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Abstract 
The biogenesis of membrane-bound electron transport chains requires membrane 
translocation pathways for folded proteins carrying complex cofactors, like the Rieske Fe/S 
proteins. Two independent systems were developed during evolution, namely the Twin-
arginine translocation (Tat) pathway, which is present in bacteria and chloroplasts, and the 
Bcs1 pathway found in mitochondria of yeast and mammals. Mitochondria of plants carry a 
Tat-like pathway which was hypothesized to operate with only two subunits, a TatB-like protein 
and a TatC homolog (OrfX), but lacking TatA. Here we show that the nuclearly encoded TatA 
has dual targeting properties, i.e., it can be imported into both, chloroplasts and mitochondria. 
Dual targeting of TatA was observed with in organello experiments employing isolated 
chloroplasts and mitochondria as well as after transient expression of suitable reporter 
constructs in epidermal leaf cells. The extent of transport of these constructs into mitochondria 
of transiently transformed leaf cells was relatively low, causing a demand for highly sensitive 
methods to be detected, like the sasplitGFP approach. Yet, the dual import of TatA into 
mitochondria and chloroplasts observed here points to a common mechanism of Tat transport 
for folded proteins within both endosymbiotic organelles.  
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Introduction  
 
Transport of folded proteins across membranes is a major challenge in a cell. While unfolded 
polypeptides have a largely constant diameter and thus require a membrane pore of 
essentially constant size, the different sizes of folded passenger proteins demand for 
sophisticated transport machineries and mechanisms. This is particularly demanding in 
membrane systems comprising an electron transport chain, like the inner mitochondrial 
membrane, the thylakoid membrane, and the cytoplasmic membrane of bacteria (Berry, 2003). 
In these membranes, a membrane potential required for ATP synthesis is generated which 
has to be maintained also during transport of folded proteins. On the other hand, the 
functionality of the electron transport chains depends also on correctly assembled cofactors. 
Some complex cofactors are transported across the membranes only after incorporation into 
the respective apoproteins. In consequence, these proteins must be at least partially folded 
prior to the actual membrane translocation. Typical examples are the Rieske Fe/S proteins 
found in respiratory and photosynthetic electron transport chains. These proteins get their 
Fe/S-clusters incorporated on the cis-side of the respective membrane, i.e. in the bacterial 
cytoplasm, chloroplast stroma, or mitochondrial matrix (Lill and Mühlenhoff, 2008; Balk and 
Schaedler, 2014; Blanc et al., 2015), while they exert their activity on the trans-side of the 
membrane, i.e., the bacterial periplasmic space, the thylakoid lumen, or the mitochondrial 
inner membrane space, respectively. 
 
In the cytoplasmic membrane of bacteria and the thylakoid membrane of chloroplasts, 
transport of such folded proteins is executed by the Twin-arginine translocation (Tat) 
machinery which consists of three membrane integral subunits named TatA, TatB, and TatC 
(in the thylakoid system also addressed as Tha4, Hcf106, and cpTatC, respectively; Müller 
and Klösgen, 2005). In contrast, in yeast mitochondria a single membrane protein, Bcs1, was 
found to be necessary and sufficient for the transport of the folded Rieske Fe/S protein 
(Wagener et al., 2011). However, this might not hold true for all mitochondria because the 
Bcs1-protein of plants is N-terminally truncated and thus presumably not able to provide this 
function (Carrie et al., 2016). Instead, plant mitochondria apparently house a Tat-like pathway, 
sínce a protein with homology to TatC, OrfX, was found to be encoded in the mitochondrial 
genome (Sünkel et al., 1994; Braun and Schmitz, 1999). Moreover, a TatB-like protein was 
recently identified which shows considerable structural homology to TatB (Carrie et al., 2016), 
although sequence analyses suggest that the two genes are not derived from a common 
ancestor. Recently, it was shown that this TatB-like protein is in fact essential for the 
topogenesis of plant mitochondrial Rieske proteins (Schäfer et al., 2020). 
 
Yet, a mitochondrial TatA protein has not yet been identified to date, neither by homology 
searches nor by structure-derived analyses. This led to the suggestion that the Tat machinery 
of plant mitochondria consists of only two subunits, namely the TatB-like protein and 
mitochondrially encoded TatC, in analogy to the Tat machineries of Gram-positive bacteria like 
Bacillus subtilis which consist of TatA and TatC only (Petru et al., 2018). A possible alternative 
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to the lack of TatA would be that the protein is instead dually targeted, i.e. transported not only 
into chloroplasts but also into mitochondria, as was found for approx. 5% of the nuclear 
encoded organelle proteins (Mitschke et al., 2009; Baudisch et al., 2014). Here, we have 
applied different approaches, in vivo as well as in organello, to examine this possibility. 
 
 
Results 
 
TatA shows differential organelle targeting in transiently transformed plant cells 
As the first step to investigate the organelle targeting specificity of TatA, epidermal cells of pea 
leaves were transiently transformed by biolistic transformation with a gene encoding a 
chimeric reporter protein under the control of the constitutive 35S promoter of Cauliflower 
Mosaic Virus. The reporter consisted of the N-terminal 100 residues of pea TatA comprising 
the organelle targeting transit peptide fused to the enhanced Yellow Fluorescent Protein 
(eYFP). Subcellular localization of eYFP within the transformed cells was analyzed by confocal 
laser scanning microscopy. As expected, all transformed cells showed localization of the eYFP 
reporter in chloroplasts (Fig. 1A), in line with the fact that authentic TatA is a component of the 
thylakoidal Twin-arginine protein transport (Tat) machinery (Müller and Klösgen, 2005). In a 
number of cells though, eYFP fluorescence could additionally be detected also in highly mobile 
punctuate structures strongly resembling mitochondria (e.g., Fig. 1A, panel I). In fact, 
expression of a comparable gene construct comprising the N-terminal 100 residues of the 
mitochondrial Rieske protein fused to eYFP showed the same punctuate fluorescence pattern 
(Fig. 1B) confirming that these structures are indeed mitochondria. If instead the transport 
signal of a strictly chloroplast-specific protein like TatB was used for targeting of the eYFP 
reporter, no such structures in addition to chloroplasts could be detected (Fig. 1C). 
 
The signal strength of eYFP fluorescence in the mitochondria of cells expressing the TatA1-

100/eYFP construct was usually quite low. Furthermore, in all repetitions of the experiment only 
approximately 5 - 15 % of the transformed cells showed dual targeting of the reporter also into 
mitochondria, while in the majority of cells solely import into chloroplasts could be detected. 
Remarkably, even cells in close proximity to each other can show deviating organelle targeting 
specificity (suppl. Fig. S1), which rules out that the differences in the targeting specificity 
observed result from variation of the transformation conditions. 
 
Since different transformation systems sometimes lead to deviating targeting results (Sharma 
et al., 2018), we used a second approach to determine the targeting properties of TatA, 
notably agroinfiltration into Nicotiana benthamiana. In this case, epidermal cells from Nicotiana 
leaf tissue were transiently transformed with the peaTatA1-100/eYFP gene construct described 
above leading to a large number of transformed cells at the same time. Unexpectedly, all 
transformed cells showed localization of the eYFP reporter solely within chloroplasts, while 
fluorescence in mitochondria could not be detected (Fig. 2A). In contrast, expression of the 
control construct mtRi1-100/eYFP showed clear fluorescence signals in mitochondria (Fig. 2B) 
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which rules out that mitochondrial fluorescence could on principle not be detected in these 
assays. 
 
This result suggests at first glance that in Nicotiana benthamiana transport of peaTatA1-

100/eYFP into mitochondria does not take place. However, considering the low number of cells 
showing dual targeting of the TatA1-100/eYFP reporter construct after biolistic transformation 
and the weak fluorescence signals observed in mitochondria in these assays (Fig. 1A), it might 
also be possible that mitochondrial transport of the reporter in Nicotiana epidermal cells was 
not sufficiently strong to be detected. In particular, since the large number of surrounding cells 
showing strong fluorescence signals in chloroplasts might overlay faint signals in mitochondria.  
 
Agroinfiltration with self-assembling GFP allows for more sensitive detection of organelle 
targeting  
In order to circumvent such sensitivity problems, the approach was therefore modified making 
use of the self-assembling split green fluorescent protein (sasplit-GFP) technology (Cabantous 
et al., 2005) which rests on the self-assembly properties of two fragments of an engineered 
‘superfolder’ GFP variant, sfGFP. The "receptor" fragment GFP1-10 comprises the ten N-
terminal antiparallel β-sheets of sfGFP, while GFP11 represents the C-terminal eleventh β-
sheet. The two non-fluorescent fragments can assemble spontaneously to reconstitute the 
functional fluorophore. If combined with specific organelle-targeting signals, the self-assembly 
property can be used for subcellular localization studies (Sharma et al. 2019; see also suppl. 
Fig. S2). 
 
The subcellular localization of TatA was analyzed by combining the N-terminal 100 residues of 
peaTatA with a sevenfold repeat of GFP11 (GFP11x7) (Sharma et al., 2019). The resulting 
chimera (peaTatA1-100/GFP11x7) was co-infiltrated with the organelle-specific constructs FNR1-

55/GFP1-10 or mtRi1-100/GFP1-10, which mediate transport of the "receptor" component 
specifically into chloroplasts and mitochondria, respectively. With this approach, it was indeed 
possible to detect transport of the TatA1-100/GFP11x7 construct not only into the chloroplasts of 
Nicotiana cells but also into small, highly mobile punctuate structures (Fig. 3) which were 
confirmed as mitochondria by staining with MitoTracker Orange (Poot et al., 1996). The 
fluorescence signal intensity within mitochondria was again clearly weaker than in 
chloroplasts, in accordance with the results after biolistic transformation (Fig. 1A). This 
indicates that the extent of transport into mitochondria mediated by the TatA transit peptide is 
relatively low which might explain why mitochondrial transport was not detected by 
agroinfiltration with the peaTatA1-100/EYFP-construct (Fig. 2). 
 
Remarkably, the number of cells showing fluorescence in chloroplast vs. mitochondria in these 
experiments was considerably different from each other. While GFP reconstitution within 
chloroplasts was always observed in a large number of cells after transformation, fluorescence 
signals in mitochondria could be detected with only low frequency in all repetitions. This is not 
a matter of lacking reconstitution in mitochondria in general because GFP fluorescence was 
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observed at high frequency with the mtRi1-100/GFP11x7 construct (Sharma et al. 2019; see also 
suppl. Fig. S2). Unfortunately, it is on principle not possible with such assays to quantify the 
exact ratio of organellar targeting per number of transformed cells, since transformed cells 
without co-localization of GFP1-10 and GFP11 cannot be distinguished from untransformed 
cells. 
 
TatA is imported into isolated intact mitochondria and chloroplasts 
The apparent variability in the results regarding the mitochondrial targeting properties of the 
peaTatA transit peptide demanded for further examination. We have chosen in organello 
protein transport experiments for this purpose which rest on the analysis of authentic precursor 
proteins rather than chimeric reporter constructs. The precursor proteins are obtained in 
radiolabelled form by in vitro transcription/translation in the presence of 35S-methionine. 
Incubation of such in vitro generated TatA precursor protein with either chloroplasts or 
mitochondria isolated from pea leaves yielded in both instances a processing product of 
similar size (approx. 15 kDa, Fig. 4). This value deviates significantly from the molecular 
weight of mature TatA as deduced from the corresponding cDNA sequence (8.9 kDa). Such 
aberrant mobility on SDS-PAGE was observed already earlier for TatA (Jakob et al., 2009). 
The processing products are resistant against protease added externally to the assays after 
transport which demonstrates that the proteins were not merely bound to the organellar 
surfaces but have in fact been internalized. In accordance with the results of the in vivo 
experiments shown above, the amount of mature TatA accumulating in the chloroplasts is 
apparently higher than in mitochondria. 
 
Control precursor proteins for organelle transport, which were analyzed in parallel, showed the 
expected monospecific organelle transport into either chloroplasts (TatB) or mitochondria 
(mtRieske) (Fig. 4). GrpE, on the other hand, which had been shown already earlier to 
possess dual targeting properties (Baudisch et al., 2014), is imported into both organelles, as 
expected. In this case, the processing products accumulating in chloroplasts and mitochondria 
are different from each other (Fig. 4) demonstrating that the processing peptidases of 
chloroplasts and mitochondria (SPP and MPP, respectively) recognize different cleavage sites 
within the GrpE precursor. These different processing products allow furthermore to estimate 
the degree of cross-contaminating organelles because small amounts of terminally processed 
mitochondrial GrpE are found also in chloroplasts and vice versa.  
 
In organello competition experiments 
Such differential processing within the two organelles, as for GrpE, is not observed for TatA 
though. Instead, both in mitochondria and chloroplasts the precursor is cleaved to terminal 
processing products of apparently identical size, as was observed earlier also for other dually 
targeted proteins (e.g. Baudisch and Klösgen, 2012; Baudisch et al., 2014). This lack of 
distinctiveness makes it more difficult to rule out that the observed import into mitochondria is 
not in fact caused by contaminating plastids. 
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One way to distinguish between chloroplast and mitochondrial import of a candidate protein 
are competition experiments in which saturating amounts of an unlabelled precursor protein 
with known organelle targeting specificity are added together with the radiolabelled candidate 
protein to the in organello assays (Rödiger et al., 2011; Baudisch and Klösgen, 2012; Langner 
et al., 2014). Here we have used the precursor of the mitochondrial Rieske protein as 
competitor, which was obtained by heterologous overexpression in E. coli and subsequent 
purification. In the presence of increasing amounts of this mitochondria-specific competitor, the 
accumulation of mature TatA within mitochondria was successively reduced, whereas its 
accumulation in chloroplasts remained unaffected  (Fig. 5A,B). Instead, if the chloroplast-
specific OEC33 competitor was added in increasing amounts to the assays, import of TatA into 
chloroplasts was successively reduced (Fig. 5C and suppl. Fig. S3A). Unexpectedly, import of 
TatA into mitochondria was also affected to some extent in the presence of the OEC33 
competitor but not in a concentration-dependent manner. At all competitor concentrations 
ranging from 0.2 - 3.2 µM in the assays, mitochondrial import of TatA is dropped to 40 - 60% 
(Fig. 5C). At first glance, this might suggest competition of import into contaminating plastids in 
the assays. However, the same behavior was observed also when the transport of the 
monospecific mitochondrial Rieske protein into mitochondria was analyzed (suppl. Fig. S3B). 
Despite the fact that mtRieske cannot at all be imported into chloroplasts (suppl. Fig. S3B and 
Baudisch et al., 2014), import of mtRieske in the mitochondrial assays is dropped to 40% in 
the presence of the OEC33 competitor and, again, there is no clear concentration-dependent 
effect visible (Fig. 5E). The reason for this impairment remains unclear yet. Still, these data 
demonstrate that the observed accumulation of mature TatA within mitochondria is the result 
of true mitochondrial import and not caused by the presence of contaminating plastids in the 
assays.  
 
This conclusion was finally confirmed by complementing experiments employing GrpE as 
competitor to saturate organelle import of TatA. In this case, competition of TatA import into 
both organelles, mitochondria and chloroplasts, was observed (suppl. Fig. S3C), in line with 
the dual targeting properties of GrpE (Fig. 4 and Baudisch et al., 2014). Even more, the 
competition curves obtained with the GrpE competitor look almost identical for both organelles 
(Fig. 5D) indicating that TatA and GrpE show a similar affinity pattern for each organelle. 
 
 
Discussion 
 
It was the goal of this study to examine whether the TatA component of the thylakoidal Tat 
machinery, which is encoded in the nucleus of the cell, is imported also into mitochondria of 
plant cells. If so, it would suggest that TatA is not only active in the thylakoidal Tat pathway but 
might also serve as a constituent subunit of the recently identified plant mitochondrial Tat 
machinery. As yet, this machinery is assumed to consist of a mitochondrially encoded TatC-
orthologue (OrfX, Sünkel et al., 1994) and a nuclearly encoded TatB-like protein, a structural 
analogue of thylakoidal TatB (Carrie et al., 2016). The latter was recently shown to be 
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essential for the biogenesis of complex III of the respiratory electron transport chain, which 
strongly suggests that a Tat-like transport pathway is operating also in plant mitochondria 
(Schäfer et al., 2020). 
 
The TatA precursor is recognized by the import machineries of both chloroplasts and 
mitochondria  
The major outcome of this study is that TatA is indeed dually targeted into both, mitochondria 
and chloroplasts. As shown with in organello experiments (Fig. 4), incubation of the TatA 
precursor with either of the two endosymbiotic organelles leads to the organellar accumulation 
of a processing product corresponding in size to mature chloroplast TatA. Import of the protein 
into mitochondria proceeds by the general import pathway for nuclearly encoded proteins of 
the mitochondrial matrix as was confirmed by in organello competition experiments employing 
the precursor of the mitochondrial Rieske protein as competitor (Fig. 5). 
 
However, such mitochondrial import of TatA cannot easily be detected with standard in vivo 
assays resting on fluorescent reporter constructs like eYFP. In the biolistic transformation 
experiments performed here, mitochondrial targeting of the TatA/eYFP chimera was found in 
only 5 - 10% of the transformed cells, while in the majority of cases solely import into 
chloroplasts could be detected (Fig. 1A). After agroinfiltration of Nicotiana benthamiana 
leaves, import of the same reporter construct into mitochondria could not even be discovered 
at all (Fig. 2A). This seeming lack of mitochondrial import is in fact a matter of too low 
sensitivity of such assays. When the agroinfiltration experiments were performed with the self-
assembling split green fluorescent protein (sasplit-GFP) as reporter (Cabantous et al., 2005), 
transport of TatA into mitochondria of Nicotiana leaves was clearly visible (Fig. 3B), 
presumably due to the lower background fluorescence in these assays. Hence, TatA is dually 
targeted into both, chloroplasts and mitochondria, but mitochondrial import takes place with 
such low rates in the tissues analyzed here that it can be discovered only with highly sensitive 
detection methods.  
 
Biological relevance of mitochondrial Tat transport 
The apparent lower efficiency of TatA transport into mitochondria vs. chloroplasts might point 
to a low demand for Tat translocase in this organelle. To date, solely a single substrate of this 
pathway has been identified which is the mitochondrial Rieske Fe/S protein (Schäfer et al., 
2020). Further substrates might be detected in the future but it appears unlikely that the 
number will raise very much considering that in bacteria Tat transport is largely restricted to 
proteins that demand for cytoplasmic insertion of metal ions or complex cofactors prior to 
membrane translocation (Palmer and Berks, 2012), like NADPH (Halbig et al., 1999) or Fe/S 
clusters (Molik et al., 2001). In chloroplasts, Tat transport is more common and comprises 
substrate proteins with (cpRieske Fe/S protein) and without such cofactors (OEC16, OEC23) 
(Klösgen et al., 1992; Cline et al., 1992; Molik et al., 2001) maybe because the higher energy 
demand for the membrane transport of folded proteins (Alder and Theg, 2003) is not that 
decisive in light-exposed chloroplasts.  
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Components of the plant mitochondrial Tat machinery 
Our results on the transport characteristics of TatA suggest that in plant mitochondria a 
chloroplast-like Tat pathway is operating. This means that the mitochondrial Tat machinery 
probably comprises all three Tat subunits identified to date, namely TatA, a TaB-like protein, 
and mitochondrial TatC (OrfX), in accordance with Gram-negative bacteria and chloroplasts. 
Differently composed Tat translocases are found in most Gram-positive bacteria including 
Bacillus subtilis which houses a Tat machinery consisting of only two subunits, namely TatA 
and TatC (Jongbloed et al., 2004). In this case, TatA has a bifunctional role, i.e., it provides 
both, TatA and TatB activity (Blaudeck et al., 2005; Barnett et al., 2008; Jongbloed et al., 
2006). A comparable, bifunctional role was recently suggested also for the mitochondrial TatB-
like protein to explain the presumed lack of a TatA component in mitochondria (Schäfer et al., 
2020). This cannot finally be excluded at this point but appears less likely, considering the 
import of TatA into mitochondria observed here. Furthermore, a mitochondrial Tat translocase 
of the TatABC-type would be in accordance also with the evolutionary origin of this 
endosymbiotic organelle from Gram-negative alpha-proteobacteria (Gray et al., 1999). 
 
In this scenario, it is particularly remarkable that the Tat machineries of the two plant 
organelles would use one subunit in common, in spite of the fact that the two other Tat 
components in chloroplasts and mitochondria (TatB and TatB-like as well as nuclearly 
encoded chloroplast TatC and mitochondrially encoded TatC/OrfX, respectively) are in each 
case quite different from each other. The two TatC proteins show only about 20 - 25% amino 
acid identity to each other, while TatB and the TatB-like protein have even entirely different 
sequences despite the fact that they possess an essentially identical structure (Carrie et al.,  
2016). Yet, if the dually targeted TatA protein indeed plays an active role also in mitochondrial 
Tat transport, which still remains to be proven though, it would add one further peculiarity to 
this already enigmatic membrane transport pathway. 
  
 
Methods 
 
Plant material 
Pea seedlings (Pisum sativum var. Feltham First) were grown on soil for 7 - 10 days at a 16 h 
photoperiod under constant temperature (18-22 °C). Nicotiana benthamiana was grown at the 
same conditions for 6 - 8 weeks. 
 
Molecular Cloning  
The cDNA fragments encoding the precursor proteins of TatA and TatB from pea (gene 
accession numbers AF144708 and AF284760, respectively) were amplified by PCR using a 
cDNA library generated from pea seedlings as template (see suppl. Table 1 for all primer 
sequences). The amplified fragments were cloned with the pBAT vector (Annweiler et al., 
1991) and subsequently modified to introduce methionine codons to permit labeling of the 
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mature proteins with [35S]methionine. In TatA, the methionine codon was inserted 
immediately upstream of the stop codon, while in TatB the valine codon at position 245 of the 
precursor protein was substituted. Mutagenesis was carried out with the QuikChange® Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) and confirmed by DNA sequencing.  
 
Cloning of the cDNAs encoding the precursors of mitochondrial Rieske Fe/S protein from 
potato and the nucleotide exchange factor GrpE from Arabidopsis thaliana are described in 
Emmermann et al. (1994) and Baudisch et al. (2014), respectively. For bacterial 
overexpression of the two precursor proteins, the cDNAs were amplified by PCR introducing 
NdeI restriction sites at the start codons and recloned with vector pET30a (Novagen) yielding 
chimeric fusion constructs with C-terminal hexahistidine-tags.  

The constructs used for biolistic transformation of pea epidermal cells are based on the vector 
pRT100mod (pRT100 Ω/Not/Asc; Überlacker and Werr, 1996) and have been described in 
Baudisch et al. (2014). For the generation of the peaTatA1-100/eYFP and AtTatB1-100/eYFP 
constructions, cDNA fragments encoding the N-terminal 100 residues were amplified via PCR 
and cloned in frame with the coding sequence of the enhanced yellow fluorescent protein 
(eYFP) via restriction digestion and subsequent ligation. The subsequent cloning with the 
binary vector pCB302 (Xiang et al., 1999) needed for Agrobacterium infiltration is described in 
Sharma et al. (2018). 

Likewise, the generation of the sasplit/GFP reporter constructs, namely FNR1-55/GFP1-10, 
FNR1-55/GFP11x7, mtRi1-100/GFP1-10, and mtRi1-100/GFP11x7, are described in Sharma et al. 
(2019). The coding sequence of eYFP in pRT100peaTatA1-100/eYFP was replaced by GFP11x7 
via restriction-free cloning (Bond and Naus, 2012) generating pRT100peaTatA1-100/GFP11x7. 
Subsequently, the peaTatA1-100/GFP11x7 fragment was sub-cloned with the binary vector 
pLSU4GG using Golden Gate cloning as described in Sharma et al. (2018). 
 
Bacterial overexpression and purification of precursor proteins  
His-tagged precursor proteins of mtRieske from potato and GrpE from Arabidopsis thaliana 
were obtained by overexpression in E. coli strain BL21(DE3) using the T7-based system 
developed by Studier and Moffat (1986) following the protocol of Zinecker et al. (2020) with the 
following modifications: (i) cultures were grown in LB media supplemented with 0.4% glucose, 
50 mg/ml kanamycin for 1.5 - 3 h after induction with IPTG, (ii) the His-tagged proteins were 
recovered from inclusion bodies solubilized in GuaHCl binding buffer (20 mM Hepes, 500 mM 
NaCl, 20 mM Imidazole, 6 M GuanidinHCl, pH 7.5), (iii) during Ni2+-affinity chromatography the 
column (HiTrap Chelating HP columns, GE Healthcare) was washed with (20 mM Hepes, 
500 mM NaCl, 20 mM Imidazole, 8 M urea, pH 7.5) and eluted with (20 mM Hepes, 500 mM 
NaCl, 500 mM Imidazole, 8 M urea, pH 7.5), (iv) the samples were concentrated using 
Vivaspin 3.000 MWCO PES ultrafiltration columns (Sartorius AG, Göttingen, Germany) and 
finally dialysed against (10 mM Hepes, 5 mM MgCl2, 7 M urea, pH 8.0). 
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Transient transformation assays 
Particle bombardment of 7 - 10 days old pea seedlings was carried out according to Sharma et 
al. (2018). Agrobacterium infiltration of eYFP reporter constructs and sasplitGFP vectors into 
the lower epidermis of Nicotiana benthamiana leaves were performed as described (Sharma 
et al., 2018 and 2019, respectively). The mitochondria of epidermal cells were stained by 
infiltrating MitoTracker Orange (0.1 µM MitoTracker Orange® CMTMRos in 10 mM MgCl2, 
10 mM MES, pH 5.6) into the lower epidermis of leaf tissue and imaged 15 min after 
infiltration. 
 
Microscopy and imaging  
Confocal laser scanning microscopy was carried out as described by Sharma et al. (2018). 
The specimens were excited with laser beams of either 488 nm (sasplit-GFP), 514 nm (eYFP), 
561 (MitoTracker Orange), or 633 nm (chlorophyll) with usually 2-5% of full laser power. 
Images were collected using filters ranging from 493 to 598 nm (GFP), 519–620 nm (eYFP), 
574-617 nm (MitoTracker Orange), or 647–721 nm (chlorophyll). Image acquisition was done 
in several Z-stacks with either 20x or 40x magnification. When required, brightness and 
contrast of the images were equally adjusted for each image to avoid any discrepancy in 
visualization of signal intensities.  
 
Isolation of chloroplasts and mitochondria from pea 
Isolation of intact chloroplasts and mitochondria from pea seedlings (P. sativum var. Feltham 
First) was carried out according to Rödiger et al (2010) with the following modifications: The 
plant material was homogenized in sucrose isolation medium (SIM: 0.35 M sucrose, 25 mM 
Hepes, 2 mM EDTA, pH 7.6) supplemented with 0.6% PVP, 0.2% BSA, 10mM DTT, 0.2 mM 
PMSF. The Percoll step gradients for isolation of mitochondria consisted of 5 ml each of 40%, 
30%, and 18.5% Percoll in sorbitol resuspension medium (SRM: 0.35 M sorbitol, 50 mM 
Hepes, pH 8.0). 
 
In organello protein transport experiments 
Radiolabelled precursor proteins were obtained by in vitro translation in rabbit reticulocyte 
lysates in the presence of [35S]-methionine. Incubation with intact mitochondria or chloroplasts 
isolated from pea leaves was performed as described in Rödiger et al. (2010) with the 
exception that the transport assays were additionally supplemented with 2 mM NADH. 
Competition experiments were performed as described (Molik et al., 2001; Langner et al, 
2014). 
 
Miscellaneous  
Gel electrophoresis of proteins under denaturing conditions was carried out according to 
Laemmli (1970). The gels were exposed to phosphorimaging screens and analyzed with a 
Fujifilm FLA-3000 (Fujifilm, Düsseldorf, Germany) using the software packages BAS Reader 
(version 3.14) and AIDA (version 3.25) (Raytest, Straubenhardt, Germany). Protein 
concentration was determined according to Bradford (1976), chlorophyll concentration 
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according to Arnon (1949). All other methods followed published protocols (Sambrook & 
Russell, 2001).  
 
 
Author Contributions 
BB performed the in organello experiments. MS performed the in vivo experiments. FT 
isolated and purified the precursor proteins for competition. RBK designed and supervised the 
project. BB, MS, and RBK wrote the manuscript. 
 
 
Acknowledgements 
This work was supported by a grant from the Deutsche Forschungsgemeinschaft (GRK2498 - 
400681449). MS was supported by a fellowship from the BRAVE project funded by the 
ERASMUS MUNDUS Action 2 program of the European Union. We thank Mario Jakob for 
critical comments. 
 
 
References 
 
Alder, N.N., and Theg, S.M. (2003) Energetics of protein transport across biological membranes: A 

study of the thylakoid DpH-dependent/cpTat pathway. Cell 112, 231-242.  
Annweiler, A., Hipskind, R.A., and Wirth, T. (1991). A strategy for efficient in vitro translation of 

cDNAs using the rabbit beta-globin leader sequence. Nucleic Acids Res. 19, 3750. 
Arnon, D.I. (1949). Copper Enzymes in Isolated Chloroplasts. Polyphenoloxidase in Beta Vulgaris. 

Plant Physiol. 24, 1-15. 

Balk, J., and Schaedler, T.A. (2014) Iron Cofactor Assembly in Plants. Ann. Rev. Plant Biol. 65, 125-

153. 

Baudisch, B. and Klösgen, R.B. (2012) Dual targeting of a processing peptidase into both 

endosymbiotic organelles mediated by a transport signal of unusual architecture. Mol. Plant 5, 

494-503 (doi: 10.1093/mp/ssr092) 

Barnett, J.P., Eijlander, R.T., Kuipers, O.P., and Robinson, C. (2008) A minimal Tat system from a 
gram-positive organism: a bifunctional TatA subunit participates in discrete TatAC and TatA 

complexes. J Biol. Chem. 283, 2534-2542.  

Baudisch*, B., Langner*, U., Garz, I., and Klösgen, R.B. (2014) The exception proves the rule? Dual 

targeting of nuclear-encoded proteins into endosymbiotic organelles. (*equal contribution). New 

Phytologist 201, 80-90 (doi:10.1111/nph.12482) 

Berry, S. (2003). Endosymbiosis and the design of eukaryotic electron transport. BBA-Bioenergetics. 

1606, 57-72. 
Blanc, B., Gerez, C., Ollagnier de Choudens, S. (2015) Assembly of Fe/S proteins in bacterial 

systems: Biochemistry of the bacterial ISC system. BBA - Mol. Cell Res. 1853, 1436-1447.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 6, 2020. ; https://doi.org/10.1101/2020.04.06.026997doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.06.026997


- 13 - 

Blaudeck, N., Kreutzenbeck, P., Müller, M., Sprenger, G.A., and Freudl, R. (2005) Isolation and 

characterization of bifunctional Escherichia coli TatA mutant proteins that allow efficient tat-

dependent protein translocation in the absence of TatB. J. Biol. Chem. 280, 3426-3432. 

(doi:10.1074/jbc.M411210200) 

Bond, S.R., and Naus, C.C. (2012) RF-Cloning.org: an online tool for the design of restriction-free 

cloning projects. Nucleic Acids Res. 40, W209-213. (doi: 10.1093/nar/gks396) 

Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248-254. 

Braun, H.P., and Schmitz, U.K. (1999) The protein-import apparatus of plant mitochondria. Planta 209, 

26-274.  

Cabantous, S., Terwilliger, T.C., and Waldo, G.S. (2005) Protein tagging and detection with 

engineered self- assembling fragments of green fluorescent protein. Nature Biotech. 23, 102–

107.  

Carrie, C., Weißenberger, S., and Soll, J. (2016) Plant mitochondria contain the protein translocase 

subunits TatB and TatC. J. Cell Sci. 129, 3935-3947.  
Cline, K., Ettinger, W.F., and Theg, S.M. (1992) Protein-specific energy requirements for protein 

transport across or into thylakoid membranes. J. Biol. Chem. 267, 2688-2696.  

Emmermann, M., Clericus, M., Braun, H.P., Mozo, T., Heins, L., Kruft, V., and Schmitz, U.K. (1994) 

Molecular features, processing and import of the Rieske iron-sulfur protein from potato 

mitochondria. Plant Mol. Biol. 25, 271-281. 

Gray, M.W., Burger, G., and Lang, B.F. (1999) Mitochondrial evolution. Science 283, 1476–1481. 

Halbig, D., Hou, B., Freudl, R., Sprenger, G.A., and Klösgen, R.B. (1999) Bacterial proteins carrying 

twin-R signal peptides are specifically targeted by the DpH-dependent transport machinery of 

the thylakoid membrane system. FEBS Lett. 447, 95-98. 

Jakob, M., Kaiser, S., Gutensohn, M., Hanner, P., and Klösgen, R.B. (2009) Tat subunit 

stoichiometry in Arabidopsis thaliana challenges the proposed function of TatA as the 

translocation pore. BBA - Mol. Cell Res. 1793, 388-394 (doi:10.1016/j.bbamcr.2008.09.006) 

Jongbloed, J.D., Grieger, U., Antelmann, H., Hecker, M., Nijland, R., Bron, S., and Van Dijl, J.M. 
(2004) Two minimal Tat translocases in Bacillus. Mol. Microbiol. 54, 1319-1325.  

Jongbloed, J.D., van der Ploeg, R., and van Dijl, J.M. (2006) Bifunctional TatA subunits in minimal 

Tat protein translocases. Trends Microbiol. 14, 2-4. 

Klösgen, R.B., Brock, I.W., Herrmann, R.G., and Robinson, C. (1992) Proton gradient-driven import 

of the 16 kDa oxygen-evolving complex protein as the full precursor protein by isolated 

thylakoids. Plant Mol Biol. 18, 1031-1034.  

Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of the head of bacteriophage 

T4. Nature. 227, 680-685. 
Langner, U., Baudisch, B., and Klösgen, R.B. (2014) Organelle import of proteins with dual targeting 

properties into mitochondria and chloroplasts takes place by the general import pathways. Plant 

Signal. Behav. e29301 (doi: 10.4161/psb.29301) 

Lill, R., and Mühlenhoff, U. (2008) Maturation of iron-sulfur proteins in eukaryotes: mechanisms, 

connected processes, and diseases. Annu Rev Biochem. 77, 669-700. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 6, 2020. ; https://doi.org/10.1101/2020.04.06.026997doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.06.026997


- 14 - 

Mitschke, J., Fuss, J., Blum, T., Hoglund, A., Reski, R., Kohlbacher, O., Rensing, S.A. (2009) 

Prediction of dual protein targeting to plant organelles. New Phytol. 183, 224-235. 

Molik, S., Karnauchov, I., Weidlich, C., Herrmann, R.G., and Klösgen, R.B. (2001). The Rieske Fe/S 

protein of the cytochrome b6/f complex in chloroplasts: missing link in the evolution of protein 

transport pathways in chloroplasts? J. Biol. Chem. 276, 42761-42766. 

(doi:10.1074/jbc.M106690200) 

Müller, M., and Klösgen, R.B. (2005) The Tat pathway in bacteria and chloroplasts. Mol. Membrane 
Biol. 22, 113-121. (doi:10.1080/09687860500041809) 

Palmer, T., and Berks, B. (2012) The twin-arginine translocation (Tat) protein export pathway.  Nature 

Rev. Microbiol. 10, 483-496. (doi:10.1038/nrmicro2814) 

Petrů, M., Wideman. J., Moore. K., Alcock. F., Palmer. T., and Doležal. P. (2018) Evolution of 

mitochondrial TAT translocases illustrates the loss of bacterial protein transport machines in 

mitochondria. BMC Biology 16, 141. (doi:10.1186/s12915-018-0607-3) 

Poot, M., Zhang, Y.Z., Krämer, J.A., Wells, K.S., Jones, L.J., Hanzel, D.K., Lugade, A.G., Singer, 
V.L., and Haugland, R.P. (1996) Analysis of mitochondrial morphology and function with novel 
fixable fluorescent stains. J. Histochem. Cytochem. 44, 1363-1372. 

Rödiger, A., Baudisch, B., and Klösgen, R.B. (2010) Simultaneous isolation of intact mitochondria 

and chloroplast from a single pulping of plant tissue. J. Plant Physiol. 167, 620-624 (doi: 

10.1016/j.jplph.2009.11.013) 

Rödiger, A., Baudisch, B., Langner, U., and Klösgen, R.B. (2011) Dual targeting of a mitochondrial 

protein: the case study of cytochrome c1. Mol. Plant 4, 679-687 (doi:10.1093/mp/ssr001) 

Sambrook, J., and Russell, D. (2001). Molecular Cloning: A Laboratory Manual. (Cold Spring Harbor, 

NY: Cold Spring Harbor Laboratory Press). 3rd ed. 
Schäfer, K., Künzler, P., Klingl, A., Eubel, H., and Carrie, C. (2020) The Plant Mitochondrial TAT 

Pathway Is Essential for Complex III Biogenesis, Curr. Biol., in press 

(doi:10.1016/j.cub.2020.01.001) 

Sharma, M., Bennewitz, B., and Klösgen, R.B. (2018) Dual or not dual? - Comparative analysis of 

fluorescence microscopy-based approaches to study organelle targeting specificity of nuclear-

encoded plant proteins. Front. Plant Sci. 9, 1350 (doi: 10.3389/fpls.2018.01350) 
Sharma, M., Kretschmer, C., Lampe, C., Stuttmann, J., and Klösgen, R.B. (2019) Targeting 

specificity of nuclear-encoded organelle proteins with a self-assembling split-fluorescent protein 

toolkit. J. Cell Sci. 132, jcs230839 (doi: 10.1242/jcs.230839) 

Studier, F.W., and Moffatt, B. A. (1986) Use of bacteriophage-T7 RNA-polymerase to direct selective 

high-level expression of cloned genes. J. Mol. Biol. 189, 113-130.  
Sünkel, S., Brennicke, A., and Knoop, V. (1994) RNA editing of a conserved reading frame in plant 

mitochondria increases its similarity to two overlapping reading frames in Escherichia coli. Mol. 

Gen. Genet. 242, 65-72.  
Überlacker, B., and Werr, W. (1996). Vectors with rare-cutter restriction enzyme sites for expression of 

open reading frames in transgenic plants. Mol. Breeding. 2, 293-295. 
Wagener, N., Ackermann, M., Funes, S., and Neupert, W. (2011) A pathway of protein translocation 

in mitochondria mediated by the AAA-ATPase Bcs1. Mol. Cell 44, 191-202.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 6, 2020. ; https://doi.org/10.1101/2020.04.06.026997doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.06.026997


- 15 - 

Xiang C, Han P, Lutziger I, Wang K and Oliver DJ (1999) A mini binary vector series for plant 

transformation. Plant Mol. Biol. 40:711-717.  
Zinecker, S., Jakob, M., and Klösgen, R.B. (2020) Functional reconstitution of TatB into thylakoidal 

Tat translocase. BBA - Mol. Cell Res. 1867 (doi: 10.1016/j.bbamcr.2019.118606 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 6, 2020. ; https://doi.org/10.1101/2020.04.06.026997doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.06.026997


- 16 - 

Figure Legends 
 
Figure 1. Localization of the TatA1-100/eYFP chimera in pea.  
(A) The coding sequence of peaTatA1-100/eYFP was transiently expressed under the control of 
the CaMV 35S promoter after particle bombardment of leaf epidermis cells of pea and 
analyzed by confocal laser scanning microscopy. Representative cells showing either dual 
localization of the candidate proteins in both mitochondria and chloroplasts (panel I) or solely 
in chloroplasts (panel II) are presented as overlay images of the chlorophyll channel (displayed 
in red) and the eYFP channel (displayed in yellow). Localization of mitochondrial (mtRi1-
100/eYFP) and chloroplast control proteins (TatB1-100/eYFP) analyzed in parallel is shown in (B) 
and (C), respectively. The borders of the transformed cells are depicted by a continuous white 
line. The strong chlorophyll signals in the background are derived from the larger chloroplasts 
of untransformed mesophyll cells underneath the epidermal cell layers. The squares highlight 
areas of the transformed cells that are shown in higher magnification separately for the 
chlorophyll channel and the eYFP channel, as indicated. The position of representative 
plastids of each transformed cell is encircled for better visualization. Representative 
mitochondria are marked with an arrowhead. The scale bars correspond to 10 μm.  
 
Figure 2. Monospecific targeting of TatA1-100/eYFP in Nicotiana benthamiana after 
Agrobacterium infiltration.  
Confocal laser scanning microscopy of the lower epidermis of Nicotiana benthamiana 
infiltrated with Agrobacterium tumefaciens strain GV3101 carrying constructs encoding TatA1-

100/eYFP (A) or mtRi1-100/eYFP (B). For further details see the legend of Fig. 1. Scale bars: 
10 μm. 
 
Figure 3. Dual targeting of TatA1-100 with the sasplit-GFP approach.  
The coding sequence of TatA1-100/GFP11x7) was transiently expressed with either FNR1-
55/GFP1-10 (A) or mtRi1-100/GFP1-10 (B) via Agrobacterium co-infiltration into the lower 
epidermis of Nicotiana benthamiana leaves and analyzed by confocal laser scanning 
microscopy. Representative images, which show targeting of the candidate protein into 
chloroplasts (A), are presented in the chlorophyll channel (right panel, displayed in red), the 
GFP channel (middle panel, displayed in green) and as overlay image (left panel). Targeting of 
the candidate protein into mitochondria (B) is shown with MitoTracker Orange (right panel, 
displayed in magenta), in the GFP channel (middle panel) and as overlay image (left panel). 
For further details see the legend of Fig. 1. Scale bars: 10 μm.  
 
Figure 4. In organello protein transport experiments with isolated pea organelles. 
Radiolabelled precursor polypeptides of peaTatA (TatA) and the control proteins chloroplast 
TatB (TatB), mitochondrial Rieske Fe/S protein (mtRi), and the dually targeted GrpE (GrpE) 
were obtained by coupled in vitro transcription/translation of the corresponding cDNA clones in 
the presence of [35S]-methionin and incubated for 20 min at 25 °C with either intact 
mitochondria (lanes M) or chloroplasts (lanes C) from pea. After the import reaction, the 
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organelles were recovered by centrifugation and treated with thermolysin (lanes M+, C+) or 
mock-treated (lanes M-, C-). Stoichiometric amounts of each fraction corresponding to 50 µg 
protein (mitochondria) or 12.5 µg chlorophyll (chloroplasts) were separated on 10 -17.5 % 
SDS polyacrylamide gradient gels and visualised by phosphorimaging. In lanes t, 1 µl aliquots 
of the in vitro translation assays (corresponding to 10 % of the protein added to each import 
reaction) were loaded that had been either treated with thermolysin (lanes t+) or mock-treated 
(lanes t-). The positions of the precursor proteins (p) and the mature proteins accumulating in 
mitochondria (mM) or chloroplasts (mC) are indicated. The size of molecular marker proteins is 
given in kDa.  
 
Figure 5. Effect of competitor proteins on organelle import of TatA. 
(A) In organello protein transport experiments with the TatA precursor protein were performed 
in the absence (con) or presence of increasing amounts of the precursor of the mitochondrial 
Rieske Fe/S protein which was obtained by heterologous overexpression in E. coli. The 
concentration of competitor protein present in each assay (given in µM) is indicated above the 
lanes. The bands corresponding to mature TatA in lanes + were quantified and depicted in 
terms of percentage of mature TatA in the assays lacking competitor (lanes 0) in the bar graph 
shown in (B). Panels (C) and (D) show the same experiment performed in the presence of the 
chloroplast-specific competitor protein OEC33 (C) and the dually targeted competitor protein 
GrpE (D), respectively. In panel (E), the effect of the competition with the OEC33 competitor 
on the mitochondrial import of TatA and mtRieske is compared. The autoradiograms of the 
gels used for the quantification data shown in panels (C-E) are presented in suppl. Fig. S3. For 
further details see the legend of Fig. 4. 
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Supplemental Information 
 
Supplemental Figure S1. Differential localization of the TatA1-100/eYFP chimera in two 
neighboring pea cells after particle bombardment.  
The coding sequence of peaTatA1-100/eYFP was transiently expressed under the control of the 
CaMV 35S promoter after particle bombardment of leaf epidermis cells of pea and analyzed by 
confocal laser scanning microscopy. Cell 1 shows dual localization of eYFP in plastids and 
mitochondria, while Cell 2 shows localization of eYFP in plastids only. The image is presented 
as an overlay of DIC (differential interference contrast) and eYFP channels. For further details 
see the legend of Fig. 1. Scale bar: 20 µm. 
 
 
Supplemental Figure S2. Transport of both fragments of sfGFP into the same organelle 
is essential to achieve fluorescence signals.  
The coding sequences of FNR1-55/GFP1-10 (A-C) or mtRi1-100/GFP1-10 (D-F) were transiently 
expressed alone (A,D) or co-expressed with either FNR1-55/GFP11×7 (B,F) or mtRi1-100/GFP11x7 
(C,E) via Agrobacterium co-infiltration into the lower epidermis of Nicotiana benthamiana 
leaves and analyzed by confocal laser scanning microscopy. For further details see the legend 
of Fig. 1. Scale bars: 20 µm. 
 
 
Supplemental Figure S3. In organello competition experiments. 
In organello protein transport experiments with (A) the TatA precursor protein, or (B) the 
mtRieske precursor performed in the absence (con) or presence of increasing amounts of the 
chloroplast-specific competitor OEC33. In panel (C), organelle transport of TatA in the 
presence of the dually targeted competitor GrpE is shown. For further details see the legends 
of Figs. 4 and 5. 
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Figure 1 
 

 
 
 
Figure 1. Localization of the TatA1-100/eYFP chimera in pea.  
(A) The coding sequence of peaTatA1-100/eYFP was transiently expressed under the control of 
the CaMV 35S promoter after particle bombardment of leaf epidermis cells of pea and 
analyzed by confocal laser scanning microscopy. Representative cells showing either dual 
localization of the candidate proteins in both mitochondria and chloroplasts (panel I) or solely 
in chloroplasts (panel II) are presented as overlay images of the chlorophyll channel (displayed 
in red) and the eYFP channel (displayed in yellow). Localization of mitochondrial (mtRi1-
100/eYFP) and chloroplast control proteins (TatB1-100/eYFP) analyzed in parallel is shown in (B) 
and (C), respectively. The borders of the transformed cells are depicted by a continuous white 
line. The strong chlorophyll signals in the background are derived from the larger chloroplasts 
of untransformed mesophyll cells underneath the epidermal cell layers. The squares highlight 
areas of the transformed cells that are shown in higher magnification separately for the 
chlorophyll channel and the eYFP channel, as indicated. The position of representative 
plastids of each transformed cell is encircled for better visualization. Representative 
mitochondria are marked with an arrowhead. The scale bars correspond to 10 μm.  
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Figure 2 
 
 

 
 
 
Figure 2. Monospecific targeting of TatA1-100/eYFP in Nicotiana benthamiana after 
Agrobacterium infiltration.  
Confocal laser scanning microscopy of the lower epidermis of Nicotiana benthamiana 
infiltrated with Agrobacterium tumefaciens strain GV3101 carrying constructs encoding TatA1-

100/eYFP (A) or mtRi1-100/eYFP (B). For further details see the legend of Fig. 1. Scale bars: 
10 μm. 
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Figure 3 
 
 

 
 
 
Figure 3. Dual targeting of TatA1-100 with the sasplit-GFP approach.  
The coding sequence of TatA1-100/GFP11x7) was transiently expressed with either FNR1-
55/GFP1-10 (A) or mtRi1-100/GFP1-10 (B) via Agrobacterium co-infiltration into the lower 
epidermis of Nicotiana benthamiana leaves and analyzed by confocal laser scanning 
microscopy. Representative images, which show targeting of the candidate protein into 
chloroplasts (A), are presented in the chlorophyll channel (right panel, displayed in red), the 
GFP channel (middle panel, displayed in green) and as overlay image (left panel). Targeting of 
the candidate protein into mitochondria (B) is shown with MitoTracker Orange (right panel, 
displayed in magenta), in the GFP channel (middle panel) and as overlay image (left panel). 
For further details see the legend of Fig. 1. Scale bars: 10 μm.  
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Figure 4 
 

 
 
 
Figure 4. In organello protein transport experiments with isolated pea organelles. 
Radiolabelled precursor polypeptides of peaTatA (TatA) and the control proteins chloroplast 
TatB (TatB), mitochondrial Rieske Fe/S protein (mtRi), and the dually targeted GrpE (GrpE) 
were obtained by coupled in vitro transcription/translation of the corresponding cDNA clones in 
the presence of [35S]-methionin and incubated for 20 min at 25 °C with either intact 
mitochondria (lanes M) or chloroplasts (lanes C) from pea. After the import reaction, the 
organelles were recovered by centrifugation and treated with thermolysin (lanes M+, C+) or 
mock-treated (lanes M-, C-). Stoichiometric amounts of each fraction corresponding to 50 µg 
protein (mitochondria) or 12.5 µg chlorophyll (chloroplasts) were separated on 10 -17.5 % 
SDS polyacrylamide gradient gels and visualised by phosphorimaging. In lanes t, 1 µl aliquots 
of the in vitro translation assays (corresponding to 10 % of the protein added to each import 
reaction) were loaded that had been either treated with thermolysin (lanes t+) or mock-treated 
(lanes t-). The positions of the precursor proteins (p) and the mature proteins accumulating in 
mitochondria (mM) or chloroplasts (mC) are indicated. The size of molecular marker proteins is 
given in kDa.  
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Figure 5 
 

 
 
 
Figure 5. Effect of competitor proteins on organelle import of TatA. 
(A) In organello protein transport experiments with the TatA precursor protein were performed 
in the absence (con) or presence of increasing amounts of the precursor of the mitochondrial 
Rieske Fe/S protein which was obtained by heterologous overexpression in E. coli. The 
concentration of competitor protein present in each assay (given in µM) is indicated above the 
lanes. The bands corresponding to mature TatA in lanes + were quantified and depicted in 
terms of percentage of mature TatA in the assays lacking competitor (lanes 0) in the bar graph 
shown in (B). Panels (C) and (D) show the same experiment performed in the presence of the 
chloroplast-specific competitor protein OEC33 (C) and the dually targeted competitor protein 
GrpE (D), respectively. In panel (E), the effect of the competition with the OEC33 competitor 
on the mitochondrial import of TatA and mtRieske is compared. The autoradiograms of the 
gels used for the quantification data shown in panels (C-E) are presented in suppl. Fig. S3. For 
further details see the legend of Fig. 4. 
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Figure S1 
 
 

 
 
 
Supplemental Figure S1. Differential localization of the TatA1-100/eYFP chimera in two 
neighboring pea cells after particle bombardment.  
The coding sequence of peaTatA1-100/eYFP was transiently expressed under the control of the 
CaMV 35S promoter after particle bombardment of leaf epidermis cells of pea and analyzed by 
confocal laser scanning microscopy. Cell 1 shows dual localization of eYFP in plastids and 
mitochondria, while Cell 2 shows localization of eYFP in plastids only. The image is presented 
as an overlay of DIC (differential interference contrast) and eYFP channels. For further details 
see the legend of Fig. 1. Scale bar: 20 µm. 
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Figure S 2 
 
 

 
 
 
Supplemental Figure S2. Transport of both fragments of sfGFP into the same organelle 
is essential to achieve fluorescence signals.  
The coding sequences of FNR1-55/GFP1-10 (A-C) or mtRi1-100/GFP1-10 (D-F) were transiently 
expressed alone (A,D) or co-expressed with either FNR1-55/GFP11×7 (B,F) or mtRi1-100/GFP11x7 
(C,E) via Agrobacterium co-infiltration into the lower epidermis of Nicotiana benthamiana 
leaves and analyzed by confocal laser scanning microscopy. For further details see the legend 
of Fig. 1. Scale bars: 20 µm. 
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Figure S 3 
 

 
 
Supplemental Figure S3. In organello competition experiments. 
In organello protein transport experiments with (A) the TatA precursor protein, or (B) the 
mtRieske precursor performed in the absence (con) or presence of increasing amounts of the 
chloroplast-specific competitor OEC33. In panel (C), organelle transport of TatA in the 
presence of the dually targeted competitor GrpE is shown. For further details see the legends 
of Figs. 4 and 5. 
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Supplementary Table 1 - Oligonucleotides 
 

Name Nucleotide Sequence 

peaTatAfull-fw, NdeI 5’ CATATGgagataacactttccatttc 3’ 

peaTatAfull-rev, EcoRV 5’ GATATCtacattatcctttgtgctgg 3’ 

peaTatBfull-fw, NdeI 5’ CATATGacaccatctctggcaattg 3’ 

peaTatBful-rev, SmaI 5’ CCCGGGcattaaatccgaaggtaacgacg 3’ 

peaTatB V245M-fw 5 ́ GAAACTGCTGCAACTATGCCACCACCACAG 3 ́ 

peaTatB V245M-rev 5 ́ CTGTGGTGGTGGCATAGTTGCAGCAGTTTC 3 ́ 

AtTatB1-100-fw, BamHI 5’ GGATCCtatggcaatggcgttacagattata 3’ 

AtTatB1-100-rev, NcoI 5’ CCATGGcaacaacaccaataaccaaagc 3’ 

peaTatA1-100/GFP11x7-fw, RF 5' tgtcaaaagctttcaacaggcagcaatgggcggcaaattcatgc 3' 

peaTatA1-100/GFP11x7-rev, RF 5' ctggtgatttgcggactctagagtcttaggtgataccggcagca 3' 

St-mtRieske-fw, NdeI 5' tttCATATGcttcgagtagcaggtagaag 3' 

St-mtRieske-rev, NotI 5' tttGCGGCCGCaccaataagtaacttgtt 3' 

At-GrpE-fw, NdeI 5' tttCATATGTTGGTGTCTAGGGTTTTATC 3' 

At-GrpE-rev, NotI 5' tttGCGGCCGCagctgcagactctttgcc 3' 

 

Restriction sites are given in CAPITAL LETTERS 
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