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Abstract

Recent advances in Mass Spectrometry (MS)-based proteomics are now facilitat-

ing ambitious large-scale investigations of the spatial and temporal dynamics of the

proteome. However, the increasing size and complexity of these datasets is overwhelm-

ing current downstream computational methods, specifically those that support the

post-quantification analysis pipeline. Here we present HiQuant, a novel application

that enables the design and execution of a post-quantification workflow, including

common data processing steps, such as assay normalization and grouping, replicate

quality control and statistical analysis. HiQuant also enables the interpretation of re-

sults generated from large-scale datasets by supporting interactive heatmap analysis

and also the direct export to Cytoscape and Gephi, two leading network analysis plat-

forms. HiQuant may be run via a user-friendly graphical interface and also supports

complete one-touch automation via a command-line mode. We evaluate HiQuant ’s

performance by analyzing a large-scale, complex interactome mapping dataset and

demonstrate a 200-fold improvement in the execution time over current methods. We

also demonstrate HiQuant ’s general utility by analyzing proteome-wide quantification

data generated from both a large-scale public tyrosine kinase siRNA knock-down study

and an in-house investigation into the temporal dynamics of the KSR1 and KSR2 in-

teractomes. Download HiQuant, sample datasets and supporting documentation at

http://hiquant.primesdb.eu

Keywords

Bioinformatics, Proteomics, Software, Mass Spectrometry, Data Analysis, Protein Quantifi-

cation, Visualization, Network Analysis, High-dimensional Data
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Introduction

Recent improvements in the resolution, accuracy and speed of Mass Spectrometry (MS) are

enabling a revolution in the field of high-throughput proteomics1. Accurate, simultaneous

quantification of thousands of proteins within multiple biological samples is now routine.

This has enabled researchers to characterise the proteome at an unprecedented scale2,3, and

to monitor dynamic changes in the proteome under different experimental conditions4 . Fur-

thermore, coupling MS with affinity purification (AP-MS) creates a high-throughput method

to identify the protein-protein interactions of selected ‘bait’ proteins5 and to investigate how

the interactome is dynamically ‘re-wired’ over time, under different conditions, or in dis-

ease. Recently, for example, this approach has been used to characterise the interactomes of

2,594 human proteins in HEK-293T cells6 and to map the human Hippo signaling pathway

interactome7,8.

As with preceding advances in genomics9, the increasing size and complexity of pro-

teomics datasets is pushing the bottleneck from the experimental stage downstream to the

data analysis. Software to complete the initial task of transforming the raw MS spectral

data into peptide abundances is well developed and includes the popular MaxQuant soft-

ware10. However, the datasets output by MaxQuant can contain tens of thousands of peptide

groups, quantified over hundreds of experimental assays and may frequently contain added

complexity such as multiple replicates and reverse labeling. As a result, such datasets must

undergo an additional series of processing steps (often 10-15 or more) before the data can

be interpreted, see Figure 1.

Several pieces of software have been developed over the last few years to support post-

quantification analysis11–14 (see Supplementary Table S2 for a comparative overview of cur-

rent tools). Perseus is the most widely used, and implements a range of data manipulation,

analytical and visualization functions (see www.perseus-framework.org). There are, however,

several key limitations of Perseus and other related software including an excess of manual

operations (i.e. ‘point-and-click’), the lack of a command-line interface for high-throughput
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analysis and the inability to define a workflow that can be automatically applied to related

datasets (e.g. the other bait proteins in an interactome mapping experiment). As a re-

sult, current software does not scale well for large, complex proteomics datasets, which are

becoming increasingly prevalent.

We found these limitations particularly evident through our involvement in the PRIMES

consortium (http://www.primes-fp7.eu/), an international effort to map the dynamic inter-

actomes of more than 90 proteins in the epidermal growth factor receptor (EGFR) pathway in

an oncogenic and non-oncogenic cell-line. The PRIMES experimental design involves triple

SILAC15, forward and reverse labelling and biological and technical replication. Protein

identification and quantification by MaxQuant10 yields a dataset containing approximately

10,000 protein groups measured over more than 3,000 assays. Using Perseus, it takes an ex-

pert user at least 20-30 mins to manually apply a typical post-quantification analysis pipeline

to the 36 assays generated by a single bait protein experiment (see Supplementary Video

S1). As this analysis must be repeated for each bait, analysis of all 93 baits in the PRIMES

dataset with Perseus would involve more than 40 hours of manual processing.

To address these limitations, we have developed the high-throughput protein quantifica-

tion analysis tool (HiQuant). HiQuant implements a customizable post-quantification data

analysis pipeline including several data processing, quality control, normalization and sta-

tistical analysis steps which can be applied simultaneously to hundreds of assays within a

MS-based proteomics experiment.

In the following Materials and Methods section we provide an overview of the principal

features of HiQuant and outline our experimental methods. In Results and Discussion, we

evaluate the performance and scope of HiQuant by analyzing three proteome-wide quantifi-

cation datasets generated across a range of experimental designs.

4

Page 4 of 21

ACS Paragon Plus Environment

Journal of Proteome Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Materials and Methods

HiQuant Overview

Graphical and Command-Line Modes

HiQuant can be run either via a graphical user interface (GUI) or the command line, see

Figure 2. The ‘wizard-like’ GUI, see Supplementary Figure S1, enables the user to develop

and execute a custom post-quantification analysis workflow. This workflow’s parameter

settings can also be saved (as a plain text ‘.config’ file), and used to execute the analysis

solely via the command line interface, thus facilitating complete automation. Importantly,

the plain text ‘.config’ file can also be quickly modified to enable the analysis of future

proteomic datasets. The command line interface also enables HiQuant to interact with other

programs and to facilitate analyses that would otherwise be prohibitively time consuming.

For example, one can perform the extensive iterations required to investigate the sensitivity

of results to different parameter settings or assess the expected false discovery rate (FDR)

for a given study, see Supplementary Data for more detail.

HiQuant Input Formats and Analysis Automation

HiQuant supports the analysis of both labelled and label-free quantification (LFQ) data

and is compatible with the MaxQuant proteinGroups.txt file (or any other plain text ta-

ble). The software also supports conversion from the HUPO proteomics standards initiative

(PSI) .mzTab standard exchange format16. A protein quantification input file for a given

study can contain many different experimental units (e.g. each bait protein investigated).

Within each experimental unit there may be different conditions (e.g. bait A in disease;

bait A in normal and bait A in empty vector control) and within each condition there

is usually biological and/or technical replication (including forward and reverse labeling).

Selecting and defining each column manually (e.g. as performed in Perseus) is extremely

tedious and time-consuming for large datasets. Such manual processing is, additionally, a
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potential source of human error17. HiQuant enables the user to define pattern matching cri-

teria through which data columns can be automatically assigned to the various sub-groups

within each experimental unit (see HiQuant user documentation). The ability of HiQuant

to support the generic description of sample groups (for example when applying label-swap

reversal or specifying the members of experimental groupings) is a vital part of facilitating

the level of pipeline automation required to deal with large-scale proteomics datasets with

complex experimental designs. HiQuant then supports several common data pre-processing

steps including the removal of flagged contaminants, label-swap inversion, data normaliza-

tion, evaluation of replicate consistency, filtering of protein groups based on the number of

supporting replicates/spectra and also various replicate merging options, see Figure 1 and

Supplementary Figure S2(a).

Statistical Analysis and Output Visualization

HiQuant also implements several statistical tests applicable to labelled (e.g. one-sample

t-test) or label-free (e.g. two-sample t-test) data as well as the Q-function ‘tail probability

test’ (Significance A test)10 often used in proteomics. HiQuant outputs results (i.e. one

or more lists of statistically significant protein abundances) as annotated plain text tables.

Importantly, and unlike existing methods, HiQuant also supports the visualization of all

results (e.g. all detected proteins vs. all bait experiments) via a custom, PDF exportable,

heatmap, see Figure 2 and Supplementary Figure S2(b). These output data may also be

exported as two attribute-rich graph formats (namely ‘.gexf’ and ‘.xgmml’), see HiQuant user

documentation. This latter feature facilitates further analysis and visualization of result data

via the leading network analysis applications in biology (Cytoscape)18 and machine learning

(Gephi)19, see Figures 2 and 3 and Supplementary Video S6.
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HiQuant Implementation

HiQuant is implemented in Java and is therefore platform independent. HiQuant utilizes the

JFreeChart, JHeatChart, JmzTab and ItextPDF java libraries. In line with recent bioinfor-

matics software standard recommendations20 it should be noted that HiQuant is currently

in beta version and care must be taken by the user when entering/editing parameter values

in the GUI or the plain text ‘.config’ file. Furthermore, for large input files (e.g. 100’s of

Megabytes) additional RAM may need to be assigned, which requires the use of the Java

runnable JAR file version of HiQuant, see HiQuant user documentation for further details.

Benchmarking and analysis was performed on a standard desktop machine (MacOS 10.9.5;In-

tel Core i5, 3.2GHz;16Gb/1600HHz RAM). HiQuant is distributed under GNU general public

license version 2 and may be downloaded, along with the supporting user manual, example

datasets, configuration files and step-by-step tutorials at http://hiquant.primesdb.eu.

Quantification of the Dynamic Interactomes of KSR1 and KSR2

Cell lines

HEK-293 (human embryonic kidney) cells were cultured in standard Dulbecco’s modified

Eagle’s medium containing 10% fetal calf serum and 2mM L-glutamine.

Immunoprecipitation & Mass spectrometry

All samples were prepared as 3 biological replicates. 24 hours post transfection, cells were

serum-starved for 12-18 hours before stimulation with 10 nM epidermal growth factor (EGF)

(Roche) for 0, 5, 15, 30 & 120 min. MS-analysis was performed as previously reported21. The

complete immunoprecipitation and mass spectrometry protocol is detailed in Supplementary

Data.
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Generation of Protein Quantification Data

MaxQuant (Version 1.3.0.5) was used to analyse raw mass spectrometric data files from LC-

MS/MS for LFQ. Default settings were used unless stated otherwise, including the following

parameters: trypsin/P digest; variable modifications included oxidation of methionine and

acetyl (Protein N-term); fixed modification included carbamidomethylation of cysteine only;

multiplicity = 1; first search at 20 ppm; main search at 6 ppm mass accuracy (MS) and

20 mass deviation for the fragment ions; data searched against a human database (UniProt

release 2014 09); minimum peptide length of 6; unfiltered for labelled amino acids; false

discovery rate (FDR) of 0.01 selected for peptides and proteins; results refined through re-

quantify option; match between runs selected with 1 min. time window; LFQ minimum

ratio count set at 1. The full list of parameters used in MaxQuant analysis are detailed in

Supplementary Data.

Results and Discussion

Case Study 1: Performance Benchmark using a Large-scale Inter-

actome Dataset

A key feature of HiQuant is its ability to analyze large proteomics datasets much more

efficiently in comparison to existing, more manually intensive, methods. As discussed in

the introduction, using the leading post-quantification analysis method, Perseus, it would

take at least 40 hours to analyze the PRIMES dynamic interactome dataset. In comparison,

it takes approximately 1 min. to define the workflow using HiQuant GUI interface and

only seconds to apply it to each bait experiment, see Supplementary Videos S2 and S3. As

a result, analysis of the entire PRIMES dataset of 93 baits measured over ≈ 3500 assays

takes just 12 mins. using HiQuant, see Supplementary Video S4. This represents a 200-fold

improvement in straight-line performance compared to Perseus.
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Case Study 2: Analysis of a Large-scale Labeled Quantification

Dataset

The development of HiQuant also now makes it considerably more feasible to re-interrogate

large-scale publicly available proteomics datasets. To demonstrate this we have also used

HiQuant to analyze a publicly available labeled quantification dataset generated from an

investigation into the impact of the siRNA knock-down of 66 tyrosine kinases (TK) on the

proteome of the MCF-7 breast cancer cell-line (PRIDE project ID: PXD002065)22. After

configuring workflow parameters, analysis of the full dataset took just 34 seconds. Here,

we also made use of HiQuant ’s ability to export the results as a bipartite ‘experiment vs.

protein’ network file, see Figure 2(e) and Supplementary Figure S3. Network visualization

greatly aids the interpretation of results, and one can immediately appreciate that the siRNA

knockdown of receptor tyrosine kinases EGFR and NTRK3 (neurotrophic tyrosine kinase

receptor type 3 ) have both the greatest and also a similar (32 shared ‘targets’) impact on

the proteome of MCF-7. Interestingly, ETV6-NTRK3 is a recurrent gene fusion in Secretory

Breast Carcinomas23. Furthermore, the antagonism of EGFR along with ERBB3 (HER3)

has also been shown to enhance the response to PI3K-Akt pathway inhibitors in triple

negative breast cancer24. One can also quickly identify the proteins most altered in their

expression in response to multiple different TK knock-downs (e.g. FTHL3, CA12 and CD44).

The top non-TK hubs (SYPL1, SYT7, CA12, APOB, FTHL3, CD44, TADA2B, CAV1,

FTLP2, VDAC2, VDAC1P1), that are effected by the knockdown of at least 10 TK in

MCF-7 are enriched for both Hexokinase (HK) binding (VDAC1P1, VDAC2) and Ferritin

binding (FTLP2, FTHL3), which have been shown to be related to tumor progression25,26

(see Supplementary Data for further discussion). This case study demonstrates the added

insight that network based analysis can provide for large-scale proteomics datasets.
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Case Study 3: Quantification of the Dynamic Interactomes of Scaf-

folding Proteins KSR1 and KSR2

To further explore the benefits of network visualization, and to demonstrate the application of

HiQuant to LFQ data, we analyzed a previously unpublished dataset in which we investigated

the dynamic interactome of two homologous scaffolding proteins, KSR1 (kinase suppressor of

Ras 1) and KSR2. The primary function of KSR1 is the regulation of ERK signalling via its

interactions ERK pathway kinases Raf, MEK (MAP2K1/2) and ERK (MAPK1/3). While

MEK is constitutively bound, Raf (Raf-1 or B-Raf) and ERK are recruited to KSR1 upon

mitogen stimulation. KSR2, a KSR1 homolog (60% identical at the amino acid level), also

interacts with the core MAPK signalling machinery, but, in addition, is a key regulator of

cellular energy homeostasis and is associated with obesity and insulin resistance27. We used

an AP-MS approach to identify the interacting proteins of KSR1 and KSR2 in HEK293 cells

at 0, 5, 15, 30 and 120 mins. post EGF (epidermal growth factor) stimulation, see Materials

and Methods. MaxQuant was used to analyse raw mass spectrometry data files from LC-

MS/MS for LFQ and HiQuant was used for post-quantification analysis (see Supplementary

Data for parameter settings). HiQuant was then used to export these results as a rich graph

file (‘.gexf’) which was then visualized using Gephi, see Supplementary Videos S5 and S6.

After EGF stimulation, a total of 362 KSR1 interactors were identified (fold change ≥

2.0 and two-sample one-sided t-test P-value < 0.05 ) in one or more of the five time-points

(see Supplementary Table S1). For KSR2, 139 interactors were detected at one or more

time-points. Following EGF stimulation there is a substantial re-wiring of the KSR1 and

KSR2 interactomes, see Figure 3. Interestingly, 20 KSR1 interactors were also found to in-

teract with KSR2, including MAPK signalling proteins (MAP2K1, MAP2K2 and MAPK1),

supporting their known functional redundancy. However, MAPK1 appears to transiently

interact KSR1 at an earlier post-stimulation time-point (t=0 min.) compared to KSR2 (t=5

min. and t=15 min.). Other novel findings include the interaction of angiomotin (AMOT)

with KSR1 across all time-points, suggesting a possible point of crosstalk between MEK-ERK
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and MST-LATS pathways, both of which are regulated by Raf1. Additionally, unlike KSR2,

KSR1 appears to interact with both the mini-chromosome maintenance (MCM) complex

(members 2-7) and the mediator (MED) complex (7 members), perhaps suggesting a greater

role in DNA replication, transcriptional regulation and oncogenesis, see Supplementary Data

for further discussion. This case study demonstrates the ability of HiQuant to support the

further analysis of LFQ data and also to bridge the gap between protein quantification and

more advanced interpretation of the data from a network biology perspective.

Conclusion

MS-based quantitative proteomics is now facilitating the large-scale analysis of the dynamics

of both the proteome and the interactome and leading to the generation of significantly

larger and more complex datasets. This in turn requires the development of new software

capable of analyzing such datasets efficiently. HiQuant is a novel application enabling the

rapid post-quantification analysis of large-scale MS-based proteomics datasets, up to 200

times faster than existing methods, and supports the downstream visualization of high-

dimensional experimental results. Such datasets may also include applications other than

those presented here, such as those generated from phosphoproteomics experiments, for

example. HiQuant also supports the visualization and interpretation of results generated by

large-scale investigations by coupling the post-quantification pipeline to powerful network

analysis platforms. In this way HiQuant will provide invaluable support as researchers

attempt to further understand the dynamic behaviour of the proteome and begin to elucidate

the role of the interactome in complex biological systems.
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Input data
mzTab conver-
sion, merge files

‘.config’

Remove flagged contaminant/reverse peptides

Select relevant sub-set data columns

Select data type

Filter labelled data columns
e.g. ‘Ratio & normalized’

Filter label-free data columns
e.g. ‘LFQ & intensity’

Test data column extraction

Label-swap correction

Standardize data columns
(e.g. divide by median)

Standardize data columns
(e.g. subtract median).

Define data column to be compared

Assign data columns to experimental sub-groups
(e.g. disease vs. control)

Normalize (log2) data column values and zero replacement

Filter peptide groups quantified in≥ Nreplicates

Evaluate replicate consistency (box-plot
distribution & statistics) and remove outliers

Apply two-sample significance
test to all peptide group values

Merge replicates (e.g. by median)

Apply one-sample significance
test to all peptide group values

Filter protein groups by fold change,
t-test and Significance A thresholds

Append intensity summary values

Significantly differentially abun-
dant proteins/protein groups

Heatmap visualization Network analysis

Input/Output

Pipeline step

Labeled data only

Label-free data only

iterate over experiments

Figure 1: HiQuant post-quantification analysis workflow inputs, steps and outputs. The
workflow may be iterated (dashed arrow) over multiple related experiments, of the same
design, contained in the input file (e.g. bait proteins, siRNA knockdowns, time points etc.)
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