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ABSTRACT: An underexplored yet widespread feature of the human proteome is the proteolytic proteoforms of proteins. We
used terminal amine isotopic labeling of substrates (TAILS), a high-content N-terminal positional proteomics technique, for in-
depth characterization of the human dental pulp proteome from its N-terminome and to provide data for the Chromosome-
centric Human Proteome Project (C-HPP). Dental pulp is a unique connective tissue maintaining tooth sensation and structure
by supporting a single cell layer of odontoblasts that synthesize mineralization-competent dentine extracellular matrix. Therefore,
we posited pulp to be a rich source of unique tissue-specific proteins and hence an abundant source of “missing” proteins as
defined by neXtProt. From the identified 4332 proteins (false discovery rate (FDR) ≤ 0.7%), 21 528 unique peptides (FDR ≤
1.0%) and 9079 unique N-termini, we analyzed N-terminal methionine excision, co- and posttranslational Nα-acetylation, protein
maturation, and proteolytic processing. Apart from 227 candidate alternative translation initiation sites, most identified N-termini
(78%) represented proteolytic processing and mechanism-informative internal neo-N-termini, confirming a pervasive amount of
proteolytic-processing generated proteoforms in vivo. Furthermore, we identified 17 missing protein candidates for the C-HPP,
highlighting the importance of using (i) less studied human specimens and (ii) orthogonal proteomic approaches such as TAILS
to map the human proteome. The mass spectrometry raw data and metadata have been deposited to ProteomeXchange with the
PXD identifier <PXD002264>.
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■ INTRODUCTION

An integral central plank of theHUPOHuman Proteome Project
is the Chromosome-centric Human Proteome Project (C-HPP;
www.c-hpp.org) that aims to experimentally identify and
characterize at least one protein product for each of the
∼20 100 human protein-coding genes.1 Currently, more than
2500 proteins are still awaiting validation on the protein level by
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either mass spectrometry or antibodies, and are thus classified as
“missing” (www.nextprot.org).2 By definition, missing proteins
only have evidence on a transcriptomic level (PE2), or are
inferred from homology (PE3) or are predicted by sequence
(PE4). Further, for another 600 entries it is even unclear if they
are actually protein-coding genes, and consequently they are
assigned as “uncertain” (PE5).3,4 The high number of missing
proteins in the human proteome (>12%) may be surprising
considering the many large scale proteomics studies published,
but can be rationalized as many proteins are (i) only expressed in
either inaccessible or relatively unexplored organs, tissues, or cell
types, which are therefore often jointly referred to as unusual or
rare human specimens; (ii) only translated during distinct
developmental stages; (iii) activated only under distinct stress
conditions; or are (iv) present, but below current detection limits
within complex tissues and biofluids. Furthermore, (v) especially
membrane-embedded proteins often possess unsuitable phys-
icochemical properties and lack tryptic cleavage sites rendering
their handling unwieldy and their detection unlikely. Lastly, (vi)
many protein (sub)families share high sequence homology and
thus identical peptide-spectrum matches (PSMs), leading to
their exclusion during analysis as by the law of parsimony only
one representative is chosen for the final nonredundant protein
list.5 Consequently, even by using state-of-the-art technologies
and methodologies, detection and quantification capacities are
still restricted on a large-scale proteomics level, and comple-
mentary strategies with orthogonal strengths are needed to fill
this cavity.
In our recent analyses of rarely investigated cells and tissues to

seek missing proteins for the HPP, we have uncovered with high
confidence six proteins in erythrocytes6 and ten proteins in
platelets7 by using a combined two-pronged strategy: (i)
exploiting unusual tissues or specialized cell types in order to
identify the proteins that contribute to their uniqueness in terms
of anatomy, location and function; and (ii) identifying missing
proteins using the underexploited power of searching for
semitryptic peptides that are commonly overlooked in typical
database searches. In particular, semitryptic peptides originate
from protein natural N-termini, so also providing valuable
protein-characterization informative data, but mainly from
surprisingly greater numbers of neo-N and neo-C termini
generated from internal proteolytically processed sites. We
reasoned that many such neo-termini will have improved
properties for peptide ionization and fragmentation due to
differences in mass, charge, and hence m/z, and amino acid
distribution, when compared to their spanning tryptic peptides
(Figure 1). Thereby, semitryptic peptides can be used to identify
certain segments in a protein that otherwise may be recalcitrant
to conventional shotgun proteomics. Our evidence suggests
these segments, on occasion, may actually form the only part of
proteins amenable to proteomics. However, a key reason that
semitryptic peptides are commonly overlooked is that they are
present in relatively low abundance in shotgun proteomics
analyses. Therefore, as for successful analysis of most post-
translational modifications, enrichment techniques are required
to improve breadth and depth of their coverage. One such
technique is the highly successful, high content approach,
terminal amine isotopic labeling of substrates (TAILS).8

Protein N-termini typically originate directly from translation
or proteolytic maturation, e.g., N-terminal methionine excision,
signal or transit peptide cleavage, prodomain removal, and
internal maturation cleavage such as after disulfide bond
formation to generate two linked protein chains with four

termini. The other large category of protein N-termini affecting
almost all proteins results from specific proteolytic processing
within the mature protein chain, frequently altering the function
of bioactive molecules. Note, processing is distinct from general
degradative cleavage events resulting in protein breakdown.
Indeed 44% of normal murine skin proteins start distal to the
expected protein start sites,9 and 68% and 77% of all identified
proteins in human erythrocytes6 and human platelets,7

respectively, possess stable neo-N-termini. Thus, an underex-
plored aspect of the human proteome is the prevalence,
characterization and functional outcome of such proteolytic
proteoforms generated by precision proteolysis. TAILS is the
most amenable N-terminomics approach for simultaneous high-
throughput identification of natural and neo-N-termini,
requiring few analyses per sample, and with proven reliability

Figure 1. Schematic representation highlighting the application of
TAILS N-terminomics in identifying proteins where fully tryptic
peptides are recalcitrant to LC−MS/MS, especially low abundance
proteins or those with unfavorable ionization or fragmentation
properties that are typically missed by conventional shotgun proteomics
approaches. (A) Problematic peptides generated by trypsin digestion in
conventional shotgun proteomics workflows. (B) TAILS workflow
showing the corresponding semitryptic counterparts that have altered
length and amino acid distribution and thus higher probability for
improved ionization and fragmentation, and thus protein identification.
In TAILS, trypsin cuts with ArgC specificity due to the blocked lysine
residues.
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and robustness shown from multiple laboratories in many
different applications.10−12 Primary amine labeling is performed
at the whole protein level, overhauling trypsin to cut with ArgC
specificity and thus increasing average peptide lengths of
otherwise shorter semitryptic peptides. Whereas this can lead
to compressed spectra from longer peptides that can result
sometimes in decreased probabilities of identification, many
other peptides remain identifiable with high confidence so more
than counterbalancing these opposite considerations. Thus, due
to the inherently different physicochemical properties of
semispecific N-terminal peptides compared to fully tryptic
internal peptides typically targeted by shotgun proteomics,
TAILS N-terminomics represents an appealing approach for the
identification of proteins so far missed by conventional shot-gun
approaches.
One unusual tissue that heretofore has largely escaped

proteomic analysis is the dental pulp, the soft connective tissue
component of the pulpo-dentin complex confined within the
dental pulp chamber and root canals and colloquially known as
the “nerve” of the tooth (Figure 2A). A single layer of specialized

odontoblasts (Figure 2B) line the dentin atop the pulp, and
extend into the dentin as long thin processes within the dentinal
tubules. Besides fibroblasts, which constitute the predominant
cell type and are responsible for the synthesis of pulpal structural
extracellular matrix, the pulp contains endothelial cells, and
immunocompetent cells such as macrophages, dendritic cells and
polymorphonuclear leukocytes.13−15 Furthermore, the presence
of undifferentiated mesenchymal cells in pulp provides
regenerative potential, synthesizing reparative dentin when
dental caries or trauma stimulate, damage or infect vital pulp
tissue.16,17 The primary function of pulp is the deposition of the
dentin layer during tooth development, but despite dentin
mineralization, remains throughout life innervated and vascular-
ized. Dental pulp is the only vital tissue remaining in the highly
mineralized tooth, and hence provides sensation to teeth and can
repair dentin from within. On tooth eruption, new functions
segue allowing pulp to mediate sensitivity and to detect thermal,
pH, osmolarity, chemical and pressure changes or damage.
However, the sensory apparatus for this is neither understood

Figure 2. (A) Schematic representation of human tooth structure. The anatomical parts of a tooth include from top to bottom: enamel, dentin, pulp, and
cementum.Whereas the bone-like dentin tissue constitutes the largest portion of a tooth, the central soft tissue known as the dental pulp, contains all the
nerves and blood vessels fundamental for keeping a tooth healthy, and which hyphenate with the exterior periodontium via the apical foramen. The
heavily calcified enamel and bone-like cementum protect the tooth crown above and the root below the gingival margin, respectively. With high
secretory capacity of dentin proteins, large specialized columnar cells known as odontoblasts are located at the pulp dentin interface. Odontoblasts
display long cellular processes that pass through the entire dentin depth to the cemental or enamel interfaces. (B) Haematoxylin and eosin staining of
histological section from human dental pulp. Three zones are present: the odontoblast layer in the outermost region, the cell free zone (CFZ), and the
cell-rich zone that merges into the pulp core. (C) Pulp proteomics and N-terminomics workflow. Dental pulps were obtained immediately from fresh
surgical extractions of wisdom teeth from nine patients. Pulp proteomes were harvested and processed following the standard TAILS N-terminomics
protocol. 38 LC−MS/MS data sets were collected and all were analyzed using four database search engines and the Trans-Proteomic Pipeline for
statistical analysis for peptide identification FDR ≤ 1.0%. Annotation was performed using UniProt, neXtProt, and the knowledgebase TopFIND v3.0.
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nor are the receptors precisely known, but is thought to involve
the odontoblast processes at exposed dentine.
Unsurprisingly, there are few large-scale proteomics analyses

of pulp tissue to date,18,19 and only two studies annotated the
human pulp proteome, with just 9620 and 34221 proteins
identified by 2D-PAGE-MS-MS and 2D-LC−MS/MS, respec-
tively. Here, we report the targeted analysis of the human dental
pulp proteome using TAILS N-terminomics combined with a
pre-TAILS shotgun-like analysis, which allowed us to capture
both naturally blocked and unblocked protein N-termini, and to
monitor pervasive proteolytic processing in a healthy human
tissue. By analyzing this virtually proteomically unstudied human
tissue we: (i) identified 174 previously unidentified proteins
(ProteinProphet probability of 0.95) of which 17 candidates
fulfilled the highly stringent criteria as required by C-HPP, and
(ii) established a general workflow suitable for the in-depth and
high-throughput analysis of the human proteome and N-
terminome in human specimens as envisioned by the HPP.

■ EXPERIMENTAL PROCEDURES

Dental Pulp Collection and Proteome Preparation

Healthy dental pulps were collected from nine patients, five
women and four men, within 5−10 min of routine prophylactic
extraction of healthy wisdom teeth without dental caries. Before
surgery, written informed consent was obtained from the patient
according to a protocol approved by the University of British
Columbia Clinical Research Ethics Board (UBC CREB).
Extracted teeth were partially sectioned vertically with a high-
speed dental turbine and under water spray to avoid heating or
traumatizing the pulp tissue. The teeth were then split into two
pieces with a dental elevator exposing the pulp, which was
removed using sterile curettes and barbed broaches. The pulp
was immediately transferred into 250 μL 8 M guanidine
hydrochloride, frozen on dry ice, and stored at −80 °C for a
maximum period of 1 month. Care was taken to prevent
adventitious proteolysis occurring by incorporation of protease
inhibitor cocktails and tissue handling at 0−4 °C whenever
feasible.22 Dental pulp specimens from each of the nine patients
were separately homogenized on ice using an Ultra-Turrax tissue
homogenizer (IKA Works, Inc.). Three rounds of protein
extraction were performed, supernatants were pooled, and
proteins precipitated by chloroform/methanol.23 Pellets were
redissolved in 0.5 mL of 8 M guanidine hydrochloride and
protein concentrations were determined using 1:10 dilutions (in
ddH2O) and Bradford assay (Bio-Rad) with bovine serum
albumin as a standard.

Histological Analysis

For histological analysis, one fresh dental pulp was immediately
transferred into 4% paraformaldehyde in phosphate buffered
saline and fixed overnight at 4 °C. The sample was subsequently
washed four times with phosphate buffered saline, dehydrated
through graded series of ethanol and cleared with xylene. The
pulp sample was then embedded in paraffin blocks and cut into
serial sections of 12-μm thickness. Haematoxylin and eosin (HE)
staining and digital image recording were performed by Wax-it
Histology Services at the University of British Columbia.

TAILS N-Terminomics

Protein N-termini enrichment by TAILS was performed as
described previously.22 Aliquots of approximately 1.0 mg of
nonfractionated dental pulp proteome were diluted to 4 M
guanidine hydrochloride and reduced in 5 mM dithiothreitol (30

min, 65 °C) prior to cysteine carbamidomethylation using 10
mM iodoacetamide (45 min, room temperature in the dark).
Excess blocking reagent was quenched by adding 10 mM
dithiothreitol (30 min, room temperature). The pH was
subsequently adjusted to 6.5 for reductive dimethylation of
primary amines with 40 mM isotopically heavy formaldehyde
(13CD2 in D2O; Cambridge Isotopes) and 20 mM sodium
cyanoborohydride (overnight, 37 °C); contrary to conventional
shotgun proteomics, blocking of primary amines is performed in
TAILS at the whole protein level and thus before tryptic
digestion. In this way all free protein N-termini are labeled
enabling easy discrimination from any tryptic peptide carry over
in the analyses. After overnight incubation, additional 20 mM
heavy formaldehyde and 20 mM cyanoborohydride were added
(2 h, 37 °C) to ensure completion of amine labeling. Reactions
were subsequently quenched using 100 mM Tris-HCl, pH 6.8
(30 min, 37 °C) and cleaned-up by chloroform/methanol
precipitation.23 Protein pellets were resolubilized in a small
volume of 50 mM NaOH and pH-neutralized using 100 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5 to 250
μL, diluted 1:1 with HPLC-grade water, and digested with mass
spectrometry-grade trypsin (Trypsin Gold, Promega) at a
proteome:enzyme ratio of 100:1 (w/w). After overnight
incubation at 37 °C, digestion efficiency was checked by SDS-
PAGE, and if necessary, more trypsin was added (2 h, 37 °C). An
aliquot of 50 μg of tryptic digest was saved for shotgun-like
analysis (preTAILS) before adjusting the samples to pH 6.5 and
coupling trypsin-generated internal and C-terminal peptides to a
5-fold excess (w/w) of water-soluble HPG-ALD polymer
(http://flintbox.com/public/project/1948/) by incubation
with 20 mM sodium cyanoborohydride (37 °C, overnight), pH
6.8. Reactions were quenched by adding 100 mM tris-
(hydroxymethyl)aminomethane buffer (pH 6.8, 30 min, 37
°C), and unbound peptides representing naturally blocked or
experimentally labeled N-terminal peptides were recovered by
ultrafiltration. Samples prepared in this manner are designated
TAILS samples whereas aliquots of labeled peptides taken before
internal tryptic peptide removal are designated preTAILS. Both
preTAILS and TAILS samples were subsequently desalted using
C18 StageTips,24 flash frozen in liquid nitrogen, and stored at
−80 °C until LC−MS/MS analysis.

Mass Spectrometry

Purified peptide samples were analyzed using a quadrupole time-
of-flight mass spectrometer (Accurate Mass G6550A Q-TOF;
Agilent), coupled online to an Agilent 1200 Series nanoflow
HPLC using a Chip Cube nanospray ionization interface
(Agilent). A high capacity HPLC-Chip with 160 nL enrichment
column and a 0.075 mm × 150 mm analytical column containing
Zorbax 300SB-C18 5 μm stationary phase (Agilent) was used,
and the thermostat temperature was set at 6 °C. Each sample was
automatically loaded on the enrichment column at flow rate 4
μL/min of buffer A (0.1% formic acid) and at 4 μL injection flush
volume. After that, a 110.2 min gradient was established with the
nanopump at 300 nL/min from 0% to 5% buffer B (99.9%
acetonitrile, 0.1% formic acid) over 2 min, then from 5% to 45%
buffer B in the next 78 min, then increased to 60% over 10 min
period, further increased to 95% buffer B over 0.1 min, held at
95% for 20 min, and then reduced to 3% buffer B for 0.1 min to
recondition the column for the next analysis. Peptides were
ionized by ESI (1.8 kV), and mass spectrometry analysis was
performed in positive polarity with precursor ions detected from
300 to 2000 m/z. The top three ions per scan were selected for
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CID using a narrow exclusion window of 1.3 amu and at a MS/
MS scan rate of two spectra per second. Collision energy was
calculated automatically depending on the charge state of the
parent ions, and precursor ions were then excluded from further
CID for 30 s. The entire LC−MS systemwas run byMassHunter
version B.02.01 (Agilent).

Data Analysis

Acquired MS/MS raw data were converted to mgf and mzXML
files using MSConvert,25 and spectra were matched to peptide
sequences in the human UniProt protein database (release
2013_10) using four different search engines, namely Mascot
v2.4,26 X! TANDEM CYCLONE TPP 2011.12.01.1,27 MS-GF+
v10072,28 and Comet 2015.01 rev 0.29 The expected cleavage
pattern was set to semi-ArgC and allowed for two missed
cleavages. Search parameters included 20 ppm tolerance for MS1
and 0.25 Da or 50 ppm for MS2, fixed lysine dimethylation
(+34.0631 Da), fixed cysteine carbamidomethylation (+57.0215
Da), variable Met oxidation (+15.9949 Da), variable N-terminal
acetylation (+42.0106 Da), variable N-terminal dimethylation
(+34.0631 Da), variable cyclization of N-terminal (i) glutamine
(Gln → pyro-Glu; −17.0266 Da), (ii) glutamate (Glu → pyro-
Glu; −18.0106 Da), and (iii) carbamidomethylated cysteine
(pyro-cmC; −17.0266 Da). All identified PSMs were statistically
evaluated using PeptideProphet30 and then combined using
iProphet,31 as implemented in the Trans Proteomic Pipeline
v4.8.0 PHILAE,32 using a 1% false discovery rate (FDR) cutoff.
Peptides were grouped and assigned to proteins using the
ProteinProphet33 module at a protein probability ≥0.95,
corresponding to a FDR of 0.7%. If peptides matched multiple
protein sequences, ProteinProphet determined the protein
groups sharing the same set of peptides and identified for each
protein group one protein entry as representative. Identified
proteins were further annotated using the neXtProt release
2014−09−19,2 the retrieve/IDmapping tool fromUniProtKB,34

and the knowledgebase TopFIND.35−37

Bioinformatics Analyses

N-termini were defined according to their position within the
corresponding protein sequence and their N-terminal amino acid
modification. Classification as N-termini required: (i) a N-
terminus carrying a heavy dimethyl, indicative of a free N-
terminus in vivo as reductive dimethylation is performed in
TAILS at the protein level and not at the peptide level as in
shotgun proteomics, or a natural modification such as acetylation
or N-terminal pyro-Glu from terminal glutamate (Glu → pyro-
Glu), and (ii) a C-terminal arginine residue matching the
specificity of trypsin as lysines are experimentally dimethylated
prior to digest and thus not recognized. Peptides with blocked N-
termini derived from N-terminal cyclization of glutamine (Gln
→ pyro-Glu) or carbamidomethylated cysteine (pyro-cmC),
both known side reactions under the employed conditions, were
used together with carryover tryptic peptides possessing free N-
termini to improve protein identification only. Identified N-
termini corresponding to proteins identified at ≤1.0% FDR were
further annotated using the N-terminomics tool TopFINDER.37

The classification of protein identifications into known and
“missing” proteins was based on neXtProt classes PE1 and PE2−
PE5, respectively (www.neXtProt.org, release 2014-09-19).
Identified missing proteins were further validated by manually
inspecting all corresponding 1159 PSMs on top of the statistical
analysis by PeptideProphet and ProteinProphet,30,33 leading to a
final list of highest confidence missing protein entries. The mass
spectrometry raw data and metadata have been deposited to

ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository38

with the PXD identifier <PXD002264>.
Gene Ontology Analysis

Two orthogonal approaches were chosen for Gene Ontology
(GO) analysis of pulp specific proteins. (i) GO annotations were
binned into high-level GO Slim using GoTermFinder39 and
plotted as bar graphs comparing the respective cluster frequency
with the global annotation frequency in the human proteome.
(ii) A biological network analysis was performed using
EnrichmentMap v2.1.040 within Cytoscape 3.2.1.41 Nodes
represent enriched Gene Ontology annotations as determined
by BiNGO 3.0.3 using default parameters.42 Gene sets were only
included if they passed both p-value (p≤ 0.001) and q-value (q≤
0.05) thresholds. Node size corresponds to the respective
number of proteins in each category, and edges represent the
association between terms, with edge thickness reflecting their
overlap. Highly connected terms were grouped and annotated
using WordCloud 3.0.1.43

■ RESULTS

The Dental Pulp Proteome and N-Terminome

We collected healthy pulp specimens from surgically extracted
dental caries-free wisdom teeth from nine otherwise healthy
young patients to map the dental pulp proteome and to
simultaneously profile protein N-termini and in vivo proteolytic
processing on a tissue-wide level. A total of 38 data sets, 22
TAILS and 16 preTAILS, were collected and analyzed using four
different database search engines, namely Mascot,26 X!
Tandem,27 MS-GF+,28 and Comet.29 Data were processed and
combined at a FDR of ≤1.0% using PeptideProphet,30

iProphet,31 and ProteinProphet,33 all bundled within the
Trans-Proteomic Pipeline (TPP).32

First, we verified N-terminal enrichment (Figure 3A). In
preTAILS only 9% of all identified spectra matched to N-
terminally blocked peptides, which constituted over 94% of the
postenrichment (TAILS) sample, reflecting a >10-fold N-
terminal enrichment. A closer look at the identified blocked N-
termini (Figure 3B) revealed that almost equal amounts of
naturally acetylated (37%) and experimentally dimethylated
(42%) were identified. Acetylation represents the most common
intracellular N-terminal co- and post-translational modification
with more than 9400 documented instances in the knowledge-
base TopFIND,37 whereas dimethylation indicates free in vivo
N-termini, most of them originating from extracellular proteins
and proteolytic processing. Together with pyroE from N-
terminal glutamate (1%), acetylated and dimethylated peptides
represent natural protein N-termini, as otherwise cyclized N-
termini (20%) resulting from N-terminal glutamine or
carbamidomethylated cysteine result from known side reactions
on internal tryptic peptides and so are used for protein
identification only. To double check mass accuracy, we analyzed
the average ppm-offset of matched parental ions and found it to
be 0.5877 ppm (2.75 ppm for their absolute values), with a
standard deviation of 4.22; 84.5% of all identified PSMs were
within ±5 ppm, and >95% within ±10 ppm.
Using four search engines and a FDR of ≤1.0% at

PeptideProphet level, we identified 375 246 high-confidence
peptide-spectrum matches (PSMs) (Figure 3C), corresponding
to more than 21 000 modification-specific peptides and an
average of 18 PSMs per identified peptide. 137 306 spectra
(37%) were matched by all four search engines, and over 78%
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(293 804 PSMs) by at least two. Evaluating the individual search
engines, MS-GF+ matched nearly 300 000 spectra (80% of all
PSMs), followed by Comet (278 899; 74%), X! Tandem
(267 461; 71%), and Mascot (183 713; 49%). A similar picture
was obtained when comparing modification specific peptides:
MS-GF+ identified nearly 70% of all identified unique peptides,
followed by X! Tandem (60%) and Comet (56%), whereas on
protein level (protein probability ≥0.95%), MS-GF+, X!
Tandem, and Comet performed rather equally, and identified
∼2450 proteins and a total of 8432 protein N-termini. By
combining all four search engines using iProphet, we identified at
1.0% FDR a total of 21 528 modification-specific peptides
matching to nearly 400 000 spectra (Figure 3D). Even though
preTAILS identified 25% more modification-specific peptides
(12 568 vs 10 121), TAILS identified 25% more proteins (3485
vs 2799), and by far more natural protein N-termini (7094 vs
2534). In total, we identified 9079 high confidence protein N-
termini: 3508 naturally acetylated, 217 cyclized (pyro-E from
glutamate), and 5354 free in vivo N-termini at iProphet level.
As anticipated from previous reports, >70% of all termini were

identified exclusively by TAILS, highlighting the strength of this
N-terminomics approach, and 78% of all identified N-termini
represented internal neo-N-termini, indicative of pervasive
proteolytic processing even in healthy human tissues (Figure
4A). Strikingly, >25% of these were acetylated, documenting the
importance of N-terminal acetylation as a post-translational
modification besides its well-defined function as the recently
described cotranslational modification by our group and Dr. K.
Gevaert’s group.71 preTAILS contributed 1985 unique protein
N-termini, which were not detected in TAILS, presumably due to
sample loss after the negative enrichment step where low peptide
concentrations or ultrafiltration can lead to losses of certain types
of peptides (Figure 3D). In total, we identified by our combined
shotgun-like (preTAILS) and N-terminomics (TAILS) ap-
proach, 4332 proteins at a ProteinProphet probability of
≥0.95, corresponding to a protein FDR of ≤0.7%. Thus, this
study is the most extensive dental pulp proteomics study for any
species to date. Spreadsheets containing all identified peptide
spectrum matches for each individual search engine and of the
combined analysis can be found at ProteomeXchange with the
PXD identifier <PXD002264>.

Mapping the Pulp N-Terminome

As a next step, we mapped all identified acetylated and
dimethylated N-termini (≤1% FDR at iProphet level) on high
confidence proteins (≤0.7% FDR at ProteinProphet level): 2674
modification specific N-terminally acetylated peptides were
matched to 2128 unique N-termini in 1833 proteins, and 3964
N-terminally dimethylated peptides to 3518 unique N-termini
and 2046 proteins, giving a total of 5646 protein termini used for
further analysis (Figure 4A). The majority of the UniProt34

annotated natural protein N-termini (1254 instances) repre-
sented position 1 and 2 of intact protein chains (341 and 771,
respectively), whereas 11% corresponded to annotated cleavage
sites of signal peptides (119) or prodomains (23). In total, we
identified over 4300 internal protein N-termini, including 277
either starting with or immediately after methionine (156 and
121, respectively), hinting to potential alternative translation
initiation sites as they showed a similar N-terminal methionine
excision profile (see below). Using the web tool TopFINDER
(http://clipserve.clip.ubc.ca/topfind/topfinder), 15% of these
(42 instances) could be mapped to currently known alternative
splicing (16) and alternative translation initiation (26) events, a

Figure 3. (A) Comparison of shotgun-like preTAILS versus TAILS N-
terminomics peptide and protein features and identification character-
istics. Distribution of peptide-spectrum matches (PSMs) identifying
trypsin-generated internal peptides (blue) and blocked N-terminal
peptides (red) are shown as pie charts. A greater than 10-fold
enrichment for N-terminal peptides was calculated allowing in depth
N-terminomics studies. (B) Unraveling the features of blocked N-
termini. The vast majority of identified blocked N-termini are naturally
acetylated (37%) or free (42%; i.e., experimentally dimethylated during
TAILS). The remaining 21% originated from N-terminal cyclization, a
known side reaction under the employed conditions for N-terminal
glutamine (pyroQ) and carbamidomethylated cysteine (pyroC), but
enzyme mediated in the case of N-terminal glutamate (pyroE). Only
cyclized peptides from the natural N-terminus were included in the
analyses as the remainder included bona fide neo-N termini, but also
cyclized internal tryptic peptides. Nonetheless, such peptides can be
used for improved protein identification or isoform assignment. (C)
Comparison of peptide-spectrum matches, modification specific
peptides, proteins, and protein N-termini identified by semispecific
database searches using Mascot, X! Tandem, MS-GF+, and Comet
(FDR ≤ 1% at PeptideProphet level). (D) Comparison of identified
peptides, proteins, and protein N-termini by our two-pronged
proteomics-N-terminomics approach. Even though preTAILS out-
numbered TAILS in peptide identifications, TAILS identifies 20% more
proteins, and nearly 4-times more protein N-termini (FDR ≤ 1% at
iProphet level).
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number supposed to increase in the near future with more
proteogenomics data being published on alternative translation
initiation.44,45 It was interesting to capture proteins in the act of
protein synthesis by TAILS; 10 extracellular proteins were
identified with their signal peptides present or only partly
processed (Table S1), including the protein Kazal-type serine
protease inhibitor domain-containing protein 1, also known as
bone and odontoblast-expressed protein 1, indicating their
localization within the secretory pathway.
Consistent with the human platelet N-terminome,7 we

observed distinct preferences for N-terminal methionine excision
(Figure 4B and 4C; Table S2). Methionine followed by charged
(Asp, Glu, Lys, Arg), large hydrophobic (Ile, Leu, Phe, Trp, Tyr)
or large polar (Asn, Gln) residues was virtually never removed
(4%), whereas N-terminal methionine excision was consistently
observed (97%) when methionine was followed by small

hydrophobic (Gly, Ala) or small polar residues (Ser, Thr). For
example, we identified in total 180 protein N-termini with Ser in
position 2. Of these, in 174 cases the initiator methionine was
removed confirming the high fidelity of methionine amino
peptidase 1, whereas in 83 out of 87 protein N-termini with Glu
in position 2 the initiator methionine was unprocessed. Only Val
and Met showed an intermediate profile with an N-terminal
methionine occurrence of 67% and 44%, respectively.
Interestingly, Ala, Ser, and Thr were nearly exclusively

acetylated after N-terminal methionine excision (93%), whereas
for Gly more than 60% free N-termini were identified, a value
similar to Val (75%). N-terminal Met was frequently acetylated
when followed by Asp, Glu, Asn, Met, or Phe (94%), but
remained unblocked in case of Val (91%), Ile (79%), and Lys
(80%) in position 2; Leu and Gln induced intermediate Met
acetylation profiles (57% and 71%, respectively). Several

Figure 4. (A) In depth characterization of identified natural and internal protein N-termini and their acetylation status. A total of 5646 high confidence
(FDR ≤ 1.0%) N-termini mapping to 4332 proteins were analyzed, with the distribution of protein N-termini classified as natural (i.e., as translated or
after classical protein maturation) or internal (i.e., derived from proteolytic processing) shown. Fractions of Nα-acetylated and free (dimethylated
during TAILS) N-termini are indicated. Frequency distribution of protein maturation events such as classical N-terminal methionine excision, signal-
peptide cleavage, and prodomain removal are highlighted. (B) Characterization of N-terminal methionine excision and subsequent acetylation of natural
protein N-termini (i.e., representing position 1 or 2 of the UniProt annotated protein chain). In total, 341 N-termini possessing an N-terminal
methionine (top) and 771 with initiator Met removed (bottom) were identified and analyzed. Fractions of identified Nα-acetylated versus free N-
termini are indicated, together with frequency distributions of individual amino acids. (C) Characterization of N-terminal methionine excision and
subsequent acetylation of internal protein neo-N-termini (i.e., not representing position 1 or 2 of the UniProt annotated protein chain). In total, 121 N-
termini possessing an N-terminal methionine (top) and 156 with initiator Met removed (bottom) were identified and analyzed. Fractions of identified
Nα-acetylated vs. free N-termini are indicated, and frequency distributions of individual amino acids are shown.
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examples of identified proteins and their proteotypic protein N-
termini are shown in Figure 5, including the major secretory
product of odontoblasts, dentin sialophosphoprotein, which is
crucial for proper tooth formation.46

Of note, we identified N-termini of five cysteine cathepsins
(cathepsins B, C, H, K, and Z) in their activated form, i.e., starting
exactly with the UniProt annotated residue after prodomain
removal, as shown for cathepsin Z in Figure 5, and three of these

Figure 5. Examples of proteins identified in human dental pulp with the identified N-termini (TAILS; red) and internal peptides (preTAILS; blue)
mapped. (A) Dentin sialophosphoprotein (DSPP), two representatives of the S100A protein family, dynein assembly factor 1 (DNAAF1), and
cathepsin Z are shown. Dentin sialophosphoprotein was identified in its secreted form (i.e., lacking its signal peptide) by three high confidence peptides
including its mature N-terminus starting at position 16. Notably, both S100A proteins were identified after N-terminal methionine excision and with
acetylated Ala and Thr at their N-terminus, respectively, in perfect accordance with the identified N-terminal methionine excision and acetylation
profiles (see Figure 4). DNAAF1 is one of the 148 proteins identified related to cilia and/or cell projection processes and therefore are likely located to
the odontoblast dentin process. Cathepsin Z was exclusively identified in its secreted active form, i.e., after signal peptide and prodomain removal and
hence represents the activated protease. (B) Four proteins so far classified as “missing” but identified in this study by TAILS N-terminomics in dental
human pulp. Two olfactory receptors, namely 3A3 and 51L1, lysoplasmalogenase-like protein TMEM86A, and enolase-like protein ENO4 are depicted.
All four were identified via their mature N-terminus at position 1 or 2, and onemore peptide representing either a neo-N-terminus or an internal peptide.
Sequence positions and amino acid modifications are indicated: (red diamond) acetylated N-terminus, (red circle) free N-terminus (dimethylated in
TAILS), (red K) dimethylated lysine, (green C) carbamidomethylated cysteine.
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can be linked to the dentin-pulp complex via published
reports.47−50 Cathepsins were initially thought to be confined
to lysosomes, but over the last 10 years a broad spectrum of extra-
lysosomal functions was uncovered. For example, cathepsin K
represents the most potent mammalian collagenase and has an
essential role in bone resorption;47 as dentin resembles bone and
odontoblasts respond to tooth injury by forming tertiary dentin,
an involvement of cathepsins K is easily supposed.48

Furthermore, cathepsin C deficiency leads to Papillon-Lefev̀re
Syndrome, a severe form of juvenile periodontitis,50 and
cathepsin B was detected in gingival crevicular fluid during
orthodontic tooth movement.49 and has been recently been
identified as a potent processor of several chemokines.51

Additionally, we identified the cysteine protease inhibitors
cystatin-B and cystatin-D by their N-terminal peptides. The
intracellular cystatin B was found with an intact and acetylated
initiator methionine, whereas the N-terminus of the extracellular
cystatin-D inhibitor was unblocked after cotranslational
methionine removal, but prior to signal-peptide cleavage,
indicating its identification and transient localization in the
endoplasmic reticulum. Finally in the protease realm we
identified 3 matrix metalloproteinases (MMP-9, -23, and -25)
and 5 ADAMTS proteases (ADAM-TS 2, 7, 12, 19, and 20)
involved in signal processing and extracellular matrix remodel-
ing.52,53

Comparison with Previous Proteomics Data Sets Identifies
Unique Pulp Proteins

The human dental pulp proteins identified in this study included
70% of the 373 proteins reported by Paäk̈könen et al. 200520 and
Eckhardt et al. 2014,21 who used 2-dimensional gel electro-
phoresis followed by tandem mass spectrometry (Figure 6A).
Furthermore, we covered 55% of the published dentin
proteome,54 due to the presence and coanalysis of the single
cell deep odontoblast layer in our pulps, pointing to the
remarkable sensitivity of TAILS in enriching for even low
abundant N termini (Figure 2B). The pulp is expected to contain
fibroblast and plasma proteins in addition to proteins derived
from blood cells. To further identify pulp-enriched or pulp-
specific proteins, we compared our protein list with the published
proteomes of erythrocytes,6 platelets,7 plasma,55 and human skin
fibroblasts.56,57 The resulting 1777 pulp-enriched proteins were
used for gene ontology analysis using (i) a functional enrichment
map using Cytoscape (Figure 6B) and (ii) GoTermFinder,39

binning all annotations into high-level GO Slim terms (Figure 7).
1675 proteins were successfully mapped and grouped into 53
parental terms, of which all with more than 50 evidence were
plotted and compared with the global human proteome. 1199
UniProt entries matched the GO term “intracellular” (72%), 316
“extracellular region” (19%), and 173 (10%) both GO terms. 57
entries were annotated as “proteinaceous extracellular matrix”
(3.4%), including 2 heparan sulfate proteoglycans (glypican-4
and -6), 5 laminin subunits (alpha-1, alpha-3, beta-4, and gamma-
2), 3 members of the Wnt family (Wnt-8b, 10a, and 11), and 9
collagens, including collagen type XXVII alpha-1, which plays an
important role during the calcification of cartilage and its
transition to bone58 and hence we would anticipate in dentin
also. Furthermore, we identified the noncollagenous extracellular
matrix polyprotein dentin sialophosphoprotein, corroborating
the presence of odontoblasts in our pulp preparations. Dentin
sialophosphoprotein is secreted by odontoblasts and cleaved by
astacin metalloproteases into dentin sialoprotein and dentin

phosphoprotein, which in turn regulate the initiation and
maturation of dentin mineralization, respectively.59,60

Enzymatic processes were well represented with 257 of 1777
proteins annotated with “hydrolase activity” (15%), 87 with
“kinase activity” (5%), and a total of 549 with the more generic
term “catalytic activity” (33%). Perusing the annotated biological
processes 1350 (81%), 1086 (65%), and 955 (57%) entries
reflected the terms “cellular process”, “metabolic process”, and
“regulation of biological process”, respectively, and for the top 10
entries, an average enrichment of 15% was observed when
compared with the whole human proteome GO-term frequency.
An alternative visualization using a gene ontology enrichment
map of over-represented categories is depicted in Figure 6B.
Chromosome Annotation

To support the C-HPP initiative we mapped the identified
proteins to their encoding chromosomes (Figure 8) finding a
relatively even representation of all chromosomes (average
coverage of 21%), with the notable exception of the Y-
chromosome (6.4%) and mitochondrial genes (7.1%). Not
surprisingly, the lowest coverage for all other chromosomes was
obtained for chromosome 21 (15.1%), which is known to contain
many proteins with few mass-spectrometry-compatible tryptic
peptides.61 Of note, 20% and 35% of all identified proteins were
identified only in preTAILS and TAILS analyses, respectively,
and 45% were found in both, illustrating the orthogonality and
hence power of these two complementary methods. Further-
more, by our combined proteomics approach, we identified 174
candidate missing proteins (PE levels 2−4; neXtProt release
2014−09−19) at a protein FDR of ≤0.7%, 41 by preTAILS, 63

Figure 6. (A) Comparison of the human dental pulp proteome with
previously published GeLC−MS/MS based proteomics studies of
human dentin54 and pulp21 (left), and with human plasma,55

erythrocytes,6 platelets7 and fibroblasts56,57 (right). (B) Biological
network analysis of 1777 proteins identified in human dental pulp, but
not in plasma,55 erythrocytes,6 platelets,7 or fibroblasts.56,57 Nodes
represents enriched biological process, molecular function and cellular
compartment terms fromGene Ontology. Node size corresponds to the
respective number of proteins in each category, and edges represent the
association between terms, with edge thickness reflecting their overlap.
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by both, and 70 were exclusively identified by TAILS. Other than
for the Y-chromosome andmitochondrial DNA, we identified for
every chromosome at least 1, and on average 7 candidate missing
proteins; 96% corresponded to protein existence level 2
(evidence on transcriptome level), and seven derived from PE
levels 3 (inferred from homology) and PE4 (predicted)
categories (Tables S3 and S4), of which three have preliminary
antibody detection results in the Human Protein Atlas.62 We

further evaluated all identified missing proteins based on their
PSMs and used a credit rating-inspired nomenclature for a
quality-assessed candidate missing proteins list (Table S5). In
addition to a mandatory peptide identification FDR≤ 0.01 and a
ProteinProphet protein probability ≥0.95, approximately half of
the candidate missing proteins (81 entries) had at least 2 PSMs
with a PeptideProphet probability of ≥0.90 and various numbers
of PSMs with probabilities≥0.50 (but≤0.90), and thus qualified

Figure 7. Gene ontology analysis of 1777 proteins identified in human dental pulp but not in plasma,55 erythrocytes,6 platelets,7 or fibroblasts.56,57 GO
Slim terms with more than 50 instances are depicted and enrichment over the human genome is indicated in red. The respective whole genome and
cluster frequencies within the 1777 proteins are depicted on the right. Of note, 148 entries annotated with “cell projection” and “cilium” (compare Figure
6B) are condensed with others in the parental GO Slim category “cell”.
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for an A-rating; 4 of the 7 identified olfactory receptors fell into
this category. The enolase-like protein ENO4, which is depicted
in Figure 5B, was, e.g., identified by 14 PSMs with a probability of
≥0.90 and as for two of the olfactory receptors qualified for a
triple-A rating. Nonetheless, as the C-HPP initiative expects
extraordinary evidence for extraordinary claims,63,64 the
aforementioned statistics are not satisfactory on their own for a
final missing protein list and are ideally substantiated by
synthetic-peptide reference spectra. Therefore, we manually
evaluated all 1159 PSMs pointing toward missing-proteins,
checked all peptide sequences for Ile/Leu ambiguities against
SwissProt, and removed candidate proteins corroborated only by
a 7 amino acid PSM, before assembling a final, highly stringent
candidate missing-protein list containing 17 of the previous 174
entries (Table S6). We include this step-by-step breakdown in
the manuscript and Supplementary Tables to render the process
transparent and to allow the reader to assess the quality of the
individual identifications. Nevertheless, an additional level of
validation of these candidate identifications by comparison of
matched spectra with the spectra of corresponding synthetic
peptides will be required to fulfill HPP-criteria, but these proteins
are included here to point researchers toward these high
confidence candidates in similar or different tissues. PSMs
identifying candidate missing proteins were uploaded together
with the mass spectrometry raw data to ProteomeXchange.

■ DISCUSSION

Overall, we present the first proteome-wide study of protein N-
termini and proteolytic processing from human dental pulp,
revealing a remarkable 78% of termini being distinct from
annotated original termini, and report over 4300 identified
proteins, as well as 174 lacking evidence on the protein level

(neXtProt level PE2−4, release 2014−09−19), 104 by preTAILS
and 133 by TAILS thereby validating the approach of using
unusual tissues and unusual peptides to seek missing protein
candidates. Whereas the 70 proteins identified solely by TAILS
highlights the strength of TAILS N-terminomics and semi-
specific N-terminal peptides to complement conventional shot-
gun proteomics, proteins identified by preTAILS reflect the
exceptional value of using unusual low abundance human tissues
as proteome sources to expose and identify missing proteins.
Importantly, as the C-HPP set standards higher than the
accepted statistics-based peptide and protein probabilities and
FDRs for the ultimate identification of missing proteins, we
manually inspected all respective PSMs for their fragmentation
patterns and further checked matching peptides for Ile/Leu-
ambiguities, giving a list of 17 former missing-protein candidates
for the C-HPP. Nonetheless, like all approaches, one of the
highest standard of validation of missing proteins will be from
future comparative analysis of the spectra of synthetic peptides
corresponding to the identified sequence with those PSMs
obtained from the tissues.63,64

Our analysis is by far the most comprehensive reported for
human dental pulp, greatly exceeding the two previous 2-
dimensional electrophoresis studies. The combined use of four
different database search engines proved to be highly beneficial as
each algorithm identified between 685 to 3740 modification
specific peptides that were missed by the other three. As we
found before, MS-GF+ was the most effective in comprehen-
sively identifying semitryptic peptides.6 Thus, >9000 protein N-
termini from nearly 400 000 peptide-spectrum matches at a FDR
of ≤1.0% were identified by this two-pronged proteomics
approach.

Figure 8. Chromosomal distribution of the genes encoding identified proteins displayed as percentage of total protein coding genes per chromosome
(left). On the right: Distribution of “classified as missing”-proteins per chromosome. We identified 7.5 candidate missing proteins per autosome and 5
for the X-chromosome. Blue: proteins identified by preTAILS; orange: proteins identified by preTAILS and TAILS; red: proteins identified solely by
TAILS.
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Interestingly, we identified eight missing protein candidates
belonging to the chemosensory receptor gene repertoires: seven
olfactory receptors and one taste receptor type 2 (Tables S3 and
S4). This identifications is not surprising, as homologues have
been shown to be ectopically expressed in various tissues, where
they presumably act as sensors for the microenvironment or
sentinels of innate immunity.65,66 However, we posit that
olfactory receptors may form themolecular basis for hyphenating
with the external environment by transducing osmotic, pH and
salt changes that can adversely affect dental health. Notably, we
identified 5 missing proteins that are associated with cilia, i.e. 2
associated with cilia and 3 ciliary dyneins. Thus, the cilia most
likely sense and transmit external stimuli such as mechanical and
possibly thermal stress to the odontoblast layer, reporting also
dental caries onset.
We also identified 17 serine protease inhibitors including the

key regulator of the complement cascade, C1-inhibitor (serpin
G1),9 and could map nearly the whole complement pathway
including the complement control proteins factor H and factor I.
We identified (i) all subunits of the C1-complex (C1q, C1r, and
C 1s), (ii) the central elements C2, C3, C4 and C5, (iii) the N-
termini of the anaphylatoxins C3a and C4a (C5a was most likely
missed as its N-terminal peptide comprises 35 amino acids under
the applied conditions), and (iv) with exception of C7, all
components of the terminal membrane attack complex (MAC;
C5b, C6, C7, C8, and C9), highlighting the comprehensive
nature of our study and the sensitivity of TAILS.
We hypothesized that the analysis of human dental pulp, an

unusual tissue, with a nonshotgun proteomics technique would
allow for the identification of missing proteins alongside a myriad
of undescribed natural protein N-termini that are mechanistically
informative in characterizing protein proteforms. This hypoth-
esis is supported by our previous studies on human erythrocytes6

and platelets7 that validate the suitability of TAILS N-
terminomics to identify proteins spanning a wide dynamic
range of abundance of 5 orders of magnitude.6 We analyzed 1254
natural protein N-termini, 341 with the initiator methionine
present and 771 removed, resulting in a robust assessment of the
N-terminal methionine excision and acetylation profiles of the
individual amino acids.When Ala, Gly, Ser or Thr were present in
position 2, N-terminal methionine excision happened nearly
without exception (>92%), and was followed by an amino acid
residue-dependent frequency of Nα-acetylation: whereas Ala and
Ser were predominantly acetylated (>92%), N-terminal glycine
remained frequently unblocked (61%). On the contrary, the
presence of glutamate or aspartate in position 2 virtually
abolished N-terminal methionine excision (<5%), but induced
α-acetylation (>92%), in perfect agreement with previous studies
and the N-end rule.6,7,9,10,67 To our surprise we also identified 10
proteins with unprocessed signal peptides, indicating their
presence in the secretory pathway and “caught in the act” of
protein synthesis, including two extracellular protease inhibitors.
In total, we found 8 human pulp-orientated proteomics studies

in the literature, but only 2 analyzed pulp whereas 6 analyzed ex
vivo cultured cells and none used a gel-free proteomics approach,
considered optimal for whole proteome analysis.68 The most
comprehensive analysis to date was by Paäk̈könen et al. 2005,
who identified 96 proteins in pulp from healthy and carious
human teeth,20 and Morsczeck et al. 2009,69 who reported 94
differently regulated proteins during osteogenic differentiation of
dental follicle precursor cells in vitro. Only one other study aimed
to annotate the human pulp proteome: Eckhardt et al. 201421

identified 342 pulp proteins, including 37 not identified in

human dentin or plasma. In comparison, by our comprehensive
gel-free approach, we identified 4332 proteins, of which 1777
were not reported in previous N-terminomics studies on
platelets7 and erythrocytes,6 or shotgun studies on fibro-
blasts56,57 and plasma,55 which could reasonably be assumed to
be present in pulp. Furthermore, we covered 55% of the
published dentin proteome due to the presence of odontoblasts,
and 70% of the previously published pulp proteome. But even
though we identified 10×more proteins than previously reported
by gel based MS/MS methods,20,21 112 pulp proteins were not
reported as being pulp, but these were identified only with a 5%
FDR. We also identified several dentin-specific proteins
originating from the odontoblast layer (e.g., dentin sialophos-
phoprotein, dermatopontin, chondrocalcin), which comprises
only a minor part of the whole pulp, highlighting the sensitivity of
TAILS to find low abundant proteins from low abundant cells.
Building on previous N-terminomics studies on specialized

human cells,6,7 our present study establishes a general TAILS N-
terminomics workflow suitable for the in-depth characterization
of human protein N-termini in tissues, which will allow the study
of other tissues and cells, and various disease states for the HPP.
Our strategy of (i) using a rare tissue together with (ii) proteome
simplification by positional proteomics and (iii) targeting
semitryptic peptides of the natural N-terminus or those
generated by proteolytic processing in vivo, which exhibit altered
mass spectrometric properties compared to their fully tryptic
counterparts, proved to be highly fruitful in complementing
conventional shot-gun proteomics approaches. In addition, this
overall strategy provides valuable information for the ongoing
efforts of the Human Proteome Project to complete the human
proteome map. Enriching for semitryptic peptides that may be
more amenable to identification than their spanning parent
tryptic peptide due to altered m/z, ionization, and fragmentation
properties, TAILS N-terminomics allows the identification of a
subset of proteins which are otherwise inaccessible to shot-gun
proteomics.6 This study also provides an unbiased system-wide
surveillance of global proteolytic processing in a healthy human
tissue for the first time, complementing previous analysis in
murine tissues9,70 and highlighting the importance of mecha-
nistic informative protein N-termini in understanding biological
processes.
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