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N-terminal myristoylation, a major eukaryotic protein lipid modification, is difficult to detect in vivo and challenging to predict
in silico. We developed a proteomics strategy involving subfractionation of cellular membranes, combined with separation of
hydrophobic peptides by mass spectrometry-coupled liquid chromatography to identify the Arabidopsis thaliana myristoylated
proteome. This approach identified a starting pool of 8837 proteins in all analyzed cellular fractions, comprising 32% of the
Arabidopsis proteome. Of these, 906 proteins contain an N-terminal Gly at position 2, a prerequisite for myristoylation, and 214 belong
to the predicted myristoylome (comprising 51% of the predicted myristoylome of 421 proteins). We further show direct evidence of
myristoylation in 72 proteins; 18 of these myristoylated proteins were not previously predicted. We found one myristoylation site
downstream of a predicted initiation codon, indicating that posttranslational myristoylation occurs in plants. Over half of the identified
proteins could be quantified and assigned to a subcellular compartment. Hierarchical clustering of protein accumulation combined
with myristoylation and S-acylation data revealed that N-terminal double acylation influences redirection to the plasma membrane. In
a few cases, MYR function extended beyond simple membrane association. This study identified hundreds of N-acylated proteins for

which lipid modifications could control protein localization and expand protein function.

INTRODUCTION

N-terminal myristoylation (MYR) is a major eukaryotic protein lipid
modification that usually occurs cotranslationally, when the na-
scent chain emerges from the ribosomal tunnel (Wilcox et al.,
1987; Glover et al., 1997; Giglione et al., 2015). The myristoyl
moiety is added to the glycine in position 2, after removal of the
N-terminal methionine. MYR mainly functions to target proteins to
membranes, where myristoylated (MYRed) proteins interact with
partners to trigger signal transduction, although the lipid moiety can
also have other functions (Turnbull and Hemsley, 2017). MYR is
necessary but insufficient for stable protein membrane anchoring,
and stronger membrane associations are induced by a proximal
second reversible signal (Peitzsch and McLaughlin, 1993; Silvius
and I’'Heureux, 1994; Bhatnagar and Gordon, 1997) often provided
by attachment of another lipid, a palmitate, a polybasic motif region
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(PBR), or a protein-protein interaction domain (Running, 2014;
Turnbull and Hemsley, 2017). However, only MYR is needed to
localize proteins to the endomembrane compartment, while an S-
acylation (palmitoylation [PAL]) site, if embedded close to a MYR
site, contributes to plasma membrane (PM) relocalization (Traverso
et al., 2013b). MYR is considered an irreversible modification, but
MYRed proteins may undergo dynamic relocalizationinresponse to
the second signal (Lanyon-Hogg et al., 2017).

MYR is catalyzed by N-myristoyltransferase (NMT), an enzyme
family that adds a C:14:0 lipid to the N termini of a subset of
proteins displaying an N-terminal glycine (Gly) unmasked after the
action of methionine aminopeptidase (Breiman et al., 2016). There
are two NMTs in higher eukaryotes (NMT1 and NMT2) including
plants. NMT1 is the most abundant and active catalyst (Giglione
et al., 2015), including in Arabidopsis thaliana, in which NMT1
deletion is embryo-lethal and NMT2 deletion produces only
a weak phenotype (Pierre et al., 2007). Moreover, Arabidopsis
NMT1 regulates the functional and morphological integrity of plant
endomembranes (Renna et al., 2013).

MYR of the N-terminal Gly of a protein target only occurs when
the context of the residues following the first Gly (Gly2) is favorable
(Traverso et al., 2013a). Although superficially a simple constraint,
characterization of the MYRed proteome remains complicated
because (1) MYR is a difficult modification to predict using
available bioinformatics tools, which currently lack sufficient ac-
curacy, sensitivity, and specificity due to the vast prediction space
and very limited number of available experimentally validated
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Background: Living cells are encased in an oily barrier, the plasma membrane, made up of a double layer of lipids
and embedded proteins, and similar membranes surround organelles within the cells. Proteins continually move
across these membranes to reach the location they need to be to function properly. Some proteins reside
permanently in membranes, including those whose role is to help others get through, while others are transients,
passing through en route to another location. A device that cells use to target proteins to membrane compartments is
to add a small tag to the end of a protein made of a fatty acid called myristate. This tag acts as both a postal code
and a lipid anchor, often in association with another lipid (palmitate) — helping to deliver a protein to the membrane
and securing it there for as long as needed. Although these lipid tags are crucial for cell survival and hundreds of
proteins undergo myristoylation, only a few examples have been documented experimentally because membranes
are notoriously difficult to work with.

Question: How can we detect these anchor lipids and the proteins underdoing lipid modification, and how are they
distributed in different subcellular compartments?

Findings: We used mass spectrometry for massive protein identification and to assess how thousands of proteins
are distributed within different cellular compartments. We first purified various compartments and set the conditions
specifically to detect myristoylated (MYRed) and palmytoylated (PALed) proteins. We found an asymmetric gradient
leading most MYR proteins to the membranes and those with palmitate or a positively charged sequence to the
negatively charged part of the plasma membrane.

Next steps: We anticipate that this work will be of high interest to scientists in diverse communities since MYR is one of the most
crucial protein modifications in animals and plants. Since we report localization and lipidation information for a number of important
protein families, the results will influence research in many areas of cell biology, such as cell proliferation, cytoskeletal assembly,

programmed cell death, root and organ shape, seedliing development protein degradation, and intracellular vesicle trafficking.
| RRES - ae e e

sequences (Martinez et al., 2008; Traverso et al., 2013a); and (2)
commonly used MYR prediction algorithms such as NMT Pre-
dictor (Maurer-Stroh et al.,, 2002a, 2002b) and Myristoylator
(Bologna et al., 2004) were primarily developed using data from
fungi and animal NMTs, which do not always translate well to
predicting plant MYR (Lu and Hrabak, 2013). Nevertheless, score
and pattern analysis based on in vitro data of several dozen of
peptides assayed with Arabidopsis NMT1 predicted that ~2% of
the entire plant proteome undergoes this MYR (Boisson et al., 2003;
Martinez et al., 2008; Traverso et al., 2013a, 2013b). The Arabi-
dopsis genome contains 2587 predicted open reading frames
(MGxx set) that fulfilled the first prerequisite for MYR, namely, the
presence of an N-terminal Gly residue at position 2 (Gly2). Additional
criteria, including the presence of a positive charge on residue 7,
narrow the predicted myristoylome to 421 proteins (http://www.
i2bc.paris-saclay.fr/maturation/Myristoylome.html) (Boisson et al.,
2003; Boisson and Meinnel, 2003; Martinez et al., 2008).

The number of definitively characterized MYRed proteins in
plants remains limited, with only 43 identified to date in Arabi-
dopsis. Most of the data that are available originate from in vitro
enzymatic tests and/or in vitro transcription-translation experi-
ments performed with a radiolabeled myristate precursor, with
direct in vivo demonstration of MYR in only a handful of cases by
means of heterologous, transient overexpression of tagged
proteins (de Vries et al., 2006; Li et al., 2010; Witte et al., 2010).
However, MYRed peptides were not directly detected in these
studies, with direct MYRed peptide detection limited to in vitro
transcription and translation in wheat germ extracts of AtPOL and
AtArf1A1C proteins (Gagne and Clark, 2010; Yamauchi et al.,
2010). MYR is very difficult to detect and quantify experimentally
in vivo because (1) MYRed N-terminal peptides are hydrophobic
and irreversible, and (2) MYRed proteins localize to various cell

membranes (Hannoush, 2015). Although radiolabeling techniques
allow MYR validation in vivo, they preclude proteome-wide iden-
tification of native MYRed proteins. Fatty acid analogs featuring
reactive tags and click chemistry have recently been applied to
identify dozens of new MYRed proteins in several metazoa
(Hannoush, 2015). Unfortunately, this method has not yet been
successfully deployed in plant extracts, having been applied only to
a single reporter protein overexpressed in Arabidopsis protoplasts
and transgenic plants (Boyle et al., 2016). As a result, no proteome-
wide in vivo plant myristoylome has been yet reported. The favored
approach to detect MYR in plants relies on site-directed muta-
genesis of the putative myristoylable N-terminal Gly2 to Ala, which
prevents MYR. Differential localization of the two protein constructs
is then used as indirect evidence of MYR (Turnbull and Hemsley,
2017). There has yet to be comprehensive, high-throughput
identification of the subcellular MYRed proteome (Chen et al., 2004).

Here, we implemented a targeted proteomics approach in
various Arabidopsis membrane subproteomes from cultures
grown under dark and light conditions to characterize the sub-
cellular localization and MYR status of proteins in vivo. Extensive
subfractionation of cell membrane systems vastly increased the
dynamic resolution of mass spectrometry (MS). Moreover, bio-
chemical subfractionation was combined with high-resolution
separation of hydrophobic peptides by MS-coupled liquid chro-
matography (LC), with analysis complemented with a newly de-
veloped MS data-dependent acquisition method that allowed us
to specifically identify MYRed peptides. We compare our em-
pirically derived MS results to predictions based on the genome
sequence (e.g., ~27,500 proteins in the Arabidopsis proteome
[most recent estimates from TAIR10 and ARAPORT11],
2587 proteins in the MGxx set, and the subset of 421 in predicted
myristoylome). The quantitative MS analysis detected ~32% of
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the Arabidopsis proteome, including 51% of the predicted myr-
istoylome, mainly in PM and detergent-resistant membrane (DRM)
fractions. The accumulation of identified myristoylome (set of
MS-detected proteins with MYR predicted or detected directly) in
the PM and DRM fractions did not change significantly under light
and dark conditions. We provide direct evidence of MYR in vivo for
72 nonredundant proteins. Of note, 18 of these did not belong to
the predicted myristoylome, and in one case an internal MYRed
peptide was identified, strongly suggesting that posttranslational
MYR occurs in plants.

RESULTS

Arabidopsis Membrane Proteome Subfractionation with
Protein Identification and Quantification Using a Dedicated
MS-Based Pipeline

To search for MYRed proteins, we focused on subcellular fractions
suchasthe PMand DRM, since they are predicted to be enriched for
MYRed proteins (Morel et al., 2006) (see workflow in Supplemental
Figure 1). Liquid cultures Arabidopsis cells were grown in dark or
light conditions, and microsomal fractions (1Z) were prepared by
cell disruption and differential centrifugation for subsequent use for
PM, DRM, and Golgi vesicle preparation as previously described
(Graham, 2001; Jurgens, 2004; Marmagne et al., 2006, 2007; Morel
et al., 2006). To obtain an endomembrane-enriched fraction, the
dextran (Dex) phase from the PEG/Dex partition was analyzed
(Supplemental Figure 1). Total protein (Tot), Dex, uZ, PM, Golgi
vesicle, and DRM fractions under different growth conditions (e.g.,
TotL, total fraction grown in light) were subjected to quantitative MS
(Supplemental Figure 2). After removing ambiguous gene models
and assembling ambiguously identified protein families, the entire
set of detected proteins consisted of 8837 proteins, providing
substantial coverage of the Arabidopsis proteome (32%) and
featuring enrichment of membrane-associated proteins.

Specific antibodies against sucrose synthase, RbcL, and ATP
synthase (H*-ATPase) were used as markers of the cytosol,
plastid, and PM, respectively, and were dissimilarly distributed in
the different fractions (Supplemental Figure 3A). We also assessed
the accumulation of 20 proteins previously identified in PM and
DRM proteomics data sets or annotated based on individual
characterization (curated protein locations obtained from The
Plant Proteome Database [PPDB; http://ppdb.tc.cornell.edu] and
the literature) by label-free quantification, which showed the ap-
propriate predicted distributions (Supplemental Figure 3B). For
example, soluble chloroplast markers such as RbcL were iden-
tified in the Tot fraction, whereas mitochondrial ATPase subunits
and voltage-dependent anion channels were found mainly in the
uZD and Dex fractions. As expected, PM and DRM markers were
strongly enriched in PM and DRM fractions but less in uZD
fractions. Furthermore, since label-free quantification of individual
proteins may be biased by peptide ionization and/or abundance
related to the complexity of the analyzed fraction, we retrieved the
curated localization data of the 2526 proteins from the PPDB and
plotted the protein mass of each of the main subcellular fractions
against PPDB subcellular protein localization (Supplemental
Figure 3C). Approximately eighty percent of proteins mass an-
notated as PM and DRM were identified in PM and DRM fractions,
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with ~10% also retrieved in uZ fractions. Overall, these ob-
servations fully agreed with the enrichment observed for individual
PM and DRM markers (Supplemental Figure 3B).

Finally, to determine protein enrichment in different cellular
compartments in terms of numbers of identified proteins, the
frequency distributions of the relative protein abundance of
5376 identified proteins were analyzed in PM, DRM, and Tot
fractions (Figure 1). Protein category abundance within the ana-
lyzed samples spanned five orders of magnitude (106-10""). In
TotL and TotD (total fraction grown in dark; Figures 1A and 1B),
PM- and DRM-annotated proteins peaked at 5 X 108 and 4 x 108,
respectively, whereas in PML and PMD (Figures 1C and 1D),
PM-annotated proteins spanned the highest abundance cate-
gories at 5 X 10°, showing approximately one to two orders of
magnitude enrichment compared with other cellular fractions.
Within the DRML and DRMD fractions (Figures 1E and 1F), DRM-
predicted proteins peaked within 8 X 10% to 1 X 10'° frequency
bins. The above workflow substantially enriches each subcellular
compartment and provides the necessary gain in dynamic res-
olution for further analysis.

Protein Functional Distribution in the Different Fractions

To obtain an integrated view of protein distribution in the various
fractions, we performed unsupervised hierarchical clustering to
group proteins sharing similar expression profiles using quanti-
tative relative protein abundance (X(Narea)) per fraction data. A
total of 5376 proteins produced four major clusters (I-V; Figure 2),
corresponding mainly to proteins with strong enrichment in Tot
(cluster I, 1328 proteins), uZ (cluster I, 1031 proteins), Golgi
(cluster I, 883 proteins), and PM/DRM (cluster IV, 2134 proteins).
PM and DRM clusters represented a particular case, as a sub-
stantial fraction of clustered proteins were common to both
fractions. There was a correlation between cluster functional
specialization and subcellular localization, highlighting functional
specialization for the PM/DRM fractions. In the PM, the majority of
proteins were involved in vesicular and PM transport (38%),
signaling (8%), and cell wall biosynthesis and degradation (6%).
DRM fractions were enriched for cell organization (46%), modi-
fication and homeostasis (21%), and signaling (4 %) proteins. Cell
wall-related functions and thylakoid contaminants were depleted
inthe DRM from both light- and dark-grown cells. These data show
that the obtained fractions are fully representative of the expected
cell compartment.

Targeted MS to Identify in Vivo Myristoylated Proteins
in Arabidopsis

In our study, 906 of the 8837 starting pool of MS-detected proteins
contain the MGxx motif (35% of the 2587 in the entire MGxx set),
and 214 of these belonged to the predicted myristoylome (Figure
3). The increased dynamic resolution of MS analysis afforded by
sample fractionation revealed an important part of the predicted
myristoylome (51%) and allowed us to provide direct in vivo proof
of the presence of a myristoyl moiety associated with Gly2. To
access this rare MYRed peptidome, we developed a targeted
MS-based approach (Figure 4). To maximize the chances of
detecting highly hydrophobic peptides, the nano-LC peptide
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Figure 1. Protein Category Abundance in Different Subcellular Proteomes.

Frequency distribution of relative protein abundance in Tot ([A] and [B]), PM ([C] and [D]), and DRM ([E] and [F]) purified from light ([A], [C], and [E]) or dark
([B], [D], and [F]) grown Arabidopsis cultures. Relative protein abundance was calculated based on the 3(Narea), with the total protein population spread
across six orders of abundance. Displayed protein populations are based on curated localizations retrieved from previously published PM and DRM
proteomes (Marmagne et al., 2007; Kierszniowska et al., 2009; Minami et al., 2009) and extracted from the PPDB. Mitochondria (blue), plastid (green), PM

(red), and DRM (yellow). Errors bars indicate sb between 3 biological replicates.

separation gradient was elongated (Figure 4A), shifting the re-
tention time of the MYRed peptides toward higher mobile phase
concentrations compared with nonmodified peptides or phos-
phorylated, acetylated, and pyro-Glu peptides (Figure 4A). This
shift in MYRed peptides toward less “crowded” regions of the
elution profile significantly increased the dynamic resolution of the
analysis. The MYRed or non-MYRed peptide elution profiles were
closely correlated with their calculated grand average of hy-
dropathy index (GRAVY; Figure 4B), suggesting that the shifted
elution of some MYRed peptides toward the end of the gradient
could be due to their high hydrophobicity.

Despite this technical optimization, the high complexity of the
peptide mixtures precluded identification of low-abundance
MYRed peptides. To overcome this limitation, we implemented
data-dependent acquisition, which relies on mass inclusion lists
generated from the predicted masses of MYRed peptides
extracted from the MGxx subset (see Methods). To obtain
a complementary identification of MYRed peptides, PM and DRM

samples were analyzed in parallel on a time-of-flight (TOF) in-
strument. As expected, MS/MS spectra of N-MYRed peptides
obtained by T-TOF showed better coverage of the b,-MYRed-Gly
diagnosticion (92%) than those observed by LTQ-Orbitrap (Velos)
(26%), the latter identifying MYRed peptides based on the
presence of b, and subsequent b-ions. Collision-induced dis-
sociation, which triggers fragmentation on both instruments, ledin
very rare cases to the fragmentation of the amide bond between
the myristate and the N-terminal a-amine group, yielding a210 D
loss. The 268 D MYRed-Gly b,-ions or subsequent MYRed-b(,)-
ions were observed in the majority of peptides. This was in
contrast to the myristoyl-neutral loss observed on synthetic
MYRed peptides by MALDI-TOF, where neutral loss of 210 D was
observed within 30 to 40% collision energy (Chen et al., 2004).
Overall, direct site identification revealed 72 MYRed proteins,
the most comprehensive data set on the in vivo myristoylome
reported to date. The use of LTQ-Orbitrap and T-TOF instruments
together yielded complementary coverage of the in vivo
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Figure 2. Cluster Analysis of Cellular Fractions Reveals Four Distinct Clusters.

For hierarchical clustering, quantitative information based on 3(Narea) per fraction was used. To ensure meaningful clustering, proteins with a 3(Narea) <108
in allanalyzed fractions were not included in the clustering analysis as they could constitute a source of noise due to the weakly associated quantitative data.
Four main protein abundance clusters were identified corresponding to the purified subcellular fractions: Tot (cluster I), uZ (cluster Il), Golgi vesicle (Glg;
cluster ), PM (clusters IV.1 and IV.2), and DRM (clusters IV.3). In all fractions, each corresponding cluster was subdivided to take in account proteins that
showed preferential accumulation in light- or dark-grown cells: TotL (I.1.a, .1.c), TotD (I.1.b, I.1.c), pzL (I1.1), nzD (11.2), GlgL (lll.1, l11.2.b), GIgD (111.2), Dex (I.2),
PML (IV.1.a, IV.2), PMD (IV.1.b), DRML (IV.3.a), and DRMD (IV.3.b). Red indicates increased protein accumulation.

N-terminal myristoylome with an overlap of 25 (33%) MYRed
peptides identified by both instruments and 23 and 24 (30% and
35%) peptides identified by LTQ-Orbitrap or T-TOF, re-
spectively. Of the 72 experimentally detected MYRed peptides,
54 were part of the predicted Arabidopsis myristoylome, rep-
resenting 13% of the predicted myristoylome (Martinez et al.,
2008; Traverso et al., 2013a). Surprisingly, within the 692 MG-
containing proteins (of 906 total identified) that were not part
of the predicted Arabidopsis myristoylome (Figure 3), 18 were
found to contain a MYRed peptide (Table 1, Figure 3;
Supplemental Data Set 1.1), suggesting that a number of
proteins still escape MYR prediction.

Forthe majority of NMT targets, the myristoyl moiety isadded on
Gly2 after cotranslational removal of the first Met (Giglione et al.,
2015). Several posttranslational MYR events have also been
identified in animal cells (Martin et al., 2011; Peng et al., 2016).
While the majority of MYRed peptides identified here contained
amyristoyl moiety at Gly2, we also identified a myristoyl moiety at
Gly98 [K.(MYR)gNSNSSSVDHR.F] of AT2G45380, a protein of
unknown function. An identical sequence (MVYRgNSNSSSVDHR)
was identified at the N terminus of another protein of unknown
function (AT5G06260) with a bona fide N-terminal semitryptic
peptide carrying a myristoyl group at Gly2. Both peptides were
identified in independent runs, suggesting that, despite their
shared sequence, MYR can occur in a posttranslational or co-
translational manner, at least for these two proteins.

Proximal Putative Secondary Acylation Sites or Polybasic
Regions Correlate with the MYRed Proteome Distributions
in the PM and DRM Fractions

To visualize relative enrichment of the identified myristoylome in
subcellular fractions, the distributions of predicted and directly
identified MYRed proteins were plotted as a function of protein
abundance and the number of MYRed proteins showing maximal
accumulation in a given fraction (Figure 5). This double quantification
avoided possible bias from a few abundant proteins versus higher
numbers of proteins of lower abundance. The greater number of
predicted MYRed proteins for which no MYRed peptide was iden-
tified (159; Figure 3) showed 50% less total protein abundance than
the less numerous set of proteins identified as MYRed (72; Figure 5A),
confirming that the identification of MYRed peptides was hampered
by the overall lower abundance of such proteins. Of note, a global
comparison of relative abundance of the identified MYRed proteins
versus the entire identified protein data set revealed that MYRed
proteins belonged to low abundance categories (Supplemental Figure 4).

The observed MYRed and predicted MYRed proteins were
mainly enriched inthe PM and DRM fractions (Figure 5A). Although
this suggests that MYR is required for PM/DRM interactions, it
does not demonstrate that it is sufficient for PM/DRM targeting.
Indeed, both the observed and predicted MYRed protein sets
were heterogeneous in terms of the presence of a second tar-
geting signal such as an S-acylation (PAL) and/or PBRs. The
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MGxx subset (2,587 entries),
including 906 MS identifications

Set of non-detected
proteins (1474+207)

Set of proteins
detected
(214+692)

1
1
1
1
1
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[}
7

[l Myristoylome-predicted, proteins not detected
O Myristoylome-predicted, proteins detected

B MYR not predicted, proteins detected

E MYR not predicted, proteins non-detected

Figure 3. Proteomic Analysis of the MS-Identified Arabidopsis Myristoylome.

MYR detection,
72 MS identifications out of 906

Predicted myristoylome (detected)

EMYR

N-acetylation and/or
N-free detected

1 EN-ter not detected

159

- Non-predicted myristoylome (detected)

50
BEMYR
N-acetylation and/or
N-free detected

O N-ter not detected
624

The Arabidopsis genome contains 2587 predicted open reading frames with a Gly at position 2 (MGxx set). Within those, 906 proteins were detected by MS (10% of
the starting candidate pool of 8837 MS-detected proteins); 214 of these were part of the predicted myristoylome and 692 were not. Of the 214 in the predicted
myristoylome, the myristoyl moiety was detected for 54 via targeted MS, 159 lacked identification of the N-terminal peptide, and only one had an N-acetylated or free
N terminus. The 207 remaining predicted MYRed proteins were not detected in the MS-identified set. Within the set of 692 MS-identified proteins not predicted to be
MYRed (but carrying a Gly2, i.e., in the MGxx set), 18 had a MYRed peptide detected via targeted MS and 50 had an acetyl or free N terminus.

current predicted Arabidopsis myristoylome includes ~37% of
MYRed proteins with at least one putative PAL site close to the
MYR site (i.e., within amino acids 2 to 6), 20% with a polybasic
track, and ~43% not displaying any second signal (Martinez et al.,
2008). Within our entire set of identified MGxx proteins undergoing
MYR, a similar percentage of proteins contained PBRs (19%) as
a unique second targeting signal (Figure 5B, first column). How-
ever, proteins carrying a putative PAL or both PAL and PBR sites
represented 53% of the identified myristoylome (versus only 37 %
in the predicted Arabidopsis myristoylome). The same tendency
was observed when only the 72 identified MYRed proteins for
which we could retrieve the N-terminal myristoyl moiety were
considered: Only 8% of proteins carried a PBR, while 58% carried
aPAL or PAL and PBR (Figure 5B, second column). Such PAL site
enrichment agrees with the suggested role of PAL as an important
second PM targeting signal for MYRed proteins. When the
presence or otherwise of the second signal was considered, the
abundance of identified MYRed proteins without a second signal
was widely distributed across all fractions (Figure 5C). However,
a clear shift in protein abundance toward PM/DRM fractions was
observed when a putative second targeting signal such as PBR,
PAL, or both were present (Figure 5C).

These protein localization data were further used to explore the
influence of MYR/PAL/PBR signals on subcellular protein

localization interplay. Three protein subsets were considered
(Figure 5D): (1) all proteins identified as MYRed (214+18 proteins,
noted as MYR+); (2) proteins previously determined as PALed by
affinity purification (Hemsley et al., 2013) (492 proteins, noted as
PAL+); and (3) identified proteins not predicted to be myristoylated
but carrying the main requirement for a putative MYR (i.e., a Gly2,
692 proteins, MGxx+). There was relatively little overlap between
these subsets; only 22 and 35 proteins were identified in the
overlapping MYR+ and the MGxx+ sets, respectively, suggesting
that the majority of in vivo identified MYRed proteins displaying
both MYR and PAL sites (22) were retrieved in PM and DRM
fractions (Figure 5C). Only three other proteins with a potentially
double acylation, HIR1, HIR3, and HIR4, were characterized in the
pZ and one, CRK2, in the Golgi fraction (Supplemental Data Set
1.1). Although this covers only a fraction of our complete data set,
the distribution agrees with previous studies supporting a pref-
erential PM localization of MYRed proteins with adjacent PAL sites
(Traverso et al., 2013b).

Frequency Distribution of Cys Residues in All Identified
Predicted MYRed Proteins

Within the predicted MYRed protein set, positions 3 to 6 frequently
featured putative palmitoylable Cys residues. Indeed, there was
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Figure 4. |dentified Protein Modifications and Their Distribution on Nano-LC Elution Gradients.

LC elution profiles used in LTQ-Orbitrap (Velos) for the identification of MYRed peptides were “stretched” within 40 to 60% buffer B (0.1 FAand 5% ACN) to
maximize high-hydrophobicity peptide resolution (red dotted line). The maximum MYRed peptides (red dots) were observed within the 12 to 22 min retention
time subsequent to the main elution bulk of non-modified peptides (gray). Other frequently observed posttranslational modifications such as phos-
phorylation (green), pyroglutamylation (yellow), and N-terminal acetylation (blue) are indicated (A). The correlation between GRAVY hydrophobicity index
and retention time for MYRed (red) or acetylated (blue) peptides is presented in (B).

striking enrichment (72%) of Cys residues at positions 1 to 5 for all
proteins predicted to undergo MYR (Figure 6A). This Cys en-
richment was not observed in any other protein data set (Hemsley
et al., 2013). For proteins that were putatively only palmitoylable
but displaying an N-Gly (MYR-/PAL+ set), limited but significant
Cys enrichment was observed at positions 11-15 (21%) and
overlapping the end of the Cys position peak observed for the
MYR+/ PAL+ set. The Cys enrichment at positions 4-5 and 11-15
was clearly linked to proteins with preferential PM/DRM locali-
zation (Figure 6B). In fact, the MYR+/PAL+ set distribution with
Cys residues at positions 4-5 or 11-15 was quasi-exclusively
concentrated in PM/DRM fractions. This was in contrastto MYRed
proteins with the first Cys residue situated beyond position 20,
which were present in all analyzed fractions.

Within the experimentally observed PALed proteome (Hemsley
et al., 2013) excluding all putative MYRed proteins (i.e., within the
MYR-/PAL+ protein set), the position of the first Cys residue in the
proximity of the N terminus had no impact on subcellular locali-
zation. This suggests that in the absence of a MYR signal, PALed-
only proteins are targeted to a variety of subcellular compartments
(including PM/DRM) and that the position of palmitoylable resi-
dues is not related to a specific protein localization. Compared
with the MYR+/PAL+ set, PALed-only or MYRed-only proteins
accumulated in almost all fractions. However, of those, a number
of proteins showed more pronounced PM/DRM enrichment
compared with the MYRed set, suggesting that additional PM

targeting signals exist. To investigate this hypothesis, we analyzed
the subcellular localization of putatively MYRed or PALed proteins
asafunctionofthe presence of close PBRs predicted on the basis of
short, condensed amino acid stretches (Martinez et al., 2008), and
additional identification of these regions was performed on our
MYRed and non-MYRed predicted experimental data set and
verified PALed-only proteins (Hemsley et al., 2013). The relative
distribution in subcellular fractions of proteins carrying a putative
PBR or for which no PBR was predicted is shown in Figure 7. Within
the MYRed set, a higher specificity for PM/DRM localization was
observed for proteins carrying a putative PBR. Similarly, within the
PAL-only protein set, clear PM/DRM clustering was observed in the
presence of a putative PBR. By contrast, no preferential accu-
mulation in a specific fraction was observed in the pool of non-
MYRed proteins as a function of the presence or absence of
aputative PBR (Figure 7). Polybasic tracks might act as second PM/
DRM targeting signal but only in combination with MYR and/or PAL.

Characterization and Distribution of Protein
Lipidation Enzymes

Of the protein lipidation catalysts (Supplemental Data Set 1.2),
NMT1 was present and highly abundant in most fractions and
enriched in the Dex fraction, most likely indicating endomembrane
localization in addition to the cytosolic localization previously
reported in plants and animals (Pierre et al., 2007; Dudek et al., 2015).
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Figure 5. Influence of PAL and PBR Secondary Targeting Signals on the Localization of Identified MYRed Proteins.

(A) The relative abundance of MS-identified MYRed proteins (i.e., with MYR detected or predicted) in different subcellular fractions was quantified based on
Y (Narea) (solid gray and red bars) or the number of proteins showing the maximum expression in a given fraction (gray and red hatched bars). Identified
myristoylome is the pool of 231 MS-identified proteins for which the N-terminal MYRed peptide was directly detected (72 proteins) plus those predicted to
undergo MYR (159 proteins; see Figure 3). Detected MYRed peptides belong to the set of 72 for which MYRed peptide was directly detected alone (red bars).
(B) Percentage of identified MYRed proteins containing a second targeting signal (PBR, PAL, both PAL and PBR, or no second signal).

(C) Relative abundance of identified MYRed proteins either containing or not containing a second targeting signal in the analyzed cellular fractions as in (A).
(D) Venn diagram representing the overlap between the identified protein sets: proteins identified and predicted as MYRed (232 proteins, MYR+), proteins experimentally
determined as PAL by affinity purification (Hemsley et al., 2013) (492 proteins, PAL+), and identified proteins nonpredicted to be MYRed but carrying a Gly2 (692 proteins, MGxx+).

NMT1 accumulated identically in dark and light samples. Ten of
twenty-four predicted palmitoyl-acyl-transferases (PATs) were also
identified, of which nine were localized to the PM and/or DRM
fractions, as reported previously (Batistic, 2012) and in Supplemental
Data Set 1.2. Each PAT accumulated between 0.5- to 5-fold less than
NMT1 with the exception of PAT24 (Tip1), which accumulated one
order of magnitude more than NMT1 in the Dex fractions.
Interestingly, the farnesyltransferase PFT/PGGT « subunit, an
enzyme responsible for prenylation, and many RAB geranylgeranyl
transferases were identified in the DRMD sample (Supplemental Data
Set 1.2). The most abundant RAB geranylgeranyl transferases Rab-
GGTB1 and GGTR2 were also found in pZD, whereas FPS1

geranylgeranyl transferase was identified with maximum accumu-
lation in Dex. A geranylgeranylis added after proteolytic maturation of
the C terminus by a specific CaaX domain processing protease Ste24
(AT4G01320.1) that was identified in Dex fractions, in agreement with
its predicted localization to the endoplasmic reticulum (ER; Bracha
et al., 2002).

Effect of Light/Dark on MYRed Protein Distribution in
Different Compartments

It is known that MYRed proteins can dynamically relocalize in
response to specific signals, including light signaling (Assmann,
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Figure 6. Frequency Distribution of the First N-Terminal Cys Position in Relation to Subcellular Localization.

(A) Frequency distribution of the first Cys position is shown for the following subsets of identified proteins: MYRed (observed and predicted) and PALed (MYR
+/PAL+, red line), MYRed but not PALed (MYR+/PAL-, dashed red line), not predicted to be MYRed but carrying a Gly2 (MGxx set) and PALed (MYR-/PAL+,
yellow line), not predicted to be MYRed but carrying a Gly2 and not PALed (MYR-/PAL-, green line). Percentages for peaks of frequency distributions are
indicated.

(B) Protein subcellular localization based on relative abundance expressed as Y (Narea) (gray large bars) or based on the number of proteins showing the
maximum expression in a given fraction (gray hatched thin bars) were plotted for MYRed predicted or PALed-only identified subsets as a function of the
position of the first Cys in the protein sequence.

2002; Giammaria et al., 2011; Yin et al., 2017), particularly when differentially accumulated in PM and DRM under dark and light
associated with areversible second signal (Turnbull and Hemsley, growth conditions (Supplemental Figure 5). Although this differ-
2017). Some of the entire set of identified proteins and a few ential accumulation was much more evident for proteins found in
proteins in the MGxx pool not predicted to undergo MYR the DRM fractions, the analysis of the identified myristoylome in


http://www.plantcell.org/cgi/content/full/tpc.17.00523/DC1

No predicted PBRs
& b

g 60
o PBR
égzmﬂ- T3
3 8 N
a o
x = 110" — a0
> ®
Sl |
0 EMEEHMWE gl o
_ 120
z & 610" ; 1
> © —
S 3 1
] 4
o8B ; n 4 60
=R 2310 | | ml In .
58 / 3
5¢ / Eﬁa
s /
0 0
1.5 1012 60
- 8 7] — 1}50
5§11o12 40
= >
3 ® 7 30
S o Y
J = 510" 4 20
& 7 7
[ 7 ’
© 7 Y 10
0 41
LDLDLDDLDLD?
B N o X
e % g3 7 %

Figure 7. Influence of Predicted PBRs on Protein Subcellular Localization.
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Protein subcellular localization, taking in account the presence or absence of predicted PBRs, was plotted based on relative abundance expressed as
Y (Narea) (gray, large bars) or based on the number of proteins identified with maximal accumulation in a given fraction (gray hatched thin bars) for MYRed-
predicted proteins, MYRed not predicted but carrying a Gly2, and for experimentally determined PALed proteins not carrying a Gly2 (PAL+/MGxx-).

PM or DRM under light and dark growth conditions showed that
there were no significant changes in protein abundance for the
majority of these proteins (Supplemental Figure 5).

DISCUSSION

Over 90% of the predicted Arabidopsis myristoylome still awaits
direct confirmation, and few in vivo studies have successfully
characterized this subproteome, particularly in plants (Hemsley,
2015). Here, we adopted a multifaceted proteomics approach in
Arabidopsis to produce the largest in vivo MYRed protein data set
to date. This approach was based on (1) protein enrichment via
membrane fractionation, (2) high-resolution separation of hy-
drophobic peptides, and (3) development of an MS data-de-
pendent acquisition method targeting MYRed peptides. We also
determined the subcellular distribution and accumulation of many
proteins, including most of the predicted MYRed proteins in PM
and DRM fractions in response to light or dark. Furthermore, the
endogenous N-terminal myristoyl moiety was identified on
72 distinct proteins implicated in a variety of cellular functions
including calcium signaling, redox regulation, pathogen re-
sponses, and metabolism.

Previous indirect approaches have suggested MYR in 42 Ara-
bidopsis proteins (Gagne and Clark, 2010; Ishitani et al., 2000;
Ueda et al., 2001; Lu and Hrabak, 2002; Boisson et al., 2003;
Dammann et al., 2003; Pierre et al., 2007; Yin et al., 2007; Batistic
etal.,2008; Benetkaet al., 2008; Nagasaki et al., 2008; Bayeretal.,
2009; Kato et al., 2010; Li et al., 2010; Mehlmer et al., 2010; Meng
et al., 2010; Yamauchi et al., 2010; Burr et al., 2011; Held et al.,
2011; Stael etal., 2011; Pratelli et al., 2012; Takemoto et al., 2012;
Tsugama et al., 2012a, 2012b; Feng et al., 2013; Lu and Hrabak,
2013; Traverso et al., 2013b; Kang et al., 2015), among which eight
were not included in the predicted myristoylome made of
421 proteins (Figure 8). The endogenous MYR moiety of 11 of the
42 aforementioned proteins was confirmed. Moreover, the MYR
tag was identified on three of the previously identified proteins not
included in the predicted myristoylome (P2C52, KIN1, and KIN2),
and an additional 43 in vivo MYRed proteins were identified and
predicted to undergo MYR. Of note, we also highlighted the in vivo
MYR of 18 proteins not previously predicted to undergo MYR,
highlighting that the current predicted Arabidopsis myristoylome
remains incomplete. Our consolidated report of 101 MYRed
proteins and the cellular abundance of almost half (214) of the
actual predicted myristoylome (421) represents the most com-
prehensive MYR data set for any organism reported to date.
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The Majority of MYRed Proteins Localize to the PM and Are
Involved in Calcium Signaling and Pathogen Responses

The most important protein family undergoing MYR is related to
calcium signaling, as MYR occurred in 13/34 calcium-dependent
protein kinases (CPKs; for review, see Boudsocq and Sheen,
2013). Twenty-seven of 30 (88%) identified CPKs carried a Gly2,
23 were previously predicted to be MYRed, and 8 were indirectly
shown to undergo this lipidation. Our targeted approach revealed
the myristoyl moiety on CPK1, 5, 6, 9, and 13 and on eight ad-
ditional CPKs (CPK7, 8, 10, 15, 21, 30, 32, and 33), mostly in the
PM fraction, and a few (CPK15, 21, 30, 32, and 33) in lesser
amounts in the DRM fraction, consistent with previous reports
showing PM/DRM localization of several CPKs (Dammann et al.,
2003; Mehlmer et al., 2010; Hemsley et al., 2013). Since (1) 80% of
the identified CPKs (25/30) carried at least one Cys at positions 3,
4, or 5, with several already shown to belong to the PAL proteome
(Hemsley et al., 2013), and (2) most directly identified MYRed

Predicted myristoylome (421)

MYRed proteins 78
indirectly identified
(43)

Signalization

ARA6, ARFC1, ARFA1C, GPA1

AKINB1, AKINB2, BIK1, SSP(BSK12), KIN4,
POL, PLL1

Calcium signaling Signalization

CPK2, CPK3, CPK16 BSK1
CBL4(S0S3)
24 Calcium signaling
Redox regulation CPK1, CPK5, CPK6,
TrxH2, TrxH7 CPK9, CPK13,
CBLA1

Pathogen response

RPS5, PBS1 Redox regulation
TrxH8, TrxH9

Metabolism

F2KP Other functions
RPT2a, LOG2

Other functions

LUL1, RGLG2, DEM1, DEM2

Signalization
PP2C74, KIN3
PCaP1, PCaP2,

3 Signalization
PP2C52,
KIN1, KIN2

5

Pathogen response
BON1

23

All other MG-starting proteins (2,166)

CPKs also displaying PBRs, we suggest that these secondary
signals directly contribute to PM localization in association with
MYR. One interesting case is CPK1, with previous studies showing
that LeCPK1 specifically localizes to the PM in an N-terminal Gly-
dependent manner (Rutschmann et al., 2002), unlike Arabidopsis
CPK1, which localizes to peroxisomes and lipid bodies (Dammann
et al.,, 2003; Coca and San Segundo, 2010). In our analysis, CPK1
was most abundant in the PM/DRM in agreement with LeCPK1, but
a non-negligible amount was also found in the Tot fraction and to
a minor extent in puZ fractions. However, we relied only on endo-
genous proteins and not on overexpressed, GFP-fused constructs.
Thus, although we cannot rule out that Arabidopsis CPK1 is not
targeted to peroxisomes, the relative accumulation in this com-
partment was less than in PM/DRM, suggesting diverse, com-
partment-specific roles for this protein.

Another interesting category of MYRed proteins was the re-
ceptor-like cytoplasmic kinases such as those of the RLCK-XII
subfamily, known as brassinosteroid (BR) signaling kinases (BSK).

All non-MG
starting proteins
MYRed proteins (23,470)
directly identified in vivo

(72)

Signalization
ARFA1D, ARFA1E, ARFA1F, BSK2, BSK3,
BSK7/8, LRR-like, PP2C-like (2)

Calcium signaling
CPK7, CPK8, CPK10, CPK15, CPK21, CPK30,
CPK32, CPK33, CRK3, CRK4, CRS5, CR8, CBL9

Redox regulation
GPX4, GPX5, Glutaredoxin-C1

Pathogen response
11 43 HIR2, HIR3, HIR4
Metabolism Unknown function
RPT2b, PSD3, PlPerase, Pectin lyase-like, (1)

Alpha hydrolase

1

Unknown function
(10)

Signalization
Protein Kinase, PP2C-like,

Calcium signaling

Ca EF

Pathogen Response 14

HIR1

Metabolism Unknown function
Alpha hydrolase (6) (2)

Other functions
XBAT35, MIA40

Figure 8. Relationship between Various Sets of Putative and Identified MYRed Proteins in Arabidopsis.

Proteins identified in this study are shown in the right circle (72). Those identified indirectly in other studies (43) are in the left circle. The intersection between
the two data sets is indicated (14 proteins). Proteins proposed to be part of the myristoylome through bioinformatics analysis (421) are in the blue rectangle
(78). Those not yet predicted (23) are in red. The sets of Arabidopsis proteins starting with MGxx correspond to the green and blue rectangles. All others not
starting with MGxx are in the right light pink rectangle. Only one identification corresponds to this set.



BSK1 plays a role not only in plant growth and BR signaling but
also in mediating flg22-dependent pattern-triggered immunity
(Shi et al., 2013). In this latter case, membrane localization, most
likely due to MYR, is necessary for BSK1 to function as a positive
regulator of pattern-triggered immunity signaling. BSK1 and
BSK12 were the only RLCK-XII subfamily BSKs for which MYR
was previously indirectly shown to occur. The characterization of
unequivocal MYR for other members of the family, their identical
PM membrane localization, palmitoylable Cys, and partial over-
lapping functions for plant growth and BR signaling (Kong et al.,
2012; Sreeramulu et al., 2013) suggest that additional MYRed
BSKs might contribute to plant immunity. Of note, a myristoyl
moiety was also identified in a number of proteins involved in
general pathogen responses (Figure 8, Table 1).

MYR also occurred on the calcineurin B-like (CBL) Ca?+ sensor
proteins CBL1 and CBL9; MYR of CBL1 has previously been
reported (Batistic et al., 2008). Both CBLs carry putative PAL sites
near the N-terminal Gly2 (Cys3), and CBL9 has also been identified
in PAL-enriched proteomes in Arabidopsis (Hemsley et al., 2013).
Both proteins were localized to PM fractions, whereas both
interacting targets were found in the DRM. Interestingly, the
nonmyristoylable CBL2 (lacking Gly2) previously identified in
a PAL-enriched proteome (Hemsley et al., 2013) was identified in
the microsomal fraction. In agreement with our findings, the triple
PAL of CBL2 creates a tonoplast targeting signal (Batistic et al.,
2012), confirming that PAL alone can relocalize proteins to
compartments other than the PM/DRM.

Finally, we also identified 13 leucine-rich repeat (LRR) domain
proteins in PM/DRM fractions, only two of which were previously
described to undergo MYR and PAL: PBS1 and RPS5 (Takemoto
etal.,2012; Qi et al., 2014). Transient expression of the N-terminal
part of PBS1 and RPS5 or of the corresponding mutated versions
affecting their MYR and PAL sites in Arabidopsis or Nicotiana
benthamiana suggested that these acylations are necessary for
PM localization (Takemoto et al., 2012; Qi et al., 2014). We re-
trieved PBS1 in both the PM and DRM fractions, whereas RPS5
was mainly found inthe DRM. These data are consistent with MYR
playing a prominent role in pathogen responses.

Alternative Localization of MYRed Proteins in
Non-PM Compartments

Here, 188/214 (88%) of the predicted MYRed proteins targeted
the PM/DRM, the others mostly located in the ER/Golgi fraction.
Forinstance, there was a broader distribution of HIR1,2, 3,and 4 in
the nZ and PM/DRM fractions. Interestingly, HIR was not part of
the predicted myristoylome and because HIR1, 2, 3, and 4 are in
the palmitoylome (Hemsley et al., 2013), these findings emphasize
the reversibility of the PAL modification and that two pools of the
same protein display different N-terminal acylations that guide
their distribution in distinct compartments.

MYR also occurred at the N terminus of a calcium binding EF
protein, which did not display an apparent second signal and was
mainly found in the TotL and pZ fractions, consistent with previous
studies suggesting that MYR mostly targets endomembrane
system proteins (Traverso et al.,, 2013b). A similar pattern
was observed for all identified small GTPase ARFs displaying
a predicted MYR.
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Anunforeseen myristoyl moiety was recovered at the N-terminal
Gly of two interesting proteins (XBAT35 and MIA40) for which the
contribution of the lipid modification seems to be different.
XBAT35 is a structurally related ankyrin repeat-containing RING
E3 ligase intricately involved in ethylene-mediated responses via
ubiquitin-protein degradation (Carvalho et al., 2012). The corre-
sponding gene undergoes alternative splicing to produce two
proteins with and without a nuclear localization signal. Although
we could not discriminate between the two isoforms, the most
abundant protein predominantly accumulated in the DEX fraction,
suggesting nuclear localization. Nuclear localization of predicted
MYRed proteins has previously been observed in different or-
ganisms. For instance, another RING-type ubiquitin ligase
McCPN1 in Mesembryanthemum crystallinum was involved in
AGO4 degradation in response to salt stress, had a myristoylable
N-terminal Gly, and localized to the nucleus in addition to the PM
and cytoplasm (Lietal.,2014). It is tempting to speculate that MYR
of these ligases is involved in ubiquitin-proteasome-controlled
proteolysis of specific substrates via regulation of the localization
of the MYRed ligase. This agrees with previous findings showing
that MYR of proteasome subunit Rpt2 reduces the nuclear export
of the proteasome in yeast and plays an additional role in protein
quality control within the nucleus (Kimura et al., 2016).

MIA40 is one of two components of the mitochondrial in-
termembrane space (IMS) disulfide relay system, which ensures
import of Cys-containing proteins into the IMS (Herrmann and
Riemer, 2012). Arabidopsis MIA40 resides in the IMS and per-
oxisomes and is thought to be responsible for importing and
trapping the chaperone for Mn-superoxide dismutase (CCS1), Cu/
Zn superoxide dismutase 1 (CSD1), and Shewanella-like protein
phosphatase 2 (SLP2) in the IMS and the Cu/Zn CSD3 in per-
oxisomes (Carrie et al., 2010; Uhrig et al., 2017). Peroxisome
localization has only been observed using GFP-MIA40-N terminus
fusion constructs that block MYR. Moreover, in yeast, MIA40 is
anchored to the IM via an N-terminal hydrophobic stretch that is
not conserved in plants (Herrmann and Riemer, 2012). Here,
MIA40 was mainly found in the pZ fraction, which is the most
enriched fraction in mitochondria, suggesting that MYR could
overcome the evolutionary absence of the yeast N-terminal hy-
drophobic stretch.

Thus, although to a much lesser extent than the PM/DRM, MYR
also directly contributes to dedicated functions in other compart-
ments including the ER/Golgi, mitochondria, peroxisome, and
nucleus. The distribution of the same protein between the PM/DRM
and ER/Golgi appears to depend on partial PAL of the nearby Cys.

Posttranslational MYR in Plants

Most MYR moieties are added to an N-terminal Gly after
cotranslational removal of the N-terminal Met. In animals, non-N-
terminal MYR affects the pro-apoptotic BID protein, in which an
internal Gly residue is MYRed following caspase cleavage. This
leads to relocalization of the proteolytic apoptotic BID fragment to
mitochondria (Zha et al., 2000). Surprisingly, we observed post-
translational MYR in a protein of unknown function (AT2G45380),
with a MYR moiety identified at Gly98 [K.g(MYR)NSNSSSVDHR.
F]. Anidentical MYR-gNSNSSSVDHR sequence was identified at
the N terminus of a TLD domain-containing nucleolar protein with
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a bona fide N terminus peptide carrying a Gly2 MYR. Both pep-
tides were identified in independent runs suggesting that, despite
their shared sequence, MYR could occur in a post- and co-
translational manner. A pBLAST search (Supplemental Figure 6)
revealed four Arabidopsis proteins sharing a highly conserved
50-amino acid stretch starting with the conserved GN(S/L)
NSSSVDH MYR consensus sequence. The position of the
conserved stretch was either the N terminus (position 2 for
AT5G60260), classically observed for myristoylated proteins, or
was situated downstream of a 98- or 48-amino acid N-terminal
extension in AT2G45380 and AT4G34070, respectively. Both
AT5G60260 and AT2G45380 proteins were highly expressed in
PM/DRM fractions, while AT4G34070 was identified with low
scores in the pZ fraction. The fourth member of this protein family
(AT2G44850), carrying a shorter N-terminal extension (23 amino
acids) and an S27/L substitution within the N-terminal end of the
conserved 50-amino acid stretch, escaped MS identification.
Interestingly, AT5G06260 and AT4G34070 are related to the
calcium binding EF-hand protein family. We hypothesize that
these isoforms have undergone functional specialization, with at
least two members undergoing MYRin a co- and posttranslational
manner, respectively, directing the proteins to the PM/DRM. In
contrast, AT4G34070, despite having an internal myristoylatable
sequence, should not undergo posttranslational MYR like
AT2G45380, taking into account its chloroplast localization (i.e.,
MYR occurs only in the cytosol). In the case of AT2G44850, the
Ser-to-Leu substitution within the MYRed sequence is unlikely to
inhibit MYR, and the sequence is still positively predicted by
TermiNator3. It is possible that the N terminus of AT2G44850
undergoes proteolytic cleavage in response to specific stress
signals that expose the N-terminal Gly to posttranslational
modification. Such identification of MYR on internal Gly residues
provides evidence of posttranslational MYR events for the first
time in plants.

The predominance of signaling and pathogen-related functions
suggests that the myristoylome might act as a dynamic proteome
in response to abiotic or biotic stresses. Future work will involve
characterizing this myristoylome dynamicity under different stress
conditions.

METHODS

All solvent and chemicals were purchased from Sigma-Aldrich and Bio-Rad
unless otherwise stated.

Arabidopsis Cell Suspension Cultures

Arabidopsis thaliana Col-0 cell suspension cultures were grown in
Jouanneau and Péaud-Lenoél (JPL; Jouanneau and Péaud-Lenoél, 1967)
medium in either continuous light (70 pE s~' m~2) or continuous dark at
23°C and at 90 rpm rotation. Cells were subcultured at 9-d intervals. For
subcellular fractionation, cells were harvested during exponential growth
phase five days after 1/10 dilution in fresh JPL medium.

Purification of PM and DRM Fractions

Microsomal, PM, and DRM fractions were prepared using as a starting
material 500 mL cultured Arabidopsis cells per biological replicate. In total,
four biological replicates were prepared from light and dark grow cells for

MS analysis. Three best preparations were chosen for further analysis (as
indicated below in MS section). Briefly, as described by Marmagne et al.
(2006), PMs were purified from the microsomal pellet (100,000g) over
a two-phase dextran and polyethylene glycol (PEG) system using 6.4%
dextran, 6.4% PEG, and 5 mM phosphate buffer (KH,PO,/K,HPO,), pH7.8
(Marmagne et al., 2006). Protein concentrations were determined by the
Bradford assay (Bradford, 1976). The dextran fraction was diluted 10-fold in
10mMMHEPES, pH 8.0, and 5 mM MgCl, (buffer A) and pelleted at 120,000g
for 20 min. The procedure was repeated twice to remove soluble con-
taminants. PEG fractions were precipitated by addition of phosphate
buffer, and the precipitated PM were recovered by centrifugation and
washed twice with buffer A. Enriched DRM fractions were prepared from
PM fractions treated with Triton X-100 for 30 min at 4°C at a 1:15 protein to
detergent ratio on a rotary wheel. DRM fractions were pelleted at 120,000g
for 20 min. After discarding the supernatant, the DRM-enriched pellets
were washed twice with buffer A by centrifugation at 120,000g for 20 min.

Purification of Golgi-Enriched Fractions

The preparation of Golgi-enriched fractions was performed as described
(Graham, 2001).

Immunological Methods

Rabbit polyclonal antibodies raised against cytosolic sucrose synthase
(SPS), H*-ATPase, and RbcL were produced at Agrisera and used at 1:5000
dilution forimmunoblot analysis as previously described (Adam et al., 2011).

Protein Identification and Analysis by LC-MS/MS

For all analyzed fractions, 150 pg of protein was resuspended in 1X
Laemmli buffer and denatured at 95°C for 1 min. Insoluble fractions were
removed by centrifugation (10,000g for 5 min at 4°C). Proteins were
separated by SDS-PAGE, and the whole gel lane was cut into eight gel
bands followed by a tryptic in-gel digestion including reduction and al-
kylation (Shevchenko et al., 1996). Peptides were resuspended in 20 pL
nLC buffer B (0.1 formic acid [FA] and 5% acetonitrile [ACN]). Tryptic
peptide mixtures were analyzed by LC-MS/MS using the nano-flow
Proxeon Thermo LC and Orbitrap Velos (Thermo Fisher Scientific). Pep-
tides were separated with Easy-nLC (Thermo Fisher Scientific) and loaded
on aguard column (NS-MP-10; Nanoseparation) followed by separation on
a Nikkyo Technos analytical column (NTCC-360/100-5-153) using 40-min
gradients with 0.1% FAin water (solvent C) and 0.1% FAin ACN (solvent B)
at a flow rate of 300 nL/min. The gradients were optimized to allow
a maximum time elution at high mobile phase (0—-5 min/10-40% B,
6—-27 min/40-60% B, 28—29 min/60—-80%, B and 29—35 min/80% B).
Each sample analysis was followed by a blank injection and 30 min run to
reduce carryover. The survey scan was acquired by Fourier-transform MS
scanning 400 to 2000 D at the maximal 100,000 resolution in the Orbitrap
using internal calibration. This was followed by top 20 data-dependent
tandem MS scans acquired in the LTQ with a dynamic exclusion setat 30s.
When no inclusion list acquisition method was used, the MS/MS triggering
option “Nth most intense ions” in the data-dependent settings panel was
used. When MYR inclusion lists were used, the option “Nth most intense
from list” button was deactivated. Predicted masses of MYRed peptides for
MYR inclusions lists were generated based on in silico tryptic digestion of
the Arabidopsis MGxx protein set using N-terminal peptides with fixed
MYR-N-ter modification and combinatory occurrence of variable methi-
onine oxidation and carbamidomethylation. The generated list contained
~4000 masses, so, due to limitations of the Xcalibur software (Thermo
Fisher Scientific), the obtained inclusion list was splitinto two lists and used
in sequential runs. All inclusion lists from data-dependent acquisitions
were applied to a given sample in a sequence of three successive analyses
as follows: no-inclusion/inclusioni/inclusion2 to ensure a qualitative
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comparison reference for the identification of MYR-N-ter peptides.
Spectral data with parent ion signal higher than 1 count and with an S/N
ratio higher than 1.5 were extracted using Proteome Discoverer v1.3
(Thermo Fisher Scientific) and were searched against the Arabidopsis
genome (TAIR v10; http://www.arabidopsis.org/) supplemented with
chloroplast and mitochondria genomes using Mascot v2.4 (Matrix Sci-
ence). Variable MYR-N-ter, methionine oxidation, and fixed Cys carba-
midomethylation were used. A minimal ion score threshold of 25 yielded
a peptide false discovery rate (FDR) below 1%, with peptide false positive
rate calculated as: 2 X (decoy_hits)/total_hits. The quantitative proteomics
pipeline used Mascot for protein identification and label-free quantification
based on MS precursor areas using Proteome Discoverer (Supplemental
Figure 2). The relative quantification allowed us to determine the three best
independent biological replicates (out of four) for PM and DRM. The se-
lection of the best biological replicates was based on enrichment of cell
compartment markers (data extracted from PPDB, http://ppdb.tc.cornell.
edu/; Sun et al,, 2009) and compared with previously published PM
(Marmagne et al., 2007) and DRM (Kierszniowska et al., 2009; Minami et al.,
2009) proteomes. Approximately 2.4 million MS/MS spectra were ac-
quired, and ~1.3 million spectra were assigned to peptide sequences that
passed quality filters (FDR <1%) and assigned to 9256 protein accessions.
After removing ambiguous gene models and grouping ambiguously
identified protein families, the entire identified protein set regrouped
8837 different proteins.

Quantification and Statistical Analysis

Label-free quantitative data were extracted using Proteome Discoverer
v.1.3 (Thermo Fisher Scientific). Quantification was based on the in-
tegration of precursor peak areas. The settings used were to avoid au-
tomatic protein grouping based on shared peptides as those often
generate large protein groups (>50 members) with no obvious biological
relevance. To increase accuracy and avoid overquantification of protein
groups, we developed an in-house bioinformatics pipeline that allowed
processing of raw quantification data from PD1.3. Considering differ-
ences in protein complexity versus abundance between different cell
subproteomes analyzed in this study, sums of precursor areas obtained
per protein were normalized per sample and adjusted to the total ion
count for each biological replicate (Friso et al., 2011; Renna et al., 2013),
especially for PM biological replicates with very high total ion counts.
Relative protein amounts were expressed as the sum of normalized
precursor areas averaged between biological replicates. Quantification
confidence cutoffs were estimated by plotting the correlation between
protein frequency distribution and the coefficient of variation (CV) be-
tween biological replicates. The cutoff for quantification confidence was
set as >70% of proteins with a CV <50%, which translated into a protein
abundance cutoff of108 3(Narea). Proteins with low numbers of spectral
counts (<5) and/or low precursor areas (<108) were considered to be
of low confidence for quantification (Supplemental Data Set 1.3).
Functional annotations and localizations were obtained from the
Plant Proteomics database (http://ppdb.tc.cornell.edu/dbsearch/
subproteome.aspx) (Sun et al.,, 2009) and TAIR (http://www.
arabidopsis.org/). To functionally assign proteins to cellular functions,
we used the MapManBin functional classification (Thimm et al., 2004).
Protein expression profiles through unsupervised hierarchical clus-
tering were performed as described (Majeran et al., 2012).

Accession Numbers

Mass spectrometry proteomics data are deposited in the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE
partner repository (Vizcaino et al., 2013), with the data set identifier
PXD006850. Additional accession numbers are in Table 1.
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Supplemental Data

Supplemental Figure 1. Purification of subcellular Arabidopsis mem-
brane proteomes.

Supplemental Figure 2. Experimental and quantitative proteomics
work flow.

Supplemental Figure 3. Relative enrichment of cell compartment
marker proteins in analyzed fractions.

Supplemental Figure 4. Frequency distribution of relative protein
abundance of MYRed proteins versus other proteins.

Supplemental Figure 5. Light versus dark accumulation of identified
MYRed proteins in PM and DRM fractions.

Supplemental Figure 6. Homology alignment of four members of the
TLD-domain unknown proteins carrying a highly conserved N-terminal
region including a myristoylatable peptide.

Supplemental Data Set 1.1. Identified MYRed proteins including
proteins from predicted myristoylome and proteins directly identified
with a myristoyl moiety.

Supplemental Data Set 1.2. Relative abundance and localization of
enzymes involved in protein lipidations.

Supplemental Data Set 1.3. Summary of all identifications in MS
analysis with functional annotations, cluster analysis, and MS relevant
information.
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