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Abstract 16 

Ischemic heart disease is the leading cause of deaths worldwide. Thus, 17 

understanding the molecular mechanisms underlying disease progression is 18 

needed. Due to heart importance and lack of studies evaluating different sample 19 

preparation methods for heart proteomics, we compared three well-established 20 

protocols in shotgun proteomics using dimethyl label quantitation to allow 21 

relative quantitation. The tested methods for the analysis of left ventricle (LV) 22 

tissue were:  i) in-solution digestion (ISD); ii) on-pellet digestion (OPD); and iii) 23 

on-filter digestion (OFD). Protein extraction was done using SDS-containing 24 

buffer for OPD and OFD while this step was under urea-containing buffer for 25 

ISD. We used an optimized one-step reaction for reduction of disulfide bonds 26 

and alkylation of thiol groups in ISD and OPD. Using the same amount of 27 

tissue, we observed that OFD and ISD extracted significantly higher amount of 28 

protein than OPD. ISD outperformed OFD and OPD in the number of proteins 29 

identified. We did not observe significant bias related to physicochemical 30 

features of the identified proteins when comparing the three protocols. ISD was 31 

more efficient to identify low abundant proteins and yielded more proteins per 32 

protocol duration. Thus, we concluded that the optimized ISD suited better for 33 

heart proteomics than OFD and OPD.  34 
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Introduction 35 

Heart is a heterogeneous tissue composed by cardiomyocytes, cardiac 36 

fibroblasts, extracellular matrix (ECM), smooth muscle and endothelial cells.  37 

The heart pumps CO2-enriched blood from the right ventricle (RV) to the lungs 38 

via the pulmonary arteries. Simultaneously, the left ventricle (LV) pumps O2-39 

enriched blood to all organs (including the heart) via the aorta. Heart 40 

enlargement (cardiac hypertrophy) can occur due to physiological or 41 

pathological stimulus impacting heart performance. For example, high 42 

performance athletes have physiological hypertrophic hearts that lead to 43 

improved cardiac function. Conversely, hypertension or other pathologies may 44 

lead to pathological cardiac hypertrophy, leading to impaired heart function and 45 

ultimately progressing to heart failure [1]. The molecular basis underlying 46 

pathophysiological cardiac remodeling is not completely understood and many 47 

research groups study cardiac hypertrophy models to address the open 48 

questions. On this regard, proteomics is powerful approach to unveil protein 49 

dynamics owing cardiac remodeling process [2-5].  50 

Sample preparation is a critical step in shotgun proteomics and typically 51 

consists of tissue lysis and protein extraction, reduction of disulfide bonds, 52 

alkylation of thiol groups and protein digestion. Protein extraction in cardiac 53 

tissue is complicated due to tissue heterogeneity and high dynamic range of its 54 

proteome. These problems can be minimized using methods to isolate specific 55 

cell types, for example cardiomyocytes from LV of animal models [6], and 56 

depleting the most abundant proteins [7]. However, if the subject of study is cell-57 

cell and cell-ECM interactions, muscle contraction, and heart remodeling, intact 58 

cardiac tissue should be used. On this context, to maximize cardiac proteome 59 

coverage it is important to use a suitable sample preparation protocol.   60 

Many groups have already assessed the efficiency of different sample 61 

preparation methods for shotgun proteomics. For example, we searched the 62 

PubMed Database by March 2019 using the following terms: “proteome AND 63 

sample preparation evaluation OR proteome sample preparation comparison”. 64 

Our search retrieved 205 publications. However, to our best knowledge, none of 65 

these articles compared the available sample preparation methods in cardiac 66 

tissue. Thus, we performed a thorough and systematic comparison of three 67 
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well-established sample preparation methods; i) on-filter digestion (OFD), also 68 

known as FASP [8], in-solution digestion (ISD), and on-pellet digestion (OPD). 69 

We performed dimethyl labeling [9] to allow a comparison of protein relative 70 

quantitation between ISD, OFD and OPD datasets. In our comparison study, we 71 

evaluated the following parameters: (i) amount of proteins extracted from the LV 72 

tissue (quantified by fluorometric assay); (ii) digestion efficiency measured by 73 

the number of trypsin-missed cleavages; (iii) protocol reproducibility; (vi) 74 

number of identified and quantified proteins; (v) physicochemical properties of 75 

identified proteins; (vi) dynamic range of quantified proteins; and (vii) protocol 76 

duration.  77 
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Material and methods 78 

Materials  79 

Sodium dodecyl-sulfate was purchased from Invitrogen and centrifugal filters 30 80 

kDa were from Millipore. Sequencing grade modified Trypsin was from 81 

Promega. OLIGO™ R3 Reversed-Phase resin was from Invitrogen. Complete 82 

Mini EDTA-free Protease Inhibitor Cocktail Tablets from Roche. All other 83 

reagents were from Sigma. 84 

Animals 85 

Male Wistar rats (weighting 230-235 g) were obtained from Centro de 86 

Bioterismo (CEBIO) of Universidade Federal de Minas Gerais (UFMG, Brazil). 87 

Housing and euthanasia were approved by our local Institutional Animal 88 

Welfare Committee (protocol number: CEUA 5/2018). 89 

Cardiac tissue preparation 90 

Following euthanasia, left ventricles (LV) were dissected on ice and washed 91 

with ice-cold 0.9% (w/v) NaCl solution containing protease inhibitors. Dissected 92 

tissues were snap-frozen in liquid nitrogen and grounded to powder in a mortar 93 

chilled with liquid nitrogen using a pestle. Tissues were stored at -80 °C until 94 

further use. Three independent biological replicates (n = 3) per protocol were 95 

carried. 96 

Sample preparation protocols 97 

In-solution digestion (ISD) 98 

ISD was performed as previously reported [10] with modifications. We optimized 99 

the protocol to perform tissue lysis, reduction of disulfide bonds and alkylation of 100 

thiol groups as a one-step reaction. LV tissues (~13.5 mg per replicate) were 101 

resuspended in 100 µL urea-containing lysis buffer (urea 6 mol/L, thiourea 2 102 

mol/L, TCEP 10 mmol/L, chloroacetamide 40 mmol/L, TEAB 50 mmol/L and 103 

protease inhibitors). Samples were sonicated on ice twice for 15 s using tip-104 

sonication. Samples were incubated at 25ºC in a thermomixer (Eppendorf) 105 

under 650 rpm for 2h to maximize reaction. Protein quantification was estimated 106 

by Qubit assay (Thermo). Approximately 250 µg of proteins were digested with 107 
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trypsin. Prior digestion, samples were diluted with TEAB 50 mmol/L to reach 108 

urea 0.6 mol/L. Trypsin was added at 1:50 (w/w) (enzyme-to-protein ratio) and 109 

protein digestion was carried out at 25oC for 16 h. Enzymatic reaction was 110 

quenched with TFA (1% (v/v) final concentration). Samples were desalted using 111 

self-made micro-columns packed with OLIGO™ R3 Reversed-Phase Resin. 112 

Desalted peptides were dried in a speedvac and stored at -20oC until further 113 

use.  114 

On-pellet digestion (OPD)  115 

OPD was performed as described previously [11] with modifications. LV tissues 116 

(approx. 13.5 mg per replicate) were resuspended in 100 µL sodium dodecyl 117 

sulfate (SDS)-containing lysis buffer (SDS 4% (w/v), TCEP 10 mmol/L, TEAB 118 

50 mmol/L). Samples were sonicated on ice twice for 15 s using tip-sonication. 119 

Subsequently, samples were incubated for 25 min at 80oC in a thermomixer 120 

(Eppendorf) under 650 rpm. Proteins were precipitated with ice-cold acetone 121 

overnight. Following centrifugation at 14,000 x g, pellets were washed twice 122 

with ice-cold acetone 80 % (v/v). Residual acetone was evaporated in a fume 123 

hood. Similar to the ISD, reduction and alkylation were performed in one-step 124 

procedure. Briefly, protein pellets were resuspended in a urea-containing buffer 125 

(6 mol/L urea, 2 mol/L thiourea, 50 mmol/L TEAB, TCEP 10 mmol/L, 126 

chloroacetamide 40 mmol/L and protease inhibitors). Samples were incubated 127 

2h to maximize reduction of disulfide bonds and alkylation of thiol groups. 128 

Protein quantification was estimated by Qubit assay (Thermo). Approximately 129 

250 µg of proteins were digested with trypsin. Prior digestion, samples were 130 

diluted with TEAB 50 mmol/L to reach urea 0.6 mol/L. Trypsin was added at 131 

1:50 (w/w) (enzyme-to-protein) ratio and protein digestion was carried out at 132 

25oC for 16 h. Enzymatic reaction was quenched with TFA (1 % (v/v) final 133 

concentration). Samples were desalted using self-made micro-columns packed 134 

with OLIGO™ R3 Reversed-Phase Resin. Desalted peptides were dried in a 135 

speedvac and stored at -20oC until further use. 136 

On-filer digestion (OFD)  137 

OFD was performed as described previously [8]. Briefly, LV tissues (approx. 138 

13.5 mg per replicate) were resuspended in 100 µL SDS-containing lysis buffer 139 
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(SDS 4% (w/v), DTT 10 mmol/L, Tris-HCl 100 mmol/L, pH 7.6). Samples were 140 

sonicated on ice for 15 s twice using tip-sonication and loaded on filter units (30 141 

kDa mass cutoff). SDS-containing buffer was washed out using urea-containing 142 

buffer (8 mol/L urea) at 4oC via centrifugation of filter unit. Reduced thiol groups 143 

were alkylated using iodoacetamide 50 mmol/L in the dark. Urea was 144 

exchanged to TEAB 50 mmol/L. Protein quantification was estimated by Qubit 145 

assay (Thermo) prior digestion. Approximately 250 µg of proteins were digested 146 

with trypsin 1:50 (w/w) (trypsin-protein ratio) at 37°C for 16 h in a wet chamber. 147 

Peptides were recovered by centrifugation and stored at -20oC until further use. 148 

Peptide labeling  149 

Dimethyl labeling was performed according to previous publication [9]. Briefly, 150 

94 µg (replicate 1), 56 µg (replicate 2) and 96 µg (replicate 3) of peptides were 151 

used from all protocols (ISD, OPD and OFD). Peptides were resuspended in 152 

100 µL of TEAB 100 mmol/L. Next, 4μL of 4% (v/v) solution of CH2O, CD2O or 153 
13CD2O was added and the samples were vortexed. Then, 4 μL of 0.6 mol/L 154 

NaBH3CN or NaBD3CN was added and the mixture was incubated for 60 min at 155 

room temperature (RT). Labeling efficiency was checked by MALDI-TOF 156 

(Autoflex III, Buker). Reaction was quenched using ammonia solution 1 % (v/v) 157 

and formic acid 5 % (v/v). Labeling scheme is summarized in Table I. Samples 158 

were mixed in 1:1:1 ratio (also checked by MALDI-TOF analysis), dried by 159 

speedvac and stored at -20oC until further use. 160 

Table I – Dimethyl labeling scheme 161 

Method Replicate 1 Replicate 2 Replicate 3 
OPD Light Intermediate Heavy 

ISD Intermediate Heavy Light 

OFD Heavy Light Intermediate 

In-solution digestion (ISD); on-pellet digestion (OPD); on-162 

filter digestion (OFD).  163 
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HILIC pre-fractionation 164 

Labeled peptides were pre-fractionated using a TSKGel Amide 80 HILIC 165 

column (length, 15 cm; diameter, 2 mm; particle size, 3 μm) as described before 166 

[12] with minor modifications. Briefly, samples (~30 µg) were resuspended in 167 

solvent B (90 % (v/v) acetonitrile and 0.1 % (v/v) TFA), and loaded in the 168 

MicroHPLC-Agilent 1200 Series (Agilent). The following chromatographic 169 

gradient was used: 100-60 % solvent B in 26 min at a flow rate of 6 µL/min. 170 

Solvent A was TFA 0.1 % (v/v) in water. The collected fractions were combined 171 

into 10 fractions. Fractionated samples were dried by speedvac and stored at -172 

20oC until further use. 173 

Mass spectrometry analysis 174 

HILIC fractions were resuspended in 0.1 % (v/v) formic acid (solvent A) and the 175 

peptides were separated and analyzed using an EASY-nLC system (Thermo) 176 

with two-column system setup coupled to a Q-exactive HF mass spectrometer 177 

(Thermo). Pre-column had 3 cm length x 100 nm inner diameter and was 178 

packed with 5 µm (particle size) Reprosil-Pur C18-AQ resin (Dr. Maisch GmbH). 179 

Analytical column (20 cm x 75 nm) was packed with 3 µm C-18 resin (Dr. 180 

Maisch GmbH). The following chromatographic gradient was used: 1-3 % 181 

solvent B (95 % (v/v) acetonitrile and 0.1 % (v/v) formic acid) in 3 min; 3-25 % 182 

solvent B in 80 min; 25-45% solvent B in 10 min; 45-100% solvent B in 3 min (at 183 

250 nL flow-rate). MS instrument was operated in positive polarity and DDA 184 

mode. Eluting peptide ions were resolved (MS1 mass range = m/z 400-1600) at 185 

120000 FWHM at m/z 200 allowing accumulation of up to 3x106 ions or 100 ms 186 

(MS1 AGC target settings). The 20 most intense peptide ions (Top 20) were 187 

selected (isolation window = m/z 1.2) for HCD fragmentation (28 % normalized 188 

collision energy). MS2 AGC target settings were 100 ms (injection time) or 105 189 

accumulation ions. The fragment ions were resolved with 15000 FWHM at m/z 190 

200 and selected precursor ions were included in a dynamic exclusion list for 191 

30s. Spectra files (.raw) were viewed in Xcalibur v3.0 (Thermo). 192 

Data analysis and bioinformatics 193 

Mass spectra data (.raw files) were searched against UniProtKB Rattus 194 

norvergicus fasta file (downloaded at April 2018; 29,969 entries) using 195 
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MaxQuant software (version 1.6.1.0) and Andromeda search engine. Database 196 

search parameters included common contaminants, first search peptide 197 

tolerance set at 20 ppm, and main search peptide tolerance set at 4.5 ppm. 198 

Trypsin was set and allowing up to 2 missed cleavages. Carbamidomethyl (Cys) 199 

was set as fixed modification except when reduction and alkylation efficiency 200 

was evaluated. In this case, carbamidomethyl cysteine was set as variable 201 

modification. Oxidation (Met) and acetyl (protein N-terminal) were set as 202 

variable modifications. To assess potential amine carbamylation due to urea, 203 

we also searched raw files setting carbamylation at peptide N-terminus, Lys and 204 

Arg. “Match between runs” was enabled with matching time window of 0.7 205 

minutes and an alignment time window of 20 min. For identification, a minimum 206 

of 1 minimum razor + unique peptide was used. Peptide FDR was set as <1 % 207 

and revert decoy mode was used. To calculate the identified protein, we only 208 

considered if protein intensities were detected in at least two out of the three 209 

replicates. Table S1 (Supporting Information) represents all proteins identified in 210 

this study.  211 

Protein group intensities were transformed to log2 and normalized using median 212 

(Supporting Information, Figure S1 and S2). Normalized values were used to 213 

perform hierarchical cluster analysis and principal component analysis (PCA 214 

plot) using Perseus. Statistical analysis using one-way ANOVA (p<0.01) 215 

followed by Benjamin-Hocherberg [13] with minimum abundance of at least two-216 

fold were performed in the Dante R.  The dataset used for statistical analysis, 217 

PCA and hierarchical clustering, consisted only of protein groups with no 218 

intensity missing values. These proteins are listed in Table S2 (Supporting 219 

Information) Pearson correlation was performed using XLSTAT for Microsoft 220 

Excel. Venn diagram was made using Biovenn (http://www.biovenn.nl), GRAVY 221 

scores were determined using Sequence Manipulation Suite: Protein GRAVY 222 

(http://www.bioinformatics.org/sms2/protein_gravy.html). Isoelectric point (pI) 223 

was determined using protein isoelectric point calculator (http://isoelectric.org). 224 

Gene ontology was performed using DAVID Bioinformatics Resources 6.8 225 

(https://david.ncifcrf.gov). The R package “ggplot2” was used to visualize 226 

obtained physicochemical data. 227 

 228 

http://www.biovenn.nl/
http://www.biovenn.nl/
http://isoelectric.org/
http://isoelectric.org/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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Data availability 229 

Mass spectra and associated data have been uploaded into PRIDE 230 

(ProteomeXchange Consortium) under the dataset identifier PXD012591. 231 

Results and Discussion  232 

Qualitative and quantitative performance of ISD, OPD and OFD protocols 233 

We processed approximately 13.5 mg of cardiac tissue using in-solution 234 

digestion (ISD), on-pellet digestion (OPD) or on-filter digestion (OFD) (Figure 1). 235 

Evaluated methods differed on the protein extraction and digestion steps. In 236 

OPD and OFD, protein extraction was achieved using SDS-containing buffer 237 

while urea-containing buffer was used for protein extraction in ISD. Protein 238 

digestion was performed at 37oC using TEAB buffer in OFD while this step was 239 

conducted at 25oC using diluted urea-containing buffer in ISD and OPD. 240 

Digested peptides obtained from each method were dimethyl labeled [9] and 241 

combined in 1:1:1 ratio (ISD:OPD:OFD, see Table I for more details). Samples 242 

were pre-fractionated using HILIC prior LC-MS/MS analysis.  243 
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 244 

Figure 1 – Experimental setup. Hearts were isolated from male Wistar rats. 245 

Left ventricles (LV) were dissected on ice and washed with ice-cold NaCl 246 

solution (0.9 % (w/v)) containing protease inhibitors) to remove blood. Tissues 247 

were ground to powder and ~13.5 mg was subjected to on-pellet digestion 248 

(OPD), in-solution digestion (ISD) or on-filter digestion (OFD). Protein extraction 249 

in OPD and OFD relied on SDS-containing lysis buffer while for ISD this step 250 

was under urea-containing buffer. Equal amount of proteins (~250 µg) were 251 

digested with trypsin. Peptides were labeled to allow relative quantitation. 252 

Samples were combined (1:1:1) and pre-fractionated with HILIC (offline). HILIC 253 

fractions were analyzed by LC-MS.  254 
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After tissue lysis, we quantified the protein amount in the samples using the 255 

fluorometric Qubit assay to estimate protein recovery. OFD and ISD extracted 256 

significantly more proteins than OPD (Figure 2). Since a SDS-containing lysis 257 

buffer was used in both OFD and OPD, this result may seem unexpected. 258 

However, it is important to remember that acetone-induced protein precipitation 259 

was used in OPD to remove MS-incompatible reagents (such as SDS) and 260 

precipitation can reduce protein recovery [14]. 261 

 262 

Figure 2 – Protein extraction efficiency. Approximately 13.5 mg of left 263 

ventricle (LV) tissue was subjected to ISD, OPD or OFD. Just before trypsin 264 

digestion, protein amount was quantified for each method using fluorimeric 265 

Qubit assay. Y-axis represents the protein amount (in mg). Data is presented as 266 

mean ± standard deviation (SD). One-way ANOVA followed by Tukey post-test 267 

was used to calculate p-values. Not significant (n.s), *p<0.05, **p<0.01.  268 
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Since OFD and ISD extracted significantly higher amount of proteins than OPD, 269 

we decided to normalize the protein amount for trypsin digestion to evaluate 270 

digestion efficiency. Thus, we used approximately 250 µg of proteins and 5 µg 271 

of trypsin (50:1 protein-enzyme ratio). We identified 19848 peptides in OPD, 272 

19439 peptides in ISD, and 17282 peptides in OFD. In total, we identified 3135  273 

proteins distributed over the protocols (Table S1, Supplemental Information).  274 

In summary, ISD, OPD and OFD shared 1962 proteins representing, 275 

respectively, 76%, 77% and 77% of all proteins identified in these datasets. ISD 276 

shared 2213 proteins with OPD and 2164 proteins with OFD. OPD and OFD 277 

shared 2134 proteins. We found 174 (7%), 176 (7%) and 197 (8%) exclusive 278 

proteins in the ISD, OPD and OFD datasets, respectively (Table II, and 279 

Supplemental Information Figure S4).   280 

Table II – Performance of ISD, OPD and OFD protocols 281 

Metrics ISD OPD OFD 

Powered tissue (g) 13.8 ± 0.2 13.5 ± 0.3 13.5 ± 0.2 

Extracted proteins (mg)* 1.0 ± 0.11 0.8 ± 0.09 1.2 ± 0.03 

Number of identified proteins 2589 2561 2533 

Number of peptides 19439 19848 17282 

%Sequence coverage (mean) 24 25 22 

Peptides per protein (mean) 5.2 5.6 4.8 

Protocol duration (hour)** 18.0 37.0 18.5 

Peptides/hour** 1080 536 934 

Identified proteins/hour** 144 69 137 

*Protein amount quantified by qubit before trypsin digestion (see Figure 282 

2). **Time spent from tissue lysis to quenching trypsin reaction (see 283 

Figure 1). In-solution digestion (ISD); on-pellet digestion (OPD); on-filter 284 

digestion (OFD). 285 
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These results are in accordance with previous cardiac proteome studies 286 

conducted by different groups using either urea or SDS for protein extraction. 287 

For example, Scholten et al. [15] identified 3123 proteins in mice LV using urea-288 

containing buffer. Zhang et al. [16] reported 2345 cardiac proteins using urea-289 

containing buffer for protein extraction as well. Wang et al. [17] reported 1123 290 

proteins, and Dirk et al. [18] reported 2626 proteins, both studies using SDS-291 

containing buffer to extract cardiac proteins. 292 

 293 

Trypsin performance in ISD, OPD and OFD protocols 294 

We explored the trypsin efficiency considering the percentage of trypsin-missed 295 

cleavages observed in the ISD, OPD and OFD datasets. On average, trypsin 296 

performed better in OFD (~90% peptides without missed cleavages), followed 297 

by ISD and OPD (Figure 3). The chosen method for reduction of disulfide bonds 298 

and alkylation of thiol groups varied across the protocols. We used TCEP and 299 

chloroacetamide simultaneously in urea-containing buffer (ISD and OPD) to 300 

speed-up the process [19].  We decide to use the protocol published by Mann’s 301 

group in 2009 [8] for OFD using it as a golden-standard protocol. Therefore, for 302 

OFD we used DTT to reduce disulfide bonds. Afterwards, we added 303 

iodoacetamide to block thiol groups by cysteine carbamidomethylation. To rule 304 

out that these diverging steps compromised any protocol efficiency, we 305 

performed an extra database search including carbamidomethyl cysteine as 306 

variable modification to calculate the reduction and alkylation efficiency. We 307 

obtained 98.7% efficiency for ISD, 98.9% efficiency for OPD and 99.0% 308 

efficiency for OFD, indicating that all procedures used in this study were equally 309 

efficient to modify the cysteine residues. We would like to highlight that we used 310 

a 30kDa filter cutoff for OFD, allowing the collection of virtually all digested 311 

peptides. Nonetheless, to rule out that OFD did not induce MW bias, which 312 

could potentially lead to the observed lower trypsin missed cleavages 313 

associated to OFD, we plotted the MW distribution profile of all identified tryptic 314 

peptides from all protocols. As shown in the Figure S5 (Supplemental 315 

Information), no difference was observed between the datasets.  316 
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Therefore, we believe that OFD outperformed ISD and OPD in terms of trypsin 317 

digestion efficiency mainly due to two diverging reaction conditions across the 318 

protocols: i) substrate concentration, and ii) reaction temperature. Trypsin is 319 

stable only in up to 1 mol/L of urea. For OPD and ISD we diluted the samples 320 

10-fold prior digestion. Thus, sample and trypsin concentration was lower in 321 

OPD and ISD compared to OFD, potentially reducing digestion efficiency. 322 

Moreover, for OPD and ISD we kept the enzymatic reaction at 25oC (trypsin 323 

suboptimal temperature) to minimize protein carbamylation, which is a chemical 324 

modification of amines (-NH2) due to isocyanic acid (CNOH) formation in urea 325 

solution and increased by temperature [20]. Protein carbamylation bocks 326 

peptide N-terminal and sidechain of basic residues, affecting protein digestion, 327 

isotope chemical labeling and peptide identification [21].    328 
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 329 

Figure 3 – Trypsin efficiency. Percentage of peptides containing 0, 1 or 2 330 

trypsin-missed cleavages across ISD, OPD and OFD datasets. In-solution 331 

digestion (ISD); on-filter digestion (OPD); on-filter digestion (OFD); missed 332 

cleavage (MC). 333 

 334 

Assessing the potential impact of protein carbamylation in the protocols  335 

In order to evaluate whether protein carbamylation affected our datasets, we 336 

performed an additional database search including “carbamylation” as a 337 

variable modification. We did not include this modification on the main database 338 

search to avoid increasing false-positive identifications due to increased search 339 

space [12]. In total, we identified only 181 (0.8%), 276 (1.3%) and 218 (1.2%) 340 

peptides with carbamylation in OPD, ISD and OFD, respectively. Thus, protein 341 

carbamylation was not significant during sample preparation, demonstrating the 342 

importance of keeping reaction temperature as low as possible when using 343 

urea-containing solution [21]. Furthermore, ammonium-containing buffer (e.g., 344 

TEAB) protects proteins from carbamylation during sample preparation [22].     345 

Similar results were observed by Léon et al. [23] in a systematic evaluation of 346 

trypsin efficiency testing different digestion solutions: i) 0.1% (w/v) RapiGest 347 

(Waters) in TEAB 20 mmol/L; ii) urea 1 mol/L in TEAB 20 mmol/L; iii) sodium 348 

deoxycholate (SDC) 0.5% (w/v) in TEAB 20 mmol/L; and iv) only TEAB 20 349 

mmol/L. The authors observed that urea-containing ISD led to higher trypsin-350 

missed cleavages [23]. Ludwig et al. [24] compared ISD, OFD and S-Trap 351 
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digestion protocols and also observed increase trypsin-missed cleavages for 352 

ISD.  353 

 354 

Physicochemical characterization of the proteins enriched in the ISD, OPD 355 

and OFD datasets 356 

In order to detect the proteins significantly enriched by each protocol, we used 357 

one-way ANOVA (p-value < 0.01) and fold change ≥ 2. The results showed that 358 

ISD, OPD and OFD enriched, respectively, 214 proteins, 229 proteins, and 202 359 

proteins (Figure 4). 360 

 361 

 362 

Figure 4 - Volcano plot representing the regulated proteins associated to 363 

the ISD, OPD and OFD protocols. Log-transformed p-values vs. log2 364 

normalized ratios. In-solution digestion (ISD); on-filter digestion (OPD); on-filter 365 

digestion (OFD). 366 

 367 

  368 
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An ideal sample preparation method leads to unbiased protein extraction and 369 

digestion. Thus, we evaluated the physicochemical features of the protocol-370 

associated enriched proteins to assess any potential protocol-specific bias 371 

associated to molecular weight (Figure 5), isoelectric point (Figure 6) and 372 

hydrophobicity (Figure 7). We included a dataset (named “reference”) 373 

containing all proteins from Rattus norvegicus downloaded from the UniProtKB. 374 

Molecular weight (MW) frequency (Figure 5A) and MW mean (Figure 5B) using 375 

only the enriched proteins (p-value < 0.01 and fold change ≥ 2) associated to 376 

ISD, OPD and OFD showed no difference, suggesting that the evaluated 377 

protocols induced no bias related to protein MWs. Similar results were observed 378 

using the whole datasets (all proteins) (Figure S6A and S6C, Supplemental 379 

Information). However, the MW frequency of protocol-exclusive proteins from all 380 

protocols were lower than the reference dataset between 0-50kDa (Figure S6B, 381 

Supplemental Information), reflecting higher MW mean for ISD, OPD and OFD 382 

datasets compared to the reference dataset (Figure S6D, Supplemental 383 

Information). 384 

 385 

Figure 5 – Molecular weight (MW) distribution. (A) MW frequencies (0-250 386 

kDa) of enriched proteins (p-value < 0.05 and fold change ≥ 2) associated to 387 

ISD, OPD, and OFD protocols. X-axis represents MW range from 0 to 250 kDa 388 

because the MW frequencies were at baseline above 250 kDa. (B) MW mean of 389 

enriched proteins from ISD, OPD, OFD, and reference datasets. Insert 390 

represents a zoom-in 50-80 kDa to highlight MW mean. Reference dataset 391 

corresponds to all proteins deposited in the UniProtKB (Rattus norvegicus). In-392 

solution digestion (ISD); on-filter digestion (OPD); on-filter digestion (OFD).  393 
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Regarding the pI frequency of the enriched proteins (p-value < 0.05 and fold 394 

change ≥ 2), we did not observe an apparent bias between ISD, OPD, and the 395 

reference (Figure 6A), reflecting similar pI mean (Figure 6B). However, OFD 396 

was notably distinct than the reference, mainly due to proteins with neutral net 397 

charge at pH ~7.5 (Figure 6A), leading to the lowest observed mean pI (Figure 398 

6B). 399 

 400 

 401 

Figure 6 – Isoelectric point (pI) distribution and mean. (A) pI distribution of 402 

enriched proteins (p-value < 0.05 and fold change ≥ 2) from ISD, OPD and OFD 403 

datasets. (B) pI mean of enriched proteins (p-value < 0.05 and fold change ≥ 2) 404 

from ISD, OPD and OFD datasets. Insert represents a zoom-in to highlight 405 

mean pI values. Reference dataset corresponds to all proteins deposited in the 406 

UniProtKB (Rattus norvegicus). In-solution digestion (ISD); on-pellet digestion 407 

(OPD); on-filter digestion (OFD).  408 

 409 

We also evaluated protein hydrophobicity associated to the datasets. We used 410 

the GRAVY index score developed by Kyte and Doolittle [25]. As shown in 411 

Figure 7A, we observed no apparent difference on the GRAVY score 412 

distribution when we compared the enriched proteins (p-value < 0.05 and fold 413 

change ≥ 2) from ISD, OPD and OFD. Nonetheless, when we analyzed the 414 

GRAVY distribution of all proteins from the reference dataset we observed a 415 

small peak shifted towards right indicating more hydrophobic proteins. Based on 416 

the mean GRAVY scores associated to all datasets (Figure 7B), and GRAVY 417 
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frequency (Figure 7A), OPD seems more closely related to the reference than 418 

ISD and OFD. 419 

Overall, we can assume that OFD and ISD showed trends for hydrophilic 420 

proteins since their average GRAVY index is more negative than the reference.  421 

We observed similar results using only the protocol-exclusive proteins (Figure 422 

S8, Supporting Information).  423 

Based on this result, we can conclude that no significant protein extraction bias 424 

was observed between the tested protocols. Our data is in line with recent 425 

publications reporting no significant differences in the physicochemical features 426 

of proteins extracted using different strategies [26, 27]. However, we observed 427 

significant differences when we compared the experimental data with the 428 

reference dataset suggesting that somehow the methods are either not able to 429 

extract all proteins from the cardiac tissue or some proteins were not identified 430 

due to technical limitations that proteomics still faces. Nevertheless, it is also 431 

important to bear in mind that the reference dataset contains proteins from all 432 

rat tissues (not only from heart) that could impact the observed results. To 433 

increase the complexity of such analysis, a recent study reported significant 434 

differences in the proteome related to heart regions [28].  435 

  436 
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 437 

Figure 7 – Hydrophobicity distribution and mean. We used the GRAVY 438 

(Grand Average of Hydropathy) to assess the hydrophobicity distribution of 439 

enriched proteins. Positive GRAVY scores indicate hydrophobic proteins and 440 

negative scores indicate hydrophilic proteins. (A) GRAVY distribution of 441 

enriched proteins (p-value < 0.05 and fold change ≥ 2) from ISD, OPD and OFD 442 

datasets. (B) GRAVY mean from enriched proteins (p-value < 0.05 and fold 443 

change ≥ 2) from ISD, OPD and OFD datasets. Insert represents a zoom-in to 444 

highlight mean GRAVY scores. Reference dataset corresponds to all proteins 445 

deposited in the UniProtKB (Rattus norvegicus). In-solution digestion (ISD); on-446 

pellet digestion (OPD); on-filter digestion (OFD).   447 

 448 

Quantification performance and reproducibility of ISD, OPD and OFD 449 

protocols  450 

We next evaluated the quantification reproducibility by calculating the 451 

correlation coefficient (r) between replicates from the same dataset (Figure 8). 452 

Overall, replicates from all three protocols shown a good reproducibility. The 453 

calculated mean r ± standard deviation (SD) was r = 0.886 ± 0.031 (ISD), r = 454 

0.906 ± 0.023 (OPD), and 0.902 ± 0.023 (OFD). Similar results have been 455 

reported by others [23, 24].   456 
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 457 

Figure 8 – Quantification reproducibility. Correlation between log2-intensities 458 

from the three replicates of OPD (in red), ISD (in green) and OFD (in blue) 459 

protocols. On-pellet digestion (OPD); in-solution digestion (ISD); on-filter 460 

digestion (OFD).  461 
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We also studied the protein dynamic range of ISD, OPD and OFD datasets to 462 

evaluate whether a given protocol would be more efficient to extract low 463 

abundant proteins. All datasets showed similar dynamic ranges (Figure 9). 464 

Although ISD, OPD and OFD had similar performance to extract abundant 465 

proteins, ISD extracted more efficiently low abundant proteins as we can 466 

observe a right-shift in the curve (Figure 9, insert).  467 

 468 

Figure 9 – Proteome dynamic range. Dynamic range of log-transformed 469 

protein intensities from ISD, OPD and OFD datasets. Insert represents a zoom 470 

in lower abundant proteins. In-solution digestion (ISD); on-pellet digestion 471 

(OPD); on-filter digestion (OFD).  472 



24 
 

Cluster analysis and GO annotation of the extracted proteins  473 

Enrichment analysis using GO annotation terms was done to compare the 474 

cellular localization of extracted proteins (see Supporting Information, Figure S3 475 

for GO analysis of protocol-exclusive proteins). As represented in Figure 8, the 476 

three tested protocols shown good reproducibility between replicates, which can 477 

also be observed in the hierarchical clustering represented in Figure 10A. In 478 

addition, OPD, ISD and OFD datasets are rather similar as seen by the 479 

dendrogram length (Figure 10A) although ISD and OPD are slightly more 480 

similar to each other than with OFD (Figure 10A).  481 

Three clusters are highlighted in Figure 10A. Cluster A contains proteins 482 

extracted more efficiently with OPD (as seen by higher protein abundancies 483 

compared to ISD and OFD). Likewise, Cluster B and Cluster C contain proteins 484 

extracted more efficiently with ISD and OFD, respectively (Figure 10B). GO 485 

enrichment analyses using cluster-specific proteins and focusing on the top 10 486 

most enriched cellular compartment terms revealed mitochondrial, membrane 487 

and cytoplasmic proteins categorized in all datasets. However, some terms 488 

were exclusive, such as stress fiber and Z disc (OPD), ribosome and lysosomal 489 

membrane (ISD) and mitochondrial intermembrane space and intermediate 490 

compartment of endoplasmic reticulum and Golgi (OFD) (Figure 10C).  491 
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 492 

Figure 10 – Extracted proteins categorization. Extracted and quantified 493 

proteins from ISD, OPD and OFD datasets are shown in the heat map (A), 494 

including respective replicates. Three clusters (cluster A, cluster B, and cluster 495 

C) are highlighted including intensity profiles (B) and Gene Ontology (GO) 496 

enrichment analysis for top 10 cellular component terms (C). In-solution 497 

digestion (ISD); on-pellet digestion (OPD); on-filter digestion (OFD).  498 
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Protein identification rate 499 

Proteomics is paving its way to be implemented in clinics. On this regard, a 500 

successful sample preparation method should be robust, reliable, reproducible, 501 

efficient, and inexpensive. Importantly, such method should also be simple and 502 

fast. Therefore, we measured the time spent to process the samples from 503 

protein extraction to collecting digested peptides. We decided to time only this 504 

interval because after digestion, samples were processed exactly in the same 505 

way, as they were labeled and combined.  506 

The most time-consuming protocol was OPD (37 hours) because it required an 507 

overnight protein precipitation step after protein extraction. The least time-508 

consuming method was ISD (18 hours) followed closely by OFD (18.5 hours). 509 

The identification rate – number of identified peptides and proteins per protocol 510 

duration – are shown in Table II. ISD identified more peptides and proteins per 511 

hour, followed by OFD. It is important to mention that each protocol had 512 

advantages and disadvantages related to duration, efficiency and costs. For 513 

instance, OFD is the most expensive protocol that we tested because it requires 514 

filter units. On the other hand, ISD is the least expensive protocol as only 515 

chemicals are required. Moreover, ISD is the most simple and straightforward 516 

protocol as it does not require centrifugation steps or overnight protein 517 

precipitation.  518 

Conclusion 519 

Our findings demonstrated that using the same amount of cardiac tissue, on-520 

filter digestion (OFD) and in-solution digestion (ISD) extracted significant more 521 

protein amounts. Identification performance (proteins per hour) was best using 522 

ISD. This protocol was also more efficient to extract low abundant proteins 523 

spread in membrane and cytoplasmic compartments. Although the 524 

reproducibility of OFD and OPD were slightly better than ISD, no significant 525 

difference was observed.  In addition, physicochemical features of identified 526 

proteins did not vary significantly across the protocols, suggesting unbiased 527 

protein extraction and digestion. There are countless sample preparation 528 

protocols for shotgun proteomics described in the literature. However, taking 529 

into account performance, costs simplicity and protocol duration, ISD was the 530 
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most suitable protocol among the tested ones. ISD method showed up as a 531 

simple, inexpensive, straightforward, fast and robust protocol to handle well 532 

high dynamic range tissues, such as the heart.  533 
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