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Abstract 

The proteome is in constant flux and therefore it is important to understand the 

contribution of protein dynamics to the function of an organism. The zebrafish (Danio 

rerio) is a recognised model organism that is widely used to investigate physiological 

processes. The focus of this thesis was to develop a method to calculate the rates of 

synthesis of heart proteins of zebrafish on a proteome-wide scale. The initial stage of 

the project involved the optimisation of a method to characterise the protein 

complement of individual zebrafish hearts. It was concluded that for the rapid screening 

of proteins 1-dimensional gel electrophoresis in conjunction with high resolution liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) was the most appropriate 

experimental approach. In order to determine the rates of protein synthesis, zebrafish 

were administered with a stable isotope-labelled amino acid ([2H7] L-leucine) via the 

diet and its incorporation into heart proteins was monitored over an 8 week time course. 

Using this method it was possible to calculate the synthesis rates of over 600 proteins. 

The experimental strategy was then applied to define the changes in protein synthesis 

rates in hearts from zebrafish that were subjected to chronic unpredictable stress 

(CUS). A variety of stressors on zebrafish comprising air emersion, net chasing or net 

confinement were employed to model CUS. These approaches were validated by a 

parallel behavioural analysis. The results revealed that glycolytic and gluconeogenic 

enzymes as well as proteins involved in hypoxia had significantly altered synthesis 

rates in response to induced stress. This thesis describes for the first time a proteomics 

approach to determine the rates of synthesis of individual proteins in the zebrafish and 

its application to investigate the effects of stress conditions on heart proteome 

dynamics. 
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1.1 Proteomics 

The term ‘proteome’ was first used by Marc Wilkins in 1994 to describe all of the 

proteins expressed by an organism’s genome (1). Proteomics is part of the ‘-omics’ 

group of research disciplines that utilise global approaches and involves the large scale 

study of proteins. It encompasses the identification, quantification and classification of 

proteins, including their structure, function and interactions. Over the 20 years since 

the inception of proteomics it has developed into a major field for the study of biological 

systems including single cells to whole organisms. Proteins are present in all living 

organisms and are essential for their survival and they have a wide range of functions, 

shapes and sizes. As such proteomics encompasses the study of where, when and 

why proteins are expressed, how proteins are synthesised and if any modifications 

occur, the movement and localisation of proteins, their turnover and the interaction that 

proteins have with one another.  

 

Proteomics still faces difficulties in that the proteome is not a static entity and can vary 

between different cells and at different time points and under changing conditions. The 

entire proteome of humans or most organisms have also not yet been determined or 

fully annotated. An attempt to map the entire human proteome has been attempted by 

an international consortium with an early draft published in 2014 (2). This draft ‘map’ 

of the human proteome accounted for ~84% of the annotated protein coding genes in 

the human genome. One of the goals intended from the completion of the human 

proteome project is the development and adoption of proteomic techniques for 

diagnosis, prevention and therapies for diseases and health conditions worldwide (3). 
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1.2 Protein Separation 

The protein complement of a tissue or cell sample is highly complex and displays a 

vast dynamic range. Analysing all the proteins in a single sample can be challenging 

due to these factors. Therefore the most common starting point for proteomic analysis 

is through the use of protein separation technologies.  

1.2.1 Sodium Dodecyl Sulphate Polyacrylamide Gel 
Electrophoresis 

Electrophoresis utilises the movement of dispersed charged molecules relative to a 

fluid that is influenced by a uniform electrical field (4, 5) separating proteins in a given 

mixture on the basis of their molecular weight. Sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) is one of the most widely used 

methods for protein separation.  

 

Polyacrylamide gels are synthetic matrices that are strong and chemically inert. The 

gels contain pores through which proteins can migrate. Pore size is determined by the 

relative percentage of polyacrylamide used to make the gel and the amount of cross 

linker used. In SDS-PAGE the gel is separated into the stacking gel and a running gel. 

The stacking gel is designed so all the proteins in one lane are moved into one band 

in order for migration of all proteins to start from the same place. The running gel acts 

as a molecular sieve; the proteins of lower molecular weight can pass through the gel 

more easily and therefore migrate further in a set time than larger molecular weight 

proteins (Figure 1.1). 

 

Buffers are used to maintain the pH level of the system. This allows for the steady 

control of the net charge of the samples being used. The efficiency of the 

electrophoresis depends upon the buffers used.   The most common buffer to use is a 

tris(hydroxymethyl)aminomethane (tris)  and HCl buffer with other constituents
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Figure 1.1 Schematic Diagram Showing Separation of Proteins by SDS-PAGE. Mixed protein samples are denatured prior to loading (A). 
Samples are loaded into the wells at the top of the gel (B). A voltage is then applied to the gel. (C) The proteins then travel through the gel to 
the positive electrode. Larger proteins take longer to pass through the gel and are thus higher up the gel when a run is finished. 
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added such as glycine. The glycine enters the stacking gel first. The glycine migrates 

until it loses its partial negative charge. This slows the net migration in the stacking gel, 

increasing resistance to create the sieve like effect on the proteins moving towards the 

running gel. This controls the rate of migration from the stacking gel to the running gel.  

 

Proteins have many charges or conformations in their native state. These different 

conditions can change the way that a protein can move through a gel matrix. The SDS-

PAGE approach addresses this by utilising denaturing conditions in an attempt to 

equalise the charge and spatial structure of all the proteins. SDS is an anionic 

detergent which denatures proteins by disrupting hydrogen bonds and hydrophobic 

interactions, destroying the secondary and tertiary structures making the proteins more 

uniform in shape. The sample is introduced to the gel in a sample buffer that contains 

dithiothreitol (DTT) which acts as a reducing agent to break any disulphide bonds 

between cysteine residues, unfolding the protein completely.  The denatured proteins 

are then linearised into a rod-like conformation by the SDS through its detergent 

properties. This allows the proteins to hold a net negative charge and reduces the 

impact of shape upon the speed that proteins travel through the gel. At the end of the 

electrophoresis process the gel is placed in a fixing solution to hold the proteins in 

place. This is typically achieved by precipitating the proteins into large aggregates that 

are then held in place. Fixing also removes SDS from the gel which can interfere with 

staining. The most common fixative agents are acetic acid and short chain alcohols in 

a water solution although stronger fixative agents exist.  

 

1.2.2 Isoelectric Focusing 

Proteins under different pH conditions hold a charge. At the isoelectric point (pI) the 

protein has no net charge. This point varies according to the protein and is dependent 

on a number of different parameters such as the combination of side chains on the 
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constituent amino acids, the size of the protein and the overall structure. Since there 

are a significant range of isoelectric points in a protein mix, it is a useful dimension in 

which to separate the constituent proteins.  

 

Isoelectric focusing (IEF) is the technique of separating proteins according to the 

isoelectric point and has been used for over fifty years (6). IEF uses a pH gradient 

created by synthetic “carrier ampholytes” which are soluble low molecular weight 

zwitterionic molecules that sort themselves according to pI under an electric field (4). 

Proteins outside of their pI will have a net charge which decreases as the protein gets 

closer to the pI. A current is applied to the sample causing the charged proteins to 

move towards the electrodes (7). In proteomics studies IEF separation is typically 

performed using a gel with an immobilised pH gradient (IPG). These gels are typically 

acrylamide matrices that have been co-polymerised with a pH gradient through the 

covalent bonding of different pH buffers to polyacrylamide gels. 

 

IPG gels can also be used to separate peptides and proteins in liquid solution as 

opposed to inside the gel. This is achieved using an OFFGEL™ fractionator (Figure 

1.2 A). Proteins are placed in a urea based solution with ampholytes. Having the 

sample in liquid phase allows for easier recovery and reduced losses of the analytes. 

The sample is placed into wells that are above a rehydrated IPG strip with no direct 

connection between the wells. The peptides or proteins are suspended in solution and 

restricted to the wells. Once the focusing begins the proteins or peptides are forced 

through the gel until they reach the well that matches their pI (Figure 1.2 B). 
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Figure 1.2 Protein Separation by OFFGEL Isoelectric Focussing. Proteins are mixed and placed into each microwell. When electrical charge 
is applied, the proteins will move according to their pI. The protein moves through the gel until it reaches the appropriate pH. The protein then 
cannot move further through or back in the gel. 
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1.2.3 Two-Dimensional Polyacrylamide Gel Electrophoresis  

Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) extends IEF 

technology by combining the technique with SDS-PAGE. The first dimension used is 

the separation by pI using IPG strips. The IPG strip is placed to the top of a size 

exclusion SDS-PAGE gel. This second dimension of separation fractionates the 

proteins by size. The proteins in the gel can then be visualised using a variety of stains. 

2-D PAGE has been used for over 35 years in measuring and profiling complex protein 

samples, with a wide range of possible applications it has been instrumental in 

expanding the field, both with mass spectrometry and without (8, 9).  

1.2.4 Depletion Strategies 

Immunodepletion is a method for reducing the dynamic range of protein samples 

through the use of antibodies attached to a column. This simplifies samples by 

eliminating the highly abundant proteins of a sample allowing the low abundant 

proteins to become more accessible for study (10, 11). This concept is exemplified in 

blood sera, in which albumin composes a vast majority of the expressed proteome (98-

99%) (12). Although techniques have been developed to remove this set of proteins, 

and thus removing ~90% of the overall protein expressed, the current techniques can 

lack robustness and reproducible efficiency (13, 14). Additionally, proteins that are 

bound to the depleted targets may also be lost. Depletion methods also tend to be 

specific for targeted species such as humans or mice. 

1.2.5 Protein Equalisation 

Protein equalisation describes a variety of methods that serve to reduce sample 

complexity and equalise the abundance of all proteins across the proteome. The use 

of peptides for universal protein capture rather than specific targeted peptides was 

investigated by Bachi et al., where they hypothesised that the capturing mechanism 

works through hydrophobicity and charge-to-charge (with charge-to-charge 
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interactions developing an additional hydrophobic interaction) (15, 16). A method for 

utilising protein equalisation beads has been developed by Righetti et al. and produced 

commercially by Bio-Rad Laboratories (Hercules, CA, USA) under the name 

ProteoMiner™ (17). The ProteoMiner beads system comprises a solid phase 

combinatorial ligand library of hexapeptides that are synthesised by a method based 

upon the Merrifield approach (18) using the traditional “split, couple, recombine” 

method (19). Each bead contains millions of copies of a unique ligand and each bead 

has potentially unique ligands to every other bead. Using the twenty naturally occurring 

amino acids in a hexapeptide chain, the library of ligands contains sixty four million 

different ligands (16). This library can then be used to equalise the protein abundance 

levels of a sample by binding an equal amount of each protein (Figure 1.3). 

1.2.6 Filter Aided Sample Preparation  

Filter Aided Sample Preparation (FASP) was first described in 2009 by Wisniewski et 

al. (20) and is designed to aid protein digestion and remove contaminants from the 

resulting peptide sample. In this method proteins are digested in-solution rather than 

in a gel matrix. With a filter vessel being used to act as the holder of the proteins while 

different buffers and reagents, such as reducing and alkylating agents, are applied and 

then removed through filtration. The filtration units used in the initial purification of 

proteins also serve as reaction vessels in which the proteins can be modified and 

digested. The resultant peptides can be separated on the basis of pI as described 

previously or by other methodologies prior to mass spectrometric analysis (Figure 1.4). 

1.2.7 Chromatography 

Chromatography is a technique for the separation of a mixture by flow through an inert 

material. Different methods for separations exist including gas, thin layer, affinity and 

liquid chromatography. Liquid chromatography utilises a solid phase material  
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Figure 1.3 ProteoMiner Beads Technology. (A) A complex sample is introduced to the primed bead slurry inside a mini spin-column. (B) An 
equal number of each protein is bound to the beads. Excess proteins are unable to bind and flow through the column to waste. (C) Bound 
proteins are then eluted into a collecting tube.  
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Figure 1.4 Outline of a Typical FASP Experiment Using OFFGEL for Fractionation. Protein samples are added with a urea buffer into the 
centrifuge unit. The complete unit is centrifuged to purify the samples and drain all solutions. This allows the introduction of new solutions to 
modify the proteins. 
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that is packed into columns, with a variety of stationary and mobile phases used. A 

liquid mobile phase passes through the column in order to separate samples. 

Separation is typically achieved through cation exchange, size exclusion or 

hydrophobicity although other techniques exist such as displacement, bioaffinity and 

partition chromatography. Chromatography has been employed extensively to 

separate the complex components of liquid mixtures. With proteomics, the majority of 

liquid chromatography separations are performed using C18 reverse phase columns 

which separate samples based on their relative hydrophobicity (21).                 

 

Two-dimensional liquid chromatography has been in use for some time as an 

alternative fractionation method (22). Typically, the first dimension of separation is 

strong cation exchange, with the following dimension being reversed phase. 

Multiplexed chromatographic separations for use in proteomics can be defined as 

MudPIT (Multidimensional Protein Identification Technology), a term developed by 

Yates et al. in 2001 (23). Multi-dimension liquid chromatography can use two to four 

different chromatographic methods and can be performed in either offline or online 

modes.  

 

Combined fractional diagonal chromatography (COFRADIC) is a proteomic technique 

for the analysis of specific peptides. COFRADIC uses repeated liquid chromatography 

separations in order to reduce the complexity of peptide samples by the isolation of 

target peptides (24). Many methods of COFRADIC exist which have different 

applications such as methionyl COFRADIC and reverse methionyl COFRADIC (24, 

25), tyrosine nitration COFRADIC (26) and the two most widely used methods of N-

terminal COFRADIC and C-Terminal COFRADIC. N-terminal and C-terminal 

COFRADIC aims to isolate the terminal peptides of a proteome (27). A revised N-

terminal COFRADIC protocol (28) has been successfully used in targeted studies 
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utilising mass tagging techniques (29). 

1.3 Mass Spectrometry 

Mass spectrometry has become a powerful tool in the identification and 

characterisation of proteins and peptides in proteomics experiments (27, 28). Mass 

spectrometers are instruments that are used to measure the mass to charge ratio (m/z) 

of molecules and atoms. This is typically achieved through sample ionisation and then 

the determination of mass through a range of methods. Mass spectrometry is an 

analytical technique that has a vast array of applications due to its ability to determine 

the masses and composition of molecules.  All mass spectrometers comprise of the 

same main components (Figure 1.5): A sample inlet, an ionisation source, one or 

multiple mass analysers, a detector and a data processor. 

1.3.1 The Sample Inlet 

An inlet introduces the sample to the ionisation source. The inlet is designed depending 

on the volume and composition of the sample intended to be used. An inlet needs to 

be able to introduce a sample with minimal loss of sample quality while also 

maintaining the system vacuum and keeping contaminants out. 

1.3.2 The Ionisation Source 

The purpose of the ionisation source is the generation of an ion of the target compound 

in gas phase. Many forms of ionisation exist such as atmospheric pressure chemical 

ionisation, direct analysis in real time (DART), electron impact (EI), electrospray 

ionisation (ESI), fast atom bombardment (FAB), field desorption (FI), field ionisation 

(FD), matrix assisted laser desorption/ionisation (MALDI), secondary ion mass 

spectrometry (SIMS), spark ionisation, surface-enhanced laser desorption/ionisation 

(SELDI), thermospray ionisation and thermal ionisation (29–31). The type of ion source 

that is used in any given experiment is dependent on the sample type and the analyte 

being investigated. Protein/peptide analyses are undertaken using soft ionisation   
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Figure 1.5 Main Components of a Generic Mass Spectrometer. All mass spectrometers contain the following components. A sample inlet 
that introduces a sample into the mass spectrometer. A source that ionises a sample to form ions. One or multiple mass analysers that can 
separate ions based on user defined parameters and a detector to record the charge or current on contact with an ion. 
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techniques, which result in low residual energy applied to the sample. ESI and MALDI 

are two of the most common types of ionisation used in proteomic workflows. 

1.3.2.1 Electrospray Ionisation 

ESI (Figure 1.6) uses electrical energy to assist in the transference of ions from a liquid 

solution to gas phase prior to introduction to a mass spectrometer. ESI can convert 

neutral compounds to an ionic form via protonisation or catonisation to enable the 

analysis by mass spectrometry (32). ESI has been proposed to work through the ion 

evaporation theory (33) via three stages. Firstly, the sample solution is dispersed into 

fine droplets that become highly charged via the electrospray tip which has a high 

voltage. Following this the solvents present in the solution are evaporated reducing the 

size of the droplets increasing the surface charge density to the maximum limit known 

as the Rayleigh limit. When this charge reaches the critical point, i.e. past the Rayleigh 

limit, it allows the ejection of ions from the droplets (33, 34).  

 

Nanospray is a variation of ESI first defined as an ion source that uses lower flow rates 

of 20 µL/min and under, with a very small spray orifice of 1 to 2 µm (35). These 

differences give nanospray a number of properties not found in conventional ESI which 

include a wide tolerance for solvent usage and a higher salt and pH tolerance (35, 36). 

The lower flow rates also allow a longer chromatographic separation of lower volume 

samples.  
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Figure 1.6 Electrospray Ionisation. In ESI firstly the sample solution is dispersed into fine droplets that become highly charged via the 
electrospray tip then the solvents present in the solution are evaporated reducing the size of the droplets increasing the surface charge density 
the Rayleigh limit. When the charge reaches past the Rayleigh limit, it allows the ejection of ions from the droplets 
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1.3.3 Mass Analysers 

There are a large number of different types of mass analyser, each with a particular 

speciality and use (37). Those most commonly used for proteomic analysis include 

quadrupole, time of flight (ToF) and Orbitrap mass analysers.  

1.3.3.1 Quadrupole Mass Analyser 

The quadrupole mass analyser (Figure 1.7) was developed in 1953 by Wolfgang Paul 

(38). The analyser consists of four parallel rods typically of length between 10 and 20 

cm with the rods connected in pairs diagonally. Opposite rods have one applied 

potential and the other two rods have the inverse potential using a radio frequency 

(RF) voltage and a direct current (DC) voltage to produce an oscillating electric field, 

although a quadrupole can be used with an RF voltage alone (39). Ions pass through 

the middle of the rods in an oscillating pattern as a result of the electric field. These 

voltages provide a means to control the trajectory of ions passing through the centre 

of these four rods. Quadrupoles are unit mass resolution analysers, which is mass 

resolution such that it is possible to clearly distinguish a peak corresponding to a singly 

charged ion from its neighbours one integer of mass away, usually with no more than 

5 – 10 % overlap (40). Quadrupoles can be used in ion traps, which are also referred 

to as Paul traps, such as a linear ion trap (41). A linear ion trap uses the quadrupole 

to trap ions radially using a two dimensional radio frequency field and axially by the 

potential applied to the electrodes (42). A linear ion trap may be used in tandem with 

additional mass analysers as described later in this chapter or as the sole mass 

analyser (43), which can be also used as a filter to remove ions as desired by the 

operator.  
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Figure 1.7 Outline of a Quadrupole Mass Analyser. Four parallel rods typically of length between 10 and 20 cm are connected in charged 
pairs diagonally. Opposite rods have one applied potential and the other two rods have the inverse potential. Ions pass through the middle of 
the rods in an oscillating pattern. Non-resonant ions are filtered out of the mass analyser.  
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1.3.3.4 Orbitrap 

The development of the Orbitrap mass analyser (Figure 1.9) for commercial use by 

Thermo Fisher Scientific in 2005 (44) sparked a revolution in mass spectrometry based 

proteomics. The Orbitrap uses ion trapping concepts that were first conceived in 1923 

(45) with the Kingdon trap. The Kingdon trap is a central wire with an out electrode. 

The trap produces a radial potential between the electrodes which can be used to store 

ions. The Orbitrap is a development from the original Kingdon trap as ions trapped in 

the central electrode oscillate in an orbital pattern around it. This pattern is detectable 

by the outside electrodes. This pattern can then be transformed to a spectra output 

through a fast Fourier transform (46). The Orbitrap is the more commonly used 

instrument type in proteomics (47, 48), particularly when coupled to an ion trap (LTQ-

Orbitrap) or a quadrupole (Q-Exactive). 

 

The first Orbitrap mass analysers used in prototype instruments lacked the ability to 

control the entry of ions into the analyser. It also had a low mass range and ion 

transmission (48). The development of the C-trap, an external component that could 

store ions, allowed for control of the ions before transmission into the Orbitrap analyser 

although still faced challenges due to space charge effects as a result of storage (48, 

49). Developments of the Orbitrap instrument design continued with the identification 

of a different method for the processing of Orbitrap mass signals called enhanced 

Fourier transform (eFT) (50). eFT uses data from ion oscillation phases and correcting 

for the shift in phase that works in tandem with transfer of ions from the C-trap to the 

Orbitrap.  
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Figure 1.9 Schematic of an Orbitrap Mass Analyser. Ions move from the source of the mass spectrometer and through a linear ion trap and 
into the C-Trap. The ions are then transferred into the Orbitrap analyser where they hold the oscillation pattern that can be detected and analysed. 
This pattern is then transformed into a mass spectrum. 
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1.3.4 Mass Detectors 

Mass detectors are the component of the mass spectrometer that records the charge 

or current that an ion produces when it enters or passes by. While there are a number 

of different methods in which to detect charge of ions, electron multipliers constitute 

one of the more widely used detector. Electron multipliers are created out of emissive 

material and when a single ion or more impacts with the surface can result in the 

emission of 1 to 3 electrons (51). By creating a series of charged plates, or dynodes, 

of this material a sequence of electron multiplication can take place as ions become 

attracted to each plate along the sequence. The resultant electron cascade is collected 

and the charge recorded. These detectors produce a greater signal to noise ratio than 

historical detection methods and remain highly sensitive (52, 53). Detection with an 

Orbitrap analyser works in a different manner. As electrons move in a spiral pattern 

around the central electrode, an image current can be detected by the outer electrodes. 

A Fourier transform on this image current can provide oscillation frequencies for ions 

of different mass resulting in a recorded mass to charge ratio (54). 

1.3.5 Tandem Mass Spectrometry 

A tandem mass spectrometer has been defined as: 

 

“An arrangement in which ions are subjected to two or more sequential stages 

of analysis (which may be separated spatially or temporally) according to the 

quotient mass/charge.” (55) 

 

Tandem mass spectrometry (MS/MS) consists of a sequence of several processes: 

selection of precursor ions, fragmentation to form product ions in a high pressure gas 

collision cell and the mass analysis and detection of the product ions (56). In spatial 

tandem mass spectrometry, the processes occur in sequence within two mass 

analysers in tandem (57). In temporal tandem mass spectrometry, the process occur 
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in sequence in a single mass analyser (58). A standard tandem mass spectrometry 

approach is as follows. Ions are introduced into the system through the source. A scan 

is performed on all the ions introduced. Particular ions are selected according to the 

predefined selection parameters of the method. These ions are taken from the source 

and all other ions are removed. After excitation and fragmentation of the selected ion, 

another scan is performed showing the fragment spectra.  

 

In collision induced dissociation (CID) (Figure 1.10) gaseous precursor ions are 

fragmented into product ions by ionic collision. Ions are accelerated via electrical 

potential. These higher energy ions then collide with neutral molecules that are mixed 

with the ions, with the most common being the gases helium, nitrogen and argon. The 

collision causes the conversion of kinetic energy to internal energy, which results in a 

breakage of the bonds within the ion. This leads to fragmentation into smaller ions, 

with the exact nature of the product ions being a result of the CID parameters used 

(59). CID using quadrupole ion traps have a limitation in that a low mass cut-off exists, 

meaning that ions in the lower mass to charge (m/z) range are unable to be trapped 

due to the nature of ion trajectories within a quadrupole. The m/z range that is ejected 

from the quadrupole is determined by RF amplitude, the lower the amplitude the more 

resonant ejection occurs in the quadrupole. The loss is estimable by the ‘1/3 rule’ 

where approximately 28% of product ions are lost in ion trapping (60, 61).  

 

With CID in proteomic experiments, peptide ion fragments are named as x, y or z 

depending on the amide bond that is fragmented and the terminal end of the resultant 

ion that retains charge (Figure 1.11) (62). A b ion is an ion which has a positive charge 

on the amino-terminal side of the fragmented bond. Conversely, an y ion is one which 

has the charge retained on the carboxyl side (63). As a peptide normally contains 

more than one peptide bond within it, there are multiple sides for fragmentation.
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Figure 1.10 Fragmentation of Precursor Ions Under Collision Induced Dissociation (CID). In CID ions are fragmented into product ions 
when in a collision cell in the presence of the neutral gas and under activation energy.  
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Figure 1.11 The Naming and Numbering Convention of Fragmented Peptide Ions. Peptide ions that fragment can result in a cleavage at 
different bonds. Depending on which bond was cleaved results in a different product species that is named accordingly. The a b and c ion 
fragments are ordered from N-terminal to C-terminal, x y and z ion fragments are ordered from C-terminal to N terminal. 
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Therefore a numerical subscript notes the amount of amino acid residues that are 

between it and the termini of the peptide,  with the b ions counted from the amino-

terminus and the y ions counted from the carboxyl terminus (63).  

1.4 Mass Spectrometry and Proteomics 

There are two primary workflows used to identify a protein in a given sample with a 

mass spectrometer, either ‘top down’ or ‘bottom up’. In ‘top down’ studies intact 

proteins are analysed in the mass spectrometer (64). In bottom up studies, the 

peptides, are used to identify the larger whole, the protein.  

1.4.1 Top Down Protein Analysis 

After the completion of the human genome project it was found that humans have fewer 

genes than anticipated, with the resultant complexity of proteins created by protein 

structural differences, post translational modifications or sequence variants (65). The 

term ‘proteoform’ has been created to describe these differences (66). Top down 

proteomics focuses on the analysis of intact proteins which can reduce the ambiguity 

of the protein’s identity as a high protein sequence coverage can be achieved (66).  

 

Top down proteomics works through the creation of a protein ion that is introduced into 

the mass spectrometer and subjected to fragmentation (67). A common technique 

used in top down methods is to solubilise proteins in organic solvent in an LC-MS/MS 

set-up (68). However this technique denatures and unfolds proteins resulting in a loss 

of their original state (69).  

1.4.2 Bottom Up Protein Analysis 

Bottom up proteomic techniques utilise chemical or enzymatic digestion of protein 

samples prior to mass spectrometry based analysis. Trypsin is the most common 

proteolytic enzyme in proteomic workflows to generate peptide samples. Trypsin 

cleaves polypeptides at the c-terminal side of arginine and lysine residues. Using low 
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intensity CID, fragment ions are formed through breakages in peptide bonds with very 

little additional side chain fragmentation. This process produces simple fragment 

spectra that can then be analysed to determine to amino acid sequence of the peptide. 

Bottom up approaches have highly optimised and well characterised analysis 

pathways and as such it is the methodology that was chosen for use within this thesis 

(70).  

1.4.3 Peptide Matching and Protein Identification 

In order to identify proteins the peptide masses acquired from a mass spectrometer 

need to be matched against databases using search engines or manually interpreted. 

Many search engines now exist with new software being developed frequently and 

includes, for example MASCOT (71), MaxQuant (72), OMSSA (73), X! Tandem (74) 

and SEQUEST (75). Programs available are either proprietary or freely available to 

academia. Each program works in different ways, however they all run under the 

premise of an in silico digest of proteins from a database to yield the hypothetical 

peptides that can be created via cleavage using a specified enzyme. For example, 

trypsin cleaves at the C-terminal of every arginine and lysine residue, thus the search 

engine breaks down the protein database at these residues into peptides and then this 

peptide database is used for matching with recorded data.  

 

One issue with current methodologies in peptide matching is that the samples involved 

will not be identical with respect to peptide abundances or presence, and the 

introduction of contaminants or machine error will lead to false positive matches and 

create false negatives. There are two main statistical measures by which to determine 

and allow for this imperfection. These are the false discovery rate (FDR) and posterior 

error probability (PEP) (76). The key is in the balance between these two measures. A 

typical FDR rate is 1%, meaning that in a list of peptide spectral matches, 99% of 

matches will be correct and the remaining 1% of matches will be incorrect. PEP can 
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be seen as the local version of FDR, specific for individual matches, while the FDR 

applies to a set as a whole (76, 77). 

 

SEQUEST, developed by Eng et al. (75), was one of the first peptide searching 

algorithms available. It was developed to compare fragment ion mass spectrometry 

data and calculate the correlation (XCorr) to determine the closeness of the match 

between a peptide and the theoretical peptide.  

1.5 Protein Quantification 

In proteomic experiments, it may be important not only to identify proteins but also 

determine the concentration of a given protein in the sample. In general, mass 

spectrometry is not considered to be inherently a quantitative technique due to the lack 

of linearity between ion intensity and concentration of analytes within a sample (78). 

Protein quantification can be divided into two approaches, relative quantification and 

absolute quantification. Relative protein quantification involves comparing two or more 

samples and analysing the relative changes or differences in protein or proteome 

amounts. Absolute quantification is the determination of the absolute amount of 

proteins in any given sample and in general, utilises peptide based methods but protein 

based methods have been developed (79). Both relative and absolute approaches use 

label and label free based methods for qualitative and quantitative analysis. 

1.5.1 Relative Protein Quantification 

1.5.1.4 Stable Isotope Labelling of Amino Acids in Cell Culture (SILAC) 

Stable isotope labelling of amino acids in cell culture (SILAC), is the technique of 

incorporating one or more stable isotope labelled amino acids into proteins in vivo. 

While the use of stable isotopes had been used in proteomics the term SILAC was first 

introduced in a study to determine the differences in protein expression during muscle 

development during cell differentiation (80).  The development of SILAC originated 



28 
 

from the use of 18O isotope labels in protein chemistry and quantitation (81, 82) and 

then further used as a means to improve sequence assignment in peptide sequencing 

(83). SILAC utilises stable isotope analogues of amino acids labelled with a number of 

carbon (13C), hydrogen (2H), nitrogen (15N) or oxygen atoms (18O). When a stable 

isotope is supplied to a cell or organism it is incorporated into the newly synthesised 

proteins. Since the chemical properties of the proteins that have incorporated this label 

are virtually identical to a naturally occurring protein there are little effects from the 

label onto the target cell or organism (84). This label can then be detected by mass 

spectrometry and used in a time course experiment to determine the changing levels 

of label over time or in response to experimental conditions (Figure 1.14).  Some amino 

acids are essential to organisms, for example in humans: histidine, isoleucine, leucine, 

lysine, methionine, phenylalanine, threonine, tryptophan and valine are all essential 

(85). The de novo synthesis of the essential amino acids of an organism is impossible. 

Therefore any of the amino acids must be acquired from surrounding media or food. 

For use in cell culture it takes roughly five cell divisions in labelled media to reach a 

label incorporation of 97% and above (80, 86).  

 

As trypsin is the most commonly used proteolytic enzyme in proteomics, lysine and 

arginine are the more common amino acids used for SILAC labelling. To guarantee 

that a label is present in every tryptic peptide both arginine and lysine can be used 

together. SILAC based experiments have generally been to perform relative 

quantification. This method of quantitative proteomics has been applied to a vast 

number and variety of studies from investigations into metabolic pathways to 

monitoring of membrane protein changes in response to external stimuli (87, 88).  
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Figure 1.14 A Typical SILAC Experimental Plan. In a classical SILAC experiment, two different cell cultures are grown in different media. An 
unlabelled media may be used in the ‘light’ cell culture while the heavy media contains amino acids replaced by stable isotope labelled amino 
acids. The difference in labelling ratio can be observed between the two groups. 
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Using stable isotope labelling to create a complex, multicellular organism that is 100% 

labelled is analogous to the well-established cell culture experiments. The creation of 

100% labelled specimens has been attempted. A SILAC mouse was developed by 

Kruger et al. (89) with a 95% and above labelling recorded in a second generation 

mouse with no observed differences in growth, behaviour or fertility. From this a 

commercial diet was made available as a 100% 13C6-lysine diet (90, 91). This diet has 

been used in a variety of animals for SILAC based studies (22, 84, 92, 93). The SILAC 

fruit fly (Drosophila melanogaster) has also been developed by two independent 

groups at a similar time with both groups obtaining an almost complete heavy labelling 

(95%+) in a living fly from birth  (94, 95). 

1.5.1.5 Label Free Relative Quantitation 

Labelled methods in proteomics have traditionally come at a higher cost and 

complexity compared to unlabelled techniques. Therefore, the use of label free 

methods have long been sought as a low cost alternative. Label free techniques have 

so far been based on either the comparison of peptide signal intensities from LC-

MS/MS analysis or through the comparison of the counts of peptide identification or 

fragmentation spectral acquisition.  

 

The method of peptide signal intensity based label free quantitation is based upon the 

assumption that ion signal intensities created after mass spectrometry analysis are 

correlated with the concentrations of those ions (96, 97). By keeping parameters the 

same between analytical runs, the intensities of the peaks created by the LC-MS/MS 

analysis can be compared to derive differences in abundance. This is typically 

achieved after normalising signals for variations in intensity between technical 

replicates and liquid chromatography retention time shifts between technical replicates. 
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This normalisation is supported by software based algorithms for label free 

quantitation. 

 

Spectral counting is based on the principle that abundant proteins are detected more 

at the peptide level in a sample, a theory supported by the work of Liu et al., who found 

that there was an observable correlation between the number of spectra of a protein 

and that protein’s relative abundance (98). Spectral counting is a reliable and simple 

technique. Like peptide signal intensity based label free quantitation, normalisation and 

software based statistical analysis are required for complete analysis of spectral 

counting data (99).  

 

Exponentially modified protein abundance index (emPAI), was defined  by Rappsilber 

(100) as the number of observed peptides divided by the number of observable  

peptides per protein. emPAI is 10PAI
 
-1, gives a value which is relative to the entire 

protein content of a sample and is corrected for the number of theoretical amounts of 

peptides. To work out the protein content of a molecular or a weight fraction the 

following equations are used. The relative molecular weight of the protein involved is 

used as 𝑀𝑟 and  ∑𝑒𝑚𝑃𝐴𝐼 represents the sum of all the identified emPAI values for the 

proteins analysed. 

 

𝑒𝑚𝑃𝐴𝐼

∑𝑒𝑚𝑃𝐴𝐼
x 100  = Protein content (mol %)                 Equation 1.1 

𝑒𝑚𝑃𝐴𝐼 𝑥 𝑀𝑟

∑(𝑒𝑚𝑃𝐴𝐼 𝑥𝑀𝑟)
x 100  = Protein content (weight %)           Equation 1.2 

 

Instead of theoretical peptide amounts, sequence length can be used. The approach 

uses the idea of spectral counting, as a larger protein theoretically would yield larger 

amounts of peptides and therefore more spectra. Normalised spectral abundance 
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factor, or NSAF, was developed by Mosely et al. (101) and divides the spectral count 

(SpC) of a given protein by the length (L) and then the result of SpC/L is normalised 

across all the runs in an experiment (102).   

1.5.2 Absolute Quantification 

Absolute quantification is based on the well-established analytical precept of internal 

standardisation. Through the use of a known standard along with a unknown sample 

in a mass spectrometry acquisition, the resultant combined spectral data can be 

recorded and then the unknown spectra can be compared to the known standard. 

1.5.2.1 Absolute SILAC 

Absolute SILAC is an absolute quantification method that was first described by Hanke 

et al. (103). It is a method that uses stable isotope labelling from multiple peptide 

sources in order to allow accurate quantitation of selected proteins in a complex 

mixture. Target proteins have a SILAC labelled recombinant protein created and mixed 

into lysates of cells and tissues as the SILAC labelled protein is used as an internal 

standard which is compared to the endogenous target proteins. The intention of the 

technique is to eliminate any sample loss or sample deviation between replicates from 

predicted results. The SILAC standards are introduced at an early stage of the 

proteomic workflow, resulting in the standards going through the same fractionation 

and digestion as the non-labelled counterparts (104). 

1.6 Protein Synthesis  

Protein biosynthesis is the process of creating of new proteins within cells. The 

activation of the specific genes of DNA to form proteins is called expression. This is a 

highly regulated process that has quality and control steps throughout (105). The first 

stage in protein synthesis is transcription. Transcription is a multistage process that 

can be broken down into five stages; pre-initiation, initiation, promoter clearance, 

elongation and termination (Figure 1.15) (106).  
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Firstly a pre-initiation complex is created. This occurs through the binding of a promoter 

upstream of the gene that is to be transcribed. The complex is composed of a core 

promoter, transcription factors and RNA polymerase (107). The transcription factors 

are vital in priming the site for initiation as they contain helicase enzymes to break the 

hydrogen bonds between the DNA nucleotides so that the strands are exposed. After 

RNA polymerase is bound to the transcription factors initiation begins and the RNA 

binds RNA nucleotides to corresponding DNA nucleotides. After the first ~8-15 

nucleotides have been transcribed the RNA polymerase breaks interaction with the 

promoter and becomes a transcription elongation complex (108). This complex 

continues down the single strand of DNA and creates a chain of RNA nucleotides 

called messenger RNA or mRNA. The RNA polymerase then undergoes termination 

and is detached from the DNA strand and releases the nascent mRNA strand. At 

termination, the RNA polymerase reaches the termination region of the DNA. 

 

The messenger RNA strand is then moved out of the nucleus through the nuclear pores 

(109). The precise mechanics of the terminating region of DNA are not fully 

understood. An overlap between the end of a protein coding DNA region and the 

beginning of the next protein coding region may play a role (110).  

 

The process of translation includes the stages of initiation, elongation, translocation 

and termination (Figure 1.16). After leaving the nucleus the mRNA first attaches to a 

ribosome, the ribosome then moves along the mRNA until reaching a START codon 

where it initiates translation (111). The ribosome then begins matching each triplet, or 

codon (Table 1.1), of RNA nucleotides to an anti-codon that corresponds to an amino 

acid which is brought to the ribosome via transfer RNA (tRNA) the first of which is 

always methionine in eukaryotes. The free amino acids within the cell are bound to
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Figure 1.15 The Process of Transcription. Transcription is a process with 5 stages; (A) pre-initiation, where the core promotor attaches to 
DNA and induces attachment of transcription factors and activators, (B) initiation, where RNA polymerase binds to the promoter complex and 
begins synthesis of an mRNA transcript, (C) promoter clearance, where RNA polymerase progresses along the DNA chain and (D) elongation 
where the mRNA transcript is synthesised as RNA polymerase progresses and (E) termination where synthesis of the mRNA is stopped. 
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tRNA by catalysis from aminoacyl tRNA synthase, creating the aminoacyl-tRNA pool 

(112). A polypeptide link between the attaching amino acids is then stimulated by 

elongation factor P (113). When the ribosome reaches a STOP codon sequence on 

the mRNA, a polypeptide chain release factor is attached to the codon and causes the 

ribosome assembly to detach from the mRNA chain, releasing the mRNA and the 

protein (114).  

1.7 Protein Degradation 

Proteolysis is the breakdown of a protein into either short polypeptides or individual 

amino acids. Proteolysis occurs naturally at a very slow rate between several hours 

and hundreds of years (115). This process is therefore typically catalysed by protease 

enzymes (116). There are many different pathways of protein degradation and not all 

proteins are degraded in the same manner or at the same rate. The half-life of some 

proteins under proteolytic degradation is as long as several days while with others it is 

a manner of minutes (117). Proteins with shorter half-lives are generally degraded 

using the proteasome/ubiquitin pathway (118).  Proteins with faster turnover times can 

include regulatory proteins and damaged or misfolded proteins (119). Proteins with 

longer half-lives are generally degraded via the lysosome. These proteins can include 

secretory proteins, membrane proteins and structural proteins (120). 

1.7.1 Ubiquitin Proteasome System 

The ubiquitin proteasome system (UPS) (Figure 1.17) is the primary pathway for 

selective protein degradation within a eukaryotic cell. The system utilises the small 

protein ubiquitin to mark target proteins for degradation (121). This is achieved through 

a series of reactions involving three families of enzyme known as E1, E2 and E3. The 

exact enzyme that is used in the pathway is dependent on the target protein (122). E1 

are ubiquitin activating enzymes. There are currently nine genes identified in humans 

that code for E1 enzymes with eight having been observed initiating ubiquitin
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Figure 1.16 Overview of the Process of Translation. Translation is separated into four stages. Initiation (A) where the ribosome attaches to 
the mRNA transcript at the start codon. During elongation (B) tRNA with an attached amino acid binds to the mRNA transcript at the codon and 
forms the polypeptide chain. Translocation (C) is where the ribosome complex moves along the mRNA to the next codon to repeat the elongation 
step until a stop codon is reached and the ribosome disassembles during termination, secreting the newly synthesised polypeptide (D). 

C. D. 
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Table 1.1 The RNA Codon Table.  

1st Base 2nd Base 
 

3rd Base 

  U   C   A   G     

U UUU Phenylalanine UCU Serine UAU Tyrosine UGU Cysteine U 

  UUC  UCC  UAC  UGC  C 

  UUA Leucine UCA  UAA Stop (Ochre) UGA Stop (Opal) A 

  UUG  UCG  UAG Stop (Amber) UGG Tryptophan     G 

C CUU  CCU Proline CAU Histidine CGU Arginine U 

  CUC  CCC  CAC  CGC  C 

  CUA  CCA  CAA Glutamine CGA  A 

  CUG  CCG  CAG  CGG  G 

A AUU Isoleucine ACU Threonine         AAU  Asparagine AGU Serine U 

  AUC  ACC  AAC  AGC  C 

  AUA  ACA  AAA Lysine AGA Arginine A 

  AUG Methionine / Start ACG  AAG  AGG  G 

G GUU Valine GCU Alanine GAU Aspartic acid GGU Glycine U 

  GUC  GCC  GAC  GGC  C 

  GUA  GCA  GAA Glutamic acid GGA  A 

  GUG   GCG   GAG   GGG   G 
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Figure 1.17 Outline of the Process of Ubiquitination. The first stage of ubiquitination is activation, where ubiquitin is activated by an E1 
enzyme. The second stage is conjugation, an E2 enzyme allows for the transfer of ubiquitin from the E1 enzyme to the E2 enzyme. The final 
stage is ligation where an E3 enzyme binds to the target substrate and catalyse the transfer of the activated ubiquitin from the E2 enzyme to the 
substrate. 



39 
 

conjugation (123). E2 are ubiquitin conjugating enzymes. In humans there are 35 

known E2 enzymes (124). E3 enzymes are ubiquitin ligases. In humans there are over 

600 E3 enzymes (125). The pathway is therefore quite broad in specificity in the E1 

and E2 stages and becomes highly specific at the E3 stage (125). The pathway is a 

catalytic cascade (126). Ubiquitin is first activated by E1 via a glycine residue on the 

carboxyl-terminal in an ATP dependant manner (127). This activated ubiquitin is 

transferred to the E2 enzyme through the binding to a cysteine site, the E3 enzyme 

links the ubiquitin while bound to the E2 enzyme to the target protein via a lysine 

residue (128, 129). After ubiquitin has been covalently attached to a target protein a 

number of further pathways are triggered depending on the type of polyubiquitin chain 

or monoubiquitin tag that is formed. Polyubiquitin chains that are linked at the lysine-

48 residue are well characterised as a signal for transport of the protein to the 

proteasome (130). Other polyubiqutin chains may also exist that induce this 

proteasome translocation (131). A single ubiquitin attached to a protein is sufficient to 

cause an effect such as the entry and transport in endosomal sorting complexes 

required for transport (ESCRTs) (132). Ubiquitin can be ubiquitinated itself at one of 

seven lysine residues or the N-terminal α-amino acid groups via peptide linkage in the 

target ubiquitin (132). 

 

The proteasome is a protein complex containing at least 32 separate subunits (133). 

The main function of the proteasome is protein degradation via peptidase active sites 

in the middle of a barrel like structure. The complex has been observed as targeting 

proteins that have a ubiquitin marker (134). The proteasome works through a series of 

degradation stages, with the final stage being the cleavage of peptide bonds (135). 

The discovery of the UPS revolutionised the wider understanding of how proteins are 

degraded in eukaryotic cells as it showed that the process was incredibly versatile, 

highly regulated and tightly controlled. Despite significant development in the  
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understanding of the UPS there are many aspects that are not fully understood, such 

as relief of autoinhibition, linear ubiquitination and how E3 ligases target lysine 

residues or N-termini on target proteins (125).  

1.7.2 Autophagy 

Autophagy is a general term for the process through which cell’s own organelles and 

components are degraded through the lysosome pathway. It is a ubiquitous process 

that occurs in all eukaryote cells (136) and is described as a catabolic degradation 

response to starvation or stress (137). The process plays a key role in many aspects 

of cell development including the shaping of developing tissues, the control of cell 

numbers and the eradication of damaged cells (138). There are three separate types 

of autophagy. These are macroautophagy, microautophacy and chaperone-mediated-

autophagy. Autophagy works by the development of double membrane vacuoles which 

surround target cytoplasmic components (Figure 1.18). These autophagosomes are 

then transported to the lysosome and degraded. Autophagy is generally thought to be 

non-specific, which is in contrast to the ubiquitin-proteosome pathway which 

recognises only the ubiquitinated proteins for degradation (139). The primary role of 

autophagy is the bulk turnover of proteins and organelles, generation of emergency 

amino acids when needed and the degradation of retired tissues (140). This process, 

along with other protein turnover processes, allow for a constant rejuvenation of tissue 

and the ability to adapt to conditions. Another role of autophagy is the preservation of 

antigens and the degradation of foreign bacteria (141). 
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Figure 1.18 Outline of the Different Autophagic Processes. Macro-autophagy (A) is the large scale encapsulation of cell contents into 
vesicles. These vesicles are then translocated to the lysosome for digestion. Endocytosis (B) is intake of extracellular material into the cell via 
vesicles. These vesicles can be transported to the lysosome where the contents are digestion. The Ubiquitin Protease System (C) is the 
translocation of poly-ubiquitinated target proteins to the proteasome for degradation. The chaperone mediated autophagy (D) is the selection of 
proteins by chaperones to be transferred to the lysosome for degradation. 
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1.7.2.1 Macroautophagy 

Macroautophagy is the most commonly referred autophagic process (142). The 

process is started by the formation of vacuoles with double membranes called 

autophagosomes which then envelop nonspecific cytoplasmic proteins or organelles 

such as mitochondria or ribosomes (143). These autophagosomes then fuse with 

lysosomes to form autolysosomes and the contents are digested by lysosomal 

enzymes. The hyperactivation of the macroautophagy process can lead to cell death 

(144). Microautophagy is the least characterised of the three processes (145) It refers 

to the process when lysosomes directly uptake cargo by invaginations of the lysosomal 

membrane. The process in higher eukaryotes has an unknown function, however in 

fungi a similar process is used for specific degradation of organelles (144). 

1.7.2.2 Chaperone Mediated Autophagy 

Chaperone mediated autophagy, or CMA, is responsible for degradation of around 

30% of all cytoplasmic proteins when the cell is under nutrient starvation conditions 

and is active in most cell types (146). It is so called due to molecular chaperones in the 

lysosomal lumen and the cytosol being the primary stimulants of the process (26). The 

chaperones work by unfolding target proteins before they are translocated across the 

lysosomal membrane. The chaperones work in conjunction with the  lysosome-

associated membrane protein 2A, or LAMP 2A (146).  

1.7.2.3 Caspases 

Cysteine-aspartic proteases or cysteine-dependent aspartate-directed proteases 

(caspases) were discovered in 1992 (147) and are a family of proteases divided into 

two classes, initiators and effectors (148). Caspases are activated as a result of 

apoptosis signalling (149). Apoptosis occurs with caspase via the induction of the 

cleavage of a large number of proteins, the result of which may amplify the apoptotic 

response (150). In general, apoptosis linked caspase activation disables the 
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autophagy process and the process of autophagy inhibits apoptosis activation. 

However, autophagic cell death can occur, which is cell death caused by excessive 

autophagy and has links with caspase-3 and caspase-8 (151).  

1.7.2.4 Calpains 

Calpains, first identified in 1964 (152) are proteins that are part of the non-lysosomal 

calcium activated cysteine proteases with key roles in the cell cycle and cell mobility 

processes. Calpains inhibit the process of apoptosis (153). Removal of calpains from 

Drosophila creates a state of protection against protein aggregation and shows an 

increase in activity in the autophagosome (154). Calpains however have been seen as 

essential for macroautophagy in mammalian cells and is induced through starvation 

(155, 156) along with a number of other stimulants including ceramide (157). Ceramide 

C2 has a pro-survival effect on a cell, and is dependent on calpain (158). 

1.8 Determining Factors of Protein Degradation 

There are many different theories concerning what factors determine protein 

degradation rates. One of the leading theories behind protein degradation is that of 

sequence motifs. There are two major motifs that have been associated with 

degradation rate, these are the N-degron motif and PEST motifs (159). A degron is a 

motif, or protein structural element, in the protein that is believed to signal for metabolic 

instability (160). The association of the N-degron motif with degradation rate has 

become to be known as the “N-end rule”. The rule postulates that the N-terminal amino 

acid of a protein is the key factor in deciding the degradation rate (161). The theory 

states that the terminal amino acid allows for signalling with specific proteins that 

polyubiquitinate the end residue (162). N-terminal residues have been subcategorised 

into 4 types; stabilising residues (A,G,M,P,S,T and V) and primary (H,I,K,L,R,W and 

Y), secondary (C,D & E) and tertiary (N & Q) destabilising residues (163). While the N-

end rule has been shown to be related to stability of proteins (164) global proteome 

turnover studies have shown this rule to have low correlation with turnover rates (165, 
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166) or even showing the opposite result of that predicted, with the stabilising residues 

degrading more rapidly than destabilising residues (167).  

 

PEST motifs, are classified as regions rich in proline, glutamic acid, serine and 

threonine (168). These motifs are speculated to raise the acidity of the proteins and 

induce calcium mediated proteolysis (169). Ca2+ ions are known to activate the 

protease calpain (170). Additionally a study into the interaction between Ca2+ 

dependent degradation and the PEST motif containing CaVβ subunit shows that 

calpain cleavage of CaVβ3 requires the presence of the PEST motifs (171). CaVβ has 

a critical role in the behaviour of high voltage activated calcium channels (171). PEST 

sequences have also been observed as enhancing the degradation of ATP-binding 

cassette transporter A1 (ABCA1) through calpain proteolysis (172). However, a study 

by Carillo et al., showed that PEST motifs were not required for the calpain mediated 

proteolysis of c-fos protein (173) implying the relationship between PEST motifs and 

calpain mediated proteolysis is not absolute. PEST motifs have been observed as 

more abundant in proteins with a faster turnover (174). There has been some 

speculation however that PEST motifs are not the cause of faster turnover, but instead 

that it is more probable to find a PEST motif in protein groups with short half-lives, as 

proteins without PEST sequences have been recorded with lower turnover rates than 

those with PEST sequences (167, 175). There has been a clear observed inverse 

relationship between protein abundance and protein turnover rate. Higher abundant 

proteins have been observed in one study to possess a lower rate of turnover (176). 

 

Intrinsically unstructured proteins, or IUPs, are proteins that do not have a folded 

structure but have very flexible random coil conformations (177). IUPs have been 

shown to be very easily degraded in vitro (177).  The study was expanded to see if 

proteins that possessed the theoretical degradation motifs, PEST, d-box, KEN-box or 
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the N degron, had any correlation with turnover time. It was found that the motifs did 

not have an effect as much as the length of the polypeptide chain and the intensity of 

structural disorder (175). Molecular weight has been suggested, due to the theory that 

larger proteins would be more expensive, in terms of energy, for the cell to turnover at 

a faster rate (178). However, there is no clear observed correlation between a proteins 

size and turnover time, with an observed Pearson correlation coefficient of -0.09 

(174).The theory that lead to this link originally being made is that the degradation 

process has relatively few control steps, meaning that a higher number of cleavage 

sites will theoretically result in a faster degradation rate (175). While this accounts for 

the pattern in longer polypeptide chains, the presence of disorder is not as clear a 

factor, as the correlation between disorder has been shown to be weak (167). The 

isoelectric point of a protein has also been proposed as a determining factor (179). 

This however has not been supported by recent advances in turnover study with the 

exception of proteins localised within the nucleus, although this result may be due to 

the high number of ribosomal proteins which have fast turnover times and are basic 

(174). A key factor in the consideration between protein turnover investigations is the 

scale at which these studies are working. Early studies of protein turnover investigated 

the rates of 10 to 20 proteins. Later studies have focused on protein turnover on the 

global proteome scale to allow for a more complete picture of the dynamics involved 

in the proteome (180). 

1.9 Protein Turnover 

Protein turnover is a result of the net result of protein synthesis (closely related to the 

transcriptome) and protein degradation (closely related to metabolome) (Figure 1.19). 

The rate of protein synthesis is comprised of the expression rate of mRNA of specific 

genes, the rate of initiation of translation of the mRNA and the activity of the ribosomes 

in the cell. Both synthesis and degradation processes are independent of each other 

and are affected by different stimuli and conditions. The rate of synthesis is thought to 
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be independent of protein concentration (181). The protein pool does however affect 

the rate of degradation, along with the activity levels of the cell’s degradative machinery 

(182). The balance of these two processes is very important. It allows the cell to 

respond to different stimuli and conditions in a short time span, thus allowing the cell 

to survive conditions such as starvation of nutrients, heat and oxidation to name a few 

(183). When this process becomes defective or is interrupted it can lead to many 

different diseases and problems such as neurological disorders (184).  

 

The first working method on the concept of protein turnover was published in 1942 

(185). Utilising the work of Harold Urey and his discovery of deuterium in 1934, 

Schoenheimer et al. were able to obtain and use deuterium as a means to study 

intermediary metabolism (186). After this work the isolation and usage of 15N was 

achieved (187). Nitrogen 15 is a rare stable isotope of nitrogen, with one neutron more 

than naturally occurring nitrogen 14. This mass difference can be observed and used 

in mass spectrometry experiments. The 15N label was sought after as it could be used 

in tandem with deuterium to label two separate parts of the amino acid chain (188). 

Their later experiments were to monitor the intake of these 15N labelled amino acids. 

 

The work by Schoenheimer et al., had a profound effect on the field and started the 

widespread use of stable isotopes in biological investigations. They found that some 

constituents of the body such as proteins previously thought static were in fact 

dynamic. This led to key studies such as the first protein turnover experiment in a 

human in 1949 (189). Some of the work that was started in response to this was 

focused on the change in mRNA expression levels within cells. While this is 

occasionally a useful indicator of protein turnover levels, it has been shown that there 

is only a weak correlation between the change in mRNA expression and the change 

in protein expression (174, 190). mRNA expression levels have only been seen
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Figure 1.19 Overview of Protein Synthesis. Amino acids used in protein synthesis originate from both protein degradation and dietary intake. 
Equilibrium exists between the synthesis rate and the degradation rate resulting in the expression level of the protein. 
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to correlate with protein expression when the protein degradation rate constant is a 

significantly lower than the cell’s specific growth rate (191).  Jayapal et al., observed a 

correlation of 65% between mRNA and protein expression in Streptomyces colicolor 

the authors attributed this to a number of factors, such as “optimal” codons for specific 

proteins. Proteins that have additional post-translation stages also show low 

correlation (191). Codon usage has been indicated to be more important over other 

potential reasons for the difference in mRNA and protein expression. These other 

reasons include translation initiation/termination sequences (192, 193). 

 

When analysing synthesis rates of proteins, a number of assumptions are made. Firstly 

it is assumed that there is an equal level of specific activity between the amino acid 

pool and the aminoacyl-tRNA pool. Secondly, that amino acids produced from protein 

degradation mix freely and instantly with the free amino acid pool and lastly that there 

is no bias towards or against the use of degradation product amino acids in protein 

synthesis (17) (Figure 1.20). The difficulty that complex organisms create is the time 

and expertise required to monitor or change the aminoacyl-tRNA pool; this can take a 

long time to achieve which can cause problems in maintaining conditions in studies. 

Many approaches and methods have been developed in either circumventing these 

issues or adapting to them when conducting complex organism based protein turnover 

studies. 
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Figure 1.20 Equilibrium of the Amino Acid Pools. Amino acids are taken into a cell to form the free amino acid pool. Some amino acids are 
converted into aminoacyl-tRNA and form the aminoacyl-tRNA pool. Protein synthesis occurring in the tissue uses amino acids from this pool. 
Amino acids created from protein degradation form part of the free amino acid pool. 
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1.10 Methods to Study Protein Dynamics  

There are many methods and techniques available to study protein dynamics. 

Measuring changes in protein dynamics using isotope labelling and mass spectrometry 

has proved to be very effective. Isotopes that are used in a protein dynamics 

experiment can be either radioactive or stable. The type that is used defines the 

experimental procedure for analysis. Radiolabel-based studies tends to use a 

phosphor screen and imaging for analysis, in contrast to stable isotope based study 

which uses mass spectrometry (194, 195).  

1.10.1 Radiolabelled Methods 

Radiolabels are radioactive isotopes that are used as a tracer in biological studies the 

most common of which are 35S labelled methionine or cysteine (196, 197). Protein 

turnover analysis through tracer label incorporation can be done in three ways. The 

level of uptake of the label can be measured; this will give a curve showing the 

synthesis rate of the protein in question. By then washing the radiolabel away, the 

degradation rate can be observed through the plotting of the label being replaced by 

the unlabelled amino acids (174, 198).  The cells or samples of protein are exposed to 

a “pulse” of exposure to the radiolabel and then “chased” by washing the label thus 

replacing it with unlabelled media. Autoradiography can be used to detect the decay 

emission of radiolabels that have been attached to a sample. By plotting the decrease 

in the signal plotted against the amount of time spent in the chase media, the rate of 

degradation can be observed (199).  The use of radiolabels to perform whole body 

protein turnover has been investigated for decades such as the precursor method and 

the end-product method (200, 201). 

 

There is an ever increasing range of approaches that can be utilised in determining 

protein turnover in both in vivo and in vitro experiments. The methods used depend on 
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a number of different factors; these include the proteins of interest to be studied, the 

turnover rates of the proteins involved and the abundance levels of the different 

proteins in the sample. Most of the more common methodologies employ a labelling 

aspect of either the proteins in the sample, or the resultant peptides after digestion. 

The processes involved require the assumption that the amount of amino acids created 

via protein degradation is smaller compared to the pre-existing intracellular pool of 

amino acids. Investigation by Davis et al. observed the equilibrium rate between 

labelled amino acids and the aminoacyl-tRNA pool using a flooding dose of [3H] 

phenylalanine (202). Due to the difficulty in directly observing the incorporation of 

labels into the aminoacyl-tRNA pool (203, 204) the study of the incorporation into the 

pool is not often used. However some turnover experiments have recorded the 

changes of the pool, supporting the theory that the equilibrium between the free amino 

acid pool and the aminoacyl-tRNA pool is rapid (205, 206). Therefore this theory is a 

held assumption in other turnover studies. Study of whole body turnover is still an 

unrefined process, the difficulties lie in the unpredictable incorporation and enrichment 

levels of the label into the body as well as the varying level of uptake of label into 

different tissues (207). 

 

Using radiolabels on whole organisms has ethical and safety complications. As the 

presence of radioactive material causes a radiation hazard. The use of large amounts 

of a radioactive substance can easily cause damage to the health of the organism and 

the working of protein related mechanisms within cells. Radiolabels may also create 

stimulatory effects on genes, and affect the cell cycle, cell signalling and the cell 

metabolic mechanisms (208). Experiments utilising radiolabels are inconvenient due 

to the fact that discrete labelling events cannot be determined accurately. When using 

radioisotopes is it often not clear whether within a specific protein one or more specific 

amino acids have been labelled or if the labelling is partial or complete (209). 
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1.10.2 Stable Isotope Labelling Methods 

Stable isotopes provide a useful means to determine protein turnover rates. By 

controlling the protein supply to a cell or organism the amino-acyl tRNA and free amino 

acid pool can be changed. This can be used to change the makeup of the proteins that 

are incorporated into the cell or the organism.  

 

Measuring synthesis or degradation of proteins using a modification of SILAC is 

theoretically straightforward. For example, in a synthesis based experiment a labelled 

amino acid is introduced to a cell culture medium that has all the other residues of the 

same amino acid removed from the solution. This will constrain the growing cells to 

incorporate the label into proteins. As time progresses the labelled residues from the 

medium will replace the pre-existing cellular amino acids in the proteins of the cell. The 

rate of this incorporation is relative to the rate of synthesis for each specific protein, 

therefore the rate of incorporation can be used to assist in measurement of the rate of 

protein synthesis. If the level of incorporation is measured over a time course, the rates 

of protein synthesis can be calculated (167, 210). An advantage of using stable 

isotopes over radiolabels is that stable isotopes allow discrete labelling, meaning that 

mass spectrometry can differentiate the level of incorporation within a protein or 

peptide, whereas radiolabels cannot make any such distinction (180).  

1.10.2.1 Mass Isotopomer Distribution Analysis 

Mass isotopomer distribution analysis, MIDA, (Figure 1.21) is a process for 

circumventing the difficulties faced in using stable isotopes for in vivo subjects. MIDA 

works through the combinatorial probability of incorporation of a labelled amino acid 

from an amino acid pool mixed with unlabelled amino acids (211). MIDA turns 

biosynthesis into a combinatorial process, with monomers combining into a polymer 

(212). As the monomers in a labelling based experiment are not uniform, the resultant 

polymer will be a reflection of this. Binomial expansion is used to generate  
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Figure 1.21 The Different Proportions of Label Incorporation. A 0% precursor enrichment leads to a 100% monoisotopic peak of unlabelled 
product. A 50% precursor enrichment leads to a 25% unlabelled peak and a 100% precursor enrichment leads to a 0% unlabelled peak. 



54 
 

the resultant predicted proportions of the combinations of monomer type in the 

resultant polymer. The observed polymers created in a biological sample, can be used 

to determine the labelling ratio in the precursor pool (213). 

 

MIDA works through the predictable statistical model dependent on the relative isotope 

abundance (RIA) and the length of the peptide generated. For example if the RIA was 

50%, then the resultant peptides would have a 1:1 ratio of labelled: unlabelled amino 

acids. This results in much more complex spectra observed. For example a given 

peptide may have one or many instances of the labelled peptide. It may have one 

instance, resulting in an unlabelled peak and a single heavy labelled peak. If the 

peptide contains two instances of label, then there will be an unlabelled peak, a single 

heavy labelled peak and a double heavy labelled peak. With MIDA the ratio and 

distribution of the heavy labelled peaks remains the same and over time the unlabelled 

peak will shrink (180).  

1.10.2.2 Dynamic SILAC 

Dynamic SILAC is an updated version of the classical SILAC method that permits 

calculation of rates of synthesis or degradation of large cohorts of proteins. Proteome-

level turnover studies are different from the conventional SILAC approach with the time 

dependence of the labelling process defining the turnover rate. The term ‘dynamic 

SILAC’ was reported in work by Doherty et al., in 2008 in which 600 proteins were 

analysed and their rates of degradation calculated (167). This was the first study 

conducted to analyse the links between the structural and biochemical features of 

proteins and the rates of protein degradation using SILAC. A similar method was also 

used by Milner et al. (214) in order to study the turnover kinetics of major 

histocompatibility complexes (MHCs). The use of stable isotopes have managed to 

determine protein dynamics by sampling the proteome along a labelled time-course, it 

has been possible to determine protein dynamics from a range of organisms including 
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yeast (215), algae (216), human cell lines (214, 217–219), chicken (220), mice (221) 

and fish, specifically common carp (Cyprinus carpio) (222, 223). 

1.11 The Zebrafish as a Model Organism 

The zebrafish (Danio rerio) is the most widely used fish in the study of genes, their 

regulation and expression (224, 225). The zebrafish is a member of the cyprinid family, 

which includes the subfamilies of carp and true minnows. The zebrafish as a model 

gained a significant increase in awareness following a special issue of Development in 

1996 (226). This increase in interest led to the goal of sequencing the zebrafish 

genome. The genome of the zebrafish is an estimated 1.4 Gb in size with 25 linkage 

groups and is made available to the public through work with the Wellcome Trust 

Sanger Institute (Cambridge, UK) and the zebrafish information network (ZFIN) (227). 

UniProt contains reviewed entries for 2,959 proteins from an estimated 21,000 protein 

coding genes (228). Zebrafish fertilisation is external with multiple eggs per cycle and 

the time to reach adulthood is short. These attributes make the study of developing 

zebrafish very accessible. 

 

The zebrafish genome shares 70% homology with that of humans with conserved 

functional domains sharing an almost complete similarity between humans and 

zebrafish (229). Structurally and anatomically speaking the two organisms have 

significant differences. The zebrafish are cold-blooded, lack bone marrow, limbs, 

lungs, external genitalia and cardiac septation. Despite these differences the zebrafish 

is a strong model organism for human disease in that it occupies a point between 

cellular based studies and those using rodents. This research niche is attained through 

the low cost, fast speed and simple nature of the model (230). Zebrafish are perhaps 

the most suitable organism for high throughput phenotyping (231) as fish remain 

transparent up to 5 days post fertilisation. This means that a range of optical techniques 
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can be used for their study without needing to kill or dissect the zebrafish. Distinct 

organelles can be observed without staining (232).  

 

A number of areas of human disease research have benefitted from zebrafish models, 

one of the primary advantages of using zebrafish as a model organism for the study of 

human health conditions is the ability for the monitoring and analysis of the entire onset 

and development of pathological conditions in vivo and in real time (233). Zebrafish 

are ideal organisms for use in drug development (234), due to the ease of 

administration through tank water and zebrafish can ingest drugs orally from 72 hours 

post fertilisation (hpf) as they begin to swallow at this age although the rate at which 

drugs are absorbed is currently unpredictable (234). This capability is especially useful 

in cases where drug samples or compounds are expensive as very small volumes can 

be sufficient for delivery. This has led to a rapid increase in the use of zebrafish for 

drug development, physiological modelling (235) and drug screening assays (236). 

These approaches can avoid the toxicity, stress, bleeding and infection that can arise 

from alternative techniques such as microsurgery implantation (230). The use of 

zebrafish embryos in modelling the immune system response has developed rapidly 

in the last decade, along with infectious disease modelling. Zebrafish have an adaptive 

and innate immune system that is both developed and conserved with mammals 

making them an attractive organism for modelling immune systems in general (237). 

Zebrafish have been used in many studies focussed on understanding immune 

responses to bacterial infections.  

 

Zebrafish embryos provide a useful means to investigate early growth and 

development. The ability to use proteomics to study zebrafish embryos encountered 

significant difficulty early on due the presence of highly abundant yolk proteins. These 

proteins, including vitellogenin a phospholipo-glycoprotein, are a vital source of 
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nutrition for the developing fish. Methods have been developed to improve the 

detectable range of the proteome specifically focusing on approaches to de-yolk the 

embryos. A successful method was developed by Vinzenz et al. (238) in 2006. This 

method uses a pipette to exploit the mechanical instability of the yolk, aided by the 

presence of a low osmolarity buffer, removing around 90% of the total protein yet 

retaining the cellular proteins. Such deyolking techniques have allowed for up to four 

times the identifications that yolked samples can produce (239). This has led to the 

study of protein expression changes during embryonic development in zebrafish. 

Protein expression at 72 hpf is very different to the protein profile at 120 hpf. The two 

stages shared high abundance of proteins associated with tissue and organ structure 

but were different with regards to skeletal muscle proteins. These increased in 

abundance over time, whereas proteins involved with neurogenesis such as Setb and 

Fabp7 that were completely absent  by 120 hpf (239). These studies have been able 

to provide developments in the research into human health. 

1.12 The Zebrafish Heart 

In addition to the benefit of transparency during development, the zebrafish has the 

ability to survive without an active circulation. These key attributes in combination with 

the other model organism related benefits have helped the zebrafish heart become a 

leading model for the determination of molecular and cellular mechanisms in cardiac 

development.  

 

The zebrafish heart is the first functional organ to develop (240). The heart develops 

from cardiogenic mesodermal sheets which form the linear heart tube by creating a 

crescent shaped tube towards the ventral midline (241). In mice, the heart begins to 

rhythmically contract between the 8th and 9th somite stages (242).  In zebrafish the 

heart beat is detectable at the Pharyngula stage of embryonic development where it 

separates from the brain at roughly 24 hours post fertilisation in the stage known as 
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Prim-5 (243). The heart then develops its own coordinated contractions by 36 hours 

post fertilisation. The heart is prominent and anteriorly located which allows for clear 

vision underneath a normal light based microscope at roughly 42 hours post 

fertilisations (Figure 1.22) (244).  

 

The zebrafish heart, like that of all teleost fish, is an S-shaped structure comprising the 

contractile cavities and the collecting cavities (Figure 1.23). The contractile cavities 

consist of a single atrium and ventricle while the collecting cavities are the sinus 

venosus and the bulbus arteriosus. Although the zebrafish differs from the human heart 

in structure and in lacking a pulmonary system there are important similarities. Both 

human and zebrafish hearts have common functions and characteristics including the 

regulation of rhythm, the presence of pacemaker activity and the movement of blood 

flow directed by valves (236). The beating rates are similar (245) as are the action 

potentials and QT interval and the length in time of the ventricular activity cycle (246). 

 
The QT interval is the time between the Q wave and the T wave in a heartbeat cycle, 

during which the ventricles depolarise and repolarise. This similarity has been useful 

to model based studies of human heart physiology and pharmacology (247). Zebrafish 

have been used in large scale molecular and genetic screening experiments. This has 

allowed the identification of many targets of genetic action on heart disease (244).  

Genes that have been shown to cause cardiac diseases in zebrafish have also caused 

disease in humans through the gene homolog (243).   
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Figure 1.22 Embryonic Development in Zebrafish. The heart is fully formed by 48 hours after fertilisation with the creation of the heart valves.
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Figure 1.23 Photograph of a Zebrafish Dissection. Approximate width of the entire heart is 3mm. Image from Kim et al. (2012). In vitro culture 
of epicardial cells from adult zebrafish heart on a fibrin matrix. Nat. Protocols, 7(2), 247–255. The heart is separated into two chambers, the 
atrium and the ventricle, linked by the sino-atrial valves. Blood flows into the atrium via the sinus venosus (A), through the atrium and into the 
ventricle via the sino-atrial nodes (B). Blood is pumped out via the bulbous arteriosus (C). 
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1.13 Proteomics and Zebrafish 

Zebrafish have been analysed using proteomic techniques in a wide array of 

experiments. The sequenced genome allows for a more complete list of theoretical 

proteins against which proteomic data can be compared and the genetic flexibility of 

the zebrafish is a desirable property for proteomic analysis (248). Proteomics has been 

used with zebrafish to investigate human disease, early vertebrate development, and 

evolutionary protein changes along with many other conditions (248). 

 

Proteomic approaches have been directed towards the zebrafish heart in order to help 

understand the underlying causes of many cardiovascular diseases and conditions and 

are therefore a valuable asset in cardiovascular research with respect to human 

disease (249). Work by Zhang et al. (250) explored the proteome of zebrafish heart 

tissue through the use of a multidimensional liquid-chromatography based separation 

method. This technique was successfully used to perform global analysis of the adult 

zebrafish heart proteome identifying 1,375 proteins. This data can now be used as a 

foundation for further study into cardiovascular disease and the methodologies used 

can be developed further to access greater percentages of the expressed proteome in 

samples. 

 

Zebrafish hearts have also attracted widespread study in recent years due to the ability 

to regenerate tissue after injury. Through the interaction with transforming growth 

factor beta the zebrafish can regenerate the heart tissue even after amputation of up 

to 20% of the ventricle (251). The regenerated tissue is derived from differentiated 

cardiomyocytes. The cells undergo a limited dedifferentiation on trauma and proliferate 

in order to regenerate the tissue (252, 253). The site is aided in regeneration by 

fibroblast growth factor and platelet derived growth factor (254). The movement of 

cardiomyocytes has also been shown to be dependent on chemokine (C-X-C motif), 
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receptor 4a and 4b (cxcr4a and cxcr4b) as removing both allows cardiomyocyte 

proliferation but not migration to the injury site (255). Despite the significant interest in 

the zebrafish heart due to its regenerative properties, proteomic studies outside of 

regeneration have been more limited. As such the zebrafish heart remains an organ 

that has yet to fulfil its potential in research. 

1.14 Stress 

1.14.1 Definition of Stress 

Stress has been described as “the biological response elicited when an individual 

perceives a threat to its homeostasis” (256). This description has been used in 

conjunction with that of allostasis, “the regulatory mechanisms mediating change 

through the prediction of activity required to meet new demand” (257) in order to define 

stress. Stress is a major risk factor on the health and wellbeing of an organism, 

although a 2015 self-reported survey of 845,440 respondents found no link between 

happiness (which included factors such as stress) with mortality rates (258). Activation 

of stress response pathways is an initial adaptive response (259). This can be 

beneficial to the organism and can increase survival chances. Stressors that persist 

can however lead to maladaptive responses that can be detrimental in the long term 

(260, 261).  

1.14.2 Measurement of Stress 

Studies on measuring the response to stress have focused on the classical markers of 

hormones, glucose and lactate (262). The usage of these indicators has had problems 

over the years due to a number of factors. Cortisol is considered a ‘gold standard’ 

marker for stress, however it is not the perfect marker in that increases in cortisol levels 

do not occur in response to all stressors (263, 264). The role of cortisol in stress has 

been explored by researchers since the pioneering work of Selye in the 1930s (265). 

This work was improved upon by investigating the neurological aspect, with work 
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published in 1968 that pushed forward the idea of three necessary psychological 

factors to provoke a stress response (266). It was concluded that the stressor would 

need to be either novel, unpredictable or by making the subject feel out of control of 

the situation. Further work built on this foundation has shown that the stress response 

can be predictable as the results from different tests have shown the reaction to be 

specific (267). Clinical work and increased study has allowed cortisol to become a 

useful marker that can be easily measured and has been used to determine stress 

response for over 20 years (268). However, while cortisol has been proven as a marker 

of acute stress its use in measuring chronic stress has been questioned (269, 270).  

 

Chronic stress studies that monitored cortisol levels showed only a weak response to 

the stressor, possibly due to the exhaustion of the endocrine system over time (271, 

272). Investigation into this weak response have theorised that there is a change of 

sensitivity to adrenocorticotropic hormone (ACTH) as a result of prolonged stress 

(273). There are exceptions to this however, as chronic stress with the absence of 

ACTH shows a higher cortisol response through alternative pituitary hormones (274). 

Additionally other hormones such as alpha-melanocyte-stimulating hormone and some 

sympathetic nerve fibres have shown to produce an increased cortisol release (275).  

An interesting recent development that aims to improve the ability to measure chronic 

stress has been work by Aerts et al., (276) where cortisol levels have been detectable 

in elasmoid scales in common carp. 

 

Behavioural analysis of zebrafish by utilising location monitoring has developed in the 

last few years as a useful indicator of the stress conditions of fish (277–279). One of 

the differences that has been observed in fish is that when zebrafish are moved to a 

new tank the fish remain in the lower half. The progress from the lower half to the rest 

of the tank is a slow process of exploration (280, 281). This behaviour has been shown 
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to be modified by the introduction of stressors (280, 282) with the behavioural change 

being dependent on the specific stressor used (279, 283, 284). The use of behaviour 

as a monitoring method has the advantage of being non-invasive as invasive methods 

may alter the results (285–287). 

1.14.3 Biological Stress Response 

The cellular stress response is highly conserved across all kingdoms (288). The 

psychological stress response in animal based studies however is often overlooked. 

In humans the hypothalamic-pituitary-adrenal (HPA) axis plays a critical role in the 

human chronic and acute stress response with links to a vast amount of stress based 

health conditions (289, 290). The hypothalamic-pituitary-adrenal axis is a well-studied 

stress regulation complex. The investigation of neurobiology and psychopathological 

diseases using the HPA axis has provided insights into psychological hormone 

regulation (291).The HPA axis is a fundamental pathway, as such it is conserved with 

many analogues across many species. In teleost fish the analogue is the 

hypothalamic-pituitary-interrenal (HPI) axis (292). The activation of the HPI axis starts 

with the release of corticotropin-releasing factor (CRF) from the hypothalamus (293) 

Many studies have shown an increase in CRF in response to stress (294, 295). The 

primary role of CRF is to stimulate the release of adrenocortiotropic hormone (ACTH) 

from the pituitary where it travels through the circulatory system to the kidney where 

cortisol is then released (296). The use of fish to study chronic stress has been well 

established. For example, investigation into the reproductive systems of fish under 

chronic stress where it has been observed as inhibited (297, 298). Study of the 

reproductive system under stress is made difficult by the multiple endocrine pathways 

responsible for growth meaning that determining specific effects by stressors is 

complex. 
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1.14.4 Chronic Unpredictable Stress 

Chronic unpredictable stress (CUS) is an important part of stress research in humans. 

Chronic stress research has two types, CUS and chronic unpredictable mild stress 

(uCUS). Historically CUS has a distinct definition from uCUS with little overlap. While 

uCUS is focused on depression and continuous exposure of a stressor, CUS 

experiments use intermittent daily stressful stimuli in order to understand underlying 

biological mechanisms (299). In the last few years however the borders between the 

two types have blurred and the two are used interchangeably. Historical research using 

rodents into the study of CUS has shown a correlation with the clinical presentations 

of many human conditions such as depression and anxiety (300, 301). The use of 

zebrafish to study CUS has been established and developed in a few studies in recent 

years as a valid alternative to the rodent model (302, 303).  

1.14.5 Proteomics and Stress 

The use of proteomic techniques to study the biological stress responses in fish have 

not been extensive. With initial focus on toxicological stress, a wider range of stressors 

such as different environmental conditions, tissues and organisms have been explored 

(304). The ‘minimum stress proteome’ is a term devised by Kϋltz in 2005 (305) to 

describe the set of 44 proteins involved with stress that are universally conserved 

across all organisms.  

 

Proteomic techniques to study stress have so far provided useful insight into the 

mechanics of certain stressors on cells and organisms. The androgenic response in 

teleost fish was explored using a wide range of global analytic approaches. The 

proteomic techniques provided insight into the underlying androgenic receptor 

mechanisms and xeno-androgen responses (306). Significant recent focus has been 

on post translational modifications in response to stress (307). One use of this 

particular area of proteomics has been used to study the effects of thermal, osmotic 
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and anaerobic stress conditions on marine life (308). The use of proteomics in the 

study of the acute stress response in teleost fish has so far been limited with only a 

handful of studies utilising the approach (309, 310).  

1.14.6 Zebrafish and Stress 

Fish have long been used as a valuable model organism for the study of stress and 

stress based physiological changes (311, 312). In the last 10 years the zebrafish has 

become a prominent model organism for stress and has been used in a wide range of 

studies of stress, including anxiety (284), neurological stress disorders (313, 314), 

reproduction  and development (315, 316). The stress responses studied in zebrafish 

have a strong similarity with terrestrial vertebrates (317). The changes that occur in 

fish in response to stress can be categorised into primary, secondary and tertiary 

(Table 1.2). The primary and secondary responses are the early changes in the 

organism’s biochemistry. Tertiary responses are whole animal responses to stress, 

with one of the key responses being the change in metabolic rate (318, 319). Tissues 

of the zebrafish also allow for the global analysis of entire organs to be performed with 

a low workflow complexity. Due to these properties the zebrafish is ideal for use in the 

study conducted in this thesis. 
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Table 1.2 The Biological Changes in Response to Stress (259). 

Features of stress indicators 

 

Primary  Plasma catecholamines 

  Plasma corticosteroids 

  Plasma ACTH 

Secondary Metabolic Plasma glucose 

  Plasma lactic acid 

  Liver and muscle glycogen 

  Liver and muscle adenylate energy charge 

  Plasma cholesterol 

 Hematological Hematocrit 

  Leucocrit 

  Erythrocyte (RBC) numbers 

  Leucocyte numbers 

  Lymphocyte:RBC ratio 

  Thrombocyte numbers 

  Blood clotting time 

  Hemoglobin 

 Hydromineral Plasma chloride 

  Plasma sodium 

  Plasma potassium 

  Plasma protein 

  Plasma osmolality 

 Structural Interrenal cell size 

  Interrenal nuclear diameter 

  Gastric tissue morphology 

  Organosomatic indices 

  Condition factor 

Tertiary  Growth 

  Metabolic rate 

  Disease resistance 

  Thermal tolerance 

  Tolerance to hypoxia 

  Swimming performance 

  Reproductive capacity 
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1.15 Thesis Aims 

The aim of this thesis was to develop a method to calculate the rates of synthesis of 

individual proteins within the zebrafish heart on a proteome wide scale. This strategy 

was applied to define the changes in protein synthesis rates in heart tissue from 

zebrafish that were subjected to CUS. This model system sought to provide further 

insights into the molecular events associated with stress responses in humans. The 

specific objectives of this thesis were to: 

 

1. Compare a range of methodologies to optimise protein identification in the zebrafish 

heart. This was achieved through the investigation of various proteome simplification 

strategies using carp skeletal muscle and zebrafish heart tissue samples. 

 

2. Use the dietary administration of stable isotope-labelled amino acids for the 

measurement of the rates of synthesis of individual proteins in the zebrafish heart 

proteome. This was achieved through the comparison of different labelling strategies 

in conjunction with high resolution mass spectrometry. 

 

3. Apply this methodology to the study of CUS in zebrafish. This was achieved through 

a CUS experimental protocol for zebrafish that was validated by behavioural analysis. 

This was followed by the comparison of protein synthesis rates between a group of 

CUS affected zebrafish and a control. 
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Chapter 2 – Materials and 

Methods 
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2.1 Materials and Reagents 

All chemicals, reagents and solutions were purchased from Sigma Aldrich (Poole, UK) 

with the following exceptions. Combitips were from Eppendorf (Stevenage, UK). 

Eppendorf tubes, Coomassie Brilliant Blue R-250, acetic acid, acetone, chloroform, 

formic acid, methanol, water (all HPLC grade), reagent grade hydrochloric acid and 

StageTips were supplied by Fisher Scientific (Loughborough, UK). IPG strips and dry 

strip cover fluid were supplied by GE Healthcare (Little Chalfont, UK). [2H7] L-leucine 

(98% purity) was purchased from Cambridge Isotope Laboratories Inc. (Tewksbury, 

MA, USA). 1X phosphate buffered saline (PBS) was supplied by Invitrogen (Carlsbad, 

CA, USA). Complete Protease Inhibitor was supplied by Roche (Welwyn Garden City, 

UK). Coomassie Plus Protein Assay Kit and ESI positive calibration solution was 

supplied by Pierce Biotechnology (Rockford, IL, USA). Precast TGX Mini-Protean 

Tetra gels (12% w/v polyacrylamide resolving gel with a 4% w/v stacking gel) were 

supplied by Bio-Rad (Hemel Hempstead, UK). Urea for use in the OFFGEL 1.25X stock 

solution was provided by Agilent Technologies (Craven Arms, UK).  

2.2 Ethics 

Feeding regimens and acute and chronic stress experiments were carried out under 

license granted by the UK Animal (Scientific Procedures) Act, 1986. All fish were killed 

in accordance with UK Home Office Schedule One regulations under licenses granted 

by the UK Animal (Scientific Procedures) Act, 1986. Licenses were held by the 

University of Liverpool. 

2.3 Common Carp 

2.3.1 Husbandry 

Common carp weighing an average of 19 g were maintained in the University of 

Liverpool aquarium at 25°C +/-0.5°C (at pH 6.5-7.0) on a 16 hour light:8 hour dark 

photo period throughout the study. Carp were housed and maintained in a pen of 
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approximately 100 L, sectioned off from a 400 L tank with a constant water exchange 

of approximately 400 L per day. Maintenance was performed on the tanks with daily 

checks of temperature and pH. Frequent checks were carried out on the levels of 

ammonia, nitrite and nitrate levels using testing kits (Nutrafin, Hagen, Castleford, UK), 

with desired levels being at the limit of detection. Weekly water changes removed and 

replaced 20% of the water in the experimental tanks. The carp were observed as 

healthy with no difference in growth noticed due to the diet. No mortality was recorded 

in the trial. 

2.3.2 Feeding and Diet Production 

For two months the carp were fed an unlabelled diet (Table 2.1 and Supplemental 

Table S2.1) daily. The mixed ingredients were ground to <1mm2 and then pressed in 

a PTM 6 extruder (Plymouth Tropical Marines, Plymouth, UK) without steam under 

cold conditions through a 2 mm2 die. The pellets were dried at 45°C before storage at 

4°C. After four weeks the diet was changed so the fish were fed with the labelled semi-

synthetic diet twice a day with careful monitoring to ensure that feeding did not exceed 

1% of the fish body weight. This diet included 50% (w/w) of total dietary leucine as 

[2H7] L-leucine (98% purity) which amounted to 5% of the diet as a whole.  

Table 2.1 Formulation of Semi-Synthetic Diet for Common Carp 

Ingredient Composition (%) 

 Unlabelled Diet Labelled Diet 

Wheat Meal (Kinver) 47.45 44.54 
Shetland Fishmeal 43.89 44.28 
Fish Oil 6.16 6.17 
PNP vitMin Premix 2.00 2.00 
Carboxymethyl Cellulose 0.50 0.50 
[2H7] L-leucine 0.00 5.00 

 

2.3.3 Tissue Sample Collection and Preparation 

A single carp was taken from a trial population of 28 and was sacrificed by a stunning 

blow to head, the spine transected and brain and spinal cord destroyed as per 

recommended schedule 1 procedure. Carp were weighed and axial white skeletal 
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muscle from midway down the body of each fish (under the dorsal fin and above the 

lateral line) was swiftly dissected. Tissues were the stored at -80°C prior to proteomic 

analysis. The skeletal muscle (approximately 300-400 mg wet weight of tissue) 

samples were mechanically homogenised using an IKA T25 ULTRA-TURRAX Digital 

High-Speed 108 mm x 8 mm diameter homogeniser in 2.5 mL of 1X PBS with 

Complete Protease Inhibitor at 4°C. The homogenate was centrifuged at 15,000 x g at 

4°C for 45 minutes and the supernatant removed. The remaining pellet was re-

suspended in 1 mL of sodium phosphate buffer, re-homogenised, centrifuged and the 

supernatant combined with the supernatant set aside in the previous step.  

2.4 Zebrafish 

2.4.1 Husbandry 

AB wildtype zebrafish were maintained in the University of Liverpool aquarium at 28°C 

+/-1°C (at pH 7.6) on a 14 hour light: 10 hour dark photo period throughout the study. 

Zebrafish were housed in identical 25 cm x 11.5 cm x 15 cm zebrafish tanks (Aquatic 

Habitats, Manchester, UK), which were part of a large central system containing 2,000 

L and a large filtration subsystem. Maintenance was performed on the tanks with daily 

checks of temperature and pH. Frequent checks were carried out on the levels of 

ammonia, nitrite and nitrate levels using testing kits (Nutrafin, Hagen, Castleford, UK), 

with desired levels being at the limit of detection. Weekly water changes removed and 

replaced 20% of the water away from the experimental tanks. 

2.4.2 Diet Production 

The diet for the zebrafish experiments was developed and synthesised by Dr. Phillip 

Gallimore at Skretting UK. For the labelled experiments [2H7] L-leucine label was mixed 

into the regular zebrafish diet bringing the total percentage of dietary leucine was either 

30% or 50% (w/w) (Table 2.2). The mixed ingredients were ground to <1 mm2 and then 

pressed in a PTM 6 extruder (Plymouth Tropical Marines) without steam under cold 
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conditions through a 2 mm2 die. The pellets were dried at 45°C before storage at 4°C. 

The food was produced in flake form and the fish were fed twice daily. The complete 

food intake could not be calculated due to the nature of the tank design where waste 

was removed into filter units without any intervention, causing the least amount of 

interference with the experiment.  

Table 2.2 Formulation of Semi-Synthetic Diet for Zebrafish 

Ingredient Composition (%) 

 Unlabelled Diet (30%) Labelled 
Diet 

(50%) Labelled 
Diet 

Peru Prime 47.08 46.14 45.67 
Cornstarch 38.80 38.06 37.63 
Wheat Gluten 10.00 9.81 9.70 
Rapeseed Oil 2.83 2.78 2.74 
Trout Vitamin Premix 0.90 0.89 0.87 
Fish Mineral Premix 0.40 0.39 0.39 
[2H7] L-leucine 0.00 1.90 3.00 

 

2.4.3 Chronic Unpredictable Stress of Zebrafish 

2.4.3.1 Husbandry 

AB wildtype zebrafish were housed in a semi-closed system in the University of 

Liverpool aquarium at 27°C +/-1°C (at pH 7.6) on a 12 hour light: 12 hour dark photo 

period throughout the study. Fish were fed acclimatised to their new tanks for one week 

prior to the study period. Zebrafish (n=16) were split randomly between two study 

groups, a control group (n=8) and a stressed group (n=8). The tanks were blacked out 

on three sides and the bottom, to reduce outside interference on the test subjects, with 

the front facing side left clear for welfare checks. The fish in the stressed group were 

exposed to a single stressor daily. The stressor used was 1 minute of air emersion, a 

net chase or net confinement. These stressors were performed in sequence to each 

fish to ensure that the same order of stressors was applied to every fish in the stressed 

group. Four individual fish were monitored using cameras and tracking software 

throughout the experiment. Fish from both experimental groups were fed with a 50% 



74 
 

labelled diet (Table 2.2). After 3 weeks, 4 fish of each study group were immediately 

sacrificed, weighed and dissected. This procedure was repeated at 4 weeks.  

2.4.3.2 Video Tracking of Fish Behaviour 

Fish behaviour was recording using industrial IDS USB 3.0 colour video cameras (IDS, 

Obersulm, Germany) with 25 mm monofocal lenses. The recordings were analysed in 

real time using fish tracking software developed by the University of Liverpool. 3-D 

tracking of fish positions in the tank was achieved by using a camera above the tank 

and one to the side. Disturbance of the fish was kept to a minimum by keeping any 

maintenance of the cameras to the night before any intervention. Enough distance was 

maintained between the cameras and the tanks to minimise the effect on the fish.  

2.4.3.3 Statistical Analysis of Fish Behaviour 

Data from video analysis were created from the tracking software and processed using 

MATLAB (MathWorks, Cambridge, UK) to extract information on distance travelled 

(cm), average speed (cm/sec), time spent in the lower half of the tank (%), time spent 

active (%) and the fractal dimension (fd) of the 3D trajectory. Fractal dimension is an 

approach to monitor the patterns of movement of an organism. It is a continuous 

analogue of discrete geometric dimensions. The value of a fractal dimension of a 2-D 

plane lies between 1 and 2. Where 1 is a straight line and 2 is the entire plane (320, 

321). This data was exported into GraphPad Prism version 6.0 (GraphPad, Inc., San 

Diego, CA, USA). The data was tested for normality using a Shapiro-Wilk test then 

tested for homogeny of variance via a Levene test. Analysis into the interaction 

between time and treatment was conducted utilising a mixed model ANOVA. 

Interactions between dependant variables and treatment were performed by 

MANOVA. 
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2.4.4 Tissue Sample Collection and Preparation 

86 zebrafish were sacrificed for the work detailed in this thesis. Fish were sacrificed by 

a stunning blow to head, the spine transected and brain and spinal cord destroyed as 

per recommended schedule 1 procedure. Immediately after sacrifice, zebrafish were 

weighed and then swiftly dissected removing the heart. Fish were dissected by cutting 

axially on the underside from below the gills to above the anal fin. The two cut sides 

were then pinned apart and the heart removed and stored. The liver was removed and 

stored by separating the alimentary system from the skin using tweezers. The fish was 

then rotated and pinned to expose the topside. A cut was made to open the skull and 

expose the brain. The brain cavity was cleared out and all brain tissue was then 

removed and stored. Finally a section of muscle was taken by cutting off the scales of 

a small square of the side of the fish. This was then stored at -80°C prior to analysis. 

All samples were homogenised using an IKA T25 ULTRA-TURRAX Digital High-Speed 

108 mm x 8 mm diameter homogeniser in 500 μL of 1X PBS with Complete Protease 

Inhibitor. The sample was then centrifuged at 25,000 x g for 45 minutes at 4°C in order 

to create a pellet from insoluble proteins and lysis resistant tissue debris. The 

supernatant fluid was transferred to a new 1.5 mL Eppendorf tube. 

2.5 Determination of Protein Concentration 

Protein concentration of tissue samples was determined using the Coomassie Plus 

Protein Assay Kit. This colormetric kit is based on the Bradford assay (322). When 

protein molecules bind to the Coomassie dye under acidic conditions it results in a 

colour change from brown to blue. This shift in colour is directly proportional to the 

amount of protein present in a given sample within the linear range of the assay.  

Albumin standards (serial dilutions at 10, 20, 30, 40 and 50 μg/mL in Milli-Q water) 

were prepared and stored at -20°C. Blanks, standards and samples were pipetted into 

the wells of a 96 well plate in triplicate with 100 μL in each well. 200 μL of Coomassie 

Plus Reagent was added to each well and the plate was incubated for 10 minutes at 
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room temperature. The absorbance of the standards and samples was then measured 

at 595 nm using a Varioskan Plate Reader with the SkanIt software package (Thermo). 

The concentration of protein in each sample was determined from the albumin 

standard curve. 

2.6 1-D SDS-PAGE  

20 μg of protein was loaded in a 1:1 ratio with sample buffer (Table 2.4) in each lane 

of a precast 12% acrylamide TGX Mini-Protean gel. Samples were electrophoresed 

through the gel matrix at a constant current of 40 mA and voltage limit of 200 V using 

a Bio-Rad PowerPac basic. The gels were placed in staining solution (Table 2.5) for 1 

hour followed by a wash with Milli-Q water and then left overnight in destaining solution 

(Table 2.6).  

2.6.1 Gel Imaging 

Completed gels were imaged and stored in the TIFF file format at 1000 dpi using a 

GS-800 Calibrated Densitometer (Bio-Rad Laboratories Ltd.) using the MagicScan 

software (UMAX Data Systems, Taipei, Taiwan) 

2.6.2 In-Gel Digestion 

Gel lanes were cut into 12 equal pieces and placed in 1.5 mL Eppendorf tubes. The 

gel pieces were washed and destained further in 400 μL of 50% acetonitrile, 250 mM 

ammonium bicarbonate with occasional vortexing over 30 minutes at room 

temperature. The wash was repeated until all stain was removed. The protein 

disulphide bonds were reduced by the addition of 20 μL 10 mM dithiothreitol solution 

(Table 2.7) and incubation at 37°C for 30 minutes. This was followed by alkylation of 

free cysteines using 20 μL iodoacetamide solution (Table 2.8) and incubation at 37°C, 

in the dark, for 30 minutes. After removal of all solutions, 1 mL acetonitrile was added 

in order to dehydrate the gel pieces. After 10 minutes at 37°C all liquid was removed 

from the tubes. Sequencing grade trypsin (Roche) was added (30-40 μL per tube). The 
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gels were left overnight at 37°C. 100 μL of 5% (v/v) formic acid was then added to the 

tubes for 1 hour at 37°C followed by 100 μL of 100% acetonitrile for 1 hour and a further 

500 μL for 10 minutes. This ensured that the peptides were aggregated and removed 

from the gel matrix. The supernatant was moved to fresh tubes and concentrated under 

vacuum using a MiVac Concentrator (Genevac) to almost dryness at 60°C. The 

peptides were then re-suspended in 15 μL of 50% methanol. The samples were 

vortexed and incubated for 10 minutes at 21°C prior to mass spectrometric analysis. 

2.7 ProteoMiner Protein Enrichment Technology 

Spin columns (Bio-Rad Laboratories Ltd.) each containing 500 μL bead slurry with 20 

μL settled bead volume, were centrifuged gently to ensure the settling of the beads. 

The top cap and bottom cap from each of the mini spin columns was removed. The 

columns were placed in a capless collection tube (2 mL centrifuge tubes) and 

centrifuged for 30-60 seconds at 1,000 x g. The collected storage solution was then 

discarded. 200 μL wash buffer was added and the column rotated end to end for 5 

minutes. The column was then moved to a capless collection tube and centrifuged at 

1,000 x g for 45 seconds to remove all buffers and the flow-through discarded. The 

wash was repeated once. Samples were clarified by centrifugation at 10,000 x g for 10 

minutes. Protein concentration was ~50 mg/mL. 200 μL of sample was added to 

column and the column was rotated on a rotational shaker overnight at room 

temperature.  

 

The column was washed to remove the excess, non-bound proteins. The column was 

placed in a capless collection tube and centrifuged at 1,000 x g for 45 seconds. The 

flow-through was discarded. 200 μL of wash buffer was added to the column and it 

was rotated from end-to-end several times over a 5 minute period. The column was 

placed in a capless collection tube and centrifuged at 1,000 x g for 45 seconds and the 

flow-through discarded. This wash stage was repeated twice.  
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After all wash buffer was removed, 200 μL Milli-Q water was added to the column and 

it was rotated end to end for 1 minute. The column was placed in a capless collection 

tube and centrifuged at 1,000 x g for 45 seconds to remove the water. The flow-through 

was discarded. 20 μL of heated sample buffer at 95°C was added to the column and 

lightly vortexed for 5 seconds. The column was incubated at room temperature for 15 

minutes while being lightly vortexed frequently. The column was placed in a clean 

collection tube and centrifuged at 1,000 x g for 45 seconds. This elution was repeated 

and pooled. The resultant proteins were stored at -20°C or used immediately in 1-D 

SDS-PAGE analysis. 

2.8 OFFGEL Isoelectric Focusing 

2.8.1 Set-Up and Tray Assembly 

IPG strips (pH 3-10) were placed into the focusing trays with the gel side facing up. 

The 12 well frame required for the process was snapped into position on top of the IPG 

strip. OFFGEL 1.25x stock solution was made dependant on whether protein (Table 

2.9) or peptide (Table 2.10) samples were to be used. 40 μL of IPG strip rehydration 

solution (Table 2.11) was pipetted into each of the wells. The tray was gently tapped 

to ensure that the IPG strip rehydration solution reached the gel. Four electrode pads 

wetted in distilled water were used for each IPG strip with two pads at each end of the 

strip. After 15 minutes the IPG gel swells to fit the frame.  

2.8.2 Sample Set-Up 

After ensuring the reswelling of the gel, each well had 150 μL of prepared OFFGEL 

sample added. This constituted either 150 μg of protein or digested peptides in addition 

to either the protein or peptide OFFGEL 1.25x stock solution. 
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2.8.3 Fractionation 

After sample loading, distilled water was loaded into each well. 200 μL mineral oil was 

placed onto the anode end (fixed electrode) of the IPG strip and enough cover fluid at 

the cathode side (movable electrode) to reach half the height of the tray groove was 

added.10 μL of distilled water was reapplied onto the electrode pads at each of the 

IPG gel ends every 24 hours. The tray was then placed onto the Agilent OFFGEL 

fractionator and the electrodes attached ensuring that contact was made with the 

electrode pads. Samples were run until 20 kilovolt-hours (kVh) were reached with a 

voltage limit of 8,000 V and a current limit of 50 µA. Samples then underwent an 

exchange of buffers, the method used depending on whether the samples were 

peptides or proteins. Peptides were extracted from each well using StageTips. Proteins 

were extracted from each well using chloroform methanol precipitation.  

2.8.4 Buffer Exchange of Peptides: StageTips  

The StageTip (Thermo) was wetted by pipetting 20 μL of methanol. 20 μL of StageTip 

buffer B solution (Table 2.12) was pipetted to equilibrate the tip. Each sample was 

acidified with trifluoroacetic acid and then loaded by pipetting the peptides through the 

tip slowly; this step was repeated three times. The peptides were washed with three 

volumes (30 μL each) of StageTip buffer A solution (Table 2.13), this step was repeated 

twice. The peptides were eluted from the tip with 30 μL of buffer B.  The eluate was 

collected in a fresh tube.  

2.8.5 Buffer Exchange of Proteins: Chloroform Methanol 
Precipitation 

Chloroform methanol precipitation was used on samples after OFFGEL isoelectric 

focusing in order to facilitate buffer exchange. This method was used due to the 

compatibility with all the buffers and samples involved and the suitability with regard to 

the sample sizes. Samples had a volume of 150 μL. 600 μL methanol was added and 

vortexed. 150 μL chloroform was added and vortexed followed by the addition of 450 
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μL distilled water. The mixed samples were centrifuged for 1 minute at 14,000 x g. The 

upper methanolic-aqueous phase was removed and a further 600 μL methanol was 

added before vortexing. The solution was centrifuged for 2 minutes at 14,000 x g. The 

upper fraction was then removed to waste as efficiently as possible while leaving the 

protein component as a pellet. Samples were concentrated under vacuum to dryness 

before re-suspension in SDS-PAGE sample buffer solution (Table 2.4) prior to 1-D 

SDS-PAGE analysis. 

2.9 Filter Aided Sample Preparation 

30 μL of a protein extract was mixed with 200 μL of FASP Buffer A Solution (Table 

2.14) in the filter unit and centrifuged at 14,000 x g for 15 minutes. 200 μL of FASP 

buffer A solution was added to the filter unit and centrifuged at 14,000 x g for 15 

minutes. The flow-through was discarded. 100 μL FASP iodoacetamide solution (Table 

2.15) was added and mixed for 1 minute and incubated without mixing for 20 minutes. 

The filter units were then centrifuged at 14,000 x g for 10 minutes. 100 μL of buffer A 

was added to the filter unit and centrifuged at 14,000 x g for 15 minutes. This step was 

repeated twice. 100 μL of ammonium bicarbonate solution was added to the filter unit 

and centrifuged at 14,000 x g for 10 minutes. This step was repeated twice. 40 μL of 

ammonium bicarbonate solution with trypsin (enzyme to protein ratio 1:100) was added 

to the unit and mixed for 1 minute. The units were then incubated at 37°C overnight. 

The filter units were then transferred to new collection tubes and centrifuged at 14,000 

x g for 10 minutes. 40 μL ammonium bicarbonate (0.05 M) was added to the unit 

followed by centrifugation at 14,000 x g for 10 minutes. Samples were then desalted 

using a StageTip as described in section 2.8.4. After desalting, peptides were 

separated using the OFFGEL (section 2.8). 
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2.10 LC-MS/MS Analysis 

All peptide analysis was performed on a Thermo LTQ-Orbitrap XL LC-MSn in positive 

ion mode. A Waters nanoAcquity UPLC system was coupled to the mass spectrometer 

via a nanospray source. The LC method involved a trapping stage using a Symmetry 

C18 column (5µm, 180 µm x 20 mm, Waters). The analytical column used was an 

Ethylene Bridged Hybrid (BEH) C18 nanocolumn (1.7 μm, 75 μm x 250 mm, Waters). 

A flow rate of 400 nL/minute was used with an 99% acetonitrile (ACN), 0.1% formic 

acid (buffer B) / water gradient (buffer A) (1% buffer B for 1 minute, followed by 8–45% 

buffer B over 89 minutes, 45–85% buffer B for 2 minutes, 85% buffer B for 4 minutes 

and 1% buffer B for 20 minutes).  

 

The mass spectrometer collected spectra in data-dependent acquisition mode using 

Xcalibur control software (Thermo). Full scans were completed in the Orbitrap mass 

analyser at a resolution of 30,000. Spectra were captured in the range m/z 300-2000. 

The top 10 precursor ions were automatically isolated and fragmented using collision 

induced dissociation at a normalised energy of 35. A minimum intensity signal of 2,000 

counts per second was required for CID activation with an activation Q of 0.25. Charge 

state screening and rejection was enabled rejecting unassigned charges and singly 

charged ions. FT master scan preview mode was used along with monoisotopic 

precursor selection mode. 

 

Dynamic exclusion was employed to avoid repeated scan events on the same ion. This 

enabled a wider range of ions to be selected and fragmented. A repeat count of 1 was 

used with a repeat duration of 30. The exclusion list was limited to 500 ions with the 

exclusion duration of 60. The method also used the lock mass setting, using 

polydimethylcyclosiloxane at m/z 371.1012. The instrument was calibrated weekly with 
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the Thermo Tune Plus software using ESI Positive Ion Calibration Solution which 

maintained a <2 ppm mass accuracy across the mass range. 

2.11 Data Analysis and Bioinformatics 

Data were searched against different databases using a range of both publically 

available and proprietary software packages. The parameters used for each are 

detailed below. 

2.11.1 MaxQuant  

MaxQuant (www.maxquant.org) is a quantitative proteomics software package for the 

analysis of large sets of mass spectrometric data is developed by the Mann group (72). 

The peptides that are derived from the spectra are then searched against Andromeda, 

a search engine built specifically for MaxQuant. Andromeda works by counting the 

number of matches compared to the number of theoretical masses (323). The settings 

used for data processing were an allowed tolerance for 2 missed cleavages with the 

fixed modifications of carbamidomethylation of cysteine and the variable modifications 

of methionine oxidation and acetylation of the protein N-terminus. A mass tolerance of 

20 ppm was permitted for the precursor ion first search and a mass tolerance of 6 ppm 

was allowed for the main search. A maximum 1% false discovery rate was used for 

both protein and peptide identification. Protein identifications were made from a 

minimum of two peptides per protein including at least one unique peptide.  Samples 

were searched with an additional variable modification of [2H7] L-leucine. 

2.11.2 OMSSA/X!Tandem 

The Open Mass Spectrometry Search Algorithm (OMSSA) is an open source library 

that was distributed by the NCBI (http://pubchem.ncbi.nlm.nih.gov/omssa/). X!Tandem 

(www.thegpm.org/tandem) is an open source search engine designed specifically for 

tandem mass spectrometry data. OMSSA/X!Tandem searches using SearchGUI. 

SearchGUI (https://searchgui.googlecode.com) (324) is an open source tool that aims 
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to integrate many open source search engines and proteomic software into a single, 

user friendly package. SearchGUI used the following settings, a precursor ion mass 

tolerance of 20ppm and fragment ion mass tolerance of 0.5 Da. Allowed tolerance for 

2 missed cleavages, a maximum 1% false discovery rate was used for both protein 

and peptide identification. The following modifications were used; fixed modifications 

of carbamidomethylation of cysteine and the variable modifications of methionine 

oxidation and acetylation of the protein N-terminus.  

2.11.3 Proteome Discoverer Using MASCOT 

Proteome Discoverer is a proprietary software package developed by Thermo 

Scientific. It is designed to use a multitude of search engines and support various 

proteomic workflows and techniques. A MASCOT search engine was used, MASCOT 

provides peptide mass fingerprint analysis, sequence query and MS/MS ion searching. 

It was developed from the MOWSE (molecular weight search) (325) score system for 

peptides. The settings used for the search were as follows, a precursor ion mass 

tolerance of 20 ppm and fragment ion mass tolerance of 0.5 Da. Allowed tolerance for 

2 missed cleavages, a maximum 1% false discovery rate was used for both protein 

and peptide identification. The following modifications were used, fixed modifications 

of carbamidomethylation of cysteine and the variable modifications of methionine 

oxidation and acetylation of the protein N-terminus. 

2.12 Calculation of Protein Synthesis and Degradation Rates 

Individual peptide data were taken from MaxQuant and imported into Microsoft Excel. 

This data was then imported into GraphPad Prism version 6.0 (GraphPad, Inc.) and fit 

to a non-linear exponential using the analysis tool. The rate values and standard errors 

were then exported into Microsoft Excel for further data analysis and presentation. 

Statistical analysis of protein synthesis datasets was performed by using the GraphPad 

Prism version 6.0 and data processing using Microsoft Excel 2010. 
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2.13 Gene Ontology 

Gene Ontology ID assignment was performed using the PANTHER system 

(http://pantherdb.org, version 10). Enrichment analysis of biological processes, 

molecular functions and cellular compartments compared experimental datasets to 

baseline data of the zebrafish reference proteome using the over-representation test 

tool. Bonferroni correction was used in multiple testing. 

2.14 Solutions and Reagents 

Table 2.3 Tris-HCl Solutions 

Reagent Mass/Volume 

 0.5 M Tris-HCl 1 M Tris-HCl 2 M Tris-HCl 

Tris-Base 60.57 g 121.14 g 242.28 g 
Milli-Q 1L 1L 1L 
1 M HCl Adjusted to pH6.8 Adjusted to pH8.5 Adjusted to pH8.8 

 

Table 2.4 SDS-PAGE Sample Buffer Solution 

Reagent Mass or Volume 

4% w/v SDS 400 mg 
Milli-Q 6.8 mL 
20 % v/v Glycerol 2 mL 
0.1 M Tris-HCl pH 6.8 1.2 mL 
Bromophenol Blue Trace 

 

Table 2.5 Gel Staining Solution 

Reagent Mass or Volume 

Methanol 500 mL 
Milli-Q 400 mL 
Acetic Acid 100 mL 
Coomassie Blue R250 Trace 

 

Table 2.6 Gel Destaining Solution 

Reagent Volume 

Milli-Q 550 mL 
Methanol 350 mL 
Acetic Acid 100 mL 
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Table 2.7 Dithiothreitol (DTT) Solution 

Reagent Mass or Volume 

Dithiothreitol 15.4 mg 
100 mM Ammonium Bicarbonate 10 mL 

 

Table 2.8 Iodoacetamide Solution 

Reagent Mass or Volume 

Iodoacetamide 102 mg 
100 mM Ammonium Bicarbonate 10 mL 

 

Table 2.9 OFFGEL 1.25x Protein Stock Solution 

Reagent Mass or Volume 

Urea (electrophoresis grade) 25.2 g 
Thiourea (analytical grade) 9.1 g 
Dithiothreitol 600 mg 
OFFGEL Buffer (pH3-10 ampholytes) 600 μL 
Milli-Q 44 mL 
Glycerol Solution 6 mL 

 

Table 2.10 OFFGEL 1.25x Peptide Stock Solution 

Reagent Volume 

Milli-Q 44 mL 
Glycerol Solution 6 mL 

OFFGEL Buffer (pH3-10 ampholytes) 600 μL 

 

Table 2.11 IPG Strip Rehydration Solution 

Reagent Volume 

OFFGEL 1.25x Stock Solution 0.56 mL 
Milli-Q 0.14 mL 

Table 2.12 StageTip Buffer B Solution 

Reagent Volume 

Acetonitrile 8 mL 
Milli-Q 1.95 mL 
Glacial Acetic Acid 0.05 Ml 

 



86 
 

Table 2.13 StageTip Buffer A Solution 

Reagent Volume 

Milli-Q 9.95 mL 
Glacial Acetic Acid 0.05 mL 

 

Table 2.14 FASP Buffer A Solution 

Reagent Mass or Volume 

Urea 480 mg 
0.1 M Tris-HCl pH 8.5 1 mL 

 

Table 2.15 FASP Iodoacetamide Solution 

Reagent Mass or Volume 

Iodoacetamide 9.25 mg 
FASP Buffer A Solution 1 mL 
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Chapter 3 – Proteomic Strategies 

for Fish Tissue Profiling 
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3.1 Introduction 

3.1.1 Background  

Muscle is a complex tissue that is dominated by the presence of a few abundant 

proteins, for example myosin and actin constitute almost 40% of the total protein pool 

of the muscle tissue (326). These proteins are located in the contractile assembly. 

Whilst this can be removed through the use of low ionic strength conditions, in which 

it is insoluble (327), the remaining soluble protein fraction also exhibits a high degree 

of complexity and a wide dynamic range of protein concentrations that covers several 

orders of magnitude (326). With tissues of many organisms having proteomes that are 

dominated by a small group of proteins that have abundance levels that range across 

many orders of magnitude, no MS platform can fully cover this dynamic range and is 

therefore necessarily selective in terms of its analysis. This high dynamic range is 

common across several different species of fish  (328–330). Zebrafish heart tissue also 

displays this overabundance of a small set of proteins (249, 331, 332). Differences 

appear in protein expression between different types of muscle causing additional 

difficulty when conducting proteomic studies. There is a widely observed difference in 

the biochemistry of different skeletal muscle types (333–335).  Previous comparison 

studies into mammalian and fish tissue (336, 337) have shown increased expression 

of glycolytic enzymes in fast-twitch muscle whereas slow twitch muscle has a higher 

expression of carbonic anhydrase III and enzymes related to oxidative 

phosphorylation.  

 

Mass spectrometry, and in particular LC-MS/MS, has emerged as a key technology for 

analysing large-scale protein expression patterns of tissues due to its sensitivity and 

high-throughput capabilities. Nonetheless even the most advanced mass spectrometry 

platforms are unable to adequately cover the large dynamic range of protein 

abundance found in muscle tissue (338). The limitations of the instruments used can 
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result in an overrepresentation of a sub-set of proteins that dominate analyses and as 

a result proteins of low abundance may not be detected, leading to the incomplete 

characterisation of the proteome and ultimately a loss of biological information. As 

such, proteomic investigations of muscle tissue represents a considerable analytical 

challenge and it is necessary to perform some level of simplification prior to mass 

spectrometric analysis (339). 

 

A number of proteome simplification strategies can be used in order to reduce the 

complexity of biological samples. These include sub-cellular fractionation (340) and 

techniques such as gel electrophoresis, isoelectric focussing and ion exchange 

chromatography that involve the stringent separation of protein (or peptide) mixtures. 

Another approach is immunodepletion, which utilises immobilised antibodies to 

selectively remove the most abundant proteins as a means of enhancing the detection 

of lower abundance proteins (341, 342). Typically employed for proteomic studies of 

body fluids e.g. blood plasma or serum (343) with albumin composing a vast majority 

of the expressed proteome (98-99%) (12).  Concerns exist about the use of depletion 

steps as low abundant proteins may be simultaneously removed if they interact with 

the target proteins (344, 345). A further simplification strategy involves the use of 

protein equalisation technologies (17, 346, 347) that employ combinatorial peptide 

ligand libraries to create a more uniform distribution of protein abundance and thereby 

reduce the dynamic range of protein mixtures in biological samples. The ProteoMiner 

methodology has been employed with an increasingly number of sample types (348, 

349) the work detailed in this chapter is the first use of ProteoMiner in a proteomics 

study using the zebrafish heart.  

3.1.2 Proteomic Analysis of Skeletal Muscle 

The principal focus of this thesis is the proteomic analysis of zebrafish hearts. However 

zebrafish hearts are small in size and as existing fish tissue, specifically carp skeletal 
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muscle, was available from previous studies, it was used for method development and 

optimisation. Carp are cyprinids as are zebrafish. They are also larger in size (adult 

common carp typically weigh above 2 kg compared to zebrafish which typically weight 

below 1 g (350, 351)). Using tissue available from other studies minimised the sacrifice 

of animals in line with the principle of the National Centre for the Replacement, 

Refinement and Reduction of Animals in Research (NC3Rs). This approach also 

facilitated a comparison to be made between different muscle types.  

 

Previous work investigating the proteome of carp skeletal muscle used 1-D SDS-PAGE 

in conjunction with peptide mass fingerprinting and de novo sequencing to identify the 

abundant proteins (352). Using this approach, the authors reported that it was possible 

to confidently assign 24 proteins. The protein composition was found to largely 

comprise creatine kinase isoforms and fragments and enzymes of the glycolytic 

pathway. Further separation of the proteins by 2-D-PAGE did not significantly increase 

the number of proteins identified. 

 

The identifications of soluble proteins obtained from skeletal muscle by 1-D SDS-

PAGE were compared with the analyses derived from OFFGEL separation and the 

enrichment of low abundance proteins by ProteoMiner chemical hexapeptide libraries. 

The whole skeletal muscle proteome was also fractionated at the peptide level through 

the use of FASP coupled to OFFGEL separation. A schematic of the experimental 

workflow is presented in Figure 3.1. Moreover, experiments were performed on 

skeletal muscle obtained from common carp that had been administered a diet 

containing deuterated leucine. The efficient use of these tissues eliminated the need 

to harvest additional fish.  
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Figure 3.1 A Multiplexed Approach to Characterising the Skeletal Muscle Proteome. Skeletal muscle from common carp was homogenised 
and subjected to a range of separation techniques prior to mass spectrometric analyses. The soluble protein fraction was either separated by 1-
D SDS-PAGE or simplified by either ProteoMiner protein equalisation or OFFGEL isoelectric focusing before the eluted fractions were analysed 
by 1-D SDS-PAGE. A further strategy analysed the whole protein homogenate by sampling directly in the peptide space. Proteins were digested 
in-solution prior to OFFGEL fractionation. 
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3.1.2.1 Gene Ontology Analysis 

Gene ontology (GO) is a project developed in response to the increasing need for 

descriptions of gene products in databases. GO began as a project in 1998 by the 

Gene Ontology Consortium (353) and focuses on assigning a property to each gene 

product with respect to three categories: cellular component, molecular function and 

biological process. Cellular component refers to the part of the cell or extracellular 

location in which a gene product is associated. Molecular function covers the 

biochemical activity or the potential activity that a gene product. The biological 

objective that a gene product contributes to is categorised under the biological 

processes.  

3.1.3 Aims 

In this chapter different sample preparation strategies were utilised and compared in 

order to compare and assess the suitability of different protocols for the comprehensive 

analysis of carp skeletal muscle and zebrafish heart proteomes. Additionally the 

effectiveness and usefulness of the strategies were assessed with regard to different 

proteomic studies. The specific aims were to: 

 

1. Develop protocols to analyse the carp skeletal muscle proteome by a range of gel 

and non-gel based approaches in comparison to 1-D SDS-PAGE 

 

2. Compare the methodologies in terms of number of identified proteins and quality of 

the identifications 

 

3. Translate the optimised methods to zebrafish hearts 

 

4. Evaluate the most appropriate methodology for future experiments 
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3.2 Methods 

The different sample preparation strategies that will be used prior to LC-MS/MS 

analysis are: 1-D SDS-PAGE, protein equalisation followed by 1-D SDS-PAGE, 

OFFGEL fractionation followed by SDS-PAGE and FASP followed by OFFGEL 

fractionation.  

3.2.1 Fish Husbandry 

Common carp were maintained at the University of Liverpool as stated in section 2.3.1. 

with skeletal muscle samples collected and prepared as outlined in section 2.3.3. A 

single carp was used to provide the muscle samples with three technical replicates per 

method. 10 zebrafish were maintained in the University of Liverpool aquarium as 

described previously in section 2.4.1. Hearts were collected and prepared as described 

previously in section 2.4.5. 3 zebrafish hearts were used as biological replicates for 

each method. 

3.2.2 Diets 

Carp were fed labelled diet twice a day as described in section 2.3.2. Zebrafish were 

fed an unlabelled diet twice a day as described in section 2.4.2.  

3.2.3 1-D SDS-PAGE 

1-D SDS-PAGE was conducted as described previously in section 2.6. After SDS-

PAGE protein samples were digested as outlined in section 2.6. 

3.2.4 ProteoMiner 

ProteoMiner technology was used as described previously in section 2.7. After use of 

ProteoMiner beads samples were subjected to SDS-PAGE. 

3.2.5 OFFGEL 

OFFGEL was used as described in section 2.8. Samples were taken from individual 

wells after isoelectric focusing and subjected to 1-D SDS-PAGE. 
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3.2.6 FASP 

FASP was conducted as described previously in section 2.9. After FASP, samples 

were transferred to the OFFGEL where they were processed using peptide mode. After 

separation by OFFGEL samples were desalted and directly loaded onto the LC-

MS/MS. 

3.2.7 Mass Spectrometry 

Peptides were analysed by LC-MS/MS on a Thermo LTQ-Orbitrap XL system as 

described in section 2.10. 

3.2.8 Data Analysis 

Raw mass spectrometry data was analysed using MaxQuant, SearchGUI and 

Proteome Discoverer using the UniProt protein database as described in section 2.11. 

Statistical analysis was performed in GraphPad Prism version 6.0 (GraphPad, Inc.). 

Full details of protein identifications can be found at Supplemental Table S3.1 for carp 

and Supplemental Table S3.2 for zebrafish. Statistical comparisons can be found at 

Supplemental Table S3.3 for carp and Supplemental Table S3.4 for zebrafish. Venn 

diagrams were created using the online tool provided by the Bioinformatics & 

Evolutionary Genomics group at the University of Ghent 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). 

3.2.9 Gene Ontology 

Functional categories of proteins from the Gene Ontology Consortium 

(http://geneontology.org/) were assigned using the PANTHER (http://pantherdb.org/) 

gene list analysis research tool. Full gene ontology analysis data can be found at 

Supplemental Table S3.5 for carp and Supplemental Table S3.6 for zebrafish. 
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3.3 Results 

3.3.1 Protein Identifications in Skeletal Muscle by 1-D SDS-
PAGE 

Carp skeletal muscle was separated by 1-D SDS-PAGE (Figure 3.2 A), then proteins 

were digested and the resulting peptides analysed by LC-MS/MS. The average 

number of identifications obtained for each biological replicate was 120 ± 1 (Table 3.1) 

a result that is consistent with published studies (327, 352). Statistical comparison 

between the techniques was performed using a Kruskal-Wallis test (Supplemental 

Table S3.3). Across the three biological replicates a total of 182 carp skeletal muscle 

proteins were confidently assigned indicating that increasing the number of replicates 

permits a more extensive coverage of the proteome.  

Table 3.1 Protein Identifications from Carp Skeletal Muscle 

Techniquea Mean Number of 
Proteins 

 

Mean Number of 
Peptides per 

Protein 

Mean Sequence 
Coverage (%) 

1-D SDS-PAGE 120 ± 1    7.5 ± 0.2 20 ± 2  

ProteoMiner  209 ± 15   7.3 ± 0.4 18 ± 4  

OFFGEL  425 ± 62   6.4 ± 0.1   17 ± 0.2 

FASP 118 ± 9  20.5 ± 0.3 29 ± 1  

an=3 replicates 
 

GO analysis (Figure 3.3) revealed that proteins were predominantly metabolic 

(37%,GO biological process) followed by cellular process (23%) and developmental 

process (10%). The major metabolic functions of identified proteins were catalytic 

activity (44%), binding (25%) and structural molecule activity (20%). Proteins were 

largely intracellular and 35% were found to correspond to organelles. Almost 13% of 

identified proteins were found to be components of macromolecular complexes. There 

were a wide variety of protein classes identified (23 in total), which included 

cytoskeletal proteins (17%) and a range of enzymes including transferases (11%), 

hydrolases (11%) and oxidoreductases (10%). Enrichment analysis showed that 

glycolysis, TCA cycle, carbohydrate (including monosaccharide) metabolic
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Figure 3.2 Visualisation of ProteoMiner Bead Equalisation. Proteins were subjected to equalisation using bead technology in order to reduce 
the dominance of highly abundant proteins. Panel A shows the pre-fractionated skeletal muscle soluble proteome with the simplified proteome 
in Panel B. 
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Figure 3.3 Carp Skeletal Muscle Gene Ontology Analysis. Gene ontology analysis 
was performed using the PANTHER software. Proteins were grouped according to 
their biological function (A), molecular function (B) and cellular component (C).  The 
top 8 non-redundant gene ontology classes are shown.
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processes, muscle contraction and muscle organ development were all significantly 

enriched by more than five-fold compared to the complete Danio rerio genome. 

Similarly, the molecular functions of actin binding, isomerase activity, cytoskeletal 

protein binding and structural constituents of the cytoskeleton together with the cellular 

compartments related to the cytoskeleton and tubulin complexes were also enriched.  

3.3.1.1 Proteome Equalisation on Carp Skeletal Muscle 

The soluble muscle proteins were subjected to protein equalisation (Figure 3.2 B) and 

compared with unfractionated skeletal muscle. 1-D SDS-PAGE revealed that after 

treatment with the ProteoMiner system there was a substantial enrichment of the low-

abundance proteins (Table 3.1 and Figure 3.4). This finding was reflected in the 

subsequent LC-MS/MS analysis, that led to a substantial increase in protein 

identifications (mean = 209 ± 15; Table 3.1). The total number of proteins identified 

over the three biological replicates was 334.  

 

In the GO analysis of the ProteoMiner simplified protein fractions (Figure 3.3), the 

major molecular functions, biological process and cellular compartment were similar to 

the 1-D SDS-PAGE analysis. However, there was a difference in the protein class 

distribution with nucleic acid binding proteins the predominant protein class (15%). 

Enrichment analysis of the proteins identified following ProteoMiner revealed that 

protein equalisation covered a greater number of biological processes with the addition 

of protein complex assembly and biogenesis, protein folding, regulation of translation 

and glycogen metabolic processes. However, muscle organ development and muscle 

contraction were significantly enriched to a lesser extent than in 1-D SDS-PAGE. 

Cellular localization enrichment revealed three components that were more than five-

fold enriched. These were tubulin complex, ribosome and cytosol. Nine specific 

pathways were significantly enriched including TCA cycle, glycolysis, cytoskeletal 
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regulation by Rho GTPase, pyruvate metabolism, cell cycle, UPS, and both FGF and 

EGF signalling pathways. 

3.3.1.2 In-solution Isoelectric Focussing on Carp Skeletal Muscle 

Separated protein fractions were recovered in the liquid phase after processing via 

OFFGEL and subjected to 1-D SDS-PAGE. The gel analysis displayed a clear increase 

in the number of observable proteins (Figure 3.4). The 1-D SDS-PAGE separation for 

each resolved fraction detailed a unique profile of proteins. This was reflected in a near 

four-fold increase in the mean identifications to 425 ± 62 proteins (Table 3.1). The total 

number of identified proteins across all biological replicates (n=3) was 766, 

demonstrating the resolving power of this fractionation strategy in proteomic analyses.  

 

GO analysis of the OFFGEL datasets indicated that the majority of proteins were 

involved in metabolic processes (30%) and cellular function (21%). Around 10% were 

involved in both developmental processes and biogenesis. Molecular function and 

cellular component analysis revealed a similar profile to both SDS-PAGE and 

simplification by protein equalisation. Twenty-six different protein classes were 

represented in the OFFGEL separated proteins, although again, the major classes 

were similar to the previous analyses. Enrichment of biological processes revealed 

eight that were more than five-fold enriched, the majority of which overlapped with the 

ProteoMiner bead simplification of the proteome. The molecular function enrichment 

was however somewhat different and included amino acid kinase activity, phosphatase 

inhibitor activity, aminoacyl-tRNA ligase activity, translation elongation factor activity, 

phosphatase regulator activity, translation factor activity, nucleic acid binding, 

translation regulator activity, translation initiation factor activity and isomerase activity. 

Again, tubulin complex and ribosomal proteins were significantly enriched more than 

five-fold as were proteins located in the intermediate filament  cytoskeleton.  
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Figure 3.4 In-Solution Isoelectric Focussing of the Carp Skeletal Muscle Proteome. Proteins were separated according to isoelectric point 
and each fraction further separated by 1-D SDS-PAGE. Each gel lane is numbered from 1-12 as shown above the gel in order from low pH to 
high pH.
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Pathway enrichment was similar to both SDS-PAGE and ProteoMiner simplification 

approaches, with the addition of the methylmalonyl pathway. 

3.3.1.3 Carp Skeletal Muscle Protein Identifications by FASP 

The effect of pre-fractionation at the peptide level was evaluated. In these experiments 

skeletal muscle homogenate was digested in solution through FASP. The resultant 

peptides were then separated by OFFGEL isoelectric focussing and the collected 

fractions were analysed by LC-MS/MS. Using this approach, the mean number of 

protein identifications was 118 ± 9, with a total of 163 proteins confidently identified 

across the biological replicates (Table 3.1). Although the FASP and 1-D SDS-PAGE 

analyses resulted in a similar number of total identifications, there was an overlap of 

around only 50% (88 proteins) indicating that FASP analysis sampled a different sub-

proteome of the skeletal muscle.  

 

The GO analysis revealed that a comparable profile with respect to biological process 

and molecular function was observed. Whilst the cellular compartments of the proteins 

were broadly similar to the other simplification processes, the percentage distributions 

of the locations were different. Almost 35% of proteins were deemed to be cellular, 

with 30% attributed to organelles and over 12% to membranes. A further 10% of 

proteins were located to cell junctions.  Twenty-three classes of proteins were identified 

and again cytoskeletal proteins were the major class although at an increased level of 

22%. The next most abundant class was enzyme modulator (9%) and cell junction 

proteins (8%). 

 

Thirty biological processes were found to be enriched with reference to the zebrafish 

genome, eighteen of which were more than five-fold enriched. These were 

neuromuscular synaptic transmission, glycolysis, tricarboxylic acid cycle, sensory 

perception of sound, cytokinesis, muscle contraction, monosaccharide metabolic 
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process, cellular component morphogenesis, generation of precursor metabolites and 

energy, muscle organ development, cellular component movement, anatomical 

structure morphogenesis, mitosis, mesoderm development, carbohydrate metabolic 

process, cellular component organization, cellular component organization or 

biogenesis and sensory perception. Similarly, there were twelve biological processes 

and nine cellular components that were significantly enriched. There were however 

only four pathways found to be enriched – glycolysis, cytoskeletal regulation by Rho 

GTPase, nicotinic acetylcholine receptor signalling pathway and the Wnt signalling 

pathway. 

3.3.1.4 Comparison of Identification and Overlaps 

The four different simplification strategies provided a different composition of identified 

proteins.  Whilst there was some overlap between the different techniques in each 

approach, there were a number of proteins that were uniquely identified (Figure 3.5).  

 

When compared to 1-D SDS-PAGE analysis, simplification by proteome equalisation 

technology yielded 159 proteins that were common to both analyses and 176 unique 

proteins (Figure 3.6). The OFFGEL analysis identified the largest number of unique 

proteins of any of the methodologies and identified all but 20 of those observed in the 

1-D SDS-PAGE analysis alone. FASP yielded the lowest number of protein 

identifications. FASP analysis conducted in this chapter involved the use whole muscle 

homogenate rather than soluble muscle fraction and therefore would have sampled a 

different sub-proteome of the skeletal muscle. The lower number of protein 

identifications may result from losses during buffer exchange in the FASP protocol 

prior to OFFGEL analysis. However, it should be noted that the mean number of 

peptides from FASP analysis was much higher than all other strategies at 20.5% 

compared to between 6 and 7% for 1-D SDS-PAGE, ProteoMiner and OFFGEL.
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Figure 3.5 Carp Skeletal Muscle Protein Total Unique Identifications Following Sample Pre-Fractionation. The number of proteins 
identified following each fractionation protocol was determined. Data shown was determined from three technical replicates for each technique.
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Figure 3.6 Overlap of Protein Identifications in Carp Skeletal Muscle. There were eighty identified proteins common to all experimental 
approaches. OFFGEL analysis yielded the greatest number of uniquely identified proteins, followed by ProteoMiner, FASP with SDS-PAGE 
having the fewest.  
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80 proteins were identified in all four of the different strategies. GO analysis revealed 

this group was comprised of mostly catalytic activity and structural proteins that are 

typically present in high abundance in skeletal muscle tissue.  

 

Enrichment analysis indicated clear differences in the classifications of the identified 

proteins. Eight biological processes (anatomical structure morphogenesis, 

carbohydrate metabolic process, generation of precursor metabolites and energy, 

glycolysis, metabolic process, monosaccharide metabolic process, muscle contraction 

and tricarboxylic acid cycle) were enriched by all methods. Cell communication was 

only enriched following ProteoMiner simplification, whereas there were eleven 

categories specifically enriched following both OFFGEL separation and FASP. Only 

four molecular functions (actin binding, catalytic activity, structural constituent of 

cytoskeleton and structural molecule activity) and five cellular compartments (actin 

cytoskeleton, cytoskeleton, intracellular, organelle and tubulin complex) were enriched 

across all analyses. These results indicate that different approaches to sample pre-

fractionation in proteomic experiments minimise bias and reinforce the need for a multi-

layer approach to proteome characterization. 

3.3.2 Search engine analysis  

The software used to analyse and interpret mass spectrometry data plays an important 

role in proteomic study workflows. Results will vary between software packages due to 

the different methods in which scores and confidence in peptides are assigned and the 

algorithms used in determining peptides from raw spectral data. In order to determine 

the software most suitable for processing the data from fish tissue analysis a range of 

three search engines were tested and their results compared and investigated. The 

search engines used were MaxQuant (v1.2.2.5), Proteome Discoverer (MASCOT) 

(v1.1) and SearchGUI (OMSSA/X!tandem) (v1.8.5). These were chosen due to their 

high usage in proteomics studies and accessibility. All three search engines used a 
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custom FASTA file created from the UniProtKB Swiss-Prot and TrEMBL databases for 

common carp and zebrafish (database downloaded on the 7th of February 2012). 

Where proteins shared 100% homology, the carp version was used. 

 

Data was taken from each experiment and analysed by three different software 

packages (Table 3.2). In the comparison of the different software packages and search 

engines available, SearchGUI using OMSSA and X! Tandem using SearchGUI 

produced the lowest number of identifications between the 1-D SDS-PAGE, 

ProteoMiner and OFFGEL strategies with 110, 201 and 398 identifications, however in 

the FASP data OMSSA/X! Tandem produced the highest amount of identifications. 

From 1-D SDS-PAGE, ProteoMiner and OFFGEL strategies, Proteome Discoverer 

using MASCOT and MaxQuant produced the highest number of identifications with 

165, 230 and 450 identifications and 121, 209 and 425 identifications respectively. 

From the FASP data however, Proteome Discoverer produced the least amount of 

identifications with 106 and MaxQuant produced 118. 

Table 3.2 Comparison of Different Search Engines  

Search Enginea 1-D  
SDS-PAGE 

ProteoMiner OFFGEL 
 

FASP 

Max Quant 120 209 425 118 

SearchGUI 
(OMSSA / X! Tandem) 

110 201 398 121 

Proteome Discoverer 
(MASCOT) 

165 230 450 106 

an=3 replicates 

 

3.3.3 Zebrafish Hearts 

Having established robust workflow for the simplifications of the proteome of carp 

skeletal muscle these experimental strategies were applied to the analysis of the 

zebrafish heart proteome. The use of 1-D SDS-PAGE, OFFGEL, ProteoMiner and 

FASP techniques were attempted in the analysis, however the FASP technique was 

unsuccessful in producing reliable results (Table 3.3). Statistical comparison between 
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the techniques was performed using a Kruskal-Wallis test (Supplemental Table S3.4). 

Each method was investigated to determine the amount of protein identifications that 

could be obtained along with the confidence of those assignments. Additionally the 

complete length of time that was demanded for analysis with the use a single tissue 

sample, i.e. a single zebrafish heart, was considered for use in future studies.  

Table 3.3 Protein Identifications from Zebrafish Hearts  

Technique a Mean Number of 
Proteins 

 

Mean Number of 
Peptides per 

Protein 

Mean Sequence 
Coverage (%) 

1-D SDS-PAGE 205 ± 9 7.6 ± 1.1 20.9 ± 0.3 

ProteoMiner 260 ± 5 9.3 ± 1.7 19.4 ± 1.7 

OFFGEL   591 ± 14 8.3 ± 1.2    20 ± 0.3 

FASPb 487 7 20.8 
a n=3; b n=1;  FASP produced only a single successful set of results 

 

In the zebrafish hearts (Figure 3.7 A and Table 3.3), the 1-D SDS-PAGE strategy 

yielded an average of 205.3 identifications across the three replicates with 7.6 peptides 

used on average for each identification covering 20.9% of the sequence on average. 

The gel shows a distinct and different pattern to that of the carp skeletal muscle.  

 

The gene ontologies of the identified proteins were analysed and collected for all the 

different strategies (Figure 3.8). Across all the different datasets there was a high 

similarity in the composition of the gene ontologies, with over 150 biological processes 

identified in each of the different strategies. The majority of proteins identified were 

involved in cellular and metabolic processes, both comprising of roughly 50% across 

each technique. Similar again was the proportion of proteins involved in the binding 

and catalytic activity molecular functions comprising of roughly 50% in all the 

techniques. Proteins were more often assigned as intracellular than extracellular, with 

proteins that are associated with being extracellular making up less than 8%. 
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Figure 3.7 1-D SDS-PAGE of Soluble Proteins in Zebrafish Heart Samples After Using ProteoMiner Beads. The first lane (A) on the left is 
an unfiltered sample of carp skeletal muscle. The lane on the right (B) is the elution from the ProteoMiner beads.  
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Figure 3.8 Zebrafish Heart Gene Ontology Analysis. Gene ontology analysis was 
performed using the PANTHER software. Proteins were grouped according to their 
biological function (A), molecular function (B) and cellular component (B). SDS-PAGE 
is represented by blue bars, ProteoMiner by red, OFFGEL by green and FASP by 
yellow.  
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Enrichment analysis of each individual strategy utilised a comparison to the complete 

Danio rerio organism database. Enrichment analysis showed a pattern similar to that 

of the carp with glycolysis, TCA cycle, muscle contraction, ‘generation of precursor 

metabolites and energy’ and monosaccharide metabolic processes. In addition to  

these processes, the zebrafish had a very large increase in fatty acid beta-oxidation, 

respiratory electron transport chain, acyl-CoA metabolic process, fatty acid metabolic 

process and vitamin biosynthetic process associated proteins.  

 

Enrichment analysis of the molecular function datasets compared to the Danio rerio 

complete database showed large (above fivefold) increases in amino acid kinase 

activity, anion channel activity, hydro-lyase activity, motor activity, acetyltransferase 

activity  and carbohydrate kinase activity in all strategies with the exception of hydro-

lyase activity. 

 

Analysis of the different cellular compartment assignments for identified proteins 

showed that like carp between 60% and 70% of proteins were located in the cytoplasm 

and between 10% and 15% were located in the cytoskeleton. Enrichment analysis 

revealed that again like carp there was a significant (p<0.05) increases in cell junction, 

cytoskeleton and intermediate filament cytoskeleton located proteins. 

3.3.3.1 Proteome Equalisation of Zebrafish Hearts 

As with the skeletal muscle the soluble heart tissue proteins were subjected to protein 

equalisation and compared with unfractionated skeletal muscle (Figure 3.7 B). Like the 

skeletal muscle 1-D SDS-PAGE revealed that after treatment with the ProteoMiner 

system there was a substantial enrichment of the low-abundance proteins (mean = 

260 ± 5; Table 3.3.). This finding was reflected in the subsequent LC-MS/MS analysis, 

showing an increase of 55 protein identifications. The total number of unique proteins 

identified over the three biological replicates was 393. 
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Enrichment analysis of the identified proteins showed a number of PANTHER classes 

for biological processes that were enriched and not seen in 1-D SDS-PAGE alone. 

Oxidative phosphorylation and cellular calcium ion homeostasis were highly enriched 

(>5 fold enrichment). Protein folding and homeostatic process showing 4-5 fold 

enrichment. Sensory perception, mesoderm development, system process, regulation 

of catalytic activity and regulation of molecular function were all moderately enriched 

(2-4 fold enrichment). Conversely, the PANTHER GO classes: acyl-CoA metabolic 

process, gluconeogenesis, cellular amino acid catabolic process, vitamin biosynthetic 

process, vitamin metabolic process, purine nucleobase metabolic process and cellular 

amino acid metabolic process were very highly enriched (>5 fold enrichment) in 1-D 

SDS-PAGE alone and were not statistically enriched in the samples after protein 

equalisation. 

3.3.3.2 In-solution Isoelectric Focussing of Zebrafish Hearts 

Separated protein fractions from the zebrafish heart were recovered in the liquid phase 

after processing via OFFGEL and subjected to SDS-PAGE. The gel analysis displayed 

a clear increase in the number of observable proteins (Figure 3.9). The 1-D SDS-PAGE 

separation for each resolved fraction detailed a unique profile of proteins. An almost 

three-fold increase was observed in the mean amount of protein identifications (591 ± 

14 proteins; Table 3.3). The total number of unique identified proteins across all 

biological replicates (n=3) was 879, confirming that the OFFGEL strategy has a very 

high resolving power with an increase in total proteins identified by a factor of more 

than two.  

 

The GO analysis was performed on the OFFGEL. Analysis of distinct non-redundant 

PANTHER GO-slim classes assigned to identified proteins showed 164 classes of   
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Figure 3.9 1-D SDS-PAGE of Soluble Proteins in Zebrafish Heart Samples After Using OFFGEL Fractionation. The 12 visible lanes are 
the individual fractions after fractionation moving from pH3 on the left to pH10 on the right. 
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biological processes, 105 classes of molecular functions and 34 classes of cellular 

components. The highly identified gene ontology classes for molecular functions, 

biological process and cellular compartment were similar to those seen in both the 

protein equalisation samples and the 1-D SDS-PAGE alone samples. Enrichment 

analysis observed a number of PANTHER classes for biological processes that were 

enriched in the OFFGEL samples and not seen in 1-D SDS-PAGE alone samples. 

Oxidative phosphorylation, Protein folding, protein complex assembly and protein 

complex biogenesis were very highly enriched (>5 fold enrichment). Proteolysis and 

response to stress were all moderately enriched (2-4 fold enrichment).  

3.3.3.3 FASP of Zebrafish Heart 

As with the skeletal muscle analysis, the zebrafish heart was digested in solution 

through FASP and the resultant peptides were separated by OFFGEL isoelectric 

focussing and the collected fractions were analysed by LC-MS/MS. There was only a 

single successful biological replicate of the zebrafish heart using the FASP technique 

which provided 487 unique protein identifications. 

 

PANTHER GO-slim analysis revealed 147 biological processes, 86 metabolic 

functions and 31 cellular compartments identified in the single successful replicate. 

The classes identified were largely similar to those seen in the 1-D SDS-PAGE, 

ProteoMiner and OFFGEL analysis. There were only five GO-slim classes unique to 

FASP with only a single protein assigned to each class. 

3.3.3.4 Comparison of Identification and Overlaps 

A set of 200 proteins were identified across the three successful strategies, therefore 

gene ontology analysis was performed on this group. A large majority of proteins (60%) 

with assigned gene ontologies were proteins associated with binding and metabolic 

processes with respect to both their associated biological processes and molecular 
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function. As with the skeletal muscle analysis there were a number of proteins that 

were uniquely identified (Figure 3.10).  

 

As before with the skeletal muscle analysis, the overlap of protein identifications 

between the methods was conducted (Figure 3.11). Comparisons between the results 

from the 1-D SDS-PAGE alone results with that of the ProteoMiner, showed that there 

were 224 proteins shared across the strategies with 260 identifications unique to a 

single strategy. The results of the ProteoMiner samples had 169 identifications that 

were not in the 1-D SDS-PAGE results. Between the results of the 1-D SDS-PAGE 

and OFFGEL strategies there were 266 shared identifications and 702 unique 

identifications with OFFGEL having 653.  These results were similar to those seen 

between the strategies using skeletal muscle. 
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Figure 3.10 Zebrafish Heart Protein Identifications Following Sample Pre-Fractionation. The number of proteins identified following each 
fractionation protocol was determined. Data shown was determined from three biological replicates for each technique. 
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Figure 3.11 Overlap of Protein Identifications in Zebrafish Heart. There were two hundred identified proteins common to all experimental 
approaches. OFFGEL analysis yielded the greatest number of uniquely identified proteins, followed by ProteoMiner and with SDS-PAGE having 
the fewest. 
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3.4 Discussion 

In this chapter different proteome simplification strategies were investigated in order to 

explore the complexity of the zebrafish heart proteome. The initial results outlined in 

this chapter were using carp skeletal muscle. The analysis then repeated using 

zebrafish heart. The different separation technologies that were employed all provided 

useful and detailed results.  

 

Compared to use of 1-D SDS-PAGE alone the ProteoMiner and OFFGEL strategies 

were able to increase the amount of protein identifications and the FASP strategy 

produced a similar amount of identifications. The ProteoMiner and OFFGEL based 

methodologies showed a substantial increase in identifications, mean peptides and 

mean sequence coverage in both tissues. A study by Rivers et al. (327) achieved a 

similar number of protein identifications from chicken skeletal muscle (>350 unique 

proteins detected) using a similar protein equalisation strategy to the ProteoMiner 

technology. Whilst this approach was effective in reducing the most abundant proteins, 

the authors indicated that there was a bias in the proteins detected, particularly when 

different ionic strength buffers were used during sample loading. With the zebrafish 

heart the FASP methodology was only successfully completed once during this study, 

however, the results of this single success show a very large increase in the number 

of identifications as well as the mean peptides and mean sequence coverage. 

 

The composition of both the skeletal and heart proteomes were very similar across the 

different strategies used and there were large levels of overlap between the 

approaches (Figures 3.6 and 3.11) with only a small fraction of proteins identified in 

the 1-D SDS-PAGE strategy that was not identified elsewhere. This group of proteins 

was composed of catalytic activity proteins and structural proteins. In the zebrafish 

heart samples 200 proteins were identified across all strategies. There was between 
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50% and 75% of identification overlap between replicates of a given strategy. This is a 

high level of overlap but not outside the range that has been observed in other studies 

(354–357). The number of proteins that were able to be identified in the OFFGEL 

methodology and the number of theoretical proteins of the tissues involved show that 

there is a great portion of the proteome that is still being missed in proteomic analysis. 

 

The OFFGEL has easier protein recovery, high versatility and high reproducibility 

compared to traditional IEF. The proteins do not require excision from gels after the 

process thus allowing easy access to the samples. The loading range is also from 50 

- 60 mg. Additionally the OFFGEL is capable of separating peptides by pI allowing for 

whole scale protein digestion prior to being fractionated on an OFFGEL. An advantage 

of the OFFGEL for peptide separation is that it avoids complex multistage pI based 

separation using reverse-phase material required when using StageTips, an 

alternative approach (358–360). 

 

FASP has been applied to a range of sample types as the purification stages of the 

method allow for practically any sample. Han et al. (358), was able to use the method 

to study the secretome of astrocytes. They were successful in characterising six 

thousand proteins. A study by Zielinska et al. (361), used a modified FASP in the 

investigation of N-linked glycosylation in mice. They found they were able to map and 

identify N-glycostructure attachment sites using this process in an efficient manner. A 

FASP strategy together with OFFGEL fractionation has also recently been applied to 

the deep mining of murine skeletal muscle (362). A FASP method that utilised multiple 

proteolytic enzymes was developed by the creators of the original FASP method (363). 

This method was then used to characterise the proteome of the mouse skeletal muscle 

where it was used to attempt to reduce the dynamic range. It was possible to perform 
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deep proteome analysis C2C12 cells and from 15 C57BL/6 mice triceps muscle lysates 

(362). 

 

Notably the FASP method used a different lysis buffer than the other strategies 

investigated. The lysis buffer used dissolved more of the insoluble portion of the tissue. 

This meant that the results from this methodology are not as directly comparable as 

the others. The FASP methodology was attempted on numerous occasions using the 

zebrafish heart tissue with inconsistent results. Each individual stage was assessed 

during these repeats. Peptides were detected at high levels at the end step of the 

FASP protocol. However these results were highly skewed due to the nature of the 

tissue and the fact that no simplification of the sample had taken place. The number of 

peptides detected after separation using the OFFGEL were very low. A possible cause 

of the issues experienced is that some SDS from the lysis buffer may have been carried 

over to the isoelectric focussing step which would cause the OFFGEL separation to 

not work. In order to circumvent the issues faced, a protocol would need to be devised 

that either did not use the OFFGEL system or contained a non-SDS containing lysis 

buffer or a more robust transition protocol. 

3.4.1 Search Engine Analysis 

The search engine analysis (Table 3.2) revealed an interesting difference in the results 

produced between software packages. The reason behind the discrepancy of the 

numbers is that the software applies a confidence score to the matching of a peptide 

to a protein. The calculation of this score, and the acceptable score cut-off values for 

each piece of software differ greatly. The run time of each software package has to be 

taken into account in considering the applicability to studies such as these. With the 

extremely large datasets created by these techniques from a single sample, the data 

analysis on a standard desktop computer can take days. This is a drain on the 

resources of a lab in terms of equipment and time. Proteome Discoverer in turn was 
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additionally limited by the file size thresholds demanded by the file storage architecture 

of the hard drives used by both the MASCOT server and the operating systems and 

hard drives used by the lab. This limitation was due to Proteome Discoverer creating 

a single spectra file for searching for the entire experimental set. These spectra files 

exceeded the limits supported by the hard drives and the operating system.    

 

An additional consideration is the file size and file format of the data outputted by these 

studies. There is a growing problem in the proteomics field due to the rapid increase 

in file size. A simple experiment using standard methods can create hundreds of 

gigabytes in files. Using methods such as the OFFGEL where the amount of files is 

multiplied by twelve, the file storage demands are extremely large. File formats pose a 

problem for some software and in design of experiments due to the providers of 

software and instruments in a lab. Most mass spectrometry outputs are in proprietary 

file formats. These often cannot be used by open source software or software from 

rival vendors. This generates an additional step in the data analysis process of file 

conversion from on format to another. The resultant file may be different due to the file 

conversion software used causing reproducibility problems. While a few movements in 

the industry to adopt an open source file format have been attempted, these are not 

universally adopted and in some cases can increase the files size.  

3.4.2 Evaluation of Technique for Further Studies 

An additional aim was to assess effectiveness and usefulness of the strategies with 

regard to future proteomic studies. In order to do achieve a variety of limiting factors 

need to be taken into consideration (Table 3.4). This included the number of hearts 

that would be required for proteomic characterisation, liquid chromatography gradient 

run time and data file size. 
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Table 3.4 Timescale and Complexity Comparison of the Different Methodologies Tested 

Experimental Considerations Simplification Strategies 

1-D SDS-PAGE  ProteoMiner OFFGEL FASP 

Sample Preparation Time 2 days 3 days 4 days+ 3 days 

Total Mass Spectrometry Samples Produced From One Tissue Sample 12 12 144 12 

Total Length of Experiment From Single Tissue Sample to Finished  4 days 5 days 148+ days 4 days 

Data File Size Demands Low  

(~12 GB) 

Low  

(~12 GB) 

Very high 

(~144 GB) 

Low 

(~12 GB) 

Unique Protein Identifications Observed in Zebrafish 188-215 251-268 550-610 0-879 
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The use of ProteoMiner technology has led to an increase in the identifications of 

proteins in global analysis samples (364, 365). An investigation into the effectiveness 

of ProteoMiner by Bandow (366) that compared  the beads with immune-depletion 

concluded that there was no decrease in high abundant proteins and with no new low 

abundant proteins being collected. Work by Keidel et al. (367) yielded similar results 

using hydrophobicity, such as Sepabeads, despite being of different composition and 

purpose. In this study the authors proposed that the proteins that will be bound will 

mostly be hydrophilic. These studies have both been disputed by Righetti et al., 

believing that the elution methods used were too weak to desorb all the captured 

proteins from the beads, since low abundant species will need harsher desorption 

methods in order to be dissociated from the beads (368, 369).  

 

The ProteoMiner technology produced results that improved the number of 

identifications, however the process added an extra day to the analysis per sample. 

For use in this thesis this would add up to around  75 extra days of sample preparation 

for a 25% increase in identifications and an minor increase in peptides identified per 

protein, which does not greatly impact the veracity of the identifications (370, 371).  

Using the OFFGEL for the later work on this this thesis would be unfeasible based on 

the time requirement alone. With each fish taking 288 hours of mass spectrometry run 

time, a whole study with six time points using five fish at each time point would demand 

8,540 hours, which equates to almost an entire year. The FASP protocol was not found 

to be as reliable when using zebrafish heart samples. Taking all factors into 

consideration, using SDS-PAGE alone is a suitable methodology due to the timescale, 

reliability and practicalities of such studies (Table 3.5). 
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Statistical testing between the experimental techniques (Supplemental Tables S3.3 

and S3.4) found that in the carp skeletal muscle, the medians between the groups 

varied significantly in the amounts of identifications (p = 0.002), mean peptides per 

protein (p = 0.002) and the percentage of sequence coverage (p = 0.0205). In the 

zebrafish heart samples, the medians between the groups were found to vary 

significantly in the amount of identifications (p = 0.0036) but not in the mean number 

of peptides per protein (p = 0.3821) and the percentage of sequence coverage (p = 

0.3393). Pairwise comparisons showed no significant differences in the amount of 

protein identifications between the techniques except between the 1-D SDS-PAGE and 

OFFGEL techniques in the zebrafish data. While these tests showed a significant 

difference as a whole, the statistical power of the testing is low due to the low 

population number in each group. A further study involving a larger sample set would 

need to be undertaken to validate these findings.  

3.4.3 Conclusions and Summary 

The different methodologies that were investigated showed an improvement in the 

quality and quantity of the results by the reduction of sample complexity compared to 

the conventional SDS-PAGE method. Tissue proteomes with compositions dominated 

by a small group of proteins to the extent of carp muscle and zebrafish hearts are able 

to be analysed at a useful level using these strategies. 

 

Factoring in the reproducibility of data collection and extent of proteome coverage with 

meta-analyses using factors such as experimental time and files size. It was concluded 

that for future chapters zebrafish heart proteins would be simplified by 1-D SDS-PAGE 

due to the high reliability, lower costs, the comparability with outside studies and the 

highly optimised workflow available. After 1-D SDS-PAGE the samples would be 

analysed by LC-MS/MS and data processed using the MaxQuant software package. 
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Chapter 4 – Measuring Protein 

Turnover in the Zebrafish Heart 
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4.1 Introduction 

4.1.1 Capturing Dynamics of the Proteome 

The proteome of an organism is not static and is in a state of constant flux, with the 

concentration of individual proteins determined by the relative rates of synthesis and 

degradation. Comparative proteomics represents a ‘snap-shot’ of the proteome at 

given point in time but does not address the dynamics of the proteome or the 

mechanism of change between the biological states (167, 210). It is not enough to 

compare steady state levels of proteins between changing phenotypes. Rather, protein 

turnover, the net result of protein synthesis (closely related to the transcriptome) and 

degradation (closely related to the metabolome) needs to be considered (181). When 

a protein is in a ‘steady-state’ that is, the absolute concentration is constant, it is still in 

a state of flux (200). There is simply a balance between the rates of protein synthesis 

and protein degradation. When the protein pool expands, the rate of synthesis is 

greater than that of degradation and vice versa when the protein pool contracts.  

 

There are many different factors that determine proteome dynamics. Protein synthesis 

is controlled through the transcription and translation pathways whilst degradation is 

regulated by a wide range of parameters such as post-translational modifications and 

protein localisation (174, 190). The change of protein abundance in response to a 

stimulus can allow insight into the mechanisms and processes associated with that 

stimulus. To fully integrate the proteome and understand how a cell or tissue transitions 

from one state to another, the dynamics of the system and specifically when and how 

new proteins are synthesised and existing proteins are degraded must be understood 

(180).  

 

As protein is newly synthesised, the relative amount of pre-existing protein decreases 
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and the amount of new protein increases. The pre-existing protein and newly 

synthesised protein have a combined ion intensity peak when analysed by mass 

spectrometry (Figure 4.2). The ratio of these peaks using the intensity data from the 

stable isotope labelled peptides can be used to determine the precursor RIA (Relative 

Isotope Abundance) as outlined by Doherty et al. (23). Once the precursor is known, 

this can then be used to de-convolute the peptide ion intensity from mono-leucine 

peptides to that which is contributed by pre-existing ‘old’ protein and that which is newly 

synthesised. 

 

The zebrafish heart is of particular interest as it has a substantial regenerative capacity, 

indeed full regeneration of cardiac tissue is possible after a loss of 20% of ventricular 

mass (252). Damaged tissue is replaced by synthesis of new heart tissue. Evidence 

also exists for a similar, albeit slower, process in human hearts (372). Understanding 

the molecular events of heart regeneration in the zebrafish may provide insight into an 

important physiological process for human health and disease. 

4.1.2 Aims 

The focus of this chapter was to establish and optimise a novel in vivo labelling 

technique to zebrafish to determine the rates of protein synthesis of the zebrafish heart 

proteome. The specific aims were to: 

1. Calculate the rates of synthesis of zebrafish heart proteins using a 30% 2H7-leucine 

and a 50% [2H7] L-leucine diet.  

 

2. Compare the data between the two labelling strategies. 

 

3. Explore the relationship between different heart protein synthesis rates during 

normal growth in terms of protein function, location and process. 
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4.2 Methods 

4.2.1 Fish Husbandry 

A total of 60 zebrafish were housed and maintained as described in section 2.4.2 with 

5 fish sampled and analysed per experimental group per time-point. The mean weight 

of the zebrafish in the 30% diet experimental group was 0.77 ± 0.05 g at the beginning 

of the trial and 0.71 ± 0.05 g at the end of the trial. The mean weight of the zebrafish 

in the 50% diet experimental group was 0.70 ± 0.03 g at the beginning of the trial and 

0.67 ± 0.04 g at the end of the trial. 

4.2.2 Diets 

30% and 50% [2H7] L-leucine labelled diet were given to the fish twice daily over a 

period of 8 weeks for the 30% diet cohort and 6 weeks for the 50% diet cohort as 

described in section 2.3.2. 

4.2.3 1-D SDS-PAGE and Gel Analysis 

1-D SDS-PAGE was conducted as described previously in section 2.6 and protein 

samples were digested as outlined in section 2.6.2. 

4.2.4 Mass Spectrometry 

Peptides were analysed by LC-MS/MS on a Thermo LTQ-Orbitrap XL system coupled 

to a Waters nanoAcquity UPLC platform as described in section 2.10. 

4.2.5 Data Analysis 

Peptide spectral matching and protein identification was performed using MaxQuant 

and the UniProt database as stated in section 2.11.1. Statistical analysis was 

performed by using the GraphPad Prism version 6.0 (San Diego, CA, USA) to perform 

Mann-Whitney tests and mono exponential curve fitting. Data processing used 

Microsoft Excel 2010 as described in section 2.11. Individual peptide data was taken 

from MaxQuant and imported into Microsoft Excel. 
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4.2.6 Gene Ontology 

Functional categories of proteins from the gene ontology consortium zebrafish 

database (http://geneontology.org/) and were assigned using the PANTHER 

(http://pantherdb.org/) gene list analysis research tool. 

4.3 Results 

The zebrafish were maintained for eight weeks on the experimental diet. Throughout 

the experiment all of the fish consumed the diet and remained active and alert. There 

was no mortality in the fish used for the experiments. There was no evidence of 

abnormality, such as physical or behavioural changes, in the fish. For the fish fed the 

50% labelled diet, there was no significant different in the Hepatosomatic index, 

Splenohepatic Index or Intestinal Somatic index. Hepatosomatic index is the ratio of 

liver weight to body weight (373), the Splenohepatic Index is the ratio of spleen weight 

to liver weight and the intestinal somatic index is the ratio of the intestines to body 

weight (374). The indexes found no abnormalities in these organs. These measures 

were performed by the laboratory of Dr. Iain Young at the University of Liverpool. 

4.3.1 Determination of the Relative Isotope Abundance 

Using the peak intensities of the light amino acids (L) and heavy amino acids (H) of a 

tri-leucine peptide, that is a peptide with three labelled leucine residues, four different 

peptide variants can occur: L3, L2H, LH2, and H3 (Figure 4.1). These different variants 

have an abundance pattern of 1:3:3:1 respectively. L2H and LH2 have three times the 

abundance ratio due to the three combinations that can occur (L-L-H, L-H-L, H-L-L and 

H-H-L, H-L-H, L-H-H). Defining the precursor RIA as r, then (1 – r) can be used to 

define unlabelled precursor relative abundance. I defines the intensity of the LH2 and 

L2H peaks (equation 4.1).  
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Figure 4.1 The Different Stable Isotope Incorporation Patterns in Product Peptides Using MIDA. Four different combinations of a peptide 
with three leucine residues can be generated. Either the peptide has no labelled residues, three labelled residues or one or two labelled residues. 
These patterns can then be analysed by mass spectrometry. 
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This can then be used to calculate the RIA from the intensities observed (equation 4.2). 
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However, when using intensities from peptides with two leucine residues a different 

equation must be used (equation 4.3). 
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The overall RIA was determined by fitting a mono-exponential to calculated results 

from 10 different proteins for each time point (Figure 4.2). For the 30% diet data a RIA 

of 0.31± 0.01 was calculated. This represents the highest incorporation possible with 

the ratio of label in the diet. The data from the 50% diet had a calculated RIA of 0.46 ± 

0.01. This shows that the labelled amino acids used in the diet had a high level of 

bioavailability for protein synthesis by the zebrafish.  

4.3.2 Calculation of the Newly Synthesised Protein Fraction 

Following calculation of the RIA for each dietary condition the fraction of newly 

synthesised protein can be determined (FN). The proportion of light protein is 

composed of both newly synthesised protein and pre-existing protein. In contrast, the 

intensity of the heavy peak can only be from newly synthesised protein. Using the 

calculated RIA the heavy peak intensity can be used to de-convolute the amounts of 

old and new protein in the light peak. TN is defined as the total amount of newly 

synthesised protein and is comprised of both the heavy peak and the light peak 

(equation 4.4) which is composed of both the new protein and the old protein (IL,NEW).  

                                 Equation 4.4 

HI  can then be calculated using the calculated RIA value (equation 4.5) allowing the 

rearrangement for  (equations 4.6 and 4.7). 

NH TrI   .                                              Equation 4.5 

NEWLHN IIT ,

NEWLI ,
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Figure 4.2 Determination of the RIA Within the Zebrafish Heart. The relative abundance of the dietary-supplemented amino acid [2H7]-leucine 
in the precursor pool for protein synthesis was determined experimentally. Data was obtained from both di- and tri-leucine containing peptides 
from multiple proteins across the time-course of the experiment.  The relative isotope abundance of labelled leucine in heart was determined to 
be 0.31 ± 0.01 using the 30% diet and 0.46 ± 0.01 for the 50% diet. The error bars reflect the standard error from the mean.
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The fraction of newly synthesised protein (FN) can then be calculated since the fraction 

is HI added to NEWLI , divided by the sum of the light and heavy peak intensities 

(equation 4.8). This equation can be simplified firstly through the substitution of 

with the previous equation (equation 4.9) and then simplified again (equation 4.10). 

)(

   ,

HL

HNEWL

N
II

II
F




                                        Equation 4.8 

 

)(

   
)1 . (

HL

H
H

N
II

I
r

rI

F





                                  Equation 4.9 

 

rII

I
F

HL

H

N
) .  ( 

                                  Equation 4.10 

 

FN was plotted at each time point over the course of the experimental period. Data was 

fitted to a single exponential growth curve for each unique protein. The rate of the label 

incorporation was then calculated and used to derive the rate of protein synthesis 

(Figure 4.4).  

NEWLI ,
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Figure 4.3 Incorporation of [2H7]-L-leucine Into Peptides. Spectral data for a doubly charged beta-actin derived peptide 
(SYELPDGQVITIGNER) is shown for both the 30% and 50% labelled diets.  
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4.3.3 Determining Synthesis Rates of Heart Proteins 

In the group fed the 30% labelled diet a total of 501 unique proteins were identified in 

at least two time points with at least two peptides used for each identification. In the 

group fed the 50% diet over 400 proteins were identified. It was possible to determine 

rates of synthesis ranging over four orders of magnitude. Full details of protein 

identifications and rates of protein synthesis can be found in Supplemental Table S4.1. 

In total, rates of protein synthesis were determined for 661 proteins from both the 30% 

and 50% labelling protocols. Pyruvate kinase and 4-alpha-glucanotransferase are two 

exemplar proteins that showed high agreement between data sets and were observed 

in all time points in both dietary strategies. These two proteins are shown plotted 

together in Figure 4.4. The rate constants ranged from 7.6 x 10-4 week-1 for gelsolin, 

an actin binding protein, to 0.63 week-1 for Upb1 protein 1a, which has sequence 

homology to beta-ureidopropionase. This protein is a hydrolase, catalysing the 

conversion of N-carbamoyl-beta-alanine to beta-alanine. There was an overlap of 207 

proteins for which synthesis rates were calculated between the two dietary 

interventions. The agreement between the rates was good, with a correlation of 0.77 ± 

0.1, p<0.0001. This indicates that the level of labelled amino acid present in the diet 

has no significant effect of the synthesis rates of the proteins. Indeed, the limiting factor 

may be the limit of detection and quantification of the labelled pairs in the mass 

spectrum. The fastest and slowest rates of protein synthesis across both the 30% and 

50% diet datasets were extracted for further analysis (Tables 4.1 and 4.2). 

4.3.4 Gene Ontology Analysis 

The GO of the identified proteins was used to, analyse the relationship between the 

rates of synthesis and factors such as biological function and cellular location (Figure 

4.5). Full details of the GO analysis can be found in Supplemental Table S4.2. Of the 

reported biological processes, the largest group of proteins was involved in metabolic 
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Figure 4.4 The Amount of Newly Synthesised Protein was Measured at Each Time-Point for Individual Proteins. The rate of synthesis 
for each protein was determined by fitting the data to a single exponential growth curve. Plots are shown for two proteins, pyruvate kinase and 
4-alpha-glucanotransferase. Data from 30% labelled fish are denoted by     , with 50% labelled proteins denoted by     . 
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Figure 4.5 Gene Ontology Analysis of All Identified Proteins. GO analysis was 
performed on all of the identified proteins using the PANTHER software. Proteins were 
grouped according to biological function (A), molecular function (B) and cellular 
component (C). The 30% diet results are represented by blue bars and the 50% diet 
results by red.  

A. 
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or redox processes, encompassing 25.5% of the identified proteins. The next largest 

was proteolysis which made up 6.6%. Enrichment analysis was performed on the 

biological process data, showing a total of 73 clusters with 63 being enriched (p<0.05) 

compared to the complete Danio rerio database. The largest amount of enrichment 

was observed in the tricarboxylic acid (TCA) cycle, oxygen transport and dicarboxylic 

acid metabolic processes.  

 

Gene ontology of metabolic function was also analysed with 15.1% of the identified 

proteins were involved in oxidoreductase activity. Other large groups include actin 

binding at 5.5% and various enzyme activity functions (with peptidase, transferase, 

kinase and isomerase comprising between 3.6% and 4.42%). Enrichment analysis 

showed 25 clusters out of 50 being enriched (p<0.05) with oxygen binding and oxygen 

transporter activity being enriched. Cellular location analysis showed 16.1% of the 

identified proteins being located in the cytoplasm, 10.8% in the mitochondria, 8.1% in 

extracellular space and 8.1% in membranes. The analysis also showed a number of 

complexes that had component proteins identified by the study. The largest of these 

complexes were the proteasome complex (4.84%), the proton-transporting ATP 

synthase complexes (4.3%) and the myosin complex (3.23%). In total twelve different 

pathways were identified as enriched in the heart proteome when compared to the 

organism-wide proteome, with four pathways showing at least a 5 fold enrichment: the 

TCA cycle (8.7 fold), oxidative phosphorylation (6.6 fold), glycolysis (5.9 fold) and heart 

contraction (5.3 fold).  

 

The gene ontology data was analysed in combination with the rates of the synthesis of 

the proteins. This was done to examine any biases or unexpected rates of synthesis 

compared to the organism as a whole and in comparison to the complete heart 

proteome. The biological processes as a whole had little difference between rapidly 
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synthesising proteins (Table 4.1) and slowly synthesising proteins (Table 4.2) with 

transport, anatomical structure development and catabolic processes being apparent 

across the spectrum of synthesis rates. Some biological processes were found 

exclusively in the rapidly synthesising group. These biological process groups were 

protein modification, cofactor metabolism, protein complex assembly and protein 

maturation. Biological process groups that were found exclusively in the slowly 

synthesising group were signal transduction, translation and cell adhesion. Molecular 

functions of the rapidly and slowly synthesising groups were also similar in their general 

composition with a few exceptions. Enzyme regulator activity was the only function 

exclusively found in the rapidly synthesising group. In the slowly synthesising group 

DNA binding, ATPase, isomerase, ligase and transferase activities were found 

exclusively.  The cellular location analysis showed a difference between the 

extracellular and intracellular proteins, with intracellular having more slowly 

synthesising proteins and extracellular proteins having rapidly synthesising proteins 

with no slowly synthesising proteins.  

 

Enrichment analysis showed that the proteins with the lowest synthesis rates were 

enriched for antioxidant, isomerase, lyase and peroxidase activity whereas the highest 

synthetic rates were associated with hydrolase, motor and structural molecule activity. 

Catalytic and oxidoreductase activity was found to be enriched in both cohorts of 

proteins. There were major differences between the protein cohorts including 

anatomical structure morphogenesis, cytokinesis and homeostatic processes, which 

were represented in the rapidly synthesised proteins exclusively and fatty acid 

metabolic processes, glycolysis and respiratory electron transport chain, which were 

found to correlate only with the slower rates of synthesis. The substantive difference 

in protein location was primarily between intracellular (enriched for proteins with a 

higher rate of synthesis, 2.13-fold, p = 2.5 x 10-2) and specifically mitochondrion 
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(enriched for proteins with a lower rate of synthesis, >5-fold, p = 1.4 x 10-4). No 

pathways were found to be significantly enriched for the rapidly synthesised protein 

cohort. However, in the proteins with lower rates of synthesis glycolysis and blood 

coagulation were both found to be enriched along with the methylmalonyl pathway.  
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Table 4.1 The 100 Most Rapid Rates of Protein Synthesis in Zebrafish Heart Tissue  

Accession No. Protein Identification 
 
 

ksyn 

(week-1) 
Std. Error 
of the Curve Fit 

B0V1I3 Upb1 Protein 0.6308 0.0235 

F1RE78 Fibrillin 2b 0.5937 0.0673 

E7F385 Dynein, Axonemal, Heavy Chain 1 0.4894 0.1355 

G1K2I4 Chaperone Activity Of Bc1 Complex-Like, Mitochondrial 0.4361 0.0161 

A2BHA3 Creatine Kinase, Muscle A 0.3673 0.1022 

F1QKQ0 Isocitrate Dehydrogenase 3 (NAD+ Alpha) 0.3402 0.0603 

F1QXE4 C-Reactive Protein, Pentraxin-Related 0.3178 0.0029 

F1R8R8 Fumarylacetoacetate Hydrolase 0.3034 0.0384 

F1QK60 Krt4 Protein 0.2891 0.0290 

F1QZQ0 Titin A 0.2778 0.0282 

Q45QT2 Beta Thymosin-Like Protein 0.2771 0.0056 

Q7T387 Abhydrolase Domain Containing 14B 0.2327 0.0000 

F1R6I7 Myosin Binding Protein C, Fast Type B 0.2304 0.0198 
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E7F1I8 Catalase  0.1998 0.0319 

F1QB42 Nothepsin 0.1947 0.0151 

Q642H6 Carnitine O-Acetyltransferase A 0.1897 0.0164 

Q8JH71  Aldolase B, Fructose-Bisphosphate 0.1856 0.0288 

Q7SX99 Fumarate Hydratase, Mitochondrial 0.1608 0.0203 

F1QAG1 Esd Protein 0.1603 0.0058 

A0JMP4 Atpase, Ca++ Transporting, Cardiac Muscle, Fast Twitch 1 Like 0.1556 0.0070 

F1QAQ4 Protein With 78.7% Similarity To Myosin Heavy Chain, Fast Skeletal Muscle (Larimichthys 

crocea) 

0.1486 0.0306 

E7FF74 Protein Similar To Septin-4 (Chelonia mydas) 0.147 0.0096 

F1QIR4 Slow Myosin Heavy Chain 1 0.1447 0.0069 

F1Q5F2 Troponin T Type 3b (Skeletal, Fast) 0.1444 0.0270 

E7F798 Chloride Channel 6 0.1434 0.0039 

O42364 Apolipoprotein Eb (Apo-Eb) 0.1392 0.0046 

E9QCG6 Collagen, Type I, Alpha 2 0.1369 0.0015 

D4P8I2 Core Histone Macro-H2A 0.1264 0.0104 
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Q4L216 Type IV Antifreeze Protein (Precursor 0.1248 0.0153 

B8A4B0 Glutamate Dehydrogenase 1a 0.1215 0.0032 

C1IHU9 Intelectin 3  0.1197 0.0201 

F8W5T8 Warm-Temperature-Acclimation-Associated 65-Kda Protein (Misgurnus mizolepis) 0.1188 0.0086 

Q8AWD9 Ctsd Protein  0.1177 0.0031 

Q66I21 Aldehyde Dehydrogenase Family 8 Member A1  0.1166 0.0073 

E9QB99 Complement Component 6 0.1161 0.0148 

Q6NX09 Hexokinase 1  0.1156 0.0085 

E9QG44 70% Similarity To H1 Histone (Carassius auratus) 0.1152 0.0093 

F1RBV5 Myosin, Heavy Chain, Cardiac Muscle 0.1127 0.0126 

Q7ZVG7 Fgg Protein 0.1074 0.0145 

Q9I8U7 Fast Skeletal Muscle Myosin Light Polypeptide 3 (Mylz3 Protein)  0.1063 0.0050 

Q7ZUI4 Thioredoxin (Astyanax mexicanus) 0.1052 0.0102 

Q6DG81 Plastin 3 (T Isoform) 0.1016 0.0054 

E7EZ94 Glutathione S-Transferase Theta 1a 0.1001 0.0109 
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Q7ZW20 Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein, Epsilon 

Polypeptide 1 

0.0982 0.0064 

Q6PGX4 Heat Shock Cognate 71 Kda Protein 0.0976 0.0188 

Q8AX99 Actn3b (Alpha-Actinin)  0.0967 0.0092 

B0S7W5 Aldehyde Dehydrogenase Family 0.0952 0.0049 

F1REP9 Spectrin, Beta, Erythrocytic 0.0948 0.0015 

A5WWI5 Alpha-2-HS-Glycoprotein 2 0.0943 0.0067 

E9QEQ6 Major Vault Protein 0.0943 0.0042 

E7F0R4 Deoxyribonuclease (Oncorhynchus mykiss) 0.0919 0.0051 

Q6P696 Lactoylglutathione Lyase 0.0916 0.0149 

Q9I8L5 Fatty Acid-Binding Protein 10-A, Liver Basic  0.0915 0.0151 

Q6P0S5 Alcohol Dehydrogenase 8a 0.0907 0.0054 

Q7ZW95 Ribosomal Protein L4 0.0900 0.0024 

Q90Y03 Aldehyde Dehydrogenase 1A2  0.0893 0.0015 

Q64HD0 Sex Hormone Binding Globulin 0.0878 0.0046 

E7F2T8 10-Formyltetrahydrofolate Dehydrogenase  0.0864 0.0032 
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F1QGQ6 Acyl-Coenzyme A Dehydrogenase, C-2 To C-3 Short Chain 0.0863 0.0015 

Q6NYE1 Fibrinogen, B Beta Polypeptide 0.0858 0.0005 

E7F7M1 Uncharacterised Protein 0.0849 0.0174 

A3KPR3 Histone H1 0.0849 0.0110 

B8A561 Myosin, Heavy Polypeptide 1.2, Skeletal Muscle 0.0845 0.0076 

F1Q5Z5 Si:Ch211-239f4.1 0.0845 0.0112 

E7F0L3 Cabz01028287.1 0.0843 0.0071 

F1QU55 Betaine--Homocysteine S-Methyltransferase 1 0.0842 0.0050 

F1REH8 Annexin 0.0839 0.0093 

F1Q4X5 Complement Component 4 0.0837 0.0185 

E7EZ90 Hydroxysteroid Dehydrogenase-Like Protein 2 0.0833 0.0149 

Q803T5 AHCY Protein (S-Adenosylhomocysteine Hydrolase) 0.0831 0.0086 

Q9DDU5 Glutathione S-Transferase Pi (Gstp1 Protein) (Pi-Class Glutathione S-Transferase)  0.0810 0.0182 

F1QMP5 Apolipoprotein Bb, Tandem Duplicate 2 0.0804 0.0042 

F1Q884 Glycine N-Methyltransferase 0.0795 0.0131 

Q6TGV6 Proteasome Subunit, Alpha Type, 5 0.0790 0.0105 



145 
 

F1QUQ0 Isoleucyl-Trna Synthetase 2 0.0790 0.0047 

A5WWI6 Profilin 2 Like 0.0783 0.0046 

F1QUM3 Methylcrotonoyl-Coa Carboxylase 1 (Alpha 0.0782 0.0021 

O73666 40S Ribosomal Protein S11 0.0770 0.0229 

Q5SPA3 Acetyl-Coa Acetyltransferase 2 0.0767 0.0029 

E7F463 Complement Component Bfb 0.0766 0.0087 

F1QM53 Iron-Sulfur Cluster Assembly Enzyme B 0.0754 0.0060 

F1R319 Solute Carrier Family 25 (Mitochondrial Carrier; Oxoglutarate Carrier, Member 11) 0.0734 0.0132 

Q6IQI6 60S Ribosomal Protein L11  0.0733 0.0022 

Q5RJ97 Lamin B Receptor 0.0728 0.0047 

F1QU85 Si:Ch211-14a17.10 0.0728 0.0015 

E9QFD8 Vitellogenin 4 0.0725 0.0016 

Q5RG12 3-Hydroxyisobutyryl-Coa Hydrolase, Mitochondrial 0.0723 0.0040 

Q66I11 5'-Nucleotidase, Cytosolic II, Like 1 0.0718 0.0101 

Q6NWC3 Ribosomal Protein S2 0.0713 0.0013 

E9QG45 Tumor Protein D52-Like 2b 0.0708 0.0061 
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F1RAG3 Nidogen 1a 0.0704 0.0063 

F1RBH3 Coiled-Coil-Helix-Coiled-Coil-Helix Domain Containing 6b 0.0700 0.0053 

F1QQ87 Apolipoprotein Bb, Tandem Duplicate 1 0.0697 0.0074 

F1QGI3 Ribosomal Protein L23a 0.0695 0.0033 

A3KPH5 Pentraxin-Related C-Reactive Protein 0.0694 0.0141 

F1R8J6 Palmitoyl-Protein Thioesterase 1 (Ceroid-Lipofuscinosis, Neuronal 1, Infantile) 0.0690 0.0148 

F1QCY4 Chitinase, Acidic.6 0.0688 0.0024 

O13136 Alpha-Globin (Hemoglobin Alpha) 0.0686 0.0076 

A7MCL7 MGC174082 Protein 0.0683 0.0050 

F1QSU4 PDZ And LIM Domain 5b 0.0675 0.0067 

 



147 
 

Table 4.2 The 100 Slowest Rates of Protein Synthesis 

Accession No. Protein identification 
 
 

ksyn 

(week-1) 
Std. Error 

of the Curve 
Fit 

F8W5N1 Gelsolin a 0.0008 0.0000 

B0R0N8 Si:ch211-133n4.9 0.0009 0.0001 

B8JLS3 Fibrinogen, B beta polypeptide 0.0017 0.0001 

Q1LWX6 Fabg 0.0023 0.0004 

F1REJ3 Myosin light chain alkali, 0.0035 0.0006 

Q6PEH5 Ubiquitin-conjugating enzyme E2 variant 2 0.0040 0.0007 

Q6PI20 Histone H3.3 0.0042 0.0003 

E7FB97 Dynactin 2 (p50 0.0042 0.0014 

F1QRM4 Centrosomal protein 290 0.0046 0.0005 

E9QH64 NME/NM23 nucleoside diphosphate kinase 3 0.0048 0.0004 

F1QC52 Piccolo presynaptic cytomatrix protein a 0.0050 0.0006 

Q7ZV49 Hprt1 protein 0.0051 0.0002 

F1QR67 Envoplakin b 0.0053 0.0006 
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A2BIC6 Leucine aminopeptidase 3 0.0054 0.0003 

Q9YIA6 Complement C3-Q1 0.0054 0.0000 

Q6DHI9 Proteasome subunit, beta type, 2 0.0061 0.0011 

Q568F6 Cytochrome c-1 0.0065 0.0003 

F1Q8D1 LIM domain binding 3a 0.0070 0.0001 

Q7ZV22 S-methyl-5'-thioadenosine phosphorylase  0.0074 0.0002 

Q6NV37 Glycogenin 1 0.0078 0.0013 

Q6DHD5 Aldo-keto reductase family 7, member A3 0.0079 0.0023 

F1R6L3 Cold inducible RNA binding protein b 0.0080 0.0005 

F1QMJ9 Histone H2B 0.0081 0.0005 

Q4VBV1 Vertebrate ubiquinol-cytochrome c reductase binding protein 0.0082 0.0008 

F1Q8H6 Enoyl coa hydratase 1, peroxisomal 0.0082 0.0003 

Q6IQR3 Actin, alpha, cardiac muscle 1a 0.0086 0.0009 

E7F4S5 Protein NLRC3-like 0.0088 0.0002 

E7F9W7 Pyruvate dehydrogenase E1 component subunit alpha 0.0090 0.0025 

F1R6I1 Loc402880 0.0091 0.0010 
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Q5RIJ1 Si:ch211-242b18.1 0.0092 0.0006 

F1QI55 Zinc finger protein 804B 0.0092 0.0008 

E7EXF4 Histone H2B 0.0093 0.0005 

Q6NWC1 Voltage-dependent anion channel 1 0.0093 0.0006 

E9QJ46 Actin related protein 2/3 complex, subunit 4, like 0.0094 0.0006 

F1QMS7 Alcohol dehydrogenase, iron containing, 1 0.0097 0.0006 

E7F5U9 Pyruvate kinase, muscle, a 0.0097 0.0008 

F1R3F7 Complement component 1, q subcomponent binding protein 0.0098 0.0010 

E7FBW8 Hyaluronan and proteoglycan link protein 1b 0.0103 0.0011 

F1QQE5 Aminopeptidase-like 1 0.0104 0.0008 

F1R5R0 Cystathionase (cystathionine gamma-lyase, like) 0.0108 0.0010 

Q566R8 Heat shock protein, alpha-crystallin-related, b2 0.0108 0.0003 

E9QGE4 Succinate dehydrogenase iron-sulfur subunit 0.0110 0.0009 

Q6P0T0 NADH dehydrogenase 0.0111 0.0010 

F1R2T3 Vitellogenin B1 0.0111 0.0006 

Q6ZM17 Zebrafish hemoglobin alpha-adult 1 (Hbaa1) 0.0112 0.0007 
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Q5RHE5 Elongation factor Tu 0.0112 0.0014 

E7FF41 Alpha-2-HS-glycoprotein 1 0.0112 0.0016 

B0S5C5 Acetyl-coA acyltransferase 2 0.0113 0.0012 

Q5RFV1 Adenylosuccinate synthetase isozyme 2 0.0118 0.0001 

F1QTF0 3-hydroxymethyl-3-methylglutaryl-coa lyase 0.0118 0.0002 

P79735 Cold inducible RNA binding protein b 0.0122 0.0013 

B8A6A3 HIRA interacting protein 5  0.0122 0.0026 

F1QGP6 26-29kd-proteinase protein 0.0122 0.0018 

Q6GMK5 Small muscle protein, X-linked 0.0123 0.0000 

F8W3L6 Early endosome antigen 1 0.0123 0.0015 

Q6VN46 Myoglobin 0.0125 0.0020 

F1Q890 Plasminogen 0.0126 0.0004 

F1Q8N0 Dehydrogenase/reductase 0.0126 0.0004 

F1R007 Propionyl coa carboxylase, beta polypeptide 0.0127 0.0017 

E7FGF6 Myosin, heavy chain 14, non-muscle 0.0128 0.0005 

A2BGU9 Serine hydrolase-like protein 0.0130 0.0021 
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F1QJE0 Ubiquinol-cytochrome c reductase core protein iiA 0.0131 0.0016 

Q5PZ43 Xin actin-binding repeat-containing protein 1 0.0132 0.0022 

Q7SXI1 Cytochrome c oxidase subunit 7a polypeptide 2  0.0132 0.0005 

F1R6G3 Lumican 0.0134 0.0025 

Q6IQM2 Cytochrome c 0.0137 0.0012 

Q6DGJ6 Peroxiredoxin 1 0.0138 0.0024 

F1R7X5 Succinate-coa ligase, GDP-forming, beta subunit 0.0140 0.0008 

F1QH91 Heat shock protein family, member 7  0.0143 0.0003 

F1QEN3 Fumarylacetoacetate hydrolase domain containing 2A 0.0144 0.0014 

B0R0K9 Histone H1 (Salmo salar) 0.0145 0.0013 

G1K2N0 40S ribosomal protein S25 0.0147 0.0012 

F1R293 Adenylosuccinate lyase 0.0147 0.0011 

Q66I80 Fatty acid binding protein 11a 0.0149 0.0008 

F1QZF4 Sulfurtransferase 0.0150 0.0019 

E7F4R9 Isocitrate dehydrogenase 2 (NADP+) 0.0150 0.0006 

B0S642 3-hydroxyisobutyryl-Coenzyme A hydrolase 0.0154 0.0017 
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Q6DI22 Hydroxyacyl-Coenzyme A dehydrogenase 0.0154 0.0021 

E7F4I1 Hemoglobin subunit alpha 0.0155 0.0006 

B0S7W6 Novel protein similar to H.sapiens SPRYD4, SPRY domain containing 4 0.0156 0.0008 

F1QNS0 Enoyl-coa delta isomerase 2 0.0157 0.0036 

A8E7N8 Proteasome (prosome, macropain) subunit, beta type, 4 0.0158 0.0006 

F1Q9A0 Tubulin, alpha 1 0.0158 0.0000 

Q5XJ36 Protein DJ-1 0.0159 0.0010 

E9QGD6 Urate oxidase 0.0159 0.0008 

F1R9Y9 Electron-transfer-flavoprotein, beta polypeptide 0.0159 0.0013 

F1QQY9 89% similarity to Alpha-2 macroglobulin-like protein 0.0162 0.0009 

Q6IQI7 Heat shock 10 protein 1 0.0163 0.0016 

F1QCD4 Aspartate aminotransferase 0.0166 0.0020 

E9QEM7 Malic enzyme 3, NADP 0.0167 0.0005 

P02139 Hemoglobin subunit beta-A/B (Hemoglobin beta-A/B chain) (Hemoglobin subunit beta-1/2) 0.0167 0.0040 

F1R901 Complement component 8, alpha polypeptide 0.0168 0.0022 

A7YT47 Hadha protein 0.0168 0.0021 
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Q5RH26 ATP synthase gamma chain 0.0169 0.0019 

Q6P3J2 Rho GDP dissociation inhibitor (GDI alpha) 0.0170 0.0009 

Q0PWB8 PDZ and LIM domain 3b 0.0170 0.0023 

E7EZ89 Tyrosine kinase, non-receptor, 2b 0.0171 0.0013 

Q1LVG7 ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit 0.0172 0.0020 

Q5TZD2 Novel protein similar to Peroxiredoxin 6  0.0173 0.0011 

F1QJ99 Cytochrome C oxidase subunit Vab 0.0173 0.0023 
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4.3.5 Protein Complex Analysis 

Analysis of protein complexes looked into the rates of protein synthesis across the 

constituent identified proteins. Eleven proteins were identified as being part of the 

ribosome protein complex (Figure 4.6 and Table 4.3). The mean of the rates of protein 

synthesis was 0.0516 with a standard deviation of 0.0230. A further eleven proteins 

were identified as being part of the proteasomal complex (Figure 4.7 and Table 4.4). 

The rates of protein synthesis for the proteasomal complex proteins had a mean ksyn 

of 0.0356 week-1 and a standard deviation of 0.0197. Analysis of the global studies 

mentioned earlier by spearman correlation showed no significant correlations between 

the proteasome subunit proteins between the results and with the work in this chapter.  

This suggests that proteasomal proteins also do not have a uniform synthesis rate 

independent of species or tissue type. 
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Figure 4.6 Rates of Synthesis for Ribosome Complex Proteins. 11 Proteins that are members of the ribosome protein complex were identified 
in both time-points. These proteins showed range in the rates of protein synthesis with a mean rate constant, ksyn (week-1), of protein synthesis 
of 0.0516 and a standard deviation of 0.0230. 
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Table 4.3 Ribosome Complex Proteins  

Accession ID Protein Identification ksyn  

(week-1) 

Standard Error of the Curve Fit 

Q6PBW3 40S Ribosomal Protein S14 0.0410 0.0125 

Q8JGS9 40s Ribosomal Protein S18 0.0235 0.0003 

Q6NWC3 40S Ribosomal Protein S2 0.0713 0.0013 

Q6TLG8 40s Ribosomal Protein S3 0.0643 0.0046 

Q6IQI6 60s Ribosomal Protein L11-Related 0.0733 0.0022 

Q6DGL0 60s Ribosomal Protein L18 0.0233 0.0033 

F1QG80 60s Ribosomal Protein L22 0.0427 0.0010 

F1QGI3 60S Ribosomal Protein L23a 0.0695 0.0033 

Q5BJJ2 60s Ribosomal Protein L3 0.0406 0.0019 

Q7ZW95 60s Ribosomal Protein L4 0.0900 0.0024 

Q6Q417 60s Ribosomal Protein L7 0.0279 0.0007 
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Figure 4.7 Rates of Synthesis for Proteasome Complex Proteins. 11 Proteins that are members of the proteasome protein complex were 
identified in both time-points. These proteins showed a range of rates of protein synthesis between each other. With a mean synthesis rate 
constant, ksyn (week-1), of 0.0356 and a standard deviation of 0.0197 
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Table 4.4 Proteasome Complex Proteins  

Accession ID Protein Identification ksyn  

(week-1) 

Standard Error of the Curve 

Fit 

Q6DGX8 Proteasome Subunit Alpha 1 0.0215 0.0012 

Q4VBR8 Proteasome Subunit Alpha 2 0.0445 0.0037 

Q4V918 Proteasome Subunit Alpha 3 0.0292 0.0039 

Q6TGV6 Proteasome Subunit Alpha 5 0.0790 0.0105 

Q6DGY8 Proteasome Subunit Alpha 6b 0.0256 0.0040 

Q6P0I2 Proteasome Subunit Alpha 8 0.0355 0.0046 

Q6DRF3 Proteasome Subunit Beta 1 0.0478 0.0006 

Q6DHI9 Proteasome Subunit Beta 2 0.0061 0.0011 

Q7ZUJ8 Proteasome Subunit Beta 3 0.0479 0.0053 

A8E7N8 Proteasome Subunit Beta 4 0.0158 0.0006 

F1RCM3 Proteasome Subunit Beta 6 0.0390 0.0048 
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4.4 Discussion 

The ability to determine protein turnover rates on a proteome-wide scale is an 

important step in the integration of proteomics data into a wider understanding of 

cellular response and adaptation (375). There have been a number of approaches 

developed in uni-cellular and multi-cellular organisms that, in general, use the 

incorporation of a stable-isotope labelled amino acid (or alternative precursor) into 

proteins as a surrogate for protein synthesis (375). Protein synthesis has long been 

explored as a tool for understanding the role proteins play in a wide range of 

physiological areas (28, 376).  Investigation of synthesis or degradation rates has 

advantages over using classical comparative proteomic studies that use “snap-shots” 

from each experimental condition. The snap-shot approach does not show the 

mechanism of expression change of a given protein missing one of the key pieces of 

information in understanding the differences behind two states.  

 

In this chapter strategies have been successfully applied to the zebrafish, a highly 

important model organism for the study of biological process and health. While the 

zebrafish is highly studied with a sequenced and well-annotated genome, it is only 

recently that researchers have begun exploring its biology through proteomic analyses. 

Proteomic approaches have been directed towards the zebrafish heart in order to help 

understand the underlying causes of many cardiovascular diseases and conditions and 

are therefore a valuable asset in cardiovascular research with respect to human 

disease (249, 377, 378). The zebrafish heart is small enough to allow for complete 

lysis and proteomic analysis within a single workflow.   

 

Previous attempts to explore the protein dynamics of the zebrafish have been 

conducted. Westman-Brinkmalm et al. were able to study 700 proteins in the brain and 

fin with a detectable ratio of 13C6-lysine label. The diets used in this study were the 
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commercially available SILAC mouse diet. As this diet was not developed for zebrafish 

and had a dietary composition that is different from laboratory feeds that aim to support 

the optimal development and growth of the zebrafish. A result of using this diet was 

observed changes in the fertility of the affected fish with female zebrafish being unable 

to lay eggs  (379–382). A different labelled mouse diet, this time mixed with labelled 

murine tissue, was used by Konzer et al. to study embryonic heart development (383). 

A limitation of this study was impaired development of the fish causing reduced growth, 

reduced number of fertile eggs after 6 weeks and a 50% mortality rate. A modified, 

30% version of this diet was later used by the same group in order to study fin 

regeneration with fewer development and health issues (51).  

 

Previous study into the rates of change of the ribosome complex in HeLa cells showed 

a wide range of two orders of magnitude in the degradation rates in 40S and 60S 

subunit proteins, ranging from kdeg = 0.0009 h-1 to 0.3059 h-1 (167). A study by Boisvert 

et al. (165) into the turnover rates of proteins of HeLa cells found that 40S and 60S 

ribosomal proteins showed a mean rate of turnover (hours until 50% of proteins had 

turned over) of 18.48 hours with a standard deviation of 8.83. Many of these ribosomal 

proteins identified were among the most rapid rates of protein synthesis which was 

also evident in the results in this chapter (165). A study by Christiano et al. analysed 

protein turnover rates in S. cerevisiae and S. pombe finding that the rates vary across 

the subunits (384). Analysis of protein turnover rates in mouse fibroblasts by 

Schwanhäusser et al. (176) also found a variance across the subunits. These studies 

along with the work in this chapter show that the synthesis rates of proteins within the 

ribosome 40S and 60S subunits are not uniform. While the previous studies were not 

conducted in zebrafish cardiac muscle, analysis of these studies and the work in this 

chapter by spearman correlation show no significant correlations between the 

datasets. Since these studies were conducted in different species or conditions, this 
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may indicate that the rate of protein synthesis of individual proteins of a protein 

complex is dependent on a range of factors and is not a universal rate across species 

and tissues. Indeed, the degradation rate of proteins within the ribosome has been 

observed as different depending on the cellular location (165, 218). 

 

The diets used in this chapter were designed to mimic to the standard laboratory diet 

of the zebrafish in order to maintain the health of the fish for the duration of the 

experiment. The diet was originally derived from a feed that has a composition optimal 

for cyprinids. The fish were fecund and displayed normal physiology and growth 

profiles. A 100% labelled diet has been observed by members of the aquarium as 

being unpalatable when used with fish (385, 386). In this study the zebrafish were 

observed consuming all of the food provided. The diet was therefore determined to be 

palatable to zebrafish while allowing the enrichment of a stable isotope label of up to 

50%. The incorporation rates that were observed show that this label is bio-available 

for protein synthesis by the zebrafish. The amount of labelled amino acid is a 

considerable cost element in labelling based experiments. The results from this study 

show that it is possible to calculate synthesis rates of hundreds of proteins 

simultaneously using [2H7] L-leucine supplementation of only 30%. These data are 

supported by a high correlation of the rates of protein synthesis derived from the 30% 

and 50% diets. This is a departure from the current emphasis on incorporating the 

maximum amount of label into an organism and minimises any cost associated with 

the formulation of the diet. This shows a cost effectiveness of using a lower level of 

label in a diet.  

 

Leucine was chosen for the work in this chapter as it is an essential amino acid for the 

zebrafish that encompasses a large proportion of the sequenced and annotated 
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proteome. It is the most expressed amino acid in the proteome at roughly 9.4% (Uniprot 

zebrafish reference proteome accessed 30/5/2015).  

 

The work in this chapter demonstrates that it is possible to determine the absolute 

rates of protein synthesis in zebrafish heart tissue using stable isotope labelling in 

conjunction with high resolution mass spectrometry. The resultant data has further 

proven the feasibility of the diet based labelling method for studying protein synthesis 

rates in living organisms with minimal interference to the condition of the zebrafish and 

their environment prior to sacrifice. In order to challenge the sensitivity of this approach, 

a diet was designed where only 30% of the chosen label, [2H7]-leucine, was replaced 

in the diet. This was then compared with a diet where 50% of the label had been 

replaced. Despite this low level of label, it was possible to accurately determine the 

precursor pool amino acid availability and show that the supplemented leucine is 

rapidly available for protein synthesis and that there is little loss of label in the aquatic 

environment.  

 

This methodology can, in theory, be applied to any organ in the zebrafish not only the 

heart. The data that were collected can also be used for any number of studies 

investigating the changes in synthesis rates of zebrafish heart proteins either 

individually or on a proteome scale. Given the usefulness of the zebrafish as a model 

organism with its applicability to numerous biological process and human diseases and 

the growing use of large scale proteomic based study the data created by this work is 

valuable asset.  

 

Comparisons were conducted between the data from two labelling efficiencies 

confirming the reproducibility and reliability of the method and the advantages and 

disadvantages of using either diet were clarified. The 50% strategy has an advantage 
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over the 30% in that it will produce a greater signal to noise ratio which improves mass 

spectrometry analysis. The difference in spectra produced between the two diets can 

be seen in Figure 4.3. While the cost of using stable isotope label can be a limiting 

factor in many experiments, the cost when using dietary amounts for zebrafish is not 

as strong a factor as the benefit of a potential greater protein range. The 50% diet was 

therefore chosen as the most appropriate for further work and this experimental 

strategy using the 50% diet has been applied to the investigation of the effects of 

chronic unpredictable stress in terms of changes in the rates of turnover in zebrafish 

hearts. 
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Chapter 5 – The Effect of Chronic 

Unpredictable Stress on Protein 

Synthesis in the Zebrafish Heart 
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5.1 Introduction 

The exposure of an organism to chronic stress is a risk factor for the development of a 

vast array of physiological and psychological conditions (387, 388). Chronic 

unpredictable stress (CUS) is an important experimental framework used in stress 

research that aims to model the conditions experienced during chronic stress in an 

organism. Multiple methods of stress are used in CUS in order to ensure that the 

subjects do not adapt to the stressor (389, 390). 

 

The zebrafish is an established model for stress research (391). There is a strong 

similarity between zebrafish and terrestrial vertebrates with correlations between 

zebrafish and the clinical presentations of many human conditions such as depression, 

anxiety and in terms of the organisation and function of the stress response (296, 300, 

301, 392). Stress behavioural studies in zebrafish have become more developed in 

recent years with a wide range of stressors and conditions tested with regard to 

zebrafish behaviour (393, 394). Work by Barton and Iwama (259) determined both 

adaptive and maladaptive responses to stress (Figure 5.1) and derived via meta-

analysis a set of characteristics involved in fish in response to stress separated into 

primary, secondary and tertiary features. Zebrafish as a model for CUS has been 

established as an alternative to the rodent model (302, 303, 395) however the various 

effects of CUS have yet to be fully explored. Zebrafish are widely used as a cardiac 

model and there are clear links between cardiac physiology and stress (396). 

 

CUS in zebrafish can be replicated through a number of laboratory techniques. 

Exposure of fish to the air (air emersion) has been used in many studies as a method 

to cause stress to fish (261, 298, 397, 398). Chasing fish with a net is also an 

established technique for inducing a stress response in fish (394, 399, 400).  
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Figure 5.1 The Adaptive and Maladaptive Responses to Stress. The biological 
responses to stress can be separated into adaptive and maladaptive. Fish have the 
ability to respond to stress in order to maintain the homeostasis. When forced beyond 
the limits of tolerance by prolonged or excessive stress this adaption becomes 
maladaptive and therefore detrimental to the health of the fish. Figure adapted from 
Barton et al. (259).  
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Confinement of fish in a net has been used by a number of studies as a method to 

investigate handling stress and can be used to cause the acute stress response in 

zebrafish (401, 402). Similarly, other methods and techniques have been used, such 

as changing temperature, sudden overcrowding, introduction of a predator or the 

creation of a rapid flow rate into the tank (403, 404). 

 

Proteomics has so far been underutilised to understand the deeper biological 

mechanisms behind the CUS response. Proteomics has been used to refine the use 

of the zebrafish for the modelling of CUS in brain tissue (390). A recent study by 

Magdeldin et al. (279) utilised proteomic techniques and behaviour analysis to study 

shock induced stress in the entire zebrafish, identifying eight proteins that were 

differentially expressed as a result of shock induced stress. Hypoxia is an important 

area of physiological and clinical research with many associated human conditions. 

Zebrafish has potential for use in proteomic analysis of hypoxia. Two previous studies 

utilising 2-D DIGE provided insights into understanding the protein changes in the 

hypoxic response in the zebrafish embryo and skeletal muscle tissue (405, 406).  

5.1.1 Aims 

In this chapter the effect of CUS on the rates of synthesis in the zebrafish heart was 

investigated. The specific aims were to: 

 

1. Develop an experimental design for researching CUS in zebrafish. 

 

2. Measure the rates of synthesis of heart proteins in control and experimental fish. 

 

3. Determine the effect of chronic unpredictable stress on the proteome dynamics of 

the zebrafish heart.  
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5.2 Methods 

5.2.1 Zebrafish Husbandry 

Zebrafish were kept and maintained in the University of Liverpool aquarium (Figure 

5.2) for a total of four weeks with zebrafish sampled at the 3 week and 4 week time 

points as outlined in section 2.4.2. under the ethics licences as stated in section 2.2. 

12 AB wild-type zebrafish were sacrificed in total with 3 biological replicate fish used 

per time-point per experimental group.  

5.2.2 Diets 

50% [2H7] L-leucine labelled diet was given to the fish twice daily as described in 

section 2.3.2. 

5.2.3 Chronic Unpredictable Stress 

Zebrafish were subjected to a daily stressor as outlined in 2.4.3.1. Briefly, three 

stressors were used for 1 minute: air emersion, net chasing and net confinement. 

These three stressors were used in sequence to each fish to ensure that the same 

order of stressors was applied to every fish in the stressed group.  

5.2.4 Motion Analysis  

Fish behaviour was monitored as described in section 2.4.3.1. Four individual fish were 

monitored using cameras and tracking software throughout the experiment. The fish 

from the four week timepoint were used for motion analysis to facilitate tracking over 

the entire course of the experiment. Fish tracking data were tested for normality using 

a Shapiro-Wilk test. Homogeny of variance was tested using a Levene test. A mixed 

model ANOVA was utilised to examine the interaction between time and treatment. In 

the event of a non-significant interaction the main effects of time and treatment were 

then examined. Fish tracking and statistical tests were performed at the University of 

Liverpool by Dr. Jonathon Buckley. 
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5.2.5 Dissection and Tissue Preparation 

Dissection was carried out and tissue prepared as described in section 2.4.5. 

5.2.6 1-D SDS-PAGE 

SDS-PAGE was conducted as described previously in section 2.6. After SDS-PAGE 

protein samples were digested as outlined in section 2.6.2. 

5.2.7 LC-MS/MS Analysis 

Peptides were analysed by LC-MS/MS on a Thermo LTQ-Orbitrap XL system as 

described in section 2.10. 

5.2.8 Data Analysis 

Peptide spectral matching, statistical analysis and data handling was performed as 

described in section 2.11. Unpaired two tailed t-tests with Welch’s correction were 

performed on individual protein data using GraphPad. Values were considered 

significant at p ≤ 0.05. 

5.2.9 Gene Ontology 

Functional categories of proteins from the gene ontology consortium 

(http://geneontology.org/) were assigned using the PANTHER (http://pantherdb.org/) 

gene list analysis research tool. Gene ontology enrichment analysis was performed 

using the statistical overrepresentation test with Bonferroni correction. 
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Figure 5.2 Experimental Set-Up of Zebrafish Tanks. A single fish was kept per tank in an isolated purpose built system and with limited 
outside influence.
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5.3 Results 

5.3.1 Behaviour Analysis 

Fish were observed to travel a mean distance of 137.15 ± 0.95 m in the control group 

and a mean distance of 95.57 ± 12.18 m in the stressed group (Figure 5.3). Data was 

parametric and equally distributed. There was no significant interaction between 

treatment and time (F3,18 = 0.409, p = 0.749) and no effects of time (F3,18 = 2.459, p = 

0.097) on the total distance swam. There was, however, a significant effect of stress 

(F1,6 = 8.048, p = 0.030) with CUS cohort fish swimming less than control fish across 

all time points. 

 

The location in which the fish spent their time was analysed. The percentage of time 

that each fish spent in the lower half of the fish tank was a mean of 68.25 ± 8.19 % in 

the control group whereas under CUS it was 92.47 ± 2.56 % (Figure 5.4). Data was 

parametric (p>0.05) and equally distributed (p>0.05). There was no significant 

interaction between treatment and time (F3,18 = 1.009, p = 0.412) and no effects of time 

(F3,18 = 0.934, p = 0.445) on the percentage time spent in the bottom half of the tank. 

A significant effect of treatment (F1,6 = 6.694, p = 0.041) was observed, with CUS 

cohort fish spending more time in the bottom half of the tank than the control. 

 

The mean fractal dimension (FD) of the control group was 1.15 ± 0.03 and in the 

stressed group was 1.02 ± 0.02 (Figure 5.5). Data was parametric (p>0.05) and equally 

distributed (p>0.05). There was no significant interaction between treatment and time 

(F3,18 = 0.239, p = 0.868) and no effects of time (F3,18 = 5.822, p = 0.055) on the FD of 

zebrafish. There was, however, a significant effect of treatment (F1,6 = 26.521, p = 

0.002) with CUS cohort fish having a significantly lower FD than controls at each time 

point.  
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Figure 5.3 Distance Profile of Control and Zebrafish Subjected to CUS. The distance in cm was measured of the zebrafish inside of the 
tanks for the duration of the experiment. The control group is displayed in red and the stressed group displayed in blue. The individual points 
shown are the mean values for the fish in that experimental cohort. The error bars are the standard error of the mean. 
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Figure 5.4 Analysis of Zebrafish Location. The time that fish spent in the bottom half of their tank as a percentage of the total experimental 
time was measured. The individual points shown are the mean values for the fish in that experimental cohort. The error bars are the standard 
error of the mean. 
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Figure 5.5 The Fractal Dimension of Zebrafish in the Stressed Group and the Control Group. The fractal dimension generated by each 
fish over the course of the experiment was measured. The individual points shown are the mean values for the fish in that experimental cohort 
(n=5). The error bars are the standard error of the mean. 
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The mean percentage of time spent active was 96.50 ± 1.04 % in the control group 

and 76.63 ± 8.08 % under CUS (Figure 5.6). Data was first transformed due to 

negatively skewed data using a ‘reflect and square root’ transformation. Data was 

parametric (p>0.05) and equally distributed (p>0.05). There was no significant 

interaction between treatment and time (F3,18 = 1.009, p = 0.412) and no effects of time 

(F3,18 = 0.934, p = 0.445) on the activity of zebrafish. There was, however, a significant 

effect of treatment (F1,6 = 6.694, p = 0.041) with CUS cohort fish having a significantly 

lower activity than controls at each time point. MANOVA analysis showed a significant 

difference between the measurements as a whole (p = <0.05) and multivariate multiple 

regression pairwise comparison showed significant intereactions (p = <0.05) between 

every measurement. The pattern of behaviour is similar to that observed in other 

studies, in that CUS fish display reduced motility and congregate in the lower sections 

of aquarium tanks (280, 282). 

5.3.2 Determination of the Precursor Pool Relative Isotope 
Abundance 

Before the protein rates of synthesis could be calculated the precursor pool RIA was 

determined. The fish were fed the 50% diet (section 4.3.1) and samples were 

processed as described in Chapter 4. The data was fitted to a monoexponential, from 

which a RIA of 0.42 ± 0.02 was calculated for the both the control group and the 

stressed group. This was derived from 40 peptides from different unique proteins 

across all the fish with 10 peptides, using both di- and tri-leucine, from each time point 

per experimental group. The RIA for this dataset is consistent with that calculated in 

section 4.3.1 after three weeks of labelling. 

5.3.3 Determining Synthesis Rates of Heart Proteins 

The rates of synthesis of individual protein in the zebrafish heart were determined as 

described previously (4.3.2). The synthesis rates of 342 proteins were calculated from 

at least two timepoints with at least two unique peptides used in the identification.
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Figure 5.6 The Differences in Activity Between the Stressed Group and Control Group. The time that fish were active as a percentage of 
the total experimental time was measured. The individual points shown are the mean values for the fish in that experimental cohort. The error 
bars are the standard error of the mean.
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Of these 342 proteins, 303 had synthesis rates in both the control group and the 

stressedgroup. A Mann-Whitney test was performed between the datasets of all the 

individual proteins identified in both experimental groups as a whole (Figure 5.7). A 

very significant difference (p = 0.012) was observed between the control and stressed 

groups as a whole, with the stressed group showing a lower mean rate of protein 

synthesis (0.0597 ± 0.003) compared to the control group (0.0587 ± 0.002). The 

median value of the control group was 0.0535 and the median value for the stressed 

group was 0.0440.   

 

Direct comparison of the rates of synthesis of individual proteins from the control group 

to the CUS group showed 117 proteins that had an increase in synthesis rate and 186 

with a decrease in synthesis rate. An unpaired t test with Welch’s correction was 

conducted on each protein. This analysis revealed 167 proteins that displayed a 

significant change in the rate of protein synthesis and 136 proteins that showed no 

significant difference. 137 proteins showed a significant decrease (Table 5.1) in protein 

synthesis rate and 30 proteins showed a significant increase (Table 5.2) in protein 

synthesis rate. Full details of the protein identifications and rates of protein synthesis 

from both experimental groups can be found Supplemental Table S5.1. 
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Figure 5.7 Comparison Between the Synthesis Rates of the Two Experimental Groups. Statistical comparisons between the two groups 
showed a significant difference (p = 0.012) observed between the groups. The mean for the control group was 0.059 ± 0.002 and the mean of 
the CUS group was 0.060 ± 0.003. Outliers are marked as individual points. The box plots show the median and upper and lower quartiles of 
the values. The whiskers above and below the box display the upper and lower extremes. 
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Table 5.1 Significant Decreases in Protein Synthesis Rate Between the Control Cohort and the CUS Cohort 

Accession 
Number 

Protein Identification Control 
 

CUS 
 

Difference 
Between 

Rates 

p value 

  ksyn  

(week-1) 
Standard 

Error 
ksyn 

(week-1) 
Standard 

Error 
  

Q7ZVF9 Actin, Cytoplasmic 2 0.0282 0.0047 0.0070 0.0007 -0.0211 < 0.0001 

Q5XJ36 Protein Deglycase Dj-1zdj-1 0.0365 0.0052 0.0181 0.0009 -0.0184 0.0032 

Q9I8L5 Fatty Acid-Binding Protein 10-A, Liver Basic 0.0375 0.0045 0.0198 0.0024 -0.0177 0.0023 

A2ARG7 ATP Synthase, Mitochondrial F0 Complex, Subunit Eb 0.0409 0.0085 0.0138 0.0006 -0.0271 0.024 

Q6DH63 Cytochrome C Oxidase Subunit Vib 0.0426 0.0063 0.0203 0.0015 -0.0222 0.0048 

F1R007 Propionyl Coa Carboxylase, Beta Polypeptide 0.0437 0.0206 0.0184 0.0017 -0.0253 < 0.0001 

E7F4I1 Hemoglobin Subunit Alpha 0.0438 0.0176 0.0171 0.0015 -0.0267 0.0024 

B0S5C5 Acetyl-CoA Acyltransferase 2 0.0532 0.0052 0.0494 0.0046 -0.0038 0.008 

Q8JHI0 Solute Carrier Family 25 Alpha, Member 5 0.0534 0.0083 0.0288 0.0025 -0.0245 0.0445 

Q6GMJ1 Carboxylic Ester Hydrolase 0.0543 0.0118 0.0287 0.0015 -0.0256 0.044 

Q9I8U7 Fast Skeletal Muscle Myosin Light Polypeptide 3 0.0544 0.0104 0.0162 0.0025 -0.0382 0.0009 

E7FCT2 Fructose-Bisphosphate Aldolase 0.0546 0.0042 0.0367 0.0028 -0.0178 < 0.0001 

A7MCR1 Cytochrome B-C1 Complex Subunit Rieske, Mitochondrial 0.0559 0.0145 0.0534 0.0047 -0.0024 0.0097 

Q6VN46 Myoglobin 0.0568 0.0050 0.0365 0.0028 -0.0204 0.0004 

A5PF61 Liver-Enriched Gene Protein 1-A 0.0584 0.0089 0.0405 0.0002 -0.0179 0.0002 

Q90487 Hemoglobin Subunit Alpha 0.0590 0.0043 0.0561 0.0053 -0.0029 < 0.0001 

A8E7G6 Novel Protein Similar To Vertebrate Peroxiredoxin 3 0.0610 0.0050 0.0309 0.0023 -0.0301 < 0.0001 

F1Q615 Myosin Binding Protein C, Cardiac 0.0612 0.0126 0.0306 0.0035 -0.0305 0.025 

Q6TNU6 Dihydrolipoyl Dehydrogenase 0.0626 0.0080 0.0280 0.0029 -0.0347 < 0.0001 

F8W417 Troponin I Type 1b (Skeletal, Slow) 0.0645 0.0125 0.0346 0.0031 -0.0300 0.0288 

E7FB67 Alpha-2-Macroglobulin-Like 0.0648 0.0076 0.0333 0.0026 -0.0314 < 0.0001 

F1Q890 Plasminogen 0.0649 0.0124 0.0303 0.0031 -0.0346 0.0136 

Q66I80 Fatty Acid Binding Protein 11a  0.0650 0.0121 0.0319 0.0033 -0.0331 0.0123 
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E9QF07 Myosin, Heavy Chain 7b, Cardiac Muscle, Beta B 0.0655 0.0110 0.0071 0.0010 -0.0583 < 0.0001 

Q803Q7 Fructose-Bisphosphate Aldolase 0.0662 0.0071 0.0237 0.0022 -0.0426 < 0.0001 

Q6DRD1 ATP Synthase Oligomycin Sensitivity Conferral Protein 0.0675 0.0075 0.0099 0.0006 -0.0576 < 0.0001 

F1QFC0 Heat Shock Protein 9 0.0681 0.0062 0.0647 0.0112 -0.0035 0.0106 

Q8UVG7 Fatty Acid Binding Protein 3, Muscle And Heart 0.0687 0.0131 0.0351 0.0032 -0.0336 0.0015 

Q68EH2 Adenylate Kinase Isoenzyme 1 0.0741 0.0090 0.0360 0.0041 -0.0381 0.0002 

F1QBN5 Serine (Or Cysteine) Proteinase Inhibitor, Clade A 0.0757 0.0203 0.0249 0.0022 -0.0508 < 0.0001 

Q6TH32 Muscle Cofilin 2 0.0785 0.0106 0.0079 0.0006 -0.0706 < 0.0001 

F1QZL6 Glucose-6-Phosphate Isomerase 0.0791 0.0096 0.0286 0.0018 -0.0505 0.016 

E9QGP5 Slow Myosin Heavy Chain 0.0800 0.0052 0.0624 0.0058 -0.0176 < 0.0001 

F1QV31 Keratin 5 0.0802 0.0225 0.0512 0.0027 -0.0289 0.0002 

F2Z4R7 Aldehyde Dehydrogenase 2 Family (Mitochondrial) 0.0829 0.0100 0.0363 0.0057 -0.0465 < 0.0001 

F1R7T4 Troponin T Type 2a 0.0840 0.0041 0.0807 0.0034 -0.0033 0.0057 

Q6PC53 Peptidylprolyl Isomerase Ab 0.0843 0.0097 0.0374 0.0031 -0.0469 < 0.0001 

Q9PVK4 L-Lactate Dehydrogenase B-A Chain 0.0850 0.0079 0.0553 0.0066 -0.0297 0.0047 

E7FES0 Apolipoprotein A-Ib 0.0856 0.0199 0.0764 0.0077 -0.0092 0.0005 

E7FE90 Fetuin B 0.0856 0.0199 0.0300 0.0020 -0.0556 0.0002 

Q9I8V0 Parvalbumin-2 0.0859 0.0095 0.0294 0.0023 -0.0565 < 0.0001 

Q6IQM2 Cytochrome C 0.0890 0.0107 0.0287 0.0026 -0.0603 < 0.0001 

Q803B0 Heat Shock 60kd Protein 1 0.0891 0.0429 0.0077 0.0006 -0.0814 < 0.0001 

F1QE62 3-Hydroxyisobutyrate Dehydrogenase 0.0944 0.0153 0.0522 0.0052 -0.0423 < 0.0001 

F1R8R8 Fumarylacetoacetate Hydrolase 0.0949 0.0604 0.0179 0.0017 -0.0770 0.0041 

F1QJV7 D-Dopachrome Tautomerase 0.0957 0.0054 0.0954 0.0126 -0.0003 0.0062 

Q92051 Carbonic Anhydrase 0.0960 0.0067 0.0522 0.0037 -0.0438 0.0007 

F1R6G3 Lumican 0.0964 0.0176 0.0655 0.0049 -0.0309 0.0008 

Q8UVG6 Cellular Retinol-Binding Protein Type Ii 0.0966 0.0143 0.0513 0.0043 -0.0454 0.0201 

A7YT47 Hadha Protein 0.0979 0.0102 0.0356 0.0039 -0.0623 < 0.0001 

Q6P980 Superoxide Dismutase 0.0981 0.0131 0.0620 0.0024 -0.0361 0.0082 

E7F1I8 Catalase 0.0983 0.0162 0.0279 0.0030 -0.0704 0.0032 
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F8W4M7 Aconitate Hydratase, Mitochondrial 0.1023 0.0069 0.0668 0.0038 -0.0355 < 0.0001 

F1R107 Protein Similar To Myomesin-1 0.1025 0.0176 0.0891 0.0067 -0.0134 < 0.0001 

Q6P3J2 Rho GDP Dissociation Inhibitor Alpha 0.1031 0.0225 0.0302 0.0025 -0.0729 0.0035 

Q7T306 Creatine Kinase Ckm3 0.1050 0.0078 0.0677 0.0066 -0.0372 0.0005 

Q566W6 Cold Inducible RNA Binding Protein A 0.1056 0.0101 0.0215 0.0002 -0.0841 < 0.0001 

Q6PC77 ATP Synthase, H+ Transporting, Mitochondrial F0 Complex, Subunit D 0.1061 0.0217 0.0175 0.0013 -0.0886 0.0003 

F8W3C3 Protease, Serine, 59, Tandem Duplicate 1 0.1065 0.0166 0.0223 0.0007 -0.0842 < 0.0001 

F1QR17 Aldehyde Dehydrogenase 7 Family, Member A1 0.1067 0.0214 0.0777 0.0142 -0.0290 < 0.0001 

B3DFN3 Lamin B2 0.1070 0.0170 0.0759 0.0059 -0.0311 0.0404 

A4QN90 Protein Similar to Histone H1 0.1078 0.0116 0.0697 0.0075 -0.0382 0.0276 

Q6TNT9 GDP Dissociation Inhibitor 2 (Gdi2 Protein) 0.1079 0.0127 0.0681 0.0114 -0.0397 0.0266 

Q90XG0 Triosephosphate Isomerase B 0.1087 0.0092 0.0541 0.0053 -0.0546 < 0.0001 

Q1L8L9 Adenylate Kinase 2, Mitochondrial 0.1088 0.0300 0.0314 0.0030 -0.0774 0.0219 

Q7T3L3 Chaperone Protein GP96  0.1101 0.0198 0.0897 0.0011 -0.0204 0.0377 

Q801E6 Malate Dehydrogenase 0.1112 0.0139 0.0177 0.0015 -0.0935 < 0.0001 

B8JKW4 Complement Component C3a, Duplicate 1 0.1129 0.0197 0.0772 0.0071 -0.0357 < 0.0001 

Q6PC12 Enolase 1, (Alpha) 0.1145 0.0085 0.0473 0.0040 -0.0673 < 0.0001 

A2BHA3 Creatine Kinase, Muscle A 0.1158 0.0141 0.0765 0.0047 -0.0393 < 0.0001 

Q6P0I2 Proteasome Subunit Alpha Type 0.1174 0.0232 0.0379 0.0024 -0.0795 0.0015 

F1Q8N0 Dehydrogenase/Reductase 0.1180 0.0123 0.0323 0.0016 -0.0858 < 0.0001 

Q7ZWD8 Cfl1 Protein (Non-Muscle Cofilin 1) 0.1181 0.0300 0.0683 0.0042 -0.0498 0.0098 

Q9PVK5 L-Lactate Dehydrogenase A Chain 0.1194 0.0095 0.0396 0.0041 -0.0799 < 0.0001 

E9QDY4 Keratin 17 0.1197 0.0120 0.0573 0.0064 -0.0624 < 0.0001 

F1Q8H6 Enoyl Coa Hydratase 1, Peroxisomal 0.1206 0.0160 0.0320 0.0040 -0.0886 0.0131 

Q9I8N9 Brain-Type Fatty Acid Binding Protein 0.1207 0.0214 0.0500 0.0064 -0.0708 0.0172 

Q64HD0 Sex Hormone Binding Globulin 0.1210 0.0192 0.0492 0.0005 -0.0718 0.0004 

Q7ZVG7 Fgg Protein 0.1216 0.0215 0.0103 0.0009 -0.1113 < 0.0001 

Q6DG81 Plastin 3 (T Isoform) (Pls3 Protein) 0.1227 0.0159 0.0564 0.0023 -0.0663 0.0011 

F1QCD4 Aspartate Aminotransferase 0.1261 0.0178 0.0749 0.0085 -0.0512 0.025 
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Q6PHG2 Hemopexin 0.1266 0.0101 0.0722 0.0070 -0.0544 < 0.0001 

Q7ZU99 Transitional Endoplasmic Reticulum ATPase 0.1266 0.0140 0.0683 0.0038 -0.0583 0.0002 

Q801M3 Myosin Light Chain 2 Mlc2a 0.1274 0.0097 0.0559 0.0053 -0.0716 < 0.0001 

Q6PC22 NADH Dehydrogenase (Ubiquinone) 1 Alpha Subcomplex, 8 0.1291 0.0316 0.0420 0.0034 -0.0871 0.0249 

F1QF00 Phosphoglucomutase 1 0.1295 0.0173 0.0739 0.0071 -0.0556 0.0114 

F1R2T3 Vitellogenin B1 0.1327 0.0153 0.0510 0.0027 -0.0818 0.0154 

B3DHC5 Apolipoprotein A-IV b 0.1328 0.0191 0.1183 0.0076 -0.0144 < 0.0001 

Q7SYK7 Aspartate Aminotransferase 0.1342 0.0085 0.0743 0.0064 -0.0599 < 0.0001 

F1QUR3 Protein Disulfide-Isomerase 0.1352 0.0202 0.0981 0.0116 -0.0371 < 0.0001 

E7F2T3 Protein Similar to Histone H1 0.1358 0.0319 0.0346 0.0026 -0.1012 0.0023 

Q800V7 Cardiac Troponin C 0.1365 0.0294 0.0548 0.0044 -0.0817 < 0.0001 

E9QDI1 Apolipoprotein C-I Like 0.1372 0.0108 0.0571 0.0059 -0.0802 0.0006 

A8WG85 Ckmt2 Protein 0.1378 0.0126 0.0435 0.0043 -0.0943 < 0.0001 

Q7T3F0 Tropomyosin 4 0.1381 0.0458 0.0167 0.0013 -0.1214 0.0191 

F1QMC6 Glutamic-Oxaloacetic Transaminase 1, Soluble 0.1424 0.0149 0.0572 0.0075 -0.0852 0.0007 

F1R8W4 Desmin A 0.1436 0.0212 0.1070 0.0212 -0.0366 < 0.0001 

B8QSI4 Alpha-2 Macroglobulin-Like Protein 0.1474 0.0356 0.0714 0.0050 -0.0760 0.0329 

F1R9X9 Complement Component C3a, Duplicate 2 0.1489 0.0174 0.0833 0.0058 -0.0656 0.0078 

E7F9Z1 Von Willebrand Factor 0.1516 0.0188 0.0519 0.0036 -0.0997 0.0038 

Q8JHH1 Small Nuclear Ribonucleoprotein D1 0.1596 0.0161 0.1366 0.0012 -0.0230 0.0196 

F1QYX8 Hydroxyacyl-Coa Dehydrogenase/3-Ketoacyl-Coa  0.1601 0.0176 0.0798 0.0062 -0.0803 0.0013 

Q6DGJ6 Peroxiredoxin 2 0.1608 0.0284 0.0282 0.0014 -0.1326 < 0.0001 

Q6P3L3 Heat Shock Protein 5 0.1619 0.0204 0.0487 0.0054 -0.1132 < 0.0001 

E7EXT3 Alpha-1,4 Glucan Phosphorylase 0.1621 0.0251 0.0196 0.0020 -0.1425 0.0026 

Q6P3L9 Glutamate Dehydrogenase 1b 0.1641 0.0166 0.0299 0.0033 -0.1342 < 0.0001 

B0S564 Protein Disulfide-Isomerase 0.1647 0.0370 0.0505 0.0024 -0.1141 < 0.0001 

F1QX13 Complement Component C3a, Duplicate 3 0.1685 0.0113 0.0239 0.0025 -0.1446 0.002 

F1QJ99 Cytochrome C Oxidase Subunit Vab 0.1687 0.0214 0.1484 0.0143 -0.0203 0.0039 

F1R446 Spectrin Alpha 2 0.1692 0.0336 0.0109 0.0005 -0.1583 < 0.0001 
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F1QMJ9 Histone H2b 0.1694 0.0345 0.0807 0.0053 -0.0887 0.0053 

F1QGC3 Pdz and Lim Domain 5b 0.1711 0.0348 0.0640 0.0096 -0.1070 0.0052 

F1RA95 Peroxiredoxin 1 0.1746 0.0989 0.0551 0.0061 -0.1196 0.0007 

E9QB46 Selenium-Binding Protein 1 0.1760 0.0185 0.0486 0.0085 -0.1274 0.0084 

Q4VBV1 Cytochrome B-C1 Complex Subunit 7 0.1761 0.0516 0.0630 0.0003 -0.1130 0.0447 

B8A4B0 Glutamate Dehydrogenase 1a 0.1778 0.0397 0.1146 0.0065 -0.0631 0.0295 

G1K2H6 Keratin, Type I Cytoskeletal 18 0.1781 0.0353 0.0195 0.0038 -0.1586 < 0.0001 

Q6NYR4 Heat Shock Protein 8 0.1880 0.0169 0.0514 0.0057 -0.1366 < 0.0001 

Q6PBW4 Peptidylprolyl Isomerase B 0.1881 0.0513 0.0691 0.0016 -0.1191 0.0387 

Q7SX99 Fumarate Hydratase, Mitochondrial 0.1892 0.0243 0.1020 0.0074 -0.0872 0.0012 

Q7ZT36 Parvalbumin 3 0.1892 0.0372 0.0392 0.0033 -0.1500 0.0008 

Q45QT2 Beta Thymosin-Like Protein 0.1893 0.0527 0.0341 0.0042 -0.1553 0.0101 

F1R886 Complement Factor B 0.1936 0.0238 0.0772 0.0040 -0.1164 0.0106 

F1QBW7 Enolase 3, (Beta, Muscle) 0.1953 0.0356 0.1401 0.0078 -0.0552 0.013 

B0UXG8 NADH Dehydrogenase (Ubiquinone) Flavoprotein 3 0.2043 0.0697 0.0374 0.0012 -0.1669 0.003 

F8W5T8 Warm-Temperature-Acclimation-Associated 65-Kda Protein 0.2076 0.0382 0.0814 0.0038 -0.1262 0.0024 

Q5CZQ1 Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein 0.2124 0.0310 0.1311 0.0018 -0.0813 0.013 

A5PN55 Malic Enzyme 0.2235 0.0391 0.0464 0.0059 -0.1771 0.0065 

Q7ZUJ8 Proteasome Subunit Beta Type 0.2732 0.0395 0.0232 0.0018 -0.2500 < 0.0001 

F1REP9 Spectrin, Beta, Erythrocytic 0.2905 0.0544 0.0628 0.0033 -0.2277 0.0009 

F1QRM9 Aminopeptidase Puromycin Sensitive 0.3211 0.0942 0.1079 0.0044 -0.2132 0.0189 

B3DFS9 Myosin, Heavy Polypeptide 11, Smooth Muscle 0.3258 0.1453 0.0734 0.0089 -0.2524 0.0314 

Q6YBS2 Adenylyl Cyclase-Associated Protein 0.3569 0.0871 0.0103 0.0001 -0.3467 0.0041 

Q6PGX4 Heat Shock Cognate 71 Kda Protein 0.3663 0.0572 0.0821 0.0063 -0.2842 0.0024 

F1QLQ9 Carboxylic Ester Hydrolase 0.4422 0.0183 0.1161 0.0062 -0.3261 0.0029 
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Table 5.2 Significant Increases in Protein Synthesis Rate Between the Control Cohort and the CUS Cohort 

Accession 
Number 

Protein Identification Control 
 

CUS 
 

Difference 
Between 

Rates 

p Value 

  ksyn 

(Week-1) 
Standard 

Error 
ksyn 

(Week-1) 
Standard 

Error 
  

F1QLF8 Branched-Chain-Amino-Acid Aminotransferase  0.0094 0.0037 0.0232 0.0024 0.0138 0.0174 

B8JKN6 Peptidyl-Prolyl Cis-Trans Isomerase  0.0153 0.0048 0.0239 0.0030 0.0086 < 0.0001 

Q8AX99 Actinin Alpha 3b 0.0210 0.0049 0.0216 0.0036 0.0005 0.0008 

O73872 Superoxide Dismutase [Cu-Zn]  0.0430 0.0069 0.0672 0.0028 0.0242 0.0019 

Q0ZBR7 Macrophage Migration Inhibitory Factor  0.0435 0.0111 0.2159 0.0076 0.1724 < 0.0001 

Q1ECX9 Protein Disulfide-Isomerase A4 0.0435 0.0111 0.2321 0.0215 0.1886 < 0.0001 

F1RDB7 Methylmalonyl CoA Epimerase 0.0547 0.0161 0.1542 0.0128 0.0995 0.0008 

E9QFD8 Vitellogenin 4 0.0602 0.0265 0.0775 0.0049 0.0173 < 0.0001 

E9QH64 Nucleoside Diphosphate Kinase  0.0654 0.0280 0.1053 0.0063 0.0399 < 0.0001 

B0R0F7 Cardiac Myosin Light Chain-1 0.0677 0.0342 0.2068 0.0152 0.1391 < 0.0001 

Q7ZUJ8 Proteasome Subunit Beta Type  0.0682 0.0137 0.3394 0.0218 0.2712 0.0195 

F1Q8D1 Lim Domain Binding 3a 0.0685 0.0077 0.1133 0.0048 0.0448 0.0023 

Q6AZC0 Protein Similar to Pancreatic Elastase 0.0693 0.0180 0.1160 0.0066 0.0467 0.0379 

F1Q8A5 Heterogeneous Nuclear Ribonucleoprotein D 0.0783 0.0065 0.0810 0.0083 0.0027 0.0012 

Q6ZM17 Novel Protein Similar to Zebrafish Hemoglobin Alpha-Adult 1  0.0824 0.0088 0.0924 0.0103 0.0100 < 0.0001 

Q5XJ10 Glyceraldehyde-3-Phosphate Dehydrogenase  0.0854 0.0055 0.1256 0.0072 0.0401 0.0001 

F1Q8U3 Natriuretic Peptide 0.0867 0.0223 0.1222 0.0057 0.0355 < 0.0001 

Q6P043 Fructose-Bisphosphate Aldolase  0.0955 0.0061 0.1180 0.0095 0.0225 0.0485 

Q6P0V8 Annexin 0.0979 0.0111 0.2778 0.0106 0.1799 0.0199 

A5PMP8 Novel Protein Similar to Vertebrate Complement Component 3 0.0996 0.0215 0.4751 0.0849 0.3756 0.0074 

Q7SZR4 Phosphoglycerate Mutase 1a  0.1008 0.0108 0.1390 0.0067 0.0382 0.0073 

B0UYS0 Keratin 15  0.1046 0.0388 0.2722 0.0356 0.1676 0.0071 

F1QPL7 Propionyl Coa Carboxylase, Alpha Polypeptide 0.1148 0.0140 0.1241 0.0119 0.0093 0.0204 
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Q6NYA1 Heterogeneous Nuclear Ribonucleoprotein A/Bb 0.1230 0.0308 0.2741 0.0017 0.1512 0.0002 

P13104 Tropomyosin Alpha-1 Chain  0.1296 0.0138 0.2622 0.0010 0.1326 < 0.0001 

Q6P3J5 Eukaryotic Translation Elongation Factor 2  0.1361 0.0199 0.2180 0.0187 0.0820 0.0039 

F1Q853 Protein Similar to Serpin Peptidase Inhibitor 0.1526 0.0188 0.2604 0.0211 0.1079 0.0256 

B8JI00 Succinate-Coa Ligase, Alpha Subunit 0.1885 0.0598 0.2610 0.0001 0.0725 0.0149 

Q8AY63 Brain-Subtype Creatine Kinase  0.2004 0.0189 0.3136 0.0212 0.1132 0.0005 

Q803T5 Adenosylhomocysteinase  0.2707 0.0972 0.3005 0.0133 0.0298 0.0293 
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5.3.4 Gene Ontology Analysis 

The gene ontologies of the identified proteins were analysed from all of the fish in every 

time point and group. In the control group, the same enrichment patterns were seen 

as observed previously in chapter 4 with significant enrichment of glycolytic and other 

metabolic processes. Full details of the GO analysis can be found in Supplemental 

Table 5.2. Additionally with regards to molecular function a significant enrichment in 

proteins involved in enzyme activity was seen. The cellular component localisation 

analysis showed a significant overrepresentation of TCA cycle, nucleosome, ATP 

synthase complex and structural proteins.  

 

GO analysis of the stressed experimental group showed a roughly similar outline of 

annotations to the control group. However, the gluconeogenesis biological function 

was increased in enrichment from 1.57% to 1.75%. In addition proteins associated with 

cell death were identified and considered significantly (p<0.05) downregulated 

compared to the zebrafish database baseline data in the stressed group results.  The 

molecular function analysis showed a significant (p<0.05) increase in carboxy-lyase 

activity not seen in the control results. In addition the racemase and epimerase activity 

seen in control data was not observed as significantly enriched in the stressed data. 

The biggest change in enrichment between the two groups came from the cellular 

compartment annotation. In the control data a large amount (46) of different cellular 

compartments were seen as having significantly (p<0.05) enriched annotations. In the 

stressed data however, only eight different compartments were seen as being 

significantly enriched, these were extracellular space, intermediate filament 

cytoskeleton, cell junction, actin cytoskeleton, cytoskeleton, extracellular region, 

organelle and intracellular. These data indicate that there may be a general shift in 

expression of proteins between control and stressed fish. Further quantitative work 

would allow validation of these findings. 
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Gene ontology analysis was conducted on the proteins that showed a significant 

change in protein synthesis (Figure 5.8). Of the proteins that showed a significant 

increase in protein synthesis rate following CUS, the molecular functions were primarily 

binding proteins, making up 48.4% of the assigned ontologies, of which ion binding 

comprised 35.4%. Other functions were mostly enzyme activity functions, isomerase 

activity proteins constituted 19.3%, hydrolase activity proteins 16.1% and transferase 

activity proteins making up 16.1%. The group were mainly associated with metabolic 

processes (74.2%). Other processes represented in this group were biological 

regulation (25.8%), phosphorylation (22.6%), and catabolic processes (22.6%). Two 

proteins in this group (apolipoprotein A-IV b and protein disulphide isomerase A4) were 

associated with the cellular response to stress. The cellular compartment analysis 

showed 51.6% of associated locations of the proteins as intracellular. The largest 

organelle with which proteins were associated was the mitochondrion which made up 

16.1% of the proteins.  

 

In the group of proteins that showed a significant increase in protein synthesis rate, the 

associated molecular functions were similar to the group of decreasing synthesis rates. 

With 51.5% of proteins being associated with binding, of which 35% being ion binding, 

27.8% being organic cyclic compound binding, 25.8% being heterocyclic compound 

binding and 17.5% nucleotide binding. The identified biological processes identified 

showed 52% of assigned ontologies being metabolic processes. 18.5% of proteins had 

association with the stress response process with five proteins being associated with 

the cellular response to stress and three proteins associated with the response to 

endoplasmic reticulum stress. 
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Figure 5.8 Gene Ontology of Proteins that had a Significant Change in Protein 
Synthesis. There were a number of differences in the percentage of gene ontologies 
associated with proteins that either showed a significant increase or decrease in 
protein synthesis rate. Large differences were seen in the biological processes (A) and 
fewer differences seen between the molecular functions (B) and cellular compartments 
(C). 

%
 o

f 
F

u
n

c
ti

o
n

 H
it

s

b
io

lo
g

ic
a
l 
re

g
u

la
t i

o
n

p
ro

te
in

 m
e
ta

b
o

li
c
 p

ro
c
e
s
s

d
e
v
e
lo

p
m

e
n

ta
l 
p

ro
c
e
s
s

re
g

u
la

t i
o

n
 o

f  
b

io
lo

g
ic

a
l 
p

ro
c
e
s
s

m
u

lt
ic

e
ll
u

la
r  

o
rg

a
n

is
m

a
l 
p

ro
c
e
s
s

s
in

g
le

-m
u

lt
ic

e
ll
u

la
r  

o
rg

a
n

is
m

 p
ro

c
e
s
s

s
y
s
te

m
 p

ro
c
e
s
s

c
e
ll
u

la
r  

c
o

m
p

o
n

e
n

t 
o

rg
a
n

iz
a
t i

o
n

 o
r  

b
io

g
e
n

e
s
is

c
e
ll
u

la
r  

c
o

m
p

o
n

e
n

t 
o

rg
a
n

iz
a
t i

o
n

re
s
p

o
n

s
e
 t

o
 s

t i
m

u
lu

s

c
a
rb

o
h

y
d

ra
te

 m
e
ta

b
o

li
c
 p

ro
c
e
s
s

g
e
n

e
ra

t i
o

n
 o

f  
p

re
c
u

rs
o

r  
m

e
ta

b
o

li
te

s
 a

n
d

 e
n

e
rg

y

0

5

1 0

1 5

2 0

2 5

%
 o

f 
F

u
n

c
ti

o
n

 H
it

s

b
in

d
in

g

h
y
d

ro
la

s
e
 a

c
t i

v
it

y

o
x
id

o
re

d
u

c
ta

s
e
 a

c
t i

v
it

y

p
ro

te
in

 b
in

d
in

g

s
tr

u
c
tu

ra
l 
m

o
le

c
u

le
 a

c
t i

v
it

y

s
tr

u
c
tu

ra
l 
c
o

n
s
t i

tu
e
n

t  
o

f  
c
y
to

s
k
e
le

to
n

p
e
p

t i
d

a
s
e
 a

c
t i

v
it

y

n
u

c
le

ic
 a

c
id

 b
in

d
in

g

tr
a
n

s
fe

ra
s
e
 a

c
t i

v
it

y

e
n

z
y
m

e
 i
n

h
ib

it
o

r  
a
c
t i

v
it

y

s
e
r i

n
e
-t

y
p

e
 p

e
p

t i
d

a
s
e
 a

c
t i

v
it

y

e
n

z
y
m

e
 r

e
g

u
la

to
r  

a
c
t i

v
it

y

0

1 0

2 0

3 0

%
 o

f 
F

u
n

c
ti

o
n

 H
it

s

c
e
ll
 p

a
r t

in
tr

a
c
e
ll
u

la
r

o
rg

a
n

e
ll
e

c
y
to

s
k
e
le

to
n

a
c
t i

n
 c

y
to

s
k
e
le

to
n

e
x
tr

a
c
e
ll
u

la
r  

re
g

io
n

in
te

rm
e
d

ia
te

 f
i l
a
m

e
n

t 
c
y
to

s
k
e
le

to
n

c
y
to

p
la

s
m

0

1 0

2 0

3 0

A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C.



189 
 

The gene ontology consortium define the response to stress as “Any process that 

results in a change in state or activity of a cell or an organism (in terms of movement, 

secretion, enzyme production, gene expression, etc.) as a result of a disturbance in 

organismal or cellular homeostasis, usually, but not necessarily, exogenous” (353). 

Twenty seven proteins were identified that had an association with the response to 

stress (Table 5.3 and Figure 5.9). Twenty five of these proteins showed a decrease in 

the rate of protein synthesis while two proteins showed an increase in protein synthesis 

(Protein disulfide-isomerase A4 and Vesicle-associated membrane protein). The 

difference between 21 of these proteins was statistically significant. 

 

The biological process glycolysis/gluconeogenesis is relevant when investigating the 

stress response. Activation of the pathway has been displayed under chronic stress 

conditions and has links with an increased metabolism response (261, 296). Six 

proteins that are associated with the biological process of glycolysis/gluconeogenesis 

were identified in both experimental groups (Table 5.4 and Figure 5.10). Three proteins 

showed a significant difference between the control group and the stressed group. 

These were glucose-6-phosphate isomerase (p = 0.016), phosphoglycerate mutase 1a 

(p = 0.016) and triosephosphate isomerase B (p ≤0.0001). 

 

As one of the stressors used in the study was air emersion, the proteins associated 

with hypoxia could provide additional insights into the resultant physiological changes. 

Five proteins were identified with associations with the hypoxia biological process 

(Table 5.5 and Figure 5.11). All of these proteins showed a significant decrease in the 

rate of protein synthesis between the control group and the stressed group. The 

identified proteins were ATP synthase (p = 0.024), myoglobin (p = 0.0004), peptidyl-

prolyl cis-trans isomerase, hemoglobin subunit alpha and L-lactate dehydrogenase a 

chain (p<0.0001).  
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Table 5.3 Stress Response Proteins (Gene Ontology) With a Significant Change in Protein Synthesis Rate 

Accession 
Number 

Protein Identification Control CUS Difference 
Between Rates 

p Value 

  ksyn 

(week-1) 
Standard 

Error 
ksyn 

(week-1) 
Standard 

Error 
  

B3DHC5 Apolipoprotein A-IV B 0.1328 0.0191 0.1183 0.0076 -0.0144 < 0.0001 

Q92051 Carbonic Anhydrase  0.0375 0.0045 0.0198 0.0024 -0.0177 0.0023 

Q7T3L3 Chaperone Protein GP96  0.1101 0.0198 0.0897 0.0011 -0.0204 0.0377 

Q803B0 Heat Shock 60kd Protein 1  0.0662 0.0071 0.0237 0.0022 -0.0426 < 0.0001 

F1QFC0 Heat Shock Protein 9 0.0681 0.0062 0.0647 0.0112 -0.0035 0.0106 

Q90487 Hemoglobin Subunit Alpha  0.1087 0.0092 0.0541 0.0053 -0.0546 < 0.0001 

Q90486 Hemoglobin Subunit Beta-1  0.0590 0.0043 0.0561 0.0053 -0.0029 < 0.0001 

E9QDY4 Keratin 17 0.1197 0.0120 0.0573 0.0064 -0.0624 < 0.0001 

F1QV31 Keratin 5 0.0802 0.0225 0.0512 0.0027 -0.0289 0.0002 

Q9PVK5 L-Lactate Dehydrogenase A Chain  0.1194 0.0095 0.0396 0.0041 -0.0799 < 0.0001 

Q6VN46 Myoglobin 0.0568 0.0050 0.0365 0.0028 -0.0204 0.0004 

A2ARG7 Novel Protein Containing An ATP Synthase E Chain Domain  0.0409 0.0085 0.0138 0.0006 -0.0271 0.024 

Q6PC53 Peptidyl-Prolyl Cis-Trans Isomerase  0.0843 0.0097 0.0374 0.0031 -0.0469 < 0.0001 

Q5XJ36 Protein Deglycase DJ-1zdj-1  0.0365 0.0052 0.0181 0.0009 -0.0184 0.0032 

B0S564 Protein Disulfide-Isomerase  0.1647 0.0370 0.0505 0.0024 -0.1141 < 0.0001 

F1QUR3 Protein Disulfide-Isomerase  0.1352 0.0202 0.0981 0.0116 -0.0371 < 0.0001 

Q1ECX9 Protein Disulfide-Isomerase A4 0.0435 0.0111 0.2321 0.0215 0.1886 < 0.0001 

Q6P980 Superoxide Dismutase  0.0981 0.0131 0.0620 0.0024 -0.0361 0.0082 

O73872 Superoxide Dismutase [Cu-Zn]  0.0430 0.0069 0.0672 0.0028 0.0242 0.0019 

Q7ZU99 Transitional Endoplasmic Reticulum ATPase  0.1266 0.0140 0.0683 0.0038 -0.0583 0.0002 

E7F9Z1 Von Willebrand Factor 0.1516 0.0188 0.0519 0.0036 -0.0997 0.0038 
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Figure 5.9 Comparison of the Synthesis Rates of Proteins Involved in the 
Response to Stress Between Groups. 27 Proteins have associations with the 
response to stress gene ontology. Of these proteins only six did not show a significant 
difference in the rate of protein synthesis between the control group and the stressed 
group. Three proteins showed a significant difference (p = 0.01-0.05), four showed a 
very significant difference (p = 0.001-0.01), fourteen showed an extremely significant 
difference with four having a p value of 0.0001-0.001) and ten having a p value of < 
0.0001. Protein disulfide-isomerase A4 (27) was the only protein to show a significant 
increase in the rate of protein synthesis. 
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Table 5.4 Gluconeogenesis Proteins With a Significant Change in Synthesis Rates Between Experimental Groups 

Accession 
Number 

Protein Identification Control CUS Difference 
Between Rates 

p Value 

  ksyn  

(week-1) 
Standard 

Error 
ksyn 

(week-1)  
Standard 

Error 
  

F1QZL6 Glucose-6-Phosphate Isomerase 0.0791 0.0096 0.0286 0.0018 -0.0505 0.016 

Q7SZR4 Phosphoglycerate Mutase 1a  0.1008 0.0108 0.1390 0.0067 0.0382 0.0073 

Q90XG0 Triosephosphate Isomerase B  0.0960 0.0067 0.0522 0.0037 -0.0438 < 0.0001 

 

Table 5.5 Hypoxia Related Proteins With a Significant Change in Synthesis Rates Between Experimental Groups 

Accession 
Number 

Protein Identification Control CUS Difference 
Between 

Rates 

p Value 

  ksyn  

(week-1) 
Standard 

Error 
ksyn  

(week-1) 
Standard 

Error 
  

A2ARG7 ATP Synthase, Mitochondrial Fo Complex, Subunit Eb 0.0409 0.0085 0.0138 0.0006 -0.0271 0.024 

Q90487 Hemoglobin Subunit Alpha  0.1087 0.0092 0.0541 0.0053 -0.0546 < 0.0001 

Q9PVK5 L-Lactate Dehydrogenase A Chain  0.1194 0.0095 0.0396 0.0041 -0.0799 < 0.0001 

Q6VN46 Myoglobin 0.0568 0.0050 0.0365 0.0028 -0.0204 0.0004 

Q6PC53 Peptidyl-Prolyl Cis-Trans Isomerase  0.0843 0.0097 0.0374 0.0031 -0.0469 < 0.0001 
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Figure 5.10 Synthesis Rates of Gluconeogenic Enzymes Between Groups. 6 proteins that are associated with the biological process of 
gluconeogenesis were identified in both experimental groups. Three proteins showed a significant difference between the control group and the 
stressed group. These were glucose-6-phosphate isomerase A (p = 0.016), phosphoglycerate mutase 1a (p = 0.0073) and triosephosphate 
isomerase (p = <0.0001). 
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Figure 5.11 Comparison of the Synthesis Rates of Proteins Involved in the Process of Hypoxia. 5 Proteins were identified with associations 
with hypoxia. All of these proteins showed a significant difference in the rate of protein synthesis between the control group and the stressed 
group. The identified proteins were ATP synthase, Mitochondrial Fo Complex, Subunit Eb (p = 0.024), myoglobin (p = 0.0004), peptidyl-prolyl 
cis-trans isomerase, hemoglobin subunit alpha and l-lactate dehydrogenase a chain (p<0.0001).  
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5.4 Discussion 

CUS has long term effects on the health and wellbeing of biological organisms (396, 

407, 408). While the depth of knowledge on zebrafish behaviour in response to stress 

is limited compared to other model organisms it has been proposed that zebrafish can 

be a useful organism in use for the study of the effects of CUS in humans (280, 396, 

409). However large scale global proteomic analysis of tissues had not previously been 

performed in zebrafish to study CUS. 

 

Behavioural analysis using 3D tracking of zebrafish is a growing field to examine the 

effects of experiments on zebrafish (277–279). The use of these techniques to study 

the behavioural effect of long term CUS on zebrafish has not previously been 

accomplished. When zebrafish are introduced into a new environment, such as a new 

tank, they keep to the lower areas and after time slowly explore the upper areas of the 

environment (280, 281). This behaviour has been shown to be inhibited by introduction 

of a chronic unpredictable stressor (280, 282) while the use of repeated stressors or 

when using an acute stress this pattern is not seen (279, 283, 284). 

 

The data in this chapter shows a clear difference between the experimental groups. 

The fish that were subjected to CUS displayed behaviour that has previously been 

observed by fish under stressed conditions (393, 394). The behavioural changes that 

were recorded in this study indicate that the zebrafish exposed to CUS were stressed 

and were so over the course of the experiment. An interesting note is that the 

differences in behaviour were apparent immediately which is supported by established 

literature detailing the behaviour patterns of fish to an environment and how it is 

affected by stress  (280–282). This technique can be used as a very useful as a non-

invasive means of detecting chronic stress in fish.  
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A meta-analysis of 66 published studies of the stress response in primarily mammalian 

tissues by Wang et al. found 44 frequently detected proteins that are influenced by 

stress (410). Of these 44, the rates of synthesis for 16 proteins were observed as 

significantly changed in this study. While this could support the hypothesis that the 

stress responses in zebrafish has similarities to that seen in mammals, the list of 

proteins was derived from a number of different stress based studies. These studies 

included both acute and chronic stressors which can create very different effects in 

organisms. For example, under chronic stress a hyperalgesic effect is noticed whereas 

under acute stress an analgesic effect is observed (411). It may possibly be the case 

that different chronic stressors produce different changes in protein synthesis rates. 

Therefore a study using other stressors in the CUS framework could provide an 

interesting insight into specific stress responses within zebrafish. 

 

One of the only studies that have investigated protein changes after stress using large 

scale proteomics was conducted by Magdeldin et al. (279) which investigated the use 

of repeated stressors. They noticed no inhibition to habituation of the zebrafish 

undergoing the repeated stress with both the control group and the stressed groups 

showing a reduction in distance moved. This analysis shows that CUS and acute stress 

produce different effects on behaviour in zebrafish.  

 

In the CUS cohort, more proteins were observed with a significantly reduced rate of 

protein synthesis than those with a significantly increased rate of protein synthesis. 

This could be interpreted as a protective response to CUS, where the demand of 

cellular resources and mechanisms is reduced by lowering the rates of protein 

synthesis. Further study into the effects of CUS in other organs or species would give 

more insights and validation into the mechanisms at work. The set of proteins that have 

associations with the stress response on the whole showed a decreased rate of protein 
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synthesis in response to CUS. It is hypothesised that this is a result of the increasing 

allostatic load of the immediate stress response resulting in the change from an 

adaptive response to a maladaptive response.  

 

The effects of acute stressors on fish have been examined in greater detail than that 

of chronic stress. In the immediate stress response there is the release of stored 

catecholamines before the increase in cortisol synthesis (412, 413). The release of the 

catecholamines causes an increase in concentration of blood glucose (414)  and the 

synthesis of glucose leads to a stimulation of the catabolic processes involved in the 

liberation of amino acids and other gluconeogenesis substrates for use in the synthesis 

of glucose in gluconeogenesis (415, 416). In fish, gluconeogenesis is also increased 

by the stimulation of phosphoenolpyruvate carboxykinase (PEPCK), the rate limiting 

enzyme in fish gluconeogenesis (417, 418). The liberated glucose as a result of the 

increased gluconeogenesis in response to a stressor has been thought to be used in 

enhancing hepatic metabolism (419). While gluconeogenesis has strong links with 

cortisol, where increased levels of cortisol have been shown to decrease glucose 

production (419, 420), effects of an increase in gluconeogenesis have been observed 

in salmon in both an increase in free glucose and increased lactate usage, a 

gluconeogenesis substrate, after three weeks of CUS (421). 

 

The gene ontology analysis revealed that proteins associated with 

glycolysis/gluconeogenesis were observed to have changed synthesis rates in 

response to stress. As gluconeogenesis has a role in the CUS response (418, 422), 

proteins in the gluconeogenesis pathway showing an increased rate of synthesis could 

be seen as indicative of a CUS response in the zebrafish heart. As glucose is a 

preferred fuel source, an increase in glucose concentration in the heart would be useful 

in response to the anticipated increase in energy demand, potentially as part of a fight 



198 
 

or flight response (422). It is not possible to determine whether the proteins were 

involved with glycolysis or gluconeogenesis with the type of analysis used in this 

experiment, the behavioural data along with previous studies suggests that the 

glycolysis pathway is inhibited and the gluconeogenesis pathway is amplified under 

CUS (418, 422).  

 

Two glycolysis/gluconeogenesis pathway enzymes and another pathway protein 

(Figure 5.12) were significantly changed as a result of CUS. Triosephosphate 

isomerase B showed a significant decrease in protein synthesis rate and has 

associations with gluconeogenesis through the catalysis of the interconversion of 

dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate (G3P) (423). 

Glucose-6-phosphate isomerase and phosphoglycerate mutase 1a also showed a 

significant increase and decrease respectively in protein synthesis rate, both of which 

have links with gluconeogenesis (424, 425). A study was conducted by Oleksiak in 

2009 (426) utilised the teleost fish Fundulus heteroclitus in the study of chronic stress 

via pollutant exposure. This study saw a significant (p<0.0001) decrease in gene 

expression of glucose-6-phosphatase while also seeing a significant increase (p = 

0.009) in gene expression of phosphoglycerate mutase 1a (426). 

 

The most interesting results perhaps were the decrease in synthesis rates for proteins 

involved in hypoxia with L-lactate dehydrogenase A chain which showed a significant 

decrease in synthesis rate (-0.0799 ksyn(week-1); p<0.0001). The role of L-lactate 

dehydrogenase A chain in hypoxia is well established in many organisms and the gene 

has been used as a positive control in hypoxia studies in zebrafish (427). These results 

may be due to increased metabolic demand upon the zebrafish due to an elevated 

heart rate and opercular beat rate (breathing).  
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Figure 5.12 The Pathway of Glycolysis and Gluconeogenesis. The pathway of 
glycolysis from glucose to pyruvate and the reverse pathway of gluconeogenesis. 
Enzymes involved in catalysing the equilibrium reactions between steps is often a 
reversible reaction where a single enzyme class interconverts between the two.  
Proteins identified in this study are highlighted in bold.
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5.5 Conclusion 

The work outlined in this chapter showed the successful establishment of an 

experimental set-up for the observation and analysis of zebrafish behaviour and the 

zebrafish heart proteome response to stress. This set-up allowed for the use of 

proteomic and behavioural monitoring techniques to be used with minimal 

unintentional interference. The synthesis rates of 342 proteins were able to be 

calculated and analysed and allowed for a comparison between a control group and a 

cohort of zebrafish subjected to CUS. The proteome changes in response to CUS via 

air emersion, net chasing or net confinement have not been seen at the global scale 

to the extent shown by this study. The differences between these two groups showed 

that many significant changes in the zebrafish cardiac tissue protein synthesis rates 

occurred. This work can be used in research into the effects of CUS in zebrafish and 

the long term effects and changes in behaviour as a result of stress. These results may 

provide insights into similar mechanisms and changes in the heart proteome in humans 

in response to CUS.
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6.1 General Discussion 

Stress is a health concern that has worldwide effects and yet this condition is one of 

the least understood particularly with regard to the cellular mechanisms involved. 

Proteomics is a rapidly developing field that is able to provide a deeper understanding 

into biological processes and mechanisms. One way to further the understanding of 

health conditions within humans is the use of model organisms and the use of the 

zebrafish as a model system offers the prospect of new insights into this condition. 

This thesis has exploited the key concepts, technologies and suitability of using 

proteomics based techniques to study the effects of chronic stress on the zebrafish 

model organism. 

 

The main aims of this thesis were to optimise the methods and techniques used in 

analysing the zebrafish heart proteome. Through the utilisation of stable isotopes in 

the zebrafish diet a heart that incorporates stable isotope labelled amino acids over 

time was produced. This heart was then to be used to analyse this rate of incorporation 

to determine the rates of protein synthesis for individual proteins on a proteome wide 

scale and apply this methodology to determine the proteome dynamics in zebrafish 

heart CUS. 

6.2 Summary of Findings 

The difficulties faced in proteomic analysis of muscle tissue is well-known (326). A 

variety of protein simplification strategies were analysed. The number of identifications 

and the strength of those identifications, in both the average peptides per protein for 

identifications and sequence coverage, were used to compare between the strategies. 

Additionally the gene ontologies of the results were analysed to determine whether the 

strategy used had an impact on the composition or nature of the proteome identified. 

These different approaches were compared in order to determine the optimal workflow 
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for use in the further work in this thesis. This analysis revealed that the optimum 

method for workflows in large scale proteomics experiments was 1-D SDS-PAGE.  

 

However, it was additionally found that for small scale experiments, especially with a 

small amount of sample tissue, the OFFGEL technology was able to produce the 

highest amount of identifications. This result is important with regards to the analysis 

of zebrafish tissues. Most organs of the zebrafish are quite small, and since no protein 

amplification technology currently exists, using the OFFGEL technique would be ideal 

for a deep proteome analysis of a single tissue sample. ProteoMiner equalisation 

technology also provided interesting results with an increase in identifications 

compared to 1-D SDS-PAGE alone. Experimental timescales are becoming a 

significant factor when designing proteomics experiments. LC-MS/MS gradient lengths 

mean that increased fractionation dramatically increases the total analysis time. The 

work that was conducted later in this thesis used roughly 90 individual zebrafish. A 

highly optimised OFFGEL based experiment with an average proteomic LC-MS/MS 

gradient length would mean that roughly three years of additional time would be 

needed to complete the work in this thesis. Owing to the reliability, lower cost and 

comparability to previous work, a 1-D SDS-PAGE workflow was selected for the work 

in this thesis. The FASP technique while unsuccessful using zebrafish heart tissue 

provided useful results when using carp skeletal muscle. In future attempts using the 

technique a modified protocol would need to be developed. As the FASP protocol also 

relied upon the OFFGEL instrument, a method using that replaces the OFFGEL with 

ion exchange pipette tips would potentially be a method that would provide successful 

results while maintaining the potential benefits of using the FASP system. 

 

Different peptide spectral matching software were analysed as part of the workflow 

optimisation. Three different search engines: MaxQuant, Proteome Discoverer and 
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SearchGUI were used. Each of the search engine software packages produced similar 

results. However, due to the software demands of using a MASCOT server and the 

nature of the search process with SearchGUI, both were considered incompatible with 

the current network and terminal storage architecture. Since MaxQuant is able to 

conveniently handle very large amounts of data files it was chosen as the most 

appropriate for the work in this thesis.  

 

The second aim of this thesis was to utilise dietary labelling to introduce stable isotope 

labelled amino acids into zebrafish in order to measure the rates of protein synthesis 

in the zebrafish heart. This was achieved through the use of two dietary interventions 

that contained different percentages (30% and 50%) of stable isotope labelled [2H7] L-

leucine. This approach has notable advantages over previously existing methods due 

to healthy fish with no noticeable adverse effects. The rates of protein synthesis were 

then determined in a global proteomics analysis. The results from this analysis were 

then compared between the dietary interventions to investigate the efficiencies and 

suitability of different labelling amounts in the diet. The results were also interpreted to 

look at protein complex component synthesis rates and comparisons to existing 

literature. 

 

The work presented in Chapter 4 confirmed the capability of the experimental 

methodology to determine the absolute rates of protein synthesis for a large amount 

of proteins in a single organ of an organism. This approach was able to characterise 

proteins from the soluble fraction of the organ after homogenisation. These results 

were successfully reproduced when using two different dietary compositions that 

incorporated stable isotope labelled [2H7]-leucine. It was possible to accurately 

determine the precursor pool amino acid availability and show that the supplemented 

leucine is rapidly available for protein synthesis and that there is little loss of label in 
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the aquatic environment. Furthermore, sufficient protein was extracted from individual 

zebrafish hearts to determine the incorporation rate of the label into hundreds of 

proteins simultaneously. This work is an important step towards integrating genotype-

phenotype data. 

 

The different diets that were used in the two experiments were compared to determine 

the effectiveness and the appropriateness of either labelling amount. The amount of 

stable isotope replacement within a diet for living complete fish can cause numerous 

problems such as changes in fertility. Therefore determining a diet that allows for 

determination of protein synthesis rate to a reliable level while also maintaining the 

health of the fish is crucial. The two diets (30% and 50%) produced similar results, with 

a significant (p<0.0001) correlation between the rates of protein synthesis determined 

in both diets. The results of this comparison show that there is no significant effect of 

the labelling amount in the capability of determining the protein synthesis rate. The 

50% labelled diet provided a higher signal to noise ratio, which increases the 

detectability of peptides in mass spectrometric analysis and this theoretically increases 

the amount of proteins containing a stable isotope that can be identified. The 50% 

labelled diet was therefore used for the CUS experiment later on in the thesis.  

 

The third aim of this thesis was to define the changes in protein synthesis rate of the 

zebrafish heart proteome in response to CUS. This was achieved by the establishment 

of a CUS methodology in zebrafish that used three different stressors; air emersion, 

net chasing and net confinement. Through behavioural analysis it was determined that 

the methodologies used created a framework that produced the effects of CUS in 

zebrafish. The analysis showed that zebrafish displayed a decrease in total swimming 

distance, reduced activity, a lower fractal dimension and spent more time in the lower 

half of the fish tank. These behavioural traits are known to be symptomatic of fish under 
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CUS. A comparison between a control group of fish and fish under CUS was 

conducted. The rates of protein synthesis for 342 unique proteins were able to be 

determined and compared between the control and CUS cohorts of zebrafish. The 

zebrafish heart samples were then analysed in order to determine the rates of protein 

synthesis. The rates of synthesis were then compared between the CUS fish and 

control fish in order to determine the changes in protein synthesis rate in response to 

CUS. This is the first study of its type. 

 

Analysis was carried out on the proteins that had significant changes in protein 

synthesis rate between the control and CUS. GO analysis was used to highlight several 

proteins that were involved in key biological processes that are linked to the stress 

response. Comparison of these results and various literature sources showed a similar 

pattern of change was observed in the transcript expression under CUS. Additionally, 

16 of the proteins that displayed a significant change in protein synthesis rate under 

CUS were part of the minimum stress proteome, a group of 44 proteins identified by a 

meta-analysis as being influenced by stress in mammals. The work of this chapter 

showed that this methodology can be used to investigate the effects of CUS on protein 

synthesis rates in zebrafish. This methodology can in principle be applied to any organ 

with a zebrafish and may have links with the same mechanisms in humans and other 

mammals. 

6.3 Future Work 

The techniques and methods established, optimised and validated in this thesis can 

be potentially applied to any of a wide range of tissues in an organism. This can be 

used to investigate the protein synthesis changes in response to any number of stimuli 

and in turn provide insight into the underlying protein mechanisms. The work outlined 

in this thesis has demonstrated the usefulness of the analysis of protein synthesis rates 

in the investigation of a physiological response within individual organs of an entire 
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organism. Using this optimised workflow from tissue sample to analysis provides for 

the investigation of a wide range of potential conditions can be investigated.  

 

The length needed for a synthesis experiment is an important question for future work. 

The work in this thesis showed that only three to four weeks on average were needed 

to produce the maximum labelling incorporation. This means that a shorter time-course 

can be used for determining protein synthesis rates. This reduces the amount of fish 

required for experiments and also allows for a smaller amount of diet that needs to be 

produced providing a saving in costs in both the stable isotope and the resources of 

the aquarium. In addition, the ability to perform analysis of protein synthesis rates on 

a global scale using very small amounts of tissue can further reduce the amount of 

resources used in such experiments. Furthermore the techniques outlined in Chapter 

3 allow for the analysis of a wider range of sample tissue sizes. 

 

Future experiments in understanding the effects of CUS on protein synthesis rates in 

zebrafish could use different organs. The liver, brain and intestines along with the 

skeletal muscle are easily dissected from a zebrafish and are of sufficient size to be 

analysed through 1-D SDS-PAGE followed by LC MS/MS. Study of different organs 

may show organ specific changes in the rates of protein synthesis which may provide 

interesting insights into human analogues. Especially useful would be study of the 

zebrafish brain to give insights into the neurological effects of CUS in humans. Anxiety 

and depression along with other neurological conditions are identified as linked to 

CUS, investigating the changes in protein synthesis rates in the brain could lead to 

some novel treatments. 

 

Another potential future implication of the work outlined in this thesis is that the 

workflow for protein synthesis analysis may be attempted in other species. While the 
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zebrafish is a highly useful and well-studied model organism, other fish species may 

be of particular interest to research groups and would benefit from analysis of protein 

synthesis changes. 

 

Analysis of the changes in protein synthesis rates provide a vast amount of useful 

information that can be used in the investigation into the changes induced in zebrafish 

tissues as a result of stimuli. However, the entire picture of protein turnover is not fully 

analysed. Therefore a potential future analysis would be using the methodology for 

analysis of protein degradation. The labelling method and subsequent protein sample 

preparation and analysis are equally applicable to protein degradation as they are to 

protein synthesis. This would provide another dimension to the analysis of the effects 

of conditions within the zebrafish. 

 

The instrumentation used in proteomics is undergoing rapid development, with 

improvements made to detectors and analysers being released at a regular pace. 

While increased sensitivity and scan time reductions are important areas in which 

mass spectrometers have improved in recent years, proteomics specific technology is 

in development that would speed up the data analysis workflows used in proteomics 

experiments. GPUs or Graphical Processing Units, are processors that are designed 

to create advanced graphical outputs such as 3D models. These graphics require 

intense processing to compute; therefore modern GPUs have a high processing 

capability. GPUs differ from CPUs in that they are designed to run many similar 

processes simultaneously by having hundreds of processing cores instead of the 1-8 

of common modern desktop processors (428). When performing peptide matching, this 

type of processing system is ideal as the search involves hundreds of simultaneous 

searches. Utilisation of GPU hardware can provide a number of advantages in 

proteomics based mass spectrometry as a result. An example of this has been 
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developed recently by McQueen et al. (429). They developed a system that allows for 

real time digestion and identification of peptides detected by the mass spectrometer 

and thus could predict when other peptides of the same protein would elute later in the 

run. This information is then used to develop a mass list so the predicted peptide will 

be fragmented even if it would not be under normal data-dependent acquisition, thus 

allowing for a greater sequence coverage and increased quality of identifications. 

Tempest is a search algorithm developed by the Gerber lab (430). Tempest uses GPU 

based computation to dramatically increase the speed in which peptide matching can 

be performed. 

6.4 Final Conclusions and Summary 

Proteomics is a key technology used to probe the biology of living systems and seeks 

to provide a functional link between expressed genes and phenotypic outcomes. 

Increasingly, proteomic analyses in zebrafish are being used to understand 

fundamental biological processes. In summary, the work described in this thesis 

utilised modern and novel techniques in order to establish a methodology for protein 

synthesis analysis in zebrafish heart tissue using a stable isotope labelling in 

conjunction with high resolution mass spectrometry. This approach was able to extract 

sufficient protein from individual zebrafish hearts to determine the incorporation rate of 

the label into hundreds of proteins simultaneously. The protein synthesis analysis 

methodology was applied to investigate the important physiological condition of CUS 

that has strong links with human health. Using this approach over a hundred proteins 

that undergo a significant change in synthesis rate while under CUS were identified 

and their rates and changes in protein synthesis recorded. The work in this thesis has 

produced interesting results that fills gaps in the understanding of CUS in zebrafish 

and the similarity between the condition in zebrafish and humans.   



210 
 

 

 

 

                                                                          

 

References 

 

                                                              

  



211 
 

1.  Wilkins MR, Sanchez JC, Gooley AA, Appel RD, Humphery-Smith I, 

Hochstrasser DF, et al. Progress with proteome projects: Why all proteins 

expressed by a genome should be identified and how to do it. Biotechnol Genet 

Eng Rev. 1996, 13:19–50 

2.  Kim M-S, Pinto SM, Getnet D, Nirujogi RS, Manda SS, Chaerkady R, et al. A 

draft map of the human proteome. Nature. 2014, 509:575–81 

3.  Legrain P, Aebersold R, Archakov A, Bairoch A, Bala K, Beretta L, et al. The 

human proteome project: Current state and future direction. Mol Cell Proteomics. 

2011, 10:Published online 

4.  Westermeier R. Electrophoresis in practice: a guide to methods and applications 

of DNA and protein separations, fourth edition. Wiley; 2006 

5.  Kim J, Garoff S, Anderson JL, Schlangen LJM. Movement of colloidal particles 

in two-dimensional electric fields. Langmuir. 2005, 21:10941–7 

6.  Vesterberg O, Svensson H. Isoelectric fractionation, analysis, and 

characterization of ampholytes in natural pH gradients. Acta Chem Scand. 1966, 

20:820 

7.  Foster JF, Kaplan LJ. Isoelectric focussing behavior of bovine plasma albumin, 

mercaptalbumin, and β-lactoglobulins a and b. Biochemistry. 1971, 10:630–6 

8.  Hamdan M, Righetti PG. Assessment of protein expression by means of 2-D gel 

electrophoresis with and without mass spectrometry. Mass Spectrom Rev. 2003, 

22:272–84 

9.  O’Farrell PH. High resolution two-dimensional electrophoresis of proteins. J Biol 

Chem. 1975, 250:4007–21 



212 
 

10.  Patel BB, Barrero CA, Braverman A, Kim PD, Jones KA, Chen DE, et al. 

Assessment of two immunodepletion methods: Off-target effects and variations 

in immunodepletion efficiency may confound plasma proteomics. J Proteome 

Res. 2012, 11:5947–58 

11.  Prieto DA, Johann DJ, Wei B-R, Ye X, Chan KC, Nissley D V, et al. Mass 

spectrometry in cancer biomarker research: A case for immunodepletion of 

abundant blood-derived proteins from clinical tissue specimens. Biomark Med. 

2014, 8:269–86 

12.  Huang L, Harvie G, Feitelson JS, Gramatikoff K, Herold DA, Allen DL, et al. 

Immunoaffinity separation of plasma proteins by IgY microbeads: Meeting the 

needs of proteomic sample preparation and analysis. Proteomics. 2005, 5:3314–

28 

13.  Zolotarjova N, Martosella J, Nicol G, Bailey J, Boyes BE, Barrett WC. Differences 

among techniques for high-abundant protein depletion. Proteomics. 2005, 

5:3304–13 

14.  Maccarrone G, Milfay D, Birg I, Rosenhagen M, Holsboer F, Grimm R, et al. 

Mining the human cerebrospinal fluid proteome by immunodepletion and 

shotgun mass spectrometry. Electrophoresis. 2004, 25:2402–12 

15.  Bachi A, Simó C, Restuccia U, Guerrier L, Fortis F, Boschetti E, et al. 

Performance of combinatorial peptide libraries in capturing the low-abundance 

proteome of red blood cells. 2. Behavior of resins containing individual amino 

acids. Anal Chem. 2008, 80:3557–65 

  



213 
 

16.  Boschetti E, Righetti PG. The proteominer in the proteomic arena: A non-

depleting tool for discovering low-abundance species. J Proteomics. 2008, 

71:255–64 

17.  Righetti PG, Boschetti E, Lomas L, Citterio A. Protein equalizer technology : The 

quest for a “Democratic proteome”. Proteomics. 2006, 6:3980–92 

18.  Merrifield RB. Solid phase peptide synthesis. I. The synthesis of a tetrapeptide. 

J Am Chem Soc. 1963, 85:2149–54 

19.  Furka Á, Sebastyén F, Asgedom M, Dibó G. General method for rapid synthesis 

of multicomponent peptide mixtures. Int J Pept Protein Res. 2009, 37:487–93 

20.  Wiśniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation 

method for proteome analysis. Nat Methods. 2009, 6:359–62 

21.  Yates JR, Ruse CI, Nakorchevsky A. Proteomics by mass spectrometry: 

Approaches, advances, and applications. Annu Rev Biomed Eng. 2009, 11:49–

79 

22.  Murphy RE, Schure MR, Foley JP. Effect of sampling rate on resolution in 

comprehensive two-dimensional liquid chromatography. Anal Chem. 1998, 

70:1585–94 

23.  Washburn MP, Wolters D, Yates JR. Large-scale analysis of the yeast proteome 

by multidimensional protein identification technology. Nat Biotechnol. 2001, 

19:242–7 

  



214 
 

24.  Gevaert K, Van Damme J, Goethals M, Thomas GR, Hoorelbeke B, Demol H, et 

al. Chromatographic isolation of methionine-containing peptides for gel-free 

proteome analysis: Identification of more than 800 Escherichia coli proteins. Mol 

Cell Proteomics. 2002, 1:896–903 

25.  Ghesquière B, Jonckheere V, Colaert N, Van Durme J, Timmerman E, Goethals 

M, et al. Redox proteomics of protein-bound methionine oxidation. Mol Cell 

Proteomics. 2011, 10:M110.006866 

26.  Ghesquière B, Colaert N, Helsens K, Dejager L, Vanhaute C, Verleysen K, et al. 

In vitro and in vivo protein-bound tyrosine nitration characterized by diagonal 

chromatography. Mol Cell Proteomics. 2009, 8:2642–52 

27.  Domon B, Aebersold R. Mass spectrometry and protein analysis. Science. 2006, 

312:212–7 

28.  Larance M, Lamond AI. Multidimensional proteomics for cell biology. Nat Rev 

Mol Cell Biol. 2015, 16:269–80 

29.  Wolf B. Handbook of ion sources. CRC Press; 1995 

30.  Brown IG. The physics and technology of ion sources. John Wiley & Sons; 2004 

31.  Shirkov GD, Zschornack G. Electron impact ion sources for charged heavy ions. 

Springer Science & Business Media; 2013 

32.  Ho CS, Lam CWK, Chan MHM, Cheung RCK, Law LK, Lit LCW, et al. 

Electrospray ionisation mass spectrometry: Principles and clinical applications. 

Clin Biochem Rev. 2003, 24:3–12 

33.  Iribarne J V. On the evaporation of small ions from charged droplets. J Chem 

Phys. 1976, 64:2287 



215 
 

34.  Thomson BA, Iribarne J V. Field induced ion evaporation from liquid surfaces at 

atmospheric pressure. J Chem Phys. 1979, 71:4451 

35.  Wilm M, Mann M. Analytical properties of the nanoelectrospray ion source. Anal 

Chem. 1996, 68:1–8 

36.  Juraschek R, Dülcks T, Karas M. Nanoelectrospray--more than just a minimized-

flow electrospray ionization source. J Am Soc Mass Spectrom. 1999, 10:300–8 

37.  Brunnée C. The ideal mass analyzer: Fact or fiction? Int J Mass Spectrom Ion 

Process. 1987, 76:125–237 

38.  Paul W, Steinwedel H. Ein neues massenspektrometer ohne magnetfeld. 

Zeitschrift für Naturforsch A. 1953, 8:448–50 

39.  Yost RA, Enke CG, McGilvery DC, Smith D, Morrison JD. High efficiency 

collision-induced dissociation in an RF-only quadrupole. Int J Mass Spectrom 

Ion Phys. 1979, 30:127–36 

40.  Murray KK, Boyd RK, Eberlin MN, Langley GJ, Li L, Naito Y. Definitions of terms 

relating to mass spectrometry (IUPAC recommendations 2013). Pure Appl 

Chem. 2013, 85:1515–609 

41.  Prestage JD, Dick GJ, Maleki L. New ion trap for frequency standard 

applications. J Appl Phys. 1989, 66:1013 

42.  Douglas DJ, Frank AJ, Mao D. Linear ion traps in mass spectrometry. Mass 

Spectrom Rev. 24:1–29 

43.  Yost RA, Enke CG. Triple quadrupole mass spectrometry for direct mixture 

analysis and structure elucidation. Anal Chem. 1979, 51:1251–64 



216 
 

44.  Hu Q, Noll RJ, Li H, Makarov A, Hardman M, Graham Cooks R. The orbitrap: A 

new mass spectrometer. J Mass Spectrom. 2005, 40:430–43 

45.  Kingdon KH. A method for the neutralization of electron space charge by positive 

ionization at very low gas pressures. Phys Rev. 1923, 21:408–18 

46.  Makarov A, Denisov E, Kholomeev A, Balschun W, Lange O, Strupat K, et al. 

Performance evaluation of a hybrid linear ion trap/orbitrap mass spectrometer. 

Anal Chem. 2006, 78:2113–20 

47.  Reddy PJ, Sinha S, Ray S, Sathe GJ, Chatterjee A, Prasad TSK, et al. 

Comprehensive analysis of temporal alterations in cellular proteome of bacillus 

subtilis under curcumin treatment. PLoS One. 2015, 10:e0120620 

48.  Eliuk S, Makarov A. Evolution of orbitrap mass spectrometry instrumentation. 

2015 

49.  Practical aspects of trapped ion mass spectrometry, volume IV: Theory and 

instrumentation. CRC Press; 2010 

50.  Lange O, Damoc E, Wieghaus A, Makarov A. Enhanced fourier transform for 

orbitrap mass spectrometry. Int J Mass Spectrom. 2014, 369:16–22 

51.  de Hoffman E, Stroobant V. Mass spectrometry: Principles and applications. 3rd 

ed. WILEY-VCH Verlag GmbH; 2007 

52.  Hager JW. A new linear ion trap mass spectrometer. Rapid Commun Mass 

Spectrom. 2002, 16:512–26 

53.  Johnstone R, Herbert C. Mass spectrometry basics. CRC Press; 2002, 

  



217 
 

54.  Perry RH, Cooks RG, Noll RJ. Orbitrap mass spectrometry: instrumentation, ion 

motion and applications. Mass Spectrom Rev. 27:661–99 

55.  Inczedy J, Lengyel T, Ure A. IUPAC - International Union of Pure and Applied 

Chemistry: Gold book. 3rd ed. Blackwell Science; 1998 

56.  Johnson J V., Yost RA, Kelley PE, Bradford DC. Tandem-in-space and tandem-

in-time mass spectrometry: Triple quadrupoles and quadrupole ion traps. Anal 

Chem. 1990, 62:2162–72 

57.  Gross JH. Mass spectrometry: A textbook. Springer Science & Business Media; 

2011 

58.  Garrido Frenich A, Plaza-Bolaños P, Martínez Vidal JL. Comparison of tandem-

in-space and tandem-in-time mass spectrometry in gas chromatography 

determination of pesticides: application to simple and complex food samples. J 

Chromatogr A. 2008, 1203:229–38 

59.  Wells JM, McLuckey SA. Collision-induced dissociation (CID) of peptides and 

proteins. Methods Enzymol. 2005, 402:148–85 

60.  Zhang M-Y, Pace N, Kerns EH, Kleintop T, Kagan N, Sakuma T. Hybrid triple 

quadrupole-linear ion trap mass spectrometry in fragmentation mechanism 

studies: Application to structure elucidation of buspirone and one of its 

metabolites. J Mass Spectrom. 2005, 40:1017–29 

61.  Yang Y-H, Lee K, Jang K-S, Kim Y-G, Park S-H, Lee C-S, et al. Low mass cutoff 

evasion with q(z) value optimization in ion trap. Anal Biochem. 2009, 387:133–5 

62.  Aebersold R, Goodlett DR. Mass spectrometry in proteomics. Chem Rev. 2001, 

101:269–96 



218 
 

63.  Roepstorff P, Fohlman J. Proposal for a common nomenclature for sequence 

ions in mass spectra of peptides. Biomed Mass Spectrom. 1984, 11:601 

64.  Bogdanov B, Smith RD. Proteomics by FTICR mass spectrometry: top down and 

bottom up. Mass Spectrom Rev. 24:168–200 

65.  Schlüter H, Apweiler R, Holzhütter H-G, Jungblut PR. Finding one’s way in 

proteomics: A protein species nomenclature. Chem Cent J. 2009, 3:11 

66.  Smith LM, Kelleher NL. Proteoform: a single term describing protein complexity. 

Nat Methods. 2013, 10:186–7 

67.  Rose RJ, Damoc E, Denisov E, Makarov A, Heck AJR. High-sensitivity orbitrap 

mass analysis of intact macromolecular assemblies. Nat Methods. 2012, 

9:1084–6 

68.  Berridge G, Chalk R, D’Avanzo N, Dong L, Doyle D, Kim J-I, et al. High-

performance liquid chromatography separation and intact mass analysis of 

detergent-solubilized integral membrane proteins. Anal Biochem. 2011, 

410:272–80 

69.  Konijnenberg A, Bannwarth L, Yilmaz D, Koçer A, Venien-Bryan C, Sobott F. 

Top-down mass spectrometry of intact membrane protein complexes reveals 

oligomeric state and sequence information in a single experiment. Protein Sci. 

2015, 24:1292–300 

70.  Link AJ, Eng J, Schieltz DM, Carmack E, Mize GJ, Morris DR, et al. Direct 

analysis of protein complexes using mass spectrometry. Nat Biotechnol. 1999, 

17:676–82 

  



219 
 

71.  Perkins DN, Pappin DJ, Creasy DM, Cottrell JS. Probability-based protein 

identification by searching sequence databases using mass spectrometry data. 

Electrophoresis. 1999, 20:3551–67 

72.  Cox J, Mann M. Maxquant enables high peptide identification rates, 

individualized p.p.b.-range mass accuracies and proteome-wide protein 

quantification. Nat Biotechnol. 2008, 26:1367–72 

73.  Geer LY, Markey SP, Kowalak JA, Wagner L, Xu M, Maynard DM, et al. Open 

mass spectrometry search algorithm. J Proteome Res. 2004, 3:958–64 

74.  Craig R, Beavis RC. Tandem: Matching proteins with tandem mass spectra. 

Bioinformatics. 2004, 20:1466–7 

75.  Eng JK, McCormack AL, Yates JR. An approach to correlate tandem mass 

spectral data of peptides with amino acid sequences in a protein database. J Am 

Soc Mass Spectrom. 1994, 5:976–89 

76.  Käll L, Storey JD, MacCoss MJ, Noble WS. Posterior error probabilities and false 

discovery rates: Two sides of the same coin. J Proteome Res. 2008, 7:40–4 

77.  Efron B, Tibshirani R, Storey JD, Tusher V. Empirical bayes analysis of a 

microarray experiment. J Am Stat Assoc. 2001, 96:1151–60 

78.  Marcus K, editor. Quantitative methods in proteomics. Totowa, NJ: Humana 

Press; 2012 

79.  Waanders LF, Hanke S, Mann M. Top-down quantitation and characterization of 

SILAC-labeled proteins. J Am Soc Mass Spectrom. 2007, 18:2058–64 

  



220 
 

80.  Ong S-E. Stable isotope labeling by amino acids in cell culture, SILAC, as a 

simple and accurate approach to expression proteomics. Mol Cell Proteomics. 

2002, 1:376–86 

81.  Stewart II, Thomson T, Figeys D. 18o labeling: A tool for proteomics. Rapid 

Commun Mass Spectrom. 2001, 15:2456–65 

82.  Yao X, Freas A, Ramirez J, Demirev PA, Fenselau C. Proteolytic 18 O labeling 

for comparative proteomics: Model studies with two serotypes of adenovirus. 

Anal Chem. 2001, 73:2836–42 

83.  Shevchenko A, Chernushevich I, Ens W, Standing KG, Thomson B, Wilm M, et 

al. Rapid “de novo” peptide sequencing by a combination of nanoelectrospray, 

isotopic labeling and a quadrupole/time-of-flight mass spectrometer. Rapid 

Commun Mass Spectrom. 1997, 11:1015–24 

84.  Zanivan S, Krueger M, Mann M. In vivo quantitative proteomics: the SILAC 

mouse. Methods Mol Biol. 2012, 757:435–50 

85.  Young VR. Adult amino acid requirements: the case for a major revision in 

current recommendations. J Nutr. 1994, 124:1517–23 

86.  Prokhorova TA, Rigbolt KTG, Johansen PT, Henningsen J, Kratchmarova I, 

Kassem M, et al. Stable isotope labeling by amino acids in cell culture (SILAC) 

and quantitative comparison of the membrane proteomes of self-renewing and 

differentiating human embryonic stem cells. Mol Cell Proteomics. 2009, 8:959–

70 

87.  Ong S-E, Mann M. Stable isotope labeling by amino acids in cell culture for 

quantitative proteomics. Methods Mol Biol. 2007, 359:37–52 



221 
 

88.  Kim M-S, Zhong Y, Yachida S, Rajeshkumar N V, Abel ML, Marimuthu A, et al. 

Heterogeneity of pancreatic cancer metastases in a single patient revealed by 

quantitative proteomics. Mol Cell Proteomics. 2014, 13:2803–11 

89.  Krüger M, Moser M, Ussar S, Thievessen I, Luber CA, Forner F, et al. Silac 

mouse for quantitative proteomics uncovers kindlin-3 as an essential factor for 

red blood cell function. Cell. 2008, 134:353–64 

90.  Erde J, Loo RRO, Loo JA. Enhanced FASP (eFASP) to increase proteome 

coverage and sample recovery for quantitative proteomic experiments. J 

Proteome Res. 2014, 13:1885–95 

91.  Nel AJ, Garnett S, Blackburn JM, Soares NC. Comparative re-evaluation of 

FASP and enhanced FASP methods by LC-MS/MS. J Proteome Res. 2015, 

14:1637–42 

92.  Sirvent A, Vigy O, Orsetti B, Urbach S, Roche S. Analysis of src oncogenic 

signaling in colorectal cancer by stable isotope labeling with heavy amino acids 

in mouse xenografts. Mol Cell Proteomics. 2012, 11:1937–50 

93.  Geiger T, Velic A, Macek B, Lundberg E, Kampf C, Nagaraj N, et al. Initial 

quantitative proteomic map of 28 mouse tissues using the SILAC mouse. Mol 

Cell Proteomics. 2013, 12:1709–22 

94.  Sury MD, Chen J-X, Selbach M. The SILAC fly allows for accurate protein 

quantification in vivo. Mol Cell Proteomics. 2010, 9:2173–83 

95.  Xu P, Tan H, Duong DM, Yang Y, Kupsco J, Moberg KH, et al. Stable isotope 

labeling with amino acids in Drosophila for quantifying proteins and 

modifications. J Proteome Res. 2012, 11:4403–12 



222 
 

96.  Wiener MC, Sachs JR, Deyanova EG, Yates NA. Differential mass spectrometry: 

a label-free LC-MS method for finding significant differences in complex peptide 

and protein mixtures. Anal Chem. 2004, 76:6085–96 

97.  Voyksner RD, Lee H. Investigating the use of an octupole ion guide for ion 

storage and high-pass mass filtering to improve the quantitative performance of 

electrospray ion trap mass spectrometry. Rapid Commun Mass Spectrom. 1999, 

13:1427–37 

98.  Liu H, Sadygov RG, Yates JR. A model for random sampling and estimation of 

relative protein abundance in shotgun proteomics. Anal Chem. 2004, 76:4193–

201 

99.  Zybailov B, Mosley AL, Sardiu ME, Coleman MK, Florens L, Washburn MP. 

Statistical analysis of membrane proteome expression changes in 

Saccharomyces cerevisiae. J Proteome Res. 2006, 5:2339–47 

100.  Rappsilber J, Ryder U, Lamond AI, Mann M. Large-scale proteomic analysis of 

the human spliceosome. Genome Res. 2002, 12:1231–45 

101.  Mosley AL, Florens L, Wen Z, Washburn MP. A label free quantitative proteomic 

analysis of the Saccharomyces cerevisiae nucleus. J Proteomics. 2009, 72:110–

20 

102.  Zybailov B, Mosley AL, Sardiu ME, Coleman MK, Florens L, Washburn MP. 

Statistical analysis of membrane proteome expression changes in 

Saccharomyces cerevisiae. J Proteome Res. 2006, 5:2339–47 

103.  Hanke S, Besir H, Oesterhelt D, Mann M. Absolute silac for accurate quantitation 

of proteins in complex mixtures down to the attomole level. J Proteome Res. 

2008, 7:1118–30 



223 
 

104.  Matic I, Jaffray EG, Oxenham SK, Groves MJ, Barratt CLR, Tauro S, et al. 

Absolute SILAC-compatible expression strain allows SUMO-2 copy number 

determination in clinical samples. J Proteome Res. 2011, 10:4869–75 

105.  Gebauer F, Hentze MW. Molecular mechanisms of translational control. Nat Rev 

Mol Cell Biol. 2004, 5:827–35 

106.  Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell. J. Molecular 

cell biology. 2000 

107.  Littlefield O, Korkhin Y, Sigler PB. The structural basis for the oriented assembly 

of a TBP/TFB/promoter complex. Proc Natl Acad Sci USA. 1999, 96:13668–73 

108.  Hsu. Promoter clearance and escape in prokaryotes. Biochim Biophys Acta. 

2002, 1577:191–207 

109.  Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Peter W. Molecular biology of 

the cell. 2002 

110.  Kuehner JN, Pearson EL, Moore C. Unravelling the means to an end: RNA 

polymerase ii transcription termination. Nat Rev Mol Cell Biol. 2011, 12:283–94 

111.  Osterman IA, Evfratov SA, Sergiev P V, Dontsova OA. Comparison of mrna 

features affecting translation initiation and reinitiation. Nucleic Acids Res. 2012 

112.  Azad AK, Stanford DR, Sarkar S, Hopper AK. Role of nuclear pools of aminoacyl-

tRNA synthetases in tRNA nuclear export. Mol Biol Cell. 2001, 12:1381–92 

113.  Glick BR, Chládek S, Ganoza MC. Peptide bond formation stimulated by protein 

synthesis factor ef-p depends on the aminoacyl moiety of the acceptor. Eur J 

Biochem. 1979, 97:23–8 



224 
 

114.  Frolova LY, Merkulova TI, Kisselev LL. Translation termination in eukaryotes: 

polypeptide release factor erf1 is composed of functionally and structurally 

distinct domains. RNA. 2000, 6:381–90 

115.  Radzicka A, Wolfenden R. Rates of uncatalyzed peptide bond hydrolysis in 

neutral solution and the transition state affinities of proteases. J Am Chem Soc. 

1996, 118:6105–9 

116.  Ciechanover A. Timeline: Proteolysis: From the lysosome to ubiquitin and the 

proteasome. Nat Rev Mol Cell Biol. 2005, 6:79–87 

117.  Cooper GM. Protein degradation. 2000 

118.  Peters JM. Proteasomes: Protein degradation machines of the cell. Trends 

Biochem Sci. 1994, 19:377–82 

119.  Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem. 1998, 

67:425–79 

120.  Dunn WA. Autophagy and related mechanisms of lysosome-mediated protein 

degradation. Trends Cell Biol. 1994, 4:139–43 

121.  Lecker SH, Goldberg AL, Mitch WE. Protein degradation by the ubiquitin-

proteasome pathway in normal and disease states. J Am Soc Nephrol. 2006, 

17:1807–19 

122.  Finley D. Recognition and processing of ubiquitin-protein conjugates by the 

proteasome. Annu Rev Biochem. 2009, 78:477–513 

123.  Schulman BA, Harper JW. Ubiquitin-like protein activation by E1 enzymes: The 

apex for downstream signalling pathways. Nat Rev Mol Cell Biol. 2009, 10:319–

31 



225 
 

124.  van Wijk SJL, Timmers HTM. The family of ubiquitin-conjugating enzymes (E2s): 

Deciding between life and death of proteins. FASEB J. 2010, 24:981–93 

125.  Berndsen CE, Wolberger C. New insights into ubiquitin E3 ligase mechanism. 

Nat Struct Mol Biol. 2014, 21:301–7 

126.  Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem. 1998, 

67:425–79 

127.  Schulman BA, Harper JW. Ubiquitin-like protein activation by E1 enzymes: The 

apex for downstream signalling pathways. Nat Rev Mol Cell Biol. 2009, 10:319–

31 

128.  Pickart CM. Back to the future with ubiquitin. Cell. 2004, 116:181–90 

129.  Glickman MH, Ciechanover A. The ubiquitin-proteasome proteolytic pathway: 

destruction for the sake of construction. Physiol Rev. 2002, 82:373–428 

130.  Hicke L. Protein regulation by monoubiquitin. Nat Rev Mol Cell Biol. 2001, 

2:195–201 

131.  Kravtsova-Ivantsiv Y, Ciechanover A. Non-canonical ubiquitin-based signals for 

proteasomal degradation. J Cell Sci. 2012, 125:539–48 

132.  Komander D, Rape M. The ubiquitin code. Annu Rev Biochem. 2012, 81:203–

29 

133.  Lander GC, Estrin E, Matyskiela ME, Bashore C, Nogales E, Martin A. Complete 

subunit architecture of the proteasome regulatory particle. Nature. 2012, 

482:186–91 

  



226 
 

134.  Pickart CM, Cohen RE. Proteasomes and their kin: Proteases in the machine 

age. Nat Rev Mol Cell Biol. 2004, 5:177–87 

135.  Baumeister W, Walz J, Zühl F, Seemüller E. The proteasome: Paradigm of a 

self-compartmentalizing protease. Cell. 1998, 92:367–80 

136.  Klionsky DJ, Ohsumi Y. Vacuolar import of proteins and organelles from the 

cytoplasm. Annu Rev Cell Dev Biol. 1999, 15:1–32 

137.  Levine B, Klionsky DJ. Development by self-digestion: Molecular mechanisms 

and biological functions of autophagy. Dev Cell. 2004, 6:463–77 

138.  Debnath J, Baehrecke EH, Kroemer G. Does autophagy contribute to cell death? 

Autophagy. 2005, 1:66–74 

139.  Mizushima N. Autophagy: Process and function. Genes Dev. 2007, 21:2861–73 

140.  Mizushima N. The pleiotropic role of autophagy: From protein metabolism to 

bactericide. Cell Death Differ. 2005, 12:1535–41 

141.  Kirkegaard K, Taylor MP, Jackson WT. Cellular autophagy: Surrender, 

avoidance and subversion by microorganisms. Nat Rev Microbiol. 2004, 2:301–

14 

142.  Baehrecke EH. Opinion: Autophagy: Dual roles in life and death? Nat Rev Mol 

Cell Biol. 2005, 6:505–10 

143.  Meijer AJ, Codogno P. Regulation and role of autophagy in mammalian cells. Int 

J Biochem Cell Biol. 2004, 36:2445–62 

144.  Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy fights disease 

through cellular self-digestion. Nature. 2008, 451:1069–75 



227 
 

145.  Klionsky DJ. The molecular machinery of autophagy: Unanswered questions. J 

Cell Sci. 2005, 118:7–18 

146.  Cuervo AM, Wong E. Chaperone-mediated autophagy: Roles in disease and 

aging. Cell Res. 2014, 24:92–104 

147.  Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ, 

et al. A novel heterodimeric cysteine protease is required for interleukin-1 beta 

processing in monocytes. Nature. 1992, 356:768–74 

148.  Riedl SJ, Shi Y. Molecular mechanisms of caspase regulation during apoptosis. 

Nat Rev Mol Cell Biol. 2004, 5:897–907 

149.  Riedl SJ, Shi Y. Molecular mechanisms of caspase regulation during apoptosis. 

Nat Rev Mol Cell Biol. 2004, 5:897–907 

150.  Djavaheri-Mergny M, Maiuri MC, Kroemer G. Cross talk between apoptosis and 

autophagy by caspase-mediated cleavage of beclin 1. Oncogene. 2010, 

29:1717–9 

151.  Mariño G, Niso-Santano M, Baehrecke EH, Kroemer G. Self-consumption: The 

interplay of autophagy and apoptosis. Nat Rev Mol Cell Biol. 2014, 15:81–94 

152.  GUROFF G. A neutral, calcium-activated proteinase from the soluble fraction of 

rat brain. J Biol Chem. 1964, 239:149–55 

153.  Chua BT, Guo K, Li P. Direct cleavage by the calcium-activated protease calpain 

can lead to inactivation of caspases. J Biol Chem. 2000, 275:5131–5 

154.  Menzies FM, Garcia-Arencibia M, Imarisio S, O’Sullivan NC, Ricketts T, Kent 

BA, et al. Calpain inhibition mediates autophagy-dependent protection against 

polyglutamine toxicity. Cell Death Differ. 2015, 22:433–44 



228 
 

155.  Gómez-Vicente V, Donovan M, Cotter TG. Multiple death pathways in retina-

derived 661w cells following growth factor deprivation: crosstalk between 

caspases and calpains. Cell Death Differ. 2005, 12:796–804 

156.  Demarchi F, Bertoli C, Copetti T, Tanida I, Brancolini C, Eskelinen E-L, et al. 

Calpain is required for macroautophagy in mammalian cells. J Cell Biol. 2006, 

175:595–605 

157.  Tanabe F, Cui SH, Ito M. Ceramide promotes calpain-mediated proteolysis of 

protein kinase C beta in murine polymorphonuclear leukocytes. Biochem 

Biophys Res Commun. 1998, 242:129–33 

158.  Demarchi F, Bertoli C, Greer PA, Schneider C. Ceramide triggers an nf-kappab-

dependent survival pathway through calpain. Cell Death Differ. 2005, 12:512–22 

159.  Varshavsky A. The N-end rule. Cold Spring Harb Symp Quant Biol. 1995, 

60:461–78 

160.  Varshavsky A. Naming a targeting signal. Cell. 1991, 64:13–5 

161.  Varshavsky A. The N-end rule pathway of protein degradation. Genes Cells. 

1997, 2:13–28 

162.  Chau V, Tobias JW, Bachmair A, Marriott D, Ecker DJ, Gonda DK, et al. A 

multiubiquitin chain is confined to specific lysine in a targeted short-lived protein. 

Science. 1989, 243:1576–83 

163.  Varshavsky A. The N-end rule: functions, mysteries, uses. Proc Natl Acad Sci 

USA. 1996, 93:12142–9 

  



229 
 

164.  Khmelinskii A, Keller PJ, Bartosik A, Meurer M, Barry JD, Mardin BR, et al. 

Tandem fluorescent protein timers for in vivo analysis of protein dynamics. Nat 

Biotechnol. 2012, 30:708–14 

165.  Boisvert F-M, Ahmad Y, Gierlinski M, Charrière F, Lamont D, Scott M, et al. A 

quantitative spatial proteomics analysis of proteome turnover in human cells. Mol 

Cell Proteomics. 2011, 11:Published online 

166.  Song X, Zhou T, Jia H, Guo X, Zhang X, Han P, et al. Sprotp: A web server to 

recognize those short-lived proteins based on sequence-derived features in 

human cells. PLoS One. 2011, 6:e27836 

167.  Doherty MK, Hammond DE, Clague MJ, Gaskell SJ, Beynon RJ. Turnover of the 

human proteome: Determination of protein intracellular stability by dynamic silac. 

J Proteome Res. 2009, 8:104–12 

168.  Rogers S, Wells R, Rechsteiner M. Amino acid sequences common to rapidly 

degraded proteins: The pest hypothesis. Science (80- ). 1986, 234:364–8 

169.  Belizario JE, Alves J, Garay-Malpartida M, Occhiucci JM. Coupling caspase 

cleavage and proteasomal degradation of proteins carrying pest motif. Curr 

Protein Pept Sci. 2008, 9:210–20 

170.  Wingertzahn MA, Ochs RS. Calcium mediated proteolysis enhances calcium 

release in skinned l6 myotubes. Recept Signal Transduct. 1997, 7:221–30 

171.  Sandoval A, Oviedo N, Tadmouri A, Avila T, De Waard M, Felix R. Two PEST-

like motifs regulate Ca 2+ /calpain-mediated cleavage of the Ca v β 3 subunit 

and provide important determinants for neuronal Ca 2+ channel activity. Eur J 

Neurosci. 2006, 23:2311–20 



230 
 

172.  Wang N, Chen W, Linsel-Nitschke P, Martinez LO, Agerholm-Larsen B, Silver 

DL, et al. A pest sequence in ABCA1 regulates degradation by calpain protease 

and stabilization of ABCA1 by ApoA-Ii. J Clin Invest. 2003, 111:99–107 

173.  Carillo S, Pariat M, Steff A m, Jariel-Encontre I, Poulat F, Berta P, et al. Pest 

motifs are not required for rapid calpain-mediated proteolysis of c-fos protein. 

Biochem J. 1996, 313:245–51 

174.  Boisvert F-M, Ahmad Y, Gierlinski M, Charrière F, Lamont D, Scott M, et al. A 

quantitative spatial proteomics analysis of proteome turnover in human cells. Mol 

Cell Proteomics. 2011, :Published online 

175.  Tompa P, Prilusky J, Silman I, Sussman JL. Structural disorder serves as a weak 

signal for intracellular protein degradation. Proteins. 2008, 71:903–9 

176.  Schwanhäusser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, et al. Global 

quantification of mammalian gene expression control. Nature. 2011, 473:337–

42 

177.  Tompa P. Intrinsically unstructured proteins. Trends Biochem Sci. 2002, 27:527–

33 

178.  Dice JF, Goldberg AL. A statistical analysis of the relationship between 

degradative rates and molecular weights of proteins. Arch Biochem Biophys. 

1975, 170:213–9 

179.  Dice JF, Goldberg AL. Relationship between in vivo degradative rates and 

isoelectric points of proteins. Proc Natl Acad Sci USA. 1975, 72:3893–7 

180.  Doherty MK, Beynon RJ. Protein turnover on the scale of the proteome. Expert 

Rev Proteomics. 2006, 3:97–110 



231 
 

181.  Johansson M, Lovmar M, Ehrenberg M. Rate and accuracy of bacterial protein 

synthesis revisited. Curr Opin Microbiol. 2008, 11:141–7 

182.  Hochstrasser M. Ubiquitin-dependent protein degradation. Annu Rev Genet. 

1996, 30:405–39 

183.  Kamanga-Sollo E, Pampusch MS, White ME, Hathaway MR, Dayton WR. 

Effects of heat stress on proliferation, protein turnover, and abundance of heat 

shock protein messenger ribonucleic acid in cultured porcine muscle satellite 

cells. J Anim Sci. 2011, 89:3473–80 

184.  Hedhli N, Pelat M, Depre C. Protein turnover in cardiac cell growth and survival. 

Cardiovasc Res. 2005, 68:186–96 

185.  Schoenheimer R. The dynamic state of body constituents. Cambridge: Harvard 

University Press; 1942 

186.  Schoenheimer R, Rittenberg D. Deuterium as an indicator in the study of 

intermediary metabolism. Science. 1935, 82:156–7 

187.  Urey HC, Fox M, Huffman JR, Thode HG. A concentration of N15 by a chemical 

exchange reaction. J Am Chem Soc. 1937, 59:1407–8 

188.  Bloch K, Schoenheimer R. Studies in protein metabolism: xi. The metabolic 

relation of creatine and creatinine studied with isotopic nitrogen. J Biol Chem. 

1939, 131:111–9 

189.  Sprinson DB, Rittenburg D. The rate of interaction of the amino acids of the diet 

with the tissue proteins. J Biol Chem. 1949, 180:715–26 

190.  Gygi SP, Rochon Y, Franza BR, Aebersold R. Correlation between protein and 

mRNA abundance in yeast. Mol Cell Biol. 1999, 19:1720–30 



232 
 

191.  Jayapal KP, Sui S, Philp RJ, Kok Y-J, Yap MGS, Griffin TJ, et al. Multitagging 

proteomic strategy to estimate protein turnover rates in dynamic systems. J 

Proteome Res. 2010, 9:2087–97 

192.  Lithwick G, Margalit H. Hierarchy of sequence-dependent features associated 

with prokaryotic translation. Genome Res. 2003, 13:2665–73 

193.  Nie L, Wu G, Zhang W. Correlation of mrna expression and protein abundance 

affected by multiple sequence features related to translational efficiency in 

Desulfovibrio vulgaris: A quantitative analysis. Genetics. 2006, 174:2229–43 

194.  Voytas D, Ke N. Detection and quantitation of radiolabeled proteins in gels and 

blots. Curr Protoc Cell Biol. 2001, Chapter 6:Unit 6.3 

195.  Jiang H, English AM. Quantitative analysis of the yeast proteome by 

incorporation of isotopically labeled leucine. J Proteome Res. 2002, 1:345–50 

196.  Hermansson M, Sawaji Y, Bolton M, Alexander S, Wallace A, Begum S, et al. 

Proteomic analysis of articular cartilage shows increased type II collagen 

synthesis in osteoarthritis and expression of inhibin betaa (activin A), a 

regulatory molecule for chondrocytes. J Biol Chem. 2004, 279:43514–21 

197.  Yamaguchi K, Inoue S, Ohara O, Nagase T. Pulse-chase experiment for the 

analysis of protein stability in cultured mammalian cells by covalent fluorescent 

labeling of fusion proteins. Methods Mol Biol. 2009, 577:121–31 

198.  Simpson DG, Majeski M, Borg TK, Terracio L. Regulation of cardiac myocyte 

protein turnover and myofibrillar structure in vitro by specific directions of stretch. 

Circ Res. 1999, 85:e59–69 

  



233 
 

199.  Ciechanover A, Finley D, Varshavsky A. Ubiquitin dependence of selective 

protein degradation demonstrated in the mammalian cell cycle mutant ts85. Cell. 

1984, 37:57–66 

200.  Waterlow JC. Protein turnover. CABI; 2006 

201.  Waterlow JC, Garlick PJ, Millward DJ. Protein turnover in mammalian tissues 

and in the whole body. North-Holland Publishing Company; 1978, 

202.  Davis TA, Fiorotto ML, Nguyen H V., Burrin DG. Aminoacyl-tRNA and tissue free 

amino acid pools are equilibrated after a flooding dose of phenylalanine. Am J 

Physiol Endocrinol Metab. 1999, 277:E103–9 

203.  Watt PW, Lindsay Y, Scrimgeour CM, Chien PA, Gibson JN, Taylor DJ, et al. 

Isolation of aminoacyl-tRNA and its labeling with stable-isotope tracers: Use in 

studies of human tissue protein synthesis. Proc Natl Acad Sci USA. 1991, 

88:5892–6 

204.  Baumann PQ, Stirewalt WS, O’Rourke BD, Howard D, Nair KS. Precursor pools 

of protein synthesis: A stable isotope study in a swine model. Am J Physiol. 1994, 

267:E203–9 

205.  Davis TA, Fiorotto ML, Nguyen H V, Reeds PJ. Protein turnover in skeletal 

muscle of suckling rats. Am J Physiol. 1989, 257:R1141–6 

206.  Bylund-Fellenius AC, Ojamaa KM, Flaim KE, Li JB, Wassner SJ, Jefferson LS. 

Protein synthesis versus energy state in contracting muscles of perfused rat 

hindlimb. Am J Physiol. 1984, 246:E297–305 

  



234 
 

207.  Pannemans DLE, Wagenmakers AJM, Westerterp, Schaafsma G, Halliday D. 

The effect of an increase of protein intake on whole-body protein turnover in 

elderly women is tracer dependent. J Nutr. 1997, 127:1788–94 

208.  Marko NF, Dieffenbach PB, Yan G, Ceryak S, Howell RW, McCaffrey TA, et al. 

Does metabolic radiolabeling stimulate the stress response? Gene expression 

profiling reveals differential cellular responses to internal beta vs. external 

gamma radiation. FASEB J. 2003, 17:1470–86 

209.  Rennie MJ. An introduction to the use of tracers in nutrition and metabolism. 

Proc Nutr Soc. 1999, 58:935–44 

210.  Lam YW, Lamond AI, Mann M, Andersen JS. Analysis of nucleolar protein 

dynamics reveals the nuclear degradation of ribosomal proteins. Curr Biol. 2007, 

17:749–60 

211.  Hellerstein MK, Neese RA. Mass isotopomer distribution analysis: A technique 

for measuring biosynthesis and turnover of polymers. Am J Physiol Endocrinol 

Metab. 1992, 263:E988–1001 

212.  Hellerstein MK, Neese RA. Mass isotopomer distribution analysis at eight years: 

Theoretical, analytic, and experimental considerations. Am J Physiol Endocrinol 

Metab. 1999, 276:E1146–70 

213.  Hellerstein MK. Relationship between precursor enrichment and ratio of excess 

M2/excess M1 isotopomer frequencies in a secreted polymer. J Biol Chem. 

1991, 266:10920–4 

214.  Milner E, Barnea E, Beer I, Admon A. The turnover kinetics of major 

histocompatibility complex peptides of human cancer cells. Mol Cell Proteomics. 

2006, 5:357–65 



235 
 

215.  Pratt JM, Petty J, Riba-Garcia I, Robertson DHL, Gaskell SJ, Oliver SG, et al. 

Dynamics of protein turnover, a missing dimension in proteomics. Mol Cell 

Proteomics. 2002, 1:579–91 

216.  Martin SF, Munagapati VS, Salvo-Chirnside E, Kerr LE, Le Bihan T. Proteome 

turnover in the green alga ostreococcus tauri by time course 15N metabolic 

labeling mass spectrometry. J Proteome Res. 2012, 11:476–86 

217.  Doherty MK, Whitehead C, McCormack H, Gaskell SJ, Beynon RJ. Proteome 

dynamics in complex organisms: Using stable isotopes to monitor individual 

protein turnover rates. Proteomics. 2005, 5:522–33 

218.  Lam YW, Lamond AI, Mann M, Andersen JS. Analysis of nucleolar protein 

dynamics reveals the nuclear degradation of ribosomal proteins. Curr Biol. 2007, 

17:749–60 

219.  Schwanhäusser B, Gossen M, Dittmar G, Selbach M. Global analysis of cellular 

protein translation by pulsed SILAC. Proteomics. 2009, 9:205–9 

220.  Doherty MK, McClean L, Edwards I, McCormack H, McTeir L, Whitehead C, et 

al. Protein turnover in chicken skeletal muscle: Understanding protein dynamics 

on a proteome-wide scale. Br Poult Sci. 2004, 45 Suppl 1:S27–8 

221.  Claydon AJ, Ramm SA, Pennington A, Hurst JL, Stockley P, Beynon R. 

Heterogenous turnover of sperm and seminal vesicle proteins in the mouse 

revealed by dynamic metabolic labeling. Mol Cell Proteomics. 2012, 

11:Published online 

222.  Doherty MK, Brownridge P, Owen MAG, Davies SJ, Young IS, Whitfield PD. A 

proteomics strategy for determining the synthesis and degradation rates of 

individual proteins in fish. J Proteomics. 2012, 75:4471–7 



236 
 

223.  Doherty MK, Owen MAG, Davies SJ, Young IS, Whitfield PD. Assessment of 

global proteome dynamics in carp: A model for investigating environmental 

stress. J Proteome Res. 2013, 12:5246–52 

224.  Maglich JM, Caravella JA, Lambert MH, Willson TM, Moore JT, Ramamurthy L. 

The first completed genome sequence from a teleost fish (Fugu rubripes) adds 

significant diversity to the nuclear receptor superfamily. Nucleic Acids Res. 2003, 

31:4051–8 

225.  Aparicio S, Chapman J, Stupka E, Putnam N, Chia J-M, Dehal P, et al. Whole-

genome shotgun assembly and analysis of the genome of Fugu rubripes. 

Science. 2002, 297:1301–10 

226.  Special issue. Development. 1996, 123 

227.  Almeida-King JP, Barroso I, Howe K, Gilbert JGR, Reimholz B, Griffiths E, et al. 

Update on the zebrafish genome project. Nat Preced. 2009 

228.  Uniprot: A hub for protein information. Nucleic Acids Res. 2014, 43:D204–12 

229.  Langheinrich U. Zebrafish: A new model on the pharmaceutical catwalk. 

Bioessays. 2003, 25:904–12 

230.  Brittijn SA, Duivesteijn SJ, Belmamoune M, Bertens LFM, Bitter W, de Bruijn JD, 

et al. Zebrafish development and regeneration: new tools for biomedical 

research. Int J Dev Biol. 2009, 53:835–50 

231.  Zon LI, Peterson RT. In vivo drug discovery in the zebrafish. Nat Rev Drug 

Discov. 2005, 4:35–44 

  



237 
 

232.  Ribera AB, Nüsslein-Volhard C. Zebrafish touch-insensitive mutants reveal an 

essential role for the developmental regulation of sodium current. J Neurosci. 

1998, 18:9181–91 

233.  Lieschke GJ, Currie PD. Animal models of human disease: Zebrafish swim into 

view. Nat Rev Genet. 2007, 8:353–67 

234.  MacRae CA, Peterson RT. Zebrafish as tools for drug discovery. Nat Rev Drug 

Discov. 2015, 14:721–31 

235.  Beliaeva NF, Kashirtseva VN, Medvedeva N V, Khudoklinova II, Ipatova OM, 

Archakov AI. Zebrafish as a model organism for biomedical studies. 

Biomeditsinskaia khimiia. 56:120–31 

236.  McGrath P, Li C-Q. Zebrafish: A predictive model for assessing drug-induced 

toxicity. Drug Discov Today. 2008, 13:394–401 

237.  Schorpp M, Bialecki M, Diekhoff D, Walderich B, Odenthal J, Maischein H-M, et 

al. Conserved functions of ikaros in vertebrate lymphocyte development: genetic 

evidence for distinct larval and adult phases of T cell development and two 

lineages of b cells in zebrafish. J Immunol. 2006, 177:2463–76 

238.  Link V, Shevchenko A, Heisenberg C-P. Proteomics of early zebrafish embryos. 

BMC Dev Biol. 2006, 6:1 

239.  Lin Y, Chen Y, Yang X, Xu D, Liang S. Proteome analysis of a single zebrafish 

embryo using three different digestion strategies coupled with liquid 

chromatography–tandem mass spectrometry. Anal Biochem. 2009, 394:177–85 

240.  Lyons GE. Vertebrate heart development. Curr Opin Genet Dev. 1996, 6:454–

60 



238 
 

241.  Christoffels VM, Habets PE, Franco D, Campione M, de Jong F, Lamers WH, et 

al. Chamber formation and morphogenesis in the developing mammalian heart. 

Dev Biol. 2000, 223:266–78 

242.  Goss CM. The first contractions of the heart in rat embryos. Anat Rec. 1938, 

70:505–24 

243.  Sehnert AJ, Stainier DYR. A window to the heart: Can zebrafish mutants help us 

understand heart disease in humans? Trends Genet. 2002, 18:491–4 

244.  Warren KS, Fishman MC. “Physiological genomics”: Mutant screens in 

zebrafish. Am J Physiol Hear Circ Physiol. 1998, 275:H1–7 

245.  Kopp R, Schwerte T, Pelster B. Cardiac performance in the zebrafish 

breakdance mutant. J Exp Biol. 2005, 208:2123–34 

246.  Milan DJ, Jones IL, Ellinor PT, MacRae CA. In vivo recording of adult zebrafish 

electrocardiogram and assessment of drug-induced QT prolongation. Am J 

Physiol Heart Circ Physiol. 2006, 291:H269–73 

247.  Barros TP, Alderton WK, Reynolds HM, Roach AG, Berghmans S. Zebrafish: an 

emerging technology for in vivo pharmacological assessment to identify potential 

safety liabilities in early drug discovery. Br J Pharmacol. 2008, 154:1400–13 

248.  Forné I, Abián J, Cerdà J. Fish proteome analysis: model organisms and non-

sequenced species. Proteomics. 2010, 10:858–72 

249.  Konzer A, Ruhs A, Braun H, Jungblut B, Braun T, Krüger M. Stable isotope 

labeling in zebrafish allows in vivo monitoring of cardiac morphogenesis. Mol 

Cell Proteomics. 2013, 12:1502–12 

  



239 
 

250.  Zhang J, Lanham KA, Heideman W, Peterson RE, Li L. Characterization of 

zebrafish cardiac proteome using online pH gradient SCX-RP HPLC-MS/MS 

platform. Methods Mol Biol. 2013, 1005:119–27 

251.  Poss KD, Wilson LG, Keating MT. Heart regeneration in zebrafish. Science. 

2002, 298:2188–90 

252.  Jopling C, Sleep E, Raya M, Martí M, Raya A, Izpisúa Belmonte JC. Zebrafish 

heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation. 

Nature. 2010, 464:606–9 

253.  Wang J, Panáková D, Kikuchi K, Holdway JE, Gemberling M, Burris JS, et al. 

The regenerative capacity of zebrafish reverses cardiac failure caused by 

genetic cardiomyocyte depletion. Development. 2011, 138:3421–30 

254.  Yin VP, Lepilina A, Smith A, Poss KD. Regulation of zebrafish heart regeneration 

by mir-133. Dev Biol. 2012, 365:319–27 

255.  Itou J, Oishi I, Kawakami H, Glass TJ, Richter J, Johnson A, et al. Migration of 

cardiomyocytes is essential for heart regeneration in zebrafish. Development. 

2012, 139:4133–42 

256.  Moberg G, Mench J. The biology of animal stress: basic principles and 

implications for animal welfare. CABI; 2000 

257.  Prunet P, Øverli Ø, Douxfils J, Bernardini G, Kestemont P, Baron D. Fish welfare 

and genomics. Fish Physiol Biochem. 2012, 38:43–60 

258.  Liu B, Floud S, Pirie K, Green J, Peto R, Beral V. Does happiness itself directly 

affect mortality? The prospective uk million women study. Lancet. 2015 

  



240 
 

259.  Barton BA, Iwama GK. Physiological changes in fish from stress in aquaculture 

with emphasis on the response and effects of corticosteroids. Annu Rev Fish 

Dis. 1991, 1:3–26 

260.  Burchfield SR. The stress response: a new perspective. Psychosom Med. 1979, 

41:661–72 

261.  Wendelaar Bonga SE. The stress response in fish. Physiol Rev. 1997, 77:591–

625 

262.  Möstl E, Palme R. Hormones as indicators of stress. Domest Anim Endocrinol. 

2002, 23:67–74 

263.  Broom DM. Stress and animal welfare. Springer Science & Business Media; 

1993 

264.  Rushen J, de Passillé AM, von Keyserlingk MAG, Weary DM. The welfare of 

cattle. Dordrecht: Springer Netherlands; 2008 

265.  Selye H. A syndrome produced by diverse nocuous agents. Nature. 1936, 

138:32 

266.  Mason JW. Organisation of psychoendocrine mechanisms. 1968. 1968, 30:565–

808 

267.  Galhardo L, Vital J, Oliveira RF. The role of predictability in the stress response 

of a cichlid fish. Physiol Behav. 2011, 102:367–72 

268.  Kirschbaum C, Hellhammer DH. Salivary cortisol in psychobiological research: 

an overview. Neuropsychobiology. 1989, 22:150–69 

  



241 
 

269.  Korte SM, Koolhaas JM, Wingfield JC, McEwen BS. The darwinian concept of 

stress: Benefits of allostasis and costs of allostatic load and the trade-offs in 

health and disease. Neurosci Biobehav Rev. 2005, 29:3–38 

270.  Øverli Ø, Sørensen C, Pulman KGT, Pottinger TG, Korzan W, Summers CH, et 

al. Evolutionary background for stress-coping styles: Relationships between 

physiological, behavioral, and cognitive traits in non-mammalian vertebrates. 

Neurosci Biobehav Rev. 2007, 31:396–412 

271.  Fast MD, Hosoya S, Johnson SC, Afonso LOB. Cortisol response and immune-

related effects of atlantic salmon (Salmo salar linnaeus) subjected to short- and 

long-term stress. Fish Shellfish Immunol. 2008, 24:194–204 

272.  Barton BA, Ribas L, Acerete L, Tort L. Effects of chronic confinement on 

physiological responses of juvenile gilthead sea bream, Sparus aurata l., to 

acute handling. Aquac Res. 2005, 36:172–9 

273.  Vijayan MM, Leatherland JF. High stocking density affects cortisol secretion and 

tissue distribution in brook charr, Salvelinus fontinalis. J Endocrinol. 1990, 

124:311–8 

274.  Barcellos LJG, Kreutz LC, Quevedo RM. Previous chronic stress does not alter 

the cortisol response to an additional acute stressor in jundiá (Rhamdia quelen, 

Quoy and Gaimard) fingerlings. Aquaculture. 2006, 253:317–21 

275.  Arends RJ, Mancera JM, Muñoz JL, Wendelaar Bonga SE, Flik G. The stress 

response of the gilthead sea bream (Sparus aurata l.) to air exposure and 

confinement. J Endocrinol. 1999, 163:149–57 

276.  Aerts J, Metz JR, Ampe B, Decostere A, Flik G, De Saeger S. Scales tell a story 

on the stress history of fish. PLoS One. 2015, 10:e0123411 



242 
 

277.  Maaswinkel H, Le X, He L, Zhu L, Weng W. Dissociating the effects of 

habituation, black walls, buspirone and ethanol on anxiety-like behavioral 

responses in shoaling zebrafish. A 3D approach to social behavior. Pharmacol 

Biochem Behav. 2013, 108:16–27 

278.  Zhu L, Weng W. Catadioptric stereo-vision system for the real-time monitoring 

of 3D behavior in aquatic animals. Physiol Behav. 2007, 91:106–19 

279.  Magdeldin S, Blaser RE, Yamamoto T, Yates JR. Behavioral and proteomic 

analysis of stress response in zebrafish (Danio rerio). J Proteome Res. 2015, 

14:943–52 

280.  Egan RJ, Bergner CL, Hart PC, Cachat JM, Canavello PR, Elegante MF, et al. 

Understanding behavioral and physiological phenotypes of stress and anxiety in 

zebrafish. Behav Brain Res. 2009, 205:38–44 

281.  Levin ED, Bencan Z, Cerutti DT. Anxiolytic effects of nicotine in zebrafish. 

Physiol Behav. 2007, 90:54–8 

282.  Bencan Z, Sledge D, Levin ED. Buspirone, chlordiazepoxide and diazepam 

effects in a zebrafish model of anxiety. Pharmacol Biochem Behav. 2009, 94:75–

80 

283.  Champagne DL, Hoefnagels CCM, de Kloet RE, Richardson MK. Translating 

rodent behavioral repertoire to zebrafish (Danio rerio): Relevance for stress 

research. Behav Brain Res. 2010, 214:332–42 

284.  Ghisleni G, Capiotti KM, Da Silva RS, Oses JP, Piato ÂL, Soares V, et al. The 

role of crh in behavioral responses to acute restraint stress in zebrafish. Prog 

Neuropsychopharmacol Biol Psychiatry. 2012, 36:176–82 



243 
 

285.  Israeli D, Kimmel E. Monitoring the behavior of hypoxia-stressed carassius 

auratus using computer vision. Aquac Eng. 1996, 15:423–40 

286.  Winberg S, ThÖrnqvist P-O. Role of brain serotonin in modulating fish behavior. 

Curr Zool. 2016, :zow037 

287.  Wu H, Aoki A, Arimoto T, Nakano T, Ohnuki H, Murata M, et al. Fish stress 

become visible: A new attempt to use biosensor for real-time monitoring fish 

stress. Biosens Bioelectron. 2015, 67:503–10 

288.  Kültz D. Evolution of the cellular stress proteome: From monophyletic origin to 

ubiquitous function. J Exp Biol. 2003, 206:3119–24 

289.  Xu Y, Ku B, Tie L, Yao H, Jiang W, Ma X, et al. Curcumin reverses the effects of 

chronic stress on behavior, the HPA axis, bdnf expression and phosphorylation 

of creb. Brain Res. 2006, 1122:56–64 

290.  Kudielka BM, Wüst S. Human models in acute and chronic stress: Assessing 

determinants of individual hypothalamus–pituitary–adrenal axis activity and 

reactivity. Stress. 2010 

291.  Nichols JW, Breen M, Denver RJ, Distefano JJ, Edwards JS, Hoke RA, et al. 

Predicting chemical impacts on vertebrate endocrine systems. Environ Toxicol 

Chem. 2011, 30:39–51 

292.  Bernier NJ, Peter RE. The hypothalamic-pituitary-interrenal axis and the control 

of food intake in teleost fish. Comp Biochem Physiol B Biochem Mol Biol. 2001, 

129:639–44 

  



244 
 

293.  Fuzzen MLM, Van Der Kraak G, Bernier NJ. Stirring up new ideas about the 

regulation of the hypothalamic-pituitary-interrenal axis in zebrafish (Danio rerio). 

Zebrafish. 2010, 7:349–58 

294.  Ortega VA, Renner KJ, Bernier NJ. Appetite-suppressing effects of ammonia 

exposure in rainbow trout associated with regional and temporal activation of 

brain monoaminergic and crf systems. J Exp Biol. 2005, 208:1855–66 

295.  Bernier NJ, Craig PM. Crf-related peptides contribute to stress response and 

regulation of appetite in hypoxic rainbow trout. Am J Physiol Regul Integr Comp 

Physiol. 2005, 289:R982–90 

296.  Alsop D, Vijayan M. The zebrafish stress axis: Molecular fallout from the teleost-

specific genome duplication event. Gen Comp Endocrinol. 2009, 161:62–6 

297.  Campbell PM, Pottinger TG, Sumpter JP. Preliminary evidence that chronic 

confinement stress reduces the quality of gametes produced by brown and 

rainbow trout. Aquaculture. 1994, 120:151–69 

298.  Iwama GK, et al. Fish stress and health in aquaculture. Cambridge University 

Press; 2011 

299.  Monteiro S, Roque S, de Sá-Calçada D, Sousa N, Correia-Neves M, Cerqueira 

JJ. An efficient chronic unpredictable stress protocol to induce stress-related 

responses in c57bl/6 mice. Front psychiatry. 2015, 6:6 

300.  Pittenger C, Duman RS. Stress, depression, and neuroplasticity: A convergence 

of mechanisms. Neuropsychopharmacology. 2008, 33:88–109 

  



245 
 

301.  LaPlant Q, Chakravarty S, Vialou V, Mukherjee S, Koo JW, Kalahasti G, et al. 

Role of nuclear factor kappab in ovarian hormone-mediated stress 

hypersensitivity in female mice. Biol Psychiatry. 2009, 65:874–80 

302.  Zimmermann FF, Altenhofen S, Kist LW, Leite CE, Bogo MR, Cognato GP, et al. 

Unpredictable chronic stress alters adenosine metabolism in zebrafish brain. Mol 

Neurobiol. 2015 

303.  Pavlidis M, Theodoridi A, Tsalafouta A. Neuroendocrine regulation of the stress 

response in adult zebrafish, Danio rerio. Prog Neuropsychopharmacol Biol 

Psychiatry. 2015, 60:121–31 

304.  Tomanek L. Introduction to the symposium “Comparative proteomics of 

environmental and pollution stress”. Integr Comp Biol. 2012, 52:622–5 

305.  Kültz D. Molecular and evolutionary basis of the cellular stress response. Annu 

Rev Physiol. 2005, 67:225–57 

306.  Martyniuk CJ, Denslow ND. Exploring androgen-regulated pathways in teleost 

fish using transcriptomics and proteomics. Integr Comp Biol. 2012, 52:695–704 

307.  Schuldt A. Post-translational modification: a SUMO protease for stress 

protection. Nat Rev Mol Cell Biol. 2013, 14:263 

308.  Dowd WW. Challenges for biological interpretation of environmental proteomics 

data in non-model organisms. Integr Comp Biol. 2012, 52:705–20 

309.  Tomanek L. Proteomics to study adaptations in marine organisms to 

environmental stress. J Proteomics. 2014, 105:92–106 

  



246 
 

310.  Todgham AE, Stillman JH. Physiological responses to shifts in multiple 

environmental stressors: Relevance in a changing world. Integr Comp Biol. 

2013, 53:539–44 

311.  Baker MR, Gobush KS, Vynne CH. Review of factors influencing stress 

hormones in fish and wildlife. J Nat Conserv. 2013, 21:309–18 

312.  Hall ZJ, De Serrano AR, Rodd FH, Tropepe V. Casting a wider fish net on animal 

models in neuropsychiatric research. Prog Neuro-Psychopharmacology Biol 

Psychiatry. 2014, 55:7–15 

313.  Rico EP, Rosemberg DB, Seibt KJ, Capiotti KM, Da Silva RS, Bonan CD. 

Zebrafish neurotransmitter systems as potential pharmacological and 

toxicological targets. Neurotoxicol Teratol. 33:608–17 

314.  Gerlai R. Social behavior of zebrafish: From synthetic images to biological 

mechanisms of shoaling. J Neurosci Methods. 2014, 234:59–65 

315.  Wager K, Russell C. Mitophagy and neurodegeneration: The zebrafish model 

system. Autophagy. 2013, 9:1693–709 

316.  Nishimura Y, Murakami S, Ashikawa Y, Sasagawa S, Umemoto N, Shimada Y, 

et al. Zebrafish as a systems toxicology model for developmental neurotoxicity 

testing. Congenit Anom (Kyoto). 2015, 55:1–16 

317.  Kalueff A V., Schmidt M V., Steenbergen PJ, Richardson MK, Champagne DL. 

The use of the zebrafish model in stress research. Prog Neuro-

Psychopharmacology Biol Psychiatry. 2011, 35:1432–51 

318.  Korovin VA, Zybin AS, Legomin V. Response of juvenile fishes to stress factors 

associated with transfers during fish farming. J Ichthyol. 1982, 22 



247 
 

319.  Donaldson E, Khansari F, Ghazi-Khansari M, Abdollahi M. The pituitary-

interrenal axis as an indicator of stress in fish. Stress fish. 2005, 93:11–47 

320.  Nams VO. The vfractal: A new estimator for fractal dimension of animal 

movement paths. Landsc Ecol. 1996, 11:289–97 

321.  Nams VO. Improving accuracy and precision in estimating fractal dimension of 

animal movement paths. Acta Biotheor. 2006, 54:1–11 

322.  Bradford MM. A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. 

1976, 72:248–54 

323.  Olsen J V, Mann M. Improved peptide identification in proteomics by two 

consecutive stages of mass spectrometric fragmentation. Proc Natl Acad Sci 

USA. 2004, 101:13417–22 

324.  Vaudel M, Barsnes H, Berven FS, Sickmann A, Martens L. SearchGUI: An open-

source graphical user interface for simultaneous OMSSA and x!tandem 

searches. Proteomics. 2011, 11:996–9 

325.  Pappin DJC, Hojrup P, Bleasby AJ. Rapid identification of proteins by peptide-

mass fingerprinting. Curr Biol. 1993, 3:327–32 

326.  Gelfi C, Vasso M, Cerretelli P. Diversity of human skeletal muscle in health and 

disease: Contribution of proteomics. J Proteomics. 2011, 74:774–95 

327.  Rivers J, Hughes C, McKenna T, Woolerton Y, Vissers JPC, Langridge JI, et al. 

Asymmetric proteome equalization of the skeletal muscle proteome using a 

combinatorial hexapeptide library. PLoS One. 2011, 6:e28902 

  



248 
 

328.  Gebriel M, Uleberg K-E, Larssen E, Bjørnstad AH, Sivertsvik M, Møller SG. Cod 

(Gadus morhua) muscle proteome cataloging using 1D-PAGE protein 

separation, nano-liquid chromatography peptide fractionation, and linear trap 

quadrupole (LTQ) mass spectrometry. J Agric Food Chem. 2010, 58:12307–12 

329.  Addis MF, Cappuccinelli R, Tedde V, Pagnozzi D, Porcu MC, Bonaglini E, et al. 

Proteomic analysis of muscle tissue from gilthead sea bream (Sparus aurata, l.) 

farmed in offshore floating cages. Aquaculture. 2010, 309:245–52 

330.  Bosworth CA, Chou C-W, Cole RB, Rees BB. Protein expression patterns in 

zebrafish skeletal muscle: Initial characterization and the effects of hypoxic 

exposure. Proteomics. 2005, 5:1362–71 

331.  Zhang J, Lanham KA, Peterson RE, Heideman W, Li L. Characterization of the 

adult zebrafish cardiac proteome using online pH gradient strong cation 

exchange-RP 2D LC coupled with ESI MS/MS. J Sep Sci. 2010, 33:1462–71 

332.  Cuello S, Ximénez-Embún P, Ruppen I, Schonthaler HB, Ashman K, Madrid Y, 

et al. Analysis of protein expression in developmental toxicity induced by MEHG 

in zebrafish. Analyst. 2012, 137:5302–11 

333.  Lin J, Wu H, Tarr PT, Zhang C-Y, Wu Z, Boss O, et al. Transcriptional co-

activator PGC-1 alpha drives the formation of slow-twitch muscle fibres. Nature. 

2002, 418:797–801 

334.  Brooke MH, Kaiser KK. Muscle fiber types: How many and what kind? Arch 

Neurol. 1970, 23:369–79 

335.  Schiaffino S, Reggiani C. Molecular diversity of myofibrillar proteins: gene 

regulation and functional significance. Physiol Rev. 1996, 76:371–423 



249 
 

336.  Johnston IA. A comparative study of glycolysis in red and white muscles of the 

trout (Salmo gairdneri) and mirror carp (Cyprinus carpio). J Fish Biol. 1977, 

11:575–88 

337.  Okumura N, Hashida-Okumura A, Kita K, Matsubae M, Matsubara T, Takao T, 

et al. Proteomic analysis of slow- and fast-twitch skeletal muscles. Proteomics. 

2005, 5:2896–906 

338.  Zubarev RA. The challenge of the proteome dynamic range and its implications 

for in-depth proteomics. Proteomics. 2013, 13:723–6 

339.  Ohlendieck K. Skeletal muscle proteomics: Current approaches, technical 

challenges and emerging techniques. Skelet Muscle. 2011, 1:6 

340.  Dunkley TPJ, Watson R, Griffin JL, Dupree P, Lilley KS. Localization of organelle 

proteins by isotope tagging (LOPIT). Mol Cell Proteomics. 2004, 3:1128–34 

341.  Ly L, Wasinger VC. Protein and peptide fractionation, enrichment and depletion: 

tools for the complex proteome. Proteomics. 2011, 11:513–34 

342.  Chen C-L, Lin T-S, Tsai C-H, Wu C-C, Chung T, Chien K-Y, et al. Identification 

of potential bladder cancer markers in urine by abundant-protein depletion 

coupled with quantitative proteomics. J Proteomics. 2013, 85:28–43 

343.  Koutroukides TA, Guest PC, Leweke FM, Bailey DMD, Rahmoune H, Bahn S, et 

al. Characterization of the human serum depletome by label-free shotgun 

proteomics. J Sep Sci. 2011, 34:1621–6 

344.  Granger J, Siddiqui J, Copeland S, Remick D. Albumin depletion of human 

plasma also removes low abundance proteins including the cytokines. 

Proteomics. 2005, 5:4713–8 



250 
 

345.  Patel BB, Barrero CA, Braverman A, Kim PD, Jones KA, Chen DE, et al. 

Assessment of two immunodepletion methods: Off-target effects and variations 

in immunodepletion efficiency may confound plasma proteomics. J Proteome 

Res. 2012, 11:5947–58 

346.  Tu C, Rudnick PA, Martinez MY, Cheek KL, Stein SE, Slebos RJC, et al. 

Depletion of abundant plasma proteins and limitations of plasma proteomics. J 

Proteome Res. 2010, 9:4982–91 

347.  Thulasiraman V, Lin S, Gheorghiu L, Lathrop J, Lomas L, Hammond D, et al. 

Reduction of the concentration difference of proteins in biological liquids using a 

library of combinatorial ligands. Electrophoresis. 2005, 26:3561–71 

348.  Candiano G, Santucci L, Bruschi M, Petretto A, D’Ambrosio C, Scaloni A, et al. 

“Cheek-to-cheek” urinary proteome profiling via combinatorial peptide ligand 

libraries: A novel, unexpected elution system. J Proteomics. 2012, 75:796–805 

349.  Shores KS, Udugamasooriya DG, Kodadek T, Knapp DR. Use of peptide 

analogue diversity library beads for increased depth of proteomic analysis: 

application to cerebrospinal fluid. J Proteome Res. 2008, 7:1922–31 

350.  Kottelat M, Freyhof J. Handbook of european freshwater fishes. 2007, 

351.  Hiramitsu M, Shimada Y, Kuroyanagi J, Inoue T, Katagiri T, Zang L, et al. 

Eriocitrin ameliorates diet-induced hepatic steatosis with activation of 

mitochondrial biogenesis. Sci Rep. 2014, 4:3708 

352.  McLean L, Young IS, Doherty MK, Robertson DHL, Cossins AR, Gracey AY, et 

al. Global cooling: Cold acclimation and the expression of soluble proteins in 

carp skeletal muscle. Proteomics. 2007, 7:2667–81 



251 
 

353.  Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene 

ontology: Tool for the unification of biology. The gene ontology consortium. Nat 

Genet. 2000, 25:25–9 

354.  Tanca A, Abbondio M, Pisanu S, Pagnozzi D, Uzzau S, Addis MF. Critical 

comparison of sample preparation strategies for shotgun proteomic analysis of 

formalin-fixed, paraffin-embedded samples: Insights from liver tissue. Clin 

Proteomics. 2014, 11:28 

355.  Ham BM, Yang F, Jayachandran H, Jaitly N, Monroe ME, Gritsenko MA, et al. 

The influence of sample preparation and replicate analyses on HeLa cell 

phosphoproteome coverage. J Proteome Res. 2008, 7:2215–21 

356.  Olsson N, James P, Borrebaeck CAK, Wingren C. Quantitative proteomics 

targeting classes of motif-containing peptides using immunoaffinity-based mass 

spectrometry. Mol Cell Proteomics. 2012, 11:342–54 

357.  Tabb DL, Vega-Montoto L, Rudnick PA, Variyath AM, Ham A-JL, Bunk DM, et 

al. Repeatability and reproducibility in proteomic identifications by liquid 

chromatography-tandem mass spectrometry. J Proteome Res. 2010, 9:761–76 

358.  Han D, Jin J, Woo J, Min H, Kim Y. Proteomic analysis of mouse astrocytes and 

their secretome by a combination of fasp and stagetip-based, high pH, reversed-

phase fractionation. Proteomics. 2014, 14:1604–9 

359.  Chenau J, Michelland S, Sidibe J, Seve M. Peptides offgel electrophoresis: a 

suitable pre-analytical step for complex eukaryotic samples fractionation 

compatible with quantitative itraq labeling. Proteome Sci. 2008, 6:9 

  



252 
 

360.  Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification, enrichment, 

pre-fractionation and storage of peptides for proteomics using stagetips. Nat 

Protoc. 2007, 2:1896–906 

361.  Zielinska DF, Gnad F, Wiśniewski JR, Mann M. Precision mapping of an in vivo 

N-glycoproteome reveals rigid topological and sequence constraints. Cell. 2010, 

141:897–907 

362.  Deshmukh AS, Murgia M, Nagaraj N, Treebak JT, Cox J, Mann M. Deep 

proteomics of mouse skeletal muscle enables quantitation of protein isoforms, 

metabolic pathways, and transcription factors. Mol Cell Proteomics. 2015, 

14:841–53 

363.  Wiśniewski JR, Mann M. Consecutive proteolytic digestion in an enzyme reactor 

increases depth of proteomic and phosphoproteomic analysis. Anal Chem. 2012, 

84:2631–7 

364.  Hartwig S, Czibere A, Kotzka J, Paßlack W, Haas R, Eckel J, et al. Combinatorial 

hexapeptide ligand libraries (ProteoMinerTM): an innovative fractionation tool for 

differential quantitative clinical proteomics. Arch Physiol Biochem. 2015, 

365.  Fröbel J, Hartwig S, Paßlack W, Eckel J, Haas R, Czibere A, et al. ProteoMinerTM 

and SELDI-TOF-MS: a robust and highly reproducible combination for biomarker 

discovery from whole blood serum. Arch Physiol Biochem. 2015 

366.  Bandow JE. Comparison of protein enrichment strategies for proteome analysis 

of plasma. Proteomics. 2010, 10:1416–25 

367.  Keidel E-M, Ribitsch D, Lottspeich F. Equalizer technology--equal rights for 

disparate beads. Proteomics. 2010, 10:2089–98 



253 
 

368.  Candiano G, Dimuccio V, Bruschi M, Santucci L, Gusmano R, Boschetti E, et al. 

Combinatorial peptide ligand libraries for urine proteome analysis: investigation 

of different elution systems. Electrophoresis. 2009, 30:2405–11 

369.  Righetti PG, Fasoli E, Boschetti E. Combinatorial peptide ligand libraries: The 

conquest of the “hidden proteome” advances at great strides. Electrophoresis. 

2011, 32:960–6 

370.  Rohrbough JG, Breci L, Merchant N, Miller S, Haynes PA. Verification of single-

peptide protein identifications by the application of complementary database 

search algorithms. J Biomol Tech. 2006, 17:327–32 

371.  Soloviev M, Andrén P, Shaw C. Peptidomics: Methods and applications. John 

Wiley & Sons; 2007 

372.  Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabé-Heider F, Walsh S, 

et al. Evidence for cardiomyocyte renewal in humans. Science. 2009, 324:98–

102 

373.  Chellappa S, Huntingford FA, Strang RHC, Thomson RY. Condition factor and 

hepatosomatic index as estimates of energy status in male three-spined 

stickleback. J Fish Biol. 1995, 47:775–87 

374.  Sanden M, Berntssen MHG, Krogdahl A, Hemre G-I, Bakke-McKellep A-M. An 

examination of the intestinal tract of atlantic salmon, Salmo salar l., parr fed 

different varieties of soy and maize. J Fish Dis. 2005, 28:317–30 

375.  Pratt JM, Petty J, Riba-Garcia I, Robertson DHL, Gaskell SJ, Oliver SG, et al. 

Dynamics of protein turnover, a missing dimension in proteomics. Mol Cell 

Proteomics. 2002, 1:579–91 



254 
 

376.  He M. Cell-free protein synthesis: Applications in proteomics and biotechnology. 

N Biotechnol. 2008, 25:126–32 

377.  Bakkers J. Zebrafish as a model to study cardiac development and human 

cardiac disease. Cardiovasc Res. 2011, 91:279–88 

378.  Poss KD. Getting to the heart of regeneration in zebrafish. Semin Cell Dev Biol. 

2007, 18:36–45 

379.  Gonzalez-Begne M, Lu B, Han X, Hagen FK, Hand AR, Melvin JE, et al. 

Proteomic analysis of human parotid gland exosomes by multidimensional 

protein identification technology (MuDPIT). J Proteome Res. 2009, 8:1304–14 

380.  Wei J, Sun J, Yu W, Jones A, Oeller P, Keller M, et al. Global proteome discovery 

using an online three-dimensional LC-MS/MS. J Proteome Res. 2005, 4:801–8 

381.  Graumann J, Dunipace LA, Seol JH, McDonald WH, Yates JR, Wold BJ, et al. 

Applicability of tandem affinity purification mudpit to pathway proteomics in 

yeast. Mol Cell Proteomics. 2004, 3:226–37 

382.  Gokce E, Andrews GL, Dean RA, Muddiman DC. Increasing proteome coverage 

with offline rp hplc coupled to online RP nanoLC-MS. J Chromatogr B Analyt 

Technol Biomed Life Sci. 2011, 879:610–4 

383.  Adams F. From nano to yocto, and beyond? Talanta. 2011, 85:1230–2 

384.  Christiano R, Nagaraj N, Fröhlich F, Walther TC. Global proteome turnover 

analyses of the yeasts S. cerevisiae and S. pombe. Cell Rep. 2014, 9:1959–65 

385.  Personal communication with Iain Young at the Institute of integrative biology, 

Univervisty of Liverpool. 2014 



255 
 

386.  Doherty MK, Brownridge P, Owen MAG, Davies SJ, Young IS, Whitfield PD. A 

proteomics strategy for determining the synthesis and degradation rates of 

individual proteins in fish. J Proteomics. 2012, 75:4471–7 

387.  Pittenger C, Duman RS. Stress, depression, and neuroplasticity: a convergence 

of mechanisms. Neuropsychopharmacology. 2008, 33:88–109 

388.  Krishnan V, Nestler EJ. The molecular neurobiology of depression. Nature. 

2008, 455:894–902 

389.  Bondi CO, Rodriguez G, Gould GG, Frazer A, Morilak DA. Chronic unpredictable 

stress induces a cognitive deficit and anxiety-like behavior in rats that is 

prevented by chronic antidepressant drug treatment. 

Neuropsychopharmacology. 2008, 33:320–31 

390.  Chakravarty S, Reddy BR, Sudhakar SR, Saxena S, Das T, Meghah V, et al. 

Chronic unpredictable stress (CUS)-induced anxiety and related mood disorders 

in a zebrafish model: altered brain proteome profile implicates mitochondrial 

dysfunction. PLoS One. 2013, 8:e63302 

391.  Gaikwad S, Stewart A, Hart P, Wong K, Piet V, Cachat J, et al. Acute stress 

disrupts performance of zebrafish in the cued and spatial memory tests: The 

utility of fish models to study stress-memory interplay. Behav Processes. 2011, 

87:224–30 

392.  Grunwald DJ, Eisen JS. Headwaters of the zebrafish — emergence of a new 

model vertebrate. Nat Rev Genet. 2002, 3:717–24 

393.  Tudorache C, ter Braake A, Tromp M, Slabbekoorn H, Schaaf MJM. Behavioral 

and physiological indicators of stress coping styles in larval zebrafish. Stress. 

2015, 18:121–8 



256 
 

394.  Mocelin R, Herrmann AP, Marcon M, Rambo CL, Rohden A, Bevilaqua F, et al. 

N-acetylcysteine prevents stress-induced anxiety behavior in zebrafish. 

Pharmacol Biochem Behav. 2015, 139:121-6 

395.  Manuel R, Gorissen M, Zethof J, Ebbesson LOE, van de Vis H, Flik G, et al. 

Unpredictable chronic stress decreases inhibitory avoidance learning in 

tuebingen long-fin zebrafish: Stronger effects in the resting phase than in the 

active phase. J Exp Biol. 2014, 217:3919–28 

396.  Muck-Seler D, Piato ÂL, Capiotti KM, Tamborski AR, Oses JP, Barcellos LJG, et 

al. Unpredictable chronic stress model in zebrafish (Danio rerio): behavioral and 

physiological responses. Prog Neuro-Psychopharmacology Biol Psychiatry. 

2011, 35:561–7 

397.  Cofiel LPV, Mattioli R. L-histidine enhances learning in stressed zebrafish. 

Brazilian J Med Biol Res. 2009, 42:128–34 

398.  Ramsay JM, Watral V, Schreck CB, Kent ML. Husbandry stress exacerbates 

mycobacterial infections in adult zebrafish, Danio rerio (hamilton). J Fish Dis. 

2009, 32:931–41 

399.  Chandroo K., Duncan IJ., Moccia R. Can fish suffer?: Perspectives on sentience, 

pain, fear and stress. Appl Anim Behav Sci. 2004, 86:225–50 

400.  Barcellos LJG, Ritter F, Kreutz LC, Quevedo RM, da Silva LB, Bedin AC, et al. 

Whole-body cortisol increases after direct and visual contact with a predator in 

zebrafish, Danio rerio. Aquaculture. 2007 

401.  Fuzzen MLM, Kraak G Van Der, Bernier NJ. Stirring up new ideas about the 

regulation of the hypothalamic-pituitary-interrenal axis in zebrafish (Danio rerio). 

2010 



257 
 

402.  Van Anholt RD, Spanings FAT, Nixon O, Wendelaar Bonga SE, Koven WM. The 

effects of arachidonic acid on the endocrine and osmoregulatory response of 

tilapia (Oreochromis mossambicus) acclimated to seawater and subjected to 

confinement stress. Fish Physiol Biochem. 2012, 38:703–13 

403.  Barcellos LJG, Ritter F, Kreutz LC, Cericato L. Can zebrafish Danio rerio learn 

about predation risk? the effect of a previous experience on the cortisol response 

in subsequent encounters with a predator. J Fish Biol. 2010, 76:1032–8 

404.  Maximino C, de Brito TM, da Silva Batista AW, Herculano AM, Morato S, 

Gouveia A. Measuring anxiety in zebrafish: A critical review. Behav Brain Res. 

2010, 214:157–71 

405.  Mendelsohn BA, Malone JP, Townsend RR, Gitlin JD. Proteomic analysis of 

anoxia tolerance in the developing zebrafish embryo. Comp Biochem Physiol 

Part D Genomics Proteomics. 2009, 4:21–31 

406.  Chen K, Cole RB, Rees BB. Hypoxia-induced changes in the zebrafish (Danio 

rerio) skeletal muscle proteome. J Proteomics. 2013, 78:477–85 

407.  Ramsay JM, Feist GW, Varga ZM, Westerfield M, Kent ML, Schreck CB. Whole-

body cortisol response of zebrafish to acute net handling stress. Aquaculture. 

2009, 297:157–62 

408.  Baum A, Garufalo JP, Yali AM. Socioeconomic status and chronic stress: Does 

stress account for ses effects on health? Ann N Y Acad Sci. 1999, 896:131–44 

409.  Champagne DL, Hoefnagels CCM, de Kloet RE, Richardson MK. Translating 

rodent behavioral repertoire to zebrafish (Danio rerio): relevance for stress 

research. Behav Brain Res. 2010, 214:332–42 



258 
 

410.  Wang P, Bouwman FG, Mariman ECM. Generally detected proteins in 

comparative proteomics--a matter of cellular stress response? Proteomics. 

2009, 9:2955–66 

411.  Jennings EM, Okine BN, Roche M, Finn DP. Stress-induced hyperalgesia. Prog 

Neurobiol. 2014, 121:1–18 

412.  Warren DE, Matsumoto S, Roessig JM, Cech JJ. Cortisol response of green 

sturgeon to acid-infusion stress. Comp Biochem Physiol A Mol Integr Physiol. 

2004, 137:611–8 

413.  Gamperl AK, Vijayan MM, Boutilier RG. Experimental control of stress hormone 

levels in fishes: Techniques and applications. Rev Fish Biol Fish. 1994, 4:215–

55 

414.  Reid SG, Bernier NJ, Perry SF. The adrenergic stress response in fish: Control 

of catecholamine storage and release. Comp Biochem Physiol C Pharmacol 

Toxicol Endocrinol. 1998, 120:1–27 

415.  Vijayan MM, Moon TW. The stress response and the plasma disappearance of 

corticosteroid and glucose in a marine teleost, the sea raven. Can J Zool. 1994, 

72:379–86 

416.  Vijayan MM, Pereira C, Grau EG, Iwama GK. Metabolic responses associated 

with confinement stress in tilapia: The role of cortisol. Comp Biochem Physiol 

Part C Pharmacol Toxicol Endocrinol. 1997, 116:89–95 

417.  Vijayan MM, Raptis S, Sathiyaa R. Cortisol treatment affects glucocorticoid 

receptor and glucocorticoid-responsive genes in the liver of rainbow trout. Gen 

Comp Endocrinol. 2003, 132:256–63 



259 
 

418.  Sathiyaa R, Vijayan MM. Autoregulation of glucocorticoid receptor by cortisol in 

rainbow trout hepatocytes. Am J Physiol Cell Physiol. 2003, 284:C1508–15 

419.  Vijayan MM, Reddy PK, Leatherland JF, Moon TW. The effects of cortisol on 

hepatocyte metabolism in rainbow trout: A study using the steroid analogue 

ru486. Gen Comp Endocrinol. 1994, 96:75–84 

420.  Aluru N, Vijayan MM. Hepatic transcriptome response to glucocorticoid receptor 

activation in rainbow trout. Physiol Genomics. 2007, 31:483–91 

421.  Lankford SE, Adams TE, Miller RA, Cech JJ. The cost of chronic stress: impacts 

of a nonhabituating stress response on metabolic variables and swimming 

performance in sturgeon. Physiol Biochem Zool. 2005, 78:599–609 

422.  Madaro A, Olsen RE, Kristiansen TS, Ebbesson LOE, Nilsen TO, Flik G, et al. 

Stress in atlantic salmon: response to unpredictable chronic stress. J Exp Biol. 

2015, 218:2538–50 

423.  Trujillo C, Blumenthal A, Marrero J, Rhee KY, Schnappinger D, Ehrt S. 

Triosephosphate isomerase is dispensable in vitro yet essential for 

mycobacterium tuberculosis to establish infection. MBio. 2014, 5:e00085 

424.  Achari A, Marshall SE, Muirhead H, Palmieri RH, Noltmann EA. Glucose-6-

phosphate isomerase. Philos Trans R Soc B Biol Sci. 1981, 293:145–57 

425.  Tauler A, el-Maghrabi MR, Pilkis SJ. Functional homology of 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase, phosphoglycerate mutase, and 2,3-

bisphosphoglycerate mutase. J Biol Chem. 1987, 262:16808–15 

426.  Oleksiak MF. Changes in gene expression due to chronic exposure to 

environmental pollutants. Aquat Toxicol. 2008, 90:161–71 



260 
 

427.  Roesner A, Hankeln T, Burmester T. Hypoxia induces a complex response of 

globin expression in zebrafish (Danio rerio). J Exp Biol. 2006, 209:2129–37 

428.  Manavski SA, Valle G. Cuda compatible GPU cards as efficient hardware 

accelerators for smith-waterman sequence alignment. BMC Bioinformatics. 

2008, 9 Suppl 2:S10 

429.  McQueen P, Spicer V, Rydzak T, Sparling R, Levin D, Wilkins JA, et al. 

Information-dependent LC-MS/MS acquisition with exclusion lists potentially 

generated on-the-fly: Case study using a whole cell digest of clostridium 

thermocellum. Proteomics. 2012, 12:1160–9 

430.  Milloy JA, Faherty BK, Gerber SA. Tempest: GPU-CPU computing for high-

throughput database spectral matching. J Proteome Res. 2012, 11:3581–91 

 

 


