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SYNOPSIS 

 

In clinical testing of protein markers structure variants of the measurand are often not taken 

into account. This heterogeneous character of protein measurands in immunoassays often 

renders test standardization impossible. Consequently, test results from different methods can 

lead to under- or overdiagnosis and thus under- or overtreatment of patients. The systematic 

structural analysis of protein isoforms has been coined proteoform profiling and is performed 

through mass spectrometry-based proteomics strategies. Knowledge on proteoforms allows 

refining existing unimarker tests and moreover has great potential to contribute to the urgent 

need for new tests to predict prognosis and severity of diseases.  



INTRODUCTION 

 

Protein biomarkers in precision medicine 

In the pursuit of individualized patient treatment biomarkers play a crucial role. Although 

genomic and transcriptomic analyses are of great value in the clinic, the complexity of the 

human body largely arises from variations in protein identities and quantities. In basic 

research mass spectrometry (MS)-based proteomics has greatly contributed to an 

understanding of cellular functions at a molecular level [1-3]. Also, large-scale exploratory 

efforts have been applied on retrospective studies of (large) clinical cohorts of body fluids 

such as plasma or serum samples searching for novel biomarkers. Hitherto the number of new 

protein markers that made it from MS-based proteomics into the clinic is very limited [4]. 

Rather than having a technological origin, key-reasons for this translation-lag are the use of 

invalid samples, lack of thoughtful study designs, silo-thinking of the stakeholders involved 

and lack of appropriate test evaluation and adequate test standardization [5]. In clinical 

laboratories proteins in body fluids are routinely tested for diagnostic and prognostic 

purposes, as well as for therapy monitoring. It is however widely acknowledged that there is 

room for improvement with regard to sensitivity and specificity levels of current medical 

tests [6]. Moreover, clinically effective disease-specific tests that support diagnoses at an 

early and curable stage are still lacking for a wide variety of diseases. Aiming and searching 

for novel (protein) biomarkers should start by defining specific unmet clinical needs with the 

clinicians according to test evaluation checklist [5,7]. Interestingly, post-translational 

modifications (PTMs) on proteins have often not been taken into account because of 

technical challenges and the increased complexity of the resulting data. PTMs on existing 

protein biomarkers provide an additional structural layer to quantitative levels of individual 



proteins with potential for patient stratification. Here, the often ignored presence of PTMs in 

protein tests and their implication for clinical chemistry proteomics (CCP) will be discussed. 

 

What is the “proteoform hypothesis”? 

Comprehensive proteome information contributes to a systems-level understanding of human 

biology and thus disease [3,8]. Recently, interest in protein PTMs with regard to biological 

and clinical relevance has emerged as an additional layer in proteomics, and has been coined 

as proteoform analysis [9,10]. The term proteoform was proposed in 2012 “to designate all of 

the different molecular forms in which the protein product of a single gene can be found” and 

was swiftly adapted by the proteomics community [11]. Although protein isoforms and PTMs 

are long-known from gel electrophoresis and chromatography, in the early days of 

proteomics identifications (IDs) were based on so-called peptide (mass) fingerprints with the 

aim to determine any protein product from a single gene (and not each). An inherent effect 

was that the focus switched to the number of protein IDs and that isoforms were not 

considered anymore [12]. Since the beginning of this century, with the availability of the 

human genome, MS-based peptide sequencing has been optimized and turned into the 

method of choice for bottom-up proteomics (i.e. identification of proteotypic peptides after 

digestion with a protease). Instrument development benefitted from the large growth in 

proteomics applications MS and was further developed with regard to speed and user-

friendliness. Moreover, these innovations led to ultrahigh resolution platforms such as 

orbitraps™ and Fourier ion cyclotron resonance mass spectrometers that provide improved 

mass precision and accuracy and consequently yield more confident identifications [13]. 

Furthermore, these high-end platforms allow for a mass measurement of proteins in their 

intact form and offer a wide range of fragmentation techniques. So-called top-down 

proteomics studies have converged into a renewed interest in protein isoforms, i.e. 



proteoforms, and have opened an exciting field within clinical MS [10]. Proteoforms arise 

from a single gene from changes due to genetic variations, alternatively spliced RNA 

transcripts and PTMs (see Figure 1). An example of the latter involves histone modifications 

that in a biological context are referred to as epiproteomic signatures [14,15]. Note that 

structurally related protein forms from different genes are not grouped together to ensure that 

the proteoform terminology remains compatible with a gene-centric approach [16]. 

 

 

Figure 1.  

Protein structural variants that originate from a single gene as a result of transcriptional 

processing and/or diverse post-translational modifications. Proteoforms can furthermore arise 

from changes in the gene itself (allelic variants from coding polymorphisms or mutation). 

The terms protein isoforms, variants and species are greyed-out since these are ambiguous 

and do not accurately reflect the measurand of interest. 

 

 

Soon after the first comprehensive proteoform analyses were performed and shown to be 

beneficial, the same group of Kelleher postulated a corresponding hypothesis, namely that 



“intact proteoforms represent a powerful class of molecules for use as biomarkers of disease 

states” [17]. Here the term powerful should be interpreted as “the ability to detect a true 

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

hypothesis refers to for example “detection of the presence or absence of cancers, the onset of 

disease, the classification of cell types or the differentiation of two or more biological states”. 

Indeed proteoform analysis provides a new layer of information that complements data 

related to transcription, translation and post-translational events that underlie complex 

phenotypes [18]. Genotyping and transcriptomic analysis are not telling the full story, for 

example it was reported that mRNA abundances only weakly correlate with protein 

expression levels [19]. However, whether or not the proteoform hypothesis holds promise for 

clinical purposes partly depends on technological robustness and moreover has to be 

determined from measurements in large patient cohorts. In addition, methodological 

challenges need to be overcome and requirements to be met to show that proteoform-resolved 

data truly improves patient stratification. 

 

Clinical chemistry proteomics and metrological traceability 

Protein quantification in medical laboratories is mostly performed with commercially 

available, CE-marked (Conformité Européenne, i.e. European conformity) antibody-based 

immunoassays. For personalized patient care, accuracy of test results is essential and for 

correct interpretation matching of reference values and/or decision limits is needed. In order 

to achieve standardized test results, metrological traceability is defined as: ‘property of a 

measurement result whereby the result can be related to a reference through a documented 

unbroken chain of calibrations, each contributing to the measurement uncertainty’ [20]. 

Ultimate test standardization is reached when the entire reference system and metrological 

traceability chain are in place. This is not trivial since the measured proteins often have a 



heterogeneous character (proteoforms!). Moreover, commutable and value-assigned reference 

materials are often not available, and internationally recognized reference measurement 

procedures are mostly lacking [21]. As a result, non-comparable results are reported between 

laboratories, for example in the case of thyroglobulin [4,22]. MS-based technologies are the 

method of choice for tackling these issues and recently steps towards harmonized MS-based 

measurements have been reported [23-25]. This approach is also used by working groups and 

committees of the International Federation of Clinical Chemistry (IFCC) for standardization 

of protein measurands (www.ifcc.org/ifcc-scientific-division/). Such MS-based targeted 

peptide measurements for protein biomarker quantification require analytical quality that is in 

agreement with their intended clinical use. A test that is fit-for-purpose should meet 

predefined analytical performance goals for bias and imprecision based on the biological 

variation(s) of the analyte(s) within and between individuals. Quantitative CCP aims for 

transfer of MS-based methodologies into a routine assay including metrological traceability 

with suitable calibrators and certified reference materials [26]. In addition, aforementioned 

ultrahigh resolution MS platforms allow detailed structural characterization of various 

proteoforms in the heterogeneous mixture of analytes, whereas in a medical test these may be 

interpreted as a single protein, i.e. measurand. In an immunoassay all proteoforms that are 

recognized by the antibody, either biologically active or inactive, will be captured and as a 

result a summarized protein quantity is obtained. Thus, in case the measurand is actually a 

mixture and is therefore undefined, standardization of immunoassays will be difficult to 

achieve. Proteoform analysis will not necessarily replace such immunoassays, but certainly 

complement to standardization efforts. Successful implementation of the traceability concept 

for quantitative MS-based CCP methods, along with unambiguous definitions of the 

measurand, should enable the development of traceable reference intervals and/or decision 

limits. Due to the heterogeneous character of the protein analyte in a medical test the 



measurand can differ in the immunoassay and the CCP method and both require their own 

reference ranges and/or decision limits. With an increasing number of laboratories involved 

in quantitative MS-based CCP methods, EQA- and professional clinical chemistry 

organizations have started collaborations and joint projects to determine traceable reference 

intervals and/or decision limits for protein measurands [27-30]. In addition these 

collaborations will deliver a template for further development of these MS-based methods 

into validated assays and finally clinical tests.  



STRATEGIES FOR PROTEOFORM ANALYSIS 

 

Proteoform sampling, separation and identification 

An important aspect of any protein quantification experiment, but nevertheless often 

overlooked, involves the pre-analysis part. Important considerations include specimen 

collection and transportation, and sample handling and storage, since proteins are not inert 

and sample degradation may be biased for certain proteoforms or yield “new” proteoforms 

(for example due to oxidation or deamidation). With regard to sample preparation it is 

stressed that protein standards are often provided in buffer that are not compatible with MS 

analysis and that in these cases purifications may be needed to enable structural 

characterization studies. Obviously, an up-front proteoform separation simplifies sequential 

structure analysis, however chromatography of intact proteins is more difficult than for any 

other biomolecule [31]. The first proteoform experiments were mostly based on offline 

purified proteins, in which the mass analyzer was used as the separation device [32]. Such an 

approach remains valid, however it is not attractive with regard to current high-throughput 

requirements including well-defined reproducibility and robustness. Fortunately, progress has 

been made and nowadays online strategies have become available that provide proteoform 

separations. The two core technologies that are used involve liquid chromatography (LC) and 

capillary zone electrophoresis (CZE). Proteoform identifications are performed through 

bottom-up as well as top-down approaches [33]. The identification and quantification of 

proteins is routinely performed via MS-based bottom-up proteomics (also referred to as 

shotgun or peptide-centric), in which proteins are proteolytically cleaved (digested) into 

peptides that are most commonly separated by online LC and identified using tandem MS. 

With the development and introduction of quantitative CCP tests, the analytical specificity is 

enhanced and moreover, any clinically relevant proteoform can be detected and quantified. 



Essential elements for proper quantitative CCP standardization including metrological 

traceability are defining the measurands, selecting suitable proteotypic peptides, preparing 

labeled internal standards, optimizing proteolysis aiming for equimolarity between protein 

and peptide measurement, and calibration using well-defined internal standards and/or 

external calibrators. In top-down proteomics intact proteins are analyzed and characterized 

without digestion using ultrahigh resolution MS platforms such as mentioned in the 

introduction of this paper. Top-down MS provides information on the intact protein mass and 

allows for identification of novel proteoforms, in-depth sequence characterization, and 

quantitation of disease-associated PTMs. Top-down proteomics has given additional 

momentum for global and comprehensive analysis of proteoforms in existing (approved) 

protein markers as an additional layer of structural information. 

 

Protein glycosylation 

One of the most common (and arguably complex) PTMs involves protein glycosylation. The 

vast majority of membrane and secreted proteins are known or predicted to be N- and O-

glycosylated. Glycoproteins represent key molecules in many important biological processes 

such as cell adhesion, endocytosis, receptor activation, signal transduction, molecular 

trafficking, and clearance, as well as in diseases, including cancer. In MS-based proteomics 

studies this PTM has often not been considered because of various reasons. First of all, 

whereas for example methyl-, phosphate- and acetyl-groups can be accommodated in 

database searches by an exactly defined mass difference, glycans are structurally diverse with 

different sizes (monomeric to oligomeric), and moreover can have isobaric identities. 

Consequently, glycan identifications require additional experiments, such as characterization 

of enzymatically released N-glycans or even orthogonal analytical strategies or 

instrumentation (e.g. nuclear magnetic resonance spectroscopy). Secondly, to study the 



clinical relevance of protein glycosylation the applied MS-based strategies require robust and 

high-throughput (HT) platforms that have only recently become available [34]. HT protein 

glycosylation studies are a type of proteoform analysis, and consequently this term is 

interchangeably used with the long-used glycoform [35]. In-depth approaches to determine 

site-specific protein glycosylation have become indispensable tools for functional analyses of 

these complex biomolecules. Protein glycosylation is known to change during disease and 

potentially offers a rich source of biomarkers. Discovery is either pursued on the level of a 

single protein by mapping all its proteoforms, or by HT glycomics approaches. This first 

(single protein) approach is of interest for clinical chemistry purposes, since it can involve 

detailed characterization of an existing protein biomarker (as was pointed out earlier in the 

Introduction section). An brief example is discussed in the Applications section. With regard 

to the latter approach the so-called total serum N-glycome (TSNG) comprises the N-glycans 

from all serum proteins, which are to a large extent liver- (acute-phase proteins) and plasma 

cell-derived (antibodies). Recent developments in MS-based HT glycosylation analysis have 

provided the opportunity to acquire information on TSNG N-glycan complexity, antennarity, 

galactosylation, fucosylation, as well as on the presence and linkage of sialic acids (α2,6- 

versus α2,3-linkage). Although these TSNG-studies have yielded interesting glycan 

biomarker candidates for various diseases, exploratory efforts fall outside the scope of this 

review and will not be further discussed.  

 

  



APPLICATIONS IN CLINICAL CHEMISTRY PROTEOMICS 

 

The benefits of clinical MS for protein quantitation have been pointed out and are 

increasingly acknowledged by clinical chemists [27]. As mentioned here, one of the major 

advantages involves test standardization according to ISO 17511:2003 so that test results 

become traceable to standards of higher order and comparable among hospital labs. Test 

result comparability is essential in this era of electronic health records and free movement of 

patients across health institutions [21,25]. A second important driver for implementing MS-

based assays in a medical laboratory is the ability to multiplex quantification of various 

proteins [36,37]. This is in line with current MS-based proteomics strategies that provide 

extensive lists of protein identities and quantities in clinical samples such as tissue or body 

fluids. Here, the quest for a single biomarker in either retrospective or prospective study 

cohorts has turned into an approach in which protein signatures are aimed for, or even full 

proteomes i.e. proteotypes, are reported [38]. However, the goal to fully describe a proteome 

is only partly met when listing large numbers of protein IDs. It has become clear that detailed 

structural knowledge on proteoforms has become a crucial aspect in many studies that 

involve proteome analysis [39-41]. The same holds true for the in-depth analysis of the 

heterogeneous character of protein measurands. 

 

Multiple protein standardization efforts are carried out by the Scientific Division of the IFCC, 

wherein structural heterogeneity of the measurand needs consideration (see also 

Introduction). Although the biological and/or clinical importance of specific proteoforms has 

been demonstrated for certain proteins in the context of disease, it is also noted that validation 

of the clinical relevance of proteoform profiling requires further studies with larger patient 

cohorts. Examples of currently applied protein biomarkers that actually consist of a mixture 



of proteoforms are transferrin, apolipoproteins and prostate-specific antigen (PSA). In the 

case of transferrin, it has been shown that abnormal transferrin glycosylation is known as a 

biochemical marker for the congenital disorders of glycosylation (CDG), a group of inherited 

metabolic disorders with defects in protein and lipid glycosylation [42-44]. Similarly, 

glycosylation profiling of transferrin is the cornerstone of the test for alcohol abuse (i.e. 

carbohydrate-deficient transferrin) [45,46]. In the case of apolipoproteins, these are 

constituents of lipoprotein particles and furthermore key-players in lipoprotein metabolism. 

Different glycoforms, i.e. proteoforms, of apolipoproteins have an effect on lipid metabolism 

[47,48]. In our laboratory, we have developed a quantitative CCP test for multiplexed 

measurement of apolipoproteins that has been applied in various studies on clinical cohorts 

for over three years, such as on cardiovascular risk assessment [49,50]. It should be noted that 

in these quantitative CCP measurements of apolipoprotein C-III all proteoforms with known 

as well as newly reported O-glycans (with fucosylation) are summarized into one value (see 

Figure 2) [51]. It has been reported that sialylation levels of apolipoprotein C-III in serum 

associate with improved lipids for type 2 diabetes and prediabetes [52]. Proteoforms of 

apolipoproteins C-I and C-II have also been reported [53]. Such different proteoforms can 

potentially be included in our lab-developed test [37]. The role of newly discovered 

apolipoprotein C-III fucosylation needs further investigation. As a side remark, the here 

mentioned quantitative CCP test also includes apolipoprotein E phenotyping derived from 

genetic variants within the patient cohorts. 



 

Figure 2 

Intact proteoforms of apolipoprotein C-III in an ultrahigh resolution MALDI mass spectrum 

(mass scale on the x-axis, nine proteoforms are assigned). Proteoforms originate from protein 

O-glycosylation (subscripts 0,1,2 indicate the number of sialic acids on the glycan and 

“monosaccharides” refer to fucosylation and glycan chain elongation) or from differences in 

protein size/length (numbers between parentheses reflect the amino acid sequence of apoCIII) 

[51]. In the inset a Levey-Jennings chart is shown of apoCIII quantities in a quality control 

sample measured over more than 700 days (on the x-axis) [50]. On the y-axis, each value 

(determined via quantitative CCP) represents the sum of all proteoforms , i.e. total apoCIII, 

whereas in the ultrahigh resolution mass spectrum each apoCIII proteotype is observed as a 

separate signal. 

 

A third example of a routinely applied protein biomarker that consists of proteoforms is PSA. 

Although the protein concentration of PSA in serum is an FDA-approved method for early 

detection of prostate cancer (PCa), its sensitivity is rather poor [54]. Currently, elevated PSA 

values (above 3 ng/mL or 4 ng/mL) are often followed by additional investigations such as 



digital rectal examination (DRE), magnetic resonance imaging (MRI) and/or prostate biopsy 

[54,55]. Moreover, the PSA test also lacks specificity since benign prostate hyperplasia or 

prostatitis can also result in elevated levels of PSA. Aiming for an improved PSA test, 

glycosylation of PSA has recently been described based on glycopeptide analysis, in which a 

total of 67 N-glycopeptides (proteoforms!) were identified [56]. Here it was concluded that 

PSA proteoform profiling might be a promising tool for the determination of potential 

glycomic biomarkers for the differentiation between aggressive PCa, indolent PCa and 

benign prostate hyperplasia in larger cohort studies. 

  



FUTURE PERSPECTIVES 

 

Proteins in body fluids are routinely tested in clinical laboratories for diagnostic, prognostic, 

disease classification and monitoring purposes [57]. Yet, facing the large number of unmet 

clinical needs (e.g. so far no tests are available for specific diseases like chronic obstructive 

pulmonary disease and acute kidney injury) and insufficient clinical performance of 

contemporary tests, there is room for improvement. MS-based methods in general and 

quantitative CCP specifically, will complement “total” protein read-outs obtained through 

immunoassays. In order to get this into place, a holistic and sustainable approach for 

demonstrating added value of quantitative CCP tests is needed, taking into account the 

concept of metrological traceability according to ISO 17511:2003 [21]. The use of structured 

frameworks for test evaluation, such as the framework of the European Federation of 

Laboratory Medicine, guarantees that only tests that are fit-for-clinical purpose are developed 

and implemented [5]. Although some routinely measured proteins are successfully 

standardized at the global level, most protein tests are not yet standardized [30]. To this end 

we pursue an integral approach to identify new protein markers as well as to measure existing 

markers by MS. In this context it is stressed that biomarker translation and method transfer go 

hand-in-hand. 

 

With this paper we aim to make laboratory researchers, clinicians as well as in-vitro 

diagnostic (IVD)-manufacturers aware of the heterogeneous character of measurands in 

medical tests. To this end, knowledge on the identity and presence of various proteoforms in 

both reference samples and real-life patient samples is crucial both for a better understanding 

of the pathophysiology of disease for patient stratification and for enabling standardization 

according to the metrological traceability concept described in ISO 17511:2003. Proteoform 



analysis provides a stratification layer additional to quantitative levels of individual proteins 

or protein panels that already serve as biomarkers. The measurement of specific proteoforms 

may render MS-based strategies feasible as an add-on test to the corresponding protein 

quantification test. Proteoform profiling provides a golden opportunity for fulfilling unmet 

clinical needs in this era of precision medicine, and for standardizing protein measurands at 

the molecular level in order to make test results comparable worldwide. Their analysis is of 

interest for the rapidly growing number of laboratory specialists and IVD-manufacturers that 

acknowledge the potential of clinical MS and have share their experience within the 

emerging community Mass Spectrometry Applications in the Clinical Laboratory (MSACL). 
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