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ABSTRACT: A myriad of co- and post-translational modiﬁcations occur at protein N- and C-termini, resulting in an
extra layer of proteome complexity and an additional source of
protein regulation. Here, we review N- and C-terminal
modiﬁcations and the contemporary positional proteomics
techniques used to isolate protein terminal peptides from
complex protein mixtures and characterize their diversity and
occurrence in biological systems. Furthermore, these degradomics strategiesoften referred to as N- and C-terminomicsrepresent dedicated high-throughput techniques to study
proteolysis in dynamic living systems. Over the past decade,
terminomics studies have provided indispensable information
on the functional states of individual proteins, cell types, tissues, and biological processes and delivered fundamental new data for
the Human Proteome Project, including high conﬁdence identiﬁcations of many so-called “missing proteins”, which had not been
identiﬁed by traditional proteomics analyses.

A

translational modiﬁcations provide a cell with an inherent
ﬂexibility to rapidly respond and adapt to internal and external
stimuli. Even though proteins exist in a multitude of sizes and
amino acid compositions, all possess a distinct start and end
with speciﬁc biochemical properties and function, known as the
N- and C-terminus, respectively, and collectively forming the
terminome. Both terminal sites undergo general and distinct
chemical modiﬁcations that are utilized and required in a
variety of biological functions and processes such as protein
sorting, membrane integration, protein transit, enzyme activity,
and formation of protein complexes.4−6
N-Terminal Modiﬁcations. N-terminal protein modiﬁcations occur either during protein synthesis with the polypeptide
chain still bound to the mRNA-translating polyribosomes or
after termination of protein synthesis. Hence, they are deﬁned
as co- and post-translational modiﬁcations. Co-translational
modiﬁcations such as N-terminal methionine excision, Nαacetylation, Nα-myristoylation, and N-terminal methionine
deformylation of mitochondrial proteins in humans (and of
bacterial and chloroplast proteins) are catalyzed by nonribosomal proteins functioning as soon as the nascent
polypeptide chain reaches the end of the ribosomal exit
tunnel.7 For a detailed description of these processes, please
refer to the excellent review by Giglione et al.8 After protein
synthesis and proper folding, both N- and C-termini tend to be

s the number of expected protein-coding genes in humans
has declined from over 100 000 to around 20 061 protein
entities (www.neXtProt.org, release 2015-01-01) in the past 15
years,1 proteins have stepped into the spotlight as key players to
deﬁne the functional state of individual cells. It has been
estimated that the human genome is translated into 1 billion
protein isoforms, dramatically expanding the encoded ﬂexibility
of a living system.2 These so-called proteoforms are deﬁned as
highly related protein molecules arising from a single gene by
combinations of variation from all sources, including genetic
variations, alternative splicing, and co- and post-translational
modiﬁcations (PTMs; Figure 1).3 Attaching functional groups
alters the physicochemical properties and overall structure of
proteins, aﬀecting their stability, localization, and function; the
same holds true for proteolytic processing. Importantly, post-

Figure 1. Proteoforms (protein isoforms) can arise from various
biological processes, such as genetic mutations, alternative transcription and translation start sites, alternative splicing during
transcription, and co- and post-translational modiﬁcation at the
protein level.
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Figure 2. Schematic representation of selected co- and post-translational (a) N-terminal and (b) C-terminal modiﬁcations. (a) N-terminal α-amines
can be either neutral or positively charged depending on the surrounding pH and chemical modiﬁcations. The most prominent protein terminal
modiﬁcation is Nα-acetylation catalyzed by N-acetyl-transferases that also have the ability to formylate and propionylate protein N-termini.
Pyroglutamate, commonly observed in antibodies and making them more resistant to aminopeptidases, forms through cyclization of N-terminal
glutamine or glutamate, either spontaneously or enzymatically by glutaminyl cyclases. Palmitoylation and myristoylation can occur at free N-terminal
glycines, and N-terminal cysteines can be palmitoylated (S-palmitoylation) at their side chain. Finally, N-terminal mono-, di- and tri-methylation
modiﬁcations are important for protein-protein interaction. The monoisotopic mass shifts are according to UniMod:101 +27.9949 Da (formylation),
+42.0106 Da (acetylation) and +56.0262 Da (propionylation), whereas pyroglutamate formation results in a mass loss of −18.0106 Da (from
glutamate) or −17.0265 Da (from glutamine). For myristoylation and palmitoylation, +210.1984 Da and +238.2297 Da are observed, and for mono-,
di, and tri-methylation: +14.0156 Da, +28.0313 Da, and +42.0470 Da. (b) C-terminal α-amidation neutralizes the negative charge of the carboxyl
group at the C-terminus, improving stability and receptor binding ability of peptides and peptide-hormones. C-methyl-esteriﬁcation is the most
frequently annotated C-terminal modiﬁcation as reported in TopFIND database. According to UniMod, the monoisotopic mass shifts are +14.0156
Da (methylation) and −0.9840 Da (α-amidation).

its modiﬁcation deﬁne an N-terminal degradation signal called
the N-degron, that determines the half-life of a protein in vivo
by increasing or decreasing the likelihood of ubiquitination and
degradation of the polypeptide by the proteasome.23 Correct
protein folding prevents recognition of a destabilizing residue
and hence the N-end rule executes important protein quality
control functions. Notable recent studies showed that N-acetyltransferases also have the capacity to formylate and
propionylate protein N-termini in vitro and in vivo, suggesting
functional competition, although a biological implication for
these PTMs has yet to be determined.24,25
Even though Nα-methylation has been documented for
almost 40 years,26 the ﬁrst physiological role was described only
in 2007 when Chen et al. revealed its importance in protein−
DNA interactions.27 Since many Nα-methylated proteins are
found in large multisubunit complexes, a role in the regulation
of protein−protein interactions was also suggested.28 Recent

exposed in protein structure and are available for posttranslational modiﬁcation (Figure 2).9 Currently, the Terminioriented protein Function INferred Database (TopFIND)10−12
together with UniMod (www.unimod.org) report 11 Nterminal modiﬁcations13 (number of instances reported in
TopFIND are given in parentheses when available): mono-, di-,
and trimethylation (5, 6, and 20, respectively), formylation (9),
carbamylation, succinylation, cyclization (345), propionylation,
palmitoylation, myristoylation, and the most prominent, Nαacetylation (9479).
Initially thought to be only cotranslational, Nα-acetylation is
now also recognized as a widespread post-translational
modiﬁcation,13−19 playing an important role in modulating
protein function, localization, and protein stability and
turnover, as described by the destabilizing N-end rule20−22
and the stabilizing variant of the N-end rule of protein neo-Ntermini.67 The ﬁrst amino acid of a cytosolic protein chain and
B
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proteomics sample preparation, LysargiNase, which mirrors
trypsin selectivity and hence generates C-terminal peptides with
a positive arginine or lysine residue at their N-terminus, thus
greatly improving detection and identiﬁcation of protein Cterminal peptides (see Enrichment of Protein C-Termini for
more details).50 With the advent of LysargiNase for shotgun
analyses and positional proteomics techniques, such as CTAILS (Carboxy-Terminal Amine-based Isotope Labeling of
Substrates),39 it is anticipated that the focus and understanding
of protein C-termini will greatly increase in the near future.
Proteolytic Processing As a Function-Altering PostTranslational Modiﬁcation. Post-translational modiﬁcations
at protein termini can occur after speciﬁc proteolytic processing
of a fully translated protein at internal sites.51 For instance,
during protein maturation, removal of the signal peptide or the
pro-domain by protease cleavage generates neo N-termini that
can be subjected to Nα-acetylation or cyclization.52,53
Exopeptidases typically trim the polypeptide chain by one
residue or processively by up to three amino acids from the N(aminopeptidases) or C-terminus (carboxypeptidases), thereby
creating ragged termini, whereas endopeptidases precisely
cleave within the protein, generating two new polypeptide
chains, one possessing a neo-C-terminus, one a neo-Nterminus. As a post-translational modiﬁcation, limited proteolysis, often referred to as proteolytic processing, is involved in
modulating protein activity, function, and localization in several
ways:54 (i) In proteolytic cascades such as blood coagulation,55
complement activation,56 developmental signaling pathways,57
and apoptosis,58 proteases act as irreversible molecular
switches, turning proteolytic activities either on or oﬀ; (ii)
Protease cleavage can ﬂip the activity of the target protein,59
e.g., N-terminal truncation of the monocyte chemoattractant
proteins CCL2 and CCL7 by matrix metalloproteases (MMPs)
results in their conversion from receptor agonists to
antagonists, and virtually all 54 human chemokines are now
known to exhibit modiﬁed bioactivity including activation,
inactivation, switching of receptor speciﬁcity and loss of
glycosaminoglycan binding upon MMP cleavage;60,61 (iii)
Speciﬁc proteolysis of proteins can release cryptic molecules
or “neo-proteins” with a biological role completely diﬀerent
from the parental protein. Examples include the generation of
angiogenesis inhibitors such as angiostatin from the plasmin
precursor plasminogen, and the release of endostatin and
vasostatin from the structural extracellular matrix protein type
XVIII collagen and the calcium-binding chaperone protein
calreticulin, respectively;59 (iv) Shedding, the proteolytic
release of extracellular domains (ectodomains) from cell
membrane proteins such as cell adhesion molecules, growth
factors, transmembrane cytokine precursors and receptors, and
cell surface-anchored ectoenzymes, is facilitated by members of
the ADAM (A Disintegrin And Metalloproteinase) and MMP
protease families. Because of the broad variety of biological
targets, shedding is involved in diverse processes such as signal
transduction, cell adhesion, and protein relocalization.62,63
Proteolytic processing is an irreversible process and occurs
on almost all proteins, thus constituting a major, possibly the
most universal, yet often overlooked PTM. Limited proteolysis
plays key roles in most essential cellular processes, ranging from
cell cycle division and proliferation to cell death.64 It is also
involved in the progression of many diseases including cancer,
inﬂammation, and atherosclerosis, progressively highlighting
proteases and their substrates as important diagnostic and
therapeutic targets.65,66 Recent N-terminomics studies highlight

experiments support an additional role in modulating protein
stability, thus interplaying with Nα-acetylation.29 N-terminal
cyclization, catalyzed in vivo by two glutaminyl cyclases, occurs
at terminal glutamine and glutamate residues leading to the
formation of pyroglutamic acid. This reaction also proceeds
spontaneously at much lower rates,30 but whether catalyzed or
not, pyroglutamate formation is always faster for glutamine
than glutamate.31 Cyclization protects many cytokines, antibodies, and structural proteins from protease degradation, e.g.
ﬁbrin, ﬁbrinogen and collagen-like proteins by aminopeptidase
trimming. Cyclization is essential for the function of many
peptides such as the hormones gastrin and thyrotropinreleasing hormone (TRH), the neuropeptide neurotensin,
and proteins such as chemokines.30,32 Of note, in several
neurodegenerative disorders N-terminal pyroglutamate formation in neuronal peptides results in a higher tendency to
aggregate and form plaques due to increased hydrophobicity
and proteolytic stability, as shown for beta-amyloid (Aβ)
deposition in Alzheimer’s disease.33 Protein N-termini can also
be subject to lipid post-translational modiﬁcation, where fatty
acid chains (most frequently myristate or palmitate) are
attached to free N-terminal glycines or to the side chain of
N-terminal cysteines.34,35 Both myristilation and palmitylation
are involved in mediating signal transduction and protein
traﬃcking36 and are implicated in the development and
progression of several pathologies including cancer, neurodegenerative disease, and in viral and bacterial infection.34,37,38
C-Terminal Modiﬁcations. Often neglected in analyses,
the protein C-terminal residue can also be post-translationally
modiﬁed (Figure 2b). However, due to the lower reactivity of
the C-terminus in comparison to the N-terminus and therefore
an inherent greater diﬃculty in identifying C-termini biochemically or by proteomics, these modiﬁcations are presumed
infrequent, yet this may be a misnomer stemming from
intractable analysis.39,40 Indeed, there are well-described
examples in the literature of C-terminal PTMs, such as the
addition of glycosylphosphatidylinositol (GPI) as a membrane
anchor after proteolytic removal of a C-terminal propeptide,
protein prenylation, or protein carboxyl methylation.41,42 With
an isoprenyl group at the C-terminus, cytosolic proteins localize
at the plasma membrane or organelle membranes. Extensive
studies on oncogenic RAS proteins (NRAS, HRAS, and KRAS)
have shown that farnesylation and geranylgeranylation
(together referred to as prenylation) have a key role in tumor
cell survival, growth, proliferation, migration, and metastasis.43
Additionally, over half of all biologically active peptides and
peptide hormones are C-terminally α-amidated, which is
essential for their full biological activities.44 The α-amidation
neutralizes the negative charge of C-termini, resulting in more
hydrophobic peptides and improved receptor binding for such
proteins.45 Studies on G-protein-coupled peptide receptors
showed by NMR and receptor binding assays that the ligand’s
amide moiety is a key binding determinant.46,47 The most
frequently annotated C-terminal modiﬁcation reported in the
knowledgebase TopFIND is C-methyl-esteriﬁcation; however
only 17 instances are reported in humans, six in mouse, and
seven in yeast.13 One example is the methylation of the Cterminal leucine in the catalytic subunit of phosphoprotein
phosphatase 2A (PP2A), which is required for the interaction
with its regulatory subunit and is involved in modulating neural
plasticity.48,49 It is obvious that much more investigation needs
to be performed on the elusive C-termini. Such analyses will be
facilitated by our recent introduction of a new protease for
C
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Figure 3. Schematic representation of N-terminomics COFRADIC and TAILS. (a) In COFRADIC, after proteome reduction and alkylation, all
primary amines are blocked by acylation. Following proteolytic digestion, the sample is pre-enriched for N-terminal peptides by SCX
chromatography. After a ﬁrst fractionation by RP-HPLC, each fraction is treated with TNBS to chemically modify free α-amines of unwanted Cterminal and internal peptides. A second RP-HPLC run is used to separate the TNBS-modiﬁed peptides from N-terminal peptides, which are
analyzed by LC-MS/MS. (b) In TAILS, after proteome reduction and alkylation, all primary amines are blocked by dimethylation or isobaric tags.
Following proteolytic digestion, the internal tryptic peptides are captured with the HPG-ALD polymer and depleted by ﬁltration. The blocked Nterminal peptides are collected and analyzed by LC-MS/MS. Refer to the main text for a detailed description of these strategies.

developed various strategies to isolate and characterize protein
termini by positive or negative enrichment of N- or C-termini
from highly complex protein mixtures (for recent reviews, see
refs 75 and 76). All of these strategies follow a general bottomup proteomics approach where chemical labeling occurs at the
protein level before the sample is proteolytically digested, thus
unambiguously preserving terminal information. However, the
negative selection procedures, TAILS77,78 and COFRADIC,52,78 enjoy the major advantage of also identifying naturally
modiﬁed N-termini, that positive selection procedures (that
rely upon chemical addition of handles to enrich) cannot
capture, in addition to protease cleavage products.
Negative Enrichment of Protein N-Termini. The two
most widely reported methods for enriching N-terminal
peptides by negative selection are COmbined FRActional
Diagonal Chromatography (COFRADIC) and the more recent
Terminal Amine Isotope Labeling of Substrates (TAILS; Figure
3). COFRADIC was the ﬁrst successful method of negative
enrichment of protein N-termini and was developed by the
Gevaert laboratory.52 After reduction and alkylation of the
proteome, all primary amines are blocked (typically by
acylation), and proteins are subsequently digested with trypsin,
or any other highly speciﬁc endoproteinase.71 Trypsin digestion
thus results in two main classes of peptides: N-terminal
peptides characterized by an acetylated α-amino group and
internal peptides possessing a free N-terminus. At this point,
the peptide mixture can be incubated with glutamine
cyclotransferase and pyroglutamyl aminopeptidases, converting
N-terminal glutamine into pyroglutamate, followed by

the pervasiveness of proteolytic processing in vivo by revealing
that 61%, 64%, and 77% of all identiﬁed termini in murine
skin,53 human erythrocytes,67 and human platelets,68 respectively, diﬀer from the genetically encoded termini and originate
largely from proteolytic cleavage. The origin of N-termini in the
human proteome has been recently analyzed by computational
analysis on a global scale, ﬁnding that ∼24 000 N-termini in the
human proteome diﬀer from the canonical encoded or
methionine processed N-terminus.69 These recent surprising
analyses highlight the need to better understand the identity,
nature, and functional implications of N- and C-termini
proteoforms in proteomes.

■

METHODS FOR CHARACTERIZING THE
TERMINOME
Several positional proteomics techniques have emerged in the
past decade for the identiﬁcation and characterization of
protein termini. These high-throughput mass spectrometrybased techniques have enabled experimental determination of
protein N-termini and C-termini and their modiﬁcations in
complex in vivo samples, as demonstrated for example by the
published N-terminomes of skin,53 blood plasma,70 mitochondria,71 and red blood cells.67 Additionally, quantitative Nterminal changes were investigated during apoptosis and upon
platelet storage under blood banking conditions.68,72−74 Given
the higher reactivity of primary amines over carboxyl groups,
positional proteomics initially focused on identifying Nterminal peptides, with C-terminomics approaches slow to
develop. Over the past decade, several laboratories have
D
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Figure 4. Illustration of N-terminal peptide enrichment by TAILS N-terminomics of human gingival tissue. (a) Percentage of N-terminally blocked
and trypsin generated internal peptides identiﬁed before (pre-) and after TAILS enrichment. The 5.9% internal tryptic peptides can vary from 2 to
7% depending on the sample and generally represents peptide:peptide interactions that enable carry-over of such peptides to the unbound Nterminal peptide enriched fraction. As such, they are easily recognized based on the lack of blocked N-termini. (b) In total, 3443 unique N-terminal
peptides were identiﬁed at a false discovery rate of 1%. Note: N-termini refers here to peptides possessing either a naturally (acetylated) or
experimentally (dimethylated) blocked N-terminus, omitting peptides with a cyclized N-terminus. The mass spectrometry raw data associated with
this ﬁgure are in preparation for submission and are available upon request now.

proteolytical removal, thus minimizing numbers of spontaneously formed pyroglutamyl peptides.79 Afterward, the
resulting peptide mixture is pre-enriched for N-terminal
peptides by strong cation exchange (SCX) chromatography.
At pH 3, internal peptides preferentially bind to the SCX resin,
whereas the majority of N-terminal peptides with blocked αamino groups and C-termini are recovered in the ﬂow-through
due to their higher hydrophobicity. After a ﬁrst fractionation by
reversed-phase liquid chromatography (RP-HPLC), each
fraction is further subjected to treatment with 2,4,6trinitrobenzenesulfonic acid (TNBS) to chemically modify
the α-amines of unwanted C-terminal and internal peptides,
dramatically increasing their hydrophobicity. Consequently,
additional RP-HPLC runs are required to separate the TNBSmodiﬁed internal and C-terminal peptides from the now
comparatively less hydrophobic N-termini, which are forwarded
to liquid chromatography tandem mass spectrometry (LC-MS/
MS) analysis. One advantage of COFRADIC is that all the
required materials are commercially available and relatively
inexpensive. The extensive fractionation steps provide several
opportunities for sample loss and make this technique with up
to 100 MS/MS analyses per sample very instrument intensive.
However, the latest version of the protocol reports a substantial
improvement by introducing a sample pooling scheme to
reduce the overall number of LC-MS/MS analyses to 36.80
Nonetheless, compared to single or double shot analyses by
TAILS, this is a disadvantage in terms of the more complex
chemistry, workﬂow, and the increased amount of protein
required for successful analysis. Nevertheless, it is a highly
successful and elegant approach.
The Zahedi laboratory has recently proposed a variation of
the COFRADIC approach, termed Charged-based Fractional
Diagonal Chromatography (ChaFRADIC).81 After proteome
reduction and alkylation, all primary amines are blocked and
isotopically labeled by dimethylation. The sample is then
digested using trypsin, and the peptide mixture is separated by
SCX at pH 2.7. Five fractions corresponding to charge states
+1, +2, +3, +4, and >+4 are collected and treated with NHS
trideutero-acetate, acetylating free N-termini of trypsingenerated internal peptides and thus reducing the peptide
charge state. Each fraction is then subjected to a second round
of SCX chromatography; peptides retaining the original charge
states and thus corresponding to original and neo-protein Ntermini are collected and used for subsequent LC-MS/MS

analysis. Thereby, this approach is less time-consuming and
requires a smaller amount of starting material than
COFRADIC.
TAILS N-terminomics is the other highly successful negative
selection strategy introduced by our laboratory.77,78 In TAILS,
after reduction and cysteine alkylation, the alpha and epsilon
primary amines are blocked by dimethylation or isobaric tags
like iTRAQ (isobaric Tags for Relative and Absolute
Quantiﬁcation,82 Sciex) or TMT (Tandem Mass Tags,83
Thermo) at the whole protein level. This is an important
diﬀerence from peptide level labeling performed after proteome
digestion in shotgun experiments. As any free N-terminus is
blocked and labeled at the protein level, their identiﬁcation
together with naturally blocked N-termini, by means of MS/
MS, conﬁrms the presence of these N-termini in the proteome
sample. Following digestion with a highly speciﬁc endoproteinase, such as trypsin or GluC, the peptide mixture is incubated
with a commercially available (http://www.ﬂintbox.com/
public/project/1948/), water-soluble, high-molecular-weight,
aldehyde-derivatized, hyperbranched polyglycerol (HPGALD) polymer. The HPG-ALD polymer covalently binds
only the internal peptides generated postlabeling that carry a
free α-amine at their N-terminus, whereas the natural and neoN-termini have been naturally blocked or blocked by the
isotopic labeling reagent and so are unreactive.77,78 Separation
of internal peptides bound to the HPG-ALD polymer is
achieved by ultraﬁltration, where the ﬂow-through fraction
containing the unbound N-terminal peptides is collected and
analyzed by LC-MS/MS. Advantages of TAILS include the
small amount of starting material required (as low as 200 μg)
and the low number of MS/MS runs required (typically 1 or 2
for technical replicates). In a typical TAILS experiment,
approximately 95% of the identiﬁed peptides possess a blocked
N-terminus, either naturally acetylated, experimentally labeled,
or cyclized, whereas samples without enrichment show around
12% blocked termini (Figure 4). The pharmaceutical company
Roche modiﬁed the TAILS procedure by omitting the ﬁltration
step as a possible source of sample loss. They described
applying the polymer−peptide mixture directly onto the trap
column of their LC-MS/MS system.84 Of note, we are currently
developing a new polymer, containing paramagnetic particles
anchored to HPG-ALD, to improve separation eﬃciency and
speed (unpublished). An approach similar to TAILS is DICAS
(Dimethyl Isotope-Coded Aﬃnity Selection), which employs
E
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have been used successfully for the high-throughput analysis of
protein C-termini. In C-TAILS (Carboxy-Terminal Aminebased Isotope Labeling of Substrates), all primary amines are
dimethylated, and the carboxyl groups are protected with
ethanolamine using EDAC (1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide) chemistry. After trypsin digestion, the
newly generated α-amines are blocked by a second round of
dimethylation. The internal and N-terminal peptides are
removed by covalent coupling to a high molecular weight
polyallylamine polymer from Sigma via their unblocked Ctermini. The C-TAILS approach was the ﬁrst to incorporate
isotope-encoded tags to provide quantitative data, which is
essential to distinguish neo-termini derived from a speciﬁc
protease versus cleavage products present in every sample in
vivo or inadvertently generated in sample handling, though the
latter is essentially eliminated by immediate use of universal
protease inhibitors at sample collection and careful sample
handling.39 Similar to TAILS, the polymer with covalently
bound internal peptides is removed by ﬁltration, and the
unbound ethanolamine blocked protein C-terminal peptides are
analyzed by LC-MS/MS.39
In C-terminal COFRADIC, N-terminal and C-terminal
peptides are enriched simultaneously. After blocking all primary
amines by acylation, the proteome is digested with trypsin.
After SCX-enrichment, the TNBS used in the N-terminal
COFRADIC workﬂow is replaced by an N-hydroxysuccinimide
ester of butyric acid to chemically derivatize the free primary
amines present on the C-terminal peptides, allowing
segregation of N- and C-terminal peptides by RP-HPLC
prior to LC-MS/MS analysis.40 Besides carboxy-terminal
COFRADIC and C-TAILS, several other strategies have been
proposed, e.g. using TMPP tags,90,91 enzymatic labeling,92 or
cyanogen bromide digestion.93 For a detailed description and
comparison of these approaches, please refer to the recent
review by Tanco et al.41
Despite these advances, problems remain. After trypsin
digestion, protein C-terminal peptides are rarely identiﬁed by
LC-MS/MS, as they inherently lack basic residues, and thus
recalcitrant to mass spectrometry identiﬁcation.39,40 This year,
our laboratory reported the discovery of a new protease for
proteomics named LysargiNase, a thermostable metalloprotease from the Archaea Methanosarcina acetivorans.50 LysargiNase improves protein C-termini identiﬁcation by cleaving
before lysine and arginine residues, the opposite to trypsin. In
four independent experiments, Huesgen et al. showed a
tremendous improvement of protein C-termini identiﬁcation
compared to trypsin.50 Unlike trypsin, LysargiNase cleavage
also occurs at methylated, dimethylated, and trimethylated
lysines, so proving highly useful for improved phosphosite and
epigenetic mark identiﬁcation and overall proteome coverage.50

an immobilized matrix (POROS-AL, Life Technologies)
instead of a water-soluble polymer to capture and remove the
nonterminal peptides.85 Polymers for proteomics retain the
distinct advantage of inherently zero nonspeciﬁc peptide
binding and loss.
Recently, capitalizing on their extensive experience in
phosphoproteomics, the Heck laboratory has also developed
a modiﬁed form of the TAILS N-terminomics technique based
on phospho tagging (PTAG). After blocking all primary amines
by dimethylation, the complex protein sample is digested using
trypsin. The trypsin-generated N-termini are tagged using
glyceraldehyde-3-phosphate and depleted via titanium dioxide
chromatography before MS/MS analyses.86,87
Positive Enrichment of Protein N-Termini. Positive
selection methods modify the α-amino group of the protein Nterminus with a tag that enables targeted enrichment of the Nterminal peptide from the majority of internal peptides and
protein C-termini. Wells and co-workers have developed an
engineered propriety subtilisin protease, subtiligase, to
selectively label unblocked N-terminal α-amines with a
biotinylated peptide ester containing a tobacco etch virus
protease (TEV) cleavage sequence. After enzymatic labeling
and tryptic digestion of the sample, the biotin-tagged Nterminal peptides are immobilized on avidin beads. Following
TEV cleavage, the N-termini are released but retain a Ser-Tyrdipeptide as a signature, simplifying identiﬁcation by LC-MS/
MS. However, large amounts (50 to 100 mg) of starting
material are required, thus limiting potential applications such
as cell culture secretome analyses.72,88 Another successful
strategy based on positive enrichment is called N-CLAP (Nterminomics by Chemical Labeling of the α-Amine of
Proteins). This method enables the selective labeling and
capture of the α-amines present only on N-termini utilizing
features of Edman chemistry; after blocking all primary amines
using phenyl isothiocyanate (PITC), treatment with triﬂuoroacetic acid (TFA) speciﬁcally triggers cyclization of PITCmodiﬁed α-amines, resulting in peptide bond cleavage after the
ﬁrst amino acid, whereas PITC-modiﬁed lysines are left
unaﬀected. The new α-amines are subsequently labeled with
a thiol-cleavable amine-reactive biotinylation reagent. After
digestion of the complex sample, biotinylated peptides are
captured on avidin-based aﬃnity resins, eluted by reduction,
and analyzed by LC-MS/MS.73 However, as already noted,
positive selection is limited to protease cleavage product
identiﬁcation, whereas the negative selection procedures gather
information on both the natural N- and neo-N-terminus. In this
way, negative selection techniques identify more than 50% of
proteins by two or more peptides, corresponding to the natural
N-terminus and/or one or more neo-N-terminal peptides
generated by proteolytic processing, thus increasing protein
identiﬁcation conﬁdence.77,89
Enrichment of Protein C-Termini. Due to the lower
chemical reactivity of the α-carboxyl group and the lack of
methods to selectively modify carboxyl groups in aqueous
solution, C-terminal proteomics is a highly challenging task.
One of the ﬁrst attempts to isolate C-termini used SCX
chromatography as reported by the Heck laboratory in 2007.18
However, this approach enriches also for N-acetylated peptides
as both show only weak interactions with the resin. Nonetheless, it represents a straightforward approach to assess the Cterminome. Other more sophisticated methods to enrich for Ctermini represent modiﬁed versions of TAILS and COFRADIC. Reported in back to back publications in 2010,39,40 they

3. APPLICATIONS
The choice of method determines the type of terminal
modiﬁcations that are to be studied. By design, positive
enrichment strategies exclude in vivo modiﬁed N-terminal
peptides such as Nα-acetylated peptides but solely focus on
proteolytic cleavage products. In contrast, negative selection
strategies additionally cover naturally blocked N-termini and
allow for their quantiﬁcation through isotopic labeling of all
lysine side-chains. If metabolic SILAC labeling is used for MS1
quantiﬁcation, even nonlysine containing terminal peptides will
be quantiﬁable. However, peptide numbers are much greater
for multiplex isobaric labeled peptides; e.g., recently we
F
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identiﬁed more than 8500 high conﬁdence N-terminal peptides
using 10-plex TMT labels without prefractionation (Klein et al.
submitted), which we had never approached using MS1
quantiﬁcation methods. It is beyond the scope of this review
to cover all the possible applications of the terminomics
strategies described above. Hence, we focus here on the recent
studies for characterization of protein N-termini.
Nα-acetylation is the most abundant N-terminal modiﬁcation, occurring on approximately 90 and 60% of all soluble
proteins in humans and yeast, respectively.94 Van Damme and
colleagues recently compared the N-terminal acetylation
proﬁles between human and yeast using COFRADIC.95 They
identiﬁed 1,345 (human) and 648 (yeast) unique acetylated Ntermini and described the N-terminal acetyltransferase NatF as
one of the key drivers for the signiﬁcant shift in N-terminal
acetylation occurrence from lower to higher eukaryotes. The
presence of NatF in higher eukaryotes boosts their capacity to
acetylate Met-Lys-, Met-Leu-, and other Met-starting Ntermini, and introduction of NatF into yeast increased Nterminal acetylation levels signiﬁcantly.95 In another study, the
same group identiﬁed 180 human and 110 yeast substrates of
NatB and established the requirement of NatB activity for
maintaining the structure and function of actomyosin ﬁbers and
proper cellular migration in humans.17 N-terminal acetylation
mainly occurs on the initiator methionine or on the ﬁrst residue
after methionine removal by methionine aminopeptidases.
Recently, our lab analyzed the amino acid distribution of Nterminal acetylated peptides and compared it with the
speciﬁcity preference of methionine aminopeptidases.53,67,68
N-terminal methionine excision is preferred when the second
amino acid is either alanine, glycine, or serine, and the same
residues are favored targets for N-terminal acetylation,
indicating concerted cotranslational action. Of note, the
presence of proline at the primary or secondary position of
the protein N-terminus prevents acetylation and thus ensures a
free N-terminus.53,96 In contrast, the presence of glutamate,
aspartate, or phenylalanine at position 2 leads to acetylation of
the initiator Met, in perfect agreement with previous in vitro
studies.53,68 Notably, diﬀerent sequence dependencies were
detected for acetylated peptides starting at positions other than
1 and 2 and not preceded by methionine, suggesting another
set of enzymes for post-translational Nα-acetylation. These
diﬀerent sequence dependencies may allow the identiﬁcation of
alternative translation sites based on their N-terminal
acetylation proﬁle.53,68
Recently, we found that post-translational Nα-acetylation is
an eﬃcient mechanism to either stabilize or destabilize
intracellular proteins after proteolytic processing and allow
functional diversiﬁcation of the proteome under conditions of
limited de novo protein synthesis, as occurs in mature
erythrocytes or platelets.67,68 Based on the observed amino
acid frequency and Nα-acetylation status of internal protein Ntermini in the TAILS analysis of human erythrocytes, a
modiﬁed N-end rule was developed, namely, “the stabilizing Nend rule of processed protein termini.” According to the
original N-end rule, amino-terminal amino acids can be
grouped as primary, secondary, and tertiary destabilizing
residues (Figure 5a).97 Primary destabilizing residues are
directly recognized by components of the ubiquitin system
(N-recognins) and are targeted for degradation by the
proteasome. These residues are further subdivided into types
1−2 based on the dominant N-recognin responsible for their
targeting. Secondary destabilizing residues require arginylation

Figure 5. (a) The classical N-end rule pathway in mammals. Primary,
secondary, and tertiary denote mechanistically distinct subsets of
destabilizing N-terminal residues. The tertiary destabilizing residues
Asn and Gln are enzymatically deamidated into the secondary
destabilizing residues Asp and Glu. The arginylation of N-terminal
Asp, Glu, and oxidized Cys (C*) leads to the formation of primary
destabilizing residues. Primary destabilizing residues are recognized
directly by components of the ubiquitin system and targeted for
proteasome-mediated degradation. (b) Stabilizing N-end rule for
processed protein N-termini. Proposed terminus stability classiﬁcation
categories based on an updated N-end rule and N-terminal acetylation
status determined by TAILS analysis of human erythrocytes.67
Unmodiﬁed primary residues are grouped as “free destabilizing,”
whereas secondary and tertiary residues are classiﬁed as “free nondestabilizing.” After Nα-acetylation, most secondary residues become
destabilizing, whereas Asp and Glu together with primary and tertiary
residues become stabilizing. Amino acid residues are indicated by
single-letter abbreviations.

prior to recognition by the ubiquitin system, whereas tertiary
destabilizing residues must be deamidated (asparagine,
glutamine) or oxidized (cysteine) prior to arginylation.
Importantly, most proteins are translated with an N-terminal
degradation signal, but this is immediately masked by folding or
protein−protein interactions, resulting in protected and
stabilized proteins: Misfolded or misassembled proteins display
their N-terminus and thus are promptly targeted by the
ubiquitin proteasome pathway. For proteolytically processed
protein N-termini in human erythrocytes, we observed,
following an updated amino acid grouping, signiﬁcantly higher
levels of Nα-acetylation among primary compared to secondary
destabilizing residues. Based on these observations, we grouped
N-terminal amino acids into four categories: (i) free
destabilizing termini, including unmodiﬁed types 1 and 2
primary destabilizing residues; (ii) free nondestabilizing
termini, comprising unmodiﬁed secondary and tertiary
destabilizing residues; (iii) acetylation-destabilized termini,
including acetylated secondary destabilizing residues; and (iv)
acetylation-stabilized termini, including aspartic and glutamic
acid, and primary destabilizing residues and tertiary destabilizing residues for which acetylation prevents deamidation and
arginylation (Figure 5b).67
Searching a customized protein database, Van Damme and
colleagues showed that more than 20% of all identiﬁed protein
N-termini in higher eukaryotes result from alternative translation initiation sites indicating incorrectly annotated or
G
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overlooked protein starts and/or alternative splicing.98 They
combined information from the publicly available protein
sequence database UniProtKB/Swiss-Prot with ribosome
proﬁling and translation initiation mapping data to identify
novel protein reading frames. This approach allowed the
authors to identify more than 1700 potential alternative protein
N-termini originating from in-frame, downstream translation
initiation sites in human and murine cellular proteomes.
Additionally, they identiﬁed 34 N-terminally extended protein
products and several instances of N-terminally truncated
proteins and overlapping upstream open reading frames
resulting from translation initiation at near-cognate start
codons, i.e. using GUG, CUG, or ACG for the initiator
methionine instead of their canonical amino acids, valine,
leucine, and threonine.
In depth TAILS analysis of murine skin,53 human
erythrocytes,67 and platelets68 revealed that more than 50%
of all identiﬁed protein termini represent neo-N-termini derived
from proteolytic processing. These ﬁndings reinforce the
concept of limited proteolysis as an important and pervasive
post-translational modiﬁcation that cannot be neglected in
interpreting any biological process.11,12 To integrate data on
protein termini, their chemical and proteolytic modiﬁcations,
and to provide functional insights into the biological processes
involved, the knowledgebase TopFIND is most useful.10−12
This knowledgebase combines relevant information from
experimental terminomics data, the protein resource UniProt,
and the peptidase database MEROPS. In the latest release,
TopFIND 3.0,12 all biological processes leading to the
formation of alternative protein termini, such as alternative
splicing and translation initiation, were integrated by including
data from Ensembl and TISdb12 and analyzed recently.69
Finally, targeted analysis of protein termini can be used as an
alternative strategy for reducing sample complexity and hence
facilitates identiﬁcation of rare or low abundance proteins in the
human proteome.67,68 The main goal of the Chromosomecentric Human Proteome Project (C-HPP) is to experimentally
detect all protein species, ideally including their post-translational modiﬁcations, expressed from the human genome
throughout diﬀerent developmental stages.99 With TAILS
positional proteomics studies, we established a general
workﬂow suitable for the in-depth and high-throughput analysis
of position and nature of protein N-termini in diﬀerent tissues
and disease states, as envisioned by the HPP. Importantly, due
to the altered m/z, ionization, and fragmentation properties of
semitryptic N-terminal peptides in comparison to their fully
tryptic counterparts originating from conventional shotgun
proteomics,67 we are using TAILS to identify hundreds of
additional missing proteins.67,68

relevance in physiological and pathological processes, development of speciﬁc enrichment strategies for these rare
modiﬁcations is important. The integration of quantitative
labeling strategies and constant improvement of mass
spectrometers has led to an increasing interest in positional
proteomics as the dynamics of proteolytic processing can now
be studied. Multiplexing with isotopic variants of formaldehyde
dimethylation or isobaric tags such as iTRAQ or TMT is the
current gold standard, allowing the comparison of up to 10
diﬀerent samples or conditions in a single experiment. Recent
studies include N-terminome changes during skin inﬂammation53 and platelet storage,68 and proﬁling studies comparing
terminal changes in health and disease and during medical
treatment and for the discovery of novel protease substrates are
underway in multiple laboratories. These studies will lead to
new biological insights into physiological and pathological
processes at a systems level, probably establishing proteolytic
signatures as candidate biomarkers of disease.100 The limitation
that most currently used multiplexing strategies target primary
amines, which renders termini lacking a free N-terminus (e.g.,
due to Nα-acetylation) and internal lysines (ε-amines)
unquantiﬁable, will be overcome by ongoing developments in
the near future. Another exciting direction is the emerging use
of C-terminomics, particularly in nonenriched shotgun analyses
using the archaeal endopeptidase LysargiNase.50 Whereas Cterminal peptides generated by trypsin inherently lack basic
residues, LysargiNase mirrors trypsin speciﬁcity resulting in
protein C-terminal peptides with an N-terminal lysine or
arginine residue, thus tremendously increasing the likelihood of
identifying protein C-termini by shotgun mass spectrometry.
The end game is ahead of us, in which we will witness the next
transformation of terminomics from a dark horse in proteomics
to an indispensable component of clinical diagnosis and
personalized medicine.
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CONCLUSIONS
The large amount of data generated in the past decade by using
TAILS and COFRADIC strategies has positioned terminomics
as a compelling new ﬁeld of proteomics in the broader realm of
degradomics.59 By reducing sample complexity >95% by
depletion of the internal peptides, these techniques have
tremendously improved both the coverage and dynamic range
of proteome analyses and provided mechanistically informative
data on proteins by quantitative analysis of terminal peptides.
Still, rare terminal modiﬁcations are often disregarded to limit
the search space during peptide-spectrum matching or excluded
by design, as in the case of pyroglutamate when using Nterminal COFRADIC. However, given their functional
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NOMENCLATURE
BOTTOM-UP PROTEOMICS, all ﬁelds of proteomics in
which a biological sample is subjected to proteolytic cleavage
into peptides (e.g., by trypsin, GluC, LysargiNase) prior to its
analysis by mass spectrometry, whereas intact proteins and
protein complexes are analyzed in top-down proteomics;
COFRADIC, COmbined FRActional Diagonal Chromatography is a positional proteomics technique based on a series of
orthogonal liquid chromatographic separations to negatively
select for protein termini prior to MS/MS analysis;
DEGRADOMICS, the system-wide study of proteases and
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substrates, by employing high-throughput technologies such as
genomics, transcriptomics, and proteomics; N-TAILS, Terminal Amine Isotopic Labeling of Substrates is a positional Nterminal proteomics technique harnessing whole protein amine
labeling that inherently labels the natural and cleaved neotermini, but not tryptic peptide N-termini, which are generated
after labeling and digestion, labeled N-termini are separated
from unlabeled tryptic peptide N-termini by aldehydederivatized polymers and thus negatively enrich for protein
termini prior to MS/MS analysis; PROTEOLYTIC PROCESSING, speciﬁc proteolytic cleavage of target proteins at one or
two sites in a living system, irreversibly modulating protein
biological function, as opposed to unspeciﬁc protein degradation responsible for protein turnover; PROTEOFORMS, all
molecular variants of a protein product stemming from one
single gene, e.g. by genetic variations, alternative splicing, and
co- and post-translational modiﬁcations, and combinations
thereof, giving rise to squillions of protein forms from ∼20 000
genes in humans; PROTEOLYTIC SIGNATURES, ensembles
of characteristic protein termini originating from altered
proteolytic networks in the protease web, which provide
qualitative and quantitative information in physiological and
pathological processes; TERMINAL MODIFICATIONS, Nor C-terminal protein modiﬁcations occurring during protein
translation (cotranslational modiﬁcations) or after protein
synthesis (post-translational modiﬁcations), including chemical
modiﬁcations (e.g., Nα-acetylation, Nα-methylation, cyclization) and limited proteolysis (e.g., N-terminal methionine
excision, signal peptide removal, zymogen maturation, signal
molecule processing); TERMINOME, ensemble of all protein
N- and C-termini present in a proteome, comprising original
protein termini and neo-termini generated by proteolytic
processing; TERMINOMICS or positional proteomics, a
subﬁeld of bottom-up proteomics dedicated to the study of
the terminome by high-throughput technologies; peptides
carrying protein N- or C-termini are enriched from complex
whole proteome digests and are identiﬁed by mass spectrometry
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