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ABSTRACT  

Proteomics, as a high-throughput technology, has been developed with the aim of 

investigating the maximum number of proteins in cells. However, protein discovery and data 

generation vary in depth and coverage when different technical strategies are used. In this study, 

four different sample preparation, and peptide or protein fractionation, methods were applied to 

identify and quantify proteins from log-phase yeast lysate: sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE); gas phase fractionation (GPF); filter-aided sample preparation 

(FASP)-GPF; and FASP- high pH reversed phase fractionation (HpH). Fractionated samples were 

initially analyzed and compared using nanoflow liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) employing data dependent acquisition on a linear ion trap instrument. 

The number of fractions and replicates was adjusted so that each experiment used a similar amount 

of mass spectrometric instrument time, approximately 16 hours. A second set of experiments was 

performed using a Q Exactive Orbitrap instrument, comparing FASP-GPF, SDS-PAGE and 

FASP-HpH. Compared with results from the linear ion trap mass spectrometer, the use of a Q 

Exactive Orbitrap mass spectrometer enabled a small increase in protein identifications using 

SDS-PAGE and FASP-GPF methods, and a large increase using FASP-HpH. A big advantage of 

using the higher resolution instrument found in this study was the substantially increased peptide 

identifications which enhance the proteome coverage. A total of 1035, 1357 and 2134 proteins 

were separately identified by FASP-GPF, SDS-PAGE and FASP-HpH. Combining results from 

the Orbitrap experiments, there were a total of 2269 proteins found, with 94% of them identified 

using the FASP-HpH method. Therefore, the FASP-HpH method is the optimal choice among 

these approaches when using a high resolution spectrometer, when applied to this type of sample.  
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1. INTRODUCTION 

Proteins are essential components of the cellular machinery, performing and enabling 

precise tasks in highly complex living biological systems. Life depends on these versatile 

macromolecules and their ability to perform complex biological roles from genetic replication to 

cell senescence and death [1, 2]. Bottom-up shotgun proteomics based on mass spectrometry is an 

extremely powerful tool to use in proteome analysis since it enables the identification and 

characterization of peptides, proteins and their modifications [3, 4]. The general procedure of 

proteomic analysis includes sample preparation, mass spectrometry (MS) data acquisition, and 

statistical and bioinformatics analysis [1, 5, 6].  

A number of techniques and strategies have been developed in recent years, which are part 

of the ongoing improvements in the entire process of proteomics analysis. However, one of the 

limits in current proteomic technologies is that there is no single standardized strategy allowing 

for the analysis of the entire proteome in a simple step. The large number of peptides and the wide 

dynamic range of protein concentration in the proteome of different biological samples make the 

proteomic analysis a complex problem [7]. In large-scale proteomic studies, mass spectrometry 

results and the depth of coverage of the proteome have remained largely depend on the sample 

preparation, which makes it the most crucial part in the whole proteomics process [8]. Additionally, 

optimal sample preparation methods are necessary in order to obtain reliable results, particularly 

in comparative proteomics where the identification of differentially expressed proteins can be 

heavily influenced by even minor differences in sample preparation [9].  

Sample preparation should ideally be as simple as possible in order to reduce time and 

avoid sample loss, while eliminating interferences or contaminants [10]. Theoretically, the best 

strategy for sample preparation would be no sample preparation at all, but with effective protein 

identification and maximal depth of coverage [11]. For example, a simple non-fractionated 

approach may also give comparable results while without requiring extra machine-time and 

analysis [11]. However, the complexity of the typical dynamic proteome far exceeds the capacity 

of currently available analytical systems, so some pre-fractionation is generally necessary. 

Notwithstanding the ongoing development of new technologies, the initial step in any proteomic 

experiment is to reduce the sample complexity by carefully preparing and fractionating the 

samples at either the protein or peptide level with the aim of obtaining a more comprehensive data 

profile. Commonly used approaches include techniques such as SDS-PAGE for separation of 

proteins based on their molecular weights, gas phase fractionation (GPF) of peptides based on the 

mass of their ions detected in the mass spectrometer, and high pH reversed phase fractionation 

(HpH) for peptide separation by hydrophobicity [12, 13].  
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The in-gel protein digestion protocol for proteomics, established over 20 years ago, has 

been the cornerstone method affording robust protein identifications for many ongoing proteome 

projects [14, 15]. Gel bands are manually cut and fractionated according to the molecular weights 

of separated proteins. Peptides are recovered from the gel slices after in-gel trypsin digestion, and 

then introduced into a mass spectrometer for analysis, typically by reversed phase peptide 

separation [16]. Preparing more gel fractions decreases the complexity of the individual samples, 

which can have a substantial impact on the depth of proteome analysis [17]. It has been reported 

previously that a combination of in-solution digestion and peptide fractionation methods could 

provide higher peptide recovery than the protein fractionation method based on SDS-PAGE [18, 

19]. Contrasting findings have been reported in other studies, which serves to highlight that such 

conclusions are strongly sample dependent [20, 21]. 

The GPF method utilizes the resolving power of the mass spectrometer to separate ions of 

different mass ranges to greatly reduce the complexity of peptide mixtures [22]. Peptides are 

repetitively injected into the mass spectrometer, and only a relatively narrow m/z range is 

interrogated by data-dependent precursor ion selection in each analysis. Compared to the ions 

selected from the wide mass range scan in typical LC-MS/MS analysis, a smaller m/z range in 

each GPF experiment is set for precursor ion selection, so that the components within different 

mass ranges can be better resolved to reduce the complexity of analysis [18, 22]. GPF has been 

described as a means to achieve higher proteome coverage than multiple LC-MS/MS analysis of 

unfractionated complex peptide mixtures [17, 23]. A combination of in-solution trypsin protein 

digestion with GPF has been shown to reduce sample preparation time, and increase the number 

of proteins identified [17, 18, 24]. However, the main concern of GPF is that only a small portion 

of the whole sample is actually analyzed by the mass spectrometer in each analysis, which may 

lead to loss of information [20].  

Another method to reduce the complexity of peptide mixture is HpH fractionation. Peptides 

are bound to the hydrophobic resin under aqueous conditions and desalted by washing the column 

with water. A step gradient of increasing ACN concentrations in a volatile high pH elution solution 

is then applied to the columns to elute bound peptides into different fractions which can be 

collected by centrifugation. During MS analysis, peptides in each high pH fraction are further 

separated using a low-pH reversed phase gradient which separates peptides via an orthogonal 

mechanism, thus reducing the overall sample complexity and improving the ability to identify low 

abundant peptides [25, 26].  

FASP has become a widely used method for in-solution digestion of proteins due to its 

ability to remove detergents prior to mass spectrometry analysis [5]. The FASP method uses a 

common ultrafiltration device whereby the membrane pores are small enough to allow 

contaminating detergents to pass through, while proteins are retained and concentrated in the filter 
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unit [24]. The combination of FASP based in-solution digestion and GPF has been shown 

previously to be highly effective in achieving high-quality proteome coverage [19].  

In this study, four proteomics analysis strategies (SDS-PAGE, GPF, FASP-GPF and 

FASP-HpH) were compared. Aliquots of 100 μg of proteins extracted from yeast BY4741 cells 

were used for each experiment. In the first stage of the study, SDS-PAGE, GPF, FASP-GPF and 

FASP-HpH were compared in terms of protein and peptide identification using a linear ion trap 

mass spectrometer. For SDS-PAGE fractionations, replicate gels were separately cut into 8, 16 

and 32 slices to investigate the impact of the number of fractions analyzed on protein 

identifications. Similarly, separate 100 μg  protein aliquots were digested in solution in both 

Eppendorf tubes and FASP filters. Replicate analyses were performed with GPF using 4, 8 and 16 

mass range windows, to investigate the impact of mass range selection and replicate number on 

protein identifications. Considering both analysis time required and number of proteins identified, 

SDS-PAGE (16 fractions), FASP-GPF (4 mass ranges, 4 replicates) and FASP-HpH (8 fractions, 

2 replicates) methods were found to be higher performing strategies. These experiments were 

replicated using a high resolution Orbitrap mass spectrometer in the second stage of the study, 

with an equal amount of instrument time used for each of the approaches examined. Proteins 

identified were categorized in terms of abundance by correlation with published mRNA data, 

sorted by known subcellular localization, and classified according to protein function using 

available gene ontology information. Results from all these experiments and analyses were 

quantitatively compared in order to determine the optimal method for proteome analysis with 

regard to this particular type of sample.  

 

2. MATERIALS AND METHODS 

2.1 Cell culture 

Saccharomyces cerevisiae BY4741 single colonies were selected from a YPD plate (1% 

Yeast extract, 2% peptone, 2% dextrose, and 2% agar) using sterile pipette tips. Cells were 

separately dissociated into three tubes as biological replicates, with 10 mL YPD medium (1% 

Yeast extract, 2% peptone, and 2% dextrose) by pipetting up and down. Samples were cultured 

overnight on a shaking incubator (30°C, 200 rpm). 100 μL cells were transferred and cultured in 

250 mL flask with 100 mL YPD medium. Cells were harvested prior to stationary phase by 

centrifugation at 4℃ (2500 rpm, 10 min) and then washed twice with pre-cooled Milli-Q water. 

Samples were stored at -20℃ until protein extraction.  

Three biological replicate cell cultures were grown and harvested for each subsequent 

experiment involving different sample preparation and fractionation method comparisons. 
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2.2 Protein extraction 

Yeast cells were pre-treated with 2 M lithium acetate, and then with 0.4 M NaOH for 5 

min on ice. Cell pellets were re-suspended with 100 L SDS-PAGE sample buffer and heated to 

100℃ for 5 min. Lysates were centrifuged at 13,000 rpm for 10 min to clear cellular debris [27]. 

The supernatant was carefully transferred to a fresh tube and then precipitated to remove 

interfering agents using methanol/chloroform (sample: methanol: chloroform: water = 1:4:1:3) 

[28]. Protein pellets were dissolved in 8 M urea/100 mM Tris-HCl buffer (pH 8.0) and the 

concentration was quantified with bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, 

LI, USA) with bovine serum albumin as standards. 

 

2.3 In-gel digestion 

Aliquots containing 100 μg of protein were mixed with 2x SDS sample buffer and heated 

at 95℃ for 10 min. The mixture was loaded onto Bio-Rad 10% TGX mini gels and separated at 

120 V for 65 min. Gels were stained with colloidal Coomassie blue G-250 for 40 min and then de-

stained with Milli-Q water overnight. Individual gel lanes from each biological sample were 

separately sliced into 8, 16 and 32 equal sized pieces and finely chopped, with three replicates 

performed of each fractionation regime. Gel pieces were washed once with 100 mM NH4HCO3, 

and twice with 50% ACN/50 mM NH4HCO3 (10 min), and then dehydrated with 100% ACN (5 

min). Samples were air-dried and reduced with 50 μL of 10 mM DTT in 100 mM NH4HCO3 for 

45 min at room temperature. DTT was removed and then followed with alkylation in dark for 45 

min by adding 50 μL of 55 mM iodoacetamide in 100 mM NH4HCO3. After alkylation, gels were 

briefly washed once with 100 mM NH4HCO3 (5 min), twice with 50% ACN/50 mM NH4HCO3 

(5 min), then dehydrated with 100% ACN (5 min). Samples were air-dried, trypsin was added to 

the sample for equilibration at 4℃ for 60 min before digestion at 37℃ over-night. Peptides were 

extracted from gel pieces using 50% ACN/2% formic acid for 30 min. The peptide extraction was 

repeated twice. Tryptic peptides were combined and evaporated to dryness in a vacuum centrifuge 

and reconstituted with 10 μL of 1% formic acid. 

 

2.4 In-solution digestion  

Protein samples were resuspended in 8M urea buffer and diluted with 100 mM Tris-HCl 

(pH 8.0) to a final urea concentration of 1.6 M before adding trypsin and incubating at 37℃ over-

night. The pH was adjusted by formic acid to 2~3 before peptides were purified using the SDB-

RPS (3M-Empore) stage-tips. Peptides were eluted twice with 200 μL 80% ACN/5% ammonium 

hydroxide. Extracts were combined and evaporated to dryness in a vacuum centrifuge and 

reconstituted with 160 μL of 1% formic acid for MS analysis.  
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2.5 FASP-based in solution digestion 

Proteins were reduced in 200 μL of 50% Trifluoroethanol (TFE)/100 mM NH4HCO3/50 

mM DTT for 60 min, and then concentrated to 20 μL in Amicon Ultra 0.5 mL ultrafiltration 

devices (10 K cut-off, Millipore) by centrifugation at 13,000 rpm for 30 min. 200 μL of 50% 

TFE/100 mM NH4HCO3 /60 mM iodoacetamide was added to the mixture and proteins were 

alkylated in the dark for 45 min. Reagents were removed by centrifugation at 13,000 rpm for 30 

min. Concentrated proteins were washed three times with addition of 200 μL of 50% TFE/100 μM 

NH4HCO3 and centrifugation at 13,000 rpm for 30 min. Proteins were digested in 300 μL of 20% 

ACN/100 mM NH4HCO3 buffer with 2 μg trypsin (Promega) and incubated at 37 ℃ overnight in 

the ultrafiltration device. Tryptic peptides were centrifuged into new ultrafiltration receptacles. 

This process was followed by another two rinses using 150 μL of 50% ACN/2% formic acid. 

Extracts were combined and evaporated to dryness in a vacuum centrifuge and re-constituted with 

160 μL of 1% formic acid. 

 

2.6 High pH reversed phase fractionation  

Aliquots of 100 μg of tryptic peptides were resuspended in 300 μL of 0.1% Trifluoroacetic 

acid and loaded to the pre-conditioned spin column from the high pH reversed-phase peptide 

fractionation kit (Thermo Fisher, CA, USA). After sample was washed once with water by low 

speed centrifugation (3000 g, 2 min), a step gradient of increasing ACN concentrations in 

triethylamine (5%, 7.5%, 10%, 12.5%, 15%, 17.5%, 20% and 50%) was applied to the column to 

elute bound peptides into eight different fractions by centrifugation (3000 rpm, 2min). Each 

fraction was then dried in a vacuum centrifuge and reconstituted with 20 μL of 1% formic acid, 

allowing for each fraction to be analyzed in duplicate using 10 μL aliquots. 

 

2.7 Analysis of tryptic digests using SDS-PAGE and FASP-HpH methods on a linear ion 

trap mass spectrometer  

Each sample from in-gel tryptic digestion and high pH reversed phase fractionation were 

analyzed on a Velos pro linear ion trap mass spectrometer connected to an Easy-nLC 1000 

nanoflow HPLC system (Thermo, CA, USA). Chromatography was performed on a 100 um I.D 

reversed phase column packed in-house to 10 cm with Aqua C18 beads (200 Å, 3 μm) in a fused 

silica capillary with an integrated electrospray tip which was coupled with a 3 cm pre-column 

packed with the same. A 1.8 kV electrospray voltage was applied via a liquid junction upstream 

of the analytical column. Peptides were loaded in buffer A (2% v/v ACN, 0.1% v/v formic acid) 

and a gradient was developed using buffer B (99.9% v/v ACN, 0.1% v/v formic acid) as follows: 

0-30% buffer B at flow 550 nL/min (36min), 30%-50% buffer B at flow 600 nL/min (12min), 

50%-95% buffer B at flow 600 nL/min (2 min), 95% buffer B at flow 850 nL/min (10 min). 
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Spectral acquisition was performed in positive ion mode over the scan range of 400 m/z to 

1500 m/z using Xcalibur software (Thermo, v2.07). A normalized collision energy of 35% was 

used to perform MS/MS of the top nine most intense precursor ions, with dynamic exclusion 

enabled for 90 s [29-31].  

 

2.8 Analysis of in-solution tryptic digests using GPF on a linear ion trap mass spectrometer 

Mass ranges for GPF windows were calculated according to the frequency distribution of 

peptides, based on preliminary experiments in which 10 μg of yeast lysate peptides was loaded 

onto the nanoLC without pre-fractionation and separated using a 180 min gradient (data not 

shown). In subsequent experiments, 4, 8, and 16 mass ranges were separately set as follows: four 

mass ranges (400–665, 660–835, 830–1005 and 1000–1500 amu), eight mass ranges (400-585, 

580-665, 660-745, 740-835, 830-905, 900-1005, 1000-1155, 1150-1500 amu) and 16 mass ranges 

(400-515, 510-585, 580-625,620-665, 660-715, 710-745, 740-795, 790-835, 830-875, 870-905, 

900-955, 950-1005, 1000-1075, 1070-1155, 1100-1265, 1260-1500 amu). There were 16 

injections (10 μL was loaded each time) applied for each of three sample replicates as mentioned 

previously. Other settings were as the same as the method above which was used for analyzing the 

in-gel digested peptides. 

 

2.9 Analysis of tryptic digests on a Q Exactive Orbitrap mass spectrometer 

Trypsin digests from experiments using FASP-GPF (4 mass ranges, 4 replicates), SDS-

PAGE (16 fractions), and FASP-HpH (8 fractions, 2 replicates) were analyzed on a Q Exactive 

Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA, USA) coupled to an EASY-

nLC1000 nanoflow HPLC system (Thermo Scientific, San Jose, CA, USA). Reversed-phase 

chromatographic separation was performed on an in-house packed reverse–phase column (75 μm 

× 10 cm with Halo 2.7 μm 160 Å ES-C18 beads (Advanced Materials Technology). Peptides were 

separated for 60 min using a gradient of solvent A (97.9% water/2% acetonitrile/0.1% formic acid) 

and solvent B (99.9% acetonitrile/0.1% formic acid) at a flow rate 300 nL/min as follows: 1-50% 

buffer B (50 min), 50%-85% buffer B (2 min), 85% buffer B (8 min). To identify proteins, full 

MS scan spectra from m/z 350 ~2000 amu were acquired at resolution of 35,000 and an automatic 

gain control target value of 1 × e6 ions. For FASP-GPF (4 mass ranges, 4 replicates) method, the 

same mass ranges setting were kept, to enable comparisons with previous experiments using the 

same method on the ion trap mass spectrometer. The top 10 most abundant ions were selected with 

precursor isolation width of 3 m/z for higher-energy collisional dissociation (HCD) fragmentation. 

HCD normalized collision energy was set to 30% and fragmented ions were detected in the 

Orbitrap at a resolution of 17,500 with an automatic gain control target value of 2 × e5 ions. Target 

ions that had been selected for MS/MS were dynamically excluded for 20 s. 
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2.10 Peptide to spectrum matching  

Raw files from all experiments were converted to mzXML format using readWbatch, and 

peptide to spectrum matching was performed using the X! Tandem algorithm [32, 33]. Fractions 

were processed sequentially and then merged for each sample replicate. Non-redundant output 

files were generated for protein identifications with log (e) values less than -1. MS/MS spectra 

were searched against the S. cerevisiae protein sequence database (6800 sequence entries, 

ENSEMBL), as well as common human and trypsin peptide contaminants, and additional 

searching was performed against a reversed sequence database to evaluate the FDR. Search 

parameters included MS and MS/MS tolerances of ± 4 Da and ± 0.4 Da, respectively. The criteria 

for the database search included carbamidomethylation (C) as complete modification, acetylation 

(N) and oxidation (M) as potential modification, with fully tryptic cleavage sites.  

 

2.11 Statistical and bioinformatic analysis 

Low stringency search data from peptide to spectrum matching outputs from X! Tandem 

for individual replicates was transformed into high stringency data by combining results from three 

biological replicate experiments into a single list of reproducibly identified proteins using Scrappy 

[34] and PeptideWitch [35]. The criteria for a reproducibly identified protein was that a protein 

must be present in all three replicates, with a minimum peptide spectral count of five [36-38]. 

Protein FDR in reproducibly identified proteins from all experiments in this study was no more 

than 2%, and peptide FDR was less than 0.3%, indicating that no further filtering was required. 

Reproducibly identified proteins from different experiments were classified according to their 

known function based on gene ontology information in the Saccharomyces Genome Database 

using the GO Slim mapper function [39, 40]. This function was also performed for localization 

analysis of identified proteins based on the cellular component ontology information.  

The correlation of mRNA expression and protein abundance was analyzed using PARE 

[41]. Proteins identified from different experiments were analyzed to compare the performance of 

each of these methods in identifying proteins of varying abundance, based on information from 

available mRNA databases. Messenger RNA data of yeast BY4741, also cultured in YPD medium 

and harvested during log phase, was downloaded from NCBI with GEO series accession number 

GSE9217 and set as a reference for the proteins identified in this study (5717 identifications from 

three replicates) [42]. Proteins identified in specific experiments were firstly matched to 

identifications from the mRNA reference. The matched proteins and their expression, and the 

mRNA reference, were uploaded to PARE, and a good correlation between mRNA abundance and 

protein expression was found. mRNAs with higher abundance corresponded to more protein 

expression, therefore, the abundance of mRNA from the reference was used to indicate the 

theoretical value of the corresponding protein expression. mRNA identifications were ranked 
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based on their normalized abundance by PARE and distributed into six categories, and these 

corresponding proteins in specific groups were counted, and the percentage of these proteins in 

total matched proteins to the mRNA reference in specific experiments were calculated and 

compared. 

 

3. RESULTS 

3.1 Proteins identified with SDS-PAGE fractionation on a linear ion trap mass spectrometer 

The number of reproducibly identified proteins and peptides identified using SDS-PAGE 

with different numbers of fractions is presented in Table 1, along with a brief summary of 

reproducibly identified proteins in all experiments performed in this study. A total of 763, 1206, 

and 1329 proteins were reproducibly identified from yeast samples with 8, 16, and 32 fractions, 

respectively. Of these, 718 proteins were found in all three experiments, which indicates a high 

degree of experimental consistency (Figure 1A). As expected, more proteins and peptides were 

detected with an increase in the number of gel fractions. There were 60% more proteins identified 

with 16 fractions than 8 fractions, but only 10% more proteins identified with 32 fractions when 

compared with 16 fractions. This shows that using eight fractions does not simplify the complex 

peptide mixtures sufficiently, because expanding to 16 fractions produces a large increase in 

protein identifications. On the other hand, moving from 16 fractions to 32 fractions produced a 

much smaller increase in protein identifications, suggesting that in the 16 fractions experiment the 

complexity of the peptide mixture is compatible with the analytical capacity of the instrument. The 

advantage gained by identifying slightly more proteins is outweighed by the disadvantage of 

requiring twice as much instrument time to complete the analysis. 
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Table 1. A brief summary of identified proteins in each experiment separately applied on linear ion trap and Q Exactive Orbitrap mass spectrometers. 

Instruments Methods 

No. of 

fractions or 

mass ranges 

Analysis 

repeats per 

fraction 

or mass range 

No. of 

injections 

Gradient 

per injection 

(hrs) 

Analysis 

time per 

sample (hrs) 

No. of 

reproducibly 

identified 

proteins 

No. of 

reproducibly 

identified 

peptides 

Protein 

FDR 

Peptide 

FDR 

Linear ion trap SDS-PAGE 8 1 8 1 8 763 16199 0.13% 0.03% 

Linear ion trap SDS-PAGE 16 1 16 1 16 1206 40599 1.78% 0.28% 

Linear ion trap SDS-PAGE 32 1 32 1 32 1329 65006 2.00% 0.26% 

Linear ion trap GPF 4 4 16 1 16 642 17815 1.68% 0.30% 

Linear ion trap FASP-GPF 4 4 16 1 16 698 15863 0.57% 0.18% 

Linear ion trap FASP-GPF 8 2 16 1 16 479 8485 0.62% 0.14% 

Linear ion trap FASP-GPF 16 1 16 1 16 415 4665 0.00% 0.00% 

Linear ion trap FASP-HpH 8 2 16 1 16 683 17588 2.00% 0.41% 

Q Exactive FASP-GPF 4 4 16 1 16 1035 29062 1.98% 1.14% 

Q Exactive SDS-PAGE 16 1 16 1 16 1357 112052 1.72% 0.26% 

Q Exactive FASP-HpH 8 2 16 1 16 2134 167337 1.52% 0.19% 
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Figure 1. Venn diagram analysis of proteins identified using different methods on linear ion trap mass spectrometer. 

(A) Venn diagrams analysis of proteins separately identified using SDS-PAGE (8 fractions), SDS-PAGE (16 

fractions), and SDS-PAGE (32 fractions). (B) Venn diagram analysis of proteins separately identified using GPF (4 

mass ranges, 4 replicates) and FASP-GPF (4 mass ranges, 4 replicates). (C) Venn diagram analysis of proteins 

separately identified using FASP-GPF (4 mass ranges, 4 replicates), FASP-GPF (8 mass ranges, 2 replicates), and 

FASP-GPF (16 mass ranges, 1 replicate). (D) Venn diagrams analysis of proteins separately identified using SDS-

PAGE (16 fractions), GPF (4 mass ranges, 4 replicates), FASP-GPF (4 mass ranges, 4 replicates) and FASP-HpH (8 

fractions, 2 replicates). 

 

3.2 Proteins identified with GPF method on a linear ion trap mass spectrometer 

In GPF experiments, a sample was repeatedly analyzed by automated data-dependent 

tandem MS using multiple narrow m/z ranges for survey scans from which to select ions for 

fragmentation, rather than a single wide range survey scan. As shown in Table 1, the use of four 

mass range windows repeated four times gave the best results, with 642 proteins identified in the 

solution digested GPF experiment and 698 proteins identified in the FASP-GPF experiment, with 

564 proteins found in both (Figure 1B). Hence, the FASP-GPF method allowed for the 

identification of approximately 10% more reproducibly identified proteins than the GPF 

experiment without using FASP. Moving to a greater number of mass ranges and less replicates, 

somewhat surprisingly, produced approximately 40% less protein identifications. As shown in 

Table 1, the use of eight mass windows and two replicates identified 479 proteins, while the use 
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of 16 mass windows in a single replicate experiment reduced 283 protein identifications. A total 

of 359 proteins were found in all three experiments (Figure 1C). 

 

3.3 Comparative analysis of proteins identified from SDS-PAGE, in solution GPF, FASP-

GPF and FASP-HpH using a linear ion trap mass spectrometer 

As depicted in Table 1, there were 683 proteins and 17588 peptides identified using FASP-

HpH. which is comparable with the experimental outputs using GPF methods with four mass 

ranges, and the SDS-PAGE method with eight fractions. With the consideration of both instrument 

time and protein identifications, SDS-PAGE (16 fractions), GPF (4 mass ranges, 4 replicates), 

FASP-GPF (4 mass ranges, 4 replicates) and FASP-HpH (8 fractions, 2 replicates) are concluded 

as the four best performing experimental approaches with a total of 1316 non-redundant proteins 

identified. A total of 485 proteins were found to be overlapping between all four as shown in 

Figure 1D. SDS-PAGE clearly performed better in identifying more proteins compared to the other 

three methods. The majority of proteins identified by GPF and FASP-HpH experiments were also 

found using the SDS-PAGE method, while 427 unique proteins were only reproducibly detected 

in SDS-PAGE based experiments. However, it must be noted that there were some proteins 

uniquely identified by each technique.  

The average count of total peptides per protein identified in each technique (SDS-PAGE, 

GPF, FASP-GPF and FASP-HpH with 16 injections) was found to be 34 peptides per protein for 

SDS-PAGE, 28 peptides per protein for in solution digestion and GPF, 23 peptides per protein for 

FASP-GPF, and 26 peptides per proteins for FASP-HpH. Additionally, the average count of 

peptides per protein from the 485 overlapping proteins identified in all four experiments was also 

analyzed. For those particular proteins, 71, 35, 30 and 34 total peptides per protein were discovered 

using SDS-PAGE, GPF, FASP-GPF and FASP-HpH, respectively. These results show that SDS-

PAGE clearly performed better in identifying more peptides per protein, which equates to 

enhanced proteome coverage. For example, the redundant count of peptides identified from protein 

TDH3 by SDS-PAGE, GPF, FASP-GPF and FASP-HpH were 1735, 884, 663 and 732, 

respectively. Even when considering nonredundant accounting of peptides so that each unique 

peptide is counted only once, the SDS-PAGE approach still performed better, with 79, 56, 61 and 

58 unique peptides identified from TDH3 in the four experiments.  

The proteins identified using SDS-PAGE, GPF, FASP-GPF and FASP-HpH were sorted 

using their theoretical molecular weight values (Figures 2). The SDS-PAGE method allowed a 

greater number of total (Figure 2A) and unique proteins (Figure 2B) to be identified across all 

different molecular weight ranges, especially from 0-60 kDa. These results indicate that SDS-

PAGE is a broadly applicable fractionation technique to identify more proteins and peptides from 

yeast lysate than the other fractionation methods. 
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Figure 2. (A) Molecular weight distribution analysis of proteins separately identified using SDS-PAGE (8 fractions), 

SDS-PAGE (16 fractions), SDS-PAGE (32 fractions), GPF (4 mass ranges, 4 replicates), FASP-GPF (4 mass ranges, 

4 replicates), FASP-GPF (8 mass ranges, 2 replicates), FASP-GPF (16 mass ranges,1 replicate), and FASP-HpH (8 

fractions, 2 replicates) on linear ion trap mass spectrometer. (B) Molecular weight distribution of unique proteins 

separately identified using SDS-PAGE (16 fractions), GPF (4 mass ranges, 4 replicates), FASP-GPF (4 mass ranges, 

4 replicates) and FASP-HpH (8 fractions, 2 replicates) on linear ion trap mass spectrometer. 
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3.4 Correlation with mRNA abundance of proteins identified from SDS-PAGE, GPF, FASP-

GPF and FASP-HpH experiments using a linear ion trap mass spectrometer 

The correlation analysis of protein abundance and mRNA expression indicated that there 

was no significant difference between 16 and 32 fractions using SDS-PAGE methods in 

identifying proteins with lower abundance, as shown in Figure 3. FASP-GPF with four mass 

ranges performed better in identifying proteins with lower expression level when compared with 

8 and 16 mass ranges, and the FASP-HpH strategy, GPF and FASP-GPF techniques using four 

mass ranges showed similar performance in identifying less abundant proteins (Figure 3). 

However, the SDS-PAGE fractionation technique was able to detect more proteins with lower 

abundance than GPF, FASP-GPF and FASP-HpH.  

 

 

Figure 3. The correlation of protein abundance and mRNA expression was analyzed using PARE, as described in 

methods. The X axis represents the normalized abundance of mRNAs which were categorized into six groups and 

used for indicating the theoretical value of corresponding protein expression. The minimum number indicates the 

category with the lowest abundance. The Y axis represents the percentage of proteins with specific expression 

abundance in all matched proteins to the mRNA reference in specific experiments, including SDS-PAGE (8 fractions), 

SDS-PAGE (16 fractions), SDS-PAGE (32 fractions), GPF (4 mass ranges, 4 replicates), FASP-GPF (4 mass ranges, 

4 replicates), FASP-GPF (8 mass ranges, 2 replicates), FASP-GPF (16 mass ranges,1 replicates), and FASP-HpH (8 

fractions, 2 replicates) on linear ion trap mass spectrometer. 
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3.5 Proteins identified from tryptic digests on Q Exactive Orbitrap mass spectrometer 

The results up to this point of this study indicated that the SDS-PAGE method with 16 

fractions was the most advisable strategy for yeast protein identification. In order to quantify the 

effect of using a higher resolution mass spectrometer as opposed to a linear ion trap instrument, a 

second set of experiments were performed using a Q Exactive Orbitrap mass spectrometer to 

compare the SDS-PAGE method with 16 fractions, FASP-GPF (4 mass ranges, 4 replicates) and 

FASP-HpH fractionation (8 fractions, 2 replicates). As shown in Table 1, the FASP-GPF method 

allowed for the identification of 1035 proteins, the SDS-PAGE method produced 1357 protein 

identifications, and the FASP-HpH method generated 2134 identified proteins, with 859 proteins 

overlapped between all three methods (Figure 4). Combining the results collected from these three 

experiments on the Orbitrap instrument, there were a total of 2269 proteins found, with 94% of 

these proteins being identified by FASP-HpH method.  

 

 

Figure 4. Venn diagram of proteins separately identified using SDS-PAGE (16 fractions), FASP-GPF (4 mass ranges, 

4 replicates) and FASP-HpH (8 fractions, 2 replicates) on Q Exactive. 

 

The peptides identified from these 859 overlapped proteins using three different 

proteomics approaches were analyzed further, considering both peptides and unique peptides, 

those which are found only by a particular method. Almost double the number of unique peptides 

and six times the number of total peptides were identified by FASP-HpH (8 fractions-2 replicates) 

(15963 unique peptides and 146635 total peptides) than by FASP-GPF (4 mass ranges, 4 replicates) 

(8458 unique peptides and 26950 total peptides). The SDS-PAGE method performed at an 

intermediate level, with 11791 unique and 105633 total peptides identified. The top 30 proteins, 

found in each of these three methods, ordered by sequence coverage, are presented in Table 2. 

There is a high degree of consistency between the methods, showing that the most abundant 

proteins are all identified in each experiment. The sequence coverage in percentage terms is 

generally higher using the FASP-HpH method, which correlates well with the fact that, on average, 

more peptides per proteins are identified using this approach on Q Exactive. 
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Table 2. Top 30 proteins identified by FASP-GPF (4 mass ranges-4 replicates), SDS-PAGE (16 fractions) and FASP-HpH (8 fractions-2 replicates) experiments 

on Q Exactive Orbitrap mass spectrometer, ordered by sequence coverage. 

FASP-GPF (4 mass ranges, 4 replicates) SDS-PAGE (16 fractions) FASP-HpH (8 fractions, 2 replicates) 

Accession 
Coverage 

(%) 

No. of 

unique 

peptides 

No. of 

total 

peptides 

Accession 
Coverage 

(%) 

No. of 

unique 

peptides 

No. of 

total 

peptides 

Accession 
Coverage 

(%) 

No. of 

unique 

peptides 

No. of 

total 

peptides 

YHR174W 97.33 125.00 1238.67 YGR192C 93.67 144.00 8085.00 YHR174W 97.00 199.00 7233.33 
YGR192C 95.67 104.00 819.33 YHR174W 93.00 144.67 6362.33 YGR192C 96.67 142.33 6738.33 
YCR012W 92.00 70.33 454.67 YLR109W 93.00 44.67 805.00 YCR012W 95.33 108.00 3999.00 
YDR050C 87.00 33.00 278.33 YDR050C 90.33 72.67 1044.33 YML028W 93.00 38.33 1048.67 
YKL152C 87.00 35.33 197.00 YCR012W 88.33 95.00 2521.67 YLR109W 92.00 43.00 1474.33 
YML028W 85.00 20.33 116.33 YKL060C 87.33 85.33 1551.00 YKL060C 91.33 90.33 3286.00 
YNL055C 80.67 23.00 123.33 YDR155C 85.67 28.00 557.33 YJR104C 90.00 15.33 160.33 
YLR044C 80.33 60.67 593.00 YKL152C 85.67 54.33 1181.33 YDR050C 89.33 47.33 1762.33 
YKL060C 79.33 60.00 497.00 YJR104C 82.00 22.00 115.00 YMR116C 89.00 36.00 934.33 
YMR116C 79.00 17.67 139.33 YDL124W 80.67 31.00 166.33 YJL136C 87.67 10.33 178.00 
YLR109W 78.67 16.67 236.00 YOR369C 79.33 19.33 232.33 YHR183W 87.33 53.33 629.33 
YOR020C 78.33 8.33 18.00 YER177W 79.00 43.00 268.00 YNL055C 87.00 26.67 667.67 
YPL037C 78.33 7.67 24.00 YNL134C 79.00 41.00 324.33 YDR032C 86.67 12.00 134.00 
YAL005C 77.33 68.67 574.33 YEL034W 77.67 27.33 136.67 YIL053W 86.67 25.67 209.00 
YPL271W 77.00 3.67 7.67 YBR011C 77.00 37.33 419.33 YKL152C 86.67 55.00 1634.00 
YGL253W 76.33 30.33 136.67 YLR044C 76.33 106.00 2045.33 YLL050C 86.67 15.00 413.00 
YIL051C 76.33 7.67 19.33 YNL055C 75.33 48.33 673.67 YBL002W 86.00 25.33 203.67 
YLL050C 76.00 9.67 42.00 YFR053C 74.67 53.00 528.67 YEL034W 86.00 20.67 264.33 
YBR072W 74.33 18.00 92.00 YBR072W 74.33 30.33 210.33 YBR072W 85.33 30.00 556.00 
YOL143C 73.33 8.67 15.67 YOL086C 74.33 53.33 2002.67 YER057C 85.33 7.33 68.00 
YER177W 72.67 15.00 55.67 YIL051C 74.00 18.33 89.33 YOR285W 85.33 9.33 65.33 
YHR193C 72.33 12.67 45.33 YJR123W 73.67 34.67 580.67 YDL124W 85.00 29.67 240.67 
YNL134C 72.33 21.33 141.00 YJR121W 72.67 44.67 348.67 YFR053C 85.00 58.67 567.00 
YEL034W 72.00 10.33 45.33 YPR191W 72.67 33.67 199.67 YGL253W 84.67 55.00 730.67 
YJR139C 71.67 21.67 76.67 YLR048W 72.00 30.00 252.67 YOR167C 84.33 9.33 189.33 

YKL216W 71.33 16.33 81.33 YFL045C 71.67 20.67 143.67 YBR127C 83.67 54.00 625.33 
YJR104C 71.00 7.33 32.67 YML028W 71.67 45.00 678.67 YGR209C 83.67 12.00 87.33 

YDR385W 70.67 58.67 344.33 YGR155W 71.33 47.00 268.00 YKL216W 83.33 29.33 339.33 
YHR183W 70.33 29.00 134.67 YIL053W 71.33 23.33 122.33 YOL143C 83.33 17.00 251.33 
YBR011C 70.00 19.67 61.67 YPR080W 71.33 56.33 1835.33 YCL009C 83.00 20.33 146.33 
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The molecular weights of proteins separately identified by three methods on the Orbitrap 

instrument were analyzed. Most of the proteins were distributed between 20 kDa to 60 kDa, as 

shown in Figure 5A, with 665 proteins in FASP-GPF, 776 proteins in SDS-PAGE, and 1308 

proteins in FASP-HpH. Similar results were found among the unique proteins separately identified 

using each of the three methods (Figure 5B). These distributions were similar to that of the 

identified proteins using a linear ion trap mass spectrometer (Figure 2).  

 

Figure 5. (A) Molecular weight distribution analysis of proteins separately identified using FASP-GPF (4 mass ranges, 

4 replicates), SDS-PAGE (16 fractions) and FASP-HpH (8 fractions, 2 replicates) on Q Exactive. (B) Molecular 

weight distribution analysis of unique proteins separately identified using FASP-GPF (4 mass ranges, 4 replicates), 

SDS-PAGE (16 fractions) and FASP-HpH (8 fractions, 2 replicates) on Q Exactive. 

 

3.6 mRNA abundance, Gene Ontology, and subcellular localization classification of proteins 

identified using an Orbitrap mass spectrometer 

Proteins identified from SDS-PAGE, FASP-GPF and FASP-HpH experiments, using an 

Orbitrap mass spectrometer, were analyzed to compare the performance of each of these methods 

in identifying proteins when categorized by protein abundance, protein function, and protein 

subcellular localization.  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2020. ; https://doi.org/10.1101/2020.02.13.948513doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.13.948513
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

In terms of protein abundance as evidenced by correlation with mRNA data, the FASP-

HpH method was found to have a definite advantage in detecting proteins with lower abundance 

than the other two methods (Figure 6). At the two lowest abundance ranges, the FASP-HpH 

method identified almost twice as many proteins as the other approaches used. 

 

Figure 6. The correlation between protein abundance and mRNA expression analyzed using PARE, as described in 

methods. The X axis represents the normalized abundance of mRNAs which were categorized into six groups and 

used for indicating the theoretical value of corresponding protein expression. The minimum number indicates the 

category with the lowest abundance. The Y axis represents the percentage of proteins with specific expression 

abundance in all matched proteins to the mRNA reference in specific experiments, including FASP-GPF (4 mass 

ranges, 4 replicates), SDS-PAGE (16 fractions) and FASP-HpH (8 fractions, 2 replicates) on Q Exactive. 

 

Gene ontology information for identified proteins was extracted from the Saccharomyces 

Genome Database using GO Slim mapper. These functional annotations revealed a broad 

distribution across a range of functions as shown in Figure 7. The three most abundant functional 

categories corresponded to proteins with function in ion binding (421 proteins from FASP-GPF, 

483 proteins from SDS-PAGE, and 727 proteins from FASP-HpH), hydrolase activity (169 

proteins from FASP-GPF, 206 proteins from SDS-PAGE, and 298 proteins from FASP-HpH), and 

transferase activity (172 proteins from FASP-GPF, 202 proteins from SDS-PAGE, and 326 

proteins from FASP-HpH). Previous studies indicate that 70% of all enzymes bind metal ions since 

they are crucial for stabilizing protein structures and thereby affecting their function [43, 44]. 

Subcellular localization analysis of the combined set of identified proteins was performed based 
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on the cellular component ontology within GO Slim mapper. The most common subcellular 

localizations associated with identified proteins were cytoplasm (56.9%), nucleus (42.1%), 

membrane (25.4%), and mitochondrion (24.7%) (Figure 8). 
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Figure 7. GO terms categorized with proteins separately identified using FASP-GPF (4 mass ranges-4 replicates), SDS-PAGE (16 fractions) and FASP-HpH (8 fractions, 2 replicates) 

according to their known functions based on gene ontology information in the Saccharomyces Genome Database using GO term mapper function. 
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Figure 8. GO terms categorized with all combined proteins identified using FASP-GPF (4 mass ranges, 4 replicates), 

SDS-PAGE (16 fractions) and HpH (8 fractions, 2 replicates) on Q Exactive according to their cellular localization 

information in the Saccharomyces Genome Database using GO term mapper function. 

 

3.7 Comparisons of fractionation approaches using two different mass spectrometers  

It is possible to evaluate how much improvement in protein identification is made by using 

an Orbitrap mass spectrometer, rather than a linear ion trap mass spectrometer, using the data from 

those experiments performed with both: the SDS-PAGE (16 fractions), FASP-GPF (4 mass ranges, 

4 replicates), and FASP-HpH (8 fractions, 2 replicates). The 16 fractions SDS-PAGE experiments 

showed that 12.5% more proteins were identified using a higher resolution instrument, with the 

number of reproducibly identified proteins increased from 1206 to 1357 (Table 1). However, the 

total number of peptides identified using the Orbitrap instrument was 176% higher than when 

using the linear ion trap (Table 1). For the FASP-GPF experiments (4 mass ranges, 4 replicates), 

using the higher resolution instrument increased the number of reproducibly identified proteins 

from 698 to 1035, an improvement of 48.3%. The number of peptides identified was increased by 

83%. The greatest increase using the Q Exactive instrument was achieved with the FASP-HpH 

method, with a 210% increase in protein identification and an increase of 8.5 times in the number 

of peptides identified. More proteins with lower abundance were identified by Q Exactive (Figure 

9), especially with FASP-GPF and FASP-HpH in the three lowest abundance categories. These 

results clearly illustrate the obvious advantages of using a higher resolution, higher speed 

instrument.  
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Figure 9. The correlation between protein abundance and mRNA expression analyzed using PARE, as described in 

methods. The X axis represents the normalized abundance of mRNAs which were categorized into six groups and 

used for indicating the theoretical value of corresponding protein expression. The minimum number indicates the 

category with the lowest abundance. The Y axis represents the percentage of proteins with specific expression 

abundance in all matched proteins to the mRNA reference in specific experiments, including FASP-GPF (4 mass 

ranges-4 replicates), SDS-PAGE (16 fractions) and FASP-HpH (8 fractions, 2 replicates) using Q Exactive and linear 

ion trap mass spectrometers, respectively. 

 

4. DISCUSSION 

Quantitative comparison of FASP-based in solution digestion and the traditional in-

solution approach illustrated the FASP approach increased the number of identified proteins, 

which is consistent with previous reports [5, 21, 45]. Proteins are normally denatured before 

trypsin digestion to facilitate proteolysis, with highly concentrated urea commonly used during 

sample preparation due to its high efficiency in solubilization and denaturation of proteins. 

However, proteases are also subject to the denaturation effects of a high concentration of urea, 

which can interfere with enzymatic digestion, resulting in reduced proteolytic efficiency [21]. 

Therefore, complicated protein mixtures such as cellular lysates, which are usually solubilized in 

a high concentration of urea, are then diluted prior to protease digestion. However, a concentration 

of urea that still retains protease activity is often below the desirable concentration to fully denature 

the whole protein mixture, leading to sub-optimal digestion efficiency [46]. Additionally, urea is 

incompatible with mass spectrometric analysis, and therefore requires further desalting which may 
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result in sample loss [47]. Many of these limitations are overcome by the relatively straightforward 

FASP sample preparation process [1]. The filter unit acts as a 'proteomic reactor' for detergent 

removal, buffer exchange, chemical modification and protein digestion [48]. Proteins are digested 

by trypsin in volatile ammonium bicarbonate buffer which can be removed in a vacuum centrifuge, 

producing a peptide mixture which is directly compatible with mass spectrometric analysis. FASP-

based methods have been reported to improve throughput while reducing sample loss and 

increasing peptide recovery. Our results in this study show that the FASP digest approach does 

indeed lead to more proteins identified, and it is compatible with several different peptide 

fractionation strategies. 

GPF has been shown in previous studies to be a highly effective fractionation technique 

when sufficient protein is available. However, the main drawback to this technique is that only a 

small portion of the whole sample is actually analyzed in the mass spectrometer, raising concerns 

regarding loss of information, especially in cases when there is only limited sample [20]. In GPF 

experiments, there is always a balance that must be achieved between reducing the survey scan 

mass range sufficiently to avoid under-sampling ions which may be present, and avoiding the 

potential loss of information caused by making the survey scan so small that most ions are 

excluded. Given a finite amount of starting material, analyzing more mass ranges with a smaller 

survey scan window means that a higher percentage of the sample is physically excluded from 

analysis in the mass spectrometer. This paradigm is one of the reasons why the ‘PAcIFIC’ data 

independent analysis technique, which can be thought of as an extreme version of gas phase 

fractionation, is typically performed on larger amounts of starting material [20, 49]. In this study, 

we found that using more injections of a smaller mass range in GPF experiments actually produced 

less protein identifications, and even in the best GPF experiments we performed, the results were 

still not as good as those obtained with other fractionation strategies. Interestingly, the Q Exactive 

Orbitrap instrument, with higher resolution, seems to compensate partly for the drawback of the 

GPF method, and reduced the difference between protein identification between FASP-GPF (4 

bins-4 times) and SDS-PAGE (16 fractions) methods, indicating that the GPF method could be 

considered when it is coupled with a high resolution instrument with and the sample amount and 

experimental time are not limited. 

Fractionation based on molecular weight using SDS-PAGE is one of the most common 

pre-fractionation methods currently in use, due to its robustness and effective performance in 

achieving maximal proteome coverage [12]. Although more manual handling is involved when 

using SDS-PAGE fractionation, gels are also useful for separating complex proteins and 

facilitating the removal of contaminants that may interfere with mass spectrometry analysis [1]. 

Another obvious advantage of SDS-PAGE is that this procedure allows practically any protein 

samples to be visualized and studied because SDS is a highly effective protein solubilization agent. 
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 While the most important consideration during proteomics analysis is usually the yield of 

proteins and peptides, the time required for analysis is also an important consideration. Cutting 

more gel slices and recovering peptides from gel pieces are time-consuming experiments, and 

mass spectrometer instrument time can also be a significant concern. In this study, the SDS-PAGE 

gel slice fractionation method proved to be an effective and consistent sample preparation method. 

The fact that only a marginal increase in protein identifications occurred when the number of gel 

slices used was increased from 16 to 32 is an interesting finding. This indicates that fractionation 

into 16 gel slices was sufficient to reduce the complexity of this peptide mixture so that it was 

compatible with the analytical capacity of the lower resolution linear ion trap mass spectrometer. 

This is in contrast to previous studies which reported a linear relationship between the number of 

gel slices and the number of proteins identified [50]. This finding reinforces the idea that there is 

no ideal number of gel slices that can be applied to every experiment, because it is highly 

dependent on both sample type and instrumental performance, and it needs to be empirically 

determined. 

High pH reversed phase fractionation, as a first-dimension peptide separation technique, 

performs exceptionally well in peptide separation and is highly orthogonal to low pH reversed 

phase separation used for MS analysis [25]. This efficiency of peptide fractionation can increase 

subsequent protein identifications and sequence coverage, which helps achieve deeper proteome 

coverage. In this study, we used a FASP-HpH method which combines the advantages of FASP 

in solution digestion which improved the peptide recovery, and HpH fractionation which increased 

the fractionation efficiency. The application of this method using a high resolution instrument 

improved both peptide and protein identification when compared with GPF and SDS-PAGE 

approaches. In a previous report, a comparison was performed between HpH fractionation and a 

peptide isoelectric focusing approach, which also indicated better performance of HpH in terms of 

proteome coverage [51, 52]. In our hands, FASP-HpH represents a relatively straightforward 

proteomics workflow, and when using a linear ion trap instrument produced results comparable to 

FASP-GPF, but was less effective than SDS-PAGE. However, when using a faster, high resolution 

Orbitrap mass spectrometer, the FASP-HpH approach was clearly the best approach to use, and 

was able to achieve a remarkable depth of proteome coverage. 

A proteome is a collection of gene products expressed at both low and high levels. Effective 

identification and quantitative comparison of low-abundance proteins is still a tremendous 

challenge in proteomic analysis [53]. It is worth mentioning that many biologically relevant 

changes in the proteome occur at the middle to low range of the protein abundance scale. Ideally, 

shotgun proteomics would facilitate the identification of an entire proteome with 100% protein 

sequence coverage. In reality, the large dynamic range and complexity of cellular proteomes result 

in oversampling of abundant proteins, while peptides from low abundance proteins are under-
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sampled or remain undetected [53]. Protein levels are linked to mRNA expression by the process 

of translation, and mRNA expression data have been widely used to directly predict or model 

protein expression [54-57]. Although the mRNA level of a gene is not always sufficient by itself 

to predict the expression level of a particular protein due to post-transcriptional and translation 

regulation [58, 59], transcriptome data unquestionably provides an excellent framework for 

prediction of protein abundances, especially in large data sets. The correlation analysis of both 

transcription and translation levels has been applied in a range of biological contexts to provide 

insights into the study of many molecular mechanisms [60-62]. In our study, correlation analysis 

between protein and mRNA abundance revealed that fractionation using FASP-HpH and nano LC-

MS/MS with a high resolution mass spectrometer performed much better than the other methods 

examined in identifying less abundant proteins, which may be partly attributable to the enhanced 

separation capacity of this method, and faster scan speed of the instrument, leading to identification 

of more peptides.  

 

5. CONCLUSIONS 

The information produced in this study provides a valuable method optimization 

framework for researchers developing proteomics analysis projects. Although the FASP-HpH 

method contributed most of the total protein identifications from the experiments performed using 

an Orbitrap mass spectrometer, different approaches should always be considered when 

undertaking proteomics experiments. For example, although in our hands the GPF method did not 

perform particularly well in identifying proteins from yeast, in a previous study we reported it to 

have better performance in identifying more reproducible proteins in grapevines, when compared 

to SDS-PAGE fractionation [19]. The GPF method is cost neutral and can still be of utility as a 

complementary method in proteomics analysis. In addition to the methods applied in this study, 

there are many other tools and techniques available for identification and characterization of 

complex protein mixtures, all of which have different strengths and limitations. Although it is 

common to utilize more than one method to achieve more protein identifications [8, 20], the 

sample preparation and fractionation strategies used for shotgun proteomics analysis are always 

sample-dependent. In this study, SDS-PAGE, as the most common sample preparation method for 

any kind of protein samples, showed good performance on both low- and high-resolution 

instruments, which makes it optimal for many research groups. FASP-HpH was the best available 

method for shotgun proteomics of the yeast samples when applied on a faster, higher resolution 

instrument as it considerably increased the scope and scale of peptide and protein identification.  
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