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ABSTRACT 
 
Using Saccharomyces cerevisiae lysate, two in-solution trypsin digestions (chloroform-methanol-water precipitation and 
RapiGest) were compared to the recently reported gel-aided sample preparation (GASP) workflow. Our proteomic 
results showed that GASP afforded the highest number of overall protein identifications and peptide spectrum matches 
without systematic bias towards peptide or protein size. 
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INTRODUCTION 
 
The entire set of proteins in cells or organisms, termed 
the proteome (derived from the combination of “protein” 
and “genome), can be analysed by mass spectrometry 
(MS) using a systems biology approach (Wilkins et al., 
1996a; Wilkins et al.,1996b). Besides the identification of 
proteins as biomarkers (Crutchfield et al., 2016; Hanif et 
al., 2018) and those involved in cellular responses 
(Walther and Mann, 2010), MS has also found application 
in the functional characterisation of proteins via activity-
based profiling (Zweerink et al., 2017).  

“Bottom-up” shotgun proteomics is based on the 
analysis of a mixture of proteins through the identification 
of peptides released via proteolysis. The overall shotgun 
proteomics strategy comprises the following sequence of 
steps: (1) generation of peptide fragments from a mixture 
of proteins, (2) chromatographic or gel-based separation 
of proteins, (3) mass spectrometric analysis and (4) 
identification of proteins using bioinformatics. The 
experimental and theoretical (obtained from the in-silico 
digestion of a protein database) mass spectra of the 

acquired peptide fragments are compared and scored 
using software such as Mascot (Perkins et al., 1999). 

The enzymatic digestion of proteins for proteomic 
analysis commonly involves in-solution or in-gel methods. 
The in-gel workflow may include staining of the gel, 
reduction, alkylation of cysteines, cleavage of proteins 
into peptides by enzymatic reaction, and finally the 
extraction of peptides from the gel (Rosenfeld et al., 
1992). However, in-solution digestion is preferable to in-
gel digestion because of its simpler workflow. Additionally, 
protein/peptide loss has been reported with in-gel 
digestion particularly during the extraction process 
(Speicher et al., 2000). 

Gel-aided sample preparation (GASP) was first 
developed by Fischer and Kessler (2015) as an 
alternative method that combined in-solution and in-gel 
digestion methods. Recently, it has also been used for 
“deep proteome” analysis using a multistage approach 
called CHOPIN (Davis et al., 2017). The GASP method 
mainly involves the use of DTT as the reducing agent, 
copolymerisation of proteins with monomeric acrylamide, 
shredding of the resulting gel plug into small pieces to 
increase surface area, proteolysis and peptide recovery. 
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The alkylating step in GASP using monomeric acrylamide 
is quick and involves less processing steps compared to 
the alkylating reagent iodoacetamide that is typically used 
in standard digestion methods. This results in the 
expedient formation of cys-S-β-propionamide (PAM-cys) 
from cysteine residues. This substitution step reduces 
contamination by minimising contact with the sample 
making this method facile, sensitive and reproducible.  

In this paper, we compared three different sample 
preparation techniques using a Saccharomyces 
cerevisiae lysate sample for LC-MS/MS analysis. The 
sample preparation methods used were (i) the gel-
assisted method GASP, and two in-solution based 
methods i.e. (ii) chloroform/methanol/water (CMW) 
precipitation and (iii) RapiGest™ (Waters protocol). GASP 
and CMW precipitation use the chaotropic agent urea as 
the denaturing agent to disrupt protein structure and 
increase the accessibility of proteins to trypsin for more 
efficient proteolysis. The RapiGest™ method 
(commercially available reagent) was introduced to 
replace the use of SDS to avoid interference and 
problems with the MS analysis by: (1) obviating the 
difficulty associated with SDS removal prior to MS 
analysis and (2) improving the efficiency of digestion. 
Based on our results, all three techniques showed no 
systematic bias towards peptide and protein mass. The 
percentage of missed cleavages in all the methods was 
low to indicate good trypsinolysis. The GASP method 
showed the highest protein number and peptide recovery, 
therefore, suggesting it to be better than the in-solution 
methods (CMW precipitation and RapiGest).  
 
MATERIALS AND METHODS 
 
Preparation of microbial lysate 
 
Saccharomyces cerevisiae wildtype strain was cultured 
on the YPD (Difco) agar medium and incubated overnight 
at 37 °C. A single colony was then inoculated in 5 mL of 
YPD broth and was grown at 30 °C and 49 ×g for 2 days. 
Cells were harvested through centrifugation at 2040 ×g 
for 20 min and the cell pellet was collected. The cell pellet 
was washed with ice-cold phosphate-buffered saline 
(PBS) solution three times before snap-freezing with 
liquid nitrogen. The snap-freezing step was repeated 3 
times before the pellet was lysed with glass beads in 
buffer containing 50 mM Tris-HCl (pH 7.5) and 100 mM 
NaCl (glass beads to buffer = 1:1). The solution was 
vortexed 6 times for 30 sec with 1 min intervals on ice 
followed by centrifugation at 8200 ×g for 30 min. The 
supernatant was collected, and the total protein 
concentration was determined using the bicinchoninic 
assay (BCA). 
 
In-solution digestion using Chloroform-Methanol-
Water (CMW) precipitation  
 
This commonly used standard procedure was carried out 
as described previously (Wessel et al., 1984). Briefly, S. 
cerevisiae lysate (100 μg) was added with DTT to a final 

concentration of 5 mM and vortexed. The sample was 
incubated for 30 min at room temperature. Iodoacetamide 
was added to a final concentration of 20 mM. The 
resulting solution was vortexed and incubated for 30 min 
at room temperature. Proteins in the samples were 
precipitated via methanol/chloroform extraction.  Methanol 
(600 μL) was added to a sample volume of 200 μL 
followed by 150 μL chloroform and the solution was 
vortexed. Milli-Q water (450 μL) was added and the 
solution was centrifuged at 12000 ×g for 1 min at room 
temperature. The upper aqueous phase was removed 
using a pipette without disrupting the precipitate at the 
interface. Methanol (450 μL) was added, vortexed and 
then centrifuged for 2 min at room temperature. The 
supernatant was carefully removed, and the protein pellet 
was resuspended in 6 M urea buffer. The solution was 
sonicated and vortexed.  The concentration of urea was 
reduced to a final concentration of < 1M by diluting the 
reaction mixture with 250 μL Milli-Q water and then 
vortexed again. Trypsin was added at the enzyme: total 
protein ratio of 1:50 (w/w). The solution was mixed 
carefully and digested overnight at 37 °C.  The next day, 
sample was subjected to a standard C18 zip tip clean-up 
step.   
 
In-solution digestion using RapiGestTM (Waters 
protocol) 
 
This procedure was carried out according to the 
manufacturer’s instructions (Yu and Gillar, 2002) 
(http://www.waters.com/webassets/cms/library/docs/7200
03102en.pdf). RapiGestTM (Waters) (1 mg) was 
resuspended in 500 μL of 50 mM ammonium bicarbonate 
resulting in a 0.2% (w/v) RapiGest solution. 
Saccharomyces cerevisiae lysate (100 μg) was dissolved 
in 50 μL of 0.2% RapiGest solution and was vortexed. 
DTT was added to the protein sample solution to a final 
concentration of 5 mM. The sample was boiled at 60 °C 
for 30 min and was left to cool at room temperature. 
Iodoacetamide was added to the sample to a final 
concentration of 15 mM and the sample was then placed 
in the dark for 30 min. The trypsin digestion step was the 
same as described above followed by a C18 zip tip clean-
up step carried out the next day. 
 
Digestion using Gel-Aided Sample Preparation 
(GASP) 
 
This procedure was carried as described previously by 
Fischer and Kessler (2015). DTT (50 mM) was added to 
S. cerevisiae lysate (100 μg) and left at room temperature 
for 20 min. An equal volume of Protogel (40% w/v, 
acrylamide: bisacrylamide solution) was added, mixed by 
gentle pipetting and left at room temperature for 20 min. 
Solutions of 10% APS (5 μL) and TEMED (5 μL) were 
then added. The sample was left to polymerise for 10 min 
until the gel was solid and the resulting gel plug 
transferred to a filter centrifuge tube. The filter support 
was used to cut the gel pieces into small cubes by pulse 
centrifugation. The gel pieces were then fixed by adding 1 
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mL of methanol/acetic acid/water (50/40/10) for 10 min 
and vortexed. After pulse centrifugation, the supernatant 
was discarded, 500 μL of 6 M urea was added and the gel 
pieces were washed for 10 min using a rotator. 
Acetonitrile (1 mL) was added to dehydrate the gel 
pieces. The dehydration step was followed by rehydration 
in 50 mM triethylammonium bicarbonate (TEAB) (500 μL) 
and rotated for 10 min. The gel pieces were dehydrated 
by the addition of 1 mL acetonitrile. After discarding the 
supernatant, the gel pieces were dried further by adding 
500 μL acetonitrile until the gel pieces aggregated at the 
bottom of the tube. Trypsin solution (enzyme: protein 
concentration = 1:50) of the same volume as the original 
gel plug was added to the dried gel pieces for overnight 
digestion at 37 °C. The next day, peptide extraction was 
started with the addition of 1 mL of acetonitrile. The 
supernatant was transferred into a new tube and the 
remaining gel pieces were rehydrated in 5% formic acid, 
followed by dehydration with 1 mL of acetonitrile. The 
supernatants were combined after further dehydration in 1 
mL of acetonitrile. The samples were dried using a 
vacuum concentrator and resuspended in 0.1% formic 
acid in 2% acetonitrile (an optional C18 zip tip clean-up 
step was also included for the purpose of comparison with 
the original GASP method). 
 
Mass spectrometric analysis 
 
Dried samples were reconstituted in 0.1% formic acid in 
2% acetonitrile and desalted online using a trapping 
column. Samples were separated on an EASY-Spray 
Column (Acclaim PepMapTM C18 100 Aº, 2 μm particle 
size, 75 μm id × 25 cm) over 60 min using a gradient of 5 
– 40% 0.1 % formic acid in acetonitrile at 300 nL/min. 
Survey scans were acquired with the Thermo ScientificTM 

Orbitrap FusionTM TribidTM Mass Spectrometer at a 
resolution of 120000 @ 310-1800 m/z in the 3s Top 
Speed Mode where precursors were selected within a 
maximum 3 sec cycle. Only 20 of the most abundant 
precursors were selected for CID fragmentation. 
 
Data analysis 
 
For relative label-free data analysis, raw data files were 
analysed using the LC Progenesis software (Non-Linear 
Dynamics). In brief, raw data files were imported and 
aligned based on chromatography profiles. Molecular 
features defined by accurate mass and retention times 
were detected and their corresponding MS/MS spectra 
submitted to a Mascot search. Peptide identifications 
were reimported into the LC Progenesis software and 
filtered for unique matches. Data from the in-solution 
methods and GASP were compared using LC Progenesis 
at a false discovery rate of 1%, mass deviation of 10 ppm 
for MS1 and 0.6 Da for MS2 spectra. 
 
RESULTS AND DISCUSSION  
 
Saccharomyces cerevisiae lysate (100 μg) was prepared 
for proteomic analysis using three different methods: (1) 

in-solution CMW precipitation: (2) in-solution RapiGestTM 

(Waters protocol), and with (3) a gel assisted method 
called gel-aided sample preparation (GASP). Samples 
from all three methods were prepared in triplicate and 
analysed using LC-MS/MS. Signal intensities of identified 
peptides and proteins of the MS data summed in mass 
bins were extracted using LC Progenesis. 

Table 1 and Figure 1 show the results of sample 
quality and Figure 2 indicates sample peptide abundance 
based on signal intensity. All identified peptide ions found 
in the samples were plotted in Figure 1 as the mass error 
against the highest scoring peptide ion m/z that was 
identified (Figure 1). Our results showed that the CMW 
and GASP methods gave low peptide ion SD values 
(most peptide ions < 1 SD) while peptide ions from the 
RapiGest method had higher SDs.  
 
Table 1: Comparison of data characteristics after LC-
MS/MS analysis of S. cerevisiae lysate using different 
sample preparations.  
 

 
Sample preparation 

RapiGest CMW GASP 

# of MS/MS 22544 ± 8.8 28957 ± 6.3 30744 ± 6.2 
PSMs (Mascot, 
Score >20) 

10027 ± 9.7 10676 ± 6.1 13339 ± 3.0 

Unique PSMs 
(Mascot) 

1627 ± 7.9 2242 ± 5.1 6135± 4.0 

Proteins 
(grouped, 
Mascot) 

245 ± 4.1 418 ± 3.5 792 ± 2.5 

0 missed 
cleavage 

82.1 ± 0.5 % 87.2 ± 0.3 % 90.7 ± 0.1% 

1 missed 
cleavage 

14.4 ± 0.2% 10.2 ± 0.1 % 5.1± 0.1 % 

 
Mascot analysis of our data indicated differences in 

total peptides (based on peptide spectrum matches, 
PSMs) and the proteins identified for the three methods. 
GASP showed the highest total number of PSMs (13339 
± 3.0) than the in-solution methods CMW (10676 ± 6.1) 
and RapiGest (10027 ± 9.7) that were both comparable. 
However, there were marked differences in the number of 
unique PSMs for all three methods in the following order: 
GASP (6135 ± 4.0), CMW (2242 ± 5.1) and RapiGest 
(1627 ± 7.9). Differences between the three methods 
were more noticeable for the number of identified proteins 
with GASP and RapiGest showing the highest and lowest 
values, respectively. The proteolysis step appears to be 
effective for all the three methods as reflected by the high 
percentage of non-missed cleavages observed for all the 
methods. If the percentage of 0 or 1 missed cleavages 
was high, this would suggest a problem with trypsinisation 
which was not observed in our data set. Fewer missed 
cleavage sites were obtained with GASP compared to the 
in-solution digestion methods used in this study. This 
suggested that the GASP processed samples were better 
solubilised and protein cleavage sites were more 
accessible to trypsin. The proteomic results of the slightly 
modified GASP workflow that included an extra C18 clean-
up step at the end of the protocol showed no marked 



Malays. J. Microbiol. Vol 14(6) Special Issue 2018, pp. 579-584 
DOI: http://dx.doi.org/10.21161/mjm.1461817 

                                                                                            582                      ISSN (print): 1823-8262, ISSN (online): 2231-7538 
 

  

difference to the unmodified GASP method (data not 
shown). This suggested that the original GASP protocol 
reported by Fischer and Kessler (2015) did not require 
this extra step that was used in the CMW and RapiGest 
protocols.  The time taken to process all three digestion 
methods is similar for RapiGest and CMW (time before 
overnight trypsin digestion) i.e. ca.75 min whereas GASP 
is slightly longer (ca. 90 min with 1 wash cycle).  Although 
both RapiGest and GASP are more suitable for the 
processing of a larger number of samples because both 
methods lack a precipitation step and involve less 

pipetting, the latter method will afford more peptide and 
protein identifications.  

Based on Figure 2, we observed that the distribution 
of identified peptides did not show systematic bias 
towards peptide mass between GASP and the in-solution 
workflows (CMW and RapiGest) for the different groups of 
peptide masses.  The summed ion counts of different 
peptides based on mass bins from the GASP and CMW 
methods showed better peptide recovery compared to the 
RapiGest method. 

 

 
Figure 1: Mass accuracy of identified peptides ions of the (A) RapiGest (B) CMW and (C) GASP methods. Mass error 
(ppm): Identified peptides are represented as points and the lines represent mean (       ) and standard deviations (SD) 
values, (      ): +/- 1 SD; (      ): +/- 2 SD. 
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Figure 2: Comparison of (A) peptides identified and (B) protein identified after GASP and in-solution digestions (CMW 
precipitation and RapiGest). 

 
 

Figure 3: Number of identified proteins and their overlap 
using GASP, CMW and RapiGest digestions. 
 
The latter is less prone to introducing bias because of the 
absence of protein immobilisation that is a problem 
associated with in-gel based digestion. The highest 
number of proteins acquired, and peptides recovered in 
descending order was GASP followed by the in-solution 
methods (CMW precipitation and RapiGest). Therefore, 
none of the methods introduced a systematic bias 
towards peptide and protein size despite in-solution 
digestion being the most unrestricted (no filtering or 
immobilisation step involved). Figure 3 shows that GASP 
afforded the highest number of unique protein 
identifications compared to the in-solution methods.  This 
is consistent with the results previously reported by 
Fischer and Kessler (2015). 
 
 
 
 

CONCLUSIONS 
 
Our comparison of GASP and two common in-solution 
methods (CMW and RapiGest) showed GASP to be the 
best of the three sample preparation methods (especially 
with reference to the commercial RapiGest method) in 
terms of PSMs, overall protein identification, as well as 
peptide recovery and protein number based on different 
peptide mass bins 
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