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Abstract

Over the past decade, developments in high resolution mass spectrometry have enabled the high 

throughput analysis of intact proteins from complex proteomes, leading to the identification of 

thousands of proteoforms. Several previous reports on top-down proteomics (TDP) relied on 

hybrid ion trap–Fourier transform mass spectrometers combined with data-dependent acquisition 

strategies. To further reduce TDP to practice, we use a quadrupole-Orbitrap instrument coupled 

with software for proteoform-dependent data acquisition to identify and characterize nearly 2000 

proteoforms at a 1% false discovery rate from human fibroblasts. By combining a 3 m/z isolation 

window with short transients to improve specificity and signal-to-noise for proteoforms >30 kDa, 

we demonstrate improving proteome coverage by capturing 439 proteoforms in the 30–60 kDa 

range. Three different data acquisition strategies were compared and resulted in the identification 

of many proteoforms not observed in replicate data-dependent experiments. Notably, the data set is 

reported with updated metrics and tools including a new viewer and assignment of permanent 

proteoform record identifiers for inclusion of highly characterized proteoforms (i.e., those with C-

scores >40) in a repository curated by the Consortium for Top-Down Proteomics.

Graphical Abstract

*Corresponding Author: n-kelleher@northwestern.edu. Phone: 847-467-4362., Fax: 847-467-3276. 

ORCID
Neil L. Kelleher: 0000-0002-8815-3372

Notes
The authors declare the following competing financial interest(s): The authors declare a conflict and several are involved in software 
commercialization. Thermo Fisher Scientific is an Industrial Collaborator of the NRTDP.
All RAW data files, the UniProt formatted text file used for generating the proteoform database, and the three .tdReport files 
associated with this study are available at http://massive.ucsd.edu/ with the identifier MSV000079913.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jproteome.6b00698.
Analytical SDS-PAGE gels run to visualize fractions from a GELFrEE separation of whole cell extracts of human IMR90 fibroblasts; 
mass accuracy of the “medium”-resolution approach to MS1 as a function of protein molecular weight; example of identifying a low-
abundance proteoform via SIM marching; graphical output of STRING Gene Ontology analysis based on accession numbers of larger 
proteins identified by experiments run with “medium/high” data acquisition logic; distribution of all 1952 proteoforms identified at a 
1% proteoform-level FDR; correlation between q-values and C-scores for the proteoforms identified by AUTOPILOT high/high 
experiments at 1% proteoform-level FDR (PDF)
List of identifications including entries and proteoforms for data-dependent high/high experiments (XLSX)
List of identifications including entries and proteoforms for AUTOPILOT high/high experiments (XLSX)
List of identifications including entries and proteoforms for data-dependent medium/high experiments (XLSX)

HHS Public Access
Author manuscript
J Proteome Res. Author manuscript; available in PMC 2018 February 03.

Published in final edited form as:
J Proteome Res. 2017 February 03; 16(2): 609–618. doi:10.1021/acs.jproteome.6b00698.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://massive.ucsd.edu/


Keywords

top-down proteomics; gas-phase fractionation; Orbitrap; quadrupole; data-dependent acquisition; 
false-discovery rate; mass spectrometry; proteoform; AUTOPILOT; medium/high

INTRODUCTION

In recent years, technological developments in high resolution mass spectrometry (MS) have 

substantially contributed to the growing adoption and impact of top-down proteomics 

(TDP).1 The conceptual strength of TDP derives from its ability to identify intact 

proteoforms,2 which are whole proteins with unique primary structures characterized by 

specific sets of genetic or enzymatic modifications. By interrogating proteoforms directly, 

TDP does not suffer the protein inference problem inherent to its counterpart,3 bottom-up 

proteomics (BUP), which relies on the identification of short peptides produced by 

enzymatic or chemical proteolysis.

Although BUP can identify thousands of protein families in a single liquid chromatography–

mass spectrometry (LC–MS) experiment,4 TDP is closing the identification gap when 

supported by the use of sophisticated instrumentation such as hybrid mass spectrometers 

based on the latest developments in Fourier transform mass spectrometry (FTMS).5 In a 

2013 research article focused on human H1299 cells, Catherman et al. reported the 

identification of more than 5000 proteoforms, which corresponded to over 1200 unique 

accession numbers (at a 1% estimated false-discovery rate, FDR). This result represents the 

current record for the coverage of the human proteome by TDP.6

In addition to instrumental advances, Durbin et al. recently implemented a novel instrument 

control software named AUTOPILOT.7 AUTOPILOT was specifically designed for TDP by 

incorporating online spectral deconvolution, limited database searching in real time, and 

creation of a project-wide exclusion list, all to reduce inefficiencies with commonly applied 

data-dependent acquisition (DDA) approaches originally developed for BUP. When applied 

to the analysis of the human proteome, AUTOPILOT reproduced the level of proteome 

coverage described by Catherman but with a fourfold reduction in the number of LC–MS 

runs required.8

Here, we describe the top-down study of the proteome of human fibroblasts (IMR90) using a 

benchtop quadrupole-Orbitrap mass spectrometer, the Q Exactive HF, equipped with a 

segmented quadrupole and an ultrahigh field Orbitrap mass analyzer.9 In this study, we 
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utilize a 3 m/z isolation window for precursors instead of the ~15 m/z windows for prior 

TDP studies using a ion trap-FTMS instrument6,10,11 with space charge-limited isolation of 

precursors. Notably, many biologically relevant PTMs such as acetylation (+42 Da) and 

phosphorylation (+80 Da) have mass shifts large enough to allow single proteoform isolation 

using 3 m/z isolation windows for precursor charge states up to ~30+. The benefits of 

applying narrow quadrupole isolation for precise top-down proteoform characterization have 

been previously described in the literature but have so far been limited to targeted studies 

based on direct infusion of purified proteins.12,13 Alternatively, quadrupole-time-of-flight14 

or quadrupole-Orbitrap15,16 mass spectrometers have been used for LC–MS experiments on 

complex mixtures of whole proteins but without quantifying the benefits of restricting 

precursor isolation width.

Seeking to increase the quality and coverage of proteins and proteoforms in TDP, we 

mimicked a data acquisition strategy for BUP wherein standard MS1 survey scans are 

replaced with consecutive selected ion monitoring (SIM) scans of fixed width and m/z. This 

approach, called a “SIM march” here, implements gas phase fractionation (GPF),17–19 

originally developed on hybrid mass spectrometers to improve signal-to-noise ratio (SNR) 

and dynamic range for peptides by dividing MS1 signals into narrow scan windows. With 

SIM marching, we applied GPF to TDP using the AUTOPILOT framework to control 

decision making on-the-fly.7 Differently from the older “quad-march” concept developed for 

quadrupole–ion cyclotron resonance (ICR) instruments using ~60 m/z-wide scans,20 

AUTOPILOT manages deconvolution and decision making after each single SIM scan. After 

MS1 spectral interpretation, AUTOPILOT either launches the next SIM scan or, if mass 

values corresponding to unknown or poorly characterized proteoforms are found, proceeds 

with tandem MS (MS2) by quickly varying activation energy to improve fragmentation 

quality.7

In this study, we also address a traditional issue of TDP, its limited performance for LC–MS2 

of complex mixtures of proteoforms >30 kDa.11,21 Here, we investigate proteins up to ~60 

kDa by detecting them in the Orbitrap mass analyzer but with dramatically reduced transient 

lengths to improve spectral SNR without significant losses in mass accuracy. Importantly, 

the technological improvements converge to produce a high-quality set of resultant 

proteoforms reported in a public repository using new quality metrics and reporting norms. 

Particularly, data analysis was carried out through a new portal, which assigns a 

characterization-score, or C-score,22 to every identified proteoform. The aim is to use these 

metrics to define a group of proteoforms characterized with high-confidence and give each a 

unique proteoform record (PFR, analogous to UniProt accession numbers for gene-specific 

identification of proteins). Creation of a highly annotated proteoform repository has begun 

and is hosted on the web-based infrastructure of the Consortium for Top-Down Proteomics 

(http://repository.topdownproteomics.org/).

EXPERIMENTAL SECTION

Cell Culture and Sample Preparation

Primary IMR90 human fibroblasts were cultured adherently in Dulbecco’s modified Eagle’s 

medium (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum and 1% 
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penicillin–streptomycin (Thermo Scientific, Rockford, IL). Confluent cells were trypsinized 

and subjected to two cycles of centrifugation (270 × g for 5 min) followed by resuspension 

with phosphate buffered saline (Thermo Scientific). Pellets were flash-frozen and stored at 

−80 °C. For protein extraction, pellets were resuspended in a cell lysis buffer composed of 

4% SDS (w/v), 10 mM Tris-HCl (pH 7.8), 1 mM dithiothreitol, and 10 mM sodium butyrate, 

in the presence of a protease inhibitors cocktail (Thermo Scientific). Resuspended cells were 

boiled in lysis buffer under shaking for 10 min. Lysed cells were acetone-precipitated at 

−20 °C for 1 h, and protein pellets were resolubilized using 1% SDS (w/v). Proteins were 

quantified using the bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo 

Scientific).

Proteins were off-line separated by their molecular weight (MW) using a GELFREE 8100 

Fractionation System (Expedeon, Harston, Cambridgeshire, UK). Both 10% and 8% 

GELFREE 8100 cartridges were employed for the separation of low (<30 kDa) and high 

(30–60 kDa) MW proteins, respectively. Two 10% lanes (for summing up 6 LC injections 

total/fraction) and one 8% lane (for 3 LC injections) were used, loading about 350 μg of 

protein on each, for a total of ~1 mg of protein. Ten microliters of each fraction collected 

from the gel-eluted liquid-fraction entrapment electrophoresis (GELFrEE) system23 was 

loaded onto an SDS-PAGE gel and visualized by silver staining according to a previously 

described protocol.24 Fractions 1–5 and 2–9 were used from 10% and 8% GELFrEE, 

respectively, to investigate the low and high MW portions of the cells’ proteome 

(Supplementary Figure S-1). SDS and other contaminants were removed by MeOH/

CHCl3/H2O precipitation as previously described.25 After drying in a fume hood, protein 

pellets were resuspended in 25 μL of Solution A (see next paragraph for the composition). 

GELFrEE fractions collected from the 10% cartridge were pooled according to their elution 

order (e.g., fraction 1 of the first lane with fraction 1 of the second lane) to ensure enough 

material for at least six replicate injections of the precisely same protein mixture.

Liquid Chromatography–Mass Spectrometry

Resuspended protein fractions were further separated by nanocapillary high performance 

liquid chromatography (LC) online coupled to a nanoelectrospray ionization source. 

Reversed phase LC was carried out using a Dionex Ultimate 3000 chromatographic system 

(Thermo Scientific, Sunnyvale, CA) by applying a gradient of Solution B from 5–15% in 2 

min, then from 15–50% in 50 min followed by a wash at 95% B for 5 min and a final re-

equilibration phase at 5% B for 15 min. Solution A was composed of 4.8% acetonitrile in 

water in the presence of 0.2% formic acid, whereas Solution B consisted of 4.8% water in 

acetonitrile and 0.2% formic acid. All mobile phase components were LC–MS purity grade 

(Thermo Scientific). Two different column setups, both including a trap and an analytical 

column, were applied to the analysis of low or high molecular weight proteins. For the low 

MW fractions, both trap column (20 mm length, 150 μm i.d.) and analytical column (220 

mm length, 75 μm i.d.) were in-house packed using PLRP-S stationary phase (5 μm particle 

size, Agilent, Santa Clara, CA). The trap was washed for 10 min with Solution A at 3 

μL/min before the analytical gradient was applied using a 300 nL/min flow rate. For the high 

MW fractions, commercial monolithic columns were used (ProSwift RP-4H, 50 cm length, 

100 μm i.d., Thermo Fisher Scientific) and combined with PepSwift traps (2 cm length, 200 
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μm i.d.). The trap column was washed for 3 min at 10 μL/min while the analytical gradient 

was subsequently carried out at 1 μL/min. Both setups used a column heater to maintain a 

constant temperature of 45 and 35 °C for low and high MW fractions, respectively. The 

outlet of the columns was coupled to a 15 μm i.d. electrospray emitter (New Objective, 

Woburn, MA), packed with ~0.5 mm of PLRP-S resin to prevent bubble formation, through 

a high voltage union to which a 1.9–2.1 kV potential was applied for generating 

nanoelectrospray.

All mass spectrometry measurements were carried out on an Orbitrap Q Exactive HF mass 

spectrometer (Thermo Scientific, San Jose, CA) operating in “protein mode”, with reduced 

pressure in the HCD cell and forced extended trapping of ions in the HCD cell (applying a 

4–5 V axial potential). The instrument control software was either Xcalibur (Thermo 

Scientific) or a new version of AUTOPILOT, which worked as previously described7 but 

adapted to the Q Exactive (any differences from prior research are described in the Results 

section). Source region parameters included a temperature of 320 °C for the heated transfer 

capillary, 50% RF amplitude for the S-lens, and an offset of 15 V between the last element 

of the S-lens and the inject flatapole to promote desolvation and the removal of labile 

adducts. Acquisition parameters varied depending on scan type. Survey MS scans used a 

resolving power (r.p.) of 120 000 (at 200 m/z) for low MW fractions, which corresponded to 

a transient length of 256 ms (applying eFT). Conversely, high MW fractions were analyzed 

with a “short transient” of 8 ms, which corresponded to an r.p. of ~3750 (at 200 m/z) 

selected through the Developers Kit (Thermo Scientific). Importantly, the first isotope beat 

falls within the first 5 ms of the time domain transient. Longer durations of the transients 

such as 16 ms would only add noise to the transient, as the second beat falls far longer in 

time for large proteins.26 Broadband MS1 scans were acquired within a 500–2000 m/z 
window, 4 or 25 microscans (for high and low r.p. spectra, respectively), with a target AGC 

of 1e6 and a maximum injection time of 50 ms. Selected ion monitoring (SIM) scans, with 

width of 25 or 50 m/z, were collected averaging eight microscans using an AGC target of 

5e4 and a maximum injection time of 400 ms. Most important parameters for survey scans 

are summarized in Table 1. Tandem MS (MS2) was performed via higher-energy collision 

dissociation (HCD)27 by using different energies depending on the experiment type and the 

analyzed fraction: normalized collision energy (NCE, equal to 25% or to 22% for low and 

high MW proteins, respectively), under data-dependent acquisition mode controlled by 

Xcalibur, or alternatively varied scan-by-scan by AUTOPILOT. Precursor selection was 

obtained through the resolving quadrupole with an isolation window of 3 m/z. All MS2 

scans were collected with an r.p. of 60 000 (at 200 m/z) and setting the minimum m/z value 

to 400, an AGC target of 1e6, and a maximum injection time of 800 ms. Hereafter, we will 

refer to the experiments for low and high MW fractions as “high/high” or “medium/high” 

(or “hi/hi” and “med/hi” for short) by using a nomenclature that describes the r.p. settings 

applied to precursor and tandem MS scans, respectively. Historically, we apply instead the 

term “low/high” to indicate experiments performed in hybrid instruments (e.g., LTQ-

Orbitrap) where MS1 scans are recorded in the ion trap. All experiments used the dynamic 

exclusion option; for DDA runs, an exclusion list of m/z values was set (with 60 s duration 

and 3 m/z width), whereas in AUTOPILOT, which performs accurate spectral deconvolution 
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on-the-fly, a mass-based exclusion was applied for selected masses over a time interval of 

120 s.

Experimental Design and Data Analysis

The final output of searching in top-down proteomics is a set of identified proteins and 

proteoforms. Each identified protein maps to a unique accession number in the UniProt 

Knowledgebase and is assigned several statistical metrics including a q-value obtained from 

a procedure to determine a global false discovery rate (FDR, described below). Each 

proteoform is assigned a C-score as a metric of the quality of its characterization.22

Each experiment, defined as a single GELFrEE fraction analyzed using a specific data 

acquisition mode, was run in triplicate; the same acquisition parameters were used for all 

technical replicates when the mass spectrometer was controlled by the commercial software; 

conversely, variable settings were applied among the three replicates when AUTOPILOT 

was in control of the instrument (vide infra). RAW files were analyzed postacquisition with 

a newly implemented platform for searching, reporting, and FDR estimation described in 

detail by Shams et al.28 Briefly, a cRAWler algorithm was first used to associate 

deconvoluted MS2 spectra with the corresponding deconvoluted precursor masses. A 

dedicated cRAWler version was used for AUTOPILOT-generated RAW files to account for 

precursors determined by SIM rather than traditional MS1 scans. Deconvolution was 

performed using either Xtract (Thermo Scientific) or the kDECON algorithm,29 for high or 

medium resolution spectra of intact proteoforms, respectively. Grouped scans (i.e., precursor 

+ MS2 fragments) were subsequently searched against a search space of ~107 candidate 

proteoforms created from a UniProt formatted text file of Homo sapiens (version: July 2014) 

allowing up to maximum of 11 post-translational modifications, PTMs, or sequence 

variations per proteoform. In the case of coisolated species, separate searches were run for 

each individual precursor mass. Three database searches were run using a Galaxy-based 

environment sequentially,28 including: (i) an Absolute mass search with precursor tolerance 

of 2.2 Da; (ii) a Biomarker search with 10 ppm precursor tolerance (equivalent to a “no-

enzyme” search); and (iii) an Absolute mass search with 200 Da precursor tolerance 

applying the Delta Mode option to account for unexpected PTMs. All fragment ions were 

searched with 10 ppm tolerance.

Each forward hit consists of a proteoform with associated p-score,30 E-value,31 and C-

score.22 An instantaneous q-value is also associated with each identified protein and 

proteoform, as a result of searching a decoy database (created starting from scrambled 

protein sequences) and using a FDR estimation.11,28 Distinct q-values are obtained 

separately for each of the three searches, with the FDR determined by running a single 

experiment against a scrambled set of candidate proteoforms; subsequently, the best p-score 

retrieved from the forward search is used to fit a gamma distribution to determine local FDR 

for forward hits from each search type. A global FDR estimation is finally generated 

according to the procedure described by Higdon et al.32 by using only the hit with the best q-

value obtained from the three searches. Somewhat akin to assembling PSMs into protein 

groups in BUP, proteoforms are grouped into isoforms and their common UniProt accession 

numbers.28 Both lists are generated after dedicated FDR calculations. In compliance with 
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the most recent HUPO guidelines,33 the herein reported results were filtered using a 1% 

FDR cutoff at both the proteoform and the accession number level (the isoform level is not 

reported). Lists of identified proteins and proteoforms are included in Supplementary Tables 

S-1, S-2, and S-3 and in new Top Down Reports that can be visualized with the TDViewer 

software, freely downloadable at http://topdownviewer.northwestern.edu. Given that FDR 

values are determined at protein and proteoform levels, we “anchor” proteoforms to only 

those that map to identified proteins for simplicity of reporting and viewing of results. In this 

manner, each proteoform in the file is assured to map to an accession that is also in the set of 

proteins identified. Graphical fragmentation maps were generated using either the TDViewer 

or ProSight Lite, available at http://prosightlite.northwestern.edu.34 Gene Ontology analysis 

was performed using the DAVID bioinformatics resources35 or STRING protein–protein 

interaction network database36 by uploading onto these web-based interfaces a list of 

UniProt accession numbers identified at 1% FDR as input. All RAW data files, the UniProt 

formatted text file used for generating the proteoform database, and the three .tdReport files 

associated with this study are available at http://massive.ucsd.edu/ with the identifier 

MSV000079913.

RESULTS

Data Acquisition Strategies

The distinct phases and aspects of top-down MS experiments performed here are 

recapitulated in Figure 1. In comparison to “top-2” data-dependent acquisition, which 

employed broadband MS1 to populate a list of precursors for MS2 fragmentation (Figure 

1A), we also implemented a “SIM march” strategy consisting of a series of consecutive SIM 

scans (either 4 of 50 m/z or 8 of 25 m/z each) covering a total m/z window from 700–900 

m/z. In the SIM march, the center of each SIM window is fixed (Figure 1B). The motivation 

for SIM scans is to improve the spectral dynamic range in limited portions of the m/z space 

where ions of denatured proteins of mass <30 kDa naturally fall due to their similar charge 

density. To avoid ion coalescence,37–39 which impairs the correct assignment of charge 

states and masses to proteoform precursors, the AGC target was reduced to 5e4; to 

counterbalance the reduction in the number of analyzed ions, the number of microscans was 

increased from 4 to 8 for SIM scans.

Independently from the type of scan which determined their selection, precursor ions were 

then isolated using the resolving quadrupole with a 3 m/z isolation window (Figure 1C), 

activated, and fragmented via HCD (Figure 1D). Notably, in previous studies based on 

hybrid ion trap-Orbitrap mass spectrometers, we applied a 15 m/z isolation window to 

prevent potential space-charge effects. Finally, collected RAW files were analyzed as 

described in the Experimental Section to assign q-values for protein identification and C-

scores for proteoforms asserted to be present in the sample (Figure 1E). Medium/high 

experiments, dedicated to the analysis of proteins with intact masses between 30 and 60 

kDa, did not differ in their main design from high/high top-2 experiments. Notably, though, 

MS1 spectra were recorded with only 8 ms long transients in the Orbitrap mass analyzer to 

improve SNR for proteins >30 kDa. The three operation modes differ in a variety of 

acquisition parameters (summarized in Table 1), making a direct comparison of their duty 
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cycles complicated. Especially under the control of AUTOPILOT, the acquisition logic is 

based on the number of new precursors found rather than the simpler “top-N” scheme. In 

typical DDA mode operation, ~0.5–0.7 s are spent for the survey scan, while up to ~3.8 s are 

spent for each MS2 event (depending on the abundance of the isolated proteoform). 

Recording of SIM scans with eight microscans required on average 1.8 s to acquire. In the 

central portion of the chromatographic gradient (corresponding to ~15–40 min of a LC–MS 

run), the instrument cycle time for DDA runs, measured as the time difference between two 

consecutive MS1 scans in each RAW file, has been calculated to be 1.94 and 2.18 s for high/

high and medium/high experiments, respectively.

High-Throughput Proteoform and Protein Identification

The combination of results from three technical replicates for each of 18 GELFrEE fractions 

gave a total of 54 RAW data files collected, with the precise details of sample creation 

illustrated in Supplementary Figure S-1. Thirty RAW files were generated by high/high 

experiments, divided equally between those using data-dependent top-2 and AUTOPILOT-

directed logic. The remaining 24 RAW files contain data collected from eight fractions from 

a 8% GELFrEE run and used the medium/high data acquisition logic described above.

Proteins

A summary of the search results is shown in Figure 2, and complete reports of identified 

proteins and proteoforms are provided in the three Top Down Report files (uploaded onto 

MassIVE with the RAW files) and Supplementary Tables S-1, S-2, and S-3. A total of 393 

unique accession numbers were identified at 1% FDR (Figure 2A). A similar number of 

identifications was obtained from the technical triplicates of each data-dependent top-2 and 

AUTOPILOT (235 versus 204, respectively). A large degree of overlap is present between 

the two accession number lists (about 70%). Conversely, only 29 of the total 147 unique 

accession numbers resulting from medium/high experiments are shared with any high/high 

identifications.

Proteoforms

Interestingly, when considering the Venn diagram for the 1872 unique proteoforms 

identified, the high degree of overlap observed at the protein level was not observed at the 

proteoform level (Figure 2B). By comparing data sets derived from top-2 versus 

AUTOPILOT high/high experiments, only about 34% of identified proteoforms were shared. 

Interestingly, medium/high experiments resulted in the identification of 171 proteoforms in 

the <30 kDa range (vide infra), but only 7% of the total 439 proteoforms derived from these 

experiments were identified in both medium/high and high/high LC–MS runs.

Effectiveness of SIM March in High/High Experiments

AUTOPILOT was used in two different modes (“MS1-MS2” and “SIM march”) for the three 

technical replicates. The overall numerical results in terms of identified proteoforms and 

proteins are similar to those obtained in the 0–30 kDa range by the data-dependent top-2 

experiments. An in-depth look at the identification rate for new proteoforms identified in 

each single technical replicate for GELFrEE fractions 1–3 (those that accounted for the 
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largest portion of total proteoforms) indicates a divergent trend between traditional data-

dependent and AUTOPILOT-driven data acquisition, Figure 3. Specifically, the stochastic 

nature of data-dependent precursor selection leads to concentration of identifications in the 

first technical replicate, with the two consecutive runs being incapable of matching the 

identification rate of the first with both adding similar numbers of new proteoform to the 

total count (Figure 3A). On the contrary, the SIM march based on four SIM scans with width 

of 50 m/z each outperforms the standard AUTOPILOT runs for GELFrEE fractions 1 and 2, 

and trails in fraction 3 only slightly (Figure 3B). The implementation of the SIM march 

using eight SIM scans of 25 m/z width shows the worst proteoform collection rate in all 

cases. Overall, this suggests that the SIM march is competitive with and can outperform 

experiments based on the traditional MS1–MS2 scheme but likely only up to the point where 

the instrument duty cycle (expressed as total time needed to scan the full 700–900 m/z 
window) is not expanded excessively due to the use of too many narrow SIM scans. Note 

that the comparison with data-dependent top-2 experiments is made more realistic by the 

fact that the feature for the online generation of a global exclusion list in all AUTOPILOT 

experiments was disabled, and the online search by AUTOPILOT during each single LC–

MS run more closely resembling the “dynamic exclusion” algorithm implemented in 

Xcalibur.

Extending the Mass Range with Medium/High Experiments

Figure 4, panel A shows an example of MS1 data for an identified ~41 kDa proteoform. 

Despite the resolving power being ~4000, the mass accuracy was observed in this case to be 

~2.5 ppm. In general, the difference between theoretical and experimental average mass is 

<1 Da, which corresponds to ~ 20–35 ppm for proteoforms in the 30–60 kDa range. 

However, as protein size increases from 5 to 30 kDa, their isotopic distributions converge 

toward a Gaussian-like shape (Supplementary Figure S-2). As this convergence occurs, 

peaks composed of unresolved isotopic distributions are read out with increasing accuracy as 

the average mass of a protein increases. For proteins larger than ~30 kDa measured at 

“medium” resolution, isotopic distributions become Gaussian enough to yield low ppm mass 

accuracy without any adjustment for fundamental peak shape (Supplementary Figure S-2). 

Therefore, for proteoforms >30 kDa, accurate mass determination is possible for these 

experiments due to the high AGC target value used in a Orbitrap mass analyzer compared 

with other analyzers capable of producing low resolution spectra (i.e., a linear ion trap), and 

to the shape of the unresolved peaks of large proteins, which are symmetrical with respect to 

a central axis so that the peak apex corresponds well to the position of the average mass 

(Figure 4B and Supplementary Figure S-2). Extension of this medium/high mode of data 

acquisition resulted in the identification of 147 proteins and 439 proteoforms, and for both 

categories only a minimal overlap with the results of high/high experiments was observed 

(Figure 2). The mass distributions shown in Figure 4, panel C clearly indicate an increase in 

ability to identify proteins and proteoforms in the >30 kDa range relative to prior reports.6

Using the C-score To Define High Quality Proteoforms

The data set presented here is composed of proteoforms designated by a PFR identifier and 

an associated C-score. Briefly, the C-score metric applies a Bayesian framework to score 

proteoforms.22 Following the definition given in the 2014 article, the characterization score 
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can be employed to differentiate proteoforms into three groups, as shown in Figure 5. For all 

three different experiments reported here, the predominant group is that of uncharacterized 

proteoforms, which corresponds to about 50% of the total count. Similar relative ratios are 

then obtained for the partially characterized and fully characterized pools. Only the third 

group of proteoforms with C-scores >40 was uploaded into the repository, which archives 

proteoforms at tiered quality levels (http://repository.topdownproteomics.org/StarLevels).

DISCUSSION

The presented study is focused on the implementation and evaluation of new avenues for 

performing top-down LC–MS of complex protein mixtures and on the comparison of new 

approaches with standard ones. Concerning the methods for instrument control and data 

acquisition, the three most relevant innovations are represented by narrow precursor 

isolation window on the LC time scale, the adoption of short time-domain transients for 

larger proteins, and the development of an AUTOPILOT-driven version of GPF dedicated to 

top-down (called SIM marching here). Figure 3 suggests that the series of 50 m/z-wide SIM 

scans is capable of detecting and identifying lower abundance proteoforms than standard 

top-2 data acquisition logic (DDA). Manual data analysis confirms that during a SIM march, 

the precursors selected for fragmentation frequently are low-intensity peaks unlikely to even 

be detected in a broadband MS1 (Supplementary Figure S-3). The identification of low-

abundant proteoforms via SIM marching can also partially explain the limited overlap 

between the proteoform lists for traditional DDA and AUTOPILOT-driven experiments. The 

data of Figure 3 also imply that SIM marching <30 kDa performs at its best using SIM 

windows that are not excessively small (i.e., 50 m/z-wide outperformed 25 m/z-wide by 

identifying about two-fold more proteoforms). The observation that reducing the width of 

m/z window below 50 m/z units in GPF does not generally improve the global identification 

rate was also reported for bottom-up experiments.40 Once controlled by a fully operational 

version of AUTOPILOT, which would include online identified proteoforms into a project-

wide exclusion list based on multiple LC–MS experiments, we speculate that the SIM march 

can be used, potentially in combination with sample prefractionation, to sharply increase 

coverage of the human proteome achievable by TDP.

Data acquisition based on short transients allowed the interrogation of proteins in the 30–60 

kDa mass range with determination of precursor average masses with high accuracy. 

Importantly, HCD fragmentation has to be adapted by reducing NCE for higher mass 

proteins. When using short time-domain transients (a result of setting the instrument to 

acquire at ~4000 resolving power), individual peaks for protein charge state do not have an 

assigned charge and are therefore treated by default like singly charged ions; these are by 

default subjected to higher axial potentials in the HCD cell than multiply charged species. 

Without reducing the set NCE, this would ultimately induce over fragmentation of large 

proteins in medium/high DDA experiments. It is possible that experimental steps prior to 

MS analysis (e.g., GELFrEE fraction cleanup, protein resolubilization, LC performance) 

might have contributed to the limited number of identified proteoforms >45 kDa. Even with 

these limitations, this acquisition mode resulted in the identification of 369 proteoforms not 

otherwise detected during traditional data-dependent experiments. Further refinements of the 

medium/high approach will consider the role played by the AGC target value, which if 
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increased beyond 1e6 might improve average signal and mass accuracy metrics without 

inducing detrimental effects due to high space charge.

The biological relevance of extending proteoform-resolved analysis to higher MW portions 

of the proteome can be considered using a gene ontology analysis on the medium/high 

proteoform set (Figure 6 and Supplementary Figure S-4). This confirms that the short 

transient method gave us access to proteins involved in metabolic pathways such as 

glycolysis/gluconeogenesis otherwise uncovered by traditional top-down analyses due to the 

high average molecular weight of the enzymes involved, Figure 6, panel B. Similar to high/

high experiments, the medium/high analysis was able to capture molecular details such as 

uncommon PTMs like N-terminal trimethylation on ribosomal protein L23a (PFR16022, 

UniProt P62750, Supplementary Table S-3), which requires the action of a specific alpha-N-

methyltransferase.41 Another example is a N-terminal myristoylation on NADH-cytochrome 

b5 reductase 3 (PFR20695, UniProt P00387–1, Supplementary Table S-3), which is 

generally identified by shotgun BUP only upon specific sample enrichment.42 Finally, in the 

medium/high data set the most commonly observed PTM is N-terminal acetylation, 

probably also due to the characteristics of HCD fragmentation, which generally provides 

high sequence coverage on the termini of proteoforms >30 kDa.

Despite its intrinsically exploratory nature, the complete data set of this study accounts for 

the identification of almost 400 unique accession numbers and 2000 proteoforms. The 1:5 

ratio between identified gene products and proteoforms extends the ~1:3 or 1:4 ratio 

previously obtained on human cell lines studied by TDP.6,11 Importantly, this large scale 

study is the first where RAW files have been processed using a new data analysis platform 

crafted in a manner analogous to BUP, with multiple, hierarchically ordered aggregation 

levels associated with FDR calculations. As in bottom-up, two separate FDR estimations are 

performed at the peptide and at the protein level; here, the proteoform, isoform and 

accession lists are all subject to distinct FDR calculations, now captured and reported via 

the .tdReport files accompanying publication. Note that 80 proteoforms passed the 1% FDR 

threshold at the proteoform-level but did not map to any UniProt Accession reported at the 

1% FDR at the protein level. Therefore, these 80 (average C-score of 52.6) were removed 

from the total count but are represented in the data of Supplementary Figure S-5. Note that 

the proteins and proteoforms reported here are the result of a new FDR estimation28 and 

application of quality metrics in a more structured manner than in previous studies. Indeed, 

the total number of accession numbers associated with the proteoforms passing the cutoff 

imposed by the FDR calculation at the first aggregation level would be 468, out of which 75 

(or 16%) were subsequently filtered out by the aggregation across the proteoform, isoform, 

and protein levels during global FDR calculations levels.28

Integrated within this new pipeline, the C-score has been utilized to define the subgroup of 

proteoforms to be used for the creation of a highly confident proteoform repository. 

Considering proteoforms as the actual molecular effectors in cellular and molecular 

processes, initiatives such as the Human Proteome Project (HPP) and its articulations like 

the cell-based version of the HPP43 necessarily will have to rely on the high-quality 

characterization of proteoforms including localization of PTMs and presence of genetic 

modifications such as alternative splicing or single nucleotide polymorphisms. The 
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distribution of C-score values for the present data set is such that only approximately one-

fourth of the 1872 identified proteoforms will be included in the repository. Future large-

scale studies based on different fragmentation techniques such as electron transfer 

dissociation (ETD)44 or ultraviolet photodissociation45 will have to clarify whether the 

limited number of fully characterized proteoforms reported for the present study is directly 

linked with the use of HCD fragmentation. The lack of correlation between C-score and q-

values observed for this TDP study (Supplementary Figure S-6) might be partially ascribed 

to the fact that HCD, although efficient in generating abundant product ions useful for 

protein identification, typically cannot match electron-driven ion fragmentation techniques 

for generating a greater number of backbone fragmentation events. The high sequence 

coverage that results for ETD can translate into highly characterized proteoforms and 

therefore improved C-scores, particularly for cases harboring multiple modifications or 

polymorphisms.

CONCLUSIONS

Overall, we have shown that advances in instrument control software and data collection 

strategies, coupled with improved data analysis, can allow the effective use of a benchtop 

high resolution mass spectrometer for the top-down analysis of highly complex proteoform 

mixtures such as those presented by the human proteome. The use of efficient, benchtop 

instrumentation alongside improved software and more structured handling/reporting of 

proteoforms will advance top-down proteomics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Data acquisition strategies for top-down analysis of human proteins below 60 kDa. (A) 

Traditional data-dependent high/high experiments as well as medium/high experiments start 

with a broadband MS1 scan for the determination of precursors to be fragmented in a data-

dependent top-2 fashion. Similarly, the standard version of AUTOPILOT (AP), employed as 

first technical replicate in the high/high study, uses by default a MS1-MS2 scheme. (B) The 

second and third technical replicates of the AUTOPILOT experiment are designed as a SIM 

march, that is, as a series of SIM scans to investigate an overall 200 m/z window between 

700 and 900 m/z. Precursors are selected from online deconvolution of SIM scans. (C) 

Selected precursors, both from Xcalibur data-dependent or AUTOPILOT-driven acquisition, 

are quadrupole isolated with a narrow isolation window of 3 m/z units. (D) Selected 

proteoforms are subject to HCD activation with dedicated parameters for high or low MW 

proteins. (E) An off-line database search associates each proteoform with a C-score and 

determines its identification confidence through an FDR calculation based on q-values. Well 

characterized proteoforms are indicated by a unique PFR identifier.
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Figure 2. 
Summary of unique proteoforms and accession numbers identified at 1% FDR from 45 total 

RAW files. (A) Venn diagram for the total 393 unique accession numbers identified at a 1% 

protein-level FDR from 54 LC–MS runs. Note, ~80% of the proteins identified by medium/

high experiments were not found in either of the two high/high modes of data acquisition. 

(B) Venn diagram of proteoforms identified at 1% FDR. Approximately 50% of identified 

proteoforms were shared between top-2 and AUTOPILOT high/high experiments, and low 

overlap was observed for the <30 kDa and 30–60 kDa portions of the fibroblast proteome 

interrogated here.
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Figure 3. 
Efficiency of identification of new proteoforms from a single GELFrEE fraction using three 

technical replicates under Xcalibur data-dependent or AUTOPILOT data acquisition. The 

number of new proteoforms identified in each technical replicate for GELFrEE fractions 1, 

2, and 3 is normalized over the total number of new proteoforms identified in the single 

GELFrEE fraction of interest. (A) The data-dependent top-2 method shows that for the three 

fractions considered, the first technical replicate provides the highest number of new 

proteoforms, and the capability of the data-dependent method of finding new confident 

proteoforms decreases with the number of technical replicates. (B) The AUTOPILOT 

experiments show that the SIM march with 50 m/z windows (2nd technical replicate) 

outperforms the standard AUTOPILOT acquisition based on the MS1–MS2 scheme (1st 

technical replicate) in two fractions out of three. Conversely, the SIM march composed by 

eight SIM events (3rd technical replicate) produces the lowest number of new identified 

proteoforms.
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Figure 4. 
Example of ~41 kDa protein identified from a medium/high experiment (8% GELFrEE 

fraction 4). (A) The broadband MS1 spectrum obtained using a short transient in the 

Orbitrap mass analyzer shows high spectral signal-to-noise ratio for a number of charge 

states from 32 to 55+. (B) The graphical fragment map shows that HCD fragmentation 

primarily sequenced the C-terminal region to lead to a high C-score of 255 for the 

proteoform PFR20440, whose experimental mass matches the theoretical one within 2.5 

ppm. (C) Histogram of mass distribution for proteoforms identified at 1% FDR through 

medium/high, top-2 experiments; the distribution is centered around 35–40 kDa.
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Figure 5. 
C-score distributions for the three experimental setups. Identified proteoforms are binned 

according to their associated C-scores. Panels A–C show C-score distributions for data-

dependent high–high, AUTOPILOT high/high, and data-dependent medium/high results, 

respectively. Proteoforms with a C-score lower than 3 are considered statistically identified 

but not well characterized. Proteoforms with a C-score between 3 and 40 are defined as 

partially characterized, as the set of fragment ions used for their identification might be 

consistent also with the presence of one or more highly similar proteoform(s). Finally, 

proteoforms with a C-scores >40 are considered well characterized, and their respective 

PFRs are included in a top-down proteoform repository.
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Figure 6. 
Results of Gene Ontology analysis using DAVID Bioinformatics Resources. (A) First three 

functional protein groups ranked according to their p-values. Functional groups are based on 

the list of UniProt accession numbers identified at 1% FDR in medium/high experiments. 

Note that the UniProt accession numbers of the first two functional groups are largely 

overlapping. (B) Mass distribution of the 41 proteoforms referring to the eight UniProt 

accession numbers identified for the glycolysis pathway. (C) Summary of the identified 

proteoforms of the glycolysis-involved enzyme L-lactate dehydrogenase (P00338).
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