using the bottom-
up approach, also termed “‘shotgun proteomics, which is accomplished by first digesting a
sample (which could contain a simple or complex mixture of proteins) with a protease and
subsequent separation of all of the resulting peptides by liquid chromatography. The ensuing
peptide masses and sequences are used to identify identical proteins. Deficiencies of this
approach limited protein sequence coverage by identified peptides, protein inference
problems, incertitude of the origin for pleonastic peptide sequences and the inability to detect
differing proteoforms. The proteoform classification applies to all potential molecular
species of a protein product originating from a single gene. These include changes due to
genetic variation, alternatively spliced RNA transcripts, and Post-Translational
Modifications (PTMs).[13]
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The Top-down approach analyzes intact proteins and is not commonly implemented due to
the absence of available tools. This method includes the ionization of proteins in the intact
form without digestion and MS or MS/MS analysis of intact species or fragment ions
generated in a mass spectrometer by induced dissociation. For the interpretation of mass
spectrometric and chromatographic data, both the molecular weight of the intact protein and
the protein fragmentation pattern are needed. Top-down proteomics is capable of identifying
and quantitating unique proteoforms, information that is lost with protein digestion during
the bottom-up approach. However, the top-down approach is not as well-established as the
bottom-up due to the sample complexity. Biological samples are inherently complex, with
many different proteins and their proteoforms. Consequently, the effective implementation
of the top-down approach requires an extensive separation and enrichment step preceding
mass analysis.[14][15][16] A comparative representation of the two methods is
schematically shown in Figure 2-1.

Top-down proteomics

MS/MS for Identification
Purified proteins are either enzymatically digested (2D gel
spots) for M5SMS fragmentation or intact proteins are just
M5 WS fragmented o obtain sequence data for identification.

@G- |
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3. Motivation — Similar Work

“Fasmatech Science & Technology S.A.” is a high technology company focused on mass
spectrometry and ion mobility instrumentation design and development.[18] The company
examines the fragmentation behavior of proteins by using tandem mass spectrometry
(MS/MS) and fragmenting multiply protonated molecules in the gas phase and analyzing the
fragment masses. In order to confirm proposed structures, theoretical in-silico fragmentation
is commonly used for correlation with experimental data.

The necessity to create a single integrated software emerged from the intermittent and
manual work that a scientist had to do to decode a spectrum generated by Top down mass
spectrometry. More specifically, before the implementation of “Peak Finder Software”,
“Fasmatech Science & Technology S.A.” used to utilize the “mMass” software, an open
source mass spectrometry data interpretation tool [12]. In this program, the user first loads
the experimental spectrum and the protein sequence next simulates in-silico peptide
fragmentation and finally match results to acquired data. The analysis results can be stored
for later use. One significant inconvenience of this software is that only one fragment can be
displayed along with the experimental spectrum. Moreover, the correlation of the probable
fragments with the experimental is based solely on the monoisotopic peak of each fragment
that is not accurate.

Subsequently, whatever was matched, was entered into the Isotope Fitting program, created
by “Fasmatech Science & Technology S.A.”, which adjusted the profiles and displayed an
indicative divergence measure. To load a fragment in the Isotope Fitting an additional action
was required. For each fragment, the chemical formula and charge state were imported into
a different software, the “enviPat” electronic platform [19], and for each, a text file,
containing the isotope theoretical profile, was obtained and then imported into Isotope
Fitting. More specifically, “enviPat” is an open-source algorithm that performs an Isotope
Pattern, Profile and Centroid Calculation for Mass Spectrometry. One major difficulty with
Isotope Fitting software, aside from the hand-operated effort it required, was that the user
could fit only twelve fragments to the experimental data concurrently. It is worth noting that
the latter is part of the new software proposed. Proceeding with the method description, when
a section of the experimental spectrum had not been identified with the first program from
the “MS Product - Protein Prospector” output list, the user used to look for fragments with
the characteristics that match the profile he wants to identify, such as mass and charge. The
compounds that assembled these features were inserted into the “enviPat” online platform
and the same procedure was followed. The results used to be manually edited into excel
where the required charts were also created.
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Consequently, the available software solutions could not be utilized efficiently for the
company's requirements. The following features have been established on the “Peak Finder
Software”:

A Off-line software operation.

Spectrum manipulation and processing capabilities, for example, peak detection, m/z

range measurement.

Resolution determination based on the experimental spectrum

Fragments' theoretical patterns, profiles and centroids calculation

Outright fitting and assignment of experimental data profiles.

Flexible navigation of the user through sorted potential solutions, each one separately

ranked by five different scores. The user can define each score. The sorting tool is

enabled to be customized to the user's requirements.

A Parallel processing of fragments from the heavy chain and light chain amino-acid
sequences

A Tools to save spectra, sequences, assigned fragments' properties

A Automated production of graphical illustrations of the final assigned data

J>\

> > > >

Page | 12



4. Software

4.1.Introduction on the software

“Peak Finder Software” is a user-friendly data analysis software, which enables users to
identify protein fragmentation products, leading this way in the structural elucidation and
the identification of fragmentation pathways of a protein. Firstly, it receives as input the
experimental spectrum generated by the mass spectrometric analysis of a protein and a list
of all the probable structures that are expected to be formed from the fragmentation of the
exact protein. Each of these probable structures, generated by the “MS Product - Protein
Prospector” software[20], is a single compound, with information attached such as
monoisotopic mass, chemical formula, charge, ion type and index in the amino-acid
sequence. Following the loading of the experimental and the theoretical data files in the
software the user has to select the desired characteristics of the fragments, whose theoretical
profiles will be examined if they suit the experimental spectrum. The selected fragments'
theoretical isotope pattern, profile and centroids are calculated by the “enviPat” algorithm.
Each fragment must satisfy a PPM error bound, which is set by the user, in order to be
considered suitable for inclusion in the Fragment List. After the PPM elimination of the
inadequate results, the final list of Fragment List is displayed to the user. Subsequently, by
the fitting procedure, the algorithm pairs the experimental profiles with the potential
fragments. At the end of spectrum processing, the user can save the identified compounds as
well as, save diagrams related to his research.
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4.2.\Workflow
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4.3. Experimental Spectrum ProcessirigPeak Detection

Ere loading of the experimental data, the user has to set the minimum intensity, above which
an experimental centroid will be counted as present. The software snapshot of peak detection
settings is shown in Figure 4-2. This step is necessary for the Peak Detection Algorithm,
which will be further analyzed. Regarding the experimental spectrum, it is encoded in a ““.txt”
file format and contains the m/z-intensity measurements derived from the mass spectrometer.
The Load Experimental Algorithm, stores the experiment’s measurements in the
“Experimental Data List” and in “all data” a list of points designed to store experimental
and fragment profile points.

The algorithm of Peak Detection was created by the “Fasmatech Science & Technology
S.A.” and was integrated into the “Peak Finder Software” in order to improve the theoretical
data management modality. The algorithm returns a list of peak m/z locations coupled with
the corresponding intensity and resolution of the experimental spectrum. Each peak’s range
is determined as existing between two local minima. The minimum height that is considered
a peak can be defined by the user and it is usually set at 50. Once an experimental centroid
is detected the resolution calculation starts based on the Equation 1-3. The resolution
algorithm is based on the Gauss normal distribution and is accomplished with the integration
of the “ALGLIB” data processing library[21]. More specifically, the Levenberg-Marquardt
optimization algorithm is used in order to find the theoretical normal distribution, which fits
in the examined peak, and as a result, defines the width of the corresponding experimental
profile. The last step contributes to the accuracy of the fragments’ theoretical profiles
calculation, which will be performed in the next step.

Peak Detection Settings n

peak detect min intensity: Bo =

Figure 4-2 Peak Detection Settings

4.4 Theoretical Data

4.4.1.MS product

“MS Product” file is the file containing the information on the fragments that will be
analyzed and subsequently considered if they relate to the spectrum. The file is derived from
the “MS Product - Protein Prospector” online software [20], in which the user first inserts
the sequence of the molecule and then selects the properties, the most basic of which are ion
type and maximum charge state, of the fragments they are interested in locating in the
spectrum. As stated in the section 4.1, the output file is a tab-delimited text that includes the
probable fragments, with information attached such as monoisotopic mass, chemical
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formula, charge, ion type and index in the amino-acid sequence. In case of internal fragments
instead of ion type and index the file includes only the fragment’s amino-acid subsequence.

4.4.2. Loaded and Selected Fragments

When the user loads the "MS-Product” file into the software, the program passes the
information it contains to probable fragments list, noted as “Chemformulas™ in the algorithm.
In this step, the information stored for each fragment is the chemical formula, the charge
state, the ion type, the monoisotopic m/z and, for primary fragments only, the index in the
amino-acid sequence. For the internal fragments given the amino-acid subsequence, the
initial and terminal index in the amino-acid sequence is calculated. Moreover, the fragment’s
adduct is equal to as many hydrogens as the charge state of the fragment. Furthermore, the
name, with which the fragment will be displayed to the user, is adjusted. Typically, the name
consists of ion type, index and charge state. But in the case of the heavy or light amino-acid
sequence, each name includes an “ H” or “ L” accordingly to help the user identify from
which sequence it is derived. Lastly, a different color is defined for each type of ion, for
instance, a-fragments are green, b-fragments are blue and so forth.

Once the program completes the loading process, the user selects the desired fragment
properties for the spectrum analysis. For each of the fragments, the algorithm checks whether
they possess the desired properties and stores the desired fragments in the “Selected
Fragments List”. An overview of the procedure is shown in Figure 4-4.

4.4.3.fenviPab Algorithm Incorporation

“EnviPat” algorithm calculates theoretical isotope patterns from molecular formulas, given
its charge state and adduct or subduct. [19][22] It is an R and C++ algorithm which was
reconstructed in C# programming language, in order to be integrated in the “Peak Finder
Software”. On this approach, the computation of isotope fine structures includes calculating
isotopologues from each other by single isotope replacements. The transitions between
isotopologues are organized by gradually replacing the most abundant isotope of each
element with variable subsets of less abundant ones. This tree-like structure takes advantage
of the multinomial nature of isotopologue transitions by separating branches of decreasing
probability from increasing ones.[22] For any X, y subisotopologues that differ by one
isotope their probability (P) and mass (M) are calculated by Equation 4-1and Equation 4-2.
Herein, i denotes the isotope in x that is replaced by isotope j to produce subisotopologue vy,
k is the certain element, whose isotope is replaced, n the amount of the k element with as
isotope i or j, and a the natural abundance of isotope i or j of element k.

Equation4-1
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Equation4-2

The basic steps of the algorithm are shown in Figure 4-4 and are:

A Pattern Calculation

A Envelope calculation for profile

A Centroid and Intensoid Calculation
For the pattern calculation two additional algorithms are provided, the first is preferred for
small compounds, containing up to 100C (Carbon), and the second for bigger compounds.
The basic concept of the both algorithms is the same. For each element in the compound the
additional isotopes are collected and sorted in decreasing natural abundance. Then, for each
element a set of combinations is created, that follow the tree-like structure in Figure 4-3. In
a next step all these combinations are sorted in decreasing probability and combined to form
molecule structures. The probable molecule structures and their probabilities create peak
shape functions also noted a pattern. The last are superimposed to relate to the isotopic
envelopes of measured mass spectra at a certain instrument resolution R, forming the
theoretical profile of the compound. A wide range of instrument's resolution related to m/z
measurements is integrated into the software. Lastly, centroid and Intensoid of the theoretical

profile bell shaped functions are calculated.
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4.4.4.Fragment list calculationi Filters

Following the selected fragments' “enviPat” properties calculation, a primary filter is
implemented to the list. Peak Detection Filter is applied to refine the list from fragments
whose most abundant centroid differs from the nearest experimental peak by ppm larger than
the user-specified bound maximum ppm. This filter distinguishes the candidate fragments
from the incorrect. From the “Selected Fragment List”, only a small amount of fragments is
accepted and is eventually displayed to the user as “Fragment List”. The aforementioned
filter achieves significantly less computational cost to the next step that is the Fitting
Algorithm.

Peak Detection Filter returns the specific resolution of the nearest experimental point to the
fragment’s centroid. As a result, the profile calculation of the remaining fragments is
computed again with a more accurate resolution, than the one proposed by “enviPat”.

Lastly, the fragments are added to the “Fragment List” and to “all_data list”. Moreover, the
theoretical data alignment with the experimental is computed. In the next section, we
describe the process in detail (4.4.5). It is worth mentioning that if an “MS/MS file” is
loaded, which is derived from manual processing of the user, the user usually wants to bypass
the filter or apply a different ppm filter. Similarly, in case a saved fit file is loaded the filter
is neglected entirely. So for these cases, the algorithm manages these data differently.
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4.4.5. Theoretical Data Alignment

The Aligned Data Algorithm, created by “Fasmatech Science & Technology S.A.”,
interpolates the values of the theoretical data to the m/z values of the experimental in order
to create a data structure with mutual x values. This data structure is “Aligned Data List”.

“Aligned Data List” structure is a list of arrays.(Table 4-1) Each list item corresponds to an
m/z measurement in the experimental spectrum. The amount of items is as much as the
amount of the measurements in the experimental spectrum. The array of each item contains
as many elements as the Fragments under examination adducted 1, where 1 stands for the
experimental data. Specifically, Aligned Data Structure resembles a matrix as the above,
where the m/z measurement stands for row and the element of each array as column. The
Subset of Aligned Data Algorithm creates a subset of the “Aligned Data List” containing
only the points where the determined fragments have intensity greater than zero.

By the “Aligned Data List”, the residual between the theoretical and the experimental data
is calculated. Moreover, the Fitting Algorithm computations are based on the “Subset of
Aligned Data”, from which the residual of the experimental and a subset of fragments
theoretical profiles is calculated. Understanding the format as well as the method of forming
the two types of lists is essential, as they are included in the fit algorithm and the subsequent
evaluation of the fit solutions. Therefore, the flowcharts are schematically shown in Figure
4-5 and Figure 4-6.

A major problem with this method of data alignment is that the experimental data series
commonly contain gaps, where the intensity is zero and therefore these areas are not added
in the experimental data due to memory efficiency. As a result, if the m/z ratio of a fragment
profile point “falls” in one of the experimental gaps it is not included in the residual
calculation. Consequently, residual remains zero in these gaps and the user cannot perceive
the originally negative error of fragments that have centroids in those areas. In order to
overcome the potential effects of the experimental gaps, in the “Peak Finder Software”
additional measures of the membership of a fragment in the experimental spectrum are
implemented, and are analyzed in 4.6 section.

EXPERIMENTAL FRAGMENT1 FRAGMENT 2
INTENSITY
MEASUREMENT 1Y
MEASUREMENT 2Y
MEASUREMENT 3Y
Table4-1 Aligned Datastructure representation
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4.5. Fitting Algorithm

The Fitting algorithm was initially created by “Fasmatech Science & Technology S.A.” and
was improved and integrated in the “Peak Finder Software”. Its main purpose is to adjust the
theoretical profiles’ intensity in order to match the sum of the theoretical profiles with the
experimental spectrum. The first step is generating all the possible 2" combination of the n
fragments that are subjected to fit. When more than twelve fragments are subjected to fit, the
fragments are divided into fit-groups according to the user. A large fit-group fragment range
can pose a big performance problem. As the number n of fragments in a fit-group increases,
the performance of the fitting algorithm drops significantly due to the increasing number of
the 2" generated subsets.

For the next step, for each combination the “Subset of Aligned Data List” is calculated
(Figure 4-6) and the best solution is generated by the Levenberg-Marquardt optimization
algorithm of the “ALGLIB” data processing library.[21] The optimization is computed by
minimizing the Sum of Squared Errors (SSE) between the experimental intensities and the
sum of the theoretical intensities in each m/z point. For a greater perception and observation
of the results, except for the SSE error, additional scores are calculated and will be analyzed
in the next section. The Fitting algorithm returns the “Fit Results” list, a list of all the fit-
groups, and for each fit-group a list of all the fragments’ subset-solutions. Each solution
includes the fragments that constitute the subset, the optimized adjustment factor for their
intensity, and their scores. Upon completion of the Fitting process, the user can sort and
reject solutions based on their scores. A detailed analysis is given in the User Interface
section (4.7.3).

Moreover, fitting becomes difficult if too many adjacent peaks are detected, therefore an
added parameter is defined, as the number of “fragment overlap”, which is the number of
common fragments between consecutive fit-groups. This delivers significantly better results
as a fragments’ intensity or membership in the spectrum is defined by two different groups
thus reducing the incorrect assignments and fitted intensities. Before fitting the user can
select the desired fragments from “Fragment List” to perform fitting, set the amount of
fragments and of fragment overlap that a fit-group contains.

Finally, if an experimental distribution contains more than 2 fit-groups, the user can join
them in one fit-group and recalculate the fit. The original setup was modified to take into
account the effects of overlapping distributions and busy spectrum areas.
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4.6. Fitting scores

After the Fitting computation, the user can choose one or a combination of the following
filters to sort the candidate solutions within each fitting group. All scores are calculated so
that the optimal value is as small as possible. The objective function to minimize can be
estimated as described in Equation 4-3.

min)= 1- + - + 3- + 4- * 5+ t -

Equation4-3 Objective function to minimize for the Fit Results sorting

a) Sum of Squared error SSE

As stated in the previous chapter, SSE is the common score that is used in defining the fitted
intensity of each fragment in each solution in a fitting group. In this case of the scoring
system, it is calculated for each solution in total. Specifically, for the subset of aligned data
in each fit-group’s solution the error is calculated between the experimental and fitted
theoretical intensity in each m/z measurement present in the experimental spectrum. As
stated in a previous section the Aligned Data algorithm interpolates the values of the
theoretical data to the m/z values of the experimental in order to create a data structure with
mutual x values. The Equation 4-4 represents the abovementioned computations.

- 2

Equation4-4 SSE calculation

The parameters’ references are as followed:
= Amount of m/z measurements in subset of aligned intensities
= m/z measurement in aligned intensities
= Amount of fragments in current solution
= Fragment
= Fitted theoretical aligned intensity of n fragment in m measurement

= Experimental intensity in m measurement

This score is not normalized and the order of magnitude is variable depending on the order
of magnitude of the experimental in the specific measurement. The variance of experimental
intensity’s order of magnitude is unambiguous in Figure 4-7. In Figure 4-8 is shown a
fragment’s profile that suits to the experimental distribution but produces high residual, and
subsequently SSE error, due to the large order of magnitude. On the other hand, SSE score
may lead to inaccuracies because experimental measurements demonstrate gaps due to
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memory efficiency when the experimental intensity is zero. As a result when a fragment’s
peak belongs in an m/z experimental gap, it is not present in the residual and the SSE
calculations, as indicated by the red rectangle in Figure 4-9. The marked distribution in not
present in the experimental yet the residual is calculated as zero. For the above reasons, SSE
score is not individually indicative of a fragments’ membership in the experimental
spectrum.
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Equation4-5 Score Ai calculation

The parameters’ references are as followed:

= Amount of m/z measurements in subset of aligned intensities

= m/z measurement in aligned intensities
Amount of fragments in current solution
Fragment

= Fitted theoretical aligned intensity of n fragment in m measurement

= Experimental intensity in m measurement
IfAP> 1,Ai= Ail

c) Percent fit residual coverage related to fit-group’s covered area A

M
I
o
M
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Equation4-6 Score A calculation
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The parameters’ references are as followed:
d= Amount of m/z measurements in the subset of experimental spectrum within the bound
of the fit-group’s boundaries
I=experimental data measurement
= Amount of m/z measurements in subset of aligned intensities

= m/z measurement in aligned intensities
Amount of fragments in current solution
Fragment

= Fitted theoretical aligned intensity of n fragment in m measurement

~ = Experimental intensity in | measurement
IfA> 1, A=A

As SSE, Ai and A are calculated based on the Subset of Aligned Data in the examined fit
group solution, and therefore display problems in similar situations. Moreover, Ai and A
examine the area not each point separately, this means that even when a fit group solution is
inadequate, if the theoretical data area is applied within bounds of experimental data, the
ratio of the Ai and A equation will be as much lower as the area of theoretical data is higher.
This problem is primarily observed when using A score. When the fit group’s results are
sorted according to A, in most cases the best solution is the one that contains all fit group
fragments, because the ratio decreases, this approach is mainly useful in busy spectra.

d) Centroids’ intensity weighted error di

The basic aim of this score is to overcome the Aligned Data algorithm overfitting problem.
As stated in a previous chapter, experimental data series commonly contain gaps, where the
intensity is zero and therefore these areas are not added in the experimental data due to
memory efficiency. This results in the failure of residual to include a theoretical centroid in
the calculations when its m/z ratio “falls” in a gap. As residual remains zero in these gaps
the user cannot identify fragments that have centroids in those areas. Given the last problem
and the large range of the order of magnitude of the intensity’s values within the spectra SSE
score is not completely reliable and an added score needed to be created.

Score di rates a fragment’s fit and calculates the difference between the experimental and
theoretical centroid’s fitted intensity, and when a centroid is not present in the experimental
the overall score is given a penalty. Both intensity difference and penalty are weighted
according to the abundance of the centroid under examination.
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Equation4-7 Score di calculation

The parameters’ references are as followed:
_ = Normalized intensity error

= Weighted factor of centroid j in fragment i
= Amount of centroids in the theoretical profile of the fragment i
= Theoretical intensity of centroid j
= Maximum theoretical intensity among centroids j to k
= Fitted intensity of centroid |
= Intensity of the nearest experimental peak to centroid j
= Standard deviation of score di

When the nearest experimental peak is not within the user-defined ppm error from the
theoretical centroid j, the ratio s set to 1,0. Thus, the error of a centroid j, not detected
in the experimental spectrum, is equal to , affecting the final fragment score di according
to its intensity compared to the other theoretical centroids’ intensity. The user defined ppm
for the di calculated is not the same with the ppm used during Fragment Calculation.
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Figure 4-10 Graphic representationf j certroids intensityof a fragment
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A major case, in which the di score is not reliable is overlapping as the error of the
theoretical fitted centroid from the experimental is high. While an adequate di score is
di<50, during overlapping di of good fragments tends to be di~90. Overlapping is when
more than one fragments have a centroid that fit the same experimental peak. So in some
cases the correct solution for an experimental peak involves more than one fragment. In
Figure 4-11 is presented the experimental distribution and the adjusted theoretical centroids
of two different fragments. With red is the experimental peak is indicated while with
purple and blue the fitted fragments’ centroids are noted.

T T T T T T T T T T T T T T T
1264.54 1264.56 1264.58 12646 1264.62 1264.64 1264.66 1264.68 12647 1264.72 1264.74 1264.76 1264.78 12648 1264.82 1264.8
mfz

Figure 4-11 Overlapping case

e) Percent of fragment’s centroid absence &l

Score i is the sum of the weighted factors  of the absent centroids of each fragment in
each solution of a fit-group.

= Z , =
=1
Equation4-8 ScoreU ¢alculation

The parameters’ references are as followed:
= Weighted factor of centroid j in fragment i

= Amount of centroids in the theoretical profile of the fragment i
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f) Centroids’ aligned intensity weighted error di’

Score di’, or else di aligned, is conceptually identical with the di filter with Equation 4-7 as
basis and with the difference shown in Equation 4-9:

2

I —

1

2

Equation49Scor e di 6 cal cul ati on

The parameters’ references are as followed:
= Centroids’ intensity weighted error

= Amount of centroids with equal

The main advantage of this method compared to the previous di is that in overlapping cases
di’ error is more accurate from the di error. The score di’ is defined in n theoretical centroids
that share the same experimental centroid, where di is very high failing to notice the
overlapping.

This score can’t be calculated within different fit groups and is applied only on the fragments
present in the examined fit group solution. This is due to the fact that when calculating the
overlapping in a specific centroid of the experimental spectrum even if different fit groups
contribute “fragment centroids” it is not known if these reside in the “correct” fit group
solutions. This is the reason that during er_j calculation the “overlapped fragment centroids’
intensities” are not added and then subtracted from the experimental intensity, because that
way all overlapped fragment centroids would share the same error and overlapping would
be encouraged. Overlapping is not the rule, and therefore it should not be encouraged, mainly
in cases of primary fragments fit group membership.
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Figure 4-12 Flowchart of @lculationof , ', scores
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Examples
In this section we will look at some fragment fit cases and comment on their scores.

a) Low intensity fragment

Fragment y11 2+ is a low intensity compound. As shown in Figure 4-13 the nearest

experimental peak to the third theoretical centroid is marked as absent because lg x p5 5 0

downgrading the €i, di and di’ score. The error is adjusted according to the Equation 4-7, as

shown in Figure 4-14. More specifically each peak is represented by the centroid error

and the adjusted errorz:'— . It is worth mentioning, that di and di’ scores are identical
=1

because this is not an overlapping case.

Fragments A Ai di &i di’ SSE
yll 2+ 99.05% 14.02% 35.35% 16.47% 35.35% 4.934e8

Monoisotopic : PPM Max
Chemical Formula )
m/z Error Intensity

yl1l 2+ 11 2 617.8908 C55H99N19013 0.38 210

Fragment AA

154
'Fs:rpl
200 -
sy
ithl —|‘th.max
150
. 1
-
0o axp2
Iins  Igppy — absent peak
50 1 n
JL | |
a4 NN I I | I

T T T T T T T T T T
(12 ] 3] €182 B84 186 [11F:] 6159 €192 £194 6136 E198
miz

Figure 4-13 Fragmenty11_2+profile m/z region

Fragment: y11_2+

Centroid 1 emmor:0.165511607 , adjusted to:0.0826969375

Centroid 2 emor:0.3159782115 | adjusted to:0. 1060545655

Centroid 3 emor: 1.0 |, adjusted to:0. 12381759442 (absent isotope)

Centroid 4 emmor: 1.0 , adjusted to:0.0325027855 (absent isotope)

Centroid 5 emor: 1.0, adjusted to:0.00685196 (absent isotope)|

Centroid & emmor: 1.0, adjusted to:0.0010804238 (absent isotope)

Centroid 7 emor: 1.0, adjusted to:6.24251E-05 (absert isotope)

1% of the centroids were absent bwith ei= 0.1647 |the average emoris 0.35347 | sd: 0.2945

Figure4-14Sof t war e A FrQuipune nt Erroro
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b) Accepted fitted fragment

Fragment b18 2+ represents a good fit. As shown in the scores in the below table, all
isotopes are present in the experimental spectrum and the di score is also very good, as the
experimental and the theoretical data do not differ much. The same applies to A, Ai scores.
SSE score is applied in high intensity data therefore it is adequate.

Fragments A Ai di el di’ SSE
b18 2+ 3.86% 2.16% 4.321% 0%  4.321% 8.003e6

Monoisotopic : PPM Max
Chemical Formula .
m/z Error Intensity

b18 2+ 18 2 1017.0712 C93H157N21027S1 0.18 19340

Fragment AA

Dig 2+

156404~

T1E+04 -

Intensity

SE+03 o+

T T T T T T T T T T T T T T
10166 10166 1017 10172 10174 10176 10178 1018 10182 10184 10186 10188 1019 10192 10194 10126 10198 1020

Figure 4-15 Fragmentb18_2+profile m/z region

Fragment: b18_2+

Centroid 1 emor:0.0288510519 | adjusted to:0.0086554885

Centroid 2 emor;0.036853053 , adjusted t0:0.0123133222

Centroid 3 emor:0.0059527117 . adjusted to:0.0012792546

Centroid 4 emror:0.0914356307 , adjusted to:0.0051255055

Centroid 5 emor:0.1510665783 . adjusted to:0.0056375327

Centroid & emor:0.4414281294 | adjusted to:0.0051434385

Centroid 7 emor;0.2534458475 , adjusted t0:0.000732854

Centroid 8 emor:0.5659912761 | adjusted to:0.0003125048

0% of the centroids were absent fwith ei= 0 |the average emoris 0.04321 | =d: 0.0562

Figure4-16Sof t war e HrFRroargomeQutt p ut
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4.7 User Interface
4.7.1. Fragment List

Ere initiating the calculation process the user can select from the Fragment selection filters
window, which is displayed in Figure 4-17, the desired maximum ppm error and customize
its application method. For instance, if the user selects the “2 most intense” option, the
fragments whose 2 most intense centroids are within the ppm bounds pass the Peak Detection
filter. On the hand, if the user selects the “half most intense” option, fragments whose half
of most intense centroids are within the ppm bounds are promoted to the “Selected
Fragments” list. Moreover, Fragment selection filter can also be applied on the Fragment
List after the calculation method, on any step of the mass spectrum interpretation process,
irrespective of the data origin, for example fitted results file or manual processed file.

Fragment selection filters x
MEX PpIT emor: 8.0

size of fragment group: 40 (=

(® 1mostintense (") half most intense
(") 2 most intense (") half{-) most intense
() 3most intense (") half{+) most intense
Figure 4-17 FragmentPPM filter thatarea p pl i ed i n Fragment Calcul ation and in F

After the implementation of the list the user can:

A check fragments to display them in the main spectrum plot,

A copy fragments properties, as maximum intensity , ppm error, chemical formula,
ion type and so forth

A save the checked fragments in a .fit file

A load a .fit file and merge the added fragments with the current list

4.7.2. Spectrum Viewer

In this paragraph, the basic spectrum manipulation tools will be described. “Peak Finder
Software” has layout algorithms and versatile, interactive drawing routines and serves as a
very comfortable interface for the user. The library used for data visualization is “OxyPlot”,
which is an open source plot generation library that is licensed under the MIT license.[23].

Page | 34



A. Mouse manipulation tools

The user can interact with plot by utilizing the mouse buttons. Some of the basic features are
scroll to zoom, draw a selection rectangle and zoom, scale x or y axis by scrolling on them,
and double click on plot area to reset all axes.

B. Spectrum Cursor

With the Spectrum Cursor tool, the exact coordinates of the cursor in the graph are displayed
to the user. Moreover, if the "Shift" button is pressed and the user moves horizontally the
cursor, the exact difference between the two graph points is calculated and displayed to the
user.

C. Auto-scale ruler

Considering that a mass spectrum includes ions of different intensity ranges, to improve the
user experience the button Auto-scale ruler was created. When the button is checked, it
allows plot auto-scale and the y-axis maximum value is valued to 120% of the maximum
value between the experimental and the summation of the intensities of the fragments in the
displayed m/z spectrum.

D. Labeled fragments

If multiple fragments appear in the spectrum, it is not clear for the user which fragment is
plotted. To address this inconvenience, the "Primary Label" and the "Internal Label”
checkboxes were formed. If the user checks one or both of these buttons, then the name of
each fragment, of primary or internal type accordingly, is displayed on the most intense
centroid of the fragment.

E. Checkboxes for fragments’ types “a”, ”’b”, 7c”, ”X”, Yy’ ”z”, Vinter.”

In refresh_iso_plot the “to_plot” list is defined according to the latter checkboxes. For
instance, if the user has checked only the “a” checkbox, only the fragment ions with ion type
“a” will be plotted.

F. Save — Copy plot

The user can save the graphs in two additional format types “.svg” and “.png” and copy the
files in “.png” format.
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G. Format plot area

a. Extract Plot

A new window is loaded, in which the user can edit the plot, so that it is in the zoom scale
and size that he wants to save or copy it. The mouse manipulation tools of the basic plot are
also available in this window.

b. Style

It is a way of controlling and processing the form of the charts. The parameters that can be
modified are:

i. Line:
A Weight
A Color
A style(Solid, Dot, Dash, Long Dash, Dash Dot, Long Dash Dot)
A For fragments the user can modify weight and style
ii. AXis:
A tick marks (None, Inside. Outside, Crossed)
A Interval Length, which determines how often the labels and major tick
marks and grid lines associated with the axis are drawn
A Major and Minor Gridlines
Format Plot Area : Style [ |
Lines Mg
Experimental Data Theoretical Data Fit
Spectrum  Width |10 |2 Profile Width (20 |2 Width [10 5
Style |Solid : Syle [Solid < Style [Sold z
Color Centroids Width [10 |5 Color

Peaks Width (1.0 [£

Colr ‘

Reset ‘ ‘ Refresh Plot ‘

Figure 4-18 Format plot area: Styld Line Settings
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Format Plot Area : Style

Lines = Axis

Axis X

Tick Marks

Interval Length

Major Gridline

Miner Gridline

Mumber Format

Cross

50 =

Solid

None

General

Ak

Axis Y

Tick Marks

Interval Length

Major Gridline

Minor Gridline

Mumber Format

Figure 4-19 Format plot area: Styld Axis Settings

4.7.3. Fitting Results

The “Peak Finder Software” provides flexible navigation from the user through sorted
potential solutions, each one separately ranked by five different scores. The user can define

each score. The sorting tool is enabled to be customized to the user's requirements.

A. Fitting calculations settings

Theoretical isotopic distnbutions :

Cross

50

Solid

Nane

General

Mumber of isotopic distributions to fit:

lzotopic distribution window overlap:

max ppm Error for di ei calculation

Figure 4-20 Snapshot ofiFitting calculation® settings window

B. Sorting

Ak

For sorting of the solutions of Fit Results, the provided options are between scores A , Al,
di, SSE, i and di’ or a combination of the foregoing. For an accurate fragment selection, the
sorting objective function can be described through an equation such as the following
Equation 4-10. The program’s window of Sorting Settings is shown in Figure 4-21

Equation4-10 Objective function to minimize for the Fit Results sorting

mi (n) =

1"

+

2 F

3"

+

4"

+

5

+

6"
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C. Filter

The user can set score thresholds and eliminate the solutions that contain fragments that do
not meet the restrictions of the user. Moreover, as mentioned in section 4.3, the minimum
height that is considered a peak can be defined by the user and it is usually set at 50. By the
last claim, we can also remove the fragments with intensity lower than 50 from the solutions.

'Filter & Sort’ fitting results n

For each fittiing group :

Maximum number of visible results: =
Mumber of best results: =

Score threshold: Ax < :

A < o
di < [l sa< [l
el < :
di < [ s=d" < [EJ=
Sort By: Coefficient in the objective function to minimize
Aj c1= =
LA 0o s
1 di £
[ sse =
L =i =
L 4ir =

Figure 4-21 Snapshot ofiFilter & Sorto settings window

D. Individually affect sorting method and threshold of each fit-group

As each group relates to a separate spectrum area, there is usually no single way of sorting
the solutions. For this reason, the user can sort the solutions of one fit-group independently
without affecting the structure of the other groups.

E. Visible results - Check best results

The best results of each fit-group are automatically checked and displayed in the main
spectrum plot. The user can select more than one best results and also determine the total
number of visible results in each fit group, as shown in Figure 4-21.

F. Copy each solution’s and its fragments’ scores

During the mass spectra interpretation process, the user can copy a solution's scores and the
fragments that compose the latter, as well as their properties and individual scores.
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G. Display di and &i error calculation

For each solutions’ fragments the analytical di and i calculation is displayed to the user, as
well as which isotopes are considered absent and present according to ppm error.

4.7.4. Fragment Calculator

In the areas of the experimental spectrum where the user hasn’t found the suitable fragment,
the Fragment Calculator feature is used (Figure 4-22). For a specified m/z range with a
narrower ppm filter, the user follows the initial calculation procedure to detect fragments
that were eliminated by the initially applied ppm filter. If a fragment generated by the
fragment calculator is considered suitable is added in the Fragment List. (Figure 4-23)

w
A Doy iy Fagrats o s

ul- & W[ iy St % [0 Te [x [7 [z [imer ] & Curat

ool OO0
oog iiiif [ZTLfje| g
FiE gl
00 [Coooo) [Oooog)

Ofm

= |O00| (00000 LILLLh wp

Fl
]

Figure 4-22 Unassigned mass spectrum noted by the red rectangle shape. The user utilizes the Fragment Calculator
feature to search in this narrow m/z range the desired fragmenavathsePPM filter
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Figure 4-23 The selected fragment is directly plotted to the pivotal spectrum diagram and if its fit is adequate the user
can insert it in the Fragment List
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4.7.5. Amino-acid sequence representation

For an overview of the results, the amino-acid sequence and its fragments are displayed to
the user. For a,b,c fragments an upper mark is noted in their index position. For X,y,z
fragments a lower mark is noted for their index position, measured from the end of the
sequence. Unless the user makes the appropriate choice, the fragments' losses are not plotted.
If the "losses™ selection is enabled the user can choose to display either a-x or b-y or c-z
fragments. In this case, all the primary fragments are noted with an upper mark while the
primary with losses with a lower mark.

Sequence
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Figure 4-24 b-y fragments

Sequence
Ela—x oy |
MQl
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Figure 4-25 b-y fragmentsand their losses
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4.7.6. Heavy chain and Light chain sequence approach

In some cases, the user wants to process parallel fragments resulting from different
sequences. In this case, the type of the sequence need to be first declared and then follows
the loading of the corresponding "MS-Product” file to ensure the correct calculation of the
indexes of the internal fragments, and the correct amino-acid representation. If both heavy
and light chain sequences are imported, a message appears requesting the user selecting one
of the two.. The fragments derived from a heavy chain amino-acid sequence include an"_H"
in their name, and the ones derived from light chain amino-acid sequence an " _L".

For the amino acid sequence representation part, as well as the other fragments' diagrams the
user checks the desired corresponding sequence and automatically the graphs are renewed.

AA amine acid sequence Editor *

General Sequence  Heavy Chain  Light Chain
MQIFVKTLTG KTITLEVEFS DTIENVKAKI QDKEGIPPDQ QRLIFAGKQL EDGRTLSDYN IQKESTLHLV LRLRGG

Figure 4-26 Amino acid sequence Editor, Options: General Sequence, Heavy Chain and Light Chain Sequence

(® Heavy Chain
i) Light Chain

Selection

Completed Lorzel

Figure4-27Sof t war e meBsadecforf iM& | oadi ng when Heavy and
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4.7.7. Diagrams

The additional diagrams the user needs for the representation of the results can be classified
into three categories:

A ppm diagram is a simple scatter diagram of each fragment’s ppm error. The ppm
diagram is shown in Figure 4-28.

A Primary fragments plots’ include :

0 Anintensity - residue number (index) in the amino-acid sequence plot. If one
or more fragments share the same index and primary ion type the sum of their
intensities is displayed to the user.

0 A charge state - residue number (index) in the amino-acid sequence plot. If
one or more fragments share the same index, primary ion type and charge
state the sum of their intensities is displayed to the user. The size of the charge
point in the scatter plot is in accordance with the order of magnitude of its
intensity.

Moreover, primary fragments with losses are represented in both charge and intensity
plots only if the equivalent primary fragment is present. The primary fragments’ plots
are shown in Figure 4-29.

A Internal fragments’ plots include a diagram with the initial and terminal residue
number (index) in the amino-acid sequence plot, combined with the intensity of each
represented number. The same diagram is plotted twice at first by sorting the internal
fragments in ascending initial index order and secondly in ascending terminal index
order. The internal fragments’ plots are shown in Figure 4-30.

When each point is clicked on the diagram information like monoisotopic mass and name
about the specific fragment is displayed to the user. Lastly, similarly with the main spectrum
plot, the plot are can be customized by the user, the plots are editable, can be extracted and
saved (Figure 4-31).

Saggooaoooaommaaan S oo ppm Error of each fragment
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Figure4-28L e f t : Ami no acid sequence and fragmentso6 representat
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4.7.8. Save, Load capacities

The user can save the desired fit results in a “.fit” file. After “save” is completed the desired
diagrams are produced. Moreover, three different fragment file types can be loaded in the
software:

A An “MS-Product” file, which is discussed in detail in sections 154.4.1 and 4.4.2.

A An “MS/MS” file, which contains fragments derived by manual processing. The
format of this file is the same as the “MS-Product” file with and added information,
the adjusted Maximum Intensity of each fragment. The user can apply or by pass the
ppm filter on the data.

A A “fit” file, containing the fitted solutions. No ppm filter is applied in this case of
file. After loading is completed, the diagrams are produced automatically, there is no
need for the user to press “save”.
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5. Results

In this section a simple case study has been employed to examine the accuracy and
comprehensiveness of the “Peak Finder Software”. The 5.1 paragraph presents the user
settings, the case study results and statistics. For the purpose of this case study, the spectrum
and the manual processed results of an 8H8+ ubiquitin experiment were provided from
“Fasmatech Science & Technology S.A.”.

5.1.Ubiquitin Case study

Protein MQIFVKTLTGKTITLEVEPSDTIENVK
Sequence | AKIQDKEGIPPDQQRLIFAGKQLEDGR
TLSDYNIQKESTLHLVLRLRGG

In this particular case study, given the nature of the experiment, the assignment of the
fragments has been guided by the users to the a-,b- and y-fragments. In addition to fragments'
losses,simple neutral losses of , and 3 were included in the calculations. Thus, our
choice of the ion types presented in Table 5-1 appears to be reasonable in terms of exact
analysis repeatment and data comparison. Table 5-1 and Figure 9-1 show the initial settings
set by the user in order to scan the experimental spectrum and identify the peaks, as well as
to calculate the selected fragments and eliminate those outside the PPM specifications.

Peak detect minimum intensity 50
Maximum PPM error 8,0

Minimum number of peaks in PPM bounds = 1

a,by

MM- 5> M- 3
Fragments type a- 3

b-  3b+ 5 b- 5,

y- »Y~ 2

Table5-1 Initial User Settings

Upon the completion of the “Calculation” process, from the 3888 fragments that match the
desired ion type, 720 where within PPM bounds and became visible to the user. The next
step is the process of Fitting, which was conducted into groups of five, as can be seen from
the user settings in Figure 9-2.

The strategy followed in this particular case study utilizes a two-step approach. Firstly the
fragments are sorted by a resilient filter and combination of scores and thresholds, with the
aim of removing the less presumable fragments from the Fragment List. In this step the best
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solutions of each group are selected, more than one solution can be selected in each fitting
group, and then the checked fragments are saved and constitute the new Fragment List.
Secondly, the current Fragment List is fitted also and sorted with a stricter score and
threshold combination and the final fragments selection method commences.

5.1.1. First sorting to remove less presumable fragments

The first method of sorting was Score-A. Usually, the solutions with the best value of A tend
to be the ones that contain the most fragments, and thus the probability of FN results is
expected to be reduced. The other filters used in certain scenarios were Ai and di’ scores. Ai
score evaluates the fragment fit based on the same principle with A score, but it is a different
ratio and in most cases performs differently and promotes, as the best solution, the fragment
with the best fit, because the ratio decreases. On the other hand, in the case of the di' filter,
it is observed that the best solution tends to contain the fragments with the lowest and closest
error value. For this reason in some scenarios a combination of these filters is used for
sorting. Concerning the filter thresholds, three different scenarios were conducted and are
discussed below. The threshold is set to di’ and not to di, because in any case of overlapping
between the centroids di would be not acceptable. As discussed in a previous section, di’ and
di are equal in cases that there isn’t any overlapping and di’ only is taking into consideration
the overlapping. The following Table 5-2 describes the most notable scenarios.

Amount of
) . Score checked best Checked /
Scenario Sorting by Threshold solutions in fragments TP FN

each fit-group

1. A di’<70 1 413/720 207 35 50%
2. A di’<90 1 528/720 214 28 41%
3. A+Ai+dr’ di’<80 1 273/720 179 63 66%
4. A+Ai+dr di’<80 2 380/720 209 33 55%
5. 0.5A+0.5Ai+1.0d1’ di’<80 2 356/720 202 40 S57%
6. A di’<80 2 505/720 221 21 44%
7. A di’<80 1 470/720 213 29 45%

Table5-2 Sorting Methods and Results

To measure the effectiveness of the filters, the fragments proposed by manual spectroscopy
were compared with the fragments that belong to the best solutions of each of the
abovementioned scenarios. Exemplary results from this evaluation would be that all the
fragments assigned by the manual processing of the spectrum are included in the solutions
proposed by the scenarios. This did not occur and the amount of FN fragments is shown in
Table 5-2. The results from scenarios 3, 4, 5 that use a combination of the filters A, Ai, di’
demonstrate higher accuracy than the others filters but provide higher FN amount of
fragments. As a result, if the user wants to free the fragment list from inadequate fragments
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at once, it is sufficient to use scenario 6 that produces less FN results and as a next step, fit
the recommended data with a more stringent filter and monitor each m/z window separately.

Subsequently, the FN fragments in scenario 1, 2, 6 were examined to evaluate the reasons
for their elimination by the algorithm. The main causes of their elimination were assorted
are displayed in the following figures Figure 5-1, Figure 5-2. As seen in Figure 5-1, most of
the fragments eliminated in scenario 1 were due to strict di’ score threshold. Moreover,
thirteen fragments were eliminated in the primary step of PPM filtering and were not loaded
in the Fragment List. In the following subsection examples of each FN elimination cause,
except PPM error elimination, will be analyzed.

Scenario 1 - FN elimination cause

ppm filter | 13
ofttargetsorting. N
unsuitable group [ 1

inadequate di, due to ppm Il 1

nadequete o ]
absent isotopes | 2
2nd-3rd best | NNNNNNIN 3

0 2 4 6 8 10 12 14

Figure5-1 Scenario 1, FN elimination cause

Scenario 6 - FN elimination cause

14 13
12
10
8
6
4 3
2
o N N
2nd-3rd best absent isotopes inadequate di  unsuitable off-target ppm filter
group sorting

Figure 5-2 Scenario 6, FN elimination cause
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5.1.2. Examples of FN fragments and their elimination causes

1. Inadequate di — absent isotopes
The fragment (b-H20)17_3+ was rejected in scenario 1, in which the di'-filter was stricter,
due to the inadequate di score it shows. From Figure 5-3 and Figure 5-4 it emerges that a
large proportion of its centroids do not resemble the experimental centroids. This is verified
in Figure 5-5, which presents di score calculation in detail and indicates that only two out of
ten isotopes are present in the experimental spectra.

Monoisotopic A PPM  Max A A A
Fragment AA z Chemical Formula . di el di'

m/z Error Intensity
(b-H20)17 3+ 17 3 629.3655 C88HI148N2002351 6.42 309 71.32%  34.4% 71.32%

Table5-3 (b-H20)17_3+ scores

3E+04

—Fx
— (52O T2
2.5E+04 o

2E+04

1.5E+04

1E+04 -

5E+03

T T T T T T T
6292 6294 6296 6298 630 6302 6304 6306 6308 631 6312 6314 6316 6318

Figure 5-3 (b-H20)17_3+ m/z region
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— b
500 — (o-H20)17 3+

T T T T T T T T T T T T T T T —T
6292 6294 6296 6298 630 6302 6304 6306 6308 631 6312 6314 6316 6318
mfz

Figure 5-4 (b-H20)17_3+ profile zoom in

Fragment: {b-H20)17_3+=

Centroid 1 emor:0.4382773475 | adjusted to:0.1407023475

Centroid 2 emror:0.68610104 , adjusted to:0.2326518042

Centroid 3 emor: 1.0 , adjusted to:0 2050260583 (absent isctope)

Certroid 4 emor: 1.0 , adjusted to:0.090752405 (zbsent isotope)|

Centroid 5 emor: 1.0 , adjusted to: 00320524541 (absent isctope)

Centroid & emor: 1.0 , adjusted to:0.0094195778 (abzent isctope)

Centroid 7 emor: 1.0, adjusted to:0.002175328 (absert isctope)

Centroid 8 emor: 1.0 , adjusted to:0.0004025963 (abzent isctope)

75% of the centroids were absent fwith ei= 0.3359 | the average emoris 0.71323 | sd: 0.2291

Figure 5-5 SoftwarefiFragment Errod Output BH20)17_3+

2. Inadequate di due to PPM

The fragment (y-H20)15_ 2+ was rejected in scenario 1,and it is found that its di score is not
adequate. In Figure 5-6 it is apparent that the fragments' centroids do not suit the
experimental, which is confirmed by Figure 5-8 as only the most abundant isotope is
identified with a corresponding isotope in the experimental spectrum.

Fragment AA z Monoisotopic Chemical PPM | Max ‘ di i di'
m/z Formula Error | Intensity
(v-H20)15 2+ 15 2 §44.0004 CT4HI129N25020  1.16 | 3891 77.50% | 61.36%  77.50%

Table5-4 (y-H20)15_2+scores
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1.6E+04 :
1‘4E~04:
1‘2E+04:

1E+ 04+

BE+03 4

Intensity

BE+03
AE+03 o

2E+03

— b
— (y-H2O)15.2+

2E+03 o

T T T
8455 846 8465

Figure 5-6 (y-H20)15_2+ m/z region

m/z

3.5E+03

3E+03 o

2.5E+03 o

2E+03

Intensity

1.5E+03

1E+03

— b

\ \

— (yH20) 5.2+

Figure 5-7 (y-H20)15_2+ profile

8456 8458 846 8462 B464  B4EE 8468

miz

Fragment: fy-H20)15_2+
Centroid 1 emor:0.4200120944 , adjusted to:0.1629123652

Centroid 2 emor.

Centroid 3 ermor:
Centroid 4 emor:
Centroid 5 emor:
Centroid & emor:

Centroid 7 emor:

:1.0,

L L
SCooo

-10,

adjusted to:0.3532605942 (absent isotope)

, adjusted to:0.17533591402 (absert isotope)
, adjusted to:0.061809553 (absent isotope)

, adjusted to:0.0171682952 (absent isotope)
. adjusted to:0.0038338343 (absent isotope)

adjusted to:0.0006631578 (absent isotope)

T T T T T T
847 8472 8474  BATE  B4TB 848

2857% of the centroids were absent pwith ei= 0.6121 |the average emoriz 0.77504 | sd: 0.2826

Figure 5-8 SoftwarefiFragment Errod Output (yH20)15 2+

T
8482
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3. Unsuitable fit-group

(b-H20)32_4+ is a low intensity fragment in an experimental m/z area that has high
intensity. Moreover, this fragment belongs to an inadequate fit-group in terms of spectrum
suitability. So when it is separated in a solution, the algorithm attempts to achieve higher
intensity than the desired aiming to reduce the error [case (2)]. When the fragment is in the
same solution with other tracks, then its height is correct reducing the di greatly [case (1)].
Yet the other fragments remain unsuitable so that the whole solution is rejected.

If its fit-group is joined with the previous and the fitting algorithm is performed on the united
fit-group, then its scores are adequate [case (3)].

Monoisotopic PPM Max

Fragment AA |z Chemical Formula . di ei di'
m/z Error Intensity
59.71% | 51.21%  55.56% | (1)
(b-H20)32 4+ 32 4 889.2351 CI159H265N39050S81  2.79 | 968 88.48% | 51.21% 88.48% | (2)

63.866% 51.21% 60.143% (3)

Table5-5 (b-H20)32_4+scores

— [5-H20)32.4+

Figure 5-9 (b-H20)32_4+ m/z region
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Exo
— (0-HZO)32.4¢
1.2E+03

16403 o

Intensity

Figure 5-10 (b-H20)32_4+ profile

Fragment: (b-H20)32_4+

Centroid 1 emor:0.4240451238 | adjusted to:0.05455659516
Centroid 2 emor: 1.0 , adjusted to:0.2466637536 (absent isotope)
Centroid 3 emor:0.268082575 |, adjusted to:0.0680403525
Centroid 4 emor: 1.0, adjusted to:0.1843225554 (absent isotope)
Centroid 5 emor:0.1525596852 | adjusted to:0.016125435
Centroid 6 emor: 1.0, adjusted to:0.0503618843 (absent isotope)
Centroid 7 emor: 1.0, adjusted to:0.0205403303 (absent isotope)
Centroid 8 emor: 1.0, adjusted to:0.0072864074 (absent isotope)
Centroid 9 emor: 1.0 , adjusted to:0.002131672 (absent isotope)
Centroid 10 emor: 1.0, adjusted to:0.0005330764 (absent isotope)
70% of the centroids were absent with ei= 0.5118 | the average emoris 0.65057 | =d: 0.3635

Figure 5-11 SoftwarefiFragment Errod Output (BH20)32_4+

4. Off-target sorting

The fragment (b-NH3)21 2+ was proposed instead of (b-H20)21 2+, both of which are
certainly involved in overlapping and in the process of sorting according to A score, which
is very similar between the two solutions, the solution with the smaller A value was
proposed. As shown in Figure 5-12 and Figure 5-13 the profile coverage of the two fragments
is similar but the (b-H20)21 2+ is the correct as its isotopic distribution suits the
experimental. This is indicated by the better di, i and di’ scores the second solution has
instead of the first. So the FN case is a case of off target sorting, which means that the sorting
method was not efficient enough to promote the best fit.
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Fragments A Ai di ei di' SSE
(a-NH3)62 6+
(b-NH3)21 2+
(a-NH3)52 5+

a62 6+
(a-NH3)62 6+
2) Esﬁl%g;g—i; 55.8% 36.54% 43.983% 14.47% 35.014% 2.345e9
a62 6+

1 54.38% 32.94% 48.265% 20.23% 40.741% 2.383e9

Table56Fit-gr oupés best two solutions sorted by A filter

Solution2
Fragment AA  z Monoisotopic =~ Chemical Formula PPM  Max di ei di'
m/z Error Intensity
(b-H20)21 2+ | 21 2 1157.622 Cl05H172N24032S1 @ 4.19 6457 | 30.51% 0% 15.17%

Table5-7 Solution 2: fragmenfb-H20)21_2+scores

—Em
1 — [a-NHZjE2 6+
16000 — foeNH32124
B — [a-NH3)52 5+
— 2626+

14000
12000 -

10000 —

-2000

T T T T T T T T T T
157 1575 1158 11585 1159 11595 1160 11605 11861 11615

Figure5-12Sol uti on 1 m/ z region and fragmentsd experi ment al Ccc
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.
4 — [a-NH3)62_6+
16000 — — M 20121 2%
4 — (a-NH3j52_5+
— 26+
14000;
12000;
10000;
S
1000
y WM | | | | [\ |
0 A i
2000]
157 ‘HS‘T‘S 1158 ‘1‘\5‘8.5 ' ‘\1‘59 ' 1‘\5“3.5I ‘1‘\‘90 ‘ 11;0‘5 1‘\‘6‘\ 1‘\6‘1‘5 ‘11‘62
miz
Figure5-13Sol uti on 2 m/ z region and fragmentsd experimental CC
10000 | —Exp
= R
so00]
ca00
%-
2 o]
o A N
1157 11575 1158 11585 115% 11585 1160 11605 1161 11615
m/z

Figure 5-14 (b-H20)21_2+ profile

Fragment: b-H20)21_2+

Centroid 1 emor:0 2581478629 | adjusted to:0.0765422034
Centroid 2 emor:0.1950957541 , adjusted to:0.0628571215
Centroid 3 emror:0.350917208 | adjusted to:0.0809344043
Centroid 4 emor:0 2538735273 | adjusted to:0.0301536131
Centroid 5 emror:0 6328315851 , adjusted to:0.0332147235
Centroid 6 emor:0. 5132932234 | adjusted to:0.0153304355
Centroid 7 emor:0.98519157739 | adjusted to:0.0047567542
Centroid 8 emor:0.9901798039 , adjusted to:0.001074925%
Centroid 9 emror:0 9584027102 , adjusted to:0.0001555753
ID":L aof the centroids were absent jwith ei= 0 |the average ermoris 0.30506 | =d: 0.1435

Figure 5-15 SoftwarefiFragment Errod Output(b-H20)21 2+
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5.1.3. Proposed data fitting

For the next step, the user proceeds to the fitting of the current Fragment List and sorting of
the fit results. For an accurate fragment selection, the sorting objective function was:

=05 +05- +10- '
Equation5-1 Case study: proposed datdifig: objective function

After the sorting of the fitted results, the display order of each fragment in a solution was
noted, the cause of the degradation of a solution was also recorded and both findings are
shown in the following graphs, Figure 5-16 and Figure 5-17 .

TP fragments solution display order

154

1

30
’—‘ 18
8
4 1 1 1
— [
2 3 4 5 6 7 8

Figure 5-16 TP fragments solution siplay order

2nd-8th TP fragments sort order cause

39,02%
17,07%
9,76% 9,76% 9,76%
4,88% 2,44% 2,44% 2,85%
, (] . (]
(I 1
Absent Ai contribution Better results High intensity Low intensity Overlapping Proposed Sorting Variable di
isotopes

experimental
data

Figure 5-17 2nd-8th TP fragments sort order cause

fragments
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Regarding Figure 5-17, the following explanations are provided:

A

> >

> > > >

1.

Absent isotopes notes the case when a manual assigned fragment has absent isotopes
that degrade the di,ei,di’.

Low Ai contribution , is noted for an adequate fragment fit to the experimental profile
Another fragment has better results (score values).

High intensity experimental data. This is the case when Fragment with lower
intensity than the experimental intensity in the m/z region, results in high
experimental-theoretical data difference.

Low intensity fragment displays low area coverage contribution, therefore it is not
preferred among other fragments with higher intensity.

Overlapping occurs when the fragment shares experimental centroids coverage with
other candidate fragments.

Proposed fragments indicates that other fragments are proposed by the “Peak Finder
Software” instead of the proposed fragment by the manual processing.

Sorting indicates that the objective function f is not effective in this fit group.
Variable di symbolizes the case when di values of the proposed fragments have a
large value difference and the best di scores are promoted to the top of the list.

5.1.4. Examples

Al contribution

Figure 5-18 displays the profile of the y49 5+ fragment and the experimental
distribution, in which it belongs. In this case the fragments’ area coverage of the
experimental data is small, as it is clearly a case where overlapping also occurs.
However, it is classified in the Ai contribution case because none of the fragments in its
fit group are overlapped in this experimental area. The reason this fitted fragment is
degraded is its low contribution to the overall Ai score of the fit-group.

Lol

T T T T T T T T T T T T
1108 11085 110 11105 nn s mz 1mzs ms 1135 1114 11145 1ms 11155 116

Figure 5-18y49 5+ fragmeni@profile
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2. Better results in the list
Fragments (y-NH3)15 3+ was not proposed as a solution during manual processing, but it
exhibits better results that the proposed (y-H20)15 3+. More specifically both fragments
should be proposed to reduce the error between experimental and theoretical data, as seen in
Figure 5-19. Tables Table 5-8 and Table 5-9 display the proposed solutions’ scores and the
included fragments scores.

Fragments A Ai di el di' SSE
b4 1+
yld_3+ 47.72% 6.64% 33.196% 20.4% 33.196% 1.255e8
(y-H20)15 3+

(v-NH3)15 3+

Table558Fi t groupébés solution scores

Fragments m/z di ei di' PPM  Intensity
b4 1+ 520.2588 8.971%  5.04%  8.971% | 0.53 62086
v14 3+ 526.9861 27.302% 7.13% | 27.302% 0.28 611

(y-H20)15 3+ 563.6688 64.179% 61.03% 64.179% 0.37 440
(y-NH3)1S 3+  563.9968 32.334% 8.39%  32.334% 1.5 972

Table59Fi t group solutsion fragmentsd scor e

1.86+05 -
— Exp
—a1s
J —yia 3+

— [y-H2015_3+
1.6E+03 o — fy-NH3}T5 3+

1.4E+03 n

1.2E+03

Intensity
7
g 2
il L1
.-
—

T T T T T T T T T T
5635 5636 5637 5638 56339 564 5641 5642 5643 5644 5645 5646 564.7 5648 5648 565

miz

Figure5-19 (y-NH3)15_3+ and (NH3)15_3+ m/z region
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3. Variable di value in the group
As mentioned above, when di values of the proposed fragments have a large value difference,
the best di scores are promoted to the top of the list. To begin with, the di scores of each
fragment are listed in Table 5-10. b5_1+ fragment has a very good di value and therefore is
displayed in the first solution above. Note that Ai of the first two solutions are very close, so
the sorting of the best result between the two of them is affected by A and di’, which is equal
with di in this case. So the difference between the two di scores is greater than the difference

between the A scores and therefore solution 1 is displayed as the best.

Solutions | Fragments A Ai di €i di' SSE
1 b5 1+ 49.55% 4.99% 6.478% 0.26% @ 6.478%  8.738e9
vl6 3+
2 bs _l+ 48.56%  4.9% | 9.31% | 5.03% @ 9.31%  8.916e9
ylé6 3+
3 (b-H20)11 2+ 47.88% 3.95% 14.296% 10.09% 14.296% 9.566e9
b5 1+

Table510Fi t gr oupécgressol uti on

Solution 3

Fragments m'z di £l di' PPM Intensity
y16 3+ 607.3670 12.141%  9.81%  12.141% 046 1667
(b-H20)11 2+ 615.3574 24.268% 20.2% 24.268% 0.35 1268

bS 1+ 619.3272  6.478% | 0.26% 6.478% | 0.15 | 140935

Table5-11Fit group solutior3f r agment sé scores

—Ep

In

L L. i

(b-H20)11_2

T T T T T T T T L}
600 602 604 606 608 610 612 614 616 618 620 622 624 626 628 630 632

Figure 5-20 Fit group solution 3 fragments m/z region
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4. Overlapping

In this case the 14™ solution is the exact with the one proposed by manual processing. All
the other solutions contain different combinations of the fragments. This occurs as all the
fragments have bad di scores and the best fit in the group is fragment b15_ 2+ as shown in
Table 5-12 and in Table 5-13. Moreover, (b-NH3)23 3+ is proposed, while it was not
assigned by the manual processing. Irrespective of if it is the right solution, because its shares
the same experimental area with (b-H20)23 3+ the combination of the two fragments is
preferred as the A and Ai score is decreased.

Solutions Fragments A Ai di £l di’' SSE

1 bl5_ 2+ 32.49% 084% 3.266% | 0.15% | 3.266% @ 5.093e8
bl5s 2+

2 ) H‘D_"“ - 2217% | 1.76%  41.374% 0.92% | 41374% @ 7.098e9
(v-H20)37_5
bl5_ 2+

3 " H"'D_""“ 34 30.55% 543% 36.499%  11.12%  36.499% 5.823e9
lelim FA T Fh
bl5s_ 2+

4 ) H"'D_"l' - 3021%  3.776% 40383% | 30.68% | 40.383% 1.469e9
(v-H20)15_2
bl5_2+

(b-H20)23_3+
10 (b-NH3)23 3+ | 17.82% 7.94% 57.964%  26.24% 52.723% 122510
(v-H20)15_2+
(y-H20)37_5+
bl5 2+
(b-H20)23_3+
(y-H20)15_2+
(v-H20)37_5+
bl5 2+
15 (b-NH3)23 3+ 28.56% 6.69% 52984% 3581% 52984% 57499
(y-H20)15_2+

14 17.96%  7.99%  37.492% 21.28% | 37.492%  1.226e10

Table5-12Fi t gr ougséceressol uti on

Solution 14
Fragments m/z di £l di’ PPM  Intensity
bl5 2+ 8384944 3266% | 0.15% @ 3266% 079 162401

(b-H20)23 3+ 8434609 69.721% | 22.09% 69.721% 097 | 4325
(-H20)15 2+ 8449996  77.499%  61.21% 77.499% 1.16 | 5890
(v-H20)37_5+ B47.8690 79.483% 1.68%  79483% 265 16580

Table5-13 Fit group solutionl4 fragmentsscores
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Figure 5-21 (b-H20)23_3+ and (bNH3)23_3+ are located in an overlapping experimental region
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Figure5-22 (b-H20)23 3+ and (BNH3)23_3+zoomed area
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5. Overlapping, busy spectrum, inadequate centroid match
(y-H20)25_3+ has adequate di but much higher than the other fragments in the group.
Therefore its solution is degraded. Moreover the experimental area in which it belongs
demonstrates overlapping experimental peaks of higher intensity. It is obvious that more
than one fragments were detected, and of various order of magnitude. Moreover, it can be
easily assumed that the Ai score contribution of this fragment is relatively low in this busy

spectrum area it is detected.

Solution Fragments A Ai di
58 T+
1 yo0 67.65%  2.79% @ 15.004%
al7 2+
v38 T+
3 al7 2+ 63.5% | 43.46% | 24 485%
(v-H20)25 3+
Table514Fi t gr oupéceressol uti on
Solution 8
Fragments m/'z di £l
va8 T+ 933.5057 12.1149% 0.26%
al7 2+ 938.5524 17.894% 1.17%
(v-H20)25_3+ 941.8457 43 446% 2.23%

Table5-15 Fit group solution8 fragmentsscores

£l

0.71%

1.22%

di'
12.114%
17.894%
43 446%

di’' SSE
15.004% 4.886e8
24 485% | 5.262e10

PPM  Intensity
028 20532
044 12574
2.68 5723

126405

1E+05 -

4E+ 08—

—tp
—— iyeHZOE e

T T
943 9435

m/z

Figure 5-23 (y-H20)25_3+ m/z region

T
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T
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Figure 5-24 (y-H20)25_3+ profile

6. High intensity overlapping experimental data

In this case, the height intensity adjustment of the fragment is not correct. The fragment
suits to the experimental distribution except from one overlapping peak that clearly
belongs to another fragment. In order to reduce SSE error the Fitting algorithm increased
the intensity. As a result of the overlapping and of higher intensity experimental peak
and of the wrong height the di error of the fragment, as well as the other scores of the
fragment will be inadequate.

TE+03 o+ t t — 7

6E+03

5E+03

3E+03 -+

26403 o4+

16403

T T T T T T T
951 9515 952 9525 953 9535 954 9545

mfz

Figure5-25y 59 7+ fragmentdéds intensity by manual processing
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7. Wrong adjusted height

This is a similar case with the previous, but with the involvement of three experimental
adjustment peaks.

Taeets |
14E+05 o
quwsE
1E+05
£ aE:m—:
6E+04 ||

ags 004

g il

T T T T T T T T T T
999 9995 1000 10005 1001 10015 1002 10025 1003 10035 100«

m/z

Figure 5-28 (y-H20) 53_6+ Peak Finder output

1.6E+05
1.4E+05 |
1.26-05 [l
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Inte

BE+04
6E+04

4E+00 -]

“JULL N A

T T T T T T T T T
999 9995 1000 10005 1001 10015 1002 10025 1003 10035 100«

m/z

Figure 5-29 Manual processing output

Page | 64



As aresult of the present analysis, many fragments are assigned in the experimental spectrum
without good scores. This does not indicate the unreliability of the scores but the spectrum
itself. Missing peaks from an assigned fragment is not an algorithm error.

Proceeding with the spectrum processing all the FP fragments, meaning those that weren’t
assigned by the manual processing, the reason that they were promoted was noted and is
shown in the next graph. As shown by the graph most of the fragments demonstrated a good
fit and therefore they were promoted. An important amount of fragments was considered
having an adequate fit and a smaller amount had better results that the manually processed
fragments. An important amount of the FP results were inadequate fits, the reasons will be
explained in Figure 5-31.

FP fragments characteristics

43,42%
36,84%
11,84%
5,26%
2,63%
Adequate fit Better results Good fit Inadequate fit Low intensity

Figure 5-30 FP fragments characteristics

FP inadequate fit fragments propose cause

44,19%
18,60%
16,28%
9,30%
6,98%
ﬁ 4,65%
'A' score decrease High Overlapping Unassigned  Unsuitable group Window
experimental spectrum overlapping

intensity

Figure 5-31 FP inadequate fit fragments propose cause
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Examples of the abovementioned characteristics are provided bellow:

1. Extra solutions good fit

Fragment (a-NH3)5_1+ has very good scores, and is fitted in an unassigned spectrum area.
From the Figure 5-32. It is shown that the fragment is suitable for the experimental
distribution.

Fragments A Ai di el di’ SSE
(a-NH3)5 1+
a5 1+ 5037% | 1197% | 1831% | 327% | 1831% | 3.633e9
(b-NH3)5 1+

Table516Fi t gr oupéceressol uti on

Fragments m'z di ei di' PPM | Intensity
(a-NH3)5_1+ 5743058 22.081% 1.44% 22.081% 045 15579
aS 1+ 591.3323  18.751% 6.8%  18.751% 0.09 31060

(b-NH3)5 1+  602.3007 14.098% 1.57% 14.098% 0.44 31115

Table5-17 Fit group solutionfragmentsscores

—Ep
— (a-NHIE
2514
1.6E+04 — (NS T

1.4E+04 | e
1.2E408 4

1E+04

2E+03

Figure5-32 (aNH3)5 1+f r agment 6 s profi |l e
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2. Adequate fit — Better results
In this case the Fitting algorithm, managed to detect an added solution in busy spectra area.
The proposed fragment is shown in blue in the Table 5-18 and the Table 5-19.

Solution Fragments A Aj di &l di’ SSE
(v-H20)69_7+
4 a39_6+ 89.73% 23.29%  49982% 2596% 46922%  1.074el0
(b-NH3)539_6+
yo9 T+
(v-H10)69_7+
6 ad9 6+ 00.73% 28.52%  47.383%  20.51%  45.142%  1.096el0
y69 T+

Table518Fi t gr oupéceressol uti on

Fragments m'z di gi di’' PPM Intensity
(v-H20)69_7+  1100.1706 69.271% 32.17% 65322%  6.89 4670
a59 6+ 11007572 | 49.243% 29.04% 45863% | 381 8468
(b-NH3)39 6+ | 11025853 | 59.139% | 4251% | 56.03% | 3.07 4625
y69 T+ 11027436 | 22.274% 032%  20472% | 166 17758

Table5-19 Fit group solution fragmentscores

Figure 5-33 Proposed fragments in busy spediraft: Peak Finder Software, Right: manual processing)
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3. Adequate fit — Better results
Fragments (y-NH3)44 5+ and (a-NH3)18_ 2+ were not included in the manual processing
solution, nevertheless the first solution of Table 5-20 in which they are included
demonstrates significantly better scores and an un assigned part of the spectrum is assigned.

Fragments A Ai di ei di' SS5E
al6 4+
(a-NH3)18 2+
(v-NH3)44_5+
(b-H20)36_4+
al6 4+
(b-H20)36_4+

65.34% | 2.47% 36.432% 11.66% 32.181% 6.223el0

80.29% | 19.47% 35.384% 4.67%  35.384% 6.313el0

Table520Fi t gr oupéceressol uti on

Fragments m'z di el di' PPM  Intensity
a36 4+ 003.5498  50.074% 8.08%  44.144% 1.86 1250
(a-NH3)18 2+ 9945605 | 45.734%  36.02% 40.878% 1.85 2631
(v-NH3)44 5+ 9953400  25.664% 1.26% 23.535% 0.01 9398
(b-H20)36_4+ | 996.0459 | 24.255% 1.26% | 20.165% 2.31 11392

Table5-21 Fit group solution fragmentscores

1.6E+04
\‘4E+04i
.“ZE’M_’

1E+04

g BE=03
z

Intensity
(b-H20)36 4+

BE+03

MNH 3144

4E+03

“IIM\AA

T T T T
9955 996 9965 997 9975 998 9985 999 9995

mfz

Figure 5-34 (y-NH3)44 5+ and (eNH3)18 2+ are not included in manually processed solutions
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Figure 5-35 Proposed solution by the manual processing

4. Windows’ overlapping fragments
Fragments belong in different fit groups. So each fragment’s intensity is calculated without
taking into consideration the other presence of the other fragment. This overfitting problem
is solved by the Checked Groups Fit Algorithm, from which two fit-groups are merged to
form one. The merged groups fitting shown in Figure 5-40 is acceptable.

Window Mass range
1 042 1737-943 7166
2 944 0366-944.036

Figure5-36Wi ndows 6 over |l apping fragments bounds

126405 4

16+05

[b-H20)8_1+

4E+ 04

. J k l . AAAI\MﬂA A !\A nMMLM

F T T T T T T T T T T T T T T T T
943 9435  9M 9445 945 9455 946 9465 94T 9475 948 9485 949 9495 950 9505 951
miz

Figure 5-37 window 1 proposed solution
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F T T T T T T T T T T T T T T T T
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Figure 5-38 window 2 proposed solution

126405 o

1-05-]
BE+04
2 o] ]
: El
£ 9
i
4404 E = 4
3oy
.
E
: |
2E+04 = i
oA s N A A n NA Al

T T T T T T T T T T T T T T T
943 9435 944 a5 945 9455 946 9465 947 9475 948 9485 943 9495 90 9505 951

Figure 5-39 Merged results from two windows
Merged windows fitting

Fragments A Ai di gi di’ SSE
(v-NH3)25 3+
(b-H20)8_1+
(b-H20)17_2+ 4342% | 32.49% 32.147% 3.48% 2459% 3.663e10
v30_6+
v4l 5+

Table522Fi t gr oanpéceress ol ut i
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Fragments
(v-NH3)25 3+
(b-H20)8_1+
(b-H20)17_2+

v50_6+
vd2 5+

m/z
942 1737
9435434
943 5446
9463559
947.3187

Table5-23 Fit group solution fragmentscores

zi
9.2%
3.79%
1.21%
2.45%
0.75%

di' PPM | Intensity
36.328% 38 5418
23.568% 2.32 57461
17.323% 0.66 49705
15.891% 0.81 3631
20.838% 097 14332

120000 o

100000 —

20000 —

(bAHZO.}_B 1+

(B-H20)17 2+

! h!( hMMA

-20000 |

Ll

T
942

Figure 5-40 Fitted merged group
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T
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T
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miz
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947 9475 948
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9485 949
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5. Wrong fit

In the m/z areas of the experimental spectrum having peaks of a different order of
magnitude and analyzed by different groups of fragments, fragments are adjusted to the
wrong height or unsuitable fragments are attached to the best solution to decrease the
divergence between theoretical and experimental data.

Intensity

4E+ 00 -]

26404

— B

— (yrH2O)53.6¢
— (y-NH3]S3 6+

Diagram5-1 Example of a wrong fit in an unassigned spectrum area.

6. Proposed fragments in busy spectra
In this case only y47 5+ fragment was assigned by manual processing, the other
fragments are proposed to decrease the residual from the experimental error. Note that the
proposed fragment by the manual processing has the worse fit scores of all.

Fragments m'z

v47 5+ 1069.9802
(a-NH3)58 6+ 1070.7422
M 8§+ 1070.9594
v28 3+ 1071.2443

di
61.81%
64.567%
42.517%
54.199%

Table5-24 Fit group solution fragmentscores

el
35.44%
28.11%
15.15%
0.01%

di'

60.939%
47.653%
34.415%
21.692%

ppm
6.58
4.4
6.37
0.68

Intensity
5553
1183
5817
3827
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Figure 5-41 Peak Finder proposed solution

— e
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Figure 5-42 Manual processing proposed solution
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7. Better analysis better results

In this case (y-NH3) 58 5+ fragment is proposed prior to the (y-H20) 58 5+, that was
assigned by manual processing. But, the combination of the two proposed in solution 3
of Table 5-25 fits better the experimental distribution as shown from Figure 5-43 and
Figure 5-44.

— B
— 1y-H2O}58 5+
— [y-NH3)59_5+

BE+04 - — b33+

5E+04

4E+04 |

=
2 3E-04o

2E+04 -

16+04
0 U u
AE04
T T T T T T T T T T T T T T T
13284 13286 13288 1329 13202 13284 13296 13298 1330 13302 13304 13306 13308 1331 13312
miz

Figure 5-43 Peak Finder proposed solution, the dashed line corresponds to the sum of the theoretical distributions

—Bp
— (y-HI0)59_ 5+
— 5084
— 53634
6E-+04 .
SE+04
AE+04 ﬂ
=y
2 3E+04 -
g
=
2E+04
TE+04
a4
1E+04 -

T T T T T T T T T T T T T T T T
13284 13286 13288 1329 13282 13294 13296 13298 1330 13302 13304 13306 13308 1331 13312

m/z

Figure 5-44 Manual processing proposed solution
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Solutions Fragments A Ai di i di’' SSE
(v-NH3)39 5+
1 val 5+ 237% | 0.15%  13.598% 1.11% 12.164% 3.515e9
b36 3+
(v-H20)59_5+
2 v39 5+ 23% | 0.76%  13.421%  098%  11.987%  3.517e9
b36 3+
(v-H20)59 5+
3 (Y_D“13]29_5+ 1.39% 0.11% 2893% 0.89% 16457% 23469
y39 5+
b36 3+
Table5-25 Fit group solutionscores
Solution 1
Fragments m/z di £l di’' PPM Intensity
(v-NH3)59 5+ 13289083 18.468% 0.63% 18468% 3.07 53845
¥39 5+ 13323136 | 781% | 142%  6587% | 024 112310
bh36 3+ 13337289 | 14513% | 1.28%  11437% | 0.66 54613
Table5-26 Fit group solutionl fragments scores
Solution 2
Fragments m/z di £l di' PPM Intensity
(v-H20)59 5+ 13287115 17.936% 0.23% 17.936% 056 53895
y39 5+ 13323136 | 7TE81% | 142% @ 6587% | 024 112310
b36_3+ 1333 7289 | 14515% | 1.28% | 11.437% @ 0.66 54613

Table5-27 Fit group solution2 fragments scores
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8. Unassigned spectra — A-score decrease —Absent isotopes

Solutions Fragments A Ai di ei di’ SSE
1 (v-NH3)60_5+ 8831% | 10.14% 21547% 2.41%  21.547% 1.711e8
ab0_5+
6 (b-NH3)60 5+ 8437% | 2265%  51204%  2183%  49981% | 6244e8
(v-NH3)60_5+
-NH3)60 5+
7 © )60_ 87.32% | 53.56% 45.599% 29.05% | 45.5399% | 6.257el0
b12 1+
Table5-28
Solution 7
Fragments m/'z i &1 di’ PPM | Intensity
(v-NH3)60 5+ 13487219 21665% | 241% 216635% @ 169 11231
bl2 1+ 1348.7657  69.532% | 55.69% 69532% | 3.14 2510
Table5-29
0 ATELE Aﬂ I 11

T T T T T T T T T
1343 1344 1345 1346 1347 1348 1343 1350 1351 1352

m/z

Figure 5-45 Peak Finder 7th proposed solution

T
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Figure 5-46 Peak Finder 8th proposed solution and manual processing proposed solution

5.1.3. Fragments calculator
In the areas of the experimental spectrum where the user hasn’t found the suitable fragment,
the Fragment Calculator feature is used. For the examined m/z range with a narrower ppm
filter, the user calculates a new set of fragments in order to detect the ones that were
eliminated by the initially applied ppm filter. In Figure 5-47 a case of a fragment with ppm
8.06 is presented, that was considered fitted by manual processing but was eliminated by the
8.00 maximum ppm error set in the initial settings.
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Figure 5-47 Fragment Calculator
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6. Conclusion

The main purpose of this thesis was to design and implement an algorithm for protein and
mass spectra interpretation. This was not a trivial task, as the mass spectrum generated by
top-down mass spectrometry is complex, containing overlapping peaks and distributions and
their computational interpretation is still an evolving field in of computer science. As a
consequence, this thesis deals with the design of a computational tool to help scientists
interpret busy mass spectra and not an automated software.

“Peak Finder Software” is currently used by the members of “Fasmatech Science &
Technology S.A.” and has greatly improved the efficiency of their work. More specifically,
spectrum decoding is accelerated and exporting of the necessary representative diagrams of
the results it's instant. Lastly, the results presented in this thesis indicate that the software is
a reliable and flexible tool, with multiple additional spectrum decoding capabilities based on
the user’s fragmentation methods experience. The correct combination of the fitting scores
proposed in this thesis can navigate the user to the correct fragment assignment.

7. Further work

Some additional improvements can be made regarding the algorithm in order to develop an
automated spectra interpretation software. Overlapping area solution calculation is a
common case, where the user has to check the solution from more than two fit-group.
Unfortunately, extending the fragment range of the fit-group is not the answer as a large fit-
group fragment range can pose a big performance problem. As the number n of fragments in
a fit-group increases, the performance of the fitting algorithm drops significantly due to the
increasing number of the 2" generated subsets. One solution, that is already applied, is upon
the user approach: large fit-groups are preferred in the final step of the spectrum analysis
and the opportunity to merge only specific fit-groups has greatly reduced the user's effort.
Another solution would be the alteration of the fit-groups generating method. An algorithm
could be implemented that identifies experimental distribution classes and automatically
increase group boundaries in those m/z positions. As a result, spectrum processing would be
automated.

Regarding the software's most important inconvenience, the experimental gaps, the approach
of adding zero intensity values with a constant m/z step is inevitable due to large memory
binding. One of the possible solutions would be to implement an algorithm that selectively
fills the experimental gaps only where theoretical centroids are found.
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9. Appendix

9.1.Code

The C# programming language code for “Peak Finder Software” algorithm can be found
at the “Fasmatech Science & Technology S.A.” Github repository, at the following link.

https://github.com/al-lek/Isotope-fitting.qgit

9.2. User Interface Figures
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