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Comparative Large Scale Characterization of
Plant versus Mammal Proteins Reveals Similar
and ldiosyncratic N-a-Acetylation Features™s

Willy V. Bienvenutt§, David Sumpton§, Aude Martinezt, Sergio Lilla§,
Christelle Espagnet, Thierry Meinnelty], and Carmela Giglionef

N-terminal modifications play a major role in the fate of
proteins in terms of activity, stability, or subcellular com-
partmentalization. Such modifications remain poorly de-
scribed and badly characterized in proteomic studies, and
only a few comparison studies among organisms have
been made available so far. Recent advances in the field
now allow the enrichment and selection of N-terminal
peptides in the course of proteome-wide mass spectrom-
etry analyses. These targeted approaches unravel as a
result the extent and nature of the protein N-terminal
modifications. Here, we aimed at studying such modifica-
tions in the model plant Arabidopsis thaliana to compare
these results with those obtained from a human sample
analyzed in parallel. We applied large scale analysis to
compile robust conclusions on both data sets. Our data
show strong convergence of the characterized modifica-
tions especially for protein N-terminal methionine exci-
sion, co-translational N-a-acetylation, or N-myristoylation
between animal and plant kingdoms. Because of the con-
vergence of both the substrates and the N-a-acetylation
machinery, it was possible to identify the N-acetyltrans-
ferases involved in such modifications for a small number
of model plants. Finally, a high proportion of nuclear-
encoded chloroplast proteins feature post-translational
N-a-acetylation of the mature protein after removal of the
transit peptide. Unlike animals, plants feature in a dedi-
cated pathway for post-translational acetylation of organ-
elle-targeted proteins. The corresponding machinery is
yet to be discovered. Molecular & Cellular Proteomics
11: 10.1074/mcp.M111.015131, 1-14, 2012.

As noted as far back as 25 years ago (1-3), protein N-a-
acetylation (NAA)' is one of the major protein modifications of
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acetylated; cTP, chloroplast transit peptide; dNAA, downstream N-a-

eukaryotes. Up to 90% of the proteins that accumulate at the
steady state display NAA (4-7). It was also identified, although
to a lesser extent (18%), in several Archaea (8, 9). This situa-
tion in eukaryotes and Archaea is markedly different from
prokaryotes, where only a few proteins undergo this modifi-
cation (10). Thus, it has been suggested that there is a link
between the degree of genome complexity of an organism
and the NAA extent of the corresponding proteome (11). NAA,
a co-translational modification occurring in close vicinity of
the ribosome (12-14), consists of the transfer of an acetyl
group from the acetyl coenzyme-A to the free N-terminal
group of the nascent polypeptide. This reaction is catalyzed
by several—at least six identified so far (15, 16)—N-a-acetyl-
transferase complexes (Nats). Although the corresponding
genes were initially identified in yeast (17), their orthologs
have been recently identified in humans (11, 18) and other
eukaryotes (15), as well as in Archaea (19). The major Nats, i.e.
NatA, NatB, and NatC, are specific to different substrates (10).
NatA acts after the excision of N-terminal methionine (NME),
whereas NatB and NatC target the initial Met (Met') when it is
retained and followed at position 2 by residues including Asp,
Glu, and Asn for NatB and large hydrophobic residues such
as lle, Leu, or Phe for NatC. Several recent large scale anal-
yses of N-a-acetylated (NAAed) proteins have been per-
formed in Saccharomyces cerevisiae (11, 20), Homo sapiens
(7, 11, 18), Drosophila melanogaster (6), Halobacterium sali-
narum, and Natronomonas pharaonis (8, 9). These studies
have started to uncover this modification at the proteome
scale leading to a better overview of the process.

NAA is an essential protein modification. Any gene inacti-
vation of any components of the Nat complex is associated
with oncogenesis and cell division defects in humans (21-24).
Partial inactivation induces a number of metabolic disorders
and apoptosis in mammalian cells (25-29). A recent study on
recessive male infant lethality identifies a specific mutation of
the NatA catalytic subunit (S37P variant) (24). This altered
complex still displays 60-80% of the wild type NatA activity
but appears to be lethal within few days after birth. Although

acetylation; dNAAed, downstream N-«-acetylated; SCX-LC, strong
cation exchange; NME, N-terminal methionine excision; Nat, N-a-
acetyltransferase; N-Myr, N-myristoylation; RP, reverse phase.
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NAA is associated to specific roles for several protein groups
such as cytoskeleton protein binding (30-32) or protein tar-
geting to a given compartment (33-35), its intrinsic function
has remained elusive for the large majority of the proteins.
Nevertheless, it was suggested that NAA is an important
factor influencing protein half-life either globally or in some
protein groups (4, 36-38). Most recently two studies have
significantly revisited the field of acetylation function and reg-
ulation. First, it was suggested that NAA contributes to cell
sorting by inhibiting protein to target the endoplasmic reticu-
lum (39). Thus, proteins devoid of NAA signal would be pref-
erentially guided to the secretory pathway in yeast. Next, it is
now suggested that NAA is not only controlled by the level of
the enzymes involved but mainly by the level of its substrate,
namely acetyl-CoA (40). Such metabolic regulation would be
crucial to promote, for instance, apoptosis in mammals.

NAA has been poorly studied in higher plants, and very little
information concerning this modification is available so far. In
this context, although large scale studies start to give a better
picture of the N-a-acetylome for a limited number of species,
200-300 NAAed substrates have been described until now in
higher plants (38, 41-43). Moreover, only one Nat catalytic
subunit, i.e. NatC, has been identified to date in Arabidopsis
thaliana. The associated NatC gene knock-out is specific to
plants because it is associated to a chloroplast defect fea-
tured by decreasing effective quantum yield of photosystem Il
and, as a result, impairing plant growth (44).

Although this modification is reported to be one of the most
frequent in higher eukaryotes (15), one wonders to what ex-
tent protein NAA is similar in plants because of the low num-
ber of substrates yet characterized. In this context, our anal-
ysis aimed to deepen our knowledge of NAA in the model
plant A. thaliana and to compare it with an animal system, i.e.
H. sapiens. Our main goal was to identify kingdom-specific
differences, if any. For this purpose, we improved and used a
strategy for the N terminus peptides enrichment based on
strong cation exchange-liquid chromatography (SCX-LC) and
tandem mass spectrometry (MS/MS), allowing simultaneous
identification of both the protein and the associated modifi-
cations (6, 7, 9, 11, 18, 38, 45, 46). Our investigation provides
the characterization of 1072 N terminus peptides related to
1007 proteins for the A. thaliana samples and 727 N terminus
peptides over 715 proteins for the human sample.

Most of the NAAed peptides characterized in the A. thaliana
sample are related to the expected co-translational modifica-
tion, but interestingly, ~30% of them are located further
downstream of the expected protein N terminus. In contrast,
less than 8% of the NAAed peptides from humans display
such a behavior. For Arabidopsis, most of these cases appear
to be related to chloroplast proteins encoded in the nuclear
genome and translocated through a targeting signal. Because
such NAA occurs at the neo-N terminus uncovered after the
cleavage of the chloroplast transit peptide (cTP), this modifi-
cation is clearly post-translational. Although a few similar

cases have been described before (38, 42, 47-49), NAA of
chloroplast proteins appears to be a widespread modification
in this organelle that has never been described before to this
extent. Substrate specificity appears to be close to the cyto-
solic NatA complex, suggesting a dedicated Nat occurring in
this organelle. Our unprecedented large data sets from both
Arabidopsis and human samples were further used to perform
an investigation of prediction accuracy for a number of tools
including (i) N terminus status prediction with TermiNator3
(41, 50), (ii) protein localization, (iii) cTP length prediction with
TargetP (51-53), and (iv) determination of whether such pre-
diction could be used to strengthen our experimental results.

EXPERIMENTAL PROCEDURES

Human and Arabidopsis Sample Preparation—Human A2780 cells
were grown in T75 flasks to 70% confluence. After few washes in
PBS, the cells were lysed adding in flask Nonidet P-40 lysis buffer
(150 mm NaCl, 1% Nonidet P-40, 50 mm Tris, pH 8, and EDTA-free
protease inhibitor). The cells were scraped off the walls, and the lysate
was centrifuged to remove debris (54). The supernatant was stored at
—20 °C.

A. thaliana cells (derived from Columbia ecotype) were used and
produced as described previously (55). Cultured cells were harvested
by centrifugation. Cells equivalent to 10 ml are mixed with 20 mg of
SDS, 150 mg of DTT, 100 mg of sodium carbonate, and 5 ml of water
and heated for 15 min at 95 °C. A. thaliana plant tissues were frozen
in liquid nitrogen and ground in a 2-ml microcentrifuge tube contain-
ing 3- and 5-mm iron beads for 1 min each, using a MM 300 mixer mill
at 30 Hz (Qiagen). The resulting fine powder was dissolved in 1 ml of
lysis buffer (50 mm HEPES, pH 7.2, 150 mm NaCl, 15 mm MgCl,, 1 mm
EDTA, 10% glycerol, 1% Triton X-100, 2 mm PMSF, and protease
inhibitor mixture) as previously described in Ref. 56 (Buffer D). The
homogenates were incubated at 4 °C for 20-45 min with shaking.
The supernatants were separated from the insoluble fraction by
centrifugation at 15,000 X g at 4 °C for 0.5-1 h. The resulting
supernatants were used to measure protein concentration by the
Bradford protocol (Bio-Rad) and were stored at —80 °C unless used
immediately.

Sample Preparation for MS Analysis—The protein samples were
precipitated with a 4X excess of acetone (v/v) at —20 °C for at least
1 h before centrifugation for 10 min at 13,000-15,000 X g. The pellets
were resuspended and denaturated in 6 M guanidine-HCI, 50 mm
Tris-HCI, pH 8, and 4 mm DTT, reduced for 15 min at 95 °C and finally
alkylated by the addition of iodacetamide (55 mwm) for 1 h at room
temperature. Proteins were precipitated by the addition of four times
the sample volume of cold acetone and centrifuge after 1 h at —20 °C
to remove salt and reagents. The protein pellet was resuspended in
50 mm ammonium bicarbonate. Proteins were digested by the addi-
tion of 1/100™ (w/w) of sequencing grade modified porcine trypsin
(Promega, Madison, WI) for 1 h at 37 °C twice. The peptides were
desalted by Sep-Pak (Waters, Milford, MA) solid phase extraction as
recommended by the supplier. The retained material was eluted with
80% ACN and 0.1% TFA followed by evaporation to dryness using a
vacuum centrifuge.

The peptide mixture was resuspended in SCX-LC buffer A (5 mm
KH,PO,, 30% ACN, and 0.05% formic acid) and injected into a
Summit LC system (Dionex, Sunnyvale, CA) equipped with polysul-
foethyl A200 X 2.1-mm 5-um 200 A column (PolyLC, Colombia, MD).
The peptides were eluted with a gradient of increasing KCI (SCX-LC
buffer B: 350 mm KCI in SCX-LC buffer A; 0-5 min, 0% B; 15-40 min,
5-26% B; 40-45 min, 26-35% B; and 45-50 min: 35-60% B).
Fractions (detailed in supplemental Table S3) were collected along
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the 50-min elution gradient and then dried down before storage at
—20 °C.

Sample Analysis by LC-MS—For each SCX-LC separation, the
individual collected fractions eluting before 20—25 min or their com-
bination (only used for the three technical replicates) were resus-
pended in 50 ul of 5% ACN and 0.1% formic acid and subjected to
LC-MS/MS analysis (resumed in supplemental Table S3). The se-
lected fractions (or their combination) were subjected to separation
on an Ultimate 3000 nano-RP-LC (Dionex). Five ul of the preconcen-
trated sample were loaded onto a PepMap100 trap column at a flow
of 20 ul/min of RP-LC buffer A (A: 5% ACN, 0.1% formic acid) and
then separated using a PepMap C,g 75-um inner diameter X 15-cm
analytical column over a 100-min gradient (nano-RP-LC buffer B:
80% ACN, 0.1% formic acid; 8-25% B in 70 min and then 25-50% B
in 30 min) at a flow of 300 nl/min. The nano-RP-LC was coupled to a
Q-Star XL (Applied Biosystems, Concorde, Canada), and Analyst
software was used for data-dependant acquisition. The basic survey
scan (1 s) from 400 to 1200 Da was followed by four Enhanced
Precursor lon scans (1 s). Acquired tandem mass spectra were ex-
ported from Analyst using the script Mascot.dll 7.6b23 (Matrix Sci-
ence, London, UK). MS/MS of same precursor mass within 0.1 Da
range were combined together for 60 s to avoid generating multiple
fragmentation pattern of the same precursor within a single analysis.

Alternatively, some experiments were conducted with an Or-
bitrap™ Velos (Thermo Scientific, Courtaboeuf, France). This instru-
ment was used for the technical replicates of the SCX-LC combined
fraction (Preparation At5) and for the selected SCX-LC fractions of the
plant tissues sample (Preparation At6) as detailed in supple-
mental Table 3. For both approaches, the survey scan was acquired
by Fourier-Transform MS scanning 400-2000 Da at 60,000 resolution
using an internal calibration (lock mass). For the first two technical
replicates, the 20 most intense ions were subjected to CID MS (top-
20) with a 30-s exclusion time. The third technical replicates targeted
the 10 most abundant ions for high collision dissociation acquisition.
Alternatively, each SCX-LC fraction (fractions 2-10) of preparation At6
was subjects of three repetitive acquisitions including a top-20 for
parent ions with charge states +2 to +5 and a second with charge
states +1 to +5 charges to favor the acquisition of the mono charge
precursors that appears to be frequent for NAAed peptides. Both
acquisitions were performed with an exclusion list related to the most
frequent contaminants such as trypsin autolytic products, siloxanes,
or polyethylene glycol (57). The third acquisition was performed ap-
plying high collision dissociation method on parent ions with charges
+2 to +5. The raw data were exported with Proteome Discoverer
(Thermo Scientific, Ver 1.1) in Mascot generic format files (*.mgf).

Data Processing and Result Validation—Exported files were sub-
mitted for protein identification and post-translational modification
characterization using Mascot 2.0 software. The databases used
were dependent of the sample: human subset of the UniprotKB/
Swiss-Prot (Uniprot release 15.6, 20234 entries, www.uniprot.org)
and The Arabidopsis Information Resource (TAIR) database for A.
thaliana (TAIR version 10, 35,574 entries, www. arabidopsis.org) (58).
The parent and fragment mass tolerance was defined to fit the ob-
served error ranges and are available in supplemental Table S3.
Because the proposed approach is commonly used for phosphopep-
tides enrichment but also NAAed peptides, a few different modifica-
tions should be investigated. After rapid prescreening of the data, we
could conclude about the presence of NAAed peptides (protein N
terminus but also at downstream position requiring a semi-tryptic
search), phorphorylated peptides, pyroglutamylated peptides (espe-
cially for the peptides with a GIn at the N terminus), protein N-
myristoylated peptides, methionine oxidation, and also cationized
artifacts (especially sodium adducts combined with the protein C
terminus peptides). Because of the limited number of peptides ex-

pected per protein, i.e. the NAAed peptide at least, any supplemen-
tary identification is highly valuable to strengthen the final protein
identification list. Furthermore, we observed that the mass combina-
tion of the NAA modification (42.010565 Da) combined with the po-
tassium cation (37.955882 Da) mimics the M, of a phosphorylation
modification (79.966447 instead of 79.966331 Da, AM, = 0.000116
Da) and is prone to false negative characterization of acetylated N
termini. Thus, our data treatment was designed to harvest most of
these peptides while preventing the tremendous increase of the cal-
culation time using a two-pass strategy optimized for co- and post-
translational modification characterization (supplemental Table S4).
The second carbon isotope ('°C) was considered only for the Q-Star-
related data. MudPit scoring was applied, and only ions with a score
higher than the identity threshold (determined for each data process-
ing file individually) at less than 1% of false positive discovery rate
(<1% false discovery rate using the decoy option in Mascot) were
considered for further investigation. These two data processing
passes were successfully used for the identification of various mod-
ification including NAA at the protein N terminus or downstream of the
protein theoretical N terminus (ANAA) and N-Myr.

Mascot outputs were exported in XML format and submitted to an
in-house script written in Python (version 2.5.2) using the library
xml.dom.minidom. The parsing function searches for modification
and identification of N or C terminus peptides. It collects all of the
peptides with modifications like acetylation, pyro-glutamylation, or all
free N and C terminus peptides at protein ends. For each protein, only
the highest score was kept when the same peptide was identified
several times with the same modification. For each peptide, the
following information is collected: protein AC number, sequence,
description, sequence of the peptide, and the associated modifica-
tions and positions.

Recent rules for experimental data validation in proteomics tend to
require at least two peptides for relevant protein identification. Be-
cause the present approach is based on the enrichment of the NAAed
peptides, in the worst case it could mean one protein identified by one
peptide, making it extremely difficult to obey these rules. Although it
has been shown that the protein N terminus sequence is highly
discriminant (59, 60), we decided to increase the robustness of our
study through strict false discovery rate lower than 1% and using
analytical and biological replicates. Unique peptides were further
manually checked and validated. The final protein lists highlight N-
terminal peptides in the different replicates that increase further the
confidence in the final protein list.

RESULTS

Tandem Mass Spectrometry Data Processing—SCX chro-
matography is able to discriminate peptides by their net
charge. Most protein N-terminal peptides, which are most
often blocked by NAA or to a lesser extent by N-Myr, are
barely retained on such columns and can be segregated from
internal peptides, which are unblocked and display an addi-
tional positive charge (see Ref. 45 for review). Using this fast
and reliable strategy, we aimed to compare the modification
profiles at the N termini of plant and human proteins. In the
course of the analysis, new information relevant to other pro-
tein modifications, e.g. phosphorylation, pyroglutamylation, or
protein C terminus peptides, were characterized. These data
were not investigated further but are available in supple-
mental Table S5.

The A. thaliana samples were the subject of six experimen-
tal replicates, of which five preparations were obtained with
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TABLE |
Result summary for the different N termini characterized for both the Arabidopsis and the human sample

The NME percentage is the ratio of the modified proteins over the number of identified proteins, whereas the percentage of the different N
termini is the ratio over the sum of all of the N termini characterized. Because a few proteins were identified with more than a single downstream
NAA peptide (especially for the Arabidopsis sample), percentage values exceed 100%.

Modified peptides

Identified proteins

Modification - - - -
A. thaliana H. sapiens A. thaliana H. sapiens
Hits % mod Hits % mod
NME 542 68.6% 489 72.6% 790 674
Free NT 13 1.6% 36 4.9%
N-Myr 5 0.6% 3 0.4%
Protein NTA 777 98.4% 648 87.3%
dNTA 277 25.8% 55 7.4% 224 55
Total 1072 742 1007 715

suspension cells and one with whole seedling lysate. One of
the suspension cell preparations was used to perform tech-
nical replicates for the MS analysis. The data of interest, i.e. N
terminus peptides, related to the experimental and technical
replicates are available in supplemental Table S1 (N termini
worksheet). The human samples were subjected to two dis-
tinct preparations using the same cell lysate. Each of these
preparations was fractionated by SCX-LC and then charac-
terized by LC-MS/MS. All of the acquired data for a single
preparation were pooled together and searched as a unique
data file. The experimental replicates (supplemental Table S2,
N termini worksheet) list the characterized N termini for each
SCX-LC experiment.

Although the characterization of the N-terminal status of the
protein and especially NAA is the main goal of this study, the
approach used here has been previously used for phospho-
peptide enrichment and as mentioned earlier for the charac-
terization of C terminus peptides and N terminus pyroglu-
tamylated peptides (61). In depth investigation of the
remaining unmatched spectra uncovered other co- and post-
translational modifications or numerous artifacts such as so-
dium and potassium peptide cationization (62). These modi-
fications included N-Myr and NAA located downstream
(dNAA) of the expected protein start position (i.e. the Met
residue or the proximal residue at position 2 if the initial
methionine undergoes NME) from genome annotation. A total
of 5707 and 2431 peptides were characterized and extracted
from the raw Mascot output considering all analyses of the
Arabidopsis and human samples, respectively. Because of
our approach related to the enrichment of the N terminus
peptides, some of these proteins are related to a single nonre-
dundant peptide that was frequently characterized in multiple
SCX-LC fractions. These multiple characterizations related to
distinct events, i.e. multiple acquisitions within a run or along
different SCX-LC fractions or sample preparations, increase
the reliability of such identifications. Thanks to these technical
and experimental replicates, more than 80% of the proteins
were identified by more than one unique peptide occurrence
with a Mascot score higher than the identity threshold (false
discovery rate < 1%).

N-terminal Modifications— A total of 1072 and 741 N termini
for A. thaliana and H. sapiens, respectively (summarized in
Table | from data listed in supplemental Table S1 and S2),
were identified and assigned either to NME, NAA, unmodified
N terminus, or N-Myr. The human NAAed characterized pep-
tides were compared with the few recent studies targeting
such modification (7, 11, 63) and the TopFind database, which
lists N-terminome experimental data for a few organisms (64).
A total of 635 of 703 acetylated peptides (NAAed and
dNAAed) were previously characterized along these studies.
Additionally, 73 NAAed peptides were newly characterized, of
which 20 were located downstream of the expected protein
start position. Altogether, a list of 1988 NAAed peptides were
identified within these different studies, of which 232 are
located downstream of the expected position (11.7%). This
ratio appears to be slightly lower in this study, with only 55
dNAAed over 703 NAAed peptides (7.8%). This data compar-
ison not only confirms the previous data in a one-shot analysis
but also the robustness of our approach. In addition, this
comparison points out the relevance of our workflow in the
course of characterizing further new NAA in any organism.
With Arabidopsis, a similar comparison performed against
TopFind (only two instances so far) and other sources not yet
indexed in this database (41, 42, 62, 65) revealed that the vast
majority (i.e. 871 over 1007 proteins, 86.5%) were new (sup-
plemental Table S1, subcellular localization worksheet).

As expected, NME is a frequent modification in both organ-
isms that covers ~70% of the data set (Table I). Because of
the SCX-LC enrichment step, NAA is another frequently en-
countered modification that covers most of the characterized
N terminus peptides. In addition to these 777 Arabidopsis
NAAed peptides, 277 peptides were found to be N-a-acety-
lated on a position of the proteins sequence downstream of
annotated position 1 or 2 (depending of the NME status of the
protein). Surprisingly numerous dNAA ranged from positions 2
to 409 for A. thaliana (277/1072 instances, i.e. 25.7%), and
positions 2 to 344 for the human sample (53 of 727 instances,
i.e. 7.3%) were characterized in this study. In Arabidopsis, if
chloroplast imported protein could explain most of the dNAA
(at least 184 of 224, 82.1%), alternative starts, protein splice
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TABLE Il
Summary of the protein N terminus prediction using Terminator3 for NME, NAA, and N-Myr, applied to the experimentally characterized proteins
from both the Arabidopsis and human samples

Experimental results Prediction
Modification . . " ) . i e Matthews
True positive True negative False positive False negative Hits Specificity Sensitivity Accuracy .
coefficient
A. thaliana
NME 539 249 0 2 790 100% 100% 100% 0.99
NTA 718 12 1 57 788 92% 93% 93% 0.38
N-Myr 5 29 7 0 41 81% 100% 83% 0.58
H. sapiens
NME 479 177 13 4 673 93% 99% 97% 0.94
NTA 588 29 2 37 656 94% 94% 94% 0.62
N-Myr 3 4 2 0 9 67% 100% 78% 0.63

variants, and other co- and post-translational modifications
such as actin specific maturation (66) are likely to explain
most of the remaining “unusual” modified peptides for the
human sample as discussed later.

The present study also reveals a total of eight N-Myr pro-
teins, of which glutathione peroxidase 5 (At3g63080, GPX5), a
Vid27-related protein known as DEM2 (At3g19240), protein
fructose-2,6-bisphosphatase (At1g07110 and ATF2KP), a
phosphatidylserine decarboxylase (At4g25970 and PSD3),
and a 26 S proteasome regulatory subunit 4 for both the
Arabidopsis (At2g20140 and RPT2b) and the human samples
(P62191 and RPT2). Of note, several of these proteins
(At3g19240, At1g07110, and At2g20140) have been already
proposed as N-Myr. This indirect conclusion derived from
studies involving N-terminal octapeptides and the demonstra-
tion that they were substrates of NMT in vitro (67). In the
human sample, we also identified a guanine nucleotide-bind-
ing protein G, subunit «-2 (P04899 and GNAI2), a choline
transporter-like protein 1 (Q8WWI5 and SLC44A1). It is inter-
esting to note the identification of two homologous proteins
sharing 77% of identity between Arabidopsis RPT2b and hu-
man RPT2. Although N-Myr at the N-terminal of the human
RPT2 has been described before (68), our results show the
conservation of this N terminus modification along different
species such as humans, yeast (69, 70), and Arabidopsis.
Thus, our results confirm even more strongly the conservation
of such critical modification across distant species.

TermiNator3 N-terminal Co-translational Modification Pre-
dictions Accuracy—The Arabidopsis and human identified
proteins were submitted to in silico prediction for the modifi-
cations that occur at their N termini using TermiNator3 (4) to
assess the accuracy of the prediction. Only proteins for which
the N-terminal was characterized at position 1 or 2 were
retained for this investigation.

The overall TermiNator3 prediction for NME is highly accu-
rate (Table Il) for both the experimental Arabidopsis (100%)
and human samples (97%). However, the human sample set
showed few differences. Considering the 177 proteins that
retain the initial Met (no NME or partial NME), a small set (13
hits with no-NME and 5 with partial NME), which was wrongly
predicted, is related to proteins with Thr (10 of 18), Val (5 of

18), Ala (2 of 18), and Ser (1 of 18) at position 2. Indeed, Thr
and Val residues are known to have a negative influence on
NME efficiency and other amino acids beyond the penultimate
residue strongly influence the cleavage (Thr, Pro, Glu, Asp...)
making prediction sometimes difficult (50). In such cases,
partial cleavage is expected as observed for proteins P12236,
Q9GZS3, or QINPJS. Interestingly, the Arabidopsis proteins
with Val or Thr residues at the N terminus appear to be
correctly processed in either the cell or the plantlet samples.
Then the observed partial NME could be linked to the type of
human cell lines that were used in this study. If it is not the
case, this further supports the fact that MetAP2, the enzyme
in charge of this cleavage, is more limiting in humans than in
plants (71). This could explain why it is possible to inactivate
this enzyme in plants and not in animals (72, 73). Of note,
these polypeptides retaining the first Met, although they do
have a Thr or a Val at position 2, were found to be NAAed on
the Met residue that does not correspond to a clear Nat target
(14).

Dealing with NAA predictions, the accuracy of TermiNator3
is higher than 93% for both species (Table Il), which confirms
the ability of this tool to predict correctly the status of both
plant and human N termini at the proteome scale. For both the
Arabidopsis and the human sample, the remaining proteins for
which the prediction is not in agreement with the experimental
result can be divided in two different subclasses: (i) N termini
with NAAed Gly at position 2, which are predicted to be
unmodified or N-Myr (supplemental Fig. S1) and (ii) potential
NatC substrates, i.e. proteins retaining the first Met (supple-
mental Fig. S2). This divergence of the two predictions could
be easily explained by the different modifications that could
occur in parallel for the Gly residues, i.e. free N terminus, NAA,
and N-Myr. This increases the difficulty to identify a clear
pattern for the Gly residue, as well as a clear pattern for the
NatC substrates penalized by their too low number to develop
robust prediction rules.

As anticipated, a low number of proteins were character-
ized with N-Myr in both species, i.e. five for the Arabidopsis
sample and three for the human sample; however, this is
expected with the low frequency of this modification (0.6 and
0.4%, respectively). TermiNator was constructed to know-
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TasLE IlI
Result summary of TargetP localization prediction and experimental localization extracted from UniProtKB for the human sample and various
resources (PPDB, SUBA, TAIR9, and AT_CHLORQO) for the Arabidopsis sample

NA, not applicable.

Experimental

protein set Predictions
Hits Percentage Mitochondrion Secreted Chloroplast Other
A. thaliana
TargetP Predicted hits 1007 52 37 231 687
% 5.2% 3.7% 22.9% 68.2%
Cytoplasm 43 4.3% 1 2 1 39
Mitochondria confirmed 26 2.6% 5 2 1 18
Secreted confirmed 0 0.0% 0 0 0 0
Chloroplast confirmed 193 19.2% 16 1 155 21
H. sapiens
TargetP Predicted hits 727 41 16 NA 670
% 5.6% 2.2% NA 92.2%
Cytoplasm 354 48.7% 18 3 NA 333
Mitochondria confirmed 13 1.8% 2 0 NA 1
Secreted confirmed 0 0.0% 0 0 NA 0

ingly overpredict this modification by a factor of two (41, 67)
(e.g. among the 12 potential candidates retrieved, only five
could be experimentally verified as N-Myr). Although this
modification is extremely difficult to predict so far, all exper-
imentally characterized N-Myr proteins were correctly pre-
dicted with an accuracy of 83 and 78% for Arabidopsis and
human sample, respectively. It is interesting to notice that all
eight characterized N-Myr proteins have a Ser residue at
position 6 (supplemental Fig. S3). This residue is known to
strongly enhance the likelihood of modification as previously
demonstrated by an in vitro investigation (67), which tends to
confirm this in vivo result despite the low number of cases
available.

Thus, the overall prediction for NME, NAA, and N-Myr using
TermiNator is excellent and gives reliable information of the
protein N terminus status in both Arabidopsis and human sam-
ples; however, a few scenarios need to be further improved,
such as predicting NatC substrates as expected and previously
noticed (41). Hence, because this type of substrate is rare, i.e.
10.8% (1205 of 11,117) and 12.1% (4252 of 35,095) for Arabi-
dopsis and human, respectively (determined theoretically from
the UniprotKB/Swiss-Prot human subset and TAIR10 protein
sequences) and may be related to low abundant proteins (5), not
enough experimental data were available to develop reliable
rules that impact directly the accuracy for this prediction. Al-
though the results of our study were initially expected to con-
tribute to the improvement of prediction rules, the number of
substrates identified is still too limited (24 of 790 for Arabidopsis
and 29 of 674 for humans) and a negative training set, i.e. NatC
substrate that are not NAAed, is still needed. To do so, naturally
non-N-acetylated proteins should be recovered as well.

Subcellular Localization Prediction—Prediction for protein
localization, e.g. secretion, chloroplast, or mitochondria, is
still a challenging task. Because of the various maturation or
import processes, the N terminus of the protein could be
truncated. In our study, the fact that we were able to deter-

mine precisely the N terminus status of each identified protein
and especially the position where the mature protein starts is
highly informative. This is highly valuable information allowing
us to distinguish whether a given protein is or is not subjected
to targeting toward another compartment especially for the
Arabidopsis proteins where chloroplast import mechanisms
play a crucial role. Localization was predicted using TargetP
(51) against both sample sets and ChloroP (53) against the
Arabidopsis set to determine also the transit peptide length
(Table lll and supplemental Table S1 and S2).

For the human sample, 41 proteins (5.6%) were predicted
to be mitochondrial, and 16 (2.2%) were secreted (Table lll). If
one relies on the available UniprotKB annotations, it appears
that only a third is annotated as mitochondrial proteins (13 of
41), and none are known to be secreted. For the Arabidopsis
samples, TargetP results highlight the predominance of chlo-
roplast-targeted proteins (231 over 1007; 22.9%) versus mi-
tochondrion (52; 5.2%) and secreted ones (37; 3.7%). Al-
though the prediction for the secreted and mitochondrial
proteins are not confirmed by the available annotation in
PPDB (Plant Protein DataBase (74)), SUBA (SubCellular Pro-
teomic Database (75)), AT_CHLORO (65), or TAIR, 150 of 231
have been shown experimentally to be localized in the chlo-
roplast. If no conclusion could be drawn for TargetP predic-
tions efficiency against mitochondrial and secreted proteins
because of the low number of candidates, it appears to be
reliable for our data set of chloroplast localized proteins with
a prediction accuracy of 89% (specificity, 84%; sensitivity,
96%; Matthews correlation coefficient, 0.77; true positive =
155, true negative = 254, false positive = 47, false negative =
6). This favors the idea that most of the predicted chloroplastic
proteins are indeed localized in the chloroplast and validates
thereby that the occurrence of the cleavage of a transit peptide
and the presence of a dNAA modification are highly relevant.

Thanks to the large number of predicted and confirmed
chloroplast proteins combined with the experimental localiza-
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TABLE IV
Result summary of the cTP length prediction using TargetP versus experimental characterized sites

The experimentally characterized proteins are split in two categories related to the number of cTP cleavage sites found per protein. For each
subgroup, we compare the average experimental length and the average TargetP prediction. These two experimental subgroups are not

significantly different (Student’s t test, p < 0.1).

Number of  Number of Min cTP Max cTP Ave.rage TargetP predicted  Prediction discrepency
roteins  cleavage sites length length experimental cTP length (exp — Theo length)
P cTP length
Single cleavage site 164 164 20 159 57 £+ 21 53 + 16 4 +21
Multiple cleavage sites 37 85 24 123 62 + 20 58 + 14 4 =17

tion of the transit peptide cleavage site related to the chloro-
plast import mechanism (76), we determined the accuracy of
ChloroP prediction for cTP length. Because we characterized
some of these proteins with multiple cTP cleavage positions
for a unique protein (up to five positions for At1g15500.1), we
tried to determine whether the two subsets had significant
cTP length differences. We defined two subsets in relation to
this characteristic and compared the experimental cTP length
to their predicted values. Because some of the proteins iden-
tified with a dNAA were not all related to chloroplast targeted
protein, e.g. alternative starts or protein splice variants, and
because of our wide distribution of cleavage site position, we
decided to restrict the data set to proteins with cleavage in
between positions 20 and 200 in accordance to previously
published cTP average length (38, 42, 53) (supplemen-
tal Table S6). Thus, the average lengths of the transit peptide
for both subsets are similar with 57 = 21 (n = 164) and 62 =
20 (n = 85) residues for single and multiple cleavage sites,
respectively (Table V).

Note that the difference with the ChloroP prediction (sup-
plemental Table S6) is four residues upstream of the experi-
mentally characterized cleavage site for both the single and
multiple cleavages protein subsets. Globally, only half of the
predicted sites are within three residues around the
experimentally characterized ones (supplemental Tables
S1 and S6). Although TargetP tends to predict correctly chlo-
roplast localization in A. thaliana, ChloroP determination of the
cTP length is less accurate and subject to major discrepancy
between the experimental results and the predicted values.

In Silico Identification of Arabidopsis N-Acetyltrans-
ferases—Because of the recent effort (15) to classify and
define a relevant nomenclature of Nats, we decided to inves-
tigate and to identify the catalytic subunits of the main Nats in
different plants including Populus trichocarpa, Chlamydomo-
nas reinhardtii, Medicago truncatula, and Vitis vinifera. Based
on the major human and yeast sequences, we extracted the
orthologous genes using BLAST approaches for few relevant
species closer to the human than the previously defined
plants such as D. melanogaster or Danio rerio, highlighting
sequence divergences along species evolution. We also in-
cluded the sequence of the Nat characterized in Archaea (19)
and those involved in the acetylation of Escherichia coli ribo-
somal proteins (77, 78). Finally, all of the in silico-predicted A.

thaliana acetylases were also included in the final set of pro-
teins (supplemental Table S7) and aligned with ClustalW. The
associated phylogram (Fig. 1 and supplemental Fig. S4) high-
lights several subgroups clearly related to NatA, B, C, D, E,
and F, including the selected gene products as probable plant
acetylases candidates. It also appears clearly that the previ-
ously characterized NatC catalytic subunit (44) (or NAA30)
clustered as expected with the NAA3O orthologous genes
from various eukaryotes and especially the human and yeast
copies.

DISCUSSION

Protein NAA is one of the major modifications found in
mammals and yeast proteins, but so far, this modification has
been characterized for only a limited number of plant proteins.
Our simplified approach using SCX-LC and targeting blocked
N-terminal peptides of both Arabidopsis and human samples
highlights the presence of a large number of NAAed proteins
in both species proving the conservation of this mechanism in
plants. This approach allows for the first time the character-
ization of more than 1000 nonredundant plant proteins N
termini, which corresponds to a strong boost of our knowl-
edge of the process and makes comparisons now statistically
relevant.

NAA has been investigated in few studies before (6-9, 11,
79), but this is the first report highlighting the characterization
of so many proteins for A. thaliana carrying this modification.
At the level of translated genes, WebLogo (80) visualization of
the N-terminome for Arabidopsis (TAIR10; Fig. 2A and sup-
plemental Fig. S5A) and humans (UniprotKB/Swiss-Prot: hu-
man subset; Fig. 2C) shows some similarities for the potential
Nat substrates between both species. This is further con-
firmed experimentally with the characterized NAAed proteins
for both the Arabidopsis (Fig. 2B) and the human sample (Fig.
2D). Clearly, the N-terminal sequence profile of TAIR10 (Fig.
2A and supplemental Fig. S5A) shows higher levels of hy-
droxylated residues and especially the Ser residues at the
N-terminal side of the proteins compared with the corre-
sponding human pattern (human subset of UniprotKB), where
Ala is mainly favored (Fig. 2B). This visualization was pro-
duced with all predicted Arabidopsis proteins that includes
the nuclear encoded chloroplastic proteins, of which the cTP
is known to be rich in such residues (53, 81). Proteins exper-
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Fic. 1. Phylogram of the catalytic subunits of the main Nats, i.e. NAA10 (NatA), NAA20 (NatB), NAA30 (NatC), NAA40 (NatD), and
NAAS50 (NatE), for various species. The orthologous sequences of the human genes were extracted using BLAST searches against D. rerio
(DANRO), D. melanogaster (DRONE), P. trichocarpa (POPTR), C. reinhardtii (CHLRE), V. vinifera (VITVI), M. truncatula (MEDTR), and A. thaliana
(ARATH) and have been added, as well as the S. solfataricus ortholog of NAA10 and RIMI from E. coli.

imentally characterized with NAA, usually located in the cyto-
plasm, do not show a more significant enrichment in Ser
residues (supplemental Fig. S5B), unlike the proteins with
dNAA, which are localized in the chloroplast (supple-
mental Fig. S5C). Although recent studies identified large
differences of residue distribution at position 2 between spe-
cies, e.g. D. melanogaster and humans (6, 7, 16), our results
further confirm the tendency to observe acetylated Ala resi-
dues at the N terminus of human proteins regardless of the
cell type (7, 11). Even though the chloroplast targeting signal

displays a higher Ser residue frequency at the N-terminal side,
the global NAA profile is more similar to that from humans
than those profiles coming from other species such as Dro-
sophila (6), yeast (11), or Archaea (9), which were strongly
divergent. No major bias is visible on the residue distribution
at position 2 between the proteome of both species (supple-
mental Fig. S6). This is unlike D. melanogaster where the Ser
substrate is predominant over the Ala substrates; this effect is
even more pronounced for the yeast or Halobacteria (Fig. 5 in
Ref. 7). Thus, it appears that the NAAed substrates for Arabi-
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dopsis are similar to the human ones both theoretically with
the predicted substrates (Fig. 2, A and C, and supplemental
Fig. S6) and experimentally (Fig. 2, B and D).

These results tend to support the existence of similar Nats
as the one characterized for human and yeast (15). Only a
single one has been characterized through the identification
of an A. thaliana phenotype affecting the efficiency of the
photosystem Il quantum yield (44) and associated to NatC
activity. Our effort to identify the Nat catalytic subunits for
Arabidopsis and other model plants was able to pinpoint
NAA10, NAA20, NAA30, NAA40, and NAA50 orthologous
genes (Fig. 1 and supplemental Fig. S4 and Table S7). Al-
though NAA11 was not found in plant, which was expected
because this protein has been described to be mammal-
specific (21), NAAGO (16) on the other hand seems to be less
specific because we found the orthologous gene in D. rerio,
but we were unable to identify any relevant genes in plant,
suggesting that this Nat is restricted to Euteleostomi (supple-
mental Fig. S4).

Although 777 over 1054 of the NAAed characterized pep-
tides are related to the expected co-translational NAA, 277
peptides (associated to 224 nonredundant proteins) have a
starting position located downstream the standard protein N
terminus. Although chloroplast imported proteins have been
previously described to be acetylated after the cleavage of the
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cTP (38, 42, 47), our current study gives for the first time an
idea of the extent of this modification in this organelle with
more than 220 characterized proteins. Although some previ-
ous studies (38, 42) suggest that the NAA is a post-transla-
tional modification on a limited number of chloroplast im-
ported protein, the present results clearly highlight the high
occurrence of this modification in the chloroplast compart-
ment. Because these polypeptides are imported and pro-
cessed to remove the cTP during their chloroplast transloca-
tion, it appears that the acetylation of these neo-N termini is a
widespread protein post-translational modification in the
chloroplast. The modified neo-N termini or dNAAed residues
appear to be predominantly Ala, Ser, Val, and Thr (Fig. 3).
These residues are also the preferential substrates of the
conventional NatA with some restriction for the Val, which is a
known substrate but is subject to numerous exceptions (5)
during co-translation modification. This higher frequency for
Val NAA is mostly linked to preferential localization of the cTP
cleavage sites on such residues inducing a bias in frequency
of the Val substrate but with still being compatible with the
specificity of the NatA. Although several predicted acetylases
appear to be imported into the chloroplast (supple-
mental Table S7), none of these gene products shared signif-
icant homology with the NatA group or similar catalytic mem-
ber, e.g. E. coli RIM (ribosomal protein acetyltransferase) or
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Fic. 3. Sequence logos of the cTP cleavage sites related to the experimentally characterized dNAAed chloroplastic proteins. A,
proteins with a single cTP cleavage site (n = 170). B, proteins with multiple cTP cleavage sites (n = 85). Each protein is represented with as
many sequences as experimental cleavage sites characterized. C, IceLogo for the comparison of the sequences used in the two previous
sequence logos, i.e. single (A) versus multiple (B) cleavage sites. cTP cleavage site occurs between residues —1 and +1.

Sulfolobus solfataricus Ard1 (supplemental Fig. S4). There-
fore, it has not been possible to propose a potential
candidate.

dNAAed protein subset was a sample of choice to test the
prediction accuracy of localization tools and transit peptide
length such as TargetP and ChloroP. The overall TargetP
prediction is correct with more than 90% accuracy for the
chloroplast localization, but it appears that ChloroP perform-
ance to predict cTP length is not very accurate, with only half
of the correctly predicted sites within a three-residue error
margin (supplemental Tables S1 and S6). Interestingly, a third
of the chloroplast targeted proteins characterized with dNAA
were experimentally identified with more than a single cleav-
age site. If most of these proteins have two vicinal cleavage
sites identified in close proximity, e.g. At4g18440 or
At2g30390, few of them were identified with up to five differ-
ent cleavage positions, i.e. At1g15500, distributed along a
string of 10 residues, i.e. At3g01120. Sequence comparison
of the single versus multiple cTP cleavage sites shows clear
difference for the Ala distribution around the cleavage site
(Fig. 3B) and especially between positions —1 to +4 (cleavage
position defined between —1 and +1). Direct sequence com-
parison using IceLogo (82) (Fig. 3C) of these two protein sets
confirms that Ala at positions —1, 2, 3, 4, and 5 are signifi-

cantly more frequent in the “multiple cleavage” set (p > 0.05).
Conversely, in the “single cleavage” set, residues such as
Thr=2 (residue at position —2) or Thr' are more frequently
observed. It is difficult to determine whether the higher fre-
quency of the Ala residues around the optimum sites tends to
favor multiple cleavages or whether the absence of the hy-
droxylated or acidic residues, i.e. Ser/Thr~', Thr', Glu?, or
Asp/Glu® destabilizes the interaction with the endopeptidase
involved in the cleavage. Although some proteins were char-
acterized with multiple cleavage sites, this does not impact on
the cTP length: 59 = 26 for the single cleavage site and 63 =
20 for the multiple sites. These cTP lengths are not signifi-
cantly different and are comparable with previously published
results (42). It is noteworthy that the cTP length determined
recently for C. reinhardtii was ~37 * 14 (38), highlighting
some important differences, suggesting potential divergences
between chlorophytic species and their chloroplast import
mechanism.

Because of the large number of proven chloroplast local-
ized proteins (Fig. 4A), it was even possible to create sub-
groups targeting the inner integral envelope (Fig. 4B), the
stroma (Fig. 4C), and the thylakoid (Fig. 4D). Despite the fact
that the sequence upstream of the cTP cleavage site is di-
rectly linked to the import machinery (83), it appears that
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Fic. 4. Sequence logo of the cTP cleavage sites related to all experimentally characterized nuclear encoded chloroplastic proteins
(n = 255) characterized with dNAA (cTP site position within 20-200) (A), chloroplast inner integral envelope proteins (n = 36) (B), plastid
stroma proteins (n = 73) (C), and thylakoid proteins (n = 27) (D). cTP cleavage site occurs between residues —1 and +1.

some residues are conserved and could be involved in alter-
native mechanism (Fig. 4A) such as Val™® also found in C.
reinhardltii (42). Furthermore, this specific residue is not pres-
ent in the chloroplast inner integral envelope proteins (Fig.
4B), suggesting that this position could influence the protein
translocation through the chloroplast envelope into the
stroma. The Arabidopsis stromal protein pattern (Fig. 4C)
exhibits some similarity with the logo obtained with C. rein-
hardtii (Fig. 2D in Ref. 42), stressing the influence of the
Val~*-Val~3-Ala~'-Ala’, as well as Ser °-Arg 8-Arg~” for
protein localization. Downstream of the cleavage position,
one site appears to be preferentially populated with Ser® (Fig.
4A) and was previously considered to be important for the
mechanism and the specificity of the N-a-acetylation (42).
Unfortunately, this residue is not conserved on integral enve-
lope (Fig. 4B) and is weakly conserved in thylakoid subset
(Fig. 4D), where Thr is also favored alternatively. Thus, this
Ser® may not be relevant for the acetylation mechanism but
mainly for the protein localization, i.e. stroma (Fig. 4D), which
corroborates the data of Zybailov et al. (42), in which only
stromal protein were targeted.

Ala’, as well as Ser' and Val' in a lower extend, appears to
be predominant in all subsets highlighting the crucial influence
of these residues for the NAA of the neo-N termini. Substrates
of this post-translational N-a-acetylation reaction appear to
be similar to the conventional NatA substrates (supple-

mental Fig. S7) except for the Val, which is more frequent
substrates for the dNAA. Because no known acetylases are
apparently encoded in the chloroplast genome, the Nat in-
volved in such modification must be an imported nuclear
encoded chloroplastic protein.

Although a vast majority of the characterized dNAAed pro-
teins are identified in Arabidopsis (chloroplast-located pro-
teins), some of them remain unexplained, especially those
identified in the human sample. Interestingly, for a large num-
ber of these human proteins, the dNAAed characterized pep-
tides show some similarity to the formal N-terminal protein
end with a Met or its vicinal residue uncovered after NME. For
a significant number of human dNAAed proteins, these N
termini suggest co-translational NAA on alternative protein
starts. Protein splice variants are known sources for alterna-
tive protein N terminus and could explain the fifth of these
dNAAed human proteins, whereas it deals only with few in-
stances in Arabidopsis (supplemental Tables S1 and S2).

Another source of protein N terminus variability is depen-
dent on alternative start mechanisms at the protein translation
level (84). This phenomenon producing alternative N termini
has been described with the so-called Kozak rules (85) for
which consensus patterns are defined: i.e. a(a/c)(A/G)A/
C)aAUGGc for plants (86, 87) and n(A/G)nnAUGG for humans
(84, 85). These rules could explain up to half of the charac-
terized human dNAAed proteins, whereas it could justify only
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few candidates for the Arabidopsis sample, i.e. At4g16510.1,
At3g44310.1, At5g13930.1, and At5g66100.1 (84-87). Al-
though the human consensus pattern appears to fit well the
coding sequence of our candidates (supplemental Table S2,
mRNA Alt. start investigation worksheet), it does not seem to
be that efficient with the Arabidopsis sequences where the
consensus pattern still needs further improvement (sup-
plemental Table S1, mRNA Alt. start investigation worksheet).
Interestingly, almost half of the human protein characterized
with dNAA were characterized among various experimental
sources as detailed in supplemental Table S2 (mRNA and
alternative start worksheet) (7) or UniprotKB, highlighting the
value of such an approach to identify the mature form of the
protein.

Recent development of the mass spectrometers allows
large scale studies to characterize co- and post-translational
modifications. Using SCX-LC, we enriched the NAAed pep-
tides from whole cell lysate of various Arabidopsis sample and
human cell lines with a total of 1072 and 727 nonredundant
peptides characterized. First, the performances of the predic-
tion tools for this type of modification were compared with our
experimental results. Arabidopsis and humans show very sim-
ilar theoretical and experimental substrate profiles for NAA
and TermiNator3 prediction proved to be a very accurate
prediction tool. Based on this knowledge, it was also possible
to propose by homology all genes for the catalytic domain
associated to this co-translational modification, which is also
well conserved in plants.

Furthermore, one-third of the characterized NAAed pep-
tides from the Arabidopsis sample were situated downstream
of the conventional predicted start. Our investigation high-
lights that at least 82% of these proteins were targeted to the
chloroplast (supplemental Table S1, subcellular localization
worksheet). During the import mechanism, these proteins
were processed and truncated, and the uncovered new N
terminus was N-a-acetylated post-translationally. Although
NAA was long considered to be a co-translational modifica-
tion, this study highlights it as a post-translational modifica-
tion for a large number of proteins, i.e. virtually all nuclear-
encoded chloroplast protein could be involved by this
modification. From these results, it appears that the Nat in-
volved in such acetylation reaction has an activity close to the
NatA because of its substrate type but was not identified.
Other dNAA have been characterized and associated to pro-
tein alternative start or protein splice variants mainly for the
human sample and wrong protein start prediction for the
Arabidopsis sample.

The present proteomics study highlights the importance of
protein N terminus characterization to better understand the
important mechanisms involved for the organelles, e.g. chlo-
roplast, and the interest of such experimental data for the
improvement of our knowledge in protein maturation mecha-
nism and particularly N-terminal co- and post-translational
modifications.
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