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SUMMARY: 22 
Combined precursor isotopic labeling and isobaric tagging (cPILOT) is an enhanced sample 23 
multiplexing strategy that is capable of increasing the number of samples that can be analyzed 24 
simultaneously with available isobaric tags. Incorporation of a robotic platform has greatly 25 
increased experimental throughput, reproducibility, and quantitative accuracy.  26 
 27 
ABSTRACT: 28 
We have introduced a high throughput quantitative proteomics workflow, combined precursor 29 
isotopic labeling and isobaric tagging (cPILOT) capable of multiplexing up to 22 or 24 samples 30 
with tandem mass tags or isobaric N,N-dimethyl leucine isobaric tags, respectively, in a single 31 
experiment. This enhanced sample multiplexing considerably reduces mass spectrometry 32 
acquisition times and increases the utility of the expensive commercial isobaric reagents. 33 
However, the manual process of sample handling and pipetting steps in the strategy can be labor 34 
intensive, time consuming, and introduce sample loss and quantitative error. These limitations 35 
can be overcome through the incorporation of automation. Here we transferred the manual 36 
cPILOT protocol to an automated liquid handling device that can prepare large sample numbers 37 
(i.e., 96 samples) in parallel. Overall, automation increases feasibility and reproducibility of 38 
cPILOT and allows for broad usage by other researchers with comparable automation devices. 39 
 40 
INTRODUCTION:  41 
Mass spectrometry (MS)-based proteomics is an indispensable research tool in identifying 42 
disease specific biomarkers, understanding disease progression, and creating leads for 43 
therapeutic development. This can be achieved from a range of disease-related clinical samples 44 
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such as blood serum/plasma, proximal fluids, and tissues1,2. Proteomics biomarker discovery and 45 
validation have recently gained significant consideration due to the power of sample multiplexing 46 
strategies3,4. Sample multiplexing is a technique that enables simultaneous comparison and 47 
quantification of two or more sample conditions within a single MS injection5,6. Sample 48 
multiplexing is achieved by barcoding peptides or proteins from multiple samples with chemical, 49 
enzymatic, or metabolic tags and obtaining MS information from all samples in a single MS or 50 
MS/MS experiment. Among the available isobaric tags are isobaric tagging reagents (iTRAQ), 51 
commercial tandem mass tags (TMT), and in house synthesized isobaric N,N-dimethyl leucine 52 
(DiLeu) reagents with capabilities up to 16-plex7 and potentially 21-plex8, respectively.  53 
 54 
Combined precursor isotopic labeling and isobaric tagging (cPILOT) is an enhanced sample 55 
multiplexing technology. cPILOT combines isotopic labeling of peptide N-termini with light 56 
[−(CH3)2] and heavy [−(13C2H3)] isotopes at low pH (∼2.5), which keeps the lysine residue available 57 
for subsequent high pH (8.5) isobaric labeling using TMT, DiLeu, or iTRAQ tagging3,9-14. The dual 58 
labeling scheme of the cPILOT strategy is depicted in the Supplemental Figure 1 with two samples 59 
using an example peptide. The accuracy and precision of the TMT based quantification at the MS2 60 
level results in false positives due to the presence of contaminating co-isolated and co-61 
fragmented ions termed as the interference effect15. This limitation in inaccurate reporter ion 62 
ratios can be overcome with the help of tribrid Orbitrap mass spectrometers. For example, the 63 
interference effect can be overcome by isolating a peak in a dimethylated pair at the MS1 level in 64 
the mass spectrometer, subjecting the light or heavy peak to MS2 fragmentation in the linear ion 65 
trap and then subjecting the most intense MS2 fragment for HCD-MS3 to obtain quantitative 66 
information. In order to increase the chances of selecting the peptides without lysine amines 67 
available for generating reporter ions, a selective MS3 acquisition based on the y-1 fragment also 68 
can be used and is an approach which can result in a higher percentage of peptides quantifiable 69 
with cPILOT9. The combination of light and heavy labeling increases sample multiplexing 70 
capabilities by a factor of 2x to that achieved with individual isobaric tags. We have recently used 71 
cPILOT to combine up to 24 samples in a single experiment with DiLeu reagents16. Additionally 72 
cPILOT has been used to study oxidative post-translational modifications14 including protein 73 
nitration17, other global proteomes9, and has demonstrated applications across multiple tissue 74 
samples in an Alzheimer’s disease mouse model11. 75 
 76 
Robust sample preparation is a critical step in a cPILOT experiment and can be time-consuming, 77 
laborious, and extensive. Enhanced sample multiplexing requires extensive pipetting and highly 78 
skilled laboratory personnel, and there are several factors that can heavily influence the 79 
reproducibility of the experiment. For example, careful handling of samples is necessary to 80 
ensure similar reaction times for all samples and to maintain appropriate buffer pH for light and 81 
heavy dimethylated samples. Furthermore, manual preparation of tens to hundreds of samples 82 
can introduce high experimental error. Therefore, to reduce sample preparation variability, 83 
improve quantitative accuracy, and increase experimental throughput, we developed an 84 
automated cPILOT workflow. Automation is achieved using a robotic liquid handling device that 85 
can complete many aspects of the workflow (Figure 1). Sample preparation from protein 86 
quantification to peptide labeling was performed on an automated liquid handler. The 87 
automated liquid handler is integrated with a positive pressure apparatus (PPA) for buffer 88 



   

exchanges between the solid-phase extraction (SPE) plates, orbital shaker, and a heating/cooling 89 
device. The robotic platform contains 28 deck locations to accommodate plates and buffers. 90 
There are two pods with a gripper to transfer the plates within the deck locations: a 96-channel 91 
fixed volume pipetting head (5-1100 µL) and 8 channel variable volume probes (1-1000 µL). The 92 
robotic platform is controlled using a software. The user needs to be professionally trained prior 93 
to using the robotic liquid handler. The present study focuses on automating the manual cPILOT 94 
workflow, which can be labor intensive for processing more than 12 samples in a single batch. In 95 
order to increase the throughput of the cPILOT approach11, we transferred the cPILOT protocol 96 
to a robotic liquid handler to process more than 10 samples in parallel. The automation also 97 
allows similar reactions for each sample in parallel during various steps of the sample preparation 98 
process, which required highly trained users to achieve during manual cPILOT. This protocol 99 
focuses on the implementation of the automated liquid handling device to carry out cPILOT. The 100 
present study describes the protocol for using this automated system and demonstrates its 101 
performance using a 22-plex “proof-of-concept” analysis of mouse liver homogenates.  102 
 103 
PROTOCOL: 104 
 105 
All animal protocols were approved by the Institutional Animal Care and Use Committee at the 106 
University of Pittsburgh. One male control mouse (C57/BLJ) was purchased commercially and 107 
housed in the Division of Laboratory Animal Resources at the University of Pittsburgh. Mice were 108 
fed standard rodent laboratory chow ad libitum and kept in a 12 h light/dark cycle. Liver tissue 109 
was harvested and stored at −80 °C.  110 
 111 
1. Protein extraction  112 
 113 
NOTE: These steps are performed manually. 114 
 115 
1.1. Wash mouse liver (100 mg) with saline and homogenate with 500 µL of 8 M urea using a 116 
mechanical homogenizer using lysing matrix A beads for 4 m/s for 20 s. 117 
 118 
NOTE: In this study, protease or phosphatase inhibitors were not added but may be added to the 119 
buffer if necessary, based on the experiment. Also, protein extraction steps can be adjusted 120 
accordingly for various sample types.  121 
 122 
1.2. Transfer the tissue homogenate to a new microcentrifuge tube, rinse and combine the 123 
lysing tubes with 100-500 µL of PBS with 8 M urea.  124 
 125 
1.3. Centrifuge the homogenized tissues (12,800 x g, 4 °C, and 15 min) and collect the 126 
supernatant. 127 
 128 
NOTE: The rest of the steps are carried out on the robotic liquid handler available in the user’s 129 
laboratory. The liquid handler must be capable of aspirating and dispensing buffers from and to 130 
ANCI specified plate’s types, with minimal operator participation. 131 
 132 



   

1.4. Determine the protein concentration using a bicinchoninic acid (BCA) assay according to 133 
manufacturer's instructions.  134 
 135 
1.5. Turn on the PPA, heating/cooling device, and the vacuum pumps and connect all the 136 
accessories with liquid handler. The liquid handler shows a blue light once it is connected to the 137 
computer and ready to operate.  138 
 139 
1.6. To reagent plate 1 (96 well plate), add 30 µL of 25 mM 1,4-dithiothreitol (DTT), 25 mM 30 140 
µL of cysteine and 25 mM 30 µL of iodoacetamide (IAA) to rows 1, 2, and 3, respectively.  141 
 142 
1.7. Add 8 M urea and 20 mM Tris with 10 mM CaCl2 (pH 8.2) to a reservoir plate. Add 500 µL 143 
of 5% formic acid to 2 mL deep well plate, 20 µL of trypsin to row 1 of trypsin plate and place in 144 
the deck location as specified by the method. 145 
 146 
NOTE: IAA and trypsin were added to the 96 well plate prior to adding to the sample.  147 
 148 
1.8. Aliquot 300 µL of the liver homogenate into a 500 µL tube and place on a 2 mL deep well 149 
plate and place at 4 °C until the start of the protocol. For this experiment, 22 aliquots were 150 
generated from the single liver homogenate.  151 
 152 
1.8.1. Add an internal quality control standard (e.g., bovine alpha casein or other exogenous 153 
protein) with the ratio 1 µg standard: 100 µg protein sample.  154 
 155 
1.9. Define the volume of buffers to be added to the samples by variable names and value as 156 
per Table 1. Based on the BCA, enter the volume of sample and normalization buffer (8 M urea) 157 
on a spreadsheet and attach to the software (Table 2).  158 
 159 
NOTE: Further dilution with buffer may be necessary if the protein concentration is too high. The 160 
resulting concentrations for sample from the liver tissue was 10 µg/µL. The volume of buffers 161 
was optimized for 100 µg protein.  162 
 163 
1.10. Remove sample tubes from 4 °C, place on the specified deck location of the automated 164 
liquid handler, and allow to warm for 10 min.  165 
 166 
1.11. Open the method and follow the instructions to place the required tips (1070, 90, and 167 
230 µL), and labware into the desired positions. Once all the labware and tips are in place, cross 168 
check with the final deck layout and click Next to continue the protocol. 169 
 170 
NOTE: The guided set up informs the user to add a required volume of buffer to the specific 171 
labware depending on the protocol and the deck location to be kept. 172 
 173 
2. Sample reduction, alkylation and digestion 174 
 175 
2.1. Load 230 µL tips and aspirate 90 µL of 8 M urea from the reservoir and dispense to row 1 176 



   

of the black 2 mL deep well plate. Unload the tips at TL1. Repeat this step until 8 M urea is added 177 
to all the wells corresponding to the 22 samples. 178 
 179 
NOTE: The denaturation buffer unwinds the protein three-dimensional structure to yield the 180 
primary structure so the trypsin can act and break the protein effectively. The 8-channel pipette 181 
can aspirate different volumes for the 8 channels and can dispense to different locations in the 182 
labware. In this step all the channels aspirated the same volume as defined in the software.  183 
 184 
2.2. After adding the denaturation buffer, load the 90 µL tips and aspirate 10 µL (corresponds 185 
to 100 µg) of mouse liver homogenate using the 8-channel pipette to the black 2 mL deep well 186 
plate. Unload the tips. Repeat this step until all the 22 samples are transferred.  187 
 188 
2.3. After each transfer, perform a mix step to aspirate and dispense 50 µL of the well contents 189 
thrice to ensure mixing of the protein with the buffer to exhibit a 1:1 ratio.  190 
 191 
NOTE: Remove stock homogenate sample and place in -80 °C.  192 
 193 
2.4. To reduce the denatured proteins, load one row of 90 µL tips and aspirate 3 µL of DTT 194 
from the reagent plate 1. Dispense DTT to rows 1 and 2 of the black 2 mL deep well plate and 195 
unload the tips.  196 
 197 
NOTE: The protein: DTT molar ratio is maintained at 1:40 for reduction of disulfide bonds. The 198 
calculation for the molar ratio is based off the protein mass of bovine serum albumin (BSA), which 199 
is 66.5 x 103 g/mol. 200 
 201 
2.5. Seal the sample plate with aluminum foil and incubate at 37 °C for 600 s at 300 rpm.  202 
 203 
2.6. Add 30 µL of 0.25 M IAM to row 3 of reagent plate 1 just before use and place on the 204 
deck. Unseal the sample plate and return to the deck. 205 
 206 
NOTE: IAM is light sensitive. 207 
 208 
2.7. Load one row of 90 µL tips, aspirate 6 µL of IAM from the reagent plate 1 at row 3, and 209 
dispense to row 1 of the sample plate. Unload the tips.  210 
 211 
NOTE: The protein: IAM molar ratio is maintained at 1:80 for each sample. This reaction must be 212 
done in the dark. 213 
 214 
2.8. Seal the sample plate and incubate at 4 °C for 30 min at 300 rpm on the heating/cooling 215 
device.  216 
 217 
NOTE: Sealing the plate is performed to prevent the sample from light, evaporation and spilling 218 
from the well.  219 
 220 



   

2.9. Unseal the sample plate and load one row of 90 µL tips and aspirate 5 µL of cysteine from 221 
the reagent plate 1 at row 2. Dispense to rows 1 and 2 of the sample plate and unload the tips. 222 
Incubate at room temperature for 30 min. 223 
 224 
NOTE: The protein: L-cysteine molar ratio is maintained at 1:40.  225 
 226 
2.10. Place the sample plate on the orbital shaker to perform a timed shake of 1800 rpm for 30 227 
min.  228 
 229 
2.11. Add 800 µL of 20 mM Tris buffer with 10 mM CaCl2 (pH 8.2) to each well of the sample 230 
plate to dilute the urea concentration to 2 M. Unload the tips.  231 
 232 
NOTE: Trypsin activity is hindered at higher urea concentrations and hence it must be reduced to 233 
less than 2 M. This study was performed with a protein to trypsin molar ratio of 50: 1 for 14 h. 234 
 235 
2.12. Add 20 µL of trypsin to row 1, column 1-12 of a 96 well plate and place at a specified 236 
location on the deck.  237 
 238 
2.13. Load one row of 90 µL tips, aspirate 2 µL of trypsin from the trypsin plate row 1, and 239 
dispense to rows 1 and 2 of the sample plate. Unload the tips.  240 
 241 
2.14. Seal the plate and incubate for 15 h at 37 °C at 600 rpm on the heating/cooling device.  242 
 243 
2.15. After incubation, unseal the sample plate and add 5% formic acid to row 3, column 1- 12 244 
of a deep well collection plate and place it on specified deck. 245 
 246 
2.16. Stop the digestion by adding 150 µL of 5% formic acid from row 3 of the formic acid plate 247 
and dispense to sample plate at rows 1 and 2. Unload the tips.  248 
 249 
3. Desalting step 1 250 
 251 
3.1. Desalt the peptides with SPE plate containing 20 mg of Targa C-18 material. Fix the volume 252 
for every buffer exchange as 600 µL and fix the pressure to 100 mbar.  253 
 254 
3.2. Load 1070 µL tips and aspirate 600 µL of acetonitrile and dispense to rows 1 and 2 of SPE 255 
plate. Place the SPE plate on PPA and apply pressure.  256 
 257 
3.3. Using the same tips, aspirate 600 µL of acetonitrile and dispense to rows 1 and 2 of SPE 258 
plate. Place the SPE plate on PPA and apply pressure.  259 
 260 
NOTE: The flow-through can be drained to waste using a suction pump.  261 
 262 
3.4. Load 1070 µL tips and aspirate 600 µL of Buffer A (100 % water in 0.1 % formic acid) and 263 
dispense to rows 1 and 2 of SPE plate. Place the SPE plate on PPA and apply pressure. 264 



   

 265 
NOTE: If the volume of the buffer does not reduce significantly try increasing the pressure or 266 
time.  267 
 268 
3.5. Load 2 rows of 1070 µL tips, aspirate 534 µL of digested samples, and dispense to rows 1 269 
and 2 of SPE plate. Place the SPE plate on PPA and apply pressure. Repeat this step until all the 270 
samples are loaded.  271 
 272 
NOTE: Since the total volume after adding formic acid will be 1068 µL and the samples were 273 
added in two passes.  274 
 275 
3.6. Load 2 rows of used 1070 µL tips, aspirate 600 µL of Buffer A, and dispense to rows 1 and 276 
2 of SPE plate. Place the SPE plate on PPA and apply pressure.  277 
 278 
3.7. Repeat the above step once to clean the sample.  279 
 280 
3.8. Load 1 row of 1070 µL tips, aspirate 600 µL of ACN: Water (60:40) and dispense to rows 1 281 
and 2 of SPE plate. Place the SPE plate on top of a collection plate to elute the peptides using PPA 282 
and apply pressure.  283 
 284 
3.9. Repeat the above step to elute the peptides in the collection plate. Dry the collection 285 
plate to dryness and store at -80° C until further processing.  286 
 287 
4. Dimethylation Labeling (peptide N-termini) 288 
 289 
4.1. Place the required tips (1070, 90, and 230 µL), and labware into the desired positions in 290 
the software. Once all the labware and tips are in place, cross check with the final deck layout 291 
and click Next to continue the protocol.  292 
 293 
4.2. To reagent plate 2, add 450 µL of 1% acetic acid, 50 µL light formaldehyde (CH2O), 50 µL 294 
of heavy formaldehyde (13CD2O), and 150 µL of formic acid to rows 1, 2, 3 and 4 respectively.  295 
 296 
4.3. To reagent plate 3 add 50 µL of light CB, 50 µL of heavy CB, to rows 1 and 2 and 50 µL of 297 
Ammonia to row 3 and 4.  298 
 299 
4.4. Load 2 rows of 230 µL tips and aspirate 100 µL of 1% acetic acid from row 1 of reagent 300 
plate 2 and dispense to the dried down peptides in sample plate 2 (collection plate from the 301 
desalting step) rows 1 and 2 and perform a timed shaking for 5 min at 1800 rpm.  302 
 303 
4.5. Load 90 µL tips and aspirate 16 µL of 60 mM (4%) CH2O (37% wt/v) from row 2 of reagent 304 
plate 2 and dispense to row 1 of the sample plate. Unload the tips.  305 
 306 
4.6. Load 1 row of 90 µL tips and aspirate 16 µL of 60 mM (4%) 13CD2O (20% wt/v) from row 3 307 
of reagent plate 2 and dispense to row 2 of the sample plate. Unload the tips. 308 



   

 309 
NOTE: In this study row 1 corresponds to light and row 2 corresponds to heavy dimethylated 310 
samples (See Figure 1).  311 
 312 
4.7. Load 2 rows of 90 µL tips and aspirate 16 µL of 24 mM NaBH3CN and 24 mM NaBD3CN 313 
from row 1 and 2 of reagent plate 3 and dispense to rows 1 and 2, respectively of the sample 314 
plate.  315 
 316 
4.8. Unload the tips and perform a timed shake for 15 min at 1800 rpm using the orbital 317 
shaker. 318 
 319 
NOTE: Adding sodium cyanoborohydride initiates the reaction hence to reduce variability 320 
between experiments this step is performed once per batch.  321 
 322 
4.9. Load 2 row of 90 µL tips and aspirate 32 µL of 1% ammonia (~28-30% v/v) from rows 3 323 
and 4 of reagent plate 3 and dispense to rows 1 and 2 respectively of the sample plate 2. Unload 324 
the tips.  325 
 326 
NOTE: Adding ammonia stops the reaction hence to reduce variability between experiments this 327 
step is performed once per batch. 328 
 329 
4.10. Combine equal volumes of light and heavy (1:1) dimethylated peptides to a new 2 mL 330 
deep well plate for desalting.  331 
 332 
NOTE: In this study 180 µL of the well contents from row 1 was combined with 180 µL of row 2 333 
from sample plate 2 to a new 2 mL collection plate (Sample Plate 3). The ratio of light: heavy 334 
mixing depends on the experimental protocol, in this study a 1:1 ratio was used.  335 
 336 
4.11. Load 2 rows of 230 µL tips and aspirate 32 µL of 5% formic acid to the combined samples 337 
and perform a timed shaking for 30 s at 1800 rpm.  338 
 339 
NOTE: The dimethylation efficiency depends on the pH of the reaction mixture and any change 340 
in buffer pH will result in incomplete labeling of the peptide N-termini. Dimethylation efficiency 341 
should be greater than 97% when searched as dynamic modification at the peptide N-termini. In 342 
this study the labeling efficiency of light and heavy peptides were 99.7% and 99.5% respectively.  343 
 344 
5. Desalting step 2 345 
 346 
5.1. Perform sample desalting similar to the desalt step 1 for the combined samples.  347 
 348 
5.2. Dry the samples in the sample plate using a speed vac and store at -80 °C until further 349 
processing.  350 
 351 
6. Isobaric tagging (Lys residues) 352 



   

 353 
6.1. Follow the guided labware setup and place the required tips (1070, 90, and 230 µL), with 354 
appropriate buffers. Once all the labware and tips are in place, cross check with the final deck 355 
layout and click Next to continue the protocol.  356 
 357 
6.2. Add 250 µL of 100 mM triethyl ammonium bicarbonate (TEAB), 30 µL of hydroxylamine 358 
(10% w/v) to rows 1, and 2 of reagent plate 4. Place the TMT tubes on the 2 mL deep-well plate 359 
as per the spreadsheet in Table 3.  360 
 361 
6.3. Keep an empty 1.5 mL tube in a tube rack holder for pooling the tagged peptides. Place 362 
the dried down sample plate at P9 and TMT processing plate at P14.  363 
 364 
6.4. To reconstitute the peptides, load 230 µL tips and aspirate 200 µL of 100 mM triethyl 365 
ammonium bicarbonate (TEAB) buffer (pH ~8.5) from row 1 at TEAB plate and dispense to the 366 
dried peptides at row 3 of sample plate 3. Place the plate on the orbital shaker for 30 s at 1800 367 
rpm. 368 
 369 
NOTE: Reconstitute 100 µg of dimethylated peptides at a concentration of 1 µg/µL. 370 
 371 
6.5. Load 90 µL tips and aspirate 10 µL of anhydrous acetonitrile from H12 of the TMT plate 372 
and dispense into each of the dried TMT tubes.  373 
 374 
6.6. Remove the TMT tubes, vortex, and quick spin the tubes and return to deck in deep well 375 
plate. 376 
 377 
6.7. Load 1 row of 90 µL tips and aspirate 25 µL of the combined dimethylated peptides and 378 
dispense to the row 1 of the TMT processing plate. Unload the tips.  379 
 380 
NOTE: The TMT: peptide ratio was maintained at 1:8 for this experiment.  381 
 382 
6.8. Load 1 row of 90 µL tips and aspirate 10 µL of TMT and dispense to the row 1 of the TMT 383 
processing plate. Unload the tips, perform a timed shake for 1 hour at 1800 rpm.  384 
 385 
6.9. Load 1 row of 90 µL tips and aspirate 8 µL of hydroxylamine (10% w/v) from row 2 at TEAB 386 
plate and dispense to the row 1 of the TMT processing plate. Unload the tips, perform a timed 387 
shaking for 15 min at 1800 rpm. 388 
 389 
6.10. Combine 30.5 µL of the TMT labeled peptides from TMT processing plate to 1.5 mL tube. 390 
Unload the tips after each transfer.  391 
 392 
6.11. Remove the tube with the pooled samples and dry to evaporate the acetonitrile. 393 
Reconstitute peptides in 0.2 mL of water in 0.1 % formic acid and return to the deck.  394 
 395 
NOTE: The labeling efficiency of isobaric tagging is also pH specific and the labeling efficiency 396 



   

should be above 98% per manufacturer’s instructions. In this study the TMT labeling efficiency of 397 
the lysine terminated light and heavy peptides was 99.4% and 99.5% respectively.  398 
 399 
7. Desalting step  400 
 401 
7.1. Perform sample desalting similar to the desalt 1 for one sample.  402 
 403 
7.2. Dry the samples and store in -80 °C until analysis.  404 
 405 
8. Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS) and MS3 406 
 407 
8.1. Reconstitute the peptides in MS grade water with 0.1% FA to obtain ~1 µg/µL 408 
concentration. Filter samples with microcentrifuge tubes containing a 0.65 µm filter. Centrifuge 409 
peptides at 12,000 x g for 3 min and place the flow through into an auto-sampler vial.  410 
 411 
NOTE: The peptide concentration can be confirmed at this stage if desired. The peptides would 412 
need to be reconstituted in LC-MS grade water and subject to a BCA peptide assay. In this study, 413 
the peptide BCA assay was not performed and all peptide amounts were based on initial protein 414 
BCA assay.  415 
 416 
8.2. Prepare the mobile phase buffers as follows: 100% (v/v) water with 0.1% FA (A) and 100% 417 
ACN with 0.1% FA (B). 418 
 419 
8.3. Inject 1 µL of sample onto a trap column packed with 2 cm of C18 material (3 µm, 100 Å 420 
pore size).  421 
 422 
NOTE: Sample cleaning on the trap is as follows: 10 min, 100% A; 2 µL/min using a 2D liquid 423 
chromatography system.  424 
 425 
8.4. Run the analytical separation method. Use a 100 µm i.d. x 26 cm laser pulled-tip fused 426 
silica capillary column packed with C18 material (2.5 µm, 100 Å). The gradient is: 0-10 min, 10% 427 
B; 10-30 min, 10-15% B; 30-75 min, 15-30% B; 75-88 min, 30-60% B; 88-92 min, 60-90% B; 92-99 428 
min, 90% B; 99-100 min, 90-10% B, 100-120 min, 10% B; 300 nL/min, 120 min. 429 
 430 
8.5. Run the data acquisition for the mass spectrometer while the analytical separation 431 
method is running.  432 
 433 
8.5.1. Use the following parameters for the MS survey scan: 375-1,500 m/z, 120,000 resolution, 434 
Cycle time 3 s (top speed), automatic gain control (AGC) target 4.0e5, maximum injection time 435 
50 ms.  436 
 437 
8.5.2. Use the following parameters for CID–MS/MS with ion trap: data dependent acquisition 438 
(DDA) scans per outcome, 2 m/z isolation width, 35% normalized collision energy (NCE), 0.25 439 
activation q, 10 ms activation time, 1.0e4 AGC, 100 ms maximum injection time.  440 



   

 441 
8.5.3. Use the following parameters for HCD–MS3 SPS 10: Scan range 100-400 m/z, number of 442 
dependent scans 10, AGC 5.0e4, maximum injection time 118 ms, HCD collision energy 55%, MS2 443 
isolation window 2.  444 
 445 
9. Data analysis 446 
 447 
9.1. Search generated RAW files for the list of proteins and peptides using a protein analysis 448 
software against an appropriate database.  449 
 450 
NOTE: The RAW files generated in this study were searched against a mouse Uniprot database.  451 
 452 
9.2. Since there is both light and heavy labeling in one RAW file, search each file with two 453 
workflows for light and heavy dimethylated peptides.  454 
 455 
9.3. Search the RAW files against mouse Uniprot database (07/13/2019) with 53035 sequence 456 
with the following parameters: trypsin cleavage with maximum two missed cleavages, peptide 457 
with minimum 6 amino acids length, 15 ppm parent mass tolerance, 1 Da fragmentation 458 
tolerance Static modifications: light dimethylation (+28.031, peptide N-terminus) or heavy 459 
dimethylation (+36.076 Da, peptide N-terminus), carbamidomethyl (+57.021 Da, C), Dynamic 460 
modifications: oxidation (+15.995 Da, M), 11-plex isobaric tag (229.163 Da, K), 1% FDR, reporter 461 
ion quantification with 30 ppm peak integration tolerance, most confident centroid for 462 
integration method.  463 
 464 
NOTE: The heavy dimethylated peak also includes another modification which is ~7 Da (+35.069 465 
Da, peptide N-terminus) from the light dimethylated peak and therefore another search node 466 
should be incorporated to include this modification also. 467 
 468 
9.4. Perform reporter ion quantification based on the intensity, 65% SPS mass match, average 469 
S/N ratio 10, isotopic correction, normalization and scaling were not performed.  470 
 471 
NOTE: Normalization and scaling can be performed based on total peptide amount or a specific 472 
protein added to the sample. QC samples can also be included in the channels for inter-batch or 473 
intra-batch normalization based on a two-tailed internal reference scaling18. The isotopic 474 
contaminations of different TMT channels were not provided to the search, users are advised to 475 
add the isotope contamination of different reporter ions.  476 
 477 
REPRESENTATIVE RESULTS:  478 
Figure 2 shows representative MS data of a peptide identified in all 22 reporter ion channels from 479 
a 22-plex cPILOT experiment, including workflow replicates. Figure 2 (top) depicts a doubly 480 
charged peak pair separated by 4 Da m/z spacing indicating a single dimethyl group incorporated 481 
into the peptide. The light and heavy dimethylated peak pairs were isolated and fragmented 482 
independently to yield the sequence of the peptide. The sequence of the peptide is 483 
G(dimethyl)AAELMQQK(TMT-11plex) and corresponds to the protein Betaine--homocysteine S-484 



   

methyl transferase. The most intense fragment ions for both the light and heavy dimethylated 485 
peaks (not shown) were further isolated for MS3 fragmentation and the reporter ions (m/z 126-486 
131) are shown in Figure 2 (bottom). The reporter ion intensities are directly proportionate to 487 
the peptide abundance in the sample. The peptide abundance of the samples implies the 488 
pipetting ability of the robotic platform is fairly uniform across the 22 samples. Overall, this 22-489 
plex cPILOT experiment resulted in 1326 (1209-light/1181-heavy) proteins identifications 490 
resulting from 3098 (6137-light/5872-heavy) peptides (Table 4). Figure 3 shows the box plot of 491 
log10 abundance versus total reporter ion intensities across all the 22 channels showing lesser 492 
inter-well/inter-sample variability. Evaluation of the total automation was done by examining the 493 
error in reporter ion abundance across each protein in the 22 samples. Figure 4 shows that 494 
sample processing with the robotic platform resulted in very low CV values. Specifically, across 495 
the 3098 peptides identified the average CV in reporter ion abundance was 12.36 % and 15.03 % 496 
for light and heavy dimethylated peptides, respectively. Among these peptides 2032 of these 497 
peptides had reporter ion signal above the minimum threshold and were deemed quantifiable.  498 
 499 
FIGURE AND TABLE LEGENDS: 500 
Figure 1. Experimental workflow to process 22 samples in parallel with an automated cPILOT 501 
protocol.  502 
 503 
Figure 2. Quantification of peptides across 22 samples. Example MS (top) and MS3 (bottom) 504 
spectra of the peptide G(dimethyl)AAELMQQK(TMT-11plex) quantified in 22-plex automated 505 
cPILOT experiment for light dimethylated (bottom left) and heavy dimethylated (bottom right) 506 
peaks.  507 
 508 
Figure 3. Box plot of total reporter ion intensities versus log10 abundance of 22 samples using 509 
proteome discoverer 2.3. The RAW file was searched twice for light and heavy peptides, proteins 510 
IDs separately with TMT as dynamic modification, light (+28.031 Da) and heavy (+36.076 & 511 
+35.069 Da) dimethylation at peptide N-termini as static modification. A combined search with 512 
all the above modifications was run using Proteome Discover 2.3 to obtain the Log 10 Abundance 513 
of peptide intensities across all the channels. 514 
 515 
Figure 4. Violin plots of co-efficient of variation of peptide abundance from summed reporter 516 
ion intensities across channels 126-131 m/z. The peptide was quantified with an average CV 517 
value of 12.36 and 15.03 for light (2373) and heavy (2533) quantifiable peptides.  518 
 519 
 Supplemental Figure 1. Illustration of the cPILOT with a single peptide. Showing the isotopic 520 
labeling of two different samples and isobaric tagging with TMT126, the resulting mixture was 521 
injected to MS for LC-MS3. 522 
 523 
Table 1. List of variables used in automated cPILOT protocol. 524 
 525 
Table 2. Volume of mouse liver homogenate and 8 M urea. 526 
 527 
Table 3. Total number of peptides, proteins and peptide spectral matches (PSMs). 528 



   

 529 
Table 4. Barcoding the isobaric tags with the light and heavy labelled samples. 530 
 531 
DISCUSSION: 532 
cPILOT is an enhanced multiplexing strategy that can analyze up to 24 samples in a single 533 
experiment. The multiplexing capacity depends on the number of available isotopic and isobaric 534 
tagging combinations. Introduction of the TMTpro7, which is capable of tagging 16 samples in 535 
single experiment, can push the limits of cPILOT to 32-plex. cPILOT consists of multiple pipetting 536 
steps and requires extensive care and user skills to perform sample preparation. Even with an 537 
expert user, manual errors are inevitable, which invites the use of robotic platforms to process 538 
samples in the cPILOT strategy. Since cPILOT utilizes pH dependent tagging of the peptides, the 539 
pH needs to be maintained for the light and the heavy dimethylated set of samples. Mildly acidic-540 
basic pH can result in dimethylation of both N-termini and lysine residues. An advantage of 541 
cPILOT is that it requires only half of the isobaric tags since peptide N-termini are occupied with 542 
the dimethyl groups. This affords a greater number of samples to be labelled at half the cost. 543 
Handling larger sample numbers requires that reagent exposure times are similar for the first and 544 
the last sample in a batch. A pipette dispenser that can accommodate up to 32 samples in parallel 545 
can best be achieved with the use of robotic liquid handling devices.  546 
 547 
In order to process multiple samples by cPILOT, the manual workflow was amended to 548 
incorporate automation. The robotic liquid handler used in this study has two pods with 96-549 
channel and 8-channel pipetting abilities, with a gripper to place the plates in the available 28 550 
deck locations. The liquid handler is integrated with a positive pressure apparatus, orbital shaker, 551 
and a device to heat/cool samples in the 96 well plate. The positive pressure apparatus assists in 552 
performing buffer exchanges in the SPE plates during clean-up, while the orbital shaker helps to 553 
vortex/mix the samples. The robotic platform was programmed to aspirate and dispense buffers 554 
and samples to 96-well plates, incubate, vortex samples, and transfer plates. Liquids with 555 
different viscosities, such as acetonitrile and water, require specific pipetting considerations that 556 
can also be programmed into the method.  557 
 558 
The cPILOT workflow, starting from protein quantification by BCA to labeling the peptides with 559 
isobaric tags (i.e., TMT), was performed on the liquid handler system. The complete protocol was 560 
scaled to use 96 deep well plates that can hold 2 mL per well. The buffers were prepared prior to 561 
the start of the experiment and added to the 96 well plate so as to allow parallel sample 562 
processing. In the present study, 22 workflow replicates of mouse liver homogenate were added 563 
to the deep well plates and taken through the cPILOT protocol. Finally, a single sample consisting 564 
of the 22-plex equimolar mouse liver tagged peptides was injected to the mass spectrometer. 565 
Reporter ion intensities corresponding to peptide abundances in the samples demonstrated that 566 
samples processed with the liquid handler have lower CVs than the manual protocol (data not 567 
shown). The robotic platform also greatly improved the reproducibility of sample processing. 568 
Reproducibility and robustness are very important factors while processing large numbers of 569 
samples. Pipetting errors can lead to complete mis-interpretation of the data and here the 570 
robotic platform provided low inter-sample variation. Also using the robotic platform for cPILOT 571 
reduced the time required to prepare samples. For example, after developing the automated 572 



   

method, it required 2.5 h to process 22 samples in comparison to 7.5 h for manual cPILOT. 573 
Experiments are on-going in our laboratory to further evaluate comparisons of the manual and 574 
automated cPILOT workflows. Based on previous reports from our laboratory, the CV%’s of 575 
protein reporter ion intensities in the manual cPILOT were greater than 20-60%12.  576 
 577 
cPILOT is a chemical derivatization strategy at the peptide level, that can be used for any sample 578 
type such as cells, tissues, and body fluids. cPILOT offers enhanced sample multiplexing and with 579 
the incorporation of automation can facilitate high-throughput sample multiplexing in 580 
proteomics. This throughput is necessary to further advance disease and biological 581 
understanding and biomarker discovery.  582 
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Table 1. List of variables used in automated cPILOT protocol.

Variable Name Value Description 

DesaltSamp1 1065 Volume to be used for desalt step 1

DesaltSamp2 392 Volume to be used for desalt step 2

DesaltSamp3 100 Volume to be used for desalt step 3

DevMode FALSE

False will cut-down the incubation times to 30sec- True will follow the incubation timing 

in the protocol. 

DTTVol 3 Volume of DTT

FilterPlate Targa Plate used for desalting

FilterPlateVol 600 Volume for desalting 

HAWaterWashes FALSE Number of water washes on the SPE plate

IAMVol 2 Volume of iodoacetamide

PeptideTMTVol 12.5 Volume of peptide for TMT labelling

pressure 100 mbar pressure at PPA

TempOffSet 1 Change in temperature 

TMTVol 10 Isobaric tag volume to be added

TrisVol 800 Volume to dilute sample prior to digestion

TrypsinVol 2 Volume of trypsin 

UsePopTimer TRUE True displays the options to apply pressure on plate if required 
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Table 2. Volume of mouse liver homogenate and 8 M urea.
DilSource DilWell Dest DestWell DilVolume StockSource StockWell SampleVol SampleID

8M_Urea 1 Samples A1 90 Stock_Samples A1 10 1

8M_Urea 1 Samples A2 90 Stock_Samples A1 10 2

8M_Urea 1 Samples A3 90 Stock_Samples A1 10 3

8M_Urea 1 Samples A4 90 Stock_Samples A1 10 4

8M_Urea 1 Samples A5 90 Stock_Samples A1 10 5

8M_Urea 1 Samples A6 90 Stock_Samples A1 10 6

8M_Urea 1 Samples A7 90 Stock_Samples A1 10 7

8M_Urea 1 Samples A8 90 Stock_Samples A1 10 8

8M_Urea 1 Samples A9 90 Stock_Samples A1 10 9

8M_Urea 1 Samples A10 90 Stock_Samples A1 10 10

8M_Urea 1 Samples A11 90 Stock_Samples A1 10 11

8M_Urea 1 Samples A12 90 Stock_Samples A1 10 12

8M_Urea 1 Samples B1 90 Stock_Samples A1 10 13

8M_Urea 1 Samples B2 90 Stock_Samples A1 10 14

8M_Urea 1 Samples B3 90 Stock_Samples A1 10 15

8M_Urea 1 Samples B4 90 Stock_Samples A1 10 16

8M_Urea 1 Samples B5 90 Stock_Samples A1 10 17

8M_Urea 1 Samples B6 90 Stock_Samples A1 10 18

8M_Urea 1 Samples B7 90 Stock_Samples A1 10 19

8M_Urea 1 Samples B8 90 Stock_Samples A1 10 20

8M_Urea 1 Samples B9 90 Stock_Samples A1 10 21

8M_Urea 1 Samples B10 90 Stock_Samples A1 10 22

8M_Urea 1 Samples B11 90 Stock_Samples A1 10 23

8M_Urea 1 Samples B12 90 Stock_Samples A1 10 24
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Table 3. Barcoding the isobaric tags with the light and heavy labelled samples.
SourceWell SourceWell2 Reporter Ion DestWell1 DestWell2 Volume SampleID

A1 C1 126 A1 E1 10 1

A3 C3 127N A2 E2 10 2

A5 C5 127C A3 E3 10 3

A7 C7 128N A4 E4 10 4

A9 C9 128C A5 E5 10 5

A11 C11 129N A6 E6 10 6

B2 D2 129C A7 E7 10 7

B4 D4 130N A8 E8 10 8

B6 D6 130C A9 E9 10 9

B8 D8 131N A10 E10 10 10

B10 D10 131C A11 E11 10 11

Table 3 Click here to access/download;Table;Table 3.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1197571&guid=35a09a50-c8fa-4f8b-bc05-27527771e95b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1197571&guid=35a09a50-c8fa-4f8b-bc05-27527771e95b&scheme=1


Table 4. Total number of peptides, 
proteins and peptide spectral matches (PSMs). 

Light Heavy

Proteins 1209 1181

Peptides 6137 5872

PSMs 14948 16762

Automated cPILOT
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List of materials and reagents. 

Name of Material/ Equipment Company Catalog Number Comments/Description
0.6 mL eppendorf tubes, 500 pk Fisher Scientific 04-408-120 Any brand of 0.6 mL eppendorf tubes are sufficient

0.65 µm Ultrafree MC DV centrifugal filter units EMD Millipore UFC30DV00

1.5 mL eppendorf tubes, 500 pk Fisher Scientific 05-408-129 Any brand of 1.5 mL eppendorf tubes are sufficient

2 ml black deep well plate Analytical Sales and Services, Inc. 59623-23BKGC Any brand of black 96-well plate is sufficient

2 ml clear deep well plate VWR 75870-796

Acetic Acid J.T. Baker 9508-01

Acetonitrile - MS Grade Fisher Scientific A955-4 4 L quantity is not necessary

Agilent 500µL plate Agilent 203942-100 Reagent plate for adding buffers

Ammonium formate Acros Organics 208-753-9

Ammonium hydroxide solution (28 - 30%) Sigma Aldrich 320145-500ML

Analytical balance Mettler Toledo AL54

BCA protein assay kit Pierce Thermo Fisher Scientific 23227

Biomek i7 hybrid Beckmann Any liquid handling device with ability to use positive pressure, heating/cooling and Vortex the samples. 

C18 packing material (2.5 µm, 100 Å) Bruker This item is no longer available from Bruker. Alternative packing material with listed specifications will be sufficient

Centrifuge with plate rotor Thermo Scientific 69720

Micro 21R Centrifuge Sorval 5437

Dionex 3000 UHPLC Thermo Scientific This model is no longer available. Any nano LC with an autosampler is sufficient.

Dithiothreiotol (DTT) Fisher Scientific BP172-5

Formaldehyde (13CD2O) solution; 20 wt % in D2O, 98 atom % D, 99 atom % 13C Sigma Aldrich, Chemistry 596388-1G

Formaldehyde (CH2O) solution; 36.5 - 38% in H2O Sigma Aldrich, Life Science F8775-25ML

Formic Acid Fluka Analytical 94318-250ML-F

Fusion Lumos Mass Spectrometer Thermo Scientific This model is no longer available. Other high resolution instruments (e.g. Orbitrap Elite, Orbitrap Fusion, or Orbitrap Fusion Lumos) can be used.

Hydroxylamine hydrochloride Sigma Aldrich, Chemistry 255580-100G

Iodoacetamide (IAM) Acros Organics 144-48-9

Isobaric Tagging Kit (TMT 11-plex) Thermo Fisher Scientific 90061

L-1-tosylamido-2 phenylethyl cholormethyl ketone (TPCK)-treated Trypsin from bovine pancreas Sigma Aldrich, Life Science T1426-100MG

L-Cysteine Sigma Aldrich, Chemistry 168149-25G

Mechanical Homogenizer (i.e. FastPrep-24 5G) MP Biomedicals 116005500

pH 10 buffer Fisher Scientific 06-664-261 Any brand of pH buffer 10 is sufficient

pH 7 buffer Fisher Scientific 06-664-260 Any brand pH buffer 7 is sufficient

pH meter (Tris compatiable) Fisher Scientific (Accumet) 13-620-183 Any brand of a pH meter is sufficient

Protein software (e.g. Proteome Discoverer) Thermo Scientific

Reservior plate 200ml Agilent 204017-100

Sodium Cyanoborodeuteride; 96 atom % D, 98% CP Sigma Aldrich, Chemistry 190020-1G

Sodium Cyanoborohydride; reagent grade, 95% Sigma Aldrich 156159-10G

Speed-vac Thermo Scientific SPD1010 any brand of speed vac that can accommodate a deep well plate is sufficient

Stir plate VWR 12365-382 Any brand of stir plates are sufficient

Targa 20 mg SPE plates Nest Group, Inc. HNS S18V These are C18 cartridges

Triethyl ammonium bicarbonate (TEAB) buffer Sigma Aldrich, Life Science T7408-100ML

Tris Biorad 161-0716

Biomek 24-Place Tube Rack Holder Beckmann 373661

Urea Biorad 161-0731

Water - MS Grade Fisher Scientific W6-4 4 L quantity is not necessary
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Reply to Editorial comments: 

General: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

As per the editor’s comments, the revised manuscript has been thoroughly checked for spelling 

and grammar issues. The text added/revised is provided in red text throughout the revised 

manuscript.  

2. Please ensure that the manuscript is formatted according to JoVE guidelines–letter (8.5” x 

11”) page size, 1-inch margins, 12 pt Calibri font throughout, all text aligned to the left 

margin, single spacing within paragraphs, and spaces between all paragraphs and protocol 

steps/substeps. 

As per the editor’s comments, the revised manuscript has been formatted as per the guidelines 

for JOVE. 

3. Please revise lines 61-65, 104-110, 308-319, and 322-325 to avoid textual overlap with 

previous publications. 

As per the editor’s comments, the textual overlaps have been changed for the line 61-65 and 

the corrections have been incorporated in the revised manuscript at page 3, line 57-61.  

Combined precursor isotopic labeling and isobaric tagging (cPILOT), is an enhanced sample 

multiplexing technology developed by our laboratory. cPILOT combines isotopic labelling of 

peptide N-termini with light [−(CH3)2] and heavy [−(13C2H3)] isotopes at low pH (∼2.5), which 

keeps the lysine residue available for subsequent high pH (8.5) isobaric labelling using TMT, 

DiLeu, or iTRAQ tagging3,9-14. 

As per the editor’s comments, the textual overlaps have been changed for the line 104-110 and 

the corrections have been incorporated in the revised manuscript at page 4, line 121-129. 



 

Mouse liver (100 mg) was washed with saline and homogenate with 500 µL of 8 M urea using a 

mechanical homogenizer. Using lysing matrix A beads for 4 m/s for 20 seconds. 

 NOTE: In this study Protease or phosphatase inhibitors were not added but may be added to 

the buffer if necessary, based on the experiment. Also protein extraction steps can be adjusted 

accordingly for various sample types.  

2) Transfer the tissue homogenate to a new micro-centrifuge tube, rinse and combine the 

lysing tubes with 100-500 µL of PBS with 8 M urea. 

 

As per the editor’s comments, the textual overlaps have been changed for the line 308-319 and 

the corrections have been incorporated in the revised manuscript at page 10, line 361-373. 

1) Generated RAW files were searched for the list of proteins and peptides using a protein 

analysis software against an appropriate database.  

NOTE: The RAW files generated in this study were searched against a mouse Uniprot database.  

2)  Since we have light and heavy labelling in one RAW file, each file needs to be searched 
with two workflows for light and heavy dimethylated peptides.  
3) The RAW files were searched against mouse Uniprot database (07/13/2019)with 53035 
sequence with the following parameters: trypsin cleavage with maximum two missed 
cleavages, peptide with minimum 6 amino acids length, 15 ppm parent mass tolerance, 1 Da 
fragmentation tolerance Static modifications: light dimethylation (+28.031, peptide N-terminus) 
or heavy dimethylation (+36.076 Da, peptide N-terminus), carbamidomethyl (+57.021 Da, C), 
Dynamic modifications: oxidation (+15.995 Da, M), 11-plex isobaric tag (229.163 Da, K), 1% FDR, 
reporter ion quantification with 30 ppm peak integration tolerance, most confident centroid for 
integration method.  
NOTE: The heavy dimethylated peak also includes another modification which is ~7 Da (+35.069 
Da, peptide N-terminus) from the light dimethylated peak and therefore another search node 
should be incorporated to include this modification also.  
 

As per the editor’s comments, the textual overlaps have been changed for the line 322-325 and 

the corrections have been incorporated in the revised manuscript at page 10, line 387-390. 

Figure 2 (top) depicts a doubly-charged peak pair separated by 4 Da m/z spacing indicating a 

single dimethyl group incorporated into the peptide. The light and heavy dimethylated peak 

pairs were isolated and fragmented independently to yield the sequence of the peptide. 



4. Please reduce the length of the Summary to 10-50 words. 

As per the editor’s comments, the summary has been revised as follows:  

Combined precursor isotopic labeling and isobaric tagging (cPILOT) is an enhanced sample 

multiplexing strategy that is capable of increasing the number of samples that can be analyzed 

simultaneously with available isobaric tags. Incorporation of a robotic platform has greatly 

increased experimental throughput, reproducibility, and quantitative accuracy. 

5. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. 

Please limit the use of commercial language from your manuscript and use generic terms 

instead. All commercial products should be sufficiently referenced in the Table of Materials 

and Reagents. 

For example: Biomek, BC90, BC230, BC1070 

As per the editor’s comments, the revised manuscript has been thoroughly checked for 

commercial terms Biomek, BC90, BC230, BC1070, Peltier, and have been deleted.  

 

Protocol: 

1. There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable content. 

Please highlight 2.75 pages or less of the Protocol (including headers and spacing) that 

identifies the essential steps of the protocol for the video, i.e., the steps that should be 

visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted 

Protocol steps will remain in the manuscript, and therefore will still be available to the 

reader. 

As per the editor’s comments, the text for filming has been highlighted with yellow throughout 

the protocol. 

2. For each protocol step/substep, please ensure you answer the “how” question, i.e., how is 

the step performed? Alternatively, add references to published material specifying how to 



perform the protocol action. If revisions cause a step to have more than 2-3 actions and 4 

sentences per step, please split into separate steps or substeps. 

As per the editor’s comments, the protocol has been modified with lesser actions in Page 5, 

steps 1- 5, has been changed to steps 1-8 sub-step.  

In step 2, Sample reduction steps 1- 15 has been changed to 1-16 sub-steps.  

 In Step 6, Isobaric Tagging sub-steps 1-9 has been changed to 1-11 sub0-steps.  

In Step 8, sub steps 1-5 has been changed to 1-7. 

Specific Protocol steps: 

1. ‘Automated liquid handler’: Please move to the introduction or make into a series of 

numbered protocol steps. 

As per the editors comments, the step has been moved to the introduction at page 4 line 88-96.  

 Sample preparation from protein quantification to peptide labelling was performed on an 

automated liquid handler. The automated liquid handler is integrated with a positive pressure 

apparatus (PPA) for buffer exchanges between the solid-phase extraction (SPE) plates, orbital 

shaker, and a heating/cooling device. The robotic platform contains 28 deck locations to 

accommodate plates and buffers. There are two pods with a gripper to transfer the plates 

within the deck locations: a 96-channel fixed volume pipetting head (5-1100 µL) and 8 channel 

variable volume probes (1-1000 µL). The robotic platform is controlled using a software. The 

user needs to be professionally trained prior to using the robotic liquid handler.    

Figures/Tables: 

1. Please remove all embedded figures and tables from the manuscript. Please upload all 

tables as .xls/.xlsx-formatted files to Editorial Manager. 

As per the editor’s comments, the embedded figures and tables have been removed from the 

manuscript file and provided separately.  

References: 

1. Please do not abbreviate journal titles. 



As per the editors’ comments, the abbreviated journal tittles have been given in full.  

Table of Materials: 

1. Please ensure the Table of Materials has information on all materials and equipment used, 

especially those mentioned in the Protocol. 

As per the editors’ comments, the information in the materials has been checked for all the 

chemicals, equipment’s and instruments used in the protocol.  

  



Reply to Reviewers' comments: 

Reviewer #1: 

In this manuscript, Arul et al described a previous published protocol with new development. 

I do not have major concerns. Here are some suggestions the author may consider to 

incorporate into their work. 

1. What is the labeling specificity in dimethylation of peptide N-termini? Is it solely control by 

pH? A related question is the labeling efficiency in this step. If the N-termini are not 

dimethylated, they would be available for TMT or iTRAQ reactions. 

In this experiment we saw a 99.7% and 99.5 % labelling efficiency of the N-termini peptides for 

the light and heavy dimethylated peptides respectively. The isotopic labelling efficiency is 

dependent on the pH of the solution the peptides are solubilized, since the peptide N-termini 

amine are active at low pH while the lysine amines are inactive at lower pH, and if there is a shift 

in the pH the N-termini will not be labelled with dimethyl group and will be available for isobaric 

labelling. We have added the following sentences in the protocol at page 8, line # 282-286. 

Note: The dimethylation efficiency depends on the pH of the reaction mixture and any change 

in buffer pH will result in incomplete labelling of the peptide N-termini. Dimethylation 

efficiency should be greater than 97%   when searched as dynamic modification at the peptide 

N-termini. In this study the labelling efficiency of light and heavy peptides were 99.7% and 

99.5% respectively.    

2. The authors have previously published a JoVE paper on their workflow. It would be beneficial 

to readers if the authors list specifically what are new in the current protocol. 

The following paragraph is added to the introduction at page #4, line # 96-103.  

The present study focuses on automating the manual cPILOT workflow, which can be labor 

intensive for processing more than 12 samples in a single batch. In order to increase the 

throughput of the cPILOT approach11 we transferred the cPILOT protocol to a robotic liquid 

handler to process more than 10 samples in parallel. The automation also allows similar reactions 



for each sample in parallel during various steps of the sample preparation process, which 

required highly trained users to achieve during manual cPILOT. This protocol focuses on the 

implementation of the automated liquid handling device to carry out cPILOT. 

3. What software was used for data search? It seems like Proteome Discoverer since the 

authors used percolator node. The authors showed cv of reporter ion intensities within either 

the light or heavy group. How do you integrate the quantification data from the two searches? 

Can the author show a boxplot of log2 TMT reporter ion intensities across 22 samples? 

As per the reviewer’s comments, we have added the box plot of the log10 TMT reporter ion 

intensities for all the 22 channels in Figure 3. In this study both the light and heavy searches were 

performed using Proteome discoverer software and the reporter ion intensities obtained from 

the software were used to calculate the CV values. This has been updated in the manuscript in 

the results section, page 11, line 398-400. 

Figure 3 shows the Box plot of log10 abundance versus total reporter ion intensities across all the 

22 channels showing lesser inter-well/inter-sample variability. 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Box plot of total reporter ion intensities versus log10 abundance of 22 samples using proteome discoverer 2.3. The RAW 

file was searched twice for light and heavy peptides, proteins IDs separately with TMT as dynamic modification, light (+28.031Da) 

and heavy (+36.076 & +35.069 Da) dimethylation at peptide N-termini as static modification. A combined search with all the above 

modifications was run using Proteome Discover 2.3 to obtain the Log 10 Abundance of peptide intensities across all the channels.   
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4. As shown in Fig2, both light- and heavy-labeled peptides appear in the same MS spectra. I 

am wondering the percentage of peptide peaks showing such light-heavy pairs. This may give 

a clue on labeling efficiency. 

In this study the labelling efficiency of isotopic labeling was determined based on the 

incorporation of light and heavy dimethylation at the peptide N-termini as a dynamic 

modification. While the isobaric tag labeling efficiency was determined from the lysine 

terminated peptides. The information has been added in the protocol at page 8 and 9. 

Note: The dimethylation efficiency depends on the pH of the reaction mixture and any change in 

buffer pH will result in incomplete labelling of the peptide N-termini. Dimethylation efficiency 

should be greater than 97%   when searched as dynamic modification at the peptide N-termini. 

In this study the labelling efficiency of light and heavy peptides were 99.7% and 99.5% 

respectively.    

Note: The labelling efficiency of isobaric tagging is also pH specific and the labelling efficiency 

should be above 98% per manufacturer’s instructions. In this study the TMT labelling efficiency 

of the lysine terminated light and heavy peptides was 99.4% and 99.5% respectively.     

5. The authors used MS3 for acquiring reporter ion peaks. Would MS2 also work fine? 

In order to quantify relative abundance of the peptides MS3 approach is recommended for the 

cPILOT approach. MS2 based quantification of the light and the heavy peptides can be performed 

as long they can be separated. In reference to the comment, we have added the following para 

in the manuscript at page 3 line 62-72.  

The accuracy and precision of the TMT based quantification at the MS2 level results in false 

positives due to the presence of contaminating co-isolated and co-fragmented ions termed as 

the interference effect15.  This limitation in inaccurate reporter ion ratios can be overcome with 

the help of tribrid Orbitrap mass spectrometers. For example, the interference effect can be 

overcome by isolating a peak in a dimethylated pair at the MS1 level in the Orbitrap, subjecting 

the light or heavy peak to MS2 fragmentation in the linear ion trap and then subjecting the most 



intense MS2 fragment for HCD-MS3 to obtain quantitative information. In order to increase the 

chances of selecting the peptides without lysine amines available for generating reporter ions, a 

selective MS3 acquisition based on the y-1 fragment also can be used and is an approach which 

can result in higher percentage of peptides quantifiable with cPILOT9. 

6. Comparing to a regular TMT proteomics, did the authors notice a drop in peptide/protein 

identification number assuming all the other LCMS parameters are the same? 

In this study we have not compared cPILOT with the TMT workflow, which is beyond the scope 

of this particular study. Since cPILOT requires to pick peak pairs and fragment them to get the 

MS2 and MS3 information it increases the time spent to quantify each peptide. As a result, the 

duty cycle might be lowered compared to a TMT experiment resulting in lower number of 

peptides quantifiable. Overall, the incorporation of additional labeling steps (which also require 

sample desalting) will result in lower numbers of proteins identified than a traditional TMT 

experiment. The advantage however is being able to sample proteins from multiple samples with 

higher experimental throughput.  

7. What does auto mean in Fig 3? One benefit of automation is to reduce viability. What are 

the average cv of TMT reporter ion intensities with a manual processing workflow? A head-to-

head plot maybe helpful. 

“Auto” refers to automation. As noted by the reviewer, the typographical error in Figure 4 has 

been changed. In regard to the head to head comparison we have added the following to the 

page 12 line 474-477.  



 

Experiments are on-going in our laboratory to further evaluate comparisons of the manual and 

automated cPILOT workflows. Based on previous reports from our laboratory, the CV%’s of 

protein reporter ion intensities in the manual cPILOT were greater than 20-60% 12. 

8. This is a protocol paper; I suggest the author give a little bit more explanation for each 

step. For instance, in line 162 (number 2 in step 6), they authors stated "To reconstitute the 

peptides" to let the readers know what this step is for. I think folks who are not very familiar 

with proteomics would find it useful if the authors clearly describe the purpose of each step. 

As per the reviewers comments the steps throughout the manuscript has been evaluated and 

re-written so as to be understood by a wide audience.   

In page 4 line 121-127 

1) Mouse liver (100 mg) was washed with saline and homogenate with 500 µL of 8 M urea 

using a mechanical homogenizer. Using lysing matrix A beads for 4 m/s for 20 seconds. 

 NOTE: In this study Protease or phosphatase inhibitors were not added but may be added to 

the buffer if necessary, based on the experiment. Also protein extraction steps can be adjusted 

accordingly for various sample types.  

2) Transfer the tissue homogenate to a new micro-centrifuge tube, rinse and combine the 

lysing tubes with 100-500 µL of PBS with 8 M urea. 

In page 5 line 170-171 



The denaturation buffer unwinds the protein three-dimensional structure to yield the primary 

structure so as the trypsin can break the protein effectively. 

 

In page 6, line 197-198  

Note: Sealing the plate is performed to prevent the sample from light, evaporation and spilling 

from the well. 

In Page 8 line 278-279 

The ratio of light: heavy mixing depends on the experimental protocol, in this study a 1:1 ratio 

was used. 

In page 8 line 282-286 

Note: The dimethylation efficiency depends on the pH of the reaction mixture and any change 

in buffer pH will result in incomplete labelling of the peptide N-termini. Dimethylation 

efficiency should be greater than 97%   when searched as dynamic modification at the peptide 

N-termini. In this study the labelling efficiency of light and heavy peptides were 99.7% and 

99.5% respectively.    

In page 9 line 323-325 

Note: The labelling efficiency of isobaric tagging is also pH specific and the labelling efficiency 

should be above 98% per manufacturer’s instructions. In this study the TMT labelling efficiency 

of the lysine terminated light and heavy peptides was 99.4% and 99.5% respectively.    

In Page 9 line 332-338 

1) Reconstitute the peptides in MS grade water with 0.1% FA to obtain ~1 µg/µL 

concentration. Filter samples with micro-centrifuge tubes containing a 0.65 µm filter. 

Centrifuge peptides at 12,000 g for 3 min and place the flow through into an auto-sampler vial.  



Note: The peptide concentration can be confirmed at this stage if desired. The peptides would 

need to be reconstituted in LC-MS grade water and subject to a BCA peptide assay. In this 

study, the peptide BCA assay was not performed and all peptide amounts were based on initial 

protein BCA assay.  

  



 

Reviewer #2: 

Manuscript Summary: 

High throughput analysis is critical for large scale proteomics studies. The cPILOT approach is a 

well demonstrated sample multiplexing method that can provide a capacity up to 22 samples in 

one LC-MS runs. The protocol provides a detailed workflow in the use of a automated liquid 

handling station for large-scale sample analysis. The reviewer agree it is a timely protocol for 

the growing need of proteomics in various areas and recommend the publication on JOVE after 

several improvements. 

Major Concerns: 

1. Although the method is published previously, the author should do better to illustrate the 

cPILOT method. An additional Figure should be added to illustrate the double labeling 

approach using a model peptide. 

The authors would like to thank the reviewer for the suggestions, we have included a figure to 

depict the cPILOT approach with two samples using an example peptide. The figure has been 

provided as a supplemental figure 2 and a reference to the figure is added in the manuscript at 

page 3 line 61-62.   

The dual labeling scheme of the cPILOT strategy is depicted in the supplemental figure 1 with two 

samples using an example peptide.   



 



Supplemental Figure 1. Illustration of the cPILOT with a single peptide. Showing the isotopic 

labelling of two different samples and isobaric tagging with TMT126, the resulting mixture was 

injected to MS for LC-MS3.  

2. It is surprising the author use CID for MS2 and HCD for MS3, because they could generate 

different fragment ions 

In order to quantify relative abundance of the peptides MS3 approach is recommended for the 

cPILOT approach. MS2 based quantification of the light and the heavy peptides can be performed 

as long they can be separated. In reference to the comment, we have added the following para 

in the manuscript at page 3, line 62-72. 

The accuracy and precision of the TMT based quantification at the MS2 level results in false 

positives due to the presence of contaminating co-isolated and co-fragmented ions termed as 

the interference effect15.  This limitation in inaccurate reporter ion ratios can be overcome with 

the help of tribrid Orbitrap mass spectrometers. For example, the interference effect can be 

overcome by isolating a peak in a dimethylated pair at the MS1 level in the Orbitrap, subjecting 

the light or heavy peak to MS2 fragmentation in the linear ion trap and then subjecting the most 

intense MS2 fragment for HCD-MS3 to obtain quantitative information. In order to increase the 

chances of selecting the peptides without lysine amines available for generating reporter ions, a 

selective MS3 acquisition based on the y-1 fragment also can be used and is an approach which 

can result in higher percentage of peptides quantifiable with cPILOT9. 

3. More details should be included on the data analysis part. How to correct the isotopic 

contamination in different TMT channels? How to normalize the data? etc... 

As per the reviewer’s comments, we have added more information on data analysis with a box 

plot of the log10 TMT reporter ion intensities for all the 22 channels in Figure 3. In this study since 

all the 22 channels were of equimolar protein concentrations, no normalization was selected. We 

have added Figure 3 to the manuscript depicting the total ion intensities across all the 22 

channels to represent the complete data. This has been updated in the manuscript in the results 

section, page 10, line 377-383. 



 

Reporter ion quantification was performed based on the intensity, 65% SPS mass match, average 

S/N ratio 10, normalization and scaling were not performed.      

NOTE: Normalization and scaling can be performed based on total peptide amount or a specific 

protein added to the sample. QC samples can also be included in the channels for inter-batch or 

intra-batch normalization based on a two-tailed internal reference scaling. The isotopic 

contaminations of different TMT channels were not provided to the search, users are advised to 

add the isotope contamination of different reporter ions. 

In page 11, line 398-400 description to the figure has been added.  

Figure 3 shows the Box plot of log10 abundance versus total reporter ion intensities across all the 

22 channels showing lesser inter-well/inter-sample variability. 

   



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Box plot of total reporter ion intensities versus log10 abundance of 22 samples using proteome discoverer 2.3. The RAW 

file was searched twice for light and heavy peptides, proteins IDs separately with TMT as dynamic modification, light (+28.031Da) 

and heavy (+36.076 & +35.069 Da) dimethylation at peptide N-termini as static modification. A combined search with all the above 

modifications was run using Proteome Discover 2.3 to obtain the Log 10 Abundance of peptide intensities across all the channels.   
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Minor Concerns: 

1. IAA is a more common acronym for iodoacetamide, instead of IAM 

We wish to thank the reviewer for the comment, we wish to inform the reviewer that the 

study utilizes iodoacetamide (IAM) and iodoacetic acid (IAA) was not used.  

2. Page8, line 127, 0.5 uL should be 500 uL 

As per the reviewer’s suggestions the typo graphical error has been changed in the revised 

manuscript.   

3. Page9, Line 144. Sampel reduction should be "Sample reduction, alkylation, and 

digestion 

As per the reviewer’s comments, the heading has been revised in the manuscript. 

4. Page10, Line 160. What's the concentration of DTT used in the study? 

As per the reviewer’s comments, the concentration of DTT has been added.  

5. Page12, before labeling, why no peptide BCA is incorporated in the workflow? Protein 

BCA cannot completely inform the peptide concentration 

As per the reviewers comment we have added the following in the protocol for clarification 

in page 9 line 335-338 

Note: The peptide concentration can be confirmed at this stage if desired. The peptides would 

need to be reconstituted in LC-MS grade water and subject to a BCA peptide assay. In this 

study, the peptide BCA assay was not performed and all peptide amounts were based on 

initial protein BCA assay.  

6. Page 14, what's the protein/TMT ratio used in isobaric labeling steps? 

The peptide to TMT ratio was 1:8 based on the initial BCA assay. As per the reviewer’s 

suggestions a note has been added to the protocol at page 9, line 313. 



Note: The TMT: peptide ratio was maintained at 1:8 for this experiment.   

7. Page 16, Line 290, 1 uL sample is injected. What's the peptide concentration and what's 

the total amount on column? 

The final sample concentration was 1µg/µL, and this concentration is based on the 

assumption from the initial BCA assay and the volumes used to pool after TMT tagging. As 

per the reviewers comments the information is added in page 9, line 332-334. 

1) Reconstitute the peptides in MS grade water with 0.1% FA to obtain ~1 µg/µL 

concentration. Filter samples with micro-centrifuge tubes containing a 0.65 µm filter. 

Centrifuge peptides at 12,000 g for 3 min and place the flow through into an auto-sampler 

vial.   

 

 
 
 



1. Please revise the highlighting of the protocol to be 2.75 pages or less. This is to ensure that the 

videography can occur in a single day. Currently, you have just over 4 page of protocol text 

highlighted.  

As per the editors comments the text for videography has been revised to fit 2.75 pages.  

2. Please specify all centrifugation speeds in terms of x g. This is noted in the comments in the 

attached manuscript. 

As per the editors comments the centrifuge speed has been provide in terms of x g in line 126. 

1.3. Centrifuge the homogenized tissues (12800 x g, 4 °C, and 15 min) and collect the supernatant.  
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 1. Protein extraction  
 
1.5. Turn on the PPA, heating/cooling device, and the vacuum pumps and connect all the 
accessories with liquid handler. The liquid handler shows a blue light once it is connected to the 
computer and ready to operate.  
 
1.8. Aliquot 300 µL of the liver homogenate into 500 µL tube and place on a 2 mL deep well 
plate and place at 4 °C until the start of the protocol. For this experiment, 22 aliquots were 
generated from the single liver homogenate.  
 
1.11. Open the method and follow the instructions to place the required tips (1070, 90, and 
230 µL), and labware into the desired positions. Once all the labware and tips are in place, cross 
check with the final deck layout and click Next to continue the protocol. 
 
2. Sample reduction, alkylation and digestion 
 
2.1. Load 230 µL tips and aspirate 90 µL of 8 M urea from the reservoir and dispense to row 1 
of the black 2 mL deep well plate. Unload the tips at TL1.  
 
2.2. After adding the denaturation buffer, load the 90 µL tips and aspirate 10 µL (corresponds 
to 100 µg) of mouse liver homogenate using the 8-channel pipette to the black 2 mL deep well 
plate. Unload the tips.  
 
2.4. To reduce the denatured proteins load one row of 90 µL tips and aspirate 3 µL of DTT 
from the reagent plate 1. Dispense DTT to rows 1 and 2 of the black 2 mL deep well plate and 
unload the tips.  
 
2.5. Seal the sample plate with aluminum foil and incubate at 37 °C for 600 s at 300 rpm.  
 
2.7. Load one row of 90 µL tips, aspirate 6 µL of IAM from the reagent plate 1 at row 3, and 
dispense to row 1 of the sample plate. Unload the tips.  
 
2.8. Seal the sample plate and incubate at 4 °C for 30 min at 300 rpm on the heating/cooling 
device.  
 
2.9. Unseal the sample plate and load one row of 90 µL tips and aspirate 5 µL of cysteine from 
the reagent plate 1 at row 2. Dispense to rows 1 and 2 of the sample plate and unload the tips. 
Incubate at room temperature for 30 min. 
 
2.10. Place the sample plate on the orbital shaker to perform a timed shake of 1800 rpm for 30 
min.  
 
2.11. Add 800 µL of 20 mM Tris buffer with 10 mM CaCl2 (pH 8.2) to each well of the sample 
plate to dilute the urea concentration to 2 M. Unload the tips.  
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2.12. Add 20 µL of trypsin to row 1, column 1-12 of a 96 well plate and place at a specified 
location on the deck.  
 
2.14. Seal the plate and incubate for 15 h at 37 °C at 600 rpm on the heating/cooling device.  
 
2.16. Stop the digestion by adding 150 µL of 5% formic acid from row 3 of the formic acid plate 
and dispense to sample plate at rows 1 and 2. Unload the tips.  
 
3. Desalting step 1 
 
3.2. Load 1070 µL tips and aspirate 600 µL of acetonitrile and dispense to rows 1 and 2 of SPE 
plate. Place the SPE plate on PPA and apply pressure.  
 
3.3. Place the SPE plate on PPA and apply pressure.  
 
3.5. Load 2 rows of 1070 µL tips, aspirate 534 µL of digested samples, and dispense to rows 1 
and 2 of SPE plate. Place the SPE plate on PPA and apply pressure. Repeat this step until all the 
samples are loaded.  
 
3.8. Load 1 row of 1070 µL tips, aspirate 600 µL of ACN: Water (60:40) and dispense to rows 1 
and 2 of SPE plate. Place the SPE plate on top of a collection plate to elute the peptides using PPA 
and apply pressure.  
 
4. Dimethylation Labeling (peptide N-termini) 
 
4.1. Place the required tips (1070, 90, and 230 µL), and labware into the desired positions in 
the software. Once all the labware and tips are in place, cross check with the final deck layout 
and click Next to continue the protocol.  
 
4.5. Load 90 µL tips and aspirate 16 µL of 60 mM (4%) CH2O (37% wt/v) from row 2 of reagent 
plate 2 and dispense to row 1 of the sample plate. Unload the tips.  
 
4.6. Load 1 row of 90 µL tips and aspirate 16 µL of 60 mM (4%) 13CD2O (20% wt/v) from row 
3 of reagent plate 2 and dispense to row 2 of the sample plate. Unload the tips. 
 
4.7. Load 2 rows of 90 µL tips and aspirate 16 µL of 24 mM NaBH3CN and 24 mM NaBD3CN 
from row 1 and 2 of reagent plate 3 and dispense to rows 1 and 2, respectively of the sample 
plate.  
 
4.8. Unload the tips and perform a timed shake for 15 min at 1800 rpm using the orbital 
shaker. 
 
4.9. Load 2 row of 90 µL tips and aspirate 32 µL of 1% ammonia (~28-30% v/v) from rows 3 



and 4 of reagent plate 3 and dispense to rows 1 and 2 respectively of the sample plate 2. Unload 
the tips.  
 
4.10. Combine equal volumes of light and heavy (1:1) dimethylated peptides to a new 2 mL 
deep well plate for desalting.  
 
6. Isobaric tagging (Lys residues) 
 
6.4. To reconstitute the peptides, load 230 µL tips and aspirate 200 µL of 100 mM triethyl 
ammonium bicarbonate (TEAB) buffer (pH ~8.5) from row 1 at TEAB plate and dispense to the 
dried peptides at row 3 of sample plate 3. Place the plate on the orbital shaker for 30 s at 1800 
rpm. 
 
6.7. Load 1 row of 90 µL tips and aspirate 25 µL of the combined dimethylated peptides and 
dispense to the row 1 of the TMT processing plate. Unload the tips.  
 
6.8. Load 1 row of 90 µL tips and aspirate 10 µL of TMT and dispense to the row 1 of the TMT 
processing plate. Unload the tips, perform a timed shake for 1 hour at 1800 rpm.  
 
6.9. Load 1 row of 90 µL and aspirate 8 µL of hydroxylamine (10% w/v) from row 2 at TEAB 
plate and dispense to the row 1 of the TMT processing plate. Unload the tips, perform a timed 
shaking for 15 min at 1800 rpm. 
 
6.10. Combine 30.5 µL of the TMT labeled peptides from TMT processing plate to 1.5 mL tube. 
Unload the tips after each transfer.  
 
8. Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS) and MS3 
 
8.5. Run the data acquisition for the mass spectrometer while the analytical separation 
method is running.  
 
9. Data analysis 
 
9.1. Search generated RAW files for the list of proteins and peptides using a protein analysis 
software against an appropriate database.  
 


