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Abstract
In a bioinformatics based screen for chloroplast-localized protein kinases we noticed that available
protein targeting predictors falsely predicted chloroplast localization. This seems to be due to
interference with N-terminal protein acylation, which is of particular importance for protein
kinases. Their N-myristoylation was found to be highly overrepresented in the proteome, whereas
myristoylation motifs are almost absent in known chloroplast proteins. However, only abolishing
their myristoylation was not sufficient to target those kinases to chloroplasts and resulted in
nuclear accumulation instead. In contrast, inhibition of N-myristoylation of a calcium-dependent
protein kinase was sufficient to alter its localization from the plasma membrane to chloroplasts
and chloroplast localization of ferredoxin-NADP+ reductase and Rubisco activase could be
efficiently suppressed by artificial introduction of myristoylation and palmitoylation sites.
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1. Introduction
The subcellular localization of proteins is crucial for their physiological function [1,2].
Accordingly, the correct assignment of protein localization is a prerequisite to understand its
biological function. The rapidly increasing amount of sequenced genomes generated an
increasing need to predict the subcellular localization of proteins from available sequence
data. Protein sorting mechanisms are dependent on the presence of certain targeting
sequences, mostly in the N-terminal parts of the protein, as well as on the general properties
of the protein, for example its hydrophobicity [3,4]. Based on the physico-chemical
properties of its targeting peptides, several algorithms have been developed to predict the
subcellular localization of proteins [5].

It is estimated that ~30% of all cellular proteins are targeted to membranes [6], which can be
achieved via hydrophobic transmembrane domains, electrostatic interaction with membrane
components or lipid modifications [7]. The two major mechanisms of lipid modification are
acylation and prenylation. While prenylation modifies C-terminal ends of proteins by
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covalent attachment of a farnesyl or geranylgeranyl moiety to a cysteine residue [8], protein
acylation occurs mainly in the N-terminal part [9] and does therefore potentially interfere
with protein sorting. Numerous proteins involved in signal transduction, are myristoylated
and palmitoylated [9-11]. N-Myristoylation is the irreversible, co-translational attachment of
myristic acid (C14:0) to an N-terminal glycine that is required at position 2 of a protein.
Accordingly the mutation of this glycine (i.e. G2A) abolishes N-myristoylation of this
protein. During translation, following the removal of the N-terminal methionine residue by a
methionylaminopeptidase, myristic acid is linked to the N-terminal glycine via an amide
bond by a N-myristoyltransferase (NMT) [12]. NMT recognizes a certain consensus motif –
in many cases MGXXX(S/T) – which can be predicted by various programs [13-16]. In
contrast, palmitoylation is the post-translational attachment of palmitic acid (C16:0) to N-
terminal or internal cysteine residues of proteins via a reversible thioester bond catalyzed by
a protein palmitoyltransferase (PPT). PPTs are much likely located at membranes, for
example the ER or the Golgi apparatus [11], but the mechanism of their action is still
unclear[17,18]. Internal palmitoylation of proteins is myristoylation-independent, whereas
N-myristoylation is a prerequisite for N-terminal palmitoylation in most cases. Furthermore,
palmitoylation is not restricted to the presence of a specific consensus motif [13].

Myristoylation facilitates only reversible membrane binding of proteins because the energy
provided by myristate-lipid interaction alone is too low for a stable membrane attachment
[19]. Palmitoylation in contrast is suggested to mediate a stable membrane anchoring, which
corresponds to the fact that palmitoylated proteins are found almost exclusively in
membrane preparations whereas myristoylated proteins are also present in soluble protein
extracts [9,10]. Stable membrane attachment of myristoylated proteins can only be achieved
by additional factors that support membrane binding such as palmitoylation, interaction of a
polybasic amino acid stretch with acidic phospholipids or interaction with a membrane
protein [18,20]. Acylation of proteins can influence their membrane targeting, their structure
and activity or their interaction with other proteins [21].

The physiological relevance of protein N-acylation has already been demonstrated for a
number of different examples, particularly for proteins involved in signal transduction and
stress response[7,22,23]. For example, the plasma membrane Na+/H+ exchanger SOS1 is
regulated in a calcium-dependent manner via the joint action of SOS3, a calcineurin B-like
protein (CBL) and SOS2, a protein kinase in response to salt stress in Arabidopsis [24]. The
salt-hypersensitive sos3-1 mutant exhibits impaired SOS1 activity, which could only be
complemented by wild-type SOS3, but not by the non-myristoylatable SOS3 G2A mutant
[23,24]. Similarly, cbll mutants are hypersensitive to salt, and again only wild-type CBL1
but not CBL1 G2A was able to partially complement the mutant. Furthermore, CBL1 C3S in
which the cysteine on position 3 has been exchanged for serine to prevent its palmitoylation,
was also not able to complement the salt-sensitive phenotype of the cbl1 mutant. This
indicates that palmitoylation as well as N-myristoylation has strong effects on the
physiological function of signaling components [7]. However, the interference of protein N-
acylation and other targeting mechanisms has so far almost been overlooked, particularly in
the plant field. In 2005 Colombo et al. [25] reported that N-myristoylation determines dual
targeting of mammalian NADH-cytochrome b5 reductase to the ER and to mitochondrial
outer membranes by a mechanism of kinetic partitioning, and here we show that protein N-
acylation is able to override other targeting signals like chloroplast targeting peptides, which
has strong implications particularly for protein kinases.
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2. Materials and methods
2.1. Cloning of genes and production of mutants

The coding sequences of all investigated genes were amplified by PCR from Arabidopsis
cDNA. All analyzed mutants were created by PCR mutagenesis using 5′ oligonucleotides
carrying the indicated base changes. Subsequently, all constructs were sequenced and cloned
into the vector pBAT [26], for the analysis of N-myristoylation, and into the vector pBIN-
Basta, a derivate of pBIN 19 [27] carrying a C-terminal YFP fusion for localization studies.

2.2. In vitro myristoylation assays
Analysis of protein N-myristoylation was carried out exactly as previously described [28],
using a cell free system (TNT Coupled Wheat Germ Extract System, Promega). In vitro
translation was carried out either in the presence of 10 μCi of L-[35S] methionine (1175 Ci/
mmol, Perkin–Elmer) for total protein labelling, or 50 μCi of [9,10-3H]-labelled myristic
acid (60 Ci/mmol, American Radiolabeled Chemicals). Reaction products were separated on
12% (w/v) SDS-polyacrylamide gels and incubated with autoradiography intensifier
(Amersham) before detection on X-ray film.

2.3. YFP localization studies
The localization of proteins fused to YFP was investigated by confocal laser scanning
microscopy after agrobacterium-mediated transfection of Nicotiana tabacum epidermal leaf
cells two days after transfection as described previously [28].

2.4. Western blotting
After microscopy, transfected leafs of N. tabacum expressing the YFP-fusion proteins were
grinded in liquid nitrogen. Proteins were extracted in denaturing extraction buffer (0.175 M
Tris–HCl pH 8.8, 5% SDS, 15% glycerol, 0.2 M DTT), precipitated with four volumes of
cold acetone and resuspended in standard SDS–PAGE loading buffer. Western blot was
carried out as described previously [29], and detection was carried out with anti-GFP
primary antibody (1:1000 dilution, Roche) and anti-mouse secondary antibody (1:10000
dilution, GE healthcare). Western blots were developed with SuperSignal West Pico
Chemiluminescent Substrate (Pierce). Protein amounts were equalized in order to have
similar signal strengths.

3. Results
3.1. N-Myristoylation affects particularly the subcellular localization of protein kinases

Initially we set out to identify chloroplast localized protein kinases in a bioinformatics based
approach using multiple prediction methods. To experimentally test the in vivo localization
of our selected candidate genes, we generated C-terminal YFP-fusion proteins and studied
their localization by laser scanning microscopy after transient expression in tobacco leaves.
Disapointingly, none out of the 10 protein kinases we tested appeared in chloroplasts,
instead most of them (8/10) showed a predominant extra-plastidic membrane localization.
Typical results are examplified in Fig. 1B for four serine/threonine-specific protein kinases:
Kin1 (At1g14370), Kin2 (At2g02800), Kin3 (At2g17220), and Kin4 (At4g35600), which
were all highly predicted to be targeted to chloroplasts by at least three different prediction
methods. The N-terminal sequences of these kinases are shown in Fig. 1C including their
TargetP score for chloroplast targeting. Considering that the known true positive rate of
chloroplast prediction by TargetP in Arabidopsis is ~86%, whereas the false positive rate of
prediction is ~35% [30] this was a very unexpected result. A similar observation has also
been published by Schliebner et al. [31], who analyzed the localization of nine different
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protein kinases, which were also chloroplast predicted by several algorithms, and found only
two of them localized in the chloroplast. As the overlap between the two studies is only one
kinase (Kin3, At2g 17220), there is now a total number of 18 protein kinases with high
prediction for chloroplast localization by different methods of which only two (11%)
appeared in chloroplasts. This prompted us to have a closer look at the N-terminal sequences
where we noticed that most (9/10) of the kinases we studied contained motifs for N-
myristoylation and many (8/10) also cysteins for additional palmitoylation (Fig. 1C).

Therefore, we extended our analysis to the entire Arabidopsis proteome and asked whether
N-myristoylation of protein kinases might be a more general phenomenon to regulate their
subcellular localization. Strikingly, 7% of all 965 Arabidopsis protein kinases [32] but only
1.2% (320 proteins) of all other 26270 proteins (TAIR8 release) were predicted to be
myristoylated using the myristoylation prediction program Myrist Predictor (http://
plantsp.genomics.purdue.edu/html/myrist.html) [16]. On the other hand, only 0.2% (2
proteins) out of the ~1100 experimentally confirmed chloroplast proteins listed in the plant
proteome database (PPDB) [33] are predicted to be myristoylated by the Myrist Predictor
(Fig. 1D). When we looked more specifically at predicted chloroplast-localized protein
kinases we found that 36.8% of those were predicted to be myristoylated whereas only
22.8% of all predicted chloroplast proteins were also predicted to be myristoylated. Looking
at the experimentally identified proteins this difference becomes even more obvious: In
total, 31 chloroplast annotated proteins in the PPDB database [30] have a glycine at position
2, and only two of them (i.e. At4g03415 and At2g25840) are predicted to be myristoylated.
An alignment of the N-termini of 898 annotated chloroplast proteins revealed that clearly the
penultimate position of these known chloroplast proteins is typically an Ala (56% of cases),
Ser (10%) or Pro (7%) and not a Gly [30]. In comparison, 12.9% of all Arabidopsis proteins
starting with a MGX sequence are predicted to be myristoylated compared to 48.6% of all
protein kinases (Fig. 1E). The two experimentally identified chloroplast proteins that are
predicted to be myristoylated are a protein phosphatase (At4g03415) and a tRNA synthetase
(At2g25840) that has been shown to be dually targeted to chloroplasts and mitochondria
[34]. However, it is still unclear whether these two proteins are really myristoylated in vivo.
We could confirm that Kin1 and Kin3 are indeed N-myristoylated in vitro (Supplementary
Fig. 1) and therefore continued to test the effect of N-myristoylation on the chloroplast
predicted protein kinases Kin1, Kin2, Kin3, and Kin4 in vivo. We generated non-
myristoylatable G2A mutants of those kinases and studied their localization in tobacco
epidermal leaf cells. As expected, the localization of all four candidate protein kinases was
altered, when myristoylation was abolished (Fig. 1F). The membrane localization was
drastically reduced and the proteins accumulated strongly in the nucleus compared to the
wild-type proteins but not in the chloroplast as we would have expected.

3.2. N-Acylation overrides chloroplast localization of a calcium-dependent protein kinase
(CDPK)

A much more striking effect of N-myristoylation on the subcellular localization of a protein
kinase became obvious when analyzing the calcium-dependent protein kinase CPK16
(AT2G17890). CPK16 is also highly predicted to be localized in the chloroplast and harbors
N-myristoylation and palmitoylation sites (Fig. 1C). Consistent with its predicted N-
acylation, CPK16 appeared predominantly at the plasma membrane in the wild-type form
(Fig. 2A). CPK16 is efficiently myristoylated in vitro (Fig. 2B and C), and intriguingly,
CPK16 was relocated to chloroplasts when the glycine on position 2 was exchanged for an
alanine (Fig 2A). This implies that myristoylation interferes with chloroplast localization. As
CPK16 harbors both an N-terminal myristoylation and palmitoylation site, we set out to
study the interference of these two modifications with chloroplast localization in more
detail. Therefore, the CPK16 mutants C4S and G2AC4S were created in addition to the G2A
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mutant. They have the cysteine on position 4 exchanged for serine and thus cannot be
palmitoylated anymore. Analysis of YFP-fusion proteins in infiltrated tobacco leaves
revealed that the C4S mutant, which can still be myristoylated but not palmitoylated, was
not targeted to chloroplasts but showed a much stronger nuclear accumulation instead (Fig.
2A). In contrast, the G2AC4S mutant was localized again in chloroplasts, thus suggesting
that myristoylation alone inhibits chloroplast localization of CPK16 (Fig. 2A). As expected,
only wild-type CPK16 and the C4S mutant could be myristoylated in vitro as shown by the
incorporation of 3H-labeled myristic acid (Fig. 2B), while all proteins were translated with
similar efficiencies (Fig. 2C). Notably the G2A and the G2AC4S mutant showed also a
stronger accumulation in the nucleolus as compared to the wild-type. To rule out that the
exchange of amino acids led to chloroplast import inhibition due to perturbation of the
chloroplast transit peptide, additional control mutations were generated. A G2V version was
created, as alanine is known to be the most frequently occurring amino acid on position 2 of
chloroplast proteins, which might be a possible chloroplast targeting determinant [30,35].
Nevertheless, CPK16 G2V still localized to chloroplasts and showed also nuclear
accumulation (Supplementary Fig. 2). Furthermore, we wanted to backup our microscopical
studies with a biochemical assay. Therefore we extracted total protein extracts of the
tobacco leaves expressing the YFP-fusion proteins and analyzed them by Western blotting
using an antibody directed against GFP. The wild-type version of CPK16 appeared at a
molecular mass of about 75 kDa (Fig. 2D), which was unexpected, but seemed not to be
caused by chloroplast import-related processing. Comparison with in vitro translated
CPK16-YFP (Supplementary Fig. 1C) revealed that the “full-length” (non-processed)
protein appeared at a molecular mass of 93 kDa like the C4S mutant. Most importantly, the
G2A and G2AC4S mutants of CPK16-YFP appeared at 85 kDa. TargetP or ChloroP
(www.cbs.dtu.dk/services/) predicted a targeting peptide of 75 amino acids for CPK16,
which would correspond to 8,3 kDa. Thus, the observed size difference of about 8 kDa
would be in perfect agreement with the removal of the chloroplast transit peptide in these
mutants after import into the chloroplast, demonstrating that CPK16 harbors a canonical
targeting signal that is masked by N-myristoylation.

3.3. Artificial N-acylation of chloroplast localized proteins inhibits their import
Based on these results we asked, whether it is possible to prevent import of canonical
chloroplast proteins by the artificial introduction of N-myristoylation and palmitoylation.
Therefore we selected the chloroplast proteins ferredoxin-NADP+ reductase (FNR)
(At5g66190) and Rubisco activase (RCA) (At2g39730), which are both lacking a glycine on
position 2 and therefore cannot be myristoylated per se. FNR and RCA show exclusive
chloroplast localization as YFP-fusion proteins (Fig. 3A and E). However, according to the
Myrist Predictor, the exchange of alanine on position 2 for a glycine results in the
introduction of a strong myristoylation consensus motif in both proteins. Consequently, both
FNR A2G and RCA A2G could be efficiently myristoylated in vitro (Fig. 3B, C and F, G).
Interestingly, YFP-fusion proteins of FNR A2G and RCA A2G were still localized
predominantly in chloroplasts and only a minor fraction appeared outside of chloroplasts
(Fig. 3A and E). Therefore we introduced additional palmitoylation sites by generating
A2GA4C mutants of FNR and RCA to test the effect of both N-terminal modifications on
chloroplast import. Both mutants were still myristoylated in vitro, indicating that
introduction of the cysteine did not eliminate the myristoylation consensus motif (Fig. 3B, C
and F, G). But now the analysis of YFP-fusion proteins of FNR A2GA4C and RCA
A2GA4C in tobacco leaves revealed that a great part of those mutants was not localized in
the chloroplast but showed a strong membrane attachment instead (Fig. 3A and E). This
indicates that introduction of myristoylation and palmitoylation impedes chloroplast
localization in these cases. To exclude again that the observed changes in localization are
caused by mutating the critical alanine at position 2 or by introducing a cysteine at position
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4, we generated an A2V and A2VA4S mutant for RCA. Nevertheless, both mutants still
showed chloroplast localization as shown in Fig. 3E. These results clearly indicated that
chloroplast localization of FNR, and RCA could efficiently be inhibited by N-terminal
acylation.

As already done for CPK16 we analyzed also protein extracts from infiltrated leaves by
Western-blotting using the GFP antibody. These results confirmed the observations from
fluorescence microscopy. We found that both A2G mutants were still perfectly processed
and no unprocessed precursor was detectable in Western blots (Fig. 3D and H), which is in
agreement with the observed predominant chloroplast localization. However, the
introduction of an additional palmitoylation site, lead to the accumulation of unprocessed
precursor in both A2GA4C mutants (Fig. 3D and H). This indicated that for FNR and RCA
the N-terminal palmitoylation prevents their chloroplast localization.

4. Discussion
We noticed that currently all methods for prediction of subcellular protein localization do
not consider N-terminal acylation. While this weakness seems to be of minor importance in
the analysis of diverse protein sets, it becomes particularly important for protein kinases. At
the proteome wide scale, they seem to be much more affected as other proteins, notably
48.6% of all protein kinases starting with MGX are predicted to be N-myristoylated. On the
other hand, only two proteins with predicted N-myristoylation have been experimentally
identified in chloroplasts. Our analysis of predicted chloroplast-localized protein kinases and
their G2A mutants clearly showed that N-myristoylation strongly affects their localization,
leading to a predominant extra-plastidic membrane attachment of the (wild-type) proteins.
Moreover, YFP localization studies on CPK16, FNR, RCA and their acylation mutants
revealed that myristoylation as well as palmitoylation is able to interfere with chloroplast
localization. However, it seems that this is not a general mechanism but has to be analyzed
for each protein separately. In the case of CPK16 abolishing myristoylation in the G2A
mutant led to its accumulation in chloroplasts, but removal of only the palmitoylation site in
the C4S mutant had no effect on the chloroplast localization and rather affected nuclear
accumulation. Thus, we concluded that myristoylation alone did inhibit chloroplast import
of CPK16 in vivo. In contrast, abolishing N-myristoylation of CPK3 (At4g23650), another
myristoylated CDPK which is also highly predicted to be targeted to chloroplasts (Fig. 1C),
did not lead to chloroplast localization as we have shown previously [29].

The artificial introduction of N-myristoylation sites in FNR and RCA in the A2G mutants
did only slightly influence chloroplast targeting. Only the additional introduction of
palmitoylation sites in the A2GA4C mutants led to a strong accumulation of the proteins
outside the chloroplast and appearance of the unprocessed precursor in Western blots from
leaf extracts. It seems that in these cases inhibition of chloroplast localization must primarily
be attributed to palmitoylation. An explanation therefore would be that acylation does not
inhibit the passage of proteins through the chloroplastic TOC-TIC apparatus per se.
Acylation may rather direct proteins to different compartments before they can be
recognized by chloroplast import components in vivo. For example it is possible that
myristoylated CPK16 is recognized by SRP, co-translationally targeted to the ER were it is
palmitoylated and subsequently transported to the plasma membrane. In contrast, non-
myristoylated CPK16 G2A would not be recognized by SRP and therefore, after completed
translation, CPK16 G2A would be available for components of the chloroplast import
machinery. Altogether, our studies show that N-terminal protein acylation offers an
additional layer to regulate protein targeting, which is of particular importance for protein
kinases and needs clearly to be considered in the context of potential organellar targeting.
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Fig. 1.
(A) Scheme of a leaf epidermal cell in which the vacuole fills most of the intracellular space.
(B) Confocal microscopy images of tobacco epidermal leaf cells expressing YFP-fusions of
Kin1-4 (kinases, green; chloroplasts, red; scale bar = 20 μm). (C) Alignment of the N-
terminal 40 amino acids of Kin 1-4, CPK3 and 16, RCA and FNR. TargetP score indicates
chloroplast prediction. Residues important for myristoylation and palmitoylation are shaded
in grey and serines in yellow to illustrate their enrichment. (D) Comparison of
myristoylation prediction for protein kinases compared to the entire Arabidopsis proteome
and the chloroplast proteome (PPDB). (E) The same analysis as in (D) but considering only
proteins starting with MGX. (F) Confocal microscopy images of tobacco epidermal leaf
cells expressing YFP-fusions of the G2A versions of Kin1-4.
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Fig. 2.
(A) Confocal microscopy images of CPK16 YFP-fusion proteins and mutant versions as
indicated in image. The size of the scale bar is 20 μm. (B) Autoradiograph of myristoylation
assays of CPK16 and mutants. (C) Autoradiograph of the translation controls. (D) Western
blot of CPK16 YFP-fusion proteins and mutant versions from infiltrated tobacco leaves.
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Fig. 3.
(A, E) Confocal microscopy images of FNR and RCA YFP-fusion proteins and mutant
versions, respectively (as indicated in image). The scale bar indicates 20 μm. (B, F)
Autoradiograph of myristoylation assays of FNR and RCA with their corresponding
mutants. (C–G) Autoradiograph of translation controls of FNR and RCA with their
corresponding mutants, respectively. (D, H) Western blot of FNR and RCA YFP-fusion
proteins and the corresponding mutant versions from infiltrated tobacco leaves.
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