
 

 

 

CHAPTER 3: COMPARATIVE ANALYSIS OF A 
MULTIDIMENSIONAL ION EXCHANGE 

CHROMATOGRAPHY OF PROTEINS VERSUS 
PEPTIDE ION EXCHANGE CHROMATOGRAPHY OF 

DEPLETED HUMAN PLASMA 
 

  



 

3.1 ABSTRACT 
 

Blood and the identification of biomarkers for the early detection of disease is a 

prominent area of biomedical interest. The rate of biomarker discovery over the past 

decade has dropped dramatically with many looking towards the field of proteomics 

to fill the void for the 21st century. A unique form of protein fractionation termed 

PROOF (protein repetitive orthogonal off-line fractionation) of proteins in native 

states was tested on human plasma samples and compared against the standard 

fractionation and analysis on peptides known as the MudPIT (bottom-up) approach 

for proteome analysis. Both methods identified a similar number of proteins at high 

stringency of identification confidence, 146 and 147 proteins for PROOF and MudPIT 

respectively. Of these proteins identified, 74% were identified by both techniques. 

 

The development and implementation of a unique graphical interpretative method to 

conduct top-down proteomic analysis of the PROOF data was conducted, 

highlighting the protein inference problem in bottom-up proteomic analysis and the 

potential loss of, or misinterpretation of data from such bottom-up analysis alone. I 

was able to interpolate possible structural information from the PROOF analysis that 

could not be found from standard bottom-up proteomics. Of the 146 proteins 

graphically analysed from the PROOF analysis, 5 proteins (IPI00423461.3, 

IPI00298828.3, IPI00218192.3, IPI00019591.2 and IPI00303963.1) are presented in 

detail as part of the initial proof of concept for the method developed.  

 

Protein IPI00218192.3 showed the cleavage of the protein into two units as is stated 

in the literature, and is a good proof of concept for both the PROOF and graphical 

interpretation method developed and explained within. Standard bottom-up analysis 

identified only one protein, whereas I identified the two fragments as two distinct 

protein species.  

 

Protein IPI00423461.3 showed the possible N-terminal cleavage of two tryptic 

peptides, creating two entities, rather than as one protein identification with a larger 

molecular weight, as was found by the bottom-up approach alone.  

 

Protein IPI00298828.3 showed that is was possibly in two distinct conformational 

forms, either due to associations with other proteins or itself in a multimeric 



 

arrangement. It is apparent that this protein has at least two tertiary/quaternary 

structures, which would imply two or more functional states for this protein.  

 

Proteins IPI00019591.2 and IPI00303963.1 show a relationship that highlights the 

use of the unique and non-unique peptide classification established herein, leading to 

the interpretation that IPI00019591.2 is cleaved at the 23-24 peptide tryptic fragment 

and is possibly the smaller variant, while this N-terminal piece is not a separate entity 

cleaved from the parent protein, but that the peptides, being non-unique, are from the 

protein IPI00303963.1. 

 

These five proteins highlighted the ideology behind the technique demonstrated, 

lending weight to the argument that top-down proteomics can enhance the 

information value of traditional bottom-up proteomics, and that the development of 

top-down proteomics should be a vital part of proteomics and biomedical research 

both now and in the future. 



 

3.2 PREAMBLE 
 

This project was initiated due to the limitations recognised with the SAM Biochip 

MALDI project described in Chapter 2; mainly that it was unlikely to be anything more 

than a ‘concentration chip’ in its current incarnation. To date, only one publication has 

been published on the technology in peer reviewed literature [60]. I concluded that it 

was beyond the scope, timescale and funding of my project to implement any of the 

envisaged changes I believed could enhance the ‘concentration’ chip, and associated 

‘sample clean-up’ or ‘affinity capture’ chips. Hence, I decided to investigate 

chromatographic fractionation of human plasma to highlight the potential pitfalls of 

current bottom-up proteomics methods, namely the misidentification of some proteins 

in a sample set. A secondary aim was developing a procedure that could be used 

prior to SAM Biochip analysis aimed at biomarker discovery in human plasma. This 

plasma protein fractionation work was run in parallel with the later stages of the SAM 

Biochip MALDI project in Chapter 2. 

 

My work presented in this chapter is neither a traditional top-down or bottom-up 

proteomic approach. It is more of a hybrid bottom-up, generating some information 

as it pertains to protein isoforms or species, with aspirations to be used in tandem 

with traditional top-down MS analysis for the future. This distinction is made based on 

the premise that I fractionated the proteome based on the proteins (top-down) with 

LC, and carried out mass spectrometric analysis on the tryptic peptides, which I 

classify as a bottom-up experiment. However, the unique graphical representation of 

the information I developed can relate some of the information generated back to the 

species or isoforms of the proteins present, hence making it a top-down approach. 

The technique developed could be adapted to run in a traditional top-down 

configuration provided the appropriate mass spectrometry platform was available for 

MS of intact mass followed by MS/MS of these species.  

 

It has long been known that a fundamental issue within the field of proteomics is that 

the majority of the sample preparation and mass spectrometric analysis is conducted 

on the peptides and then the identification of the proteins are inferred from this 

peptide data, known as the protein inference problem with bottom-up proteomic 

analysis [185, 377]. This protein inference problem leads to questions being asked as 



 

to the validity and usefulness of the majority of data generated within the field of 

proteomics for which numerous methods of interpretation have and are being 

developed [185, 192, 378-380]. The protein inference problem relates to the 

assignment of a weighted probability for the identified peptides and the distinction 

between the unique and non-unique peptides in a dataset, a problem that both gel 

electrophoresis and multi-dimensional liquid chromatography face to varying degrees 

when the identification of proteins is based solely on MS/MS of peptide information 

[185]. It can be argued that the protein inference problem has surreptitiously played a 

critical role in the inability of proteomics to generate any stand alone tangible medical 

diagnostics since its inception [184, 298, 381]. 

 

The chromatographic separation project I worked on was an offshoot of a larger 

project involving Dr Amit Kapur (Illawarra Health and Medical Research Institute), Dr 

Brian Hood (GE Healthcare) and Dr Hans-Rudolf Höpker (GE Healthcare). They 

were working on fractionating proteins from chicken egg yolk. The common theme of 

their work and mine was that we wanted to use liquid chromatography on the 

proteins as opposed to 2D-GE on the proteins or LC on the peptides, and we also 

wanted to try to maintain the proteins’ biological activity throughout the fractionation 

process. This includes the endogenous conformation, and the identity of truncated 

and cleaved forms of the proteins that occur under normal in vivo conditions. By 

working with the proteins under mild salt conditions it was hypothesised that the 

structure and function of the proteins would be retained. Hence, we were trying to 

differentiate protein species with liquid chromatography and mass spectrometric 

analysis, analogous to top-down proteomics. This should mean that some of the 

endogenous conformational information normally lost in 2D-Gels and traditional liquid 

chromatography of peptides, for example any inter- or intra-molecular complexation, 

tertiary or quaternary structural elements, could be maintained during this protein 

liquid chromatography.  

 

We refer to the basis of this fractionation concept as PROOF (protein repetitive 

orthogonal off-line fractionation) of proteins in native states, a precursor of the work 

later described as the Tandem IEX approach by Dr Hans-Rudolf Höpker et al. [311]. 

The PROOF technique is a compromise between the necessary conditions of the 

particular liquid chromatography employed, while maintaining similar conditions to 

the endogenous (in vivo) environment the proteins normally operate in. We employed 



 

two ion exchange columns in tandem enabling binding and elution from the columns, 

and decomplexation (fractionation) of the sample, while maintaining the structural 

integrity of the proteins within. 

 

For many of our experiments the PROOF fractions were collected, digested and 

further fractionated for mass spectrometric analysis to be conducted on the peptides. 

Alternatively, orthogonal off-line experiments could be conducted on the PROOF 

fractions to test for particular biological activity or protein-protein interaction studies 

[280]. Additionally, with the implementation of a different mass spectrometry platform, 

the use of top-down, intact-mass, mass spectrometry could also be employed and 

run on these types of protein fractions, either stand alone or in parallel with the LC-

MS/MS of the peptides [215]. 

 

I chose to work with depleted human plasma due to its difficulty, dynamic range and 

biomedical significance [275, 294]. Hence, I implemented a stringent testing of the 

fractionation concept, automated the multidimensional protein fractionation with 

replicates, and up-scaled the analysis amount. I also compared it directly against a 

standard peptide-based MudPIT analysis, with SCX in the first dimension followed by 

RP LC-MS/MS in the second [146, 382-384]. Since I was not able to implement intact 

mass top-down MS and MS/MS proteomics analysis on the fractions due to 

instrumentation and time limitations, I tried to capitalise on the unique nature of the 

information that I believed to potentially exist within the data collected by creating an 

innovative way of viewing the peptide data and relating it back to the protein fractions 

so as to highlight the additional results achievable with the PROOF methodology.  

 

For the protein fractionation of human plasma after abundant protein depletion, I 

used two High Performance columns, a HiLoad 26/10 SP- (sulphopropyl cation-

exchanger) and Q-Sepharose (quaternary ammonium anion-exchanger). A 

physiological pH of 7.4 was maintained throughout the linear gradient applied by 

changing the ionic strength of the mobile phase. Due to the polyampholytic nature of 

proteins and the pIs of the known plasma proteins, we expected a greater binding 

and fractionation from the strong cation-exchanger column (SCX) than the strong 

anion-exchanger column (SAX) under the configuration we employed [311, 385]. 

 



 

It is important to note that since we were working with depleted plasma there is a 

possibility that the depletion process has interfered with the normal in vivo tertiary or 

quaternary structures of the proteins at some level, either due to the removal of the 

abundant proteins in the fluid or the chemical conditions under which the depletion 

chromatography was run.  

 

With respect to the identification of truncated protein species into fragments or 

subunits, this process is facilitated by the novel graphical data representation 

developed and presented within this chapter. Thus, gene polymorphisms (DNA), 

alternative splicing (pre- and mRNA) and PTM cleavage events could be inferred. At 

the very least, I can identify from these truncated protein forms potential candidates 

for further investigation as bioactive proteins/peptides. These cleaved protein 

variants may possibly be an indicator of biomarkers from standard secretory 

mechanisms that change the shape or function of the protein, but are not currently 

distinguishable utilising the standard bottom-up identification methods of proteins 

based on peptides alone. 

 

It is helpful to think of this study as a four-dimensional protein profiling of human 

plasma. I took human plasma and chromatographically depleted it to remove the high 

abundance species, followed by a novel two dimensional ion exchange 

chromatography, with a strong cation exchange and a strong anion exchanger (2D-

SCX/SAX) on the proteins under mild salt conditions at physiological pH. These 

discrete protein fractions were then digested and the resulting peptides were 

fractionated by nanoflow RP-LC/MS/MS analysis. I then applied stringent selection 

criteria for identification based on the calculation of false discovery rates (FDR) and 

incorporating a triplicate exclusion criteria for any identifications not found in all three 

replicates. I then developed a schematic representation of the data to assist in 

relating the peptide information back to the protein fractions in order to identify 

truncated or cleaved elements that would be present endogenously within the sample 

and not identifiable by bottom-up proteomics. 

 



 

3.3 MATERIALS AND METHODS 
 

3.3.1 Materials and Reagents 
 

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, Missouri, 

USA) unless otherwise stated.  

 

3.3.2 Preparation of Depleted Human Plasma Samples 
 

The Human Plasma used in this study was supplied by the Australian Red Cross 

Blood Service and was from healthy male and female donors of type B positive 

blood. The plasma was removed from the -80oC freezer and thawed overnight in the 

4oC fridge and then left to rest at room temperature (RT) for 2 hours prior to 

manipulation. The plasma was centrifuged at 10,000 rpm for 20 min in 2 x 15 ml 

Falcon Tubes (FT). The supernatant was removed from the FT and diluted with 

Solubilising Buffer A (10 mM Tris HCl, 150 mM NaCl, 0.02% Azide at pH 7.4) in a 

ratio of 1:5 and filtered with a 0.02 µm filter (Millipore, USA). The flow through was 

collected and 5 x 10 ml aliquots collected for application to the depletion column, any 

unused flow through was placed in the freezer at -70oC. The MIXED12-LC20 

depletion column (GenWay, San Diego, CA, USA) was used to deplete the 12 

highest abundant proteins in the plasma according to the manufacture’s 

specifications. Figure 3.1 depicts the elution gradient generated for the collection of 

the depleted plasma. 

 

3.3.3 Concentration and Buffer Exchange of Depleted Plasma 
 

The flow through from the GenWay depletion column was passed through 8 x 5 kDa 

cut-off Amicon spin tubes (Millipore, USA) and centrifuged at 5,000 rpm for 20 min. 

Once the volume in each tube reached approximately 5 ml, the concentrated mixture 

was buffer exchanged with 3 x 10 ml of 10 mM Tris, 10 mM di-sodium 

orthophosphate, pH 7.4 in each tube. The remaining supernatant was pooled and 

aliquoted into 1.5 ml tubes and placed in the freezer at -20oC. 



 

3.3.4 One Dimensional Gel Electrophoresis of Depleted and non-
Depleted Plasma 
 

The depleted and non-depleted plasma were fractionated on an SDS-PAGE Gel (1D 

Gel) (Invitrogen). Bands were visualized with Coomassie G250 stain and scanned on 

a flat bed colour scanner. Figure 3.2 depicts the visualisation of the plasma samples.  

 

3.3.5 Quantification of Depleted Human Plasma 
 

Deep Purple (DP) protein quantification kit (Sigma-Aldrich, St. Louis, Missouri, USA) 

was used as per the manufacturers instructions to estimate the amount of protein 

present in the depleted plasma samples. A frozen depleted protein aliquot was 

diluted with ultra pure water (18.2 MΩ·cm) bringing the concentration of the Tris to 

approximately 30 µM. (Dilution of the sample was necessary because >500 mM of 

Tris will interfere with the quantitation). The final concentration of each 1.4 ml aliquot 

was calculated to be approximately 2,500 µg/ml. 

 

3.3.6 Novel Two Dimensional Ion Exchange Chromatography of 
Proteins from Depleted Human Plasma Samples and Pooling 
Digestion 
 

An ÄKTÄ Purifier system was configured to conduct the tandem ion exchange 

chromatography, employing two HiLoad 26/10 SP- and Q-Sepharose High 

Performance columns (Amersham Biosciences-GE Life Sciences, Sweden) for both 

the cationic and anionic ion exchange, respectively. A schematic of the 

chromatographic plumbing and workflow is illustrated in Figure 3.3, as are the 

chromatographs with the gradient profiles in Figures 3.4 and 3.5. The system was 

optimised for a continuous flow rate of 0.75 ml/min and was equilibrated before each 

run with eight column washes of Buffer A (10 mM Tris, 10 mM di-sodium 

orthophosphate, pH 7.4). An automated Super-Loop (Amersham Biosciences-GE 

Life Sciences, Sweden) was used to load 2 ml of diluted plasma (1:1 with Buffer A, 

protein concentration 1,250 µg/ml) for each of the replicates. The loaded sample 

passed through the SP-Sepharose column first to bind the cationic species, and any 



 

unbound anionic species continued flowing to the secondary Q-Sepharose column. 

Proteins that did not bind to either column were flushed through with Buffer A and 

collected as flow through and analysed as Fraction 1. The first elution gradient was 

applied to the primary column of SP-Sepharose alone, while the secondary column of 

Q-Sepharose was kept loaded with sample and off-line. A linear gradient from flow 

point 14 – 42 ml (~37 min) was applied to the SP-Sepharose column from 0 to 50% 

Buffer B, (10 mM Tris, 10 mM di-sodium orthophosphate, 1 M sodium chloride, pH 

7.4). The system switched to 100% Buffer B at 42 ml for 3 ml and then switched back 

to 100% Buffer A at 45 ml flow point. The valves were then switched so that a second 

elution gradient could be applied to the secondary column of Q-Sepharose, while the 

primary column of SP-Sepharose was kept wet and off-line. The gradient conditions 

for the secondary column were identical to the primary column. The totality of 

fractions collected were pooled into 12 fractions based on a manual inspection of the 

UV trace as shown in Figure 3.5, with fraction 1 the initial flow through, fraction 12 

solely the Q-Sepharose eluent, and fractions 2 through to 11 were for the SP-

Sepharose eluent. The 12 fractions were concentrated under vacuum and digested 

with Trypsin.  

 

3.3.7 Digestion of both the Depleted Human Plasma Samples after 
the Novel Two Dimensional Ion Exchange Chromatography of 
Proteins and the Depleted Human Plasma Samples before standard 
Ion Exchange Chromatography 
 

The method used was the same for both samples, but was applied at different points 

in the sample preparation. For the novel two-dimensional ion exchange 

chromatography of proteins, it was after the protein chromatography. For the Std-

SCX of peptides, it was before the peptide chromatography. The digestion was 

undertaken by resuspending the proteins in 20 µl of Urea (6 M), followed by the 

addition of 2 µl of DTT (200 mM) and incubation at RT in the dark for 1 hour, followed 

by the addition of 4 µl of iodoacetamide (200 mM) and incubation at RT for 1 hour. 

Then, 900 µl of Ammonium Bicarbonate (50 mM, pH 8.0) was added followed by 35 

µl of trypsin (0.1 µg/ml) and digestion proceeded overnight at 37oC. The digestion 

reaction was quenched the next day with 1% formic acid and stored in the -20oC 

freezer until required for nano-RP-LC-MS/MS. 



 

3.3.8 Standard Ion Exchange Chromatography of Peptides from 
Depleted Human Plasma Samples 
 

SCX chromatography was employed using an Agilent 1100 quaternary HPLC pump 

(Agilent Technologies, USA) with a polysulfoethyl aspartamide column (PolyLC) (200 

mm x 2.1 mm, 5 µm, 200 Å). The column was equilibrated with Buffer A, 5 mM 

sodium phosphate with 25% (v/v) acetonitrile (ACN) at pH 2.7, which was also used 

for the sample re-suspension, sample injection and peptide adsorption to the column. 

A total of 21 injections were conducted, each with approximately 350 µg per injection, 

which when combined gives triplicate analysis of 2,500 µg per replicate. Peptide 

elution was achieved with a 70 min linear gradient to 100% Buffer B (5 mM sodium 

phosphate with 25% (v/v) ACN, 350 mM KCl, pH 2.7) at flow rate 300 µl/min. 

Peptides were collected into 35 fractions and pooled into 12 fractions of 

approximately the same amount based on a manual inspection of the elution gradient 

UV trace as shown in Figure 3.6. Each of the 12 fractions were dried in a vacuum 

centrifuge and stored at -20oC until required for nano-RP-LC-MS/MS. 

 

3.3.9 In-line Reverse Phase Electrospray Ionisation Mass 
Spectrometry with a Thermo LTQ-XL 
 

Each of the 12 fractions from each method of fractionation were analysed by nano-

RP-LC-MS/MS using an LTQ-XL linear ion trap mass spectrometer with a fused silica 

capillary with an integrated electrospray tip (Thermo, USA). Each of the peptide 

extracts were desalted using C18 tips (Omix,	  Varian, Inc., CA) and the eluate was 

dried using a vacuum centrifuge followed by resuspension in 0.1% (v/v) formic acid. 

The methods of nanoflow LC-MS/MS, previously followed by Chick et al. [243], were 

adopted. The reversed-phase columns were packed in-house to approximately 7 cm 

(100 µm ID) in length using a 100 Å, 5 µm Zorbax C18 resin (Agilent Technologies, 

USA). An electrospray voltage of 1.8 kV was applied via a liquid junction upstream of 

the C18 column. Samples were injected onto the column using a Surveyor 

Autosampler (Thermo, USA), which was followed by an initial wash step with Buffer 

A, 5% (v/v) ACN, 0.1% (v/v) formic acid for 10 min at 1 µl/min. Peptides were eluted 

from the column with a 0-100% Buffer B, 95% (v/v) ACN, 0.1% (v/v) formic acid for 



 

90 minutes at 500 nl/min. The column eluate was directed into a nanospray ionisation 

source of the mass spectrometer. Spectra were acquired in a positive ion mode with 

scanning over the range 400-1500 amu using the Xcalibur software (Version 2.06, 

Thermo, USA), and automated peak recognition, dynamic exclusion and MS/MS of 

the top six most intense precursor ions at 35% normalisation collision energy were 

performed. 

 

3.3.10 Database Searching, Statistical Analysis and Data 
Processing for Protein Identification 
 

The LTQ-XL raw output files were converted into mzXML format and searched 

against the Human IPI database (September, 2011), using the global proteome 

machine (GPM-XE) software (version 2.1.1) and the X!Tandem algorithm. The 12 

fractions of each replicate were processed sequentially with output files generated for 

each fraction, as well as a merged non-redundant output file for protein identifications 

with log(e) values < -1. Peptide identification was determined using a 0.4 Da 

fragment mass error. Carbamidomethylation was considered as a complete 

modification and partial modifications considered included oxidation of methionine 

and tryptophan, and phosphorylation of serine, threonine and tyrosine.  

 

Reverse database searching was used for estimating false discovery rates (FDRs). A 

protein log(e) value of -9 was used as an initial cut-off to create the first refined list of 

identifications with a protein FDR of ~1%, as shown in Table 3.1. Protein FDR was 

calculated by (number of reversed protein hits / total number of proteins in the list) x 

100. Peptide FDR was calculated by 2 x (total number of peptides identified from 

reversed protein hits / total number of peptides identified for all proteins in the list) x 

100 [386]. A secondary selection criteria was applied, with identifications that were 

not found in all three replicate analyses excluded, using an in-house software 

package. Venn diagrams as shown in Figure 3.6 were generated to depict the 

difference and similarities between the total numbers of proteins identified by each 

method [387]. Complete protein and peptide identification information is available in 

the supplemental data 3.1 provided with this thesis. 

 

  



 

3.3.11 Novel Graphical Representation of the PROOF Data 
 

Once the final list of the identified proteins with a high degree of confidence were 

generated, computer scripts were written to semi-automatically interrogate the GPM 

result files so as to extract the “sequence” files, the “all” files and the “modified” files 

for each of the proteins identified, from each of the replicates inside the GPM-XE 

operating system. The graphs were then generated to display each of the fractions 

collected along the x-axis, from 1 – 12 from left to right respectively. Fraction 1 is flow 

through, fraction 12 is the Q-Sepharose eluate, and fractions 2-11 are the SP-

Sepharose eluate. The y-axis was orientated to show the peptide strings used to 

identify the particular protein in order of N-terminus to C-terminus from top to bottom, 

respectively. The y-axis was composed by compiling the information supplied in the 

“sequence” data (amino acid sequence) and the “all” data (peptide strings) for each 

protein, which was then positioned in relation to the three replicates and the 

corresponding “all” data files. Thus, for each peptide identified a spherical dot 

appears next to the peptide string and in-line with the particular fraction that it was 

identified in. The size of each dot is directly related to the number of 

identifications/hits for that peptide string in that fraction, as was shown in the GPM 

data files.  

 

I created a distinction within the peptides identified and shown on the y-axis between 

unique peptides in red and non-unique peptides in black. This distinction is based on 

searching each identified peptide string against the compiled set of 10740 identified 

peptides from the 146 high stringency protein identifications. It is important to note 

that what I refer to as unique may not in fact be a unique peptide within the IPI 

human protein database, but it is a unique peptide within my identified dataset. I 

chose to use this approach and terminology to avoid confusion when I was referring 

to, for example, non-unique (within the IPI human database) which were only present 

once, and hence unique, within our dataset. Using this criterion, I identified 3848 

unique and 6892 non-unique peptides within the 10740 peptides identified from the 

146 proteins. 

 



 

3.4 RESULTS AND DISCUSSION 
 

3.4.1 Fractionation – Decomplexation of Human Plasma 
 

The GenWay depletion column performed reproducibly as shown by the UV trace in 

Figure 3.1. The 1D Gel analysis of the human plasma samples, shown in Figure 3.2 

was conducted to verify that the depletion column was working satisfactorily. Upon 

visual inspection of the 1D Gel it is clear that there is a difference between the 

depleted and non-depleted samples. I cannot conclude definitively whether the 

sample is depleted with the complete removal of the top 12 most abundant proteins, 

or not. I can say that the depleted sample is different from the non-depleted sample 

and showing signs of depletion that are reproducible across the columns in the 1D 

Gel despite the concentration or amount loaded changing [388]. Particularly, with 

respect to the reduced presence of a large band (protein species) around 60 kDa, 

which is most likely Albumin [290]. There was also increased visualisation of more 

bands in the depleted sample at the higher and lower molecular weight ranges, which 

would denote a reduction in the dynamic range of the sample due to the removal of 

some high abundant species, which enabled visualization of bands that we can not 

see in the non-depleted sample [314]. I took these results as an indication that the 

sample was depleted to some degree of abundant proteins, which justified the 

running of the next stages of the experiments. 

 

PROOF is the term we have used to describe the particular system of multi-

dimensional ion exchange chromatography we employed for fractionating depleted 

plasma proteins. PROOF, to our knowledge at the time of these experiments, is 

unique in using this configuration as shown in Figures 3.3 (A – D) on a ÄKTÄ HPLC 

system. The plumbing with two PV908 and one PV907 valves on one ÄKTÄ HPLC 

system enabled us to achieve automated multidimensional liquid chromatography. 

An additional feature of these experiments was the idea of performing ion exchange 

chromatography under mild salt conditions and at physiological pH, so as not to 

disrupt any of the tertiary or quaternary structural elements of the protein mixture.  

 

The concept of fractionating multiple proteins simultaneously using chromatography 

has been around for a long time, but it has long been thought of as problematic, 



 

mainly due to issues with differential protein solubility and precipitation [148, 389]. 

We believe we demonstrate here that in this particular configuration, this is no longer 

a justification for not undertaking these types of experiments when analysing plasma. 

The entire process of equilibration, sample loading and binding, with separated 

elution from each ion exchange chromatographic column, and including analysis of 

three replicates, was entirely automated. This approach can, of course, be used for 

multiple injections and can be adapted for various protein mixtures and types of 

columns.  

 

 

 

 

 

 
 

 
Figure 3.1 UV trace superimposition of multiple runs of the GenWay depletion column for the 
removal of the top 12 most abundant proteins in human plasma. The peak between 35 min and 
70 min is the depleted plasma fragment of the eluent that was collected and used for the later 
fractionation experiments. The UV trace lines show high reproducibility across runs. 
  



 

 

 
 
 
Figure 3.2 1D Gel of the GenWay depleted and non-depleted plasma. Row 1 is the molecular 
weight markers. The non-depleted plasma are found across rows 5 – 9 of differing 
concentration and loading amounts. The depleted plasma are found across rows 2 – 3 and 10 -
12 of differing concentrations and loading amounts. Note the improved visualisation of bands 
across the molecular weight range for the depleted compared to non-depleted. Additionally, 
the reduced appearance of the band around 60 kDa for depleted compared to non-depleted. 
Lane 1 = MWM, 2 = Depleted Plasma 10 µ l of ½ dilution, 3 = Depleted Plasma 5 µ l of ½ dilution, 
4 = Empty, 5 = Non-depleted Plasma 10 µ l of 1/10 dilution, 6 = Non-depleted Plasma 5 µ l of 1/10 
dilution, 7 = Non-depleted Plasma 10 µ l of 1/50 dilution, 8 = Non-depleted Plasma 5 µ l of 1/50 
dilution, 9 = Non-depleted Plasma 1 µ l of 1/50 dilution,10 = Depleted Plasma 10 µ l of 1/10 
dilution, 11 = Depleted Plasma 5 µ l of 1/10 dilution, Depleted Plasma 5 µ l of ½ dilution 
respectively. 
 

 

Once the system was optimised, we injected test samples of non-depleted and 

depleted plasma to assess the enhanced chromatographic resolution achieved when 

using a depleted sample as opposed to a non-depleted sample in these types of 

systems. The GenWay depletion technique was shown to change the resultant 

elution profile of both columns compared to non-depleted plasma. These changes in 

chromatography can easily be attributed to the removal of the 12 highest abundant 

species. The UV trace in Figure 3.4 highlights how the depleted sample has a 

reduced signal for the SAX column at 62 ml, as well the removal of the peak at 15 ml 

(SCX) and reduced signal for the large peak at 28 ml for the SCX column. We 

interpret this to be further evidence that the GenWay sample (pink) we are using is 

depleted of the most abundant proteins when compared to the non-depleted (blue).  

 



 

 

 

 
 
 
 

 

 

 
 
 
 

 

Figure 3.3 Schematic representation of the novel plumbing architecture for the PROOF system developed with a ÄKTÄ HPLC for these 
experiments. (A) Column equilibration stage with 100% Buffer A, the super-loop is off-line while the rest of the system in-line. (B) Super-Loop is 
brought in-line and the sample is injected and allowed to pass over both cationic (#1 SCX) and anionic (#2 SAX) columns to bind. (C) Super-Loop is 
taken off-line and flow rates are maintained, allowing extra flow time for the sample to completely pass through the system for complete binding to 
both columns. (D) Column #2 (SAX) is bypassed and elution gradient for column #1 (SCX) with introduction of Buffer B is undertaken. (E) The 
system switches to bypass column #1 (SCX) and bring column #2 (SAX) in-line and the secondary elution gradient with Buffer B is undertaken. 
Once completed the system switches back to position (A) until the next sample is injected. Grey lines indicated off-line, while red lines indicated 
on-line. 



 

Upon further examination of the UV trace for depleted plasma, the SAX column does 

not seem to conduct any discernable type of chromatographic separation, which led 

us to question whether or not we should include this secondary column in the 

experiments. However, since we were aiming to compare peptide and protein based 

multidimensional chromatographic approaches, we decided to keep the system as it 

was for these proof of concept experiments. The enhanced chromatographic 

resolution in the UV trace in Figure 3.4 provided justification for using depleted 

plasma rather than non-depleted, even though some of the tertiary and quaternary 

structural information may be reduced or lost when using a depleted sample with a 

GenWay column. Also, protein-protein interaction elements in the chromatographic 

peaks were removed from the non-depleted plasma samples by the GenWay 

column, though this information was deemed not pivotal for this development of a 

proof of the concept. However, this possible removal or change in the protein-protein 

interactions results in the exclusion of one of the potential benefits of conducting 

these types of fractionation experiments in mild conditions on proteins in their native 

state. Thus, no conclusive remarks concerning this area will be made here. 

 

The major reasons for these experiments were to automate, up-scale and validate 

PROOF against a standard system, based on the highest possible number of 

stringent protein identifications for a triplicate comparison. Hence, depleted plasma 

was used to achieve a higher number of protein identifications allowing a better 

distinction if any between the two techniques at the expense of the protein-protein 

interaction information at this stage of the technique development. It is important to 

note that the GenWay depletion step should not have interfered with any 

endogenous truncation or cleavage fragments of the proteins found in the native 

states, and hence this aspect of the technique can still be used for enhanced 

interrogation of the data compared to the Std-SCX of peptides method used within.  

 

 



 

 

 

 

Figure 3.4 PROOF UV-trace of the GenWay depleted (pink) and non-depleted (blue) plasma proteins under mild conditions. The y-axis is UV 
absorbance in mAU. The x-axis depicts the amount of mobile phase run and collected, shown in ml’s in black and the collection tubes in red. Both 
depleted and non-depleted plasma were run using the multi-dimensional ion exchange chromatography of PROOF on the ÄKTÄ HPLC system to 
highlight the ability of the system to do both sample types and the varied/enhanced chromatographic resolution with the depleted plasma 
compared to non-depleted. Note the enhanced resolution of the depleted plasma sample compared to the non-depleted for the SCX column. 
Additionally, note the removal of the single peak in the SAX column from the depleted sample compared to the non-depleted. 



 

In order to maximise the number of protein identifications, equalisation of the amount 

of protein in each fraction was achieved through manual inspection of the UV trace 

and manual interpretation of the area under the curve. Since there was no 

discernable fractionation on the anionic column based on the chromatogram, it was 

pooled into one fraction, # 12, and the flowthrough from any unbound species was 

pooled in fraction # 1. The rest of the 10 fractions were broken up as equitably as 

possible, shown below in Figure 3.5. There were three main modifications to the 

elution gradient that we optimised and believe should be mentioned. The first was 

altering the seven-step gradient that was used in the beginning of the earliest proof of 

concepts for PROOF to a linear gradient. This at first did not seem to give any visible 

advantage, and it was not until we increased the length of the gradient to 120 min for 

each column that we observed enhanced chromatographic resolution. Having two 

120 min gradients was deemed not practical at this stage of development, so we 

incorporated a truncated gradient that had a similar gradient angle as the 120 min 

gradient. We truncated it to 0 – 50 % buffer B, which is where the majority of the 

chromatographic resolution for ion exchange chromatography occurred, then stepped 

the gradient to 100% Buffer B, so as to make sure that any remaining bound species 

would be removed from the column and detected in our system. In conjunction with 

these gradient changes we altered the flow rate from 1 ml/min to 0.75 ml/min, which 

kept the pressure of the system to acceptable levels while showing enhanced 

chromatographic resolution as shown in Figure 3.5. The reproducibility of the system 

was sound enough that our own visual inspection of the UV trace chromatograms 

showed no discernable differences that would require the pooling of the samples 

from one run to the next to be tailored individually. Further evidence of the 

reproducibility of the system is shown in the mass spectrometric identification of the 

same peptides in similar fractions across replicates.  

 

 



 

 

 

 

 
Figure 3.5 PROOF UV-trace of the GenWay depleted plasma proteins under mild conditions (blue) and the pooling of the fractions into 12 groups 
(black) for digestion and nano-RP-LC-MS/MS analysis. The y-axis represents the gradient for the addition of Buffer B as a percentage (%) of B 
(green). The x-axis depicts the amount of mobile phase run in ml and identifies where the 12 fractions for MS/MS were pooled based on manual 
inspection (black) of the UV trace. Fraction 1 is the flow through, 2 – 11 are SCX elution and 12 is SAX elution.  



 

A representative UV trace of the strong cationic exchange chromatography (Std-

SCX) of peptides from depleted plasma is shown in Figure 3.6. Inspection of the 

chromatograms (>10) showed a high degree of reproducibility to the human eye. The 

total elution time and gradient used was in the order of 130 min, and hence this is 

where and why we tried a similar gradient to start with for the PROOF. Since we 

were running two gradients, not one, and we needed to show comparative 

advantages for the PROOF system over Std-SCX beyond just the number of proteins 

identified, we made the necessary changes mentioned earlier to make the total time 

of the two gradient system similar to the single gradient system of Std-SCX on 

peptides. 

 

 

Figure 3.6 UV trace of Std-SCX of peptides from GenWay depleted plasma and the pooling of 
the fractions into 12 groups for MS/MS analysis. The pooling of the sample into 12 groups was 
done by manual inspection and interpretation of the UV trace so as to have an equitable 
amount of peptides in each of the twelve fractions. 
 

3.4.2 Selection Criteria for High Stringency Identifications 
 

When analyzing shotgun proteomic data generated from GPM with X!Tandem, a 

protein filtering of log e -1 (probability) is generally applied as the primary filter for the 

generation of a primary list of potential identification candidates with reverse 

database hits included. The investigator then has a number of options for the 

generation of a final list of protein identifications with confidence. Commonly one 

would manually inspect this list to find the reverse database hit with the lowest log e 

value (highest confidence) and then an initial calculation of the FDR (protein and 

peptide) is conducted. This is followed by subsequent calculations of the proceeding 

reverse database hits in order, from highest confidence to lowest confidence, until a 

protein FDR of between 1-2% is found, which is deemed as an acceptable selection 

criteria for many shotgun proteomics datasets [245, 390]. At this point all hits above 



 

this value are kept and the rest of the dataset is omitted to generate a list of high 

confidence protein identifications.  

 

When dealing with replicate datasets (three, for example) an investigator would 

similarly apply the log e -1 as the primary filter as above and then have the option to 

undergo a secondary filtering by combining the three to present one list with only 

identifications that are found in all three replicates, while omitting any identifications 

that were only made in one or two of the replicates [158]. This protein identification 

list would also still have the reverse database hits within it. This list is then manually 

interrogated for the calculation of a protein and peptide FDR as above to confirm the 

confidence in the dataset and to also draw a line of acceptance within the dataset for 

inclusion and omission around the FDR line. It has been shown by members of our 

research group that more often than not, there is no need to truncate the data after 

the combine filter, because the FDR value is within acceptable limits [391, 392].  

 

The ideology behind such a combine filter is to use a fundamental principle of 

scientific investigation, that is so as to be confident in any observation then you must 

see it at least three times. Traditionally, a single peptide identification for the 

presence of a protein was acceptable [393]. The criteria for a confident identification 

is constantly evolving, where some would argue that two peptides are sufficient, 

while others argue that 3 or more are required and some argue a need for the 

distinction between unique and non-unique peptides be made when stating an 

identification [394]. The use of a combining filter similar to what is mentioned above 

tries to use one peptide to identify a protein, provided it is reproducibly seen across 

three or more events. Any identifications occurring in 3 replicates are by definition 

highly unlikely to be random, so the combine filter approach minimizes random noise 

in the data set.  
 

Applying that approach, the ordering of the proteins in the output file from the 

combined dataset is based on the number of peptides used to make the identification 

with the lowest possible number being three, representing one peptide for each 

replicate at the bottom of the list. In some instances there is no need to further filter 

the dataset after the primary log e -1 and combine filtering is applied, but in some 

instances there is. This can be conducted by either increasing the stringency of the 

log e value in the primary filter, to log e – 2 for example, or to re-filter the data after 



 

the combine filter to produce an acceptable FDR. The ultimate goal of any of these 

methods is to produce the largest possible list of high confidence protein 

identifications with the lowest possible false discovery rate.  

 

Datasets change from experiment to experiment and across sample types for a 

multitude of reasons. For example, the variable composition of one proteome to the 

next between sample types, or the discrepancy between the number of peptides 

present in a digest of a proteome and the analytical capacity of the LC-MS/MS 

systems can prevent a perfectly reproducible set of peptides from being identified in 

repeat analyses of the same sample [395]. 

 

The goal of the experiments within this work on the protein fractionation of plasma 

was not to generate the largest list of protein identifications; it was to generate a list 

of proteins with the highest level of confidence and stringency so that any 

interpretation of the proteins identified utilizing the unique graphical representations 

would be true. In order to achieve this, I compared the ‘filter then combine’ approach 

against the ‘combine then filter’ approach to see which gave the most protein 

identifications at the highest confidence.  

 

3.4.3 False Discovery Rate of PROOF and MudPIT 
 

3.4.3.a Filter then Combine 
 

In order to calculate FDRs for the plasma PROOF and MudPIT datasets, I began 

with lists of proteins with reverse database hits included for all hits with a confidence 

of greater than log e -1. These were then combined into a single dataset and the 

protein FDR was calculated. The primary filter was then increased to protein log e 

value -2 and the combining and FDR steps were repeated. This process was 

repeated iteratively for both experimental datasets, using protein log e values from -1 

to -10. The results of these analyses are shown in Figures 3.7.1 A and B below. 

 

The point on both graphs where there is no FDR to report and little to no change in 

the number of proteins identified as the log e value increases is at a protein log e 

value -8 for the primary filter. Inspection of the individual replicate datasets before the 



 

combine filter was applied showed that using a primary filtering of protein log e value 

-8 gave FDRs for the individual datasets ranging from 2 to 5%, while using a protein 

log e value of -10 gave primary datasets with no reverse database hits and thus a 

zero FDR. This indicates that log e -10 was too stringent and log e -8 was not 

stringent enough. 

 

A protein log e value of -9 for the primary filter produces individual replicate datasets 

containing 211 +/- 13 identifications with FDR 1.36 +/- 0.83% for MudPIT, and for 

PROOF 233 +/- 22 identifications with FDR 2.04 +/- 0.77%. When the combine 

filtering is applied to generate the final high stringency and confidence list of proteins, 

it produces 147 for MudPIT and 146 for PROOF with no reverse database hits, thus 

a FDR of zero. 

 

I chose to use log e -9 as the primary filter for datasets for further analysis, to ensure 

the highest stringency while retaining as much of the data as possible. It was this 

dataset that was used to establish and generate the unique graphical interpretation 

reported later in this chapter. 

 

  



 

 

 

 

 
 
 
 
 
Figure 3.7.1. Graphical representation of the plasma datasets analysed using various protein 
log e – values (GPM filter) before using the combine filter. The x-axis depicts the log e – values 
(GPM filter) used prior to applying the combine filter. The total number of protein identified 
(blue) and %FDR (red) are shown on the two y-axes after the implementation of the combine 
filter at the various log e - values. The FDR goes to zero at log e -6 and -8 for MudPIT and 
PROOF, respectively   
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PROOF   Using the log e -9 cut-off 

PROTEIN FDR # PROTEIN ID's # REVERSED 
PROTEIN ID's 

PROTEIN FDR 

REPLICATE 1 260 3 1.15% 
REPLICATE 2 251 7 2.79% 
REPLICATE 3 219 3 1.37% 
      
PEPTIDE FDR # PEPTIDE ID's # REVERSED 

PEPTIDE ID's 
PEPTIDE FDR 

REPLICATE 1 45252 10 0.02% 
REPLICATE 2 42006 23 0.05% 
REPLICATE 3 43444 9 0.02% 

 
Std-SCX 
Peptides 

  Using the log e -9 cut-off 

PROTEIN FDR # PROTEIN ID's # REVERSED 
PROTEIN ID's 

PROTEIN FDR 

REPLICATE 1 232 5 2.16% 
REPLICATE 2 205 1 0.05% 
REPLICATE 3 214 2 0.93% 
      
PEPTIDE FDR # PEPTIDE ID's # REVERSED 

PEPTIDE ID's 
PEPTIDE FDR 

REPLICATE 1 31949 14 0.04% 
REPLICATE 2 25500 4 0.02% 
REPLICATE 3 34416 28 0.08% 

 
 
TABLE 3.1 False Discovery Rate (FDR) analysis with reversed data base hits was conducted on 
both the Std-SCX of peptides and PROOF RP-nano-LC-MS/MS identifications, generated using 
the X!Tandem algorithm from the Global Proteome Machine (GPM). An exclusion limit of log e -
9 was used and created an average of 215 and 240 protein identifications for Std-SCX of 
peptides and PROOF respectively. 
 

  



 

3.4.3.b Combine then Filter 
 

I conducted a second analysis of the same data using the ‘combine then filter’ 

method of applying a primary filter of protein log e -1 followed by the combine filtering 

and then the calculation of FDR followed by further filtering if required [391, 392]. 

This dataset produced 231 protein identifications with 15 reverse database hits to 

give a protein FDR of 6.50% for the MUDPIT fractionation, and for the PROOF 

fractionation 229 protein identifications with 24 reverse database hits to give a protein 

FDR of 10.50%.  

 

I then applied a secondary protein log e value filter on the combined datasets from 

the PROOF and MudPIT experiments. Graphs 3.7.2 A and B show the relationship 

between protein log e value used for secondary filtering of the combined datasets 

and the resulting FDRs. 

 

It is clear that there is an inflection point in the graphs, at around log e -20 for 

PROOF and log e -16 for MudPIT. Beyond this point, only a small number of reverse 

database hits are retained, and they can not be removed entirely without significantly 

reducing the datasets. At those inflection points, the MudPIT dataset contains 143 

proteins at FDR of 2.1% and the PROOF dataset contains 142 proteins at 1.41% 

FDR.  This is similar to, but not quite as good as, the datasets produced in the 

preceding section using the ‘filter then combine’ approach. 

 
  



 

 

 

 
 
 
 
 
 
 
 
Figure 3.7.2. Graphical representation of the plasma dataset produced after the combine filter 
and use of the log e -1 as the preliminary filter. The x-axis depicts the secondary log e – value 
of the ‘combine then filter’ data. The y-axis depicts the total number of protein identified (blue) 
and % FDR (red) after implementation of the combine filter at log e -1. The FDR rate goes to 
zero at protein log e value of -45 and -27 for MudPIT and PROOF respectively.   



 

3.4.4 Comparison of proteins found using PROOF and MudPIT 
 

Despite the distinct nature of the two techniques, one being the fractionation of 

proteins and the other being the fractionation of peptides, there is approximately 74% 

similarity in the total number of proteins identified. Hence, the PROOF method has a 

similar ability to interrogate and identify proteins in a complex system, and achieves 

similar coverage of a proteome to the MudPIT approach. There is still however, 

enough difference between the two that would justify employing both techniques in 

order to maximise protein identifications for further directed experimentation. 

 

 
Figure 3.8 This Venn diagram above shows that both methods identified 109 similar proteins. 
There were 37 and 38 unique protein identifications from the PROOF and Std-SCX of peptides 
respectively. The final list of protein identifications were 146 and 147 for PROOF and Std-SCX 
of peptides respectively, after the removal of any identifications that were not found in all three 
replicates.  
 

 

The proteins identified uniquely in each approach are presented in Tables 3.2 and 

3.3 on the following pages. The proteins identified in both approaches are presented 

in Table 3.4. It is worth noting that many of the top 12 most abundant plasma 

proteins were identified in the depleted plasma. This included, alpha-2-

macroglobulin, haptoglobin, apolipoprotein A, alpha-1-acid-glycoprotein, alpha-1-

antitrypsin, fibrinogen and many immunoglobulin fragments; surprisingly, albumin 

was not detected. More keratins were identified using the PROOF approach 

compared to MudPIT. This may be attributed to the extra sample handling that the 

PROOF approach requires, or it may be a random event.  



 

   Proteins identified only in MudPIT 
Identifier Mr 

(kDa) 
Peptide 

ID's 
Description 

IPI00739237.1 44.9 1630 SIMILAR TO COMPLEMENT C3 
IPI00947496.1 123.9 636 UNCHARACTERIZED PROTEIN. 
IPI00025426.3 163.8 550 ISOFORM 1 OF PREGNANCY ZONE PROTEIN. 
IPI00784817.1 52.3 525 ANTI-RHD MONOCLONAL T125 GAMMA1 HEAVY CHAIN. 
IPI00021891.5 51.5 516 ISOFORM GAMMA-B OF FIBRINOGEN GAMMA CHAIN. 
IPI00816314.1 50.9 508 PUTATIVE UNCHARACTERIZED PROTEIN DKFZP686I15196. 
IPI00784842.1 52 508 PUTATIVE UNCHARACTERIZED PROTEIN DKFZP686G11190. 
IPI00644018.1 40.7 486 ISOFORM 2 OF ALPHA-1B-GLYCOPROTEIN. 
IPI00418153.1 57 324 PUTATIVE UNCHARACTERIZED PROTEIN DKFZP686I15212. 
IPI00423462.5 56.4 244 PUTATIVE UNCHARACTERIZED PROTEIN DKFZP686K18196 

(FRAGMENT). 
IPI00291262.3 52.5 236 ISOFORM 1 OF CLUSTERIN. 
IPI00020996.5 66 223 INSULIN-LIKE GROWTH FACTOR-BINDING PROTEIN COMPLEX 

ACID LABILE SUBUNIT. 
IPI00021439.1 41.7 168 ACTIN, CYTOPLASMIC 1. 
IPI00383338.1 55.3 158 PRO2769. 
IPI00021842.1 36.1 74 APOLIPOPROTEIN E. 
IPI00736885.1 12.3 68 IG KAPPA CHAIN V-II REGION TEW. 
IPI00830088.1 12.8 49 RHEUMATOID FACTOR RF-IP14. 
IPI00007047.1 10.8 36 PROTEIN S100-A8. 
IPI00218413.2 61.1 35 BIOTINIDASE. 
IPI00029061.3 42.7 35 SELENOPROTEIN P. 
IPI00748998.1 25.6 31 SINGLE-CHAIN FV (FRAGMENT). 
IPI00022418.2 262.5 29 ISOFORM 1 OF FIBRONECTIN. 
IPI00003590.2 82.5 29 ISOFORM 1 OF SULFHYDRYL OXIDASE 1. 
IPI00025276.2 464 25 ISOFORM XB OF TENASCIN-X. 
IPI00854644.2 16.5 24 UNCHARACTERIZED PROTEIN 
IPI00178926.2 18.1 23 IMMUNOGLOBULIN J CHAIN. 
IPI00032311.4 53.3 21 LIPOPOLYSACCHARIDE-BINDING PROTEIN. 
IPI00783471.1 14.5 21 IMMUNGLOBULIN HEAVY CHAIN VARIABLE REGION (FRAGMENT). 
IPI00007199.4 55.1 21 PROTEIN Z-DEPENDENT PROTEASE INHIBITOR. 
IPI00298994.6 269.6 18 TALIN-1. 
IPI00010471.6 70.2 18 PLASTIN-2. 
IPI00022331.1 49.5 17 PHOSPHATIDYLCHOLINE-STEROL ACYLTRANSFERASE. 
IPI00029193.1 70.6 16 HEPATOCYTE GROWTH FACTOR ACTIVATOR. 
IPI00022432.1 15.9 13 TRANSTHYRETIN. 
IPI00027482.1 45.1 13 CORTICOSTEROID-BINDING GLOBULIN. 
IPI00021263.3 27.7 12 14-3-3 PROTEIN ZETA/DELTA. 
IPI00387120.1 12.6 12 IG KAPPA CHAIN V-IV REGION LEN. 
IPI00024825.2 151 11 ISOFORM A OF PROTEOGLYCAN 4. 

 
 
Table 3.2 List of proteins identified unique to the MudPIT of peptides method. The IPI identifier 
is column one, column two is the molecular weight, column three is the total number of peptide 
MS/MS identifications made for each protein identification. The last column is the generic 
name for the proteins. 
  



 

   Proteins identified only in PROOF 
Identifier Mr 

(kDa) 
Peptide 

ID's 
Description 

IPI00887154.2 192.6 3202 COMPLEMENT COMPONENT 4B. 
IPI00645038.1 105.2 1911 INTER-ALPHA (GLOBULIN) INHIBITOR H2. 
IPI00218192.3 101.2 1465 ISOFORM 2 OF INTER-ALPHA-TRYPSIN INHIBITOR HEAVY CHAIN 

H4. 
IPI00947137.1 34.7 1179 PROTEIN. 
IPI00645363.2 51.7 1128 PUTATIVE UNCHARACTERIZED PROTEIN DKFZP686P15220. 
IPI00785084.2 51.1 1126 IGH@ PROTEIN. 
IPI00930124.1 52.1 1116 PUTATIVE UNCHARACTERIZED PROTEIN DKFZP686C11235. 
IPI00896380.1 51.8 741 ISOFORM 2 OF IG MU CHAIN C REGION. 
IPI00969547.1 56.8 521 UNCHARACTERIZED PROTEIN 
IPI00816741.1 123.3 376 COMPLEMENT COMPONENT 5 VARIANT (FRAGMENT). 
IPI00969620.2 28 317 LIGHT CHAIN FAB 
IPI00022434.4 71.7 233 UNCHARACTERIZED PROTEIN. 
IPI00719373.2 23 210 IMMUNOGLOBULIN LAMBDA LIKE POLYPEPTIDE 
IPI00019359.4 62 175 KERATIN, TYPE I CYTOSKELETAL 9. 
IPI00423461.3 54.1 152 PUTATIVE UNCHARACTERIZED PROTEIN DKFZP686C02220 

(FRAGMENT). 
IPI00021304.1 65.8 90 KERATIN, TYPE II CYTOSKELETAL 2 EPIDERMAL. 
IPI00021428.1 42 87 ACTIN, ALPHA SKELETAL MUSCLE. 
IPI00329775.7 48.4 74 CARBOXY PEPTIDASE B2 
IPI00025204.1 38.1 69 CD5 ANTIGEN-LIKE. 
IPI00217963.3 51.2 62 KERATIN, TYPE I CYTOSKELETAL 16. 
IPI00879915.1 15.2 52 UNCHARACTERIZED PROTEIN. 
IPI00384444.6 51.5 52 KERATIN, TYPE I CYTOSKELETAL 14. 
IPI00555752.2 28.3 51 ISOFORM 2 OF C4B-BINDING PROTEIN BETA CHAIN. 
IPI00004656.3 13.7 47 BETA-2-MICROGLOBULIN. 
IPI00925540.1 81.8 38 HEPATOCYTE GROWTH FACTOR-LIKE PROTEIN PRECURSOR. 
IPI00216691.5 15 35 PROFILIN-1. 
IPI00009867.3 62.3 28 KERATIN, TYPE II CYTOSKELETAL 5. 
IPI00021817.1 52 27 VITAMIN K-DEPENDENT PROTEIN C. 
IPI00010295.1 52.3 26 CARBOXYPEPTIDASE N CATALYTIC CHAIN. 
IPI00021364.1 51.2 23 PROPERDIN. 
IPI00027843.1 44.7 22 ISOFORM 1 OF VITAMIN K-DEPENDENT PROTEIN Z. 
IPI00215983.3 28.9 18 CARBONIC ANHYDRASE 1. 
IPI00257882.7 54.5 15 XAA-PRO DIPEPTIDASE. 
IPI00748955.3 68.9 15 PLATELET GLYCOPROTEIN IB ALPHA CHAIN. 
IPI00028030.4 82.8 13 CARTILAGE OLIGOMERIC MATRIX PROTEIN. 
IPI00746623.2 62.6 11 HYALURONAN-BINDING PROTEIN 2. 
IPI00382440.1 11.5 11 IG LAMBDA CHAIN V-IV REGION HIL. 

 

Table 3.3 List of the proteins identified unique to the ion exchange of proteins method. The IPI 
identifier is column one, column two is the molecular weight, column three is the total number 
of peptide MS/MS identifications made for each protein identification. The last column is the 
generic name for the proteins. 



 

Table 3.4 Page # 1 of 3 
# 1    Proteins identified in both MudPIT and 

PROOF 
   STD-

SCX 
PROOF  

Identifier Mr 
(kDa) 

Peptide 
ID's 

Peptide 
ID's 

Description 

IPI00783987.2 187 12917 13961 COMPLEMENT C3 (FRAGMENT). 
IPI00887739.3 144.7 11227 10530 COMPLEMENT C3-LIKE, PARTIAL. 
IPI00022488.1 51.6 2756 5548 HEMOPEXIN. 
IPI00017601.1 122.1 1822 3736 CERULOPLASMIN. 
IPI00550991.3 50.6 2290 2361 CDNA FLJ35730 FIS, CLONE TESTI2003131, HIGHLY 

SIMILAR TO ALPHA-1-ANTICHYMOTRYPSIN. 
IPI00418163.3 192.6 1760 3199 COMPLEMENT C4-B PREPROPROTEIN. 
IPI00643525.1 192.6 1905 3192 UNCHARACTERIZED PROTEIN. 
IPI00555812.5 52.9 1298 2694 VITAMIN D-BINDING PROTEIN PRECURSOR. 
IPI00478003.3 163.2 2073 2099 ALPHA-2-MACROGLOBULIN. 
IPI00022229.2 515.3 2028 2358 APOLIPOPROTEIN B-100. 
IPI00032179.3 52.6 1904 858 ANTITHROMBIN-III. 
IPI00029739.5 139 965 1540 ISOFORM 1 OF COMPLEMENT FACTOR H. 
IPI00022895.7 54.2 840 1893 ALPHA-1B-GLYCOPROTEIN PRECURSOR 
IPI00019580.1 90.5 913 1838 PLASMINOGEN. 
IPI00019591.2 140.9 789 2067 CDNA FLJ55673, HIGHLY SIMILAR TO COMPLEMENT 

FACTOR B. 
IPI00019568.1 70 574 1783 PROTHROMBIN (FRAGMENT). 
IPI00292530.1 101.3 777 2017 INTER-ALPHA-TRYPSIN INHIBITOR HEAVY CHAIN H1. 
IPI00215894.1 47.9 647 1519 ISOFORM LMW OF KININOGEN-1. 
IPI00032328.2 71.9 646 1337 ISOFORM HMW OF KININOGEN-1. 
IPI00021727.1 67 451 1050 C4B-BINDING PROTEIN ALPHA CHAIN. 
IPI00641737.1 46.7 517 944 HAPTOGLOBIN. 
IPI00298971.1 54.3 725 889 VITRONECTIN. 
IPI00304273.2 45.4 624 856 APOLIPOPROTEIN A-IV. 
IPI00892870.1 51.5 710 825 IMMUNOGLOBULIN HEAVY CONSTANT MU 
IPI00298497.3 55.9 665 727 FIBRINOGEN BETA CHAIN. 
IPI00298828.3 38.3 557 679 BETA-2-GLYCOPROTEIN 1. 
IPI00550731.2 26.2 803 664 PUTATIVE UNCHARACTERIZED PROTEIN. 
IPI00784865.1 25.8 749 653 IGK@ PROTEIN. 
IPI00022395.1 63.1 489 607 COMPLEMENT COMPONENT C9. 
IPI00021885.1 94.9 361 606 ISOFORM 1 OF FIBRINOGEN ALPHA CHAIN. 
IPI00032291.2 188.2 491 575 COMPLEMENT C5. 
IPI00291866.5 55.1 553 567 PLASMA PROTEASE C1 INHIBITOR. 
IPI00218999.3 49.9 333 560 UNCHARACTERIZED PROTEIN. 
IPI00220327.4 66 142 525 KERATIN, TYPE II CYTOSKELETAL 1. 
IPI00026314.1 85.6 479 508 ISOFORM 1 OF GELSOLIN. 
IPI00477597.2 39 279 493 ISOFORM 1 OF HAPTOGLOBIN-RELATED PROTEIN. 
IPI00032220.3 53.1 410 477 ANGIOTENSINOGEN. 
IPI00291867.3 65.7 203 464 COMPLEMENT FACTOR 1 PRECURSOR 
IPI00163207.1 62.2 226 417 ISOFORM 1 OF N-ACETYLMURAMOYL-L-ALANINE AMIDASE. 
IPI00022391.1 25.4 299 417 SERUM AMYLOID P-COMPONENT. 
IPI00022431.2 46.6 280 413 CDNA FLJ55606, HIGHLY SIMILAR TO ALPHA-2-HS-

GLYCOPROTEIN. 
IPI00022426.1 39 215 395 PROTEIN AMBP. 
IPI00879709.3 105.7 198 361 COMPLEMENT COMPONENT C6 PRECURSOR. 
IPI00294004.1 75.1 63 356 VITAMIN K-DEPENDENT PROTEIN S. 
IPI00386879.1 53.1 250 353 CDNA FLJ14473 FIS, CLONE MAMMA1001080, HIGHLY 

SIMILAR TO HOMO SAPIENSSNC73 PROTEIN (SNC73) 
MRNA. 

IPI00022463.1 77 169 349 SEROTRANSFERRIN PRECURSOR 

  



 

Table 3.4 Page # 2 of 3 
# 2    Proteins identified in both MudPIT 

and PROOF 
  STD-

SCX 
PROOF  

Identifier Mr 
(kDa) 

Peptide 
ID's 

Peptide 
ID's 

Description 

IPI00292950.4 60.1 287 337 SERPIN PEPTIDASE INHIBITOR, CLADE D (HEPARIN 
COFACTOR), MEMBER 1. 

IPI00399007.7 46 218 335 PUTATIVE UNCHARACTERIZED PROTEIN 
DKFZP686I04196 (FRAGMENT). 

IPI00154742.6 24.8 223 333 IGL@ PROTEIN. 
IPI00017696.1 76.6 243 329 COMPLEMENT C1S SUBCOMPONENT. 
IPI00294395.1 67 179 326 COMPLEMENT COMPONENT C8 BETA CHAIN. 
IPI00028413.8 99.8 91 306 ISOFORM 1 OF INTER-ALPHA-TRYPSIN INHIBITOR 

HEAVY CHAIN H3. 
IPI00296165.6 81.8 201 274 CDNA FLJ54471, HIGHLY SIMILAR TO COMPLEMENT 

C1R SUBCOMPONENT. 
IPI00022420.3 23 278 274 RETINOL-BINDING PROTEIN 4. 
IPI00022371.1 59.5 235 262 HISTIDINE-RICH GLYCOPROTEIN. 
IPI00930442.1 52.4 138 260 PUTATIVE UNCHARACTERIZED PROTEIN 

DKFZP686M24218. 
IPI00019581.1 67.8 75 256 COAGULATION FACTOR X11 PRECURSOR 
IPI00296608.6 93.5 151 252 COMPLEMENT COMPONENT C7. 
IPI00006114.4 46.3 123 242 PIGMENT EPITHELIUM-DERIVED FACTOR 
IPI00303963.1 83.2 102 230 COMPLEMENT C2 (FRAGMENT). 
IPI00019943.1 69 139 223 AFAMIN. 
IPI00940245.1 44.8 184 218 IMMUNOGLOBULIN HEAVY CHAIN VARIANT 

(FRAGMENT). 
IPI00021841.1 30.8 260 216 APOLIPOPROTEIN A-I. 
IPI00011264.2 37.6 130 215 COMPLEMENT FACTOR H-RELATED PROTEIN 1. 
IPI00011261.2 22.3 111 203 COMPLEMENT COMPONENT C8 GAMMA CHAIN. 
IPI00020986.2 38.4 66 200 LUMICAN. 
IPI00022389.1 25 40 198 ISOFORM 1 OF C-REACTIVE PROTEIN. 
IPI00011252.1 65.1 96 193 COMPLEMENT COMPONENT C8 ALPHA CHAIN. 
IPI00022394.2 25.8 184 192 COMPLEMENT C1Q SUBCOMPONENT SUBUNIT C. 
IPI00022429.3 23.5 379 174 ALPHA-1-ACID GLYCOPROTEIN 1. 
IPI00479116.1 60.6 77 153 CARBOXYPEPTIDASE N SUBUNIT 2. 
IPI00009865.4 58.8 23 149 KERATIN, TYPE I CYTOSKELETAL 10. 
IPI00477992.1 26.7 106 134 COMPLEMENT C1Q SUBCOMPONENT SUBUNIT B. 
IPI00029863.4 55 126 129 55 KDA PROTEIN. 
IPI00909594.1 53.7 98 121 CDNA FLJ58413, HIGHLY SIMILAR TO COMPLEMENT 

COMPONENT C7. 
IPI00553177.1 46.7 216 110 ISOFORM 1 OF ALPHA-1-ANTITRYPSIN. 
IPI00916434.1 25.1 57 102 ANTI-(ED-B) SCFV (FRAGMENT). 
IPI00783287.1 13.4 67 79 IMMUNGLOBULIN HEAVY CHAIN VARIABLE REGION 

(FRAGMENT). 
IPI00163446.4 47.4 27 75 ISOFORM 2 OF IG DELTA CHAIN C REGION. 
IPI00006154.1 30.6 29 69 ISOFORM LONG OF COMPLEMENT FACTOR H-

RELATED PROTEIN 2. 
IPI00654888.4 71.3 86 68 PLASMA KALLIKREIN. 
IPI00296099.6 129.3 45 67 THROMBOSPONDIN-1. 
IPI00296176.2 51.7 44 61 COAGULATION FACTOR IX. 
IPI00022445.1 13.9 22 61 PLATELET BASIC PROTEIN. 
IPI00328609.3 48.5 45 59 KALLISTATIN. 
IPI00023673.1 65.3 31 59 GALECTIN-3-BINDING PROTEIN. 
IPI00293925.2 32.9 58 58 ISOFORM 1 OF FICOLIN-3. 
IPI00019576.1 54.7 20 55 COAGULATION FACTOR X. 
IPI00009028.1 22.6 31 54 TETRANECTIN 
IPI00027235.1 158.4 16 51 ISOFORM 1 OF ATTRACTIN. 
IPI00029260.2 40.1 65 51 MONOCYTE DIFFERENTIATION ANTIGEN CD14. 

  



 

Table 3.4 Page # 3 of 3 
# 3    Proteins identified in both MudPIT 

and PROOF 
  STD-

SCX 
PROOF  

Identifier Mr 
(kDa) 

Peptide 
ID's 

Peptide 
ID's 

Description 

IPI00915820.1 13.3 29 44 ANTI-FOLATE BINDING PROTEIN (FRAGMENT). 
IPI00027462.1 13.2 28 42 PROTEIN S100-A9. 
IPI00020091.1 23.6 165 40 ALPHA-1-ACID GLYCOPROTEIN 2. 
IPI00218732.4 39.7 44 39 SERUM PARAOXONASE/ARYLESTERASE 1. 
IPI00022417.4 38.2 13 38 LEUCINE-RICH ALPHA-2-GLYCOPROTEIN. 
IPI00009793.4 53.5 14 35 COMPLEMENT C1R SUBCOMPONENT-LIKE 

PROTEIN. 
IPI00003351.2 60.6 37 34 ISOFORM 1 OF EXTRACELLULAR MATRIX PROTEIN 

1. 
IPI00023019.1 43.8 21 31 ISOFORM 1 OF SEX HORMONE-BINDING GLOBULIN. 
IPI00021854.1 11.2 22 29 APOLIPOPROTEIN A-II. 
IPI00022937.4 252 36 28 252 KDA PROTEIN. 
IPI00816799.1 12.8 34 27 RHEUMATOID FACTOR D5 LIGHT CHAIN 

(FRAGMENT). 
IPI00292946.1 46.3 77 23 THYROXINE-BINDING GLOBULIN. 
IPI00025864.5 72.8 22 17 BUTYRYLCHOLINESTERASE, ISOFORM CRA_B. 
IPI00395488.2 71.7 5 15 VASORIN. 
IPI00171678.4 69 26 14 DOPAMINE BETA-HYDROXYLASE. 
IPI00026199.2 25.5 56 14 GLUTATHIONE PEROXIDASE 3. 
IPI00064667.4 56.7 27 12 BETA-ALA-HIS DIPEPTIDASE PRECURSOR 
IPI00291175.7 116.6 20 8 ISOFORM 1 OF VINCULIN. 

 

Table 3.4 List of the proteins identified similarly by both MudPIT of peptides and PROOF 
methods. The IPI identifier is column one, column two is the molecular weight, column three 
and four is the total number of peptide MS/MS identifications made for each protein 
identification for both Std-SCX of peptides and PROOF respectively. The last column is the 
generic description name for the proteins. 
 

The protein identification lists generated (Tables 3.2 – 3.4) and the comparative Venn 

diagram in Figure 3.8 do not present a strong enough argument for the use of the 

PROOF method as either a complementary or supplementary method to the 

standard practices of today. However, the extra information gained from the graphical 

data representation shown in the following sections provides a strong justification for 

further exploration of this approach as a complementary method.  

 

3.4.5 Novel Graphical Representation of PROOF 
 

As explained in the methods section, protein identification data from the PROOF 

dataset was re-examined graphically. Graphs were created to display where in the 

protein level chromatographic fractionation each of the peptides from a particular 

protein was identified. The number of times each peptide was identified, as a 

surrogate for relative abundance level, was incorporated into the graphs as well. 

 



 

In this graphical representation, for each peptide identified a spherical dot appears 

next to the peptide string and in-line with the particular fraction that it was identified 

in. The size of each dot is directly related to the number of times that peptide string 

was identified in that fraction. We also created a distinction between unique peptides 

in red and non-unique peptides in black.  

 

The main reason that I wanted to try and show the distinction between the unique 

and non-unique peptides is because at the heart of the protein inference problem is 

the allocation of non-unique peptides to multiple protein identifications; this also has 

significant impact on quantitation within a proteome. The quantification side of this 

equation I will address in Chapter 4, while for this Chapter I am more interested in the 

correct assignment of identification for the whole protein, species or truncated 

variants. These graphs also show the potential for the correct assignment of non-

unique peptides to proteins. This information could go towards the establishment of a 

more precise way of weighting peptides for spectral counting quantification for non-

unique peptides [257, 396]. 

 

3.4.5.a Additional Information Revealed by Graphical Display 
 

Peptide display graphs were generated for all 146 identified proteins and are 

supplied in the supplemental data 3.2. I will focus here on five selected graphs shown 

in Figure 3.9 (A-E), which reveal additional potential information at the protein level 

using the PROOF approach. Each graph represents a single protein identification 

and each of the dots represents an MS/MS identification of a peptide that was 

assigned to that protein for its identification. The size of each dot is directly 

proportional to the number of MS/MS identifications for each peptide, the smallest 

dots represent a single identity hit and the more identity hits the larger the dot. The 

numbers of peptides used for each identification are also displayed in Tables 3.2 – 

3.4.  

 

The y-axis in Figures 3.9 (A-E) represents each of the peptide sequence strings that 

were detected by the mass spectrometer and allocated for the identification. The 

order of the peptide strings in the y-axis are starting at the N-terminus and 

proceeding toward the C-terminus, from top to bottom, respectively. The y-axis is 



 

also spatially ordered relative to each of the three replicates so that the same peptide 

string on one replicate is placed in the same height position relative to the other 

replicates for the same peptide string. This relative positioning of the peptide strings 

was prepared so that if one of the protein identifications in one of the replicates was 

more N-terminal centric and the other were more C-terminal centric then it would not 

skew the data display.  

 

The five proteins highlighted in the proceeding graphs are denoted in the section 

headings with a ‘unique’ if found by PROOF only and with ‘both’ if identified by both 

methods: (IPI00423461.3 unique, IPI00298828.3 both, IPI00218192.3 unique, 

IPI00019591.2 both and IPI00303963.1 both). Three of the five are found in both 

methods. Inspection of the MudPIT data deeper to see if these two unique proteins 

above were perhaps missed by the high stringency selection was conducted. Utilising 

the log e -1 data and the combine filter analysis, which give a protein FDR of 6.5% 

and 216 protein identifications, did not show the identity of the two proteins 

IPI00423461.3 and IPI00218192.3. Interestingly, IPI00218192.3 is shown below to 

be potentially in two forms from the PROOF data and may be an example of the 

PROOF method in some way extracting or enabling this protein, and similar ones, to 

be made more available to the trypsin for cleavage and detection by the mass 

spectrometer.  

 

One may notice when viewing Figures 3.9 (A-E) that it would appear the 

chromatographic resolution is broad and not well defined at best, due to 

chromatographic tailing of peptides. Peptides are identified at a start point at a 

particular fraction and seem to continue eluting for multiple fractions and sometimes 

throughout the rest of the entire proceeding chromatography. Ion exchange 

chromatography is known to be low in resolution [311], which is shown in the Std-

SCX of peptides UV-trace in Figure 3.6 too. One can observe, however, that the 

beginning of the identifications, signifying when the protein starts to elute off the 

column is sharply defined. This trailing effect of peptides in our PROOF graphs in 

Figures 3.9 (A-E) could however be attributed to non-unique peptides rather than 

unique peptides, and if this were true then the peptide trails we are seeing are not 

only from the one protein due to poor chromatographic resolution but due to other 

proteins that have either been identified in later fractions or from proteins that did not 

have enough unique peptides identified so as to assign an identification to and were 



 

missed in the standard identification analysis. Additionally, if one was to then 

recreate the graphs and only show the unique peptides in one graph and then the 

non-unique in another and then a combined one as the third, one would then 

theoretically be able to better distinguish between these possibilities. 

 

In my opinion, the ultimate goal within the field of proteomics should be to strive for 

the highest levels of understanding and truth in the identification of proteins, with the 

underlying ideology that proteins in complex systems are most likely in more than 

one form or association and may have more than one function. Hence, if the current 

identification methods do not distinguish the multiple forms and functions of the 

proteins, then information is being misinterpreted or lost.  

 

When interpreting the following graphs there are a number of generalised trends that 

I have observed and tried to apply to the interpretations thereof. One of these trends 

is that despite ion exchange chromatography being low in resolution and producing a 

trailing effect of peptides, the point at which the protein first begins to elute off the 

column seems to be quite a sharp point and is used as a stern line to discriminate 

one species eluting from the other. The trailing effect can also be used to a lesser 

extent because it can relate to the different concentrations of the protein species, 

though they can also relate to non-unique peptides from other proteins or peptides 

that have a higher probability of ionisation and detection by the mass spectrometer. 

The distinction of peptides in fraction 12, the SAX column, can mean a large 

difference in the potential conformation or associations of the protein if it is also found 

on the SCX column, due to large differences in the pKa for association needed to 

bind and elute from both. Hence, I use this as one example of a strong argument for 

the presence of more than one species or protein complex in the sample.   



 

3.4.5.b Specific PROOF example number 1 - Protein IPI 00423461.3 
(unique) 
 

The protein IPI00423461.3 DKF2P686c02220 is a fragment of the immunoglobulin 

heavy constant alpha 2 (A2m marker). 

 

Since Ig alpha is a major immunological class in body secretions, identifying it here in 

this human plasma sample is not unexpected. The subunit structure is known to be 

monomeric or polymeric and thus could have many forms and elution points in the 

chromatography. 

 

Figure 3.9 (A) represents an example of what appears to be a truncated protein that 

is cleaved toward the N-terminal end of the sequence, resulting in two species that 

elute off the chromatography differently. The N-terminal end is the smaller fragment 

that is represented by the two peptides seen in fractions 1 – 3, that being peptide 

strings {1- QVQLVQSGAEVK} and {2 –QVQLVQSGAEVKKPGASVK}. Both of these 

peptides are non-unique, the only unique peptide identification is the most C-terminal 

[8-GETFSCMVDHEALPLAFTQKTIDR], and the unique peptide is identified in only 

fraction 5 in all three replicates.  

 

Alternatively, these two peptides {1-2} may not be from a fragment of this protein, but 

perhaps from another protein altogether. It is also possible that these two peptides 

may be the result of degradation during sample handling, but if this was the case, 

one would expect to see some of these two peptides in the later fractions to indicate 

that the protein is also found in the non-degraded form, too. Since we see the 

fragment more than once and the trend is across all three replicates, this appears 

unlikely.   

 

Whatever the cause, this protein is a candidate for further investigation regarding its 

possible endogenous structure and function.  

 

 



 

 

 

 

 
 
 
 
 
 
Figure 3.9 (A) IPI00423461.3 - Novel graphical representation of the PROOF data with replicates 1, 2 and 3 are shown from left to right respectively 
across the three graphs. The dots represent peptide identifications that were allocated in the assignment of the identification of the protein. The 
sizes of the dots are directly proportional to the number of peptide identifications for that particular peptide in that replicate. The x-axis depicts the 
pooled fractions of 1 to 12 for where the peptides were identified. The y-axis depicts all the peptide sequences used in the identification of the 
protein, from N- to C-terminus, top to bottom respectively. The colour of the written peptide sequence on the y-axis is either red (unique) or black 
(non-unique). It can be inferred from this graph that this protein is endogenously present in a truncated form.  



 

3.4.5.c Specific PROOF example number 2 - Protein IPI00298828.3 (both) 
 

Figure 3.9 (B) represents an example of what looks like to be a protein in either two 

distinct conformational forms or associations. The majority of peptides used to 

identify the protein are found around fractions 1-3, then the density of the peptide 

identifications drop off dramatically and show a strong reappearance in fraction 12, 

with several additional C-terminal peptides associated to the protein. All the peptides 

in this identification are unique (red), with no non-unique (black) peptides identified, 

which lend weight to the point that the entire protein is found in two forms under 

these conditions. 

 

The protein IPI00298828.3 is apolipoprotein H (Beta-2-glycoprotein 1). 

Apolipoprotein H has been implicated in many metabolic pathways, including 

lipoprotein metabolism, coagulation, the production of antiphospholipid 

autoantibodies, and angiogenesis regulation. Since the protein is known to have a 

multitude of biological functions, finding it in more than one form is not unexpected. 

Taking into consideration that it was found eluting off the anionic column as well as 

the cationic would suggest a major change in form and function, or due to an 

association with another entity, rather than a cleavage event, since the length of the 

peptide sequence information is similar in both areas of the graph. Thus, it has been 

identified here as a candidate of interest for further investigation as to any potential 

biological function that can be elucidated under these conditions, and a strong 

example of how this chromatography can illuminate additional information beyond 

standard proteomic identification from peptides alone. 

 

 



 

 

 
Figure 3.9 (B) IPI00298828.3 - Novel graphical representation of the PROOF data with replicates 1, 2 and 3 are shown from left to right respectively 
across the three graphs. The dots represent peptide identifications that were allocated in the assignment of the identification of the protein. The 
sizes of the dots are directly proportional to the number of peptide identifications for that particular peptide in that replicate. The x-axis depicts the 
pooled fractions of 1 to 12 for where the peptides were identified. The y-axis depicts all the peptide sequences used in the identification of the 
protein, from N- to C-terminus, top to bottom respectively. The colour of the written peptide sequence on the y-axis is either red or black, 
representing the unique (red) and non-unique (black) peptide classification generated. It can be inferred from this graph that this protein is 
endogenously present in at least two distinct conformational forms, representing two possible functionalities for the one identification. 



 

3.4.5.d Specific PROOF example number 3 - Protein IPI00218192.3 
(unique) 
 

The protein IPI00218192.3 is inter-alpha (globulin) inhibitor H4 (plasma Kallikrein-

sensitive glycoprotein). The protein encoded by this gene is secreted into the blood, 

where it is cleaved by plasma kallikrein into two smaller forms. This gene is part of a 

cluster of similar genes on chromosome 3. Two transcript variants encoding different 

isoforms have been found for this gene. All the peptides in this identification are 

unique (red), with no non-unique (black) peptides identified. 

 

Figure 3.9 (C) represents an example of what looks like to be a protein cleaved into 

two fragments at peptide {47 - QLGLPCPPDVPHAA}, due to the clustering of the N-

terminal peptides around fractions 5 - 7 and the C-terminal peptides around fraction 2 

– 4, centred around fractions 6 and 3, respectively. Upon closer inspection of the first 

four fractions there are no N-terminal peptides, apart from two single outliers within 

the first four fractions. However, the C-terminal peptides show a noticeable though 

reduced presence around the fractions 5 and 6 apart from a few outliers of two 

peptides further along the elution gradient. This leads me to hypothesise that the 

protein is found in potentially three forms composed of two major forms (higher 

concentration) and one minor form (lower concentration).  This is only a qualitative 

estimate regarding concentration, as insufficient information is available to allow any 

quantitation to be performed. The first two forms are likely to be truncated variants of 

the original complete protein sequence, with the larger molecular weight unit being 

the N-terminal fragment and the smaller molecular weight unit being the C-terminal 

fragment. The minor form seems to be the complete protein sequence not truncated, 

which seems to be in a lower concentration because the trailing effect is reduced and 

the sizes of the peptide identification dots are smaller. However, it is also possible 

that there are only two forms of the protein, that being the two truncated versions of 

the sequence mentioned above, except that the C-terminal fraction is in either a 

higher concentration compared to the N-terminal fragment or the peptides are more 

easily digested or detected by the mass spectrometer to give the elongated trailing 

effect. Although the visual interpretation of the data is subjective, this protein is 

definitely a candidate for further investigation based on the unique chromatography 

observed and the clear cleavage of the protein. 



 

The known structure of this protein as mentioned above includes two forms, and 

what we are seeing chromatographically is similar. This supports the argument that 

the PROOF method can isolate proteins and identify truncated forms of a single 

protein, which is beyond the standard proteomics identification normally presented 

today from bottom-up methods. This also lends weight to the other interpretations we 

are making for the identification of interesting candidates for further experimentation 

based on the unique chromatography of the proteins shown in this type of graphical 

representation. 

 

  



 

 
Figure 3.9 (C) IPI00218192.3 - Novel graphical representation of the PROOF data with replicates 
1, 2 and 3 are shown from left to right respectively across the three graphs. The dots represent 
peptide identifications that were allocated in the assignment of the identification of the protein. 
The sizes of the dots are directly proportional to the number of peptide identifications for that 
particular peptide in that replicate. The x-axis depicts the pooled fractions of 1 to 12 for where 
the peptides were identified. The y-axis depicts all the peptide sequences used in the 
identification of the protein, from N- to C-terminus, top to bottom respectively. The colour of 
the written peptide sequence on the y-axis is either red or black, representing the unique (red) 
and non-unique (black) peptide classification generated. It can be inferred from this graph that 
this protein is endogenously present in at least two forms, one truncated around peptide #47, 
the other in the intact form, representing three proteins as opposed to one identification.   



 

3.4.5.e Specific PROOF example number 4 - Protein IPI00019591.2 (both) 
 

Figure 3.9 (D) represents an example of what appears to be a protein that has been 

cleaved at the N-terminus creating two protein species. The first fragment is a 

smaller molecular weight species that elutes around fractions 2 – 3 and the larger 

molecular weight species from the C-terminus elutes around fractions 4 – 5.  

 

The protein IPI00019591.2 cDNA FLJ55673 is highly similar to complement factor B. 

This gene encodes complement factor B, a component of the alternative pathway of 

complement activation. Factor B circulates in the blood as a single chain polypeptide. 

Upon activation of the alternative pathway, it is cleaved by complement factor D 

yielding the non-catalytic chain B-a and the catalytic subunit B-b. 

 

This protein and the resultant graphical representation is a strong example of how 

the non-unique (black) peptides and unique (red) classification can help with the 

interpretation of the data. If one was to draw attention to what looks like the clustering 

of unique and non-unique peptide allocations on the y-axis, it is evidence of 

conserved regions (black) of peptide sequences that are within the dataset amongst 

other proteins. The N-terminal fragment shown is composed of entirely non-unique 

(black) peptides and the C-terminal fragment begins with the unique (red) peptides, 

representing a clear line of distinction. My interpretation of this data is that there is 

one large molecular weight species from the C-terminus around peptide {24 – 

TPWSLARPQGSCSLEGVEIK} and the apparent smaller N-terminal fragment 

{peptides 1 – 23} is not a fragment, but it is from another protein within the dataset 

because of the entirety of continuous non-unique peptides clumped together.  

 

In order to support this idea I searched for another protein that also had the non-

unique (black) peptides that ranged from the sequence data above from {1 – 

TYSCPQGLPSPASR} to {23 – DHENELLNKQSVPAHFVALNGSKLNINLK}, with a 

similar peptide elution patter, this was found to be protein IPI 00303963.1 as shown 

in Figure 3.9 (E). 

 

  



 

3.4.5.f Specific PROOF example number 5 - Protein IPI 00303963.1 (both) 
 

Figure 3.9 (E) shows protein IPI00303963.1 Complement C2 fragment protein, 

showing peptide sequences eluted across fractions 2 – 4 and some into 5. 

Importantly it has seven peptides that are unique (red) and four of these peptides are 

at the N-terminal end of this C2 fragment protein.  

 

This data leads me to believe that cDNA FLJ55673 (IPI00019591.2) protein in Figure 

3.9 (D) which is highly similar to Complement B, is in fact cleaved at peptides {23 – 

DHENELLNKQSVPAHFVALNGSKLNINLK} and {24 – 

TPWSLARPQGSCSLEGVEIK} and is endogenously found as only the C-terminal 

fragment shown in Figure 3.9 (D) that elutes around fractions 4 – 5 and not the 

complete sequence that the standard bottom-up proteomics identification from 

peptides would have one believe.  

 

Finally, what was first thought to be the presence of a smaller N-terminal molecular 

fragment of Complement B in Figure 3.9 (D) is not likely; rather it appears to be from 

the protein Complement C2 in Figure 3.9 (E) that elutes across 2 – 4 and not a 

separate fragment of Complement B. 
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Figure 3.9 (E) IPI00303963.1 - Novel graphical representation of the PROOF data with replicates 1, 2 and 3 are shown from left to right respectively 
across the three graphs. The dots represent peptide identifications that were allocated in the assignment of the identification of the protein. The 
sizes of the dots are directly proportional to the number of peptide identifications for that particular peptide in that replicate. The x-axis depicts the 
pooled fractions of 1 to 12 for where the peptides were identified. The y-axis depicts all the peptide sequences used in the identification of the 
protein, from N- to C-terminus, top to bottom respectively. The colour of the written peptide sequence on the y-axis is either red or black, 
representing the unique (red) and non-unique (black) peptide classification generated. This graph supports the possibility that the N-terminal of 
protein (D) is not that, but it is protein (E) above. 



 

3.5 FUTURE VIEWS AND DIRECTIONS 
 

The information generated from these PROOF graphs is highly subjective and 

qualitative and would need to be developed further, both at the physical method 

development level and interpretative graphics areas of the methodology. However, it 

is clear that information from the literature for some of the proteins discussed above 

agree with the results of our experiments. This reinforces the notion that proteomic 

identifications based purely on peptides alone can lead to a misrepresentation of the 

actual proteome. The employment of protein fractionation under mild conditions with 

enhanced graphical representation to relate the peptides back to the intact mass of 

the proteins can generate information about the multiple tertiary and quaternary 

structural elements or any protein-protein interactions. 

 

The system outlined here is not limited to Ion Exchange Chromatography (IEX), for I 

could incorporate Hydrophobic Interaction Chromatography (HIC), or Affinity 

Chromatography, with or without the IEX for a multi-Dimensional chromatographic 

fractionation system for proteins if desired. It would be useful to collect an increased 

number of fractions for the pooling of the SAX column, rather than the single fraction 

that was done here, to see if there are any kind of chromatographic resolution of 

species not visible to the UV detector but distinguishable by the mass spectrometer. 

Alternatively, resolution could be improved by testing minor changes in the 

physiological pH range, to see if there are more optimal pH ranges for enhanced 

resolution in the SAX and or the SCX. Due to resource constraints it was decided not 

to undertake this enhanced analysis at this stage. Additionally, I would like to 

elongate the gradient to try and enhance the chromatographic resolution, especially 

for the SCX column, and then take more fractions of smaller pooled amounts for 

MS/MS analysis, to see if any more functional, or structural information can be 

obtained. Lastly, it would be interesting to examine, in addition, non-depleted plasma 

and the flow through from the GenWay column and use the differences in the 

chromatographic peaks in the ÄKTÄ system to identify and quantify the sub-

proteome of the albumin associated entities [397]. 

 

The PROOF approach has been applied to a complex proteome of depleted human 

plasma, generating comparable information when viewed from a standard proteomic 



 

view of the total number of identifications of a proteome. Though, when comparing 

the techniques from a non-standard view integrating the novel graphical 

representations, PROOF in many respects generates potentially more tangible and 

unique information compared to the MudPIT analysis of peptides alone. The protein 

inference problem remains one of the largest problems within the field of proteomics 

today, both from an identification and quantification perspective. The use of protein 

fractionation by liquid chromatography should help with solving a piece of the protein 

inference puzzle, this being the more correct assignment of peptide identifications to 

the correct protein endogenous form. Further development within the field of protein 

fractionation and associated bioinformatics should enhance the information being 

generated by the proteomics field. This will aid in the evolution of proteomics from 

generating lists of identifications, to a field that offers insight into the tertiary and 

quaternary structure, protein-protein interactions, the truncated bioactive variants of 

proteins, and the endogenous biological activity and function [398]. 

 

Traditionally, biomarker development and the field of proteomics has tried to come up 

with ways in which to identify proteins at lower and lower concentrations, in the hope 

that a diagnostic tool can be produced that will identify specific proteins earlier in the 

disease state [275]. The ‘early detection of disease’ mentality is well established in 

the medical field today and has been shown to have positive effects in disease 

management [399]. Though, the idea that early detection will come only from 

identifying proteins at lower concentrations is perhaps flawed and is possibly why 

there is still not one stand alone diagnostic marker from standard proteomic 

identification of proteins from peptides at low concentrations [298]. The work I have 

presented here has the potential to help scientific investigators, medical diagnostic 

professionals or disease management teams, in a tangible way by identifying known 

proteins in their true endogenous forms.  

 

The medical relevance of a potential ideological shift in proteomics can be shown by 

an ideological shift in the treatment of cancer that was historically thought either not 

possible or not relevant. This pertains to the identification of known protein forms, at 

known and detectable limits, and then the ability to distinguish between these entities 

as being cleaved or conjugated with direct application towards cancer therapy, rather 

than trying to drill deeper into the proteome to find unfathomable proteins at 

miniscule concentrations. Professor Judah Folkman, who pioneered the field of 



 

angiogenesis, has postulated, amongst many things during his time, that if we could 

control the angiogenesis process with antiangiogenic therapy one could not only 

reduce the size of cancerous growths (tumours), one can turn an acute condition into 

a chronic and manageable condition [400-402]. Rather than trying to kill a tumour 

completely, as is the majority of the focus within the medical field today, one would 

try to identify and manage the disease situation and induce a type of controlled 

apoptosis of the tumour to a manageable size creating a chronic condition [400-402]. 

O’Reilly et al. showed in a Science publication in 1999, that when antithrombin, which 

is a member of the serpin family and functions as an inhibitor of thrombin and other 

enzymes, is cleaved at the C-terminal loop, that this conformational change induces 

it to have potent antiangiogenic and antitumour activity in mouse models [400]. The 

authors postulated that the presence of peptide inhibitors of angiogenesis within well-

known proteins such as plasminogen, thrombospondin, platelet factor 4, kininogen, 

prothrombin and antithrombin, may not only offer precise regulation of angiogenesis 

at sites of microvascular injury, they may offer potential for improved efficacy and 

diminished toxicity in the treatment of cancer [400]. I have identified four out of these 

six proteins here in these experiments and I have shown how I can identify truncated 

or cleaved elements, which is at the heart of the antiangiogenic process. Hence, I 

postulate that this technique could play a role in the future development of tools for 

the management of such disease states. 

 

A major reason for the current state of proteomic analysis being done on peptides 

and not on proteins can be attributed to protein fractionation traditionally being seen 

to be too difficult, identifying less and dissimilar proteins to fractionation of peptides. I 

believe I have shown here that this is no longer a justification for not doing protein 

fractionation of complex systems with liquid chromatography. It has been shown by 

others since this work was first conducted that top-down proteomics and protein 

fractionation is compatible with chromatographic time scales, and detecting high 

mass proteins and isoforms justifies further development in this field [134, 201, 389, 

403].  

 

Despite the aforementioned changes to the chromatography that could be 

implemented and optimised on the current system, I believe there would be benefits 

in the implementation of an appropriate mass spectrometer linked to the fractionation 

system to conduct top-down proteomics. Thus, having both a bottom-up and top-



 

down analysis combined with the graphical representation data shown or developed 

further into a two-dimensional map, somewhat analogous to the visualisation of a 

two-dimensional gel.  

 

In addition to protein fractionation, further developments within the analytical field of 

mass spectrometry so as to conduct the analysis of the proteome at the protein level 

rather than the peptide level, also will play a major role in solving the current protein 

inference problem [280]. Not every investigator can use an FT-ICR mass 

spectrometer for top-down proteomics, although developments within this field are 

making top-down proteomics easier and more accessible. This strengthens the need 

for protein fractionation with liquid chromatography, so as to further enhance the 

quality and validity of the data generated by the proteomics field as a whole. 

 

Casado-Vela et. al. stated in a review in 2011 on proteomics that the identification 

and characterisation of protein species using these (proteomics) technologies are still 

fraught with limitations and require improvement [184]. Thus, it is my belief that until 

the field of proteomics works principally at the protein level for both the fractionation 

(sample preparation) and analysis (mass spectrometry) of the biological samples, 

there will always be information holes and certainty questions. The field will be 

inadvertently obscuring the accurate understanding of the proteome, and the 

problems in perception of the field will remain. It is viewed by many to be an area of 

great promise, though it is only to be considered as a first stage and is not 

considered suitable to answer biological questions of a complex nature. Given 

sufficient development it (proteomics) has the potential to become a stand alone 

scientific method in its own right, able to answer the most difficult complex biological 

questions. 

  



 

 

 

CHAPTER 4: QUANTITATIVE PROTEOMICS OF 
TEMPERATURE STRESS IN RICE LEAF 

 

  



 

4.1 ABSTRACT 
 

It is likely that in the near future we, as a society, will not be able to produce enough 

rice to satisfy the increasing demand without modification in current agricultural 

practices and generation of fresh cultivars before the end of the 21st century. This 

pressure is increased by population growth, reduced land availability, and variability 

of environmental conditions due to climate change. A detailed understanding of the 

molecular responses to thermal stresses is essential for developing cultivars that can 

adapt or have a greater resistance to low or high temperature stresses. This study 

investigated the proteomics response of rice seedlings under cold stress of 12-14oC 

after 48, 72 and 96 h exposure. Label-free and iTRAQ quantitative approaches were 

both employed to assess the global proteome expression and also the 

complementarity of the two methodologies for use in plant proteomics. Both 

approaches delivered similar insights into the biological response to cold stress 

despite the disparity in proteins identified. The label-free approach identified 236 

cold-responsive proteins compared to 85 from iTRAQ, with only 24 in common. 

Functional analysis revealed differential expression of proteins involved in transport, 

photosynthesis, generation of precursor metabolites and energy. Intriguingly, 

histones and vitamin B biosynthetic proteins were observed to be affected by cold 

stress in rice leaf. 

 

 	  



 

4.2 PREAMBLE 
 

Partial content of this chapter was published in; 

 

Neilson, K. A., Mariani, M., Haynes, P. A., Quantitative proteomic analysis of cold-

responsive proteins in rice. Proteomics 2011, 11, (9), 1696-706. 

 

In order to try and keep some form of continuity with respect to my project theme, 

that being the development or enhancement of emerging proteomics techniques, my 

supervisor and I decided to undertake a series of quantitative proteomics 

experiments to ascertain a best practice for his research group and the greater 

scientific community at large. He is a renowned expert in plant proteomics, and a 

leader within the field of shotgun proteomics applied to flora. Thus, we decided to 

work on a model system that is widely used within his group, that being rice and the 

response of the proteome to abiotic stress. His group was already conducting label-

free spectral counting quantification proteomics and basing their analysis pipeline 

around this method. We wanted to make sure that we were not missing out on any 

potentially valuable information by not using iTRAQ or similar labelling techniques, 

and to see if there was any justification in the added cost of running iTRAQ 

compared to spectral counting.  

 

Karlie Neilson and I decided to work together for the data presented within the 

chapter, due primarily to her plant growth experience and my proteomic analytical 

experience. Thus, Karlie conducted most of the plant growth, temperature stressing 

and harvesting of the leaves and I conducted the extraction and purification of the 

proteins from the leaf material and the differential sample preparation for iTRAQ and 

label-free. APAF staff and I conducted the mass spectrometry for iTRAQ together, 

while I conducted the mass spectrometry for the label-free myself. Karlie and I 

conducted the data analysis collaboratively, with credit going to Karlie for manually 

interpolating and identifying the histone and vitamin B biosynthetic expression 

relevance. 

 

At the time of these experiments in 2007 there had only been two reported works 

conducted on plants with iTRAQ, with none on rice [404, 405] and the majority of 

techniques employed within were considered anecdotal in a review by Jorrin et al. 



 

[406] even though the iTRAQ method was considered an established leader in the 

field of multiplexed isotope labelling quantification in non-plant systems with 

numerous citations since its emergence in 2004 [227, 407]. My major obstacle was to 

try and develop a method so that the rice leaf proteins extracted were clean of 

compounds that would potentially react with the iTRAQ label reagents, which if 

present would result in reduced (or no) conjugation of the iTRAQ to the rice peptides 

and hence a failure in quantification.  

 

At the same time of these experiments another competing isotope labelling method 

was just emerging called EXACTAGTM (PerkinElmer Life and Analytical Science, 

USA) [408]. We decided to use this as an alternative isotope labelling system in our 

comparison, too, primarily because Exact-Tag did not require a high resolution 

instrument like iTRAQ, meaning that we could analyse the samples on our LTQ-XL 

ion trap as we did with the label-free experiments. This was of great interest to us 

since we could use the same instrument for the comparison, removing the instrument 

variability for the comparison, as well as not having to manage the usual extra cost 

and time constraints associated with outsourcing any mass spectrometry analysis. 

 

Briefly, the Exact-Tag data could not be analysed because, at the time we were 

ready to conduct the computational analysis, the product was discontinued and no 

longer supported so we had to terminate this aspect of the comparison. However, it 

did seem from the initial visual inspection of the mass spectra at the time of running 

the samples and on first inspection of the data that the labelling system had 

conjugated to the sample, though to what extent and at what quantitative significance 

was not able to be addressed. Thus, no data is presented within this chapter. 

 

Based on my earlier work in Chapter 3 on protein fractionation, we considered the 

idea of implementing a protein pre-fractionation step with liquid chromatography so 

as to try and apply the method to a biological system undergoing stress and known 

change. We finally decided to be conservative in our method development 

aspirations for these sets of experiments and did not undertake any protein pre-

fractionation with liquid chromatography for this comparison. Although my method 

development was conducted with the potential use of protein fractionation in mind for 

future experiments, hence the omission of the ubiquitous acetone precipitation step, 

as one example to try and maintain protein structure and function in the sample. It is 



 

interesting to note that these experiments highlighted a potential justification for the 

implementation of this type of technology, discussed within for proteins PDX1.1 and 

PDX 1.2. It was finally decided that the best course of action was to implement 

minimal changes and apply it to a relevant biological system, abiotic stress in rice, 

thus bringing together methods from established techniques and modifying them as 

necessary. The ultimate goal was making the iTRAQ chemistry work in plant tissue 

for a true comparison with label-free spectral counting and to see if any further 

biological insights would be forthcoming. 

 



 

4.3 MATERIALS AND METHODS 
 

4.3.1 Materials and Reagents 
 

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, Missouri, 

USA), unless otherwise stated.   

 

4.3.2 Rice Growth and Leaf Sampling Conditions 
 

Rice (Oryza sativa L. cv. Nipponbare) seedlings were germinated in soil and grown in 

trays in a temperature controlled growth cabinet with day/night cycle of 12 h/12 h and 

day/night temperatures of 28oC/12oC. Once the seedlings reached the 4-5 leaf stage, 

four of the five trays were placed into a separate incubator with temperature 

maintained at day/night 14oC/12oC. Both the control and the stressed plants were 

kept hydrated with the same level of water in water baths. The non-senescent mid-

section of leaves were harvested from the plants daily at 9 am (3 h after light) at four 

time points: 0 (control), 48, 72, and 96 h after cold stress imposition. Leaf material 

was ground to a fine powder in a mortar and pestle under liquid nitrogen and 

prepared according to Breci et al. [409]. Briefly, 40 ml resuspension buffer (10% 

trichloroacetic acid, 0.07% (v/v) mercaptoethanol in acetone) was added to 4 g 

ground leaf material, mixed thoroughly, and placed at -20oC for 45 min. 

Resuspended leaf powder was centrifuged for 15 min at 35,000 x g. The supernatant 

was discarded and the pellet was washed with EDTA was solution (0.07% (v/v) 

mercaptoethanol, 2 mM EDTA, in acetone) three times or until the leaf tissue was no 

longer green. The leaf tissue protein pellet was lyophilised and stored at -20oC until 

needed. 

 

4.3.3 Protein Extraction and Preparation 
 

Soluble protein was extracted by adding 6 ml 100 mM Tris-HCl, pH 8.5 to 400 mg 

lyophilised leaf powder followed by 3 min incubation at 4oC with vortexing and 

centrifugation at 18,000 x g for 10 min. The supernatant was collected and insoluble 



 

protein was extracted from the remaining leaf powder three times with 8 ml of 8 M 

urea. For each extraction, the sample was incubated with urea for 1 min at 4oC with 

vortexing, and the supernatant was collected after centrifugation at 18,000 x g for 10 

min. The supernatants from all extraction steps were pooled and concentrated to 4 

ml by centrifugation at 4000 rpm at 10oC using a 3 kDa molecular weight cut-off 

Amicon Ultra -15 Centrifugal Filter Device (Millipore, USA). The protein sample was 

buffer exchanged with ultrapure water, and total protein was quantified using the 

FluoroProfile Quantification Kit. Based on the quantification reading obtained, the 

protein extracts were aliquoted into three equal amounts of 100 µg for each of the 

four time points: 0, 48, 72 and 96 h. The solution was lyophilised and placed at -20oC 

until needed for labelling (iTRAQ) or label free digestion. 

 

4.3.4 Label-free Tryptic Digestion 
 

Protein extracts (100 µg each) were dissolved in 40 µl of 6 M urea in 50 mM 

NH4HCO3 (pH 8) and heated to 95oC for 5 min. The samples were reduced with 1 µl 

of 0.5 mM DTT in 50 mM NH4HCO3 (pH 8) and incubated for 60 min at 37oC before 

alkylating in the dark with 2 µl of 200 mM iodoacetamide in 50 mM NH4HCO3 (pH8) 

for 60 min at room temperature. Urea was diluted by adding 360 µl of 50 mM 

NH4HCO3 and incubated overnight at 37oC with 2 µg trypsin (Promega, USA). The 

reaction was quenched with the addition of 100 µl of 1% (v/v) formic acid. Samples 

were dried under vacuum and reconstituted in 0.1% (v/v) formic acid and 2% (v/v) 

acetonitrile (ACN). Peptides were stored at -20oC until required for SCX fractionation. 

 

4.3.5 iTRAQ Labeling and Tryptic Digestion 
 

Protein extracts (100 µg each) were resuspended in 200 ml of 0.25 M 

triethylammonium bicarbonate (TEAB), pH 8.5, 0.1% SDS, reduced with 1 mM Tris 

(2-carboxyethyl)-phosphine (60oC, 1 h) and alkylated with 1 mM methyl methane 

thiosulfate (room temperature, 10 min). Proteins were digested overnight at 37oC 

with 5 µg trypsin (Promega, USA). The samples were dried down the following day in 

a vacuum centrifuge and reconstituted with 30 µl of 500 mM TEAB. Each sample was 

labelled using a 4-plex iTRAQ kit as per the manufactures instructions (Applied 



 

Biosystems, USA). iTRAQ reagent labels (114, 115, 116 and 117) were resuspended 

in a final concentration of 70% (v/v) ethanol, added to the respective samples (0. 48, 

72, and 96 h), and incubated at room temperature for 1 h. The reaction was 

quenched by adding 100 µl of ultrapure water to each sample. The iTRAQ labelled 

samples were mixed in equal ratios, dried in a vacuum centrifuge and stored at          

-20oC. MALDI-MS was conducted on a subset of the sample to confirm successful 

conjugation of the label to the peptide mixture. 

 

4.3.6 Strong Cation Exchange (SCX) Chromatography 
 

Identical methods for SCX chromatography were employed for the label-free and 

iTRAQ labelled peptide samples using an Agilent 1100 quaternary HPLC pump with 

a PolyLC polysulfoethyl aspartamide column (200 mm x 2.1 mm, 5 µm, 200 Å). The 

column was equilibrated with 5 mM sodium phosphate with 25% (v/v) ACN, pH 2.7, 

which was also used for sample resuspension, sample injection, and peptide 

adsorption to the column. Peptide elution was achieved with a 70 min gradient to 

100% 5 mM sodium phosphate with 25% (v/v) ACN, 350 mM KCl, pH 2.7, at a flow 

rate of 300 µl/min. Peptides were collected into 12 or 17 fractions for label-free and 

iTRAQ experiments, respectively, dried in a vacuum centrifuge, and stored at -20oC 

until required for LC-MS/MS. 

 

4.3.7 Label-free nanoflow LC-MS/MS 
 

Each of the 12 reconstituted fractions of triplicate sets of four different time points 

were analysed by nanoflow LC-MS/MS using a LTQ-XL linear ion trap mass 

spectrometer (Thermo, USA). Each of the peptide extracts were desalted using C18 

tips (Omix,	  Varian, Inc., CA) and the eluate was dried using a vacuum centrifuge 

followed by resuspension in 0.1% (v/v) formic acid. The methods of nanoflow LC-

MS/MS, previously followed by Chick et al. [243], were adopted. In a fused silica 

capillary with an integrated electrospray tip, reversed-phase columns were packed in-

house to approximately 7 cm (100 µm id) using 100 Å, 5 mm Zorbax C18 resin 

(Agilent Technologies, USA). An electrospray voltage of 1.8 kV was applied via a 

liquid junction upstream of the C18 column. Samples were injected onto the column 



 

using a Surveyor Autosampler, which was followed by an initial was step with buffer 

A (5% ACN, 0.1% formic acid) for 10 min at 1 µl/min. Then, peptides were eluted 

from the column with 0-50% buffer B (95% ACN, 0.1% formic acid) for 58 min at 500 

nl/min. The column eluate was directed into a nanospray ionization source of the 

mass spectrometer. Spectra in positive ion mode were scanned over the range of 

400-1500 amu, and using Xcalibur software (Version 2.06, Thermo, USA), automated 

peak recognition, dynamic exclusion and MS/MS of the top six most intense 

precursor ions at 35% normalization collisions energy were performed. 

 

4.3.8 iTRAQ nanoflow LC-MS/MS 
 

The 17 SCX fractions were resuspended in 60 µl 0.1% (v/v) trifluoroacetic acid (TFA), 

2% (v/v) ACN and peptides were loaded onto the C18 column with 0.1% (v/v) formic 

acid, 2% (v/v) ACN. Peptides were eluted with three linear gradient steps increased 

from 5-95% (v/v) ACN of 95 min. Mass spectra were acquired on a QStar XL hybrid 

quadrupole time-of-flight (TOF) mass spectrometer (Applied Biosystems, USA). The 

reverse phase nanoLC eluent was subjected to positive ion nanoflow electrospray 

analysis in an information dependent acquisition mode. The TOF MS survey scan 

spectra from m/z 380-1600 were acquired for each fraction every 0.5 s, with the three 

most intense multiply charged ion (counts >50) sequentially subjected to MS/MS 

analysis. MS/MS spectra were accumulated for 2 s in the mass range m/z 100-1600 

with a modified Enhanced All Q2 transition setting favouring low mass ions so that 

the reporting iTRAQ tag ion (114, 115, 116 and 117 m/z) intensities were enhanced 

for quantification. 

 

4.3.9 Label-free Database Searching for Protein Identification 
 

The LTQ-XL raw output files were converted into mzXML format and searched 

against the NCBI O. sativa Reference Sequence (RefSeq) database (26,938 

proteins, December 2008), using the global proteome machine (GPM) software 

(version 2.11) and the X!Tandem algorithm. The 12 fractions of each replicate were 

processed sequentially with output files generated for each fraction, and a merged, 

non-redundant output file for protein identification with log(e) values < -1 was 

produced. Peptide identification was determined using 0.4 Da fragment mass error. 



 

Carbamidomethyl was considered as a complete modification, and partial 

modifications considered included oxidation of methionine and tryptophan. Reverse 

database searching was used for estimating false discovery rates (FDRs). Complete 

protein and peptide identification information, including spectra (converted to PRIDE-

xml using the PRIDE converter tool) [410], is available from the PRIDE database 

(www.ebi.ac.uk/Pride) using accession numbers 15854-15865 (spectra) and 15873-

15884 (protein identifications) and in the supplemental data 4.1 section of this thesis. 

 

4.3.10 Label-free Data Processing and Quantification 
 

The 12 lists of proteins identified, representing the three replicates at each of the four 

time points were filtered based on two criteria: (1) a protein was retained if it was 

present reproducibly in all replicates of at least one time point and (2) had a total 

spectral count of ≥4. Peptide and protein FDRs were subsequently calculated. 

Peptide FDR was calculated by 2 x (total number of peptides identified for reversed 

protein hits/total number of peptides identified for all proteins in the list) x 100 and 

protein FDR was calculated by (number of reversed protein hits/total number of 

proteins in the list) x 100[386]. NSAF for each protein was calculated according to 

Zybailov et al. [240]. Briefly, the NSAF for a protein is given by the number of spectral 

counts (SpC, the total number of MS/MS spectra) identifying a protein’s length (L), 

divided by the sum of SpC/L for all proteins in the experiment. A fraction of a spectral 

count (0.2 on average) was added to all counts to compensate for null values [240]. 

 

4.3.11 Statistical Analysis of Label-free Differentially Expressed 
Proteins 
 

The natural log NSAF data were examined by generating overlapped kernel density 

plots for all samples, to assure that the data for each sample were normally 

distributed. A two-sample student’s t-test was performed to determine statistical 

significance in differential abundance between proteins identified in the control (0 h) 

samples and proteins identified in the 48, 72 and 96 h cold stress time points. 

Proteins with p-values < 0.05 were selected as differentially expressed. All data 

processing, including the data normality assessments and t-tests, was carried out 



 

using functionality from the stats package of the R statistical programming 

environment, (http://www.R-project.org) [411] 

4.3.12 iTRAQ Data Analysis 
 

The QStar XL output .wiff files were submitted in ProteinPilot (Applied Biosystems, v 

3.0) for data processing, protein identification, and quantification using the Paragon 

algorithm [412]. Data were searched against the NCBI O. sativa RefSeq database, 

as for label-free experiments, but for consistency, the database was modified to 

contain the common repository of adventitious proteins information as is used in the 

GPM. A reverse database was also searched to estimate the FDR. The following 

search parameters were selected: sample type (iTRAQ peptide labelled), cys 

alkylation (MMTS), digestion (trypsin), instrument (QStar ESI), special factors (nil 

selected), ID focus (biological modifications), search effort (thorough ID), and specify 

processing (quantitation, background and bias corrections). The detected protein 

threshold (unused ProtScore) was set to > 1.3 (95% confidence or better) and a p-

value < 0.05 ensured that protein identification and subsequent quantitation were not 

based on single peptide hits. Spectral information (converted to PRIDE-xml using the 

PRIDE converter tool) [410] is available from the PRIDE database 

(www.ebi.ac.uk/Pride) using accession numbers 15866-15871. Protein identification 

information from Protein Pilot was not compatible with PRIDE submission, but it is 

supplied in the supplemental data 4.1 section of this thesis. 

 

4.3.13 Functional Classification from Gene Ontology Information 
 

Gene Ontology (GO) information was used to categorise the biological processes of 

identified proteins from both the label-free and iTRAQ datasets. GO annotations were 

extracted from the Uni-Prot database and matched to corresponding gene locus 

identifiers embedded in the NCBI O. sativa RefSeq database. Proteins were then 

classified based on their biological process using Web Gen Ontology Annotation Plot 

(WEGO) (wego.genomics/org.cn/cgi-bin/wego/index/pI) [413]. 

 



 

4.4 RESULTS AND DISCUSSION 
 

4.4.1 Label-free proteomic analysis 
 

Samples were run in triplicate (technical replicates) for each of the time points, t = 0, 

48, 72 and 96 h. Only proteins that were present in all three replicates with a total 

spectral count (SpC) ≥4 were retained for quantification. The low level of variability in 

the dataset (2.04-11.73% RSD) indicates a high degree of reproducibility across and 

between the replicates (Table 4.1). The false discovery rate (FDR) was calculated 

after combining the replicate data and was found to be <0.7% at the protein level and 

<0.4% at the peptide level, thus no further filtering of results was deemed necessary. 

The total number of unique proteins included in the dataset from all of the four time 

points was 1050. A summary of the number of proteins and peptides identified, along 

with the FDRs in the label-free experiment, is shown in Table 4.1. 

 

The spectral counts (SpCs) of proteins from the label-free dataset were converted to 

normalised spectral abundance factors (NSAFs) to normalise for the amino acid 

sequence length of the proteins and total amount of protein in a replicate [241, 244]. 

Log NSAF values were checked for normal distribution before a students t-test was 

used to statistically assess abundance changes of proteins between the control and 

each cold stress time point. The list of differentially expressed proteins and p-values 

is included in supplemental data 4.1. A summarised version of the differential 

expression data for both the label-free and iTRAQ experiments are shown in Table 

4.2.  

 

For the label-free data, considering the control sample as a reference: after 48 h of 

cold stress, 64 proteins were found to be up-regulated and 36 down-regulated; after 

72 h of cold stress, 77 proteins were found to be up-regulated and 39 down-

regulated; and after 96 h of cold stress, 70 proteins were found to be up-regulated 

and 35 down regulated. In total, there were 236 proteins that showed differential 

expression (150 uniquely up-regulated and 88 uniquely down-regulated) in response 

to cold stress. Overall, there were 563 proteins found at the three time points that 

were unchanged by cold stress or were outside the acceptable range of the t-test for 



 

significance, supplemental data 4.2 shows the proteins that were deemed to be 

unchanged by the label-free method. 

 

 

 
Hours 

after 

cold 

stress 

No. 

proteins 

common to 

the 3 

replicates 

No. peptides Total no. 

peptides 

Average no. 

peptides 

±%RSD 

Protein 

FDR 

(%) 

Peptide 

FDR 

(%) 

R1 R2 R3 

0 689 13395 12605 11303 37303 12434.3±8.50 0.58 0.21 

48 686 12834 12863 10403 36100 12033±11.73 0.29 0.18 

72 750 15168 14556 13804 43528 14509±4.71 0.67 0.31 

96 733 13056 12537 12758 38351 12784±2.04 0.27 0.21 

Total 2858 54453 52561 48268 155282 51761±6.12 0.45 0.23 

 

 
Table 4.1 Summary of the label-free results. The number of proteins identified and quantified 
across each time point and in triplicate range from 686 proteins for the 48 h time point and 750 
proteins for the 72 h time point. All protein identifications had a protein FDR of <0.7% and an 
SpC of ≥4. Relative standard deviation is abbreviated to (RSD) and false discovery rate to 
(FDR). 
 

 

 
 Label-free iTRAQ 

Total no. proteins (<1% FDR) 1050 1269 

Total differentially expressed (n.r) 236 85 

48 h up-regulated 64 15 

48 h down-regulated 36 20 

72 h up-regulated 77 12 

72 h down-regulated 39 16 

96 h up-regulated 70 18 

96 h down-regulated 35 15 

Up-regulated at all time points 16 1 

Down-regulated at all time points 4 0 

Unchanged common 563 436 

 

 

Table 4.2 Summary of the label-free and iTRAQ results. The total number of proteins identified 
by iTRAQ was 1269 though only 521 could be used for quantification, which is less than the 
total number of proteins identified and quantified by label-free, 1050. Non-redundant is 
abbreviated to (n.r) and false discovery rate to (FDR).   



 

Four proteins were found to be significantly down-regulated across all three time 

points, and 16 proteins were found to be significantly down-regulated across two time 

points. Sixteen proteins were found to be significantly up-regulated across all three 

time points, and 30 proteins were found to be significantly up-regulated across two 

time points. Two proteins were found to be both significantly down- and up-regulated: 

gi115489174, a putative pathogenesis-related protein, was found to be down-

regulated after 72 h of stress but up-regulated at 48 and 96 h time points, and 

gi115439533, glycine dehydrogenase P protein, was found to be up-regulated after 

72 h of stress and down-regulated after 96 h. 

 

4.4.2 iTRAQ proteomic analysis 
 

An iTRAQ experiment was performed using identical leaf material as for the label-

free experiment. Overall, 1269 proteins were identified with a protein FDR of <1%. Of 

the 1269 proteins, 748 were not used for quantification, due to incomplete labelling or 

inconsistent detection of one or more isobaric tag from the mass spectra produced. 

The software associated with the iTRAQ method uses the Paragon algorithm for 

picking a “winner” protein out of several potential entries for the same protein [412]. 

In the O. sativa FASTA file there are many proteins that have the same name and 

very similar, but not identical, amino acid sequences. For example, Rubisco small 

chain is associated with the gene identifiers gi⎮115488234, gi⎮115488240, 

gi⎮115488238, and gi⎮115488144. Paragon allocated gi⎮115488234 as the “winner” 

protein, which was used for quantification, and any unused spectra were allocated to 

non-winner proteins. This selection process should not be confused with shared 

(non-unique) peptides of homologous proteins; the Paragon algorithm does not 

perform quantification on peptides that are shared between homologous sequences 

of different proteins. 

 

Determination of a “threshold line”, or “point”, in the dataset for the classification of 

significance for down- and up-regulation is a debatable idea. The range fluctuates 

due to changing versions of the iTRAQ analysis software and ongoing debate 

regarding what an isobaric tag ratio number represents in terms of a fold change in 

protein expression. We used parameters proposed by Keshamouni et al. and Ali et 

al. [414, 415] which are based on two criteria: the protein must have a 20% fold 



 

change compared to the control, i.e. an expression ratio of >1.20 or <0.83; and the 

expression value must have a p-value of <0.05. A summarised version of the 

differential expression data for both iTRAQ and label-free is presented in Table 4.2. 

Of the 1269 proteins identified only 521 proteins were quantified, 85 showed 

significant differential expression and 436 were considered unchanged; supplemental 

data 4.1 displays the full details of the iTRAQ results.  

 

For the iTRAQ data, considering the control sample as a reference: after 48 h of cold 

stress, 15 proteins were found to be up-regulated and 20 down-regulated; after 72 h, 

12 proteins were found to be up-regulated and 16 down-regulated; and after 96 h, 18 

proteins were found to be up-regulated and 15 down-regulated. No proteins were 

found to be significantly down-regulated across the three time points, although 4 

proteins were found to significantly down-regulated across any two time points. One 

protein was found to be significantly up-regulated across the three time points, and 4 

proteins were found significantly up-regulated across any two time points. One 

protein was found to be significantly down- and up-regulated: gi⎮115477659, a 

putative RNA-binding protein, was found to be down-regulated at 48 h and up-

regulated at 96 h time points after cold stress. 

 

4.4.3 Similarities between Label-free and iTRAQ 
 

Based on the gene identifier numbers for the proteins identified with a FDR of <1%, 

there was a high degree of overlap between label-free and iTRAQ datasets, with a 

total of 751 proteins identified by both techniques, representing 72 and 59% of 

proteins for the label-free and iTRAQ datasets respectively, as shown in Figure 4.1. 

We incorporated non-winner proteins from the iTRAQ data when determining the 

amount of overlap between the label-free and iTRAQ datasets. The large proportion 

of overlap between the datasets is consistent with a previous study [272] which also 

compared label-free and iTRAQ approaches. They found that when examining 

proteins identified by >1 peptide, a substantial amount of proteins identified by 

iTRAQ were also identified by the label-free method; 33% of the label-free data was 

shared with iTRAQ data but 79% of the proteins found by iTRAQ were also found by 

label-free. 

 



 

There were 24 proteins that were found to be commonly differentially expressed in 

both the label-free and iTRAQ datasets, and these are displayed in Table 4.3, which 

represents approximately 10 and 28% of the label-free and iTRAQ differentially 

expressed datasets, respectively. There was a strong convergence between the 

expression patterns indicated by the two approaches, with 20 of the 24 proteins 

showing similar changes in expression. This was a proportionally lower overlap than 

identified in previous studies comparing label-free and labelling approaches [254, 

272]. However, when a comparison is made between the differentially expressed 

proteins identified in one technique with all the proteins in the complementary 

approach, an intriguing result was revealed. All but 8 of the 85 differentially 

expressed proteins identified using iTRAQ were also identified reproducibly in the 

label-free approach. Five of the 8 proteins were identified using the label-free method 

in independent MS runs (but not in triplicates of one time point) and so were not 

included in the merged <1% FDR cut-off dataset. Conversely, when comparing 

proteins differentially expressed in the label-free data with the entire iTRAQ dataset, 

71 proteins were found uniquely, and reproducibly, by the label-free approach.  

 

 

 

 

 

 

 
 

 
 

Figure 4.1 Venn diagrams depicting the amount of overlap between label-free and iTRAQ 

datasets. LF all and IT all indicate the total number of proteins identified at FDR <1% in label-

free and iTRAQ respectively. LF differential expression and IT differential expression indicate 

the total number of non-redundant significantly differentially expressed proteins in label-free 

and iTRAQ datasets, respectively.  



 

Protein name Gene identifier Method 48 h 72 h 96 h 

Os07g0469100 protein gi|115472001| LF  ↓  
IT  ↓  

Histone H3.2 gi|115484259| LF   ↓ 
IT  ↓  

Succinyl-CoA ligase [GDP-forming] subunit 
beta, Succinyl-CoA synthetase beta chain gi|115447367| LF   ↓ 

IT   ↓ 
(S)-2-hydroxy-acid oxidase, glycolate oxidase, 
putative gi|115470621| LF   ↓ 

IT   ↓ 
Os12g0189300 protein (92% homology with an 
O. sativa Carboxyvinyl-carboxyphosphonate 
phosphorylmutase, putative, expressed 
Q2QWN6) 

gi|115487692| 

LF   ↓ 

IT ↑   

Harpin binding protein 1, putative gi|115486133| LF  ↓ ↓ 
IT ↑   

Calcium-binding protein, Calmodulin-like protein 
7, probable gi|115474531| LF ↓ ↓ ↓ 

IT ↓   

Chlorophyll a-b binding protein gi|115453971| LF ↑   
IT ↑ ↑  

Os04g0640700 protein (84% homology with a 
H. vulgare Alpha-L-arabinofuranosidase/beta-D-
xylosidase isoenzyme ARA-I Q8W012)  

gi|115460876| 
LF ↑   

IT  ↑  

Mannose-specific jacalin-related lectin, putative gi|115488016| LF ↑   
IT  ↓  

NADP-specific isocitrate dehydrogenase gi|115438939| LF  ↑  
IT ↑   

Alanine aminotransferase, putative gi|115470235| LF  ↑  
IT  ↑  

Os05g0406000 protein (Fragment) gi|115463823| LF  ↑  
IT ↓   

Fructose-bisphosphate aldolase cytoplasmic 
isozyme, Gravity-specific protein gi|115463789| LF  ↑  

IT   ↑ 

Coproporphyrinogen-III oxidase gi|115460466| LF   ↑ 
IT   ↑ 

Cell division protease ftsH homolog 1, 
chloroplastic  gi|115470052| LF  ↑ ↑ 

IT  ↑  
Pathogenesis-related protein 5, putative, 
expressed gi|115489174| LF ↑ ↓ ↑ 

IT   ↑ 
Os04g0111200 protein (94% homology with a 
Z. mays Bifunctional 3-phosphoadenosine 5-
phosphosulfate synthetase 2 B6SRJ5) 

gi|115456862| 
LF ↑  ↑ 

IT ↑   

Drought-induced S-like ribonuclease gi|115480399| LF ↑  ↑ 
IT  ↑ ↑ 

Cell division protease ftsH homolog 2, 
chloroplastic  gi|115469444| LF ↑ ↑ ↑ 

IT ↑ ↑ ↑ 

Chlorophyll a/b-binding protein, putative gi|115467828| LF ↑ ↑ ↑ 
IT ↑ ↑  

Nucleic acid-binding protein, putative gi|115480705| LF ↑ ↑ ↑ 
IT   ↑ 

Abscisic acid-and stress-induced protein-rice gi|115484359| LF ↑ ↑ ↑ 
IT ↑   

29 kDa ribonucleoprotein A, putative  gi|115473531| LF ↑ ↑ ↑ 
IT ↑   

 
 
 
 
 
 
 
 
Table 4.3 Overview of the differentially expressed proteins common to the label-free and iTRAQ 
methodologies. Unknown proteins were BLAST searched and homology to other sequences is 
shown in brackets in the protein name field. Methods described are LF = label-free and IT = 
iTRAQ. Significant differential expression is indicated by the up (↑) or down (↓) arrows for up- 
and down-regulation at the particular time point compared to the control at time point 0 h.  



 

4.4.4 Biological Insights 
 

Proteins that were significantly differentially expressed from either approach were 

functionally categorised using WEGO, a freely available online application that 

groups proteins based on their GO annotations [413]. WEGO allows the option to 

categorise the proteins based on biological process, molecular function or cellular 

compartment; we presented the data within using biological process at a GO 

annotation level of 5, and 21 functional categories selected. Some proteins have 

been counted more than once if they were assigned to more than one category. 

Using GO annotations is not currently a comprehensive method for functional 

classification, because only approximately 50% of the proteins are annotated. 

Nevertheless, it is a standardised, unbiased method for viewing global trends at the 

cellular level for protein and cellular function. An overview of the functional categories 

and the percentage of proteins allocated to each function are shown in supplemental 

data 4.3. Up- and down-regulated groups can be compared with the unchanged 

group to assess whether a protein group was intrinsically greater in abundance, or if 

it had been up- or down-regulated in response to cold stress. Functional groups that 

were noticeably changed in response to cold stress include transport, generation of 

precursor metabolites and energy metabolic process, and photosynthesis. Despite 

the large disparity between the proteins identified as significantly differentially 

expressed, similar trends in functional categories were seen across label-free and 

iTRAQ datasets. Figure 4.2 outlines these trends observed from the WEGO analysis. 

Conspicuous trends in this graph include the up-regulation of carbohydrate and 

protein metabolic processes and the down-regulation of proteins involved with 

oxidation and reduction. 

 

A comprehensive overview of changes occurring in specific molecular pathways 

could not be obtained using this approach. We believe this is due to several factors: 

firstly, the presence of Rubisco, which masks proteins of lower abundance and is 

troublesome for MS data acquisition in a data-dependent mode, similar to albumin in 

human plasma; and secondly that the functional categories from WEGO are not 

complete and provided limited scope, hence further investigations were conducted 

manually. 

 



 

In earlier studies of cold stress on rice leaf there have been many reported 

contradictions regarding which proteins were up- or down-regulated [336]. This study 

has identified similar proteins to other studies with regard to the up- and down-

regulation due to cold stress, including photosynthetic proteins (Rubisco large chain, 

chloroplastic ATP synthase and oxygen evolving complex protein of photosystem II), 

ribosomal proteins, elongation factors, heat shock proteins, calreticulin, ascorbate 

peroxidase and UDP-glucose pyrophosphorylase [358, 416-420]. Since others have 

already discussed these proteins in detail with regard to cold stress response, we will 

focus on proteins not commonly identified as cold-responsive in rice plants. 

 



 

 

 

 
 
Figure 4.2 (A) Functional categorisation of differentially expressed proteins that were identified as down-regulated for the comparison between 
label-free (black) and iTRAQ (grey) methodologies. WEGO was use to generate these functional classifications and graphs that were found to be 
cold responsive in rice leaf. Some proteins with GO annotations were automatically assigned to one or more of the 21 categories based on the 
WEGO algorithm for functional classification.   



 

 

 

 
 
Figure 4.2 (B) Functional categorisation of differentially expressed proteins that were identified as up-regulated for the comparison between label-
free (black) and iTRAQ (grey) methodologies. WEGO was use to generate these functional classifications and graphs that were found to be cold 
responsive in rice leaf. Some proteins with GO annotations were automatically assigned to one or more of the 21 categories based on the WEGO 
algorithm for functional classification. 



 

Both label-free and iTRAQ methods suggest that histone regulation plays a role in 

the cold stress response. The principal histones, H4, H2B.9, H3.2, and linker 

histones, H12 and H5, were observed to be down-regulated, while H2A.3 was found 

to be up-regulated after 72 h of cold stress using the label-free approach. Previously, 

histone H1 has been reported as being up-regulated at the transcript level in 

Arabidopsis in response to cold, salt and drought stresses [421]. Histones are prone 

to reversible post-translational modifications such as methylation, phosphorylation, 

glycosylation, acetylation and ubiquitination, allowing the protein to respond flexibly 

to stimuli. Histone modification is a key regulator of gene expression in eukaryotic 

cells and has been implicated in plant stress response, including response to low 

temperatures [422-425]. Proteins known to modify histones include histone 

methyltransferases or acetyltransfases and WD-40 repeat proteins. Curiously, a WD-

40 repeat protein was found to be up-regulated after 96 h of cold stress using the 

label-free method. It is not understood why histones were down-regulated in this 

study, nevertheless, our data suggest that a quantitative study of post translational 

modifications of histones may reveal more information in the regulation of cold 

tolerance. 

 

The label-free approach suggests that vitamin B biosynthesis proteins may be altered 

in response to cold stress. Earlier studies have suggested that vitamin B has anti-

oxidant activity in plants [426, 427]. Several vitamin B biosynthetic proteins were 

identified as being differentially expressed by the label-free approach. One of these, 

thiamine biosynthetic enzyme (vitamin B1), was expressed at all cold stress time 

points except for the control sample. Proteins involved in the synthesis of folate and 

riboflavin, vitamins B9 and B2 respectively, were down-regulated. Differential 

expression of vitamin B biosynthetic proteins in the wild rice species O. meridionalis, 

have recently been proposed to enhance thermal tolerance and our data provides 

additional evidence to support this hypothesis [428]. 

 

Lastly, the pyridoxal biosynthesis protein, (PDX; vitamin B6) was also identified in the 

label-free datasets, however, it is inconclusive as to whether this protein is up- or 

down-regulated. This protein has several similar candidates for identification and 

PDX1.1 and PDX1.2 were both identified. These homologues differ by only a few 

amino acids throughout their sequence with the majority of peptides used for 

identification and quantification being shared (non-unique) peptides, which can skew 



 

the quantification data. In earlier studies on Arabidopsis, PDX1.1 and PDX1.3 were 

found to be responsive to oxidative stress while PDX1.2 was not [429, 430]. 

 

In this study we have shown that the label-free and iTRAQ methodologies may be 

considered complementary as they reveal similar trends in biological function for 

differentially expressed proteins in response to cold stress, despite the number of 

distinct peptides and proteins identified by each methodology. Nevertheless, there 

seemed to be no extra information obtainable from the iTRAQ data that was not 

already in the label-free data, while the label-free data appeared to reveal several 

insights not visible from the iTRAQ dataset. 

  



 

4.5 FUTURE VIEWS AND DIRECTIONS 
 

The implementation of abundant protein removal, namely Rubisco for plants, 

analogous to albumin removal in plasma, should increase the total number of 

identifications and quantifications of low abundance proteins, as it has in other 

studies to date [416-418]. This should increase the information and biological insights 

generated for future experiments in a rice leaf system. 

 

I propose that if supplemental studies were conducted on these rice samples in a 

top-down proteomic manner, or at the very least similar to the work I conducted in 

Chapter 3 with protein fractionation followed by LC-MS/MS of the peptides, then a 

clearer distinction between PDX1.1 and PDX1.2 may be made. This would also 

provide more accurate information in a quantitative sense too and not just with 

respect to identification alone, as it has in other top-down proteomic studies [204, 

431]. For example, if the minimal amino acid differences of PDX1.1 and PDX1.2 

change the conformation or charge dynamics of the protein enough to enable 

differentiation within a liquid chromatographic environment in the protein form, this 

should facilitate differential chromatographic elution and distinction, whether these 

proteins are conjugated to different proteins, or they form super-molecular complexes 

as a dimers, trimers, or higher order multimers. Thus, the peptides that are shared 

(non-unique) between the two homologues of PDX1.1 and PDX1.2 could be 

confidently apportioned to the correct form, and the label-free quantification would be 

able to deliver a more accurate representation of the quantitation of protein 

homologues than is currently achievable.  

 

Since the Paragon algorithm does not undertake quantification on peptides that are 

shared (non-unique) while the label-free method does not discriminate, this may 

account for the large disparity in protein identification numbers generated by iTRAQ 

for quantification compared to label-free. This may mean that the reduced number of 

proteins able to be used for quantification by iTRAQ, even though it identified more 

proteins (1269 compared to 1050 for label-free), is due to the ideology behind the 

manipulation of the data, rather than any concerns with the successful conjugation of 

label to the available peptides in the sample. Conversely, the label-free data may be 

over or under representing differentially expressed proteins due to the inclusion of 



 

these shared (non-unique) peptides. This is an area that needs further investigation 

and development before it can really be considered a mature technology. 

 

An intermediate solution to the protein inference problem for quantitative proteomics, 

rather than the implementation of protein fractionation, top-down proteomics or the 

exclusion of shared (non-unique) peptides in the analysis, is perhaps a more 

sophisticated form of the current NSAF. The current NSAF takes into consideration 

the length of the protein and the abundance, but it does not take into consideration 

the difference between unique and non-unique peptides. I propose that, on 

organisms with a completed genome, a theoretical digest is conducted on the 

theoretical transcribed genome. Each non-unique peptide is allocated a weighted 

number, representing the total number of times it can be theoretically produced and 

how many proteins compared to the total number of peptides and proteins in the 

genome. This is also done for the unique peptides. Spectral counting of one unique 

peptide and three non-unique may have an adjusted count of 1.6 as an arbitrary 

example, rather than 4 in the non-weighted version. This weighting could bring the 

relative differential expression figures generated by label-free proteomics closer to 

those of absolute quantification or labelled techniques, increasing one’s confidence in 

the data. There is a potential flaw in this argument being that at any one point in time 

the entire genome is not being translated or transcribed. Thus, the weighted numbers 

based on the whole genome may skew the adjusted figures without appropriate 

compensatory mathematical models.  

  



 

 

 

CHAPTER 5: CONCLUSION 
 

  



 

This thesis concludes with respect to: 

1) The use of self assembled monolayer chemistries orientated in concentric 

circles attached to metal plates (SCSC-MALDI) for use as a concentrator of 

peptide samples on a MALDI plate can afford a practitioner increases in limits 

of detection between 10-100 fold for identical sample concentrations 

compared to standard MALDI practices, in the attomole/µl range. Compared to 

the AnchorChipTM for single protein digests, both techniques performed 

similarly for the identification of the proteins from digests, while outperforming 

the standard MALDI technique. The variability of the concentration event for 

the SCSC-MALDI made it difficult to achieve reproducibility without a multitude 

of replicates making the technique problematic at best, be this due to issues 

with respect to sample, manufacturing variabilities, or altered surface 

chemistry. The ability to conduct the removal of salts pre-concentration on the 

surface of the plate was shown to be achievable on simple peptide standards, 

though it was problematic at the time of the experiments, particularly with 

respect to gel plug extracts, and needs further investigation. The ability to 

selectively capture phosphorylated peptides from standard protein digests 

could be achieved at the low femtomole level. However, the changing of the 

surface chemistry to enable affinity capture removed the ability of the biochip 

to concentrate the sample and needs further development before it is ready for 

use as a viable technique that can conduct both affinity capture and 

concentration.  

2) The development of the PROOF method highlighted the ability to fractionate a 

complex protein sample (depleted human plasma) with ease and to identify 

similar proteins as a standard shotgun proteomic method, with ~74% similarity 

in proteins identified. Additionally, the ability to relate peptide MS/MS data 



 

back to the original and structural forms of the protein with respect to 

truncated or cleaved elements of the proteome was shown through the novel 

graphical representation system developed. This highlighted the potential 

misidentification of current bottom-up experiments and the need for further 

development of this (PROOF) or particular systems that enable proteomics 

researchers to relate MS/MS peptide information back to the speciation of the 

proteome with ease. This would allow correct assignment of identification, 

form and function of the proteins and provides a compelling argument for the 

development of top-down proteomics strategies for the future of the field. 

3) Comparison of the protein expression levels in leaf material of cold 

temperature stressed rice with both label-free and labeling (iTRAQ) 

quantitation proteomics, highlighted the burgeoning capabilities and arguable 

superiority of the label-free quantification techniques, in particular spectral 

counting. Label-free identified and quantified 236 cold responsive proteins, 

while iTRAQ identified and quantified 85, with only 24 proteins in common 

between the methods employed. Both methods are complementary for use in 

plants, delivering similar insights into the biological response, despite the 

disparity in total proteins quantified. The functional analysis did reveal 

differential expression of proteins involved in transport, photosynthesis, 

generation of precursor metabolites and energy. Additionally, histones and 

vitamin B biosynthetic proteins were observed to be affected by cold stress in 

rice leaf only in the label-free experiments. This provides a positive argument 

for the use of spectral counting rather than iTRAQ quantification for 

quantifying protein expression levels in plant systems. 

 



 

In closing, it has been approximately 8 years from the conception of this thesis within 

proteomics (2004) to the eventual completion (2012). Taking into consideration two 

factors, the freshness of the field and the rapid growth of methodologies since 

mapping of the human genome at the turn of the century, I have observed many 

precipitous changes for the advancement of the field of proteomics and hold great 

optimism for the part it will play in the betterment of both scientific knowledge and the 

quality of our society in the near and distant future. 
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