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Abstract 

 

Mussels are a widely used organism in biology since they reflect environmental changes. This 

study is focused on changes in the mussel proteome as response to an injection of 

lipopolysaccharides. The main task was to find the best method to extract as many proteins as 

possible. For this purpose, four different buffers with different active components (β-OG, 

isopropanol, SDS or urea) were investigated.  In order to analyze the proteomes, a tandem 

high resolving mass spectrometer coupled with HPLC was used. The buffer composed of urea 

gave the highest yield and thereby was the best choice for protein extraction. Then six 

different sets, corresponding to six different time intervals post injection (0h, 0.5h, 1.5h, 3h, 

5h and 8h p.i), were prepared with the urea buffer. Each set contained five samples. A 

quantitative analyze was performed between the 0h p.i and the 3h p.i sets. This quantitative 

analysis led to the identification of one significantly different protein: the CuZn superoxide 

dismutase protein was down-regulated in response to inflammatory reactions activated by the 

LPS 3h p.i.  

 

 

Résumé 

 

Les moules sont un organisme très couramment utilisé en biologie du fait qu’ils reflètent 

aisément les changements de l’environnement qui les entoure. Cette étude se concentre sur les 

changements au sein du protéome de la moule suite à l’injection de lipopolysaccharides. La 

principale tâche était de trouver la meilleure méthode d’extraction des protéines.  Afin d'y 

parvenir, quatre différentes solutions tampons ont été préparées, chacune contenant différents 

composants actifs, à savoir β-OG, isopropanol, SDS ou urée, basés sur différents 

méchanismes de solubilisation de la protéine. L’analyse des protéomes a été réalisée avec un 

spectromètre de masse  haute résolution, lui-même couplé à un système de chromatographie 

liquide haute résolution (CLHR) sur des échantillons de contrôle. La solution tampon 

contenant l’urée est celle pour laquelle les meilleurs résultats ont été obtenus et c'est donc 

celle-ci qui a été utilisée pour procéder à l'extraction des protéines des échantillons souhaités. 

Par la suite six différents sets correspondant à six intervalles de temps après injection (0h, 

0,5h, 1,5h, 3h, 5h and 8h après injection) ont été préparés avec la solution tampon contenant 

l'urée. Chaque set était composé de 5 échantillons. Une analyse quantitative a alors été 

réalisée avec le set dit de contrôle (0h) et le set disséqué 3h après l'injection. Celle-ci a donné 

lieu à l'identification d’une protéine significativement différente entre les deux sets: la 

protéine CuZn superoxyde dismutase. Cette dernière était régulée de manière négative au sein 

du groupe 3h après injection en réponse aux réactions inflammatoires activées par les 

lipopolysaccharides. 
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1 - Abbreviations 

 

AMPs – Antimicrobial peptides 

LPS – Lipopolysaccharides 

p.i – Post injection 

MS – Mass Spectrometer 

2-DE SDS-PAGE – Two Dimensional Sodium dodecyl sulfate Polyacrylamide Gel Electrophoresis 

NanoLC-MS/MS – Nano Liquid Chromatography coupled with tandem Mass Spectrometry 

PAHs – Polycyclic aromatic hydrocarbons 

Mw – Molecular weight 

pI – Isoelectric point 

MALDI-TOF – Matrix-Assisted Laser Desorption/Ionization coupled with a Time of Flight 

quadrupole 

DTT – Dithiothreitol 

IAA – Iodoacetamine 

ESI – Electrospray Ionization 

CID – Collision Induced Dissociation 

β-OG – n-octyl-β-D-glucoside 

SDS – Sodium dodecyl sulfate 

LTQ – Linear Trap Quadrupole 

FA – Formic acid 

ACN – Acetonitrile 

SPE – Solid Phase Extraction 
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2 - Introduction  

Mussels are considered a useful tool for investigating responses to intensified pollution 

stress
1
. Indeed, the gills of mussels are of outmost interest since they are the principal organ 

of food capture and enable us to discover more about the food they have ingested, and 

therefore also their environment
1
. The mussel’s proteome, i.e. the entire collection of proteins 

that are expressed in the mussel at the time of analysis, is primarily affected by these 

modifications. A lot of research
2, 3 

has already correlated the changes in the proteomes of gills 

from mussels with the pollution of oceans. In this project, the full proteome and especially the 

small proteins, for example antimicrobial peptides (AMPs) which are responsible for the 

immunity of the mussels against different attacks, will be studied. The antimicrobial peptides 

are small oligo-peptides that can struggle against a lot of microbial organisms such as viruses, 

bacteria, fungi and parasites
4
. The action of these AMPs may be improved by adding some 

lipopolysaccharide that is known as a powerful stimulator of natural immunity
5
. Indeed, 

according to Hancock
6
 researches, lipopolysaccharide (LPS) molecules induce production of 

AMPs in mammals
4
.
 
However, no research has so far stated that LPS also induces AMP 

changes in Mollusca such as blue mussels. 

Proteins are very complexes molecules, often described as long chains of different amino 

acids composed of carboxylic acids and amino functions. They are closer to biological 

functions than both DNA and RNA
17

 and can be very useful for drug efficiency’s responses to 

some diseases. The synthesis of a protein starts by three nucleic acids that will bond randomly 

together and will be recognized as a sequence by a ribosome. Then the amino acid 

corresponding to this chain of 3 nucleic acids will be encoded by DNA and added to another 

chain of amino acids by a peptide bond. The number of combinations is huge given that there 

are 20 different amino acids that can lead to at least 100000 different combinations, and 

therefore to 100000 different proteins
7
. In order to identify most of the proteins, this 

complexity should be reduced by fractionating the proteins and/or enrich them. 

Two dimensional sodium dodecyl sulfate Polyacrylamide Gel-Electrophoresis (2D-SDS-

PAGE) has been a working horse for protein analysis, but one of its major disadvantages is 

that it cannot be coupled directly with MS and it takes much more time than liquid 

chromatography (LC). Indeed, in many labs, the gel based approaches are performed off-line 

from the mass spectrometer (not coupled directly) and before peptides can be analyzed the 

proteins need to be digested in the gel. Moreover, the reproducibility of the samples during 

preparation and the apparition of broader peaks are also important drawbacks. However, 

reversed-phase high performance liquid chromatography can be used directly to concentrate 

and desalt the peptides with some MS-compatible solvents
8
.  

LC coupled with tandem MS (LC-MS/MS) is one of the most common and powerful 

techniques used for biological samples. Indeed, its efficiency and selectivity are strong 

advantages compared to other techniques: in a single LC-MS/MS run, it is possible to 

sequence a large number of peptides that differ in hydrophobicity even though they have 

approximately the same molecular weight
10

. This is mainly due to the very low detection limit 

associated to LC-MS/MS, more or less equal to few femtomoles (10
-15

 M)
 10

 and also to the 
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fact that it is capable of detecting proteins and peptides presents at a low copy number per 

cell
10

. The combination of high-pressure liquid chromatography and long gradient (90 

minutes, generally) allows to maximize the number of eluted, isolated and fragmented 

peptides
17

. It is also a very convenient technique since it is not needed to know which proteins 

to look for before the actual analysis of the samples. Compared to the Western-Blot technique, 

for which antibodies of the protein of interest need to be introduced before analysis, this is a 

major benefit. 

So far, there are no scientific reports on investigation of blue mussels using nanoLC and 

coupled MS/MS. Manduzio et al.
2
 have characterized the proteins spots by using a high 

resolution 2D-SDS-PAGE in respect to their apparent Mw and pI. The MS identification was 

done by excisions of the gel spots to provide an in-situ digestion with trypsin and followed by 

MALDI-TOF analysis. In the Lopez et al.
3
 research, the samples were tested in two different 

contaminated environments: crude oil and off-shore produced water. Also here 2D-SDS-

PAGE was used to determine the protein profiles generated of the blue mussels exposed to 

environmental relevant concentration used alone or in combination with Polycyclic aromatic 

hydrocarbons (PAHs) and alkyl phenols (sources of perturbation). 

An important drawback to mussel proteomic research is that the overall database available is 

not big enough to provide a full and complete proteome analysis. Using the UniProtKB 

database, the Mytilus Edulis (Blue mussel) is said to be composed of 563 proteins and the 

NCBI provides a list of 9482 proteins sequence records and translations from annotated 

coding regions. In comparison for the mouse Mus Musculus, the number of proteins availables 

reaches 83,970 with UniProtKB and 399457 with NCBInr. More researches have been using 

mice so more data is available but anyway the public available database for mussels seems to 

be incomplete. 

The overall aim of this project is to compare the proteomes of gills of different sets of 

mussels’ samples in order to investigate the eventual changes in the expression of the proteins 

from different sets upon a stimulation of lipopolysaccharides injection. The different sets, 

composed of five samples each, were dissected at different time intervals post injection (p.i) 

i.e. 0h, 0.5h, 1.5h, 3h, 5h and 8h. The crucial step in this study is to find the most efficient 

method for protein extraction. The Shevchenko
9
 et al. study about extraction methods for 

mouse brain has been considered when determining different extraction/lysis protocols for 

mussel samples. A selection of buffers based on different mechanisms of protein 

solubilization, i.e. ionic detergent, non-ionic detergent, organic solvent and chaotropic agent, 

were tried in order to find the best protocol to extract as many proteins as possible. A 

complete proteome should contain all the possible isoforms and modification states of all 

expressed proteins. For this study, that principle was not applicative. Instead, the 

identification and quantification was based on one isoform of the protein. A quantitative 

proteome analysis was performed with LC-MS/MS to reveal the relative changes in protein 

abundance between sample groups as response to LPS injection. Further, by studying the low 

molecular weight proteins separately, the possible AMPs were indicated. 
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3 – Methods 

In shotgun proteomics, different steps of sample preparation are needed prior to analysis: they 

are described in Figure 1 and more in detail in the following text. 

 

Figure 1: General approach of the project 

3.1 Extraction of proteins: addition of a lysis buffer 

The first and crucial step in proteomics studies is to extract the proteins of interest from the 

sample. For this purpose, a lysis buffer is added to the sample in order to break down the 

cells. The lysis buffer varies depending on the type of samples to be analyzed, but one should 

remember that most detergents are not compatible with MS. Moreover, it is necessary to break 

the interactions that are involved in protein aggregation. These interactions, such as disulfide 

bonds, hydrophilic bonds, Van der Waals interactions, ionic interactions or hydrophobic 

interaction need to be reduced as much as possible to obtain a disruption of the protein into a 

solution of individual peptides
10

. This is why chaotropes, detergents, reducing agents and 

protease inhibitors are added during the processes in order to extract and solubilize as many 

intact proteins as possible. The general principle of protein extraction from tissue is to add 

lysis buffer, sonicate to disrupt DNA and finally spin down to remove cell debris. Different 

solubilization mechanisms are discussed below. 
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3.1.1 Chaotropes 

Chaotropes, such as urea or thiourea are used in order to avoid the losses of proteins by 

disrupting the hydrogen bonds and the hydrophilic interactions
11

. Urea is very commonly used 

since it is a neutral chaotrope and it allows to disrupt the secondary structure of the protein. 

Thiourea can also be used to obtain a higher number of proteins visualized on 2D gels as a 

complement to urea solution. By mixing both urea and thiourea, the urea will hydrolyze the 

cyanate and the thiourea will hydrolyze the thiocyanate. The concentrations of urea and 

thiourea are usually in the molar range, but desalting with C18-based solid phase extraction 

(SPE) removes the chemicals before LC-MS/MS analysis. 

3.1.2 Detergents 

Detergents, such as the ionic SDS, nonionic Triton X-100 and zwitterionic CHAPS are used 

to break the hydrophobic interactions
11

. The choice of the detergent should be made 

depending on how strong the hydrophobic interactions are in the sample of interest. The SDS 

is mainly used in case of strong interactions and especially when membrane proteins need to 

be extracted. The Triton X-100 is softer and is mainly focused on securing the protein 

solubilization and also in order to prevent the aggregation of the proteins of interest
11

. An 

interesting alternative is to use a zwitterionic detergent. Indeed, it is said to combine both of 

ionic and nonionic advantages by providing an “efficient disruption of protein aggregates”
11

. 

Detergents like SDS are not compatible with direct LC-MS/MS and not removable with C18-

SPE. Instead, acetone precipitation to buffer exchange is needed. However, the detergent β-

OG can be used without precipitation. Organic solvent can also be used to precipitate the 

proteins in solution without almost any denaturation of the native protein. 

3.1.3 Reductants 

Reductants, such as DTT, are used to break the disulfide bonds between the cysteine residues 

as illustrated in Figure 2.  

Figure 2: Disulfide bonds
12 

By breaking the disulfide bonds, the reductant allows to unfold the protein as well as enabling 

the analysis of single subunit proteins
11

.  
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3.1.4 Protease inhibitors 

Protease inhibitors, such as phenylmethylsulfonyl fluoride (PMSF), are added to the lysis 

buffer because some activated (in case of no inhibition) endogenous proteases (that are more 

resistant to denaturation than other proteins) may cause uncontrolled enzymatic protein 

degradation.  They should be maintained at 0-4ºC. 

3.2 Determination of the total concentration of proteins in the samples 

After sonication of the samples, they are centrifuged to pellet cell debris and the supernatant 

(proteins) can be collected. Thereafter, the total protein concentration in the samples needs to 

be measured, and this can be done by using a Protein Concentration Assay such as Bradford 

or Bio-Rad DC™. Both methods are colorimetric, and the protein concentration is related to 

the intensity of the color, based on a standard curve made with Bovine Serum Albumin 

(BSA). In the Bradford Assay a color change from brown to blue is observed when the protein 

molecules bind to the Coomassie dye. If high concentrations of detergent-based samples need 

to be analyzed, the Bio-Rad DC™ Protein Assay can also be used for the same purpose.  

These methods measure the presence of basic amino acid residues such as arginine, lysine and 

histidine which are contributing to the formation of the protein-dye complex. The Protein 

Concentration Assay also allows one to find the right amount of sample that should be taken 

off for the next step: the digestion. Indeed, this amount is normalized and can be equal to a 

few µg of proteins. Nonetheless, the C18-SPE, used for the final purification of the samples 

before MS analysis, allows binding of 30µg of proteins, so the normalized amount should not 

be more than this if such purification method is needed. The amount of enzyme added in the 

digestion process is correlated to the amount of protein in the samples. When the protein 

concentration is known it is therefore possible to adjust the amount of added enzyme to 

achieve a ratio of approximately 1:20 (sample to enzyme).  

3.3 In-solution digestion of the samples 

The digestion allows to convert the intact proteins into a set of peptides and to obtain better 

identifications because the sensitivity and resolution of the mass spectrometer are higher for 

peptides than for proteins. It involves several steps: the first one is to add DTT (reductant 

agent) that will dissolve disulfide bonds on cysteines and so “destroy” the 3D structure of the 

protein and make it flatter. The second step is to add IAA (alkylating agent) that will cover 

cysteines and alkylate their chains so that the 3D structure cannot be formed again and this 

increases its susceptibility for proteolytic digest. Then the final step is the addition of a 

digestion protease and this protease will be able to split the peptide bonds between amino 

acids and thereby separate them. Trypsin is most often the best protease choice for MS 

because it is cheap and highly selective: the cleavage happens within the polypeptide chain 

rather than at chain terminals, after lysine or arginine except if it is preceded by proline. For 

best results, the digestion solution pH should be more or less equal to 8 and be performed at 

37ºC. If the digestion of one protein is really difficult to process, then some small additions of 

organic solvents such as methanol can be added up to 30%. 
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3.4 Purification of the samples 

Before analysis by mass spectrometry it is necessary to remove the chemicals that have been 

used in the digestion process i.e. DTT, IAA and salts in order to avoid the interferences with 

the sample. Moreover, in MS no polymer can be analyzed so it should be removed prior to 

analysis if used during sample preparation. The samples are often purified using C18-based 

SPE, e.g. Pierce® C18 Spin Columns. Each column contains a porous C18 reversed-phase 

resin that will allow the binding of 30 µg of proteins from the samples to the column. 

Different steps are also involved in this process: the preparation of the column, the binding of 

the samples, the washing step and finally the eluting step.  

3.5 Analysis of the results by using a nanoLC-MS/MS system 

Tandem mass spectrometry is a good alternative for analysis of peptides and the 

corresponding proteins. A high-pressure reversed phase Nano liquid chromatography (HP-

nLC) is also coupled to the MS/MS in order to separate the components by hydrophobicity 

before their introduction into the spectrometer. The reversed phase chromatography is a very 

important step since it allows one to free the samples from salts and detergents, in case of 

which some salt still remains in the sample after the purification. Mass spectrophotometers 

are detecting gaseous ions, so the peptides are ionized with Electrospray Ionization (which is 

generally used with liquid state samples) at the elution from the column. ESI basically 

converts a solution into a mist of charged (ions) and generate multiply charged species. This 

will allow the detection of high-mass ions at their lower m/z values. Ions have a charge state 

corresponding to the number of positively charged amino acids that they are carrying plus the 

charges localized at the N-term of the peptides. In shotgun proteomics, the tryptic peptides 

from a proteome are separated and identified by a data-dependent analysis (DDA), see Figure 

3. 

Figure 3:  principle of tandem MS/MS
13 
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The ionized peptides are first subjected to a precursor ion scan which measures the m/z of 

each entire peptide and generates a mass spectrum in which the peak area of each peptide is 

proportional to its amount in the sample. The initial peptides ions are then subjected to 

fragmentation: the mass spectrometer selects the most abundant peaks to fragment by 

collision induced dissociation (CID) and scans the m/z of the fragment ions. In CID, the 

collision energy with an inert gas molecule is transferred into internal energy that leads to the 

fragmentation of the peptide bonds after break of the peptides backbones. The most 

commonly produced ions are b-ions (N-terminus charge retention) or y-ions (C-terminus 

charge retention), as illustrated in Figure 4. Since the trypsin generated peptides that are used 

for digestion are C-Terminus charged, the y-ions will be the most dominant ones. 

Figure 4: The b-ions are N-terminus charged, while the y-ions are C-terminus charged, see above
14 

The identification of peptides via their molecular weight and their amino acid sequence can 

then be obtained, and results from the nanoLC-MS/MS will be compared with the theoretical 

peptide masses for each entry and a peptide sequence mapping will be obtained. Data 

deconvolution is then performed and allows one to obtain the molecular weights of the 

different peptides depending on their charge state. The proteins will then be ranked according 

to the number of peptides matches. The results are thus relying on having a good database to 

search against. 

One of the benefits of using MS/MS for proteomics researches is that, compared to a classic 

MS system, it can determine the order of the peptide sequence as well as distinguish two 

different peptides with very close molecular weights. It is of major importance in proteomics 

to use an instrument that can provide high resolution. Indeed, in case of high resolution 

spectrum, the charge of the ion and even its molecular mass can be determined, whereas in 

case of low resolution spectrum, the molecular mass obtained is an average of the mass of all 

the isotopes of the molecule. In Table 4, the different majors MS/MS systems are presented: 
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Table 4: Comparison of the different MS/MS quadrupole systems
15

 

 Sensitivity in 

full scan 

Selectivity Resolutio

n 

Accuracy Unique features 

Triple quadrupole Low High -  Low Neutral loss 

Ion Trap MS/MS High High Low Low MS
n 

LC/TOF/MS High Medium -  High Accurate mass and 

sensitivity 

LC/Q-TOF/MS Medium High -  High Accurate mass of 

fragments 

Orbitrap Low -  High High Sensitivity hit by 

transmission 

 

The sensitivity refers to the smallest quantity of the species that can be detected by the 

instrument, whereas the selectivity of a method is referring to how it can quantify a particular 

species without interferences from other components. Resolution, on another hand, measures 

the ability to distinguish two different peaks of slightly different mass-to-charge ratios in a 

mass spectrum. Finally, the accuracy is defined as the agreement between the true value and 

the measured value. The accuracy is mostly dependent on the correct calibration of the 

instrument. Indeed, if the resolution of the instrument is good enough but the calibration is 

wrong, the measured value will still be far away from the true value.   

It is very important in peptide identification to obtain a high mass accuracy in order to 

identify the peptide of interest among the other very mass-similar peptides. However, it is also 

of major importance to be able to quantify the whole proteome, even though the abundance of 

some of significant peptides from the species is not very important, and therefore use an 

instrument with a high sensitivity. The peptides can then be compared to theoretical masses 

from databases. 

The Universal protein resource knowledgebase (UniprotKB) data base was freely available 

and results from a collaboration between three organisms: the European Bioinformatics 

Institute (EMBL-EBI), the SIB Swiss Institute of Bioinformatics and the Protein Information 

Resource (PIR) 
19

. The UniprotKB is composed of two sections: the reviewed (obtained by 

Swiss-Prot) that is manually annotated, and the unreviewed (obtained by TrEMBL) that is 

computationally analyzed. It provides information on the amino acid sequence, protein name 

or description, taxonomic data, citation information as well as annotation information if 

possible.  Using this database, the Mytilus Edulis (Blue mussel) is said to be composed of 563 

proteins.  

The NCBI(National Center for Biotechnology Information, based in the United States) 

database was also available in free public access and provided an exhaustive list of 9482 

proteins sequence records and translations from annotated coding regions
18

. Records come 

from different sources: GenPept, Reference Sequence Database (RefSeq), Swiss-Prot, Protein 

Information Ressource (PIR) and Protein Data Bank (PDB). The sequences are conceptual 

translations of an RNA coding sequence and that means that the sequence was deduced by the 

corresponding RNA and not experimentally verified. 
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4.   Experimental 

4.1 Sample preparation 

4.1.1 Choice of protein extraction method 

The first task in this project was to find the best protein extraction method, i.e. the best 

composition of the lysis buffer. The goal was to investigate as many different buffers as 

possible, but the experiments were limited to four different buffers based on different 

solubilization mechanisms. Four lysis buffers were tried on test samples. These were based 

either on organic solvent, chaotropic agent or detergent; either non-ionic or ionic (see Table 

1). The buffers 1 and 2, which gave the best results in Shevchenko
9
 study and also two classic 

buffers (3 and 4) were tried.  

Table 1: Composition of the different lysis buffers 

Lysis Buffers Composition 

1 non-ionic detergent: n-octyl-β-D-

glucoside (-OG) 

10 mM Tris-HCl pH7.4 , 0.15 M NaCl, 1 mM 

EDTA, PBS containing 1% n-octyl-β-D-

glucoside 

2 organic solvent: isopropanol 10 mM Tris-HCl pH7.4 , 0.15M NaCl, 1 mM 

EDTA, PBS containing 1% n-octyl-β-D-

glucoside 

3 ionic detergent: SDS 4% (w/v) SDS, 100 mM Tris-HCl pH7.6 

4 chaotropic agent: urea 20 mM HEPES, 9 M Urea, Complete Mini-

EDTA Free Protease Inhibitor Cocktail 

 

Three replicates from three different sets of samples were analyzed for each buffer (presented 

in Table 1). This corresponds to 12 samples equally distributed as one can see from Table 2. 

The sets availables of mussels gills were labelled as 1:1, 2:3 and 1:6. The protein extraction 

was processed as indicated in the Appendix 1 or Appendix 2 depending on which buffer was 

added. 

Table 2: Distribution of the control-test samples 

Sample/Buffer no. 1 2 3 4 

1:1 1:1 1 1:1 2  1:1 3  1:1 4 

2:3 2:3 1  2:3 2 2:3 3  2:3 4 

1:6 1:6 1  1:6 2 1:6 3 1:6 4 

 

The total concentration of proteins was measured using the Bio-Rad DC
™

 Protein Assay, and 

then in-solution digestion with trypsin protease was done as illustrated in Appendix 3. The 

samples were purified with Pierce
®
 C18 Spin Columns by the SPE-principle. Before further 

analysis, the dried samples were re-diluted in 60 µL of a 0.1% formic acid (FA) solution 

giving a concentration of 0.3 µg/µL.  
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 4.1.2 Quantitative comparison 

The samples of interest were composed of 5 samples for each set (i.e. a set corresponds to a 

time interval p.i), prepared on different days as indicated in Table 3. 

Table 3: Distribution of the samples of interest 

Time interval p.i and 

dissection 

Samples no. - 

prepared on day 1 

Samples no. - 

prepared on day 2 

Samples no. - 

prepared on day 3 

0h – Control 1,2 3,4 5 

0.5h 6,7 8,9 10 

1.5h 11,12 13,14 15 

3h 16,17 18,19 20 

5h 21,22 23,24 25 

8h -  26,27 28,29,30 

 

4.2 Instruments and set-up 

The separation was performed with a reversed phase C18 column for which the gradient was 

90 minutes long, mobile phase A was composed of a 0.1% FA solution and the mobile phase 

B was composed of a 0.1% FA in acetonitrile (ACN) solution. Then the sample was 

electrosprayed directly into a LTQ-Orbitrap Velos Pro ETD or a QExactive Plus mass 

spectrometer (from Thermo Finnigan). 

The mass spectrometer systems used for this study were a LTQ-Orbitrap or a QExactive 

Orbitrap, which combined a linear quadrupole trap and an orbitrap
16

 or a quadrupole. The 

LTQ-Orbitrap allowed to measure either with high mass accuracy (through the Orbitrap) or at 

high sensitivity (through the LTQ). The intact masses were then measured in the Orbitrap, but 

afterwards the fragments were measured in the LTQ.  

4.3 Review of proteome databases for mussels Databases 

For this study, database searches were performed in MASCOT towards proteins from Mytilus 

in the NCBI database using Proteome Discoverer 1.4 (Thermo Scientific™), in CID mode. 

The database used for this research was created by downloading the NCBI proteins sequences 

for Mytilus galloprovincialis, Mytilus edulis, Mytilus trossulus, Mytilus californianus and 

Mytilus coruscus into Mascot. The settings applied included the addition of a static 

modification (carbamidomethyl, due to the reaction induced by IAA during the digestion step) 

and a dynamic modification (oxidation). The precursor mass tolerance was set at 10.0 ppm 

and the fragment mass tolerance was set at 0.8 Da. 

The quantification was performed by using the software MaxQuant.  
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5 Results 

5.1 Comparison of the different lysis buffers 

The following results were found after analysis with MASCOT towards proteins from Mytilus 

in the NCBInr database using Proteome Discoverer 1.4 (Thermo Scientific™). Both the 

number of identified proteins but also the number of small proteins, which might be 

candidates of antimicrobial peptides, were evaluated. 

 

Figure 5: chromatogram obtained with the sample 2:34 

Figure 5 should be considered as an optimal chromatogram model. Indeed, the peptides eluted 

in a first hand, leading to the increase of the total ion current, and then the relative abundance 

decreased over time after the elution of the peptides related to an even and quite smooth 

elution of the peptides. One should also note that the peaks between 70 min and 83 min were 

considered as background also present in a blank run and should not be included in the 

analysis of the chromatogram.  

5.1.1 Results obtained with the buffer 1, non-ionic detergent β-OG based 

Figure 6 below is the chromatogram obtained for the analysis of the sample 1:11 as labelled in 

previous Table 2. The shape of the chromatogram was quite similar to the one in Figure 5, 

except for the peaks around the 57th and 58th minutes that deviated from the peptide elution 

pattern. A lack of abundance between the 59th and 63th minutes was also unexpected and was 

present in every chromatogram obtained from Buffer 1 (see Appendix 4). This may 

correspond to the elution of one reagent from the buffer. Since the only component that 

differed from buffer 1 and buffer 2 was the β-OG, the gap might correspond to the expected 

elution of the β-OG that did not happen in border of hydrophobicity.  
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Figure 6: Typical chromatogram from the samples extracted with β-OG solvent  

The buffer 1 composed mostly of β-OG, led to the identification of 50, 40 and 40 proteins in 

the respective sets (see Table 5). Among these identified proteins, 29, 21 and 25 of them were 

composed of equal or more than 2 matched peptides, considered as a quality criterion. A 

considerable amount of them were composed of small peptides, for which the peptide mass 

was inferior to 20 kDa. Expect proteins, these small peptides are also of interest since the 

antimicrobial peptides will be found in this fraction. 

Table 5: Results obtained with the buffer 1 (β-OG) 

Sample Concentration of 

proteins (µg/µL) 

No. of identified 

proteins 

No. of peptides 

>2 

Protein mass 

<20 kDa 

1:11 2.8 50 29 16 (32 %) 

2:31 3.1 40 21 15 (37 %) 

1:61 2.5 40 25 13 (32 %) 

 

5.1.2 Results obtained with the buffer 2, organic solvent isopropanol based 

Figure 7 shows the chromatogram obtained for the analysis of the sample 1:12 as labelled in 

the previous Table 2. The shape of the chromatogram is messier than the one in Figure 5 and 

does not reflect a proper elution of the peptides.  

 

Figure 7: Typical chromatogram from the samples extracted with isopropanol solvent  
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The addition of the buffer 2, whose active component for protein extraction was isopropanol, 

led to the identification of 29 and 13 proteins in the respective sets (see Table 6). The sample 

2:32 has not been analyzed as a result of a mistake, there was not enough solution left to digest 

the sample and therefore to analyze it. Among these identified proteins, 14 and 8 of them were 

composed of equal or more than 2 matched peptides, considered as a quality criterion. More 

than half of the identified proteins were composed of small peptides, for which the peptide 

mass was inferior to 20 kDa.  

Table 6: results obtained with the buffer 2 (isopropanol) 

Sample Concentration of 

proteins (µg/µL) 

No. of identified 

proteins 

No. of 

peptides >2 

Protein mass 

<20 kDa 

1:12 1.3 29 14 15 (51 %) 

2:32 1.4 No sample analyzed - - 

1:62 1.3 13 8 9 (69 %) 

 

5.1.3 Results obtained with the buffer 3, ionic detergent SDS based 

Figure 8 below is the chromatogram obtained for the analysis of the sample 1:13 as labelled in 

previous Table 2. The chromatogram proves that hardly any peptide was eluted during the 

analysis. The chromatogram was only composed of the blank shape.  

 

Figure 8: Typical chromatogram from the samples extracted with SDS solvent 

The very few number of proteins identified in Table 7 with the buffer 3 was probably due to 

the fact that the acetone precipitation during the preparation of the samples was not performed 

correctly. Moreover, the protein concentration of these samples was quite high (around 

5µg/µL) so the expected number of identified proteins should have been much higher. The 

SDS lysis buffer is a very efficient and commonly used buffer. It can dissolve a lot of proteins, 

including transmembrane proteins in some cases. However, it takes more time to use the SDS 

buffer than the classic urea buffer because it includes several steps, especially the final 

acetone precipitation to remove the SDS, which is not compatible with MS. The protein 

extraction was processed following the Appendix 2, but the pellet obtained after the last 

drying was transparent, quasi inexistent. The samples were very concentrated so only very 

small volumes were taken off for digestion (2, 1.6 and 1.4 µL) and it was not sufficient to 
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realize a correct precipitation. Moreover, only one of the set was composed of proteins with 

more than 2 peptides, and the peptide masses were also very small. 

Table 7: results obtained with the buffer 3 (SDS) 

Sample Concentration of 

proteins (µg/µL) 

No. of identified 

proteins 

No. of peptides 

>2 

Protein mass 

<20 kDa 

1:13 4.3 4 2 2 (50 %) 

2:33 5.1 4 0 3 (75 %) 

1:63 4.7 4 0 3 (75 %) 

 

5.1.4 Results obtained with the buffer 4, chaotropic urea agent based 

Figure 9 below is the chromatogram obtained for the analysis of the sample 1:14 as labelled in 

previous Table 2. The chromatogram has a very satisfying shape, similar to the one in Figure 

5 suggesting that all the peptides have been eluted correctly overtime. The peak at 22:83 min 

could be ignored since it was the only one that disturbed the correct shape of the spectrum. 

This peak is observed in all runs on the specific mass spectrometer. 

 

Figure 9: Typical chromatogram from the samples extracted with urea solvent  

The addition of the buffer 4, composed mostly of urea, led to the best identification of 

proteins in the respective sets (see Table 8), with very high scores (62, 83 and 63). Among 

these identified proteins, most of them were composed of equal or more than 2 matched 

peptides. Around a third of the identified proteins were composed of small peptides, for which 

the peptide mass was inferior to 20 kDa.  
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Table 8: results obtained with the buffer 4 (urea) 

Sample Concentration of 

proteins (µg/µL) 

No. of identified 

proteins 

No. of peptides 

>2 

Protein mass 

<20 kDa 

1:14 8.8 62 45 25 (40 %) 

2:34 7.8 83 58 32 (39 %) 

1:64 4.8 63 47 24 (38 %) 

 

5.1.4 Information about the proteins extracted 

The Proteome Discoverer software was used to reveal more information about the proteins. 

Since the urea-based buffer was chosen as the optimal for protein extractions of mussel 

proteins, the proteins reported from this buffer were studied in detail. Most of the proteins 

obtained after extraction from the buffer 4 were part of the nucleus or the chromosomes, as 

one can see from Appendix 5. They were mainly involved in cell organization and biogenesis, 

but also in metabolic process. The function of most of them was to provide catalytic activity 

or nucleotide or protein binding. The addition of the lysis buffer 1 led to very slightly different 

results: most of the proteins were also part of chromosomes or nucleus, were involved in cell 

organization and biogenesis and in metabolic process but also in response to stimulus. 

Moreover, their function was more focused on the catalytic activity, different binding items, 

and unlike the buffer 4, they were also part of the structural molecule activity.   

5.2 Quantitative approach to compare proteomes after stimulations with 

LPS 

5.2.1 Results obtained for all sets 

Every sample was prepared by addition of 200 µL of the buffer 4 and following the Appendix 

1. Later, they were digested following the Appendix 3, purified by C18 columns and finally 

diluted in 60 µL of a 0.1% formic acid solution before being analyzed on a QExactive Plus 

mass spectrometer. Five µL of each sample was injected onto the LC system. The 

chromatogram that is presented in Figure 10 is the one that presented most similarities with 

the chromatogram in Figure 5 among the 30 chromatograms. One should also note that the 

peaks between 70 min and 83 min are considered as background also present in a blank run 

and should not be included in the analysis of the chromatogram. 

Figure 10: Typical chromatogram from the samples extracted with urea solvent 
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The Figure 10 above is the chromatogram obtained for the analysis of the sample 4, from the 

control group. The shape of the chromatogram was quite nice, very similar to the 

chromatogram in Figure 5 and reflected a proper elution of the peptides.  

The results from the analysis by mass spectrometry are presented in Table 9. The 

concentration of proteins in each sample, number of identified proteins, number of proteins 

which were more than 2 peptides long and the number of proteins that were less than 20 kDa 

heavy are included. 

Table 9: Results obtained for the different sets after stimulation with lipopolysaccharides  

Corresponding 

set 

Sample Concentration of 

proteins (µg/µL) 

No. of 

identified 

proteins 

No. of 

peptides 

>2 

Protein 

mass <20 

kDa 

 

 

0h p.i - Control 

1 8.1 93 78 40 (43 %) 

2 2.1 96 75 39 (41 %) 

3 4.8 118 91 51 (43 %) 

4 4.1 103 82 45 (44 %) 

5 11.6 103 81 46 (44 %) 

 

 

0.5h p.i  

6 3.7 111 86 46 (41 %) 

7 11.9 104 83 48 (46 %) 

8 9.7 120 93 51 (42 %) 

9 9.0 118 93 49 (41 %) 

10 11.0 101 84 48 (47 %) 

 

 

1.5h p.i 

11 8.6 96 75 40 (42 %) 

12 7.1 102 83 46 (45 %) 

13 6.9 116 84 53 (46 %) 

14 9.1 121 89 49 (41 %) 

15 12.9 100 82 44 (44 %) 

 

 

3h p.i  

16 7.4 110 79 48 (43 %) 

17 5.5 89 66 39 (44 %) 

18 10.6 128 94 54 (42 %) 

19 14.8 115 92 49 (43 %) 

20 11.6 110 87 47 (43 %) 

 

 

5h p.i 

21 7.9 96 84 42 (44 %) 

22 11.3 92 73 41 (44 %) 

23 12.4 93 77 39 (42 %) 

24 8.3 46 32 18 (39 %) 

25 12.4 96 80 41 (43 %) 

 

 

8h p.i 

26 9.9 105 81 46 (44 %) 

27 7.3 95 79 39 (41 %) 

28 12.8 81 57 40 (50 %) 

29 12.7 85 69 39 (46 %) 

30 29.2 63 38 25 (40 %) 

Average 100 78 43 
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Compared to the lysis buffer evaluation, more proteins were identified. Most of them are 

composed of more than 2 peptides and around 40 % of them were considered small proteins. 

The QExactive was a more sensitive instrument that led to a better analysis and therefore this 

explained why more proteins were identified compared to the previous tests studies.  

The number of proteins identified for each group was more or less homogeneous, except for 

the samples 24 and 30. Indeed, the chromatogram obtained for the sample 24 reflected a very 

bad elution of the peptides that was probably due to a bad electrospray because the peaks 

were also sharper (see Appendix 6) while the sample 30 was even more concentrated and so 

should contain more proteins. However, the shape of its chromatogram was not very nice and 

quite flat (see Appendix 6). Considering the shape of the chromatogram, the problem in this 

case could come from the sample preparation and not from a bad electrospray. 

5.2.2  Relative quantitative proteome analysis of the 0h p.i set and the 3h p.i set 

The quantification was performed by using the software MaxQuant based on the peak 

intensities of peptides corresponding to each protein. Not all sample groups were possible to 

compare in the quantitative study within the required timescale, therefore this part was 

focused on the control group, 0h p.i and the 3h p.i set that led to the best identifications of 

proteins.  

Four proteins showed a significant difference between the two groups, corresponding to a p-

value inferior to 0.05, as seen in Appendix 7. However, among these 4 proteins, 3 of them 

were highly suspected of being false positives. Indeed, a t-test for which the p-value was 

equal to 0.05 was performed, meaning that in a 100 proteins set, 5 of them could be false 

positive. In this quantitative analysis, 169 proteins were analyzed, so 5% of them i.e. more 

than 8 proteins could be false positive.  The p-values for these 3 proteins were quite high and 

close to 0.05 whereas the p-value of the first one was quite low. Considering that this p-value 

was 0.003, the probability to have a false positive among the 169 proteins is reduced to ≈0.5 

protein so it was low enough to consider that this protein was not a false positive.  

This significantly different protein was the CuZn superoxide dismutase (SOD) that was down-

regulated in the 3h p.i set. It is known as a defense enzyme that destroys the toxic radicals 

produced within the cells by detoxifying superoxide radicals
19

. The LPS activates the 

inflammatory mechanisms, characterized by the activation of macrophages that releases 

reactive oxygen species like cytokines and especially TNF-α. TNF-α might take some time to 

be released after LPS stimulation, around 2 and 5h in some cases
21

 and this could explain why 

the CuZn SOD protein levels were different for the control group and the 3h p.i group.  The 

CuZn SOD enzyme will dismutate these superoxide radicals later on into hydrogen peroxide 

H2O2, and it has previously been shown that the SOD protein level was increased between 4 

and 8h after the injection of LPS into peritoneal elicited macrophages
 
from mice

21
. However, 

LPS has also been shown to decrease the CuZn SOD mRNA
 
levels within 6-9 hours in rats

20
. 

Since the latest set available for quantitative study was the 3h p.i set, further analysis will 

allow to conclude if the SOD protein level actually increases in abundance between the 5h p.i 

and 8h p.i sets. 
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6 Conclusions and future studies 

 

The quantitative study of 30 samples permitted to conclude that the urea-based buffer 

previously tested was actually the best choice for protein extraction since a lot of proteins 

were extracted. The use of the QExactive mass spectrophotometer improved this result due to 

its higher sensitivity and led to the identification of more proteins than expected. 

Despite of the small amount of volume taken off for digestion, a large panel of proteins has 

been identified and a quantitative study between two groups – control and 3h p.i – showed 

that only one protein was significantly different from one group to another. Indeed, the CuZn 

superoxide dismutase protein appeared to be down-regulated in the 3h group for which the 

mussels were dissected 3h after the injection of LPS. This protein was most likely influenced 

by the injection of LPS and its decreased-expression level over time could be due to the 

inflammatory reactions that the LPS activated.  

It would be interesting to fulfill a full quantitative study between each group to study the 

evolution of the regulation of the CuZn SOD protein and to look into if the LPS injection 

actually induces an increase in the CuZn SOD protein level after 4h p.i as it has been 

previously suggested. 

Nevertheless, a limiting factor in this project is the overall protein database for mussels, 

which is quite limited. The creation of a more complete database would be an interesting tool 

that can lead to a more complete proteome identification and reveal to more significantly 

differentiated proteins between sample sets.  

Besides, a complementary study could be set-up in order to study the effect of the 

lipopolysaccharides precisely on the antimicrobial peptides, responsible for immunity 

defense. In this study, the only possibility was to count how many small proteins - 

corresponding to a mass inferior to 20 kDa – have been identified and can possibly be 

antimicrobial peptides. However, in the future a sample preparation step to only study this 

small protein/ peptide fraction can be developed.  
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9.1  Appendix 1: Protein extraction protocol used with Buffers 1, 2 and 4 

 

 

 

 

1. Take off similar quantities of mussels gills into Eppendorf tubes (1.5 mL) (1/5 of the 

tube was filled) 

2. Add 200µL of corresponding lysis buffer (1,2 or 4) 

3. Pipette the lysate up and down, homogenize the sample with a douncer 

4. Sonicate with a probe 10 times 1 second (3 mm probe, pulse 1s, amplitude 30%) 

o Preparation of the probe: 

Wipe off the probe with 70% EtOH 

Sonicate in MilliQ water 3x1s 

o Between samples: 

Wipe off with paper 

Sonicate in MilliQ water 3x1s 

o Cleaning of the probe: 

Wipe off with paper 

Sonicate in MilliQ water 3x1s 

Wipe off with 70% EtOH. 

5. Centrifuge the samples for 10min at 16 000x g at 4ºC 

6. Collect the supernatant into new tubes and store the new tubes at -80ºC 

7. Estimate the protein concentration using the Bradford protein assay 
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9.2  Appendix 2: Protein extraction protocol used with Buffer 3 

 

Part 1 – Sample lysis 

 

1. Take off similar quantities of mussels gills into Eppendorf tubes (1.5 mL) (1/5 of the 

tube was filled) 

2. Add 200µL of SDT lysis buffer (4% w/v SDS, 100 mM Tris/HCl pH 7.6) 

3. Vortex the samples briefly 

4. Incubate the samples at 95ºC for 3-5min 

5. Sonicate with a probe 10 times 1 second (3 mm probe, pulse 1s, amplitude 30%) 

o Preparation of the probe: 

Wipe off with 70% ethanol 

Sonicate in MilliQ water 3x1s 

o Between samples: 

Wipe off with paper 

Sonicate in MilliQ water 3x1s 

o Cleaning of the probe: 

Wipe off with paper 

Sonicate in MilliQ water 3x1s 

Wipe off with 70% EtOH. 

6. Centrifuge the samples for 10 min at 16 000x g at 21ºC 

7. Collect the supernatant into new tubes 

8. Estimate the protein concentration using the BioRad DC™ protein assay 

 

Part 2 – Acetone precipitation 

 

1. According to the results found with BioRad DC™ protein assay, take out 20µg of 

protein 

2. Add four times the sample of volume taken off of ice cold(-20ºC) acetone  

3. Vortex the tubes and incubate for 60 minutes at -20ºC 

4. Centrifuge for 10 minutes at 15 000x g at 4ºC 

5. Decant and dispose of the supernatant 

6. Wash the protein pellet with 100µL of ice cold(-20ºC) 90% acetone 

7. Centrifuge for 10 minutes at 15 000x g at 4ºC 

8. Decant the supernatant and allow the acetone to evaporate from the uncapped  tube at 

room temperature for approximately 5 minutes 

9. Add 20µL of 9M Urea buffer and vortex to dissolve the protein pellet 
 

 

 

 



  27 
 

9.3  Appendix 3: In-solution tryptic digestion protocol 

 

Part 1 – Preparation of the samples 

1. Take out aliquots of sample corresponding to 20µg of protein (determined previously 

by one of the Protein Concentration Assay) and then dilute to a final volume of 20µL 

with the buffer used for protein extraction (Buffer 1,2,3 or 4) 

2. Add 1 µL of 1 M DTT to the samples. Vortex, spin down and heat for 15 min at 50ºC 

3. Add 1 µL of 550 mM IAA to the samples. Vortex, spin down and incubate in darkness 

at room temperature for 15 min. 

4. Add 80µL of digestion buffer (Ammonium Bicarbonate, NH4HCO3 ; 50 mM, pH=8) 

5. Add 2 µL of 0.5 µg/µL trypsin (40µL of digestion buffer added to 20µg of trypsin) 

6. Incubate at 37ºC overnight. 

 

Part 2 – Drying of the samples 

1. Dry the samples in a Speed Vac
®
 until they are completely dried during 

approximately 1.5h.  

2. Freeze the samples at -80ºC until purification. 
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9.4  Appendix 4: Chromatograms obtained with the buffer 1 
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9.5  Appendix 5: information about the nature of the proteins extracted 

 

 

 

This picture is an extract from the analysis 

performed by Proteome Discoverer 1.4 on the 

whole set of samples prepared with the buffer 

4.  

 

The molecular function column 2 refers to the 

function occupied by the extracted protein 

(column 1). The purple strip refers to 

nucleotide binding, the pink one refers to 

protein binding and the brown one refers to 

catalytic activity, for example. 

 

The cellular component column 3 refers to 

where the extracted protein (column 1) is 

located in the cell. The pink strip refers to the 

chromosome, and the green one refers to the 

nucleus. 

 

The biological process column 4 refers to the 

type of process the extracted protein (column 

1) is involved in. The green strip refers to cell 

organization and biogenesis, the purple one 

refers to metabolic process.  
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9.6  Appendix 6: Chromatograms obtained for the samples 24 and 30 

 

Sample 24 

 

 

Sample 30 
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9.7  Appendix 7: Significantly different proteins between sets 0h and 3h p.i 

 

 

This picture is an extract from the results obtained after quantitative 

analysis of the sets 0h p.i and 3h p.i with the software MaxQuant. 

 

The column 1 corresponds to the protein identification number. 

The column 2 corresponds to the Fasta headers, including the name of the 

protein. 

The column 3 is the average intensity of the control group that corresponds 

to the average intensity of the samples n°1 to n°5. 

The column 4 is the average intensity of the 3h p.i group which 

corresponds to the average intensity of the samples n°15 to n°20. 

The column 5 corresponds to the missing proteins among the control group 

that is the number of samples within the group in which the corresponding 

protein was missing. 

The column 6 corresponds to the missing proteins among the 3h p.i group 

that is the number of samples within the group in which the corresponding 

protein was missing. 

The column 7 corresponds to the total of missing proteins between both 

groups (columns 5 and 6) 

The column 8 corresponds to the number of proteins that differ between the 

column 5 and the column 6. 

The column 9 corresponds to the p-value which is obtained with a paired t-

test used with Excel. The value chosen for significate difference is to be 

inferior to 0.05. 

The column 10 corresponds to the ratio of the average intensity of the 3h 

p.i group over the average intensity of the control group. One can note that 

the protein for which the p-value is the smallest is down-regulated, 

meaning that there is a smaller amount of this protein in the 3h p.i group 

than in the control group. 

 

 


