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Many diseases are associated with protein species perturbations. A prominent example of an established diag-
nostic marker is the glycated protein species of hemoglobin, termed HbA1c. HbA1c concentration is increased
in the bloodof diabetesmellitus patients due to their poor control of blood glucose levels resulting in an increased
non-enzymatic glycosylation of hemoglobin producing HbA1c. This important diagnostic marker is routinely
measured in the blood of diabetes patients. As in the case of HbA1c, protein species canmirror pathophysiological
events. Shifts in the levels of protein species can be associated with or even be responsible for disease making
them well suited as diagnostic markers. However, only a few protein species are currently used as diagnostic
markers in routine clinical chemistry laboratories, despite being widely established in clinical proteomics re-
search. This review provides an overview of the biochemical characteristics associated with protein species as
well as examples of pathophysiological mechanisms, which cause modifications in the protein species composi-
tion, thereby emphasizing the importance of screening for proteinmarkers at the species level. Further, we high-
light techniques, which are currently utilized for investigating protein species markers in clinical research.
Biological significance: The success rate of FDA approved diagnostic protein markers until today is very low com-
pared to the number of published candidate disease markers. It is hypothesized that one important reason is the
gene-centric viewwhich is still followed in clinical proteomics: Inmany investigations proteins are still digested
in small peptides thusmaking it nearly impossible to discriminate between healthy proteins and pathologic pro-
teins causing diseases. Thus this review is focusing on the biochemistry and patho-biochemistry of proteins, is
highlighting the need for screening for disease markers on the protein species level and is giving an overview
about available techniques.
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1. Introduction

Proteins have been used as diagnostic diseasemarkers formore than
150 years [1]. Consequently, following the beginning of the “proteomics
age” in themid-90s, techniques for proteome analysis were also applied
to screening for diagnostic markers. Although the success of the mass
spectrometry based proteomics tools over the past 20 years is over-
whelming, there is surprisingly a discrepancy with respect to the US
food and drug administration (FDA) approval ofmethods for identifying
diagnostic protein markers. According to a study from 2008, performed
by Anderson et al., 109 protein target assays in plasma were approved
by the FDA. In total, 205 clinical protein assays existed at that time in-
cluding those which are not FDA approved but found in the test
menus of major reference laboratories or referred to in DORA (declara-
tion on research assessment) [2]. It is striking that 80% of these 109 FDA
approved tests were developed before 1993 and since then only 22 ad-
ditional tests have been introduced, giving a rate of 1.5 tests per year.
This rate is especially surprising in the age of proteomics, which was
“born” in 1995 following the creation of the term proteome [3] and
which marked a steep increase in the number of publications since
that time. The low success rate in the discovery of diagnostic protein
markers emphasizes the need to scrutinize and improve the strategies
for screening for protein markers and to push the development of
new protein assay technologies with applicability in diagnostic routine.
Many factors have been discussedwhichmay be responsible for the low
success rate of bringing new diagnostic protein markers into the clinic.
Critical points include study design, patient specimen sampling, pro-
cessing, storage, preparation, as well as the correct classification of the
disease and the total number of patients within a collective [2,4,5].

2. Patho/biochemistry of protein species — enzyme catalyzed
formation of protein species

Presumably the biochemistry of proteins itself and especially the oc-
currence of amultitude of protein species originating from a single gene
is a major reason for the low success rate of translating marker candi-
dates into approvedmarkers, as described above. The term protein spe-
cieswas introduced in 1996 by Peter Jungblut [6] to avoid the ambiguity
problem with the term isoform with respect to the IUPAC nomencla-
ture. A protein species is the smallest unit of the proteome [7] and is de-
fined by its structural formula comprising full amino acid sequence
coverage and every posttranslational modification [8]. Smith et al. re-
cently suggested the term “proteoform” as a synonym for the term “pro-
tein species” [9]. The authors have invented the term proteoform from a
gene-centric viewpoint. In contrast the term protein species is associat-
ed with a chemo-centric viewpoint. Since in this review the non-
enzymatic formation of new species by the reaction of the proceeding
species with exogenous molecules is also included, we here use the
term protein species.

Fromone single gene a large number of protein species can arise. E.g.
histones occur in huge quantities from an individual protein species
[10]. Since the discovery of the significance of phosphorylation with re-
spect to the control of protein functions [11] more than 30 years ago, it
has become more and more evident that the function of a protein criti-
cally depends on its structural formula [8]. Recently it was estimated

that the humanproteome comprisesmore than a billion protein species,
also termed proteoforms [12]. The large number of different specialized
cell types,which have their own repertoire of protein species adapted to
their special tasks can explain this enormous number. A further reason
is the long journey a protein perambulates, starting from the 1. gene,
2. expression of its gene, via 3. RNA processing including possible splicing,
4. translation ofmessenger RNA (mRNA), 5. protein synthesis, 6. proteolytic
processing, which can occur several times within a lifespan of a gene
product, 7. addition of diverse posttranslational modification, 8. formation
of complexes with other protein species, until its 9. degradation. During
every conversion of a protein species a new protein species is formed.
All of these steps in the lifetime of a gene product are strictly controlled,
since enzymes catalyze almost all conversions, and are present with de-
fined activities and concentrations. At every step, from gene expression
to protein degradation, during the lifetime of a gene product and its
many protein species, a perturbation is possible, which can change the
quantity or quality of a converting enzyme and result in an inappropri-
ate, in the worst case “pathologic” protein species, which is character-
ized by a dysfunctional protein.

Well known for many years are perturbations on the 1. gene level,
which are caused by mutation of a gene affecting a functionally impor-
tant epitope in an enzyme or receptor and result in amonogenic disease
([13,14]). Thesemutations are usually associated with an exchange of a
single amino acid – a very small change of the chemical composition in
comparison to the total chemical composition of a protein – and a det-
rimental outcome for the affected individual. Dysregulation of 2. gene
expression is also often observed in cancer [15] and causes shifts in the
quantitative composition of protein species resulting in significantly dif-
ferent protein patterns as commonly reported in cancer proteomics
studies [16,17].

Beside mutations, which cause diseases and can today be easily de-
tected by genetic testing, every individual hasmanymutations in his ge-
nome, which do not have a significant effect on protein function but can
cause a problem for mass spectrometric analysis of diagnostic proteins
since the exchange of an amino acid can shift the species molecular
weight [18]. Nedlkov et al. investigated the protein diversity in human
populations – termed population proteomics [19]. The authors pointed
out that proteomic approaches require a paradigm shift to include sub-
tle variations among individuals. These individual variations must also
be considered regarding the development of new protein quantification
assays for the clinical laboratory. The research institute for population
proteomics investigated the extent of protein diversity in and across
human populations. In a large study analyzing 1000 plasma samples
from different individuals by an MS-immunoassay, different species of
cystatin c, retinol binding protein, transferrin and transthyretin were
analyzed bymonitoring uniquemodifications such as oxidation, trunca-
tions, sulfonations and point mutations [18]. These studies provide the
first impressions of the extent of protein species diversity that exists
in human populations and it is critical that all of these species are
mapped and their wild-type protein profiles determined.

On the 3. path from gene expression to the mature messenger RNA
(mRNA), failures in the expression and splicing machinery can result
in new protein species with different amino acid sequences. Epigenetic
information can also have an impact on protein species by affecting
gene expression and pre-mRNA splicing. Transcriptional activity is
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