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Abstract 

Title: Improved techniques for protein analysis focusing on membrane proteins and 
hydrophobic peptides. Written in English by Theres Redeby, Division of Analytical 
Chemistry, Department of Chemistry, School of Chemical Science and Engineering, 
Royal Institute of Technology (KTH), SE-100 44 Stockholm, Sweden. 
 
In this thesis, the vital cell functions performed by integral membrane proteins (IMPs) 
are briefly discussed. Such proteins are under-represented in most protein studies due to 
the hydrophobic nature of IMPs, which seriously complicate their solubilization, sample 
handling, preparation, separation and analysis. Conventional analytical techniques include 
for example matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
MS), capillary electrophoresis (CE) and reversed phase high-performance liquid 
chromatography (RP-HPLC). Presented here are methods and protocols, which have 
been developed especially for IMP and hydrophobic peptide analysis, using the 
abovementioned techniques. 
 
The fluorinated organic solvent hexafluoroisopropanol (HFIP) has previously been 
shown beneficial as an additive for solubilization of hydrophobic analytes, which are 
poorly soluble in commonly used organic solvents or water. In Papers I-IV, HFIP is 
successfully exploited as solvent for the investigated IMPs and peptides. 
 
The simple fabrication and the focusing effect of a new structured MALDI target plate 
are presented in Paper I. This target plate contains concentrating sample spots, 
specifically designed to provide increased sensitivity for hydrophobic protein and peptide 
MALDI-MS analysis. When replacing a regular steel target with this new structured 
MALDI plate, more than a five-fold increase in average sensitivity is achieved for HFIP 
solubilized hydrophobic peptides. The full-length IMP bacteriorhodopsin (BR) and a 
cyanogen bromide digest thereof are used as model samples for the development of 
sample handling procedures in Paper II, and the peptides were used for evaluation of the 
MALDI-target plate in Paper I. Furthermore, the CE separation of the peptides, 
fractionation onto the structured MALDI plate and following MS analysis is presented in 
Paper III. Nine of the ten theoretical BR peptides were detected using this method. 
 
A protocol for the purification and analysis of chloroplast membrane proteins from the 
green macroalga Ulva lactuca has been described in Paper IV. The highest protein yield 
was achieved when proteins were extracted in HFIP, directly from the chloroplasts. The 
MALDI-MS analysis of samples with and without previous RP-HPLC fractionation 
revealed proteins with molecular weights ranging between 1 and 376 kDa.  
 
In Paper V, a closed-open-closed CE system is presented, containing an open 
microchannel for off-line MALDI detection. The electroosmotic flow and band 
broadening of this system has been evaluated. 
 
Keywords: Integral membrane proteins, Hydrophobic peptides, Sample handling, 
MALDI-TOF-MS, Structured sample support, CE, fraction collection, microchannel, 
alga, Ulva lactuca, RP-HPLC



 



 

Sammanfattning  
 
Titel: Förbättrade tekniker för proteinanalys med fokus på membranproteiner och 
hydrofoba peptider. Skriven på Engelska av Theres Redeby, Avd. Analytisk kemi, KTH.  
 
I denna avhandling presenteras de vitala cellfunktionerna som utförs av integrala 
membranproteiner (IMP) i en kort diskussion. Dessa proteiner är underrepresenterade i 
de flesta proteinstudier p.g.a. deras hydrofoba natur som allvarligt komplicerar löslighet, 
provhantering, upparbetning, separation och analys. Konventionella analytiska tekniker 
inkluderar t.ex. matris-assisterad laserdesorptions-joniserings-masspektrometri (MALDI-
MS), kapillärelektrofores (CE) och vätskekromatografi (LC). Här presenteras metoder 
och protokoll som har utvecklats speciellt för analys av IMP och hydrofoba peptider, där 
de ovannämnda teknikerna används. 
 
Det fluorinerade organiska lösningsmedlet hexafluoroisopropanol (HFIP) har tidigare 
visats vara fördelaktigt som tillsats för att öka lösligheten av hydrofoba analyter som är 
svårlösliga i vatten eller i de organiska lösningsmedel som vanligtvis används. I Artikel I-
IV används HFIP som ett utmärkt lösningsmedel för de undersökta IMP och hydrofoba 
peptiderna.  
 
I Artikel I presenteras den enkla tillverkningen och den fokuserande effekten av en ny 
strukturbelagd MALDI-platta för applicering av prov. Denna provplatta har 
koncentrerande små fält på ytan som är speciellt designade för att öka känsligheten vid 
MALDI-analys av hydrofoba proteiner och peptider. Då en vanlig obehandlad platta 
ersätts med denna nya koncentrerande MALDI-platta erhålls mer än en femfaldig ökning 
i känslighet för HFIP-lösta hydrofoba peptider. Både membranproteinet 
bacteriorhodopsin (BR) och en cyanbromid-klyvning av BR utnyttjas i Artikel II  för 
utveckling av procedurer för provhantering, och i Artikel I används peptiderna för 
utvärdering av den nya MALDI-plattan. Därefter presenteras CE-separationen av 
peptiderna, fraktionering på den strukturbelagda MALDI-plattan och efterföljande MS-
analys i Artikel III. Nio av de tio teoretiska BR peptiderna detekterades med denna 
metod.  
 
En metod för upprening och analys av kloroplast-membran-proteiner från den gröna 
makroalgen Ulva lactuca har utvecklats i Artikel IV. Den högsta mängden protein erhölls 
när proteinerna extraherades med HFIP direkt från kloroplasterna. Analys med MALDI-
MS av provlösningar utan, och med LC-fraktionering, visade på proteiner med 
molekylvikter mellan 1 och 376 kDa.  
 
I Artikel V presenteras ett slutet-öppet-slutet CE-system som innehåller en öppen 
mikrokanal för off-line MALDI-detektion. Det elektroosmotiska flödet och 
bandbreddningen i detta system har utvärderats.  
 
Nyckelord: Integrala membranproteiner, Hydrofoba peptider, Provhantering, MALDI-
TOF-MS, Strukturbelagd provplatta, CE, fraktionering, mikrokanal, alg, Ulva lactuca, RP-
HPLC 
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2 Introduction 

A draft of the entire human genome, the DNA sequences of all the 23 human 
chromosome pairs, was presented in 2001 [1,2]. This remarkable achievement has since 
then been completed in more detail. The whole genome has also been determined for 
several model organisms, for example Rattus norvegicus (rat) [3], Arabidopsis thaliana 
(flowering plant) [4], Chlamydomonas reinhardtii (unicellular green alga) [5], Escherichia coli 
(bacteria) [6] and Saccharomyces cerevisiae (yeast) [7]. As a result of this DNA sequence 
disclosure for an increasing number of organisms, and the world-wide accessibility of this 
information through on-line databases, evolution and gene function studies have been 
markedly simplified. Nevertheless, the exact number of protein-coding genes within the 
genome is still uncertain for most organisms, even though the complete DNA sequence 
may be known. Recently, the number of genes in human was estimated to merely 20.000-
25.000 [8], which is approximately in the same range as for the rat and plant mentioned 
above [3,4]. Although the goal of revealing the human genetic sequence is reached, an 
even greater challenge remains, which is to identify the genes, determine their function 
and to investigate the gene products, the proteins. Knowledge about protein function and 
structure is imperative for our understanding of biological life processes, which in turn 
may be exploited for example in the pharmaceutical, food and agricultural industry. 
However, to map the proteome, to identify and quantify all proteins expressed by the 
genome, including the determination of protein structure and function, is an undertaking 
which is immensely more complex than the genomic sequencing, for a number of 
reasons. First, the genome and the number of genes within an organism are established to 
be essentially static. In distinct contrast, the gene activation and protein expression inside 
a cell is a highly dynamic process [9]. Which proteins are expressed and in what 
quantities, are affected by inner and outer circumstances of each cell, and is changing 
with time. Also, in a multi-cellular organism, each tissue type will have its own distinct 
protein expression pattern. In addition to being a dynamic process, the protein 
biosynthesis often includes modifying steps such as alternative splicing and 
posttranslational modifications [9,10]. Consequently, the proteome is larger than the 
number of genes coding for it. Furthermore, the proteome contains proteins of varying 
abundance, size, pI and hydrophobicity, all compartmentalized within the cell. Due to 
this physical and chemical diversity of the proteins, the whole proteome may not be 
analyzed simultaneously using one and the same analytical method or protocol. On the 
contrary, a multitude of complementary procedures adapted for each specific issue, are 
required.  
 
One important class of proteins, which are exceptionally difficult to handle and analyze, 
is the integral membrane proteins (IMPs). These proteins span through the lipid 
membranes of a cell or organelle, thereby serving as a highly selective connection 
between cells or between intracellular compartments [11,12]. Thus, IMPs provide several 
vital functions, such as signal transduction, catalysis of active transport, cell-cell 
recognition and generation of chemical or electrical energy [13]. With such key roles 
within the cell, it is evident that the survey of IMPs is of outmost importance in cell 
biology, as applied for example to the study of disease mechanisms and hence in the 
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development of new drugs [11,13-16]. Already, about 70% of the known drug targets are 
membrane proteins [17].  
 
The portion of membrane proteins within the human proteome has been estimated to 
various numbers between 5 and 43%, depending on the computational models used, with 
20% as a rough average. However, despite the large number of predicted IMPs, the 3D 
structures have been determined only for about 50 IMPs, as opposed to about 22 000 
water soluble proteins. The under-representation of IMPs in most protein studies is due 
to difficulties in preparing pure samples, to loss of native structure and to limited 
solubility of the hydrophobic membrane spanning regions in solvents normally used for 
protein analysis [18,19]. Common analytical techniques, which have initially been 
developed for water soluble proteins and peptides include for example mass spectrometry 
(MS) [13,14], capillary electrophoresis (CE) [20,21] and high-performance liquid 
chromatography (HPLC) [22]. These techniques are introduced in Chapter 3 of this 
thesis, where their applications to IMPs are discussed. Special focus is on matrix-assisted 
laser desorption/ionization mass spectrometry (MALDI-MS), one of the main analytical 
techniques in proteomic studies [23]. In MALDI sample preparation the limited solubility 
of hydrophobic proteins and peptides in water is a major problem. Any alternative 
solvents or additives to increase analyte solubilization must also be compatible with the 
MALDI method and equipment. This situation provides no straight forward choices. 
This problem is addressed in Chapter 4. Also, sample preparation and protein/peptide 
handling of IMPs are challenging and require especially adapted protocols compared to 
those normally used for water soluble proteins or peptides [14,24]. Integral membrane 
protein and peptide sample handling for MALDI-MS analysis is investigated in Chapter 
5, together with the CE fractionation of hydrophobic peptides prior to MALDI analysis. 
Furthermore, in Chapter 6 different methods and solvents are evaluated for increased 
alga chloroplast membrane protein solubilization, followed by HPLC and MALDI-MS 
analysis. As there is a risk of sample loss in the handling and preparation of IMPs and 
hydrophobic peptides, an approach to minimize the sample handling between the CE 
separation and MALDI-MS analysis is introduced in Chapter 7. In conclusion, the 
methods and protocols presented here provide some improved tools for the exploration 
of integral membrane proteins.  
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3 Background 

3.1 Integral membrane proteins  

3.1.1 The roles of integral membrane proteins 
The vital roles, which IMPs play by connecting the inside of the cell or organelle to its 
surroundings, are diverse. For example, one of the most important processes to human 
and animal life is the photosynthesis. Solar energy is converted to biological energy and 
oxygen by proteins within the chloroplast membranes of algae and green plants [11]. 
Essential functions of IMPs also include the photon absorption in the rod cells of the 
eye, responsible for vision [11], the movement of bacteria [25] and the effect of 
hormones on specific organs [15]. These are examples of some cellular responses initiated 
by signal transduction. Other IMPs act as pores through the cell membranes, e.g. making 
the transmission of nerve signals possible by the transportation of ions across the 
membranes [16]. 
 

 

 
 
Figure 1. A schematic drawing of the membrane protein bacteriorhodopsin (BR) (red) that span the 
lipid bilayer membrane (yellow) of Halobacteria with seven helices [11,26]. Inside the protein core is a 
retinal molecule (purple) covalently linked to the protein for the conversion of light to chemical energy. 
 
 
The polypeptide chains of IMPs which stretch through the membranes of cells and of 
organelles within eukaryotes have to be highly hydrophobic to be located within the 
membrane organization. The lipids, which make up the membranes, are amphiphilic 
molecules. As illustrated in yellow in Figure 1, the lipid molecules consist of long 
hydrocarbon tails bound to a polar head [11,12]. The hydrophobic fatty acid tails become 
arranged towards each other, while the water-soluble head groups face the aqueous 
environment, in a self-assembly process. This fluid lipid bi-layer serves as a barrier 
between the inside and outside of the cell or organelle. The analysis and purification of 
IMPs has proven to be quite challenging because of the hydrophobic nature of the 
membrane spanning regions. These regions cause solubility problems when removed 
from their lipid environment into the solvents, necessary for, and compatible to the 
methods of analysis [13,14]. The hydrophobic IMPs may then aggregate to larger 
complexes that will precipitate, and they readily adhere to surfaces they come in contact 
with [13,14]. This is generally not a problem for the majority of the proteins that exist 
within a cell, as these proteins are water soluble. Consequently, a wide range of water 
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soluble proteins may be purchased in purified form from numerous commercial 
suppliers, and can be readily used for method development, evaluation or calibration. In 
comparison, the selection of IMPs is extremely limited. In the work presented in this 
thesis, the bacterial integral membrane protein bacteriorhodopsin (BR) is used as a model 
protein, and alga chloroplast proteins are investigated. These analytes are therefore 
discussed further in the following chapters.  
 

3.1.2 Bacteriorhodopsin – a model protein  
One of few well-characterized IMPs is the proton pump bacteriorhodopsin (BR) [11,26]. 
This is a 26 784 Da protein consisting of 248 amino acids, which span the cell membrane 
of Halobacterium halobium (saltwater bacteria) with seven transmembrane helices (Fig. 1). 
Bacteriorhodopsin covalently binds a retinal prosthetic group, which captures light by 
isomerization. The retinal conformational change controls the movement of protons 
from the cytosol to the outside of the cell membrane, and the resulting proton gradient is 
used to produce energy for the cell. The known amino acid sequence and 3D structure of 
BR, combined with its high hydrophobicity and commercial availability, are the reasons 
for using BR as a model protein in Chapters 4 and 5 of this thesis. Bacteriorhodopsin is 
used both as the full-length protein and as digested into hydrophobic peptides. 
 

3.1.3 Cyanogen bromide digested bacteriorhodopsin 
Commonly in proteomic studies, the investigated proteins are digested into smaller 
peptides by proteases and/or chemical cleavage methods [17,27]. Trypsin is a frequently 
used protease for this purpose. However, when employed for IMP digestion, trypsin 
mainly cleaves within the hydrophilic domains, which connect the membrane spanning 
helices on the outside of the membrane [11,28]. These outer, soluble domains may be 
cleaved off into sufficiently soluble peptides and used for the objective of protein 
identification [17]. Left intact are the hydrophobic integral regions, as peptides of very 
low solubility, which are often lost to the analysis [29]. For complete protein coverage 
these highly hydrophobic peptides are equally important to detect.  
 
Cyanogen bromide (CNBr) is a chemical digesting agent, which cleaves the polypeptide 
chain after methionine residues [30]. The amino acid methionine is often located within 
the most hydrophobic, membrane-spanning parts of the IMPs [28,29,31]. The resulting 
peptides are therefore more soluble than if only the external, hydrophilic parts were 
cleaved off separately, with the membrane spanning regions remaining intact, as is the 
result after tryptic cleavage. Consequently, despite its high toxicity CNBr is often chosen 
for digestion of IMPs [30].  
  
In the work presented in this thesis, CNBr digestion was performed according to Dong et 
al. [31] on the hydrophobic protein BR, yielding ten peptides. The amino acid sequences 
of these peptides are shown in Table 1, with the peptides numbered according to their 
chronological order in the protein. Even when treated with CNBr, peptides #6 and #9 
still include one and a half hydrophobic membrane spanning helices each. Also, the very 
small peptide #4 is made up of only four, highly hydrophobic amino acids. Thus, these 
three specific peptides are expected to be poorly soluble and particularly challenging to 
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handle and analyze. This is also the case in general for peptides of IMPs, because though 
CNBr produce more soluble peptides than trypsin, the peptides containing hydrophobic 
stretches are still very difficult to solubilize [28,29]. Cyanogen bromide digested BR was 
used for the method development of an improved solubilization and analysis of highly 
hydrophobic peptides presented in Chapter 4 and 5 of this thesis. 
 
 
Table 1. Amino acid sequence and calculateda monoisotopic [M+H]+, pI, GRAVYb, number of 
negatively charged (D+E) and positively charged (R+K) residues, for the ten peptides resulting after 
CNBr digestion of bacteriorhodopsinc. (Paper II) 

 
Peptide # Amino acid sequenced  [M+H]+  pI  GRAVYb D+E R+K % membrane spanning 

1 QAQITGRPEWIWLALGTALM 2207.1971 6.00 0.355 1 1 50 

2 GLGTLYFLVKGM 1250.7143 8.59 1.100 0 1 75 

3 GVSDPDAKKFYAITTLVPAIAFTM 2508.3384 5.96 0.554 2 2 54 

4 YLSM 465.2344 5.52 0.900 0 0 100 

5 LLGYGLTM 819.4611 5.52 1.312 0 0 25 

6 

 
VPFGGEQNPIYWARYADWLFTTPLLLLD 
LALLVDADQGTILALVGADGIM 
 

5397.8448 3.61 0.662 6 1 60 

7 IGTGLVGALTKVYSYRFVWWAISTAAM 2913.5661 9.70 0.867 0 2 74 

8 LYILYVLFFGFTSKAESM 2081.0993 6.00 1.083 1 1 50 

9 

 
RPEVASTFKVLRNVTVVLWSAYPVVWLI 
GSEGAGIVPLNIETLLFM 
 

5036.8015 6.23 0.843 3 3 54 

10 

 
VLDVSAKVGFGLILLRSRAIFGEAEAPEP 
SAGDGAAATSD 
 

3958.0555 4.51 0.444 5 3 36 

 
a http://www.expasy.org/  PeptideMass and ProtParam tool. 
b Grand Average of Hydropathicity. Positive values denote hydrophobicity.  
c http://www.expasy.org/  Swiss-Prot primary accession number of bacteriorhodopsin: P02945. 
d Membrane spanning regions are highlighted in grey. 
 
 

3.1.4 Algae and chloroplast proteins  
Algae are decidedly important organisms in the marine ecosystems on Earth. 
Environmental changes affecting the oceans may lead to cellular responses in algae, with 
inhibition of normal protein synthesis in combination with the production of stress 
proteins. Species of the marine green macro algae Ulva are often used to study such 
protein changes, to identify physiological disturbances [32] or find potential biomarkers 
[33] as evidence for environmental contaminants. However, only few reports about green 
macro algae proteins have been presented, which include the investigation of IMPs, e.g. 
[34,35]. For instance, fundamental growth processes of algae are thought to involve 
membrane proteins for active transport of inorganic carbon across one or more 
membranes of the cell, like those of chloroplasts [36-41]. This carbon uptake in algae is 
influenced by for example the exposure of sunlight, the carbon dioxide concentration and 
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the pH of the water, though the exact mechanisms and proteins involved are not yet 
clear. Consequently, increased knowledge about these physiological processes may be 
gained through protein expression fingerprints from alga chloroplast membranes. A first 
step in achieving this goal is to develop a protein extraction protocol for maximum 
solubilization and detection of the hydrophobic alga chloroplast membrane proteins and 
to find suitable solvents, also compatible with the following separation and analysis 
techniques. Apart from the poor solubility of IMPs in general, a further obstacle for algae 
protein analysis is the high concentrations of proteases in alga cells [42]. A protocol 
developed for alga chloroplast membrane protein solubilization and analysis is presented 
in Chapter 6 of this thesis, using the marine green macro alga Ulva lactuca [39] from the 
Swedish West coast.  
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3.2 Utilized liquid based separation techniques  

3.2.1 Integral membrane protein separation 
Several fractionation and separation steps are needed to investigate and identify the 
individual proteins within a proteome made up of thousands of different proteins. A 
range of such techniques are available, which separate proteins according to charge, size, 
solubility, hydrophobicity or matrix affinity [10,43]. As already discussed in Chapter 
3.1.3., many protein analysis routines often involve protein digestion at some stage. Thus, 
the separation of peptides is also regularly performed in proteomic studies [10,30,43]. 
However, the limited solubility of IMPs and peptides thereof can be a serious obstacle 
for succeeding with such separations. 
 
One of the most widely used and well established separation techniques in proteomics is 
two dimensional polyacrylamide gel electrophoresis (2D-PAGE) [10,30,43]. In this 
method, proteins are separated according to their isoelectric point (pI) in the first 
dimension and their apparent molecular mass in the second [30]. The popularity of 2D-
PAGE stems mainly from the high number of proteins, which may be resolved 
simultaneously. Nevertheless, 2D-PAGE suffers from long analysis times and difficulties 
in automation and protein quantification [43]. Also, when used for hydrophobic proteins 
the separations are often poor. In addition to irreversible precipitation of IMPs during 
the isoelectric focusing in the first dimension, extraction of proteins or peptides from the 
polyacrylamide gel for further analysis result in large sample losses [14,24,28,29,44,45]. 
Consequently, there is a need for alternative separation techniques for integral membrane 
proteins.  
 
Three major analytical separation techniques used in proteomics research are one 
dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), 
high performance liquid chromatography (HPLC) and capillary electrophoresis (CE) 
[20,22,43]. These three techniques have been used in the work presented in this thesis, 
why each technique is discussed in more detail in the following chapters. 
 

3.2.2 Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis 

The second dimension of 2D-PAGE is called sodium dodecyl sulphate polyacrylamide 
gel electrophoresis (SDS-PAGE), and is most often used alone as a one dimensional 
separation technique [46]. Different protein sample solutions may be applied in wells 
formed along one side of the flat rectangular polyacrylamide gel. While immersed in a 
buffer solution, an electric field is applied over the length of the gel, resulting in the 
movement of charged proteins. The polyacrylamide molecular network provides a sieving 
medium through which smaller proteins migrate easily, while larger are retarded, thereby 
separating the proteins by size. At the end of the run, the protein locations on the gel are 
detected through staining [46].  
 
In SDS-PAGE, the denaturing detergent sodium dodecyl sulphate (SDS) is added to the 
sample solution and buffer (Figure 2). The molecular structures of detergents are similar 
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to lipids, with a polar water-soluble head-group and a hydrophobic tail [12]. In water 
solutions containing proteins the detergents are arranged with their tails towards the 
hydrophobic parts of the proteins and with the polar groups facing the solution. This 
arrangement makes the protein surface more hydrophilic, thus increasing the protein 
solubility. In SDS-PAGE, the detergent SDS is included in the sample and buffer both to 
enhance solubilization and to add negative charges to the proteins. Generally, a large 
number of proteins are considered to absorb a constant number of SDS molecules per 
protein molecular weight. Since SDS is an anionic detergent, the negative charge to mass 
ratio of any protein-detergent complex will be approximately constant. Thus, the 
separation is determined solely by the apparent molecular weight of the proteins passing 
through the sieving gel [46].  
 
 
 

 
 

Figure 2. Molecular structure of the ionic detergent sodium dodecyl sulphate (SDS). 
 
 
 
One lane in the gel is normally run with standard proteins of known molecular weights, 
to which the unknown proteins are compared. This comparison method only provides 
rough molecular weight estimations with an accuracy of ±5-10% [47]. Since only the 
apparent molecular weight is measured, any deviations from the theoretical model of 
constant SDS binding and complete protein denaturation will cause unpredictable 
variations [46]. Also, after the separation is completed, the hydrophobic proteins are 
digested into peptides. As with 2D-PAGE, the hydrophobic peptides are difficult to 
solubilize and are easily lost in the extraction/solubilization step from the gel [28,29,46]. 
Nevertheless, SDS-PAGE is widely used for purposes like approximation of protein size, 
to establish sample purity and for the comparison of sample compositions. In Chapter 6 
SDS-PAGE is used for the evaluation of different alga chloroplast protein solubilization 
methods.  
 

3.2.3 Capillary electrophoresis  
Instead of passing the proteins through a sieving slab gel by electrophoresis, the 
separation may be performed in an open capillary [21]. Capillary electrophoresis (CE) is a 
low cost and high resolution separation technique with further advantages like short 
analysis times and low sample volume requirements. The importance of CE for 
biopolymer analysis continues to increase [20,21,48]. A main feature of CE is the simple 
instrumental setup and thus straightforward automation [21]. The ends of a fused silica 
capillary with an inner diameter of typically about 25-70 µm is inserted into two separate 
buffer reservoirs. Pressure is applied to fill the capillary with buffer solution. An electrode 
is placed in each buffer reservoir, which are then connected to a high voltage supply to 
achieve electrical fields about 100-500 V/cm capillary length. Injection of nl sample 
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volume into the capillary is done by temporarily replacing the inlet buffer with the sample 
solution and either applying pressure or an electric field for a few seconds. Normally, 
optical detection is performed in-line, near the capillary outlet end.  
 
 
 

 
 

Figure 3. The enlarged section of a fused silica capillary shows the electro-osmotic flow (EOF) 
mechanism in capillary electrophoresis. A double layer of buffer ions is formed at the negatively 
charged silica wall. When an electric field is applied over the capillary, the positively charged diffusion 
layer will move towards the cathode. Because the buffer ions are hydrated they will also drag the bulk 
along. This flow is called EOF and it transports the bulk and all solutes, charged and neutral, through 
the capillary. 
 
 
 
The separation mechanisms in CE are based on the combination of the different 
movements of ions in an electric field. First, any charged analyte ions move towards the 
oppositely charged electrode with a velocity, which increases with increased analyte 
charge  [21]. Second, at a buffer pH above 2-3, the silanol groups on the capillary surface 
become negatively charged (SiO-). This negative wall charge is balanced by the attraction 
of buffer counter ions, which form a double layer by the capillary wall (Figure 3). Closest 
to the silica surface, a fixed first layer of cations shield the bulk solution from the 
negative wall charge. A second diffuse layer, consisting of mainly electrostatically 
attracted cations, cover the fixed layer. When an electrical field is applied over the 
capillary, the hydrated cations comprising the diffuse layer move towards the negative 
cathode while dragging along the water molecules in the bulk. This flow is called electro-
osmotic flow (EOF) and it transports all neutral, positive and negative molecules in the 
same direction and at the same velocity through the capillary. The combination of the 
EOF and the direct movement of charged analytes in the applied electric field will result 
in a separation (Figure 4). Positively charged solutes will be attracted to the cathode and 
therefore be transported faster than the EOF, while negatively charged solutes will move 
towards the anode, which is in the opposite direction. Moreover, the larger the molecule, 
the more friction it will experience while moving along the electric field, due to the 
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viscosity of the buffer. This will decrease the velocity of charged solutes according to 
size. In conclusion, a separation occurs where the analytes move in discrete zones in the 
free solution. This is the simplest mode of CE, called capillary zone electrophoresis 
(CZE) [21]. 
 
 
 

 
 
Figure 4. Schematic separation of neutral (N) and charged (+/-) analytes in capillary zone 
electrophoresis (CZE). The EOF transports all solutes through the capillary, in the same direction and 
at the same speed. In addition to the EOF, charged species will also move in accordance with the 
electric field and while doing so experience a friction from the liquid. The friction will be proportionally 
larger for larger analyte molecules. As a result, there will be a separation into zones based on charge 
and size. 
 
 
 
Despite the increasing number of applications of CE to protein studies, there are only a 
few reports on applications to integral membrane proteins, e.g. [31,49-53]. Inadequate 
solubility of IMPs in CE buffers, protein aggregation and wall interactions, result in large 
or complete sample loss and poor reproducibility. Denaturing agents like urea or 
detergents have been added to keep the hydrophobic proteins in solution [49-53]. These 
approaches have also been combined with the use of coated capillaries to reduce 
protein/peptide-wall interactions [31,49]. In Chapter 5, the CE separation and 
fractionation of hydrophobic peptides are shown, using a capillary coated with positively 
charged surfactants. 
 

3.2.4 Reversed phase high-performance liquid 
chromatography  

Reversed phase high-performance liquid chromatography (RP-HPLC) is a separation 
technique which is based on hydrophobic interactions between the solute molecules, the 
immobilized ligands on a support material fixed inside a column, and the mobile solvent 
phase passing through the column [54]. In proteomic applications, RP-HPLC is used for 
both preparative and analytical purposes and is central as an alternative and/or 
complement to 2D-PAGE [22,45,55].  
 
A volume of about 1-100 µl of the sample solution is injected into the RP-HPLC column. 
The solutes are then transported through the column by pumping the aqueous mobile 
phase at a flow rate in the order of 1 ml/min. Solutes, which interact strongly with the 
stationary phase, will remain in the column longer. Usually, the polarity of the mobile 
phase is progressively decreased during the separation. This is done by increasing the 
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proportion of an organic modifier, thereby gradually eluting more hydrophobic solutes. 
Acetonitrile (ACN) is one of the most commonly used organic modifiers, and it has also 
been utilized for the separation of IMPs, e.g. [55-59]. This UV transparent solvent is 
compatible with the optical detection, and its low viscosity assures fast mass transport of 
the solutes between the mobile and stationary phases.  
 
Generally, the stationary phase support material is composed of packed 3-5 µm diameter 
silica particles, or a monolithic synthetic organic polymer, such as polystyrene. Ligands 
are immobilized on the surface of the support material to regulate substrate retention. 
Key parameters for the separation and resolution are the column stationary phase particle 
size, pore size, surface area and chemistry of the surface [22,54]. Alkyl chains of varying 
length, from C4 to C18, are ordinarily employed as surface ligands. The use of for example 
C4 [59], C8 [58], C18 [56,57] and monolith columns [55] have been reported for IMP 
applications. For example, photosynthesis proteins from the well-documented spinach 
and Arabidopsis thaliana have been successfully separated by RP-HPLC [55,59]. Thus, RP-
HPLC is used for the separation of chloroplast membrane proteins from the green macro 
alga Ulva lactuca, which is presented in Chapter 6.  
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3.3 Matrix assisted laser desorption/ionization mass 
spectrometry (MALDI-MS)  

3.3.1 Mass spectrometry and sample solubilization  
Mass spectrometry (MS) is an invaluable analytical tool for proteomic studies. Protein, 
peptide or amino acid molecular weights are determined by MS and the acquired data 
explored with bioinformatics methods to investigate for example protein identification, 
modifications, abundance and structure [18,27,30,60]. Most often, the complexity of the 
sample need to be reduced prior to MS analysis to achieve mass spectra that are possible 
to interpret. Therefore, MS analysis are normally preceded by the previously described 
protein and peptide separation techniques e.g. [10,13,18,19,22,43]. Also, the additional 
information achieved from the separation in combination with mass spectrometry can 
provide a two dimensional method, for example RP-HPLC-MS with a separation based 
on hydrophobicity in the first dimension and molecular weight in the second [10]. 
 
Two of the main components of a mass spectrometer are the ion source and the mass 
analyzer, where the analytes are first ionized and then separated according to their mass-
to-charge ratios (m/z). The two soft ionization techniques matrix assisted laser 
desorption/ionization (MALDI) and electrospray ionization (ESI) may ionize large 
molecules without much fragmentation and are therefore the two ion sources mostly 
used for proteins and peptides [61,62]. The two techniques are complementary, each with 
unique strengths and disadvantages. Electrospray ionization benefits from the possibility 
of direct coupling to liquid separation columns or capillaries [61]. However, the most 
common method of separation for proteins is by 2D gel electrophoresis, after which the 
separated protein spots are cut out, digested into peptides and extracted from the gel for 
subsequent MALDI-MS analysis [60,61]. Specifically, MALDI instruments are commonly 
used in proteomic research due to the production of ions with only few charges, which is 
beneficial for the analysis of complex protein or peptide samples due to less complicated 
mass spectra [60-62]. Depending on the requirements and aim of the study, the ionization 
technique of choice may be combined with a range of different mass analyzers, for 
example time of flight (TOF), quadrupole mass filter, ion-trap, magnetic or electric 
sectors and Fourier-transform ion cyclotron resonance analyzer [62].  
 
The sample introduction into an ESI instrument and the sample application onto a 
MALDI-target plate, require the analytes to be solubilized in some solvent [60-62]. Thus, 
the insolubility of IMPs and hydrophobic peptides is an obstacle for successful analysis. 
To increase the IMP solubilization in water, detergents may be added [12,63]. However, 
the ion sources are sensitive towards additives, why the presence of detergents and/or 
other additives in the sample solution generally cause decreased sensitivity of the MS 
analysis. Of the two ionization methods ESI and MALDI, the more tolerant towards 
additives and contaminants is MALDI [62,64-66].  
 
The use of detergents may be avoided by replacing the water with some organic solvents, 
which both are compatible with the MS analysis and solubilize the IMPs. 
Hexafluoroisopropanol (HFIP) is a hydrogen bonding solvent, previously shown to be a 
beneficial additive in ESI [67,68] and MALDI [69] analysis of membrane proteins and 
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peptides. The use of 100% HFIP as a potential solvent for IMPs and hydrophobic 
peptides is therefore explored throughout Chapters 4-6.  

 

3.3.2 MALDI-TOF instrumentation and sample application 
The combination of the MALDI ion source and the TOF mass analyzer is advantageous 
mainly for two reasons. First, both are pulsed techniques and are therefore technically 
compatible. Secondly, the TOF mass analyzer, without any theoretical upper m/z limit of 
detection, is suitable for the high molecular weight ions with few charges produced by 
MALDI [61,62]. In the work presented in this thesis, a Bruker Reflex III MALDI-TOF-
MS with a 337 nm nitrogen laser is used. The principles of a MALDI-TOF instrument 
[61] are schematically described in Figure 5.  
 
 

 
 
Figure 5. The principles of a MALDI-TOF instrument. (a) Dry sample/matrix crystals on the MALDI 
target, (b) a pulsed laser provide energy, (c) vaporization, and proton transfer from the matrix 
molecules to the analytes, (d) a high voltage V is applied giving ions of equal charges z the same 
kinetic energy KE according to KE=zeV, where e is electron charge, (e) the respective ions of mass m 
fly freely through a tube of fixed length l at speed v, (f) the flight-time t is recorded, along with the ion 
intensity. KE=m(l/t)2/2=zeV ⇒ m/z=2eV/(l/t)2.  
 
 
The sample can be prepared e.g. by the conventional dry droplet method, in which the 
matrix and the sample solutions are applied as one joint droplet on the conducting metal 
sample support [61,62]. The common matrices α-cyano-4-hydroxycinnamic acid 
(HCCA), 2,5-dihydroxybenzoic acid (DHB) and  sinapinic acid (SA) are used for 
peptides, proteins and large protein complexes, respectively (Figure 6) [23,61,62]. As the 
solvents evaporate, the matrix co-crystallizes with the analyte molecules on the probe 
surface (Fig. 5.a) [61,62]. The MALDI probe is inserted into the instrument. Often, the 
MALDI probe consists of a stainless steel plate with an array of numbered positions for 
sample application. Inside the vacuum of the instrument, a pulsed laser irradiates the 
matrix/analyte crystals (Fig. 5.b). The matrix molecules absorb the laser energy and the 
mixture is desorbed from the surface. The gas phase analytes are ionized through proton 
transfer from the matrix, cation adduct formation, electron transfer or electron capture 
(Fig. 5.c), though the exact mechanisms of these processes are still unidentified 
[61,62,70,71]. A high voltage is then applied orthogonally from the MALDI plate, giving 
each equally charged ion the same kinetic energy, directed away from the plate (Fig. 5.d). 
The voltage is switched off and the ions are left to fly freely in vacuum (Fig. 5.e), until 
reaching the detector at the end of the flight tube (Fig. 5.f). The flight time of the ions 
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and the corresponding signal intensity are recorded. Through the calibration with 
standards of known m/z, the m/z for the different sample components can be 
determined. Normally positive ion mode is used for proteins and peptides with MALDI, 
detecting positively charged ions [23,70,71]. 
 
 

 
 
Figure 6. Molecular structures  of the MALDI matrices  a) α-cyano-4-hydroxycinnamic acid (HCCA), 
b) 2,5-dihydroxybenzoic acid (DHB) and  c) sinapinic acid (SA). 
 
 
The analyte distribution over the dry matrix/analyte sample preparation spot is often 
uneven [62,72]. A laser pulse directed to one specific position on the sample spot thus 
produces sample signals of more or less different intensities than another randomly 
chosen position nearby. Often, restricted locations are scattered over the spot surface, 
where the analyte signal is locally high (“sweet spots”), surrounded by large areas where 
low or no signal can be achieved. To produce spectra from sample spots with such 
inhomogeneous analyte distribution, a considerable time and effort input is demanded, in 
particular from low amounts of analyte. In situations where numerous samples have to be 
analyzed and/or where the MALDI spectra acquisition is automated, more reproducible 
results are crucial. When evaluating differences between the sample supports and solvents 
used in Chapters 4 and 5, “sweet spot” searching is avoided to obtain more 
representative results. The comparison is carried out on spectra acquired from several 
separate locations, evenly spread out on each sample spot, and randomly chosen before 
the analysis. 
 

3.3.3 MALDI sample supports for increased sensitivity 
It has previously been shown that the spreading of a sample droplet on the MALDI 
target surface may be prevented by surrounding a small hydrophilic area with a 
hydrophobic surface [73]. During sample evaporation the droplet becomes focused to the 
small defined area on the target plate, causing a concentrating effect of the analytes. Such 
Teflon®-related coated targets, AnchorChips TM, are commercially available from Bruker 
Daltonics [73]. Besides increased sensitivity, automation of the MALDI-MS analysis is 
also facilitated when the matrix-analyte spots are concentrated onto well-defined 
positions on the support, with decreased surface heterogeneity.  
 
A related structure to the AnchorChips TM, where gold spots covered with a layer of poly-
acrylic acid are surrounded by a coating of hexadecanethiol, has been reported for the 
purpose of protein concentration and desalting [74]. The reduction of the spot sizes 
through an increased contact angle between the droplet and a coated MALDI sample 
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support surface, have also been used. For example, Teflon® [75], alkanethiol [76], 
pentadecafluoro-amidopropyltrimethoxysilane [77], Scotch Gard TM (a 3M water repellent 
product, for outdoor fabrics) [78] and SILICLEAN 3700 (1-methoxy-2-propyl acetate) 
[79] have been applied as coatings. However, only water-soluble hydrophilic proteins and 
peptides have been used to develop and evaluate these methods. If applied to highly 
hydrophobic IMPs and peptides, new problems may evolve. In Chapter 4 a new and 
simple technology to make structured MALDI targets is presented. These target plates 
are suitable for sample solutions with a high content of hexafluoroisopropanol (HFIP), 
and thus being advantageous when working with hydrophobic proteins and peptides. 
Applications of these MALDI targets for IMPs are further explored in Chapter 5 and 6. 
 

3.3.4 Coupling of capillary electrophoresis to MALDI 
The risk of sample loss in intermediate transfer steps is avoided or minimized through 
the physical coupling of a separation method to the following mass spectrometry analysis, 
[9,80]. Automation and high throughput are important issues in proteomics, which may 
also be realized by this coupling approach. However, there are several obstacles to 
overcome, depending on the chosen separation and MS method. Of the three separation 
techniques SDS-PAGE, CE and HPLC, the sample transfer from a gel to the MS ion 
source is evidently the most laborious and difficult to automate. After CE and HPLC 
separations the analytes exit the capillary or column with the eluent or buffer. Such 
solubilized samples are already in a form which is congruent to MS analysis. While HPLC 
is a more established technology, protein and peptide separations by CE coupled to one 
of the two soft ionization techniques MALDI or ESI offers benefits like fast separations, 
high resolving power, automation and high throughput [47,80,81]. It is technically more 
challenging to couple CE to MALDI, than to connect the flow based techniques CE and 
ESI [47,81]. Nevertheless, the advantages of MALDI provide valuable features in 
combination with CE. Generally, as MALDI generates mainly singly charged ions, the 
interpretation of protein and peptide mass spectra is facilitated. Furthermore, specifically 
for the separation of IMPs and hydrophobic peptides, MALDI has a higher tolerance 
than ESI towards the presence of the additives like urea and detergents, which are often 
required in the CE running buffer to increase the solubility and/or prevent capillary wall 
adsorption of the hydrophobic analytes. The ionization technique MALDI also has a high 
tolerance towards different CE buffer salts. Thus, the coupling of CE and MALDI still 
permit a high degree of independence in the optimization of the two techniques.  
 
Several CE-MALDI interfaces have been presented [81]. These systems can be divided 
into the categories of either on- or off-line couplings. The on-line interfaces introduce the 
liquid flow and matrix directly into the mass spectrometer, thereby minimizing the 
sample handling. Examples of such techniques are aerosol spray liquid introduction [82], 
continuous flow probe [83], and different versions of moving targets in vacuum, like a 
tape [84], rotating ball [85,86] or quartz wheel [87]. Common for these on-line interfaces 
is that they involve major rebuilding of the MS instrument. Conversely, the off-line 
option allows an unaltered mass spectrometer, thus providing more flexibility. Prior to 
the normal introduction of the MALDI target into the instrument, off-line CE-separated 
proteins or peptides are directly deposited onto the target [47,81]. The addition of matrix 
has been achieved in a number of ways; through the CE running buffer [88], in the 
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sheath flow [89], in the pre-positioned droplets [90] or crystallized on the target preceding 
fractionation [91,92]. For electrical coupling of the capillary outlet during fractionation, 
pre-positioned droplets on a MALDI target have been used [90]. Alternative approaches 
have been electro-coupling through a liquid junction to a second deposition capillary in 
vacuum [88], by applying a sheath flow for fraction collection onto a regular [89] or pre-
structured [91] target plate, or through electrical connection to a membrane target [92]. 
All the on- and off-line techniques mentioned above have been applied to the analysis of 
water soluble proteins and peptides. Presented in Chapter 5 of this thesis is the CE 
fractionation of highly hydrophobic bacteriorhodopsin peptides onto a specially designed 
structured MALDI target plate. 
 
A potential drawback of collecting fractions after CE is the reduction of the high 
resolution achieved through the separation. To maintain the separation resolution, 
continuous off-line deposition onto a MALDI target pre-coated with matrix may be an 
option. This kind of setup has been shown to distribute the eluted analytes along a track 
width of about 200 µm [92]. A narrower track would increase the analyte per area, thus 
increasing the MALDI sensitivity. Instead of performing the CE separation in a closed 
capillary and distributing the eluent on a MALDI target, 250 or 150 µm wide and 16 mm 
long open microchannels on a chip have been used to perform the CE separation [93,94]. 
This open structure provides direct access of the analytes to the subsequent MALDI-MS 
analysis after the separation is done. However, the CE conditions are not optimal in such 
short microchannels. Hence, in Chapter 7 a CE-MALDI hyphenated system is presented, 
which aims to combine the benefits of both the continuous distribution from a long silica 
capillary and the open microchannels. This new technique uses an open CE 
microchannel as a MALDI detection window within the CE capillary system. 
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4 Structured MALDI target coating  

4.1 Spreading of hexafluoroisopropanol 
The organic solvent hexafluoroisopropanol (HFIP) is a promising solvent for MALDI 
sample preparation of integral membrane proteins and peptides. In Papers I-III HFIP 
was used to solubilize the full-length protein BR and CNBr digested BR, without the 
addition of any detergents. However, when this solvent was used for MALDI sample 
solubilization and application, very large sample spots were formed on a regular stainless 
steel MALDI target (Figure 7.a.). The volatility and low surface tension of HFIP caused 
quick and easy spreading over a sizeable area of the target surface. A reduced but similar 
effect was seen when HFIP was applied onto the commercially available AnchorChips TM 
from Bruker Daltonics, which comprises concentrating sample spot areas surrounded by 
a Teflon®-related coating [73]. This spreading is an apparent disadvantage because an 
increase in the sample area reduces the sensitivity of the MS analysis.  
 
 

 
Figure 7. Photographs of samples applied on three different MALDI target plates. 0,5 μl of the DHB 
matrix solution in acetonitrile/0,1% TFA, followed by 0,5 μl BR digest solvated in HFIP, were applied 
on the respective MALDI sample targets; (a) regular steel plate, (b) silicone pre-structured plate, (c) 
0,8mm spot on AnchorChipTM. 
 
 
To restrict the spreading of HFIP, different new coating materials were investigated. An 
initial screening for a HFIP repellent coating compared the gas chromatography 
stationary phases Squalane , OV-1 (dimethylsilicone gum), OV-101 (dimethylsilicone) and 
Silicone PS255 (a copolymer of dimethylsiloxane and 1-3% methylvinylsiloxane). 
Solutions of each material dissolved in hexane were applied onto a steel plate for the 
purpose of forming a thin film. After solvent evaporation, a droplet of HFIP and a 
droplet of water were added at the edge of the films, and the spreading was observed. 
The Silicone PS255 was the only one of the films, which had the desired HFIP repelling 
effect. Consequently, this material was the choice for the structurally coating of the 
MALDI target plate.   
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4.2 Manual fabrication of the coating 
The conversion of a standard stainless steel MALDI target into a structured plate with 
concentrating sample spots is very straightforward, as described in Paper I. The 
procedure is schematically illustrated in Figure 8. First, glycerol droplets are manually 
applied onto the target by briefly touching the steel plate with a pipette tip dipped in 
glycerol. The plate rim is covered by plain copy paper attached to the plate with cello 
tape, only exposing the area patterned by the glycerol droplets. Some spraying device, 
such as an airbrush spray system, is then loaded with a solution of Silicone PS 255 
dissolved in hexane. This silicone solution needs to be made such that the viscosity is just 
low enough for the airbrush to form a spray. The exposed area of the MALDI plate is 
then sprayed with silicone, until leaving a thin, even and visible film. The procedure is 
rapid and simple and can easily be performed in any laboratory equipped with a spraying 
device.  
 
 

 
 
Figure 8. Principle of the conversion of a standard stainless steel MALDI plate into a structured 
concentrating target. 
 
 
The coating is immediately dry enough to remove paper, cello tape and to rinse off the 
glycerol droplets with water, providing the layer of silicone is made sufficiently thin. 
Areas of bare steel sample spots are thus ready for use, surrounded by the silicone 
coating. Typical diameters of the spots are 0,8–1 mm using the fabrication technique 
described above. When not in use, it is important to keep the plate in a closed container 
to avoid dust being attracted to the sticky silicone surface. When all the spots on a target 
have been used, a regular washing procedure easily removes the silicone film and 
sample/matrix spots. The target plate can then be used as a regular plate or be coated 
again with new glycerol droplets and silicone layer to form the desired spot structure. 
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4.3 Focusing effect 
The large sample spot formed on a regular stainless steel MALDI target after evaporation 
of a droplet containing DHB matrix and HFIP sample solution is shown in Fig. 7.a. 
Conversely, when the sample preparation procedure is repeated using the structurally 
silicone coated MALDI plate, the droplet is confined onto the concentrating areas of 
bare steel (Fig. 7.b). The spreading of the droplet is prevented by the silicone film during 
solvent evaporation. This generates a sample/matrix area significantly smaller than that 
obtained on a plain steel target. The focusing effect of the silicone coated target is also 
compared to that of a commercially available Bruker Daltonics AnchorChipsTM plate [73]. 
Water and many organic solvents are focused when using these plates [72,73], but 
droplets with a high content of the fluorinated solvent HFIP spreads easily over the 
Teflon®-like surface, obstructing the desired concentration (Fig. 7.c). The improved 
focusing effect of the structured silicone covered plate, using DHB as matrix, is shown in 
Fig. 7.b, while that of HCCA is presented in Paper I. This kind of structurally silicone 
coated MALDI plates were used throughout Papers I-IV and the different applications 
of the MALDI plate will be presented in the following chapters of this thesis. 
 
 

 
 
Figure 9. Spectra acquired from (a) 17 pmol BR digest dissolved in HFIP, on a regular stainless steel 
plate, (b) 17 pmol BR digest dissolved in HFIP, on a silicone prestructured plate, (c) 17 pmol BR 
digest dissolved in HFIP, on an AnchorChipTM plate 0,8mm spot. The identified peptides are marked 
in the spectra by their respective numbers, see Table 1. The mass spectra are off-set in the y-axis. 
(Paper I) 
 
 
The focusing effect of the structured MALDI target silicone coating presented in Fig. 7 is 
evaluated by the ten CNBr digested BR peptides (Table 1) solubilized in HFIP (Paper I). 
Spectra acquired from a regular stainless steel plate are shown in Figure 9.a, where only 
three of the BR peptides, #1, #2 and #5, can be identified. Typically, sample spots on a 
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regular steel plate generate a low sensitivity for most of the peptides. When instead the 
structured silicone covered plate was used, the average signal-to-noise values for the 
peptides showed a six-fold increase along with an increased number of detected peptides, 
as seen in Fig. 9.b. The commercially available 0,8mm AnchorChipsTM (Bruker Daltonics) 
generate weaker signals for all the identified peptides (Fig. 9.c) with peptide #5, #8 and 
#7 just above the detection limit. Comparing the different targets, a more concentrated 
and homogeneous analyte distribution is obtained with the new silicone coated plate. 
When the average S/N values from four sample spots of 100fmol digest each on the 
three plates were evaluated, the silicone covered structured plate showed more than a 
five-fold increase compared to the regular steel plate, and a two-fold increase compared 
to the 0,8mm AnchorChipsTM.  



 23

4.4 Semi-automatic fabrication of the coating 
The semi-automatic fabrication of the structured silicone coated MALDI plate is 
described in Paper III. This improved procedure was developed with the multiple aims 
of simplifying the manufacturing and to create even smaller sample spots, in a pattern 
specifically designed for CE fractionation, as is discussed further in Chapter 5.2.  
 
In this partially automated method, the glycerol droplets are applied onto the MALDI 
plate by pressure-initiated siphoning through a silica capillary. This simple dispenser 
consists of the capillary, which is mounted on a z-axis controller for movements up and 
down. The target plate is positioned underneath the capillary outlet on an automated x-y- 
control table. After the glycerol dispensing, the silicone coating is applied by manual 
spraying. Thereafter, the plate is rinsed in water to remove the glycerol droplets, as 
before. Using this technique, the production of more than 10 parallel rows of each 48 
sample spots on one MALDI plate is a straightforward procedure (Figure 10.a). The bare 
steel spot diameters created with this improved dispenser method are decreased to about 
0,5 mm (Fig. 10.b).  
 
 

 
 

Figure 10. Photograph of (a) the structured MALDI target plate, before the addition of matrix, and b) 
the magnification of some sample spots, from (a). Note that the perspective of the photo influences 
the relative distances in the figure of (b). (Paper III) 
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5 Applications of the structured MALDI target  

5.1 Hydrophobic peptide analysis  

5.1.1 Peptide solubilization  
As previously discussed, an important step in achieving a successful MALDI-MS analysis 
is to create sufficient solubilization conditions for the analytes. If detergents are 
exchanged for organic solvents, difficulties often arise because hydrophobic peptides are 
not readily solvated in conventional organic solvents typically used for MALDI-MS 
sample preparation. In Paper II, the potential of HFIP was examined and compared to 
the effects of three detergents, using the structured concentrating MALDI plate.  
 
When using water as solvent, the addition of non-ionic detergents has been shown to 
degrade the mass spectra of membrane proteins to a lower extent than ionic detergents 
[65]. The non-ionic detergents octyl-β-D-glucopyranoside (OG) and dodecyl-β-D-
maltoside (DM) (Figure 11.a and b) were therefore chosen for evaluation of their effect 
on the MALDI-MS analysis of the ten hydrophobic CNBr digested BR peptides (Table 
1). The addition of OG has been shown to increase the number of peptides detected by 
MALDI-MS, when extracting peptides after in-gel digestion of 2D-gel separated proteins 
[95]. For the solubilization of the full-length protein BR, the commonly used non-ionic 
detergent Triton X-100 [65] is also chosen (Chapter 5.3). However, this detergent is not 
suitable for analysis of peptides, due to its molecular weight distribution (see Fig. 11.c). 
Multiple peaks are produced in the MALDI spectrum up to about m/z 1600. Even more, 
only peptide #1 and #6 of the BR peptides with masses above m/z 1600 are detected 
when using this detergent. These peaks are barely visible, possibly due to suppression by 
the high-intensity detergent signals [96,97]. Consequently, Triton X-100 was not further 
used for peptide solubilization.  
 
 

 
 
Figure 11. Molecular structures of the three non-ionic detergents (a) octyl-β-D-glucopyranoside (OG), 
(b) dodecyl-β-D-maltoside (DM) and (c) Triton X-100. 
 
 
The results of the peptide MALDI analysis show that of the two detergents OG and DM, 
the presence of OG yield the highest signals for all detected peptides at 2,3 pmol digest 
(Figure 12.a.). Spectra acquired from sample preparations containing DM (Fig. 12.b) were 
of inferior quality. It is important to note that the spectra from these two detergent 
preparations (Fig. 12.a-b) were collected only at "sweet spot" locations. In contrast, to 
achieve spectra from the HFIP sample spot (Fig. 12.c) locations for acquiring spectra 
were picked randomly over the surface. Yet, only peptide #1 and #7 produced higher 
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signals when the most favorable detergent (OG) was used (Fig. 12.a), compared to HFIP 
(Fig. 12.c).  
 
 

 
 
Figure 12. Spectra acquired from 2,3 pmol CNBr digested BR on a silicone-covered structured 
support. The detergents (a) OG and (b) DM, and the solvent (c) HFIP, were used for sample 
solubilization. The identified peptides are marked by their respective numbers, see Table 1. A close-
up of spectra (a), (b) and (c) for peptides #9 and #6 is inserted. The mass spectra are off-set in the y-
axis. (Paper II) 
 
 
The acquired signal intensity varied between the different peptides. In general, peptide #1 
was the easiest to obtain a signal from. When analyzing pmol amounts dissolved in HFIP 
a signal just above the detection limit was commonly accomplished from peptide #8. 
This peptide was only detected in the spectra produced from the HFIP preparation (Fig. 
12.c). The high hydrophobicity of peptide #4 combined with its low molecular weight 
(Table 1) makes it especially difficult to detect. The instrument settings used were 
optimized for the peptides of higher m/z than peptide #4, to cover the large m/z range 
comprising the ten peptides. Thus it was difficult to distinguish the lowest m/z ions from 
the noise. The largest peptides #6 and #9, both including a full membrane-spanning 
region (Table 1), were not always detected as shown by the mass spectrum of 17pmol BR 
digest in HFIP solution (Figure 13.a). Earlier, the use of acidic solutions have been 
suggested to increase the MALDI-MS signals from water-soluble peptides of masses 
above 3 kDa [98]. The addition of acid to the sample solution was therefore evaluated in 
Paper II, in order to extend the coverage of the hydrophobic BR peptides to include the 
larger peptides. Figure 13.b show spectra acquired from the HFIP peptide solution made 
acidic by addition of acetic acid (HAc) (1:9). The alternative addition of the same amount 
of trifluoroacetic acid (TFA) produced similar results. Clearly the acid affects the spectra, 
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compared to only using HFIP (Fig. 13.a and b). The signal of peptide #3 is lost 
completely, #2 and #8 are seen as sodium adducts only. Furthermore, by making a HFIP 
sample solution acidic by adding TFA (1:9), the average signal-to-noise ratio (S/N) of all 
peptides were reduced by 67%. While the peptide signals in general were decreased by the 
addition of acid at amounts of (1:9), a positive effect on the signal intensities of the very 
large, hydrophobic peptides #6 and #9 was observed (Fig. 13.b). However, addition of 
acid to the HFIP sample solution, to acid levels of 30% or more, did not improve the 
results further, but instead degraded all the peptide peaks completely. Attempts to use 
100% acetic acid as an alternative solvent to HFIP for the MALDI preparation of the BR 
digest according to [31] were not very successful (Paper I). This could be due to the 
greater extent of solubilization of the hydrophobic peptides in HFIP than in acetic acid. 
Still, the excellent focusing effect of the structured plate on the acetic acid and the 
water/detergent sample solutions suggests there may be a range of applications of the 
structured silicone covered plate using other solvents and analytes than evaluated in this 
thesis.  
 
 
 

 
 
Figure 13. Spectra acquired from CNBr digested BR on a silicone-covered structured support. The 
sample preparations are (a) 17 pmol in HFIP, (b) 19 pmol in (1:9) HAc/HFIP and (c) 17 pmol in HFIP 
with an (1:9) HAc/matrix solution. The identified peptides are marked by their respective numbers, see 
Table 1. A close-up of spectra (a), (b) and (c) for peptides #9 and #6 is inserted. The mass spectra 
are off-set in the y-axis. (Paper II) 
 
 
Instead of adding acid to the peptides solubilized in HFIP, the result of an acidic matrix 
solution (1:9) was investigated, as shown in Fig. 13.c. This method produced the poorest 
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quality spectra. Though, compared to the non-acidic preparation (Fig. 13.a) the signals 
from the large peptides #6 and #9 increased. Adequate sensitivities were achieved for the 
smaller peptides #2 and #8, while peptide #5 produced an increased signal. The 
molecular weight can therefore not be proposed as a general indication of which 
hydrophobic peptides that will benefit from a low pH. None of the parameters amino 
acid content, size, pI, hydrophobicity, number of negatively and positively charged 
residues, or membrane spanning helix content of the peptides presented in Table 1 could 
give a general account for the results. These factors most likely collaborate to affect 
solubilization, crystallization and the desorption/ionization process in an intricate 
manner. For example, peptides #6 and #9 seem to be particularly sensitive to the 
crystallization conditions. These peptides usually produced higher signals at the sample 
spot edges, where the HCCA matrix crystals are most thinly and evenly distributed. 
Additionally, peptides that are more difficult to ionize and/or desorb, may be suppressed 
[96,97,99] by the absorbtion of the laser energy by other more easily ionized peptides, 
such as peptide #1. 
 

5.1.2 Peptide sample handling 
Adhesion of hydrophobic proteins and peptides to the surfaces in which they come in 
contact with, such as sample vials and pipette tips, may cause additional problems during 
sample handling and analysis [13,17,100]. Consequently, different kinds of micro 
centrifuge tubes were assessed in Paper II for the possible risk of sample loss. The 
performance of special non-stick-plastic tubes as well as siliconized, fluorinated and 
regular polypropene tubes were compared for protein digestion and following 
solubilization in HFIP. No differences in sample recovery were seen due to the choice of 
tubes. For all further work, the cheaper polypropylene type of micro centrifuge tubes, 
were therefore chosen.  
 
 
Table 2. The effect of storage time on peptides in solution for two different samples.  

Time in solution Solvent Remaining S/N 1 

0 hours 100% 

2 days 54% 

3 days 

HFIP 

50% 

0 hours 100% 

5 days 

HFIP 

88% 

 
1 Average signal-to-noise ratio of detected peptides. 

 
The storage time was found to be an important factor when handling the BR digest. The 
time the peptides were kept as solubilized in HFIP dramatically influenced the sensitivity, 
as shown in Table 2. A 50% decrease in the average S/N was observed after only a few 
days storage compared to results obtained when the newly solubilized peptides were 
analyzed. The number of detected peptides also generally decreased during storage, with 
peptides #6 and #9 being the most critical. It is therefore important to analyze the 
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sample immediately after solubilization to achieve best possible sensitivity and peptide 
coverage.  
 
The presence of elevated amounts of additives and/or contaminants in the 
matrix/analyte crystals may degrade the spectra. For example, salt concentrations of 1M 
will generally suppress the analyte signals completely [101]. This is an apparent 
disadvantage when using the focusing structured MALDI target for sample preparations 
containing common additives such as detergents or urea, or contaminants like salt, as 
these will also be concentrated onto the predefined spots. A straightforward on-probe 
washing procedure might be used to remove such unwanted species from the dry sample 
spot. A droplet of water or dilute acid is briefly added to the contaminated sample/matrix 
crystals, and then removed again. This is repeated a number of times, until the analyte 
signals reappear or are sufficiently improved [72,101]. In the HFIP solubilized samples 
used for the work in this thesis, contaminants were not present. However, as seen in 
Figure 14, the structured silicone covered MALDI plate may be used for on-probe 
desalting. A complete recovery of the peptide signals from 17pmol digest and 0,5M 
sodium acetate salt was achieved after two washing steps. 
 
 

 
 
Figure 14. Spectra acquired from 17 pmol CNBr digested BR on a silicone-covered structured 
support, with (a) 0,5M NaAc. On-target washing was performed by adding 6μl 1% TFA to the sample 
spot and then removing it again (b). This washing procedure was then repeated (c). The identified 
peptides are marked by their respective numbers, see Table 1. The mass spectra are off-set in the y-
axis. (Paper II) 
 
 
Improved matrix/analyte crystals, which produce enhanced analyte signals in the 
desorption/ionization process, are sometimes achieved by recrystallization of the sample 
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spot on the MALDI target. For hydrophilic peptides, the solvent mixture of ethanol, 
acetone and 1% TFA (3:6:1), has been recommended [72]. When studying the effect of 
this procedure on the hydrophobic BR peptides, the signals for all peptides were 
degraded. This may be owing to the low solubility of the hydrophobic peptides in this 
solvent mixture, as both the matrix and the analytes need to be solubilized and 
recrystallized together to incorporate both into the new crystals. Therefore, when 
choosing solvents the solubility of both the hydrophobic peptides and the matrix must be 
considered. A new recrystallization solvent mixture of HFIP and 1% TFA (1:1) was 
formulated in Paper II and applied to the hydrophobic BR peptides. The increased 
signals of peptides #10, #7, #5, #3 and #2 after recrystallization using this solvent 
mixture, is shown in Figure 15. Peptide #8 was only detected after recrystallization and 
the noise at low m/z values was reduced. Thus, this solvent mixture is beneficial for 
recrystallization of the highly hydrophobic peptides when the silicone covered structured 
MALDI support is used. 
 
 

 
 
Figure 15. Spectra acquired from 17 pmol CNBr digested BR on a silicone-covered structured 
support (a) before and (b) after recrystallization with 0,7 μl HFIP/1% TFA (1:1). The identified peptides 
are marked by their respective numbers, see Table 1. The mass spectra are off-set in the y-axis. 
(Paper II) 
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5.2 Hydrophobic peptide fractionation by capillary 
electrophoresis onto the structured MALDI target 

5.2.1 Sample solubilization and capillary electrophoresis  
In Paper III, the peptides from CNBr digested BR were separated by capillary 
electrophoresis prior to MALDI-MS analysis. To prevent wall adsorption of the 
hydrophobic peptides, fluorosurfactant FC 134 was added to the CE buffer [52,102]. At 
the capillary wall the FC 134 molecules form a positively charged double layer (Figure 
16). This dynamic coating reverses the EOF and the cathode was therefore positioned at 
the capillary injection end. The pH 2,5 buffer that was used assured that the BR peptides 
listed in Table 1 were positively charged, thus repelled from the positively charged 
fluorosurfactant double layer.  
 
 

 
 
Figure 16. The enlarged section of a fused silica capillary shows the electro-osmotic flow (EOF) 
mechanism in capillary electrophoresis with 150 μg/ml fluorosurfactant FC 134 in the buffer. The 
dynamic coating formed at the capillary wall reverses the EOF and repels positively charged analytes. 
Compare to Fig.3. 
 
 
For sample solubilization, three solvents were evaluated; the CE running buffer, acetic 
acid (HAc) and HFIP. The apparent benefit of the CE running buffer as sample solvent 
is its compatibility to the CE separation. However, when used as a sample solvent for the 
hydrophobic peptides the residual salt from the digestion was solubilized [31], resulting in 
a large and broad peak in the electropherograms. Thus, probable peptide peaks were 
overlapped and the success of the separation inconclusive. When instead HAc or HFIP 
was used to solubilize the peptides, the salt remained insoluble and was easily removed 
through centrifugation. The successful CE separations of such salt free samples are 
shown in Figure 17. A higher resolution was achieved with HFIP as sample solvent 
(Fig.17.b) compared to when HAc was used (Fig.17.a), why HFIP was the first hand 
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choice for the development of the following fraction collection procedure and MALDI-
MS analysis.  
 
 

 
 
Figure 17. Electropherograms of CNBr digested bacteriorhodopsin, detected at 200nm. The peptides 
were solubilized in (a) acetic acid or (b) HFIP. The capillary length was 36,7 cm effective length (81,7 
cm total). The difference in the signal intensities in (a) and (b) is likely caused by varying amounts of 
digested peptides in each sample tube. The first large peak in (a-b) is due to injected sample solvent. 
(Paper III, modified) 
 
 

5.2.2 Fractionation 
Initial tests with the larger manually fabricated sample spots for the CE fraction 
collection resulted in weak or no MS signals of the fractionated peptides. Therefore, it 
was concluded that the increased sensitivity of the 0,5 mm sample spots was necessary 
for detecting most of the peptides. The CE fractionation onto the structured MALDI 
target plate was performed using the equipment schematically described in Figure 18. 
This same setup was also used for the semi-automated manufacturing of the structured 
coating already described in Chapter 4.4, and for the application of matrix solution onto 
the predefined sample spots.  
 
 

 
 

Figure 18. Schematic setup of the equipment used for the manufacturing of the structured MALDI 
target plate, for the application of matrix and for the CE fraction collection. (Paper III.) 
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Despite the good qualities of HFIP in MALDI-MS analysis of these peptides (Paper I-
II) and as sample solvent in the CE separation (Fig. 17.b), this solvent was not 
compatible with the fraction collection procedure. When HFIP was used as sample 
solvent for the CE fractionation, air bubble or spark formation at the capillary outlet end 
interrupted the liquid flow. A possible cause of these phenomena could be the low 
electrical conductivity of HFIP causing local heat development. These problems were not 
present when instead 100% acetic acid was used as sample solvent. The CE buffer used 
in the presented method contained 5% acetic acid, which should be beneficial for 
maximum peptide coverage in the following MALDI-MS analysis, as discussed in 
Chapter 5.1.1 (Fig.13). On the other hand, high concentrations of acetic acid have been 
shown to deteriorate the mass spectra of these hydrophobic peptides (Paper I-II). 
However, using 100% acetic acid as sample solvent in the presented CE method, this 
solvent elutes before the peptides (Fig. 17.a). Therefore, the collected fractions should 
not be negatively affected and acetic acid was chosen as the sample solvent for the 
fractionation.  
  

5.2.3 MALDI analysis of the fractions 
The peptides detected by MALDI-TOF-MS analysis of the fractions from a CE 
separation of the peptides solubilized in acetic acid are presented in Table 3. As with the 
non-separated sample in Chapter 5.1, all of the ten theoretical peptides except the 
smallest peptide number 4 were detected in the fractions (Paper III).  
 
Some of the peptides were detected in a modified state (Table 3). Modifications may be 
part of the protein native structure, like the missing end amino acid of peptide number 10 
(10-D) [103]. Additional modifications can be caused by the CNBr digestion, interactions 
with the buffer solution or a result of the fractionation and/or desorption/ionization 
process. For example, sodium adduct formation is common in the MALDI process [104]. 
Peptides number 7 and 8 were detected only in modified forms in the fractions, as doubly 
oxidated (7+2O) and as sodium adduct (8+Na), respectively. Commonly, these peaks 
have higher intensities than the respective non-modified peptide peaks when analyzing 
the sample directly by MALDI-MS without fractionation (Chapter 5.1). Therefore, the 
origin of these modifications is probably not related to any part of the CE method. 
Furthermore, in non-separated samples the modifications of peptides 1, 2, 3 and 5 as well 
as their corresponding [M+H]+ peaks were detected simultaneously. Consequently, the 
modified peptides 1, 2, 3 and 5 also appear to be a product of the desorption and/or 
ionization process.  However, the fractions including the [M+H]+ peaks of these peptides 
were not completely consistent with those fractions, where their modified states were 
detected (Table 3). This is an indication that both forms may exist already in the solution 
as a result of peptide interactions with the CE buffer, and were separated prior to the 
fractionation and MALDI analysis.  
 
The development of peptide modifications is a possible reason for the large S/N gaps as 
seen in Table 3 for peptides 1+O, 1+Na and 10-D, which were first detected in early 
fractions and then again at the end of the fractionation, with a gap in between consisting 
of a large number of fractions without any signal. The S/N values were as high after as 
before the large gaps, suggesting that these gaps were the result of peptide modification  
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Table 3. Signal-to-noise (S/N) values of thepeptides as detected by MALDI-TOF-MS after CE 
fractionation. Fraction number 1 was collected for 20 seconds while the remaining fractions were 
collected for 15 seconds each. A sum of between 100 and 240 mass spectra were acquired from 
respective fraction. The peptides were numbered according to their sequential order in the protein and 
identified according to assigned m/z values (see Table 1). Peptide modifications detected were; 
without aspartic acid (-D), oxidation (+O) and sodium adduct formation (+Na). (Paper III) 
 
Fraction       S/N for each detected peptide      
number 3 3+Na 2 2+Na 1 1+O 1+Na 10-D 7+2O 8+Na 5 5+Na 6 9

1                             
2           61                 
3           257                 
4           217                 
5           201                 
6           381                 
7           332                 
8           387                 
9   43     101 260                 

10         409 361   31             
11   133     248 328   82             
12 33       49 104   51             
13           84   63             
14           197   22 79           
15       126   230     79           
16     167 120   97     29           
17         64 111     38 58         
18         46 115     35 41         
19         97 126     46 58         
20         105 121     61 60         
21           72 88               
22           95 225   31           
23             126               
24           72 93   38           
25           104 171   57           
26         45 60 66   45           
27             63               
28                             
29           37 63               
30             69               
31             62   22           
32           34 63       109       
33                             
34                             
35             39               
36             32               
37                             
38                             
39                       342     
40                             
41                             
42                             
43                             
44           41 78 14             
45             25               
46                       155     
47           39 68 16         8 9 
48                             
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development prior to, and/or during the separation, and not any random memory effect 
caused by the fraction deposition process. Also, very similar results were acquired by 
repeating the method.  
 
The acquired S/N values from one peptide in sequential fractions can be somewhat 
uneven. There are smaller gaps of one or few random fractions without any detected 
S/N, for example fraction 21 for peptides 1 and 7+2O (Table 3), which probably have a 
different origin than the large gaps described above. A fraction, where no signal was 
detected, can be the consequence of inherent MALDI characteristics like signal 
suppression effects, unfavorable crystallization and/or the formation of undetected 
“sweet spots” [99,104,105]. If such variations result in a minimum value of S/N, which is 
below the limit of detection, small gaps without any detected peptides will occur. By the 
future manufacturing of even smaller sample spots, a more evenly distributed signal over 
the spot area could result in a general increase in the S/N. However, for quantitative 
measurements of the contents of the fractions by MALDI, an internal standard would be 
needed [105].  
 
The size, pI, charge and hydrophobicity of the peptides are listed in Table 1. No 
correlation of these parameters to the separation order of the nine peptides in Table 3 is 
observed. Unspecified alterations of peptide shape, charge and size due to interactions 
between the  FC detergent in the CE buffer and the peptides could affect the separation 
selectivity [52]. Nevertheless, in this method the presence of FC detergent in the running 
buffer does not show any degrading effect of the MALDI-signals of the hydrophobic 
peptides and do not have to be removed before mass analysis. Furthermore, the two 
largest and most challenging peptides 6 and 9 were detected by the presented CE-
MALDI-MS method (Table 3). Both these peptides contain one and a half membrane 
spanning hydrophobic helices each (Table 1). Highly hydrophobic peptides like peptides 
6 and 9 are extra difficult to solubilize and appear to be particularly sensitive to the 
crystallization conditions and signal suppression, especially when analyzed in the peptide 
mixture (Chapter 5.1). Such hydrophobic, difficult and/or sensitive peptides can benefit 
from a separation, as opposed to being analyzed in a mixture.  
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5.3 Full-length protein analysis 
The application of the structured MALDI target to a full-length hydrophobic protein was 
investigated in Paper II. The protein bacteriorhodopsin was solubilized by the three 
non-ionic detergents OG, DM and Triton X-100 (Fig. 11.c), which were also used for the 
hydrophobic peptides. The MALDI-MS detection limits of BR when solubilized by the 
respective detergents were examined, beginning with a regular stainless steel MALDI 
sample support. The resulting spectra provided similar peak intensities for all three 
detergents at pmol amounts of analyte. Though, using the detergent OG a signal was 
obtained at 370 fmol (Figure 19.a), while Triton X-100 and DM only produced spectra of 
BR down to 3,7 pmol.  
 
 

 
 
Figure 19. Using the detergent OG for solubilization, 370 fmol full-length BR was applied to a (a) 
regular stainless steel support, (b) silicone-covered structured support. * denotes BR without its retinal 
prosthetic group. The arrow indicates peaks of unknown origin. Spectra were acquired from “sweet 
spots” only. The mass spectra are off-set in the y-axis. (Paper II) 
 
 
When applying the same sample solutions onto the silicone covered concentrating sample 
support, the analyte/matrix crystals were focused to the small spot areas. An increase in 
signal intensity was seen for 370 fmol (Fig. 19.b). However, after the succeeding dilution 
step to 37 fmol, the “sweet spots” were too few to be found and/or produced signals too 
low to be detected and no signal was achieved from either target plate. As with the 
peptides in Figure 12, spectra for BR solubilized by the detergents had to be collected 
exclusively from “sweet spots” to accomplish the sensitivity presented in Fig. 19. An 
uneven sample distribution was obtained when using each of the three detergents. This is 
illustrated by separately saving the spectra acquired from the ten different locations on a 
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sample spot of 19pmol digest with Triton X-100, Figure 20. Even with this large amount 
of protein, there were three of the randomly chosen locations on the sample spot, which 
produce no signal at all.  
 
 

 
 
Figure 20. Using the detergent Triton X-100 for solubilization, 19 pmol full-length BR was applied to a 
regular stainless steel support. Sums of 30 spectra are acquired each from 10 randomly chosen 
locations (a-i) on the plate. * denotes BR without its retinal prosthetic group. The arrow indicates 
peaks of unknown origin. The mass spectra are off-set in the y-axis. 
 
 
As the solvent HFIP was successfully used in combination with the concentrating 
MALDI support when analyzing CNBr digested BR, the potential of this method for the 
full-length protein was also examined. Detection down to 37 fmol BR, the lowest amount 
investigated in the dilution series, was easily performed without “sweet spot” searching 
(Figure 21). Compared to the analysis performed with the detergent OG on the same 
concentrating MALDI support (Fig. 19.b) a ten-fold improvement in sensitivity was 
achieved with HFIP as solvent.  
 
The additional peaks to the left of each ion peak shown in Figures 19-21 are suggested to 
originate from BR with and without its retinal prosthetic group (Fig. 1). This conclusion 
was made based on the difference of 267 Da in average masses [13]. The occasion of the 
loss of the covalently bound retinal is not known. It could take place either in solution or 
in the desorption/ionization step. These double peaks have previously not been shown 
when analyzing membrane preparations of BR by MALDI-MS with detergents [65] or 
formic acid mixed with HFIP [69] as solvents. In this work a purified BR has been used. 
This may be part of the explanation as the purified BR includes only 10 lipids per protein 
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molecule. The retinal group may remain bound to the protein in the membrane 
preparations since it is more structurally protected by a higher number of lipids.  
 
 

 
 
Figure 21. Spectra acquired from 37 fmol full-length BR on a silicone-covered structured support. 
HFIP was used for the sample solubilization. * denotes BR without its retinal prosthetic group. The 
arrow indicates peaks of unknown origin. (Paper II) 
 
 
During the present study, using the detergents, e.g. OG (Fig. 19), as well as HFIP (Fig. 21) 
some unidentified peaks have been seen. These peaks are indicated by an arrow in the 
figures, and the m/z values were here determined to 7525 and 7626 ±5. Unknown peaks 
have been detected at m/z 7648 [69], m/z 7509 and 7613 [65] in earlier studies of BR by 
MALDI-MS. These peaks were suggested to be other membrane proteins but the protein 
manufacturer could not give any information about the origin of the peaks. The origin of 
unknown peaks in the mass spectra of CNBr digested BR (e.g. Fig.13) could possibly be 
peptides of these proteins.  
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6 Purification and analysis of Ulva lactuca 
chloroplast membrane proteins  

6.1 Chloroplast protein extraction and solubilization 
The purification and analysis of chloroplast membrane proteins from the green 
macroalga Ulva lactuca is presented in Paper IV. For the separation of intact alga 
chloroplasts from cell debris, a modified version of an isolation procedure originally 
utilized for a brown macroalga [34] was employed. To develop a protocol for maximum 
protein solubilization from the isolated Ulva lactuca chloroplasts, three methods and five 
solvents were evaluated, as outlined in Figure 22.  
 
 

 
 
Figure 22. Schematic diagram of protein preparation from alga chloroplasts by three methods (I-III), 
including solubilization by different solvents. (Paper IV) 
 
 
Among the five selected solvents were 1% solutions of the detergents octaethylene glycol 
mono-dodecyl ether (C12E8) and the commonly used Triton X-100, which both have 
been shown to solubilize a human anion exchanger integral membrane protein similar to 
one expected to be found in the Ulva chloroplasts [106-108]. Furthermore, the mixture of 
methanol and chloroform was investigated here, as this organic solvent combination has 
been shown beneficial for spinach chloroplast membrane protein extraction [109,110]. 
Due to the obvious compatibility to the HPLC separation, the organic modifier 
acetonitrile (ACN) was also evaluated here as protein solvent, together with HFIP, which 
has been successfully utilized throughout the work in Chapters 4-5.  
 
Initially, method (I) was assessed for Ulva lactuca chloroplast membrane protein 
extraction. Method (I) include solubilization of the chloroplasts in SDS, followed by 
acetone protein precipitation [109] and finally solubilization of the proteins for 2 hours in 
the five extraction/solubilization matrices. The comparison of protein content in the 
different solvents after method (I) was performed through SDS-PAGE (Figure 23). The 
highest protein amount was solubilized by HFIP (Fig. 23.e), followed by the 
methanol/chloroform mixture (Fig. 23.b). Since both the detergents Triton X-100 (Fig. 
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23.a) and C12E8 (Fig. 23.d.) generated protein bands of comparable strengths at 
corresponding positions, the more economical choice of Triton X-100 was preferred. 
The protein content in acetonitrile proved to be extremely low (Fig. 23.c) and this solvent 
was therefore not further utilized for the protein solubilization step. Consequently, the 
solvents selected for further protocol development were HFIP and methanol:chloroform, 
which solubilized the most proteins with method (I), and the solution containing the low-
cost detergent Triton X-100. 
 

 
 
Figure 23. SDS-PAGE of chloroplast protein preparations using method (I) with 2 hours protein 
solubilization using the solvents (a) 1% (w/w) Triton X-100 in 5mM phosphate pH 8, (b) 
methanol:chloroform (1:1) (v:v), (c) ACN, (d) 1% (w/w) C12E8 in water and (e) HFIP. 40 µl SDS buffer 
containing sample was loaded on each lane. The lane indicated by 0 was run empty. (Paper IV) 
 
 
A stepwise simplification of method (I) was desirable to reduce the preparation time and 
the risk of sample loss. First, in method (II) the SDS solubilization step was omitted, 
leaving acetone precipitation from the chloroplasts directly, with the subsequent 
solubilization in the selected solvents HFIP, methanol:chloroform and Triton X-100 (Fig. 
22). Secondly, the acetone protein precipitation was also excluded and the proteins were 
extracted directly from the chloroplasts in the different solvents (method III) (Fig. 22). 
The results of the methods (II) and (III) are shown in Figure 24.  
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Figure 24. SDS-PAGE of chloroplast proteins prepared using methods (II) and (III) respectively, with 
2 hours solubilization using the solvents (a) HFIP, (b) methanol:chloroform (1:1) and (c) 1% (w/w) 
Triton X-100 in 5mM phosphate pH 8. The sample volume loaded on each lane was (a) 30 μl and (b-
c) 40 μl sample SDS buffer. Lanes indicated by 0 were run empty (protein bands visible in these lanes 
are due to overflow from neighboring wells). (Paper IV) 
 
 
For all three solvents used, method (III) produced a higher concentration of proteins 
Fig.24. Additionally, method (III) is fast, simple and the risk of reducing the amounts of 
proteins in an acetone precipitation step is avoided. In conclusion, protein extraction 
from the chloroplasts directly, method (III), is the best choice to achieve high protein 
yield, regardless which of the solvents is chosen. Furthermore, when comparing the 
relative solubilization in the different solvents within each method, the highest protein 
content was in HFIP for all three methods (Fig. 23 and Fig. 24).  
 
Since high protease activities in macro algae often pose a problem for protein 
purification, deactivation of the proteases may be necessary. In such cases, method (II) 
with acetone precipitation preceding the protein solubilization, can be used. The shortest 
time possible for optimal solubilization is investigated in Paper IV through SDS-PAGE 
analysis of a time study using the solvents HFIP (Figure 25.a-d) and 
methanol:chloroform (Figure 25.e-h) with method (II). During the 5 hours examined no 
visible protein degradation was seen. In addition, there was no visible increase in protein 
content at times longer than 30 minutes. Thus, it should also be feasible to reduce the 
solubilization time in method (III) with preserved protein content, as the time when 
proteases may be active in the sample would be limited.   
 
Seeing that the highest protein yields were obtained by the simplest and fastest method 
(III), in which proteins are extracted directly from the chloroplasts, only sample solutions 
obtained from this method were used in the subsequent HPLC and MALDI-TOF-MS 
analysis. 
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Figure 25. SDS-PAGE of chloroplast proteins prepared using method (II) at solubilization times (a) 
and (e) 30 minutes, (b) and (f) 1 hour, (c)and (g) 2 hours, (d) and (h) 5 hours, in the solvents (a-d) 
HFIP and (e-h) methanol:chloroform (1:1) (v:v). The volume SDS buffer containing sample loaded on 
each lane was (a-d) 20 μl and (e-h) 43 μl. The lane indicated by 0 was run empty. For enhanced 
image resolution of all lanes, the area including the molecular weight markers and lanes (a-d) was 
digitally brightened. (Paper IV) 
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6.2 RP-HPLC chloroplast protein separations 
Sample solutions of the proteins extracted by Triton X-100, methanol:chloroform and 
HFIP were subjected to RP-HPLC to separate the proteins while achieving information 
about their relative hydrophobicities. A Chromolith RP-18e column was used, with an 
increasing gradient of ACN (Figure 26). Fractions were collected every 30 seconds for 
molecular weight determination of the separated proteins by MALDI-TOF-MS analysis 
(Paper IV). Only very small peaks could be detected in the chromatogram of the Triton 
X-100 solution (Fig. 26.a) compared to those of methanol:chloroform (Fig. 26.b) or 
HFIP (Fig. 26.c). This corresponds to the SDS-PAGE data, which shows the lower 
protein amounts solubilized in Triton X-100 (Fig. 24).  
 
 

 
 
Figure 26. HPLC analysis of alga proteins directly extracted from chloroplasts using method (III) in 
solvents (a) 1% (w/w) Triton X-100 in 5mM phosphate pH 8, (b) methanol:chloroform (1:1) (v:v) and 
(c) HFIP. A Chromolith SpeedROD RP-18e column was used (50 mm length × 4.6 mm I.D.). Mobile 
phase: 10 mM HCl with ACN increasing from 0 to 40% (v/v) in 10 minutes and further to 100% after 
additional 2 minutes, 2 ml/min, injection volume: 50 μl, detection DAD: 280nm. Fractions were 
collected every 30 seconds, after which they were dried and re-solubilized in 40 µl original sample 
solvent before MALDI-TOF-MS analysis.  
 
 
At the end of the RP-HPLC separations of both the methanol:chloroform and HFIP 
sample solutions there were unresolved peaks, as well as indications of incomplete 
elution. This implies that there were more proteins, the most hydrophobic, which 
remained to be fractionated. For that reason, an extended separation time and an 
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expanded gradient were investigated together with a longer, Hypersil C18, column. The 
resulting chromatograms are shown in Figure 27.  
 
The elution pattern for the Triton X-100 sample solution (Fig. 27.a) was different from 
those of the other two samples solvents (Fig. 27.b-c), particularly early in the 
chromatogram. This indicates that Triton X-100 solubilizes less hydrophobic proteins, 
which may be lost if only HFIP and/or chloroform:methanol is used to extract the alga 
chloroplast proteins. About 50 peaks that likely correspond to proteins were detected in 
the Triton X-100 sample solvent, while approximately 30 peaks could be detected for 
each sample in the chromatograms for both methanol:chloroform and HFIP. Since the 
extended method in Fig. 27 provided improved resolution and more separated peaks at 
the end of the runs, it may be possible to separate an even higher number of proteins of 
increased hydrophobicity by extending the separation time even further [39].   
 
 

 
 
Figure 27. HPLC analysis of alga proteins directly extracted from chloroplasts using method (III) in 
solvents (a) 1% (w/w) Triton X-100 in 5mM phosphate pH 8, (b) methanol:chloroform (1:1) (v:v) and 
(c) HFIP. Note that the absorbance scale is optimized for the three chromatograms (a)-(c) individually. 
The enlarged insert in (b) is approximately shown in the same scale as the corresponding insert in (c). 
A Hypersil C18 column was used (150 mm length × 4.6 mm I.D., 5µm particles). Mobile phase: 10 mM 
HCl with ACN increasing from 0 to 40% (v/v) in 15 minutes and further to 100% after additional 7 
minutes, 1 ml/min, injection volume: 10 μl, detection DAD: 280nm. (Paper IV) 
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6.3 MALDI-TOF-MS chloroplast protein analysis 

6.3.1 RP-HPLC fractions  
The collected RP-HPLC fractions were dried and re-solubilized in the same respective 
solvent as used prior to the HPLC runs to avoid the risk for differential solubilization of 
the fractionated proteins. However, in the case of Triton X-100 a solvent change could 
be an option to circumvent MALDI signal suppression due to the presence of detergents. 
In the present study, no peaks were detected in the RP-HPLC fractions of the Triton X-
100 solubilized proteins, likely due to a combination of low protein amounts and signal 
suppression by the detergent added to the fractions.  
 
The MALDI-TOF-MS data acquired after RP-HPLC fractionations of the 
methanol:chloroform and the HFIP sample solutions are shown in Table 4, listing 
increasingly hydrophobic proteins as the acetonitrile concentration increases. The higher 
protein concentration in HFIP was already verified by SDS-PAGE (Fig. 24). 
Consequently, the higher number of detected peaks in the HFIP sample solution 
compared to that in methanol:chloroform shown in Table 4, was expected. Nevertheless, 
the absorbance scales of the RP-HPLC chromatograms in Fig. 26.b and c suggest 
equivalent protein amounts for both sample solvents. Consequently, the cause for the 
higher number of proteins detected by MS from the fractionated HFIP sample may be 
due to parameters associated with the MALDI analysis. For example, in the MALDI 
sample preparation the different sample solvents can affect the sample/matrix 
crystallization differently, as well as the desorption/ionization process. The results 
presented in Table 4 show that the use of HFIP as sample solvent results in a higher 
number of detected peaks by MALDI-MS than when methanol:chloroform is utilized. To 
acquire such MALDI-MS data from the alga chloroplast membrane proteins solubilized 
in HFIP, it is necessary to use the structured silicone coated MALDI plate, as concluded 
in Paper I. The structured MALDI plate was used for all sample solutions in Paper IV. 
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Table 4. MALDI-TOF-MS data listed as detected m/z values in the fractions collected from the HPLC 
separation of the methanol:chloroform (1:1) (v:v) and HFIP sample solutions obtained using method 
(III). Each 30 sec fraction is indicated as the corresponding amount of acetonitrile (ACN) in the mobile 
phase. The fractions were dried and re-solubilized in 40 µl methanol:chloroform (1:1) (v:v) or HFIP 
before MALDI-TOF-MS analysis. For each fraction, spectra of three different m/z ranges are acquired. 
Peaks detected in both samples (with a max m/z difference of ±3) are marked in bold. Peaks with 
corresponding m/z values to apparent molecular weights detected in the SDS-PAGE Fig.3 are 
underlined. (Paper IV) 
 
 
%ACN Methanol:Chloroform (1:1) HFIP 
10-12 12.3×103, 66.3×103 4823 

12-14  4308, 8602 

14-16  4312, 8602 

16-18 1751 3180, 7969, 8043, 8617 

18-20  4307, 8596 

20-22  1982, 3504, 3647, 4310, 6760 

22-24  4129, 4303, 63,1×103 

24-26  3189, 3700, 3779, 3806, 3850, 4252, 4280, 4288, 7388, 
8053, 8567 

26-28  2699, 3899, 6705, 8567 

28-30  2699, 2713, 2720, 2726, 2735, 3681, 3695, 3709, 3724, 
3737, 17,3×103, 20,3×103 

30-32  4310, 4831, 5214, 6743, 8603, 9918, 20,3×103 

32-34  6621, 6754, 9912, 19,8×103, 20,3×103, 40,6×103 

34-36 4697, 4739 6608, 9911, 19,9×103, 39,8×103 

36-38 2371, 4740, 4755, 4772 2374, 4306, 4677, 4696, 4739, 4823, 10,1×103, 
20,3×103, 25,9×103 

38-40 4681, 4697 4023, 4306, 4681, 4697, 4821, 20,3×103, 23,9×103 

40-55 2363, 2371, 2379, 4677, 4695, 4708, 4723, 4739, 
4756, 4769, 20,2×103 

1713, 2366, 4683, 4724, 4741, 11,8×103, 16,6×103, 
20,1×103, 23,7×103, 47,4×103 

55-70 3220, 3961, 4187, 4738, 5218 10,4×103, 23,6×103 

70-85 2093, 3960, 4008, 4022, 4123, 4135, 4168, 4183, 
4197, 4213, 4293 

1984, 3221, 3375, 3449, 3490, 3961, 4009, 4023, 4171, 
4186, 4292, 5423, 5586, 8205, 9319, 10,6×103, 

20,5×103, 23,9×103 

85-100 4092, 4166, 4181, 4196, 4211, 4260, 4275, 4292, 
4651, 5828, 9299 3964, 4069, 4123, 4167, 4183, 4199, 4295, 9299 

 
 

6.3.2 Non-separated samples  
In order to examine the possibility to acquire mass spectra of the proteins from samples 
without fractionation, non-separated samples were investigated. Therefore, in addition to 
MALDI-MS data from the HPLC fractions, the samples extracted by method (III) using 
Triton X-100, methanol:chloroform and HFIP were analyzed directly, without the RP-
HPLC separation (Paper IV). Mass spectra from the non-separated Triton X-100 sample 
solution provided very poor data, likely as a result of the low protein amounts extracted 
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combined with the deteriorating effect of detergents on MALDI mass spectra. 
Considering the risk of sample loss and the low protein amounts, the removal of the 
detergent from the sample solution before MALDI-MS analysis was not investigated in 
the present work.  
 
Despite the high protein amounts in both of the non-separated methanol:chloroform and 
the HFIP sample solutions, very few peaks were obtained in the subsequent mass spectra 
of these samples. A large increase in the number of proteins detected by MALDI-MS was 
achieved when analyzing the HPLC fractions compared to the non-separated samples. 
This considerable difference may be caused by signal suppression in the more complex 
and protein rich non-separated samples [68]. Thus, the HPLC separation not only 
provided hydrophobicity data for the proteins, but also reduced the sample complexity 
before MALDI analysis. Even so, in the mass spectra of the HPLC fractions, no peaks 
were obtained in the high m/z range (100.000-1.000.000). This is possibly due to the 
disruption of any non-covalent complexes during the solvent change from HFIP to the 
HPLC mobile phase, and/or in the following drying and re-solubilization of the 
fractions. For the investigation of large protein complexes in the highest m/z range, the 
non-separated HFIP sample solution did prove useful. Two peaks were detected from 
the non-separated HFIP solution, corresponding 220 kDa and 376 kDa (Figure 28). 
Consequently, complementary information was provided by the MALDI-MS analysis of 
non-separated and HPLC fractionated HFIP solubilized Ulva lactuca chloroplast 
membrane proteins.  
 
 

 
 
Figure 28. MALDI-TOF spectrum of the HFIP sample solution directly after alga chloroplast protein 
extraction, using method (III). The arrows indicate the detection of two large protein complexes 
corresponding to 220 kDa and 376 kDa. The figure shows the sum of 40 single spectra, acquired at 
40 different positions on the sample spot. (Paper IV) 
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7 Off-line integration of capillary electrophoresis 
and MALDI-MS through a closed-open-closed 
microchannel system 

7.1 Closed-open-closed capillary electrophoresis  
As discussed in Chapter 3.3.4, a new technique for the CE-MALDI hyphenation is 
presented in this thesis. This CE-MALDI system, which is introduced in Paper V, 
consisted of two 50 µm inner diameter fused silica capillaries connected by a 50 µm deep 
and 50 µm wide microchannel on a silicon chip (Figure 29). One UV detection point was 
positioned on each capillary. These two detection points can be used in two separate 
detectors or both simultaneously in one single detector. The inlet buffer vial was held at 
high voltage, while the ground was either connected to the first capillary 
outlet/microchannel inlet, to the microchannel outlet/second capillary inlet or to the 
buffer outlet waste vial. Defined by the optional boundaries of the electrical circuit, the 
electrophoretic system created is termed a closed, closed-open or closed-open-closed 
system, referring to the nature of the CE column (Fig. 29).  
 
 

 
 
Figure 29. Schematic instrumental setup. The system consists of an inlet buffer reservoir, which is 
exchanged for the sample at injection, a silica capillary for sample separation, a silicon chip with an 
open microchannel for MALDI detection, a second silica capillary for liquid removal and a waste buffer 
reservoir. There are two possible UV detection positions (D) in the system. The options (U) for 
applying a high voltage (HV) result in a microchannel capillary electrophoresis system which is closed 
(U1-2), closed-open (U1-3) or closed-open-closed (U1-4). 
 
 
The open microchannels used in this work were 10 or 30 mm long (Figure 30). To avoid 
evaporation from the open channel, it was enclosed from the surroundings in an 
environment saturated by water. The design of this container is currently being 
optimized, not only with regards for minimum evaporation, but also for capillary and 
electrode flexibility, robustness and ease of use. Evaluation of the system was performed 
with the peptide Leucine Enkephaline and pH 5,5 running buffer to assure peptide 
neutrality (Paper V). Thereby the EOF could be determined by the peptide migration 
time. To verify the presence of an EOF in the open microchannel, the peptide migration 
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time of the closed system was compared to that of the closed-open system (Paper V). 
Theoretically, the expected relative peptide migration times of these two systems is 
91,7%, while data of 9 consecutive runs provided an experimental relative EOF of 
81%±19%. Thus, the theoretical value was within the range of the experimental results.   
 
 

 
 
Figure 30. Photograph of the 10 mm long open microchannels, 50 µm deep and 100 µm wide, with 
two different sizes of wells or without wells at the ends. The microchannels used in this work had a 
length between 10 and 30 mm. 
 
 
The closed-open-closed system was preferred to the closed-open system because the 
latter was prone to electrical sparking from the chip to the surroundings. Thus, the 
closed-open-closed system was used for all further studies. The effect of the capillary 
outer diameter was investigated. Results from the use of 375 μm outer diameter 
capillaries with detection at both capillaries are shown in Figure 31. Liquid dead volume 
formation between this large capillary and the open microchannel resulted in peak 
broadening. This effect was successfully reduced by using a smaller capillary outer 
diameter, of 150 μm (Figure 32). There is a difference of about 200 seconds in the 
measured peptide elution time, the EOF, between the two subsequent runs shown in Fig. 
32. Varying degrees of evaporation from the open microchannel may cause such 
unsystematic increases in the liquid flow. As mentioned above, to reduce the evaporation 
and thereby increase the repeatability of the presented system, the equipment design is 
currently being optimized. 
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Figure 31. Electropherogram obtained from both detection points D1 and D2 at 200nm, using a 
closed-open-closed system, 10kV (see Fig. 29). The two capillaries both pass through the same 
detector, resulting in one electropherogram. Injection of 1mg/ml Leucine Enkephaline was performed 
by applying 10kV for 20 seconds with the sample vial at the inlet. The fused silica capillary outer 
diameter was 375 μm while the inner capillary diameter and the microchannel width both were 50 μm. 
(Paper V) 
 
 
 
 

 
 
Figure 32. Two electropherograms from subsequent runs, obtained from detection point D2 at 200nm, 
using a closed-open-closed system, 10kV (see Fig.29). The electopherograms are offset in the y-axis. 
Injection of 1mg/ml Leucine Enkephaline was performed by applying 10kV for 20 seconds with the 
sample vial at the inlet. The fused silica capillary outer diameter was 150 μm while the inner capillary 
diameter and the microchannel width both were 50 μm. (Paper V) 
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7.2 MALDI analysis in the open microchannel 
Development of the MALDI analysis procedure of the closed-open-closed CE system in 
Paper V is at present unpublished results. Addition of matrix to the CE running buffer 
was initially considered [93]. However, the common matrices, like DHB and HCCA, are 
highly UV absorbing at the wavelengths available for peptide detection. Therefore, to be 
able to use the UV detector, matrix was applied after the CE separation. Of the 
customary matrix solvents ethanol and ACN/0,1% TFA (1:2), ethanol was chosen due to 
its fast spreading in, and fast evaporation from the open microchannel. Thus the time for 
analyte solubilization during the addition of matrix was minimized. Since HCCA is not 
soluble at the required concentration of 90 mg/ml in ethanol, DHB was used in this 
work. In the initial experiments the matrix was applied manually through pipetting the 
solution onto the open microchannel after the CE separation was done and the CE 
buffer had evaporated. Automated matrix application through a capillary is currently 
investigated. The MALDI results from a 30 mm microchannel after a run with the 
present closed-open-closed system are shown in Figure 33. The CE run time to obtain 
the peptide in the open microchannel was calculated through peptide migration time 
from the UV electropherogram. Fig. 33.a. shows the resulting MALDI signal distribution 
in the open microchannel, and an example of the acquired mass spectra is displayed in 
Fig. 33.b.  
 
 

 
 
Figure 33. MALDI detection of the peptide Leucine Enkephaline in the 30 mm long and 50 μm wide 
microchannel after application by the closed-open-closed CE system; (a) the signal-to-noise (S/N) 
obtained from positions along the microchannel as measured from the inlet end, and (b) the mass 
spectra of the peptide at 22,2 mm from the microchannel inlet end.  
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With the present method and the closed-open-closed system a longer microchannel than 
30 mm will be needed to detect separated CE peaks by MALDI-MS, as a peak width of 
20 seconds will fill most of the present chip length. Ongoing improvements of the 
method include for example shorter injection time and a higher electric field applied for 
faster EOF and lower dispersion.  
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8 Concluding remarks and future outlooks 

In this thesis, improved techniques for protein analysis have been presented, focusing on 
membrane proteins and hydrophobic peptides. The fabrication of a structured silicone 
coating is introduced, through which a regular stainless steel MALDI-MS target plate is 
converted into a concentrating sample support specifically developed for integral 
membrane proteins. The coating was simple to apply, utilize and remove again after use, 
with the advantages of being inexpensive to produce and unbound to specific designs or 
brands of mass spectrometer sample supports.  
 
Compared to a regular stainless steel target and a commercially available concentrating 
sample plate, the presented structured target showed an increased sensitivity of the 
MALDI-TOF-MS analysis of HFIP solubilized membrane proteins and hydrophobic 
peptides. The solvent HFIP provided a superior sensitivity for the IMP analytes, 
compared to the use of non-ionic detergents. Thus, HFIP is an important option to 
consider for the solubilization of hydrophobic proteins and peptides, providing the 
sample volumes are sufficiently low, as HFIP is a somewhat expensive solvent. Also, any 
analytes, which benefit from the use of HFIP as solvent, for example synthetic polymers, 
may be concentrated by the structured target plate. Furthermore, a focusing effect was 
achieved both when HFIP and water based sample solutions with detergents were 
applied onto the structured target, suggesting its usefulness for other solvents. 
 
To solubilize high yields of chloroplast membrane proteins from the green macroalga 
Ulva lactuca, different solubilization protocols were developed. Of the evaluated 
detergents and organic solvents, HFIP solubilized the highest protein yields, 
demonstrating the usefulness of this solvent for hydrophobic protein sample workup. 
For fractionation of the protein samples, RP-HPLC was used and fractions were 
collected and analyzed by MALDI-TOF-MS using the new concentrating MALDI plates. 
The highest number of proteins was detected when HFIP was used as solvent. The 
sample solutions were also subjected to MALDI-TOF-MS without HPLC fractionation, 
providing complementary m/z data for large protein complexes. The presented protocol 
with the combination of solvents and methods introduced here may in the future be used 
as a part of a protein screening procedure where differential protein expressions in 
distinct physiological states of Ulva can be examined. 
 
As some of the hydrophobic peptides benefited from the addition of acid to the HFIP 
sample and/or matrix solution, the acidic and non-acidic sample preparations may be 
beneficial to perform in parallel for increased peptide coverage. On-target desalting and 
recrystallization provide possibilities for analysis of more complex sample mixtures, e.g. 
from gel separations. Also, knowledge of the negative effect of solution storage time on 
the peak intensities is essential for handling samples available only in limited amounts.  
 
Using the presented semi-automatic fabrication of the structured MALDI target, smaller 
sample spots of about 0,5 mm diameter were created. Rows of such sample spots were 
created, in a format designed for CE fractionation onto the MALDI target. Fractions of 
hydrophobic peptides separated by CE were collected on this MALDI plate and detected 
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by MS analysis. A dynamic coating of the CE capillary, which prevented analyte–wall 
interactions, was created by adding a positively charged fluorosurfactant to the CE 
running buffer. No interference of the surfactants on the MALDI analysis was observed. 
For future developments, an automated production of smaller focusing sample spots 
through ink-jet-like devices may increase the sensitivity even further. Also, it should be 
straightforward to create a narrow track structure on the target, rather than spots for 
fractions, for a continuous CE deposition procedure with preserved separation 
resolution. Another potential application of the presented concentrating MALDI plate is 
for automated sample dispensing onto the spots, as opposed to manual pipetting for 
multiple parallel sample application.  
 
A new technique for the off-line integration of CE and MALDI-MS was presented. A 
closed-open-closed CE system was constructed, which included an open microchannel 
providing direct access for MALDI analysis. The aim for this system was to maintain the 
separation resolution within the channel compared to that in collected fractions and to 
minimize the sample handling steps. Moreover, compared to continuous deposition onto 
the flat surface of a regular MALDI target plate, a narrow microchannel was used to 
provide a higher analyte to area ratio. Studies have been performed using this system to 
evaluate the electroosmotic flow, band broadening and MALDI-MS analysis. Further 
optimization and trimming of the system is presently ongoing, with key areas for 
improvement such as the reduction of evaporation, the matrix solution deposition 
procedure, the use of longer microchannels and possibilities for the application of a 
higher voltage for faster separations and thus lower sample dispersion.  
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9 Abbreviations 

ACN  acetonitrile 
BR  bacteriorhodopsin 
CE  capillary electrophoresis 
CNBr  cyanogen bromide 
CZE   capillary zone electrophoresis 
C12E8   octaethylene glycol mono-dodecyl ether 
DHB  2,5-dihydroxybenzoic acid 
DM  dodecyl-β-D-maltoside  
DNA  deoxyribonucleic acid 
EOF  electroosmotic flow 
ESI  electrospray ionization 
HAc  acetic acid 
HCCA  α-cyano-4-hydroxycinnamic acid 
HFIP  hexafluoroisopropanol 
HPLC  high-performance liquid chromatography 
IMP  integral membrane protein 
MALDI matrix-assisted laser desorption/ionization 
MS  mass spectrometry 
m/z  mass-to-charge ratio 
OG  octyl-β-D-glucopyranoside 
PAGE  polyacrylamide gel electrophoresis 
RP  reversed phase 
SA  sinapinic acid 
SDS  sodium dodecyl sulphate 
S/N  signal-to-noise ratio 
TFA  trifluoroacetic acid 
TOF  time of flight 
UV  ultraviolet 
2D  two dimensional 
3D   three dimensional 
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