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Abstract

Bottom-up proteomics is a powerful method for the functional characterization of mouse gut 

microbiota. To date, most of the bottom-up proteomics studies of the mouse gut rely on limited 

amounts of fecal samples. With mass-limited samples, the performance of such analyses is 

highly dependent on the protein extraction protocols and contaminant removal strategies. Here, 

protein extraction protocols (using different lysis buffers) and contaminant removal strategies 

(using different types of filters and beads) were systematically evaluated to maximize quantitative 

reproducibility and the number of identified proteins. Overall, our results recommend a protein 

extraction method using a combination of sodium dodecyl sulfate (SDS) and urea in Tris–HCl 

to yield the greatest number of protein identifications. These conditions led to an increase in the 

number of proteins identified from gram-positive bacteria, such as Firmicutes and Actinobacteria, 

which is a challenging task. Our analysis further confirmed these conditions led to the extraction 

of non-abundant bacterial phyla such as Proteobacteria. In addition, we found that, when coupled 

to our optimized extraction method, suspension trap (S-Trap) outperforms other contaminant 

removal methods by providing the most reproducible method while producing the greatest number 

of protein identifications. Overall, our optimized sample preparation workflow is straightforward 

and fast, and requires minimal sample handling. Furthermore, our approach does not require high 

amounts of fecal samples, a vital consideration in proteomics studies where mice produce smaller 

amounts of feces due to a particular physiological condition. Our final method provides efficient 

digestion of mouse fecal material, is reproducible, and leads to high proteomic coverage for both 

host and microbiome proteins.
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Introduction

Mass spectrometry (MS) is a technology that is widely used as an analytical tool for 

bioanalysis [1, 2]. The term bottom-up proteomics describes the characterization of proteins 

by analysis of peptides resulting from proteolysis. MS-based bottom-up proteomics is 

performed by combining liquid chromatography and tandem mass spectrometry (LC–

MS/MS) [3]. MS-based bottom-up proteomics sample preparation workflows involve several 

steps, during which the proteins are converted into peptides, either by chemical or enzymatic 

digestion [4]. Key steps in this workflow include the extraction of proteins, enrichment or 

depletion of any particular proteins of (or not of) interest, cleanup of the protein mixtures 

(detergent removal), enzymatic digestion of proteins into peptides, and desalting of the final 

peptide mixture before the MS analysis [3]. The MS analysis is then performed on the 

peptide mixture [4, 5].

Recent studies have shown the potency of bottom-up proteomics as an emerging technique 

to study the gut microbiome [6, 7]. The normal gut microbiome is a collection of beneficial 

microorganisms inhabiting the gastrointestinal tract and referred to as “gut microbiota” 

[8]. Gut microbiota plays essential roles in the immune system’s functioning, maintaining 

the physiological environment, and providing critical nutrients [9, 10]. While bottom-up 

proteomics can directly measure the microbiome’s expressed proteins, currently, there is a 

lack of consistency in methods used for protein extraction from fecal samples, which may 

contain host-secreted and tissue proteins, microbial proteins, and undigested foods/fibers. 

In addition, protein extraction from the complex gut microbiome with inherent differences 

in microbial cell walls is challenging [11, 12]. Therefore, typical methods for cell lysis 

need to be adjusted for fecal proteomics studies [12]. This work aims to define optimal 

sample preparation conditions for the proteomic analysis of small amounts of mouse feces 

to maximize protein extraction and digestion efficiency without adversely interfering with 

downstream MS analysis.

The first key step after sample collection is employing chemical and physical methods to 

extract proteins. The incorporation of different classes of MS-compatible or incompatible 

reagents for improving protein extraction from complex mixtures has been investigated in 

multiple recent studies [11, 13, 14]. In general, these reagents are classified as chaotropic 

agents and surfactants that help protein unfolding and facilitate enzymatic digestion by 

exposing cleavage sites [13]. The most commonly used chaotropic agent is urea, which 

effectively disrupts hydrogen bonds, aiding protein unfolding and stabilizing unfolded 

proteins for better enzymatic cleavage [15]. Surfactants, with their amphipathic nature, allow 

for higher protein solubility. Surfactants such as sodium dodecyl sulfate (SDS) have been 

emphasized in many studies for their role in extracting hydrophobic membrane proteins 

[13, 16, 17]. Although SDS can readily solubilize proteins in biological matrices, it is 

not compatible with the LC–MS analysis. SDS suppresses the ionization of peptides due 
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to its great abundance and higher ionizability compared to individual peptides [15, 18]. 

Therefore, SDS needs to be removed for downstream LC/MS analysis. While there are 

numerous techniques for detergent removal, filter-based methods have been among the most 

popular methods in recent years [19]. Filter-aided sample preparation (FASP) is one of 

the most popular filter-based methods. This method allows for the processing of proteins 

retained on a membrane with a specific molecular weight cutoff. Retained proteins are 

further digested into peptides [20]. Over the past decade, the FASP method has been 

used frequently in proteomics studies due to its robustness and gel-free nature [19]. In 

recent years, a new method called suspension trapping (S-Trap) has been developed to help 

SDS-based proteomic preparations [21]. S-Traps are made of quartz fibers used as filters 

to trap the protein suspension and wash away excess SDS [21]. In recent years, another 

alternative technology for protein cleanup has been a bead-based technology, originally 

called the single-pot, solid-phase, sample preparation (SP3) method [22, 23]. SP3 is based 

on paramagnetic beads such as AMPure beads (Beckman Coulter). It uses ethanol to capture 

proteins on the surface of hydrophilic beads coated with carboxylate groups. The beads are 

then washed to remove excess MS-incompatible reagents such as SDS and elute proteins or 

peptides following digestion [22].

While several recent studies investigated either the effect of different lysis buffers or 

surfactant removal strategies separately [13, 19], the current literature lacks a comprehensive 

investigation of proteomics sample preparation workflow for feces to study the gut 

environment’s natural proteome profile. There was, however, a recent study that investigated 

sample preparation conditions using different physical disruption methods for humanized 

germ-free mice gavaged with 11 bacterial strains isolated from the human gut [12]. Here, 

we compared the effect of the most commonly used lysis buffers, including SDS, urea, Tris–

HCl, and combinations of these reagents, on protein extraction from mouse fecal samples. 

Simultaneously, we tried three different protein cleanup strategies, including FASP, S-Trap, 

and modified SP3, to evaluate their simplicity and reproducibility.

Materials and methods

Fecal sample collection

Ten 6- to 10-week-old female CBA/J mice were obtained from The Jackson Laboratory 

(Bar Harbor, ME) for this study. Mice were housed in conventional cages (5 per cage, two 

cages total) and fed a standard chow diet ad libitum (Teklad, 7912). Cages were kept in a 

temperature-controlled room under a 12-h light/dark cycle. Fecal pellets were collected daily 

for 15 days from each mouse on autoclaved aluminum foil. Fecal pellets were immediately 

transferred to pre-labeled Lo-Bind microcentrifuge tubes (Eppendorf), flash-frozen in liquid 

nitrogen, and stored at − 80 °C until further processing.

Proteomic sample preparation

Frozen fecal samples were thawed on ice, and a pooled sample consisting of feces from 

ten different CBA/J mice at different days was prepared in a new microcentrifuge tube. To 

study the effect of different lysis buffers or filtration methods on protein extraction, ~ 10 mg 

of the pooled sample was transferred to a new tube, each prepared for further steps of the 
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bottom-up proteomics workflow. We used pooled sample masses ranging from 5 to 20 mg as 

the expected weight range for a single fecal pellet from CBA/J mice under healthy (~ 20 mg) 

and disease (~ 5 mg) conditions.

Protein extraction with different lysis buffers

SDS and urea-based lysis buffers were freshly made for use in this study. Four out of 6 

tested lysis buffers contain SDS. One of the SDS-based buffers was prepared to contain 

5% SDS (w/v) in H2O. Two other SDS-based lysis buffers were prepared to contain 5% 

SDS in 50 mM Tris–HCl buffer (pH 8.0) and 5% SDS in the presence of 2 M urea, 

respectively. Urea-based buffers consisted of one containing 2 M urea in H2O and one 

containing 2 M urea in 50 mM Tris–HCl buffer (pH 8.0). One additional lysis buffer 

contains 5% SDS and 2 M urea in 50 mM Tris–HCl buffer (pH 8.0). Pooled fecal samples 

were resuspended in 200 μL of each of these six different lysis buffers (three technical 

replicates were conducted for each lysis buffer). Samples were then vortexed for 2 min 

to facilitate pellet disruption and protein extraction. The resulting fecal slurry was then 

subjected to 20 cycles of ultrasonication (30 s each with 30-s intervals in between) using a 

Bioruptor® Pico (Diagenode). It should be noted that in a separate, ongoing project using 

mouse feces, we found that combining probe sonication and Bioruptor-based sonication 

is more efficient for mechanical disruption of cells; this procedure is now being used is 

ongoing studies of inflamed gut. In addition, we initially compared the effect of bead beating 

as a potential method for cell lysis; however, compared to ultrasonication, bead beating 

resulted in too much protein loss and, therefore, was discarded from our sample preparation 

workflow. The lysate was then centrifuged at 16,000 × g for 15 min, and the supernatant was 

used for further analysis. Proteins were reduced with 5 μL of 5 mg/mL dithiothreitol (DTT) 

at 65 °C for 15 min and alkylated using 15 mg/mL of iodoacetamide (IAA) in the dark for 

30 min.

Trypsin digestion on suspension trapping preparation

Following protein reduction and alkylation as described above, 2.5 μL of 12% phosphoric 

acid was added to each sample to acidify them before transferring them onto the S-Trap 

filters. One hundred sixty-five microliters of freshly made S-Trap binding buffer (90% 

methanol; 100 mM triethylammonium bicarbonate (TEAB); pH 7.1) was added to the 

acidified lysate. After gentle mixing, the protein solution was loaded onto the S-Trap filter 

and spun at 4000 rpm for 3 min, and the flow-through was removed. Trapped proteins in 

the filter were then washed three times, each time with 200 μL of S-Trap binding buffer. 

Finally, trypsin digestion was performed by adding trypsin in 100 mM TEAB solution 

(final concentration 1 unit trypsin:100 units protein) and incubating overnight at 37 °C with 

gentle shaking. Peptides were then eluted by applying three solutions sequentially onto the 

S-Trap filters. Forty microliters of each solution, including 50 mM TEAB, 0.2% formic 

acid in H2O, and 50% acetonitrile + 0.2% formic acid in H2O, was added respectively 

and spun down at 4000 g for 3 min. The resulting peptides were then pooled and desalted 

with Agilent SPE cartridges (SPEC Pt C18 column), and tryptic enzymes were eluted 

with 60% acetonitrile (v/v)/0.1% formic acid (v/v). The final tryptic peptide samples were 

vacuum-dried, and, after evaporation, they were reconstituted in 0.1% formic acid (v/v) 

before the LC–MS/MS analysis.
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Filter-aided sample preparation

To compare the effect of FASP with S-Trap, protein samples were lysed with 5% SDS + 

2 M urea + 50 mM Tris–HCl and then combined with 8 M urea in 100 mM Tris–HCl 

(pH 8). Here we evaluated the performance of two commercially available FASP filter units 

from Microcon (Millipore), those with nominal cutoffs of 10 and 30 kDa, respectively. First, 

filters were activated by briefly spinning 60% methanol through the filter at 14,000 × g. 

Samples were then loaded onto the membrane, combined with 200 μL of 8 M urea and 50 

mM ammonium bicarbonate in the filter unit, and spun at 14,000 × g for 15 min (or 45 

min for 10-kDa filtration device). The membrane was then washed three times with 200 μL 

of 8 M urea to remove SDS by centrifuging 15 min at 13,000 × g (or 45 min for 10-kDa 

filtration device). The membrane was then washed twice with 200 μL of 50 mM ammonium 

bicarbonate (ABC) and spun for 15 min (or 45 min for 10-kDa filtration device) each time 

to remove urea. Protein digestion was achieved by adding trypsin in 50 mM ABC (1 unit 

trypsin:100 units protein) and incubating at 37 °C overnight. Peptides were recovered from 

the membrane in two washes with 50 μL of 50 mM ABC and spinning at 14,000 × g for 

5 min each (15 min for 10-kDa filtration device). The resulting peptides were then pooled 

and desalted, as discussed in “Trypsin digestion on suspension trapping preparation.” The 

final tryptic peptide samples were vacuum-dried and reconstituted in 0.1% formic acid (v/v) 

before the LC–MS/MS analysis.

Single-pot, solid-phase, sample preparation

To compare the effect of the paramagnetic bead-based approach for detergent removal 

with S-Trap and FASP, some of the 5% SDS + 2 M urea + 50 mM Tris–HCl-containing 

samples were vortexed and sonicated as described in “Protein extraction with different lysis 

buffer.” Following the manufacturer’s procedure, the lysate was mixed with 180-μL AMPure 

paramagnetic beads (Beckman Coulter) (previously warmed up to room temperature). To 

induce binding of the proteins to the beads, a volume of 100% ethanol equal to the total 

volume of (sample + AMPure beads) was added to the mixture containing the SP3 beads. 

The binding mixture was then incubated at 24 °C for 5 min. After completing the binding, 

each sample tube was placed in a magnetic rack and incubated until the beads migrated 

to the tube wall. After 3–5 min, the unbound supernatant was discarded, and the tubes 

were removed from the magnetic rack. One hundred eighty microliters of 80% ethanol SP3 

rinse solution was added to each tube to rinse the beads. By incubating the tubes on the 

magnetic rack, beads migrated to the tube wall, and the unwanted supernatants containing 

salt and detergents were removed. The bead washing step was repeated three times. To elute 

purified proteins, 50 μL of a mixture containing 90% methanol in 100 mM TEAB + 100 mM 

DTT was added to the beads and gently resuspended. Samples were boiled for 5 min, and 

the reaction tube was placed onto the Magnetic Separation Rack for 1 min. Eluted protein 

was then transferred into a clean tube. Following protein cleanup using beads, reduction, 

alkylation, and enzymatic digestion were performed off-bead by adding trypsin in 100 mM 

TEAB solution and incubating overnight at 37 °C. The resulting peptides were desalted, 

as discussed in “Trypsin digestion on suspension trapping preparation.” The final tryptic 

peptide samples were vacuum-dried and reconstituted in 0.1% formic acid (v/v) for the 

LC–MS/MS analysis.
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Building database of genes from CBA/J mice and their microbiota

To build a database of representative protein sequences, data were acquired from multiple 

sources. Three fecal samples, collected as described above, were selected for metagenomic 

sequencing. DNA was extracted using Zymo’s Quick-DNA Fecal/Soil Microbe Kit 

(cat# D6012) following the manufacturer’s protocol for fecal samples. According to the 

manufacturer’s instructions, libraries were prepared using an Illumina Library creation 

kit (KAPA Biosystems) with solid-phase reversible immobilization size selection. The 

quantified libraries were then prepared for sequencing on the Illumina HiSeq 2500 

sequencing platform utilizing a TruSeq Rapid paired-end cluster kit, v4. Fastq files were 

generated with CASSAVA 1.8.2. The raw reads were processed with bbduk.sh to remove 

adapters and low-quality bases with Phred scores less than 20 (https://jgi.doe.gov/data-and-

tools/bbtools/bb-tools-user-guide/bbduk-guide/). Reads were then assembled with IDBA-UD 

[24] and MEGAHIT [25] using default parameters. The reads and assemblies have been 

deposited at NCBI (Bioproject PRJNA348350). All sequences less than 2.5 kb in length 

were removed, and then protein coding sequences were predicted using Prodigal [26]. To 

build a more complete set of mouse microbiome proteins, we also retrieved the predicted 

proteins from iMGMC [27]. To represent the mouse proteome, the UniProt mouse proteome 

was used (UP000000589). The predicted proteins from the CBA/J metagenomes, iMGMC, 

and the UniProt mouse proteome were then dereplicated (100% identity and 100% length 

coverage) using MMseqs2 [28] to form the final protein database.

Mass spectrometry and data analysis

Samples were analyzed using a nanoElute LC coupled to a timsTOF Pro equipped with a 

CaptiveSpray source (Bruker Scientific, Billerica, MA). Peptides were separated on a 25 cm 

× 75-μm analytical column, packed with 1.6 μm C18 beads (IonOpticks, Australia). The 

column temperature was maintained at 50 °C using an integrated column oven (Sonation 

GmbH, Germany). Solvent A consisted of 0.1% formic acid in water, while solvent B 

consisted of 0.1% formic acid in acetonitrile. Peptide separation was achieved at 0.4 mL/min 

using a linear gradient from 2 to 25% solvent B over 90 min, 25 to 37% over 10 min, 

and 37 to 80% over 10 min, and maintained for 10 min for a total separation method 

time of 120 min. Data acquisition on the timsTOF Pro utilized the Parallel Accumulation 

Serial Fragmentation (PASEF) acquisition mode. Instrument settings included default imeX 

mode, mass range 100 to 1700 m/z, a capillary voltage of 1.6 kV, dry gas 3 L/min, 

and dry temp of 180 °C. PASEF settings included 10 MS/MS scans at 1.18-s total cycle 

time, scheduling target intensity of 20,000, active exclusion release after 0.4 min, and CID 

collision energy 42 eV. Protein identifications were obtained via the Thermo Proteome 

Discoverer software (v 1.4) using the Sequest search algorithm and the database described 

in “Building database of genes from CBA/J mice and their microbiota.” Search parameters 

were set as follows: enzyme, trypsin; maximum missed cleavage sites, 2; peptide length 

range, 7–50 amino acids; precursor mass tolerance, 10 ppm; fragment mass tolerance, 

0.6 Da; cysteine carbamidomethylation was set as a fixed modification, while oxidation 

of methionine and deamidation of asparagine and glutamine were all set as variable 

modifications. False discovery rate (FDR) control was performed using a percolator at a 

threshold of 1% for peptide spectral match (PSM), peptide, and protein identifications. 

Protein groups were filtered to include peptides with 99% confidence and a minimum of 
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two peptides per protein group. Proteome Discoverer outputs were further processed for 

statistical analysis using Python scripts (v 3.7), RforProteomics package in R (v3.5.3). 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange [29] 

Consortium via the PRIDE [30] partner repository with the dataset identifier PXD027788.

Results and discussion

Comparing protein extraction methods using different lysis buffers

This study compared six different lysis buffers (see Fig. 1) during bottom-up proteomic 

sample preparation for mouse fecal samples. As noted in “Proteomic sample preparation,” 

we started the protein extraction by weighing out ~ 10 mg of pooled feces and transferring 

to a new tube. To study the effect of the six chosen lysis buffers, for each 10 mg of feces, 

200 μL of lysis buffer was added. In addition, after protein extraction and before enzymatic 

digestion, a NanoDrop protein measurement was performed at A280 to measure the protein 

concentration. Then, trypsin digestion was performed with the amount of trypsin based 

on the protein content of each sample (1 unit trypsin:100 units protein). To demonstrate 

each lysis buffer’s impact on protein extraction from feces, we chose to use the numbers 

of identified proteins as metrics for comparison because the amounts of starting materials 

were identical. As indicated in Fig. 1a, the number of unique proteins was analyzed using 

six different lysis buffers in experimental triplicate with S-Trap used as cleanup method. 

We found that a combination of 5% SDS + 2 M urea + 50 mM Tris–HCl outperformed 

other conditions yielding the greatest numbers of unique proteins (mean = 2924). We 

also compared the effect of all six lysis buffers with SP3 used as the filtration method 

(Fig. 1b). Our analysis with SP3 demonstrated that 5% SDS + 2 M urea + 50 mM 

Tris–HCl outperformed other lysis buffers and resulted in the greatest numbers of protein 

identifications (mean = 1732). Overall, based on our results with two filter types, the 

combination of 5% SDS + 2 M urea + 50 mM Tris–HCl is the best among the tested lysis 

buffers. Furthermore, with all tested lysis buffers, we identified more proteins when S-Trap 

used as the cleanup method compared to SP3 (Fig. 1; see peptide comparison in Electronic 

Supplementary Material Fig. S1).

Previous studies reported that the addition of urea to the SDS-based lysis buffer provides 

an additional solubilizing agent for proteins [11]. The improved performance of the mixture 

of 5% SDS, 2 M urea, and 50 mM Tris–HCl can be explained by the synergistic effect 

of different lysis mechanisms in a mixture of these reagents. (Note that while the present 

results provide a systematic comparison of the different conditions used, a much higher 

number of total proteins per sample condition can be obtained by combining probe 

sonication and Bioruptor-based sonication, a disruption procedure that is now being used 

in our ongoing investigations that involve comparison of results for control and inflamed 

intestine. In addition, more peptides and proteins would be identified with an open search 

algorithm, which will be used in our continuing work on samples from healthy vs diseased 

mice.

Each experiment was performed in triplicate to evaluate the reproducibility of the 

preparation methods that used different lysis buffers. The overlap in protein identifications 

between replicates is presented in the Venn diagrams in Fig. 2. To generate each Venn 
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diagram, the list of identified proteins in three replicates of each lysis buffer (with S-Trap 

used as the filtration method) was compared. The red number in the middle of each Venn 

diagram is calculated based on the number of the common proteins across three replicates 

over the total number of identified proteins. The greatest degree of overlap (75%) was 

observed across three replicates of 5% SDS + 2 M urea + Tris–HCl. In contrast, 5% 

SDS resulted in the greatest variability in protein identifications between three replicates. 

In addition, Pearson correlation coefficients (r) of the number of PSM were calculated to 

quantitatively assess the reproducibility of each lysis buffer across its replicates (Fig. 2 

heatmaps). To generate the heatmaps, we used the PSM comparison of proteins detected in 

all replicates and their corresponding Pearson correlation coefficient (r). The PSM values 

were normalized based on the length of each protein (number of amino acids) using the 

normalized spectral abundance factor (NSAF) method [31]. It was determined that 5% SDS 

+ 2 M urea + Tris–HCl demonstrated the strongest linear correlations (r = 0.9123–0.9663) 

between replicates.

Overall, samples lysed using 5% SDS + 2 M urea + Tris–HCl represented the strongest 

protein-level correlations between replicates, with the greatest number of identified proteins 

and peptides, which further supports the use of a mixture of different chaotropic agents 

and surfactants for more efficient protein extraction from complex samples. No previous 

studies had reported fecal proteomics analysis when CBA/J mice were used to the best of 

our knowledge. However, comparison of our data obtained from CBA/J mice with previous 

analyses of mouse fecal proteomes using C57BL mice or Swiss-Webster mice showed that 

our approach using 5% SDS + 2 M urea + Tris–HCl resulted in better coverage of the 

mouse fecal proteome with 2924 protein identifications compared to 612 proteins reported 

by Lichtman et al. [32] and 336 proteins identified by Ang et al. [33]. On the other 

hand, Wu et al. identified more than 4000 proteins from fecal pellet analysis of humanized 

germ-free mice gavaged with 11 bacterial strains isolated from the human gut; however, 

they loaded five times more peptide mass onto the LC/MS than our approach [12]. Overall, 

the differences in the numbers of identified proteins from mouse fecal proteome analysis 

could be due to several factors such as the type, age, and sex of the mice, and differences 

in the amount of feces mass, the amount of injected peptides, and the data searching 

parameters. We also performed taxonomic analysis based on identified peptides using 

Unipept web application tools to investigate whether the taxonomic compositions observed 

from proteomics results were affected by the lysis buffers used for protein extraction [34, 

35]. As indicated in Fig. 3, Firmicutes and Bacteroidetes were the dominant gut bacterial 

phyla, which agrees with most metaproteomics, amplicon sequencing, and metagenomics 

studies of healthy mouse feces [34, 36, 37], including a previous study of CBA/J mice using 

16S amplicon sequencing (Fig. 3b) [38]. However, different lysis buffers caused different 

relative abundances of these two phyla. Our results indicated that the combination of 

different reagents (as in 5% SDS + 2 M urea + Tris–HCl) led to relatively higher proportions 

of Firmicutes and Actinobacteria. Using 5% SDS + 2 M urea + Tris–HCl also led to 

the extraction and identification of non-abundant bacterial phyla such as Proteobacteria 

and Actinobacteria. Previous studies reported that protein extraction from Gram-positive 

bacteria, such as Firmicutes and Actinobacteria, is a more challenging task that requires 

stronger chemical lysis or physical disruption methods [11]. Our analysis further confirms 
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that the addition of different reagents benefits protein extractions from the larger microbial 

community, and it is more important for the extraction of proteins from Gram-positive 

bacteria. While a recent study showed that extraction with bead beating improved the protein 

extraction from Gram-positive bacteria [12], bead beating in our analysis using a smaller 

amount of feces caused more protein loss than ultrasonication.

Comparing different filters for protein cleanup

As mentioned above, four out of six tested lysis buffers contained SDS in their mixture. 

SDS is generally among the most frequently used detergents in bottom-up proteomics as it 

allows for the extraction of both hydrophilic and hydrophobic proteins [39, 40]. However, 

it is critical to remove SDS before MS analysis [41]. Therefore, here, we compared the 

performance of different filters for SDS removal. Because our results for two different filter 

types (S-Trap and SP3) show that 5% SDS + 2 M urea + Tris–HCl outperforms other studied 

lysis buffers, we used this lysis buffer for comparison of S-Trap, SP3, and two filter-aided 

sample preparation (FASP) units with different molecular weight cutoffs. The FASP method 

has been adopted widely in the bottom-up proteomics community since 2009, while S-Trap 

filtering was introduced a few years ago [42]. The four filtration units were analyzed and 

compared based on their proteomics coverage, speed, and reproducibility. We started our 

evaluation by comparing the number of identified proteins and peptides after loading the 

same amount (150 μg) of lysed protein on each filter. As indicated in Fig. 4, the S-Trap 

approach yielded the greatest number of protein (mean = 2924) and peptide (mean = 11,496) 

identifications. In contrast, the fewest protein (mean = 1232) and peptide (mean = 4208) 

identifications resulted from FASP 10 k.

Because the contaminant removal step using a filtration device is a common cause of 

sample loss during a bottom-up proteomics sample preparation workflow, we also compared 

each filtration device’s reproducibility across its three experimental replicates using Venn 

diagrams. The overlap in identified proteins between replicates is in the range of 37–75%, 

with FASP 10 and 30 k each showing the lowest overlap numbers, followed by SP3 and 

S-Trap (Fig. 5 Venn diagrams). Furthermore, we used a Pearson correlation coefficient 

(r) of the number of peptide spectral matches (PSM) of each protein identified in three 

replicates to evaluate the reproducibility of each filtration method across its replicates (Fig. 

5 heatmaps). We used the PSM comparison of proteins detected in all replicates and their 

corresponding Pearson correlation coefficient (r) to generate the heatmaps. These PSM 

values were normalized based on the length of each protein (number of amino acids) using 

the normalized spectral abundance factor (NSAF) strategy [31]. It was determined that 

S-Trap resulted in the strongest correlations (r = 0.9123–0.9663) between replicates.

To further compare the performance of these filtration methods, time was considered to be 

an important factor. Substitution of the FASP 10 k cutoff Microcon filtration units with 30 k 

cutoff units increased the protein yield while concomitantly reducing the overall time spent 

for the multiple centrifugation rounds. However, FASP is still a much more time-consuming 

technique compared to S-Trap and modified SP3. Among the three tested methods, S-Trap is 

the fastest protocol (time ≤ 50 min), as indicated in Fig. 6. Unlike FASP and SP3, the S-Trap 

decreases sample preparation time since each centrifugation step using S-Trap rarely takes 
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more than 3 min. Overall, compared to the FASP and SP3 methods’ total on-filter times 

of approximately 200 and 80 min, respectively, S-Trap on-filter time is less than 50 min, 

providing a highly efficient cleanup method for bottom-up proteomics.

Overall, S-Trap is a faster protein cleanup technique. In addition, S-Trap provided the 

greatest number of identified proteins, peptides, and PSMs and the strongest correlations 

between replicates at the protein level. S-Trap also offered the highest percentage of zero 

missed cleavages as an important factor in evaluating enzymatic digestion efficiency (Fig. 

6).

Evaluating the initial mass of samples on protein coverage

One of the main challenges of bottom-up proteomics has been limited total biological 

sample mass [43]. Mass-limited samples might not provide reproducible amounts of proteins 

to generate reliable mass spectrometric data. In addition, protein extraction and contaminant 

removal steps are more sensitive to sample losses when only small amounts of material 

are available. Therefore, here, we compared different initial masses of 5, 10, and 20 mg of 

feces to determine how the sample amount affects the final fecal protein profile. The range 

was selected based on a single fecal pellet’s normal weight from CBA/J mice under healthy 

(~ 20 mg) and disease (~ 5 mg) conditions, realizing that we often split collected fecal 

pellets between our metabolomics, proteomics, genomics, and transcriptomics work. Here 

we used the number of identified peptides and proteins as well as replicate reproducibility 

as the metrics for comparison, as the same amount of protein was used for digestion and 

the peptide mass loaded on the LC/MS was kept the same (200 ng). Initially, we assessed 

each sample mass’s performance by comparing the number of identified proteins and PSMs. 

As indicated in Fig. 7, 20 mg of feces, with 200 ng loaded onto the LC/MS, yielded the 

greatest number of protein identifications (mean = 2661). However, there are no significant 

differences between 10 and 20 mg in the number of identified proteins (P-value > 0.05) 

(realizing that 200 ng was loaded onto the instrument in each case). In contrast, a fecal 

mass of 5 mg (with 200 ng loaded onto the instrument) resulted in the fewest protein 

identifications (mean = 1747) and the differences are significant comparing 5 mg to either 

10 or 20 mg. This suggests more sample loss throughout the sample preparation steps for 

the 5-mg sample than the 10- and 20-mg samples and/or detection of fewer proteins with a 

minimum of two peptides identified. The sample loss is more critical for lower abundance 

proteins and can significantly impact the identification of these proteins. Therefore, despite 

injecting the same peptide mass for all samples, in the case of the 5-mg sample, these 

peptides are mapped to a smaller number of proteins (mainly high-abundance proteins).

We further assessed each method’s quantitative reproducibility by calculating the Pearson 

correlation coefficient for the number of PSMs for similar proteins between the three 

replicates. The resulting linear correlations between the experiments (See Electronic 

Supplementary Material, Fig. S2) signified that the experiments based on the 20-mg 

feces performed marginally better (average r = 0.8546) than 10 mg (average r = 0.8314). 

Nevertheless, the difference was not statistically significant. Thus, overall, based on our 

results, while increasing the initial amount of feces from 5 to 10 or 20 mg raises the protein 
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yields, it does not affect the reproducibility as indicated by comparable Pearson correlation 

coefficients between PSMs.

Conclusion

Reproducible proteomics sample preparation is challenging, especially when limited 

amounts of complex starting material are available. A prerequisite for reliable bottom-up 

proteomics analysis is efficient cell lysis and protein extraction. However, protein extraction 

from some biological samples such as feces is typically more challenging than others, such 

as tissues, mainly due to the presence of a diversity of microbial cell wall structures with 

different resistance that adds to the biological samples’ inherent complexity. Therefore, in 

this study, we aimed to build an optimal sample preparation workflow for proteomic analysis 

of mouse fecal samples based on (i) simplicity in setup and operation; (ii) reproducibility 

across the replicates; (iii) compatibility with a diverse set of chemicals (e.g., detergents, 

chaotropes, and salts); and (iv) sample preparation time when a small amount of sample 

is used. To meet these criteria, we have tested the performance of different lysis buffers 

for protein extraction and different filtration methods for the removal of MS-incompatible 

salts during proteomics analysis of mouse fecal samples. Among the evaluated conditions, 

we concluded that the optimal lysis buffer contains 5% SDS, 2 M urea, and 50 mM 

Tris–HCl. S-Trap was the fastest and most highly reproducible method compared with the 

popular FASP and SP3 protocols. Although the FASP method has been frequently used 

for many applications, the batch-to-batch variation is one of the main limitations of this 

method when a limited amount of sample is available [19, 44]. Protein extraction with 5% 

SDS + 2 M urea + 50 mM Tris–HCl followed by cleanup using S-Trap resulted in the 

best combination of high protein identifications, a smaller number of identified peptides 

with missed cleavages, and high reproducibility, yielding an optimal method for proteomics 

analysis of fecal samples. No significant differences were observed in protein yields from 10 

to 20 mg feces when 200 ng of prepared sample was injected into the LC–MS suggesting 

reproducible homogenization of the samples and/or uniform loss, but the use of 5 mg 

initial fecal sample led to an overall lower number of protein identifications. Overall, our 

optimized sample preparation workflow is fast and straightforward, and does not require 

a high amount of initial fecal sample. Our final optimized method provides an efficient 

digestion of mouse fecal material that is highly reproducible and leads to high proteomic 

coverage for both host and microbiome proteins, although we have subsequently established 

that a combination of probe sonication and Bioruptor provides even more protein IDs. Our 

optimized proteomics sample preparation is currently being applied to gut environment fecal 

analyses under different disease conditions.
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Fig. 1. 
Comparison of six lysis buffers. a Mean number of unique proteins identified based on 

two or more unique peptides, with S-Trap used as the filtration method. b Mean number 

of unique proteins identified based on two or more unique peptides, with SP3 used as the 

filtration method. Error bars represent standard deviation (n = 3). (Peptide identified in each 

case is shown in Electronic Supplementary Material Fig. S1)
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Fig. 2. 
Experimental reproducibility on the protein level. Venn diagrams display the overlap in 

protein identifications across three experimental replicates of each of 6 lysis buffers. The 

heatmaps display the PSM comparison of proteins detected in all replicates and their 

corresponding Pearson correlation coefficient (r)

Baniasad et al. Page 18

Anal Bioanal Chem. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Measured taxonomic composition of CBA/J mouse fecal samples a based on 

metaproteomics analysis using different lysis buffers for protein extraction (see Electronic 

Supplementary Material, Table S1), and b based on 16S rRNA sequencing in Borton et al. 

[38]
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Fig. 4. 
Comparison of four filtration methods, with the optimized lysis buffer from Fig. 1 used with 

each filtration method. a Mean number of unique proteins identified based on two or more 

unique peptides. b Mean number of unique peptides. Error bars represent standard deviation 

(n = 3)
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Fig. 5. 
Experimental repeatability on the protein level. Venn diagrams display the overlap in protein 

identifications across three experimental replicates of each filtration method. The heatmaps 

display the PSM comparison of proteins detected in all replicates and their corresponding 

Pearson correlation coefficient (r)
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Fig. 6. 
Characteristics of each filtration method, including mean number of identified proteins, 

peptides, PSMs, Pearson correlation coefficient (r), percentage of zero missed cleavages 

(%), and time (min)
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Fig. 7. 
For each initial mass, only 200 ng peptides were loaded onto the LC/MS. a Mean number of 

unique proteins identified based on two or more unique peptides. b Mean number of peptide 

spectral matches. Error bars represent standard deviation (n = 3). ns = not significant, 

*p-value < 0.05
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