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Abstract

It has long been understood that it is proteins, expressed and post-translationally modified, that are 

the primary regulators of both the fate and the function of cells. The ability to measure differences 

in the expression of the constellation of unique protein forms (proteoforms) with complete 

molecular specificity has the potential to sharply improve the return on investment for mass 

spectrometry-based proteomics in translational research and clinical diagnostics.

Keywords

clinical; proteomics; quantitative; top-down; translational

While cells within the human body may share the same genome, it is the proteins that serve 

as downstream effector molecules that perform enzymatic reactions, regulate cellular 

processes and, in general, give rise to the organism’s phenotype. The past decade has 

witnessed a remarkable evolution in proteomics research as it transformed from a technique 

practiced by a specialized community into a thriving field of science [1,2]. Most forms of 

proteomics rely on tandem mass spectrometry in an attempt to identify the gene from which 
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the protein derives, characterize the alterations relative to the reference sequence and all 

covalently bound moieties attached to the sequence (i.e. a specific proteoform [3,4]) and 

quantify the relative abundance of the protein when comparing two or more biological 

states.

Most practitioners utilize the now well-developed methods of bottom-up shotgun proteomics 

in which proteins are enzymatically digested with a protease, such as trypsin, and the 

resulting small peptides (<30 amino acids in length) are analyzed by mass spectrometry [5]. 

These bottom-up proteomic techniques introduce a ‘peptide to protein’ inference problem 

that complicates the identification and quantitation steps in even well-organized proteomic 

studies [6]. Ambiguities in protein inference carried forward into quantitation, we postulate, 

decrease the chances of biomarker discovery and validation. In contrast, top-down 

proteomics eliminates the use of proteases during sample preparation [7], and instead 

measures the intact protein directly, and then fragments the protein for identification and 

characterization. By measuring and quantifying whole proteins, we achieve more confident 

identification and better characterization of individual proteoforms, and as a result, a deeper 

understanding of the biological processes that control human health and disease.

The proteoform hypothesis

The completed human genome sequence revealed a much smaller complement of genes than 

was originally anticipated, suggesting that a major source of complexity within our bodies 

arises from variations of protein molecules and not solely from gene/protein expression. 

Protein variation can arise from changes in the genome (e.g. allelic variants from coding 

polymorphisms or mutation), from alternative RNA splicing, from in vivo proteolysis (e.g. 

signal/transit peptide cleavage) and from any number of diverse post-translational 

modifications. It is the accumulation of all of these events that define a specific proteoform 

and govern its biological function [4]. Therefore, proteoform-resolved measurements offer a 

clarified view of transcription, translation and post-translational events that underlie 

complex phenotypes [8]. Many candidate assays for clinical diagnostics rely on imperfect 

ELISAs, mRNA transcript measurements or the analysis of in vitro enzymatically generated 

peptides; these measurement modalities have returned advances [9], but indirectly reflect the 

presence or actions of proteoforms. A clear way to understand clinically relevant differences 

at the protein level between biological states is to measure the differences in the expressed 

proteoforms between those states.

Our proposition, that intact proteoforms represent a powerful class of molecules for use as 

biomarkers of disease states, is referred to as the ‘proteoform hypothesis’. The word 

‘powerful’ is used in the statistical sense; power is the ability to detect a true difference 

between two or more populations when such a difference is present. The proteoform 

hypothesis therefore states that proteoforms have the greatest ability to differentiate 

biologically real differences in samples of complex material; the presence or absence of 

cancers, the onset of disease, the classification of cell types or the differentiation of two or 

more biological states. In fact, recent findings suggest that mRNA abundances are only 

weakly correlated to protein expression levels [10]. Likewise, in vitro enzymatically 

generated peptides offer only a small piece of the puzzle; we posit that measuring intact 
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proteoforms will deliver increased value and return on investment in clinical research, 

provided the technology is available and robust.

A label-free platform for differential measurement of proteoforms

The new platform we highlight here [11] largely separates proteoform identification and 

characterization from relative quantitation. To implement the approach, high-performance 

mass spectrometers are currently needed to measure intact proteoforms. We use Fourier 

Transform (Orbitrap) mass spectrometers with Automatic Gain Control for label-free top-

down quantitation [11]. Furthermore, to achieve sufficient peak capacity for complex 

samples, orthogonal phases of separation are employed; typically, we use a molecular 

weight-based separation (GELFrEE) followed by liquid chromatography (hydrophobicity-

based) that is directly coupled to the mass spectrometer (i.e. liquid chromatography–mass 

spectrometry). This analysis relies on intact mass profiling of proteoforms from multiple 

liquid chromatography–mass spectrometry runs, and then calculating a proteoform intensity 

based on the sum of all the relevant isotopic peak heights over the elution time of the 

proteoform. Using a statistical model, we quantify individual proteoforms within nested 

technical and biological replicates. We are then able to estimate the relative differences in 

proteoform expression observed between two or more clinically relevant states with 

statistical confidence.

A top-down proteomics experiment, operated in discovery mode, can now detect thousands 

of proteoforms derived from over a thousand unambiguously identified genes [12]! With the 

advent of label-free relative quantitation, differences in the relative abundance of over a 

thousand proteoforms can be tested, even if some quantified masses lack identifications 

[11,13]. The value proposition of this new approach for biomarker discovery appears high, 

as it allows the deepest analysis of relative proteoform expression in the low mass proteome 

yet reported. To the extent the positive outlook projected here proves true, the value of 

proteoforms will be felt by improving the return on investment on clinical/translational 

research for protein-based biomarkers. However, proteoform-aware, targeted assays are also 

inexpensive to deploy relative to other technologies – and this principle is already being 

proven by the availability of new clinical assays.

Current clinical & translational applications of top-down proteomics

The use of top-down mass spectrometry to measure clinically relevant proteoforms is not 

new. A recent review describes a half dozen prescient examples [8]. An increasing number 

of labs working at the interface of technology and human health are showing the emergent 

use of top-down proteomics in translational research [14–17].

The revolution in molecular analysis is also beginning to make headway in the clinic. In 

2013, Bruker was granted 510(k) clearance to use its MALDI BioTyper CA system for the 

identification of Gram-negative bacteria cultured from patients [18]. In this system, a 

microbial colony is directly spotted onto a MALDI plate and the most abundant proteins in 

the sample are profiled in a top-down manner using their intact mass. After comparison of 

the protein profile with a library, a bacterial identification can be made at the genus, species 

and even sub-species levels. This new capability not only changes the business calculus 
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regarding development of specific antibiotics but it may also reduce the problem of 

antibiotic resistance. By operating at the proteoform level (i.e. capturing sequence variation 

of entire ribosomal proteins), this assay is made economically viable and functional.

Large clinical laboratories have also started to use intact proteoform profiling information 

(i.e. without tandem mass spectrometry) to assist in the diagnosis of disease. Major 

examples of the use of intact protein profiling (in combination with DNA sequencing) are 

the detection of transthyretin sequence changes within plasma to help diagnose hereditary 

amyloidosis [19], the analysis of hemoglobin variants within erythrocytes to diagnose blood 

disorders such as thalassemia [20] and the measurement of insulin-like growth factor, a 

protein whose serum levels are indicative of certain growth abnormalities [21].

Future outlook & conclusions

While the value of measuring intact proteoforms in disease diagnosis is being realized, there 

is still untapped potential in using proteoform analysis within the clinic. Most of the 

examples described above only utilize the highly accurate mass of specific intact 

proteoforms; greater confidence in diagnosis will arise when both identification and 

characterization of proteoforms are incorporated in the assays. Mass spectrometers need to 

be further developed for routine intact protein analysis experiments; most mass 

spectrometers are developed with peptide analyses in mind. Increased sensitivity will allow 

for reduced sample size. Both the required sample amounts and the degree of sample 

handling before analysis must decrease when working with precious clinical samples, such 

as biopsies. Finally, the process from mass spectrometry data collection to diagnosis needs 

to be automated. The comprehensive analysis of proteoforms has the potential to 

revolutionize the molecular understanding of health and disease, but only with further 

development can this innovation be brought to fruition. As the value and efficiency of 

proteoform analysis comes more clearly into view, we expect the number of proteoform-

resolved diagnostics to expand in the years ahead.
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