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Abstract

Our knowledge of proteins has greatly improved in recent years, driven by new technologies in the
fields of molecular biology and proteome research. It has become clear that from a single gene not
only one single gene product but many different ones - termed protein species - are generated, all
of which may be associated with different functions. Nonetheless, an unambiguous nomenclature
for describing individual protein species is still lacking. With the present paper we therefore
propose a systematic nomenclature for the comprehensive description of protein species. The
protein species nomenclature is flexible and adaptable to every level of knowledge and of
experimental data in accordance with the exact chemical composition of individual protein species.
As a minimum description the entry name (gene name + species according to the UniProt
knowledgebase) can be used, if no analytical data about the target protein species are available.

Introduction

The number of publications in the field of proteomics has
increased dramatically over the last decade. The driving
force behind this development has been the hope of gain-
ing additional insights into the functioning of a cell or of
a complete organism by identification and quantification
of proteins in different biological states such as disease
and health, wild type and mutant, baseline and perturbed
state, among others. The dynamics and the influence of
post-translational protein modifications were mostly
ignored in the course of development of the basic technol-
ogies during these years. The focus on technology has
nonetheless resulted in dramatic improvements in mass
spectrometry and in coupling MS with two-dimensional
electrophoresis and liquid chromatography. The improve-
ments and results gained over time in proteomics research
have shown that the behaviour and variability of proteins
are more complex than had ever been imagined. The fact

that the same protein was found at several different spots
on 2-dimensional electrophoresis gels made it necessary
to define a new term for these different forms of a single
protein: protein species [1,2]. Each additional modifica-
tion and each new combination of modifications repre-
sents an additional protein species of that single protein.
Though the term protein species had been used earlier in
the literature [3,4], it was not clearly defined and used
more in the sense of a protein complex consisting of sev-
eral subunits [3] or to differentiate between different pro-
teins (e.g. catalase and actin were two different protein
species) [4]. According to the IUPAC rules [5] the term
"isoform" is to be used for genetic variations such as
allelic forms. Therefore, it was necessary to find a term for
any chemical modification and any combination of
chemical modifications. The term "protein species" has
been defined by Jungblut et al. at the chemical, molecular
level [1,2]. According to this definition, isoforms repre-
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sent different protein species, because they are also chem-
ically different. In contrast, two proteins with different
post-translational modifications represent different pro-
tein species but not different isoforms.

About 600 different post-translational modifications
(PTMs) are included in the database UNIMOD (August,
2009, [6]), which was developed by Creasy and Cottrell
[7]- Based on the results they obtained in a proteome ana-
lytical study employing high-resolution Fourier-Trans-
form-lIon-Cyclotron mass spectrometry (FT-ICR-MS)
Nielsen et al. concluded that the estimated level of 8-12
modified peptides per unmodified tryptic peptide present
at >1% level approaches one modification per amino acid
on average [8]. An example for the important relationship
between the exact chemical composition of proteins
including PTMs and their function is the polyubiquiti-
nylation of proteins. Lysin-48-linked poly-ubiquitin
chains target proteins for proteasome-mediated proteoly-
sis, whereas lysine-63-linked ubiquitin chains mediate
various non-degradative functions, including the activa-
tion of signalling factors and protein trafficking [9]. To
move the field forward, it has become necessary, there-
fore, to take the speciation of proteins and the kinetics of
their protein species into account [2].

http://journal.chemistrycentral.com/content/3/1/11

Discussion

Three main proteomic approaches

The classic strategy, the 2-DE/MS approach, starts with the
separation of the proteins by two-dimensional electro-
phoresis [4] followed by enzymatic digestion and identi-
fication of the proteins by mass spectrometric analysis of
the peptide digest (Figure 1, path 1). The comparison of
the mass spectrometric data with sequence databases
results in the identification of the protein. This approach
has the advantage of separation of the proteins at the pro-
tein species level with a high resolution of up to 10,000
spots [10] and application of the identification procedure
at the peptide level, where MS is very sensitive, fast and
accurate [11].

The second strategy (path 2 in Figure 1) starts directly with
the digestion of the proteins of a complex mixture. Low
femtomole protein identifications in mixtures by online
LC/MS/MS were first reported in 1997 [12]. The digestion
yields a huge number of peptides, which are separated in
the next step, typically via one-dimensional or multidi-
mensional chromatographic methods. This procedure is a
bottom-up approach because it starts on the level of sepa-
ration with peptides. Peptides eluting from a reversed-
phase column are then identified by mass spectrometry
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(MS), complementing MS with MS/MS experiments. The
latter analysis yields amino acid sequences by which the
original proteins can be identified, again by sequence
database comparison. The bottom-up approach is fast and
sensitive, but does not allow the differentiation between
protein species.

A third strategy, a top-down approach (path 3 in Figure 1)
starts with liquid chromatography for separation of the
protein species followed by identification of the protein
species by mass spectrometry [13]. This approach, how-
ever, has been largely limited to low mass proteins up to
30 kDa, although there has been a report of identification
of a protein with a mass of more than 200 kDa [14]. With
the present technology the technique does afford a high
sample amount, protein fractions with a largely reduced
complexity of composition, and high mass accuracies in
the low ppm range. A top-down study in Hela cells
resulted in the identification of 45 protein species, con-
taining polymorphisms, alternative splicing products and
modifications [15].

In the bottom-up, top-down terminology the traditional
2-DE/MS approach represents a top-down separation with
bottom-up identification. The critical step in the first two
strategies is the protein digestion step, since usually not all
peptides of the digest are detected by mass spectrometric
analysis. During the separation steps peptides may be lost
due to unspecific interactions with surfaces and chroma-
tographic materials. Other peptides may also not be iden-
tified or cannot be used for the peptide mass
fingerprinting, if they contain uncommon or complex
post-translational modifications, or if they lie outside the
optimal mass range between 500 and 3000 Da. As a result,
the protein identification is in most cases based on a sub-
set of peptides and does not cover 100% of the amino acid
sequence of the analysed protein. A consequence of this is
that RNA and protein splice variants, proteolytically proc-
essed protein species, and protein polymorphisms cannot
be distinguished from each other. As a further conse-
quence, protein species containing post-translational
modifications may not be identified. This problem is
clearly reduced with the 2-DE strategy [16], since the pro-
tein species are separated and detected in spots. All the
peptides of one protein are within one mass spectrum,
permitting analysis of the modifications of the predicted
primary structure. Additionally, the sequence coverage
can be increased by using different digestion procedures.
In the pure bottom-up approach (strategy 2 in Figure 1)
the peptides derived from one protein species are distrib-
uted over all fractions of the LC, which makes it impossi-
ble to assign them to their respective protein species. Since
peptides with an identical amino acid sequence stemming
from different protein species elute within a single peak,

http://journal.chemistrycentral.com/content/3/1/11

quantification of the individual protein species is not pos-
sible using this method.

Recently, an integrated top-down and bottom-up strategy
for broadly characterizing protein species has been devel-
oped to overcome the limitations of pure LC-MS strategies
[17]. Quantification and resolution of low-abundance
protein species still remain difficult problems for all of the
proteomic approaches used today.

How do gene polymorphisms, alternatively spliced
transcripts, proteolytically processed protein species, and
post-translational modifications affect the number of
protein species derived from a single gene?

Nucleotide polymorphisms, alternative splicing, and pro-
teolytic cleavage, as well as post-translational modifica-
tions, are widespread and have an obvious effect on the
number of protein species that can derive from a single
gene. There are no systematic data available on the distri-
bution of protein species derived from all genes in a single
organism, but evidence for the widespread occurrence of
multiple protein species per protein can be found in many
publications that present the results of 2-dimensional
electrophoresis (2-DE). One such report is by Scheler et al.
[18], where the authors presented a 2-DE pattern showing
59 spots of the Hsp27 protein. In another article, Klose et
al. [19] identified 24 protein spots encoded by the y-eno-
lase-2 gene and 52 protein spots of the HSP-70 gene in
mouse brain tissue. Even in microorganisms, many differ-
ent protein species, particularly of the heat-shock proteins
such as HspX and GroES, have been found [20]. Better
known is the speciation in the case of histones and a spe-
cial histone code [21] has been postulated connecting cer-
tain histone species with defined functions. Twenty
modifications and all of their combinations result in a
total of more than 3 million protein species alone for his-
tone H4 [22]. The biological function of most of these
species is completely uncertain at present, but an exten-
sion of the histone code to other proteins has already been
discussed, and designated as the "protein code" [23].

How do polymorphisms, alternatively spliced transcripts,
proteolytically processed protein species, and
posttranslational modifications affect the protein
function?

Many examples of different protein species derived from
an initial synthesis product having different molecular
roles are now known. Reviews focusing on HSP-70 - the
example mentioned above - illustrate the involvement of
HSP-70 in many different cellular processes [24,25]. It can
be assumed that different protein species are responsible
for different cellular tasks. For the last twenty to thirty
years it has been well known that, for example, enzymatic
activities can be switched on and off by phosphorylation/
dephosphorylation processes. Protease-activated recep-
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tors (PAR), as well as many proteases, are activated by the
cleavage of a peptide from the protein by specific pro-
teases. The ESAT-6 gene product of Mycobacterium tubercu-
losis differentiates into at least 8 protein species [26]. In
this investigation, four of the ESAT-6 protein species were
acetylated at the N-terminus and were not able to interact
with CFP10, an interaction necessary for the transfer of
both proteins out of the bacterial cell. This observation of
CFP 10 binding and CFP 10 non-binding protein species
in the extra-cellular protein fraction raises new functional
questions.

The biological significance of the protein species concept
[1,2], which defines protein species chemically [2], is
clearer if we take a look at our current knowledge of gene
expression and the flow of information from genes to pro-
teins (Figure 2). In recent years it has become obvious that
the original paradigm of one gene encoding one protein is
not correct and must be replaced by a new one based on
the following facts:

1. At the end, one gene encodes many proteins - more
exactly, protein species - which are usually strongly inter-
related based on their amino acid sequence, but which
can, nonetheless, differ sometimes quite dramatically in
chemical structure as a result of alternative splicing at the

Receptors, Regulators, 4°*°
Transcription factors
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RNA and protein level [27] and/or due to post-transla-
tional modifications.

2. A protein species with a defined function is not only the
product of one gene but of many genes, since many other
products of completely different genes are involved in
processing the chemical structure of the mature protein
species.

3. Protein species are also modified by their environment,
e.g. by physical factors such as temperature or light, or
chemically by interactions with other molecules.

4. Furthermore, protein species interact with other pro-
teins encoded by their own genes, as well as with small
molecules. Figure 2 summarizes the new paradigm and
gives an overview of the flow of information.

Two examples of proteins present in the cell as different
protein species are the well-known proteins angiotensin-
converting-enzyme (ACE) (Figure 3) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Figure 4). ACE is
a component of the renin-angiotensin system, which reg-
ulates blood pressure, fluid homeostasis, and electrolyte
balance. ACE contributes to blood pressure regulation by
generating the vasoactive octapeptide angiotensin II from
inactive decapeptide angiotensin I and by cleaving the
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Scheme of the flow of information starting with extracellular events via receptors, transcription factors and
other proteins regulating gene expression and determining synthesis and processing of protein species. IP: inter-

acting partner biomolecules.
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vasodilator bradykinin. ACE exists as at least two protein
species, germinal ACE (gACE) and somatic ACE (sACE),
which are coded by the same gene but differently tran-
scribed from two alternative tissue-specific promoters
[28]. The larger glycosylated protein species (150 - 170
kDa [29]), sACE, is synthesized in neuronal cells, macro-
phages, renal epithelial cells and vascular endothelial cells
and is involved in the regulation of blood pressure and
renal function. The smaller glycosylated form (100 - 110
kDa [29]), gACE, is synthesized in maturing sperm cells
and is involved in male fertility. Both protein species of
the ACE gene are located in the membrane of the cell with
a short cytoplasmic domain, a transmembrane domain,
and a long extracellular domain containing the active
sites. They are cleaved at the extracellular domain to
release the soluble form of ACE into the extracellular
fluid, including the blood [29-31]. ACE shedding is nega-
tively regulated by the cytoplasmic domain of ACE, a
domain that is not required for recognition by the ACE-
secretase. Shedding of ACE is regulated by calmodulin
(CaM), which binds to the cytoplasmic domain of ACE
[32]. Dissociation of CaM from the cytoplasmic domain
of ACE stimulates the cleavage secretion.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was originally considered to be a glycolytic protein
involved in energy generation. Recent results have shown,

http://journal.chemistrycentral.com/content/3/1/11

however, that it is a multifunctional protein with
cytosolic, nuclear and perinuclear localizations [33]
(Table 1). Briefly, GAPDH becomes nitrosylated in the
presence of high NO concentrations in the cytosol. After
its nitrosylation, the protein interaction of GAPDH and
Siah1 is significantly augmented. The GAPDH-Siah1 com-
plex then is translocated to the nucleus. Siah1 is a compo-
nent of a multiprotein E3 ubiquitin ligase complex that
targets nuclear proteins for destruction via the proteas-
ome. The GAPDH-Siah1 complex in the nucleus has been
shown to facilitate the degradation of nuclear substrates,
which results in cell death [34]. Figure 4 summarizes the
role of GAPDH in apoptosis. GAPDH is a further repre-
sentative example for the importance of the structure-
function relationship of protein species. This example,
among others, demonstrates the urgent need for a system-
atic nomenclature taking the structure-function relation-
ship into account.

As a consequence of the new paradigm of the gene-protein
relationship, we propose that the identity of each protein
should be described more precisely in the future. Already
in 1996 Jungblut et al. introduced and defined [1] the
term protein species for proteins which are derived from a
single gene but differ in protein chain length and/or post-
translational modification. The term "protein species" [2],
in this sense, is central to the new paradigm and the appli-
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cation of the protein species concept enables the develop-
ment of a systematic nomenclature required for a

comprehensive understanding of different functions of a

protein.

Protein species nomenclature based on the protein species

concept

For a protein species nomenclature we need to distinguish
various levels: At the gene level a gene may have one or
more than one transcript (transcript level); each transcript
may lead to one or more than one translation. For the pro-

tein species nomenclature the following levels must be
considered:

1. The initial protein species is the primary translation
product. One would expect that, usually, one distinct
transcript would lead to one distinct primary transla-
tion product. However, some of these initial protein

species may be indistinguishable although derived
from different transcripts. In Caenorhabditis elegans, for
example, there are four genes coding for actins. The
protein sequences encoded by genes 1 and 3 are iden-

tical (UniProt Knowledgebase AC P10983) [35]. On

Table I: Some examples of different functions and localizations of GAPDH.

Function/Cellular role Localization PTM* Interaction partner Reference
Apoptosis (Figure 4) Nucleus Nitrosylation Siah [36]
Plasma membrane fusion Membrane - Anion exchanger protein [37]
Microtubule structure and function Cytoplasm - Tubulin [38]
Translational regulation - - 5V and 3VUTR mRNA sequence [39]
Cell transport properties Secretory vesicles Phosphorylation =~ PKCL/E [40]
Transcription control Nucleus - Oct-1| transcription factor + [41]
promyelocytic leukemia [42]
nuclear bodies
Nucleus - Telomeres [43]
Intranuclear transport Nucleus - tRNA precursors [44]
Cell proliferation - - Ap,A [45,46]
Nuclear membrane Nuclear envelope - - [47]
fusion
*post-translational modification
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the other hand, some unique transcripts may lead -
due to different transcription start sites - to different
initial protein species, and there are even a few cases
where a human gene gives rise to an mRNA that seems
to be bistronic and encodes for two different products.
Examples are TREX2 (UniProt Knowledgebase AC
Q9BQ50) [35] and UCHL5IP (UniProt Knowledge-
base AC Q99871) [35]. Most mRNAs that encode
UCHLSIP also include the N-terminal part of TREX2.
The initial protein species may be the final functional
protein species, or may undergo further processing
such as proteolytic cleavage and/or chemical modifi-
cation.

2. Proteolytically processed protein species. The pro-
tein processing procedure may lead to the final func-
tional protein species or the protein species may still
be subject to additional chemical modification.

3. A protein may undergo additional chemical modifi-
cation such as acetylation, phosphorylation, etc.

On a species scale, on all these levels, we also have to con-
sider nucleotide polymorphisms (SNPs, insertions, dele-
tions, etc) that may change the amino acid composition of
the derived protein species. Because there is currently no
systematic nomenclature available for the exact descrip-
tion of protein species, we present such a nomenclature.
The following combination of terms is suggested for a
complete description of an individual protein species.
Each describing parameter is contained in square brackets.
An overview of the individual terms of the protein species
nomenclature is given in Table 2. Below the detailed
description of the terms is given.

Gene level

The name of a protein species starts with a descriptor
which is identical with its entry name in the knowledge-
base UniProt [35], containing the term for the gene name
and the term for the species. E.g., the descriptor for the
human gene coding an angiotensin-converting-enzyme is
G_ACE_human. If no analytical data are available the
descriptor for the gene gives far more reliable information
about the identity of the protein species for the descrip-
tion of biological experiments than synonyms which are
still in wide use.

Nucleotide polymorphism level

Describe the exact protein isoform adding the accession
number of the record describing the polymorphism. E.g.,
SNP_rs10853044 describes an SNP of the human angi-
otensin-converting-enzyme which is responsible for the
replacement of Leu by Pro at the amino acid position 132
of P12821-1_1.

http://journal.chemistrycentral.com/content/3/1/11

Initial Protein Species level

The identity of a protein species giving access to its initial
amino acid sequence, which is observed directly after its
protein synthesis (initial protein species level), is defined
by the protein database accession number and sequence
version number. In the nomenclature suggested here, the
name of a protein starts with AC_ followed by the acces-
sion number and the sequence version number. For exam-
ple, the name for the somatic species of the human
angiotensin-converting enzyme is [AC_ P12821-1_1]. In
many cases accession numbers for different splicing vari-
ants are already available. For example, the two splicing
variants of the angiotensin-converting enzyme are desig-
nated P12821 (representing the somatic species) and
P22966 (representing the testis species).

The human serine/threonine-protein phosphatase also
exists in several splicing variants. Here the name of the
regulatory subunit beta species is [AC_ Q15173_2]. The
name for the species beta-2 is [AC_ Q15173-2_2]. The
splicing variant is indicated here by -2. The sequence ver-
sion number is designated by _2.

If no accession number exists for the exact transcript trans-
lation (in the case of an alternative spliced protein species
without a splice isoform number), describe the exact tran-
script translation starting with S_ (S for splicing). S should
be followed by D for deletion (SD_), if amino acids are
missing compared to the canonical protein record
described by the protein accession and sequence version
number. If, say, the unspliced protein species consists of
100 amino acids and the spliced species is missing the
amino acids 70-79 the term is [SD_70-79].

If a peptide chain is inserted as compared to the canonical
protein record, the term starts with SI_ followed by the
number of the amino acid preceding the inserted peptide
chain. This number is followed by the amino acid
sequence written in the one-letter code. E.g., if the peptide
chain LLELFVMFL is inserted at the position of amino acid
number 43 the term then is [SI_43_ LLELFVMFL].

An exchange (E) of one amino acid or several amino acids
can be designated [SE_38 RQELWQG_SKEHWNQ)].
Where 38 indicates the number of the first exchanged
amino acid of the peptide. SKEHWNQ is the peptide
present in the protein species, which was substituted for
RQELWQGC.

Proteolytically processed protein species level

Describe the protein sequence after proteolytic process-
ing, starting with T_: e.g., [T_1-17] indicates that the first
17 amino acids were removed.
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Table 2: Overview of the individual terms (descriptors) of the protein species nomenclature

Level Comment

Descriptor

A: Gene
B: Nucleotide polymorphism

Entry name (gene name + species)
SNP Accession number

G_ACE_human?
SNP_rs 10853044

C: Initial amino acid sequence of the protein Accession number (AC) + sequence version (_I) AC_PI12821-1_1
synthesized at the ribosome
Splicing variant (S) with deletion _ localisation of the ~ SD_70-79
deletion
Splicing variant with insertion _ localisation of the SI_43 LLELFVMFL
insertion
Splicing variant with an exchange of amino acids SE_38_RQELWQG_SKEHWNQP
D: Proteolysis Truncated amino acids: |-17: the first |7 amino acids T_I-17
were removed
E: Posttranslational Modification (P) Position of the modified amino acid P_33_2l¢
F: Cofactor (C) Identity of non-covalently bound cofactors C_Zn(2x)d
G: Further descriptors Can be added, if necessary XY

aaccording to the term in the UniProt knowledgebase [35]

b38 indicates the number of the first exchanged amino acid of the peptide. SKEHWNQ is the peptide present in the protein species, which was

substituted for RQELWQG.

< the first number (here: 33) gives the position of the modified amino acid; the second number gives the type of the post-translational modification
according to the UniMod [6] accession number (here: 21 indicating a phosphorylation)

dhere the term indicates the presence of 2 cations of Zn

Chemically modified protein level

Describe the post-translational modification(s), starting
with P_ followed by the number of the amino acid that
has been modified and the UniMod accession number
[6]. As an example take: [P_33_21]. Here 33 indicates the
amino acid that is phosphorylated and 21 is the accession
number for phosphorylation from UniMod.

Cofactor level
Describe the identity of non-covalently bound cofactors
starting with C_.

Further descriptors [X,Y] can be added, if necessary. As an
example we give the combination of descriptors for the
full description of the human somatic angiotensin-con-
verting enzyme, including an SNP located in the mem-
brane of vascular smooth muscle cells:

[G_ACE_human]+ [SNP_rs10853044]+ [AC_P12821-
1_1]+ [T_1-29/1233-1306]+ [P_N-linked-carbohydrate
chains at 38, 54, 74, 111, 146, 160, 318, 445, 509, 677,
695, 714, 760, 942, 1191)+[P_21]+ [C_Zn(2x)].

The data for the carbohydrate chains were taken from the
UniProt Knowledgebase [35].

This nomenclature takes the structure-function relation-
ship into account. Furthermore, it is well suited for data-
base searches and will provide a more reliable foundation
for systems biology approaches. We recommend that in
future publications on protein species authors use this
nomenclature, presenting the complete protein species
term at least in the Abstract and in the Introduction of

their manuscript. Since the complete protein species
descriptor is long, the author should define a short form
substitute of the protein species for use in the rest of the

paper.

If not every detail of the exact chemical composition can
be determined, the author should include those terms
which are accessible. As a minimum, the entry number
according to UniProt Knowledgebase [35] should be
given.

Protein databases such as the UniProt Knowledgebase
[35] will ideally create unique identifiers for each protein
species identified. This will take time to implement, how-
ever, and even then the assignment of such unique identi-
fiers will lag behind the detection of new protein species.
The creation and use of protein species descriptors will
therefore be of permanent value - unless it in its turn is
replaced someday by an improved nomenclature.

Conclusion

We have presented a scheme for the accurate and detailed
description of protein species. We propose that future
investigations of protein function focusing on defined
protein species use this protein species terminology which
includes the complete terms necessary for the comprehen-
sive description of a protein species. It is desirable not
only to characterize the protein function, but to identify
the target protein species in question with a sequence cov-
erage as high as possible - ideally 100% - and the identifi-
cation of all post-translational modifications. These
requirements should also be addressed in proteome ana-
lytical investigations, by digesting protein mixtures not
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only with trypsin but by several other proteases in paral-
lel, thus achieving higher sequence coverage. In the short
term in many cases it may not be possible to achieve
100% sequence coverage and/or the identification of
every PTM of individual protein species. Nonetheless,
even in these cases use of the protein species nomencla-
ture will be helpful, indicating the current level of knowl-
edge of the exact chemical structure and giving hints as to
the direction further investigations should take.

In summary, we propose a tool for the storage of informa-
tion on protein species which makes accessible a clear
chemical description of protein molecules.
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