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We describe a targeted analysis of protein isoforms by selective enrichment and identification of in
vivo acetylated protein N-termini and protein C-termini. Our method allows the characterization of these
protein termini regardless of their annotation in protein databases and requires no chemical
derivatization. Using an iterative database search strategy that takes account of the enrichment protocol,
263 IPI annotated and 87 unpredicted acetylated N-termini were identified in the crude membrane
fraction of human embryonic carcinoma cells. The N-acetylated peptides conform to the reported criteria
for in vivo modification. In addition, 168 IPl annotated and 193 unpredicted C-termini were identified.
Additionally, and for the first time, we also report on in vivo N-terminal propionylation. The significant
number of unknown protein N- and C-termini suggests a high degree of novel transcription independent
of annotated gene boundaries and/or specific protein processing. Biological relevance of several of
these unpredicted protein termini could be curated from the literature, adding further weight to the
argument to go beyond routine database search strategies. Our method will improve the correct
annotation of genes and proteins in databases.
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Introduction

For several reasons, the human proteome is much more
diverse than the genome. For instance, proteins with altered
termini are created by alternative initiation of transcription
within genes or by transcription independent of annotated gene
boundaries.' Recent analyses of the human genome showed
that alternative initiation of transcription takes place in an
unexpectedly large number of genes.* Cell-specific mRNA
splicing®” and enzymatic protein processing®'® can further
alter the termini of proteins. For the definition of the human
proteome, it is therefore essential to identify and annotate the
termini of proteins.

Here we focus on the targeted analysis of alternatively
terminated protein isoforms, that is, proteins that are coded
by the same gene and have identical sequences but shortened
N- or C-termini. In such an analysis, it must be considered that
80% of cellular proteins are estimated to be N-acetylated in
vivo.''2 Several “terminal” proteomics approaches have been
described.®'3-'” Many of these approaches are labor-intensive
since they require extensive chemical modification and/or
repeated separation of the sample. Gevaert et al. used com-
bined fractional diagonal chromatography (COFRADIC) in
which free amino groups are chemically acetylated on the
protein level, and N-termini of tryptic cleavage products are
blocked with trinitrobenzene (TNBS) on the peptide level.
N-Acetylated peptides could then be separated from TNBS-
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blocked peptides by RP-HPLC.'> McDonald et al. chose a
similar procedure but blocked the N-termini of the cleavage
products by biotinylation. N-Acetylated peptides were subse-
quently recovered by subtractive binding of biotinylated pep-
tides to streptavidin.'® Both approaches allow the identification
of in vivo N-terminal acetylated proteins by omitting the
acetylation step or the discrimination between naturally and
chemically a-acetylated N-terminal peptides if stable isotopic
labeled reagents were used for the acetylation of free amino
groups.

An alternative strategy for the enrichment of N-acetylated
and C-terminal peptides is to take advantage of their reduced
basicity in comparison to non-N-acetylated and tryptic pep-
tides. Gorman et al. have shown that strong cation exchange
(SCX) fractionation can prefractionate blocked N-termini and
unmodified C-termini in tryptic digests of small quantities of
viral proteins.'® The same principle has been demonstrated to
be highly efficient for phosphopeptide enrichment. In such
phospho-proteomic studies, modified N-terminal and unmodi-
fied C-terminal peptides coeluted with phosphopeptides but
were not analyzed in detail.?*~**> Here, we fully exploited SCX
fractionation for the selective enrichment and identification of
in vivo acetylated protein N-termini and protein C-termini in
the crude membrane fraction of human embryonic carcinoma
(NT2/D1) cells.

One general drawback for the determination of alternatively
terminated protein isoforms by proteomic approaches is the
use of routine database strategies, that is, the computational
comparison of the peptide (tryptic fragment) masses that were
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detected by the mass spectrometer against the peptide (tryptic
fragment) masses derived from a database of known proteins.*
Since unpredicted protein termini resulting from alternative
transcription, mRNA splicing, or protein processing often
remain unknown or are incompletely annotated in protein
databases, the standard computational comparison will cause
unpredicted terminal peptides to be overlooked.?**> Here, we
overcome this drawback for protein isoforms with shortened
and in vivo acetylated N-termini and for shortened unmodified
C-termini. We have used SCX fractionation for the enrichment
of terminal peptides, followed by an iterative search against
specifically designed databases. This novel database search
strategy proved of great value for the simultaneous identifica-
tion of annotated and unpredicted in vivo acetylated protein
N-termini and unmodified protein C-termini.

Methods

Preparation of the Membrane-Enriched Fraction of Nt2/
d1 Cells. Five x 10° human teratocarcinoma Nt2/d1 cells were
washed twice with PBS and harvested by scraping. Harvested
cells were pelleted at 1100g for 5 min at room temperature,
resuspended in lysis buffer (50 mM Tris pH 7.8, 250 mM
sucrose, 2 mM EDTA, protease inhibitor cocktail (Roche-
Diagnostics, Netherlands) and incubated on ice for 10 min.
Cells were lysed by 30 passes through a 30-%2 gauge needle at
4 °C. Cell debris, unbroken nuclei, ER membranes, and
mitochondrial membranes were partially removed by centrifu-
gation at 1000g for 10 min at 4 °C. The postnuclear supernatant
was layered onto a 60% sucrose cushion and and centrifuged
(Optima, Beckman-Coulter, Netherlands) at 160 000g in a
MLS50 rotor for 1 h at 4 °C. The membrane fraction on top of
the sucrose cushion was collected, diluted 1:2 with cold 50 mM
Tris pH 7.8, and pelleted (Optima, Beckman-Coulter, Nether-
lands) at 100 000g in a TLA55 rotor for 1 h at 4 °C. The
supernatant was discarded, and the membrane pellet was
washed with 100 mM Na,CO; pH 11.5 for 1 h at 4 °C, rinsed
twice with cold H,O, and pelleted at 20 000g for 30 min at 4
°C.

Proteolytic Cleavage. The membrane-enriched pellet was
incubated for 10 min at 95 °C in denaturation solution (20 mM
NH,HCO, pH 8.0, 0.2% SDS, 135 mM ME). After the sample
cooled down, 1 U PNGase F (Sigma-Aldrich, Netherlands) per
million cells was added, and deglycosylation was performed
for 2 h at 37 °C. The deglycosylated protein pellet was washed
with ice-cold H,0, pelleted at 20 000g for 30 min at 4 °C, and
dissolved in 8 M urea in 50 mM NH,HCO, pH 8.0. Reduction
and subsequent alkylation were performed with 45 mM DTT
for 30 min at 56 °C and 100 mM iodoacetamide for 30 min at
room temperature in the dark, respectively. A total of 0.5 ug of
endoproteinase Lys-C (Roche-Diagnostics, Netherlands) was
added, and digestion was performed overnight at 37 °C. After
dilution to 2 M urea with 50 mM NH,HCO, 0.5 ug of trypsin
(Roche-Diagnostics, Netherlands) was added, and digestion was
performed for 8 h. The remaining membranes were sedimented
at 20 000g for 30 min at 4 °C, and the supernatant was stored
at —80 °C. The pellet was redissolved in 80% acetonitrile and
redigested with 0.5 ug of trypsin overnight at 37 °C. The second
supernatant was pooled with the first and desalted and
concentrated using Aqua-C18 material (Phenomenex, Torrance,
CA) packed into a ZipTip. The eluate was dried in a vacuum
centrifuge and reconstituted in 20% acetonitrile, 0.05% formic
acid.
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SCX Fractionation. SCX fractionation was performed on a
system consisting of two Zorbax BioSCX-Series II columns (i.d.,
0.8 mm; I, 50 mm; particle size, 3.5 um), a Famos autosampler
(LC packings, Amsterdam, The Netherlands), a Shimadzu LC-
9A binary pump, and a SPD-6A UV-detector (Shimadzu, Tokyo,
Japan). In the first 10 min after injection, unbound material
was washed from the column with 100% solvent A (0.05%
formic acid in 8/2 (v/v) water/acetonitrile, pH 3.0). The
subsequent linear gradient increased with 1.3%/min solvent B
(500 mM NaCl in 0.05% formic acid in 25% acetonitrile, pH
3.0) with a flow rate of 50 uL/min. Fractions of 50 4L volume
were manually collected, dried in a vacuum centrifuge, and
reconstituted in 0.1% acetic acid.

NanoLC-MS/MS. The SCX fractions were subsequently ana-
lyzed by nanoLC-LTQ-Orbitrap-MS (Thermo, San Jose, CA). An
Agilent 1100 series LC system was equipped with a 20 mm Aqua
C18 (Phenomenex, Torrance, CA) trapping column (packed in-
house, i.d., 50 um; resin, 5 um) and a 254 mm ReproSil-Pur
C18-AQ (Dr. Maisch GmbH, Ammerbuch, Germany) analytical
column (packed in-house, i.d., 50 um; resin, 3 um). Trapping
was performed at 5 uL/min for 10 min, and elution was
achieved with a gradient of 0-45% B in 45 min, 45-100% B in
1 min, 100% B for 4 min The flow rate was passively split from
0.4 mL/min to 100 nL/min. Nanospray was achieved using a
distally coated fused silica emitter (New Objective, Cambridge,
MA) (o.d., 360 um; i.d., 20 um, tip i.d. 10 um) biased to 1.8 kV.
The mass spectrometer was operated in the data dependent
mode to automatically switch between MS and MS/MS. Survey
full scan MS spectra were acquired from m/z 350 to m/z 1500
in the FT-Orbitrap with a resolution of R = 60 000 at m/z 400
after accumulation to a target value of 500 000 in the linear
ion trap with lock-mass. The two most intense ions were
fragmented in the linear ion trap using collisionally induced
dissociation at a target value of 10 000.

Protein Identification. Spectra were processed with Bio-
works 3.2 (Thermo, Bremen, Germany), and the subsequent
data analysis was carried out using the Mascot (version 2.1.0)
software platform (Matrix Science, London, UK).

For the initial screen, the IPI human database was searched
with trypsin allowing two missed cleavages, carbamidomethyl
(C) as fixed modification and oxidation (M) and N-acetylation
(protein N terminus) as variable modifications. The peptide
tolerance was set to 5 ppm with 17, 2" and 3* peptide charges
and the MS/MS tolerance to 0.9 Da. The significance thresholds
for the identifications was set to p < 0.05. For the comprehen-
sive analysis using the semi-tryptic search strategy, the IPI
human database was searched with semi-trypsin allowing no
missed cleavages, carbamidomethyl (C) as fixed modification
and oxidation (M), N-acetylation (protein N terminus), N-
propionylation (protein N terminus) as variable modifications.
The peptide tolerance was set to 2.5 ppm with 17, 2*, and 3*
peptide charges and the MS/MS tolerance to 0.9 Da. The
stringent tolerance of 2.5 ppm excludes the possible interfer-
ence of '*C peaks of peptides that potentially interfere with
N-acetylated or propionylated peptides, such as carbamylated
or carbamidomethylated peptides that have a mass-shift of 43
and 57 Da, respectively. Moreover, the precursor MS spectra
would clearly reveal such possible interferences, which in the
presented data were not observed. The significance thresholds
for the identifications was set to p < 0.01. For the comprehen-
sive analysis using the iterative search strategy, the four section
databases and the augmented IPI human database that were
created as described below in “iterative search strategy” were
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searched with trypsin allowing no missed cleavages, carbami-
domethyl (C) as fixed modification and oxidation (M), N-
acetylation (protein N terminus), N-propionylation (protein N
terminus) as variable modifications. In the case of the C-
terminal database, the variable modification N-acetylation
(protein N-Terminus) was omitted. The peptide tolerance was
set to 2.5 ppm with 17, 2*, and 3" peptide charges and the
MS/MS tolerance to 0.9 Da. The significance thresholds for the
identifications were set to p < 0.01.

False-positive rates were determined by searching databases
concatenated of the original target database and the reversed
target database. For the semi-tryptic search, the concatenated
database was composed of the IPI human and the reversed
IPI human databases. For the iterative search, the concatenated
database was composed of the augmented IPT human and the
reversed augmented IPI human databases.

Iterative Search Strategy. In the first step the data are
searched against a databases consisting solely of unpredicted
terminal peptides derived from the IPI human database, thus
using a smaller search space than the semi-tryptic strategy.
Identified peptides are then added to the original IPI human
database to create an augmented database. In the second step,
the data are searched against the augmented database to
confirm the identity of the identified terminal peptides using
strict criteria. Details are provided in the text.

All the resulting MS/MS spectra and information on protein
and peptide scores in the various searches mentioned in this
study are available at https://bioinformatics.chem.uu.nl/
supplementary/dormeyer_JPR.

Results

Selective Enrichment of Protein Termini. Proteins from a
membrane-enriched fraction of human embryonic carcinoma
NT2/D1 cells were digested using the endoproteinases Lys-C
and trypsin, and the resulting peptides were separated by SCX
fractionation. An initial liquid chromatography tandem mass
spectrometry (LC-MS/MS) screen of all collected SCX fractions
revealed that the majority of N-acetylated and C-terminal
peptides eluted after 6-7 min from the SCX column (Figure
1la), while the later fractions contained the bulk of the tryptic
digest. Solely in the screen, 116 N-acetylated and 26 C-terminal
peptides were identified in these two fractions by Mascot
database searches of the IPI human database. The terminal
peptides represented 92% of the total number (154) of unique
peptides identified in these two fractions. There is a second
“elution” of N-acetylated peptides during the SCX gradient
(figure 1a), which represent those N-terminal acetylated pep-
tides that contain a single mis-cleavage. Unfortunately, this
second distribution of acetylated peptides has the same net
charge as regular tryptic peptides but represents a minute
fraction of the identified unique peptides in the bulk of the
digest (Supporting Information Table 1).

To increase the number of identifications of in vivo acetyl-
ated protein N-termini and unmodified protein C-termini, we
performed a more comprehensive second analysis of the SCX
fractions 6 and 7 using more material and longer LC gradients
(fraction 6* and 7*). Although such an analysis did lead to an
improvement of identifications, more than 3-fold more iden-
tifications, we noted that the majority of the acquired tandem
mass spectra remained unidentified. First, a semi-tryptic search
strategy of the IPI human database was applied using a peptide
tolerance of 2.5 ppm and a significance threshold of p < 0.01.
Unfortunately, N-acetylation must be chosen as a variable
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peptide modification and thus applies not only to the real
N-terminal peptides but also needlessly to the inner and
C-terminal peptides. In the semi-tryptic search, the Mascot
score corresponding to a p value of 0.01 was 40 identifying 301
N-acetylated proteins. Manual validation of continuous b- and
y-ions series and rejection of low-quality spectra reduced this
number to only 222. The false-positive rate of the semi-tryptic
search was assessed by performing a search in a concatenated
target and reversed IPI human database 22 and amounted
to 3.8% for the N-acetylated peptides (Table 1 and Supporting
Information Table 2).

Design of an Iterative Database Search Strategy. To identify
more unpredicted protein isoforms with higher confidence, we
set up a two-step iterative database search strategy as an
alternative for semi-tryptic searches (Figure 2). The main
premise of this strategy is to create a semi-tryptic database
containing components we know to be present in the mass
spectrometric data and eliminate peptides that could not
possibly be present such as N-acetylated internal and C-
terminal peptides.

Each protein in the IPI human database was in silico digested
using the rules for trypsin digestion. The resulting tryptic
fragments were copied several times, with each time one
residue from the N-terminus removed resulting in a peptide
ladder down to a minimum length of six residues, the minimum
length that will be observable by the mass spectrometer. To
remove redundancy and distinguish the ladder peptides from
the original IPI human entries, all original protein N-termini
were removed. The newly generated FASTA database contained
all possible shortened N-termini of all proteins in the IPI
human database that could be detected by the mass spectrom-
eter. The size of this database was approximately 6 GB
compared to the initial human IPI database of 40 MB. To
reduce size, false-positive rates and increase search speeds the
database was split into three sections. Each peptide was given
an identifier based on tryptic fragment and number of amino
acids removed from the original peptide (IPlidentifier_tf #tryptic-
fragment_#removed residues_name of section database). The
first section database contained all possible N-termini for the
first 150 amino residues of the proteins. The second database
contained the N-termini for amino acids at postions 150-300,
and the third database contained the remaining set of termini
from residue 300 to the end. An additional database was created
in a similar fashion for potential new C-termini, but this was
restricted to the final 150 amino acids of each protein. The four
section databases were used for the identification of unpre-
dicted N-acetylated and C-terminal peptides from the LC-MS/
MS analyses as described above in “protein identification”. The
239 N-acetylated and 227 C-terminal peptides identified in the
search against the new databases were added to the human
IPI database to create an augmented database. This augmented
IPI human database was used for a second search using the
above mentioned stringent parameters, and the results were
evaluated manually.

Identification of Protein Termini Regardless of Their
Annotation in Protein Databases. The iterative search of the
fractions 6* and 7* using a peptide tolerance of 2.5 ppm and a
significance threshold of p < 0.01 resulted in the identification
of 263 IPI annotated and 87 unpredicted N-acetylated and 168
IPI annotated and 193 unpredicted C-terminal peptides (Figure
1b). Note, a number of identifications made in the first search
against the modified semi-tryptic database were lost. The
Mascot score corresponding to a p value of 0.01 was 25, and
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Figure 1. Targeted analysis of in vivo acetylated N-termini and unmodified C-termini. (a) Membrane proteins of human embryonic
carcinoma NT2/D1 cells were digested using the endoproteinases Lys-C and trypsin. The proteolytic peptides were fractionated by
SCX at low pH, analyzed by LC-MS/MS, and identified by Mascot searches of the IPI human database. The bulk of N-acetylated and
C-terminal peptides eluted after 6-7 min (= fractions 6 and 7) from the SCX column. Eighty and 36 predicted N-acetylated (blue) and
16 and 10 predicted C-terminal (green) peptides were identified, respectively (left y-axis). Together, they represented 91 and 96% (red,
right y-axis) of the total number of unique peptides in each fraction. Eighteen predicted N-acetylated and 42 predicted C-terminal
peptides eluted not until 11-15 min from the SCX column. These peptides carried more than one positive charge due to tryptic
miscleavages or His residues. Their appearance in the later fractions underscores that the selective recovery of N-acetylated and
C-terminal peptides by SCX fractionation depends on the integrity of the tryptic digest. (b) For a comprehensive analysis of IPl annotated
and unpredicted N-acetylated and C-terminal peptides 5 times more material of the SCX fractions 6 and 7 was reanalyzed by LC-MS/
MS using a longer RP-HPLC gradient (120 min) and identified by Mascot searches of the augmented IPl human database (Figure 2). In
total, 350 N-acetylated (blue) and 361 C-terminal (green) peptides were identified representing 88% of the total number (804) of identified
unique peptides in these fractions (6*,7%).

peptides with a score below 30 were evaluated manually. augmented IPI human database, we found no N-acetylated
Identifications with significant b- and y-ion series were ac- reversed peptide sequence (an apparent false discovery rate
cepted, while low-quality spectra were rejected. The exact of 0%) (Table 1). In comparison, 10 N-acetylated reversed
numbers of peptides identified in the subsequent steps of the peptide sequences were found in the semi-tryptic search of the
iterative search are given in Table 1. Performing a search in a concatenated target and reversed IPI human database (3.8%
database concatenated of the augmented and the reversed false discovery rate). Hence, our iterative database search
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Table 1. Summary of the Number of Identifications and the (Mascot Defined) Confidence Levels for the Semitryptic and the

Iterative Database Search Strategies?

semi-tryptic search in the human IPI database

details in Supporting Information Table 2A all peptides

N-acetyl peptides C-terminal peptides

total number of unique peptides 887
Mascot score according to p < 0.01 >40

222 (301 before evaluation) 93

iterative search in the augmented human IPI database

details in Supporting Information Table 2B all peptides

N-acetyl peptides C-terminal peptides

total number of unique peptides 1084
number of unique annotated peptides 804
number of unique unpredicted peptides 280
Mascot score according to p < 0.01 >25

350 (372 before evaluation) 361
263 168
87 193

semi-tryptic search in a database concatenated of the human IPI and the reversed human IPI database

details in Supporting Information Table 2C all peptides N-acetyl peptides C-terminal peptides
total number of identified unique peptides 762 263 81
false-identified reversed sequences 38 10 0
false-positive rate (%) 4,99 3.80 0.00
Mascot score according to p < 0.01 >43

iterative search in a database concatenated of augmented human IPI and

reversed augmented human IPI database

details in Supporting Information Table 2D all peptides

N-acetyl peptides C-terminal peptides

total number of unique peptides 729
false-identified reversed sequences 19
false-positive rate (%) 2.61
Mascot score according to p < 0.01 >28

324 351
0 1
0.00 0.28

“ Given are the numbers of peptide identifications from the semi-tryptic search in the human IPI database and the iterative search in the augmented
human IPI database. Given for the determination of the false-positive rates are the numbers of peptide identifications from the semi-tryptic search of the
database concatenated of the IPI human and the reversed IPI human database and the iterative search of the database concatenated of the augmented IPI
human and the reversed augmented IPI human. The full underlying Mascot search results are listed in Supporting Information Table 2, sheets (A), (B), (C),
and (D). Please note that the number of N-acetylated peptides identified by the iterative search drops from 350 in the augmented IPI human to 324 in the
database concatenated from the augmented IPI human and the reversed augmented IPI human. This was due to the increased size of the database and
the rise of the score according to p < 0.01 from 25 to 28. In the latter search, the missed peptides were identified with scores below 28.

strategy performs better with regard to the number and the
confidence of the peptide identifications. The unexpected high
number of identified unpredicted terminal peptides substanti-
ates the problem of incomplete annotation of protein termini
in databases and the need for search strategy that takes into
account truncated protein N termini.

Identified Unpredicted N-Acetylated Peptides. To test the
reliance of the identifications in the augmented database, we
compared the sequences of the identified IPI annotated and
the unpredicted N-acetylated peptides. The full sequences of
all identified N-acetylated peptides are given in Supporting
Information Table 3A,B as well as part of a comprehensive
database that includes spectra which is downloadable (see
Methods). In the eukaryotic cell, Met cleavage by methionine
aminopeptidases (MAPs) and/or N-terminal acetylation by
N-terminal acetyltransferases (NATs) occur cotranslationally
when 20-50 amino acid residues extrude from the ribosome.**°
Only general sequence requirements for N-acetylation by three
of the five known eukaryotic NAT enzymes have been
suggested®'*? with most notably Met, Ala, Ser being abundant
as the N-terminal residue and Asp and Glu being abundant as
penultimate residues. We determined the occurrence of each
amino acid at the N-terminus and the three penultimate
residues in the 350 identified N-acetylated peptides. The
sequences of the 263 IPI annotated N-acetylated peptides
strongly confirmed the suggested criteria for N-acetylation by
NATs (Figure 3a). Met, Ala, Ser and to a lesser extent Thr, Cys,
Val, Gly showed an abundant occurrence as N-acetylated
residues. Asp and Glu were frequent residues at the penultimate

position. For the residues in positions 3 and 4, no contributive
influence on the N-acetylation could be deduced. We next
evaluated the sequences of the 23 unpredicted N-acetylated
termini that originated from the first 40 residues of an an-
notated protein isoform because signal cleavage generally takes
place within residue 15-40 of a protein. Interestingly, the
sequences also matched the N-terminal acetylation criteria. Ala,
Phe, Met were the most frequent N-acetylated residues,
whereas Pro, Asp, Gln, Ala, Glu were prevalent in the penul-
timate position. The variability of the sequences was more
prominent in the 64 unpredicted N-acetylated peptides that
originated from cleavage between residue 41 to the C-terminus
of an IPI annotated protein isoform (Supporting Information
Figure 1). Since N-acetylation by NATs takes place at the
ribosome while signal cleavage occurs in various cellular
compartments, we hypothesize that the observed unpredicted
N-acetylated termini are generated by two different biological
processes: (1) peptides matching the NAT acetylation criteria
result from cotranslational N-acetylation by NATs after alterna-
tive intronic transcription or mRNA splicing, and (2) termini
not matching the NAT acetylation criteria result from post-
translational processing. Evidence for post-translational N-
acetylation exists, but the nature of the responsible enzymes
is largely unknown.?' 3334 Interestingly, 7 of the 23 unpredicted
N-acetylated termini that originated from the first 40 residues
of an IPI annotated protein isoform and matched the NAT
acetylation criteria carry a Met at the position preceding the
unpredicted N-acetyl terminus in the IPI annotated sequence
(Supporting Information Table 3B, column G), indicating post-
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Figure 2. Iterative database search strategy for the targeted analysis of acetylated N-termini and unmodified C-termini of unpredicted
protein isoforms. (Upper panel) Initially, a new database was created containing all possible N-termini from the first 150 amino acids
of all proteins in the human IPI database. Each protein in the human IPI database was cleaved in silico using trypsin. From the tryptic
fragments, single residues were cleaved off in a stepwise manner resulting in N-terminal ladders of peptides with a minumum length
of six residues. Each peptide was given an identifier based on the IPI entry, the tryptic fragment, the number of amino acids removed
from the original peptide and the split section or terminus. (Middle panel) The new database was used in the primary searches for the
identification of N-acetylated and C-terminal peptides from the more comprehensive LC-MS/MS analyses. To ascertain that these
unpredicted termini did not match an annotated peptide in the original human IPI database, the identified sequences were added to
the human IPI database. (Bottom panel) The augmented database was used in the final search of the spectra from the comprehensive
LC-MS/MS analysis for the conclusive identification of acetylated N-termini and unmodified C-termini of annotated and unpredicted
protein isoforms (bottom panel). The process was repeated for identifying potential N-termini originating from protein residues 151-300
and 301 to the C-terminus (not shown). Additionally, a similar search was performed for unpredicted C-termini using the final 150
amino acid residues of each IPI protein (not shown).
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Figure 3. Sequence comparison of annotated and unpredicted N-acetylated and C-terminal protein isoforms. (a) The occurrence of
each amino acid in the first four positions of the identified N-acetylated peptides was determined and normalized using the natural
amino acid occurrence in all proteins in the human IPl database. (Upper diagram) The sequences of the identified annotated N-acetylated
peptides confirm the criteria for in vivo N-acetylation with most notably Met, Ala, Ser being abundant and His being rare as N-acetylated
residue and Asp and Glu being abundant as penultimate residues. (Bottom diagram) The sequences of the identified unpredicted
N-acetylated peptides that originated from the first 40 residues of an annotated protein isoform also matched the N-terminal acetylation
criteria. In particular, Met and Ala were observed frequently and His rarely as N-acetylated residue indicating in vivo cleavage of
localization signals and subsequent N-acetylation of the identified unpredicted isoforms. (b) Two examples of unpredicted N-acetylated
isoforms that might serve a biological role. (COPB2) The observed unpredicted N-acetylated isoform of the coatomer subunit beta 2
lacks the first two of the six WD repeat of the annotated isoform domains which might affect the ability of the protein to form a
propeller structure. (Testisin) The observed N-acetylated isoform lacks the N-terminal signal and propeptide sequences and starts
exactly at the second of the three residues that form the charge relay system which might suppress the Testisin protease activity. ¥,
charge relay system; carbo, glycosylation site; GPI, glycosylphosphatidylinositol-anchor site. (c) The occurrence of each amino acid in
the four positions surrounding the potential C-terminus of the identified C-terminal peptides was determined and normalized using
the natural amino acid occurrence in all proteins in the human IPI database. The two final positions of the identified annotated (upper
diagram) and unpredicted (bottom diagram) C-terminal peptides show high variability, whereas Asp is frequently observed in the first
position of the missing C-terminal sequence. (d) Two examples of unpredicted C-terminal isoforms that indicate a role of C-terminal
processing in vivo. (Rab1) The two observed unpredicted C-terminal isoforms result from truncation at a conserved site and lack the
two lipid anchors that are required for the localization of the protein to certain cellular compartments. Po, phosphorylation site; lipid,
geranylgeranylation site. (HSP90A) The 2x2 observed unpredicted C-terminal isoforms originate from a combination of truncation
and/or processing at a conserved site of the protein family indicating specific in vivo truncation.
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translational cleavage and N-acetylation by enzymes similar
to the cotranslational MAPs and NATs.

The significance of in vivo protein N-acetylation is not fully
understood. Only a subset of N-acetylated proteins requires
acetylation for their individual function, localization, or stabil-
ity, whereas others are acetylated only because their terminus
happens to match the N-acetylation criteria.?>*! No N-terminal
deacetylation enzymes are known. To assess the potential
biological significance of the 87 unpredicted N-acetylated
isoforms, we examined the annotation of the proteins in
databases and sorted them into five categories (Supporting
Information Table 3B, columns H-L). For 10 unpredicted
isoforms, the observed N-terminus was previously described
but not correctly annotated in the human IPI database (cat-
egory 1). Four of these 10 known isoforms were even reported
to be N-acetylated. For example, a short isoform of RACKI, a
protein that regulates major nervous system pathways involved
in brain aging and various neurodegenerative diseases,® was
described but not IPT annotated. The short RACKI isoform is
known to undergo Met cleavage and N-terminal acetylation at
the peptide (M-)N-acetyl-TEQMTLR (Bienvenut et al., 2006,
unpublished observations), which we indeed found as unpre-
dicted N-acetylated terminus. These cases emphasize that our
database search strategy leads to the identification of genuine
in vivo isoforms. Our data might therefore be used to improve
the human IPI database. For four unpredicted isoforms, it was
suggested that the first amino acid in the IPI annotated
sequence is not the N-terminal residue of the protein in vivo
(category 2). For example, the N-terminus of the jerky homo-
logue protein, a putative DNA-binding protein involved in the
development of epilepsy, is unknown.*® Our study revealed that
the protein starts with N-acetyl-SYEVLK at residue 27 of the
annotated sequence. For four of the observed unpredicted
N-acetylated proteins isoforms were suggested to exist but not
fully characterized (category 3). The suggested isoform for
endothelin converting enzyme 137 differed only in three
residues from the start site N-acetyl-QGLGLQR, which we have
detected. Again, this might reveal wrong annotation of the
protein termini in the IPI human database. Ten unpredicted
isoforms represented hypothetical proteins, cDNA fragments,
or chromosome open reading frames (category 4). Little is
known about their appearance in vivo, and accordingly the
annotation of their N-terminus in the IPI human database is
prone to be incorrect. For example, the first 18 residues of the
annotated sequence of the hypothetical protein LOC346689*°
might not be synthesized in vivo. We found the protein to start
at residue 19 with the sequence N-acetyl-MEPVGSLVPTLEQPQV-
PAK, which matches the NAT acetylation criteria. Our strategy
may help increasing the confidence of such insecure annota-
tions. Fifty-nine unpredicted N-acetylated isoforms were to our
knowledge not reported previously (category 5). Seven of these
59 unknown isoforms start at vital regions of the annotated
protein such as post-translational modification sites, SNP
positions, or boundaries of functional domains. These cases
might indicate that an isoform exists in vivo, which dispenses
with the function of this vital region. For example, the coatomer
subunit beta is essential for vesicular trafficking from the Golgi
and contains six tryptophan-aspartic acid (WD) repeats that
can form a circularized beta propeller structure.*’4? The
isoform we have observed starts with N-acetyl-FEAHSDYIR at
residue 94, which is the exact end of the second WD domain
(Figure 3b). The lack of two of the six WD repeats in the
identified N-acetylated isoform will likely affect the ability of
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the protein to form the propeller. Another example is the serine
protease testisin, a tumor suppressor of testicular cancer that
is highly abundant in ovarian cancer.*®** The active site of
testisin consists of a charge relay system composed of the
residues His82, Asp137, and Ser238.*°> We identified an isoform
starting with N-acetyl-DIALVK at residue 137, which is the
second of these critical residues (Figure 3b). Truncation and
N-acetylation at this essential residue are very likely to suppress
the proteolytic function of testisin needed for malignant
transformation. The identified truncated protein might there-
fore represent a nonmalignant isoform.

Identification of a Novel Post-Translational Modifi-
cation: N-Propionylation. So far we have shown that N-
acetylated peptides are prominent in early SCX fractions.
However, the strategy is tailored for enrichment of any N-
terminally blocked peptide as long as the net charge of the
peptide remains +1. This is becoming a highly relevant feature
as highlighted by the recent finding that histones may be in
vivo modified by lysine propionylation and butyrylation,
thought to be carried out by acetyltransferases.*® Therefore,
we applied our iterative strategy on the the search for N-
terminal protein propionylation. The analyses lead us to
confidently identify five N-propionylated peptides in our data
set with a significance threshold of p < 0.01 and a peptide score
above 35 where four were present at the IPI annotated
N-terminus of a protein and one not at the expected N-
terminus (Supporting Information Table 4, Figure 4). Their
sequences match the NAT modification criteria, and three of
the identified proteins are nucleic acid binding proteins. This
result suggests that N-terminal propionylation may play a role
in vivo and underscores the utility of our iterative search
strategy for the analysis of protein termini

Identified Unpredicted C-Terminal Peptides. Similar to the
unpredicted acetylated N-termini, the high number of identi-
fied unpredicted C-termini might arise from alternative tran-
scription, splicing, or post-translational cleavage, but no cotrans-
lational processing of protein C-termini is known.*” In addition,
unspecific cleavage by proteases during in vivo degradation
might occur. Unspecific cleavage during in vitro sample
handling was suppressed by the use of protease inhibitor
cocktails but cannot be fully excluded. However, cleavage of
C-terminal signals is biologically relevant as illustrated by
peroxisomal proteins which carry their localization sequence
at the C-terminus.*® To assess the origin of the unpredicted
protein C-termini, we determined the occurrence of each
amino acid at the two final positions of the identified 361
identified protein C-termini. The full sequences of all identified
C-terminal peptides are given in Supporting Information Table
3C,D. The variability in these positions was high for both the
annotated and unpredicted C-terminal peptides, and no preva-
lence was observed (Figure 3c). Using the annotated protein
sequences, we next assessed the first two residues in the
sequence that was potentially cleaved off of the protein.
Interestingly, Asp showed a high occurrence in the first position
after the observed cleavage site indicating the presence of an
enzyme with Asp-N activity. However, Asp-N endoproteinase
has not been described in mammals. In human, proteases such
as memaprin-2, cathepsin-L, procollagen-C peptidase, and
various caspases cleave N-terminally of Asp but only in a
specific set of proteins.”® Detailed analyses are required to
determine the origin and potential biological impact of the
observed C-terminal isoforms. It can not be fully excluded that
the identified unpredicted C-termini result from unspecific
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Figure 4. (A) Annotated spectrum of the identified propionylated N-terminus of arginyl-tRNA synthetase that was identified with a
peptide score of 73 by our iterative database search strategy. Annotated spectra of the identified (B) acetylated and (C) propionylated

N-terminus of actin. The similarity of the spectra underscores that
strategy is valid.

proteolytic cleavage during sample handling, chymotryptic
side-activity of trypsin during the digest, or collision-induced
dissociation fragmentation in the source of the mass spec-
trometer. Still, the following examples of unpredicted C-termini
that lie in vital regions of proteins or are conserved among
members of protein families provide evidence that C-terminal
processing might serve a role in vivo.

the identification of the N-terminus and its two modifications by our

The B-cell receptor-associated protein 31 which potentially
regulates intracellular trafficking in neutrophils®® was observed
to end with DGPM(-KKEE) at position 240. The neighboring
signal KKEE in positions 242-245 was reported to prevent the
secretion of the protein from the ER.°“*? Therefore, the
detected isoform might represent the secreted protein after
KKEE signal cleavage. Remarkably, it was reported previously
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that another C-terminal cleavage fragment of this protein can
direct pro-apoptotic signals between the ER and mitochon-
dria.”® The selenoprotein K was observed in our analysis to end
with MAGG(-¢1®"°CGR) at position 91. The missing C-terminus
is special since it carries the rare amino acid selenocysteine at
the beginning. The role of selenocysteine in this protein
remains unclear, and no selenocysteine-specific proteases are
known. Strikingly, 3' untranslated regions of selenoprotein
genes carry a selenocysteine insertion sequence that is neces-
sary for the recognition of the codon UGA as a selenocysteine
codon rather than as a stop signal.>* The C-terminally truncated
isoform we detected could therefore be coded by a gene that
lacks the selenocysteine insertion sequence so that the UGA
codon was read as a stop signal. The two members Rab1A and
Rab1B of the RAS oncogene family®>® were detected with the
same unpredicted C-terminus (Figure 3d). Their sequences
QAFM(-TMAA) and QSFM(-TMAA) at the observed truncation
sites are highly conserved but differ at position —3. Interest-
ingly, the truncation leads to the loss of the two C-terminal
geranylgeranylated Cys residues that are essential but not
sufficient for the regulated recruitment of Rabl proteins to
certain membranes.>® The detected truncated variants also lack
the conserved GTPase region and might therefore represent
unfunctional isoforms or degradation species. Our strategy
could therefore help to decode cellular localization signals or
conserved degradation pathways. A double-truncation site was
observed for the molecular chaperones and potential antican-
cer targets HSP90A Al and B1.57 For both protein, we detected
two conserved isoforms that differed only by one acidic residue
(Figure 3d). The isoforms might therefore originate from a
combination of specific in vivo truncation and Asp cleavage of
HSP90A family members at the conserved site.

In the early SCX fractions, each protein isoform should be
represented by both terminal peptides. Indeed, for some
proteins we found an annotated and an unpredicted acetylated
N- or C-terminus, respectively (Supporting Information Table
5). For the voltage-dependent anion channel 1 (VDAC1), the
primary transporter of nucleotides, ions, and metabolites across
the outer mitochondrial membrane,*® we even observed an
annotated (N-acetyl-'AVPP) and an unpredicted (N-acetyl-
S3VTGS) acetylated N-terminus and a annotated (EFQA**%) and
an unpredicted (DACF**3-(SAKV)) C-terminus. From our ex-
periment, there is no information about which N-terminus
belongs to which C-terminus. In recent VDAC1 topology
models,*®° the unpredicted acetylated N-terminus is located
in the mitochondrial intermembrane space at the turn between
the second and the third membrane-spanning domain, whereas
the unpredicted C-terminus lies in the middle of the tenth
membrane-spanning strand. No such VDACI isoforms were
reported previously, but remarkably both truncations remove
one potential ATP binding site from the protein while leaving
the vital binding sites for kinases and the adenine nucleotide
translocase complex intact.

Discussion and Conclusions

Shotgun proteomics provides the most comprehensive iden-
tification of proteins from cellular lysates but generally fails to
characterize protein isoforms. This is most often due to the
scarce detection of terminal peptides during the mass spec-
trometric analysis of complex peptide mixtures and the in-
complete annotation of protein termini in protein databases.
Typically, researchers try to overcome the difficulties with
incomplete databases by using non- or semi-tryptic search
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parameters. However, such strategies produce a reduced level
of identification with poorer confidence in particular when
N-acetylation is considered. In a direct comparison to our
iterative two-step search method, semi-tryptic search condi-
tions indeed revealed to be far inferior with regard to the
number of identifications and the false-positive rate (Support-
ing Information Table 2). Our targeted analysis of SCX-
fractionated terminal peptides in the proteolytic digest of a
crude membrane fraction revealed the existence of a wide
variety of annotated and unpredicted in vivo acetylated N-
termini and unmodified C-termini. While the identified un-
predicted C-terminal peptides could in theory result from
unspecific protein degradation during sample handling, it is
unlikely that the unpredicted N-acetylated and N-propionylated
peptides are artifacts. It is against the odds that unspecific
N-terminal degradation followed by enzymatic transfer of an
acetyl group from acetyl-coenzyme A to the artifactual N-
terminus by a specific NAT enzyme takes place in the sample
or the source of the mass spectrometer.

The identified unpredicted terminal peptides, that is, protein
termini not annotated in the human IPI database, are missed
by routine strategies. Although approaches for the compre-
hensive characterization of terminal peptides from cellular
lysates have been described before, our method is unique in
that it leads to the simultaneous identification of annotated
and unpredicted N-acetylated and C-terminal peptides without
laborious chemical pretreatment or separation of the sample.
We aimed at the identification of protein termini of membrane
proteins of teratocarcinoma cells using the human IPI database,
but the method is generally applicable. SCX-enrichment can
be used for complex peptide samples from any source, and
our iterative search strategy can be easily adapted and auto-
mated for any protein database.

N-Terminal protein acetylation and its biological impact are
the subject of an increasing number of studies, while protein
C-termini have received relatively little attention so far. How-
ever, the determination of the C-terminus of a protein is
important not only for the identification of protein isoforms
but also in the research of enzymatic protein processing. A
growing number of proteases are known, but their biological
role in vivo is largely unknown.*® The identification of their
substrates and the characterization of their cleavage criteria
are an ongoing task in the new area of degradomics.®'®3
Tailored methods for elucidating C-termini are necessary to
completely unravel the “degradome”, and our method can
provide a useful base for the analysis of protein processing.

The characterization of protein termini is not only essential
for the correct annotation of proteins in protein databases but
is also of great value for the determination of protein-coding
gene boundaries and alternative transcription sites in genome
and transcriptome sequencing projects. Conclusively, our
targeted analysis of alternatively terminated protein isoforms
can support the correct annotation of genes and proteins in
databases and thereby help to further define the human
genome and proteome.
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