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Abstract

Affinity purification coupled with mass spectrometry (AP-MS) is a powerful technique for the
identification and quantification of physical interactions. AP-MS requires careful experimental
design, appropriate control selection and quantitative workflows to successfully identify bona fide
interactors amongst a large background of contaminants. We previously introduced ProHits, a
Laboratory Information Management System for interaction proteomics, which tracks all samples
in a mass spectrometry facility, initiates database searches and provides visualization tools for
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spectral counting-based AP-MS approaches. More recently, we implemented Significance
Analysis of INTeractome (SAINT) within ProHits to provide scoring of interactions based on
spectral counts. Here, we provide an update to ProHits to support Data Independent Acquisition
(DIA) with identification software (DIA-Umpire and MSPLIT-DIA), quantification tools (through
DIA-Umpire, or externally via targeted extraction), and assessment of quantitative enrichment
(through mapDIA) and scoring of interactions (through SAINT-intensity). With additional
improvements, notably support of the iProphet pipeline, facilitated deposition into
ProteomeXchange repositories and enhanced export and viewing functions, ProHits 4.0 offers a
comprehensive suite of tools to facilitate affinity proteomics studies.

Graphical Abstract

QUANTIRICATION AND SCORING

Keywords

Laboratory Information Management System; mass spectrometry; Data Independent Acquisition;
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Mass spectrometry (MS) data can be a challenge to manage, analyze and subsequently
present to an audience in simple, intuitive ways. MS data must be archived, searched,
scored, compared and visualized, often requiring a variety of unconnected, non-standardized
software tools. These challenges are now compounded by the growing use of data-
independent acquisition (DIA) methods [1-9], and more specialized applications such as
interaction proteomics [10-14].

In 2010, we introduced an open source Laboratory Information Management System
(LIMS) called ProHits [15, 16], designed to handle data generated in a proteomics facility,
but which also provided specialized tools for the analysis of AP-MS, a popular proteomics
application. ProHits is installed on a LINUX server (behind a firewall); via a web interface,
authorized users can access search engines, analysis tools and multiple data visualization
options. Through its Data Management module, ProHits automatically backs-up all data
acquired in a mass spectrometry facility, converts vendor specific files to common formats
(through ProteoWizard [17] or vendor software) and facilitates database searching using
both free, open source tools (Comet [18], MSGF+ [19], X!Tandem [20]) and the commercial
search engine Mascot [21]. Search results can be evaluated using the PeptideProphet [22]
and ProteinProphet [23] components of the Trans Proteomics Pipeline (TPP[24]). The
current version of ProHits also enables the use of iProphet [25] for combining the
identification results from multiple search engines into a single output (Figure 1a; green
boxes).
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To enable sample tracking, an “Analyst” module helps users organize their data into projects
to which different user permissions can be assigned (Figure 1a). Due to the strong focus of
our team on affinity proteomics, the flow within each project is organized according to a
“bait” protein. The bait is defined by its gene name, species, protein accession number and
epitope tag(s), as appropriate. Note however, that the system can be used for any type of
enrichment approach (e.g. with a nucleic acid or chemical compound as a bait), or even for
more generic profiling by simply considering the “bait” level as part of an organizational
hierarchy (there are 4 layers: “project” — “bait” — “experiment” — “sample”). Once a
“bait” is entered, “experiments” can be associated to it, and annotated with text-based
protocols (accessible via drop-down menus), controlled vocabularies, and free text notes.
Under the “experiment” hierarchy, “samples” can be created (Figure 1a; orange boxes).
Each sample is associated with a unique identifier: creating “samples” first in the Analyst
module and naming the files on the mass spectrometry acquisition computer following this
nomenclature ensures automatic links between the raw mass spectrometry data and the
metadata associated with the sample description.

Besides providing a number of generic functions for organizing, browsing, searching,
comparing and exporting data, ProHits provides a user-friendly interface for the analysis of
interaction proteomics data via SAINT tools (both the standard SAINT [12, 13] and the
computationally efficient SAINTexpress [10] algorithms are enabled; Figure 1b).
Visualization of SAINT results directly through the interface or (after downloading) through
publication-quality visualization tools [26] enables rapid exploration of the data. When a
sufficient number of control experiments are unavailable or alternative scoring and
visualization is desired, the user can download a CRAPome-compatible [11] file through the
“export functions” within the Analyst module, facilitating re-analysis of the data.

We have redesigned the ProHits data management search functions to streamline standard
data-dependent acquisition (DDA) searches (Supplementary Fig. 1), and enable peptide
identification from DIA runs (Figure 1a; blue boxes). For DIA, untargeted identification is
performed either through the generation of pseudo-MS/MS spectra from clusters of co-
eluting MS1 and MS2 peaks using DIA-Umpire [27], or the spectral matching tool designed
for peptide identification directly from DIA data, MSPLIT-DIA [28]. DIA-Umpire pseudo-
MS/MS spectra can be analyzed with all search engines available in the local
implementation of ProHits (currently, three open source tools, X!Tandem [20], Comet [18]
and MS-GF+ [19] and the commercial tool Mascot [21] are supported), or a combination of
search engines that can be combined into a single output using iProphet (Supplementary Fig.
2-4). MSPLIT-DIA identification requires a spectral library; this can be a pre-built generic
spectral collection, such as the SWATHAUlas [29], or a library generated in-house using
DDA files (currently, these files must be searched with MSGFDB [30]). Both functions
(searching a preexisting or building a custom library) are supported by ProHits and can be
further combined in a single search task (Supplementary Fig. 5,6). DIA-Umpire and
MSPLIT-DIA support both fixed or variable DIA window designs and a generic file format
(mzXML [31]), and in the case of DIA-Umpire, have been benchmarked on data from
different instrument vendors. Search results from DIA-Umpire and MSPLIT-DIA can be
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directly parsed through the Analyst module, as is the case for DDA, and the ability to
collapse protein results to genes is now supported within ProHits (Supplementary Fig. 7).

Arguably the most popular benefit of DIA is robust quantification. This is also supported
through ProHits. For MSPLIT-DIA, besides extraction of spectral counts (which are more
meaningful in DIA compared to DDA since there is a cyclic acquisition of each DIA
window and no exclusion list [29]), outputs are prepared for quantification of peptides via
targeted extraction through OpenSWATH [32], Skyline [33] and PeakView [34] (Figure 2a;
Supplementary Fig. 6). Running MSPLIT-DIA prior to targeted extraction restricts the
search space both by providing actual retention times and a list of the peptides expected to
be in the sample: this was recently demonstrated to greatly facilitate the performance of
these targeted extraction tools [29]. For DIA-Umpire [27], ProHits facilitates the selection of
samples for targeted re-extraction, which improves the sensitivity of quantification (Figure
2b; Supplementary Fig. 4; note that DIA-Umpire results can also be further analyzed in
Skyline outside of ProHits). In this mode, which is accessed through the Analyst module of
ProHits, selected DIA-Umpire untargeted search tasks can be reviewed and selected data
files can be re-extracted in the semi-targeted DIA-Umpire mode. Parameters such as the
false discovery rates (at the peptide and protein levels) and the number of peptides and
fragments to be extracted can be selected, and targeted re-extraction initiated. DIA-Umpire
quantification results are available in several formats, including quantification at the MS1
and MS2 levels as direct output [27]. Alternatively, for interaction proteomics studies, the
results can be further analyzed using the SAINT intensity model (initially built for MS1 data
[35]). Results for SAINT quantification at either the MS1 or MS2 levels (benchmarked in
the DIA-Umpire manuscript [27]) can be downloaded or viewed online.

To provide scoring of differentially abundant peptides and proteins across various
workflows, including time-course experiments, we have also integrated the recently
introduced statistical tool mapDIA [36], which is fully compatible with the DIA-Umpire
quantification workflow. mapDIA can be used for statistical analysis of differential protein
expression directly using fragment-level quantification data. A graphical user interface
implemented in ProHits enables the user to specify which samples should be grouped and to
select analysis parameters (Supplementary Fig. 8). The complete workflow of mapDIA is
then performed, including normalization of fragment level intensities (total ion sum or local
intensity sum in retention time space), outlier rejection, selection of the best fragments and
peptides for quantification, and model-based statistical significance analysis of protein-level
differential expression between the specified groups of samples (Figure 2c¢; Supplementary
Fig. 8). Results are downloaded as a standard mapDIA output folder [36] with some basic
visualization capability, though we have also implemented new visualization tools that can
be used for figure generation as part of an expanded ProHits-viz suite of tools ([26]; a
manuscript by Knight et al. describing new functionalities in ProHits-viz is in prep).

ProHits 4.0 also introduces several new functionalities, notably facilitated dataset
submissions (including spectrum files, metadata and processed results) to ProteomeXchange
[37] through MassIVE (massive.ucsd.edu) (Supplementary Fig. 9). Simply selecting the files
used for an analysis (e.g. all files included in a SAINT task, including negative controls) and
opting to transfer the data to MassIVE via the ProHits FTP server will package the dataset
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into different folders, namely raw files, peak lists (mzML, mzXML) and results files (mzid),
named for direct association in MassIVE. Selection of the FASTA file associated with these
files (via a dropdown menu) will create a fourth folder (“other”) that will also be submitted
to MassIVE, facilitating complete submission to the ProteomeXchange. With other
improvements including links to the reagent management system OpenFreezer [38], direct
export to a quantitative interaction repository (ProHits-web.lunenfeld.ca)[39], and
customizable export functions (Supplementary Fig. 10), ProHits 4.0 offers a comprehensive
yet user friendly interaction proteomics Laboratory Information Management System.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

It remains challenging to score, annotate and analyze proteomics data in a transparent
manner. ProHits was previously introduced as a LIMS to enable storing, tracking and
analysis of standard AP-MS data. In this revised version, we expand ProHits to include
integration with a number of identification and quantification tools based on Data-
Independent Acquisition (DIA). ProHits 4.0 also facilitates data deposition into public
repositories, and the transfer of data to new visualization tools.
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Highlights
. Upgrade to the ProHits Laboratory Information System for proteomics
. Support for Data Independent Acquisition through DIA-Umpire,
MSPLIT-DIA, and mapDIA
. Facilitation of deposition in ProteomeXchange through MassIVE
. Visualization and export of proteomics data
. Analytical pipeline for affinity purification coupled with mass
spectrometry
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Figure 1. ProHits organization and protein interaction scoring
A) The ProHits system consists of two principal modules, a Data Management module and

an Analystmodule. All mass spectrometers in a facility can be connected to ProHits:
scheduled backups of the mass spectrometry data are performed followed by file conversion
and database searches. DIA identification is supported by DIA-Umpire and the spectral
matching tool MSPLIT-DIA. Peptide and protein identification results are parsed to a
Sample defined in the Analyst module. The Samples are defined in a Project — Bait —
Experiment — Sample hierarchy. Permissions for different projects are assigned to users in
an Admin section. B) Schematic workflow for protein interaction analysis using SAINT
through ProHits. Within a project, a user defines which samples should be analyzed and
specifies which of those are the controls. The SAINT version (SAINTexpress or standard
SAINT) is selected, alongside optional parameters and sample compression level. SAINT
uses the quantitative matrix to derive the probability of interactions. Post analysis with
SAINT, the data can be visualized or deposited in repositories from ProHits itself.
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Figure 2. Handling DIA data in ProHits
A) MSPLIT-DIA workflow in ProHits. In the Data Management module (green boxes) a

spectral library can be built from parallel DDA runs (in the current release, only MSGFDB
is supported for library generation); all previous analyses within a facility are assembled into
an “Archive”. Public repositories (e.g. SWATHALtIas) are also enabled. ProHits uses the
spectrum with the highest MSGFDB score as the library spectrum for peptide identification.
Identified peptides can be used to generate an assay library to be fed into targeted extraction
tools outside of ProHits; alternatively, ProHits has implemented a simple inference mapping
of unique peptides to “genes” (here, identified as prot*) for spectral counting and SAINT
scoring in the ProHits Analyst module (yellow boxes). B) DIA-Umpire workflow in ProHits.
Untargeted identification is performed in the Data Management module, while semi-targeted
re-extraction is performed in the Analyst module. Note that SAINT and SAINTexpress
intensity models can be used to analyze DIA-Umpire results; alternatively, the results can be
analyzed by mapDIA. C) mapDIA workflow in ProHits. The current version has fully
implemented the statistical tool mapDIA as a downstream analysis tool post quantification
by Umpire Quant; mapDIA also accepts data extracted by targeted extraction tools. mapDIA
analysis parameters and experimental design options are selected in ProHits. Visualization of
the mapDIA results (here, an example of a time course is shown) can be performed outside
of ProHits on the ProHits-viz server (grey boxes).
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