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Introduction 

Proteomics is a rapidly expanding field with the aim of studying protein 

structure, function, interactions and dynamics (1,2). Characterization of pro-

teins has been central to the life sciences and it involves systematic analysis 

of all the proteins in a tissue or cell predominantly by the use of mass spec-

trometry. Knowledge about how different types of cells work and communi-

cate is important to gain more insights to different diseases and find ways to 

prevent and cure them. Extensive effort have been put into proteomics stu-

dies for the understanding of different diseases, such as cancer (3,4) and 

neurodegenerative diseases (5-7).  

 

The samples analyzed in proteomics experiments are often complex and the 

protein amounts commonly range 10 orders of magnitudes (8). To enable 

analyzes of such complex samples, fractionation or separation of the sample 

is needed. Often 2-dimensional gel electrophoresis (9,10) is used to isolate, 

separate, visualize and quantify proteins. The proteins are separated accord-

ing to mass and isoelectric point (pI). Interesting spots on the gel can be 

selected for identification and characterization using mass spectrometry (11).  

An alternative approach is to do a proteolytic digest of the whole sample 

content and use liquid chromatography (LC) to separate the peptides before 

they are analyzed with mass spectrometry.  

 

Most proteomics studies that involve mass spectrometry are concentrating on 

proteins with a molecular weight > 10 kDa. These proteins are cleaved into 

peptides by enzymatic digestion, most often using trypsin (1). Trypsin is an 

enzyme that cleaves the peptide C-terminally to the amino acids arginine and 

lysine with high specificity (12). The tryptic peptides, which generally are 

well suited for mass spectrometry analysis, are then identified. In these stu-

dies an important part of the proteome is left out, i.e., all peptides and small 

proteins with a molecular weight below 10 kDa. This part of the proteome 

consists of endogenous proteins and peptides that include well-characterized 

families of neuropeptide transmitters, neuropeptide modulators, hormones, 

and fragments of functional proteins, some of them are essential in many 

biological processes (13-16). 

 

Identification of endogenous peptides using mass spectrometry is time con-

suming. The available software tools for identification are generally de-
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signed for proteins, which are cleaved to peptides by specific enzymes, such 

as trypsin, prior to mass spectrometry analysis. However, the endogenous 

peptides will not contain many, if any, of such cleavage sites because they 

are processed at other specific sites by processing enzymes (17-21) that re-

lease the bioactive peptide from the precursor. The endogenous peptides 

often contain a small number of amino-acid residues and have a different 

residue composition than peptides derived by trypsin digestion. This impairs 

the possibility of getting good peptide fragmentation data and a significant 

identification. Furthermore, another difficulty is that endogenous peptides 

often contain post-translational modifications (22,23), which make them 

even more challenging to identify.  

 

The aim of this thesis project was to speed up the identification process of 

endogenous peptides and to increase the number of identified peptides from 

complex tissue samples utilizing mass spectrometry. This project involves 

creating a database for endogenous peptides, improving the software availa-

ble and to study the fragmentation pattern of peptides. 

Neuropeptides 

The term neuropeptide, introduced in the 70’s by de Wied and colleges is 

used to describe an endogenous substance synthesized in nerve cells that is 

involved in nervous system functions. Neuropeptides are biologically active 

peptides that functions as peptide neurotransmitters or peptide hormones. 

They are processed from a peptide precursor most often at a dibasic site to a 

shorter polypeptide between 3 and 40 amino acids in length (18). The pro-

teolytic processing starts in the rough endoplasmic reticulum, where the 

signal peptide of the precursor is removed. The precursor is then transported 

to the Golgi apparatus and packed into dense secretory vesicles where the 

precursor is processed into matured peptides. The peptides are stored in the 

vesicles until release (15). 

 

Different neuropeptides are processed by different enzymes in different 

pathways. Extensive research has been focused on characterizing the 

processing pathways and the enzymes involved (17-19,21). One of the major 

and maybe the most completely characterized pathway for proteolytic 

processing of neuropeptides is the subtilisin-like proprotein convertase pro-

tease pathway (Figure 1A), where the precursor is cleaved C-terminally to 

dibasic residues by proprotein convertases (PC). The basic amino acids at 

the C-terminal are then removed by carboxypeptidase E (17), and in an addi-

tional processing step some of the neuropeptides are post-translationally 

modified further by e.g. C-terminal amidation or N-terminally acetylation 

(17,22,23). Another recently discovered pathway is the cystine protease 
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pathway (Figure 1B), where cathepsin L cleaves the precursor N-terminally 

to dibasic residues and the basic amino acids at the N-terminal are removed 

by aminopeptidase B (24).  

I L A K R Y G G F M K DK A D

I L A K R Y G G F M K DK A D

Y G G F MK R

Cathepsin L

Aminopeptidase B

G F L K R K YR G G

G F L K R K YR G G

Prohormone convertases

Carboxypeptidase

A)

B)

P K L K W D N Q

P K L K W D N Q

K R

P K L K W D N Q

 
Figure 1. Endogenous neuropeptides are processed in many steps to become active 
peptides. Predominantly they are cleaved from their precursor at A) the C-terminal 
side of two basic amino acids, separated by 0, 2, 4, or 6 other residues, by endopep-
tidases such as PC1/3 and PC2. The basic residues at the C-terminal are then re-
moved by carboxypeptidase E. In the last step, the peptide may be modified. B) An 
alternative pathway is the cystine protease pathway, where cathepsin L cleaves the 
precursor N-terminal of two basic amino acids, the basic amino acids at the C-
terminal are removed by aminopeptidase B. 

The processing of endogenous peptides is not a random process, and it is the 

unique primary sequence of each neuropeptide that defines its selectivity and 

biological function (18). There are more than a hundred of known neuropep-

tides, and new neuropeptides may still be discovered (14,15,25).  

 

A peptide precursor often contains the sequence of more than one biological-

ly active peptide (18,23,26). Those may be peptides with different primary 

structure and different functionalities, or they may be multiple copies of the 

same peptide. In some cases, as with the proopiomelancortin (POMC) pre-

cursor, the precursors are processed into different peptides in different tissue 

regions. The POMC precursor is processed into adrenocorticotropin (ACTH) 

in anterior pituitary and into �-melanocyte-stimulating hormone (�-MSH) 

and �-endorphin in the intermediate lobe of pituitary (18).  

 

An interesting peptide family is the opioid peptides. The opioid peptides are 

processed from different precursors, such as POMC, proenkephalin and pro-

dynorphin, they all start with the same N-terminal sequence, namely YGGF. 
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Over 20 peptides with this characteristic N-termini have been identified (27). 

These peptides vary in length from the five amino acids residues short met- 

and leu-enkephalines to the longer peptides dynorphin A and �-endorphin 

(28).  The opioid peptides interact with the opioid receptors, mu, delta and 

kappa (27), and the opioid peptides are involved in many pathways, such as 

pain, stress and reward.  

Peptidomics 

When the sequencing of a number of genomes was completed in the late 20th 

century, many proteome projects started. Soon proteomic studies were fo-

cused into analyzing different subproteomes. An interesting subproteome is 

the endogenous peptides and small proteins with a molecular weight below 

10 kDa. This is a subproteome that is overlooked in many proteomics stu-

dies, since these peptide and proteins are too small to be trapped in the 

commonly used 2-dimensional gels (29). This subproteome is called the 

peptidome and peptidomics (30-32) have become a research field that is 

gaining more and more interest.  

 

The sample preparation is a crucial step in peptidomics experiments. The 

low abundance of endogenous peptides demands high quality of the sample. 

Enzyme inactivation should be performed immediately post-sampling, oth-

erwise protein degradation products will contaminate the sample and the 

endogenous peptides will be difficult or impossible to analyze (33,34). To 

avoid protein degradation, the enzymes and proteases in the samples needs 

to be inactivated as fast as possible. One way is to use protease inhibitors, 

but adding inhibitors to the sample makes the sample even more complex 

and troublesome to analyze. Furthermore, there are many different types of 

proteases, it is difficult to know if all enzymes are inhibited (35). Other ways 

are to rapidly heat the sample (36) or utilize microwave irradiation (37). In a 

study by Skold et al. (38) a marker for sample quality was introduced. The 

N-terminal peptide of stathmin increased with post-mortem time, when the 

proteases is not inactivated, but the levels of the stathmin derived peptide 

was low in rapidly heated samples.  

 

Nowadays many researchers aim at finding biomarkers for different diseases 

such as Parkinson’s disease, Alzheimer, and different types of cancer (7,39-

45). A biomarker may be used to detect a disease, measure its progression or 

the effect of a treatment (46). Bioactive peptides exist in all animals as well 

as in plants (15) and many of them are well conserved between different 

species. Mass spectrometry can be used to identify and visualize a large 

number of peptides simultaneously, which makes it a suitable tool for bio-

marker discovery. But it has to be noted that there is a great difference be-
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tween biomarker and neuropeptide discovery, a neuropeptide have a biologi-

cal function, while a biomarker can be a post-translational modification, 

protein fragment without any biological activity or it could be a neuropeptide 

that is processed differently than usually. To be a suitable biomarker, it 

should be easily detected and identified from a biopsy, blood or urine sam-

ple.   

 

Even though mass spectrometry is unable to reveal information about the 

function or if the peptide has a function, it is an important tool in biochemi-

cal characterization of proteins and peptides since the genome information 

have limited information about expression and post-translational modifica-

tions of the gene products. 

Mass spectrometry 

Mass spectrometry is an analytical technique that measures the mass-to-

charge (m/z) ratio of ions. A mass spectrometer consists of an ion source 

where the analytes are ionized, a mass analyzer, where the ionized analytes 

are separated according to their m/z ratio and a detector that measure the 

relative abundance of the ions at each m/z value (1). Ionizing proteins and 

peptides for mass spectrometry analysis is most commonly done by electro-

spray ionization (ESI) (47) or by matrix-assisted laser desorption/ionization 

(MALDI) (48,49).  

 

ESI and MALDI are called soft ionizations techniques because they can 

ionize a large molecule (e.g. protein or peptide) without fragmenting it, 

which makes it possible to determine the mass of the intact peptide or pro-

tein. ESI and MALDI were awarded with the Nobel Prize in Chemistry in 

2002. The ESI technique ionizes the analytes out of a solution and is often 

coupled to a liquid-based separation tool, whereas the MALDI technique 

ionize the sample out of a dry, crystalline matrix via laser pulses.  

 

The mass analyzer is an important component in the mass spectrometer, it is 

the choice of mass analyzer that dictates the resolution, mass accuracy and 

ability for the mass spectrometer to generate information-rich ion mass spec-

tra. The most commonly used mass analyzers in proteomics experiments are: 

ion trap (50,51), time-of-flight (TOF) (52), quadrupole (53,54), Fourier 

transform ion cyclotron (FT-MS) (55) and Orbitrap (56,57).  

Tandem mass spectrometry and peptide fragmentation 

To be able to decipher the amino acid sequence of a peptide, it has to be 

broken into pieces. Ions of the peptide of interest are gathered at its specific 
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m/z and the peptide ions are fragmented by for example collision with an 

inert gas such as helium. This is called tandem mass spectrometry (58), be-

cause two mass analyzers are needed. The first mass analyzer is used to se-

lectively pass an ion into a reaction region where excitation and dissociation 

takes place. The second mass analyzer is used for measuring the m/z of the 

produced peptide fragments. Since many molecules of the same peptide un-

dergo fragmentation at the same time, the peptide will be cleaved at different 

sites and a tandem mass spectrum will be formed by the fragments. The ga-

thered m/z data of the peptide fragments can be utilized to decide the amino 

acids sequence of the peptide.  

 

There are two major techniques to fragment peptides, either through vibra-

tional excitation or through electron capture/transfer. Collision-induced (ac-

tivated) dissociation (CID or CAD) (59,60) is the most common vibrational 

dissociation method, while electron-capture dissociation (ECD) (61) and 

electron-transfer dissociation (ETD) (62) are examples of dissociation 

through electron capture/transfers. The different type of fragmentation me-

thods yields different types of fragment ions. A nomenclature to describe the 

different types of ions were first introduced by Roepstorff and Fohlmann in 

1984 (63) and it has been further developed by Johnson et al. (64,65).  The 

different ion types are described in Figure 2. 

 
Figure 2.  Main fragments derived from CID fragmentation are a, y and b ions while 
ECD and ETD fragmentation mainly produces c, z·, z’ ions. a, b and c ions are pro-
duced when a positive charge is retained at the N-terminal and x, y and z are formed 
when a positive charge is retained at the C-terminal.   
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Fragmentation pathways in collision-induced dissociation 

The two most common ion types in CID fragmentation are b and y ions, 

which are formed from backbone cleavage of the peptide. b ions are formed 

when the N-terminal fragment retains the charge and y ions are formed when 

the C-terminal fragment retains the charge. If the ionized peptide contains 

more than one charge, complementary ion pairs can be produced, e.g. frag-

mentation of a doubly charged peptide can produce a bn/ym ion pair, where 

the sum of n and m equals the total number of residues in the peptide.  

 

Most tryptic peptides contain one basic amino acid positioned at the C-

terminal. When using ESI, they often become doubly charged which results 

in fragmentation according to the mobile proton model (66). In this model 

one charge is tightly bound to the basic amino acid at the C-terminal of the 

peptide, while the other proton that is less tightly bond becomes mobile and 

breaks the peptide into two parts, an N-terminal b ion and a C-terminal y 

ion.   

 

If a peptide has an equal number or less charges than the number of basic 

amino acids in the sequence, cleavage will most often occur at the C-

terminus of aspartic or glutamic acids (66-68). This fragmentation pathway 

is often referred to as “remote fragmentation mechanism”, because no proton 

needs to be added, the proton is derived from the acidic side chain 

(66,69,70). If the number of protons exceeds the number of basic amino 

acids in the peptide sequence, enhance cleavage will occur at the N-terminal 

side of proline. 

Electron capture dissociation 

While CID fragmentation most often yield b and y ions, ECD mainly pro-

duces c and z· ions. ECD provides a more extensive peptide fragments than 

CID and ECD is better for characterizing post-translational modifications, 

because they remain intact during the backbone fragmentation (71). The 

exact mechanism of ECD is not yet determined, but it is under investigation 

and there are some interesting suggestions (72-75). A drawback of ECD is 

that it only can be used in FT-MS, but a similar fragmentation technique, 

ETD, have been developed, and it can be used in combination with other 

mass analyzers as well.   

Peptide identification 

Before tandem mass spectrometry, a method called Edman degradation (76) 

was used for determining peptide and protein sequences. Edman degradation 
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is a process where one amino acid at a time is removed from the peptide in 

order to determine the sequence. This process is slow, less sensitive, and the 

protein of interest needs extensive purification. Nowadays, proteins are di-

gested by enzymes into peptides and the peptides are then analyzed with 

tandem mass spectrometry and automatically identified using  search engines 

such as Mascot (77), Sequest (78) and X!Tandem (79). A commonly used 

criteria is that if more than two peptides are identified from one protein, the 

protein is considered as identified (80).  

 

When the search engines assign a sequence to a tandem mass spectra it util-

ize the information about which enzyme that have been used for digesting 

the protein into peptides. It performs an in silico digestion of all proteins in 

the sequence collection and creates a new dataset of theoretical peptides. The 

experimental tandem mass spectra are then compared to the theoretical spec-

tra and are given a score of how well they match each other (81). 

 

There are other methods for assigning sequences to tandem mass spectra. 

One way is de novo sequencing, where the fragment ions are used for deter-

mining the amino acid sequence without any a priori knowledge. Nowadays 

de novo sequencing is mostly used for species for which the genome has not 

been sequenced yet. There are a number of algorithms and software availa-

ble for de novo sequencing (82-84). Peptide identification can also be per-

formed by matching experimental tandem mass spectra against the annotated 

tandem mass spectra stored in the databases (85-88). This procedure is much 

faster, and more reliable than conventional database searching, but it is of 

course limited in terms of the available annotated tandem mass spectra. 

 

In peptidomics experiments the aim is to identify and characterize endogen-

ous peptides i.e. peptides that are processed in vivo. In peptidomics samples 

every peptide might have its own biological function, thus it is important to 

identify as many peptides as possible. In contrast to protein identification 

where one can use a subset of possible tryptic peptides to verify the identity 

of the protein, every single identification in a peptidomics experiment veri-

fies the presence of that specific peptide (89,90). A difficulty in the identifi-

cation process of endogenous peptides is that the exact cleavage patterns are 

unknown, due to many in vivo processing steps by different enzyme. Search-

ing tandem mass spectra against large sequence collections using unspecific 

cleavage, i.e. cleavage after every amino acid, yields a large search space 

and a low number of identified peptide.  

Validation of peptide identities 

An important step in the identification process is to verify the result from the 

search engines. One way to do this is to estimate the probability of false 
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identifications (91,92). This is often achieved by calculating an expectation 

value or by searching a decoy sequence collection, calculating the number of 

hits over a threshold, and dividing this number by the number of matches 

from the targeted sequence collection search (93,94).  

Database resources and tools in proteomics and peptidomics 

When the human genome was sequenced (95,96), databases containing the 

translated protein sequences were developed. One of the largest protein se-

quence databases is the UniProt knowledgebase (97,98), which is a merger 

of the SwissProt (99,100), TrEMBL (99) and PIR (101) protein databases. 

The protein databases are utilized for protein identification using search en-

gines, where the database creates a “universe” of protein sequences and the 

search engine matches the tandem mass spectra against this “universe”.     

 

As the proteomics field expands, the information demand grows and a large 

number of more specified databases have been developed during the last 

couple of years. Many of the databases, such as Pride (102,103), Peptide 

atlas (104) and the Global Proteome Machine database (105), have been 

orientated against data sharing. These databases contains a large number of 

tandem mass spectra that can be used for spectrum to spectrum identifica-

tions, for studying fragmentation patterns or other data mining projects. Oth-

er databases have been developed focusing on post-translational modifica-

tions (106), specific species or specific subproteomes.  

 

There are a number of databases developed for bioactive endogenous pep-

tides. One of the first databases for bioactive peptide was the Peptidome 

database (107,108) developed by a group in Japan. The Peptidome database 

contains peptides derived from mouse, rat and pig and visualizes the pepti-

dome in 2-dimensional map according to m/z and retention time and in a 3-

dimensional grid according to mass, charge and hydrophobicity. This is an 

interesting and well designed database, but it is unable to improve the prob-

lems with mass spectrometry identification of endogenous peptides. Another 

interesting web application is NeuroPred (109). It is a web based tool that 

given the precursor sequence predicts possible peptide sequences and gives a 

probability score for the peptide. Even if it is known that most PCs cleave 

the precursor at di-basic sites, it does not mean that they cleave the precursor 

at all di-basic sites. This is a useful application, especially when working 

with newly sequenced genomes and proteomes that are not well annotated. 

Pepbank (110) is a text mining tool that was developed to identify peptide 

sequences in PubMed abstracts. Some other interesting databases are the 

BioPep (111) database and a recently developed database for bioactive pep-

tides from metazoan (112). 
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Aim of this thesis 

The aim of this thesis is to improve the identification of endogenous pep-

tides, in respect to speed, accuracy and the number of identified peptides, 

using mass spectrometry and bioinformatics. The specific aims of the in-

cluded papers in this thesis are:   

 

• To construct a database for endogenous peptides that contains in-

formation such as mass, isoelectric point, sequence, post-

translational modifications and precursor protein. The purpose of 

the database is to speed up the identification process of endogenous 

peptide from tissue samples utilizing mass spectrometry. 

 

• To develop fast, specific, and sensitive methods for reliable peptide 

identification and validation by assembling targeted sequence col-

lections that mimic the peptidomic sample. 

  

• To improve and extend the SwePep database with tandem mass 

spectra by adding a locally curated version of the global proteome 

machine database to enable validation of low quality spectra using 

high quality tandem mass spectra.  

 

• To create databases for high mass accuracy CID and ECD tandem 

mass spectra of tryptic peptides, and utilize these for studying pep-

tide fragmentation to improve database searching and de novo se-

quencing. 
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Methods 

Sample preparation 

In paper I, II and III, the peptidome of mouse and rat brain tissue were 

analyzed using mass spectrometry. The brain regions that have been ana-

lyzed were hypothalamus and striatum. To prevent protein degradation, all 

animals were killed by focused microwave irradiation. The endogenous pep-

tides were extracted from the tissue in acidic water (0.25% acetic acid) 

through homogenization. After centrifugation the protein- and peptide- con-

taining supernatant was filtered through a molecular weight limit of 10,000 

Da, to separate the peptide fraction from the protein fraction.  

 

In paper IV and V tryptic digests of lysates of human cell lines, (K562 and 

A-431) cells, human milk samples, and E. coli was used to study fragmenta-

tion pattern of double charged peptides. 

Mass spectrometry 

In paper I, II and III the tissue samples were analyzed on a nanoLC system 

(Ettan MDLC, GE Healthcare, Uppsala, Sweden) coupled to an Linear trap 

quadrupole (LTQ) mass spectrometer (Thermo Electron, San Jose, CA). 

Four tandem mass spectra of the most intense peaks were obtained following 

each full-scan mass spectrum (Xcalibur 1.4 SR1). The dynamic exclusion 

feature was enabled to obtain tandem mass spectra on co-eluting peptides.  

 

Raw LTQ data were converted to dta files by Xcalibur 1.4 SR1 and assem-

bled by an in-house developed script to Mascot generic files. The identifica-

tion was then performed by using either Mascot (77) or X! Tandem (79). 

 

In paper IV and V the experiments were performed on an 7 T LTQ FT-MS 

(Thermo Electron, Bremen, Germany) using consecutive ECD and CID 

fragmentation of peptides eluting from the analytical column of a nanoLC 

system (Agilent 1100, Waldbrann, Germany). Tandem mass spectra were 

accumulated with the resolution 25 000 and 50 000.  
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The raw files were processed by BioWorks software, and so-called dta files 

(text files containing molecular mass and charge state of the precursor ion as 

well as m/z and abundances of the fragment ions) were created, the noise 

threshold being set at 0.3. The dta files of CID and ECD tandem mass spec-

tra for the same peptide were compared and consensus information extracted 

into the “merged” dta files (113). These merged files were submitted to the 

Mascot search engine and the peptides were identified with the threshold 

score suggested by Mascot. The reliability of the assigned sequences in the 

database was above 95%. 

Bioinformatics 

Paper I describes the construction and development of the SwePep database. 

The database is constructed for endogenous peptides; it has a web interface 

where it is possible to search for peptides according to mass, sequence, spe-

cies, precursor protein, or a combination of two or more of them. 

 

The software behind the SwePep database is a Java Enterprise Edition, ap-

plication implemented according to a multi-tier application model (Figure 3). 

It consists of a dynamic web interface, a relational database and a business 

tier, which uses the client-input from the web interface to construct and ex-

ecute queries to the database. The web interface was developed using HTML 

and the dynamic content using Java ServerPages, which at runtime compiles 

to JavaServlets. Database requests are managed by Enterprise Java Beans. 

After the request is processed a response is sent back to the web interface 

and the result of the request is displayed to the user. 

 
Figure 3. Software architecture of the SwePep database. 
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The SwePep database is implemented as a relational database using MySql 

database management system. Every peptide in the database is connected to 

the following information; name, sequence, precursor protein, position in 

precursor sequence, modifications, location, organisms, reference, mass and 

pI. The database is designed to minimize the data redundancy (Figure 4). 

 
Figure 4. The database schema behind the SwePep database 

The information in SwePep is collected from three different sources; expe-

rimental data produced in our laboratory, peptide information from UniProt, 

and peer reviewed publications.  

 

Peptide and precursor protein data have been collected from UniProt by 

downloading the UniProt database in EXtensible Markup Language (XML) 

format. The XML file was searched for entries which had one or more anno-

tated peptide. All entries with annotated peptides were saved into a new file 

which was used to automatically insert the entries into SwePep.   

 

The SwePep database is also populated with novel peptides from brain tis-

sue, identified in our laboratory from different species. For this data set 

SwePep also contains information about the experimental conditions such as 

sample information (i.e., species, treatment) and tandem mass spectrometry 

data.  
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To ensure that the information in the SwePep database is reliable, all endo-

genous peptides that are stored in SwePep are sorted into three different 

classes: 

 

• Biological active peptides. This group of peptides contains the neuro-

peptides and hormones with documented biological activity. 

 

• Potential biological active peptides. This group contains pharmaco-

logically uncharacterized peptides that potentially are biologically ac-

tive. They have similar characteristics as the neuropeptides and hor-

mones, i.e., they have specific convertase processing sites (17-21). 

Modifications such as amidation of the C-terminal and N-terminal ace-

tylation are also regarded as important criteria. 

 

• Uncharacterized peptides. Peptides that not fulfill the criteria of the 

groups above belong to this group.  

 

In paper II the SwePep database was used to improve the identification of 

endogenous peptides, by creating three target sequence collections, SwePep 

precursor, SwePep peptide and SwePep prediction, which mimics peptidom-

ic samples. 

 

• SwePep precursor sequence collection includes the sequences from 

the mouse peptide precursor proteins annotated in SwePep. Many pre-

cursor proteins, such as POMC, contain several known endogenous 

peptides (18,23,26) and a number of possible cleavage sites for endo-

genous peptides. Therefore this sequence collection should contain 

many of the endogenous peptides, despite its moderate size of 123 pro-

tein sequences with a total number of 23,601 amino acid residues. Us-

ing unspecific cleavage and peptide length of maximum 50 amino acid 

residues 4,406,615 peptides were derived from this sequence collec-

tion.  

 

• SwePep peptide sequence collection contains the sequences of the en-

dogenous peptides annotated in SwePep from mus musculus. It is con-

stituted of 245 sequences and 6,776 amino acid residues, when using 

unspecific cleavage and peptide length of maximum 50 amino acid re-

sidues this sequence collection generates 1,142,680 peptides. 
 

• SwePep prediction contains predicted peptides. By using the existing 

neuropeptide processing knowledge, possible peptide sequences were 

predicted from the mouse proteome according to the following tem-

plate: K/R-(X)m- K/R � -(X)k -K/R-(X)n- K/R �, where m,n=0, 2, 4, 6, 

X-any amino acid, k=3-50. The C-terminal basic residues were re-
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moved and the sequences (X)k were stored in the SwePep prediction 

sequence collection. There are 3,413,034 predicted peptide sequences 

with 83,182,326 amino acid residues in this sequence collection. When 

using X! Tandem and its refinement function (114) this sequence col-

lection generates 15,499,268 peptides with a peptide length of maxi-

mum 50 amino acid residues. 

 

To evaluate the usefulness of these targeted sequence collections, a data set 

consisting of 86 tandem mass spectra that already been identified and ma-

nually verified was searched against the targeted sequence collections as 

well as against the complete mouse proteome using both Mascot and X! 

Tandem. The number of true and false identities was then compared. 

 

In paper III tandem mass spectra of endogenous peptides were added to the 

SwePep database by using a local installation of the Global Proteome Ma-

chine database (105). The tandem mass spectra in the database were then 

used for validation of low scored peptides and peptides with post translation-

al modifications by calculating the Pearson correlation coefficient (115) 

between the y and b ion series of two tandem mass spectra. 

 

In paper IV and V the fragmentation pattern of tryptic peptides, fragmented 

by both CID and ECD, have been analyzed. 

 

A database containing high mass accuracy CID and ECD tandem mass spec-

tra have been developed. The database contains 15,897 CID spectra and 

11,491 ECD spectra of unique, doubly charged, and unmodified tryptic pep-

tides. Figure 5 illustrates the distributions of peptide lengths and masses of 

all the peptides in SwedCAD. 

 
Figure 5. Distribution of the lengths a) and masses b) of all the 15,897 peptides 
present in the SwedCAD database. 
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Since endogenous peptides most often do not have a basic residue at the C-

terminal of the peptide, the fragmentation pattern of endogenous peptides is 

different from that of tryptic peptides. To better understand the CID frag-

mentation of non-tryptic peptides, fragmentation pattern of miss-cleaved 

tryptic peptides have been studied in paper IV.   
 

It is known that if a peptide has a higher number of basic amino acid resi-

dues than number of charges, the fragmentation will be limited because the 

basic side chain of the peptide sequesters the protons. The only prominent 

cleavage in such peptides occur C-terminal to aspartic and glutamic acids 

(66-68), since their acidic side chains can donate a cleavage-initiating proton 

to the C-terminal carbonyl oxygen(66).  

 

In paper IV we investigate whether this effect is equally prominent in doub-

ly charged peptides which end with two arginines (XnRR, 79 entries in 

SwedCAD) and those that begin and end with an arginine (RXnR, 191 en-

tries in SwedCAD). Peptides containing only one arginine residue (XnR, 
6361 entries in SwedCAD) were used as a reference group.  

 

The ability to immobilize two protons was calculated by comparing the ra-

tios of the relative abundance of C-terminal cleavage next to D and E and the 

average cleavage abundance C-terminal to D, E, G, V, I,  L, A. The statistics 

for the three peptide groups XnRR, RXnR, and XnR) were made in the fol-

lowing way. Four ion types were considered: y, b, y-NH3, and b-NH3. Both 

single and double charge-states of fragment ions were accepted. When both 

single and double charged variants of the same fragment ion were present, 

the abundances were summed together. Normalization was performed by 

dividing the abundance of each ion by the abundance of the most abundant 

ion for a given peptide. 

 

In paper V ECD tandem mass spectra was added to the SwedCAD database. 

Using these tandem mass spectra, small neutral losses from the charged-

reduced species (rs) in ECD have been studied, their usefulness in terms of 

specificity and sensitivity have been evaluated. These small neutral losses 

can reveal the presence of specific amino acids residues in the peptide se-

quence, in the same manner as immonium ions in CID. 

 
All ions with a mass �150 Da below the theoretical mass of the rs were con-

sidered and counted with a mass accuracy of 0.002 Da. The resulting spec-

trum of neutral loss masses is shown in Figure 6. 
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Figure 6. Neutral loss mass spectrum obtained by integration of 11,491 ECD tandem 
mass spectra of doubly charged tryptic peptides with the channel resolution of 0.002 
Da. The peak at 0 Da loss corresponds to the charge-reduced species. The height of a 
peak at –X Da corresponds to the number of mass spectra in which an X Da loss 
from the charge-reduced species was found. 

To find amino acid residue specific neutral losses, the neutral losses were 

filtered so that any channel was set to zero unless 95% of the tandem mass 

spectra contributing to this channel were due to peptides containing a spe-

cific amino acid. Spectra containing amino acid specific neutral losses were 

created and the elemental compositions of the neutral losses were deter-

mined. 

 

The exact specificity and sensitivity of the amino acid specific neutral losses 

were determined by extracting all peptide sequences from the dataset where 

a specific neutral loss had occurred with the mass accuracy of 0.01 Da. The 

sensitivity was calculated as the percentage of sequences that gave the amino 

acid specific neutral loss of all sequences that contained the amino acid. The 

specificity was calculated as the percentage of sequences that gave the amino 

acid specific neutral loss and contained that amino acid among all sequences 

that gave that neural loss. The basic characteristics of the peptides were de-

termined for all the peptides from which these neutral losses occur. 
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Results and Discussion 

The traditional way to study endogenous peptides is by using antibody based 

techniques, such as radioimmunoassay (RIA). The drawback with those me-

thods is that the sequence of the peptide of interest must be known a priori. 
In contrast, by using mass spectrometry, a large number of peptides can be 

studied simultaneously (116). Hundreds of peaks are detected in a single 

peptidomics experiment, but only a small fraction of the corresponding pep-

tides are confidently identified. In many studies novel endogenous peptides 

have been identified (34,117-123). By novel we mean that the specific pep-

tide sequence has not been identified before, but might be a part of a known 

protein sequence.  

 

To identify and characterize the content of peptidomic samples is challeng-

ing. One problem is the lack of information about endogenous peptides. The 

endogenous peptides often consist of a small number of amino acids, which 

complicates the automatic identification process, since the small number of 

fragments gives low statistical certainty. To address these problems we de-

veloped the SwePep database described in paper I. In paper II we used the 

information in the SwePep database improve the identification of endogen-

ous peptides and in paper III we added tandem mass spectra to the SwePep 

database that can be used for validation of identified peptides. In paper IV 

and V we developed a database for high mass accuracy tandem mass spectra 

of tryptic peptides and used it for peptide fragmentation studies.    

 

The SwePep database is designed for storing information about endogenous 

peptides, such as mass, sequence, post-translational modifications and refer-

ences where the data is collected from. The database can be used for speed-

ing up the identification process of endogenous peptides. In paper I masses 

of experimental peptides were compared with the masses of annotated pep-

tides in SwePep and the identities were verified using tandem mass spectro-

metry. Performing large database searches using unspecific cleavage and 

allowing for a number of different post-translational modifications are time 

consuming and the results of the searches are often poor. When comparing 

the experimental peptide masses against the theoretical peptide masses it is 

possible to add different modifications. This allows for rapid selection of 

potentially modified peptides. The selected candidates can then be verified 

by tandem mass spectrometry. This procedure is very time-efficient com-
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pared to the standard approach since only a small number of tandem mass 

spectra need to be inspected, a drawback is that only already known anno-

tated peptides can identify. It should be noted that the mass accuracy of the 

peptide precursor ion is crucial when doing mass matches, if the mass win-

dow is too wide there could be multiple hits. But even with high mass accu-

racy data, the mass match has to be confirmed by tandem mass spectrometry 

because even isobaric peptides can have different amino acid sequences.   

 

In paper II the SwePep database was used for constructing targeted se-

quence collections that better mimic the peptidomic sample, and therefore 

would give better search result than searching against the entire mouse pro-

teome. Three different sequence collections were created: SwePep precur-

sors, SwePep peptides, and SwePep prediction. 

 

Table 1. Summary of the advantages and disadvantages with the different sequence 
collections  

 Advantage Disadvantage 

SwePep peptides Contains all known peptides, 
fast search, many significant 
hits

Can not identify novel pep-
tides if they are not a part of 
an already known sequence 

SwePep precursors Contains more sequences 
than SwePep peptides, but is 
still fast to search and gives a 
good search result 

Only peptide precursors, can 
not identify peptides from 
“novel” precursors 

SwePep prediction Contains all possible peptides 
with dibasic cleavage sites 
from the mouse proteome. 
Good for identifying  novel 
peptides

This should only be used for 
identifying novel peptides 
because it does not contain 
all already known peptides 

Mouse proteome Large sequence collection, 
possible to discover novel 
peptides 

Gives low number of signifi-
cant peptides identities, time 
consuming to search with 
unspecific cleavage

  

The sequence collection, SwePep prediction, only contains peptide se-

quences that are predicted using the well characterized cleavage pattern of 

PCs that cleaves the precursor C-terminal to dibasic amino acids. This pre-

diction could easily be extended to include cleavage patterns for other en-

zymes that are know to process precursors into bioactive peptides. Examples 

of enzymes that could be interesting are SKI-1 (124) and NARC-1 (125) that 

cleaves at the consensus sequences R-X-L/I/V-L/T/K�-X and V-F-A-Q�-X 

respectively. 

 

The searches for neuropeptides performed against these three sequence col-

lections were compared with searches performed against the entire mouse 

proteome, which is commonly used to identify neuropeptides. Evaluation of 
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these three SwePep derived sequence collections was done by using a data 

set comprised of manually verified peptides. The evaluation showed that 

three times as many peptides could be significantly identified with the 

SwePep derived sequence collections as with the mouse proteome. The 

false-positive rate was below 1%. The number of identified peptides was 

dependent on the number of sequences in the sequences collection, this is 

due to the fact that the cut-off scores for a significant identification increase 

with the size of the sequence collection, because the possibility that the hit is 

random increases (126). For example, the cut-off score for a significant iden-

tification in Mascot increased from 31 to 70 when going from the smallest to 

the largest sequence collections. Figure 7 shows the logarithm of the expec-

tation value as a function of the logarithm of the number of peptide se-

quences in the sequence collection for a few peptides identified by X! Tan-

dem. The number of false negatives will increase as the size of the sequence 

collection increases. The search of the mouse proteome did not contribute 

with any identities that were not identified when searching the more targeted 

sequence collections.  
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Figure 7. The logarithm of the expectation value as a function of the logarithm of 
the number of peptide sequences in the sequence collection for two of the peptides 
identified by X! Tandem. To consider a hit significant hit the logarithm of the expec-
tation value should be less than -2. 

The new sequence collections were also used to identify previously unchar-

acterized peptides from brain tissue; 27 previously uncharacterized peptides 

and potentially bioactive neuropeptides were identified (Table 2). These 

novel peptides were cleaved from the peptide precursors at sites that are 

characteristic for PC, and some of them have post-translational modifica-

tions that are characteristic for neuropeptides. 
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Table 2. Novel peptides from mouse brain tissue. All peptides have been identified 
using the new identification approach described in paper II. The amino acids in 
bold represents the cleavages sites and are not part of the mature peptide.  

UniProt Precursor name Sequence 

O70176 PACAP AR-GAGENLGGSAVDDPAPLT-KR
P01193 Corticotropin-lipotropin PR-KYVMGHF-R**R
P01193 Corticotropin-lipotropin KR-ELEGERPLGLEQV-LE
P01193 Corticotropin-lipotropin EE-AVWGDGSPEPSPRE-amide-GKR 

P01193 Corticotropin-lipotropin EA-VWGDGSPEPSPRE-amide-GKR 

P12961 Neuroendocrine protein 7B2 KK-Acetyl-LLYEKMKGGQ-RR
P12961 Neuroendocrine protein 7B2 KK-LLYEKMKGGQ-RR
P16014 Secretogranin-1 KR-YPQSKWQEQE-KN
P16014 Secretogranin-1 RPR-SEESQEREY-KR
P16014 Secretogranin-1 R**R-DPADASGTRWASS-RE
P26339 Chromogranin A KR-LEGEDDPDRSMKLSF-R*R
P26339 Chromogranin A KR-LEGEDDPDRSM-K***R
P35455 Vasopressin neurophysin VQ-LAGTRESVDSAKPR-VY
P35455 Vasopressin neurophysin R**R-AREPSNATQLDGPA-R****R
P35455 Vasopressin neurophysin TR-ESVDSAKPRVY
P41539 Protachykinin 1 KR-DADSSVEKQVALLKALYGHGQIS-HKR 

P47867 Secretogranin-3 K****R-ELSAERPLNEQIAEAEADKI-KK 

P47867 Secretogranin-3 K****R-ELSAERPLNEQIAEAEAD-KIKK 

P56388 CART RA-Pyro-Glu(Q)EDAELQPR-AL
Q03517 Secretogranin-2 KR-IPVGSLKNEDTPNRQYLDEDM-LL 

Q03517 Secretogranin-2 KR-IPVGSLKNEDTPN-RQ
Q03517 Secretogranin-2 KR-SGQLGLPDEEN-RR
Q03517 Secretogranin-2 KR-TNEIVEEQYTPQSL-AT
Q03517 Secretogranin-2 SVF-Pyro-Glu(Q)ELGKLTGPSNQ-KR 

Q62361 Thyrotropin releasing hormone KR-EEKEEDVEAEERGDLGEVGAWRPH-KR 

Q9QXV0 ProSAAS RR-SVDQDLGPEVPPENVL-amide-GA 

Q9QXV0 ProSAAS RA-WGSPRASDPPLAPDDDPDAPAAQLARAL-LR 

 

To verify the identities of the novel peptides, their tandem mass spectra were 

searched against the whole mouse proteome to confirm that they were not 

assigned to another sequence when searching a larger sequence collection. 

 

Some of these previously uncharacterized peptides have the potential to be 

bioactive neuropeptides. One example is the peptide R**R-

AREPSNATQLDGPA-R****R, from vasopressin-neurophysin 2-copeptin 

precursor. The peptide is processed from the precursor protein at sites that 

are specific for neuropeptides (17,19,21), and it is the N-terminal part of the 

known biologically active peptide copeptin. The precursor also contains the 

bioactive peptide arg-vasopressin, and it has previously been shown that 

many precursor proteins contain more than one bioactive peptide with dif-

ferent functionalities (26).  
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Another interesting peptide is KK-Acetyl-LLYEKMKGGQ-RR derived 

from the precursor protein 7B2. 7B2 was first discovered in 1982 (127,128). 

The N-terminal peptide of the protein binds to PC2 and is essential for its 

activation, while the C-terminal peptide functions as its inhibitor (129,130). 

The peptide identified in this study is the C-terminal part of the N-terminal 

peptide; it has characteristic cleavage sites and has been identified both with 

and without an N-terminal acetylation.  

 

Two peptides, KR-YPQSKWQEQE-KN and R**R-DPADASGTRWASS-

RE processed from secretogranin 1 precursor were also identified in this 

study. Both of the peptides have characteristic cleavage sites at the N-

terminal, but not at the C-terminal. Many peptides derived from secreto-

granin 1 have been discovered in mouse and rat brain tissue during the last 

couple of years (16,34,117,119,122,131).  For most of them the biological 

functions are not characterized, but recent peptidomic studies indicate that 

secretogranin derived peptides are altered in both experimental models of 

Parkinson’s disease and depression (121,132). 

 

From a single peptidomics experiment it is not possible to determine if the 

observed peptides are endogenous or degradation products. However, in a 

time course study where the peptide levels are measured as a function of post 

mortem time, to the first order approximation, the level of endogenous pep-

tides will stay constant or decrease, while the level of degradation products 

will increase as the post mortem time increases (36). Hence the dynamics of 

the changes in peptide level can be used to give an indication if an observed 

peptide is endogenous or a degradation product.  

 

In paper III tandem mass spectra were added to the SwePep database. The 

tandem mass spectra originate from nano-LC tandem mass spectrometry 

analysis of mouse brain tissue and can be used for verification of peptide 

identities. The usefulness of this spectra collection is demonstrated by veri-

fying the identities of a number of peptides that was not identified with a 

score above the threshold suggested by the search engine.  

 

Two tandem mass spectra were both assigned the sequence YGGFMRSL, 

(Figure 8) but one of the spectra contained many unexplained peaks. By 

comparing the fragmentation patterns of the two spectra, it was clear that 

they were very similar except for the noise peaks in the second spectrum 

which lowered its score because of their relatively high abundance. The 

Pearson correlation coefficients were 0.98 for the y ions and 0.91 for the b 

ions, inferring a high similarity between the two spectra. By looking at the 

sum of the intensities of the y and b ions in the tandem mass spectra, 

(180516 for the MS/MS spectrum with the high score and 329 for the 

MS/MS spectrum with the lower score), it becomes clear that the noise in the 
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second spectrum was due to the overall low intensity in the spectrum. With-

out having the high quality spectrum at hand it would not be possible to veri-

fy the noise contaminated spectrum using the standard method for peptide 

identification. 

 

 

 
Figure 8. Tandem mass spectra of the peptide YGGFRMSL, derived from the 
Proenkephalin precursor. The upper spectra was identified with high confidence, 
log(e) = -4.0 and the lower tandem mass spectrum has been assigned with the same 
sequence, but the score of the peptide-spectrum match is log(e) = -1.4, which is 
below the threshold suggested by the search engine. 

Many of the peptide sequences are assigned to multiple spectra in the Swe-

Pep database, which makes it possible to study the fragmentation pattern for 

a specific peptide. Some of the peptides are identified in more than one 

charge state and both with and without post-translational modifications. This 

information could be used for comparing fragmentation patterns of peptides.  

 

The peptide QYDGVAELDQLLHY derived from the secretogranin 1 pre-

cursor have been identified both with and without pyro-glutamine acid at the 

N-terminal. The modified peptide was identified with a lower score than the 

unmodified peptide and to validate the identity of the modified peptide the 

intensities of the y ion series of the modified and unmodified peptide were 

compared. By plotting the log(intensities) of both y ion series against each 
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other and calculating the correlation coefficient it was possible to determine 

if the y ion series are the same or not (Figure 9). The correlation coefficient 

was 0.96 which indicated that the y ion series have a strong correlation and it 

was most likely that the identity of the modified peptide was correct.  

 
Figure 9. The intensity of the y ion series of the modified and unmodified peptides 
plotted against each other and the Pearson correlation coefficient is calculated to be 
0.959. 

Several of the novel peptides identified in paper II needed manual valida-

tion, since their tandem mass spectrum was assigned to another sequence 

when searching the entire mouse proteome than when using the more tar-

geted sequence collections. In one example the primary hit, when searching 

the mouse proteome, corresponded to the sequence Acetyl-

DTNSIAKAIKTRGEGIHQKL with deamidation on N and Q (Figure 10). 

The secondary hit corresponds to the sequence ELSAERPLNE-

QIAEAEADKI (Figure 10). The manual inspection of the expected fragmen-

tation patterns showed that the secondary hit was presumably the correct 

sequence. The sequence ELSAERPLNEQIAEAEADKI has two basic resi-

dues, and according to a study performed by Tabb et al. (133) arginine is the 

dominant residue and it is the position of arginine that decides which type of 

ions that will be most abundant. In this case the b ions should be the most 

intense peaks, and indeed, 16 of the most 21 intense peaks in the tandem 

mass spectrum could be assigned as b ions. 
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Figure 10. A tandem mass spectrum assigned with the fragmentation for the se-
quence Acetyl-DTNSIAKAIKTRGEGIHQKL+ 2 Deamidation (NQ) in the upper 
panel and the sequence ELSAERPLNEQIAEAEADKI in the lower panel. The error 
for the fragment ions shows a consistent pattern for the second sequence, while for 
the first sequence pattern of the fragment ion error is inconsistent. This implies that 
the second sequence most likely is correct. 

Even though the second sequence seems to match the spectrum better than 

the first sequence, the search engine, in this case Mascot, gave the first se-

quence a higher score. This might depend on the fact that many of the algo-

rithms for identifying peptides and proteins are designed for tryptic peptides 

and that the fragmentation pattern of endogenous peptides differs from the 

fragmentation pattern of peptides digested with trypsin. Tabb et al. (133) 

studied the fragmentation of peptides generated by proteinase K digestion to 

investigate how the peak intensity for b and y ions depends on the position 

of the basic residue. The study demonstrated that the position of basic amino 

acids strongly influence the fragmentation pattern of the peptide. When the 

basic residue was positioned near the N-terminal of the peptides, the b ion 

series was more prominent than the y ion series, and when the basic residue 

was positioned close to the C-terminal of the peptide, the y ion series domi-

nated. Peptides derived from trypsin digestion generally have a single basic 

residue, arginine or lysine, at the C-terminal of the peptide, and therefore a 

high intensity y ion series is often observed (unless the peptides contain 

missed cleavage sites, and have more than one basic residue). 
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To better understand fragmentation patterns of non-tryptic peptides, frag-

mentation of miss cleaved tryptic peptides were studied in paper IV. First, a 

database for high mass accuracy tandem mass spectra was developed. The 

database is unique in the way that it contains annotated high mass accuracy 

tandem mass spectra of tryptic peptides. All the spectra are downloadable 

and can be used for studying peptide fragmentation patterns. The database 

contains almost 16 000 spectra.  

 

We used the database to study the fragmentation pattern of missed cleaved 

peptides, i.e. peptides with more than one basic amino acid. Many previous 

studies have shown that peptide cations in which the number of arginines is 

greater or equal to the ionic charge state undergo limited fragmentation be-

cause the basic side-chains of arginines sequester the protons rendering them 

immobile. The only prominent cleavages in such peptide cations occurs C-

terminal to aspartic and glutamic acids (66-68), the acidic side chains of 

which can donate a cleavage-initiating proton to the C-terminal carbonyl 

oxygen (66). The study confirmed that peptides with two arginines posi-

tioned next to each other have the same ability to immobilize two protons as 

peptides with two distant arginines. It also showed that peptides which end 

with two arginines have y-NH3 ions that are more prominent than y ions. 

Upon the loss of the NH3 group, one of the protons is mobilized in these 

peptides which lead to fragmentation according to the mobile proton model. 

These results can be used to improve identification of these types of pep-

tides. 

 

In paper V ECD tandem mass spectra were added to the SwedCAD data-

base. Previous fragmentation studies on ECD data have been shown to arise 

through side chain losses from various amino acid residues (134-136). These 

neutral losses can perform the same task as immonium ions in CID, namely 

reveal the presence of some amino acid residues in the peptide sequence. In 

this study more than 11000 spectra were used to study small neutral losses in 

ECD fragmentation and then the neutral losses were characterized and clas-

sified according to there specificity and sensitivity, as well as occurrence for 

peptides of different lengths.  

 

In order to find amino acid specific neutral losses, the result of screening the 

dataset for all possible neutral losses (Figure 6) was filtered for each amino 

acid, AA. The filtering was done so that all channels was set to zero except 

those where 95% of all MS/MS datasets contributing to that channel were 

due to peptides containing AA. The high-mass accuracy of FT-MS enables 

determination of the elemental composition of the amino acid specific neutal 

losses. Although the suggested compositions are not always unique, there 

was always only one which made sense chemically.  
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After establishing all statistically significant amino-acid-specific neutral 

losses, one can proceed to determine their exact specificity and sensitivity, as 

well as the basic characteristics of peptides from which these neutral losses 

occur. The sensitivity was calculated as the percentage of sequences that 

gave the AA-specific peak among all sequences that contained the AA. The 

specificity was calculated as the percentage of sequences that gave the loss 

specific to AA and contained AA among all sequences that gave that loss. As 

can be seen in Table 3, most of the losses exhibit specificity close to or 

above 95% except for the three losses from arginine and the side-chain loss 

from glutamine. The average length of the sequences with AA-specific neu-

tral losses is also calculated and can be compared to the average length of all 

sequences that contain AA.    

Table 3. Specific neutral losses from reduced species of doubly-charged tryptic 
peptides in ECD with a mass window of ±0.010 Da. A number of the specific neu-
tral losses are reported here for the first time (marked with an asterisk) while others 
have been reported before, but without specificity and sensitivity data (134-136). 

AA type Elemental composition Exact mass Sensitivity Specificity 

C* •C2H4NOS+NH3 107.0279 63% >99% 

C •C2H4NOS 90.0013 39% >96% 

D C2H4O2 60.0211 54% >98% 

E* •C2H3O2+NH3 76.0398 21% >94% 

E* C3H4O2+NH3 89.0477 6% >96% 

H C4H6N2 82.0531 38% >99% 

I* •C2H5+NH3 46.0657 6% >99% 

L* •C3H7+NH3 60.0813 13% >99% 

L* C4H8 56.0626 5% >96% 

L* C4H8+NH3 73.0891 12% >95% 

M* C3H6S+NH3 91.0456 18% >99% 

Q* C3H5NO 71.0371 4% >85% 

R •CH3N2 43.0296 15% >88% 

R* •CH4NO2 62.0242 6% >89% 

R NH3+NH3 34.0531 3% >86% 

R C4H11N3 101.0953 3% >94% 

Y C7H8O 108.0575 3% >96% 

D/E* CO 27.9949 10% >95% 

N/Q CH3NO 45.0215 30% >98% 

S/T* H2O+NH3 35.0371 6% >98% 

 

An important question is how often the 16 above (>94%)-specific neutral 

losses occur in tryptic peptides. On average, there are 1.1 specific neutral 

losses per ECD mass spectrum (11,491 peptides produced 12,527 specific 

losses). 65% of all peptides gave at least one specific loss and 30% gave at 

least two specific losses. The widespread occurrence of the specific losses 

justifies incorporation of the neutral-loss feature in MS/MS search engines.  
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Conclusions 

In this thesis, bioinformatics methods for improved identification of endo-

genous peptides using mass spectrometry have been developed.   

 

A database for endogenous peptides, SwePep, was developed. It was de-

signed for storing information about endogenous peptides, such as mass, 

sequence, post-translational modifications and references. The database also 

contains tandem mass spectra of endogenous peptides. The database can be 

used for speeding up the identification process of endogenous peptides by 

comparing experimentally experimental peptide masses with the masses of 

the peptides in SwePep. The tandem mass spectra stored in the SwePep da-

tabase can be used for validation of peptide identifications.  

 

To improve the automatic peptide identification using database search en-

gines, targeted sequence collections that mimic the peptidomic sample were 

derived from the SwePep database. Three sequence collections were created: 

SwePep precursors, SwePep peptides, and SwePep prediction. The searches 

for neuropeptides performed against these three sequence collections were 

compared with searches performed against the entire mouse proteome, 

which is commonly used to identify neuropeptides. Evaluation of these three 

SwePep derived sequence collections showed that three times as many pep-

tides could be identified as with the mouse proteome. The false-positive rate 

was below 1%. Furthermore, with these new sequence collections 27 previ-

ously uncharacterized peptides and potentially bioactive neuropeptides were 

identified.  

 

Two fragmentation studies were performed using high mass accuracy tan-

dem mass spectra of tryptic peptides. In the first study, fragmentation pattern 

of missed cleaved peptides was investigated using SwedCAD. The study 

confirmed that peptides with two arginines positioned next to each other had 

the same ability to immobilize two protons as peptides with two distant ar-

ginines. It also revealed that peptides that end with two arginines have y-

NH3 ions that are more prominent than y ions. Upon the loss of the NH3 

group, one of the protons is mobilized which lead to fragmentation accord-

ing to the mobile proton model. In the second study, SwedECD was used for 

studying small neutral losses from the reduced species in ECD fragmenta-

tion. The neutral losses were characterized with regard to their specificity 
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and sensitivity. Theses neutral losses can function as reporter ions and reveal 

the presence of specific amino acids in the peptide sequence. The results 

from these two studies can be used to improve identification of both tryptic 

and endogenous peptides. 

 

In summary, we have investigated properties of peptides and used this in-

formation to develop a collection of methods that has greatly improved the 

sensitivity of neuropeptide identification. 
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Future aspects 

Peptidomics is a relative new research area that has developed rapidly during 

the last couple of years, mostly because the development of new sample 

preparation methods that minimizes the protein degradation in the sample. 

As new mass spectrometers with higher mass accuracy are becoming afford-

able and routinely used and in combination with bioinformatics tools the 

identification of endogenous peptides will improved. Until now most pepti-

domic studies has been focusing on sample preparation, characterizing the 

processing pathways of endogenous peptides and identifying as many pep-

tides as possible from a sample. Now it is time to apply this obtained know-

ledge to solve biological and clinical questions. 

 

An important task in the near future will be to characterize the functions, if 

any, of the large number of novel peptides that have been identified in recent 

peptidomic studies. The next step is quantitative peptidomics studies, where 

the peptidome of healthy and diseased tissue or fluids can be compared. 

Neurological diseases are complex and the brain have an amazing way of 

compensating for functions that do not work properly, instead of searching 

for single biomarkers for different diseases, it might be possible to discover 

patterns in the relative abundance of several endogenous peptides and use 

that pattern as a biomarker. Careful sample preparation, experimental design 

in combination high resolution mass spectrometry and bioinformatics will 

hopefully improve our understanding of the different biological processes 

and improve the diagnostics and treatment of diseases.    
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Swedish Summary 

En neuropeptid är aminosyreförening som har biologisk funktion. De kan 

fungera som neurotransmittorer i centrala nervsystemet eller som hormoner i 

det endokrina systemet. Neuropeptiderna spjälkas från proteiner av enzym 

med hög specificitet, oftast efter två basiska aminosyror. Neuropeptiderna är 

involverade i allt från smärtlindring till hunger och tillväxtprocessor. Med 

mer kunskap om neuropeptiders funktion och processning skulle man kunna 

diagnostisera, förebygga och kanske till och med bota olika sjukdomstill-

stånd, t.ex. cancer, Parkinsons och Alzheimers sjukdom. 

 

Med hjälp av masspektrometri kan man analysera proteiner och peptider i 

komplexa biologiska prover. I masspektrometern mäter man protei-

nets/peptidens massa. Man kan även bestämma peptidernas aminosyrese-

kvens genom att slå sönder dem genom kollisioner med atomer eller elektro-

ner. När man identifierar proteiner, spjälkar man dem vanligtvis först till 

peptider (tryptiska peptider) med ett enzym som heter trypsin. För att sedan 

identifiera peptiderna använder man sökmotorer som teoretiskt spjälkar se-

kvenserna i en proteindatabas enligt spjälkningsmönstret för det enzymet 

man använt. På detta sätt begränsar man antalet teoretiska peptider. Denna 

metod fungerar bra för tryptiska peptider, men när man inte vet exakt hur 

peptiderna är spjälkade ifrån sitt protein måste man låta sökmotorn spjälka 

databaserna efter varje aminosyra, vilket ger en stor mängd teoretiska pep-

tidsekvenser. Att ospecifikt spjälka en hel proteindatabas tar lång tid och 

oftast identifieras endast ett fåtal peptider. 

 

I den här avhandlingen beskrivs nya metoder som möjliggör snabbare och 

mer pålitlig identifiering av endogena (kroppsegna) peptider med hjälp av 

masspektrometri.  

 

Initialt skapades en databas, SwePep, som är utvecklad speciellt för endoge-

na peptider. Genom att jämföra experimentellt detekterade massor mot pep-

tidmassor i databasen kan man snabbt få en uppfattning om vilka peptider 

som finns i provet. Men för att verkligen veta vilka peptider som finns i pro-

vet måste man fragmentera dem och bestämma deras exakta aminosyrese-

kvens. I databasen har vi även lagt till peptiders fragmenteringsspektra som 

kan användas för att verifiera resultaten från sökmotorerna. 
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Utifrån information i SwePep skapades mindre och mer ändamålsenliga 

proteinsekvenssamlingar, som återspeglar innehållet i de analyserade pro-

verna bättre än de sekvenssamlingar som vanligtvis används. Tre ändamåls-

enliga sekvenssamlingar skapades, en med alla proteiner i SwePep, en med 

alla peptider i SwePep och en med förutsagda peptidsekvenser. För att kunna 

förutsäga peptidsekvenser användes spjälkningsmönster som är karaktäris-

tiska för kroppens vanligaste peptidprocessningsenzym, proproteinkonverta-

serna. Dessa enzym spjälkar vanligtvis proteinsekvenser efter två basiska 

aminosyror som i sin tur blir bortkluvna av ett annat enzym. En utvärdering 

av de mer ändamålsenliga sekvenssamlingarna visade att tre gånger så 

många peptider kunde identifieras jämfört med den traditionellt använda 

sekvenssamlingen. Dessutom identifierade 27 kroppsegna peptider som tidi-

gare aldrig identifierats. 

 

För att bättre kunna förstå och tolka fragmenteringsspektra av peptider ska-

pades även två databaser med spektra från ett instrument som genererar 

fragmenteringsspektra med hög massnoggrannhet. Dessa spektra användes 

sedan för att studera fragmenteringsmönster hos tryptiska peptider som inne-

håller mer än en basisk aminosyra. Målet med studien var att undersöka hur 

väl peptider med två basiska aminosyror i peptidsekvensen kunde hålla fast 

två protoner, beroende på var i sekvensen de basiska aminosyrorna var posi-

tionerade. Resultaten visade att peptider har samma förmåga att hålla fast två 

protoner oberoende av var de basiska aminosyrorna fanns i sekvensen. I en 

annan studie karaktäriserades känsligheten och specificiteten av små mass-

förluster från aminosyror i ECD fragmentering av peptider. Massförlusterna 

är aminosyrespecifika och om man kan identifierar förlusten så vet man att 

en viss aminosyra finns i peptidsekvensen. Resultaten från dessa två studier 

kan användas för att med större säkerhet bestämma aminosyresekvensen för 

peptider och dessutom bättre utvärdera resultaten från sökmotorerna.    
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