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Abstract

Data-independent acquisition (DIA) is a promising technique for the proteomic analysis of 

complex protein samples. A number of studies have claimed that DIA experiments are more 

reproducible than data-dependent acquisition (DDA), but these claims are unsubstantiated since 

different data analysis methods are used in the two methods. Data analysis in most DIA workflows 

depends on spectral library searches whereas DDA typically employs sequence database searches. 

In this study, we examined the reproducibility of DIA and DDA results using both sequence 

database and spectral library search. The comparison was first performed using a cell lysate and 

then extended to an interactome study. Protein overlap among the technical replicates in both DDA 

and DIA experiments was 30% higher with library-based identifications than with sequence 

database identifications. The reproducibility of quantification was also improved with library 

search compared to database search, with the mean of the coefficient of variation decreasing more 

than 30% and a reduction in the number of missing values of more than 35%. Our results show 

that regardless of the acquisition method, higher identification and quantification reproducibility is 

observed when library search was used.
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Introduction

Proteomic studies provide essential and comprehensive information that helps to decipher 

the molecular portraits of cells, but reproducibility is one of the central hurdles that has 

limited the potential of proteomics. Proteomic analysis is challenging 1, 2 due to the 

considerable complexity of the proteome, which includes a diverse array of post-

translational modifications and other higher order features such as protein interactions, 

protein localization and protein folding. With continued improvements in mass spectrometry 

technology and data analysis methods, the identification and quantification of a complete 

proteome 3–5 is within reach, but technical reproducibility remains a challenge in large-scale 

studies 6–9.

Proteomic analysis relies principally on mass spectrometry technology. The first strategy 

developed for the automation of MS data acquisition was data-dependent acquisition (DDA), 

which selects precursor ions for fragmentation based on their abundances in MS1 scans. 

Since the peptides selected for fragmentation are usually the most abundant peaks in the 

survey scan, there can be a stochastic nature to data acquisition as peptide mixtures become 

more complex 10. Data-independent acquisition 11 (DIA) is an alternative strategy in which 

all precursor ions within a m/z window are fragmented regardless of their intensity and the 

m/z window is systematically scanned across a mass range. Venable et al 11 and Dong et al. 
12 showed that DIA produced quantitative results with better signal to noise than DDA, and 

that fragment ion signals in DIA could be used for peptide quantification and protein 

identification with better reproducibility. Although Venable et al. used a database search to 

analyze DIA data, later strategies employed spectral library search 13. As the use of DIA in 

proteomics has grown, tools specific for DIA analysis 14 such as Skyline 15, Spectronaut 16, 
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or DIA-Umpire 17 have emerged. Recent studies comparing the two scan methods have 

determined DIA to be more reproducible than DDA 18–20, but these studies employed 

different data analysis methods for each acquisition method, and thus the influence of the 

type of search on the results is not clear.

In a previous study we explored the use of libraries to analyze DDA data in a fashion similar 

to DIA data analysis strategies 21. That study showed a clear improvement in reproducibility 

between replicates. In this study, we assess how much a library-centric data analysis strategy 

improves DDA analysis relative to data collected by DIA using similar software tools. 

Aliquots of a cell lysate were independently measured by DIA and DDA on a Q-Exactive 

mass spectrometer, followed by protein and peptide identification and quantification using a 

sequence database and spectral library search in parallel. Subsequently, we extended our 

comparison to biological replicates by applying the same analysis methods to an interactome 

dataset.

Experimental procedures

Sample preparation.

HEK293 cells (which have not been recently checked for mycoplasma contamination) were 

cultured in DMEM (Gibco) supplemented with 10% v/v FBS, 1% v/v penicillin, 1% v/v 

streptomycin (Gibco). Cell pellets were lysed on ice using a lysis buffer composed of 4 mM 

HEPES, pH 7, 150 mM NaCl, 0.5 % v/v Triton X-100, 0.5% v/v NP-40, 0.01% w/v 

deoxycholate, protease and phosphatase inhibitors (Roche). After 24h of incubation at 4 °C, 

the cell extract was centrifuged at 18,000g for 30 min at 4 °C. The cleared lysate was 

transferred to a new tube, and the protein was quantified using a Pierce™ BCA Protein 

Assay Kit (Thermo Scientific). Protein mixtures were precipitated by the addition of four 

volumes of methanol, 1 volume of chloroform, and three volumes of water, followed by 

vortexing and centrifugation at 18,000xg for 2 min at room temperature. Most of the upper 

layer was removed, and the samples were pelleted by the addition of three volumes of 

methanol with centrifugation at 18,000g for 2 min. Protein pellets were air-dried for 10 min, 

and resuspended in 8 M urea, 100 mM Tris pH 8.5. Cysteines were reduced with 5 mM 

TCEP (Sigma-Aldrich) for 20 min at room temperature and alkylated with 14 mM 

chloroacetamide (Fluka) for 15 min in the dark at room temperature. The solution was 

diluted with four volumes of 100 mM Tris-HCl, pH 8.5, and digested with trypsin 

(sequencing grade, Promega) at an enzyme/substrate ratio of 1:50 overnight at 37 °C.

Mass spectrometry data acquisition.

The HEK293 protein digest was analyzed on a Q-Exactive mass spectrometer (Thermo) 

interfaced with an UHPLC EASY-nLC 1000 system (Thermo). Peptides (3 μg) were 

separated by reverse phase chromatography on a self-packed emitter column (ACQUITY 

UPLC BEH C18 1.7 μm resin, 130-Å x 100 μm x 50 cm) at 50 °C. The system was operated 

with the following buffers: buffer A (5% acetonitrile, 0.1% formic acid), and buffer B (80% 

acetonitrile, 0.1% formic acid). The UPLC delivered the following gradient at 300 nL/min: 

linear 1 – 45 % B in 170 min, up to 100% B in 30 min, isocratic at 100% B for 30 min, 

return to 1% B in 5 min, and isocratic at 1% B for 5 min. The peptide digest was 
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independently analyzed by data-dependent acquisition (DDA) and data-independent 

acquisition (DIA) with the same gradient conditions and the same amounts of sample. A 

total of eleven DDA technical replicates were acquired; three of them were used for 

identification purpose only, while the other eight measurements were used for the generation 

of spectral libraries (Figure 1). A total of three technical replicates were acquired with the 

DIA method.

For DDA acquisition, MS1 spectra were collected in the range of 400–1200 m/z at 70,000 

(FWHM) resolution. The 10 most intense precursors were selected for fragmentation with a 

3 m/z isolation window at 17,500 (FWHM) resolution, for a maximum fill time of 120 ms. 

Precursor ions were fragmented with a normalized collision energy of 25%, and the 

precursors were dynamically excluded for reselection for 5s. A complete description of the 

method is included in Supplementary Table 1.

For DIA acquisition, a 4 m/z isolation window was used, and a total set of 200 windows was 

used to cover the range of 400–1200 m/z. MS2 were collected at 17,500 (FWHM) resolution 

for a maximum fill time of 60 ms. After 20 MS2 scans an additional MS1 scan was recorded 

at 70,000 (FWHM) resolution for 60 ms of maximum fill time until the mass range of 400–

1200 m/z was covered, resulting in a duty cycle of ~ 2.1 s. A normalized collision energy of 

25% was applied for fragmentation of the ions (see Supplementary Table 1 for further 

details). The raw DDA data used for identification only (three technical replicates) was 

previously used as one of the datasets in a recent publication 21.

Peptide and protein identification using sequence database search.

Raw files were converted to ms2 files in a centroid format using RawConverter 22 version 

1.1.0.19 (available at http://fields.scripps.edu/rawconv/) with the option “select 

monoisotopic m/z” in DDA for the DDA data, and the option “predict precursors in DIA” 

for the DIA data. MS2 spectra were searched using ProLuCID 23 against the 

UniProt_Human_reviewed_05–05-2016 concatenated to a reverse decoy database 24. 

Carbamidomethyl was set as a static cysteine modification. Fully-tryptic peptides and 

peptides with up to three missed cleavages were allowed. The precursor-ion mass tolerance 

was set to 50 ppm, and the fragment-ion mass tolerance was set to 600 ppm. Database 

results were assembled and filtered using the DTASelect 25, 26 program (version 2.0). The 

peptides were filtered at 1% FDR. A complete description of the parameters used in the 

search is provided in Supplementary Table 2.

Spectral library generation for the DIA data search.

Raw files from the eight DDA replicates for the spectral library building were converted to 

ms2 files using RawConverter version 1.1.0.19 with the option “select monoisotopic m/z” in 

DDA. Mass spectra were searched using ProLuCID with the same parameters described in 

the previous paragraph. FDR at the protein level was calculated using DTASelect program 

(version 2.0). Results were exported to MZID files through IP2-Integrated Proteomics 

Pipeline version 5.0.1 (http://www.integratedproteomics.com/). A total of four spectral 

libraries were built using Skyline version 3.7.0.10940 with one, three, six, and eight DDA 

MZID files. The cut-off score was set at 0.99, and the option “keep redundant library” 
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unchecked (see Supplementary Table 2). The total number of spectra and distinct peptide 

ions included in each library are provided in Supplementary Table 3.

Spectral library generation for the DDA data search.

Raw files from the eight DDA replicates used for library building were converted to mzXML 

files in centroid format using RawConverter version 1.1.0.19. Comet 27 [via the Trans-

Proteomic Pipeline (TPP) 28 version 5.0.0] was used to query mass spectra against the 

database UniProt_Human_reviewed_05–05-2016 concatenated to reverse sequence decoys. 

The search parameters were set as follows: carbamidomethyl as a static cysteine 

modification, fully-tryptic digest, up to three missed cleavages, precursor peptide mass 

tolerance 50 ppm, and the fragment bin tolerance 0.05 m/z. Identification results were 

processed by PeptideProphet 29 and iProphet 30 (TPP version 5.0.0) with the following 

options: minimum peptide length of six, minimum PeptideProphet probability of 0.05, 

accurate mass binning using PPM, use decoy hits (Reverse) to pin down the negative 

distribution with a non-parametric model. The four spectral libraries were built using 

SpectraST version 5.0 with the iProphet results from one, three, six, and eight DDA files, the 

same combination of files used for the library built using Skyline. Results were filtered at 

1% protein FDR and a non-redundant consensus library was built including shuffled decoys 

using the following options in SpectraST: -cP0.9; -cJU -cAC; -cAQ; -cAD -cc -cy1. All the 

parameters used in Comet and SpectraST are included in Supplementary Table 4. A 

summary of the total number of spectra and distinct peptide ions included in each library is 

Supplementary Table 5.

Spectral library search for DIA data.

The three DIA raw files were converted to mzXML files in centroid format using 

RawConverter version 1.1.0.19. The targeted data analysis was carried out using Skyline 

version 3.7.0.10940. The parameters used are described in Supplementary Table 6. Briefly, 

for the peptide settings tryptic digestion with up to three missed cleavages were allowed, and 

a background proteome was used with UniProt_Human_reviewed_05–05-2016 (described 

above). Carbamidomethyl was selected as a static modification for cysteine. A minimum 

peptide length of six was considered, and no retention time predictor was used. For the 

transition settings, the ion match tolerance was set to 0.05 m/z, 5 product ions and 3 peaks 

from ms1 were selected. For the retention time filtering, the option “use only scans within 5 

min of ms/ms IDs” was selected. Targets lists were created independently for each spectral 

library by adding the spectral library with the proteins associated from the background 

proteome, and adding decoys using the shuffle method. The three DIA files were searched 

against the four spectral libraries in parallel. All detected peaks were reintegrated 

independently for each library using the mProphet peak-scoring model adding a q-value to 

each peak. Results were exported with the q-value, and filtered at 1% peptide FDR.

Spectral library search for DDA data.

The three DDA raw files selected for identification purpose only were converted to mzXML 

files in centroid format using RawConverter version 1.1.0.19. The DDA search against the 

different libraries was performed individually using SpectraST through TPP version 5.0.0. 

UniProt_Human_reviewed_05–05-2016 was used to associate the proteins with the results. 
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Precursor tolerance was set to 0.05 m/z, and the default parameters were applied (See 

Supplementary Table 7). Results were filtered using PeptideProphet with the following 

options: minimum peptide length of six, minimum PeptideProphet probability of 0.05, 

accurate mass binning using PPM, use decoy hits (DECOY) to pin down the negative 

distribution with a non-parametric model. Results with a 1% peptide FDR were exported to 

a txt file.

Comparison of the results.

All results were compared using PACOM 31 (https://github.com/smdb21/PACOM), an in-

house developed software,. Results with an FDR at 1% or below at the peptide level were 

individually saved in tab delimited format and imported in the software. PACOM reported 

(individually and globally) the number of proteins and peptides identified along with the 

peptide spectrum matches in each data set. The number of proteins reported by PACOM 

corresponds to the number of protein groups identified with the PAnalyzer 32 protein 

grouping algorithm after aggregation of the individual peptides of each dataset. 

Reproducibility was measured in two different ways: coefficients of variation and overlap 

within the technical replicates at protein and peptide level. The coefficients of variation of 

the number of proteins or peptides identified among the replicates were computed manually 

as the ratio of the standard deviation to the mean of the number of proteins or peptides 

identified with each method, and expressed in %. The protein and peptide overlap were 

automatically calculated with PACOM.

Quantification methods.

All the peptides that passed the identification filter of 1% FDR at peptide level were 

considered for quantification if detected in at least one replicate. Protein abundances were 

inferred by summing all the peptide intensities. The quantification of DIA data searched 

with library was performed by summing MS1 and MS2 peak areas per each peptide with 

Skyline. DIA data searched with sequence database and DDA data searched with sequence 

database and library were quantified by MS1 intensities using Census 33 and Progenesis QI 

(v4.1, Nonlinear Dynamics) respectively. All intensities were normalized by dividing them 

by the total intensity per sample and multiplying by the average of the total intensities for 

the three replicates.

Interactome data set.

HEK 293 cells were transfected over 48 h with the plasmid GFP-Flag-xCT using the X-

tremeGENE HP DNA Transfection Reagent (Roche) in Opti-MEM Reduced Serum Medium 

(Thermo Fisher Scientific). This protocol was also used to transfect the cells with GFP-Flag 

as a control. After 48h the cells were washed with PBS and pelleted by centrifugation for 3 

min at 500g at 4 °C. Pellets were resuspended on ice in the same lysis buffer described for 

the HEK293 lysate experiment. After 1 h of incubation at 4 °C, cell extracts were 

centrifuged at 18,000g for 30 min at 4 °C. The cleared lysates were transferred to new tubes, 

and the protein was quantified using the PierceTM BCA Protein Assay Kit (Thermo 

Scientific). Enrichment of the Flag-tagged proteins was performed by immunoprecipitation 

(IP) with GFP-Trap_A beads (Chromotek). The beads were washed with PBS, and 5 mg of 

protein from each of the cleared lysates was incubated with 25 μl of beads overnight at 4 °C 
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on an end over end tube rotator. Beads were washed 3x with 1 ml of lysis buffer (4 mM 

HEPES, 200 mM NaCl, at 4 °C), and the bait complexes were released from the beads by 

incubation twice with 50 μl of 5% SDS at 100 °C for 10 min. The tubes were centrifuged 2 

min at 500 g, and the two supernatants were collected and combined in a new tube. Protein 

was precipitated using MeOH/CHCl3 precipitation. Briefly, 400 μl of methanol was added to 

the tubes followed by 100 μl of chloroform. After vortexing, 300 μl of H2O was added, the 

sample was vortexed again and centrifuged. Most of the upper layer was removed, and 300 

μl of MeOH was added. Sample was centrifuged and the supernatant was carefully removed 

allowing the pellet air dry. Protein pellets were resuspended in 8 M urea, 0.2% 

ProteasMAX™ surfactant trypsin enhancer (Promega). Cysteines were reduced with 5 mM 

TCEP for 20 min at 55 °C on a shaking incubator, and alkylated with 10 mM 

chloroacetamide for 20 min at dark room temperature. The sample was diluted with 25 μl of 

50 mM ammonium bicarbonate and 1% ProteasMAX™. Protein was digested by addition of 

1 μg of trypsin (Promega, sequencing grade modified) during 3 h at 37 °C on a shaking 

incubator. The samples were stored at −80 °C until analysis.

Protein digest from the bait (XCT) and control (GFP) samples were analyzed on the same 

instrument described for the HEK293 cell lysate, a Q-Exactive mass spectrometer interfaced 

with an UHPLC (Thermo). Approximately 2.3 μg of peptides were separated by reverse 

phase chromatography on a self-packed emitter column (ACQUITY UPLC BEH C18 1.7 

μm resin, 130-Å x 100 μm x 50 cm) at 50 °C. The system was operated with the same 

buffers described for the HEK293 lysate. The UPLC delivered the following gradient at 300 

nL/min: linear 1 – 45 % B in 140 min, up to 100% B in 30 min, isocratic at 100% B for 30 

min. Samples were independently analyzed by DDA and DIA with same gradient conditions 

and amount of sample. Three biological replicates were acquired with DIA and DDA, for the 

bait and control samples. For DDA, two technical replicates were acquired per each sample, 

half of the technical replicates were used for identification purpose only, while the other half 

were used for the spectral library generation. Acquisition conditions on the mass 

spectrometer for DDA and DIA were the same as described for the HEK293 cell lysate 

analysis (see Supplementary Table 1). The raw DDA data used for identification only was 

previously used as one of the datasets in a recent publication 21.

Interactome data analysis.

DDA and DIA raw data were analyzed using the same pipeline used for the HEK293 lysate 

for sequence database and spectral library search (Figure 1) except only one spectral library 

was generated per condition with three DDA runs. The sequence database used for this 

experiment was UniProt_HumanXctGFP_03–25-2015 with the bait and tag added and 

reverse sequences appended. All other search settings were the same as described for the 

HEK293 lysate experiment. For the targeted search, two spectral libraries were built using 

Skyline and SpectraST following the same steps described for the HEK293 cell lysate; one 

for the bait (xCT) and the other for the control (GFP) samples. The description of the 

libraries is in Supplementary Table 11. Searches against the spectral libraries were 

performed with same parameters used for the HEK293 experiment. Peptides were filtered at 

1% FDR. SAINTexpress 34 version 3.6.1 was used to compare biological triplicates of the 

xCT results with GFP controls to identify true protein interactions, using spectral counts and 
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default settings. The SAINT analysis was performed separately for each combination of 

acquisition and identification methods. Interactors with 1% FDR were further considered for 

comparison between methods. A heatmap was created of all the interactors detected in at 

least one method with a 1% FDR or less using Heatmapper 35 (http://www1.heatmapper.ca/) 

(Fig. 3c).

Code availability.

The PACOM software code is available in Github at https://github.com/smdb21/PACOM.

Results and discussion

A trypsin digested HEK293 cell lysate was analyzed by DDA on a Q-Exactive mass 

spectrometer to collect data for an MS/MS spectral library. Triplicate datasets were collected 

using DDA and DIA methods and were searched with parallel sequence database and 

spectral library searches so the results could be compared (Fig. 1, and Supplementary Table 

1). Spectral library generation and searches were performed using Skyline for the DIA data 

and SpectraST 36 for the DDA data (see Experimental procedures and Supplementary Tables 

2-7). The need for two different spectral library formats for DIA and DDA data was due to 

incompatibilities between the library formats and the two software tools (Supplementary 

Note).

Reproducibility of identification

To study the identification reproducibility of the data analysis strategies, we calculated the 

coefficients of variation (CV) of the number of proteins and peptides identified for the three 

technical replicates, and then we calculated the protein and peptide overlap. Coefficients of 

variation were calculated as the ratio of the standard deviation to the mean of the number of 

proteins or peptides identified with each method, and expressed in %. The CVs for all the 

conditions tested were under 10% (Fig. 2a and Supplementary Table 8). Library searching 

decreased the variability (CVs) of protein and peptide identifications for both DDA and DIA 

by 30 and 80% (respectively) compared to sequence database identifications.

Protein overlap between the technical replicates was higher for library-based identifications 

for both DDA and DIA data (Fig. 2b). The overlap between the proteins identified with 

database search was 59% for DDA, and 57% for DIA, which is lower for both acquisition 

methods than when a library search was used (78–85% for DDA, and 93–98% for DIA). 

Therefore, protein overlap increased by more than 30% with library search compared to 

database search independent of the acquisition method used. Similar results were observed 

for the peptide overlap (Fig. 2b). These results showed that for both DIA and DDA, higher 

reproducibility is observed when a library search is used.

Influence of Search space size

The influence of search space size on identification results was also studied to explain the 

differences shown in the identification reproducibility. Four libraries were created with 1, 3, 

6 or 8 DDA files increasing the search space (from 10,361 to 19,497 unique peptides for the 

libraries built with Skyline; 12,104 to 21,182 for the libraries built with SpectraST) 
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(Supplementary Tables 3 and 5). However, the database search space was notably bigger 

(60,651,325 unique peptides). Higher protein and peptide overlap, together with lower CVs 

were observed when the search space decreased (Fig. 2a, b). These results suggest that the 

smaller search space of the library strategy helps to improve the reproducibility of the 

identification. Higher reproducibility of library-based over database identifications has been 

related to differences in the search space for DDA data 37, 38. Accordingly, in a recent 

reproducibility study about DIA quantification, higher CVs were observed when library size 

was increased 20, but the protein or peptide overlap was not computed among the replicates. 

However, Zhang et al. noted that library searching was more sensitive than database 

searching even when the size of the library and database are controlled 39.

Overlap between methods

We analyzed the protein overlap between the different acquisition and searching methods, 

combining the identification results from the three technical replicates and using the results 

from the library built with three files. Both datasets had the same overlap between data 

analysis methods 67% (Fig. 2c). The highest overlap (86%) was observed between DDA and 

DIA when spectral library was used for identification. The overlap between the proteins 

identified with all methods was 51% (2,085 proteins) (Supplementary Figure 1a). Similar 

results were observed at the peptide level (Supplementary Figure 1b).

Reproducibility of quantification

The quantification reproducibility was also evaluated using the results from the library built 

with three files and the database results. Proteins and peptides quantified from DIA data 

using library searching were obtained from MS1 and MS2 metrics, while the rest of the 

quantified data was based on MS1 measurements. The average of the CVs at the protein 

level was decreased by more than 30% when library search was used compared to database 

search for both acquisition methods (Fig. 3a, Supplementary tables 9 and 10). Similar results 

were observed for the peptide CVs. The improvement in quantification reproducibility when 

a library was used compared to a database search was statistically significant with a p-value 

< 2.2e-16 for both proteins and peptides. The difference in the reproducibility was even 

bigger for low-abundance proteins. In the lowest-intensity tertile, the number of 

irreproducibly quantified proteins with a CV > 100 was decreased by more than 50% when 

comparing library to database searches (63 to 31% for DDA, and 85 to 6% for DIA) (Fig. 

3b). To better understand the differences in the reproducibility between library and database 

searches, the number of missing values was also computed. There were 39% fewer missing 

values detected for DDA when the library search was used compared to database search, and 

a 93% decrease was observed for the DIA data (Fig. 3c, Supplementary Table 10). The 

decrease in the number of missing values when a spectral library search was used explains 

the higher reproducibility of the quantification results obtained with this method compared 

to a database strategy.

While the reproducibility of DIA was comparable to DDA for identification and 

quantification when database search was used, it was markedly better with DIA-library 

search compared to DDA-library search (Fig. 2 and Fig. 3). This can be partially explained 

by the differences in the software tools used. Skyline uses retention time alignment whereas 
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SpectraST does not implement this option unless internal retention time standards are used. 

In addition, Skyline retrieved the quantitative values summing the MS2 and MS1 areas while 

the DDA results were obtained at MS1 level only. It was previously shown that MS2 level 

quantification improves the reproducibility of the results compared to MS1-based 13, 40. The 

other reason the quantification reproducibility of DIA-library search was better than DDA is 

that the DIA search acquired a higher number of scans than DDA (119,598 ± 345 for DIA 

and 88,712 ± 2,400 for DDA, average ± standard deviation), thus providing more 

information for quantification.

xCT interactome

Finally, this comparison was applied to an interactome experiment of the xCT cystine/

glutamate antiporter protein (SLC7A11), which plays an important role in the anti-oxidative 

defense mechanism 41. This protein has not been studied in BioPlex 2.0 42. We expressed 

xCT-GFP in HEK293 cells and compared the interactions to GFP as a negative control 

(Supplementary Figure 2, Supplementary Tables 11 and 12). Results obtained with spectral 

library search showed a higher overlap for proteins and peptides between replicates (Fig. 4a 

and Supplementary Figure 3), as they did in the HEK293 experiment. As we observed in the 

HEK293 data, the highest overlap (81%) among methods was observed between DDA and 

DIA using spectral library for identification (Supplementary Figure 4). To sort specific from 

non-specific interactors, the data was analyzed with SAINTexpress 34. A higher number of 

significant interactors (SAINT FDR < 0.01) was detected with library compared to database 

search (523 to 377 for DDA, 626 to 215 for DIA) (Fig. 4b and Supplementary Tables 13 and 

14). The 4F2 heavy chain (SLC3A2), the only known binding partner of the xCT protein, 

was detected with all the methods with FDR < 0.01. Most of the significant interactors 

obtained with a database search (86% for DDA, and 71% for DIA) were also detected with a 

spectral library (Fig. 4c and Supplementary Table 13). Therefore, we observed not only 

similar biological information with a library search, but also the number of significant 

interactors was increased by more than 35% compared to the conventional DDA-database 

search workflow (Fig. 4b, c).

Conclusions

Quantitative proteomics is an invaluable tool for addressing important biological questions. 

Despite the increasing number of proteomics studies in molecular biology 9, 43, poor 

reproducibility has limited some applications of the method. DIA has emerged as a data 

acquisition strategy reported to have better reproducibility and more accurate quantitation 

than the more widely used DDA. However, direct comparisons between DIA and DDA 

results 16, 20, 44, 45 have not been performed using the same identification approach. Whereas 

DDA data is commonly searched with a sequence database, DIA is typically searched using 

spectral libraries. We examined the impact of the identification method on the 

reproducibility of DIA and DDA results by comparing DDA and DIA data obtained from the 

same sample using both identification strategies in parallel. In studies with technical and 

biological replicates we showed higher reproducibility of library-based identification and 

quantification despite the acquisition method selected. In terms of reproducibility, DIA 

outperformed DDA, but these differences could be offset by better “fit for purpose” library 
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software tools for DDA data. Additionally, it has been shown that TMT has reproducibility 

rates about equal to that of DIA and has similar “missing value” numbers 46. These results 

show that reproducibility of data relies on data analysis strategies. DDA can be improved 

relative to DIA by employing library searching strategies which strongly suggests that better 

“fit for purpose” tools should be developed to employ library methods for DDA data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental workflow.
HEK293 lysate was analyzed with DDA and DIA methods. Three technical replicates were 

acquired for protein and peptide identification using sequence database (ProLuCID) and 

spectral library search (SpectraST for DDA, and Skyline for DIA) in parallel. For DIA data, 

Raw Converter was applied to predict the precursors before performing the sequence 

database with ProLuCID. Eight additional replicates were acquired with DDA to generate 

the spectral libraries using SpectraST for DDA library search, and Skyline for DIA library 

search.
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Figure 2. Reproducibility of DDA and DIA identification results obtained with spectral library 
and database search from the HEK293 cell lysate.
The reproducibility of the proteins and peptides identified between the three technical 

replicates was calculated for each DDA and DIA results obtained using spectral library 

(SpecLib) and database (Seq_DB) search in parallel. SpecLib_1, SpecLib_3, SpecLib_6, 

SpecLib_8, were the libraries built with one, three, six, and eight DDA files, respectively. (a) 

Coefficients of variation of the number of proteins or peptides identified within the technical 

replicates. The coefficients of variation were calculated as the ratio of the standard deviation 

to the mean of the number of proteins or peptides identified with each method, and 

expressed in percentage (%). (b) Protein and peptide overlap among the technical replicates 

expressed in percentage for DDA and DIA with the different identification methods. (c) The 

protein overlap between the methods was calculated with the total number of proteins 

identified combining the three technical replicates of each method. For this comparison, only 

the results from the library built with three DDA files were considered. The number of 

proteins overlapping and the number of proteins identified in only one condition are shown. 

The percentage of protein overlap is also included in each Venn diagram. SL: spectral library 

search; DB: sequence database search.
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Figure 3. Quantitative reproducibility.
(a) The coefficients of variation (CV) were computed from the quantitative data for the three 

replicates of each method at peptide and at protein levels. The line represents the median. A 

T-test was performed at protein and peptide level between the database and library results for 

DDA and DIA data independently. The three asterisks indicate that the p-value obtained 

from the T-test was lower than 2.2e-16. (b) The CVs were calculated for the lowest-intensity 

tertile of the proteins quantified with all the methods. The percentage of proteins quantified 

with CVs under defined thresholds are shown. (c) The missing intensity values were 

calculated for each method at peptide (red) and protein (blue) level considering a missing 

value when the intensity was not found in at least one of the three replicates. DB: sequence 

database search; SL: spectral library search.
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Figure 4. Reproducibility of the results from the xCT interactome analysis.
Reproducibility of the proteins and peptides identified for the bait (xCT) and the control 

(GFP) samples among the three biological replicates was addressed first. In addition, the 

high confident proteins identified in the bait and the control were analyzed by SAINTexpress 

to obtain the significant xCT interactors for all the methods in parallel. Finally, protein 

interactors with a SAINT probability greater than 0.99 were compared between all the 

methods. (a) Protein and peptide overlap among the biological replicates per each condition 

and method. Database is the sequence database search, and Spec_Library is the spectral 

library search. (b) Number of significant proteins interacting with xCT per each combination 

of acquisition and identification methods. (c) Heatmap with the 853 protein interactors 

obtained when the SAINT results are combined. The color code represents the SAINT 

probability for each protein. SL: spectral library search; DB: sequence database search.
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