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Abstract  
 

Trichomonas vaginalis is a human pathogen causing trichomoniasis, one of the most 

common non-viral sexually transmitted diseases in both men and women. Trichomoniasis is 

currently treated with metronidazole, but the pathogen is known to develop resistance against 

this drug. However as the pathogen is eukaryotic, the targets for the pathogen elimination 

without seriously affecting the host are limited. Throughout the evolution Trichomonas vaginalis 

adapted to anaerobic environments by developing an alternative metabolism resulting in a 

reduced form of mitochondria named hydrogenosome. Hydrogenosomes lack genetic 

information, therefore all its proteins are nucleus-encoded and need to be transported inside the 

hydrogenosome using a targeting N-terminal presequence. The peptidase recognizing and 

cleaving those presequences at the entrance of the organelle, the hydrogenosomal processing 

peptidase (HPP), is unique for hydrogenosomes and therefore represents a potential drug target 

against the pathogen.  

In this work the HPP’s substrate specificity towards the targeting presequences was 

investigated. To do so a proteomic analysis of the proteome of Trichomonas vaginalis 

hydrogenosomes was performed using a novel optimized protocol for N-terminal peptide 

sequencing. N-terminal peptides were captured using a negative selection approach and their N-

terminal sequencing was achieved using a bottum-up tandem mass spectrometry analysis. Based 

on the identified N-terminal peptide sequences the proteins present in the original 

hydrogenosomal sample were identified. The relevancy of the proteins obtained was evaluated 

and further improvements were suggested.  

 

 

Key words: hydrogenosomes, protein modification, mass spectrometry, N-terminal 

sequencing  
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Abstrakt  
 

Trichomonas vaginalis je lidským anaerobním patogenem způsobujícím trichomoniasu, 

jednu z nejrozšířenějších nevirových pohlavně přenosných nemocí. Toto onemocnění postihující 

muže i ženy je v současnosti běžně léčeno metronidazolem, avšak jsou známy případy, kdy 

vznikla rezistence vůči tomuto léčivu. Jelikož je Trichomas vaginalis eukaryotní organismus, je 

paleta cílů terapeutického zásahu proti tomuto patogenu bez ohrožení hostitele omezená.  

Během evoluce se Trichomas vaginalis přizpůsobila anaerobnímu prostředí vznikem 

alternativního anaerobního metabolismu, kdy se mitochondrie přeměnily na organely s výrazně 

omezenou enzmatickou výbavou. Jelikož je jedním z konečných produktů energetického 

metabolismu v těchto organelách molekulární vodík, nazývají se tyto organely hzdrogenosomy. 

Hydrogenosomy nemají vlastní genetickou informaci, všechny proteiny v nich přítomné jsou 

kódované v jádře, syntetizované na volných ribosomech v cytosolu a poté transportovány do 

hydrogenosomů pomocí N-koncových presekvencí. Peptidasa rozeznávající a odštěpující tyto 

presekvence, hydrogenosomální procesující peptidasa, je pro hydrogenosomy unikátní 

a představuje jeden z mála potencionálních terapeutických cílů pro léčbu trichomoniasy.  

Cílem této práce bylo určení substrátové specifity hydrogenosomální procesující 

peptidasy, a to pomocí charakterizace N-koncových peptidů po odštěpení N-koncových 

presekvencí. Byla provedena proteomická analýza lyzátu hydrogenosomů Trichomas vaginalis 

pomocí nově navrženého a optimalizovaného protokolu pro N-koncové sekvenování. N-koncové 

peptidy byly z komplexní směsi získány metodou negativní selekce pomocí takzvaného “bottum-

up” přístupu spojením kapalinové chromatografie s hmotnostní spektrometrií. Na základě 

identifikovaných N-koncových peptidů byly zpětně identifikovány hydrogenosomální proteiny 

přítomné v analyzovaném vzorku. Následně byla posouzena relevance nalezených proteinů ve 

vzorku a navrženy kroky pro zlepšení protokolu pro příští experimenty.  

 

Klíčová slova: hydrogenosomy, modifikace proteinů, hmotnostní spektrometrie, 

sekvenování N-terminálních peptidů   
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1. Introduction  
 During the evolution some anaerobic eukaryotic pathogens, such as Trichomonas 

vaginalis, developed a new type of organelle derived from mitochondria. As these pathogens 

inhabit oxygen-poor environment most of its enzymatic equipment for metabolic pathways in 

aerobic environment, including the pyruvate dehydrogenase complex, the citric acid cycle and 

the oxidative phosphorylation, has been lost as well as its own genetic information[1]. The new 

organelle was called hydrogenosome based on its alternative metabolism producing molecular 

hydrogen[2].  

 Hydrogenosome lacks any genetic information, therefore all its proteins are nucleus-

encoded, synthesized in cytosol and need to be transported inside the hydrogenosome. Similarly 

to mitochondria, proteins are targeted to the hydrogenosome by its N-terminal presequence[3], 

which is recognized and removed by specific peptidases (e.g., mitochondrial processing 

peptidase or hydrogenosomal processing peptidase) at the membrane of these organelles. 

Unraveling the substrate specificity of these peptidases could facilitate the development of 

specific inhibitors against the hydrogenosomal peptidases. Such a compound might represent an 

interesting pharmaceutical target for new antiparasitic treatment[4]. 

 

1.1. Trichomonas vaginalis  

Trichomonas vaginalis, an anaerobic parasitic protist first identified by Alfred Donné in 

1836, is a member of phylum Parabasalia under the Excavata supergroup[5,6] (Figure 1, 

page 10).  
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Figure 1: The proposed phylogenetic tree of Eukaryots. The domain Eukarya is divided into six supergroups, 
each consisting of multiple kingdoms. Dotted lines represent yet unproven evolutionary relationships. Trichomonas 
vaginalis is a member of phylum Parabasilia under Excavata supergroup. Adapted from[7].  
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As shown in Figure 2, this anaerobic parasite acquires a pear-like or occasionally 

amoeboid-like shape. Four of its flagella are used for motility, while the function of the fifth long 

flagellum wrapped around its surface is yet unknown; undulating membrane enhances its 

movement in viscous environment and costa serves as mechanical support for the undulating 

membrane (for more detailed description see Table 1 in [8]). According to present knowledge 

Trichomonas vaginalis as well as all members of the phylum Parabasalia do not form cysts[9], 

and express a large variety of adhesive proteins[10].  

 
Figure 2: Schematic depiction of Trichomonas vaginalis. The main cell and fibrillar structures are stated. Adapted 
from [10].  

1.1.1. Trichomonas vaginalis as a human pathogen  

As a human pathogen Trichomonas vaginalis inhabits the urogenital tract and causes 

trichomoniasis, one of the most common non-viral sexually transmitted diseases[4]. This 

pathogen can infect both women and men causing vaginitis or urethritis and prostatitis, 

respectively[11]. The infection ranges from asymptomatic to acute inflammatory disease which 

may lead to reproductive failure and higher predisposition to HIV infection and cervical 

cancer[12]. Trichomoniasis is currently treated with metronidazole, a 5-nitroimidazole antibiotic 

derived from azomycin (see Figure 3, page 12), targeted at the pyruvate:ferredoxin 
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oxidoreductase – an enzyme exclusive for hydrogenosomes. However the pathogen is known to 

develop resistance against this drug[9,12,13] hence further drug design and/or search for the new 

therapeutic targets is necessary[14].  

 
Figure 3: Chemical formulas of azomycin and its derivative metronidazole. Formulas created using ChemDraw.  

1.1.2. Trichomonas vaginalis as a model organism for protein transport studies  

Trichomonas vaginalis is an ideal model organism for studies of protein import and 

export among different cellular compartments (mainly for protein transport into mitochondria 

and mitochondria-like organelles) for several reasons. Firstly, its cultures are easily maintained 

and isolation of pure organelle fractions is easily carried out. Secondly, its genome is already 

known[11] which facilitates the proteomic studies. Lastly, it contains hydrogenosomes instead of 

mitochondria which contain less proteins due to their limited metabolic pathways and thus 

simplify eventual data analysis[15].  

Similiar proteomic study was already carried out in an anaerobic organisms Giardia 

intestinalis with even more reduced organelle of energetic metabolism named mitosome[16]. May 

the approach in this project give satisfying results, other anaerobic pathogens, e.g. Trypanosoma 

brucei, may be studied in this way in the future as well.  

1.2. Comparison of mitochondria and hydrogenosomes  

Mitochondria are the core organelles of energetic metabolism in most eukaryotic 

organisms. Apart from the energetic metabolism mitochondria play a role in the cell cycle, 

apoptosis, signaling and cell differentiation[17,18].  

It is generally accepted that mitochondria in eukarotic cells originate from ancient 

endosymbiosis, where the probable ancestor is an α-protobacterium[19,20]. This is supported by 

the fact that mitochondria bears its own genome[21] coding for polypeptides involved in the 

organelles metabolism as well as rRNAs and tRNAs, although mitochondria are now strictly 

dependent on the nucleus and the nucleus-encoded proteins[22].  
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Hydrogenosomes are organelles of the energetic metabolism found in certain anaerobic 

species. They are most likely derived from mitochondria by adaptation to anaerobic 

environment[11,23,24], although other theories explaining the hydrogenosome to mitochondria 

evolution exist[25]. Hydrogenosomes name is derived from the metabolic pathways in the 

organelle, where molecular hydrogen is produced as the end product.  

Both hydrogenosomes and mitochondria are double membrane organelles, although inner 

hydrogenosomal membrane does not form cristae[24,26]. Further differences are discussed in the 

following sections.  

1.2.1. Differences in organelles metabolism  

The metabolic pathways occurring in hydrogenosomes and mitochondria differ, as shown 

in Figure 4, page 14. Pyruvate as the end-product of classical glycolysis occurring in the cytosol 

is transported into the matrix of the organelles in both cases but then it is processed differently in 

their energy metabolism pathways. In mitochondria pyruvate is oxidized through pyruvate 

dehydrogenase complex (PDH) , Krebs cycle and the respiratory electron transport chain where 

oxygen is the final electron acceptor. In contrary pyruvate in hydrogenosomes is oxidatively 

decarboxylated by pyruvate:ferredoxin oxidoreductase, and two protons serve as terminal 

electron acceptors yielding molecular hydrogen as an end–product. In mitochondria the ATP is 

produced through oxidative phosphorylation while the process in hydrogenosomes involves 

phosphorylation exclusively on the substrate level[27]. Additionally, in hydrogenosomes malate 

can be converted to pyruvate by the action of decarboxylating malate dehydrogenase (malic 

enzyme) and therefore also utilized in the energetic metabolism[28].  

 

To summarize the described metabolic pathways, the simplified schematic overall 

metabolic reactions for pyruvate oxidation in mitochondria and in hydrogenosomes can be 

written as follows:  

 

 pyruvate + O2 + ADP + Pi → CO2 + H2O + ATP    ... mitochondria  

pyruvate/malate + ADP + Pi → acetate + CO2 + H2 + ATP   ... hydrogenosomes  
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Figure 4: Comparison of mitochondria (left) and hydrogenosome (right). Left: metabolic pathways occurring in 
the mitochondria. Mitochondria use oxygen as the final electron acceptor, ATP is produced by means of oxidative 
phosphorylation. Presence of mitochondrial DNA is stated.  
Right:  metabolic pathways in the hydrogenosome. Here two protons are the terminal electron acceptors forming 
molecular hydrogen, ATP is produced exclusively through substrate level phoshorylation. Hydrogenosomes lack 
enzymes of the Krebs cycle, cytochromes and electron transport chain complexes typical for mitochondria.  
CI to CIV stand for the respiratory complexes of the oxidative phosphorylation pathway; UQ: ubiquinone; C: 
cytochrome c; A: ATPase; [1]: pyruvate:ferredoxin oxidoreductase; [2]: acetate:succinate CoA-transferase; [3]: 
succinyl-CoA synthetase; [4]: hydrogenase; [5]: malic enzyme (malate dehydrogenase, decarboxylating); [6]: 
pyruvate dehydrogenase complex. Adapted from [29]. 

1.2.2. Protein transport  

In contrast to mitochondria, hydrogenosomes do not posses intrinsic DNA. All 

hydrogenosomal proteins are coded in the nucleus, and therefore have to be targeted and 

transported into the organelle. In mitochondria several core components of the oxidative 

phosphorylation complexes are produced directly in this organelle, but a vast majority of the 

mitochondrial proteins are nucleus-encoded, translated at the ribosomes and transported into the 

mitochondria[30]. Hydrogenosomes are double membrane organelles and as well as mitochondria 

can be divided into four compartments: the outer membrane, inner membrane, intermembrane 

space and matrix. Proteins targeted into diverse compartments are processed subsequently at the 

entry into each of these compartments in a similar way in both mitochondria and 

hydrogenosomes[20,31]. The targeting signal may be an N-terminal cleavable presequence or 

various integral signals which remain a part of the mature protein[32,33].  

Transport of the nucleus-encoded proteins into the organelle is facilitated by several 

membrane proteins, as shown in Figure 5, page 15 for hydrogenosomes. Proteins targeted into 

the matrix of the organelle are transported across the outer membrane by the translocase in the 
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outer membrane (TOM) and subsequently across the inner membrane by the corresponding 

translocase (TIM) with the assistance of the presequence associated motor (PAM). At the 

entrance into the organelle matrix the N-terminal targeting presequences of the proteins are 

cleaved of by mitochondrial processing peptidase (MPP), or in case of hydrogenosomes, 

hydrogenosomal processing peptidas (HPP)[34,35]. In the mitochondrial matrix several other 

peptidases participate in the proteolytic cleavage of the incoming proteins, e.g., octapeptidyl 

aminopeptidase 1 (Oct1) and intermediate cleaving peptidase 55 (Icp55)[18,32]. In the case of 

hydrogenosome only little information is known on other peptidases than HPP.  

 

  
Figure 5: Illustration of the protein import machin eries in Trichomonas vaginalis hydrogenosome. Nucleus-
encoded preproteins with their targeting presequence approach the hydrogenosome. Proteins targeted into the 
hydrogenosomal matrix are recognized by Tom complex and translocated into the intermembrane space, where they 
are further sorted and translocated by Tim complex with the help of PAM complex into the matrix. There the N-
terminal targeting presequence is cleaved of by HPP to form the mature protein.  
OM: outer membrane; IMS: intermembrane space; IM: inner membrane; Tom: translocase in the outer 
mitochondrial membrane; Sam: sorting and assembly machinery complex; Hmp: hydrogenosomal membrane 
protein; Tim: translocase in the inner mitochondrial membrane; PAM complex: presequence translocase-associated 
motor complex; HPP: hydrogenosomal processing peptidase consisting of α and β subunits. Adapted from[1]. 
 

Both MPP and HPP are heterodimeric zinc metallopeptidases subsisting of structurally 

related α and β subunits, where α subunit has a regulatory function, while the β subunit bears the 

catalytic function[36]. The β subunit of both enzymes is characterized by a conserved amino acid 

motif HXXEHX76E binding a zinc cation in the core, the α subunit has a flexible glycine-rich 

loop crucial for substrate recognition[36,37]. During proteolytic cleavage the N-terminal targeting 
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presequences are captured and immobilized in a negatively charged cavity between those two 

subunits.  

However the substrate specificity of the HPP is not completely known yet, some general 

information may be suggested based on the comparison with MPP. The N-terminal presequences 

processed by MPP are known to be approximately 20-60 amino acid residues long, have an 

overall positive charge, probably form an amphiphilic α-helix and bear an arginine residue at the 

-2 position relative to the cleavage site[37,38]. Many N-terminal presequences of the 

hydrogenosomal proteins share similar features as the mitochondrial ones[3,18,39], with an arginine 

residue possible at both the -2 and -3 position relative to the cleavage site and possess 

a significant amount of leucine and serine residues, but some were also shown to be much 

shorter (5-12 amino acid residues)[40]. More insight into the N-terminal presequences of 

hydrogenosomal proteins is definitely desirable in order to identify the differences in substrate 

specificity between the HPP and MPP. Such knowledge would provide more possibilities for 

eliminating this pathogen more efficiently in the future. 

1.3. N-terminal sequencing  

In order to investigate the N-terminal sequences of the hydrogenosomal proteins, several 

techniques were considered. Various approaches for N-terminal de novo sequencing have been 

developed and published. One of the widely used technique is Edman degradation, other 

methods considered utilize mass spectrometry.  

1.3.1. Edman degradation  

This technique developed by Pehr Edman in 1949 allows to determine peptides‘ amino 

acid sequences from their N-termini[41]. In this procedure, phenylisothiocyanate reacts with a 

peptide chain under mildly basic conditions, which results in the formation of a cyclic 

phenylthiocarbamoyl structure with the N-terminal amino acid. This cyclic intermediate is then 

heated and as shown in Figure 6, page 17, under mildly acidic conditions the modified N-

terminal amino acid moiety is cleaved off. The thiazolinone derivative of the first cleaved 

derivatized amino acid is subsequently extracted into an organic solvent, where it is converted 

into more stable phenylthiohydantoin (PTH-) amino acid. The PTH-amino acid is then analyzed 

using liquid chromatography and the cycle of N-terminal sequencing is repeated.  
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Figure 6: The schematic overview of Edman degradation. Phenylisothiocyanatan reacts with the N-terminal 
amino acid of a polypeptide chain and under mildly alkaline conditions forms a cyclic phenylthiocarbamoyl 
structure. Upon heating and under mildly acidic conditions the first derivatized N-terminal amino acid is cleaved off, 
extracted into an organic solvent and there converted to stable phenylthiohydantoin derivative (PTH-amino acid), 
which is subsequently analyzed using reverse-phase liquid chromatography. Formulas created using ChemDraw. 
 

The procedure can be performed with peptides no longer than 50 amino acids with their 

disulfide bonds fully reduced. The advantage of this approach is that the amino acids are cleaved 

off one by one from the N-terminus without disrupting the rest of the peptide chain. This 

technique became automated in 1967[42] making it more feasible for high-throughput analyses.  

On the other hand, this method requires a free N-terminal amino acid in order to react with the 

modifying agent. Many eukaryotic proteins bear post-translational modifications at the N-

terminus such as acetylation[43] and hence cannot be studied by this technique. Therefore other 

methods for N-terminal protein sequencing proteins are crucial.  
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1.3.2. Mass spectrometry and its instrumentation  

Mass spectrometry (MS) is a powerful analytic technique for studying ionized molecules 

in the gas phase. The analytes which can be studied using MS range from proteins through 

peptides, polar lipids, nucleotides or small molecules to carbohydrates[44]. The role of MS in 

proteomics is discussed further in section 1.3.3.  

Every mass spectrometer consists of an ion source, mass analyzer, detector and a device 

for computational data processing. Different types of ion sources and mass analyzers are 

discussed below. A schematic depiction of a MALDI-TOF mass spectrometer is shown in 

Figure 7.  

 
Figure 7: A schematic depiction of a MALDI-TOF mass spectrometer. Sample on the MALDI target is 
irradiated with laser pulses causing the desorption and ionization of the matrix and analyte. The matrix evaporates 
and donates a proton to the analyte, thus causing its ionization. The analyte ions (mostly bearing one positive 
charge) proceed to the time-of-flight mass analyzer. Here the molecules of analytes are separated based on their 
mass. Adapted from[45].  

1.3.2.1. Ionization techniques  

Various techniques to ionizie the analyte and transfer it to the gas phase inside a mass 

spectrometer were developed, namely electron impact (EI), chemical ionization (CI), 

atmospheric pressure chemical ionization (APCI), fast atom bombardment (FAB). These 

technique are suitable for the ionization of small molecules, but are unsuitable for large 

biologically relevant samples such as peptides or proteins. For proteomic studies two other 

ionization techniques are of paramount importance – the electrospray ionization (ESI)[46] and 

matrix-assisted laser desorption/ionization (MALDI)[47]. Since the development of these „soft“ 

ionization techniques in the 1980s it is now possible to transmit even large macromolecules into 

the gas phase and ionize them making MS applicable for studying biomolecular structures[44].  
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Electropray ionization  

The electrospray ionization method allows the investigation of even large fragile 

biological macromolecules. In this procedure the analyte is dissolved in a solvent and pumped 

through a needle with a very small diameter. At the tip of the needle high voltage is applied and 

the droplets of the liquid containing the analyte gradually disintegrate. During this process of 

ionization solvent donates a proton to the analyte forming ionized spray. The ionized droplets are 

passed through heated gas which causes solvent evaporation and subsequent increase in the 

surface charge of the droplet as it gradually becomes smaller. Once a droplet reaches a critical 

surface charge density value, which is described by so-called Rayleigh limit, a coulombic 

explosion caused by the repulsion of charges occurs forming more smaller ionized droplets. This 

process continues until all the solvent evaporates and the multiply charged analyte molecules 

enter the mass analyzer[48].  

 
Figure 8: A schematic depiction of the ESI technique. Ionized droplets containing the analyte travel into the mass 
analyzer through a counter-flow of heated inert gas. The solvent evaporates and surface charge of the droplets 
increases, until it eventually reaches a critical value where the droplets explode and form more smaller ionized 
droplets. Adapted from[49]. 

Matrix assisted laser desorption/ionization  

The MALDI technique developed in the 1980s[47,50] is another way of „soft“ analyte 

ionization producing predominantly singly charged ions. During the MALDI procedure an 

analyte is deposited on a target plate with a large excess of crystallic matrix and subsequently 

subjected to pulsed UV laser irradiation. For this a nitrogen laser emitting at the wavelength of 

337 nm is usually used. The matrix primarily absorbs the energy of the laser and evaporates, 



20 
 

facilitating the evaporation and ionization of the analyte in a complex process[51]. Schematic 

depiction of the ionization is shown in Figure 7, page 18.  

There are several restrictions for the MALDI matrix – it has to be stable in vacuum, has 

to absorb energy in the wavelength range of the laser used and has to be miscible with the 

analyte. For measurements in a positive ion MS mode the matrix also has to be acidic in order to 

be able to donate proton to the analyte molecule. For biomolecular studies the mostly common 

used matrices are dihydroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic acid (HCCA) and 

sinapinic acid (SA). Examples of several matrices used for MALDI-MS analyses are shown in 

Figure 9.  

 
Figure 9: Examples of matrices used for MALDI-MS analyses. DHB: 2,5-dihydroxybenzoic acid; HCCA: α-
cyano-4-hydroxycinnamic acid; HPA: 3-hydroxypicolinic acid; SA: sinapinic acid. Formulas created using 
ChemDraw.  

1.3.2.2. Mass analyzers  

Various analyzers with different characteristics were developed. Thus the mass 

separation of the ionized analyte in the mass analyzer may be performed based on different 

principles. In this work the time-of-flight (TOF) and Fourier transform ion cyclotron resonance 

(FT-ICR) mass analyzers were used and are therefore presented.  

Time-of-flight  

The time-of-flight mass analyzer measures the m/z of ions accelerated in an electric field. 

The ionized analyte (often from MALDI source) travels through an evacuated flight tube and the 

mass of the analyte is determined depending on the time the ions need to travel from the 

ionization source to the detector. Before reaching the detector the ions can be reflected using an 

ion mirror to correct for their slight initial energy differences and to lenghten their trajectory in 

order to get higher mass resolution[52]. Different types of flight tubes varying in their shape, 

length and therefore in the obtained mass measurement resolution and ion transmission 
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efficiency are available. A schematic depiction of the TOF mass analyzer is shown in Figure 7, 

page 18. 

Fourier transform ion cyclotron resonance  

The Fourier transform ion cyclotron resonance (FT-ICR) mass analyzer consists of a cell 

under strong magnetic field. Charged analytes, upon an external radio-frequency excitation, 

rotate in this magnetic field on a decaying circular trajectory with frequencies corresponding to 

their m/z ratio. Those frequencies can be measured for all the ions in the FT-ICR cell 

simultaneously and the resulting complex signal transients are then resolved into the frequencies 

and m/z ratios of individual species using the Fourier transform.  

This analyzer is able to accumulate ions for MS/MS analysis for up to several minutes[53]. 

It can offer, depending on the strength of the equipped superconducting magnet, the highest 

resolving power and mass accuracy (mass precision routinely below 2 ppm with external 

calibration).  

1.3.3. Mass spectrometry based proteomics  

During the last two decades mass spectrometry (MS) became one of the core tools in 

proteomic research[54]. This was caused by the rapid development of ionization techniques, 

improvements in sample preparation methods and development of data analysis software. In the 

field of proteomics, MS can be utilized in three different areas – for the quality control of 

recombinant protein production, detection and characterization of post-translational 

modifications and protein identification[44]. The latter can be performed by two different 

approaches – peptide mass fingerprinting (PMF) or peptide sequencing using tandem mass 

spectrometry[55].  

In the PMF approach proteins are first cleaved by a specific endoprotease, which yields a 

characteristic set of peptides typical for the original protein[56]. The absolute mass of the peptides 

is measured using a mass spectrometer and the results are compared with protein sequence 

databases, which are also theoretically (in silico) cleaved with the same protease as the analyzed 

proteins. The original protein is then identified based on the match of the experimental peptide 

masses with masses of in silico generated theoretical cleaved peptides.  

In the peptide sequencing approach experimental information both on the peptide mass 

and the peptide sequences is gained. Analyzed proteins are also proteolytically digested and then 
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separated and analyzed using a combination of high-performance liquid chromatography and 

mass spectrometry[53,57]. During the mass spectrometry analysis the ions corresponding to the 

individual peptides are isolated and fragmented by collision or other dissociation techniques in 

the mass spectrometer. The resulting fragment ions are again separated in another MS analysis, 

producing the MS/MS spectrum. These peptide fragments can be divided into particular ionic 

series depending on the sites of peptide backbone fragmentation[58] as shown in Figure 10.  

 
Figure 10: Nomenclature of the ions resulting from peptide MS/MS fragmentation. Several bonds along the 
peptide backbone can be broken during peptide fragmentation. The most common b and y ions are generated 
through fragmentation of peptide bonds. Adapted from[58].  
 

The ions resulting from peptide fragmentation[58] theoretically form a ladder and by 

measuring the mass differences between ion peaks in a single ion series, the peptide sequence 

can be determined[59]. This approach may be also called the de novo peptide sequencing[60]. Apart 

from the de novo sequencing, which is tedious and difficult to automate, there are also 

techniques to analyze MS/MS data based on automated comparison with protein sequence 

databases[61]. One of those identification algorithms is Mascot, commercially available from 

MatrixScience[62], used in this project. The algorithm compares the experimental data from 
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MS/MS analyses with data obtained by in silico treating the protein sequences from the database 

exactly as the experimental sample. Therefore it is crucial to provide the search algorithm with 

precise parameters such as the origin of the sample (taxonomy), proteolytical enzyme used, 

possible modifications, instrument used for MS/MS analysis and more as stated in section 4.4.6. 

The algorithm simulates fragmentation spectra of the theoretically generated peptides and 

compares them with the experimental data. Depending on probability-based scoring of peptide 

matches the proteins are identified.  

In comparison to the PMF the protein identification technique based on MS/MS peptide 

sequencing is suitable for high-throughput analyses of complex protein mixtures[63] as it 

experimentaly identifies the aminoacid sequences of the peptides instead of relying on the 

precise peptide masses only, which are often not unique in systems containing more proteins.  

MS based N-terminal sequencing  

Mass spectrometry based proteomics is also a valuable technique for gaining information 

on the N-terminus of proteins. As mentioned in section 1.3.1., Edman degradation, otherwise an 

excellent technique for determing the sequences of N-terminal peptides, is not useful for proteins 

modified at the N-terminus. Since N-terminal modification is a frequent post-translational 

modificationin eukaryotic organisms[43,64], other techniques based on mass spectrometry had to 

be considered.  

Most of those techniques include primary amine chemical modification, proteolytic 

digestion, separation of the N-terminal peptides from the internal ones and tandem mass 

spectrometry analysis of the N-terminal peptides. The separation of N-terminal and internal 

(including C-terminal) peptides can be performed on a negative or positive selection basis. More 

common is the negative selection approach, where the internal peptides are depleted from the 

complex peptide mixture after digestion using affinity capture, thus enriching the N-terminal 

peptides[65,66]. In other methods the internal peptides are chemically modified after digestion to 

introduce a retention time shift. In the case of positive selection methods N-terminal peptides are 

modified prior to the digestion and enriched using this modification[67].  

For the chemical modification of primary amines several approaches were presented. In 

some works, all α-amino groups of lysines are selectively modified with o-methylisourea, while 

N-terminal ε-amino groups are affected only minimally[68]. Modification of lysines with o-

methylisourea, so-called guanidination, forms homoarginines, which are easily ionized and 
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therefore facilitate peptide detection during MS/MS analysis in positive mode[69,70,71,72]. The N-

terminus of the N-terminal peptide is then modified with a different modifying agent and 

enriched using positive selection[73], or especially for naturally N-terminally modified proteins, 

the N-terminal peptides are enriched using a negative selection[74]. This is an excellent method 

for N-terminal peptide capture facilitating the subsequent tandem mass spectrometry analysis. 

However as guanidination also occurs to a small extent at the N-termini of the proteins, those N-

terminal peptides are then lost when positive selection is used[69]. 

In other cases all primary amino groups (both α-amino groups of lysines and ε-amino 

groups of N-termini) are modified by acetylation[18] using NHS-esters[75,76] or anhydrides. 

Subsequently the proteins are digested and the N-terminal peptides are enriched using one of the 

negative selection approaches described below. 

Several approaches for the N-terminal peptides enrichment after protein digestion were 

presented. One of the most common procedures is affinity capture using a biotin-avidin system 

in either a negative or positive selection. In the negative approach, internal peptides are modified 

with biotin and subsequently bound to avidin resin. This bond being one of the strongest known 

in the nature (dissociation constant KD ~10-15M)[77] serves as a perfect way to effectively deplete 

all the bound internal peptides. 

In the positive approach, N-termini of proteins previously modified at the α-amino groups 

of lysines with o-methylisourea are biotinylated with NHS-SS-biotin prior to the protelytic 

digestion. After digestion samples are incubated with avidin resins, where N-terminal 

biotinylated peptides bind and internal peptides are discarded. The bound peptides are then 

released from the resin by oxidative cleavage of the disulfide bond with performic acid[67,73]. 

However releasing the bound peptides from avidin resins may be problematic as peptides with 

resulting free sulfhydryl groups may form adducts impossible to identify after MS/MS analysis.  

Other procedures of negative selection after protein digestion include binding the internal 

peptides to tosylhydrazine glass[78], DITC-glass[66,74,79,80,81] or NHS-sepharose[65] selectively by 

their α-amino groups and their subsequent depletion from the peptide mixture by filtration or 

centrifugation. 

Another method of N-terminal peptide capture is based on so-called COFRADIC analysis 

(standing for "combined fractional diagonal chromatography")[18,82]. In this procedure all primary 

amines are acetylated and proteins are digested with trypsin. After the proteolytical cleavage all 
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peptides are separated to several fractions using reverse-phase high-performance liquid 

chromatography (RP-HPLC). Following this primary chromatography fractionation, all peptides 

present in one fraction are treated with 2,4,6,-trinitrobenzenesulfonic acid (TNBS), while only 

internal peptides are modified at their N-termini. The introduced trinitrophenyl moiety provides 

the internal peptides with a significant hydrophobic shift. A second RP-HPLC run is performed 

for each fraction, where the internal peptides shift to later elution time due to their increased 

hydrophobicity. The unmodified N-terminal peptides eluting at the same time as in the primary 

RP-HPLC run are collected and analyzed using tandem mass spectrometry.  

 

In the protocol for N-terminal peptide capture and analysis presented in this project we 

tried to combine advantages from the protocols listed above. Our protocol is based on a negative 

selection approach, as shown in Figure 11, page 26. Initially, all primary amines in the proteins – 

lysines and N-termini – are modified by propionylation. Followed by protein cleavage with a 

specific protease, the internal and C-terminal peptides are selectively modified at the newly 

formed N-termini and removed from the complex protein digest using affinity capture. In this 

protocol the biotin-avidin system of affinity capture was applied. The remaining N-terminal 

peptides are subsequently analyzed using a tandem mass spectrometry approach.  
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Figure 11: An overview of the N-terminal peptide capture workflow. Firstly, all primary amines (lysines and N-
terminus) are modified - in this work propionylation was applied. Subsequently all disulfide bonds are reduced and 
free sulfhydryl groups are protected by alkylation. Proteins are then digested with a specific endoprotease and after 
the proteolytic cleavage the internal and C-terminal peptides are depleted from the complex peptide mixture. In this 
work the process of the internal and C-terminal peptides removal involves biotinylation of their N-termini and 
subsequent binding to neutravidin resin. The remaining N-terminal peptides are analyzed using LC-MS/MS 
approach and based on their assigned sequences the proteins from which the peptides originate are identified. When 
combining the found N-terminal peptide sequence with the whole protein sequence, the N-terminal presequence 
cleaved at the entrance of the hydrogenosome can also be determined. Adapted and edited from [83].  
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2. Aims of the project  
 

 Proteomic analysis will be carried out on the hydrogenosomal proteome of Trichomonas 

vaginalis using a tandem mass spectrometry approach. To achieve this goal the work has been 

split into several steps.  

 

• isolation of hydrogenosomes from Trichomonas vaginalis will be performed  

• a novel protocol for N-terminal peptide capture will be developed and optimized in order 

to pin-point all the possible obstacles  

• the optimized protocol will be used to obtain the N-terminal peptide sequences of 

hydrogenosomal proteins  
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3. Materials  

3.1. List of chemicals  
 

• 4-ethylmorpholine  Fluka, Germany  

• [Val5] angiotensin I, synthetic Sigma, USA  

• acetanhydride  Sigma-Aldrich, USA 

• acetic acid  Sigma-Aldrich, USA 

• acetone, LiChrosolv LC-MS hypergrade  Merck, Germany 

• acetonitrile, LiChrosolv LC-MS hypergrade  Merck, Germany  

• aqua pro injectione  Ardeapharma, Czech republic  

• ammonium ferric citrate  Sigma-Aldrich, USA  

• Bicinchoninic acid protein assay kit  Sigma-Aldrich, USA  

• bovine serum albumin  Sigma-Aldrich, USA 

• Complete protease inhibitor cocktail  Roche, Switzerland  

• chloroform  Sigma-Aldrich, USA 

• chymotrypsin, sequencing grade  Roche, Switzerland  

• diethylether, p.a.  Merck, Germany  

• DMSO, SeccoSolv Merck, Germany  

• endoprotease Asp-N  Roche, Switzerland  

• endoprotease Glu-C, sequencing grade  Roche, Switzerland  

• ethanol, p.a.  Lachner, Czech republic  

• ethanolamine  Sigma-Aldrich, USA 

• formic acid  Fluka, Germany  

• guanidine hydrochloride  Sigma, USA  

• High Capacity NeutrAvidin Agarose Resin  Thermo Scientific, USA  

• HCCA matrix, MS grade  Bruker Daltonics, Germany  

• immobilized TCEP disulfide reducing resin  Thermo Scientific, USA  

• iodoacetamide  Sigma-Aldrich, USA 

• isopropanol, LiChrosolv LC-MS hypergrade  Merck, Germany  

• L-ascorbic acid  Sigma-Aldrich, USA  
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• L-cysteine hydrochloride monohydrate  Sigma-Aldrich, USA  

• leupeptin  Roche, Switzerland  

• lysozyme, from hen egg white  Fluka, Germany  

• MALDI peptide calibration standard II  Bruker Daltonics, Germany  

• maltose  Sigma-Aldrich, USA  

• methanol, p.a.  Lachner, Czech republic  

• Monomeric Avidin UltraLink Resin  Thermo Scientific, USA  

• MRFA (Met-Arg-Phe-Ala), synthetic  Sigma, USA  

• NeutrAvidin Plus UltraLink Resin  Thermo Scientific, USA  

• NHS-acetate  ICN Biomedicals, USA  

• NHS-biotin Thermo Scientific, USA  

• NHS-propionate  Wako Pure Chem. Ind., Japan  

• potassium chloride Sigma-Aldrich, USA 

• potassium phosphate monobasic Sigma-Aldrich, USA  

• propionic anhydride  Sigma-Aldrich, USA  

• RapiGest (digest enhancing detergent)  Waters, USA  

• sucrose  Sigma-Aldrich, USA 

• sodium chloride  Sigma-Aldrich, USA  

• sodium phosphate monobasic dihydrate  Sigma-Aldrich, USA 

• sodium phosphate dibasic dodecahydrate  Sigma-Aldrich, USA 

• sulfo-NHS-SS-biotin Thermo Scientific, USA  

• TCEP  Thermo Scientific, USA  

• TLCK  Sigma-Aldrich, USA  

• tryptone  Oxoid, UK 

• triethylamine  Sigma, USA  

• trichloroacetic acid  Sigma-Aldrich, USA  

• trifluoroacetic acid  Sigma-Aldrich, USA  

• Tris  Sigma-Aldrich, USA 

• trypsin Gold, MS grade  Promega, USA  

• water, LiChrosolv LC-MS hypergrade  Merck, Germany  
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• yeast extract  Oxoid, UK  

 

• carbon dioxide  Messer, Czech republic  

 

• other chemicals used were p.a. or research grade 

 

Bioreagents:  

• Trichomonas vaginalis strain T1  

• horse serum  Invitrogen, USA 

 

3.2. Media, buffers and solvents  

• Diamond TYM medium:  

0.16 g K2HPO4; 0.16 g KH2PO4; 0.04 g L-ascorbic acid; 0.2 g L-cysteine hydrochloride; 

1.0 g maltose; 2.0 g yeast extract; 4.0 g trypton; 200 µl ammonium iron (III) citrate; sterile 

distilled water added up to 180 ml, pH adjusted to 6.2 with 1M HCl, sterilized in autoclave; 

horse serum added up to 5% (9 ml) on the following day  

 

• Bicinchoninic acid protein assay kit  

bicinchoninic acid solution  

- reagent A is a 1.0 ml solution containing bicinchoninic acid, sodium carbonate, sodium 

tartrate, and sodium bicarbonate in 0.1M NaOH; final pH 11.25  

copper(II) sulfate pentahydrate 4% Solution  

- reagent B is a 25 ml solution containing 4% (w/v) copper(II) sulfate pentahydrate  

- bovine serum albumin (BSA) used as a protein standard was prepared by diluting 

lyophilized BSA in LC-MS grade water in different concentrations as stated in section 

4.1.1.  

• Phosphate buffered saline, pH 7.4:  

4.27mM Na2HPO4•12 H2O; 1.47mM KH2PO4; 0.137M NaCl; 2.68mM KCl; sterile 

distilled water added up to 1000 ml; pH adjusted to 7.4 
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• 1× ST buffer, pH 7.2:  

250mM sucrose; 10mM Tris; 0.5mM KCl; sterile distilled water added up to 500 ml, pH 

adjusted to 7.2  

• 50mM TEAC, pH 8.9 or 7.5:  

69.7 µl triethylamine; LC-MS hypergrade water up to 10 ml; saturated with CO2 until 

reaching the desired pH  

• 50mM TEAC + 6M guanidine hydrochloride, pH 8.9 or 7.5:  

5.73 g guanidine hydrochloride; 69.7 µl triethylamine; LC-MS hypergrade water up to 

10 ml; saturated with CO2 until reaching the desired pH 

• 10mM ethylmorpholine buffer + 10% ACN, pH 8.3:  

17.72 µl 4-ethylmorpholine; 1.4 ml ACN; 12.6 ml water; pH adjusted to 8.3 with acetic 

acid  

• 1.5M Tris-Cl, pH 8.8  

Bio-Rad, USA 

• Phosphate buffered saline, pH 7.2:  

0.1M sodium phosphate: 25mM NaH2PO4•2 H2O, 75mM Na2HPO4•12 H2O; 0.15M NaCl; 

LC-MS hypergrade water; pH adjusted to 7.2 

 

• solvents for Peptide/Protein Micro/Macro Trap reverse-phase chromatography (LC-

MS hypergrade solvents used):  

• solvent C – cleaning:  

40% ACN; 20% methanol; 20% isopropanol; 5% TFA; 5% FA; water  

• solvent A – equlibration, wash:  

0.4% FA in water 

• solvent E - elution:  

90% ACN; 1.0% FA ; water  

• HCCA matrix for MALDI-MS (LC-MS hypergrade solvents used):  

ACN; water; saturated solution of HCCA in methanol (1:1:1)  
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• solvents for LC-MS analysis (LC-MS hypergrade solvents used):  

• solvent A:  

1% ACN; 0.1% TFA - degassed by sonication under vacuum using membrane filter 

Express PLUS 

• solvent B:  

95% ACN; 0.08% TFA - degassed by sonication under vacuum using membrane filter 

Express PLUS 

• HCCA matrix for LC-MALDI-MS (LC-MS hypergrade solvents used):  

1496 µl ACN; 16 µl 10% TFA; 16 µl 100mM NH4H2PO4 in 0.1% TFA; 72 µl saturated 

solution of HCCA in 90% ACN / 0.1% TFA  

3.3. Instruments  

• mass spectrometer Apex, Qe-ULTRA 

 Bruker Daltonics, Germany  

• mass spectrometer UltraFlex III Bruker Daltonics, Germany 

• high-performance liquid chromatography system UltiMate with UV detector and 

autosampler Famos  Dionex,USA  

• robotic fraction collector Proteineer fc Bruker Daltonics, Germany 

• high-performance liquid chromatography pump Prominence LC-20AD  

 Shimadzu, Japan  

• centrifuges:  

o centrifuge Avanti J-26 XPI; swing-out rotor JS-5.3  

 Beckman-Coulter, USA  

o table centrifuge Universal 32 R; swing-out rotor 1619  

 DJB Labcare, UK (Hettich Lab, Germany)  

o ultracentrifuge Beckman Optima L-90K; angle rotor TI 50.2  

 Beckman-Coulter, USA  

o table centrifuge MiniSpin; angle rotor F45-12-11 Eppendorf, Germany  

o table centrifuge 5415R; angle rotor F45-24-11 Eppendorf, Germany  

• Beckman polycarbonate centrifuge bottles  Beckman-Coulter, USA  

• reverse-phase columns Peptide/Protein Micro/Macro Trap Michrom Bioresources, USA 
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• microsyringes Hamilton 50 – 500 µl Hamilton, Switzerland  

• membrane filter Express PLUS; 0.22 µm  Millipore, USA 

• MALDI target AnchorChip 800/384 T F  Bruker Daltonics, Germany  

• MALDI target Standard 384 polished steel T F  Bruker Daltonics, Germany  

• MALDI adapter MTP target frame III  Bruker Daltonics, Germany  

• reverse-phase chromatography column Magic C18AQ 5µ 200Å 150mm×0.2mm  

   Michrom Bioresources, USA 

• automatic pipettes Gilson, France / Thermo Scientific, USA 

• vortex Wizard Velp Scientifica, Italy  

• SpeedVac concentrator Savant SPD121P with refrigerated vapor trap RVT400

 Thermo Scientific, USA  

• sonicator Vibracell 72405  Bioblock Scientific, France  

• sonicator Sonorex RK52H Bandelin, Germany 

• analytical scales ALJ 220-4 Kern, Germany 

• pH meter Orion2 Star with pH electrode Biotrode  

  Thermo Scientific, USA / Hamilton, Switzerland 

• block heater BTD Grant Instruments, UK 

• water bath WB10 Memmert, Germany  

• incubator Innova 4300  New Brunswick Scientific, USA  

• universal pH indicator strips  Lachner, Czech republic  

• NanoDrop 2000 spectrophotometer  Thermo Scientific, USA  

• deep freezer −75 °C VXE 380 Jouan, France 

• plastic Falcon type tubes 15 and 50 ml, pipette tips, 

microtubes TPP, Switzerland  

• 250 µl polypropylene vials with PTFE/silicon septum for autosampler  

 Agilent Technologies, USA  

3.4. Software  

• flexAnalysis 1.3, v3.3 Bruker Daltonics, Germany  

• Data Analysis Version 4.0 SP 5 (build 283)  Bruker Daltonics, Germany 
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• flexControl 1.3, v3.3 Bruker Daltonics, Germany 

• WARP-LC Version 1.2 (build 94) Bruker Daltonics, Germany 

• BioTools Version 3.2 (build 1.31)  Bruker Daltonics, Germany 

• Mascot ver. 2.2.04 in-house server with SwissProt and UniProt databases  

(using database of Trichomonas vaginalis proteins combined from SwissProt and Trembl, 

up to date Jan 2013) Matrix Science, UK 

• mMass Version 5.3.0[84] Martin Strohalm, Czech Republic  
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4. Methods  
The experimental workflow consists of the following steps as shown in Figure 12:  

 
Figure 12: Workflow of the protocol for N-terminal peptide capture.  

 

Samples were examined at protein and peptide levels after subsequent steps using mass 

spectrometry analysis.  

4.1. Trichomonas vaginalis cultivation and hydrogenosome isolation  

Trichomonas vaginalis strain T1 was cultured in the Diamond TYM medium with 

5% horse serum for three days at 37 °C. Cells were passaged everyday into a ten times higher 

volume of fresh Diamond TYM medium until 2 litres of culture were obtained.  
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The Trichomonas vaginalis culture was centrifuged at 2500×g at 4 °C for 15 minutes. 

Supernatants were roughly decanted and the concentrated cell suspensions were centrifuged at 

1055×g at 4 °C for 15 minutes (centrifuge Hettich Zentrifugen Universal 32 R; swing-out rotor 

1619). Supernatants were decanted, the cell pellets were washed twice in PBS, pH 7.4 and once 

in 1× ST buffer, pH 7.2.  

Washed cell pellets were resuspended in 20 ml 1× ST buffer with protease inhibitors: 

20 µl TLCK (25 mg/ml) and 20 µl leupeptin (5 mg/ml) were added and the cell suspension was 

sonicated with 1 s long pulses for 7 minutes. The process of cell disruption was monitored 

throughout the lysis process using microscopy. 

The cell lysates were centrifuged at 680×g at 4 °C for 15 minutes. Supernatant was 

transferred into two Beckman polycarbonate centrifuge bottles and centrifuged at 22025×g at 

4 °C for 30 minutes.  

The resulting pellet representing the hydrogenosome (mitochondria-like) fraction 

contained brown hydrogenosomes in the middle and white lysozomes at the edges. Lysozomes 

were roughly removed from the hydrogenosome pellet by suction with a Pasteur pipette under 

vacuum. Hydrogenosomes were resuspended in 500 µl 1× ST buffer with 1 µl of TLCK 

(25 mg/ml) and 1 µl of leupeptin (5 mg/ml). The concentrated hydrogenosome suspension was 

aliquoted and stored at −75 °C for further use.  

4.1.1. Protein content determination  

Total protein content in the hydrogenosome suspension was determined with a 

commercially available bicinchoninic acid assay (BCA). The BCA assay is an improvement of 

biuret reaction, where proteins complex Cu2+ ions under alkaline conditions. The complex 

formation is followed by reduction of Cu2+ ions to Cu1+ by peptide bonds (and amino acid 

residues of cysteines, tryptophanes and tyrosines). Bicinchoninic acid complexes the resulting 

Cu1+ forming a purple-blue complex with absorption maximum at 562 nm, thus increasing the 

sensitivity of the assay. As the amount of Cu2+ to Cu1+ reduction is proportional to the protein 

content, colorimetric detection of BCA-Cu1+ complex corresponding to the total protein content 

is possible[85].  

Several concentrations of BSA protein standard solution (0; 0.25; 0.5; 0.75; 1.0; 1.5; 

2.0 mg/ml) for calibration curve measurement and analogously several dilutions of isolated 

hydrogenosomes with LC-MS grade water were prepared.  
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Working solution (WS) was prepared by adding 200 µl of CuSO4.5H2O (reagent B) to 

10.0 ml of alkaline BSA solution (reagent A) and mixing the solution thoroughly until light 

green.  

Samples including protein standard and blank were mixed with working solution in 1:20 

ratio (80 µl WS + 4 µl diluted sample / 4 µl diluted protein standard samples / 4 µl water as 

blank) and incubated at 37 °C for 30 minutes. Absorption of samples at the wavelength of 

562 nm was measured in triplicates on a NanoDrop 2000 spectrophotometer and the protein 

concentration of hydrogenosome suspension was determined.  

4.2. Protein isolation  

Hydrogenosomal proteins were isolated using three different approaches in order to 

determine the procedure giving the best protein yield and sample purity. The procedures 

examined were acetone precipitation, lysis with detergent Triton X-100 and alkaline lysis with 

TCA protein precipitation. Several aliquots from each procedure were prepared and stored at 

−75 °C for further experiments.  

Resulting samples were analysed at peptide level using MALDI-TOF and LC-MALDI-

TOF/TOF as described in sections 4.4.1.1. and 4.4.1.2.  

4.2.1. Acetone lysis and precipitation  

An aliquot of 5 µl of hydrogenosomal suspension (200 µg hydrogenosomal proteins) was 

diluted in 195 µl LC-MS grade water, ice-cold acetone was added to 70% final concentration 

(467 µl), the sample was mixed thoroughly and proteins were let to precipitate at −20 °C 

overnight.  

On the next day the precipitated proteins were pelleted by centrifugation at 16100×g at 

4 °C for 15 minutes. Supernatant was discarded, residual acetone was let to evaporate freely for 

15 minutes on air and pellet was dried in SpeedVac concentrator for 10 minutes. Protein pellet 

was stored at −75 °C for further use.  

4.2.2. Triton X-100 organelle lysis and TCA protein precipitation  

An aliquot of 5 µl of hydrogenosomal suspension (200 µg hydrogenosomal proteins) was 

diluted in 167 µl 50mM Tris-Cl, pH 8.80, 8 µl of 25× concentrated stock solution of Complete 

protease inhibitor cocktail and 20 µl 10% stock solution of Triton X-100 was added. The total 
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concentration of Triton X-100 in 200 µl sample was 1%. Sample was sonicated five times for 

10 s on ice and then incubated for one hour on ice. After incubation the suspension was 

centrifuged at 16100×g at 4 °C for 15 minutes. Supernatant containing both internal and 

membrane proteins was transferred into a clean microtube, 10 µl 50% TCA was added up to 

2.5% final concentration, sample was mixed thoroughly and proteins were let to precipitate at 

−20 °C overnight.  

On the next day the precipitated proteins were pelleted by centrifugation at 16100×g at 

4 °C for 15 minutes (centrifuge Eppendorf 5415R; angle rotor F45-24-11). Supernatant was 

discarded and the pellet was dried in SpeedVac concentrator for 10 minutes. In order to get rid of 

residual TCA, pellet was washed twice with 50 µl methanol:chloroform (1:1) mixture and 

subsequently washed twice with 50 µl ethanol:diethylether (1:1) mixture. Washing solution was 

removed, organic solvents were let to evaporate freely for 15 minutes on air and the pellet was 

dried in SpeedVac concentrator for 10 minutes. Protein pellet was stored at −75 °C for further 

use. 

4.2.3. Alkaline lysis with Na2CO3 and TCA protein precipitation 

An aliquot of 5 µl of hydrogenosomal suspension (200 µg hydrogenosomal proteins) was 

diluted in 195 µl 100mM Na2CO3, pH 11.4. Sample was sonicated five times for 10 s on ice and 

then incubated for one hour on ice. After incubation the suspension was centrifuged at 16100×g 

at 4 °C for 15 minutes. Supernatant containing internal proteins was transferred into a clean 

microtube and 10 µl 50% TCA was added up to 2.5% final concentration in order to release 

residual carbonate. Once all of the CO2 was released, ice-cold acetone was added to 70% final 

concentration (490 µl), sample was mixed thoroughly and proteins were let to precipitate at  

–20 °C overnight.  

On the next day the precipitated proteins were pelleted by centrifugation at 16100×g at 4 °C 

for 15 minutes. Supernatant was discarded, residual acetone was let to evaporate freely for 

15 minutes on air and pellet was dried in SpeedVac concentrator for 10 minutes. In order to get 

rid of residual TCA, pellet was washed twice with 50 µl methanol:chloroform (1:1) mixture and 

subsequently washed twice with 50 µl ethanol:diethylether (1:1) mixture. Washing solution was 

removed, organic solvents were let to evaporate freely for 15 minutes on air and the pellet was 

dried in SpeedVac concentrator for 10 minutes. Protein pellet was stored at −75 °C for further 

use.  
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Hydrogenosomes with lysozyme as quality control standard  

For controlling the individual steps of the protocol lysozyme was used in parallel with the 

hydrogenosomal proteins or as an internal standard. In case of the use as an internal standard, 

lysozyme was added in 1:50 ratio to hydrogenosomes (e.g., 4 µg lysozyme + 200 µg 

hydrogenosomal proteins) and the whole mixture was subjected to organelle lysis and 

precipitation according to the procedure chosen. The procedure following precipitation was as 

stated above in the respective procedure. In case of lysozyme as an external standard, 50 µg of 

lysozyme was treated exactly as the hydrogenosomal protein sample in a parallel reaction 

mixture.  

4.3. Protein resuspension  

In order to determine the protein yield under varying resuspension conditions, stored protein 

pellets prepared as stated in section 4.2. were resuspended in both native and denatured 

conditions.  

Resuspension under native conditions  

One aliquot of 100 µg hydrogenosomal proteins was resuspended in native conditions: 

50 µl 50mM TEAC buffer, pH 8.9 was added, sample was mixed vigorously on a vortex and 

sonicated for 5 minutes. The pellet was not resuspended completely, therefore the sample was 

centrifuged at 12100×g at room temperature for 2 minutes, supernatant was transferred into a 

clean vial and handled as a native sample.  

Resuspension under native/denatured conditions  

The remaining pellet was resuspended in 50 µl 50mM TEAC buffer + 6M guanidine 

hydrochloride, pH 8.9, sample was mixed on a vortex and sonicated as stated above. The pellet 

was now completely dissolved in guanidine-containing buffer and the sample was handled as 

native/denatured sample.  

Resuspension under denaturating conditions  

One more aliquot of 100 µg hydrogenosomal proteins was resuspended directly in 

denaturating conditions: 50 µl 50mM TEAC buffer + 6M guanidine hydrochloride, pH 8.9 was 

added to the pellet, sample was mixed vigorously on a vortex and sonicated for 5 minutes. Pellet 
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was completely dissolved in guanidine-containing buffer and the sample was handled as 

denatured sample. 

All samples (native, native/denatured and denatured; 50 µl; 100 µg hydr. proteins each) 

were processed for peptide-level analysis using MALDI-TOF and LC-MALDI-TOF/TOF 

analysis according to the protocol stated in section 4.4.1.1. and 4.4.1.2.  

4.3.1. Sample preparation for MS analysis 

Protein disulfide bonds were reduced by adding 0.25 µl 1M TCEP to a final 

concentration of 5mM. Samples were incubated at 90 °C for one minute and then cooled to reach 

room temperature. Reduced cysteine thiol groups were alkylated by adding 1.25 µl freshly 

prepared 400mM IAA to a final concentration of 10mM and samples were incubated in dark for 

45 minutes at room temperature. For subsequent protein digestion the samples were diluted four 

times with 10mM ethylmorpholine buffer + 10% ACN, pH 8.3 and 2.5 µl of 1 µg/µl trypsin 

stock solution was added in 1:20 protease to protein ratio. Samples were incubated at 37 °C 

overnight in a water bath.  

On the next day samples of protein digests were diluted three times with 0.4% FA 

(solvent A) and desalted using a Peptide MacroTrap reverse-phase column. The Peptide 

MacroTrap column is filled with polymeric porous particles with retention properties similar to a 

C8 stationary phase. The column was initially washed twice with 500 µl of cleaning solvent C 

(40% ACN; 20% methanol; 20% isopropanol; 5% TFA; 5% FA; water), then equilibrated twice 

with 500 µl of solvent A (0.4% FA in water). Acidified sample was loaded on the column slowly 

and the peptides captured on the column were washed four times with 500 µl solvent A. Desalted 

peptides were eluted with 150 µl solvent E (90% ACN / 1% FA) and analyzed using MALDI-

TOF MS. The rest of the desalted samples were dried in a SpeedVac concentrator for 

approximately 2 hours until dry and if not immediately processed further, stored at −75 °C. 

4.3.2. MALDI-TOF MS analysis 

Desalted samples were mixed and 0.5 µl of each sample was subjected to direct MALDI-

TOF MS analysis in order to verify roughly the peptide content, sample purity and protein 

cleavage effectivity prior to more extensive LC-MALDI-TOF/TOF analysis. From each sample 

0.5 µl was spotted on a Standard 384 polished steel MALDI target plate. Spots were left to dry 

and were then covered with 0.5 µl HCCA matrix: stock solution of saturated α-cyano-4-
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hydroxycinnamic acid in methanol with ACN and LC-MS hypergrade water (1:1:1). Dried 

samples were subjected to MALDI-TOF analysis in positive reflectron mode (UltraFlex III). The 

instrument was externally calibrated with the MALDI peptide calibration standard II (mix of 

peptides in the mass/charge range of 700-3500) and the laser intensity was adjusted to obtain 

intense, sharp peaks separated to the baseline. For each measurement four spectra of 400 laser 

shots each from four random sites of a sample spot were accumulated. During the measurement 

ions with m/z under 500 (mostly signals corresponding to the matrix, potential inorganic 

impurities or ions not relevant for the peptide analysis) were deflected and not passed to the 

analyzer.  

4.3.3. LC-MALDI-TOF/TOF analysis  

For the LC-MALDI-TOF/TOF analysis dried peptide pellets were resuspended in 30 µl 

5% ACN / 0.2% FA: first 1.88 µl 80% ACN / 3.19% FA was applied to the peptide pellet, the 

sample was mixed on a vortex thoroughly and sonicated for 5 minutes to dissolve. Then 28.1 µl 

LC-MS grade water was added and the mixture was again mixed on a vortex and sonicated for 

5 minutes at room temperature. Samples were gently centrifuged and transferred into labeled 

Agilent autosampler vials with septum seals, the seals were wrapped with parafilm to prevent 

evaporation.  

An aliquot of 5 µl of each sample was subjected to LC-MALDI-TOF/TOF analysis on an 

HPLC UltiMate system with UV detector and autosampler Famos. The complex peptide 

mixtures were separated on a C18 reverse-phase column (MAGIC C18AQ, 0.2×150 mm, 5 µm, 

200 Å). Prior to the analysis the LC column was washed thoroughly with solvent B (1% ACN; 

0.1% TFA) and then equilibrated with 99% of solvent A (95% ACN; 0.08% TFA) for LC-MS 

analysis. Samples were loaded on the column in 99% solvent A and after 11 minutes delay 

(corresponding to the column dead volume) eluted with a gradient of increasing organic solvent 

content. The separation was carried out for 83 minutes starting at 95% solvent A/ 5% solvent B 

ratio with the organic solvent content linearly increasing up to 55% solvent A/ 45% solvent B 

ratio, with additional 13 minutes holding at the same solvent A/B ratio. During these 96 minutes 

fractions were automatically collected in 15 s intervals, mixed online with 1.5 µl of HCCA 

matrix for LC-MALDI-MS and spotted directly on an AnchorChip 800/384 MALDI target plate. 

Master flow on the HPLC pump was set to 200 µl/min which resulted in 3 µl/min after splitting. 
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The HPLC separation was monitored online using a UV detector measuring the fractions’ 

absorbance at 218 and 280 nm.  

All analyses using MALDI-TOF MS were done in positive reflectron mode. The 

instrument was calibrated externally with MALDI peptide calibration standard II, which was 

diluted directly in the HCCA matrix for LC-MALDI-MS and spotted on calibration positions of 

the AnchorChip. Laser intensity was adjusted to obtain intense precisely separated peaks, as 

tested on several random positions on the MALDI target plate. For the MALDI-TOF/TOF 

analysis the laser intensity was set approximately 3-5% higher than for the MALDI-TOF 

analysis. The MS and subsequent MS/MS analysis was performed automatically according to the 

settings stated in section 4.4.6.  

Initially MS spectra of all the fractions on the target plate were measured and recalibrated 

based on external calibration. From each spot, several significant peaks with signal to noise ratio 

higher than 5.00 were chosen as precursor peaks for subsequent MS/MS analysis. As those peaks 

generally occur in several consecutive fractions, the software determined which particular 

fractions were subjected to the MS/MS analysis. From the selected precursor peaks 

fragmentation MS/MS spectra were measured in positive mode. For each measurement only one 

spectrum of 1200 laser shots from random sites of a sample spot was collected. The data 

acquisition from the collision spectra ranged from m/z 40 up to the precursor peak’s m/z.  

The data collected were searched using Mascot MS/MS Ion Search Engine (see Mascot 

algorithm settings in section 4.4.6.) and proteins present in the sample were identified based on 

the assigned peptides.  

4.4. Optimization of the protocol for N-terminal peptide capture  

The protocol for N-terminal peptide capture and analysis was first tested on model 

proteins and peptides, subsequently the optimized protocol was applied on the hydrogenosomal 

proteins. For optimization at the protein level, model proteins lysozyme and BSA were used and 

for optimization at the peptide level model peptides Ang I (I5V) and MRFA as well as lysozyme 

and BSA tryptic digests were used.  

4.4.1. Whole protein MS analysis using ESI-FT-ICR  

Protein samples after subsequent modification steps were also examined at protein level 

using mass spectrometry. Samples prepared according to sections 4.4.2. and 4.4.3. were diluted 
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three times with 0.4% FA (solvent A) and desalted using a Protein MacroTrap polymeric protein 

desalting column. The desalting procedure was as stated in section 4.3.1. with the exception of 

the column used. The Protein MacroTrap column is filled with large polymeric porous particles 

with retention properties similar to a C4 stationary phase designed to bind intact proteins. Eluted 

proteins were subjected to direct ESI-FT-ICR analysis in positive ion mode. The instrument was 

externally calibrated using arginine clusters resulting in the mass precision below 2 ppm. 

Samples were directly infused into the instrument using syringe pump set to rate of 180 µl/h. For 

each measurement 12 individual spectra in the m/z range 300-2500 were accumulated and 

averaged. Data were processed in DataAnalysis.  

4.4.2. Modification of primary amines  

For optimization procedures, aliquots of 5 µl lysozyme stock solution (10 mg/ml in LC-

MS grade water) were modified with either anhydride or NHS-ester. For anhydrides, various 

amounts (1.6 – 8.0 µmol) of fresh propionic anhydride or acetanhydride in the final volume of 

100 µl of 1M TEAC buffer, pH 8.9 (with or without 6M guanidine hydrochloride) were used. 

For NHS-esters, various values of molar excess (7-fold to 25-fold) of fresh NHS-ester solution 

(NHS-acetate or NHS-propionate in DMSO) in the final volume of 100 µl of 50mM TEAC 

buffer, pH 8.9 (with or without 6M guanidine hydrochloride) were used. Samples were 

subsequently mixed on a vortex and incubated for various times at room temperature. The 

modification was quenched by adding ethanolamine in 2:1 molar ratio to the modifying agent in 

case of anhydride and 1:1 molar ratio in case of NHS-esters. The variable conditions are listed in 

Table 3, page 57.  

Samples were desalted using a Protein MacroTrap and subjected to ESI-FT-ICR MS 

analysis according to section 4.4.1. or used directly for the subsequent optimization steps.  

An average protein for the calculation of modifying agent molar excess (for the 

hydrogenosomal protein samples of unknown composition) was estimated to have molar mass of 

50 kDa and 25 lysines.  

4.4.3. Disulfide bonds reduction and alkylation  

Proteins disulfide bonds were reduced and blocked prior to the protein digest. For 

optimization procedures, protein samples (prepared according to sections 4.4.2.) were reduced in 

the presence of various concentrations of TCEP in the final volume of 100 µl of 50mM TEAC 
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buffer + 6M guanidine hydrochloride, pH 8.9. Samples were incubated at various temperatures 

for various times and then cooled to room temperature. The variables are listed in Table 4, 

page 60.  

Reduced cysteine thiol groups were then alkylated by adding 1.25 µl freshly prepared 

400mM IAA to a final concentration of 10mM and the sample was incubated in dark for 

45 minutes at room temperature.  

4.4.4. Protein digestion  

Samples were digested with highly specific trypsin modified by methylation of lysines in 

order to prevent autolytic digestion. Prior to protein digestion the concentration of guanidine 

hydrochloride had to be lowered to 1.5M, where, according to manufacturer’s manual, trypsin 

still retains at least 50% of its activity. Therefore samples in buffers containing 6M guanidin 

hydrochloride were diluted four times with 10mM ethylmorpholine buffer pH 8.3 containing 

10% ACN.  

The digestion conditions were first optimized on model proteins lysozyme and BSA. 

Samples of lysozyme or BSA prepared according to the sections 4.4.2. and 4.4.3. (50 µg protein 

each) were diluted four times with 10mM ethylmorpholine buffer containing 10% ACN, pH 8.3. 

Trypsin was added in 1:20 or 1:50 protease:protein weight ratio (2.5 µl or 1 µl of 1 µg/µl trypsin 

stock solution for 50 µg proteins) and the samples were incubated at various temperatures (37 °C 

or 55 °C) for various times (5 to 6 hours or overnight). After incubation the samples were 

desalted as described in section 4.3.1., tryptic peptides were eluted and subjected to MALDI-

TOF MS analysis. The variable conditions are listed in Table 5, page 63.  

Sample of hydrogenosomal proteins spiked with lysozyme (in 50:1 mass ratio; ~200 µg 

hydrogenosomal proteins + 4 µg lysozyme) modified using 15-fold molar excess of NHS-

propionate over the number of primary amines, reduced with TCEP and alkylated with IAA was 

diluted four times with 10mM ethylmorpholine buffer containing 10% ACN, pH 8.3. TCA was 

added to final concentration of 10%, sample was mixed thoroughly and incubated for one hour 

on ice. After incubation the sample was mixed on a vortex and the precipitated proteins were 

pelleted by centrifugation at 16100×g at 4 °C for 15 minutes. Supernatant was discarded and the 

pellet was dried in SpeedVac concentrator for 10 minutes. In order to get rid of residual TCA, 

pellet was washed twice with 50 µl ethanol:diethylether (1:1) mixture and subsequently washed 

twice with 50 µl methanol:chloroform (1:1) mixture. Washing solution was removed and the 
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organic solvents were let to evaporate freely for 15 minutes on air. The protein pellet was then 

resuspended in 367 µl 10mM ethylmorpholine buffer containing 10% ACN and 3M urea, pH 

8.25. Trypsin was added in 1:20 protease:protein ratio (10 µl 1 µg/µl trypsin stock solution for 

~200 µg hydrogenosomal proteins) and the sample was incubated at 37 °C overnight. On the 

next day the sample was desalted as described in section 4.3.1., tryptic peptides were eluted and 

subjected to MALDI-TOF MS analysis.  

In case of experiments for improving the hydrogenosomal proteins cleavage various 

compounds listed in Table 6 (page 65) were added to the reaction mixture.  

Protein cleavage with alternative proteases Glu-C, Asp-N and chymotrypsin was 

performed analogically to the digestion with trypsin (with the exceptions that chymotrypsin was 

used in 1:10 protease:protein ratio and samples digested with Glu-C were incubated overnight at 

room temperature).  

4.4.5. N-terminal peptide enrichment  

The N-terminal peptides were separated using an affinity capture negative selection approach 

as shown in Figure 11, page 26.  

4.4.5.1. Biotinylation of internal peptides N-termini 

Sample of lysozyme digest: desalted tryptic digest of propionylated lysozyme (originating 

from 25 µg lysozyme) prepared according to section 4.4.4. was dried in SpeedVac concentrator 

for approximately 1 hour. Peptide pellet was resuspended in 50 µl 50mM TEAC buffer, pH 8.9 

and the internal peptides were modified with various values of molar excess (5-fold to 50-fold) 

of fresh modifying agent (sulfo-NHS-SS-biotin or NHS-biotin). Sample was mixed on a vortex 

and incubated for 1 hour at room temperature. The modification was quenched by adding 

ethanolamine in 1:1 molar ratio to the modifying agent. A small amount of the biotinylated 

sample was desalted using a Peptide MacroTrap and subjected to MALDI-TOF MS analysis 

according to section 4.3.2. The variables are listed in Table 7, page 66.  

Pure commercially available peptides Ang I (I5V) and MRFA were biotinylated analogically 

to the procedure stated above.  

For the calculation of modifying agent molar excess (for the hydrogenosomal protein 

samples of unknown composition) an average protein of 50kDa was roughly estimated to be 

cleaved into 50 peptides of 1 kDa each.  
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4.4.5.2. Capture of biotinylated peptides to biotin-binding resin 

Biotinylated sample from section 4.4.5.1. was diluted with 0.5 ml PBS, pH 7.2 (binding 

buffer) and 100 µl of neutravidin agarose resin suspension was added. Sample was incubated 

under constant stirring for 1 hour at room temperature. Subsequently the samples were 

centrifuged at 2500×g for 1.5 minutes at 25 °C. Supernatant containing N-terminal non-

biotinylated peptides was transferred into clean microtubes. The resin was washed four times 

with 0.2 ml PBS, pH 7.2, centrifuged and the supernatants were added to the corresponding 

supernatants from the first centrifugation. The pooled PBS fraction containing the N-terminal 

peptides was desalted using a Peptide MacroTrap and subjected to MALDI-TOF MS analysis 

according to section 4.3.2.  

For single peptides (Ang I (I5V), MRFA) a mixture of biotinylated and non-biotinylated 

peptides in equal amounts (1:1 molar ratio) was applied to the neutravidin resin under analogical 

conditions and treated as stated above.  

Apart from neutravidin agarose resin, also other biotin-binding resins, specifically 

neutravidin on polyacrylamide resin and avidin agarose resin, were tested in the same 

experimental set up.  

For blocking the resins BSA tryptic digest (prepared according to section 4.4.4.) was 

mixed with the beads and incubated under constant stirring for 1 hour at room temperature. 

Subsequently the samples were centrifuged at 2500×g for 1.5 minutes at 25 °C (centrifuge 

Eppendorf 5415R; angle rotor F45-24-11). Supernatants containing unbound peptides were 

discarded and the resins were washed four times with 0.2 ml PBS, pH 7.2. The blocked resins 

were used for affinity capture as stated above.  

4.4.6. LC-MALDI-TOF/TOF characterization of N-terminal peptides  

The data collected from LC-MALDI-TOF/TOF analyses performed as described in 

section 4.3.3. with the settings stated below were analysed using Mascot MS/MS Ion Search 

Engine and proteins initially present in the particular samples were identified based on the 

criteria also shown below.  

For non-propionylated hydrogenosomal samples trypsin, which specifically cleaves at the 

carboxylic side of lysine and arginine residues if proline is not the next residue, was set as the 

proteolytic enzyme and from variable modifications oxidation of methionine and acetylation of 

protein N-terminus was chosen.  
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For propionylated hydrogenosomal samples semiArg-C was set as the proteolytic 

enzyme. SemiArg-C means that Mascot searches for peptides that show Arg-C specificity at one 

terminus, but where the other terminus may not be generated by Arg-C cleavage. SemiArg-C had 

to be chosen considering that after lysine propionylation trypsin cleaves only after arginine 

residues and because the N-terminal peptide sequences of interest do not start with an amino acid 

corresponding to tryptic (Arg-C) cleavage. From variable modifications oxidation of methionine, 

acetylation of protein N-terminus and propionylation of lysine, tyrosine and protein N-terminus 

were chosen.  

LC-MALDI-TOF/TOF settings for Ultraflex III 

In-house Mascot identifying algorithm from BioTools 
 

Taxonomy: All entries  

Database: 
all Trichomas vaginalis proteins from SwissProt and UniProt databases, with 
addition of human keratines and porcine trypsin 

Enzyme: various: trypsin/ semiArg-C  

Global modifications: carbamidomethyl (C)  

Variable modifications: 
various: oxidation (M), acetylation (protein N-term), propionyl (K, Y, protein 
N-term) 

Error tolerant:  
13C#: 

NO 
none 

Partials (missed cleavages): ≤ 2 

Mass tolerance MS: 100 ppm 

MS/MS tolerance: ± 0.5 Da 

Charge state: 1+, monoisotopic 
Instrument:  
Ion score cut-off:  
p-value:  

MALDI-TOF-TOF  
15  
< 0.05  

Require bold red: YES 
Search against Decoy 
database: 

YES 

Scoring: MudPIT 
 

flexAnalysis 
 

Peak detection algorithm: SNAP 

S/N treshold: 5 

Relative intensity treshold: 0% 
Absolute intensity treshold: 0 
Maximal number of peaks: 150 
Quality factor treshold: 30  

SNAP averagine composition: Averagine 

Baseline substraction: TopHat 
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Smoothing algorithm: 
Smoothing width:  
Smoothing cycles:  

Savitzky-Golay  
0.2 m/z  
1 

 
flexControl 

 
Data acquisition range:  
Ion supression 
Calibrant mass control list:  
Calibration strategy:  
Calibration method:  
Calibration accumulation: 

500-5000  
< 500  
PeptideCalibStandard mono  
Interactive  
Cubic enhanced  
500 shots 

Calibration movement: random walk – 10 shots 

MS accumulation: 700 shots 
MS movement: random walk – 20 shots 
Laser intensity: slightly (3-5%) higher than for MS 
MS/MS accumulation parent: 500 shots  

MS/MS accumulation fragment: 900 shots 

MS/MS movement: random walk – 30 shots 

MSMS precursor strategy: based on Warp 
 

WARP-LC  
 

Workflow type: LC-MALDI 

Most intense precursor selection window: 5.0 Da 
Signal/Noise treshold for MS/MS precursor: 
Maximum MS/MS measurements per fraction: 

5.00 
20 

Acquisition order: target position 
MS tolerance: 100 ppm 
Merge compounds separated by:  
ID as background if in more than: 

less than 6 fractions  
70% of fractions 

Target geometry: MTP AC 800-384 

Retention time delay: 11 min 

Timeslice: 15 s 

 

4.5. Identification of N-terminal peptides in the hydrogenosomal 

protein sample  

One aliquot of 200 µg of hydrogenosomal proteins was isolated from the 40 µg/µl 

Trichomonas vaginalis hydrogenosome stock solution using acetone lysis and precipitation as 

described in section 4.2.1., another aliquot of 200 µg of hydrogenosomal proteins was isolated 

using alkaline lysis and TCA precipitation as described in section 4.2.2. The resulting protein 

pellets were resuspended in denaturing conditions according to section 4.3. The protein samples 

were pooled and then divided into two aliquots (2×50 µl with 100 µg of hydrogenosomal 
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proteins each). One was used for the whole procedure of N-terminal peptide capture, one served 

as a control sample without amine modification. Along with the hydrogenosomal protein sample 

the full protocol was also applied on lysozyme as a positive control.  

First sample was modified using 15–fold molar excess of NHS-propionate over the 

estimated number of primary amines: the 50 µl sample containing 100 µg of hydrogenosomal 

proteins was diluted with 37.2 µl 50mM TEAC buffer + 6M guanidine hydrochloride, pH 8.9 

and 12.8 µl fresh NHS-propionate stock solution (10 mg/ml in DMSO) was added. Lysozyme 

control sample was prepared by adding 5 µl lysozyme stock solution (10 mg/ml in LC-MS grade 

water) to 95 µl 50mM TEAC buffer + 6M guanidine hydrochloride, pH 8.9 with 6.3 µl fresh 

NHS-propionate stock solution (10 mg/ml in DMSO). All samples were mixed on a vortex and 

incubated for 1 hour at room temperature. The modification was quenched by adding 

ethanolamine in 1:1 molar ratio to NHS-propionate (45.8×10-3 µl and 22.4×10-3 µl ethanolamine 

added to the hydrogenosomal proteins and lysozyme, respectively).  

All three samples (including the unmodified hydrogenosomal control sample) were 

reduced by adding 0.5 µl 1M TCEP stock solution to a final concentration of 5mM. Samples 

were incubated at 90 °C for one minute and then cooled to room temperature.  

Reduced cysteine thiol groups were then alkylated by adding 2.5 µl freshly prepared 

400mM IAA to a final concentration of 10mM and the samples were incubated in dark for 45 

minutes at room temperature. The pH of the samples was monitored after each subsequent step 

using universal pH indicator strips, the values were in the optimal pH range of 8-9.  

All samples were diluted with 10mM ethylmorpholine buffer + 10% ACN, pH 8.3 to the 

final volume of 0.5 ml. Trypsin was added to the samples in 1:20 protease:protein ratio: 5 µl of 

1 µg/µl trypsin stock solution for ~100 µg hydrogenosomal proteins and 2.5 µl of 1 µg/µl trypsin 

stock solution for ~50 µg lysozyme. All samples were incubated at 37 °C overnight. On the next 

day all samples were desalted as described in section 4.3.1., tryptic peptides were eluted and 

subjected to MALDI-TOF MS analysis according to section 4.3.2.  

The unmodified hydrogenosomal protein control sample was processed for subsequent 

LC-MALDI-TOF/TOF analysis as described in section 4.3.3.  

The desalted tryptic digests of modified hydrogenosomal proteins and modified lysozyme 

were dried in SpeedVac concentrator for approximately 1 hour. Peptide pellets were resuspended 

in 50 µl 50mM TEAC buffer, pH 8.9 and the internal peptides were modified with sulfo-NHS-
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SS-biotin: 25 µl or 12.5 µl fresh 10mM sulfo-NHS-SS-biotin (in LC-MS grade water) was added 

to the hydrogenosomal protein sample or lysozyme sample, respectively. Samples were mixed on 

a vortex and incubated for 1 hour at room temperature. The modification was quenched by 

adding ethanolamine in 1:1 molar ratio to sulfo-NHS-SS-biotin (15.3×10-3 µl and 7.48×10-3 µl 

ethanolamine added to the hydrogenosomal proteins and lysozyme, respectively).  

Both biotinylated samples were diluted with 0.5 ml PBS, pH 7.2 (binding buffer) and 

100 µl of neutravidin agarose resin suspension was added. Samples were incubated under 

constant stirring for 1 hour at room temperature. Subsequently the samples were centrifuged at 

2500×g for 1.5 minutes at 25 °C (centrifuge Eppendorf 5415R; angle rotor F45-24-11). 

Supernatant containing N-terminal non-biotinylated peptides was transferred into clean 

microtubes. The resins were washed three times with 0.2 ml PBS, pH 7.2, centrifuged and the 

supernatants were added to the corresponding supernatants from the first centrifugation. The 

pooled PBS fractions containing the N-terminal peptides were desalted using a Peptide 

MacroTrap and subjected to MALDI-TOF MS analysis according to section 4.3.2. 

The sample of hydrogenosomal N-terminal peptides was processed for subsequent LC-

MALDI-TOF/TOF analysis as described in section 4.3.3.   
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5. Results  

5.1. Trichomonas vaginalis cultivation and hydrogenosome isolation  

Hydrogenosomes from 2 litres of Trichomonas vaginalis strain T1 culture were isolated 

as described in section 4.1. Total protein content in 500 µl of hydrogenosome suspension was 

determined using bicinchoninic acid assay (BCA). Protein concentration of the hydrogenosome 

suspension was determined to be 40 mg/ml, hence the total yield of hydrogenosomal proteins 

was 20 mg.  

5.2. Optimization of the hydrogenosomal protein samples preparation  

5.2.1. Hydrogenosomal protein isolation  

Hydrogenosomal proteins were isolated using three different approaches, namely acetone 

lysis and precipitation, Triton X-100 organelle lysis with TCA precipitation and alkaline lysis 

using Na2CO3 with TCA precipitation. An aliquot of 100 µg from each procedure was processed 

as stated in section 4.3.1. and subjected to MALDI-TOF and subsequently to LC-MALDI-

TOF/TOF analysis.  

In all the MS spectra presented in this work the y axis respresenting the normalized signal 

intensity is not shown. This is due to the fact that the signal intensity relies heavily on the laser 

intensity applied and the MALDI matrix crystallization, number of spectra accumulated and the 

susceptibility to ionization of particular samples. Therefore such MS spectra are not suitable for 

quantitative analysis between experiments and were used only for the qualitative estimate of the 

sample and the relative quantitation of ionic species within one measurement.  

MALDI-TOF analysis  

Based on the MALDI-TOF spectra one can estimate if the sample is suitable for more 

extensive LC-MALDI-TOF/TOF analysis. All three samples (Figure 13, page 52) represent 

digests of complex protein mixtures without significant impurities and of roughly similar peptide 

content and m/z profile. In the Triton X-100 sample a series of equidistant peaks with the peak 

distance of 44 Da in the m/z range of 500-800 can be seen. This series, not visible in the other 

two samples, is caused by the residual Triton X-100. It should be also noted that the figure 

presented here shows very low Triton X-100 content. However in other samples we observed 



52 
 

higher amounts of Triton X-100 and this caused problems during subsequent LC-MALDI-

TOF/TOF analysis. 

 
Figure 13: Comparison of the MALDI-TOF spectra of tryptic digests of hydrogenosomal proteins obtained 
using three different isolation techniques. A: acetone lysis, B: alkaline lysis, C: Triton X-100 lysis. The detail C1 
in spectrum C shows a series of equidistant peaks highlighted in bold italics. Those signals with regular peak 
distance of 44 Da represent residues of incompletely removed Triton X-100. 
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Subsequently all samples were subjected to LC-MALDI-TOF/TOF analysis.  

LC- MALDI-TOF/TOF analysis  

The LC-MALDI-TOF/TOF analysis of the samples gained using three isolation 

approaches as described in sections 4.2.1. - 4.2.3. was performed according to the protocol 

detailed in section 4.3.3. The number of proteins identified in each sample is shown in Table 1.  

Table 1: Number of proteins identified in the three samples using LC-MALDI-TOF/TOF approach. 
Contaminations represented by trypsin and human keratines were excluded.  

 
Sample Number of proteins identified 
Acetone 225 
Na2CO3 157 

Triton X-100 214 
 

All of the hydrogenosomal protein isolation procedures are in principle comparable. Less 

proteins in the sample obtained using alkaline lysis is due to the fact that, in contrast with 

acetone and Triton X-100, sodium carbonate only disrupts the organelle membrane without 

solubilizing it, therefore membrane proteins are not present in the sample.  

Further comparison showing proteins found in common in the particular samples is 

illustrated in a Venn diagram in Figure 14. All protein isolation procedures are similar as most of 

the proteins identified are present in all particular samples (99 proteins).  

 

 
Figure 14: Comparison of the different organelle lysis and protein isolation procedures. Venn diagram shows 
which particular proteins are present in which samples and the overlap of the sample protein content. All protein 
isolation procedures are similar, most of the proteins identified are present in all particular samples.  
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As all the isolation techniques gave comparable satisfying results, both acetone lysis and 

precipitation and alkaline lysis with TCA precipitation were chosen to be used in further 

experiments. Lysis with Triton X-100 was omitted due to problematic detergent removal and 

subsequent complications during LC-MALDI-TOF/TOF analysis.  

Hydrogenosomes with lysozyme as quality control standard  

For effective control of the labeling and peptide isolation procedure lysozyme was used 

in parallel experiments or as an internal standard. For the use as internal standard lysozyme was 

added in 1:50 ratio compared to hydrogenosomes and the whole mixture was precipitated with 

acetone (for more experimental details see section 4.2.1.).  

Every step in the protocol could then be controlled by monitoring signals assigned to 

lysozyme in the MS spectra as shown in Figure 15. However when using lysozyme as an 

external control in parallel experiments, already primary amine modification and cysteine 

protection could be easily monitored on protein level.  

 
Figure 15: MALDI-TOF spectrum of a tryptic digest of hydrogonosomal proteins spiked with lysozyme in 
50:1 mass ratio. Prior to the protein digest disulfide bonds were reduced and free thiol groups of cysteines were 
blocked by alkylation using IAA. Signals assigned to tryptic peptides of lysozyme are labelled with green bullets.  
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5.2.2. Protein resuspension in native/denaturating conditions  

Pellets of hydrogenosomal proteins obtained using acetone lysis were resuspended using 

three different approaches, namely native, denaturating and native/denaturating, according to 

the procedure stated in section 4.3. All samples were subjected to MALDI-TOF MS and 

subsequently to LC-MALDI-TOF/TOF analysis.  

MALDI-TOF analysis  

In the MALDI-TOF spectra (Figure 16) tryptic digests of hydrogenosomal proteins 

reconstituted in native or denaturating conditions are compared. Prior to the protein digest 

disulfide bonds were reduced and free thiol groups of cysteines were blocked by alkylation using 

IAA.  Peptide profiles of the native and denatured samples (Figure 16A, B) seem quite similar, 

while the native/denatured sample (Figure 16C) seems to have a diverse peptide composition.  

 
Figure 16: Comparison of the MS spectra of tryptic digests of hydrogenosomal proteins obtained using three 
different resuspension techniques. A: denatured, B: native, C: native/denatured.  
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LC-MALDI-TOF/TOF analysis  

The LC-MALDI-TOF/TOF analysis of the samples prepared using three protein resuspension 

approaches as described in section 4.3. was performed according to the protocol stated in section 

4.3.3. The number of proteins identified in each sample is stated in Table 2.  

Table 2: Number of proteins identified in the three samples obtained by diverse resuspension procedures. 
Trypsin and keratins were excluded.  

 

Sample Number of proteins identified 

Denatured 154 

Native 70 

Native/denatured 105 
 

It is clearly shown that protein resuspension in the presence of a denaturant (in our case 

guanidine hydrochloride) is much more efficient than resuspension in native conditions (in the 

absence of a denaturant). Dissolving a pellet, which was obtained from resuspension in native 

conditions, in guanidine hydrochloride containing buffer results in gaining a fraction with further 

high amount of less soluble proteins (referring to native/denatured sample).  

Further comparison showing proteins found in common in the particular samples is 

illustrated in a Venn diagram in Figure 17. Based on the data presented, dissolutsion directly in 

denaturing conditions was chosen to be used in further experiments.  

 
 

 
Figure 17: Comparison of the different organelle lysis and protein isolation procedures. Venn diagram shows 
which particular proteins are present in which samples and the overlap of the sample protein content. Protein pellet 
resuspension directly in denaturating conditions (denatured sample) yields much higher amount of proteins in the 
sample as compared to native sample. It is clearly shown that the presence of guanidine hydrochloride is crucial for 
effective protein solubilization and resuspension after protein precipitation. 
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Based on the optimization of sample preparation hydrogenosomal proteins were isolated 

using both acetone lysis and alkaline lysis. The precipitated proteins were then resuspended for 

downstream procedures in a buffer containing denaturant (6M guanidine hydrochloride) and 

pooled.  

5.3. Optimization of the protocol for N-terminal peptide capture  

The protocol for N-terminal peptide capture is complex and comprises of several key 

steps (as shown in Figure 11, page 26) which were optimized prior to utilizing this method. The 

optimized steps were: modification of primary amines, cysteine thiol groups protection, 

endoprotease digestion and N-terminal peptide enrichment. 

5.3.1. Modification of primary amines  

Several approaches for primary amine modification were probed in terms of the acyl 

introduced, modifying agent and conditions for modification as stated in Table 3 (experimental 

details described in section 4.4.2.).  

Table 3: Conditions for primary amine modification tested 
 

acyl introduced  acetyl  
propionyl 

modifying agent NHS-esters  
anhydrides  

excess of modifying agent  7-fold to 25-fold molar excess for NHS-esters  
1.6 – 8.0 µmol anhydrides per 50 µg protein 

modification conditions native  
denaturating (6M guanidine hydrochloride)  

reaction time 

15 min  
30 min  
60 min 
overnight  

 

Satisfactory results were obtained both for acetylating and propionylating agents. The 

advantage of propionylation is that it allows distinguishing between natural N-terminal protein 

modification (acetatylation) and chemical (propionylation) modification at the N-terminus. 

Therefore only propionylation was used for further experiments.  
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Anhydrides  

Satisfactory results were obtained in native conditions (without denaturant) in 1M TEAC 

buffer, pH 8.9, using 8 µmol propionic anhydride per 50 µg protein (molar excess seemed to be 

of low significance here due to rapid anhydride hydrolysis) with incubation for 30 minutes at 

room temperature. As shown in Figure 18 low amount of modifying agent leads to incomplete 

primary amine modification, while slightly higher amount of modifying agent results in 

undesired modification of -OH groups in side chains of hydroxyl amino acids, namely tyrosine.  

 

 
Figure 18: ESI-FT-ICR spectra showing comparison of lysozyme modification with different amounts of 
propionic anhydrid: A) modification with 1.6 µmol propionic anhydride, B) modification with 8.0 µmol 
propionic anhydrid. Lysozyme was modified in native conditions (without denaturant). Lysozyme contains 
7 primary amines (6 lysines and the N-terminus) and 3 tyrosines. A1 and B1: details of the differently modified 
ion populations in one particular charge state. The number of propionyl residues bound to lysozyme is indicated 
next to each ion population. More than 7 propionyl residues indicate modification of hydroxyl groups of tyrosines 
apart from the desired primary amine modification.  
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NHS-esters  

Best results were obtained in denaturing conditions in 50mM TEAC 

buffer + 6M guanidine hydrochloride, pH 8.9, using 15–fold molar excess of NHS-propionate 

over the number of protein‘s primary amines with incubation for 1 hour at room temperature, as 

shown in Figure 19.  

 
Figure 19: ESI-FT-ICR spectrum showing lysozyme modification with 15-fold molar excess of NHS-
propionate over the number of lysozyme’s primary amines. Lysozyme was modified in denaturating conditions 
(6M guanidine hydrochloride). Lysozyme contains 7 primary amines (6 lysines and the N-terminus) and 3 tyrosines. 
A1: detail of the differently modified ion populations in one particular charge state. The number of propionyl 
residues bound to lysozyme is indicated next to each ion population. More than 7 propionyl residues indicate 
modification of hydroxyl groups of tyrosines apart from the desired primary amine modification.  
 

More examples of successful lysozyme and BSA modifications with NHS-propionate are 

shown on peptide level in Figure 23, page 64.  

 

Anhydrides rapidly hydrolyse in aqueous solutions resulting in significant pH decrease, 

therefore strong buffering is crucial. Moreover modification with anhydrides leads to side 

products, where also the hydroxyl groups of tyrosines, serines, and threonines apart from N-

terminus and lysines are modified. 

Therefore NHS-ester, specifically NHS-propionate in 15–fold molar excess over the 

number of protein‘s primary amines, was used in further experiments.  
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5.3.2. Disulfide bonds reduction and alkylation  

Disulfide bond reduction had to be performed after primary amine modification, as the 

reducing agent used, namely TCEP, reacted also with NHS-esters and anhydrides used for 

primary amine modification and therefore interfered with the modification reaction.  

Disulfide bond reduction efficiency of several TCEP concentrations with varying 

incubation time and temperatures (as stated in Table 4) were tested as described in section 4.4.3. 

Table 4: Conditions for disulfide bond reduction tested 
 

order of modification procedures  before primary amine modification  
after primary amine modification  

TCEP concentration  
20mM  
50mM  
5mM  

temperature/incubation time  
75 °C/10 minutes  
95 °C/10 minutes  
90 °C/one minute  

 

The example of an optimization experiment, namely the order of modification 

procedures, is illustrated in Figure 20, page 61. The presence of TCEP during primary amine 

modificiation (Figure 20A, page 61) clearly suppressed the effectivity of modification with 

NHS-propionate. TCEP reacts with NHS-propionate resulting in incomplete lysozyme 

modification. 
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Figure 20: ESI-FT-ICR spectra showing comparison of lysozyme modification with NHS-propionate in the 
presence and absence of reducing agent TCEP. A) Modification of primary amines in the presence TCEP. 
Lysozyme’s disulfide bonds were reduced using 20mM TCEP with incubation at 75 °C for 10 minutes. Primary 
amines (lysines and the protein’s N-terminus) were then modified with 7-fold molar excess of NHS-propionate over 
the number of lysozyme’s primary amines. B) Modification of primary amines without the presence of TCEP. 
Primary amines (lysines and the protein’s N-terminus) were directly modified with 7-fold molar excess of NHS-
propionate. A1 and B1: details of the differently modified ion populations in one particular charge state. The 
number of primary amines modified with NHS-propionate is indicated next to each ion population. Lysozyme 
contains 6 lysines and the N-terminus to be modified.  
 

Best result was obtained with 5mM TCEP incubated with the protein sample at 90 °C for 

one minute after primary amine modification as shown in Figure 21A and B, page 62.  

After disulfide bond reduction resulting free sulfhydryl groups were blocked by 

alkylation with IAA. Conditions for alkylation did not need to be optimized; using fresh 10mM 

IAA incubated with the reduced protein sample for 45 minutes in dark provided sufficient 

alkylation. The whole procedure of cysteine protection showing protein spectra of native, fully 

reduced and alkylated lysozyme is shown in Figure 21, page 62.  
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Figure 21: ESI-FT-ICR whole protein spectrum of A) native, B) fully reduced, C) fully reduced and alkylated 
lysozyme. Lysozyme contains 8 cysteines forming 4 disulfide bonds. A) Sample of pure unmodified lysozyme 
subjected to ESI-FT-ICR analysis. After deconvolution the most intense signal in all of the charge states corresponds 
to pseudo-molecular ion [M+H]+ 14296.83848 representing lysozyme with all its 8 cysteines forming disulfide 
bonds. B) The protein was reduced using 5mM TCEP with incubation at 90 °C for one minute. After deconvolution 
the most intense signal in all of the charge states corresponds to pseudo-molecular ion [M+H]+ 14304.93225 
representing lysozyme with all its 8 cysteines reduced. The overall signal shift to lower m/z corresponds to higher 
susceptibility of the reduced protein to ionization. C) Lysozyme reduced according to the procedure stated above (in 
panel B) was alkylated using fresh 10mM IAA with incubation in dark for 45 minutes at room temperautre. After 
deconvolution the most intense signal in all of the charge states corresponds to pseudo-molecular ion [M+H] + 
14761.11023 representing lysozyme with all its 8 cysteines reduced and blocked with carbamidomethyl. 
 

An example of tryptic digest of fully reduced and alkylated lysozyme yielded using the 

optimized conditions mentioned above is shown in Figure 22, page 63. 
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Figure 22: MALDI-TOF spectrum of a tryptic digest of fully reduced and alkylated lysozyme. Prior to the 
protein digest disulfide bonds were reduced and free thiol groups of cysteines were blocked by alkylation using 
IAA.  Signals assigned to tryptic peptides of lysozyme are labelled with green bullets. Peaks representing peptides 
with cysteines blocked with carbamidomethyl are shown in bold italics.  

5.3.3. Protein digest  

The proteolytic cleavage conditions were first optimized on lysozyme and BSA. Various 

conditions such as protease:protein ratios, temperature/times for cleavage and amounts of 

organic solvent were tested as stated in Table 5.  

Table 5: A selection of protein cleavage conditions tested 
 

protease: protein ratio  1:20 – 1:50  

temperature/cleavage time  37 °C/overnight  
55 °C/5-6 hours with second trypsin addition after 2 hours  

organic solvent content  10 – 50% ACN  
 

Best results were attained with 1:20 protease:protein ratio for a complex protein mixture 

and 1:50 sufficient for single protein samples, with incubation at 37 °C overnight in the presence 

of 10% acetonitrile (Figure 23, page 64).  
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Figure 23: MALDI-TOF spectra of a tryptic digests of modified model proteins. A) lysozyme, B) BSA. Prior to 
the protein digest both proteins were modified with 15-fold molar excess of NHS-propionate over the number of 
lysozyme’s primary amines. Disulfide bonds were reduced and free thiol groups of cysteines were blocked by 
alkylation using IAA. Signals assigned to tryptic peptides of lysozyme or BSA, respectively, are labeled with green 
bullets.  
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Once the optimized protocol was applied to the hydrogenosomal protein samples, 

precipitation of partly digested proteins occurred which led to much lower yield of fully cleaved 

tryptic peptides. As the precipitates were formed almost exclusively in the samples of proteins 

modified with NHS-propionate, this effect was probably caused by the increased hydrophobicity 

of propionyl modified residues.  

In order to facilitate the cleavage of even highly hydrophobic proteins several 

modifications (addition of various detergents, denaturating agents and organic solvents) were 

tested (see Table 6).  

Table 6: Troubleshooting of the protein fragment precipitation during proteolytic cleavage  
 

detergents 
1% Triton X-100  
1% n-dodecyl-β-D-maltoside 
RapiGest  

denaturating agents  3M urea  
up to 2M guanidine hydrochloride  

organic solvents 25% DMSO  
10 – 50% ACN  

 

However, none of those modifications resulted in more efficient proteolysis. Either the 

presence of additives did not prevent the proteins from precipitation (in case of detergents) or the 

presence of additives (namely guanidine hydrochloride above 1.5M; above 10% ACN and 

25% DMSO) lead to incomplete cleavage of substrate proteins and to increased trypsin 

autocleavage. In the case of using 3M urea an additional step of TCA protein precipitation has to 

be performed prior to the digestion, in order to exchange buffers after amine modification. 

Moreover, the additional step may lead to another protein loss during pellet resuspension. The 

effect of different additives on proteolytic cleavage was analysed using MALDI-TOF MS (data 

not shown).  

As none of the tested modifications actually improved the proteolytic cleavage 

significantly, the digest conditions initially optimized on the model proteins were chosen for 

further experiments.  

The proteolytic cleavage was performed with trypsin in 1:20 protease:protein ratio with 

incubation at 37 °C overnight in the presence of 10% acetonitrile.  
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Protein cleavage with alternative endoproteases including specific Glu-C, Asp-N as well 

non-specific endoprotease chymotrypsin was also probed, but the optimal digestion conditions 

were not yet optimized (data not shown).  

5.3.4. N-terminal peptide enrichment  

The protocol for N-terminal peptide enrichment was first optimized on peptides 

Ang I (I5V) and MRFA and subsequently on lysozyme and BSA tryptic digests.  

The N-terminal peptides were captured in a negative selection approach as shown in 

Figure 11, page 26: after proteolytic cleavage the internal and C-terminal peptides were modified 

at their newly formed N-termini and using that modification depleted from the complex protein 

digest. The procedure used involves internal peptide biotinylation and binding to neutravidin 

resins.  

5.3.4.1. Biotinylation of internal peptides N-termini 

Various conditions were tested on model peptides as stated in Table 7 according to the 

procedure described in section 4.4.5.1. 

Table 7: Conditions tested for internal and C-terminal peptide’s N-termini modification  
 

modifying agent  NHS-biotin 
sulfo-NHS-SS-biotin  

molar excess of modifying agent  
(over the number of primary amines)  

5-fold  
10-fold  
15-fold  
25-fold  
50-fold  

 

Higher excess of modifying agent resulted in slight increase in primary amine modification as 

shown on Ang I (I5V) and MRFA with NHS-biotin in Figure 24, page 67. Problematic 

modification of peptides with N-terminal acidic amino acids, such Ang I (I5V) or N-terminal 

peptide of BSA with N-terminal aspartic acid, was encountered. In those cases even high molar 

excess of modifying agent did not lead to complete primary amine modification.  
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Figure 24: MALDI-TOF spectra of peptides Ang I (I5V) and MRFA: A) peptides modified with 5-fold molar 
excess of NHS-biotin over the number of primary amines, B) peptides modified with 10-fold molar excess of 
NHS-biotin. The increment of NHS-biotin bound to the peptides adds the mass of 226.08.  
 

As sulfo-NHS-SS-biotin has better biophysical properties (such a solubility in water) than 

NHS-biotin, it was chosen to be used in further experiments. The best result for biotinylation was 

obtained when using 10–fold molar excess of sulfo-NHS-SS-biotin over the number of primary 

amines for single peptides or simple protein digests (15–fold molar excess was chosen for a 

complex peptide mixtures such as hydrogenosomal protein digest of unknown composition) with 

incubation for 1 hour at room temperature.  

An example of optimized lysozyme digest biotinylation is shown in Figure 25, page 68. 

The internal peptides of lysozyme were successfully modified by sulfo-NHS-SS-biotin (the 

increment of sulfo-NHS-SS-biotin adds m/z value of 389.1, e.g. peak 1105.5 shifted to 1494.6; 

peak 1389.7 shifted to 1778.7). Meanwhile the non-biotinylated N-terminal peptide (KVFGR 

with the N-terminal lysine’s both α- and ε-amino groups modified by NHS-propionate) is present 

in both samples with high relative intensity (peak 718.4).  
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Figure 25: MALDI-TOF spectra of: A) tryptic digest of propionylated lysozyme, B) lysozyme digest from 
panel A modified with 10-fold molar excess of sulfo-NHS-SS-biotin. A) Prior to the protein digest primary 
amines were modified with 15-fold molar excess of NHS-propionate over primary amines, disulfide bonds were 
reduced and free thiol groups of cysteines were blocked by alkylation using IAA. Signals assigned to tryptic 
peptides of lysozyme are labeled with green bullets. B) The N-termini of internal peptides of the sample from panel 
A were modifed with 10-fold molar excess of sulfo-NHS-SS-biotin over the number of lysozyme’s primary amines. 
Signals assigned to tryptic peptides of modified lysozyme are labeled with green bullets. The signals were assigned 
using a modifying protease adding the residue of SS-biotin at all the newly formed N-termini of internal peptides. 
Signals highlighted in yellow boxes in panel A correspond to the same peptides bound to the increment of SS-biotin 
(m/z + 389.08) highlighted in panel B. Peak 718.4 represents the N-terminal fully propionylated peptide of 
lysozyme (2× Pr KVFGR).  
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5.3.4.2. Capture of biotinylated peptides to biotin-binding resins 

The separation of biotinylated and non-biotinylated peptides was performed by binding the 

biotinylated peptides to neutravidin agarose resin according to section 4.4.5.2.  

The best results for non-biotinylated peptide release were obtained with four consecutive 

resin washes with PBS, pH 7.2., as shown on peptide MRFA in Figure 26, page 70. The peptide 

was quantitatively modified with 10–fold molar excess of sulfo-NHS-SS-biotin and a mixture of 

equal amount of unmodified (Figure 26A, page 70) and biotinylated (Figure 26B, page 70) 

MRFA was bound to neutravidin agarose. All unbound peptide was released in the PBS wash 

(Figure 26C, page 70), while the biotinylated peptide remained bound to the neutravidin resin.  
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Figure 26: MALDI-TOF spectra of: A) peptide MRFA (M et-Arg-Phe-Ala), B) peptide MRFA modified with 
10-fold molar excess of sulfo-NHS-SS-biotin, C) released non-biotinylated MRFA after binding to neutravidin 
resin. A) Pure peptide at the m/z 524. B) Peptide MRFA modifed with 10-fold molar excess of sulfo-NHS-SS-
biotin. The increment of SS-biotin bound to the peptide adds the mass of 389.08 resulting in signal shift to m/z 913. 
C) A mixture of biotinylated and non-biotinylated MRFA peptides (1:1) was applied to neutravidin agarose resin, 
after incubation the non-biotinylated peptide was released using 4 consecutive PBS washes.  
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Conditions for N-terminal peptide capture optimized throughout this chapter, namely 

biotinylation using 15-fold molar excess of sulfo-NHS-SS-biotin, binding to neutravidin agarose 

and release of unbound peptide with 4 consecutive washes with PBS, were used for the final 

experiment on hydrogenosomal proteins.  

Apart from neutravidin agarose resin, also other biotin-binding resins, specifically 

neutravidin polyacrylamide resin and avidin agarose resin, were tested. All of the resins were 

comparable in their biotin-binding efficiency. However they also exhibited considerable non-

specific binding of the non-biotinylated peptides. Blocking the resins with BSA digest prior to 

the affinity capture was tested in order to diminish this effect. The preliminary results on 

commercially available peptides suggest that such blocking decrease the non-specific binding of 

the resins (data not shown). Additional experiments on more complex peptide mixtures will need 

to be performed to confirm this result.  

5.4. Identification of N-terminal peptides in the hydrogenosomal 

protein sample  

Sample of hydrogenosomal proteins was prepared as determined by optimization studies 

(see sections 5.3.1.-5.3.3.). Hydrogenosomal proteins were isolated using both acetone lysis and 

precipitation and alkaline lysis with TCA precipitation, resuspended in denaturating conditions 

and pooled. Subsequently the pooled sample was modified with 15-fold molar excess of NHS-

propionate over primary amines as described in section 4.5. Protein disulfide bonds were then 

reduced and cysteines blocked by alkylation. Modified proteins were digested with trypsin, the 

tryptic digest was desalted and subjected to MALDI-TOF MS analysis (Figure 23, page 64). 

Control samples of hydrogenosomal proteins without primary amine modification and lysozyme 

with primary amine modification were processed along with this sample as stated in section 4.5. 

and also subjected to MALDI-TOF MS analysis. As shown in Figure 27 (page 72), the 

hydrogenosomal protein samples (Figure 27A and B, page 72) correspond to digests of complex 

protein mixtures without significant impurities. The propionylated sample (Figure 27A, page 72) 

seems less abundant than the unmodified control sample (Figure 27B, page 72), which may be 

caused by increased hydrophobicity introduced with the propionyl residues. The primary amine 

modification, cysteine alkylation and subsequent tryptic digest was successful as shown on the 

lysozyme control sample (Figure 27C, page 72).  
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Figure 27: MALDI-TOF spectra of tryptic digests of: A) hydrogenosomal proteins modified with 15-fold 
molar excess of NHS-propionate, B) unmodified hydrogenosomal proteins control sample, C) modified 
lysozyme control sample. A) Prior to the protein digest primary amines were modified with 15-fold molar excess of 
NHS-propionate over primary amines, disulfide bonds were reduced and free thiol groups of cysteines were blocked 
by alkylation using IAA. B) Prior to the protein digest only disulfide bonds were reduced and free thiol groups of 
cysteines were blocked by alkylation using IAA. C) Lysozyme was processed in the same way as the 
hydrogenosomal protein sample in panel A. Signals assigned to tryptic peptides of modified lysozyme are labeled 
with green bullets. Figure is shown on page 72. 
 

Desalted tryptic digests of the modified hydrogenosomal proteins as well as the lysozyme 

control sample were further treated according to the optimized N-terminal peptide capture 

protocol (see section 5.3.4). The internal and C-terminal peptides were biotinylated using 15-fold 

molar excess of sulfo-NHS-SS-biotin and the complex mixture of biotinylated and non-

biotinylated (N-terminal) peptides was subsequently separated by neutravidin agarose resin. The 

unbound N-terminal peptides were released using consecutive resin washing with PBS and 

subjected to MALDI-TOF MS analysis. As shown in Figure 28 (page 74) in the lysozyme 

control sample (Figure 28B, page 74) the non-biotinylated N-terminal peptide of interest 

(KVFGR with the N-terminal lysine’s both α- and ε-amino groups modified by NHS-propionate 

earlier) is present with high relative intensity (peak 718.4). In the lysozyme control sample 

biotinylated peptides are also present which is probably caused by exceeding the neutravidin 

resin binding capacity.  
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Figure 28: MALDI-TOF spectra of peptides released after biotinylation and binding to neutravidin resin : 
A) propionylated hydrogenosomal proteins, B) lysozyme control sample. A) Sample from Figure 27A was 
modified with 15-fold molar excess of sulfo-NHS-SS-biotin over primary amines and bound to neutravidin 
immobilized on agarose. Unbound peptides were released using four consecutive PBS resin washes. B) Lysozyme 
was processed in the same way as the hydrogenosomal protein sample in panel A. Signals assigned to tryptic 
peptides of modified lysozyme are labeled with green bullets. The signals were assigned using a modifying protease 
adding the residue of SS-biotin at all the newly formed N-termini of internal peptides. Peak 718.4833 represents the 
N-terminal fully propionylated peptide of lysozyme (2× Pr KVFGR).  
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The hydrogenosomal protein sample was subjected to further LC-MALDI-TOF/TOF 

analysis. 

LC-MALDI-TOF/TOF analysis and data validation  

The LC-MALDI-TOF/TOF analysis of the hydrogenosomal protein sample was 

performed according to the protocol stated in section 4.3.3. The acquired data was processed 

according to section 4.4.6.  

 

Altogether 176 proteins were identified in the modified hydrogenosomal protein sample. 

Many identifications were based also on internal peptides, which were not biotinylated and 

therefore not depleted during the N-terminal peptide enrichment. Out of the 176 identified 

proteins 88 were assigned with high probability based on the N-terminal peptide fully modified 

by propionylation. For distinguishing between internal and possible N-terminal peptides we set 

the treshold in the range of the first 50 amino acids in the particular protein.  

Several examples of identified protein sequences with their UniProt accession codes are 

shown below. N-terminal peptide sequences highlighted in red have all their lysines and N-

terminus (and tyrosines if present) modified with propionyl (highlighted in blue). Those peptides 

represent the actual N-terminal peptides in particular proteins after loosing their signal 

presequence. Acetylation of the N-terminus is highlighted in green.  

For detailed list of all proteins identified based on their fully modified N-terminal peptide 

see Table S1 in Supplementary information. 

 

Q9NI37_TRIVA Hydrogenosomal membrane protein 31  
MAQPAEQILIATSPKPSLSPVERLSVGFIAGTLSRTLTSPLDVVKMLMQVSSRGGSAKDT 
IAQLWKEQGIAGFWRGNWAACIRLGPQSAIKFYAYEELEKRIGKGKPLVGIQRTVFGSLS 
GVISQVLTYPLDVIRTRITVYSGKYTGIFNCAFTMLKEEGFTSLFAGIVPTVMGVIPYEG 
AQFYAYGGLKQLYTTKIAPGKPISPWANCLIGAAAGMFSQTFSYPFDVIRKRMMLKDEKG 
KPIYSGMMQAFSTVYAKEGVAGLYRGVGLNLIKVVPFAALQFTILEETRRAFFKVRAAID 
QKKVEEIKGKVAPKKK 
 
P49983_TRIVA Adenylate kinase  
MLSTLAKRFASGKKDRMVVFFGPPGVGKGTQAKLLEKEFNLYQISTGDALRAEIRGQTPL 
GKRVKGIIESGGLVDDDTIMDILQACMQKNTDNNGYIFDGIPRTIGQVEKLDALLAKMGT 
PLTHVLYLSVNIDELRERVCGRLFHPGSGRVYHKVTNPPKKPMTDDITGEPLIIRKDDTP 
EVFNQRMNQYFGTFQPCIDYYSKKGILQTFPVDGQPIDVVHKKLHAALQ  
 

A2FFS8_TRIVA 40S ribosomal protein S21  
MQNDAGEIVDMLIPRKCMATDRLIPPHDHASVQIQIAKVNDDGLPTGEFETVVFSGYVRA 
LGESDYALNRIATEKGLLTGVYRNEAHKQ 
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A2DDJ7_TRIVA Putative uncharacterized protein 
MSQQAPAEVPQEQTQQPLRGEMRGRREGRGPRGPRAPRGQQKGGWQPRTKLGRLVKSGKI 
KSIEEIFYHAIPIKEAEIVEHLLGEDLKDEIMKIMPVQKQTRAGQRTRFKAIAAVGDGKG 
HIGLGIKTAAEVANAIKGATIYAKLSILPVRRGYWGNKIGLPHTVPNTVTGKCGSIRMRL 
IPAPRGSGIVAGTAAKKLLTMAGFEDLFTSSLGHTKTTFNFLVATYKAMEETFKFLTPDQ 
WEDRAFEEHPFVKNSDWLHGKKKVEADE  
 

P53400_TRIVA Succinyl-CoA ligase 
MLSSSFERNLHQPLLFIDKDTRVVIQGIGNQGQYHSRLMREYGTKVVGAVHPKKAGKIIA 
GLPIFKNMKEVVKRTDANASLIFVPAPGAAAACIEAAEAGMGLVVCITEHIPQHDMIKVK 
KVMKETGCQLIGPNCPGLIQPGTHTKLGIIPTNIFRNGKIGIVSRSGTLTYEAAYATTQA 
GLGQSTVVGIGGDPFAGQLHTDVIKRFAADPQTEGIILIGEIGGTSEEDAAEWIAKTKLT 
QEKPVVAFIAGATAPPGKRMGHAGAIVSGGKGTAEGKYKALEAAGVRIARHPGNMGKFIF 
EEMKRLGKI 
 

In many proteins the N-termini of the N-terminal peptides were acetylated. This confirms 

the advantage of propionylation over acetylation, as it allows distinguishing between the natural 

N-terminal protein modification (acetatylation) and chemical modification (propionylation).  

In some cases more possibilities of fully modified N-terminal peptide in the expected 

sequence region were found (e.g., protein P53400_TRIVA).  

A high amount of the proteins identified are not hydrogenosomal, e.g., many originate in 

the ribosomes or cytosol. This is due to the preliminary simplified hydrogenosome isolation for 

the protocol optimization, where fragments of other organelles apart from hydrogenosomes may 

be present.  

Moreover the search database contains many sequences translated from the Trichomonas 

vaginalis genome (referring to “Putative uncharachterized proteins”). Proteins assigned to those 

sequences were not yet characterized and their cellular localization is also not determined yet. 

Therefore we cannot validate whether those proteins actually belong to the hydrogenosome.  

 

To summarize 88 proteins were identified based on their N-terminal peptide in the 

hydrogenosomal protein sample. Use of propionylation chosen in this work allows to 

discriminate between natural post-translational modification at the protein N-terminus and the 

modification introduced artificially. Non-hydrogenosomal proteins in the sample are caused by 

preliminary sample preparation and will be eliminated using more thorough hydrogenosome 

isolation technique. Validation of the hydrogenosomal processing peptidase specificity, i.e. 

determination of the protein targeting presequences, will be performed once a higher amount of 

proteins originating from hydrogenosome will be obtained.   
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6. Discussion  
Trichomonas vaginalis is a human pathogen which inhabits the urogenital tract of both 

women and men and causes trichomoniasis, one of the most common non-viral sexually 

transmitted diseases. Trichomoniasis is currently treated with metronidazole, but the pathogen is 

known to develop resistance against this drug. As the pathogen is eukaryotic, the targets for the 

pathogen elimination without seriously affecting the host are limited.  

Trichomonas vaginalis possesses a unique type of organelle named hydrogenosome. In 

this organelle, originally derived from mitochondria, an alternative energy metabolism producing 

molecular hydrogen developed by adaptation to anaerobic environment. One of the potential 

drug targets against this pathogen may therefore be the hydrogenosome and its unique enzymatic 

equipment. Furthermore hydrogenosomes lack genetic information, therefore all its proteins are 

nucleus-encoded and need to be transported inside the hydrogenosome using a targeting N-

terminal presequence. This presequence is recognized and removed by specific peptidases (e.g., 

hydrogenosomal processing peptidase) at the membrane of the hydrogenosome. Determining the 

substrate specificity of this peptidase could facilitate the development of specific inhibitors 

against the hydrogenosomal peptidases. Therefore the N-terminal peptides indicating the 

cleavage site for HPP after the targeting presequence were set to be captured and characterized in 

this work.  

For this project a method for proteomic analysis of hydrogenosomal proteins and their N-

terminal sequencing using a tandem mass spectrometry approach was chosen. This procedure 

was based on N-terminal peptide capture using a negative selection approach. A novel protocol 

combining advantages of published procedures was initially set up and optimized. Firstly, all 

primary amines (lysines and N-terminus) were modified by propionylation. Subsequently all 

disulfide bonds were reduced and free sulfhydryl groups were protected by alkylation. Proteins 

were then digested with a specific endoprotease and after the proteolytic cleavage the N-termini 

of the internal and C-terminal peptides were biotinylated. The biotinylated peptide were bound to 

neutravidin agarose resin and subsequently depleted from the complex peptide mixture. The 

remaining N-terminal peptides were analyzed using LC-MALDI-TOF/TOF approach and based 

on their assigned sequences the proteins from which the peptides originate were identified.  

During the protocol optimization several observations pointing on possible obstacles and 

complications were made.  
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In particular the effect of guanidine hydrochloride on the primary amine modification 

was monitored. In alkaline conditions guanidine hydrochloride becomes deprotonated forming 

a strong nucleophile, which readily reacts with both NHS-esters and anhydrides and interferes 

with the amine modification. On the other hand it was observed that during modification with 

NHS-esters guanidyl supresses undesired modification of hydroxyl groups of tyrosine, serines 

and threonines. Taken these advantages and disadvantages into account, the NHS-propionate in 

an appropriate molar ratio was chosen to be used for amine modification in the presence of 

guanidine hydrochloride.  

Moreover problematic modification of N-terminal acidic amino acids (aspartic acid or 

glutamic acid) was observed for Ang I (I5V) and BSA. The N-terminal acidic amino acid in the 

form of a zwitterion probably forms a cyclic structure where the α-amino group interacts with the 

side chain carboxyl group. Therefore the α-amino group is hindered and not susceptible to 

modification with NHS-esters or anhydrides. Increasing the excess of modifying agent slightly 

improved the N-terminal aspartic acid modification. However that concurrently negatively 

affected other downstream processes – protein „overmodification“ causing higher protein 

hydrophobicity and protein precipitation during digest.  

Possible modification of N-terminal prolines was also observed. Prolines with secondary 

amines cannot generally undergo modification with NHS-esters or anhydrides. However if there 

is a proline residue at the protein/peptide N-terminus, it may be modified. This was observed for 

one hydrogenosomal protein identified. Further experiments to confirm this effect were 

performed, but no unambiguous proof was found so far.  

As mentioned above, precipitation occurred during hydrogenosomal protein digest. As 

the precipitates formed almost exclusively in propionylated samples, this effect was probably 

caused by the increased hydrophobicity due to the propionate residues. None of the 

troubleshooting procedures improved the protein solubility and digest conditions significantly so 

far. Digestion in the presence of urea was successful, but the required additional step of protein 

precipitation with TCA prior to digest may lead to further protein loss. Therefore a compromise 

of the amount of modifying agent was chosen in order to modify the proteins primary amines 

sufficiently but not to loose too many proteins in precipitation during the digestion.  

For protein digestion trypsin was chosen as the first protease to use, as its characteristics 

are ideal for proteomic studies and moreover it produces peptides with positive amino acid 
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residues at the peptide N-terminus, which facilitates MS analysis in positive mode. It is desirable 

to perform protein digestion with several proteases of different specificity to gain better protein 

sequence coverage and compare proteins identified in samples using various proteases. 

Especially in the case of N-terminal sequencing it is important to combine more proteases, as if a 

protein has an arginine residue very close to the N-terminus, trypsin cleaves at the C-terminus of 

this residue creating a peptide too small to be analyzed, while different proteases may create 

optimal peptides. Therefore protein cleavage with alternative endoproteases including specific 

Glu-C, Asp-N as well as non-specific endoprotease chymotrypsin was also probed. However the 

optimal digestion conditions were not yet optimized and satisfactory data was not obtained from 

the hydrogenosomal proteins up to now.  

In the N-terminal peptide capture step difficulties with the biotin-binding resins were 

encountered. Several resins were tested: avidin or neutravidin on agarose or polyacrylamide 

resin. Various modifications of the avidin protein exist. Avidin is a highly glycosylated biotin-

binding protein isolated from chicken egg whites. It is formed as a tetramer consisting of four 

identical subunits, but in proteomics only monomeric avidin is often used. Due to glycosylation 

avidin may exhibit considerable non-specific binding. Streptavidin, a tetrameric protein isolated 

from Streptomyces avidinii or prepared recombinantly, has a structure very similar to avidin. 

Since streptavidin lacks glycosylation, it has minimal non-specific binding. On the other hand its 

production is very costly. Neutravidin is a tetrameric modified deglycosylated protein derived 

from avidin with minimal non-specific binding, while not being as costly as streptavidin. Both 

avidin and neutravidin resins were tested in this project. As for the support for biotin-binding 

protein immobilization agarose and polyacrylamide (UltraLink) resins were tested.  

All biotin-binding resins exhibited noticeable non-specific binding of non-biotinylated 

species, although neutravidin polyacrylamide resin the least. In order to prevent non-specific 

binding resin blocking with known peptides prior to affinity capture was tested. BSA digest was 

chosen for resin blocking as it is a well defined traceable sample, which does not interfere with 

the affinity capture. Blocking the resins with BSA digest slightly decreased the resin’s non-

specific binding and may be used as an improvement in further experiments. 

Once the protocol for N-terminal peptide capture was optimized the optimal procedure 

was applied to the hydrogenosomal proteins.  
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Hydrogenosomal proteins were first isolated from Trichomonas vaginalis 

hydrogenosomes using three different isolation techniques. Sodium carbonate used in the 

alkaline lysis only disrupts the organelle membrane but does not solubilize it. Therefore only 

internal proteins are obtained, while membrane proteins (which are not of interest) are depleted. 

Lower yield of proteins using this procedure is hence not a problem. In contrast to this acetone 

and Triton X-100 both solubilize the phospholipid membrane resulting in both internal and 

membrane proteins present in both samples. Acetone and Triton X-100 possibly solubilize the 

membrane differently and affect the proteins adversely, which leads to different sets of proteins 

yielded by those procedures as shown in the Venn diagram in Figure 14 (page 53). As Triton X-

100 causes complications during MS analysis and is considerably difficult to remove from the 

sample, only acetone lysis and alkaline lysis were chosen to be used for hydrogenosomal protein 

isolation. The samples gained with these two isolation approaches were pooled in order to 

combine the slightly varying sets of proteins obtained.  

Subsequently the optimized protocol for N-terminal peptide capture was applied on 

hydrogenosomal proteins. For the identification of N-terminal peptides in the hydrogenosomal 

protein sample lysozyme was used as an external standard, which gave us valuable information 

on the efficiency of individual steps in the procedure. Another option would be using lysozyme 

as an internal standard. Both approaches have their advantages. The external lysozyme standard 

gives us the possibility to monitor the first primary amine modification directly at the protein 

level, which is not possible routinely for complex protein mixtures. But once the first 

modification is optimized and works successfully, using lysozyme as a more precise internal 

standard would be recommended for further experiments.  

As a result of applying the whole optimized protocol on a hydrogenosomal protein 

sample 176 proteins were identified based on LC-MALDI-TOF/TOF analysis. Out of those 

88 proteins were identified based on fully modified N-terminal peptides, however also many 

identifications were based on internal peptides. Removal of the internal peptides from the sample 

has to be further optimized to be more efficient.  

Furthermore signs of possible protein degradation (either during the sample handling or 

already in the hydrogenosome) were observed. Additional steps for more precise control along 

all the procedures of the protocol (if possible controlling the Trichomonas culture quality) will be 

considered.  
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The presence of many nonhydrogenosomal proteins (protein “contaminations” from other 

organelles) in the final sample is due to the preliminary simplified sample preparation, which 

was sufficient for protocol optimization. During the initial hydrogenosome isolation lysozomes 

present in the same fraction were removed simply by suction. More precise hydrogenosome 

isolation and separation of lysozomes from the hydrogenosomal fraction should be performed 

using isopycnic centrifugation in further work. 
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7. Conclusion  
The aim of this project was the proteomic analysis on the proteome of hydrogenosomes of 

Trichomonas vaginalis. A summary of the presented work is shown in the following points.  

 

• isolation of hydrogenosomes from Trichomonas vaginalis was performed  

• protocol for N-terminal peptide capture was presented and its steps were optimized, 

namely modification of primary amines, cysteine thiol groups protection, endoprotease 

digestion and N-terminal peptide enrichment 

• using the optimized protocol 88 proteins were identified based on their N-terminal 

peptide sequences  
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 Svoluji k zapůjčení této práce pro studijní účely a prosím, aby byla řádně vedena evidence 

vypůjčovatelů.  
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