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Abstract

The endosymbiosis-derived organelles within a plant cell, plastids and mitochondria, have
to be equipped with a certain set of proteins to be fully functional. This set of proteins is
encoded by different genomes: the organellar genomes and the nuclear genomes. This
setup poses some interesting challenges for the regulation of gene expression and protein
transport. On the one hand, the targeting signals that transport proteins to the organelles
have to be highly specific and on the other hand, the communication between the DNA
containing compartments to coordinate their gene expression has to be transmitted
somehow, not only from the nucleus but also from the organelles back to the nucleus.

In this thesis, two prediction programs are introduced. One of them can predict dual
targeted proteins to both organelles (ATP, ambiguous targeting predictor) and the other
one is species- specific for Physcomitrella patens (GTP_Pp; green targeting predictor —
P. patens-specific). The first predictor can help to gain a more complete picture of the
proteins potentially present in the organelles. With the help of that predictor, we predicted
that the amount of proteins with dual targeting signals is higher than anticipated and that
we to date know only a minor part of actually dual targeted proteins. The second predictor
can help to answer the question on the evolutionary consistency of targeting signals
within the plant kingdom and the importance of having species-specific approaches in
analyzing protein targeting. We actually observed a surprisingly big difference in
composition and recognition of mitochondrial and dual-targeting protein signals, which
led to the conclusion, that species-specific approaches always should be considered as the
optimal option for both, in silico and in vivo experiments.

The second part of this thesis focuses the mechanisms of communication between nucleus
and the organelles, especially the plastid possibly mediated by dual targeting. We chose
several plastid RNA-/DNA-binding proteins to analyze their sub-plastidic localization
and their potential additional nuclear localization. Those candidates were AtWHY1
(Arabidopsis  thaliana Whirlyl), four members of the AtcpRNP (chloroplast
ribonucleoprotein) family and AtEF-Tu (elongation factor thermo-unstable). The
analyzed members of the AtcpRNP family reflect their described multiple functions
within the plastid also in a multiple localization pattern. Furthermore, we were able to
show interactions of different members of the AtcpRNP family by yeast-two-hybrid
interaction assays. The localization pattern of AtEF-Tu was very similar to the one
observed for the AtcpRNPs, which indicated, together with a confirmed localization
within the transcriptionally active chromosome, a multiple function for AtEF-Tu. The
sub-plastidic localization data suggest overlapping networks of activity for the proteins by
observed co-localizations. This was also shown with respect to several marker proteins
for plastid functions. For AtEF-Tu and the AtcpRNPs, we also showed experimentally
that a second localization in the nucleus is possible for the mature protein, which makes
them interesting candidates for a possible mediation of plastid signals to the nucleus next

v



to AtWHY 1. For AtWHY 1, we were able to show an effect of the DNAbinding domain
on the known localization pattern which seemed to reflect an aberration in transport
processes through the envelope. This offers a potential regulatory mechanism that needs
to be explored in detail in the future.
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I. Introduction

1.5 - 2 billion years ago, a prokaryotic or eukaryotic cell (Martin & Russell, 2003) took up a
free living a-proteobacterium, and in the following million years, the symbiont turned into an
endosymbiont with all consequences for both cells (Dyall e al., 2004): the host cell gained
the possibility to use oxygen for respiration, while the endosymbiont lived in a nutrition-
saturated environment at the expense of providing energy for the host cell. The step towards
becoming an organelle was fulfilled when the transfer of genomic material occurred from the
symbiont towards the nucleus of the host cell and a mechanism for inheritance was
established (Gross & Bhattacharya, 2009). This did not only bind the a-proteobacterium to
the host forever, but also led to major organizational challenges for the host cell. The now
nuclear-encoded and cytosol-translated proteins were still needed within the organelles we
know today as mitochondria. This led to the development of a targeting/import system for
proteins from the nucleus to the mitochondria, which had to be highly specific and efficient
(Dolezal et al., 2006). This import system was challenged then 1.2 — 1.5 billion years ago by
a second uptake of a bacterium (reviewed by Dyall et al. (2004)). This second uptake of a
cyanobacterium led to the origin of the green lineage (reviewed by Palmer (2003)). The
resulting genomic reorganization made it necessary not only to develop new import
mechanism for the new endosymbiont, the plastid, but also to refine the targeting mechanism
of nuclear proteins towards the now two organelles (Macasev et al., 2000; Bhattacharya et
al., 2007; Gross & Bhattacharya, 2009). As most processes were highly specialized, the
specificity had to be given even though a subset of proteins was needed in both organelles
like RNA-polymerases and other components of the transcriptional and translational
machinery (e.g. Hedtke et al. (1997)). The main functions of both organelles in most seed
plants, respiration in the mitochondria and photosynthesis in the plastids, are only one part of
the specialization. The progressing compartmentalization of the cell led also to a complex
network of metabolic processes taking place over several compartments (Neuhaus & Emes,
2000; Bowsher & Tobin, 2001; Padmasree et al., 2002). An example for a plant-specific
metabolic pathway that includes not only plastids but also mitochondria is the tetrapyrrol
pathway. Its endproducts are amongst others chlorophyll and haem, which are mainly
produced in the plastids, but the last two steps of haem synthesis happen in both organelles
(Papenbrock & Grimm, 2001). Deciphering this kind of complex metabolic networks and
their regulation is important because understanding plant signaling and production might help
to use plants more efficiently. The main challenge for the regulation of the metabolic
processes within a plant cell is the coordination of the three genomes, which are
characteristic for plastid bearing organisms. Their tight regulation is not yet understood and

the main questions to answer are:

How many and which proteins are present in which compartment at what time

and why?



And:

How does the nucleus communicate with the organelles and vice versa?

Answering these questions is crucial to understand plant regulatory networks and the
adaptions of plants to external signals.



PROTEIN TARGETING MECHANISMS

One of the most important steps towards answering the first question is the understanding of
targeting mechanisms for proteins in general and the regulatory mechanism for proteins
under different conditions. The understanding of those mechanisms is especially important as
we find proteins that are localized to one compartment (single targeting) or more (dual
targeting) in plant cells (Fig. 1) (Karniely & Pines, 2005).

Single targeting

To be able to understand reliably, which proteins occur in which compartment of the cell,
several approaches are possible: localization experiments with tagged proteins, import
experiments with isolated organelles (where possible) or whole compartment proteomics
analyses by mass spectrometry to name the most prominent ones. Those approaches deliver
information on a subset of proteins, but it is almost impossible to cover the complete range of
proteins within the cell with those methods, even though mass spectrometry is a high
throughput approach. The processes within the cell are extremely dynamic so that each mass
spectrometry approach only depicts a snapshot of the situation within the
organelle/compartment under these circumstances in this organism at that time. This provides
very valuable knowledge on specific adaptions for specific treatments/processes, but,
unfortunately, it has some flaws, too. First of all, the isolation of whole organelles and more,
the isolation of compartments is prone to contaminations and to missing only loosely
associated proteins (e.g. Majeran et al. (2012)). Furthermore, the isolation method actually
might introduce a bias towards which proteins are isolated (Hu et al., 2005), not to mention
that usually a wide range of cell types with diverging functions and potentially diverging
developmental statuses are isolated.

The other two methods are difficult to adapt to high throughput approaches and they do have
some drawbacks, too: imports into isolated organelles are not always reflecting the actual
situation in vivo, as within a cell, different receptors belonging to several import systems
might be able to bind to the targeting signal, but some more efficiently than others (Cleary et
al., 2002). This difference in efficiency is not reflected in approaches with isolated organelles
and an ambiguous picture might be the result (Krause et al., 2005). This obstacle was
overcome by the use of a mixture of isolated organelles (Rudhe ef al., 2002). The second
problem are cytoplasmic factors that might facilitate or inhibit import into the compartment
(Pfeiffer et al., 2009). Those might not be present in isolated organelles or at least not in the
physiological composition. Microscopy approaches with tagged proteins are used in in vivo
systems and are thought to be possibly the most accurate system to show targeting (Millar et
al., 2006), but also there are some disadvantages: the attachment of a fusion protein might
change the behavior of the protein in vivo either by changing the conformation of the protein
or by masking a potential (second) targeting signal at the fusion site and so changing the
complete functionality of the protein (Thomas & Maule, 2000). To avoid large tags, small
tags and antibody labeling might be used, but this only works in fixed tissues and so the
advantage of in vivo localization studies is abolished.



All methods have in common that they do not help to understand the underlying mechanisms.
Separate approaches have been started in order to understand general characteristics of
targeting mechanisms like what distinguishes mitochondrial from plastid targeting signals
(Huang et al., 2009), what is characteristic for the secretory pathway or what impact the C-
terminus or internal characteristics have on the protein targeting (Dabney-Smith et al., 1999;
Bahaji et al., 2011). The information on localizations gained from experimental methods in
combination with information on mechanisms of targeting led to the development of
targeting prediction programs like TargetP (Emanuelsson et al., 2000), Predotar (Small et al.,
2004), MultiLoc (Hoglund et al., 2006), SherLoc2 (Briesemeister et al., 2009) or
WolfPSORT (Horton et al., 2007), to name just a few. All those programs use different kinds
of approaches to predict the subcellular localization like neural networks, machine learning
tools and/or literature and homology searches. Some of those predictors focus only on N-
terminal signals, while other also predict internal signals like the nuclear localization signal
(NLS) or C-terminal signals like those for peroxisomes. For the NLS and peroxisomal
signals, a number of sequence motifs are known that encode translocation signals for the
respective compartment, so the prediction is mainly based on similarity to known motifs and
research aims at identifying additional motifs (Lingner et al., 2011). In contrast to the
sequence-based signals for the nucleus and the peroxisomes, N-terminal targeting signals are
not conserved on primary sequence level, but rather on a secondary structure level (Bruce,
2001). The localizations, N-terminal targeting signals encode for, are plastids, mitochondria
and the secretory pathway (Fig. 1). Especially plastid and mitochondrial sequences have been
shown to be quite similar, even though there seem to be similarities to secretory proteins, too
(von Heijne et al., 1989; Huang et al., 2009).



Figure 1: Different mechanisms of single or dual targeting are shown. Transcription takes
place in the nucleus (Nuc), while translation of proteins (grey structures) takes place in the
cytoplasm on either membrane associated or free ribosomes (R). Depicted here are N-
terminal targeting signals: green for plastid (Cp), red for mitochondria (Mit) or light blue for
secretory pathway (ER) (II) and an internal nuclear localization signal (dark blue) (I).
Combinations of N-terminal targeting signal are given as twin signal to mitochondria and
plastids (red and green) or as ambiguous targeting signal (purple)(IIl). It has been shown that
some proteins reach the organelles via the secretory pathway, most likely via vesicles (V).
This is exemplified for a plastid protein.



Dual targeting

It was only in the beginning of the 1990s that dual targeting as a possibility started to be
described at all. Until then, the dogma “one protein, one compartment” was believed to be
true. In the beginning it was only yeast mitochondrial proteins that were described to be
imported into the plastids of plant cells (Huang et al., 1990). In 1995, with the pea
glutathione reductase, the first plant protein exhibiting dual targeting to plastids and
mitochondria was described (Creissen et al., 1995). Later on, the family of tRNA-sythetases
was closer examined and one member was found to be dual targeted to the cytoplasm and the
mitochondria (Mireau ef al., 1996). Step by step, it became clear that a large amount of those
proteins are actually targeted to more than one compartment and that for this protein family,
dual targeting is rather the rule than the exception (Duchene ef al. (2005) and others). This
realization came more or less hand in hand with an emerging number of newly sequenced
plant genomes (Arabidopsis Genome, 2000; Goff ef al., 2002) whose annotations were and
still are an ongoing process. This new information on multiple compartments for single
proteins actually challenged the protein annotation to a large extent, as predictions were only
possible for single targeted proteins. The few known examples at that time, that were
described to be targeted to both, mitochondria and plastids, were analyzed quite detailed and
a distinction between several ways of realizing dual targeting was made (Peeters & Small,
2001; Karniely & Pines, 2005; Millar et al., 2006). Mechanisms mediating dual targeting are
very diverse and regulation seems possible on many levels for N-terminal targeting signals.
Even though the starting point for all processes is only one gene there are plenty of
possibilities for organizing and regulating N-terminal dual targeting signals, roughly
distinguished by the terms ambiguous targeting signals (Fig. 2a) or twin targeting signals
(Fig. 2b-e).
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Twin targeting signals

Twin targeting signals are actually two single targeting signals in a row, usually characterized
by several in frame start-codons within the N-terminal part (Fig. 2b). The first time an actual
import with a tandem arrayed targeting signal was demonstrated, an artificial twin construct
was used. For this experiment, two single targeting sequences in a row were fused to a
reporter gene. One directed the protein to mitochondria and one to plastids and reporter gene
activity was shown in both compartments (de Castro Silva Filho et al., 1996). The first actual
twin targeting sequences were described for the Protoporphyrinogen oxidase of spinach
(Watanabe et al., 2001) and for the A. thaliana THI1 (Chabregas et al., 2003). The
regulatory possibilities, which targeting signal will be used, are again diverse. Multiple
transcription initiation sites are in action (Obara ef al., 2002) as well as alternative splicing
(Dinkins et al., 2008) for regulation on mRNA-level (Fig. 2c). On translational level,
multiple initiation sites are a regulatory option (Watanabe et al., 2001; Chabregas et al.,
2003), some of which might not even be ATG-encoded. The decision on which starting point
is used seems to be strongly influenced by the 5> UTR (untranslated region) (Christensen et
al., 2005) (Fig. 2d). All of those mechanisms lead to multiple mRNAs or multiple protein
versions, which all result in proteins targeted to only one compartment. The translation of
only one protein, which actually has both targeting signals in a row, is also a possibility (Fig.
2e). The decision on the actual target is then made on a different level (von Braun et al.,
2007). The regulatory mechanisms are manifold, be it by changing the accessibility of the
specific signal or by modifying the signal by side chain modifications or by binding helper
proteins. All those mechanisms could change the affinity of the signal for the import
apparatus of one compartment in favor of one of the encoded targets (e.g. Waegemann and
Soll (1996)). An additional possibility is an actual import into one compartment, encoded by
the most N-terminal part of the signal (de Castro Silva Filho et al., 1996), and then after
processing, the redirection to the final destination after release of the protein from the first
compartment. This has been observed for plastid proteins that are translocated via the
secretory pathway, most likely by vesicle budding at the endoplasmatic reticulum (ER) and
membrane fusion on the plastid side (Villarejo et al., 2005) (Fig. 1).

Ambiguous targeting signals

Proteins with ambiguous targeting signals always originate from one gene and one resulting
mRNA (only the targeting sequence is considered here, alternative splicing in the rest of the
mRNA may occur anyway) (Fig. 2a). There is also only one protein, which has a targeting
signal that can be read by the import machineries of both targets, while the underlying
regulation mechanisms are very similar to the ones for twin targeted proteins: side-chain
modifications of the signal peptide, protein binding to facilitate or repress import and overall
affinity to the import apparatus of the compartments (e.g. Berglund er al (2009) and
summarized in Yogev and Pines (2011)) are used to regulate import. Those targeting peptides
usually are difficult to tell apart from untypical single targeting signals, as they are set up
with characteristics for both target organelles. This makes it very hard for prediction tools, to
recognize them and to predict their actual localization correctly (Peeters & Small, 2001).
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The occurrence of dual targeting and the detection of those mechanisms actually cast some
doubt over the assumed number of proteins that are predicted or estimated for the organelles.
The common assumption is that we have seen until now not the whole picture of what
happens in the organelles or the other compartments that have also been shown to contain
dual targeted proteins (summarized Karniely and Pines (2005)). This thought is most likely
true, as it has been demonstrated that some proteins show their ability to be imported into a
different compartment only under certain circumstances (Segui-Simarro et al., 2003), in
certain developmental stages (Zhang et al., 2010) or in certain tissues (Faraco et al., 2011).
The difficulties to spot those proteins at the right time in the right tissue are even more
severe, as many of those proteins have one dominant localization and one, where they are
present only at a very low level, quite often at or even below the detection limit of many
methods (Regev-Rudzki & Pines, 2007). This eclipsed distribution does by far not mean that
the localization with lower abundance represents the less important function. This second
function might for example be a purely regulative one, where a low amount of protein can
start a cascade of signals, e.g. the synchronization of organelle proliferation in the case of
plastid and mitochondrial proteins or a pathogen response signal. In silico prediction tools
might give hints on a second localization before experiments are started. With the knowledge
of a potential second localization within the cell, more sensitive experiments might be
conducted or the results of several approaches combined (Millar et al., 2009). As mentioned
before, not only dual targeting to the organelles is a common phenomenon, but also dual
targeting to other compartments as e.g. one organelle and the nucleus. In a study on rice and
A. thaliana it was shown that a significant number of eukaryotic transcription factors in
monocotyledonous and dicotyledonous plants have a putative N-terminal targeting signal to
one of the two organelles (Schwacke et al., 2007). Those transcription factors are considered
to be predominantly within the nucleus, so the in vivo confirmation of the predicted
localization for more of those transcription factors in the organelles and the nucleus would
make those proteins perfect mediators of anterograde and/or retrograde signaling.

ANTEROGRADE AND RETROGRADE SIGNALING

The two terms anterograde and retrograde signaling describe the direction of information
conduction between nucleus and organelles. Anterograde is used for signaling from the
nucleus to the organelles, while retrograde describes the signals that are sent in the other
direction. As the means of anterograde signaling mediated by proteins are most likely very
similar as targeting mechanisms utilized to send proteins to the organelles by the nucleus, the
focus here will be mainly on retrograde signaling. There are several factors in discussion that
are suggested to play a role in retrograde signaling. Amongst them are components of the
tetrapyrrol pathway (GUN2-5; Mochizuki et al. (2001); Larkin et al. (2003); Strand et al.
(2003)) and a pentatricpeptide protein (GUN1 Cottage et al. (2008)). The GUN-mutants
(genomes uncoupled) were discovered in a mutant screen for transcription of the nuclear-
encoded LHCb- (light harvesting complex b) and RBCS- (RuBisCo small subunit) genes
after destruction of the plastids (Susek et al., 1993). In wildtype plants, the destruction of the



plastids leads to a stop in transcription of genes that encode plastid proteins. The following
assumption was that the mutation must have hit a signal that tells the nucleus to stop with the
transcription. In those five mutants the affected genes belonged mainly to the tertrapyrrol
pathway. One of the top candidates for a retrograde signal was magnesium protoporphyrin IX
(Mg proto IX). To what extent the tetrapyrrol pathway or, for a fact, any other candidate for
retrograde signaling actually transmits a signal to the nucleus is still unclear. None of the
protein candidates or any other candidate molecule has been shown to actually leave the
plastid, enter the nucleus and change gene expression (reviewed by Pfannschmidt (2010)). In
total, several other modulators and proposed models exist, amongst them an involvement of
different plant hormones, mainly abscisic acid (Shen et al., 2006), Ca*" (Weinl et al., 2008)
or metabolic pathways like carotenoid synthesis pathways (Chamovitz ef al., 1991) as well as
combinations or networks of all proposed signals. Another model suggests that the
mitochondria are the actual sensors and transmitters to the nucleus, as they sense the shift
from autotrophy to heterotrophy when plastids die. The nucleus then “concludes” from that
shift that the plastids are not functioning as expected and reduces transcription of plastid
genes (Pfannschmidt, 2010). All those theories are in discussion right now and for all of them
one can find evidence. But maybe they do not account for one fact strongly enough:
retrograde signaling does not only involve “life and death” signaling from the organelles but
also involves more subtle changes in the status of the organelles. In 2009, a transcription
factor based model for dual targeting was suggested by Krause and Krupinska (2009). This
was based on the analysis of transcription factor targeting signal predictions in rice and 4.
thaliana (Schwacke et al., 2007) and on the closer analysis of AtWHY1 (Whirly 1), which is
a transcription factor with dual localization in the nucleus and the plastid (Krause et al.,
2005). Transcription factors with dual localization could actually directly influence gene
expression in the nucleus after a release from the organelle and so transmit the signal very
directly.

GENE EXPRESSION IN CHLOROPLASTS OF ANGIOSPERMS

While the plastid genome still shares characteristics with prokaryotic genome organization,
transcription and translation have clear mixed origin (summarized in Stern et al. (1997)). The
plastid genome is organized in so called nucleoids, which are attached to the membranes of
the plastid. Depending on the species and on the developmental status of the plastid they can
be found as one single nucleoid or a dispersed pattern of smaller nucleoids (summarized
inKuroiwa (1991)). Nucleoids are always attached to membranes, but not always to the same.
In some species they move upon development from the envelope to the thylakoids (Sato et
al., 1997), in others they stay at the envelope membrane (Selldén & Leech, 1981). Several
proteins have been described to anchor the DNA to the membranes. One of them is the
PEND (plastid envelope nucleotide binding) protein (Sato et al., 1993; Terasawa & Sato,
2005). But nucleoids do not only contain membrane anchoring proteins or other structural
proteins and DNA, but also the components of the transcriptional apparatus. It is possible to
isolate the nucleoids and maintaining and enriching the transcriptional activity. This isolated
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association of DNA and transcriptional activity has been named the plastid transcriptionally
active chromosome (TAC). The transcriptional activity in plastids can be further divided into
a soluble RNA polymerase (SRNAP — soluble RNA-polymerase) associated fraction and the
DNA-bound TAC. This TAC again can be further purified and enriched to reduce method-
induced bias of unspecific proteins (Krause & Krupinska, 2000). After transcription, plastid
mRNAs are processed through splicing, 3’ maturation and C -> U editing (summarized in
Stern et al. (2010)), which are processes that also are partly associated with the nucleoids.
The mature mRNAs are extremely stable, and plastid translation is amongst other
mechanisms regulated by the presence of those mRNA pools, which accumulate within
ribonucleoprotein complexes (Hayes et al., 1996). Interestingly, all steps in mRNA storage,
maturation, stabilization and translation seem to be organized in high molecular weight
structures, similar to the nucleoids and the ribonucleoprotein complexes. They were
separately isolated and analyzed in a proteomics approaches on megadalton-complexes from
A. thaliana plastids (Nakamura et al., 2004; Olinares et al., 2010). This indicates a membrane
independent compartmentalization within the plastid, not only for metabolic processes but
also for processes related to gene expression and protein abundance within the stroma. This is
comparable to the compartmentalization observed within the cell nucleus and its nucleolus
and the export of mRNAs into the cytoplasm for translational processes within similar
nucleoprotein complexes. The majority of the proteins needed for plastid RNA-maturation
and translation are encoded by the nucleus and have to be imported into the plastid and are
therefore optimal direct regulators of plastid functions.

DNA-/RNA-BINDING PROTEINS WITH DUAL LOCALIZATION IN THE NUCLEUS
AND THE ORGANELLES

The majority of RNA-binding proteins described to be localized to the plastid are encoded by
the nucleus. Those proteins belong to different families, amongst the biggest ones the PPR
(pentatricopeptid repeat containing) proteins and proteins with an RRM (RNA-recognition
motif). We have focused on three different kinds of protein (families) which are involved in
RNA-related processes in the plastids and therefore are putative mediators for anterograde
signaling. However, these proteins are also interesting for potential retrograde signaling, as
they all have a predicted or described nuclear localization.

The Whirly transcription factor family in organelles and the nucleus

We published a review on the structures and functions of the Whirly transcription factor
family in the year 2009 ((Krause ef al., 2009), paper II). Hence, in this paragraph only the
most relevant points for potential anterograde and retrograde functions of the Whirly proteins
are summarized together with what was described after the publication of that review. It has
been shown in potato and later confirmed for A. thaliana that WHY is active in plant
defense response and activates nuclear gene expression (Desveaux et al., 2002; Desveaux et
al., 2004). In addition, it has been shown that AtWHY1 binds to telomeres (Yoo et al.,
2007b) and that HYWHY 1 is present in the nucleus and the plastids of the same cell in barley
(Hordeum vulgare), showing tetramerization in the nucleus, but not in the plastids
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(Grabowski et al., 2008). In A. thaliana, three Whirly proteins have been described:
AtWHY1, ATWHy2 and AtWHY3. While AtWHY?2 is a mitochondrial protein, the other
two are described as plastid localized (Krause et al., 2005). At WHY1 and AtWHY3 are very
similar and seem to either cooperate or compensate for each other. This is indicated by the
fact that the single knock-out plants (KO) for AtWHY1 or AtWHY3 do not show a strong
phenotype, but the double KO shows a variegated phenotype, which is inherited by the
maternal side, suggesting a plastid effect. This effect was pinpointed to a decrease in cpDNA
(chloroplast DNA) stability, characterized by a higher rate of recombination. The same
results were obtained by analyzing the maize KO of ZmWHY1 (maize contains only one
plastid localized Whirly protein). The mechanism behind might be the binding of the Whirly
proteins to ssDNA (single stranded DNA) and by that, protecting it from illegitimate
recombination (Marechal et al., 2009). This model was supported by a study on double-
strand-break-induced micro-homology-mediated DNA-rearrangements in the double KO
background (Cappadocia et al., 2010). In the same study, they came to the conclusion, that
Whirly proteins rather bind ssDNA than RNA, even though the affinity to RNA is given.
Another study in barley came to more or less the opposite conclusion. The association of
HvWHY to the TAC (transcriptionally active chromosome) was demonstrated to be rather
RNA-mediated than DNA-mediated, and a binding of HYWHY1 to intron containing mRNAs
was demonstrated (Melonek et al., 2010).

In 2009, a novel function of AtWHY1 and 3 as repressors was published. AtWHY1 and
AtWHY3 interact within a complex named KBF1-complex (KPRE- (AtKinesin-protein
related element)-binding factor 1) in A. thaliana. This factor represses the transcription of the
AtKP1-gene (Xiong et al 2009). (Xiong et al., 2009). Furthermore, AtWHY3 was detected in
a high resolution microarray analysis to be repressed in leaf senescence as the only member
of the family in A. thaliana in the whole study (Breeze et al., 2011). This is interesting, as in
barley, a function of HYWHY 1 was described as influencing the senescence (Melonek et al.,
2010). All in all, a function for all plastidic Whirly proteins has been shown not only in the
organelle but also in the nucleus. Both detected forms were actually of the same size,
corresponding to the mature protein without targeting signal (Grabowski et al., 2008). This
year, a study was conducted to find out if the protein is exported from the plastid back to the
nucleus or if a different mechanism causes this presence of the mature version of AtWHY1 in
the nucleus. In transplastomic tobacco plants containing the mature form of AtWHY 1 with an
HA-tag, AtWHY'1 was detected in the nucleus. This suggests that AtWHY'1 is exported by a
not yet described mechanism from the plastids induced by a not yet described signal. To
exclude the possibility that this was due to an artifact, transcription of pathogen response
related target genes of AtWHY1 (PR1 and PR2) was analyzed and showed upregulation
compared to wildtype and so supported the specificity of the signal (Isemer ef al., 2012).
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A highly conserved prokaryotic translation elongation factor as actor in diverse plant
functions: AtEF-Tu

Not only have the two plastid localized Whirly proteins been detected in nucleoid fractions in
several studies, but also AtEF-Tu (elongation factor thermo-unstable) (Phinney and Thelen
(2005); Majeran et al. (2012) and others). EF-Tu is an originally prokaryotic translation
elongation factor whose gene (fuf4) was transferred from the organelles to the nucleus in
higher plants, while it remained in the plastid genome in algae (Watson & Surzycki, 1982;
Baldauf & Palmer, 1990). The plant protein is still so conserved that it can transfer heat
tolerance to E. coli cells (Moriarty et al., 2002). But as the first part of the name already
suggests, one of its roles in E. coli is the elongation of translation by binding to aminoacyl-
tRNAs and GTP, mediating translation elongation by providing P; (inorganic phosphate)
through the hydrolysis of GTP to GDP and then being released from the tRNA to facilitate
the creation of a peptide bond between the adjacent aminoacyl-tRNAs (Blanchard et al.,
2004). It fulfills that function in bacteria and also in plant organelles, but this is only the
predominant function. EF-Tu is also able to activate transcription in E. coli (Vijgenboom et
al., 1988). In plants, it is involved in plastid protein synthesis (Tiboni et al., 1978), stress
transduction (Singh et al., 2004) and transferring heat tolerance via an assumed chaperone-
like activity to proteins (Bhadula ef al, 2001; Rao et al., 2004; Ristic et al., 2008).
Furthermore, it has been detected in several proteomics studies within the nucleus, where
they were detected in response to cold shock (Bae ef al., 2003) or in the nucleolus (Pendle et
al., 2005). This dual localization makes AtEF-Tu an interesting candidate for a possible
mediator of nucleus/plastid communication, especially as it was detected in temperature
response reactions in both compartments.

The AtcpRNP family: antagonists or collaborators of AtWHY1?

The protein family actually got our attention because of the described role in the nucleus: in
potato, a protein named SEBF (silencing element binding factor) was isolated that acted as a
repressor on the exact same target that SSWHY 1 activated. The binding of SEBF was in the
same promoter region, some base pairs downstream of the binding site for StWHY 1, the ERE
(elicitor response element). This protein was identified as homolog to RNA-binding proteins,
acted as ssDNA binding protein and TargetP (Emanuelsson et al., 2000) predicted a signal
for plastid localization. Nevertheless, it has been shown to act in the nucleus of potato as an
antagonist to StWHY 1 (Boyle & Brisson, 2001). In 4. thaliana, the closest homolog to SEBF
is AtCP29B, which is a member of the AtcpRNP-family (Ruwe et al., 2011). In Arabidopsis
thaliana, the cpRNP family has at least eight members, while in a recent publication by
Ruwe et al. (2011) two new members were introduced. These plastid proteins are
characterized by two conserved RNA-recognition motifs (RRM-domain; PFAMO00076),
which are separated by a glycine stretch. They also contain an N-terminal acidic domain
which is believed to play a role in protein-protein interactions (Bar-Zvi ef al., 1992). As none
of those proteins seems to have a catalytic domain but nevertheless affect mRNA-stability
and maturation by binding to intron-containing tRNAs and mRNA (Nakamura et al. 1999)
and assisting in C = U editing (Hirose & Sugiura, 2001), they are believed to play a role as
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mediating and regulating factors for other RNA binding proteins like the PPR
(pentatricopeptide repeat) proteins (Tillich et al., 2010). But the similarity of the family to
WHY1 does not stop with the binding to intron-containing mRNAs or the acting as
transcriptional regulator in potato for plant defense. One of the best characterized members of
the family, AtCP31A, has been shown under the name STEP1 to bind telomeres (Kwon &
Chung, 2004; Yoo et al., 2010), like it was shown for AtWHY1, too (Yoo et al., 2007a).
STEP1 seems to be either a splice variant or the mature form of AtCP31A. At that time, the
supported explanation was the splice variant, as in a study several years earlier nine different
mRNAs (Cheng et al., 1994) were described. However, the annotation in TAIR
(www.arabidopsis.org) shows only one splice variant, even though nine cDNAs are also

annotated in the genome browser. The same version of the protein was described earlier to
bind to the figwort mosaic virus (Didier & Klee, 1992). They found the protein to be
expressed in all organs, from roots to rosettes and floral tissue, while other publications
report a tissue-specific expression pattern for most members of the family, with a strong
overrepresentation in the green tissues (Cheng et al. (1994); Ohta et al. (1995) and others).
Light and developmental regulation of expression has also been proposed for some members
of the family by several groups (Li & Sugiura, 1990; Mieszczak et al., 1992; Churin ef al.,
1999) and others). In H. vulgare, they were able to show that there is not only a general
developmental regulation for expression of three members of the HvcpRNP family but also
that a light independent plastid factor is needed for transcription activation for one of the
genes (CP31AHv) (Churin et al., 1999).

The involvement of the cpRNPs has for a long time been assumed to be rather unspecific as
no specific DNA or RNA binding motif could be identified (Nakamura et al., 2004). But in a
study on the two AtCP31-proteins (CP31A and B), a recognition motif for plastid RNA
binding was suggested for its function in C>U editing. Furthermore, a combinatorial mode
of action for those two proteins was suggested as they did show a combined phenotype when
both proteins were knocked out (Tillich ef al., 2010). If this combinatorial way of AtcpRNP-
activity proves to be true and the phenotype was not observed due to a complementary mode
of action of the two proteins, this is a very flexible method to fine tune the protein abundance
on a post-transcriptional level. If all combinations of family members are taken into account,
there are already 100 specific regulation possibilities even with the most cautious estimate,
assuming that only two proteins are involved in one regulation step and no other RNA-
binding proteins are involved. This would easily more than cover all 28 editing sites in the A.
thaliana plastid transcriptome (Tillich e al., 2005). Taken together, the AtcpRNPs are not
only possible candidates for anterograde signaling but might also be involved in retrograde
signaling due to their dual targeting properties similar to AtWHY1.

The studies on the cpRNPs and also on the Whirly proteins were conducted in different
organisms, with sometimes contradictory results (Cappadocia et al., 2010; Melonek et al.,
2010). So the raising question is, whether the proteins actually act the same way in all seed
plants or whether there actually are functional and/or localization differences between the
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different organisms, as at least the targeting signals have an extremely low degree of
conservation even for AtEF-Tu, which is the most conserved protein in our analysis.
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I1. Aims of the Study

To elucidate the distribution of proteins within the cell and the communication between the
organelles and the nucleus and so contributing to answer the two big questions (see pages 1-

2) we aimed at clarifying the following points:

e How big is the influence of ambiguous targeting to plastids and the

mitochondria?

e Are nuclear-encoded plastid RNA binding proteins potential mediators of

communication between nucleus and organelles?
e Are plastid RNA binding proteins involved in more than one function?

e What is a potential regulatory mechanism for AtWHY1 in its role in anterograde

or retrograde signaling?

e How transferable are in vivo and in silico approaches elucidating subcellular

localization between different species?
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III. Summary of publications

PAPER I

Prediction of dual targeted proteins to plant organelles

We developed a prediction tool ATP (ambiguous targeting predictor) for ambiguous
dualtargeted signals to plastids and mitochondria, which employs a machine learning
approach based on support vector machines to distinguish between single targeted proteins
and dual-targeted proteins. The tool uses secondary and primary structure features of the first
70 amino acids (average length of N-terminal targeting signals) of a protein, to classify the
protein into single targeted or dual targeted. /n silico validation showed that ATP is able to
predict dual targeting. According to the in silico data, we defined a cut offof 0.7 for reliable
prediction for targeting to mitochondria and plastids. Whole genome predictions with ATP
revealed that the in average > 400 proteins (cutoff 0.7) in seed plants might be targeted to
mitochondria and plastids and therefore the composition of the plastid and mitochondrial
proteomes might have to be reconsidered. /n vivo validation on a set of Physcomitrella patens
proteins in P. patens confirmed the results of the in silico validation, also for the defined
cutoff of 0.7. Below this cut-off, the results are not that reliable anymore, but still a number
of dual targeted proteins are found.

This publication is partially based on work that was included in my Diploma thesis.
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PAPER 11

Whirly proteins as communicators between plant organelles and the
nucleus?

In this article, we reviewed the current knowledge on the Whirly transcription factor family
and compared the characteristics of the protein family from green algae to seed plants. The
Whirly transcription factor family is characterized by a very conserved structure consisting of
eight antiparallel -sheets in groups of four, separated by an a-helix. After the last B-sheet,
two further a-helices, who form a helix-loop-helix motif, are attached. Those helices are
described to play a role in protein interaction. This last domain is necessary to form the name
giving, whirligig structure that has been described in crystallization experiments for potato
StWHY 1 homo tetramers. In angiosperms, DNA binding is mediated by a highly conserved
binding domain with KGKAAL-motif. All described Whirly proteins have a prediction to be
targeted to mitochondria or plastids. In A4. thaliana, two plastid localized and one
mitochondria localized homolog have been described. However, one of the first publications
on Whirly transcription factors (under the name p24/PBF-2) describe nuclear functions in
potato with StWHY1 being an activating factor of the plant pathogen response and binding
single stranded DNA (ssDNA). In further studies, a nuclear function of AtWHY1 in pathogen
response and telomere binding has been described in A. thaliana. In barley (Hordeum
vulgare) it was demonstrated that HYWHY'1 is an inhibitor of senescence. The first role of
ZmWHY1 in plastids was described in Zea mays (maize), where an ivory phenotype could be
observed due to lack of ribosome accumulation in the plastids. It was shown that maize
ZmWHY1 binds not only to plastid DNA (in vitro and by isolation of TAC complex) but also
to intron containing plastid mRNAs. The other plastid Whirly protein in A. thaliana,
AtWHY3 is extremely similar to AtWHY 1, but no seperate functional analysis on it has been
conducted.

For the mitochondrial homolog, a role in mitochondrial genome stabilization, transcription
repression in mitochondria and senescence acceleration has been shown. A retrograde
signaling mechanism by relocation of the AtWHY1 protein from the plastid to the nucleus is
proposed.

18



MANUSCRIPT I

Moonlighting in plastids - translation elongation factor EF-Tu is a
component of chloroplast transcriptionally active chromosomes

We isolated the TAC complex from plastids of spinach and were able to detect the translation
elongation factor EF-Tu in that isolate and confirmed the association of the protein with the
TAC. Sequence analysis revealed that EF-Tu contains a putative monopartite nuclear
localization signal (NLS). This NLS is located directly behind the plastid targeting signal and
the targeting signal actually might cover the NLS and prevent EF-Tu to enter the nucleus in
its premature form. To analyze the impact of the targeting peptide, several fusion constructs
were generated, that neutralized the effect of the targeting peptide. These constructs showed a
distribution throughout the cytoplasm and the nucleus. The size of the AtEF-Tu-GFP fusion
rules the possibility of passive import as shown for GFP alone almost certainly out. The
protein with a C-terminal fusion of GFP was directed clearly to the plastids and showed a
dual pattern with the major fraction diffusely distributed in the stroma, where it co-localized
with AtRPS17 (ribosomal protein of the small subunit) and the stromal part of AtCP29B
(plastid ribonucleoprotein). A minor fraction showed a localization in speckles, which
localized close to the plastid envelope binding protein (PEND), which is a marker for
nucleoids. But AtEF-Tu showed a higher degree of co-localization with the RNA-binding
proteins AtWHY1 and AtCP29B. Albeit those proteins showed co-localization, no direct

protein interactions could be shown in yeast-two-hybrid interaction assays.

19



MANUSCRIPT 11

Co-Localization and interaction of ribonucleoproteins in chloroplasts of
Arabidopsis thaliana.

We were able to show that four members of the AtcpRNP family (AtCP28A, AtCP29B,
AtCP31A and B) are localized in two sub-plastidic compartments: diffuse in the stroma and
in speckles at the membranes. Interestingly, the predominant form of localization was
different for each of the analyzed proteins, even though all of them showed both
localizations. We did co-localization analyses and were able to find overlapping localizations
with markers for different functions and compartments within the plastid: we did not see any
co-localization with PEND, which we used as nucleoid marker, while a partial overlap with
AtWHY'1 was given for the speckles. Overlap with the speckles of AtEF-Tu was also partial,
while the diffuse stromal fraction of AtEF-Tu (manuscript I) did overlap perfectly with the
tested AtcpRNPs in the same pattern as they did with AtRPS17, the marker for ribosomes.
We also analyzed the interactions with yeast-two-hybrid direct interaction assays between the
proteins and were able to show that AtCP28A and AtCP31B actually did interact, while no
other strong interactions could be found. Nevertheless, weak interactions were found for
CP29B with CP31B and CP28A.

Localization experiments with the mature version of all proteins showed nucleo-cytoplasmic
localization, which suggests that a retrograde signaling by export of the mature form like for
AtWHY1 could be possible.

An analysis over the composition of related proteins showed very clearly, that there are
proteins with similar structure over the whole green lineage, even within red algae, but we
were not able to predict plastid localization for them. Furthermore, members of the protein
family with only one RRM (RNA-recognition motif;, PFAM 00076) domain were found in all
analyzed genomes to be targeted to all other DNA-containing compartments. A 15 amino
acid stretch was analyzed further as it is considered as the binding domain and is highly
conserved. We were able to show that, depending on the predicted compartment of the
protein, differences in this binding domain occurred.
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MANUSCRIPT III

Can Arabidopsis thaliana read messages from Physcomitrella patens
and vice versa? - An analysis of the conservation of targeting signals

We modified the codebase of ATP (paper I) to adapt it to prediction of single targeting to
four different classes namely plastids, mitochondria, secretory pathway and no N-terminal
targeting signal. We generated a P. patens-specific data set for training and testing and used
as a reference the TargetP data set. By that approach, we had two predictors, GTP_Pp (P.
patens-specific green targeting predictor) and GTP_Ref (TargetP-trained), available for
comparison of the performance and the analysis of features used to distinguish between the
classes. We were able to show that, despite a small training data set, GTP_Pp performed
comparable or better on a P. patens test set compared to a set of published prediction tools.
Furthermore, we were able to show that GTP_Pp is superior in predicting a putative second
localization compared to GTP_Ref and that there are significant differences between those
two tools in feature usage for mitochondrial sequences. This was confirmed in several
analyses on different test sets, as well as the differences in dual targeting prediction. An in
vivo validation approach confirmed the performance of GTP Pp as comparable to GTP_Ref.
The in vivo localizations were conducted with proteins from P. patens and A. thaliana in P.
patens, A. thaliana and N. tabacum. They showed one more thing clearly: heterologous
systems for localization studies can be used but might not show the full picture, especially for
dual targeting. This was true even for the rather closely related species 4. thaliana and N.
tabacum, and should be considered when experiments are planned.
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MANUSCRIPT IV “WORK IN PROGRESS”

The DNA binding domain of a Whirly protein from Arabidopsis thaliana
is engaged in protein translocation across the plastid envelope
membrane.

We created three different versions of deletion constructs for AtWHY 1: we deleted once the
DNA-binding domain (AtWHY1ADBD), once the protein interaction domain
(AtWHY1APAD) and created one construct that lacked both domains (AtWHY1ADBD-
PAD). We did co-localization experiments of all three constructs with AtWHY1 and were
able to see differences in the localization pattern for all constructs compared to the unaltered
version. Interestingly, AtWHY 1ADBD seemed to be stuck in the membrane instead of being
attached to the thylakoids. The deletion of the protein interaction domain had a diverse
localization pattern: it either showed localization in speckles at the thylakoids or it was
distributed diffusely in the stroma. The double deletion resulted in a similar picture as the
deletion of the KGKAAL domain alone. Co-localizations with the AtWHY1 showed that
parts of AtWHYIADBD were imported while a second fraction was still stuck in the
membranes, when expressed together with the complete version of the protein. The co-
localizations with AtWHY1APAD showed overlap in the speckles, while AtWHY 1ADBD-
PAD was also stuck in the membranes and never showed overlap with AtWHY 1. Yeast-two-
hybrid direct interaction studies showed a change in the ability to interact when AtWHY'1
was tested against the deletions. Not surprising, the interaction was completely abolished in
the deletions of the protein interaction domain, but the interaction was also disturbed when
the DNA binding domain was deleted. This might be due either to a conformational change
or the DNA binding domain is actually involved in protein-protein interaction or, as a third
option, DNA binding mediates protein-protein interaction.
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IV. Discussion and Outlook

I present in this work data that adds a puzzle piece to the big picture of plastid targeting and
signaling. This might, in the long run, help to answer the two guiding questions this work
was based on. In this section, the contribution of the data presented to each question is
summarized and future prospects are discussed.

How many and which proteins are present in which compartment at
what time and why?

The research presented in paper I and manuscript III was conducted to understand and to
elucidate the protein distribution within the cell further and to take a step to answering parts
of this question. We were able to provide the first predictor for ambiguous targeting signals
ATP (paper I). To be able to not only predict single targeting but also be able to predict N-
terminally encoded, potential dual targeting signals will bring the annotation of protein
distribution within the cell forward. Nevertheless, the prediction tool was based on a
relatively small data set and will probably improve significantly with a growing number of
experimentally confirmed dual targeted proteins and an accompanying increase in test and
training data set. Nevertheless, we predicted a not expected high number of dual targeted
proteins with > 400 in average per predicted genome. The second prediction tool, GTP Pp
(manuscript III), was developed not only to compare the divergences between targeting
signals throughout the green lineage, but also to see if a species-specific predictor actually
has advantages compared to predictor trained on a mixed data set. We came to the conclusion
that especially mitochondrial and dual targeting signals diverge to such a degree that a
species-specific prediction tool is desirable and a species-specific experimental setup almost
indispensable. However, the size of the data set was also for that prediction tool a challenge,
but with the gain in experimental data, species-specific tools should be considered as the
desirable goal for the future. This kind of in silico analysis can help to resolve questions
concerning spatial distribution of proteins, but they are unfortunately not able to answer the
question of temporal distribution. The temporal distribution and the regulation behind will
have to be approached by experimental procedures in the lab. But our data also showed that
to actually be able to detect as many dual targeted proteins as possible, homologous
expression systems should be used whenever possible.
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How does the nucleus communicate with the organelles and vice versa?

As it has been shown in the past, finding candidates that actually are involved in the
intracellular communication is difficult as until now, only indirect evidence for an actual
signal or regulation mechanism exists. Based on the hypothesis introduced by Krause and
Krupinska (2009) we chose candidates to focus on, which fulfill the proposed criteria: we
chose proteins with a function in transcriptional regulation and a putative dual localization in
plastids and nucleus. Our candidates were chosen from two different protein families
(AtWhirly transcription factor family: paper II and manuscript IV “work in progress”;
AtcpRNPs: manuscript II) and one single protein (manuscript I: AtEF-Tu). These proteins
share their localization pattern in plastids (organelles) and the nucleus, a function in RNA-
related processes in plastids and a possible function in transcription regulation in the nucleus.

For one member of the Whirly transcription factor family, AtWHY 1, it has already been
shown that it is exported from the plastids to relocate to the nucleus and our aim was to
identify the underlying mechanism. We were able to show with the AtWHY1ADBD
construct that the DNA-binding domain of AtWHY'1 affects the localization and the ability to
interact with AtWHY 1, while the deletion of the protein binding domain (AtWHY 1APAD)
does at least not affect the localization in the plastid as severely. Therefore, we think that the
possibility to bind DNA/RNA is crucial for regulation, either for anterograde or retrograde
signaling. At the moment, we have several hypotheses on the mechanism behind the
observed patterns of the deletion constructs of AtWHY 1. Future work will be aimed at a
refinement and validation of one of those models to maybe integrate them into a new,
different and more complex model. This refinement and confirmation has to be approached
under several angles: On the one hand, a comparison of the expression of nuclear genes
between AtWHY1 and AtWHY1ADBD overexpressing plants will give hints on further
direct targets of AtWHY'1 in the nucleus. On the other hand, an expression profile with plants
overexpressing AtWHY 1 lacking its ability to build homo tetramers in comparison to the
complete AtWHY1 might help to distinguish between direct and indirect effects on the
nuclear gene expression, as the AtWHY1 protein has been shown to be active in homo
tetramers in the nucleus while in the plastid monomers seem to be the predominant version
(Grabowski et al., 2008).

A third aspect will be to determine which mechanism of translocation is actually disturbed in
AtWHY1ADBD constructs: import into the plastid or export from the plastid? So it would be
possible to get closer to a decision, which one of the three hypotheses presented in figure 3
could be true:

We are planning to evaluate the importance of DNA/RNA binding for import and so for
anterograde signaling by in vitro import assays in isolated organelles with AtWHY 1ADBD
and AtWHY 1APAD in comparison to AtWHY 1. This will show if there is a change in import
behavior depending on the possibility to bind DNA/RNA or build tetramers without the
influence of protein overexpression. The influence of DNA/RNA binding is at the moment
considered as the more likely option, as AtWHY 1APAD does not show problems with import
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(“work in progress”). That mRNA has to be imported into plastids has been shown before
(Nicolai et al., 2007) and maybe AtWHY1 is involved in that process (Fig. 3b).

Experiments similar to the ones conducted on transplastomic tobacco by Isemer et al. (2012)
will give hints about possible changes in export dynamics for the AtWHY 1ADBD construct
compared to AtWHY 1. In case we can actually confirm a change of these dynamics of
AtWHY1ADBD from the plastids, this could lead to a preliminary model for a retrograde
signaling regulation mechanism based on DNA/RNA binding. The message that could be
transmitted by this mechanism would either be based on a DNA binding model (Fig. 3a) or
on an RNA binding model (Fig. 3c¢).

The DNA binding model could be based on the findings by Marechal et al. (2009), who
showed that AtWHY1 is necessary to facilitate the repair of double-strand-breaks and so
ensuring the stability of the organellar genome. Combined with the observed localization for
the AtWHY 1ADBD construct, we suggest the following model: When double-strand-breaks
happened a lot of ssDNA is present and therefore the majority of AtWHY1 is bound.
Therefore it cannot be released from the plastid, while the plastid genome is unaffected, a lot
of AtWHY is unbound and can therefore be released from the plastid. This would translate
into a signal of well-being by the plastid in a constant flux of AtWHY to the nucleus. We
have to assume for this model that a certain amount of AtWHY1 has to be present within the
plastid, so that an immediate response to double-strand-breaks is possible. This existence of
such a possible pool of free AtWHY1 is actually supported by the fact that Grabowski et al.
(2008) showed that a substantial amount of HYWHY 1 in barley is located to the stroma. As a
consequence, the export would be triggered by the amount of free AtWHY 1 in the plastid and
if the accumulation is high enough, export is initiated. The observed pattern for
AtWHY1ADBD could be explained then by a saturation of the export channels or receptors
due to overexpression (Small et al., 1998).

The RNA binding model could be based on the fact that HYWHY is, amongst other
proteins, involved in mRNA maturation in plastids (Melonek et al., 2010). This means that
the amount of free AtWHY1 would depend on the amount of available target mRNA. The
further release mechanisms would be similar to the DNA-binding model, including the pool
of unbound AtWHY1 within the plastid to accommodate for dynamic processes. As a
consequence, a release of unbound AtWHY1 would signal to the nucleus that only low
amounts of specific transcription and mRNA processing and protein production takes place.
The nucleus would get direct information on the rate of the plastid mRNA processing and
could react accordingly. In case other proteins involved in mRNA-maturation and protein
translation (like e.g. the AtcpRNPS or AtEF-Tu) could function through the same dual
localization mediated mechanism, the nucleus could get an extremely detailed picture on
what kind of transcription and how much of it takes place within the plastid at a given time
point.

In what way these very simple models reflect the real situation within the organelle and

which other factors actually have to be included will be shown in the future. The in this study

presented possible network of overlapping and entangled multiple functions of RNA binding
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proteins within the plastid might have to be considered in this scenario. So the picture of
retrograde and/or anterograde signaling by plastid RNA binding proteins might be extremely
complex. One group of proteins that has already been described to have several functions
within the plastid in different organisms are the in this study analyzed AtcpRNPs.

Our work on this protein family (manuscript II) confirmed that they have not only one
function in 4. thaliana plastids, but also that those functions probably take place in different
compartments within the plastid. cpRNPs have a function in mRNA stabilization (Nakamura
et al., 2001) and in C -> U editing (Tillich et al., 2009), which explains the two observed
patterns. The mRNAs that have to be stabilized are present in the stroma (Nakamura et al.,
2001), while the editing is loosely associated with the TAC (Fig. 4), where some members of
the AtcpRNP family actually also have been detected in a mass spectrometry analysis of
nucleoids (Majeran et al., 2012). We found strong protein-protein interactions between two
members of the family (AtCP28A and AtCP31B), and some weak interaction (AtCP29B with
AtCP28A and AtCP31B), but the majority did not interact. To gain a more complete picture
on possible interactions, all plastid localized RNP proteins will have to be tested. It would
also be interesting to see, in which compartment the interactions actually take place and if
they are necessary for the function in the nucleus or for the function in the plastids. A
possible role in retrograde signaling could not be shown. Nevertheless, a link between RNA-
editing seems to exist with GUNI being a PPR protein, a family that has been described to be
crucial in RNA editing in organelles (Schmitz-Linneweber & Small, 2008). In addition, a
potential interaction of retrograde signaling defects and RNA-editing has been postulated
recently (Kakizaki et al., 2012). An interesting approach to elucidate this potential
mechanism further might be the analysis of the actual RNA binding motif, to see if
congruence with the mode of action exists for AtWHY1 and the AtcpRNPs. The last two
amino acids of the 15 amino acid stretch of the RNA-binding domain seem to be a lot more
conserved in plastids than in proteins with the same domain targeted to other compartments
(manuscript II). It would be interesting to compare the targeting behavior when those
domains are mutated either completely or to a “mitochondria-type motif”. Also the deletion
of those motifs or parts of it could give a hint on possible nuclear targets in a similar
approach as suggested for AtWHY 1ADBD. In case changes in nuclear gene expression could
be observed for any of those deletions or mutations it would be a hint on a possibly common
regulation mechanism between mitochondria and plastids via RNA-binding proteins. This
might already be assumed by a look at the composition of the RNA-binding protein families.
All of them seem to have plastid and mitochondrial members, which have at least similar
functions in both compartments, as it has been shown for the Whirly family. AtWHY?2 is a
mitochondrial protein, where it has functions in genome stability maintenance (Marechal et
al., 2008). A group of RNA-binding proteins containing a RRM motif has also been
described in mitochondria, even though their function still has to be determined (Vermel et
al., 2002). However, they are discussed to fulfill a similar function as their plastidic
counterparts (Takenaka et al., 2008).
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Figure 3: Three putative models for AtWHY 1-mediated signaling as suggested by the
deletion of the DNA-binding domain are shown.

Model (a) shows, how the retrograde regulation by a DNA-binding mechanism could work:
When only very few double-strand-breaks occur in the plastid (green), a lot of free AtWHY'1
(pink) is available (left). The unbound AtWHY 1 is then exported and imported into the
nucleus (blue). Tetramers can then start transcription. If AtWHY1 is bound, nothing is
exported (right).

Model (b) shows a possible explanation for the observed pattern in AtWHY 1ADBD due to
inefficient import. AtWHY 1 might only be imported, when DNA or RNA is bound (right).
Model (c¢) shows a second, putative retrograde mechanism due to mRNA binding. When the
transcript pool within the plastid is big, only little AtWHY1 is free (right), while when
transcription within the plastid is very low, the mRNA pool would be small and a lot of
AtWHY1 would be free. Export from the plastid and import into the nucleus would be
possible (right).

The last protein we analyzed was AtEF-Tu. It showed partial overlap with members of both
other families in the plastid and might be involved in TAC related functions and not only
translation elongation in the plastid (manuscript II). AtEF-Tu is the only candidate, which has
a putative NLS, even though it might be concealed in the pre-mature protein (51.6 kDa).
AtEF-Tu is actually also the biggest protein from our set of candidates with a size of 45 kDa
for the mature protein. This is above the nuclear pore exclusion size (~50 kDa) when fused to
a fluorescence protein (mature EF-Tu — GFP: ~ 71 kDa) (Macara, 2001), in contrast to the
size of the mature fusion proteins from the other two families. Nevertheless, all mature
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versions of the tested proteins have been detected in the nucleus when expressed in tobacco
protoplasts. For plants EF-Tu proteins a nuclear function or a function as a transcriptional
regulator has still to be assessed, even though it has been shown in E. coli that it can
influence gene expression (Vijgenboom et al., 1988). Yet, it has been detected in several
nuclear protein extracts (amongst others Pendle ef al. (2005)). It will be interesting to see, if
an actual function of this protein will be detected in the nucleus and if it really isinvolved in
retrograde signaling, too.

Nevertheless, we can propose a model of action for the AtWhirly proteins together with the
AtcpRNPs and AtEF-Tu in build on the markers in use (Fig. 4) within the plastids, based on
our co-localization data. We were able to show, that all proteins show partial overlap and
their localizations seem to “melt” into each other. This observation actually matches the
described functions within the plastid for those proteins, also the representation of roughly

two areas within the plastid where they accumulate.

Figure 4: Depicted is a model of the described RNA and DNA binding proteins within the
plastid related to their proposed functions. DNA is shown in black, RNA in grey. The stroma
is light green while thylakoids and intramembrane space is dark green. One of the nucleoids
is exemplarily indicated as a blue circle. The markers PEND (P) and AtRPS17 (within the
ribosomes R) are shown in yellow and brown, respectively. AtEF-Tu (E) is shown in orange,
on the one hand partially overlapping with PEND, AtWHY 1 and AtCP29B. All AtcpRNPs
are depicted combined as RNP (dark blue). On the other hand AtEF-Tu is overlapping in the
stroma with the ribosomes and the stromal fraction of the AtcpRNPs, which itself do also co-
localize with AtRPS17. AtWHY1 (W) is shown to bind on the one hand DNA and partially
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overlaps with PEND (Melonek et al 2010), while the overlap with the AtcpRNPs and AtEF-
Tu is probably due to RNA binding.
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V. Conclusion

Taken together, we can say that even though we are still far away from answering the two
questions completely, we made an approach to understand parts of the underlying
mechanisms a bit better. We showed the potential impact of dual targeting to mitochondria
and plastids on the protein distribution within the whole cell and also the importance of
species-specific signals on protein targeting, which should be considered when starting
experiments. Based on our data we suggest conducting experiments, whenever technically
possible in the homologous system to be able to detect dual targeting. As dual targeting is an
important regulatory mechanism, not only possibly in retrograde and anterograde signaling,
but also in adaption to environmental and developmental changes, it is important to fully
understand the localization potential of as many proteins as possible.

To further elucidate the regulatory potential behind dual targeting, we showed with the
deletions of the AtWHY1 protein that a nucleic acid dependent regulation mechanism of
targeting might exist and that, in combination with the work by Isemer et al. (2012), this
might even be a retrograde signaling mechanism. If this could be confirmed in the future, this
would be the first time not only the existence of a plastid factor mediating retrograde
signaling is shown directely, but also the possible mechanism is uncovered. The fact that
AtcpRNPs seem to be able to interact and also have more than one function in the plastid
opens up for some new perspectives for a mechanism to fine tune regulation. Until now, this
is mainly anterograde regulation, but future research will show, if the suggested retrograde
mechanisms are true for this protein family, too. The fact that AtEF-Tu might also be a
candidate in this setup was not expected. And after all, it first has to be proven to be a
transcriptional regulator in the nucleus to actually qualify for a direct messenger of retrograde
signals. Possibly, a different function within the nucleus will be found to support its role in
retrograde signaling. Nevertheless, its role in anterograde signaling seems clear, as it is not
only regulating translation elongation, but might also be involved in RNA-maturation or
other RNA-related processes within the nucleoid.

We show here, that anterograde and retrograde signaling mediated by dual targeted RNA
binding proteins is a mechanism that should be taken into account when analyzing nucleus-
to-organelle communication.
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