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Abstract
The proteome and N-terminome of the human odontoblast cell layer were identified for the first time by shotgun proteomic and terminal
amine isotopic labeling of substrates (TAILS) N-terminomic analyses, respectively, and compared with that of human dental pulp stroma
from 26 third molar teeth. After reverse-phase liquid chromatography–tandem mass spectrometry, >170,000 spectra from the shotgun
and TAILS analyses were matched by 4 search engines to 4,888 and 12,063 peptides in the odontoblast cell layer and pulp stroma,
respectively. Within these peptide groups, 1,543 and 5,841 protein N-termini, as well as 895 and 2,423 unique proteins, were identified
with a false discovery rate of ≤1%. Thus, the human dental pulp proteome was expanded by 974 proteins not previously identified among
the 4,123 proteins in our 2015 dental pulp study. Further, 222 proteins of the odontoblast cell layer were not found in the pulp stroma,
suggesting many of these proteins are synthesized only by odontoblasts. When comparing the proteomes of older and younger donors,
differences were more apparent in the odontoblast cell layer than in the dental pulp stroma. In the odontoblast cell layer proteome,
we found proteomic evidence for dentin sialophosphoprotein, which is cleaved into dentin sialoprotein and dentin phosphoprotein.
By exploring the proteome of the odontoblast cell layer and expanding the known dental pulp proteome, we found distinct proteome
differences compared with each other and with dentin. Moreover, between 61% and 66% of proteins also occurred as proteoforms
commencing with a neo–N-terminus not annotated in UniProt. Hence, TAILS increased proteome coverage and revealed considerable
proteolytic processing, by identifying stable proteoforms in these dynamic dental tissues. All mass spectrometry raw data have been
deposited to ProteomeXchange with the identifier <PXD006557>, with the accompanying metadata at Mendeley Data (https://data
.mendeley.com/datasets/b57zfh6wmy/1).
Keywords: dentin, extracellular matrix, proteomics, TAILS, N-terminomics, dentin sialophosphoprotein

Introduction
The dental pulp is the terminal developmental stage of the
embryologic dental papilla from which the mesenchymal
derived pulp and dentin originate. The single-cell-thick odontoblast layer enwrapping the pulp synthesizes, mineralizes, and
then maintains dentin throughout life. Thus, dentin has proteins in common with other mineralized tissues (e.g., α2-HS
glycoprotein), as well as unique proteins with dentin-specific
roles in mineralization. The most notable of these is the dentinspecific dentin sialophosphoprotein (MacDougall et al. 1997),
which is cleaved by the metalloproteinases BMP1 and meprin-α
and β to dentin sialoprotein and dentin phosphoprotein (also
known as dentin phospophoryn) (Tsuchiya et al. 2011; Yang
et al. 2014; Arnold et al. 2017).
NeXtProt, the official knowledge base of the Human
Proteome Organization (HUPO) (Omenn et al. 2016, 2017),
lists 3,134 proteins as “missing proteins” without protein existence (PE) level 1 evidence. Indirect evidence for PE2 proteins
is from messenger RNA (mRNA) detection and at PE3 to P5
with decreasing confidence they exist at all (Deutsch et al.
2016). We hypothesized that dental pulp expresses unique

proteins and possibly “missing proteins,” since it is the only
tissue containing odontoblasts, yet proteomic analysis of odontoblasts in vivo or cell lines in vitro has not been performed,
due in part to their unique monolayer distribution on the margin of the pulp chamber. Few proteomics studies have been
performed on pulp or dentin, and these have mostly used older
2-dimensional (2-D) gel-based analysis. Thus, the odontoblast
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proteome is unknown, and our previous reverse-phase liquid
chromatography–tandem mass spectrometry (LC-MS/MS)
analyses of human dental pulp are the largest data set of any
dental tissue (Eckhard, Marino, Abbey, Matthew, et al. 2015;
Eckhard, Marino, Abbey, Tharmarajah, et al. 2015).
To identify N-terminal truncated proteins and protease
cleavage site neo–N-termini, we developed terminal amine
isotopic labeling of substrates (TAILS) (Kleifeld et al. 2010,
2011). This proteomic approach enriches for natural and
cleaved neo–N-termini of proteins and has identified new proteolytic pathways in vivo (Butler and Overall 2013; Lange and
Overall 2013; Marino et al. 2015) and provided insights into
the N-terminome of various cells and tissues (auf dem Keller
et al. 2013; Lange et al. 2014; Prudova et al. 2014). To analyze
the odontoblast proteome and N-terminome and to determine
differences between younger and older pulps, we developed a
technique to extract odontoblast cell layer protein for LC-MS/
MS proteomic and TAILS analyses from the limited numbers
of cells present in the human odontoblast layer in vivo and
without cell culture. This enabled comparison for the first time
of the odontoblast cell layer proteome and N-terminome with
paired analyses of healthy dental pulps from prophylactic third
molar extractions in which we identified 4 missing proteins.

Experimental
Pulp Harvesting and Protein Extraction
Informed consent was obtained from 9 patients according to
protocols approved by the UBC Clinical Research Ethics
Board. Twenty-six dental pulps were collected from 26 healthy,
caries-free third molars of 2 female and 7 male (15–39 y)
patients (Appendix Table 1). For dental pulp analyses, immediately after extraction, 22 third molars were partially sectioned
vertically using a high-speed dental turbine under water spray;
4 additional teeth were sectioned axially for odontoblast cell
layer and paired dental pulp analyses. The teeth were then
immediately split in 2 with a dental elevator. Using sterile
curettes and barbed broaches, pulp from the exposed pulp
chambers and coronal thirds of root canals was harvested and
immediately placed in 250 µL of a strong protein-denaturant
solution (8M GuHCl), in which protein, including proteases, is
denatured and inactivated and frozen on dry ice. As for all tissues being harvested, the short period of time required to
depulp the teeth may result in some loss of proteome integrity,
and as for all proteomic studies, this is a minor caveat. After
transport on dry ice, the denatured pulp sample in GuHCl solution was weighed in the collection tube. By subtracting the
weight of an empty tube with 250 µL 8M GuHCl, the pulp wet
weight was determined. Then, 8M GuHCl was added to 500 µL
and the samples stored at –80°C. As there is variation in the
time that tooth development begins and ends (Nelson 2015),
we found variation in the size of the pulps of sampled teeth
(Appendix Table 1). Pulps were homogenized using an UltraTurrax in 8M GuHCl and further extracted for 90 min, 22°C.
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Pulp proteome was collected by chloroform/methanol precipitation and dissolved in 500 µL of 8M GuHCl (Eckhard, Marino,
Abbey, Matthew, et al. 2015; Eckhard, Marino, Abbey,
Tharmarajah, et al. 2015).
To extract protein from the odontoblast cell layer after
removal of the pulp stroma, we modified the crucible technique that we had pioneered previously (Tjäderhane et al.
1998) where we showed that human odontoblasts remain
attached to the dentin and could be cultured for several days
upon addition of culture medium. Four decoronated and
depulped third molars, consisting of the root trunk apical to the
cemento-enamel junction and the tooth roots, were vertically
mounted in beading wax (Fig. 1A). The pulp chambers and
root canals were filled with ~100 µL 8M GuHCl denaturant,
and the odontoblast cell layer proteome was extracted overnight at 22°C. Following two 50-µL 8M GuHCl washes, the
denaturant and washes were pooled for each tooth, and protein
was precipitated with chloroform/methanol.

TAILS N-Terminomics
Protein N-termini enrichment by TAILS was performed (Fig. 2)
(Kleifeld et al. 2010, 2011). In brief, reduced and alkylated samples were pH adjusted to 6.5 for reductive dimethylation of primary amines at the whole protein level using 40 mM heavy
formaldehyde (13CD2O in D2O) and 20 mM sodium cyanoborohydride (overnight, 37°C). Reactions were quenched using 100
mM Tris-HCl, pH 6.8 (30 min, 37°C), and reagents and salts
were removed by chloroform/methanol protein precipitation.
Polypeptide pellets were dissolved in 50 mM NaOH, adjusted
to pH 7.5 with 250 µL 100 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid, diluted 1:1 with high-performance
liquid chromatography (HPLC)–grade water, and digested with
MS-grade Trypsin Gold (Promega), 100:1 (w/w) protein/enzyme
ratio, 18 h, 37°C. Then, 10% (~50 µg) of the tryptic digest was
analyzed by shotgun proteomic “preTAILS” analyses.
To separate trypsin-generated internal peptides from the
N-terminome, TAILS samples were adjusted to pH 6.5 and
HPG-ALD polymer (http://flintbox.com/public/project/1948/)
added (5 × peptide mass w/w) in 20 mM sodium cyanoborohydride, pH 6.8 (37°C, overnight), to covalently link the tryptic
peptides via their free primary α amines to the polymer. The
coupling reaction was quenched with 100 mM tris (hydroxymethyl)aminomethane buffer, pH 6.8 (30 min, 37°C), and both
the naturally blocked (e.g., acetylated or pyro-Glu) and experimentally dimethylated N-terminal peptides were separated by
ultra-filtration (Amicon Ultra-0.5, molecular weight cutoff
[MWCO] 10 kDa). N-terminome (TAILS) and shotgun (preTAILS) samples were desalted using C18 STAGE-Tips and
frozen in liquid nitrogen. Peptide samples were analyzed using
an Accurate Mass G6550A quadrupole time-of-flight mass
spectrometer (Agilent), coupled online to a nanoflow HPLC
(Agilent 1200) with a Chip Cube nanospray ionization interface as described (Eckhard, Marino, Abbey, Matthew, et al.
2015; Eckhard, Marino, Abbey, Tharmarajah, et al. 2015).
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Data Analysis
LC-MS/MS raw data were converted to mgf and mzXML files
using MSConvertGUI so that the acquired spectra could be
matched to peptide sequences in the human UniProt protein
database (http://www.uniprot.org, release 2013_10) using 4
search engines: Mascot v2.4, X!Tandem CYCLONE TPP
2011.12.01.1, MS-GF+ v10072, and Comet 2015.01 rev 0.
Search criteria were set at a semi-ArgC cleavage pattern using
published parameters (Eckhard, Marino, Abbey, Matthew, et al.
2015; Eckhard, Marino, Abbey, Tharmarajah, et al. 2015).
Peptide spectrum matches (PSMs) were statistically evaluated
using PeptideProphet and combined using iProphet within the
Trans-Proteomic Pipeline (TPP) v4.8.0 PHILAE at a 1% false
discovery rate (FDR). Peptides were assigned to proteins using
ProteinProphet at a protein probability ≥0.95, equivalent to a
≤1% FDR (Deutsch et al. 2015).

Bioinformatics
To be classified as a N-terminus, peptides required (a) an
N-terminus carrying a heavy dimethyl label indicative of a free
N-terminus before trypsin digest, or 1 of 2 naturally occurring
modified N-termini: acetylation or pyro-glutamate (Glu →
pyro-Glu), and (b) a C-terminal arginine (trypsin cleaves the
C-terminal of arginine and lysine residues but not dimethylated
lysines). Protein identifications of “missing” proteins were
based on neXtProt classes PE2 to PE5 (www.nextprot.org,
release 2014-09-19) and rechecked against release 2017-04-12
(Omenn et al. 2017).

Results
Histology confirmed pulp stroma homogeneity and separation
from the odontoblast cell layer (Fig. 1B, C). As the pulp samples contained a very small number of remnant odontoblasts
(~0.1%), the proteomic data ought to be interpreted with this
minor caveat. A total of 39 LC-MS/MS analyses were performed: 10 of the odontoblast cell layer and 29 of pulp stroma
(Appendix Table 1).
High enrichment of N-terminal peptides by TAILS was
confirmed from the relative proportions of the various
N-terminal peptides (Fig. 2). PSMs by each of the 4 search
engines for pulp (12,063 nonredundant peptides) and odontoblasts (4,888 nonredundant peptides) before TPP statistical
modeling (Deutsch et al. 2015) are in Figure 3A, D. Appendix
Figure 1 shows the total number of PSMs by the 4 search engines,
which were then statistically verified using PeptideProphet and
combined using iProphet (FDR ≤1%) for the pulp stroma
(11,314 peptides; Fig. 3A, 2-way Venn diagram) and odontoblasts (4,648 peptides; Fig. 3D, 2-way Venn diagram). Thus,
the number of peptides and proteins confidently identified was
reduced from that initially obtained using search engines alone
(initial search engine data shown in Appendix Fig. 1).
From sequence information, the total numbers of protein
N-termini were calculated after using iProphet to combine the
data sets (Fig. 3B, E; 2-way Venn diagrams), which were
assigned to parent proteins by direct interpolation of the

Figure 1. Preparation of pulp stroma and odontoblast samples.
(A) Protein extraction steps (i to iv) applied to the dental pulp and
odontoblast cell layer of third molars in this study. (B) Hematoxylin and
eosin stain of axial section of pulp tissue from distal root of tooth 48,
donor 5. The majority of the odontoblast layer remained attached to the
dentinal walls, but in some areas, remnants of odontoblast layer were
found attached to the pulp tissue. Bar = 600 µm. (C) High-power detail
of boxed area in B. Bar = 100 µm.
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COOH
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(14,520 PSMs)
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COOH
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Blocked
N-termini

COOH
Trypsin digest

7%

10%

N

10%

H3C CH3
N

tryptic
peptides

TAILS
(74,283 PSMs)
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7. C18 desalting and concentration of
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TAILS
(10,571 PSMs)

Blocked
N-termini

8. LC-MS/MS analysis
9. msConvert for raw file conversion of LC-MS/MS spectra.
Peptide-spectra matching using Comet, MS-GF+, X! Tandem, Mascot.
Peptide validation using PeptideProphet and combining data in iProphet.
Identification of N-terminal peptides in the combined iProphet data.
Protein identification based on iProphet Data using ProteinProphet.

free (59%)

Blocked N-termini
(10,244 PSMs)

pyroE (3%)
pyroC (2%)
pyroQ (11%)

acetylated (25%)

Figure 2. Terminal amine isotopic labeling of substrates (TAILS) N-terminomics of human pulp stroma and the odontoblast cell layer. (A) TAILS
workflow. 1. Tissue samples were extracted in 8 M GuHCl denaturant buffer. 2. Denatured protein (in blue) schematic shows the N-terminal peptide
in red. 3. N-terminal α-amines of peptides and ε-amino groups of lysine side chains were dimethylated with isotopically labeled formaldehyde. The
denatured proteins were trypsinized, cleaving C-terminal to arginine residues only as the lysines were blocked. 4. Around 10% of the sample was
directed for preTAILS shotgun proteomic analysis. 5. To enrich for protein N-terminal peptides, the HPG-ALD polymer was used to covalently bind
and remove the internal tryptic peptides. 6. Upon subsequent ultrafiltration, the blocked N-terminal peptides were collected in the unbound fraction,
whereas the internal tryptic peptides bound to the polymer were retained on the filter. 7. preTAILS shotgun proteome and TAILS N-terminome
samples. 8. Samples submitted for liquid chromatography–tandem mass spectrometry (LC-MS/MS) analysis. 9. Bioinformatic analyses of the acquired
peptide fragmentation spectra. (B) Classification of peptides identified by preTAILS shotgun and TAILS N-terminome analyses showing the high
enrichment of N-terminal peptides by TAILS (red) from the internal tryptic and C-terminal peptides (blue). Peptide spectra match (PSM), whereby
LC-MS/MS spectra are matched by search engine software to the mass-to-charge ratio (m/z), and the fragmentation pattern of a peptide sequence
in the UniProt database by the 4 search engines are shown. The pie chart shows the relative proportions of the 5 main types of N-terminal peptides
identified: peptides with experimentally conjugated dimethylation (denoted as “free,” unblocked natural N-termini), natural acetylation (predominantly
at positions 1 and 2 of the protein chain), or the 3 common N-terminal cyclizations of glutamate (pyroE), glutamine (pyroQ), or cysteine (pyroC).

peptide data (Fig. 3C, F). Neo–N-termini occurred in 61% of
the odontoblast proteins and 66% of the pulp proteins (Fig.
4A). Finally, ProteinProphet assigned true protein identifications (FDR ≤1%) (Fig. 4B–D). TAILS is highly sensitive
(Kleifeld et al. 2010), so despite the odontoblast proteome
being prepared from a small number of dentin-adherent odontoblasts and detached tubules after pulp extirpation, the combination of TAILS with preTAILS shotgun analyses increased
proteome coverage more than that by shotgun proteomics
alone. Indeed, we identified one-third as many odontoblast
proteins (895) as pulp proteins (2,423) (Fig. 4B), indicating

that horizontal tooth sectioning for the crucible technique was
still sufficient to harvest adequate amounts of protein from the
dental pulp in addition to the odontoblast cell layer from the
same tooth. Nonetheless, vertical sectioning may facilitate
extraction of more pulp protein from the roots (Tjäderhane et al.
1998). Uploaded to ProteomeXchange are the complete peptide
and protein lists and all LC-MS/MS data from each experiment
and MS analysis (PXD identifier <PXD006557>; Excel spreadsheets with metadata at Mendeley [https://data.mende ley.com/
datasets/b57zfh6wmy/1] with the doi: 10.17632/b57zfh6wmy.1), which are freely available without restriction.
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Comparison of the odontoblast cell
layer proteomic data with a previous dentin
proteome report (Jágr et al. 2012) (Fig. 4B)
revealed similarities and differences between
the proteins found in the odontoblast layer
and dentin, its mineralized connective tissue product. Appendix Table 2 lists 211
proteins found in the odontoblasts (Fig.
4B) that were not identified in pulp or dentin. We next compared the odontoblast proteomes of donors younger (N = 1, 1 pulp)
versus older (N = 2, 3 pulps) than 20 y
(Appendix Tables 1, 3A–C), showing differences but with the caveat that undersampling may have skewed this comparison
(Fig. 4C).
Identification of 2,974 pulp proteins
(Fig. 4D), when combined with our earlier
study (Eckhard, Marino, Abbey, Matthew,
et al. 2015; Eckhard, Marino, Abbey,
Tharmarajah, et al. 2015), has greatly
expanded the annotation of the pulp proteome to 5,097 unique proteins (Fig. 4E).
We compared the extracellular matrix proteins found in the odontoblast cell layer and
the dental pulp with tissue distributions of
other extracellular matrix proteins in the
“matrisome” (Naba et al. 2016) (Appendix
Tables 4, 5). Dentin is a unique connective
tissue that has dentin-specific proteins such
as dentin sialophosphoprotein (MacDougall
et al. 1997), as well as proteins common to
mineralized bone (e.g., α2-HS glycoprotein, osteonectin, osteocalcin, osteopontin,
and dentin matrix protein 1). NeXtProt and
Peptide Atlas do not list the highly charged
dentin sialophosphoprotein as having been
identified by MS. Here we identified dentin
sialophosphoprotein by MS in the odontoFigure 3. Compares unique peptides, protein N-termini, and proteins identified in odontoblast
blast cell layer for the first time and in pulp,
cell layer and pulpal stroma extracts. The 4-way Venn diagrams show the peptide and protein
confirming our recent report (Eckhard,
identifications filtered by PeptideProphet to a false discovery rate (FDR) ≤1% from the 4 search
engines; the 2-way Venn diagrams show the unique peptides, protein N-termini, and proteins
Marino, Abbey, Matthew, et al. 2015; Eckhard,
identified by the pre–terminal amine isotopic labeling of substrates (TAILS) and TAILS analyses
Marino, Abbey, Tharmarajah, et al. 2015).
and analyzed by iProphet to a FDR ≤1%. The number of proteins shown in the 2- and 4-way
An orthogonal technique like TAILS
Venn diagrams is an estimate extrapolated from the peptide data with an ~ FDR ≤5% at this
was effective in increasing proteome covinitial step in the bioinformatic pipeline we used.
erage and identifying unique peptides and
proteins that are not found by shotgun proteomics. Thus, we
9 (Q6ZRR7) (PE2); and WD repeat-containing protein
found proteomic evidence for 4 high-confidence, previously
KIAA1875 (A6NE52) (PE1).
unidentified (PE2) or only recently identified (PE1) “missing
proteins,” 3 of which depended on TAILS N-terminal peptides
Discussion
for confident identification. Repeated identification in differDespite the small number of odontoblasts in the single-cellent biological replicates and in technical replicates (Fig. 5)
thick layer lining the interior surface of dentin, we generated
increased the probability that these missing proteins were
high-quality spectra sufficient to identify nearly 900 human
“found.” The 4 found missing proteins were uncharacterized proodontoblast cell layer proteins (FDR ≤1%)—the first such
tein C14orf105 (Q9NVL8) (PE2); dynein heavy chain 6, axoneanalysis of odontoblasts in vivo. Neo–N-termini reflect protein
mal (Q9C0G6) (recent PE1); leucine-rich repeat-containing protein
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Figure 4. N-terminomic and proteomic analysis of dental pulp stroma and the odontoblast
layer. (A) Numbers of protein N-termini identified in the odontoblast cell layer and
the dental pulp stroma. The tabulation shows the breakdown of N-termini for the 2
different sample sets (dental pulp stroma: 9 donors, 29 LC-MS/MS analyses; odontoblast
cell layer: 3 donors, 10 LC-MS/MS analyses) and of all 39 analyses combined. Natural
N-termini include peptides starting at the initiator methionine (Met1) or after its removal
at position 2; N-termini after removal of signal peptide, propeptide, or transit peptide;
and N-termini resulting from annotated known proteolytic processing events required for
protein maturation as annotated in UniProt and TopFIND. (B) Venn diagram showing a
ProteinProphet analysis (false discovery rate [FDR] ≤1%) comparison of the odontoblast cell
layer protein numbers (895) with that of the dental pulp stroma (2,423) and with a proteomic
analysis of dentin by Jágr et al. 2012 (261). The 10 data sets of the odontoblast cell layer from
all donors of all ages were combined and analyzed separately from the 29 data sets of pulp
stroma by ProteinProphet (FDR ≤1%). (C) Comparison of the odontoblast proteome of pulps
from donors younger than 20 y (n = 1) with those of 2 donors older than 20 y (teeth, n = 3)
after ProteinProphet analyses (FDR ≤1%). Each data set for the 2 age groups was considered
separately (2 vs. 8 data sets), generating a total of 893 unique proteins identified. (D)
Comparison of our present data analyses with the 3 previous dental pulp proteomics studies
in the literature. The left column (pink/yellow) is the sum of two 2-dimensional gel studies
(452 proteins). The green and blue bars are protein numbers from our recent (Eckhard,
Marino, Abbey, Matthew, et al. 2015; Eckhard, Marino, Abbey, Tharmarajah, et al. 2015) and
present study after ProteinProphet analysis, FDR ≤1%. In D and E, we used ProteinProphet to
identify proteins with an FDR ≤1% using all 39 odontoblast (10) + pulpal stroma (29) data sets
combined, which increased protein identifications to 2,974 unique proteins for dental pulp as
more peptide evidence is used to generate the statistical model than in each of the separate
analyses shown in B and C. (E) Overlap in total pulp proteins identified by the 4 studies. The
present study identified 955 proteins not previously identified in dental pulp.
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maturation, turnover, and protein processing,
in combination with or downstream of other
proteases (Fortelny et al. 2014, 2015). These
generate stable proteoforms displaying different N-termini, some of which have altered
functions (Butler and Overall 2013; Lange
and Overall 2013; Marino et al. 2015). The
evidence for proteolytic processing in the
odontoblast layer (~60%) and pulp (~66%) is
consistent with other tissue N-terminome
analyses that have reported that 50% to 70%
of proteins exhibit proteoforms displaying
different N-termini (auf dem Keller et al.
2013; Lange et al. 2014; Prudova et al. 2014;
Eckhard, Marino, Abbey, Matthew, et al.
2015; Eckhard, Marino, Abbey, Tharmarajah,
et al. 2015). Our data present strong evidence
for multiple proteoforms commencing at different N-termini, some known and others
unreported in UniProt or TopFIND (http://
clipserve.clip.ubc.ca/topfind), the protein Nand C-termini database (Lange and Overall
2011; Lange et al. 2012) (Fig. 4A). Thus, the
odontoblast and pulp N-terminomes revealed
protein maturation from Met1 and signal peptide removal, which regulate protein stability
by the N-end rule (Lange et al. 2014) and protein secretion, respectively. For example, α2HS-glycoprotein was identified in odontoblast
cell layer samples for all 3 donors, and in
pulp stroma samples for 8 of 9 donors with
the N-terminus starting at position 19, at the
predicted signal peptide removal site. Further
showing reproducibility of our data and lack
of proteome disruption due to sample handling, we found in 8 of 9 pulp donor samples
~200 proteins with identical neo–N-termini
(e.g., calpain-2 starting at position 2 after
Met1 removal, complement C3 starting at
position 672, and trpeptidyl-peptidase-1
starting at 196).
Our present proteomic analysis of human
dental pulp in combination with our previous
study (Eckhard, Marino, Abbey, Matthew, et al.
2015; Eckhard, Marino, Abbey, Tharmarajah,
et al. 2015) has identified in total 5,097
human dental pulp proteins (FDR <1%) with
40% of proteins reproducibly identified in at
least 2 different pulp samples. Compared
with 2 earlier studies (Fig. 4D, E), ours is the
largest data set of the human pulp proteome
to date. These prior studies were made using
2-D gel proteomics performed with 1 search
engine alone and without statistical modeling, using an FDR <5% that identified just
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341 proteins (Eckhardt et al. 2014) and 101
proteins (Pääkkönen et al. 2005). Even so,
these numbers are inflated by the 5% FDR
that increases misidentified proteins. In contrast, we reduced false identifications by the
high stringency applied in the identification
of peptides and proteins (FDR ≤1%) and by
using statistical modeling conforming to current HUPO guidelines (v2.1) (Deutsch et al.
2015, 2016).
Unlike pulp stromal fibroblasts, odontoblasts have a specialized role producing and
maintaining the mineralized organic matrix of
dentin. Comparison of the odontoblast cell
layer proteomic data with a previous dentin
proteome report (Jágr et al. 2012) (Fig. 4B)
revealed similarities and differences between
the proteins found in the odontoblast cell layer
and dentin, its mineralized connective tissue
product. We found that the odontoblast layer
had a distinct proteome in comparison with
both the adjacent dentin (not analyzed here)
and pulp. The pulp stroma also contains cells
of other tissues (e.g., blood vessels and axons),
which contribute proteins to the pulp proteome,
as listed in the appendices and in our publicly
accessible data sets in ProteomeXchange.
Developmental timing is variable, but the
clinical crown of third molars is usually completed between ages 12 and 16 y, erupting
between ages 17 and 21 y, with root development completed by 18 to 25 y (Nelson 2015).
Accordingly we looked for proteome differences by dividing our samples into older and
younger age groups. In the first group, with
an actual donor age of 15-19 y, active developmental processes of the root apical region
were still taking place, with continued rapid
deposition of secondary dentin in the clinical
crown. In the second group (donor ages 30
and 39 y), all tooth development was complete. For the odontoblast cell layer, proteome differences were observed between
the 2 age groups, although sample size was
relatively small (n = 4) (Fig. 4C; Appendix
Tables 2A, 2B, 2C). In comparison, the peptide and protein identifications in the pulp
stroma comparing younger and older donors
were highly overlapped, revealing little to no
significant proteome changes with age (not
shown).
Dentin sialophosphoprotein, important
for dentin mineralization and the most abundant noncollagenous protein in the dentin
extracellular matrix (Hargreaves et al. 2012;
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Figure 5. Four proteins we identified that had not been previously identified by proteomic
analyses. The relative position of the high-confidence N-terminal (red) and internal tryptic
(blue) peptides identified with a false discovery rate (FDR) ≤1%. N, number of biological
replicates; subscript, donor identifier numbers (see Appendix Table 1) in which the peptide
was identified; n, number of technical replicates in which the peptide was identified. Numbers
indicate amino acid residue position. PE1, neXtProt protein existence 1, where the protein
has been identified at the protein level (e.g., by antibodies) but, in the examples shown, not
previously by mass spectrometry; PE2, neXtProt protein existence 2, where the protein has
been identified at the transcript level only. (A) For protein C14orf105 (PE2 neXtProt), 2
different nested N-terminal peptides were identified starting at position 19 or position 23 and
both extending to Arg30. (B) Axonemal dynein heavy chain 6 (PE1 neXtProt) was identified
with 2 high-confidence peptides found 3 times in 2 donors. (C) Leucine-rich repeat-containing
protein 9 (PE2 neXtProt) was identified by a single peptide, but this was found 21 times in 8
donors, giving high confidence of the protein identification. (D) For WD repeat-containing
protein KIAA1875 (PE1 neXtProt), 4 high confidence peptides were found in 3 donors. Note:
only the highest confidence peptides (FDR ≤1%) are shown. R (in blue), arginine; TAILS,
terminal amine isotopic labeling of substrates.
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Jágr et al. 2012), was identified only in teeth from the 6 donors
younger than 20 y, indicating active mineralization versus
teeth from the 3 older donors. α2-HS-glycoprotein, which influences the mineral phase, was consistently identified, but other
mineralized extracellular matrix proteins (e.g., dentin matrix
acidic phosphoprotein I, osteonectin, osteocalcin, and osteopontin) were not. This may be due to the limited amount of
odontoblast cell layer protein extracted, but many proteins are
recalcitrant to mass spectrometry due to unfavorable distribution of acidic residues, which do not favor ionization, or of the
basic residues that are cleaved by trypsin into peptides too
small for identification. Indeed, neXtProt lists 3,134 human
proteins as missing proteins (Omenn et al. 2016, 2017).
Alternatively, the absence of these proteins may be due to the
resting state of the odontoblast cell layer in the teeth analyzed,
which may express these proteins infrequently or only early in
development.
Appendix Table 2 lists the 211 proteins that were found
exclusively in the odontoblast cell layer compared with the pulp
and dentin proteomes. Of these, we identified proteins that
have been associated with neural function—for example, neuroplastin (Q9Y639) (Beesley et al. 2014), DMX-like protein 2
(Q8TDJ6) (Nagano et al. 2002), and advillin (Q8NEN9) (Marks
et al. 1998), all of which were found only in the odontoblast
samples; this may reflect sensory roles of odontoblasts or their
close association with nerve endings. Exclusive to the odontoblast tissue samples, we also found retinal guanylyl cyclase
(Q02846), which has been associated with vision (Duda et al.
1999). This protein, as well as olfactory and taste receptor proteins we identified previously (Eckhard, Marino, Abbey,
Matthew, et al. 2015; Eckhard, Marino, Abbey, Tharmarajah, et
al. 2015), may play roles in dentin sensation that are sensed by
odontoblasts, neurons, or both.
Several ion transport and secretion-related proteins were identified only in the odontoblast samples—for example, inositol
1,4,5-triphosphaste receptor type-1 (Q14643), which regulates
epithelial secretion of electrolytes in mice (Park et al. 2013); lactotransferrin (P02788), an iron-binding anion-transport protein in
tears (Azkargorta et al. 2015) and breast milk (Giansanti et al.
2016); and salivary acidic proline-rich phosphoprotein-1/2
(P02810) (Wu et al. 2014)—any one of which may be components of or involved with odontoblast secretion of dentinal fluid
that moves distally down the dentinal tubules. The “found” missing protein dynein heavy chain-6 (Li et al. 2016) is noteworthy as
dyneins are force-generating proteins of respiratory cilia with
ATPase activity involving microtubules and so may play transport roles in the odontoblast process in dentinal tubules.
Discovery studies such as ours here inform on the biology
of the odontoblast and pulp, as well as suggest possible cellular
roles in the formation of the organic dentin matrix, mediating
sensation, and secretion of dentinal fluid. Our ongoing analyses of human dentin may reveal new proteolytic processing
events important in dentin matrix maturation and assembly,
such as occurring in protein maturation for dentin sialophosphoprotein (Suzuki et al. 2009, 2012), and may clarify the contribution of individual proteins in pulp to odontoblast cell-cell
signaling in response to trauma and caries (Lee et al. 2006).
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This will increase knowledge of how the pulpal stroma and the
odontoblast layer collaborate in the formation, biology, and
function of this unique mineralized tissue.
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