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Abstract

As a popular sample preparation approach, filter-aided sample preparation (FASP) has been 

widely used in proteomic analysis. However, several limitations have been noted, including sample 

loss during filtration, repetitive centrifugation steps, and the possibility of breakage of filtration 

membrane. Extraction bias among different sample preparation strategies presents another 

challenge. To overcome these limitations and address remaining challenges, we developed a novel 

surfactant and chaotropic agent assisted sequential extraction/on-pellet digestion (SCAD) protocol. 

The new strategy resulted in higher protein yield and improved peptide recovery and protein 

coverage compared to two conventional sample preparation methods (FASP and urea). In 

combination of three strategies, more than 10,000 distinct protein groups were identified with 1% 

FDR from MDA-MB-231 cells without any prefractionation. This in-depth proteome analysis was 
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accomplished by optimization of protein extraction, enzymatic digestion, LC gradient, and peptide 

sequencing method. Ingenuity Pathways Analysis (IPA) of proteins exclusively identified in 

SCAD revealed several crucial signaling pathways that regulate breast cancer progression. SCAD 

also enabled an unbiased extraction of different categories of proteins (membrane, intracellular, 

nuclear) associated with tumorigenesis, which integrates the advantages of FASP and urea 

extraction. This novel strategy expedites comprehensive protein identification, which is applicable 

for biomarker discovery in various types of cancers.

Abstract
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INTRODUCTION

With the advent of soft ionization techniques and tremendous advancements in mass 

spectrometry (MS) instrumentation, modern MS has provided unprecedented insight into the 

composition of the proteome.1,2 Protein extraction is often the first step and bottleneck of 

the overall experimental workflow that can significantly affect the experimental outcome 

and proteome coverage. Only the extracted proteins are accessible for subsequent sample 

preparation and fractionation steps, and consequently, they are the only ones to be detected 

in the MS. Over the past few decades, numerous protein extraction and digestion protocols 

have been developed.3–11 Sodium dodecyl sulfate (SDS) is a strong denaturant that is widely 

used in various types of biological research. It is, however, incompatible with MS analysis. 

Wisniewski et al. developed the FASP method that allows the sample to be first dissolved in 

SDS, and then be subsequently removed before enzymatic digestion.3 Since then, the 

method has been successfully applied and derivatized to the preparation of samples from 

different sources such as cultured cells and fresh, frozen, FFPE tissues.3,4,8,12,13 Despite the 

tremendous success of this strategy, some caveats have been reported.14,15 Breakage of the 

filtration membrane occurs at times during the ultracentrifugation step, resulting in sample 

loss. The capacity of the filtration unit only allows a limited amount of sample to be loaded 

onto the device. Moreover, the peptide yield is also dramatically reduced when the loading 

material exceeds maximum capacity. The extensive centrifugation steps for the buffer 

exchange are time-consuming, and the filtration unit is the prerequisite device for the 

experiment, yet not every lab has access to it. In-solution digestion is another popular 
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sample preparation approach that uses chaotropic denaturant such as urea to disrupt the 

noncovalent interactions between the macromolecules thus enhancing the protein solubility. 

Fewer steps are needed for the protein digestion and the chaotropic agent can be easily 

removed before the MS analysis, making it a favorable choice for many laboratories.16–19 

However, the method is limited by the low extraction efficiency of membrane proteins, 

which restricts its application for biological scaffolds as well as glycoproteins.20

Although various MS-based sample preparation techniques are available to obtain protein 

profiles, fewer studies have focused on the quantitative bias introduced by different protein 

extraction strategies. Using the protein fraction from mitochondria of rat liver, Leon et al. 

evaluated the performance of several in-solution and filter-aided digestion protocols.21 Their 

study revealed some method-dependent quantification variations; however, the research 

scope was limited to mitochondrial proteins with approximately 330 proteins quantified, 

which hindered its application to other organelles and species. Glatter et al. compared the 

global proteome extraction differences between in-solution and FASP-based sample 

preparation strategies.22 Both bacteria and human cells were investigated in the study where 

the inconsistency of extraction efficiency was observed between two sample types. Although 

the results provide more insights into the organism specific quantitative bias from different 

sample preparation methods, the LC-MS method was not optimized for maximizing the 

peptide identification (ID) and quantification, rendering less than half of the proteins that 

were identified from the entire proteome.

In the peptide-centric proteomic analysis, the quantification accuracy of the corresponding 

proteins heavily relies on the completeness of peptide detection.23 In order to improve the 

number of identified peptides, multidimensional fractionation techniques are commonly 

employed.7,24,25 With extensive offline fractionations, Kim et al. presented the first draft 

map of the human proteome.26 Using a modified offline high-pH fractionation technique, 

Bekker-Jensen et al. demonstrated that proteomic analysis can reach a similar depth as the 

next-generation RNA-seq technology.25 These approaches reduced the complexity of 

peptide mixtures and enabled deep analysis of cellular proteomes. Substantial increments of 

instrument time and sample consumption are needed to compensate for the increased 

number of protein IDs, which not only reduce the throughput of the experiment, but also 

impede the automation of the entire procedure. With the improving performance of LC 

systems and mass spectrometers, the analytical detection gap between single-shot and 

multidimensional proteomics has been remarkably reduced.17,18,27,28 The depth of a single 

shot proteomic analysis is largely affected by the quality of peptide separation.29 Using a 30 

cm capillary LC column (1.7 μm beads) coupled to an Orbitrap Fusion MS instrument, Coon 

and colleagues reported comprehensive analysis of the yeast proteome within an hour.18,28 

Optimization of fragmentation and other MS parameters is also crucial for maximizing 

peptide detection. Tu et al. compared four MS2 fragmentations on an Orbitrap Fusion and 

noticed a 20% difference in peptide IDs.30 By carefully tuning MS parameters such as 

dynamic exclusion (DE) and m/z detection window, Pirmoradian et al. reported the detection 

of 5354 proteins, which is close to 50% of the proteome coverage17·

In this study, we developed a surfactant and chaotropic agent assisted sequential 

extraction/on-pellet digestion (SCAD) protocol, which provides high protein yield and 
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peptide recovery with minimal sample consumption. The peptide assay was performed after 

desalting, which took into consideration the sample loss during protein extraction/digestion 

and provided better assessment of sample amount loaded onto the column for quantitative 

analysis. In this work, the SCAD method was extensively evaluated in comparison to two 

widely used sample preparation strategies, in solution digestion (urea) and FASP. For 

maximizing the proteome coverage of a single injection, different LC gradients were 

investigated, and the peptide sequencing approach was optimized on the Orbitrap Fusion 

Lumos instrument. Finally, the quantitative protein extraction bias among three different 

methods were evaluated. Compared to other methods, SCAD represents an improved 

protocol for enhanced proteomics by combining the unique features from the other methods 

and rendering a more comprehensive coverage of different categories of proteins.

EXPERIMENTAL DESIGN

Sample Preparation

Cell Culture.—MDA-MB-231 cells were maintained in DMEM supplemented with 10% 

fetal bovine serum (Gibco, Gaithersburg, MD), in a 37 °C humid cell incubator with 5% 

CO2 1 × 107 cells were seeded into a 15 cm dish and cultured for 3 days. The cells were 

harvested followed by trypsin digestion and washed with PBS three times. The cell pellets 

were stored at −80 °C until use.

Protein Extraction and Digestion.—For SCAD, 10 μL of cells (6 × 107/ml) were 

dissolved in 30 μL of buffer solution (4% SDS, 50 mM Tris buffer) and incubated at 95 °C 

for 10 min. Cell lysate was sonicated for 15 min. The protein extract was reduced with 10 

mM dithiothreitol (DTT) for 30 min at room temperature and alkylated with 50 mM 

iodoacetic acid (IAA) for an additional 30 min in the dark. SDS was removed by two rounds 

of precipitation. For the first time, cold acetone (−20 °C) was added to a final concentration 

of 80% (v/v), and the protein was precipitated overnight at −20 °C. For the second round, 

80% acetone/water (v/v) was added, followed by incubation at −20 °C for 2 h. The sample 

was centrifuged at 16,000 × g for 15 min, and the pellet was air-dried at room temperature. 

8M urea was added to the pellet, and on-pellet digestion was performed with Lys-C/trypsin 

(1:100, Promega) for 4 h at 37 °C. 50 mM Tris buffer was added to the urea solution along 

with trypsin (1:100) for overnight digestion. The reaction was quenched with 1% TFA and 

desalted with Sep-Pak C18 cartridge (Waters). Concentrations of peptide mixture were 

measured by peptide assay (Thermo). Samples were lyophilized and stored in −80 °C until 

use.

For FASP, 10 μL of cells were dissolved in 30 μL of buffer solution (4% SDS, 50 mM Tris 

buffer, 0.1 M DTT) and incubated at 95 °C for 5 min. The experiments were conducted 

following the previously published procedure.3 In brief, protein lysate was loaded onto a 30k 

centrifugal filter unit and underwent ultrafiltration at 14,000 × g. Urea was used to remove 

the SDS, and the sample was alkylated with 0.05 M iodocacetamide. Proteins were subjected 

to on-membrane trypsin digestion (1:50), quenched with 1% TFA, and desalted with a Sep-

Pak C18 cartridge (Waters).
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For in-solution digestion with urea, 10 μL of cells were lysed in lysis buffer containing 8 

M urea, 50 mM Tris-HCl, 30 mM NaCl, and protease inhibitor tablet. The experiments 

followed the protocol described previously.19 In brief, protein extract was reduced with 

DTT, alkylated with IAA, and subjected to digestion with trypsin (1:50). The samples were 

quenched with 1% TFA and desalted with a Sep-Pak C18 cartridge (Waters).

MS Acquisition.—Peptide mixtures were reconstituted in 0.1% FA and 3% ACN and 

loaded onto either the 15 or 30 cm fabricated column (C18, 75 μm). The columns were filled 

with 1.7 μm Ethylene Bridged Hybrid packing materials (130 Å, Waters) for improved 

resolving power of online LC separation. Different gradient times from 90 to 180 min were 

tested for peptide IDs. Samples were injected onto a Dionex UltiMate 3000 UPLC system 

coupled to the Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA).

Universal Method.—The instrument was operated in data-dependent acquisition (DDA) 

mode. MS scans were recorded in the orbitrap (OT) in the range of m/z 400–1500 at 

resolution of 120 K, followed by MS/MS acquisition in the linear ion trap (IT). Top speed 

algorithm was initiated with the cycle time of 3 s and an isolation width of 1.6 m/z. 

Normalized collisional energy (NCE) of 28% (HCD) or 35% (CID) was selected for 

fragmentation. 4 × 105 and 4 × 103 were selected as the automatic gain control (AGC) 

targets for MS1 and MS2 scans, respectively. The maximum injection time was set to be 50 

and 300 ms for MS1 and MS2 scans, respectively.

OT-HCD Method.—MS scans were acquired in profile mode in the range of m/z 300–1500 

at resolution of 60 K, followed by selection of the 15 most intense ions for HCD 

fragmentation with an isolation width of 1 m/z. 2 × 105 and 1 × 104 were selected as the 

AGC targets for MS and MS/MS scans, respectively. The maximum injection time was set to 

100 ms for both MS and MS/MS scans. Tandem mass spectra were acquired with a NCE of 

30.

Data Analysis

Proteome Discoverer 2.1 and MaxQuant were used to perform peptide identification and 

quantification. The data was searched against the Swiss-prot human protein database 

(isoform included, December 2015, 42129). For MS1 scans, a precursor ion mass tolerance 

of 10 ppm was used, and two missed cleavages were allowed. Fragment ion tolerance was 

set to 0.02 Da for the Orbitrap MS2 detections and 0.5 Da for the IT detections. The variable 

modifications included methionine oxidation and N-terminal protein acetylation, whereas 

carbamidomethylation of cysteine residues was set as fixed modification. The false 

discovery rate (FDR) was set at 0.01 for both peptide and protein identification using the 

target-decoy strategy.31 The minimal number of unique peptide(s) per protein was 1. 

Quantification was performed using MaxQuant (1.6.0.1) with MaxLFQ algorithm.32 The 

“match between run” option was enabled to maximize the number of quantification events 

across samples.
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All statistical analyses were accomplished by Perseus.33 GOBP, GOCC, GOMC, and KEGG 

were used for protein annotations. For hierarchical clustering of different sample preparation 

methods, a minimum of one-third of valid values were required. MaxLFQ intensities were 

normalized using z-score analysis and both column and row clustering were generated based 

on Euclidean distance using the average linkage method. Enrichment analysis was 

performed using Fisher’s exact test with a Benjamini-Hochberg FDR threshold of 0.02. 

Intensity-based absolute quantitation (iBAQ) values were calculated based on the summed 

intensities of all unique peptides for a protein divided by the number of theoretical tryptic 

peptides between 6 and 30 amino acids in length.34 Proteins exclusively identified by each 

extraction method were explored by Ingenuity Pathways Analysis (IPA; Ingenuity Systems, 

Redwood City, CA) to reveal signaling networks and biological processes.

RESULTS AND DISCUSSION

Development of the SCAD Method

Although FASP has gained increasing popularity in the proteomics field, several limitations 

have hindered the protein extraction including breakage of the filtration membrane, 

relatively low digestion efficiency and sample yield, and the need for repetitive 

centrifugation steps. Furthermore, extraction bias among different sample preparation 

strategies has been observed. To circumvent these issues, we developed surfactant and 

chaotropic agent assisted sequential extraction/on-pellet digestion (SCAD) protocol (Figure 

1). The filtration device was replaced by acetone precipitation to avoid the extensive 

centrifugation process. (Preservation of water-soluble proteins is discussed in Supporting 

Information and Figure S-1.) The protein yield and digestion efficiency were enhanced by 

the on-pellet digestion. Sequential extraction with urea enhanced the comprehensiveness and 

unbiased enrichment of proteins in various categories, including detergent insoluble proteins 

(DIP),17,35,36 while the peptide assay provides a more accurate estimation of the amount of 

peptide mixture loaded onto the column for quantitative analysis. Different gradient time and 

peptide sequencing techniques were investigated to maximize the peptide and protein IDs, 

and enrichment analysis was performed to evaluate the extraction bias among different 

sample preparation strategies.

SCAD Improves Protein Extraction, Protein Coverage, and Peptide Recovery

The overall efficiency of protein extraction heavily depends on the sample preparation 

strategy by which the proteomic analysis is conducted. Accurate quantification relies on 

protein extraction from the cells. To compare the efficiency of different extraction methods, 

10 μL of the cells (6 × 107/mL) was used for each method, and three technical replicates 

were performed. As exemplified in Figure 2A, the SCAD method enabled the extraction of 

the highest amount of peptides (600 μg) from merely 10 μL of cells, which clearly 

outperformed the other two methods. An almost 3-fold increase in peptide yield was 

observed when compared with FASP. Although the increase was less pronounced in 

comparison to the urea method, an elevated level of 20% was observed. Previous studies 

reported that FASP exhibited decreased performance when protein load was higher than 100 

μg.14 To evaluate the performance of SCAD at different amount of starting materials, two 

other cell amounts (2 and 5 μL) were also tested to better determine the extraction efficiency 
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of SCAD. In line with previous report, lower amount of starting material resulted in higher 

yield for FASP, whereas a decrease of yield was observed for higher load (Figure S-2). The 

yield of SCAD, however, remains unchanged with the increase of starting material. Taken 

together, the SCAD method exhibits superior performance for protein extraction compared 

to existing methods. This approach is especially valuable when the experimental material is 

limited. The distinct differences of extracted protein quantities among three sample 

preparation protocols also testified the impact of sample preparation on protein 

quantification.

For the peptide-centric label-free quantification, accurate estimation of protein abundance 

depends on the efficiency of tryptic peptide recovery, which is reflected by the number of 

unique peptide IDs, the protein sequence coverage, and the number of total identified 

MS/MS spectra (PSM). To evaluate the performance of different sample preparation 

protocols, 1 μg of digested cell lysate from each of the different methods was analyzed with 

various lengths of chromatographic gradient (90, 120, and 180 min) by HCD fragmentation 

and MS2 acquisition in the OT. As expected, 180 min rendered a higher number of unique 

peptide IDs compared to the other two gradient times, with the highest number of identified 

unique peptides being 40380 on average for SCAD. On the contrary, lower numbers of 

unique peptide IDs were observed for the 90 min gradient, with the lowest number of unique 

peptide IDs being 18818 from the FASP method. It is obvious from the results that, at every 

gradient time, more unique peptides were identified by the new method compared to FASP, 

and a comparable or slightly better result was observed in comparison to the urea method. It 

is worth noting that the percentage difference of the unique peptide IDs 
differenceof uniquepeptide IDsbetween twomethods

IDnumber of methodwith fewer peptides ×100%  between SCAD and FASP was 

significantly enlarged when the gradient time increased from 90 to 180 min (51% vs 77%), 

indicating that when the peptide mixture was fully separated by the online LC system, more 

unique peptides were generated by the SCAD approach. SDS and urea are both excellent 

denaturant, under the synergic effect of both, proteins would be more completely denatured 

and the tertiary structure would be exposed and subjected to the proteolytic digestion. The 

action of on-pellet digestion also boosted the peptide recovery, which rendered the highest 

digestion efficiency and protein coverage among all three methods. An alternative way to 

evaluate the proteome coverage is to calculate the average amino acid sequence coverage per 

protein ID. As shown in Figure 2B, the average sequence coverage for SCAD is 30%, which 

is significantly higher than the average sequence coverage for FASP (15%) and urea (25%).

Acquisition rate of the mass analyzer is often the bottleneck of deep proteome analysis. If 

the peptide eluting rate exceeds the sequencing speed of the method, the less abundant, 

coeluting peptides may be skipped for fragmentation in the DDA mode. As a result, the 

corresponding proteins will not be identified. Given the same digestion efficiency of two 

sample preparation strategies, equal number of proteins can be identified using the same 

gradient. If the digestion efficiency of one strategy is higher than the other, more unique 

peptides will be generated from the same protein. These peptides can be fragmented and 

identified if they are fully separated by the LC system. Alternatively, the more abundant 

peptides will have priority to be fragmented in DDA, and when they are coeluting with other 

peptides, those peptides present at low abundance might be “missed” during the acquisition. 
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In contrast, fewer unique peptides will be generated from each protein in the method with 

lower digestion efficiency, rendering a less complex peptide mixture. These peptides can be 

better separated, and even peptides at lower abundance could be selected for fragmentation, 

leading to detection of the corresponding protein. Under this circumstance, fewer unique 

peptides will be detected in total while more protein groups are identified. As illustrated in 

Figures 2C,D, in a 90 min gradient, 52% more peptide IDs were detected by SCAD (28558) 

and urea (27990) in comparison to FASP (18818), while the highest number of proteins were 

observed by FASP. This could lead to the misinterpretation of the data that the lower 

digestion efficiency protocol generates more protein IDs. To circumvent the issue, the 

optimization of gradient time and fragmentation method is needed for comprehensive 

peptide sequencing. By extending the gradient profile from 90 to 180 min, the difference 

between FASP and the other two methods was significantly minimized, and similar numbers 

of identified proteins were achieved.

We also investigated the missed cleavage rate between different strategies. Interestingly, 

although FASP rendered the lowest peptide IDs as shown above, it generates the lowest 

missed cleavage rate (Figure S-3). In contrast, the highest missed cleavage rate was observed 

in the SCAD method. It was noted that the missed cleavage rate of SCAD method was 22%, 

which was comparable or even better than previous literatures.14,37 Previous work by 

Wisniewski et al. reported an increase of missed cleavage rate with the increase of urea 

concentration.14 We envisioned that similar trend could be observed in our study. By 

reducing the urea concentration, lower missed cleavage may be achieved, which will further 

boost the peptide/protein recovery. Investigation of the effect of urea concentration on 

missed cleavage rate of SCAD is currently underway.

Comparison and Optimization of Peptide Sequencing Techniques

We next evaluated how different fragmentation techniques could affect protein detection and 

identification. In order to decipher the method-dependent extraction bias among the three 

different approaches, it is of great importance to identify and quantify as many proteins as 

possible. To accomplish this goal, we first set up the experiments to evaluate the 

performance of two mass analyzers, IT or OT, in combination with HCD or CID 

fragmentation to achieve maximal protein IDs. Four tandem mass acquisition strategies are 

available from Fusion Lumos instrument settings. The three most commonly used methods, 

OT-HCD, IT-HCD, and IT-CID, were investigated in the current study. Since the SCAD 

method generates the highest number of tryptic peptides compared to the other two 

strategies, 1 μg of tryptic peptides extracted by SCAD was analyzed in a 90 min gradient. 

Eliuk et al. developed the universal method to maximize the peptide identification without 

prior knowledge of analyte abundance and sample complexity.38 As a starting point, we first 

compared the HCD Orbitrap method optimized in our lab with the Universal methods 

introduced by Thermo. As shown in Figure 3A, more peptide IDs, PSMs, and MS/MS were 

given by ITHCD (an average of 28581 peptides, 37765 PSMs, 95083 MS/MS) compared to 

IT-CID (25131, 32751, 78710). The difference in performance noted between these two 

fragmentation methods could be attributed to the better fragmentation efficiency, shorter 

collisional time, and less idle time between each module of the instrument by IT-HCD. 

Among these three MS2 acquisition techniques, OT-HCD (28558, 37798, 82585) achieved 
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similar results in peptide IDs and PSM numbers compared to IT-HCD, which clearly 

outperforms that of IT-CID. Notably, lower number of tandem mass spectra (higher success 

rate) was acquired by the OT-HCD compared to IT-HCD, illustrating the advantage of high 

mass accuracy and better spectral quality in OT for peptide identification. Similar outcomes 

were also reported by previous publications,30,39 further supporting our observations.

To further improve the protein IDs without extending the gradient time, a longer LC column 

of 30 cm packed with 1.7 μm beads was evaluated. The temperature of the column was 

maintained at 60 °C throughout the analysis with a column heater in order to counteract the 

pressure increase induced by the longer column. By applying this strategy, a significant 

increase of 23% more peptide IDs and 13% more PSMs were observed using the same OT-

HCD method in a 90 min gradient. The increased peptide number also led to the 

identification of 15% more proteins compared to the same OTHCD method with a 15 cm 

column.

In shotgun proteomic experiments, the performance of peptide sequencing is affected by the 

analyte amounts. In order to maximize peptide identifications independent of the abundance 

of analytes, the universal method is programmed to use longer MS2 acquisition time. If the 

analytes are present at low abundance in the peptide mixture, the extended tandem MS 

acquisition allows the target analytes to be collected for longer period to ensure spectral 

quality. In the current study, the sample amount of the analytes was predetermined; 

therefore, the duty cycle was impeded by the utilization of longer MS2 acquisition time. 

Isolation window is another key factor that affects the number of peptide IDs. Using a larger 

isolation window enables higher ion influx to fill the trap, while a smaller isolation window 

minimizes the interference from coeluted peptides. For the present study, different MS2 

acquisition times (15, 35, 50, 100, and 300 ms) were examined. The best result was achieved 

with 35 ms (Figure S-4). By decreasing the maximum injection time from 300 to 35 ms, the 

number of peptide IDs and PSMs was increased by 13%. We further compared different 

isolation windows (0.6, 1, and 1.6 m/z). Although 1.6 m/z generated the highest number of 

tandem MS spectra, 1.0 m/z rendered the highest number of peptide IDs and PSMs (Figure 

S-5). Dynamic exclusion (DE) is another critical parameter that staves off the oversampling 

of the high abundance precursors. After comparing three DE times (15, 30, and 45 s), 

slightly improved peptide IDs were observed with 45 s DE time (Figure S-6).

Upon tuning various parameters, we optimized the universal method by reducing the MS2 

injection time to 35 ms and constraining the isolation window to 1 m/z to balance between 

the scan rate and sensitivity of instrument method to enable maximal peptide IDs. Using this 

optimized IT-HCD method in conjunction with a 30 cm column, the results clearly 

outperformed the other four strategies with regard to peptide IDs, PSMs, and MS/MS 

(38500, 47640, 102958). More impressively, this strategy greatly improved the number of 

protein IDs. In comparison to the OT-HCD with a 15 cm column in the 180 min LC-MS run 

(5411), the 90 min gradient time of optimized IT-HCD with a 30 cm column identified even 

a slightly larger number of proteins (5587), with an identification rate of 62 proteins per 

minute. As the resolving power of LC separation is proportional to the gradient time, two 

additional experiments with longer gradient time (120 and 180 min) were also evaluated. As 

shown in Figure S-7, in a single LC-MS run, 6280 and 7131 protein groups were identified 
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from these two gradient times. These numbers increased to 7360 and 8360, respectively, in a 

triplicate analysis. Peptide mixtures extracted by urea and FASP methods were also 

investigated using the same instrument method. We identified, on average, 7068 and 7023 

protein groups in a single LC-MS run, and by merging three replicates together, these 

numbers increased to 8311 and 7958, respectively (Figure 3C). By comparing the proteome 

coverage among the three different extraction strategies, a high percentage of overlap 

(>64%) was observed, and a total of 6534 protein groups were detected by all three methods. 

Collectively, we obtained a filtered data set (1% FDR) of 10099 proteins (Figure 3D). This 

created the current largest proteome data set of breast cancer cells without any fractionation 

step (7875 proteins reported in the recent literature by using 270 min LC separation40).

We then extended our analysis to interrogate unique signaling pathways uncovered by 

different extraction strategies. As indicated in Figure 4, IPA revealed key signaling pathways 

that regulate proliferation, differentiation, invasion, and metastasis of breast cancer cells 

(highlighted in red), such as IL-7 Signaling Pathway, EGF Signaling, FGF Signaling, 

GMCSF Signaling, PI3K/AKT Signaling, and p53 Signaling. All of these were identified in 

the preparation using the SCAD method (P-value < 0.05), while only a few of them passed 

the significance threshold using the other two methods, highlighting the superior 

performance of the SCAD method in regard to extracting signaling molecules that regulate 

crucial cellular processes inside the cancer cells.

Quantitative Protein Profiling

After the in-depth characterization of the protein IDs, we moved on to perform quantitative 

protein profiling and attempted to elucidate the extraction bias introduced by different 

experimental designs. Here, MaxQuant LFQ method was utilized to analyze the data from 

the three different extraction methods.41,42 We used hierarchical clustering to categorize the 

proteins into different groups based on their expression profiles. As illustrated in Figure 5, 

the proteins can be well classified into four distinct clusters. For the set of proteins that were 

better extracted by FASP and SCAD methods, various types of membrane proteins were 

enriched. In contrast, the enriched proteins using the urea and SCAD methods were 

localized in cytoplasm or bound to nuclear component. The FASP method showed 

enrichment of proteins involved in cell-cell interaction (Figure S-8), and no specific 

subcellular distributions were identified for the proteins that have higher extraction 

efficiency in FASP and urea. In line with the previous publication,22 the detergent based 

FASP method showed better enrichment of membrane proteins as compared to the urea 

method, whereas the nuclear and cellular proteins were significantly enriched by chaotropic 

buffers like urea. By conducting serial extractions, the SCAD method combines the 

advantages of FASP and urea for higher extraction efficiency of membrane and intracellular 

and nuclear proteins, resulting in a more comprehensive and unbiased protein extraction 

method for quantitative analysis.

Upon completing the comparison of relative protein expression, we extended our evaluation 

to investigate the difference introduced by different strategies on the absolute protein 

abundance. Here, we used iBAQ to infer the copy number of the proteins inside the cells, 

and iBAQ values were calculated for every quantified protein. Ribosomes are the primary 

Ma et al. Page 10

J Proteome Res. Author manuscript; available in PMC 2018 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sites of protein synthesis inside the cells. The abnormality of ribosomal proteins (RPs) are 

usually associated with increased risk of cancer.43 In the present study, we quantified 160 

RPs in total (Table S-1). As indicated in Figure 6A, the SCAD method rendered the highest 

iBAQ values of RPs. A slightly lower iBAQ values were detected for the urea method. 

Among all three strategies, FASP generated the lowest number of RPs, which covered only 

40% of iBAQ intensity compared to SCAD. The results demonstrated the enhanced 

performance of SCAD for the extraction of RPs, which correlate well with our finding in 

Figure 5. Notably, seven proteins were only detected in the SCAD and urea methods, 

including RPL39 (Figure S-9). Recent studies have shown that RPL39 plays an important 

role in the breast cancer initiation and metastasis.44 Therefore, an appropriate extraction 

method is the key to ensuring comprehensive recovery of RPs for putative biomarker 

discovery. Metastasis is often the fatal step of cancer progression.45,46 Minn et al. identified 

54 genes that mediate breast cancer metastasis to lung. Among these, 26 protein-coding 

genes were quantified in our study, including four functionally validated genes (MMP1, 

CXCL1, PTGS2, and ID1). Increased expression of matrix metalloproteinase-1 (MMP1) has 

been clinically associated with invasiveness of various types of cancer, including breast, 

pancreatic, and malignant melanoma.47,48 A more than 2-fold increase of iBAQ intensity 

was observed when comparing the SCAD method to the FASP method, highlighting the 

superior performance of SCAD in terms of reflecting the copy number of proteins inside the 

cell (Figure S-10). Extracellular matrix (ECM) and ECM-associated proteins are essential 

components of multicellular scaffold.20 Their dysregulation triggers biomechanical changes 

that promote the metastasis cascade.46 Characterizations of ECM molecules are, in general, 

challenging due to the poor solubility in the extraction buffer. In the present study, we 

investigated how well these ECM molecules can be extracted by different sample 

preparation strategies. As shown in Figure 6B and Table S-2, 136 ECM molecules were 

quantified in total, and SCAD afforded a 10% increase in iBAQ values over the other two 

methods. A slightly higher extraction efficiency was observed for FASP over that of urea 

mainly due to the enrichment preference of membrane proteins. Dysregulation of histone 

proteins, in particular, PTMs of histones, is another hallmark of cancer.49 Thus, the iBAQ 

values of histone proteins were also investigated. As exemplified in Figure S-11, SCAD and 

urea methods exhibited better extraction efficiency of histone proteins compared to FASP. 

More than 2-fold increases of histone proteins were detected in SCAD in comparison to 

FASP (Table S-3), which is in good agreement with our results shown above.

CONCLUSIONS

In this study, a sequential extraction method that combines the surfactant (SDS) with 

chaotropic agent (urea) was developed. We took advantage of the exceptional solubilizing 

power of SDS and replaced the ultrafiltration device with acetone precipitation to overcome 

the caveats reported for the use of the FASP approach. An on-pellet digestion workflow was 

utilized to boost peptide recovery as well as protein identifications (especially the low 

solubility proteins like membrane proteins and nuclear proteins). The solubility of DIP was 

also improved by urea. Using this sample preparation strategy, we were able to extract more 

than 600 μg of proteins from 10 μL of MDA-MB-231 cell, which increased the protein yield 

by 3-fold compared to the FASP method and clearly outperformed the urea method. The 
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peptide recovery and protein coverage were also significantly improved. After optimizing 

the gradient profile and peptide sequencing technique, more than 10,000 proteins were 

identified in combination of three strategies, rendering the highest number of protein IDs for 

breast cancer cells with no prefractionation steps. The enrichment analysis of cellular 

components demonstrated comprehensive extraction of proteins in various categories (i.e., 

membrane, intracellular, and nuclear proteins) achieved by the SCAD method, which 

combines the unique features of both FASP and urea methods. The absolute quantities of 

different types of proteins were probed by iBAQ, underscoring the improved extraction 

efficiency of the SCAD method over the other two strategies. Several crucial signaling 

pathways regulating breast cancer progression were revealed by IPA analysis of proteins 

exclusively identified using the SCAD approach. A number of RPs were only detected using 

the SCAD and urea extraction methods. The results highlight the importance of selecting an 

appropriate sample preparation method for proper biological applications.

Looking forward, enhanced proteome recovery could facilitate the observation of various 

types of PTMs, including phosphorylation, glycosylation, and methylation. It was reported 

that changes in glycosylation of ECM proteins maybe involved in the modulation of the 

invasiveness and chemoresistance in cancer cells.50 Protein methylation also plays 

fundamental roles in diverse biological processes of cancer.49,51 Given the enhanced 

extraction efficiency of ECM, RP, and histone proteins, the preservation of PTM-containing 

peptides is also expected. Therefore, this novel strategy not only expedites comprehensive 

protein identification but also has the potential to promote PTM detection when the 

experimental material is limited (e.g., glycosylation and methylation) and thus may find 

widespread applicability for biomarker discovery in various types of cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Workflow of the SCAD strategy. Proteins were first solubilized by SDS and then subjected 

to precipitation to remove the detergent. The pellet was reconstituted in urea, and on-pellet 

digestion was performed. The concentration of the peptide mixture was measured after 

desalting to ensure accurate estimation of peptide amount.
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Figure 2. 
Yield of each sample preparation strategy measured by peptide assay (A), comparison of 

sequence coverage achieved (B), number of peptides (C), and protein groups (D) under 

different LC gradient times with OT-HCD.
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Figure 3. 
Comparison of number of peptides, PSMs, and MS/MS (A) and protein groups (B) with 

different peptide sequencing approaches under 90 min gradient; number of proteins with 

optimized IT-HCD under 180 min gradient (C); Venn diagram showing overlap of proteins 

among different sample preparation strategies (D).
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Figure 4. 
IPA analysis of protein-coding genes exclusively identified by each extraction method. Top 

20 IPA pathways are plotted with their respective P values. Pathways marked in red are key 

signaling pathways implicated in breast cancer research.
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Figure 5. 
Heatmap visualization of protein expression profiles of different sample preparation 

strategies. A dendrogram of three extraction methods with three technical replicates was 

shown at the top. Protein expression values were z-score normalized prior to clustering. 

Hierarchical clustering of protein expression profiles identified four groups. Gene ontology 

enrichment analysis was performed for each protein group and cellular components of 

proteins, which had higher extraction efficiency in the SCAD and FASP methods compared 

with the urea method (right, upper) or higher expressions in the urea and SCAD methods 

versus FASP (right, lower).
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Figure 6. 
iBAQ protein abundance of ribosomal proteins (A) and ECM and ECM-associated proteins 

(B).

Ma et al. Page 21

J Proteome Res. Author manuscript; available in PMC 2018 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Abstract
	INTRODUCTION
	EXPERIMENTAL DESIGN
	Sample Preparation
	Cell Culture.
	Protein Extraction and Digestion.
	MS Acquisition.
	Universal Method.
	OT-HCD Method.

	Data Analysis

	RESULTS AND DISCUSSION
	Development of the SCAD Method
	SCAD Improves Protein Extraction, Protein Coverage, and Peptide Recovery
	Comparison and Optimization of Peptide Sequencing Techniques
	Quantitative Protein Profiling

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

