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 ABSTRACT 
 SILAC-based metabolic labeling is a widely adopted proteomics approach that enables 
 quantitative comparisons among a variety of experimental conditions. Despite its quantitative 
 capacity, SILAC experiments analyzed with data dependent acquisition (DDA) do not fully 
 leverage peptide pair information for identification and suffer from undersampling compared to 
 label-free proteomic experiments. Herein, we developed a data dependent acquisition strategy 
 that coisolates and fragments SILAC peptide pairs and uses y-ions for their relative 
 quantification. To facilitate the analysis of this type of data, we adapted the Comet sequence 
 database search engine to make use of SILAC peptide paired fragments and developed a tool to 
 annotate and quantify MS/MS spectra of coisolated SILAC pairs. In an initial feasibility 
 experiment, this peptide pair coisolation approach generally improved expectation scores 
 compared to the traditional DDA approach. Fragment ion quantification performed similarly well 
 to precursor quantification in the MS1 and achieved more quantifications. Lastly, our method 
 enables reliable MS/MS quantification of SILAC proteome mixtures with overlapping isotopic 
 distributions, which are difficult to deconvolute in MS1-based quantification. This study 
 demonstrates the initial feasibility of the coisolation approach. Coupling this approach with 
 intelligent acquisition strategies has the potential to improve SILAC peptide sampling and 
 quantification. 

 INTRODUCTION 
 Stable-isotope labeling with amino acids in cell culture (SILAC)  1,2  is a powerful tool in quantitative 
 proteomics for comparing biological samples. While chemical labeling strategies like tandem 
 mass tags  3–5  have increased multiplexing capabilities,  SILAC is still widely used for its 
 quantitative accuracy  6  and its ability to metabolically-encode  temporal information  7  . For 
 instance, dynamic SILAC  8,9  and pulsed-SILAC  10,11  approaches  have become the field standard 
 methods for measuring protein turnover in vivo at a proteome-wide scale. 

 In a SILAC experiment, proteome mixtures with isotopically-labeled amino acids are analyzed 
 by LC-MS/MS using DDA and the relative quantification of peptide pairs is obtained from the 
 peptide precursor signals in MS1 scans  1  . Comparatively  to label-free DDA samples, SILAC 
 samples have better quantitative precision due to decreased technical variation, however SILAC 
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 suffers from increased MS1 spectral complexity and redundant sampling of peptides. As a 
 result fewer peptides are quantified  12  . 

 As an alternative to traditional DDA, data independent acquisition (DIA) strategies  13–15  with 
 quantification on the MS/MS have also been applied to SILAC samples, improving sampling 
 reproducibility and quantification accuracy. Alternative MS acquisition methods such as 
 BoxCarmax  16  , which leverages a combination of BoxCar  17  ,  multiplexed MS/MS DIA  18  , and gas 
 phase fractionation  19  , further improve sampling and  quantification. However, the wide-window 
 isolation used in most DIA experiments can compromise SILAC quantification, given that 
 asymmetric isolations of the peptide pair can lead to distorted SILAC ratios  20  . 

 Data-dependent acquisitions that are informed by SILAC peptide pairs have also been 
 developed. For instance, the Mann group demonstrated enhanced quantification of SILAC pairs 
 with poorly defined ratios in the survey MS1 scan by triggering selected ion monitoring scans in 
 real-time  21  . Additionally, the Coon group demonstrated  reliable quantification by targeted 
 coisolation and fragmentation of the SILAC peptide pair in direct infusion MS experiments  22  . 

 Experiments using other stable isotope labeling strategies, such as trypsin-catalyzed 
 16  O-to-  18  O-exchange and d0/d3 methyl esterification,  have leveraged peptide pairs for 
 identification by comparing heavy and light peptide’s spectra to assist in de novo peptide 
 sequencing  23–25  and automated peptide search validation  26  .  For quantification, Heller et al.  27 

 showcased the coisolation of heavy and light  16  O-  18  O  peptide pairs for MS/MS and utilized y-ion 
 fragment pairs for relative quantification. Other methods using chemical  28  or metabolic  29 

 isotopologue labels have demonstrated the feasibility of using isotopically distinct fragment ions 
 for relative MS/MS quantification with accuracy and precision. Analogously, coisolation of SILAC 
 peptide pairs would result in a boost of b-ion fragment MS/MS signal and paired y-ion SILAC 
 MS/MS signal that can be leveraged for database search identification and MS/MS-based 
 quantification. 

 Here, we implement a MS acquisition method to coisolate SILAC peptide pairs for MS/MS. To 
 analyze coisolated MS/MS, we adapt Comet to perform peptide-spectral matching (PSM) using 
 theoretical spectra of SILAC peptide pairs and we develop a tool to quantify SILAC y-ion pairs 
 from MS/MS spectra. We demonstrate that our method can successfully identify SILAC peptide 
 pairs, while enabling both MS1 and MS/MS-based quantification. We further expand the 
 capabilities of our method to accurately quantify SILAC peptide pairs with overlapping isotopic 
 distributions. Collectively, this work expands our proteomic toolkit for quantitative analysis of 
 SILAC samples. 

 METHODS 

 Yeast growth and harvest 

 Two Saccharomyces cerevisiae yeast strains were used to generate SILAC proteome 
 mixtures: DBY10144 and BY4742. Saccharomyces cerevisiae DBY10144 diploid strain 
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 (MATa/α) is a lysine prototroph from the FY (S288C) background (parental strains FY3G and 
 FY4H). Saccharomyces cerevisiae BY4742 haploid strain (MATα) is a lysine auxotroph from 
 the FY (S288C) background (parental strain FY2). Two starter cultures (synthetic complete 
 media: 6.7 g/L yeast nitrogen base, 2% glucose, and 2 g/L of drop-out mix with all amino acids 
 except lysine) were grown overnight at 30  o  C, one  spiked with heavy  13  C  6  ,  15  N  2  -lysine and other 
 with natural isotope abundance (light) lysine (final concentration 0.872 mM for DBY10144 and 
 0.436 mM for BY4742). Both cultures were diluted using the same media composition (heavy- 
 and light-lysine media respectively) to OD  600  =0.1  (DBY10144) and OD  600  =0.05 (BY4742). For 
 DBY10144 pellets, yeast cell growth was stalled at OD  600  =~0.75 (~8 doublings with overnight 
 cultures) with 100% trichloroacetic acid (final concentration 10%) and cultures were harvested 
 by centrifugation at 7,000 x g for 10 minutes at 4  o  C. Supernatants were decanted and cell 
 pellets were washed with ~10 mL of chilled 100% acetone. Acetone-washed cell pellets were 
 centrifuged at 7,000 x g for 10 minutes at 4  o  C, decanted,  and cell pellets were snap frozen with 
 liquid nitrogen and stored at -80  o  C. For BY4742 pellets,  yeast were cultured overnight and 
 harvested at OD  600  =~0.85 (~8 doublings with overnight  cultures) by centrifugation at 7,000 x g 
 for 10 minutes at 4  o  C. Supernatants were decanted  and cell pellets were washed with 2 mL 
 chilled deionized water. Cell pellets were centrifuged at 7,000 x g for 10 minutes at 4  o  C, 
 decanted, and cell pellets were snap frozen with liquid nitrogen and stored at -80  o  C. 

 Cell lysis, protein reduction and alkylation, and protein digestion 

 Cell pellets were resuspended on ice with 600 μL denaturation buffer composed of 8 M urea, 50 
 mM Tris pH 8.2, and 75 mM NaCl. Phosphatase inhibitors (10 mM sodium pyrophosphate, 50 
 mM of sodium fluoride, and 50 mM β-glycerophosphate) were added to the DBY10144 
 denaturation buffer. Cells were lysed by mechanical agitation using 0.5 mm zirconia/silica beads 
 (60 second bead beating then 90 second rest on ice, repeated four times). Lysates were crudely 
 clarified by centrifugation at 1,200 x g for 1 minute to remove beads followed by cell debris 
 removal via centrifugation at 7,000 x g for 10 minutes at 4  o  C. Protein concentration for heavy- 
 and light-lysine lysates was determined by BCA assay (Pierce). Clarified lysates were reduced 
 at 5 mM dithiothreitol (DTT) for 30 minutes at 55  o  C, alkylated with 15 mM iodoacetamide in the 
 dark with agitation for 30 minutes at room temperature, and quenched with an additional 5 mM 
 DTT at room temperature for 30 minutes with agitation. Reduced and alkylated samples were 
 diluted 1:1 (v:v) with 50 mM Tris pH 8.9 and 75 mM NaCl to a final pH ~8.5 (DBY10144 samples 
 Tris pH 8.9 buffer contained phosphatase inhibitors: 10 mM sodium pyrophosphate, 50 mM of 
 sodium fluoride, and 50 mM β-glycerophosphate). Lysates were digested with lysyl 
 endopeptidase (LysC; Wako Chemicals in HPLC grade water) 1:100 enzyme to protein 
 substrate ratio overnight at room temperature. LysC digestion was quenched with trifluoroacetic 
 acid (final concentration 1%), and peptides were placed at -80  o  C. 

 Peptide desalting 

 Reversed-phase tC18 Sep-Pak columns of 50 mg beads were used to clean up 1.5-1.7 mg of 
 digested yeast lysate. Columns were conditioned with 1 mL methanol and equilibrated with 3 x 1 
 mL 100% acetonitrile, 1 mL 70 % acetonitrile with 0.25% acetic acid, 1 mL 40% acetonitrile with 
 0.5% acetic acid, and 3 x 1 mL 0.1% trifluoroacetic acid (TFA). Peptides were loaded twice by 
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 gravity. Columns were washed with 3 x 1 mL 0.1% TFA and 1 mL 0.5% acetic acid. Peptides 
 were eluted with 600 μL 40% acetonitrile with 0.5% acetic acid and 400 μL 70% acetonitrile with 
 0.25% acetic acid. Multiple aliquots of 50 μg or 100 μg peptides were used to generate SILAC 
 mixtures of lysine light to heavy ratios (10:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:10) for mass spectrometry 
 analysis. All sample aliquots were dried by vacuum centrifugation and stored at -80  o  C. 

 Liquid chromatography mass spectrometry data acquisition strategies 

 SILAC peptide mixtures (500 ng) were subjected to nLC-MS/MS on a EASY-nLC 1200 (Thermo 
 Fisher) coupled to a Orbitrap Eclipse Tribrid mass spectrometer (Thermo Fisher). Peptides 
 were loaded on a 100 μm x 3 cm trap column packed with 3 μm C18 beads (Dr. Maisch) and 
 separated using a 90-minute gradient of 80% acetonitrile, 0.1% formic acid on a 100 μm x 30 cm 
 analytical column packed with 1.9 μm C18 beads (Dr. Maisch). Peptides were online analyzed 
 by tandem mass spectrometry using data-dependent acquisition with a cycle time of 3 seconds 
 starting with a full MS1 scan on the Orbitrap over 300-1,500 m/z at 120,000 resolution, 
 normalized automatic gain control set to Standard (100% - 4e5), and injection time set to Auto 
 (max 50 ms). For traditional data-dependent acquisitions, MS/MS was acquired for the most 
 intense m/z precursors (z=2-5) over the 3 second cycle time using the following parameters: 
 dynamic exclusion of 30 seconds, 1.6 m/z isolation window of precursors, HCD fragmentation 
 at 30 normalized collision energy (NCE), 30,000 resolution on the Orbitrap, normalized 
 automatic gain control set to Standard (100% - 5e4), and injection time set to Auto (max 54 ms). 
 For offset left and right wide window scans (Coiso scans) applied to Lys0/Lys8 SILAC mixtures, 
 the same acquisition parameters were used as the DDA MS/MS scan however each triggered 
 precursor was isolated with a 6.5 m/z isolation window, offset -4 Da and 4 Da (left and right 
 respectively). For comparing Coiso scans and DDA scans, the same precursor was subjected 
 to left and right wide window scans and the DDA scan with the same respective parameters as 
 above. For Lys6/Lys8 SILAC mixtures, the isolation offset was set to -1 Da and 1 Da (left and 
 right) with a 5.0 m/z isolation window. 

 SILAC peptide pair database search approach and new parameters 

 The Comet  30,31  search engine was extended to perform  peptide spectral matching on SILAC 
 peptide coisolation theoretical fragments, controlled by the search parameter 
 “silac_pair_fragments''. In addition to specifying whether a standard database search or a 
 coisolation search is performed, this parameter also controls whether to apply the coisolation 
 fragment peaks on both the b- and y-ion series (silac_pair_fragments=1) or only on the y-ion 
 series (silac_pair_fragments=2). Of note, we demonstrated that only paired y-ions should be 
 considered (excluding possible paired b-ions) in peptide-spectral matching (Supp. Discussion) 
 for it standardizes the possible theoretical fragments based on peptide length across all possible 
 candidates, removes a bias towards missed cleaved decoys (Supp. Fig 1a), generates more 
 PSMs (Supp. Fig 1b), and improves E-values (Supp. Fig 1c). 

 To perform a SILAC coisolation search, a static modification is applied to set the mass of lysine 
 to the light SILAC mass and the mass difference between the light and heavy SILAC reagents is 
 set as a variable modification on lysine residues (e.g. 8.014199 for Lys0/Lys8 or 1.99407 for 
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 Lys6/Lys8). All matching candidate peptides are scored by the fast cross-correlation (Xcorr) 
 algorithm  32  . 

 Standard E-value and Coisolation E-value for SILAC peptide pair prioritization 

 Comet calculates an expectation value (E-value) for each reported PSM. For a given PSM, the 
 E-value is defined as the expected number of random peptides that score as well or higher than 
 the PSM’s cross-correlation score (Xcorr). The E-value is calculated based on modeling the 
 incorrect score distribution which, in the case for Comet, is the histogram of random Xcorr 
 scores for each spectrum query searched against candidate peptides from the sequence 
 database. To calculate an E-value, the Xcorr histogram is converted to a cumulative distribution 
 function (CDF) and a linear regression is fit to the right tail of the log10 transform of the CDF. 
 Xcorr scores are extrapolated from the linear regression model to determine each PSM’s 
 E-value  30  . 

 For a coisolation search, the reported E-value is based on the coisolation Xcorr.  Additionally, 
 Comet reports a second E-value (Coiso E-value or e.value_paired) based on Xcorr scores 
 calculated on just the non-triggered fragment ion peaks e.g. only the light fragment ions if the 
 MS/MS spectrum was triggered on a heavy precursor or only the heavy fragment ions if the 
 MS/MS spectrum was triggered on a light precursor. This strategy is similar to calculating the 
 delta Xcorr between the coisolation database search Xcorr (Coiso) and the traditional DDA 
 database search Xcorr (DDA). For each peptide spectral match, all candidate peptides (target or 
 decoy within 20ppm of targeted m/z) will have the delta Xcorr calculated building a delta Xcorr 
 distribution. Similar to calculating a Comet E-value, we can calculate a Coiso E-value based on 
 the expectation value at which the top PSM candidate’s delta Xcorr intersects with the linear 
 regression of the right tail of the -log  10  (ΔXcorr  CDF). This score accurately prioritized the 
 correctly coisolated SILAC scan with a drastically higher -log  10  (E-value) than the same 
 precursor incorrectly coisolated. The Coiso E-value score is used to determine when a 
 spectrum has correctly coisolated both light and heavy precursors or incorrectly coisolated only 
 one of the two precursors. 

 Database searching S. cerevisiae data with Comet 

 Prior to database searching, MS raw files were converted to .mzML format using msconvert  33  . 
 The .mzML files from SILAC proteome mixtures were searched with Comet, which can be 
 located at 
 https://sourceforge.net/p/comet-ms/code/1622/tree/branches/release_2019015_silacpair/  .  The 
 following database search parameters were used: a SGD S.cerevisiae protein sequence 
 database (July 2014, decoys generated for sequence are pseudo-reversed  34  ), searching for 
 b-ions, y-ions, and H  2  O/NH  3  neutral loss fragments,  LysC endopeptidase specificity (C-terminal 
 to lysine; max 2 missed cleavages), fixed modification of cysteine carbamidomethyl and 
 [+6.020129] on lysines only when  13  C  6  -lysine was the  light SILAC label, variable modifications of 
 oxidation on methionines, acetylation on protein N-terminus, and heavy lysine delta mass 
 (based on mass difference between light to heavy lysine labels), mass tolerance of 20 ppm for 
 precursor m/z, and mass tolerance of 0.02 Da for fragment ions.The parameter isotope_error 
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 was set to 3 for all SILAC ratios used except Lys6/Lys8 SILAC mixtures where isotope_error 
 was set to 1. Coiso SILAC searches were designated silac_fragment_pairs = 1 or 2 (including 
 and excluding paired b-ion fragments respectively, while traditional DDA searches had 
 silac_fragment_pairs=0). Comet generated a pep.xml, pin, and tab delimited text output files for 
 downstream analysis. 

 Peptide spectral match (PSM) FDR filtering and MS/MS spectral quantification 

 We developed a computational Python suite that integrates a variety of publicly available MS 
 software with custom code to generate MS1 and MS/MS quantifications of PSMs from Comet 
 database search results. Using .mzML spectral files, Dinosaur  35  was used to identify and 
 quantify MS1 spectral features. The Python script takes .mzML files, Comet generated .pin files, 
 and Dinosaur generated .feature.tsv files as inputs. Additionally, Comet generated .pin files could 
 be filtered for PSM results pertaining to correctly coisolated wide window scans (precursors with 
 number of lysines=1), based on Coiso E-value score prioritization, and its corresponding narrow 
 window scan from the same precursor (resultant .pin taken as input). The following steps are 
 conducted using our coisolation Python (v.3.8.1) script: (1) Using Pyteomics  36,37  , relevant 
 spectral header information and MS/MS spectra m/z and intensities are extracted from .mzML 
 files. (2) PSM results from Comet database search engine are FDR filtered at 1% PSM FDR 
 using mokapot  38  . (3) After merging PSM FDR-filtered  results with spectral data, we calculate the 
 theoretical masses of b-ion and paired y-ion fragments (z=1 and 2) for the monoisotopic and 
 first and second isotopic peaks. Then, MS/MS peaks were matched to these theoretical 
 masses (maximum intensity observed within 50 ppm tolerance). (4) MS/MS spectral noise was 
 determined using the median of all spectral peaks in the MS/MS scan from the .mzML file  39  . 
 Signal-to-noise ratios for heavy and light fragments were calculated for the average peak 
 intensity of topN, top3, and top6 fragments with quantifiable heavy-light fragment pairs divided 
 by noise. (5) Only annotated fragment isotopes (monoisotopic and/or isotope error peaks with 
 intensity greater than MS/MS spectral noise intensity) that were observed for both heavy and 
 light peptides were considered. Isotope intensities observed in both heavy and light forms were 
 summed to represent the fragment’s heavy and light intensities. (6) MS/MS quantifications were 
 generated as weighted average or median heavy/light ratios using the topN and top2-top6 paired 
 heavy-light lysine paired fragments, excluding y  1+  fragments. Heavy and light intensities of 
 top3-top6 paired fragment quantifications were fit to a linear regression. A SILAC ratio was 
 extracted based on the slope of the regression with accompanying linear fit coefficient of 
 determination (R  2  ). (7) Dinosaur features were mapped  to mokapot PSM-filtered results using 
 the following criteria: PSM retention times within the bounds of the peptide MS1 feature, and 
 MS1 feature’s m/z within 50 ppm of the theoretical PSM m/z. If multiple features map to a single 
 PSM, the feature with the max intensity was chosen. (8) All steps were compiled into three 
 output .csv files; one with PSM level summary MS1 and MS/MS quantifications, the second 
 with all annotated heavy and light MS/MS fragments, and the third with annotated pair y-ion 
 fragments only used for quantification. The source code and coiso_silac Python package can be 
 accessed on GitLab at  https://gitlab.com/public_villenlab/coiso_silac  . 
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 Lysine6/Lysine8 MS/MS spectral deconvolution and quantification 

 For  13  C  6  -lysine (Lys6) and  13  C  6  ,  15  N  2  -lysine (Lys8) SILAC proteome mixtures, the isotopic 
 distributions of coisolated precursor MS1 and MS/MS peptide paired y-ion fragments overlap 
 and require deconvolution for quantification. MS/MS spectral processing and FDR filtering were 
 applied as described above. To determine heavy and light fragment intensity contributions, all 
 paired y-ion fragment intensities were extracted from the MS/MS scan. This resulted in an 
 extended isotopic distribution profile (monoisotopic peak and the first through fourth isotopic 
 peaks) of the light peptide fragment based on the calculated theoretical m/z values. Missing 
 isotope peaks were assigned 0 MS/MS intensity. Light fragment intensities contribute up to all 5 
 theoretical isotopic peaks, while the heavy fragment intensities only contribute to the second 
 through fourth isotopic peaks. To demarcate the relative contribution of the light and heavy 
 fragments to the second through fourth isotopic peak intensities, the chemical composition of 
 each y-ion fragment for light peptide sequence was determined, and using the Yergey et al. 
 calculation  40  , the theoretical isotopic distribution  across the isotopic profile (normalized to the 
 monoisotopic contribution) was calculated. 

 Using the mathematical approach developed by Chavez et al.  41  , each y-ion fragment’s observed 
 isotopic distribution and the fragment’s theoretical isotopic distribution serve as inputs to 
 compute the fragment’s optimal SILAC ratio (the heavy/light ratio that minimizes the ratio error in 
 their model). Our implementation deviates from Chavez et al.’s approach in that we calculate 
 each y-ion fragment’s theoretical isotope distribution based on each fragment’s molecular 
 composition (compared to using the precursor theoretical distribution for all peptide’s fragments) 
 and we choose a different set of filters for accepting a fragment’s ratio. We applied a filter that 
 the quantification for each fragment can only be calculated if at least two isotopic peaks were 
 observed across the isotopic profile and the heavy and light contributions to the optimal SILAC 
 ratio calculation must be positive values. The PSM’s optimal SILAC ratio and SILAC ratio error 
 were designated by the median of the topN and top3 fragments’ optimal ratio and ratio error for 
 each PSM. 

 MS1-based quantification was determined via the deconvolution of MS1 precursor signals 
 similarly to MS/MS peptide fragments, using the theoretical distribution of the precursor peptide 
 and observed isotopic distribution for the nearest MS1 or apex MS1 scan for the closest 16 
 MS1 scans from the triggered MS/MS scan number. Top3 and Top5 MS1 observed isotopic 
 distributions were calculated by summing the isotopic contributions for the 3 or 5 most abundant 
 isotopic distribution signals across subsequent scans. FDR-filtered PSMs with MS1 and 
 MS/MS deconvoluted quantifications were returned as a summary .csv file. 

 Data analysis 

 Spectra for MS1 and MS/MS scans pertaining to figures were directly extracted from .mzML 
 using custom code or Pyteomics  36,37  and MS/MS spectra  were annotated with our custom 
 Coiso annotation code or spectrum_utils  42  . Resultant  spectra were plotted in R (version 3.6.1) 
 and RStudio (version 1.4.1103), and all data figures were generated in Adobe Illustrator CS5 
 (version 15.0.0) and R. All code and data analysis can be accessed via GitLab at 
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 https://gitlab.com/public_villenlab/coiso_silac_analysis  . All mass spectrometry data and 
 analysis files generated for this manuscript are deposited to the ProteomeXchange Consortium 
 by the PRIDE partner. The PRIDE project identification number is PXD033016, and the reviewer 
 username is reviewer_pxd033016@ebi.ac.uk; password oQ7OiEl7. 

 RESULTS 

 Rationale for coisolation SILAC acquisition and database searching 

 To coisolate SILAC pairs, we use a DDA approach where the detected precursor m/z’s are 
 isolated in a 6.5 m/z-wide isolation window that is offset to the center of the SILAC pair. For a 
 light precursor the offset would be set to the right and for heavy precursors to the left. Our main 
 goal here is to provide proof of principle of the coisolation approach. To avoid relying on the 
 instrument designating precursors as light or heavy, we acquire MS/MS for both offset 
 isolations, and compare to standard DDA MS/MS (i.e. with 1.6 m/z-wide isolation window) for 
 the same precursor (Fig 1a). We adapted Comet to be able to assign peptides from MS/MS 
 spectra of coisolated SILAC pairs (Fig 1b). In the manuscript, we refer to the combination of the 
 wide window MS/MS acquisition and the coisolation Comet search as “Wide Coiso”, and the 
 standard DDA MS/MS and Comet search as “Narrow DDA”. 

 We expect the coisolation and analysis of peptide pairs (Wide Coiso) will yield three 
 improvements. First, fragmentation spectra of coisolated SILAC peptide pairs feature merged 
 b-ions and split y-ions (Fig 1b top panel). In a Comet search, the increased ion representation 
 should increase Xcorr values (Fig 1b). Second, to overcome the increased complexity in a wide 
 isolation window, we apply a narrow mass tolerance to increase the specificity of the precursor. 
 We expect these two features will prioritize the true pair over other candidates and paired 
 decoys, thus improving Comet E-values and overall identifications. Third, quantification can be 
 performed in the MS/MS using the y-ions, which are expected to have higher signal-to-noise 
 ratios than precursor signals  43  . 

 Here, we assessed the performance of the method by comparing peptide-spectral matching 
 metrics and identifications between SILAC pair MS/MS and DDA MS/MS for the same 
 precursors. Also, we evaluate quantification precision and accuracy for MS1 precursor and 
 MS/MS y-ion pair features. 
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 Figure 1: Coiso SILAC computation workflow and MS acquisitions.  a)  From the MS1 scan, Coiso 6.5-m/z  wide 
 isolation window (offset -4 Da left and +4 Da right) and DDA narrow window 1.6 m/z isolation window for a triggered 
 heavy SILAC peptide from Leu1 (asterisk). Coiso MS acquisition aims to capture SILAC peptide pairs (light (green) 
 and heavy(blue)) for fragmentation and MS/MS.  b)  MS/MS  of left and right Coiso scans and narrow window DDA 
 scan for the triggered Leu1 peptide in (  a  ). Comet’s  E-values and Xcorr for the Coiso search are in black and 
 standard DDA search are in red. Theoretical fragments for Coiso search are in the bottom panel at theoretical m/z 
 values. Peptide spectral matched b-ions (purple), light y-ions (green), and heavy y-ions (blue) are highlighted and 
 other MS/MS peaks are grey-scaled.  c)  Comet database  searching for Coiso SILAC MS acquisitions performs 
 peptide spectral matching to SILAC peptide paired fragments designated by the parameter “silac_pair_fragments”. 
 PSMs are matched to Pyteomics-parsed MS/MS spectral data, FDR-filtered with mokapot, mapped to Dinosaur MS1 
 features, and PSM y-ion paired fragments are annotated and quantified. 
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 Comet database search and quantification tool for SILAC peptide pairs 

 To analyze SILAC pair data, a two step analysis pipeline was generated. First, Comet was 
 adapted to perform peptide spectral matching (PSM) for SILAC pairs using heavy and light 
 fragments. This feature is enabled by the “silac_pair_fragments” parameter. For all candidate 
 targets and decoys within the precursor mass tolerance, theoretical paired spectra are 
 generated and matched to calculate cross correlation (Xcorr) scores  32  . With calculated Xcorr 
 values, PSMs can be assigned an E-value, or an expectation score, as a metric to standardize 
 the confidence of the reported PSMs and calibrate Xcorr values across scans. E-values serve 
 as an effective single metric to differentiate target and decoy PSMs  30  , thus enabling FDR-based 
 PSM filtering to establish a high confidence set of identifications for downstream analysis. 

 The second component of the analysis pipeline is an open source Python package, coiso_silac, 
 that performs SILAC quantification with coisolation data. In the package, we integrate the 
 publicly available software mokapot  38  to FDR filter  Comet PSMs, Pyteomics  36,37  to extract MS 
 spectra m/z and intensity, and Dinosaur  35  to identify  MS1 precursor features. With this 
 information, we annotate peptide fragments in MS/MS spectra, calculate MS/MS-based SILAC 
 ratios, and map MS1 features to PSMs (Fig 1c). MS/MS SILAC ratios are generated for a 
 variety of different summation strategies and variable number of most abundant topN paired 
 y-ions. This quantification pipeline generates a result file containing 1% FDR filtered PSMs with 
 scoring metrics and MS1 and MS/MS quantifications for downstream analysis. 

 Coisolating SILAC pairs improves identification metrics compared to DDA 

 We applied the MS isolation schema from Fig. 1a to analyze seven S. cerevisiae proteome 
 samples mixed at different SILAC ratios (10:1, 4:1, 2:1, 1:1, 1:2, 1:4, and 1:10; light:heavy; 
 Lys0:Lys8). For simplicity, initial coisolation MS acquisitions were designed based on SILAC 
 peptides with a single lysine. Thus, peptide identifications that did not have exactly one lysine 
 were removed from the analysis. Since both wide offset MS/MS scans are analyzed for each 
 precursor, only the wide offset scan containing the SILAC pair was compared to the matching 
 DDA MS/MS scan (See Methods). 

 We assess method feasibility by comparing identification metrics between our Wide Coiso 
 approach and traditional Narrow DDA for matching precursors. Herein, the metrics for PSM 
 spectral representation (Xcorr) and confidence in PSM assignment (E-value) were compared. In 
 the 1:1 SILAC labeled sample, the Wide Coiso approach showed higher Xcorr scores for 96% of 
 the PSMs compared to Narrow DDA (Fig 2a), likely due to the additional, paired y-ions and 
 intensity increase in b-ion signals. To benefit from this increase in Xcorr with Wide Coiso in the 
 PSM filtering step, we should observe a greater increase for true matches than for false 
 matches. Indeed, we observed the standardized E-value metric showed a 42% improvement for 
 Wide Coiso compared to Narrow DDA for matching PSMs at 1% FDR (Fig 2b). 

 Across the run, Wide Coiso and Narrow DDA showed similar E-value distributions for both 
 decoy hits and target hits (Supp. Fig 2a). However, we observed a shifted distribution toward 
 higher -log  10  (E-values) in the Wide Coiso approach  (Supp. Fig 2b,c). 

 10 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 18, 2022. ; https://doi.org/10.1101/2022.04.18.488679doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?KSMd1o
https://www.zotero.org/google-docs/?n5hnft
https://www.zotero.org/google-docs/?bwl1p4
https://www.zotero.org/google-docs/?kPDGiI
https://www.zotero.org/google-docs/?8BBtUC
https://doi.org/10.1101/2022.04.18.488679
http://creativecommons.org/licenses/by-nc-nd/4.0/


 Figure 2: Coiso SILAC Comet identification performance is comparable to traditional DDA. a)  Density-binned 
 scatter plot comparison of Xcorr from correctly coisolated wide window scan searched with Coiso algorithm and 
 narrow window scan searched with DDA parameters for matching targeted precursor for 1:1  S. cerevisiae  SILAC 
 mixture.  b)  Same as (  a  ) for Comet E-values.  c)  Number  of PSMs at specified FDR using E-value target-decoy 
 competition for all MS acquisition and search combinations. The combinations consider correctly coisolated Coiso 
 scans and narrow window scans searched with Coiso or traditional DDA Comet search parameters for 1:1  S. 
 cerevisiae  SILAC mixture. Inlet zooms over an FDR  = 0.01 cut-off.  d)  PSM identifications at 1% FDR based  on 
 Comet E-values for PSMs with one lysine across the scan acquisition:Comet search parameter combinations in  (c) 
 for seven  S. cerevisiae  SILAC ratio proteome mixtures. 

 Comet E-values are often used to filter PSMs to a defined FDR and generate a high-confidence 
 set of PSMs for downstream analysis. We assessed the filtering capabilities of the E-value 
 metric for Coiso Wide and Narrow DDA by estimating PSM false discovery rate (FDR) using 
 target-decoy competition. In the 1:1 SILAC sample, we observed that the target/decoy 
 discriminatory capability of Wide Coiso E-values is similar to that of Narrow DDA E-values, 
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 however Narrow DDA is slightly more sensitive (Fig 2c). When comparing total PSM 
 identifications at 1% FDR across SILAC mixtures, Wide Coiso captures 92% for 1:10 and 10:1, 
 94% for 1:4 and 4:1, 97% for 1:2 and 2:1, and 97% for the 1:1 SILAC ratio samples compared to 
 Narrow DDA (Fig 2d). Thus, we conclude that our coisolation pair method provides a similar 
 capability to identify SILAC peptide pairs proteome-wide as DDA. 

 Additionally, we searched the Wide and Narrow MS acquisitions with the opposing Comet 
 search DDA and Coiso parameters, respectively. Not surprisingly, Narrow Coiso slightly 
 underperformed Narrow DDA because the data does not contain paired fragments. Wide DDA 
 had the lowest number of identifications because the data has paired fragments that increase 
 spectral complexity without benefit to the analysis. 

 Coisolation score for identifying scans that coisolate SILAC pairs 

 While our coisolation approach generally improves PSM E-values, E-values alone are not 
 strong predictors of whether the SILAC peptide pair is coisolated. Indeed, we observed that wide 
 window isolations that exclude one of the SILAC features can generate a PSM E-value that 
 passes the PSM-level 1% FDR filter (Fig 1b 2nd panel: right isolation). Therefore, we sought to 
 generate a coisolation score that could prioritize wide window MS/MS that successfully 
 coisolate the SILAC pair. 

 If a SILAC pair is coisolated, we would expect to see y-type fragments from both the targeted 
 and the non-targeted SILAC precursor. To generate a coisolation score, we first calculate a 
 Xcorr considering only the y-ions of the non-targeted SILAC precursor, which are only present 
 during coisolation. Then, we compare this Xcorr against all candidates within the MS1 ppm 
 tolerance to calculate an expectation score or Coiso E-value (Supp. Fig 3). Our Coiso E-value 
 should calibrate the non-targeted precursor’s y-ion Xcorr contribution across scans and 
 standardize our confidence in SILAC pair detection. 

 To test whether the Coiso E-value can correctly prioritize coisolated SILAC peptide pairs, we 
 analyzed a S. cerevisiae proteome mixture with a 1:1 SILAC sample using only the wide 
 isolation MS acquisitions from Fig 1a. Since both wide offset MS/MS scans are analyzed for 
 each precursor, -log  10  (Coiso E-values) should be higher  for coisolated wide scans compared to 
 the respective non-coisolated scan. Coisolated wide scans are defined as targeting heavy 
 precursors with left offset and light precursors with right offset. With the 6.5 m/z wide windows, 
 coisolation can occur for all charge states when one lysine is present and charges z=4-6 when 
 two lysines are present. All other lysine-charge combinations will not coisolate for both offset 
 MS/MS, as the non-targeted precursor will fall outside the MS1 isolation window. 

 We found that coisolated scans yield better standard Comet E-values, but this increase in score 
 performance alone is not enough to distinguish these scans from non-coisolated scans (Supp. 
 Fig 4). 
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 In contrast, our new Coiso E-value successfully classified coisolated and non-coisolated SILAC 
 pair spectra (Fig 3). As expected, this separation is dependent on the number of lysines and 
 charge of the peptide precursor, which determine the SILAC pair m/z separation and whether a 
 coisolation is possible with the 6.5 m/z isolation window used in this study. Thus, precursors 
 with no coisolation have Coiso E-values similar to those of decoy hits (2 Lys with z=2-3, and 3 
 Lys with z=2-6). Precursors with coisolation in only one offset MS/MS separate between 
 non-coisolated and coisolated scans with the expected heavy or light peptide assignments 
 (z=2-3 & 1 Lys; z=3-6 & 2 Lys). Lastly, precursors that coisolate with both offset MS/MS 
 demonstrate Coiso E-values along the diagonal (z=4-6 & 1 Lys) (Fig 3). Thus, our Coiso E-value 
 can serve as a useful predictor for correctly coisolated SILAC peptide pairs. 

 Because Coiso E-values are a metric for robust paired y-ion signals, it can be further applied to 
 filter PSMs for high-quality quantifications, providing FDR-control of SILAC quantifications. 

 Figure 3: Coiso E-value for prioritizing SILAC peptide pair coisolation and predictive quantifiability.  Scatterplot 
 for Coiso E-value of the 1:1  S. cerevisiae  SILAC proteome  mixture faceted by PSM charge state and number of 
 lysines for matching left and right offset Coiso scans. PSM assignment either heavy (blue), light (green), or decoy 
 (purple) based on correctly Coiso scans PSM sequence. 

 MS/MS quantification of SILAC peptide pairs 

 To assess quantification performance, we analyzed seven SILAC S. cerevisiae proteome 
 mixtures (labeled with Lys0 and Lys8) using Wide MS/MS with both offsets. PSMs were filtered 
 for the offset with the higher -log  10  (Coiso E-value)  and peptides with one lysine (See Methods). 
 For each PSM, we calculated SILAC ratios at the MS1 level using precursor signals and at the 
 MS/MS level using the most abundant y-ion signals. The number of quantified PSMs at the 
 MS/MS level and its overlap with quantified MS1 precursors vary based on the the number of 
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 top y-ions used for quantification (Supp. Fig 5-6). Here, we highlight MS/MS quantification using 
 the Top3 and Top4 most abundant y-ions, since they showed the best balance between the 
 number of PSMs quantified and quantification accuracy and precision. 

 Figure 4: Coiso SILAC enables more quantifications with improved precision and less outliers. a)  Barplot  of the 
 number of quantifiable PSMs for MS1 (green) and the two best Coiso MS/MS quantification methods (purple). Plots 
 consider the same set of PSMs for each of the SILAC  S.cerevisiae  proteome mixtures (Lys0:Lys8 ratio respectively). 
 b-c)  Number of quantified PSMs across the same samples  as in (  a  ) depicted as a stacked barplot outlining  the 
 overlap between MS1 quantifications and MS/MS quantifications considering top3 (  b  ) or top4 (  c  ) quantifiable y-ion 
 fragment MS/MS-based quantification filter. Overlap designations are the following: both : quantifiable MS1 and 
 MS/MS (green); neither: not quantifiable in MS1 and MS/MS (purple); MS1 only (dark blue); MS/MS only (light blue). 
 d)  Box plots for peptide-spectral matches for the  same samples as in (  a  ). MS/MS-based quantification  methods 
 (purple) filtered for top3 or top4 quantifiable paired y-ion fragments. MS1-matched SILAC features from Dinosaur 
 (green) using either apex or sum-based quantification. Box plots represent the distribution from all quantifiable 
 PSMs from (  a  ). In the box plot, the horizontal line  represents the median, box designates the IQR, and the whiskers 
 indicate 1.5 x IQR from the box ends.  e)  Bar plots  of percentage peptide-spectral matches that are outliers from the 
 SILAC  S.cerevisiae  proteome mixture distributions  (Lys0:Lys8 respectively) as in (  a  ). MS/MS quantification  methods 
 (purple) filtered by top3 or top4 quantifiable paired y-ion fragments and Dinosaur MS1-derived quantifications 
 (green) are represented here. Outliers are PSM log  2  (ratios)  > Q3 + (1.5 x IQR) or log  2  (ratios) < Q1 - (1.5 x  IQR). 
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 Due to the increased MS/MS sensitivity achieved by precursor isolation, we expected more 
 quantifications at the MS/MS level compared to the MS1 level. In a 1:1 Lys0:Lys8 S. cerevisiae 
 proteome mixture, we observed a 14% increase in quantified PSMs by Top3 y-ion pair MS/MS 
 compared to MS1 (Fig 4a). This increase was further amplified as the SILAC ratio deviated from 
 1:1. We observed a 15% improvement with the 1:2 and 2:1 mixtures, 23% improvement with 1:4 
 and 4:1, and 40-51% improvement with 1:10 and 10:1 (Fig 4a). MS1 and MS/MS quantifications 
 using the Top3 and Top4 y-ion pairs largely overlapped (Fig 4b-c). 

 We explored multiple ways to calculate SILAC ratios at the MS/MS level using the sum, median, 
 or linear regression across a number of TopX y-ion pairs (Supp Fig 7). For Top3 and Top4 y-ion 
 pairs, median-based MS/MS quantifications showed narrower distributions than MS1 
 quantifications (Fig 4d), suggesting improved precision. For 1:1, 1:2, and 2:1 Lys0:Lys8 SILAC 
 mixtures, the distributions of heavy-to-light ratios for MS/MS quantifications accurately center at 
 the expected values. However, SILAC ratios further from 1:1 showed mild (1:4 and 4:1) to 
 moderate (1:10 and 10:1) ratio compression. The extent of ratio compression did not correlate 
 with MS/MS fragment ion signal, and the relationship between SILAC ratios and MS intensities 
 were similar between MS1 and MS/MS quantifications (Supp. Fig 8). 

 Due to MS1 complexity, many precursor signals fall close to the noise level, resulting in poor 
 quantifications. We expect that our coisolation method’s gas phase enrichment would improve 
 signal-to-noise resulting in fewer outlier quantifications. To compare, we define an outlier as a 
 PSM quantification that lies 1.5 times the interquartile range (IQR) away from the first and third 
 quartile. The percentage of outlier PSMs varies by MS/MS quantification approach and top y-ion 
 pair filters (Supp. Fig 9). Remarkably, for all SILAC ratios, Top3 and Top4 median-based MS/MS 
 quantifications had fewer outliers compared to MS1 quantifications (Fig 4e). 

 Quantifying SILAC peptide pairs with overlapping isotopic distributions 

 An avenue to improve the SILAC coisolation method is to increase its multiplexing capacity. 
 This can be achieved by combining isotopically labeled amino acids with smaller delta masses, 
 while maintaining a similar size isolation window. MS1-based quantification of SILAC mixtures 
 with overlapping isotopic distributions are challenging to deconvolute using traditional DDA. The 
 coisolation method could improve SILAC quantification due to reduced isotopic overlap of 
 peptide fragment ions in the MS/MS. Thus, we set out to test the coisolation method for 
 proteomes with SILAC labels separated by 2 Da, potentially enabling a 5-plex over a 8 Da 
 range. 

 We generated  13  C  6  -lysine (Lys6) and  13  C  6  ,  15  N  2  -lysine  (Lys8) labeled S. cerevisiae proteome 
 mixtures spanning seven ratios (10:1, 4:1, 2:1, 1:1, 1:2, 1:4, and 1:10 Lys6:Lys8). We applied 
 our coisolation method using 1 Da left and right offsets with 5 m/z wide isolations. PSMs were 
 assigned using the version of Comet we adapted for SILAC pairs and filtered for the offset 
 MS/MS with a higher -log  10  (Coiso E-value) and one  lysine (See Methods). 
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 In Lys6:Lys8 SILAC mixtures, the second isotope of the lighter (Lys6) precursor of the SILAC 
 pair has the exact same mass as the monoisotopic peak of the heavier (Lys8) precursor, 
 aggregating their signals. This overlap continues for heavier isotopes of the distribution. We 
 deconvoluted signals for precursors and y-type fragments using the mathematical approach in 
 Chavez et al.  41  . This approach fits the theoretical  isotopic distribution  40  to the observed isotopic 
 spectra to calculate an optimal SILAC ratio (R  opt  )  (Fig 5a). 

 Figure 5: Coiso SILAC of Lys6:Lys8 mixtures via isotope deconvolution for robust MS/MS quantifications. a) 
 Coiso SILAC MS/MS spectra (bottom panel) of PSA1 ETFPILVEEK light peptide with peptide fragments (black) and 
 unannotated peaks (grey). Top3 peptide paired fragments (y7  ++  : left, y5  +  : middle, y7  +  :right) zoomed in over  the 
 fragment’s observed isotope distribution (black) and the inferred light (green) and inferred heavy (blue) fragment 
 intensity contributions based on the model-defined optimal SILAC ratio (R  opt  = Log  2  (heavy/light)).  b)  Bar plot of 
 number of quantifiable PSMs for topN and top3 fragment ion filter requirement (faceted by proteome mixtures 
 defined by SILAC Lys6:Lys8 ratios). MS1 quantifications based on precursor pair signals in  apex  MS1 scan or 
 three most intense successive MS1 scans.  c)  Box plots  for the distribution of all quantifiable PSMs from (  b  ). 
 MS/MS-based quantification methods (purple) filtered for top3 or topN quantifiable paired y-ion fragments. In the 
 box plot, the horizontal line represents the median, box designates the IQR, and the whiskers indicate 1.5 x IQR 
 from the box ends. 
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 For MS/MS-based quantification, we applied this deconvolution approach to calculate R  opt  ratios 
 for each y-ion fragment and then calculated a SILAC ratio for each PSM as the median R  opt 

 among the top3 and topN most abundant y-ion pairs. For MS1-based quantification, we applied 
 the deconvolution method for overlapping precursor signals, generating a R  opt  for the 
 chromatographic peak apex and a median R  opt  for the  three most intense successive MS1 
 scans (See Methods). 

 The deconvolution approach resulted in similar numbers of quantified MS1 and MS/MS features 
 in Lys6:Lys8 samples (Fig 5b). In mixtures 4:1 through 1:4, we observed a similar number of 
 quantified PSMs based on y-ion pairs for Lys6:Lys8 and Lys0:Lys8 (Fig 5b, Supp. Fig 10a). 
 However, at the most extreme ratios, more PSMs were quantified by MS/MS in Lys6:Lys8 
 samples compared to Lys0:Lys8 samples (Supp. Fig 10a). Surprisingly, the Lys6:Lys8 mixture 
 with the most quantified PSMs was the 1:2 Lys6:Lys8 ratio, possibly due to the asymmetrical 
 light isotopic contribution boosting the heavy precursor signal. 

 We observed Lys6:Lys8 MS/MS-based quantifications accurately mapped to the expected 
 SILAC ratios (Fig. 5c) and had similar precision to Lys0:Lys8 mixtures (Supp. Fig 10b). In 1:4 
 and 1:10 Lys6:Lys8 SILAC mixtures, we observe mild SILAC ratio compression, while the 4:1 
 and 10:1 SILAC mixtures deviate towards more extreme ratios. This is likely due to the 
 limitations to the isotopic deconvolution, which is supported by our observation of ratios being 
 more extreme for shorter peptides (i.e. less overlap between isotopic envelopes) in the 10:1 
 Lys6:Lys8 sample (Supp. Fig. 11). 

 Collectively, we demonstrate the coisolation method can reliably and precisely quantify 
 proteome mixtures containing SILAC labels with overlapping isotopic distributions. 

 DISCUSSION 
 Here we developed a SILAC coisolation analysis platform equipped with novel MS/MS 
 acquisition schema, database searching strategy, and quantification pipeline. The offset, wide 
 window MS isolations enable coisolation of SILAC peptide pairs for joint MS/MS analysis. The 
 adapted Comet search for SILAC pairs leverages light and heavy fragments for peptide-spectral 
 matching. The coisolation method improves Comet identification scores and achieves a similar 
 number of PSMs compared to traditional DDA. We generated a Coiso E-value score that 
 prioritizes MS/MS with successfully coisolated peptide pairs and enables FDR control for SILAC 
 quantification. Furthermore, our coisolation method offers MS/MS-based quantification with little 
 to no interference, using y-ion pairs. Quantification of coisolated SILAC pairs outperformed MS1 
 quantification in the number of quantified PSMs, quantification precision, and percentage of 
 outlier quantifications. However, the method suffered from some ratio compression and reduced 
 accuracy at extreme SILAC ratios. Of note, the coisolation method provides both, standard MS1 
 quantifications and the additional MS/MS quantifications. 
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 Another advantage of the coisolation method is the capability to deal with labeling schemes that 
 produce overlapping isotopic envelopes. Here we show the performance of our method with 
 Lys6:Lys8 labeling and the method can be applied to labeling schemes that combine 
 Lys0:Lys2:Lys4:Lys6:Lys8, increasing sample multiplexing. 

 The two main limitations of this study are related to the current coisolation MS/MS acquisition 
 implementation. First, we performed wide window MS/MS for both offsets to ensure coisolation 
 in at least one of the offsets. This duplicates the number of scans per SILAC precursor pair and 
 slows down acquisition. Second, much like in data independent acquisition, wide window 
 isolations result in high complexity MS/MS, which can be difficult to match to a peptide 
 sequence. These two limitations result in fewer peptide identifications than using traditional DDA. 

 The main goal of our study was to demonstrate the feasibility of the coisolation method when the 
 SILAC peptide pair is successfully coisolated. In future work, we will explore strategies to 
 decrease spectral complexity and improve proteome sampling in combination with the 
 coisolation method. For example, we can apply offline HPLC fractionation to reduce sample 
 complexity. Also, online ion mobility separations (IMS) could separate SILAC peptide pairs by 
 their collisional-cross section (CCS). DIA-SIFT  44  ,  which couples SILAC-DIA with IMS, 
 demonstrated robust precision and accuracy for SILAC MS/MS quantification, suggesting 
 possible advantages when applying IMS to the coisolation method. 

 With programmatic accessibility to the mass spectrometer  45  ,  we envision greater improvements 
 to the coisolation method. We propose implementing an acquisition workflow in which MS/MS 
 scans are triggered on SILAC pair MS1 features detected in real-time, with dynamic adjustment 
 of the center and width of the isolation window. This adjustment will accelerate acquisition by 
 eliminating the need to acquire both offset MS/MS scans for each precursor. Additionally, to 
 increase sampling and reach proteome depths similar to label-free approaches, dynamic 
 exclusion could be programmed at the level of the SILAC pair rather than individual precursors. 
 Finally, sequential isolation of paired light and heavy precursors with an MSX approach  18  can 
 minimize the MS/MS spectral complexity while increasing SILAC pair signals. Collectively, 
 these developments can substantially improve the coisolation method maximizing the number 
 of quantified peptides achieved per run. 

 In future, we envision the coisolation SILAC method to offer unique advantages to MS analysis 
 of phosphoproteomes. During peptide-spectral matching, site diagnostic fragment ions that 
 distinguish between phosphate localizations must be observed in order to precisely localize the 
 phosphosite. We expect that the paired y-ions collected in the MS/MS of the coisolation method 
 will offer additional site diagnostic fragments and increase the confidence in site localization 
 assignments. Additionally, site diagnostic ions could be used in the coisolation method to 
 separately quantify phosphopeptide positional isomers, which is not possible if the quantification 
 is done at the MS1 level. 

 This study presents a coisolation MS method that can successfully identify and quantify SILAC 
 labeled proteomes by isolating and cofragmenting peptide pairs. This approach expands our 
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 proteomics toolkit for analyzing SILAC samples and offers exciting new opportunities for future 
 development. 
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