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The Acidic A-Domain of Arabidopsis Toc159 Occurs as a
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The translocon at the outer membrane of the chloroplast assists the import of a large class of preproteins with amino-terminal
transit sequences. The preprotein receptors Toc159 and Toc33 in Arabidopsis (Arabidopsis thaliana) are specific for the
accumulation of abundant photosynthetic proteins. The receptors are homologous GTPases known to be regulated by
phosphorylation within their GTP-binding domains. In addition to the central GTP-binding domain, Toc159 has an acidic
N-terminal domain (A-domain) and a C-terminal membrane-anchoring domain (M-domain). The A-domain of Toc159 is
dispensable for its in vivo activity in Arabidopsis and prone to degradation in pea (Pisum sativum). Therefore, it has been
suggested to have a regulatory function. Here, we show that in Arabidopsis, the A-domain is not simply degraded but that it
accumulates as a soluble, phosphorylated protein separated from Toc159. However, the physiological relevance of this process
is unclear. The data show that the A-domain of Toc159 as well as those of its homologs Toc132 and Toc120 are targets of a casein

kinase 2-like activity.

The Toc and Tic complexes cooperate to import
nuclear-encoded chloroplast preproteins from the cy-
tosol (Jarvis, 2008; Kessler and Schnell, 2009). Initially,
incoming preproteins encounter the receptors Toc159
and Toc34 at the chloroplast surface. Both are GTP-
binding proteins and share sequence homology in
their G-domains. While Toc34 is anchored in the outer
membrane by a short hydrophobic C-terminal tail, the
triple-domain Toc159 is inserted via a largely hydro-
philic 52-kD M-domain. In addition to the G- and
M-domains, Toc159 has a large acidic A-domain covering
the N-terminal half of the protein. Arabidopsis (Arabi-
dopsis thaliana) encodes two isoforms of Toc34 (Toc33
and Toc34) and four of Toc159 (Toc159, Toc132, Toc120,
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and Toc90; Jackson-Constan and Keegstra, 2001). The
Toc159 isoforms have a similar domain structure, but
they differ from each other in length and sequence of
their A-domain (Hiltbrunner et al., 2001a). However,
Toc90 does not have an acidic domain at all and only
consists of the G- and M-domains (Hiltbrunner et al.,
2004). It has been demonstrated that the A-domain of
AtToc159 and AtToc132 have properties of intrinsically
disordered proteins (Hernandez Torres et al., 2007;
Richardson et al., 2009), suggesting an involvement
of the A-domain in transient and multiple protein-
protein interactions possibly with the transit pep-
tides of preproteins. Toc34 and Toc159 together with
the Toc75 channel constitute the Toc-core complex
(Schleiff et al., 2003) and are required for the accumu-
lation of highly abundant photosynthesis-associated
proteins in the chloroplast. The Arabidopsis deletion
mutants of Toc33 (ppil; Jarvis et al., 1998) and Toc159
(ppi2; Bauer et al., 2000) have indicative phenotypes of
their role in chloroplast biogenesis, respectively pale
green and albino. Complementation experiments of
the ppi2 mutant have established that the G- and
M-domains have essential functions whereas the
A-domain is dispensable (Lee et al., 2003; Agne et al,,
2009). In preceding studies, possibly influenced by the
model organism and experimental tools, Toc159 oc-
curred in different forms. Initially, Toc159 was identi-
fied in pea (Pisum sativum) as an 86-kD protein lacking
the entire A-domain (Hirsch et al., 1994; Bolter et al.,
1998). In addition to its membrane-associated form,
Arabidopsis Toc159 has been found as a soluble pro-
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tein (Hiltbrunner et al., 2001b). However, the function
and the fate of the A-domain as well as that of soluble
Toc159 remain unknown and a matter of debate.

Not only GTP binding and hydrolysis by the Toc
GTPases but also phosphorylation is known as a
regulatory mechanism of chloroplast protein import
at the Toc complex level (Oreb et al., 2008b). First, some
precursor proteins, such as the small subunit of
Rubisco, may be phosphorylated in their transit se-
quence by a cytosolic kinase (Martin et al., 2006).
Phosphorylation promotes binding to a 14-3-3 protein
and cytosolic Hsp70 in the guidance complex that
delivers the phosphorylated preprotein to the Toc
complex (May and Soll, 2000). Second, both Toc159
and Toc34 are known to be phosphorylated and inde-
pendently so by distinct kinases, OEK70 and OEK9S,
respectively (Fulgosi and Soll, 2002). These two kinase
activities have been located to the outer envelope
membrane, but their molecular identification is still
pending. Phosphorylation of the Toc GTPases may
occur in the GTP-binding domains (Oreb et al., 2008a).
For Toc34, data on the site (Ser-113 in pea and Ser-181
in Arabidopsis) and effects of phosphorylation are
available (Jelic et al., 2002, 2003). It imposes a negative
regulation on the Toc complex by inhibiting GTP and
preprotein binding to Toc34, reducing its ability to
bind Toc159 and to assemble into the Toc complex
(Oreb et al., 2008a). The in vivo mutational analysis in
Arabidopsis indicated that phosphorylation at Toc34
represents a nonessential mechanism (Aronsson et al.,
2006; Oreb et al., 2007). Despite the 86-kD proteolytic
fragment of Toc159 being a major phosphoprotein in
the pea outer chloroplast membrane (Fulgosi and Soll,
2002), little is known of the molecular and regulatory
mechanisms of Toc159 phosphorylation. In this study,
we report that the A-domain of Toc159 can be purified
as a stable fragment. Moreover, it is hyperphosphory-
lated, hinting at an important and highly regulated
functional role. Our data suggest that Toc159 is the
target of casein kinase 2 (CK2)-like and membrane-
associated kinase activities.

RESULTS
TAP-Tagged Toc159

For the study of molecular interactions of Toc159
and its subdomains, we tagged Toc159 and domains of
it with a Tandem Affinity Purification (TAP) tag (Fig.
1A). The TAP tag consists of two Protein A IgG-
binding domains and calmodulin-binding protein
separated by a tobacco etch virus (TEV) protease
cleavage site. TEV cleavage can be used to release
TAP-tagged protein from an IgG column. Transgenic
Arabidopsis plants expressing full-length TAP-Toc159
(TAP-Toc159:ppi2) and TAP-Toc159GM lacking the
A-domain (TAP-Toc159GM:ppi2) have been described
before (Agne et al., 2009). Both fusion proteins were
functional and able to complement the albino pheno-
type of the ppi2 mutant. In contrast, a fusion of the

Toc159 A-domain to a C-terminal TAP tag as well as
the TAP tag alone (data not shown) did not comple-
ment. Therefore, only wild-type plants expressing
those fusion proteins were isolated for this study
(Fig. 1C). Western blotting of total plant extracts of
all of the transgenic lines revealed expression of all
fusion proteins (Fig. 1B). Anomalous SDS-PAGE mi-
gration of the fusion proteins of the A-domain not
correlating with the calculated molecular mass was
observed (Fig. 1B). This anomalous migration behav-
ior is probably due to the high content (26.9%) of acidic
amino acid residues in the A-domain. The Toc159A-
TAP fusion protein appeared more susceptible to
protein degradation than the full-length protein (Fig.
1B, compare lanes 3 and 4). Several lower molecular
mass bands were detected with unspecific rabbit IgG
in western blotting of the Toc159A-TAP:WT extract.
For full-length TAP-Toc159, only two additional lower
molecular mass bands migrating between 116 and 200
kD were detected. The recognition of these bands by
IgG and thus the presence of the N-terminal TAP tag
indicated the N-terminal nature of the Toc159 frag-
ments. Affinity-purified antibodies against the Toc159
A-domain revealed a similar pattern in extracts of wild-
type plants, resulting in a band at 150 kD in addition to
full-length Toc159 at 220 kD (Fig. 1B, lane 1). However,
only one band was observed at 150 kD in the wild type.
The detection of the 150-kD band in the wild type total
extract by the anti-A-domain antibody is likewise con-
sistent with an N-terminal fragment of Toc159.

Distribution of TAP-Toc159

When total extracts of both TAP:WT control plants
and TAP-Toc159:ppi2 plants were separated into solu-
ble (SN100) and total (P100) membrane fractions by
centrifugation at 100,000g (Fig. 2A), a similar immuno-
detection pattern was obtained when probing the
western blot with anti-Toc159A and unspecific IgG,
respectively (Fig. 2A, thick-framed immunoblots). Us-
ing anti-Toc159A wild type, full-length Toc159 was
detected in the total extract as well as the P100 mem-
brane fraction of TAP:WT plants. In contrast, a lower M,
band (Toc159%) was almost equally present in the P100
membrane and the SN100 soluble fraction. Similarly,
using unspecific IgG full length, TAP-Toc159 was
detected in the total extract and the P100 membrane
fraction, and one to two prominent lower M, bands
(TAP-Toc159*) were present in both the P100 mem-
brane and SN100 soluble fractions. In control western
blots, the outer membrane marker Toc75 and the thy-
lakoid marker chlorophyll a/b-binding protein were
only detectable in the P100 membrane fraction. The
soluble marker phosphoribulokinase as well as the TAP
tag expressed in TAP:WT plants were detected almost
exclusively in the soluble fraction. The membrane and
soluble markers indicate good separation of the respec-
tive fractions. In conclusion, these results suggested the
existence of an N-terminal fragment of Toc159 with a
dual localization and to some extent properties of a
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Figure 1. Transgenic plants for TAP of
AtToc159. A, Schematic representa-
tion of the Toc159-TAP fusion proteins.
*, In the C-terminally fused TAP tag,
the order of its segments is inversed
and reads CBP-TEV-ProAProA. B, Im-
munoblot of plant extracts of transgenic
lines with unspecific rabbit 1gG to de-
tect the TAP-Toc159 fusion proteins
(lanes 3-5) or the TAP tag alone (lane
7). Anti-Toc159A antibodies were used
to detect endogenous AtToc159 in
wild-type (WT) plants (lane 1). C, TAP-
Toc159:ppi2 and Toc159A-TAP:WT

A
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soluble protein. Considering the high M, of this frag-
ment as well as its solubility, we hypothesize that it
might constitute a large proportion of the A-domain.

Isolation of N-Terminally TAP-Tagged Toc159 Species

We purified TAP-Toc159 as well as its N-terminal
fragment from the soluble SN100 fraction and from the
Triton X-100-solubilized P100 membrane fraction of
TAP-Toc159:ppi2 plants using IgG affinity chromatog-
raphy followed by TEV protease elution (Fig. 2B, lane
159). As a negative control, we used the corresponding
fractions from TAP:WT plants (Fig. 2B, lane TAP). The
load and unbound fractions as well as the TEV eluates
of the IgG chromatography experiment were analyzed
by SDS-PAGE and western blotting. From the P100
fraction of TAP-Toc159:ppi2 plants, we purified full-
length Toc159 as well as the two lower M, fragments
(Toc159%) together with known components of the Toc
complex, Toc75 and Toc33 (Fig. 2B, lane 12). From the
SN100 fraction of the same plants, only the lower M,
fragments of TAP-Toc159 were obtained (Fig. 2B, lane
10). On control western blots, neither Tic110, chloro-
phyll a/b-binding protein, the large Rubisco subunit,
nor actin was detected in the TEV eluates. No Toc
proteins were detected in the negative control TEV
eluates (Fig. 2B, lanes 9 and 11).

Identification of Different Toc159 Molecular Species

We used mass spectrometry to determine the mo-
lecular nature of the different forms of Toc159 in the
TEV eluates. The TEV eluates (Fig. 2B) were separated
on a Bis-Tris gel and stained with SyproRuby (Fig. 3A).
The band corresponding in mass to full-length Toc159
was only detected in the TEV eluate of the P100
fraction (Fig. 3A, lane 4). The lower molecular mass
fragment was present in the TEV eluate of both the
P100 and the SN100 fractions (Fig. 3A, lanes 2 and 4).
Some apparently nonspecific bands occurred in the
control eluates (Fig. 3A, lanes 3 and 5) as well as the
eluates derived from TAP-Toc159:ppi2 plants (Fig. 3A,
lanes 2 and 4). Bands of interest were excised, digested
in-gel with trypsin, eluted, and subjected to mass
spectrometry. The P100 fraction contained full-length
Tocl59; peptides along the entire sequence of Toc159
were identified, giving an overall coverage of 50% (Fig.
3B, right panel). The SN100 fraction yielded peptides
mapping only to amino acids 1 to 733. This corresponds
to a coverage of 32% of the total Toc159 sequence and of
57% of the A-domain sequence (defined here as amino
acids 1-764 of Toc159 based on data from Bolter et al.
[1998]; Fig. 3B, left panel). This indicates that the Toc159
fragment in the SN100 fraction represents the entire
A-domain as a separate soluble protein.
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A TAP:WT  TAP-Tocl59 Figure 2. IgG affinity purification of TAP-Toc159
(control)  .ppi2 species from soluble and membrane fractions. A,
w2 - Immunoblot analysis of total protein extracts (EXTR),
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Phosphorylation of the Toc159 A-Domain

In vitro phosphorylation of the 86-kD fragment of
Toc159 (comprising the G- and M-domains) and the
isolated G-domain has been reported (Fulgosi and
Soll, 2002; Oreb et al., 2008a). More recently, phos-
phopeptides derived from the A-domain have also
been reported (de la Fuente van Bentem et al., 2008;
Sugiyama et al., 2008; Whiteman et al., 2008; Reiland
et al., 2009). To determine whether Toc159 and the
separated A-domain occur as phosphoproteins in
vivo, the TEV eluates were stained with the phospho-
specific dye ProQ-Diamond after SDS-PAGE (Fig. 3A,
right panel). ProQ-Diamond stained the bands identi-
fied by mass spectrometry as full-length Toc159 and its
A-domain (Fig. 3A, lanes 2" and 4'). The nonspecific

bands present in the eluates and nonphosphorylated
bands of the M, standard were not or only weakly
stained. Treatment of TEV eluates with A-phosphatase
prior to ProQ-Diamond staining strongly reduced the
intensity of the bands, demonstrating phosphospeci-
ficity (Fig. 3C). Therefore ProQ-Diamond staining of
full-length Toc159 and of the A-domain is indeed due
to phosphorylation and not to unspecific binding of
the dye to the acidic A-domain.

Summary of Phosphorylation Sites in the
Toc159 A-Domain

To identify phosphorylation sites in Toc159, two
different approaches were used: (1) isolation of TAP-
Toc159 and identification of phosphorylation sites by
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VEELPVSESL KVGSVDAEED SIPAAESQFE VRKVVEGDSA EEDENKLPVE 551 VEELPVSESL KVGSVDAEED SIPAAESQFE VRKVVEGDSA EEDENKLEVE
DIVSSREFSF GGKEVDQEPS GEGVTRVDGS ESEEETEEMI EGSSEARKQE 601 DIVSSREFSF GGKEVDQEPS GEGVTRVDGS ESEEETEEMI FGSSEARKQE
LAELEKASSG IEAHSDEANI SNNMSDRIDG QIVTDSDEDV DTEDEGEEKM 651 LAELEKASSG IEAHSDEANI SNNMSDRIDG QIVIDSDEDV DTEDEGEEKM
FDTARLARLL KAATGGGSSE GGNFTITSQD GTKLFSMDRP AGLSSSLRPL 701 FDTAALAALL XKAATGGGSSE GGNETITSQD GTKLFSMDRP AGLSSSLRPL
KPAAAPRANR SNIFSNSNVT MADETEINLS EEEKQKLEKL QSLRVKFLRL 751 KPARRPRANR SNIFSNSNVT MADETEINLS EEEKQKLEKL QSLRVKFLRL
LORLGHSAED SIARQVLYRL ALLAGRQAGQ LFSLDAAKKK AVESEAEGNE 801 LORLGHSAED SIAAQVLYRL ALLAGRQAGQ LFSLDAAKKK AVESEAEGNE
ELIFSLNILV LGKAGVGKSA TINSILGNQI ASIDAFGLST TSVREISGIV 851 ELIFSLNILV LGKAGVGKSA TINSILGNQI ASIDAFGLST TSVREISGTV
NGVKITFIDT PGLKSAAMDQ STNAKMLSSV KKVMKKCPPD IVLYVDRLDT 901 NGVKITFIDT PGLKSAAMDQ STNAKMLSSY KKVMKKCPPD IVLYVDRLDT
QTRDLNNLPL LRTITASLGT SIWKNAIVTL THAASAPPDG PSGTPLSYDV 951 QTRDLNNLPL LRTITASLGT SIWKNAIVTL THAASAPPDG PSGIPLSYDV
FVAQCSHIVQ QSIGQAVGDL RLMNPSLMNP VSLVENHPLC RKNREGVKVL 1001 FVAQCSHIVQ QSIGQAVGDL RLMNPSLMNP VSLVENHPLC RKNREGVKVL
PNGQTWRSQL LLLCYSLKVL SETNSLLRPQ EPLDHRKVFG FRVRSPPLPY 1051 PNGQTWRSQL LLLCYSLKVL SETNSLLRPQ EPLDHRKVFG FRVRSPPLPY
LLSWLLQSRA HPKLPGDQGG DSVDSDIEID DVSDSEQEDG EDDEYDQLPP 1101 LLSWLLQSRA HPKLPGDQGG DSVDSDIEID DVSDSEQEDG EDDEYDQLPP
FKPLRKTQLA KLSNEQRKAY FEEYDYRVKL LOKKQWREEL KRMKEMKKNG 1151 FKPLRKTQLA KLSNEQRKAY FEEYDYRVKL LOKKOWREEL KRMKEMKENG
KKLGESEFGY PGEEDDPENG APAAVPVPLP DMVLPPSFDS DNSAYRYRYL 1201 KKLGESEFGY PGEEDDPENG APAAVPVPLP DMVLPPSFDS DNSAYRYRYL
EPTSQLLTRP VLDTHGWDHD CGYDGVNAEH SLALASRFPA TATVQVTKDK 1251 EPTSQLLTRP VLDTHGWDHD CGYDGVNAEH SLALASREPA TATVQVTKDK
KEFNIHLDSS VSAKHGENGS TMAGFDIQNV GKQLAYVVRG ETKFKNLRKN 1301 KEFNIHLDSS VSAKHGENGS TMAGFDIQNV GKQLAYVVRG %FKNLRKH
KTTVGGSVTF LGENIATGVK LEDQIALGKR LVLVGSTGTM RSQGDSAYGA 1351 KTTVGGSVTF LGENIATGVK LEDQIALGKR LVLVGSTGTM RSQGDSAYGA
NLEVRLREAD FPIGQODQSSF GLSLVKWRGD LALGANLQSQ VSVGRNSKIA 1401 NLEVRLREAD FPIGQDQSSF GLSLVKWRGD LALGANLQSQ VSVGRNSKIA
LRAGLNNKMS GQITVRTSSS DQLOIALTAI LPIAMSIYKS IRPEATNDKY 1451 LRAGLNNKMS GQITVRTSSS DQLOIALTAT LPIAMSIYKE IRPEATNDKY
SMY 1501 SMY
atToc159A (1-764)
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Figure 3. The Toc159 species purified from the soluble fraction constitute the A-domain. A, TEV eluates after purification of TAP-
Toc159 from TAP-Toc159:ppi2 (159) and of the control TAP tag from TAP:WT tag plants (TAP) were separated on a NuPAGE
Novex 4% to 12% BisTris gel. The gel was stained with the phosphospecific fluorescent dye ProQ-Diamond and with the total
protein stain SyproRuby. The PeppermintStick molecular mass marker (Invitrogen) contains two phosphorylated proteins of 45
kD (ovalbumin) and 24 kD (B-casein). Toc159*, Proteolytic fragment of Toc159. B, Peptides (boldface and underlined) and
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mass spectrometry analysis; and (2) identification of
Toc159 phosphopeptides in the available Arabidopsis
phosphoproteome data. In the first approach, full-
length Toc159 and its A-domain fragment were iso-
lated from the P100 or the soluble SN100 fraction as
described above and subjected to mass spectrometry
analysis. Thereby, three Toc159 phosphosites (571,
5281, and S589) and an additional phosphopeptide of
Toc159 were identified (Table I, Supplemental Table
S1). In a large-scale phosphoproteomics experiment,
the same phosphosites plus nine additional ones
(5210, S288, 5448, S609, S630, 5632, T684, S686, and
T692) were assigned (Reiland et al., 2009). The data of
the latter study are available in the PhosPhAt data-
base (Heazlewood et al., 2008). PhosPhAt contains
data from four other phosphoproteomics studies (de la
Fuente van Bentem et al., 2008; Sugiyama et al., 2008;
Whiteman et al., 2008; Jones et al., 2009), identifying
four phosphosites (S71, 5281, S609, and S632) con-
forming with the data of Reiland et al. (2009). Inter-
estingly, all 12 phosphosites map to the A-domain of
Toc159 (Fig. 4), and most of them are predicted to be a
target of CK2 (Table I). Phosphoproteomics yielded
more phosphopeptides mapping to the A-domain to
which the phosphosites could not be assigned. No
phosphopeptides mapping to either the G- or M-domain
were identified in any of these studies. In summary, the
results identify the A-domain of Toc159 as a highly
phosphorylated protein in vivo.

In Vivo Phosphorylation of Toc159A-TAP

To determine whether phosphorylation of the
A-domain of Toc159 depended on being part of full-
length Toc159, we made use of Toc159A-TAP:WT
plants expressing the first 740 amino acids of Toc159
fused to a C-terminal TAP tag (Fig. 1). When analyzed
by western blotting, Toc159A-TAP was present in both
the SN100 and P100 fractions, indicating partial asso-
ciation of Toc159A-TAP with membranes (Fig. 5A,
lanes 2 and 3). We purified Toc159A-TAP from the
SN100 fraction (Fig. 5). Anti-Toc159A antibodies de-
tected multiple bands on the western blot of the TEV
eluate (Fig. 5A, lane 6). Apparently, Toc159A-TAP was
more degraded than the A-domain originating from
TAP-Toc159. Equal volumes of the Toc159A-TAP elu-
ate were subjected to SyproRuby and ProQ-Diamond
staining with or without prior phosphatase treatment
(Fig. 5B). The SyproRuby stain confirmed equal load-
ing of the two samples. Phosphatase treatment prior to
the analysis strongly reduced ProQ-Diamond staining

when compared with untreated Toc159A-TAP eluate.
This demonstrates that the soluble Toc159A-TAP alone
is an in vivo kinase target independent of being part of
the full-length protein.

Phosphorylation of Recombinant Toc159A by
Arabidopsis Protein in Vitro

To investigate Arabidopsis kinase activity phos-
phorylating Toc159A, we overexpressed and purified
Toc159A-His-6x from bacteria (Fig. 6A) and used itas a
substrate in in vitro phosphorylation assays. Arabi-
dopsis extracts were used as a kinase source (Fig. 6B).
Similar to the A-domain purified from Toc159A-TAP:
WT plants, recombinant Toc159A-His-6x expressed in
bacteria could only be purified as multigle fragments.
Toc159A-His-6x was incubated with [y-*"P]ATP in the
presence of either 20 or 40 ug of total protein extract
(Total; Fig. 6B, lanes 6 and 7), total soluble protein
(SN100; Fig. 6B, lanes 8 and 9), and Triton X-100-
solubilized total membrane proteins (P100; Fig. 6B,
lanes 10 and 11). As a negative control, the same
fractions were incubated with [y-*P]ATP in the pres-
ence of bovine serum albumin instead of Toc159A-His-
6x to reveal phosphorylation of endogenous proteins
in the extract (Fig. 6B, lanes 2-4). The experiments
were analyzed by SDS-PAGE followed by phosphor-
imager analysis. Multiple bands derived from recom-
binant Toc159A-His-6x were phosphorylated. In the
case of the P100 Triton X-100 solubilisate, phosphory-
lation appeared entirely specific to Toc159A-His-6x. In
the total extract and SN100 samples, Toc159A-His-6x
was phosphorylated to a lesser extent and some of the
phosphoprotein bands were due to phosphorylation
of endogenous plant proteins. Phosphorylation of the
A-domain was not due to autophosphorylation, as
incubation of Toc159A-His-6x with [y-"P]JATP alone
did not yield any phosphobands (Fig. 6B, lane 5).

To roughly characterize the identified kinase activ-
ities, a similar experiment was repeated in the pres-
ence of kinase inhibitors: heparin (inhibiting CK2,
protein kinase C [PKC], and Ca*"/calmodulin-depen-
dent protein kinase), 5,6-dichlorobenzimidazole ribo-
side (DRB; inhibiting CK2 and cyclin-dependent
kinase), apigenin (inhibiting CK2 and mitogen-acti-
vated protein kinase), chelerythrine (inhibiting PKC),
or nonradioactive GTP as a potential competitor (CK2;
Fig. 6C). Phosphorylation of Toc159A-His-6x by the
SN100 and the P100 fractions was effectively inhibited
by heparin at a concentration of 15 ug mL ™" (Fig. 6C,
lanes 4 and 12). Cold GTP at 500 uM clearly competed

Figure 3. (Continued.)

sequence coverage obtained by tandem mass spectrometry analysis of TAP-Toc159 species. The Toc159 A-domain sequence,
inferred from the experimentally determined start of the Toc86 fragment of pea Toc159 (Hirsch et al., 1994; Bolter et al., 1998), is
highlighted in gray. C, Phosphatase treatment demonstrates phosphospecific staining of Toc159 species. TEV eluates derived
from TAP:WT tag plants (TAP) or TAP-Toc159:ppi2 plants (159) were treated (+) or not (=) with A-phosphatase prior to separation
on a NuPAGE Novex 4% to 12% BisTris gel and ProQ-Diamond and SyproRuby staining. SN100, Protein purified from the
soluble fraction; P100, protein purified from the 100,000g pellet solubilized with Triton X-100.
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Table I. Summary of Toc159 phosphopeptides

The phosphopeptide spectra of this study are available in Supplemental Spectra S1. Phosphorylation motif prediction was done with NetPhosK 1.0

(Blom et al., 2004). n.d., Not determined.

Position of
Study Peptide Sequence Phosphorylated Predicted Kinase
Amino Acids

This study VGADDLpSDSEK S71 CK2
VGADDLSDSEKEKPNLVGDGK n.d.
FDQIGDDDpSGEFEPVSDK 5281 CK2
VVEGDpSAEEDENKLPVEDIVSSR S589 CK2
VVEGDpSAEEDENKLPVEDIVSSR $589 CK2
KVVEGDpSAEEDENKLPVEDIVSSR 5589 CK2
ASSGIEAHSDEANISNNMSDR n.d.
ASSGIEAHSDEANISNNMSDR n.d.

Reiland et al. (2009) VGADDLpSDSEK S71 CK2
VGADDLSDSEK n.d.
ELDSSSEAVSGNSDKVGADDLSDSEK n.d.
VDVDDKpSDNVIEEEGVELTDK S210 CK2
FDQIGDDDpSGEFEPVSDK $281 CK2
FDQIGDDDSGEFEPVpSDK 5288 CK2
INADAETLEVANKFDQIGDDDSGEFEPVSDK n.d.
FTSESDSIADSSK n.d.
FDPIGQGEGGEVELEpSDK S448 CK2, PKC
KVVEGDpSAEEDENK S589 CK2
EFpSFGGKEVDQEPSGEGVTR 5609 CK1
VDGSESEEETEEPMIFGSSEAAK n.d.
VDGpSEpSEEETEE°MIFGSSEAAK $630/5632 CK2, PKA/CK2, CK1
EVDQEPSGEGVTRVDGSESEEETEEPMIFGSSEAAK n.d.
ASSGIEAHSDEANISNNMSDR n.d.
IDGQIVTDSDEDVDTEDEGEEK n.d.
IDGQIVpTDpSDEDVDpTEDEGEEK T684/5686/T692 CK2/CK2/CK2, CK1

de la Fuente van Bentem et al. VGADDLpSDSEK S71 CK2

(2008); Sugiyama et al. (2008)
Sugiyama et al. (2008); FDQIGDDDpSGEFEPVSDK $281 CK2
Whiteman et al. (2008)

Sugiyama et al. (2008) VGVEVEELPVSESLK n.d.

Sugiyama et al. (2008) EFpSFGGK S609 CK1

Whiteman et al. (2008) VDGSEpSEEETEE°MIFGSSEAAK $632 CK2, CK1

Jones et al. (2009) ASSGIEAHSDEANISNNMSDR n.d.

[y-*P]ATP phosphorylation of Toc159A-His-6x by P100
(Fig. 6C, lane 14) but interestingly not by the SN100
fraction (Fig. 6C, lane 6). All other inhibitors tested had
no apparent effect on Toc159A-His-6x phosphorylation.
Heparin inhibition and the ability to use GTP as well as
ATP as the phosphodonor are characteristic of CK2.
The NetPhosK 1.0 server (Blom et al., 2004) predicts
57 CK2 sites (score 0.5) in Toc159, 48 of which locate to
the A-domain. Of the 12 identified in vivo phospho-
sites, seven were predicted to be phosphorylated by
CK2 (571, 5210, 5281, 5288, S589, T684, and S686) only,
whereas the remaining five phosphosites (5448, S609,
5630, 5632, and T692) could be targets of CK2 and/or
of members of a different kinase family. The results of
the kinase inhibitor experiment (Fig. 6C) as well as the
observation that most of the Toc159A in vivo phos-
phorylation sites (Table I) are predicted CK2 targets
strongly suggest that Toc159 is phosphorylated by a
CK2-like activity in vivo. Furthermore, the in vitro
A-domain phosphorylation experiments (Fig. 6, B and

C) indicate distinct kinase activities localized either in
the membrane or the soluble compartment.

Phosphorylation by CK2

To demonstrate that Toc159A is an in vitro substrate
of CK2, we incubated Toc159A-His-6x (Fig. 7A, lane 2)
as well as the control substrate casein (Fig. 7A, lane 5)
with recombinant maize (Zea mays ) CK2 a-subunit in
the presence of [y-PP]ATP. The experiment was ana-
lyzed by SDS-PAGE followed by phosphorimaging.
The Toc159A-His-6x as well as casein were strongly
phosphorylated by maize CK2 (Fig. 7A, lanes 2 and 5).
Heparin, the known CK2 inhibitor, completely abol-
ished phosphorylation (Fig. 7A, lane3).

Like Toc159, the Arabidopsis homologs Toc120 and
Toc132 have acidic domains. The three A-domains
differ in length and amino acid composition. CK2
phosphorylation is predicted for all three by the
NetPhosK 1.0 server (Supplemental Fig. S1). The
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1201 KKLGESEFGY PGEEDDPENG APAAVPVPLP DMVLPPSFDS DNSAYRYRYL
1251 EPTSQLLTRP VLDTHGWDHD CGYDGVNAEH SLALASRFPA TATVQVTKDK
1301 KEFNIHLDSS VSAKHGENGS TMAGFDIQNV GKQLAYVVRG ETKFKNLRKN
1351 KTTVGGSVTF LGENIATGVK LEDQIALGKR LVLVGSTGTM RSQGDSAYGA
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Figure 4. Toc159 phosphopeptides map to the A-domain. A, Sequence
of AtToc159 with phosphopeptides (boldface and underlined) and
phosphorylation sites (red) according to Table I. B, WebLogo analysis
(Crooks et al., 2004) of Toc159 phosphorylation sites. Color scheme is
as follows: S/T, red; D/E, blue; K/R, orange; L/I/V/M, green.

PhosPhAt database lists three A-domain phosphory-
lation sites for Toc132 (5195, 5296, and S298) as well as
two for Toc120 (S318 and T320; Heazlewood et al.,
2008; Sugiyama et al., 2008). Toc132 5296 and S298 are
predicted CK2 phosphorylation sites (Supplemental
Fig. 51). To test whether the A-domains of Toc120 and
Toc132 are CK2 substrates, an in vitro phosphorylation
experiment using the recombinant CK2 was carried
out (Fig. 7B, lanes 8’ and 10"). The purified G-domains
of Toc159 (Fig. 7B, lane 4") and Toc33 (Fig. 7B, lane 6")
were also tried as substrates because they also contain
predicted CK2 sites. Toc159A (Fig. 7B, lane 2), Toc120A
(Fig. 7B, lane 8), and Toc132A (Fig. 7B, lane 10) were
phosphorylated by the recombinant CK2, and neither
of them revealed autophosphorylation activity in the
absence of kinase (Fig. 7B, lanes 1, 7, and 9). Phosphor-
ylation of Toc159 and Toc33 G-domains did not oc-
cur. In summary, the results demonstrate that the
A-domains of Toc159, Toc120, and Toc132 behave as
in vitro CK2 substrates, suggesting that A-domain
phosphorylation by CK2 is a conserved feature of the
Toc159 homologs having an A-domain.

Inhibition of in Vitro Chloroplast Protein Import
by Heparin

To test for a functional role of A-domain phosphor-
ylation in chloroplast protein import, we preincubated
wild-type chloroplasts with CK2, various kinase in-
hibitors (heparin, DRB, apigenin), or a phosphatase
inhibitor (glycerol-2-phosphate) prior to in vitro
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Figure 5. Toc159A overexpressed in planta is phosphorylated. A,
Immunoblot analysis of different fractions obtained during purification
of Toc159A ,,;.740-TAP from the soluble fraction (SN100). Soluble
protein (lanes 3 and 4) was loaded on a HslgG-Affi-Gel column. After
removal of unbound protein (UB; lane 5) and washing, elution was
carried out using AcTEV protease (TEV; lane 6). EXTR, Plant extract;
P100, 100,000g pellet; SN100, 100,000g supernatant; L, 100,000g
supernatant at the time of loading on HslgG-Affi-Gel. B, The Pepper-
mintStick phosphoprotein molecular mass standard (MW) and the TEV
eluate derived from the soluble fraction of WT:Toc159A-TAP plants
(159A) were treated (+) or not (—) with A-phosphatase prior to sepa-
ration on a NuPAGE Novex 4% to 12% BisTris gel and ProQ-Diamond
and SyproRuby staining. Asterisks indicate phosphorylated proteins of
the molecular mass standard.
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Figure 6. In vitro phosphorylation of Toc159A by an Arabidopsis kinase activity sensitive to heparin and using GTP. A, Toc159A-
His-6x (Toc159,,,_,40-His-6X) was overexpressed in E. coli BL21(DE3) and purified under native conditions from the bacterial
soluble protein fraction using nickel-nitrilotriacetic acid agarose affinity chromatography. Samples of noninduced cultures
(—IPTG [isopropylthio-B-galactoside]), induced cultures (+IPTG), the soluble protein fraction (soluble), and the purified protein
(purif.) were separated by SDS-PAGE followed by Coomassie Brilliant Blue staining. B, Bovine serum albumin (BSA; control) or
purified Toc159A-His-6x was incubated in the presence of [y->*P|ATP with different amounts of Arabidopsis plant cell extract
(Total; lanes 2, 6, and 7), the supernatant (SN100; lanes 3, 8, and 9), or the pellet (P100; lanes 4, 10, and 11) fraction after
100,000g centrifugation of the extract. Incubation in the absence of plant protein (lanes 1 and 5) was used to monitor
autophosphorylation. The samples were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue staining (bottom) and
phosphorimager analysis (top). To ease detection of phosphorylated A-domain fragments in the plant samples, the M, values of
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Figure 7. Phosphorylation of recombinant A-domains by CK2. A, One microgram of purified Toc159A-His-6x or casein as a
control was incubated without (lanes 1 and 4) or with (lanes 2 and 5) recombinant maize CK2 a-subunit and ATP/[y->*P]ATP as
the phosphate donor. In addition, phosphorylation of Toc159A-His-6x with CK2 was performed in the presence of 15 ug mL™"
heparin as an inhibitor (lane 3). The samples were separated by SDS-PAGE followed by Coomassie Brilliant Blue staining (lanes
1'-5") and phosphorimager analysis (lanes 1-5). B, One microgram of purified Toc33G-His-6x, Toc120A-His-6x, Toc132A-His-
6x, Toc159A-His-6x, or GST-Toc159G was incubated without (even lanes) or with (odd lanes) recombinant CK2 and ATP/[y->*P]
ATP as the phosphate donor. The samples were separated by SDS-PAGE followed by Coomassie Brilliant Blue staining (lanes

1'=10") and phosphorimager analysis (lanes 1-10).

import experiments using the small subunit of Rubisco
(pSSu) preprotein (Fig. 8A). None of the treatments,
with the exception of heparin, had a significant effect
on import efficiency. Heparin reduced the amount of
imported preprotein (SSu) at 15 min to 40% in com-
parison with untreated chloroplasts at the same time
point (Fig. 8B). This result suggests that phosphory-
lation at the A-domain does not directly affect the
preprotein translocation reaction.

DISCUSSION

In a previous study, we demonstrated the occur-
rence of a lower molecular mass fragment of Toc159 in
the soluble fraction (Agne et al., 2009). By combining
TAP tagging and mass spectrometry analysis, we
demonstrate here that this soluble fragment corre-
sponds to the A-domain of Toc159. Regarding the
chemical properties of the A-domain, its solubility is
not surprising. However, based on the literature, the
occurrence of an abundant and stable A-domain is
unexpected. The initial isolation of pea Toc159 as an

86-kD protein lacking the A-domain (Hirsch et al.,
1994; Bolter et al., 1998) led to the general assumption
that the A-domain is sensitive to proteolysis and
completely degraded. In line with this assumption,
we earlier attributed lower molecular mass bands
in the total extract and in the soluble fraction to
N-terminal proteolytic products of Toc159 lacking the
A-domain (Hiltbrunner et al., 2001b). This study now
suggests that the lower molecular mass, soluble form
of Toc159 at the time was most likely identical to the
A-domain of Toc159.

Surprisingly, a portion of the A-domain was present
in the membrane fraction (Figs. 2 and 3, P100), indi-
cating that this population of the A-domain remains
associated with chloroplast membranes despite the
separation of the anchoring M-domain. Considering
the hydrophilic profile of the A-domain, its association
with membranes is probably extrinsic, either due to
protein-protein interactions or interactions with polar
lipid head groups. It is tempting to speculate that the
A-domain remains associated with the Toc complex,
where it continues to exert an unknown regulatory
function. Even when expressed alone in Arabidopsis

Figure 6. (Continued.)

the characteristic fragments of Toc159A-His-6x, observed after bacterial overexpression and purification, are marked by arrows.
C, In vitro phosphorylation of Toc159A-His-6x by the SN100 (left) and P100 (right) fractions in the presence of the kinase
inhibitors heparin, DRB, chelerythrine chloride, and apigenin or unlabeled GTP as an alternative phosphate donor.
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Figure 8. Inhibition of in vitro chloroplast protein import by heparin. A, Isolated Arabidopsis chloroplasts were preincubated
without or with 15 wg mL™" heparin, 6 um DRB, 3 units uL ™" recombinant maize CK2 a-subunit, 50 um apigenin, or 10 mm
glycerol-2-phosphate for 20 min at 25°C in the dark. Then, in vitro-translated, [**S|Met-labeled preprotein of the small subunit of
Rubisco (pSSu) was added and import was allowed to proceed for 0, 7.5, and 15 min. B, Quantification of the effect of heparin on
chloroplast protein import. The graph shows the quantification of the amount of imported SSu at 15 min in three independent
experiments. In both panels, the amount of SSu imported into wild-type (WT) chloroplasts without the addition of inhibitor at 15
min was set to 100%. IVT, In vitro translate; M, molecular mass standard. Asterisks indicate pSSu modified in the course of the

import reactions.

plants, the recombinant A-domain associated with the
membrane fraction (Fig. 5A, P100), suggesting an
affinity for the chloroplast independent of being part
of the full-length Toc159 protein.

So far, no specific interaction partners of the
A-domain are known. A recent paper described the
association of the Toc complex with actin and a direct
interaction of recombinant full-length Toc159 with
actin (Jouhet and Gray, 2009). The authors suggested
that this interaction is likely to involve the A-domain
of Toc159. However, actin was absent from the eluates
obtained after TAP tag purification of Toc159 from the
SN100 as well as the P100 fractions as monitored by
western blotting (Fig. 2B). Mass spectrometry revealed
only two or three unique peptides of actin (At3g46520
and At1g49240) in the P100 TAP-Toc159 eluate (data
not shown). However, tryptic peptides of actin were
also identified in the control eluates; thus, our data do
not provide further insight on the actin-Toc159 inter-
action. Our data do not exclude a dynamic interaction

of actin with a small portion of cellular Toc159. Any
copurified actin may then have been under the detec-
tion limit.

Interestingly, the recombinant A-domain when ex-
pressed separately in Arabidopsis appeared much
more degraded than the form released from Toc159
(Fig. 5). Similarly, only a small portion of the recom-
binant A-domain when expressed in Escherichia coli
was present as an intact protein. This suggests that the
A-domain is stabilized by being or having been part of
Toc159. The A-domain of Toc159 has recently been
shown to behave as an intrinsically disordered protein
(Richardson et al., 2009). Therefore, it could potentially
undergo induced folding by interaction with other
protein components at the outer membrane or the Toc
complex while still being part of Toc159. This may
render the endogenous A-domain more stable than the
separate, recombinant protein.

Toc159 was first isolated from pea chloroplasts as
an 86-kD fragment lacking the A-domain, and its
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N-terminal amino acid (Ala-737) was determined
(Hirsch et al., 1994). The corresponding amino acid
in Arabidopsis Toc159 (Ser-765) is located 31 amino
acids downstream of the last peptide identified in the
isolated A-domain (Figs. 3B and 9). Together with
identification of the intact, separated A-domain, these
data now suggest that the formation of Toc86 is the
result of the processing of Toc159 at a specific cleavage
site. Cleavage of Tocl159 at the border between the
A- and G-domains was apparent in a number of
previous studies. When isolated chloroplasts were
incubated with in vitro-translated Tocl59, a portion
of it was converted to Toc86 (Toc159GM; Smith et al.,
2002; Supplemental Fig. S2A). The first experiments of
this type were performed to study the targeting and
insertion of Toc159 into chloroplasts. In several studies
of pea Toc86, the cleavage was attributed to the re-
moval of an “unusual” targeting sequence or prese-
quence (Hirsch et al., 1994; Muckel and Soll, 1996).
However, once it became clear that Toc86 is only part
of a protein still much larger at its N terminus, this
hypothesis was discarded.

The presumed cleavage site in AtToc159 appears to
be close to amino acid 728, as a truncated version of
AtToc159 (AtTocl59GM) starting at 728 was not
cleaved to an obvious extent (Agne et al., 2009; Sup-
plemental Fig. S2A). In line with this observation, the
most C-terminal peptide of the soluble A-domain in
the SN100 fraction ended with Lys-733. In addition, we
identified a semitryptic peptide ending at Ser-744,
suggesting that this amino acid is at or close to the
processing site (Fig. 9; Supplemental Fig. S2C). Fur-
thermore, the closest peptide identified in the P100
fraction but not in the SN100 fraction started with Ser-
761 (Fig. 9). Therefore, we hypothesize that cleavage of
AtToc159 occurs in the region between Ser-744 and
Arg-760 or slightly beyond (Fig. 9). This region con-
tains residues conserved between Toc159 orthologs, so
that a site-specific cleavage at a conserved sequence
motif may be envisaged. This hypothesis is in good
agreement with the N-terminal Ala-737 identified in
pea Toc86 (Hirsch et al., 1994). Currently, we are
attempting to identify the Toc159 processing site and
activity, which, considering the cleavage by isolated

12

chloroplasts, is expected to be located in the outer
envelope.

Isolation of the A-domain as a separate molecule
and cleavage of Toc159 by isolated chloroplasts sug-
gest a specific proteolytic activity. However, it is dif-
ficult to prove beyond doubt that formation of the free
A-domain is a genuine cellular phenomenon and not
somehow enhanced by the experimental manipula-
tion, especially the homogenization conditions. For the
TAP tag purification experiments, leaf tissue was
ground using a mortar and pestle, a rather harsh
method. When using a much more gentle method
(Supplemental Fig. S2B), forcing Arabidopsis proto-
plasts through a double layer of 23- and 18-um nylon
mesh, the A-domain fragment was also observed
(Supplemental Fig. S2B). This is in support of the
cleavage occurring in the cell and not during the
course of experimentation. In some experiments (Fig.
2), the free A-domain appeared to increase over the
course of the experiment. It may well be that the
Toc159 processing activity copurifies with TAP-Toc159
and remains active during the preparation despite the
addition of a protease inhibitor cocktail. Indeed, in the
TAP-Toc159 eluate, some chloroplast-localized pepti-
dases were identified by mass spectrometry (data not
shown). Characterization of these candidates is part of
our strategy to identify the Toc159 processing activity
and thereby to determine the physiological relevance
of Toc159 cleavage (see above).

Recent studies (de la Fuente van Bentem et al., 2008;
Sugiyama et al., 2008; Whiteman et al., 2008; Jones
et al., 2009; Reiland et al., 2009) as well as our own
results (Fig. 3; Table I) indicate that full-length Toc159
as well as the A-domain alone are phosphorylated. In
fact, all of the phosphopeptides identified belonged to
the A-domain, and most of them are predicted to be
phosphorylated by CK2. Even when expressed alone,
the A-domain was phosphorylated (Fig. 5B), suggest-
ing that it does not need to be part of Toc159 for the
modification to occur. In contrast, the recombinant
A-domain was not phosphorylated when expressed in
E. coli (data not shown). Earlier studies demonstrated
that the Toc159GM (Toc86) fragment is a phosphopro-
tein and that phosphorylation may occur at the

processing region

Cons

Os S AD S @ R D
Vv S -SDS S p 7 D S A
Pt D R 5 Q
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{

semi-tryptic peptide
in SN100

J
last tryptic peptide of Toc159inSN100 | " "rotooomemmmmmmnen
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Figure 9. Alignment of the junction region between A- and G-domains of the Toc159 proteins of Oryza sativa (Os), Vitis vinifera
(W), Populus trichocarpa (Pt), Pisum sativum (Ps), and Arabidopsis thaliana (At). Tryptic peptides identified in the soluble
(SN100) or membrane (P100) fraction and the N terminus of pea Toc86 are shown. In addition, the positions of a semitryptic
peptide identified in the soluble fraction and the region where Toc159 processing is likely to occur are shown.
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G-domain (Fulgosi and Soll, 2002; Oreb et al., 2008a).
This study as well as the recent phosphoproteomic
studies have not demonstrated in vivo phosphoryla-
tion at the G-domain. The new data are not necessarily
inconsistent with the earlier results on Toc86/Toc159G
phosphorylation. Predicted phosphorylation sites in
the G-domain are less numerous, and their phosphor-
ylation may occur at a lower rate compared with the
A-domain, thus preventing their detection by mass
spectrometry.

The recombinant A-domain in vitro behaved as a
substrate of kinases localized in the membrane and
soluble fractions of Arabidopsis (Fig. 6C). The kinase
activity in the membrane fraction resembled a CK2-
like activity, because it was inhibited by heparin and
its ATP-dependent phosphorylation activity was re-
duced in the presence of 500 um GTP. The soluble kinase
activity was not changed in the presence of nonradio-
active GTP and therefore is not likely to be identical to
the membrane-bound activity. A kinase inhibited by
heparin and capable of using GTP as the phosphate
donor has been identified in the outer envelope of pea
chloroplasts (Soll et al., 1988). The major phosphory-
lated products of this GTP-dependent kinase were
proteins of 23 and 32.5 kD. However, a protein mi-
grating at a molecular mass greater than 220 kD was
among the set of phosphorylated envelope proteins (of
a total around 10) and may be identical to pea Toc159.
It is conceivable, therefore, that the GTP-dependent
kinase is related to the A-domain-phosphorylating
activity in Arabidopsis membranes.

Using recombinant CK2, we demonstrate that all
A-domains present in members of the Toc159 family
are in vitro CK2 substrates. It is tempting to speculate
that phosphorylation at the A-domain by CK2 or a CK2-
like kinase is a general feature of Toc GTPases having
an A-domain. However, CK2 is a constitutively active
and pleiotropic kinase activity, and the function of the
A-domain is so far unknown. Therefore, assigning a
role for CK2 phosphorylation remains a challenge for
the future. Phosphorylation sites, which are not pre-
dicted to be targets of CK2, have also been identified in
vivo in the A-domains of Toc120, Toc132, and Toc159.
Consequently, another kinase activity unlike CK2 is
involved in phosphorylation of the A-domains.

To determine whether phosphorylation at the
A-domain directly affects preprotein import, we car-
ried out in vitro import experiments in the presence of
soluble CK2, various kinase inhibitors, and a phos-
phatase inhibitor. Our current knowledge suggests
that the A-domain is exposed at the surface of the
chloroplast and therefore should be accessible during
experimentation. None of the treatments, with the
exception of heparin, had an effect on import effi-
ciency. While we cannot entirely exclude that the
various inhibitor treatments were ineffective in mod-
ifying phosphorylation, we favor the hypothesis that
phosphorylation of the A-domain does not affect pro-
tein import in vitro. Regarding heparin, it is a known
inhibitor of CK2 and inhibits phosphorylation of the
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A-domain as well as in vitro protein import in this
study. However, heparin is also known to inhibit a
large number of enzymatic and cellular activities.
Therefore, it may well be that heparin inhibits CK2
as well as other kinases independent of its inhibitory
effect on chloroplast protein import in vitro.

In summary, these results give, to our knowledge,
first answers regarding the cellular fate of the Toc159
A-domain. While the loss of the A-domain was ob-
served earlier, it was attributed to rapid degradation.
This study is in agreement with a regulatory function
of the A-domain in protein import. We hypothesize
that the regulatory function of the A-domain is mod-
ulated by at least two mechanisms: phosphorylation
and proteolytic processing. We are currently experi-
mentally addressing this hypothesis together with the
regulatory role of the A-domain in the chloroplast
import process.

MATERIALS AND METHODS
Generation of Transgenic Lines

Transgenic lines expressing TAP-Toc159GM and TAP-Toc159 fusion
proteins have been described elsewhere (Agne et al.,, 2009). To obtain
vector pCHF8-CTAPi, the sequence encoding the TAP tag was amplified
using primers 5'-CAGAAGATCTTCTAGATCCATGGAGAGCAGCA-3’ and
5'-CCCTAGGGCCTCACTTTGGGGCTTG-3' from plasmid pPTN289-CTAPi
(Rohila et al., 2004), digested with BgIII/ Avrll, and cloned using the BglII/ Xbal
sites into pCHF8 (Dr. C. Fankhauser, Center for Integrative Genomics, Uni-
versity of Lausanne). To obtain vector pCHF8-NTAPj, the sequence encoding
the TAP tag was amplified using primers 5'-CATGCCATGGTGGTCGA-
CAA-3" and 5'-TGCTCTAGAAGTCATGAGCCCTCCACTAGACAGT-3’
from pPTN289-NTAPi (Rohila et al., 2004) and ligated after Ncol/BspHI
digestion into the BspHI-digested pCHFS8. The binary vector pCHF8 contains
two cauliflower mosaic virus 35S eukaryotic promoters, one of them having a
duplicated enhancer region, an rbcs terminator, and the phosphinotricin
acetyltransferase gene for transgene selection. A DNA fragment encoding the
A-domain of Toc159 (Toc159A, amino acids 1-740) was amplified from
pET21d-Toc159 (Bauer et al., 2000) using primers 5'-GATATGGATCCATGG-
CATCAAAGTCGG-3' and 5'-CAATACTAGTAGGTCGATCCATAGAG-3’
and digested and cloned using BamHI/Spel into pCHF8-CTAP, resulting
in pCHF8-Toc159A-CTAP. The constructs pCHF8-NTAPi and pCHFS-
TOC159A-CTAP were used to transform heterozygous ppi2 plants by floral
dipping (Clough and Bent, 1998). Transgenic plants were selected by Basta
treatment of the T1 generation, either by spraying a solution containing
150 mg L' herbicide or plating on medium containing 30 ug mL™". The
transgenic lines expressing the TAP tag alone or Toc159A-TAP in a wild-type
genetic background are named TAP:WT or Toc159A-TAP:WT, respectively,
whereas the line expressing TAP-Toc159 in the ppi2 genetic background is
named TAP-Toc159:ppi2.

Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown on soil (Rasenerde
Top Dressing; Ricoter) or in vitro on 0.8% (w/v) Phytoagar (Duchefa)
containing 0.5X Murashige and Skoog medium (Duchefa) under short-day
conditions (8/16-h photoperiod at 120 wmol m™2 s™', 21°C). For import
experiments, the in vitro growth medium was complemented with 0.8%
(w/v) Suc.

TAP Tag Purification

TAP:WT and TAP-Toc159:ppi2 seedlings (fresh weight, 10 g) grown on soil
for 28 d under short-day conditions were crushed in a mortar in a total volume
of 30 mL of grinding buffer (100 mm Tris-HCI, pH 7.5, 200 mm NaCl, 1 mm
phenylmethylsulfonyl fluoride, 5 mm NaF, 0.2% [v/v] protease inhibitor
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cocktail [Sigma P9599], and PhosSTOP phosphatase inhibitor cocktail
[Roche)), filtered through two layers of Miracloth, and centrifuged at 1,500g
for 10 min at 4°C. The supernatant (plant extract) was centrifuged at 100,000g
for 1 h at 4°C (Beckmann SW28). Pellet-associated proteins were solubilized
in grinding buffer containing 10% glycerol and 0.75% (v/v) Triton X-100
followed by centrifugation at 100,000 for 1 h at 4°C (Beckmann SW55Ti).
Roughly 50 mg of soluble protein (supernatant of the first ultracentrifugation;
SN100) and 20 mg of solubilized membrane protein (supernatant of the
second ultracentrifugation; P100) were gently rotated with a 200-uL bed
volume of human IgG coupled to Affi-Gel (Bio-Rad) overnight at 4°C. IgG
beads were washed with grinding buffer without (SN100) or with (P100)
glycerol and Triton X-100 and preceding elution once with buffer devoid of
protease inhibitors. Proteins were eluted by incubating recovered beads with
30 units of ACTEV Protease (Invitrogen) for 2 h at 16°C. Proteins of each
fraction were concentrated by CHCl;-methanol precipitation and separated on
Tris-Gly SDS-PAGE gels (immunoblotting) or on NuPAGE Novex 4% to 12%
BisTris gels (protein staining and mass spectrometry analysis). Dephosphor-
ylation of TEV eluates prior to loading was done for 20 min at 30°C with
4 units uL. "' Lambda Protein Phosphatase (New England Biolabs).

Mass Spectrometry Analysis

Proteins separated on NuPAGE Novex 4% to 12% BisTris gels were stained
using ProQ-Diamond and SyproRuby (Invitrogen). Each chosen gel slice was
diced into small pieces. In-gel digestion was performed according to a
modified protocol from Shevchenko et al. (1996, 2006). Before mass spectro-
metric analysis, samples were desalted using SepPak cartridges (Waters).
Dried peptides were resuspended in 3% (v/v) acetonitrile (ACN), 0.2% (v/v)
formic acid and analyzed on a LTQ FT-ICR mass spectrometer (Thermo Fisher
Scientific) coupled with an Eksigent nano-liquid chromatography system
(Eksigent Technologies). Peptide mixtures were loaded onto laboratory-made
capillary columns (75 um i.d.; BGB Analytik), 8 cm length, packed with Magic
C18 AQ beads (3 um, 100 A; Michrom BioResources). Peptides were eluted
from the column by an increased ACN concentration in the mobile phase from
5% (v/v) ACN, 0.2% (v/v) formic acid to 40% (v/v) ACN, 0.2% (v/v) formic
acid over 74 min, followed by a 10-min wash step at 5% (v/v) ACN, 0.2% (v/v)
formic acid. Peptide ions were detected in a survey scan from 300 to 1,600
atomic mass units at 100,000 full width half-maximum nominal resolution
followed by three data-dependent tandem mass spectrometry scans (isolation
width 2 atomic mass units, relative collision energy 35%, dynamic exclusion
enabled, repeat count 1, followed by peak exclusion for 2 min). Tandem mass
spectrometry spectra were searched using Mascot 2.1.04 (Matrix Science)
against The Arabidopsis Information Resource 8 protein database (download
on December 14, 2007) supplemented with contaminants. The search param-
eters were as follows: requirement for tryptic ends, one missed cleavage
allowed, mass tolerance = 5 ppm. Besides carbamylation of Cys residues as
fixed modification, oxidation of Met and phosphorylation of Ser, Thr, and Tyr
were included as variable modifications. Phosphopeptide identifications were
accepted with a minimal Mascot ion score of 30 and a Mascot expect value of
0.01 or less. A normalized delta ions score (AI) was calculated for all
phosphopeptides containing more than one Ser, Thr, or Tyr residue by taking
the difference of the two top-ranking phosphopeptide ion scores and dividing
that difference by the ion score of the top-ranking phosphopeptide. Phosphor-
ylation site assignments with AI = 0.4 were accepted. Further manual spectra
inspection was conducted as follows: verifying neutral loss by assigning the
parent ion —98-D peak.

Phosphorylation Assays

One microgram of recombinant protein or casein was incubated with or
without 37.5 units of recombinant maize (Zea mays) CK2 a-subunit (Biaffin) in
the presence of 25 mm Tris-HCl, pH 8.0, 5 mm MgCl,, 1 mwm dithiothreitol
(DTT), 50 um ATP, and 1 uCi of [y-*P]ATP for 30 min at 25°C. Reactions were
stopped by diluting in ice-cold buffer and CHCl,-methanol precipitation. The
samples were separated by SDS-PAGE and examined by autoradiography. For
in vitro phosphorylation using plant extract, 4-week-old seedlings of Arabi-
dopsis wild-type Wassilewskija (4 g) grown under short-day conditions on
soil were ground in extraction buffer (50 mm HEPES KOH, pH 7.5, 100 mm
NaCl, 0.5% polyvinylpyrrolidone, 5 mm NaF, 1 mm DTT, 0.1% [v/v] protease
inhibitor cocktail, and 1 mm phenylmethylsulfonyl fluoride). Samples were
filtered through a layer of Miracloth and centrifuged for 10 min at 1,500¢ to
remove debris. The supernatant (total) was subjected to centrifugation for 1 h
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at 100,000g (SW55Ti). Proteins associated with the pellet (P100) were solubi-
lized with extraction buffer containing 0.5% (v/v) Triton X-100. Any non-
solubilized matter was removed by centrifugation for 1 h at 100,000¢
(SW55Ti). Twenty to 40 ug of protein of the extract before ultracentrifugation
(total), the supernatant of the first ultracentrifugation (SN100), and protein
solubilized from the pellet (P100) were incubated with 5 ug of recombinant
Toc159A-His-6x in phosphorylation buffer (50 mm HEPES, pH 7.5, 5 mm
MgCl,, 0.5 mm MnCl,, 50 mm NaCl, and 0.1 mm CaCl,), 100 um ATP, and 2 uCi
of [y—”P]ATP for 40 min at 25°C. As a control, a similar experiment was
performed with 40 ug of each fraction containing 1 ug of bovine serum
albumin. In another series of experiments, kinase inhibitors heparin (15 ug
mL™Y), DRB (6 um), chelerythrine chloride (1 um), and 4',5,7-trihydroxyfla-
vone (apigenin; 50 um) or unlabeled GTP (500 um) was added. Reactions were
stopped by diluting with ice-cold buffer and CHCl,-methanol precipitation.
The samples were separated by SDS-PAGE and examined by autoradiog-
raphy.

Chloroplast Protein Import Assay

Chloroplast import assays were performed as described (Agne et al., 2009).
To study the role of phosphorylation in import, chloroplasts were preincu-
bated with or without 15 ug mL™! heparin sodium salt (172 units mgf]), 6 uMm
DRB, 3 units uL ! recombinant maize CK2 a-subunit, 50 um apigenin, or 10
mM glycerol-2-phosphate in the presence of 20 um ATP for 20 min at 25°C.
Then, ATP was added to a final concentration of 5 mm and import was allowed
to proceed for 0, 7.5, and 15 min.

Purification of Recombinant Proteins

Toc33 11965 His-6x (Toc33G-His-6x; Weibel et al., 2003), Toc120,,,1 345-His-
6x (Toc120A-His-6x), Tocl132,,; 431-His-6x (Toc132A-His-6x; Ivanova et al.,
2004), Toc159 441740 His-6x (Toc159A-His-6x; Bauer et al., 2000), and GST-
Toc159 407271003 (GST-Toc159G; Rahim et al.,, 2009) were overexpressed in
Escherichia coli strain BL21(DE3) transformed with expression vectors. Bacte-
rial pellets were lysed using lysozyme and sonication in 50 mm Tris-HCI, pH 8,
300 mm NaCl, and 5 mm imidazol followed by centrifugation for 45 min at
14,000 rpm (SS34). His-6x-fused proteins were purified from the supernatant
fraction by nickel-nitrilotriacetic acid agarose affinity chromatography and
dialyzed against 50 mm HEPES, pH 7.5, 100 mm NaCl, and 1 mm DTT. GST-
Toc159G was purified as described before (Rahim et al., 2009).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Distribution of the predicted CK2 phosphory-
lation sites along the A-domains of Toc120, Toc132, and Toc159 as well as
the G-domains of Toc33 and Toc159.

Supplemental Figure S2. Toc159 cleavage.
Supplemental Table S1. List of identified phosphopeptides.

Supplemental Spectra S1. Tandem mass spectrometry spectra for identi-
fied phosphopeptides.
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Figure. S1. Prediction of CK2 phosphorylation sites. NetPhosK 1.0 has been
used to predict CK2 phosphorylation sites for the A-domains of Arabidopis Toc120,
Toc132, and Toc159, and the G-domains of Toc33 and Toc159. Serine phosphoryla-
tion sites are indicated in red and threonine phosphorylation sites in gray. Sequences
used for the in silico prediction are identical to the sequences of the construction used
in the in vitro phosphorylation assay, see Figure 7 B.
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Supplemental Figure S2. Toc159 cleavage. (A) A Toc159 processing activity in isolated chlo-
roplasts. [35S]-methionin-labelled, in vitro translated (IVT) Toc159 or Toc159GM were incubated
with isolated chloroplasts. Chloroplasts were re-isolated and incubated with (+TL) or without
(-TL) thermolysin. Samples were analyzed by SDS-PAGE and Phosphorlmaging. (B) Occurrence
of the A-domain fragment after gentle cell disruption. Protoplasts of wild-type Arabidopsis plants
were disrupted with a rupturing device employing 23 and 18 um nylon mesh in two layers (Smith
et al., 2002). Organelles were separated by centrifugation. 50 ug of protoplast, pellet and superna-
tant protein were analyzed by Western Blotting with anti-Toc159A. (C) An annotated semi-tryptic
peptide identified in the SN100 soluble fraction. To identify the most C-terminal amino acid of the
soluble A-domain, MS/MS spectra were searched by Mascot for peptides that show tryptic specifi-
city at one terminus only, and where the other terminus may be the result of non-tryptic cleavage.
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locus peptide sequence

AT4G02510 VGADDLpSDSEK

AT4G02510 VVEGDpS AEEDENKLPVEDIVSSR
AT4G02510 KVVEGDpSAEEDENKLPVEDIVSSR
AT4G02510 FDQIGDDDpSGEFEPVSDK
AT4G02510 VGADDLSDSEKEKPNLVGDGK
AT4G02510 ASSGIEAHSDEANISNNMSDR
AT4G02510 ASSGIEAHSDEAN ISNNMSDR
AT4G02510 VVEGDpSAEEDENKLPVEDIVSSR

title

F059194
F075163
F075163
F059194
F050642
F059194
F059194
F059194

18

query number

q801 pl
ql354 pl
q1360 pl
ql1585 pl
q1602 pl
q1640 pl
ql641 pl
ql672 pl

Supplemental Table S1: List of phosphorylated peptides presented in the main text

(Tab.I) and the respective query number as its spectra identifier.

Supplemental Spectra S1: Pages 3 to 10

Spectra of phosphorylated peptides as listed before. Unambiguous phosphorylation
sites are assigned by " p " prior to the phosphorylated aminoacid. The p-site assign-
ment " * " in the peptide sequence on each spectra page was automatically annotated

without validation.
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title: FO75163

query number: q1354_p1

mascot Score: 76.76

precursormass/charge: 866.061710,3+

delta score; pep rankl — pep rank2: 63.39
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query number: q1360_p1

mascot Score: 89.63

precursormass/charge: 908.759280,3+

delta score; pep rankl — pep rank2: 72.73

peptide sequence: KVVEGD*SAEEDENKLPVEDIVSSR
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