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SUMMARY: 
Presented here is an optimized high-throughput protocol developed with 16-plex tandem mass tag reagents, enabling quantitative proteome profiling of biological samples. Extensive basic pH fractionation and high-resolution LC-MS/MS mitigate ratio compression and provide deep proteome coverage. 

ABSTRACT:
Isobaric tandem mass tag (TMT) labeling is widely used in proteomics because of its high multiplexing capacity and deep proteome coverage. Recently, an expanded 16-plex TMT method has been introduced, which further increases the throughput of proteomic studies. In this manuscript, we present an optimized protocol for 16-plex TMT-based deep-proteome profiling, including protein sample preparation, enzymatic digestion, TMT labeling reaction, two-dimensional reverse-phase liquid chromatography (LC/LC) fractionation, tandem mass spectrometry (MS/MS), and computational data processing. The crucial quality control steps and improvements in the process specific for the 16-plex TMT analysis are highlighted. This multiplexed process offers a powerful tool for profiling a variety of complex samples such as cells, tissues, and clinical specimens. More than 10,000 proteins and posttranslational modifications such as phosphorylation, methylation, acetylation, and ubiquitination in highly complex biological samples from up to 16 different samples can be quantified in a single experiment, providing a potent tool for basic and clinical research.  

INTRODUCTION: 
Rapid developments in mass spectrometry technology have enabled to achieve high sensitivity and deep proteome coverage in proteomics applications1,2. Despite these developments, sample multiplexing remains the bottleneck for researchers handling the analysis of a large sample cohort.

[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Multiplexed isobaric labeling techniques are extensively used for proteome-wide relative quantitation of large batches of samples3-6. Tandem mass tags (TMT)-based quantitation is a popular choice for its high multiplexing capability7,8. TMT reagents were initially launched as a 6-plex kit capable of quantifying up to 6 samples simultaneously9. This technology was further expanded to quantify 10-11 samples10,11. Recently developed 16-plex TMTpro (termed TMT16 hereafter) reagents have further increased the multiplexing capacity to 16 samples in a single experiment12,13. The TMT16 reagents use a proline-based reporter group, whereas 11-plex TMT applies a dimethylpiperidine-derived reporter group. Both TMT11 and TMT16 use the same amine reactive group, but the mass balance group of TMT16 is larger than that of TMT11, enabling the combination of 8 stable C13 and N15 isotopes in the reporter ions to achieve 16 reporters (Figure 1).

[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42]The increase in multiplexing capability provides a platform for designing experiments with sufficient replicates to overcome statistical challenges14. Furthermore, the additional channels in the 16-plex TMT help reduce the total amount of starting material per channel, which may aid in the development of emerging single-cell proteomics15. The high multiplexing capacity will also be valuable in quantitation of post-translational modifications, which typically requires high amounts of starting material16,17.

Proteomic workflows employing TMT technology have been streamlined18-20, and they have evolved significantly over the past decade in terms of sample preparation, liquid chromatography separation, mass spectrometric data acquisition, and computational analysis21-26. Our previous article provides an in-depth overview of the 10-plex TMT platform27. The protocol described here introduces a detailed, optimized method for TMT16, including protein extraction and digestion, TMT16 labeling, sample pooling and desalting, basic pH, and acidic pH reverse phase (RP) LC, high-resolution MS, and data processing (Figure 2). The protocol also highlights the key quality control steps that have been incorporated for successfully completing a quantitative proteomics experiment. This protocol can be routinely used to identify and quantify greater than 10,000 proteins with high reproducibility, to study biological pathways, cellular processes, and disease progression20,28-30.
[bookmark: _Hlk46496563]
PROTOCOL: 
Human tissues for the study were obtained with approvals from the Brain and Body Donation Program at Banner Sun Health Research Institute.
[bookmark: _Hlk46226263]
1. Protein extraction from tissue and quality control

NOTE: To reduce the impact of sample harvesting on the proteome, it is crucial to collect samples in minimal time at low temperature if possible31. This is especially important when analyzing posttranslational modifications as they typically are labile, for example, some phosphorylation events only have few seconds of half-life32,33.

1.1. Excise and weigh tissue samples

1.1.1. Tare a 1.5 mL microcentrifuge tube using an analytical balance and pre-cool the tube over dry ice. 

1.1.2. Cut a frozen tissue (e.g., human brain tissue, ~10 mg) from a defined region into small pieces and transfer the tissue pieces into the pre-cooled tube immediately. 

NOTE: To reduce sample heterogeneity, it is important to use homogenous sizes and anatomic regions for all 16 samples. The amount of protein obtained from the tissue is typically 5-10% of tissue weight.

1.1.3. Weigh the tube along with the tissue and put the tube immediately on dry ice. Process the remaining 15 samples using the same procedure. Keep the samples in liquid nitrogen immediately after dissection, and store at ˗80 °C.

1.2. [bookmark: _Hlk39158410]Lyse tissue samples

1.2.1. Prepare fresh lysis buffer (50 mM HEPES pH 8.5, 8 M urea, and 0.5% sodium deoxycholate) on the day of the experiment. Phosphatase inhibitors should be added into the lysis buffer to preserve the phosphorylation state of proteins.

NOTE: Put the lysis buffer at room temperature before using it, as 8 M urea will precipitate on ice, which may result in incomplete protein denaturation during sample lysis and reduce protein digestion efficiency.

1.2.2. Add the lysis buffer (add 100 L lysis buffer per 10 mg tissue to achieve a final protein concentration of 5 to 10 g/L) and glass beads (~20% of the lysate volume, 0.5 mm diameter) to each sample. 

1.2.3. Lyse the tissue in a blender at 4 °C with a speed setting 8 for 30 s, rest for 5 s, repeat until the samples are homogenized (~ 5 cycles). 

1.3.  Prepare aliquots of the lysates.

1.3.1. Prepare at least two aliquots for each sample. A small aliquot (~10 L) is used for the analysis of protein concentration and the evaluation of protein quality (e.g., western blotting validation of positive-control proteins). A larger aliquot (~50 L) is used for proteome analysis. 

1.3.2. Freeze the aliquots immediately on dry ice, and store at -80 °C until further use.

1.4.  Measure protein concentration

NOTE: Protein concentration can be measured by the BCA assay or short SDS gel staining method34(Figure 3A). Because the non-protein reducing components in the tissue lysate may affect the measurement in the BCA assay, users may validate the protein concentration by the short SDS gel staining method. The short SDS gel staining method is presented here.

1.4.1. Dilute 16 aliquoted samples by 10-fold and prepare the BSA standard (e.g., BSA titrations of 0.15, 0.5, 1.5 and 3 g).

1.4.2. Run the samples and the BSA standard on a 10% SDS-PAGE gel (24 well) with a stacking gel until all proteins migrate approximately 3 mm into the gel.

1.4.3. [bookmark: OLE_LINK1][bookmark: _Hlk40106879]Stain the gel with Coomassie blue for 1 h, and de-stain the gel until the background in the blank region is clear.

1.4.4. Scan the gel to measure the intensities of Coomassie-stained protein bands by ImageJ and create a BSA standard curve according to the measurements. 

1.4.5. Calculate the absolute protein concentration by the standard curve. 

NOTE: The final protein concentration for each sample in this experiment was ~5-10 µg/µL. For TMT16-based proteomics analysis, 50 µg protein per sample (total 0.8 mg protein for whole-proteome analysis) is sufficient. 

1.5. Sample quality control

[bookmark: OLE_LINK2]NOTE: This quality control step is critical to identify low-quality samples before performing the TMT analysis. For samples with known protein change, it is suggested to validate the change by western blotting. Standard SDS-PAGE analysis is also recommended to examine protein patterns and exclude any samples with high degrees of degradation (Figure 3B). 

1.5.1. Take ~10 µg of each sample from the small aliquot and run samples on a gradient SDS-PAGE gel until the bromophenol blue dye reaches the bottom of the gel. 

1.5.2. Stain the gel with Coomassie blue, and de-stain the gel. Inspect the protein quality to remove highly degraded protein samples.

NOTE: Degraded samples can be identified as one that have very few protein bands in the high molecular weight region and intensified bands in the low molecular weight region (Figure 3B).

2. In-solution protein digestion, peptide reduction and alkylation, digestion efficiency test, and peptide desalting

2.1. Protein digestion by Lys-C and trypsin

2.1.1. Take ~50 µg protein from the large aliquot of each sample and add lysis buffer to 50 µL.

2.1.2. Add 100% acetonitrile (ACN) to reach to a final concentration of 10%.

2.1.3. Perform the Lys-C digestion by adding Lys-C at a protein:Lys-C ratio of 100:1 (w/w) and incubating at room temperature for 3 h. 

2.1.4. Samples are diluted to contain a final concentration of 2 M urea by 50 mM HEPES (pH 8.5). 

2.1.5. Add trypsin into each sample at a protein:trypsin ratio of 50:1 (w/w) and perform the digestion at room temperature for 3 h or overnight.

2.2. Peptide reduction and alkylation

2.2.1. Add freshly prepared dithiothreitol (1 M DTT) solution to a final 1 mM concentration and incubate for 1 h at room temperature to reduce the disulfide bonds.

2.2.2. Add freshly prepared iodoacetamide (1 M IAA) solution to a final 10 mM concentration for 30 min in the dark to alkylate cysteine residues.

2.2.3. Quench the unreacted IAA by adding 1M DTT to a final 30 mM concentration and incubate at room temperature for another 30 min. 

2.3. Examine the digestion efficiency

2.3.1. Take ~1 μg of each sample and desalt using C18 resin-coated pipette tips according to the manufacturer's protocol. 

2.3.2. Analyze each sample by a short gradient LC-MS/MS run (see more details in step 5).

2.3.3. Perform a database search for MS raw data (see more details in step 6). Calculate the percentage of identified peptides with at least one trypsin miscleavage site. The percentage is usually below 15%.

2.3.4. If the percentage is larger than 15%, add additional trypsin to the samples to repeat the digestion.

2.3.5. After digestion, acidify the samples by adding TFA to 0.5% (v/v). Check the pH by a pH strip to ensure the pH is less than 3.

2.4. Peptide desalting

2.4.1. Centrifuge the acidified peptides at 21,000 x g for 10 min. Transfer the supernatants to a new tube.

2.4.2. Wash C18 desalting columns (~25 μL resin) twice with 250 μL of 100% methanol by centrifuging at 500 x g for 30 s.

NOTE: To reduce the loss of peptides during the desalting process, choose desalting columns with binding capacity matching the amount of input.

2.4.3.  Wash the columns twice using 250 μL of elution buffer (60% ACN, 0.1% TFA) by centrifuging at 500 x g for 30 s.

2.4.4. Equilibrate the columns with 250 μL of equilibration and wash buffer (0.1% TFA) by centrifuging at 500 x g for 30 s.

2.4.5. Load samples on the pre-equilibrated columns. Let the samples bind to columns by spinning at 100 x g for 6 min. Ensure that all the solution has passed through the column.

2.4.6. Wash the columns three times with 250 μL of equilibration and wash buffer by centrifuging at 500 x g for 30 s.

2.4.7. Elute the peptides by adding 125 μL of elution buffer to each column and spinning at 100 x g for 3 min. Check that the column does not contain any leftover solution.

2.4.8. Dry the eluted peptides in a vacuum concentrator and store the peptides at -80 ˚C for future TMT labeling.

3. TMT16 labeling of peptides, labeling efficiency test, sample pooling, and labeled peptide desalting

3.1. TMT16 labeling of peptides

3.1.1. Resuspend each desalted peptide sample in 50 μL of 50 mM HEPES (pH 8.5) by vortexing several times or ultrasonic dissolving followed by using a pH strip to verify the pH.

NOTE: The sample may be acidic if not dried completely before labeling, which negatively influence the labeling efficiency. Ensure that pH is between 7 and 8.

3.1.2. Take ~1 μg of unlabeled peptides from each sample as negative controls for the TMT labeling efficiency test.

3.1.3. Dissolve TMT16 reagents in anhydrous ACN. Perform the labeling reaction by adding the reagents at a TMT:protein ratio of 1.5:1 (w/w) and incubating at room temperature for 30 min.

NOTE: The TMT:protein ratio used for TMT16 is 50% higher than the ratio used for TMT11. This small discrepancy may be due to the molecular mass of TMT16 being bigger (1.2-fold) than that of TMT11 reagents. The protein amount is estimated from the samples without considering the loss during desalting.

3.2. Labeling efficiency test

3.2.1. [bookmark: OLE_LINK4]Take ~1 μg of labeled peptides from each sample for the labeling efficiency test. Put the remaining samples at -80 ˚C without quenching the reaction.

3.2.2. Desalt ~1 μg each of TMT16-labeled and unlabeled samples by C18 resin-coated pipette tips according to the manufacturer's protocol. 

3.2.3. Analyze the samples by LC-MS/MS (see section 5, with the exception that the gradient is 10 min).

3.2.4. Estimate the labeling efficiency by analyzing the MS1 intensity reduction of unlabeled peptides between unlabeled and labeled samples. For complete labeling, select 6 to 10 different peptides to verify the labeling efficiency. Ensure that all peptides are labeled and unlabeled peptides are not observed. 

NOTE: It is important to ensure the complete labeling of all samples for downstream accurate protein identification and quantification.

3.2.5.  If the labeling is not complete, add additional TMT reagents to label the remaining peptides and check the labeling efficiency again before quenching. After the sample is completely labeled, quench the reaction at room temperature by adding hydroxylamine to a final 0.5% concentration and incubate at room temperature for 15 min.

3.3. Sample pooling and desalting

3.3.1. Pool half of each TMT-labeled sample to make a mixture.

3.3.2. Take 1 μg from the mixture and desalt by C18 resin-coated pipette tips, then analyze by LC-MS/MS using a short gradient (~30 min).

3.3.3. Calculate the relative concentration using the average intensity of each TMT16 reporter ion and comparing the discrepancies between the 16 channels. To achieve equal mixing of each channel, add the remainder of the TMT-labeled samples into the mixture according to the calculated average intensity. Repeat the adjustment until all samples are equally mixed. Representative data showing the process of sample pooling are shown in Table 1.

NOTE: Because pipetting errors may affect the accuracy of concentrations and protein quantitation, ensuring the pooling amount correctly is important. The discrepancies in intensity among 16 samples should be less than 5%.

3.4. Labeled peptide desalting

NOTE: Because the background derivatives in the TMT16 labeling reaction (e.g., TMTpro-NHOH from the hydroxylamine quenching reaction, and TMTpro-OH from TMT hydroxylation) are hydrophobic, an extensive wash condition is used for TMT16 labeled samples to effectively remove the derivatives. The addition of 5% ACN in the regular wash buffer (0.1% TFA) and 10x bed volumes of wash buffer are used.

3.4.1. Acidify the pooled samples by adding 10% TFA to pH < 3.

3.4.2. Centrifuge the pooled sample at 21,000 x g for 10 min and put the supernatant in a new tube.	
		
3.4.3. Dry the sample using a vacuum concentrator to remove ACN.

3.4.4. Pre-condition a solid-phase extraction cartridge containing 50 mg sorbent column by washing the column with 2 mL of 100% methanol followed by 2 mL of elution buffer (60% ACN plus 0.1% TFA) and lastly 2 mL of wash buffer (0.1% TFA).

3.4.5. Load the sample on the column. Adjust the flow rate to ~100 μL/min to ensure the full extent of peptide binding. Save the flow through.			

3.4.6. [bookmark: OLE_LINK49][bookmark: OLE_LINK50]Wash the column three times with 1 mL wash buffer. 						
3.4.7. Elute peptides with 1 mL elution buffer.

3.4.8. Dry the eluted peptides in a vacuum concentrator and store the peptides at -80 ˚C for further fractionation.

4. Offline basic pH LC pre-fractionation

4.1. Fractionation system preparation

4.1.1. Prepare buffer A (10 mM ammonium formate, pH 8.0) and buffer B (10 mM ammonium formate, 90% ACN, pH 8.0) for a microliter flow high-performance LC system.

4.1.2. Setup an HPLC column containing bridged ethylene hybrid particles (3.5 µm particle size, 4.6 mm × 25 cm) in a microliter flow high-performance LC system for fractionation. 

4.1.3. Install a 100 μL sample loop and wash the loop with 300 µL of methanol, water, and buffer A, sequentially. 

4.1.4. Use 100 μL of 1:1:1:1 ratio of isopropanol : methanol : acetonitrile : water to wash the column. Then, further equilibrate the column for 1 h in 95% of buffer A.

4.2. Sample preparation

4.2.1. [bookmark: OLE_LINK48]Dissolve the pooled and desalted TMT16 sample in 70 μL of buffer A. Confirm that the sample pH is ~ 8.0. If still acidic, then adjust the pH to 8.0 using 28% ammonium hydroxide (NH4OH). 

NOTE: To avoid sample loss, the sample volume should be less than 70% of the loop volume. 

4.2.2. Centrifuge the sample at 21,000 x g for 10 min to remove precipitates.

4.3. Fractionation and concatenation

NOTE: Before real sample fractionation, a pilot experiment is highly recommended to ensure that the LC system is in good condition. This can be performed with a small amount of your actual sample (~5%) or with a non-TMT labeled mixture of peptides.

4.3.1. Inject the sample and fractionate it by the following gradient: 5% buffer B for 10 min, 5-15% buffer B for 2 min, 15–45% buffer B for 148 min and 45–95% buffer B for 5 min. Use a flow rate of 0.4 mL/min. 

4.3.2. Set the fraction collector to collect fractions every 1 min and concatenate 160 fractions back to 40 fractions in 4 cycles.

NOTE: The concatenation is performed by combining early, middle, and late LC fractions eluted from the same time internals into a concatenated fraction. The concatenated fractions have little overlap in the first dimension of LC thus increase the efficient usage of elution window in the second dimension LC. In addition, through several rounds of concatenation, the peptides can be evenly distributed across all the concatenated fractions. This approach has been demonstrated to increase the proteome coverage compared to the analysis of individual fractions35,36.

4.3.3. Dry all concatenated fractions in a vacuum concentrator and store the dried samples at -80 ˚C for further LC-MS/MS analysis.

5. Acidic pH RPLC-MS/MS analysis

5.1. Acidic pH RPLC-MS/MS system preparation

5.1.1. Pack an empty column (75 μm ID with a 15-m tip orifice) with 1.9 μm C18 resin to 10-15 cm in length.

5.1.2. Heat the column at 65 °C using a butterfly portfolio heater to reduce backpressure. 

5.1.3. Wash the column thoroughly with 95% buffer B (3% dimethyl sulfoxide, 0.2% formic acid and 67% ACN). Then, fully equilibrate the column in 95% buffer A (3% dimethyl sulfoxide and 0.2% formic acid). 

5.1.4. Check the performance of the LC-MS/MS system by running 100 ng of rat brain peptides or BSA peptides before analyzing the experimental samples. 

5.2. LC-MS/MS analysis of concatenated fractions

5.2.1. Reconstitute the dried peptides from the basic pH fractions in 5% FA, and centrifuge at 21,000 × g for 5 min. Transfer the supernatant of each sample to an HPLC vial insert.

5.2.2. Load ~1 μg peptides of each fraction onto the column. The peptides are eluted at 0.25 L/min flow rate with a 60 min gradient of 18–45% buffer B. 

NOTE: To obtain high identification numbers, run one fraction and adjust the gradient for the remaining fractions based on the first run. The best gradient should have evenly distributed peptides across the entire gradient (Figure 4A).

5.2.3. [bookmark: OLE_LINK34][bookmark: OLE_LINK35]Operate the mass spectrometer with the following parameters for the analysis of TMT16-labeled samples: MS1 scans (full MS scan range: 450-1600 m/z; Orbitrap resolution: 60,000; automatic gain control target: 1 x 106; maximum ion time: 50 ms) and 20 data-dependent MS2 scans (Orbitrap resolution: 60,000; AGC target: 1 x 105; maximum ion time: 110 ms; HCD normalized collision energy: 32%; isolation window: 1.0 m/z; isolation offset: 0.2 m/z; dynamic exclusion: 10 s).

NOTE: The parameters used here are optimized on one type of mass spectrometer (see Table of Materials). For different MS instruments, users should fine-tune instrument parameters to achieve high-quality results. One setting is to monitor normalized HCD collision energy, as the optimum energy may vary across instruments as well as between TMT11 and TMT16.

6. Data processing 

NOTE: The data analysis was performed using a JUMP software suite37-39 including a hybrid database search engine (pattern- and tag-based), filtering software that controls for the false-discovery rate (FDR) of identified peptides/proteins, and quantification software for TMT datasets. Depending on a user’s situation, data analysis can be done using other commercial or freely available programs. 

6.1. Database search

6.1.1. Convert the .raw files from the MS instrument to .mzXML files, and search MS2 spectra against a non-redundant target-decoy database40 generated from UniProt human protein sequences (or another appropriate species-specific database) to calculate the FDR of identified proteins. 

NOTE: Generate the non-redundant database by combining protein sequences from Swiss-Prot and TrEMBL databases. One can also add customized protein sequences not contained in those reference databases, including protease cleaved proteins, proteins with single nucleotide polymorphisms and common contaminants. 

6.1.2. Conduct searches using the following parameters. Mass tolerance for precursor: 10 ppm; mass tolerance for product ions: 15 ppm; maximal missed cleavages: 2; maximal modification sites: 3; static modifications: 304.20715 Da for TMT16 tags on Lys residues and N termini, 57.02146 Da for carbamidomethylation on Cys residues; dynamic modification: 15.99492 Da for oxidation on Met.

6.2. Filter the search results

6.2.1. Filter the resulting peptide-spectrum matches (PSMs) by peptide length (>6 amino acids), mass accuracy of precursor ion, and JUMP-based matching scores (Jscore and ΔJn). Peptides are then grouped by peptide length, tryptic ends, modifications, missed cleavage sites, and charge state. 

6.2.2. Filter the data further with the matching scores to achieve an FDR below 1% at either the protein (whole-proteome analysis) or peptide (phosphoproteome analysis) level. 

NOTE: If positive-control peptides/proteins are missing at the filtering steps, then FDR may be increased to a reasonable level so that those peptides/proteins can be rescued.

6.2.3. For the peptides shared by more than one member of a protein family, cluster the matched members into one group. 

NOTE: With the rule of parsimony, the group is represented by the homologous protein with the highest number of shared peptides and other proteins matched by unique peptides. 

6.3. Protein quantification 

6.3.1. Quantify proteins using a built-in program of a statistical software suite to summarize TMT reporter ion intensities over all matched PSMs.

6.3.2. Extract TMT reporter ion intensities from each accepted PSM and correct the raw intensities according to isotopic distribution of each labeling reagents (e.g., TMT16-126 generates 92.6%, 7.2%, and 0.2% of 126, 127C, and 128C m/z ions, respectively) and filter out low-intensity and/or highly noisy PSMs on the basis of user-defined thresholds. Normalize the quantitation data using trimmed-mean (or median) intensities of samples to correct loading-bias.

6.3.3. For each identified protein, calculate the mean-centered intensities across samples (i.e., relative intensities) of matched PSMs and summarize the relative intensities of the PSMs by taking sample-wise average. Convert the relative signals to absolute ones by multiplying the overall-average intensity of the three most abundant matched PSMs.

6.3.4. Correct quantification interference using a previously reported y1 ion correction approach37 which assumes that the y1 ion intensity is correlated to the reporter ion intensity. By estimating the linear relationship between y1 and reporter ion intensities from clean scans, the interference level from the contaminated y1 ion intensity in noisy scans is derived and corrected.  

NOTE: For TMT-labeled tryptic peptides, K-TMT and R residues are two representative y1 ions (376.27574 Da and 175.11895 Da, respectively) in an MS2 spectrum. If only one y1 ion is detected and is consistent with the identified peptide, then the MS2 is considered to be a clean scan. If both y1 ions are detected, then the MS2 is considered to be a noisy scan.

6.3.5. Transfer the protein quantitation values to a spreadsheet for further analysis. Use unsupervised data analysis methods such as PCA or clustering analysis to explore the distribution of samples. To identify differentially expressed proteins, use statistical methods such as t-testing and analysis of variance (ANOVA).

7. MS data validation

NOTE: Prior to performing time-consuming biological experiments, use at least one method of validation to evaluate the quality of MS data.

7.1. Manually inspect the MS/MS spectra of proteins of interest to validate the peptide sequence and TMT reporter ion intensities.

7.2. Use antibody-based approaches (e.g., western blotting or immunohistochemistry analysis) to verify changes in protein levels. To confirm the presence of native peptides, use synthetic peptides as internal standards. The peptides’ MS/MS spectra and retention time during LC-MS/MS should be identical under the same conditions.

7.3. Use a targeted MS approach to verify protein changes.

REPRESENTATIVE RESULTS: 
The protocol for the newly developed TMT16, including labeling reaction, desalting, and LC-MS conditions, has been systematically optimized41. Furthermore, we directly compared the 11-plex and 16-plex methods by using them to analyze the same human AD samples41. After optimization of the key parameters for TMT16, both TMT11 and TMT16 methods yield similar proteome coverage, identification, and quantification > 100,000 peptides in > 10,000 human proteins. 

[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK45]Because the TMT16 reagents are more hydrophobic than TMT11 reagents, TMT16-labeled peptides are likely to be more hydrophobic than TMT11-labeled peptides, which may account for different retention time (RT) in RPLC. Thus, we evaluated the impact of TMT16 on peptide RT compared with TMT11 by analyzing the TMT11- and TMT16-labeled peptide mixture using LC-MS/MS. We found that TMT16 has a significant influence on RT to the peptides with medium hydrophobicity but has little effect on the peptides of extremely high or low hydrophobicity. Therefore, the similar starting and ending buffer B concentrations in the LC gradient can be used for different TMT-labeled peptides.
 
We then optimized the online RPLC gradient for TMT16-labeled sample. The gradient for TMT16 is very similar to that of TMT11. The percentage of starting and ending buffer B are the same (e.g., 18% to 45%). But we noticed that the number of identified peptides in TMT16 dropped quickly at around 40% buffer B when using the same gradient that is used for TMT11. Thus, we slightly reduced the time of the gradient between 40% and 45%. We also made minor adjustments to this gradient for different fractions and different samples. After the gradient optimization, the identified peptides were evenly distributed throughout the gradient (Figure 4A).

To maximize the number of proteins identified and accurately quantified using the TMT16 method, we optimized the normalized collision energy (NCE) for the TMT16-labeled samples in our previous report41. Different NCEs (from 20% to 40%) were tested on the mass spectrometer during LC-MS/MS runs. Balancing the number of protein identifications and the reporter ion intensity, an NCE of 30-32.5% was chosen as the optimal HCD collision energy to be used for TMT16-labeled samples. 

Ratio compression caused by co-eluted interfering ions has been a limitation of the isobaric labeling techniques for protein quantitation. A previously published study using TMT11 method show that ratio compression can be nearly eliminated by extensive LC pre-fractionation, optimized MS settings, and post-MS data correction strategies37. We used these strategies including pre-MS extensive fractionation (40 basic pH LC fractions), application of narrow isolation window (1 m/z) in the MS setting, and y1 ion correction in both TMT11 and TMT16 proteome analyses of the same samples. After examining the correlation curve of protein fold change between TMT11 and TMT16 datasets, we found the slope was very close to 1, indicating that the ratio compression in TMT16 was not visibly higher than that in TMT11 under our experimental condition41. The consistent results were reported that the ratio compression has no difference when multiplexing level was increased from 11 to 1613,45. Thus, previously published strategies can be used to alleviate ratio compression, thereby significantly improving quantitation accuracy27,37,44,46.

Finally, we compared the number of PSMs, unique peptides and unique proteins quantified in TMT11- versus TMT16-labeled samples (Figure 4B). The results show that PSMs of both methods are comparable; however, the quantified proteins and peptides are slightly lower in TMT16 method, which is consistent with other reports12,13. Our results indicate that the improvements in the TMT16 process along with the use of optimized LC-MS parameters provide high-throughput, deep proteome profiling of biological samples.

FIGURE LEGENDS:
Figure 1: Structure of the 16-plex TMT reagent. (A) Structure of the 16-plex TMT reagent, labeling process, mass shift after labeling, and the mass of the reporter ion are shown. (B) Heavy isotope–labeled structures of the reporter ions of TMT16 reagents.

Figure 2: Workflow of proteome profiling by 16-plex TMT-LC/LC-MS/MS. Protein extracted from 16 biological tissue samples was digested and labeled with 16 different TMT tags. Samples from 16 channels are pooled equally, and the mixture is fractionated and concatenated into 40 fractions by offline basic pH reverse-phase liquid chromatography (RPLC). Each fraction is further analyzed by acidic RPLC coupled with high-resolution mass spectrometry. The MS/MS raw files were processed. The brain tissue picture is cited from Medium.com with some modifications.

Figure 3: Protein quality control. (A) Quantification of extracted protein from tissue on a short SDS gel with BSA as the standard. The standard curve plots the BSA concentration and Coomassie-stained protein band intensity used for quantification. (B) SDS gel used for protein quality assay.

Figure 4: Representative results. (A) Peptide distribution in acidic LC. The optimized gradient of buffer B after correction of dead volume is aligned in the same plot. (B) The histogram shows the number of quantified PSM, unique peptide, and unique protein in TMT11 and TMT16 methods.

Table 1: Representative data showing the process of sample pooling in step 3.3.

DISCUSSION: 
An optimized protocol for TMT16-based deep proteome profiling has been implemented successfully in earlier publications12,13,41. With this current protocol, more than 10,000 unique proteins from up to 16 different samples can be routinely quantified in a single experiment with high precision. 

To obtain high-quality results, it is important to pay attention to critical steps throughout the protocol. In addition to all the QC steps discussed in our previous article27, we include additional essential steps specific for the TMT16 process. These steps are important in insuring a successful experiment. For example, TMT reaction derivatives (e.g., TMTpro-NHOH from hydroxylamine quenching reaction and TMTpro-OH from TMT hydroxylation) are detected as prominent singly charged ions before desalting by the LC-MS/MS analysis. It is critical to remove them during the desalting step. We have tested different desalting conditions and found that the addition of 5% ACN in regular wash buffer combined with 10 × bed volumes wash for three times effectively removed the derivatives41. In addition, TMT16 has an increased mass compared to TMT11, therefore the full scan range starts from a higher m/z (450 instead of 410) for TMT16-labeled samples. Moreover, as the  optimal collision energy for a peptide depends on the mass-to-charge and charge state of the precursor ion21, the peptides labeled with different chemical labeling tags may have different optimal collision energies. For TMT16, the collision energy 30-32.5% is optimal for TMT16, which is slightly lower than TMT11. 

[bookmark: OLE_LINK46]Isobaric labeling is a powerful technique that provides high multiplexing capability. Although other techniques such as SILAC (stable isotope labeling by amino acids in cell culture)47 and label-free provide alternative strategies for quantitating proteins48, they suffer from low throughput. TMT16 can quantitate proteins across 16 different biological samples in theory. However, it is much more common to use some of these channels as biological replicates, providing more statistical power and helping generate reliable data. Using replicates or even triplicates is very critical, especially in systems where the expected change in protein concentration is nominal. It is important to understand the biology of the system before designing the experiment to include the appropriate number of replicates. Certain biological systems are not ideally suited for some of the quality control steps in this protocol. The premix ratio test is not used when using immunoprecipitation samples for the protocol due the large percentage of proteins expected to change. In these cases, the results would get skewed with premix test. This is also true in cases where at least 1 of the 10 samples is expected to vary greatly in protein expression (empty vector, proteasome inhibition, etc.). It is also suggested to use a TMT channel as an “internal reference” that can then be used to  combine multiple batches of TMT16 experiments49.  

This protocol can be used for high-throughput global proteome profiling of complex biological samples to study differentially expressed proteins and cell signaling pathways and to understand disease biology. In addition, with slight modifications to the protocol, it can be used to study post-translational modifications such as phosphorylation, ubiquitination, methylation, and acetylation. Taking an integrated approach combining exhaustive large-scale proteomic analysis along with other -omics pipelines such as genomics, transcriptomics, and metabolomics can provide insights to broaden understanding of intricate biological systems30,50.
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