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RNA
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3. SUMMARY

The chloroplast — as a product of an endosymbiotic event during which a cyanobacterium was
incorporated into a eukaryotic cell — displays a combination of eubacterial and eukaryotic
features in terms of gene expression and RNA metabolism. In line with the increased
complexity of regulation of gene expression, especially at the posttranscriptional level,
numerous factors evolved to fulfil various tasks ranging from RNA processing, splicing, editing
or stabilization or subsequent processes such as ribosome biogenesis. This thesis aimed to
functionally characterize two of such factors involved in plastid RNA metabolism, namely PAC
(PALE CRESS) and the plastid UMP kinase PUMPKIN.

The pac mutation in Arabidopsis thaliana leads to albinotic plants with arrested chloroplast
development, impaired photosynthesis and seedling lethality. On the molecular level, aberrant
transcript abundance and patterns of plastid-encoded genes were observed, pointing to a role of
PAC in chloroplast RNA metabolism. Closer analysis finally revealed similarities to
lincomycin-treated plants with inhibited plastid translation, thus PAC was assumed to be
involved in plastid translation. Its nucleoid-localization in combination with its occurrence in
proteinaceous, RNA-containing high molecular weight complexes and co-migration with 50S
ribosomal assembly states further argued for a function in ribosome assembly. Furthermore,
PAC was found to directly interact with a subset of RNA targets, including the 23S rRNA.
Hence, PAC acts as an RNA chaperone and assists in ribogenesis.

Knockouts and knockdowns of pumpkin in Arabidopsis thaliana exhibit massive growth
defects, accompanied by reduced photosynthetic performance and plastid translation which in
turn lead to pleiotropic defects in the abundance and pattern of plastid transcripts. In contrast to
its previously proposed role in transcript stabilization of psaA, PUMPKIN was found to
associate with five other intron-containing transcripts and influences their stability. In vitro
RNA binding studies initially suggested that PUMPKIN might directly bind to its RNA targets,
but additional experiments showed that the used RNA probe unspecifically bound to several —
also unrelated — proteins. Using a co-immunoprecipitation approach, we could identify a large
number of potential protein interaction partners, which predominantly were annotated to
function as RNA-binding proteins. Thus, the observed RNA association of PUMPKIN might
rather be mediated in concert with these factors. Additionally, PUMPKIN possesses an
important function in nucleotide biosynthesis as it catalyses the enzymatic phosphorylation of
UMP to UDP which is part of the plastid pyrimidine salvage pathway. In vitro enzymatic assays

confirmed this property, which was comparable in activity to eubacterial types of UMP kinases
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to which PUMPKIN is closely related. Additionally, further similarities between eubacterial
UMP kinases and PUMPKIN could be detected such as their homomultimeric assembly. To
finally clarify which of its two functions — RNA association or enzymatic activity — is more
important and to which extent these impaired functions contribute to the observed mutant
phenotype, we complemented the pumpkin mutant either with enzymatically impaired
PUMPKIN versions retaining RNA-association function or with the E. coli homolog possessing
only the enzymatic function. We could hereby confirm a major role for PUMPKIN as a
functional plastid UMP kinase, while the RNA-association function might be largely
dispensable under normal conditions. Furthermore, localization studies of PUMPKIN showed
a dotted localization pattern within the chloroplast, which could be attributed to co-localization
and clustering of PUMPKIN with other enzymes of the plastid pyrimidine salvage pathway to
perform substrate channelling, providing a first hint for the existence of a plastidial

“pyrimidinosome” similar to the already described “purinosome”.
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4. ZUSAMMENFASSUNG

Als Produkt der Endosymbiose — bei dem ein Cyanobakterium von einer eukaryotischen Zelle
aufgenommen wurde — besitzen Chloroplasten eine Kombination aus eubakteriellen und
eukaryotischen Eigenschaften, insbesondere im Hinblick auf ihre Genexpression und ihren
RNA-Metabolismus. Vor allem ihre post-transkriptionelle Genregulation ist im Laufe der
Evolution deutlich komplexer geworden. Daher wurden zahlreiche Faktoren rekrutiert, die
diverse Funktionen bei der post-transkriptionellen Genregulation erftillen. Dies umfasst: das
Prozessieren, Spleilien, Editieren oder Stabilisieren von RNA oder aber auch eine Rolle in der
Ribosomenbiogenese. Ziel dieser Arbeit war die funktionelle Charakterisierung von zwei
solcher Faktoren, die eine Rolle im plastiddren RNA-Metabolismus besitzen: PAC (PALE
CRESS) und PUMPKIN (plastdidare UMP-Kinase).

Mutationen des PAC Gens in Arabidopsis thaliana erzeugen Pflanzen mit albinotischem
Phénotyp, gehemmter Chloroplastenentwicklung sowie Defekten bei der Photosynthese und
fihren letztlich zur Letalitdt im Keimlingsstadium. Auf molekularer Ebene zeigen pac
Mutanten eine anormale Abundanz und Prozessierung plastidéarer Transkripte. Daher scheint
PAC eine Rolle im RNA-Metabolismus zu erfiillen. Weitere Analysen zeigten eine Ahnlichkeit
der Transkriptmuster und -vorkommen zu Pflanzen, die mit dem plastidaren
Translationsinhibitor Lincomycin behandelt wurden, was auf eine Funktion von PAC in der
chloroplastidaren Translation schlielen lasst. Letztlich konnte gezeigt werden, dass PAC Teil
von RNA-sensitiven hochmolekularen Proteinkomplexen ist, in den Nukleoiden lokalisiert ist
und mit Assemblierungsintermediaten der 50S ribosomalen Untereinheit ko-migriert, was flr
eine Funktion bei der Ribosomenbiogenese spricht. Aullerdem konnte eine direkte Interaktion
mit einigen RNAs, unter anderem der 23S rRNA, nachgewiesen werden. Folglich fungiert PAC

als RNA-Chaperon und assistiert bei der Ribosomenassemblierung.

Auch pumpkin-Knockouts bzw. Knockdowns zeigten massive Wachstumsstorungen, eine
beeintrachtigte Photosyntheseleistung sowie eine reduzierte plastidare Translation, die zu
weiteren pleiotropen Defekten in plastidaren Transkriptmustern und -vorkommen fihrten.
Anders als bisher angenommen ist PUMPKIN nicht an der Stabilisierung der psaA RNA
beteiligt, sondern assoziiert mit flinf anderen intronhaltigen plastidaren Transkripten und
beeinflusst deren Stabilitat. Erste in vitro RNA-Bindestudien lieRen vermuten, dass PUMPKIN
direkt mit den plastidaren RNAs interagiert. Weitere Experimente zeigten jedoch, dass die
verwendete RNA-Sonde unspezifisch an mehrere andere Proteine binden konnte. Schlielich

konnten mithilfe einer Co-Immunoprézipitation zahlreiche potenzielle
11



Proteininteraktionspartner ermittelt werden, wobei den meisten Kandidaten eine Funktion im
plastidaren RNA-Metabolismus zugeordnet werden konnte — folglich konnte die RNA-
Assoziation von PUMPKIN auch im Zusammenspiel mit diesen Faktoren vermittelt werden.
Zusatzlich besitzt PUMPKIN eine zweite wichtige Rolle in der Nukleotidbiosynthese, in der es
die enzymatische Reaktion von UMP zu UDP im plastiddaren Pyrimidin-Recycling-Weg
katalysiert. In vitro Experimente konnten diese enzymatische Aktivitat nachweisen, wobei die
ermittelten Affinitdten mit denen von anderen verwandten eubakteriellen UMP-Kinasen
vergleichbar waren. Weitere Ahnlichkeiten zeigten sich auch bei der beobachteten
Homomultimerisierung von PUMPKIN. Um letztlich zu kl&ren, welche der beiden Funktionen
—die RNA-Assoziation oder die Enzymaktivitat — die groRere Bedeutung hat und wie sehr diese
beeintrachtigten Funktionen zum Phé&notyp der Mutante beitragen, wurde die pumpkin Mutante
mit verschiedenen Konstrukten komplementiert. Einerseits wurden Punktmutationen von
PUMPKIN mit beeintrachtigter Enzymaktivitat und andererseits das E. coli Homolog PYRH
verwendet, das ausschliel3lich enzymatische Aktivitat aber keine RNA-Assoziation aufweist.
Damit konnte bestatigt werden, dass PUMPKIN eine bedeutende Rolle als Enzym im
Pyrimidin-Recycling zukommt, wahrend die RNA-Assoziation unter normalen Bedingungen
groRtenteils verzichtbar ist. Zusatzlich zeigte PUMPKIN eine punktuelle Lokalisierung
innerhalb der Chloroplasten, wobei weiterfihrende Lokalisationsstudien eine Clusterbildung
von PUMPKIN mit anderen Enzymen des Pyrimidin-Recycling-Weges zeigte, vermutlich um
eine effektivere Substratkanalisierung zu erreichen. Somit gibt es erste Hinweise fir ein

plastidéres ,,Pyrimidinosome* in Anlehnung an das bereits beschriebene ,,Purinosome*‘.
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5. AIMS OF THE THESIS

Analysing the complex RNA metabolism in chloroplasts is of utter importance to understand
how gene expression is controlled. Especially in terms of post-transcriptional gene regulation
plastids developed a plethora of regulatory steps and numerous factors are involved in
processes, ranging from RNA processing, maturation, stabilization, splicing to editing (Stern et
al., 2010). Many factors have been characterized that mostly possess classical RNA-binding
motifs, but latest research argues for many, yet unrecognized proteins, which also participate in
post-transcriptional gene regulation without containing known RNA-binding domains (Koster
etal., 2017).

This thesis is aimed to functionally characterize two of such plastid-localized proteins involved
in chloroplast RNA metabolism: PAC (PALE CRESS) and PUMPKIN (plastid UMP kinase).
Neither of them possesses classical domains or motifs for RNA-recognition but knock-out of
both led to severe defects and massively impaired growth or even a seedling lethal phenotype
which could be tied into post-transcriptional processes and underlines the importance of these

factors.

In previous studies on pac mutants, it became obvious that knock-out plants of PAC exhibited
a quite pleiotropic and severe phenotype (Reiter et al., 1994). First analysis provided evidence
for a disturbance of many plastid-encoded transcripts regarding their abundance and transcript
patterns suggesting a role of PAC in plastid RNA metabolism (Meurer et al., 1998). Still, for
almost twenty years it remained unclear which molecular function the PAC protein precisely
fulfils. Thus, the hereafter presented in-depth characterization intended to identify in which step
of gene expression PAC participates, which RNA targets it may bind and how it then influences

these targets.

Previous studies proposed a function of PUMPKIN as a stabilization factor of psaA mRNA
(Hein et al., 2009), thus making PUMPKIN an interesting candidate for in-depth analysis of its
RNA-binding repertoire and properties. Especially as HCF145, a previously characterized
factor in our group, was shown to bind to the same target (psa4 5’UTR) (Manavski et al., 2015).
When starting molecular analyses, we observed clear differences between the previously
described pumpkin mutant line and our confirmed independent line, which prompted us to
completely re-analyse the molecular defects in our mutant and thus elucidating the real function
of the corresponding protein. Besides characterizing its role in RNA metabolism, we further

focused on analysing its second function as a eubacterial-like UMP kinase converting UMP to

13



UDRP in the plastid pyrimidine salvage pathway, which was not examined in detail before. To
gain even deeper insight in its dual-functionality a complementation approach with either
enzymatically impaired PUMPKIN versions or the E. coli homolog PYRH only possessing
enzymatic activity but no RNA-association capability was conducted, finally helping to
decipher which of the two functions is causative for the observed phenotype and thus of more

relevance.
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6. INTRODUCTION
6.1. The evolution of the chloroplast

The acquisition of organelles also referred to as the “endosymbiotic theory” represents the most
crucial evolutionary step towards eukaryotic cells and organisms (Figure 1). More than one
billion years ago a cyanobacterial ancestor was engulfed by a heterotrophic host which
previously acquired mitochondria by the uptake of an a-proteobacterium (Maréchal, 2018).
Even though there is still an ongoing debate about the sequence of events that generated this
heterotrophic eukaryotic host — as it is assumed that evolution of eukarya could only be
accomplished by a mitochondria-containing cell due to bioenergetic means (Martin et al., 2015)
— the next primary endosymbiotic event by which a cyanobacterium was engulfed and finally
developed into the semiautonomous chloroplast, is widely accepted. Moreover, it seems as if
horizontal gene transfer provided additional genetic material, including the potential

contribution of Chlamydia and other bacteria (Huang and Gogarten, 2007; Eme et al., 2017).

a-proteobacterium

chloroplast

: nucleus
@
archaeon ancestor @ heterotrophic progenitor plant cell
eukaryotic host

cyanobacterium

Figure 1. Evolution of organelles via primary endosymbiosis. Chloroplasts are descendants of a
cyanobacterium engulfed by a heterotrophic eukaryotic host that previously incorporated an a-
proteobacterium which developed into mitochondria.

From this initial “primary endosymbiosis” event three main lineages derived: the Glaucophyta,
the Rhodophyta (red algae) and — what is of utter importance for the further evolution of plants
— the Chlorophyta (green algae) (Chan et al., 2011).

The acquisition of these organelles had tremendous effects on the overall cellular metabolism

of the host (Bhattacharya et al., 2007). Harbouring an intracellular “light-energy-converting’

and thus energy providing chloroplast which performed oxygenic photosynthesis was a
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prerequisite to grow and spread with only few starting materials: light, water, carbon and some
basic nutrients (Gould et al., 2008). This laid the foundation to occupy new habitats, radiate and

evolve into new species.

6.2. Adaptations towards an integrated organelle

Evolving from a free-living unicellular organism into an organelle that is tightly integrated and
regulated within the host cell led to several adaptations. Even though organelles such as
chloroplasts and mitochondria kept part of their original genome, massive gene transfer, loss
and re-arrangements occurred. The chloroplast genome of the model plant Arabidopsis thaliana
for example harbours 87 protein-coding genes (Sato et al., 1999) in comparison to present-day
cyanobacteria such as Synechocystis sp. PCC6803 which possesses 3168 protein-coding genes
(Kaneko and Tabata, 1997). In total roughly 4500 genes are assumed to have been transferred
from the cyanobacterial endosymbiont to the host, but only one third of the corresponding
proteins is predicted to be targeted into chloroplasts, the rest underwent redistribution into other

compartments (See also Figure 2) (Leister, 2003).

With this outsourcing of genetic information, the host cell became able to gain control over
chloroplast function. In consequence, this required intracellular communication and signalling
to fine-tune and coordinate the expression of proteins encoded in the chloroplast genome and
the nucleus. These communication processes are also referred to as anterograde signalling (from
nucleus to chloroplasts) and retrograde signalling (from chloroplasts to nucleus) (Bérner, 2017).
Regarding, for instance, the composition of the photosynthetic complexes within the
chloroplast, the different subunits represent a mosaic of either plastid- or nucleus-encoded
proteins (Leister, 2003). Hence, obtaining functional photosynthesis complexes in the correct
stoichiometry requires accurate coordination of gene expression, availability of the needed

proteins as well as a controlled assembly process.
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Arabidopsis thaliana

Secretory  Qther
pathway

Arabidopsis plastid
Plastome size: 154kb
ORFs: 87

Arabidopsis nucleome
Nuclear genome size: ~130 Mb
ORFs: 25 678

Cyanobacteria-like endosymbiont

Prochlorococcus Synechocystis Nostoc

Genome size: 1.66 Mb 3.6 Mb 9.02 Mb
ORFs: 1694 3168 7281

TRENDS in Genetics

Figure 2. Distribution and estimated numbers of genes derived from the cyanobacterial ancestor
which evolved into the semiautonomous chloroplast. Permission for reprint is attached (taken from
Leister, 2003).

As nucleus-encoded genes are translated from RNA into proteins in the cytosol, new
mechanisms for protein targeting and transport into the organelles needed to evolve. To
overcome the two membranes — inherited from the prokaryotic ancestor — the so-called TOC-
TIC (translocons at the outer/ inner envelope membrane of chloroplasts) system was developed
allowing the recognition of targeting peptides and the import of cytosolic translated proteins to
their final destination within the chloroplast (Nakai, 2018). Also in this case the protein import
machinery is a mixture of ancient prokaryotic proteins such as Toc75, which partially gained
new functions as well as newly evolved factors such as the GTPase receptors Toc159 and Toc34
(Day and Theg, 2018).
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6.3. Ancestral and newly evolved features

Concerning the combination of inherited eubacterial and newly evolved features in plastid gene
expression, it sometimes remains challenging to strictly classify a process in the gene
expression machinery into these categories. More than one billion years of evolution left their
marks even on ancient and highly conserved mechanisms. The next section summarizes the
different steps of plastid gene expression starting from nucleotide biosynthesis over
transcription, post-transcriptional regulations and finally translation and focuses on the origin
of the involved factors and machineries.

6.3.1. Nucleotide biosynthesis

The prerequisite for storing genetic information and subsequent gene expression are nucleotides
as the basic constituents of DNA and RNA. Their synthesis is complex and tightly regulated
but the principle chemical reactions are quite conserved and only the enzymes involved differ
in their origin, evolution and localization. Any nucleotide de novo synthesis pathway, regardless
if synthesizing purines or pyrimidines, is based on the fusion of the sugar part of PRPP (5-
phosphoribosyl-1-pyrophosphate) with the formed purine or pyrimidine ring structure (Zrenner
et al., 2006). In case of purine biosynthesis this involves 12 plastid-localized enzymatic
reactions (Moffatt and Ashihara, 2002). In contrast, UMP and thus pyrimidine de novo synthesis
only needs six enzymatic steps which are distributed over different plant cell compartments
(Witte and Herde, 2020).

As depicted in Figure 3, the initial reaction of pyrimidine de novo biosynthesis, also called
“orotate pathway”, involves HCOs, glutamine and ATP which are converted into
carbamoylphosphate by the plastid-localized CPS (carbamoyl-phosphate synthetase) (Moffatt
and Ashihara, 2002). Transforming carbamoylphosphate into carbamoylaspartate is
accomplished by the plastid ATC (aspartate transcarbamoylase) (Chen and Slocum, 2008).
Carbamoylaspartate is then transported into the cytosol — by a yet unknown mechanism —where
it gets converted into dihydroorotic acid by DHO (dihydroorotase) (Zrenner et al., 2006). The
next enzyme, DHOD (dihydroorotate dehydrogenase), which is localized at the outer surface
of the inner membrane of mitochondria subsequently turns dihydroorotic acid into orotic acid,
which is transported back to the cytosol where finally UMPS (UMP synthase) connects the
orotate ring structure with PRPP (5-phosphoribosyl-1-pyrophosphate) and decarboxylates the
OMP to UMP (Witte and Herde, 2020).
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Further phosphorylation reactions by UMP/CMP kinase (U/CMPK) and nucleoside
diphosphate kinase (NDPK) finally lead to UTP which can be converted into CTP by the
addition of an amino group from glutamine, which is catalysed by CTPS (CTP synthase)
(Moffatt and Ashihara, 2002).

s A
4 ) 2 iy
? carbamoyl ihydro- }

IR > aspartate ——r o » dihydroorotate
carbamoyl -
aspartate ¢

orotate €----------|-- orotate
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HCO; + glutamine UCK
("™ | @y @D
' L [ UDP
ure (op) ¥
0 e - - - - - UTP ——» CTP  cytidine
) @&
]
g PUMPKIN T
f—g UI/'.P CDP <€ CMP
@'
uracil «-- PLU'@q
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Figure 3. Pyrimidine biosynthesis pathways in plants. The enzymes involved in the six steps of de novo
biosynthesis are coloured in yellow: CPS (carbamoyl-phosphate synthetase), ATC (aspartate
transcarbamoylase), DHO (dihydroorotase), DHOD (dihydroorotate dehydrogenase), UMPS (UMP
synthase). Further phosphorylation or interconversion steps are depicted in blue: U/CMPK (UMP/CMP
kinase), NDPK (nucleoside diphosphate kinase), CTPS (CTP synthase). Enzymes which are part of the
cytosolic uridine salvage pathway are marked in orange: UCK (uridine-cytidine kinase), CDAL (cytidine
deaminase), while the ones involved in the uracil salvage pathway are shown in green: NSH1
(nucleoside hydrolase 1), UPP (uracil phosphoribosyltransferase), PUMPKIN (plastid UMP kinase),
NDPK?2 (nucleoside diphosphate kinase 2). Dashed arrows with question marks represent yet unknown
mechanisms of possible nucleotide (UMP/ UDP/ UTP) transfer between the compartments. Important
starting points for either de novo synthesis or salvaging pathways are encircled in red for better
orientation.

19



In addition to de novo synthesis, there are also salvaging pathways which are less energy
consuming than the de novo synthesis as they make use of degradation products (Mainguet et
al., 2009). One of them is localized in the cytosol and starts with uridine, which can also be
interconverted by CDA1 from cytidine (Faivre-Nitschke et al., 1999). Uridine or cytidine can
then be converted into UMP by UCKs (uridine-cytidine kinases) (Ohler et al., 2019).

A second salvage pathway can be found in chloroplasts which makes use of uracil. Uracil
originates from uridine catalysed by NSH1 (uridine nucleosidase) and gets transported into the
chloroplast via PLUTO (Jung et al., 2011; Girke et al., 2014). Three enzymatic reactions
subsequently catalyse the formation of UTP, using uracil as the starting molecule: UPP (uracil
phosphoribosyltransferase) accomplishes the conversion of uracil into UMP, PUMPKIN
(plastid UMP kinase) phosphorylates UMP to UDP, and NDPK2 (nucleoside diphosphate
kinase 2) finally generates UTP (Ohler et al., 2019). To which extent nucleotides can be
exchanged between the different compartments is unclear (therefore represented by the dashed
lines with question marks in Figure 3). Nevertheless, the viability of the pumpkin mutant
presented below, argues for a certain degree of nucleotide transport from the cytosol to plastids

to at least partially compensate the disturbed salvage pathway (Schmid et al., 2019).

Retracing the evolution of the different enzymes involved in the de novo pyrimidine synthesis
is rather challenging, as their origin seems to be chimeric and might have involved horizontal
gene transfer, especially in plants. While CPS is closely related to the respective enzymes in
cyanobacteria, arguing for an endosymbiotic origin, plant ATC is not found in the same clade
with cyanobacteria but is found in a monophyletic group containing also virus sequences,
speaking in favour of horizontal gene transfer, while DHO seems to originate from
proteobacteria (Nara et al., 2000).

6.3.2. Chloroplast gene expression

Even though chloroplasts kept some of their ancestral features, plastid gene expression has
developed into a much more complex and tightly regulated process. Figure 4 summarizes

ancient (beige) as well as newly evolved (red) attributes in chloroplast gene expression.
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Figure 4. Overview of chloroplast gene expression with a focus on the origin of the different processes.
Ancestral features and processes of eubacterial origin are depicted in beige colours while newly evolved
machineries and mechanisms are marked in red. Numbers refer to the sections in the following paragraph
explaining function and evolution of the depicted steps and mechanisms in detail.

According to the numbers indicated in Figure 4, the following five paragraphs describe each of

the processes and their evolution in detail.

(1) In strong contrast to the eukaryotic host, plastidial DNA is stored in a circular structure,
resembling eubacterial plasmids, moreover each chloroplast contains more than one copy of its
genetic information (Morley and Nielsen, 2016).

(2) Similarly, the plastid-encoded genes are ordered in an operon-like structure often
accompanied by eubacterial-type gene promoters and terminators leading to polycistronic

precursors — a classical characteristic of eubacteria (Shahar et al., 2019).

(3) In terms of transcription one must differentiate between the two different types of RNA-
polymerases which are found in the chloroplasts of angiosperms. One, namely the PEP (plastid-
encoded polymerase) is from eubacterial origin and is composed of the plastid-encoded subunits
RpoA/ B/ C1 and C2 (Yagi and Shiina, 2012). For promoter recognition the nucleoid-localized

PEP further associates with 6’° sigma factors and PAPs (polymerase associated proteins), which
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comprise TAC (plastid transcriptionally active chromosome) proteins (Schweer et al., 2010).
While the core subunits and the sigma factors originated from the eubacterial ancestor, the
associated PAP proteins do not possess eubacterial homologs (Borner et al., 2015). This adds
an example of a bacterial-type and hence ancient process which was further adopted by
including accessory factors. In addition, chloroplasts harbour another type of polymerase — the
NEP (nuclear-encoded polymerase), also referred to as RPOTp which is a phage-type RNA
polymerase (Ortelt and Link, 2014). It is composed of a single subunit and exhibits similarities
to RNA polymerases from bacteriophages (Hedtke et al., 1997). Dicots even house an additional
nuclear-encoded T7 phage-type polymerase (RPOTmp), which is dual-localized to plastids and
mitochondria (Bohne et al., 2016). Many of the plastid-encoded genes contain promoter regions
for both types of polymerases, but partly exhibit preferences for PEP- or NEP-dependent
transcription (Hajdukiewicz et al., 1997). Interestingly, expression of the PEP-subunit RpoB is
strictly dependent on the action of NEP polymerase (Borner et al., 2015). It is further assumed
that NEP is more active in proplastids, while PEP takes over during chloroplast differentiation,

even though NEP activity is still required in mature plastids (Ortelt and Link, 2014).

(4) However, in contrast to the bacterial genetic machinery, chloroplast gene expression is not
predominantly regulated on the transcriptional level but gained a new layer of extensive
regulation by evolving an amazingly complex system of post-transcriptional RNA processing
and modification steps (Maier et al., 2008). As depicted in Figure 4, this includes protein-

mediated intron splicing, processing, editing and stabilization of transcripts.

Several plastid-encoded genes acquired intron structures interrupting protein-coding, tRNA or
rRNA genes (Sato et al., 1999). Depending on their structure they are classified in either group
| or group Il introns, whilst group 11 introns prevail in plant chloroplasts (de Longevialle et al.,
2010). Originally, introns — as mobile genetic elements — contained open reading frames for so
called IEPs (intron-encoded proteins) that possessed a maturase domain for splicing and a
reverse transcriptase function essential for intron mobility (Schmitz-Linneweber et al., 2015).
In present chloroplasts almost all introns lost the internally encoded maturase and also their
self-splicing activity and are now dependent on several nuclear-encoded RNA-binding splicing

factors (Schmitz-Linneweber et al., 2015).

Even though bacteria are capable of RNA editing — the alteration of nucleotide identities — so
far only adenosine (A) to inosine (I) editing in a comparably small subset of targets was
observed (Bar-Yaacov et al., 2018). In chloroplast of flowering plants, however, only C-to-U

(cytidine to uridine) editing events occur and editing of the about 40 sites in Arabidopsis
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chloroplast genomes is of utter importance for proper gene expression (Hammani et al., 2009).
In all seed plant lineages C-to-U editing events were reported, but no editing processes were

observed in green algae, thus emphasizing their independent evolution (Takenaka et al., 2013).

As most, if not all, chloroplast genes are encoded in an operon-like manner, polycistronic
precursors need to be cut into mature and thus translationally competent gene units. These
processing events rely on the action of endonucleases, cutting within RNA sequences as well
as the action of different 5°—3’ or 3°’—5’ exonucleases chopping off 5’ or 3’ overhangs from
transcript ends until they are either stopped by secondary RNA-structures or due to the
hindrance by RNA-binding proteins (Manavski et al., 2018). The action of these RNA-binding
proteins as RNA protectors does therefore not only result in the stabilization of the transcripts
by preventing their decay, but is also essential to define transcript lengths and termini
(Zhelyazkova et al., 2012). The different tasks and types of RNA-binding proteins are described

in more detail in section 6.4.

(5) Finally, another conserved property is the translational machinery as chloroplasts possess
bacterial type 70S ribosomes, composed of the small 30S and the large 50S ribosomal subunits
— in contrast to the eukaryotic 80S ribosomes consisting of a 40S and 60S subunit (Harris et al.,
1994). It still needs to be mentioned that 30S and 50S ribosomal subunits differ in their
composition between eubacteria and chloroplasts as plastid-specific ribosomal proteins were
identified, while orthologues to the E. coli subunits L25 and L30 are missing (Yamaguchi and
Subramanian, 2000; Yamaguchi et al., 2000).

6.3.3. Ribosome biogenesis and translation

In general — and similar to eubacteria — translation can be divided into three main steps:
initiation, elongation and termination. To finally build a functional ribosome consisting of a
small (SSU) and a large (LSU) ribosomal subunit several complex assembly steps are
necessary, including the correct processing and maturation of ribosomal RNAs and the
coordinated localization and folding of the numerous ribosomal proteins (Zoschke and Bock,
2018). The two subunits SSU and LSU need to be independently assembled before they are
recruited to form the mature ribosome and start their translational activity (Tiller and Bock,
2014). Similar to eubacteria, plastid ribosomes contain 23S, 16S and 5S rRNA, but clearly show
differences in their processing, which results in an additional 4.5S rRNA in land plants deriving
from the 3° end of the 23S rRNA precursor (Edwards and Kossel, 1981; Stoppel and Meurer,

2012). The plethora of ribosomal proteins has a eubacterial origin, still chloroplast ribosomes
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possess additional and plant-specific ribosomal subunits (PSRP2-6) (Xu et al., 2013). The
correct assembly of the subunits furthermore requires the help of extraribosomal proteins, some
of them have bacterial homologs but also many newly evolved ribogenesis factors (Chi et al.,
2012; Jeon et al., 2014; Reiter et al., 2020).

While cyanobacteria use the Shine-Dalgarno (SD) sequence for efficient translation initiation,
the plastid translation machinery requires additional trans-acting factors and RNA stretches
with reduced secondary structures as Shine-Dalgarno sequences are not always present and well
conserved (Hirose and Sugiura, 2004). For initiation, the 30S subunit is recruited with the help
of initiation factors and the initiator tRNA which binds to the — mostly used — AUG start codon
(Sugiura et al., 1998). Subsequently the 50S ribosomal subunit is recruited and the complete
ribosome gets assembled to start translation elongation in concert with several elongation
factors possessing bacterial origin (Albrecht et al., 2006). Termination of translation is triggered
by stop codons, a process which requires help of auxiliary factors (Meurer et al., 2002) and
plastid ribosomes are disassembled by a ribosome recycling factor (RRF) homologous to the
RRF of E. coli (Rolland et al., 1999).

6.4. The co-evolution of chloroplast RNA metabolism and regulating proteins

As illustrated above, the extensive post-transcriptional regulation of gene expression triggered
the need for numerous factors to fulfil these tasks. Especially the occurrence of new transcript
termini due to processing events as well as the introduction of various editing sites and introns
unable to self-splice in vivo led to the evolution and expansion of many nuclear-encoded RNA-

binding protein families.

One outstanding family of these RNA-binding proteins are the so-called PPR (pentatricopeptide
repeat) proteins, which are closely related to the family of TPR (tetratricopeptide repeat) and
OPR (octotricopeptide repeat) proteins (Barkan and Small, 2014). They all share a certain
architecture of — often degenerated — amino acid helical repeats, which are capable to bind
DNA, RNA or other proteins. In PPR proteins, these repeats typically consist of 35 amino acids
— as indicated by their name “pentatricopeptide” — while the number of repeats varies from 2
up to 30 (Rovira and Smith, 2019). Intense studies on their RNA-binding capability, since their
discovery twenty years ago, could meanwhile even elucidate their recognition “code” as certain
amino acids at defined positions within the repeat determine which nucleotide is bound (Barkan
etal., 2012; Shen et al., 2016). In comparison to green alga such as Chlamydomonas reinhardtii

which only possesses 14 PPR proteins, a massive expansion of this protein family happened in
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land plants such as Arabidopsis (~450 PPRs) enabling the individual proteins to develop into
very specific factors with defined RNA targets and mode of actions (Wang et al., 2015). In
contrast, the OPR protein family underwent a diversification and expansion in C. reinhardtii,
thus increasing complexity of RNA metabolism seems to trigger the need and evolution of
appropriate regulatory factors (Bohne et al., 2009). PPR proteins display a surprisingly diverse
portfolio: Besides functioning in RNA editing, which is one of the most frequent function of
hitherto characterized PPR proteins in Arabidopsis, they are also involved in RNA stabilization,
processing, intron splicing and often influence the translation of their RNA targets (Barkan and
Small, 2014).

Another class of typical RNA-binding proteins are the chloroplast ribonucleoproteins (cpRNPs)
which comprise only few members but with a broad spectra of RNA targets (Kupsch et al.,
2012). They contain two RRM (RNA recognition motif) domains which confer binding to
ribosome-free mMRNAs, thereby contributing to mRNA stabilization and protection against
degradation, thus cpRNPs rather represent general RNA-protectors (Li and Sugiura, 1991;
Nakamura et al., 2001).

Concerning the splicing of plastid introns, a family of CRM-containing (Chloroplast RNA
splicing and ribosome maturation) proteins was identified which derived from ribosome-
associated proteins (Barkan et al., 2007). While some factors exhibit a clear preference to only
one or few targets, such as maize CRS1 which assists in atpF intron splicing, other factors such
as CRS2 or CFM3 bind to a larger set of targets often belonging to the same intron-type subclass
(de Longevialle et al., 2010).

The slight differences in ribosome composition and translation provoked the evolution of
several ribosome biogenesis factors involved in rRNA-processing or maturation and ribosome
assembly. Some of them belong to well-characterized protein classes such as DEAD-box RNA
helicases, also present in eubacteria, while many others lack eubacterial counterparts and are
only found in the green lineage or are even specific for land plants (Paieri et al., 2018; Reiter et
al., 2020).

In general, most of these RNA-binding proteins possess classical RNA-binding motifs,
including the helical repeats of P/T/OPRs, the RRM (RNA recognition motif) or zinc finger
domains (Yan et al., 2018) which facilitate their identification based on protein sequences.
Especially forward genetic approaches making use of the characterization of mutant collections

could elucidate other factors with either previously unknown RNA-binding motifs or simply
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lacking RNA-binding domains (Manavski et al., 2012; Manavski et al., 2018). One of these
examples is HCF145, which was initially identified in a screen for “high chlorophyll
fluorescence” mutants, impaired in photosynthesis (Feldmann, 1991; Meurer et al., 1996). In-
depth analysis of the appropriate mutant led to the identification of a defect in psaA/B transcript
accumulation and the conclusion that the corresponding protein HCF145 is essential in
stabilizing the 5’UTR of the tricistronic psaA/psaB/rpsl4 precursor (Lezhneva and Meurer,
2004). In silico analysis further identified two tandem repeat motifs termed TMR (transcript
motif binding repeat) adding a previously unknown RNA-binding domain to the existing
repertoire (Manavski et al., 2015). Latest studies of the RNA-binding proteome could further
contribute to the identification to previously unknown RNA-binding proteins (Reichel et al.,
2016). Amongst the identified classes especially enzymes seem to play an important role
(Marondedze et al., 2016), as described by the REM (RNA-Enzyme-Metabolite) hypothesis
(Hentze and Preiss, 2010). These moonlighting enzymes catalyse diverse reactions within
metabolic pathways such as glycolysis and additionally possess RNA-binding function which
allows fine-tuning and feedback regulation of gene expression (Castello et al., 2015). Despite
some well-characterized examples in the mammalian system, such as GAPDH which converts
glyceraldehyde-3-phosphate to D-glycerate-1,3-bisphosphate and was proven to act as an RNA-
binding protein probably via its Rossmann fold (Nagy and Rigby, 1995), characterization of
moonlighting enzymes remains scarce in planta. Thus, the hereafter presented functional
characterization of two non-classical RNA-associated factors will add another layer to this
network, especially providing more details about the interaction of different metabolic
processes with respect to the dual-functionality of PUMPKIN in plastid RNA and nucleotide

metabolism.
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The chloroplast hosts photosynthesis and a variety of metabolic pathways that are essential for plant viability and acclimation
processes. In this study, we show that the sole plastid UMP kinase (PUMPKIN) in Arabidopsis (Arabidopsis thaliana) associates
specifically with the introns of the plastid transcripts trnG-UCC, trnV-UAC, petB, petD, and ndhA in vivo, as revealed by RNA
immunoprecipitation coupled with deep sequencing (RIP-Seq); and that PUMPKIN can bind RNA efficiently in vitro. Analyses
of target transcripts showed that PUMPKIN affects their metabolism. Null alleles and knockdowns of pumpkin were viable but
clearly affected in growth, plastid translation, and photosynthetic performance. In pumpkin mutants, the levels of many plastid
transcripts were reduced, while the amounts of others were increased, as revealed by RNA-Seq analysis. PUMPKIN is a
homomultimeric, plastid-localized protein that forms in vivo RNA-containing megadalton-sized complexes and catalyzes the
ATP-dependent conversion of UMP to UDP in vitro with properties characteristic of known essential eubacterial UMP kinases. A

moonlighting function of PUMPKIN combining RNA and pyrimidine metabolism is discussed.

Posttranscriptional events seem to play a larger role
in regulating chloroplast gene expression than in the
cyanobacterial ancestor. This regulation may be im-
portant to enable tissue-specific and developmental
adaptations and responses to environmental inputs
during stress and acclimation processes (Barkan,
2011a). These processes include changes of the RNA
sequence, endonucleolytic cleavage, UTR trimming,
RNA decay, as well as translation (Stern et al., 2010;
Germain et al.,, 2013; Manavski et al.,, 2018). RNA
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metabolism represents a fast-evolving process. This
progression depends mostly on vascular plant-specific,
nuclear-encoded RNA-binding proteins and diverse
conserved ribonucleases with their associated proteins
(Jacobs and Kiick, 2011; Manavski et al., 2012; Stoppel
et al., 2012; Stoppel and Meurer, 2012, 2013).

Numerous plastid endo- and exoribonuclease-sensitive
sites within genes, introns, and intergenic regions imply
their complex and important role in governing tran-
script degradation, thus determining transcript half-
lives. A variety of different nuclear encoded, newly
evolved RNA-binding proteins, predominantly nu-
merous helical-repeat proteins, bind these specific sites
to safeguard transcript stability by preventing endo-
nucleolytic attacks and progression of exonucleolytic
degradation (Stern et al., 2010; Jacobs and Kiick, 2011;
Stoppel and Meurer, 2012, 2013; Germain et al., 2013).
Depending on the number of RNA targets and sec-
ondary effects, corresponding nuclear mutants display
more or less pleiotropic effects related to plastid mRNA
patterns and abundance (Pfalz et al., 2009; Belcher et al.,
2015; Hammani et al., 2016; Zoschke et al., 2016; Meurer
et al., 2017; Teubner et al., 2017).

The acquisition and dispersal of plastid introns
within the coding or tRNA regions of chloroplast genes
early during the evolution of Streptophyta provide an
additional platform for potential regulation of gene
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expression (de Longevialle et al., 2010; Khrouchtchova
et al,, 2012; Germain et al., 2013; Schmitz-Linneweber
et al., 2015). This platform seems especially relevant
because splicing of individual plastid introns is often far
from being complete, as is the case in the nuclear sys-
tem. Members of several gene families with unrelated
RNA-binding domains, among them APO, CRM,
DEAD box, mTERF, PORR, PPR, and RNase III-domain
and WHY proteins, act in a combinatorial manner to
promote splicing of specific chloroplast introns. This
action presumably works to overcome kinetically
trapped structures of the fast-evolving intron se-
quences, allowing the structures to refold into catalyt-
ically active ribozymes (Ostersetzer et al, 2005;
Germain et al., 2013; Barkan and Small, 2014). Some of
the plastid splicing factors are required for additional
RNA metabolism steps (Yap et al., 2015; Zhang et al.,
2015; Bobik et al., 2017; Tang et al., 2017).

The impact of the metabolic and nutritional status
and/or signals in chloroplasts on the plastid RNA
metabolism remains largely unknown (Bohne and
Nickelsen, 2017). There are just a few instances of pro-
teins that might couple plastid gene expression with
other metabolic pathways. One example of how iron
regulates the expression of a nuclear gene involved in
plastid gene expression was described previously
(Douchi et al., 2016). The authors showed that the Half-
A-Tetratricopeptide protein MACI1 stabilizes psaC
transcripts via binding to their 5’ untranslated region in
Chlamydomonas (Chlamydomonas reinhardtii) chloro-
plasts. MAC1 expression and phosphorylation state
depends on iron availability, which in turn influences
psaC mRNA accumulation. The involvement of the
psbA mRNA-binding function of the dihydrolipoyl
acetyltransferase subunit of the chloroplast pyruvate
dehydrogenase complex was recently suggested to link
photosynthetic protein and carbon biosynthesis in
Chlamydomonas reinhardtii (Bohne et al., 2013). Under
oxidizing conditions, the RNA-binding N terminus of
the large Rubisco subunit becomes exposed and binds
RNAs for regulation of translation, thus connecting the
redox status with plastid gene expression (Yosef et al.,
2004; Cohen et al., 2006). Likewise, predicted binding
domains of the HCF145 protein for secondary metab-
olites were shown to impact RNA-binding affinity im-
portant for stabilization of the psaA/psaB/rps14 mRNA
and accumulation of PSI, suggesting a metabolic con-
trol of psaA/psaB/rps14 gene expression (Lezhneva and
Meurer, 2004; Manavski et al., 2015).

Evolutionary conserved eubacterial UMP kinases are
essential homohexamers and catalyze the reversible
transfer of the c-phosphoryl group from ATP to UMP to
yield UDP (Serina et al., 1995; Kafer et al., 2004). UDP is
further phosphorylated to UTP in an additional ATP
consuming reaction by the nucleoside diphosphate ki-
nase (Zhou et al., 2017). Cellular pyrimidine metabo-
lism is primarily important for the synthesis of RNA as
well as galacto- and sulfolipids through UDP-sugars
(Zrenner et al., 2006; Okazaki et al., 2009). Here we
show that the plastid UMP kinase, which we termed
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PUMPKIN, has a role in RNA metabolism. With char-
acteristics comparable to eubacterial UMP kinases,
PUMPKIN exhibits a high specificity toward UMP as its
nucleotide substrate, and it converts UMP and ATP to
UDP and ADP in vitro. With respect to PUMPKIN’s
role in RN A metabolism, it does not stabilize psaA/psaB/
rpsl4 transcripts specifically as has been proposed
previously (Hein et al., 2009). But in contrast, it is as-
sociated with a subset of group-Il-intron containing
plastid transcripts, whose RNA metabolism it impacts.

RESULTS

PUMPKIN Is Required for Normal Growth and
Photosynthetic Performance

To functionally characterize PUMPKIN in Arabi-
dopsis (Arabidopsis thaliana; At3g18680), we obtained a
T-DNA insertion line (GABI_154D02) from the GABI-
KAT collection (Kleinboelting et al.,, 2012) that was
generated in the Col-0 (the wild-type) background. The
T-DNA was located in the first exon 134 bp downstream
of the start codon as revealed by sequencing the PCR-
amplified flanking regions (Fig. 1, A-C; for sequence in-
formation of oligonucleotides see Supplemental Table S1).
In plants homozygous for the T-DNA insertion (pumpkin)
obtained from the T3 generation, the full-length pumpkin
mRNA and translational products (PUMPKIN) were not
detectable (Fig. 1, D-G), indicating that pumpkin was a
complete knockout line. The loss of PUMPKIN led to
severely retarded growth and a photo-bleached phe-
notype (Fig. 1B). However, pumpkin plants were able to
grow photoautotrophically, to reach plant maturity,
and to produce viable homozygous seeds. The life cycle
of pumpkin mutants—from germination to mature
seeds —was much longer (~21 weeks) as compared to
the wild types (~8 weeks). Introduction of the PUMP-
KIN cDNA fully complemented the pumpkin mutant
phenotype (Fig. 1, B, D, and F), proving that the ob-
served phenotype was entirely due to the disruption of
the PUMPKIN gene. This proof is further supported by
the fact that substantial down-regulation of Arabi-
dopsis PUMPKIN in RNAi lines generated in this study
led to a phenotype, which was similar but mitigated as
compared to the phenotype of the pumpkin mutant
(Fig. 1, B, D, and F). Moreover, we also generated
knockdowns in tobacco (Nicotiana tabacum). Similar to
the Arabidopsis RNAI lines, tobacco PUMPKIN was
considerably downregulated and led to a retarded
growth and chlorotic phenotype (Supplemental Fig.
S1), suggesting that the function of PUMPKIN is con-
served in dicots.

To investigate the effects of loss of PUMPKIN on
photosynthetic performance, spectroscopic analyses
were carried out with plants grown on soil in the cli-
mate chamber under identical conditions: 12-h-light/
12-h-dark cycle with a photon flux density (PFD) of
100 umol photons m~2 s~1. While complemented lines
were comparable to the wild type, the maximum PSII
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PUMPKIN Acts in RNA and Nucleotide Metabolism
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Figure 1. Phenotype and Analysis of the pumpkin T-DNA Insertion
Line. A, Schematic representation of the Arabidopsis PUMPKIN gene
(At3g18680). Exons are depicted as black bars, introns as black lines.
The T-DNA insertion is represented by the black triangle, and its posi-
tion is indicated relative to the start codon (134 bp). Primers used for
genotyping in (C) are shown as arrows. Primer information can be found
in Supplemental Table S1. ATG, start codon; P, Primer; TGA, stop co-
don. B, Images of the 3-week-old wild type, pumpkin, RNAi, and
complemented (Comp) plants grown on soil. White scale bars corre-
spond to 0.5 cm. C, PCR-based genotyping analysis. PCR on genomic
DNA with three primers (P1, P2, P3) shown in (A) was conducted in
order to distinguish between the wild-type, homozygous (pumpkin),
and heterozygous (Het) PUMPKIN alleles. P1 and P2 yielded an
amplicon of 218 bp corresponding to the expected size of the wild-type
allele, while the combination of P2 and P3 amplified the mutated allele
(163 bp). D, Analysis of the relative expression of PUMPKIN in the wild
type, pumpkin, RNAi, and Comp plants by means of RT-PCR. (D) il-
lustrates that 100%, 10%, and 1% of the wild type correspond to 100
ng, 10 ng, and 1 ng of total RNA used as template for cDNA syntheses.
UBIQUITIN (UBI) served as control. E, RNA-gel-blot analysis of
pumpkin RNA. The PCR probe was amplified with the same primers as
in (D). MB, Methylene blue. F, Immunodetection of PUMPKIN in total
protein extracts from the wild type, pumpkin, RNAi, and Comp plants
using PUMPKIN-specific antibodies. In (F), 100% of the wild type
corresponds to 30 ug total proteins. CBB, Coomassie Brilliant Blue. G,
Immunodetection of PUMPKIN in stroma extracts (40 ug) from the wild
type and pumpkin to prove the specificity of the PUMPKIN antibody.
CBB, Coomassie Brilliant Blue; WT, wild type.

quantum yield—expressed as the ratio of the variable to
the maximum fluorescence (Fv/Fm) in pumpkin and
RINNAIi lines—was reduced to about 50% and 85%, re-
spectively, indicating strong defects in PSII in mutant
lines (Supplemental Fig. S2, A and B). Different from
mutants in PSI and the linear electron transport, the
fluorescence dropped far below the Fy level during
induction in pumpkin and RNAIi lines. This drop
was accompanied by a comparable decrease in the
effective quantum yield and a severe increase in
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nonphotochemical quenching of excited states. After
induction, the fluorescence increased again and reached
the former Fy level after about 4 min in pumpkin. This
increase reflects an increased proton gradient in the
light—thus reduced ATP synthase activity. The quan-
tum yield of PSI was almost unchanged, although the
overall signal was considerably reduced in mutant and
knock down lines. In summary, pumpkin and RNAi
lines displayed a pleiotropic phenotype with pro-
nounced defects in the major complexes of the thyla-
koid membrane.

Lack of PUMPKIN Affects Accumulation of
Photosynthetic Subunits and Translation

Because pumpkin exhibits photosynthetic defects, we
next investigated the steady-state levels of constituent
subunits of the major thylakoid membrane complexes
by immunoblot analysis. In pumpkin, the assemblies PSI
(PsaA, PsaF), PSII (D1, CP43, CP47), Cytochrome bgf
(Cytbs), ATP synthase (AtpC), LHCs (LHCa3, LHCb2),
and NDH (NdhH) accumulated to roughly 25%, 20% to
40%, 25%, 25%, 75% to 120%, and 25% of the wild type,
respectively (Fig. 2A). As expected, the RNAi line per-
formed slightly better than pumpkin, with all tested pro-
teins present to roughly 50% of the wild type (except for
LHCs that accumulated to normal levels), while the
complemented line behaved essentially like the wild type.

To analyze the formation of photosynthetic com-
plexes, blue native (BN)-PAGE with solubilized thyla-
koid complexes was performed. All complexes were
detectable indicating that assembly was not affected in
pumpkin (Stoppel et al., 2011). Similar to the outcome
of the immunoblot analysis, levels of PSI, PSII, cyto-
chrome bef, ATP synthase, and NDH complexes were
uniformly reduced in the pumpkin mutant, while
LHCbs over-accumulated as compared to the wild
type (Supplemental Fig. S3). Overall, these results
suggest that the observed decreases in the levels of all
thylakoid membrane complexes account for the
photosynthetic deficiencies in the pumpkin mutants
presented previously.

To investigate whether the reduced levels of proteins
are due to translational impairments, de novo synthesis
of chloroplast proteins was analyzed. It appeared that
the incorporation of [3°S]-Met into newly synthesized
thylakoid proteins was, in general, reduced to roughly
50% in pumpkin and RNAi lines, while levels of labeled
proteins in the complemented line were comparable to
the wild type, as revealed by repeated in vivo labeling
experiments (Fig. 2B). Labeling of soluble proteins, with
Rubisco’s large subunit as the main representative, was
reduced to an even larger extent (less than 25% of the
wild type), indicating general translational deficiencies
in pumpkin (Fig. 2C).

Besides levels of photosynthetic subunits, reduced
translation efficiency usually impacts the levels of the
plastid-encoded RNA polymerase (PEP), which in turn
leads to reduced transcription rates of PEP-dependent
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Figure 2. Protein Accumulation and Translation Rates in pumpkin. A,
Immunotitration of thylakoid proteins in pumpkin. Thylakoids were
extracted from the wild-type, pumpkin, RNAi, and Comp plants, sep-
arated on SDS gels and immunodecorated with indicated antibodies. In
(A), 100, 50, and 25 of the wild type corresponds to 5 ug, 2.5 ug, and
1.25 ug chlorophyll, respectively. ATP syn., ATP synthase; CBB, Coo-
massie Brilliant Blue; CP43, PsbC; CP47, PsbB; Cytbef, cytochrome bf
complex; D1, PsbA; LHC, light harvesting complex; NDH, NADH
dehydrogenase-like complex; PSI, photosystem I; PSIl, photosystem II.
B, [>>S]-Met labeling of newly synthesized thylakoid proteins in the wild
type, pumpkin, RNAi, and Comp plants. Insoluble protein fractions
were extracted and separated on SDS-gels. Equal loading was achieved
according to the determined counts/min (cpm) of the protein fractions
(100 corresponds to 100,000 cpm). CBB, Coomassie Brilliant Blue;
CP43, PsbC; D1, PsbA; D2, PsbD. C, In vivo labeling of newly syn-
thesized soluble proteins in the wild type, pumpkin, RNAi, and Comp
plants. Refer to (B). C, 100 corresponds to 1,000,000 cpm. RbcL,
RUBISCO large subunit; WT, wild type.

genes, while transcription of nucleus-encoded RNA
polymerase (NEP)-dependent genes increases (Meurer
etal., 2017). To check whether this notion is also true for
pumpkin, we performed transcriptome-wide expression
analysis by RNA deep sequencing (-Seq) of rRNA-
depleted total leaf RNA obtained from the pumpkin
mutant and the wild type. Indeed, our RNA-Seq anal-
ysis revealed that levels of transcripts of chloroplast
genes known to be preferentially transcribed by the PEP
were reduced, whereas NEP-dependent transcripts ac-
cumulated (Supplemental Fig. 54).

PUMPKIN Localizes in Chloroplasts and Forms
RNA-Containing Megadalton Complexes

Several public programs predicted a chloroplast sub-
cellular location of PUMPKIN based on the presence of
an N-terminal transit peptide (http://aramemnon.uni-
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koeln.de). To verify this prediction experimentally, the
full-length PUMPKIN protein was fused to YFP and
used to monitor the fluorescence in transiently trans-
formed protoplasts of Nicotiana benthamiana. The
PUMPKIN-YFP signals colocalized exclusively with
chlorophyll fluorescence validating chloroplast locali-
zation (Fig. 3A). Interestingly, the signals within chlo-
roplasts appeared spotty and prompted us to check for
chloroplast nucleoid localization using the nucleoid
marker protein RAP (Kleinknecht et al., 2014; Meurer
etal., 2017). Merging the fluorescence of the PUMPKIN-
YFP and RAP-CFP in cotransformed protoplasts of
N. benthamiana led to only partial overlap of the signals,
making the localization of PUMPKIN in chloroplast
nucleoids ambiguous (Fig. 3B).

We next investigated the in vivo formation of
PUMPKIN complexes in Arabidopsis chloroplasts. To
that end, stroma extracts were fractionated by size-
exclusion chromatography followed by SDS PAGE
and immunodecoration. PUMPKIN was detected in all
fractions ranging from 30 kD to 5 MDa (Fig. 3C). The
main protein peak of PUMPKIN was found in the high
M., fractions 12 to 18, which also contained Rubisco
(approximately 550 kD). In addition, PUMPKIN
appeared to form MDa complexes distributed in fractions
1 to 10. Interestingly, the PUMPKIN protein in fraction
one, which is known to contain nucleoids (Olinares et al.,
2010), disappeared upon RNase treatment; while the
signals in the remaining MDa fractions (5 to 10), which
include RNase-sensitive ribosomes (Fig. 3C), weakened
considerably. This result indicates that most PUMPKIN
MDa complexes contain RNA. Fractions 2 to 4 contained
MDa PUMPKIN complexes that comprised either RNase-
resistant RNAs or were free of RNA.

PUMPKIN Is Associated with Several Chloroplast Introns
in Vivo

The translation deficiency in pumpkin (along with the
fact that PUMPKIN associates with RNA in vivo) sug-
gests that PUMPKIN might be involved in posttrans-
criptional RNA metabolism processes. Moreover, pale
mutants like pumpkin often exhibit pleiotropic effects
resulting from translation deficiency associated with
altered transcription, which makes it difficult to iden-
tify the primary defects (Meurer et al., 2017). We next
performed a plastid genome-wide in vivo RNA asso-
ciation assay (RNA immunoprecipitation followed by
deep sequencing [RIP-Seq]). The aims were to identify
the RNA targets of PUMPKIN to differentiate between
primary and secondary defects and thus to pinpoint the
cause of the aberrant translation in pumpkin. For that
purpose, wild-type stroma extracts were incubated
with PUMPKIN-specific antibodies or with the corre-
sponding preimmune serum as the negative control.
Coimmunoprecipitated (Co-IP) RNAs were subjected
to RNA deep sequencing. Resulting reads were map-
ped to the chloroplast genome and normalized to the
gene length and sequencing depth. In two biological
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Figure 3. Subcellular Localization and in Vivo
Complex Formation of PUMPKIN. A, Confocal im-
age of a PUMPKIN-YFP-transfected N. benthamiana
protoplast. Merged signals of chloroplast auto-
fluorescence (red) and YFP fluorescence (yellow)
are shown. The white scale bar corresponds to
10 wm. B, Macrographs of a PUMPKIN-YFP/RAP-
CFP cotransfected N. benthamiana protoplast.
Single fluorescence images of PUMPKIN-YFP
(yellow) and RAP-CFP (blue) as well as a merged
image of both are shown. White scale bars cor- c
respond to 10 um. C, Size exclusion chromatog-
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replicates, PUMPKIN was found to associate with
group II introns of five plastid transcripts: trnG-UCC,
trnV-UAC, petB, petD, and ndhA (Fig. 4A; Supplemental
Figs. S5 and S6), where the trnG-UCC locus represented
the most prominent peak in the RIP-Seq analysis. To
verify the RIP-Seq results, we performed RIP and hy-
bridized the recovered RNAs with probes specific for
the RNA targets in slot-blot experiments (Fig. 4, B and
C). Enrichment of the intron regions of trnG-UCC, trnV-
UAGC, petB, petD, and ndhA was observed in the pellet
fractions, confirming the in vivo association of PUMP-
KIN with those RNAs. Hybridization with probes rec-
ognizing the ribosomal 23S RNA and psaA mRNA were
used as negative controls to demonstrate that other
RNAs were not enriched in the pellet fractions. In ad-
dition, the resulting RIP-Seq reads were displayed as a
ratio of read coverage (pumpkin versus the control)
across the entire genome (Supplemental Fig. S6A),
confirming the identified targets. Additional peaks
(trnE, trnT, rbcL, accD) were reanalyzed by RIP followed
by slot-blot hybridization, clearly proving that they
were false positives because no enrichment in the pellet
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Mock

RNase

fraction was observed (Supplemental Fig. S6B). RbcL/
accD loci were also found as false positive targets in
other RIP-Seq analysis (Meurer et al., 2017). Further-
more, like the rbcL/accD, the trnE, and trnT peaks,
“enrichment” appeared restricted to a narrow region
(<100 nt) in contrast to the peaks of the true targets,
which spanned several hundred nucleotides. RNA-
gel-blot analyses of the wild-type, pumpkin, RNAi,
and complemented lines using probes specific for trnE,
truT, accD, and rbcL (Supplemental Fig. S6C) did not
reveal any differences in the mutant line except for rbcL,
which is known to be generally reduced in pale mutants
(Roy and Barkan, 1998; Bollenbach et al., 2009; Meurer
et al., 2017). Taken together, these experiments point to
the trnG-UCC, trnV-UAC, petB, petD, and ndhA intron
loci as the main RNA targets of PUMPKIN.

PUMPKIN Impacts the RNA Metabolism of Its Targets

Next, we addressed the question whether the RNA
metabolism of the verified target RNAs trnG-UCC,
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trnV-UAC, petB, petD, and ndhA was affected in
pumpkin mutants. RNA-gel blots were hybridized with
probes specific for the exon and intron regions of the
most prominent target, trnG-UCC. The analysis
showed a considerable reduction of levels of both ma-
ture and precursor trnG-UCC RNA forms but did not
reveal any obvious splicing defects, e.g. relative accu-
mulation of unspliced molecules (Fig. 5A). This finding
was also reflected by the poisoned primer extension
(PPE) assay (Fig. 5B), arguing for the involvement of
PUMPKIN in RNA processes other than splicing.
Transcript levels of the second trnG gene (trnG-GCC)
were unaffected, suggesting that tRNAs are not gen-
erally affected and that the effects on trnG-UCC are
pumpkin-specific (Fig. 5A). Like pumpkin, levels of
spliced and unspliced trnG-UCC RNAs were also
greatly decreased in the maize pprb mutant (Beick et al.,
2008). Consequently, the corresponding PPR5 protein,
which also associated with the intron region of trnG-
UCC RNA in vivo, was reported to play a primary role
in the stabilization rather than in the splicing of the
trnG-UCC precursor molecules (Beick et al., 2008).
Thus, given that pumpkin shows similar RNA defects, it
is likely that PUMPKIN has a comparable function in
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Figure 4. In Vivo Association of
PUMPKIN with Chloroplast RNAs. A,
RIP-Seq analysis of PUMPKIN. The
RPKM (Reads Per Kilobase per Million)
matrix normalizes reads for sequencing
depth and gene length. The ratio of
RPKM-normalized reads from PUMP-
KIN- and Control-IP (performed with the
corresponding preimmune serum) for
each chloroplast gene was calculated
and plotted according to the chloroplast
genome annotation (Supplementary
Data Set S1). The most prominent peaks
are indicated. In, intron. B, Immunode-
tection of immunoprecipitated PUMP-
KIN protein. PUMPKIN was completely
depleted from the stroma extract (Input)
when using PUMPKIN-specific anti-
bodies. CBB, Coomassie Brilliant Blue;
1gG, Immunglobulin G; IP, immuno-
precipitation; Pre, preimmune serum;
Sup, supernatant. C, Validation of RIP-
Seq results via slot-blot hybridization.
lmmunoprecipitated (IP) RNAs were
hybridized with the indicated probes.
Probes rrn23 and psaA served as nega-
tive controls. In, intron; IP, immuno-
precipitation; Sup, supernatant.
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the stabilization of trnG-UCC precursor RNAs. To
check for stability defects of trnG-UCC, we conducted
repeated RNA-gel-blot analyses such as the ones de-
scribed for PPR5 (Beick et al., 2008) using probes spe-
cific for trnG-UCC exon 1 and 2 as well as the 5" and 3’
ends of the intron (Fig. 5C). A truncated intron-
containing transcript similar to that found in ppr5 was
also detected in pumpkin and the wild type when using
3’ intron and exon 2 probes. However, in contrast to the
pprd mutant, the ratio of the truncated transcript to the
unspliced trnG-UCC RNA was not considerably higher
in pumpkin than in the wild type. Interestingly, the trnG
5’ intron probe recognized a small fragment in pumpkin
that was slightly larger than the mature trnG-UCC
RNA. The fragment was completely absent in the
wild type and in two other pale and pleiotropic mutants
(rhon1 and pac) that were used as controls because they
exhibit decreased PEP-mediated transcripts similar to
pumpkin (Meurer et al., 1998, 2017; Stoppel et al., 2012;
Chi et al., 2014). Thus, the small fragment is likely to
represent a degradation product that specifically accu-
mulates in the absence of PUMPKIN and suggests a
protective role of PUMPKIN with respect to the 5’ part
of the trnG-UCC intron. This assumption is consistent
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Figure 5. PUMPKIN Associates with the A
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UCC and trnG-GCC in the wild-type,
pumpkin, RNAi, and complemented
(Comp) lines using 5 ug of leaf RNA. Ex,
Exon; Int, Intron. Methylene blue staining
is shown as loading controls (lower
panels). B, Poisoned primer extension
assay of trnG-UCC. Signals were quan-
tified; the ratio of spliced (s) to unspliced
(u) transcripts was calculated and is
shown in the graph (right). C, RNA-

gel-blot analysis of the wild type, (uca) (ucq)
pumpkin, rhon1, and pac. Probes spe-
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with the fact that in the RIP-Seq analysis, the highest
enrichment was found in the 5’ end of trnG-UCC,
while the coverage decreased toward the 3’ end
(Supplemental Fig. S5). Probing the immunoprecipi-
tated RNAs with intron- and exon-specific trnG-UCC
probes confirmed that PUMPKIN associates exclu-
sively with the intron of trnG-UCC (Fig. 5D).
RNA-gel-blot analyses were also performed with the
remaining four targets: trnV-UAC, petB, petD, and
ndhA. Like trnG-UCC, both spliced and unspliced trnV-
UAC RNA forms were reduced, PPE analysis revealed
no prominent splicing defects, and PUMPKIN was
found to specifically associate with the intron region
of trnV-UAC (Fig. 6, A-C). Hybridization with exon-
specific probes showed reduced levels of exon-
containing ndhA, petB, and petD transcripts in the
pumpkin mutant and RNAi line as compared to the wild
type (Fig. 6D). Interestingly, when using probes specific
for the intron regions of ndhA and petB, intron-
containing transcripts slightly larger than the spliced
wild-type intron appeared in the pumpkin and RNAi
line but were absent in the wild type and com-
plemented line (Fig. 6D). To check whether these
banding pattern alterations are PUMPKIN-specific,
rhonl and pac mutants were examined in parallel
(Fig. 6E). In the case of petB, the occurrence of the
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additional intron-containing bands is due to the spe-
cific lack of PUMPKIN. It is challenging to elaborate
whether aberrant splicing or processing is responsible
for the occurrence of this additional intron-containing
RNA. The difficulty is that petB is part of the psbB op-
eron, which is subjected to numerous intercistronic
processing and splicing events resulting in about 20
different mono, di-, and oligocistronic transcripts
(Stoppel et al., 2012). While the PPE results clearly
showed that the ratio of spliced to unspliced ndhA and
petB transcripts was reduced in pumpkin as compared to
the wild type (Fig. 6F), no accumulation of the larger
intron-containing ndhA or petB precursors was ob-
served. This observation contrasts with the banding
pattern of mutants previously described to be affected
in the splicing of petB and ndhA mRNA (Watkins et al.,
2011; Hammani and Barkan, 2014), suggesting that the
presence of the additional bands is unlikely to be the
result of aberrant splicing. As the additional intron-
containing transcript is longer than the spliced intron, it
is obvious that exon sequences are attached to the petB
intron. Indeed, we found accumulation of a fragment
starting at chloroplast genome position ~74,792 and
ending at ~75,780 in the pumpkin mutant in our RNA-Seq
analysis (Supplemental Fig. S7). This fragment perfectly
matches the size of the additional intron-containing
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Figure 6. Analysis of the RNA Targets trnV, ndhA, petB, and petD in pumpkin Mutants. A, RNA-gel-blot analysis of trnV-UAC
in the wild type, pumpkin, RNAi, and complemented (Comp) lines using 5 ug of leaf RNA. Ex, exon; In, intron. Methylene blue
staining is shown as loading controls (lower panels). B, Poisoned primer extension assay of trnV-UAC using the wild-type RNA
and pumpkin RNA (pumpkin). A reaction performed without RNA (-RNA) served as a negative control. Signals were
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band in our RNA-gel-blot analysis (~1 kb) (Fig. 6D).
The fragment contains the entire exon 1, the intron,
and ~130 nt of exon 2. Thus, it seems that the absence
of PUMPKIN causes aberrant processing within the
exon 2 of petB. However, it remains elusive how ex-
actly binding of PUMPKIN to the petB intron prevents
the cleavage within the exon RNA. One could spec-
ulate that PUMPKIN has an impact on the RNA
structure further downstream of its binding site in a
way that an endonuclease sensitive site in exon 2 is
masked.

Overall, these results suggest that PUMPKIN is
needed for the stability of the trnG-UCC precursor and
for preventing aberrant processing within the petB
coding sequence. The former might also be true for
trnV-UAC, as we found that spliced and unspliced
forms of trnV-UAC RNA were reduced to a similar
extent in pumpkin; and that PUMPKIN, as with trnG-
UCC, associated exclusively with the trnV-UAC intron
(Fig. 6C).

PUMPKIN Binds with High Affinity to the Central Region
of the petB Intron in Vitro

Our RIP-Seq results showed that PUMPKIN is asso-
ciated in vivo with the intron regions of ndhA, petB,
petD, trnG-UCC, and trnV-UAC. To check whether
PUMPKIN interacts with RNA directly, we per-
formed an electrophoretic mobility shift assay
(EMSA), using affinity- and gel filtration-purified
recombinant (r)PUMPKIN protein, as well as petB
RNA probes of similar size generated by in vitro
transcription. Under these in vitro conditions,
rPUMPKIN bound the probe from the central part of
the petB intron with high affinity. But rPUMPKIN
showed only a weak binding to the other two probes
covering the petB 5’ UTR and 5’ end of the petB intron
(Fig. 7, A and B). A protein concentration of 25 nm was
sufficient to produce a distinct shift of the RNA
probe, suggesting that PUMPKIN recognizes petB
target sequences with high affinity (Fig. 7C). This
result demonstrates that PUMPKIN is a bona fide
RNA-binding protein that shows specificity for the
central part of the petB intron.

PUMPKIN Forms Homomultimers and Has an Intrinsic
UMP Kinase Activity in Vitro

Given that PUMPKIN and E. coli UMP kinase, PyrH,
share 47% of amino acid identity (Supplemental Fig.
S8A) and that structural predictions of both proteins
revealed three-dimensional similarities (Fig. 8A), we
next addressed the question of whether PUMPKIN has
an UMP kinase activity.

Crystal structure analysis of the E. coli UMP kinase
showed that the functional protein forms homohex-
amers (Briozzo et al.,, 2005). Like the E. coli form,
PUMPKIN clearly interacted with itself when used as
“prey” and “bait” in yeast two-hybrid experiments that
were conducted under high stringency selection con-
ditions (Fig. 8B). In support of the homomultimeriza-
tion, when performing size-exclusion chromatography,
MBP-PUMPKIN did not elute in fractions of the ex-
pected monomeric size of 72 kD (MPB, ~ 42 kD;
PUMPKIN, ~ 30 kD), but much earlier with marker
proteins of 669 kD in size (thyroglobulin). Cleaving off
the MBP moiety reduced the size of rPUMPKIN ex-
pectedly (<440 kD, ferritin), while MBP migrated, as
expected, with marker proteins of 43 kD (ovalbumin),
indicating that PUMPKIN forms homomultimers
(Supplemental Fig. S8, B and C).

The enzymatic function of UMP kinases is the con-
version of UMP to UDP. Our aim was to check whether
PUMPKIN has enzymatic activity like that of its
eubacterial ancestor. We applied a coupled photometric
and an HPLC-based UMP kinase assay analogous to
that used to determine the UMP kinase activity of PyrH
(Serina et al., 1995; Fig. 8, C-E). HPLC separation of all
nucleotides in the assay was used to follow changes in
their amounts during a time course. From this, con-
sumption of UMP and ATP in a 1:1 stoichiometry to
form UDP and ADP was observed, while the amount of
the activator GTP was unchanged. The reaction was
linear with time for at least 15 min (Fig. 8C). Further
kinetic measurements were recorded by a coupled
photometric assay, using the initial linear phase to de-
termine enzyme activity. Both substrates UMP and
ATP evoked a substrate-dependent increase in activity
until saturation occurred (Fig. 8, D and E). Both sub-
strates followed Michaelis-Menten kinetics and appar-
ent affinities of 0.03 mm and 0.17 mm for UMP and ATP

Figure 6. (Continued.)

quantified; the ratio of spliced (s) to unspliced (u) transcripts was calculated and is shown in the graph (right). C, RNA-gel-blot
analysis of immunoprecipitated RNAs using intron- and exon-specific trnV-UAC probes. For negative control, refer to 23S
rRNA probe in Figure 5D. Ex, exon; In, intron; IP, immunoprecipitation; Pre, preimmune serum; Sup, supernatant. D, RNA-
gel-blot analysis of ndhA, petB, and petD transcripts in the wild type, pumpkin, RNAi, and Comp lines using 5 ug of leaf RNA.
For all tested transcripts, exon (Ex)- and intron (In)-specific probes were used as indicated. Arrowheads mark additional intron-
containing transcripts detected with intron-specific ndhA and petB probes. Methylene blue staining of the membranes
demonstrates equal loading (lower panels). E, RNA-gel-blot analysis of petB and ndhA in the wild type, pumpkin, rhon1, and
pac mutants using 5 ug of leaf RNA. Methylene blue staining is shown as a loading control (lower panel). The arrowheads mark
the aberrant transcripts; refer to (D). In, intron. F, Poisoned primer extension assay of PUMPKIN targets ndhA, petB, and petD
using wild-type RNA and pumpkin RNA (pumpkin). A reaction performed without RNA (-RNA) served as negative control.
Signals were quantified; the ratio of spliced (s) to unspliced (u) transcripts was calculated and is shown in the graph (lower

panel). WT, wild type.
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Figure 7. Recombinant PUMPKIN Binds to the
petB Intron in Vitro. A, Schematic representation
TAA of the petB gene and probes (a, b, ¢) used in (B).
ATG, start codon; TAA, stop codon. B, Recombi-
nant MBP-PUMPKIN was purified and MBP was
cleaved off (left panel). The right panel shows
rPUMPKIN, obtained from an additional size ex-

100

=
o N\

0
25
50

100

MBP- jumsp . B |
rPUMPKIN- s PUMPKIN- | =

-

N "‘“‘1

clusion chromatography purification step. Pro-
teins were separated on an SDS gel and visualized
by Coomassie Brilliant Blue staining. C, EMSA
"| with purified rPUMPKIN and petB RNA probes,
' whose position is shown in (A). Samples were
separated on a nondenaturing polyacrylamide
gel. rPUMPKIN protein concentrations (nM) are
indicated. B, bound; U, unbound.

100

AN
M-

petBa petBb

were determined, respectively. Thus, PUMPKIN cata-
lyzes the ATP-dependent conversion of UMP to UDP
in vitro with properties like those of PyrH from E. coli,
suggesting that PUMPKIN has retained its enzymatic
activity over the course of evolution.

DISCUSSION

The results presented here demonstrate that PUMP-
KIN is a chloroplast-localized enzyme acting on RNA
metabolism. We show that PUMPKIN associates
in vivo with group II intron-containing tRNAs and
mRNAs, binds to RNA in vitro, and influences the
RNA metabolism of its targets trnG-UCC, trnV-UAC,
petB, and ndhA. Its function has an impact on chloro-
plast translation, which in turn influences chloroplast
transcription, biogenesis, photosynthesis, and plant
growth.

Lack and Reduction of PUMPKIN Does Not Cause a
Typical PSI Phenotype

Previously, it was reported that a seedling-lethal
mutant of the UMP kinase locus (At3g18680) specifi-
cally failed to accumulate tricistronic psaA/psaB/rps14
transcripts and consequently the PSI complex (Hein
et al., 2009). For that reason, the locus had been
named dpt1 for defect in psaA/psaB/rps14 transcript ac-
cumulation 1. We decided to re-examine the T-DNA
insertion line (N829192) employed by Hein et al. (2009)
in their study. Our first reason was the lack of com-
plementation experiments and RNA-binding studies as
well as enzymatic tests of DPT1. Second, with HCF145,
a factor required for psaA/psaB/rps14 RNA accumula-
tion had already been unambiguously identified
(Manavski et al.,, 2015). Indeed, genotyping experi-
ments in two different laboratories (Jorg Meurer and
Torsten Mohlmann) failed to confirm the described
T-DNA insertion into the At3g18680 (N829192) locus.
Our analyses of the confirmable T-DNA insertion line
of the At3g18680/PUMPKIN locus (GABI_154D02)
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revealed that null alleles and knockdowns of this locus
in Arabidopsis and tobacco were viable and exhibited
pale green leaves, a smaller size, and retarded de-
velopment as compared to the wild type (Fig. 1B,
Supplemental Fig. S1). In fact, many of the previously
described data could not be reproduced (Hein et al.,
2009). To our surprise and in contrast to Hein et al.
(2009), the mutant grew photoautotrophically and
produced homozygous and viable seeds under green-
house conditions. Spectroscopic data clearly indicated a
pleiotropic effect with general deficiencies in the major
thylakoid membrane complexes rather than a specific
PSI defect in pumpkin. A general decrease in the levels of
membrane and soluble plastid proteins rather than a
specific PSI deficiency was also confirmed by extensive
immunological and molecular analyses. Almost all
plastid transcripts investigated were affected when
PUMPKIN was absent or decreased—not only the
psaA/psaB/rps14 mRNA, as claimed previously (Hein
et al., 2009). Recently, a relatively global effect on
chloroplast development was also observed in rice
mutants of the orthologous plastid UMP kinase (Zhu
et al., 2016; Chen et al., 2018). The comparably milder
impact of the rice mutations on plant growth could be
explained by allele-specific effects of the two point
mutations still allowing expression and presumably
residual functions of the plastid UMP kinase. For these
reasons, we propose renaming the At3g18680 locus
PUMPKIN.

The Pleiotropic Effects in PUMPKIN Mutants

As demonstrated previously, pumpkin showed clear
impairments of plastid translation and consequently
reduced levels of photosynthetic and housekeeping
proteins causing the pleiotropic phenotype. To find the
basis of these translational defects, we identified the
RNA targets of PUMPKIN that included the group II
introns of trnG-UCC, trnV-UAC, petB, petD, and ndhA.
Studies of knockouts of trnG-UCC and trnG-GCC in
tobacco have shown that trnG-GCC is dispensable,
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Figure 8. PUMPKIN Interacts with Itself
and Exhibits Intrinsic UMP Kinase Ac-
tivity in Vitro. A, Structure prediction of
the UMP (Uridine monophosphate) ki-
nases PUMPKIN (Arabidopsis) and PyrH
(E. coli) by I-TASSER algorithm. B, Yeast-
two-hybrid assay demonstrating that
PUMPKIN interacts with itself. PUMP-
KIN was used as prey (P) and bait (B).
The empty prey (pP) and bait (pB) vec-
tors were used as negative controls. On
high stringency plates (-L,-W,-H,-Ade)
only true interactors are able to grow;
while -L,-W plates only select for the
presence of the plasmids. Culture densities
were measured at 600 nm (ODggp) and
diluted as indicated. C, Time-dependent
UDP (Uridine diphosphate) formation
catalyzed by rPUMPKIN was assayed by
HPLC. ATP and UMP (Uridine mono-
phosphate) were given at T mm con-
centration each. Data represent the
mean of three independent experiments +
se. D, UMP (Uridine monophosphate)
concentration-dependence  of UDP
(Uridine diphosphate) formation cata-
lyzed by rPUMPKIN followed Michaelis-
Menten kinetics with an apparent affinity
of 0.03 mM. ATP concentration was kept
at 0.2 mM. Data represent the mean of
three independent experiments * st. E,
ATP concentration-dependence of UDP
(Uridine diphosphate) formation cata-
lyzed by rPUMPKIN followed Michaelis-
Menten kinetics with an apparent affinity
of 0.17 mM. UMP (Uridine mono-
phosphate) concentration was kept at
0.3 mM. Data represent the mean of
three independent experiments = st.
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while trnG-UCC is essential for translation (Rogalski
et al., 2008). Furthermore, Rogalski et al. (2008) demon-
strated that trnG-GCC, which accumulated to the
wild-type levels in pumpkin (Fig. 5A), was unable to
compensate for a trnG-UCC shortage, whereas con-
versely trnG-UCC can do so by superwobbling. An-
other study, in maize, showed that a substantial
decrease of trnG-UCC led to severe defects in plastid
translation, causing a strong decrease in plastid-
encoded proteins that in turn provokes a pronounced
plant phenotype (Beick et al., 2008). Therefore, the re-
duced levels of the target tRNAs, trnG-UCC, and trnV-
UAC, presumably resulting from decreased transcript
stability, very likely represent the bottleneck for chlo-
roplast translation in pumpkin. The effects in the pump-
kin mutant are additionally enhanced by the reduced
transcription of some plastid-encoded genes condi-
tioned by insufficient translation of the PEP. At the
same time, transcripts of genes preferentially tran-
scribed by the NEP are upregulated, which is typical for
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PEP-deficient mutants (Pfalz et al., 2006; Cho et al.,
2009; Zhou et al., 2009; Chateigner-Boutin et al., 2011;
Steiner et al., 2011).

The pumpkin phenotype is more severe at early stages
of development when high translation rates are re-
quired to allow fast establishment of the photosynthetic
apparatus (Supplemental Fig. S9A). This explains an
improvement of the phenotype at later stages during
development implying that PUMPKIN is needed dur-
ing early development. In accordance with this notion,
we found that PUMPKIN levels are higher in young
seedlings than in mature plants (Supplemental Fig.
S9B).

Reduced levels and altered transcript metabolism of
the other two targets, petB and ndhA, might further
contribute to the mutant phenotype. The Arabidopsis
prfB3 mutants that failed to accumulate processed petB
transcripts showed a specific deficiency in the cyto-
chrome bgf complex and were incapable of growing
photoautotrophically (Stoppel et al., 2011). However,
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pumpkin does not exhibit a typical cytochrome bef phe-
notype (Supplemental Fig. 52). It is not typical because
processed petB transcripts, which seem to be essential,
are not completely absent in pumpkin (Fig. 6D). Con-
cerning ndhA, a deficiency of the NDH complex is
unlikely to contribute considerably to the pumpkin
phenotype because Arabidopsis and tobacco mutants
defective in NDH complex accumulation exhibited only
a weak phenotype, even under a variety of stress con-
ditions (Barth and Krause, 2002; Muraoka et al., 2006).
To what extent the reduction of petD might contribute
to the phenotype remains elusive. In contrast to petB
and ndhA, no aberrant transcripts were detected, and
the ratio between spliced and unspliced transcript is not
as drastically reduced when compared to petB and
ndhA (Fig. 6, D and F).

The Function of PUMPKIN in RNA and
Pyrimidine Metabolism

As demonstrated previously, PUMPKIN is an RNA-
binding protein that has an impact on the metabolism of
its RNA targets trnG-UCC, trnV-UAC, petB, and ndhA
in vivo. While its involvement in the stability of trnG-
UCC and presumably trnV-UAC precursors seems to
be certain, the question remains whether PUMPKIN
has an additional function in petB and ndhA intron
splicing. Although a clear alteration in the metabolism
of petB and ndhA introns is apparent (reflected by the
PPE assay), the banding pattern does not resemble that
of other mutants defective in plastid RNA splicing
(Watkins et al., 2007; de Longevialle et al., 2008;
Hammani and Barkan, 2014) because no accumulation
of larger precursor molecules was observed—a com-
mon phenomenon of splicing mutants. Thus, we cannot
rule out that the reduced splicing efficiencies might
reflect secondary effects resulting from the altered
translation and/or transcription of PEP-dependent
plastid genes; PEP mutants or mutants with plastid
translation deficiency were shown to exhibit pleiotropic
splicing defects (Jenkins et al., 1997; Watkins et al., 2007;
Chateigner-Boutin et al., 2011, Hammani and Barkan,
2014). Alternatively, PUMPKIN could additionally
support the stability of petB- and ndhA-containing
precursor transcripts, which would result in reduced
levels of the precursor molecules when PUMPKIN is
absent.

In addition to PUMPKIN’s role in RNA metabolism,
the conserved enzymatic characteristics imply that
PUMPKIN might be also involved in plastid pyrimi-
dine metabolism. A shortage of nucleotides could cause
transcriptional changes that in turn could have effects
on the RNA metabolism of some transcripts. Thus, we
would like to point out that some of the RNA defects we
observed might be the consequence of an altered nu-
cleotide pool in chloroplasts. Interestingly, the PYRH
homolog in E. coli and other eubacterial UMP kinases
were found to be essential enzymes (Lee et al., 2007;
Robertson et al., 2007; Meyer et al., 2008). Nevertheless,
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as pumpkin mutants are still viable, it is reasonable to
assume that the enzymatic function of PUMPKIN
might be at least partially compensated by other en-
zymatic activities. Other than PUMPKIN, Arabidopsis
harbors three additional eukaryotic-type UMP/CMP
kinases predicted to be localized in the cytosol; of which
one (PYR6) was already functionally characterized and
proven to convert UMP or CMP to UDP or CDP in vitro,
respectively (Zhou et al., 1998). In addition, this UMP/
CMP kinase was confirmed to be localized in the cy-
tosol, which contains most of the uridine nucleotide
pool (Dancer et al., 1990). So far only few transporters of
nucleosides and other intermediates of the pathway
have been identified (Mohlmann et al., 2010). Nonethe-
less, the absence of the sole UMP kinase in chloroplasts,
PUMPKIN, does not lead to abolished transcription; thus
we can conclude that uracil nucleotides, at least to a cer-
tain extent, can be transferred from the cytosol to the
chloroplast.

In the plant and cyanobacterial PUMPKIN protein
sequence we found conserved residues of the E. coli
UMP kinase (PyrH) with dedicated functions, includ-
ing Asp-146 as part of the catalytic center and binding
sites Arg-62 and Asp-77 for the allosteric effectors GTP
(activator) and UTP (inhibitor), respectively (Bucurenci
etal., 1998; Supplemental Fig. S8A). The same applies to
residues supporting UMP binding, including Gly-57,
Gly-58, Arg-62, Gly-63, Asp-77, Thr-138, Asn-140, Asp-
174, and Thr-145 (Briozzo et al., 2005). Interestingly,
residues Asn-72 and Asp-93, which are important for
dimer formation, are not conserved in PUMPKIN
(Briozzo et al., 2005), indicating a diversified assembly
process. According to the conserved residues and the
overall similarity, PUMPKIN exhibited enzymatic
properties with characteristics similar to eubacterial
UMP kinases (Fig. 8, C-E) (Serina et al., 1995). When
compared directly, E. coli PyrH exhibits apparent af-
finities of 0.12 mm (ATP) and 0.05 mm (UMP), which are
similar to the 0.17 mm (ATP) and 0.03 mm (UMP) ob-
served for PUMPKIN (Serina et al., 1995).

A moonlighting function has been reported for PyrH
also, the PUMPKIN homolog in E. coli (Bucurenci et al.,
1998; Kholti et al., 1998). Apart from PyrH’s catalytic
UMP kinase activity, it was found to be part of a large
protein complex consisting of the homohexameric
PepA (aminopeptidase A), IHE (integration host fac-
tor), PurR (purine repressor), and RutR (HTH-type
transcriptional regulator). The complex associates with
promoter elements of the carAB operon and controls
transcriptional activity, presumably by modulating
the DNA fold of adjacent regions (Kholti et al., 1998;
Minh et al., 2009). Thus, in E. coli, PyrH incorporates
two functions: pyrimidine metabolism and control of
gene expression. As such, PUMPKIN seems to have
retained the enzymatic function of its bacterial an-
cestor in pyrimidine nucleotide metabolism and the
moonlighting control of gene expression. Although it
did switch regulation from transcriptional to post-
transcriptional levels, which generally predominate
in chloroplasts.
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So far, the predicted structure and domain searches
have not provided hints of any known RNA-binding
motif that could explain the RNA-binding activity
of PUMPKIN demonstrated in this study. Yet the
nucleotide-binding properties, together with the fact
that PUMPKIN forms large homomultimers, might
account for the intrinsic RNA-binding capacity. The
hexameric ring-shaped protein Hfq from E. coli, for
example, is an RNA-binding protein that controls bac-
terial gene expression on different levels. It has a so-
called proximal RNA-binding site, where it binds
six nucleotides of the RNA in a one-nucleotide-
per-monomer manner (Schumacher et al., 2002; Sauer
et al., 2012). A similar RNA-binding mechanism might
also exist for PUMPKIN, whereby the nucleotide-binding
pockets of PUMPKIN are occupied by nucleotides of
the RNA molecule, one by each monomer. This scenario
implies that free ribonucleotides compete with RNA
binding, so that one could speculate that PUMPKIN-
dependent RNA metabolism is likely to be under free
ribonucleotide control and/or vice versa. A similar
mechanism has already been observed for other mam-
malian RNA-binding enzymes, such as iron regulatory
protein (IRP) 1, thymidylate synthase, dihydrofolate
reductase, and glyceraldehyde-3-phosphate, where
RNA-binding and enzymatic activity are mutually ex-
clusive (Hentze, 1994; Castello et al., 2015).

In other organisms, such as human and yeast, several
dual-functioning enzymes that participate in metabolic
pathways and are capable of binding RNA were iden-
tified from RNA interactome studies, thereby sup-
porting the so-called RNA-enzyme-metabolite (REM)
hypothesis. This concept proposes a connection be-
tween intermediary metabolism and posttranscrip-
tional regulation of gene expression, mediated by
RNA-binding enzymes (Hentze and Preiss, 2010;
Castello et al.,, 2015; Hentze et al., 2018). Similar
interactome studies were also performed in Arabi-
dopsis, leading to the identification of unique RNA-
binding proteins (RBPs) that (1) are lacking classical
RNA-binding motifs (e.g. the RRM, KH, or DEAD
box helicase domains) and (2) were assigned to ex-
hibit enzymatic activity or participate in metabolic
pathways. The identification opened a regulatory
network between gene expression and metabolic
processes (Koster et al., 2017).

In conclusion, PUMPKIN adds another layer of
complexity to the already complex chloroplast RNA
metabolism as it seems to link plastid gene expression
with processes of primary nucleotide metabolism.

MATERIALS AND METHODS
Plant Material and Cultivation

The pumpkin Arabidopsis (Arabidopsis thaliana) T-DNA line (accession
D02154) was obtained from the GABI-Kat collection (Kleinboelting et al., 2012).
All Arabidopsis plants were grown on soil under the following controlled
conditions: 12-h-light (20°C)/12-h-dark (18°C) at a PFD of 100 uM photons
m~2 sec”!. For RNA-gel blots, chlorophyll fluorescence measurements,
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immunodetection, and BN PAGE plants of a comparable developmental stage
were used (wild type [Col-0] and complemented line: 3 weeks; pumpkin and
RNAI lines: around 6 weeks). Chloroplast-soluble extracts for size exclusion
chromatography and IPs were prepared from 2-week-old Col-0 plants. For
comparison of pumpkin with rhonl and pac mutants, plants were grown on 1x
MS medium with 1.5% w/v Suc under following conditions: 16-h-light /8-h-
dark (20°C) at a PFD of 30 uM photons m~2 sec™ .

Nicotiona tabacum plants were grown on soil under standard greenhouse
conditions (16-h-light/8-h-dark cycle; 22°C; 200 uM photons m~2 sec™!).

Generation of pumpkin RNAi and Complemented Lines

For generation of pumpkin RNAi lines, a 240 bp-fragment of the coding se-
quence of PUMPKIN was amplified with primers Fw_CACC_Pumpkin_
RNAi/Rev_Pumpkin_RNAi. For the mutant complementation, the complete
CDS of PUMPKIN (AT3G68180) was RT-PCR-amplified using primers
Fw_Pumpkin_CACC/Rev_Pumpkin_Stop to obtain a construct without ad-
ditional tags. The respective PCR products were cloned into pENTR/SD/
D-TOPO (Invitrogen, Carlsbad, CA) and transferred into GATEWAY
pB7GWIWG?2 (I) for RNAI line generation or pB7YWG?2 for complementation
via the LR reaction (LR clonase II, Thermo Fisher Scientific, Waltham, MA),
according to the manufacturer’s protocols. Agrobacterium strain GV3101 was
transfected with the respective construct and used for floral dip transformation
of either the Col-0 plants (for RNAI line generation) or heterozygous D02154
plants (for complementation). Seeds obtained from Ty-plants were sown on soil
and seedlings were treated with BASTA (Bayer AG, Leverkusen, Germany) to
select for resistant plants.

For generation of RNAi lines in tobacco, a 269 bp-fragment of the coding
sequence of PUMPKIN from N. tabacum (GeneRef.: XM_016635857.1) was
amplified via RT-PCR with primers Fw_CACC_NT_RNAi_Pumpkin/
Rev_NT_RNAi_Pumpkin and cloned into pB7GWIWG2 (I) as described
previously. Agrobacterium-mediated (strain GV3101) transformation of
surface-sterilized leaf disks was carried out as described (Horsch et al., 1985).
Selection of antibiotic-resistant cells and shoot regeneration was as follows:
After 2 d on 1/2 MS plates with 1 mg/L 6-benzylaminopurine (BAP) in the
dark at 25°C, leaf discs were washed in sterile water and transferred to 1/2
MS plates containing 2 mg/L BAP, 500 mg/L carbenicillin and 400 mg/L
cefotaxime and cultivated under long-day conditions (16-h-light/8-h-dark)
at 25°C at 100 uM photons m~2 sec™!. For selection of transformants, callus/
shoots were regularly transferred on identical MS plates with increasing con-
centrations of phosphinothricin (1 to 5mg/L). After induction of root growth by
substituting BAP with 0.1 mg/L indole-3-butyric acid, plants were transferred
to soil for seed production.

RNA-Gel-Blot Hybridization, RT-PCR and PPE

RNA-gel-blot analyses, total RNA isolation, electrophoresis, blotting, and
hybridization with radioactive labeled probes were carried out as described by
Manavski et al. (2015). Oligonucleotides and primers for PCR-probes are listed
in Supplemental Table S1. For RT-PCR, DNA contaminations were removed by
the DNA-free DNA Removal Kit (Thermo Fisher Scientific, Waltham, MA).
Reverse transcription was performed with BIORAD’s (Hercules, CA) iScript
c¢DNA Synthesis Kit. RT-PCR (25 cycles; Fig. 1D) was performed with
PUMPKIN-specific primers (Fw_Pumpkin_CACC/ Rev_Pumpkin_stop),
while primers for UBIQUITIN (UBI) (Fw_Ubi/ Rev_Ubi) served as control.
PPE was conducted as described previously by Barkan (2011b). Signals
were quantified by Image].

RIP-Seq, RNA-Seq, and Slot-Blot Analysis

RIP-Seq analysis was essentially performed as described by Meurer et al.
(2017). Briefly, stroma extracts were isolated from the 2-week-old wild-type
plants and incubated with either PUMPKIN-specific antibodies or with the
preimmune serum. IgGs were captured with SIMAG-Protein G beads (Chem-
icell, Berlin, Germany). Recovered RNA was used for generation of libraries
with the ScriptSeq v2 RNA-seq Library Preparation Kit (Epicentre, Madison,
WI), according to manufacturer's instructions. Deep sequencing (2x 150 bp, v2
chemistry) was performed on a MiSeq sequencer (Illumina, San Diego, CA),
yielding 6.6 Mio and 10.3 Mio paired reads for PUMPKIN antibodies and the
preimmune serum control, respectively. To obtain the depths of coverage
(reads/nucleotides), primary reads were aligned to the Arabidopsis chloroplast
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genome (accession no. NC_000932.1) using CLC Genomics Workbench 6.5.1
(Qiagen, Valencia, CA) with the following parameters: mismatch cost = 2; in-
sertion cost = 3; deletion cost = 3; length fraction = 0.5; similarity fraction = 0.8; global
alignment = no; auto-detect paired distances = yes. Aligned reads were extracted as
BAM files and sorted in Galaxy using the SortSam tool (version 2.7.1.1). Sorted
BAM files were converted into RPKM-normalized bigwig files using the bam-
Coverage tool (version 3.0.2) and displayed in IGB. The ratio of PUMPKIN/
control of the two replicates was displayed across the entire chloroplast
genome.

For RPKM calculation of the RIP-Seq data, primary reads were aligned to
NC_000932.1 using the RNA-Seq Analysis tool with the following settings:
Reference type = Genome annotated with genes only; Reference sequence = Genome
(Genome); Gene track = Genome (Gene); Mapping type = Map to gene regions only;
Mismatch cost = 2; Insertion cost = 3; Deletion cost = 3; Length fraction = 0.8; Sim-
ilarity fraction = 0.8; Global alignment = no; Auto-detect paired distances = yes; Strand
specific = both; Maximum hits for a read = 3; Count paired reads as two = no; Ex-
pression value = total counts; Calculate RPKM for genes without transcripts = yes; Use
EM estimation = no; Minimum read count fusion gene table = 5. Numeric data are
provided in Supplemental Data Set S1.

For RNA-Seq analysis, isolated RNA of the wild-type and pumpkin mutants
was treated with RiboMinusTM Plant Kit (Thermo Fisher Scientific, Waltham,
MA) following the manufacturer's protocol and used for library preparation
followed by deep sequencing as described previously. Primary reads (the wild-
type samples 11.2 Mio reads each, pumpkin samples 13 and 13.7 Mio reads) were
aligned to the complete Arabidopsis genome using the CLC RNA-Seq analysis
tool with the following parameters: Reference type = Genome annotated with genes
and transcripts; Reference sequence = Arabidopsis thaliana sequence; Gene track =
Arabidopsis thaliana_Gene; mRNA track = Arabidopsis thaliana_mRNA; Mapping
type = Map to gene regions only; Mismatch cost = 2; Insertion cost = 3; Deletion
cost = 3; Length fraction = 0.8; Similarity fraction = 0.8; Global alignment = no; Auto-
detect paired distances = yes; Strand specific = both; Maximum hits for a read = 3;
Count paired reads as two = no; Expression value = Total counts; Calculate RPKM for
genes without transcripts = yes; Use EM estimation (recommended) = no. Genome
references were imported using the Download Reference Genome Data tool;
references were created from ftp.ensemblgenomes.org/pub/current/plants/
fasta/ Arabidopsis_thaliana/dna/Arabidopsis_thaliana. TAIR10.dna.toplevel.
fa.gz. Mapping results were sorted for chloroplast genes; the mean value of the
two independent replicates and the fold changes were calculated. Data
was provided in Supplemental Data Set S2. In order to characterize the 5’
and 3’ ends of petB transcripts, fastq files were subjected to illumination
adapter removal and sequence trimming using Trimmomatic (v 0.36) with
parameters: CROP:100 TruSeq3-PE-2.fa:2:30:10 LEADING:3 TRAILING:3
SLIDINGWINDOW:4:15 MINLEN:20. Remaining pair-end reads were
mapped to the whole Arabidopsis genome (TAIR10) using STAR (v 2.5.2a).
The only mapped pair-end reads retained were those with a mapping
quality bigger than 100 and mapping length bigger than 50 bp. To identify
the 5'-ends of the intron-containing petB transcript: The mapping position
of the 5’-end of the first pair-end reads which second read-pair map inside of
the petB intron was retained. To identify the 3'-ends of the intron-
containing petB transcript: The mapping position of the 3’-end of the sec-
ond pair-end reads which first read-pair map inside of the petB intron was
retained.

Slot-blot analysis was conducted as described by Meurer et al. (2017).

Immunoblot Analysis, BN PAGE, and
Antibody Production

Separation of soluble and thylakoid protein complexes and total leaf proteins
were performed as described by Torabi et al. (2014). Thylakoid membranes for
BN PAGE were isolated, solubilized, and run in the first dimension as described
by Schwenkert et al. (2006). Second dimension SDS gels were either stained
with Roti-Blue quick (Carl Roth, Karlsruhe, Germany) or blotted and used for
immunodetection.

PUMPKIN antibodies were raised against the synthetic peptide
VDGVFDDDPKRNPN and used in 1:1,000 dilutions. Peptide synthesis,
immunization, and IgG purification were done by BioGenes GmbH (Berlin,
Germany). For the RIP-Seq and slot-blot experiments, the respective preimmune
serum was used as negative control. The NdhH antibody was kindly provided
by Tsuyoshi Endo (Kyoto University). The RPL11 antibody was generated re-
cently (Meurer et al., 2017). All other antisera (PsaA, PsaF, PsbA, PsbB, PsbC,
PetB, AtpC, LHCb2, LHCal, RPS5) were obtained from Agrisera (Vannds,
Sweden). Signals were quantified by Image].

Plant Physiol. Vol. 179, 2019

Schmid et al.

Preparation and Size Exclusion Chromatography of
Stroma Extracts

Size exclusion chromatography analysis of chloroplast stroma extracts
obtained from the 2-week-old wild-type plants was performed as described by
Meurer et al. (2017). Fractions were separated on 15% SDS-PAGE.

Size exclusion chromatography experiments with recombinant MBP-
PUMPKIN and AcTEV-digested MBP-PUMPKIN were conducted with a
Superdex 200 10/300 GL column (GE Healthcare, Little Chalfont, UK). Reaction
conditions and determination of the complex sizes were specified previously
(Meurer et al., 2017).

EMSA

For in vitro RNA-protein-binding studies, EMSA experiments were carried
out. Trace amounts of radioactively labeled RNA probes generated by in vitro
transcription were incubated with increasing concentrations of recombinant
PUMPKIN protein and separated on native PAA gels. Reaction conditions
and experimental setup were described elsewhere (Meurer et al., 2017).
Supplemental Table S1 offers sequence information of the probes.

Yeast-Two Hybrid Screening

For analysis of protein-protein interactions, we used the Matchmaker Two-
Hybrid System Kit (Clontech, Mountain View, CA). The coding region of
PUMPKIN lacking the transit peptide (aa 1-53) was PCR amplified
(Fw_Pumpkin_Ndel/ Rev_Pumpkin_stop_BamHI) and cloned into the Ndel/
BamHI restriction sites of the pPGADT7 and pGBKT7 vectors to obtain bait and
prey constructs. The bait and prey vectors were cotransformed into yeast strain
AH109 and selected on SD plates without Leu and Trp (-L-W). Protein-protein
interactions were analyzed by growing the double transformants on highly
stringent SD plates without Leu, Trp, His, and adenine (-L-W-H-Ade) as sug-
gested by the Matchmaker Two-Hybrid System Kit manufacturer. As a nega-
tive control, yeast cells containing the empty vector were transformed with the
respective bait/prey PUMPKIN construct.

In Vivo Protein Labeling

In vivo labeling was performed as described by Meurer et al. (2017), with
minor changes. Leaf discs from plants of the same developmental stage (wild
type/complemented: 2 weeks; pumpkin/RNAi: around 4 weeks) were used.
Samples were incubated at RT in ambient light for 20 min. Proteins were iso-
lated and separated into soluble and thylakoid fractions as described for im-
munoblot analysis. After determination of counts per minute (cpm), equal
amounts of sample corresponding to 1,000,000 cpm for soluble proteins and
100,000 cpm for thylakoid proteins were separated on a 10% denaturing pol-
yacrylamide gel. Proteins were visualized by coomassie staining. Gels were
dried and signals were detected using a Typhoon TRIO.

Localization Studies

Transient expression of PUMPKIN fused to YFP was performed as described
previously (Witte et al., 2004). A. tumefaciens strain GV310 transformed with
PUMPKIN C-terminal YFP constructs [pHygIl_UT_mVenusC (Kunz et al.,
2014)] was infiltrated through the lower epidermis of 6-week-old N. ben-
thamiana leaves. After three days, protoplasts were isolated by incubation in
0.45 M sorbitol, 10 mm CaCly, 1% w /v Cellulase R-10, 0.25% Macerozyme R-10,
and 20 mm MES-KOH pH 5.7 for 3 h in the dark and filtered through a stainless
steel gauze (125 um). The protoplasts were pelleted (70 g, 1 min), resuspended
in W5 (145 mm NaCl, 125 mm CaCly, 5 M KCl, 5 mm Glc, pH 5.5) and analyzed for
the presence of fluorescence signals with a Leica TCS SP5II microscope (514-nm
excitation and 525- to 582-nm detection of emission through a HCX PL APO
63x/1.2 W water immersion objective). Chlorophyll autofluorescence was
detected with 514-nm excitation and a 651- to 704-nm emission wavelength.

For colocalization analysis, the full-length CDS of RAP (AT2G31890) was
amplified with primers Fw_RAP_CACC/ Rev_RAP, cloned into pENTR/
SD/D-TOPO (Invitrogen, Carlsbad, CA) and transferred into pH7CWG2.
Transient coexpression of PUMPKIN-YFP and RAP-CFP was performed as
just described.
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PUMPKIN Acts in RNA and Nucleotide Metabolism

Generation and Purification of Recombinant Protein

The coding sequence of PUMPKIN lacking the transit peptide (aa 1-53) was
PCR-amplified (Fw_Pumpkin_BamHI/ Rev_Pumpkin_stop_5Sall) and cloned
into pMAL-TEV (kindly provided by Alice Barkan, Institute of Molecular Bi-
ology, University of OR, Eugene, OR 97403) via the BamHI/ Sall restriction sites.
Overexpression and affinity purification were performed as described by Chi
etal. (2014). To remove the MBP-tag, ACTEV protease (Thermo Fisher Scientific,
Waltham, MA) was added. Proteins were separated by size exclusion chro-
matography on a Superose 6 10/300 GL column (GE Healthcare, Little Chal-
font, UK), with buffer containing 0.1 m Tris HC1 pH 8.0; 0.15 M NaCl; and 1 mm
EDTA. Fractions containing rPUMPKIN were concentrated using Amicon
Ultra-15 centrifugal filter units (Ultracel 3K; Merck Millipore, Darmstadt,
Germany).

UMP Kinase Assay

Initially, rPUMPKIN was tested for UMP kinase activity in an HPLC-based
assay as follows: 2 to 5 ug rPUMPKIN was incubated in Tris/HCI (50 mM, pH
7.4); KC1 (50 mM), MgCl, (2 mM); UMP (1 mM); ATP (1 mM), and GTP (0.5 mM,
required for full activity) at 30°C for the given time. Reaction products were
separated as specified previously (Daumann et al., 2015). UV-Vis detection was
at 265 nm, and data analysis was performed with Chromeleon software (Dio-
nex, Idstein, Germany). For further analysis, a coupled photometric assay as
described by Blondin et al. (1994) was exploited. Samples were measured in 96
well plates in an Infinite M200 reader (Tecan, Crailsheim, Germany), deter-
mining linearity with time and protein amount (0.2 to 3 ug per assay). Substrate
dependence for ATP and UMP were determined holding the nontested sub-
strate constant (0.2 mMm for ATP and 0.3 mm for UTP). Substrate affinities were
calculated by the Best-Fit method for Michaelis-Menten kinetics as part of the
GraphPad Prism software (GraphPad software, Inc.).

Accession Numbers

Sequence data from this article can be found in the EMBL/GenBank libraries
under the following accession numbers: PUMPKIN in Arabidopsis (At3g18680),
PUMPKIN in N. tabacum (XM_016635857.1), Arabidopsis chloroplast genome
(NC_000932.1), PyrH in E. coli (NC_000913.3), SYN_UMPXK in Synechocystis sp.
PCC6803 (NC_000911.1), and RAP in Arabidopsis (AT2G31890). RNA-Seq and
RIP-Seq data are available at NCBI GEO accession GSE121778.

SUPPLEMENTAL DATA

The following supplementary materials are available:
Supplemental Figure S1. RNAi Lines in Tobacco.
Supplemental Figure S2. Spectroscopic Analysis of pumpkin Mutants.

Supplemental Figure S3. Formation of Photosynthetic Complexes Demon-
strated by Blue Native PAGE in the First and SDS PAGE in the Second
Dimension.

Supplemental Figure S4. Up- and Down-Regulation of Plastid Genes Pref-
erentially Transcribed by the NEP and the PEP, Respectively.

Supplemental Figure S5. Enrichment of PUMPKIN RNA Targets Identi-
fied by RIP-Seq.

Supplemental Figure S6. Identification and Validation of PUMPKIN
RNA-Targets.

Supplemental Figure S7. In-Depth Analysis of the Aberrant Intron-
Containing Transcript of petB in the pumpkin Mutant Using RNA-Seq.

Supplemental Figure S8. rPUMPKIN Forms Homomultimers in Vitro.
Supplemental Figure S9. Development-Dependent Expression of PUMPKIN.
Supplemental Table S1. Sequence Information of Oligonucleotides

Supplemental Data Set S1. Mapped Reads to the Arabidopsis Chloroplast
Genome Resulting from RIP-Seq.

Supplemental Data Set S2. RPKM Values of Chloroplast Transcripts
Obtained by RNA-Seq.
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Abstract

Nucleotides are fundamental compounds for each living cell, as they do not only function as
building blocks for nucleic acids, but also serve to transfer energy for biochemical processes
and represent substrates for many derivatives, which are active and important in numerous
metabolic processes. Pyrimidine nucleotides can be either produced by de novo synthesis or by
energy-saving salvage pathways. This work focuses on the plant uracil salvage pathway located
in chloroplasts, involving several enzymes converting uracil into the final nucleotide product
UTP. One major enzyme in this pathway is PUMPKIN, the plastid UMP kinase, which converts
UMP to UDP. Beside its enzymatic activity, PUMPKIN was assigned an additional function in
chloroplast RNA metabolism, as it associated with several intron-containing chloroplast
transcripts. To further analyze which of the two functions is of major importance and if and how
they influence each other, we dissected the original enzymatic function from the RNA-
association capacity and vice versa, and studied the metabolic consequences of the defective
plastid UMP kinase function or impaired RNA association. It appeared that loss of the

enzymatic function mostly contributes to the pumpkin mutant phenotype. We further focused
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on the interplay between the different chloroplast enzymes involved in the pyrimidine salvage

pathway and provide first evidence for the existence of a chloroplast “pyrimidinosome”.

INTRODUCTION

Nucleotides represent one of the most essential cellular components. They are the basic units
for the synthesis of DNA and RNA, and thus are indispensable for gene expression in each
living cell. Beside their function in cellular information storage, especially pyrimidine
derivatives such as UDP-glucose, are the starting point for many other cellular compounds
involved in multiple processes ranging from secondary metabolites for plant defense as well as

cell-wall synthesis, starch and lipid metabolism (Kafer et al., 2004).

To obtain pyrimidine nucleotides, the plant cell can use the de novo synthesis pathway starting
from the basic molecules glutamine, ATP and CO, which are finally converted into energy-rich
nucleotides (Zrenner et al., 2006). As this represents an energy-consuming process, the plant
evolved another route — the so-called salvage pathway — in order to re-use nucleotides by
degrading and converting them back to uracil or uridine that can be transformed into UMP again
(Mainguet et al., 2009). The two uridine-cytidine kinases UCK1 and UCK2 are of major
importance for the uridine pyrimidine salvage pathway in the cytosol, but plants possess an
additional route for pyrimidine salvage, which takes place in the chloroplast. This pathway
starts with the import of uracil which is further converted to UTP (Witz et al., 2012; Ohler et
al., 2019). This involves three key enzymes: the uracil phosphoribosyl transferase UPP
converting uracil to UMP, the plastid UMP kinase PUMPKIN which phosphorylates UMP to
yield UDP and the nucleoside-diphosphate kinase NDPK2 finally generating UTP (Ohler et al.,
2019).

This research mainly focused on the importance of PUMPKIN in the pyrimidine salvage
cascade. Besides its enzymatic activity, PUMPKIN was assigned to possess an additional
function in plastid RNA metabolism. It specifically associated with intron-containing plastid
transcripts and influenced their stability (Schmid et al., 2019). In this study, we extended our
previous studies and focused on deciphering the roles of these two functions — the catalytic
activity as an enzyme and the RN A-association capability —and their contribution to the mutant
phenotype in more detail. To answer this question, we decided to use enzymatically impaired
PUMPKIN versions or the E. coli homolog PYRH lacking the RNA-association capability and

re-introduced the constructs into the pumpkin mutant background to analyze their rescue
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competency. We additionally focused on the interplay of the three key enzymes in the plastid
pyrimidine salvage pathway and provide first hints for the existence of a chloroplast

“pyrimidinosome”.

RESULTS

The Enzymatically Impaired PUMPKIN Is Unable to Complement the Mutant
Phenotype

Previously, we have shown that PUMPKIN has UMP kinase activity and is associated with
several plastid RNA introns (Schmid et al., 2019). It remained unclear to which extend the two
functions contribute to the pumpkin mutant phenotype. In a first attempt we tried to complement
the pumpkin mutant with enzymatically impaired PUMPKIN versions still retaining the RNA
association. Thereto, two different point mutations were introduced to replace the conserved
amino acids arginine at position 149 (R149) or aspartate at position 165 (D165) by alanine (A),
respectively. In the E. coli UMP kinase, both amino acids were reported previously to be
residues interacting with UMP, and thus directly influencing the enzymatic activity (Briozzo et
al., 2005). The positions of the amino acids within the predicted three-dimensional structure of
PUMPKIN are depicted in Figure 1A. As tested by in vitro studies, replacing aspartate 165 by
alanine (D165A) reduced the enzymatic activity to about half of the wild-type (WT) PUMPKIN
protein (Figure 1B). When exchanging the arginine at position 149 (R149) to alanine, the
enzymatic activity was basically abolished, thus leading to a virtually inactive PUMPKIN
enzyme. Constructs containing either the D165A or the R149A mutation were subsequently
used to complement the Arabidopsis pumpkin mutant.

Pumpkin mutants which were complemented with PUMPKIN D165A, displayed varying
phenotypes (Figure 1C). While D165A line #1 showed a partially complemented phenotype,
but retained retarded development and pale leaves, the D165A#2 line behaved basically like
the WT. These observations were also true concerning their photosynthetic performance (Figure
1C). Especially the newly developing leaves of line D165A#1 exhibited defects in
photosynthesis as revealed by reduced F./Fm values, in contrast to D165A#2 plants which
almost reached wild-type performance.

Mutants complemented with the enzymatically inactive PUMPKIN version R149A did not
show any improvement of their phenotype nor their photosynthetic performance (Figure 1C).
The plants remained small and pale-green and displayed massive defects in photosynthesis,
similar to the pumpkin mutant. Thus, re-introducing the RNA-association capability of

PUMPKIN alone did not lead to any visible rescue. Genotyping confirmed the presence of the
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pumpkin mutant background in all the complemented lines (Figure 1D). To verify the
expression of the two constructs, soluble protein extracts from WT, pumpkin, D165A#1,
D165A#2 and R149A plants were subjected to immunoblot analyses with a PUMPKIN-specific
antiserum (Figure 1E). As expected, the PUMPKIN protein was found in the WT but was absent
in the pumpkin knock-out mutant. The PUMPKIN antibody was still able to detect the two
mutated PUMPKIN versions D165A and R149A since they represent point mutations. A
comparison revealed that R149A almost reached the expression level of the native protein in
the WT. The expression in the D165A lines varied, which was in line with the observed
phenotype. While D165A#1 showed a lower expression, when compared with the wild-type
PUMPKIN abundance, D165A#2 plants overexpressed the D165A protein, which seemed to
compensate for the reduced enzymatic activity. Taken together, we conclude that the observed
pumpkin phenotype is rather caused by the lack of the enzymatic function of PUMPKIN as an
UMP kinase.

PYRH — the E. coli Homolog of PUMPKIN — Largely Rescues the pumpkin Phenotype

In a separate approach we aimed to complement the pumpkin mutant with an enzymatically
functional protein, which does not possess the RNA-association function. For this reason, we
chose the E. coli homolog PYRH, which was shown to be a functional UMP kinase converting
UMP to UDP (Serina et al., 1995) but which is lacking any known RNA-association capability.
When comparing the enzymatic performance of PYRH and PUMPKIN by in vitro enzyme
assays (Figure 2A), PYRH was found to be enzymatically even more active than the PUMPKIN
protein (~25-fold) under the chosen conditions, thus making the E. coli protein a suitable UMP
kinase for our complementation approach. To ensure correct localization, the corresponding
gene was N- terminally fused with the chloroplast targeting peptide of RBCS and the construct
was transferred into the pumpkin mutant background.

Figure 2B shows the phenotypes of three independently complemented PYRH-lines, displaying
a gradually improving phenotype between pumpkin and wild-type plants. While PYRH lines
#1 and #2 are still partially impaired in their growth and show pale-green leaves in the middle
of the rosette, PYRH line #3 phenotypically resembled the WT.

The corresponding photosynthetic performance of all lines is represented by the measured F./Fm
values captured by imaging chlorophyll fluorescence (Figure 2B). As expected, wild-type
plants showed an F./Fm value of roughly 0.8. In contrast, pumpkin mutants were massively
impaired in their photosynthetic performance. Similarly, the complemented PYRH lines #1 as

well as #2 displayed defects in photosynthetic performance, especially in developing leaves.
50



Nevertheless, depending on the grade of complementation - and in accordance with the
observed phenotype - photosynthetic performance was partially restored. The PYRH line #3
was even able to essentially reach wild-type levels in its photosynthetic as well as its
developmental performance.

Genotyping confirmed that the pumpkin mutation was still present in all the lines (Figure 2C).
We next analyzed the protein expression of PYRH in the different complemented PYRH plants
using a PYRH-specific antibody. The PYRH protein was only found in the PYRH
complemented lines (Figure 2D), also demonstrating the specificity of the antiserum.
Interestingly, the protein expression levels of PYRH directly correlated with the observed plant
phenotypes. While PYRH line #1 only displayed a weak expression of the PYRH protein and
had a phenotype more resembling the pumpkin mutant, PYRH line #3 reached the highest

expression levels of the PYRH protein, which led to an almost wild-type-like phenotype.

Next, we analyzed the capability of PYRH to also complement the molecular defects observed
in the pumpkin mutant. Figure 3A shows RNA-gel blots probed with the known targets that are
associated with PUMPKIN, using RNA derived from WT, pumpkin, PYRH#1, PYRH#2, and
PYRH#3. As shown previously (Schmid et al., 2019), the pumpkin mutant displayed aberrant
transcript patterns, when probed with the petB and ndhA intron as well as strongly decreased
levels of trnG, trnV and petD precursors. In line with the gradual improvement of the phenotype
in the different complemented PYRH lines, also the aberrant transcript patterns (petB, ndhA) as
well as the reduction of RNA precursors (petD, trnG, trnV) could be gradually restored and
were comparable to wild-type levels and patterns in the PYRH#3 line. As mentioned
previously, pumpkin mutants showed a decrease in photosynthetic subunits to roughly 25% of
wild-type levels (Schmid et al., 2019). When comparing the protein levels of several
photosynthetic subunits as representatives for the different photosynthetic complexes in the
PYRH complemented lines, a gradual increase in protein levels was observed, ranging from
roughly 25-50% in PYRH line #1 to almost wild-type levels in PYRH line #3 (Figure 3B).

Again, this molecular complementation is in line with the observed PYRH plant phenotypes.

PYRH Does not Associate with PUMPKIN RNA Targets in vivo

As prove of concept, we needed to re-assure that PYRH is indeed only enzymatically active but
unable to associate with chloroplast intron RNAs — in contrast to PUMPKIN. For this purpose,
we performed RNA-immunoprecipitation (RNA-IP) with PYRH-specific antibodies, using

stroma extracts of PYRH complemented plants and WT as respective control (Figure 4A). The
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PYRH protein was successfully pulled down in the PYRH-IP fraction but was absent in the
WT, as expected, also proving the specificity of the PYRH antiserum. Subsequently, RNA was
isolated from the supernatant and IP pellet fractions and subjected to slot blot hybridization
with the indicated probes, representing the RNA-association targets of PUMPKIN (Figure 4B).
None of the tested targets was found to be enriched in the PYRH-IP pellet compared to the WT-
IP pellet. The 23S rRNA served as a control and was also not enriched in the PYRH-IP from
PYRH containing plants. This clearly indicated that PYRH was unable to associate with RNA
targets of PUMPKIN, and thus fulfills the criteria for a PUMPKIN version which only
possesses the enzymatic activity. In our previous study we found PUMPKIN to be part of RNA-
containing protein complexes ranging up to megadalton sizes (Schmid et al., 2019). Using size-
exclusion chromatography of stroma extracts from PYRH complemented plants, we analyzed
if PYRH can be found as part of these complexes in vivo as well (Figure 4C). To further
investigate if these complexes may contain RNA, a second run using RNase treatment was
performed. The obtained fractions were then subjected to immunoblot analyses with the
indicated antibodies. Unlike the PUMPKIN protein, PYRH was predominantly found in
fractions 10 to 22, which roughly corresponds to complex sizes between 75-158 kDa (fractions
18-20) and up to roughly RubisCO-sized 550 kDa (fractions 10-14) (Meurer et al., 2017;
Schmid et al., 2019). These fractions were not susceptible to RNase treatment, again arguing
that PYRH does not associate with chloroplast RNA in vivo. There is only one very weak and
therefore negligible signal of PYRH in fraction 2, especially considering that only 50% of
fractions 14 to 28 were loaded to avoid overloading of the gel. In strong contrast, PUMPKIN
was found to be distributed over all high molecular weight fractions, which showed a clear shift
when treated with RNase (Schmid et al., 2019). Expectedly, RNase treatment was successful,
as proven by probing with antibodies for components of the large and small ribosomal subunit
(RPL11 and RPS5), which showed a clear shift upon RNase application. PYRH was
furthermore not found in its monomeric form (approx. 26 kDa), thus arguing that not only in
bacteria but also in planta PYRH forms a hexameric structure (approx. 156 kDa), which is
essential for its proper functionality (Briozzo et al., 2005). Together, these results prove that
PYRH is neither associated with RNA-containing proteinaceous complexes nor with the known
PUMPKIN RNA targets.

PUMPKIN Associates with Proteins Involved in Plastid RNA-Metabolism

Even though our results suggest that the lack of the enzymatic function is almost exclusively

the cause for the pumpkin phenotype, we wanted to clarify why PUMPKIN was found to
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specifically associate with a subset of intron-containing plastid transcripts. When checking the
capability of the point mutated PUMPKIN versions R149A and D165A as well as the PYRH
protein in binding to the previously determined binding site of PUMPKIN within the petB
intron, we obtained binding to this region with all these proteins (Supplemental Figure S1A).
As we excluded any in vivo association of PYRH with PUMPKIN RNA targets before (Figure
4), we further tested the specificity of this interaction by including another unrelated RNA-
binding protein — PAC — in the electrophoretic mobility shift assay (EMSA). As shown in
Supplemental Figure S1B, the petB c probe — previously identified to be shifted by the
PUMPKIN protein — was as well shifted by the PAC protein, which was shown to not target
petB by RIP-Seq analyses in vivo (Meurer et al., 2017). We therefore concluded that the
previously observed binding to petB c is indeed rather unspecific. Thus, we suggest that
PUMPKIN may interact with its RNA targets indirectly via other proteins and cannot be further
considered to be a true RNA-binding protein. In order to identify these interaction partners, co-
immunoprecipitation (Co-IP) coupled with mass spectrometry was performed. Table 1 lists all
significant plastid-localized hits (log2 FC > 1 and p-value adj < 0.05) which were further
checked for co-expression with PUMPKIN using the ATTEDII database (Obayashi et al.,
2018). Intriguingly, we identified 33 proteins out of 70 significantly enriched plastid-localized
hits (log. FC > 1), which are involved in different steps of chloroplast RNA metabolism
(highlighted in grey in Table 1). Beside classical RNA-binding proteins, such as PPR and TPR
proteins (e.g. RAP, MRL1, SOT5), which fulfill various but mostly very specific tasks in
posttranscriptional gene regulation (Barkan and Small, 2014), we also found CP29A, a family
member of the cpRNPs, which act as general factors for RNA stabilization of large transcript
pools (Kupsch et al., 2012). Moreover, we found several proteins involved in RNA processing
and degradation (RNaseE and its interaction partner RHON1 as well as RNaseJ) (Stoppel et al.,
2012; Halpert et al., 2019) or splicing of specific introns (RH3, ISE2 and SOT5) (Asakura et
al., 2012; Carlotto et al., 2016; Huang et al., 2018). Another interesting co-immunoprecipitated
candidate was PNPase. It was shown to be important for efficient 3’ end maturation of
chloroplast mRNAs and tRNA degradation (Walter et al., 2002). We further found two NusB
domain-containing proteins (AT4G26370, AT3G13180), whose eubacterial relatives are
known to regulate rRNA biosynthesis and antitermination (Greive et al., 2005). Additionally,
we identified a number of proteins, assigned in transcript stability and processing or splicing of
the psbB operon, which comprises the PUMPKIN RNA targets petB and petD: RNC1, HCF152,
HCF107, WTF1, CAF2, CFM3A, CAF1 (Stoppel and Meurer, 2013). This finding could
explain the observed association of PUMPKIN with petB and petD intron-containing
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transcripts. Amongst the identified potential interaction partners, we discovered several
components which are direct members of the pTAC family or proteins associated with “plastid
transcriptionally active chromosomes”, namely pTAC7 and pTAC16, as well as GYRA (DNA
gyrase subunit A) (Pfalz et al., 2006). Additionally, we found CPSAR1, which is closely related
to OBG (SpoOB-associated GTP-binding) proteins which were shown to be involved in
organellar ribosome biogenesis (Bang et al., 2012). When comparing our hits with the lately
analyzed mRNA-binding proteome in etiolated seedlings (Reichel et al., 2016) several more —
yet functionally uncharacterized — proteins can be categorized into being “candidate RNA-
binding proteins”, such as PPR3, two RRM-motif containing proteins (AT1G01080,
ATA4G09040) and several ribosomal proteins (RPS7, RPS5, RPS1 and RPS11). As expected,
we also found some matches of already characterized proteins from our IP-hits in the proteome
data from Reichel et. al (e.g. RHON1, CP29A), thus re-enforcing their connection to the
chloroplast RNA metabolism. Due to the numerous identified RNA-binding proteins which we
captured in our IP approach, we readjust our previous assumption of PUMPKIN representing a
true RNA-binding protein but propose that it associates with plastid introns in concert with
other RNA-binding factors.

PUMPKIN Co-Localizes with the Pyrimidine Pathway Enzymes UPP and NDPK?2

Our previous results revealed a spotty localization pattern of PUMPKIN in chloroplasts, which
could only be partially assigned to a potential nucleoid localization (Schmid et al., 2019).
Interestingly, also UPP, the upstream enzyme in the plastid pyrimidine salvage pathway
displayed this spotty pattern (Ohler et al., 2019), which prompted us to investigate if enzymes
of the pyrimidine salvage pathway can cluster together and thus co-localize. In a transient triple
co-transformation approach into tobacco leaf tissue, using different fluorescent tags for the
three enzymes (PUMPKIN-CFP, UPP-YFP and NDPK2-RFP), we analyzed their cellular
localization and clustering (Figure 5A). All three tagged proteins specifically localized to
chloroplasts, where we observed again the punctuated distribution, which perfectly overlapped.
Additionally, co-transformation experiments using PUMPKIN-CFP and UPP-YFP (Figure 5B)
or PUMPKIN-CFP and NDPK2-RFP were performed, again displaying this spotty signal
within chloroplasts, which accurately overlapped. To conclude, UPP, PUMPKIN and NDPK2
— the three plastid enzymes in the pyrimidine salvage pathway — co-localized to form clusters.
To further analyze the ability of these enzymes to interact with each other, immunoprecipitation
(IP) experiments were performed using PUMPKIN-specific antibodies to pull-down the native

PUMPKIN protein from wild-type stroma extracts and to analyze if UPP co-purifies. With
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standard IP conditions as well as with an additional crosslinking-step, PUMPKIN was
successfully pulled-down and detected in the IP fraction (Supplemental Figure S2) but UPP
remained in the supernatant. In our previous IP-approach coupled with LC/MS we were also
unable to detect UPP or NDPK2 pointing to a rather weak and/or reversible interaction between

the three proteins.

DISCUSSION
An Impaired Nucleotide Metabolism Is Mainly Responsible for the pumpkin Phenotype

Using the enzymatically active E. coli homolog PYRH which is not associated with plastid
RNAs when expressed in Arabidopsis, led to a clear complementation phenotype, depending
on the PYRH protein level and thus the resulting recovery of nucleotide salvage in the
chloroplast. PYRH was not only able to complement on the developmental level but could also
restore the observed molecular defects, including the aberrant and reduced transcripts in the
pumpkin mutant background. This clearly indicates that these observed defects are a direct
consequence of impaired and thus imbalanced pyrimidine biosynthesis. Accordingly,
expression of the enzymatically inactive PUMPKIN R149A version, could not restore the
mutant phenotype. Interestingly, also mutants defective in the purine synthesis pathway
displayed pale green to white-striped phenotypes accompanied by severe developmental
defects. Mutations in ATase2 — the initial enzyme in purine synthesis — showed decreased levels
of ATP and GTP which led to small, albinotic plants (Hung et al., 2004). Similar to PUMPKIN,
a rice mutant impaired in GARS — the second important plastid-localized enzyme in purine
biosynthesis, showed a decrease of 23S and 16S rRNA as well as effects on the transcript levels
of plastid-encoded genes resulting in white-striped plants (Cao et al., 2019). Thus, an imbalance
or shortage in nucleotide metabolism has far reaching consequences for the whole metabolism
and development, which is a widespread phenomenon. In some bacteria, such as the gram-
negative E. coli or the gram-positive Streptococcus pneumoniae, knock-out of the PUMPKIN
homologs even resulted in lethality (Fassy et al., 2004). Also in humans, disturbance in the
pyrimidine metabolism is linked to several diseases. Mutations in the DHODH (dihydroorotate
dehydrogenase) enzyme, which is part of de novo pyrimidine synthesis, induced the Miller
syndrome, causing severe craniofacial, limb, and eye malformations (Duley et al., 2016).
Mutations in another enzyme of pyrimidine de novo synthesis — UMP synthase — led to orotic
aciduria which was accompanied by retardation in growth and intellectual development (Suchi

et al., 1997). In plants, knockdown of pyrimidine de novo synthesis enzymes led to reduced
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growth rates (Zrenner et al., 2006; Chen and Slocum, 2008). Nevertheless, plants seem to be
able to partly compensate a downregulation in de novo synthesis by using the uridine-salvaging
pathway (Geigenberger et al., 2005). In summary, this underlines the importance of nucleotide
biosynthesis, balance and the far-reaching consequences on numerous metabolic processes in

case of dysfunction.

Still it remains challenging to pinpoint how exactly a shortage or imbalance of nucleotides leads
to the observed molecular defects in the pumpkin mutant. On the one hand, nucleotides are
essential as building units for nucleic acids, thus, it is reasonable to expect direct consequences
on gene expression. In addition, nucleotides and their precursors are also major components for
the synthesis of many derivatives such as UDP-glucose. Accordingly, also many other
metabolic processes might be largely impaired in pumpkin. For instance, double knockouts of
the two genes coding for UDP-glucose pyrophosphorylase (UGPase), which catalyzes the
reaction of glucose 1-phosphate (Glc 1-P) and UTP to UDP-glucose, exhibited growth defects
and male sterility (Park et al., 2010). To further gain insight if indeed shortage of a certain
intermediate or derivative of the pyrimidine salvage pathway is responsible for the observed
defects, rescue experiments of the pumpkin mutant on MS media supplemented with the
downstream products of the pyrimidine salvage pathway - UDP, UTP and UDP-glucose - were
performed. As shown in Supplemental Figure S3, feeding the plants with UDP-glucose could
indeed improve the plant growth and photosynthetic performance. As a control plants were also
fed with glucose only, which did not lead to any effect. None of the supplements showed any
effects on wild-type plants. Supplementing the media with UDP or UTP could barely improve
the pumpkin phenotype. Nevertheless, it remains challenging to assess whether the plants are
capable to utilize UDP or UTP from the media and transport appropriately. Furthermore, they
might be quickly metabolized (Wormit et al., 2004). Recent reports argue for transport routes
for dNTPs, as the medium supplemented with 2 mM of dCTP was capable to suppress the ven4
mutant phenotype (Xu et al., 2020). In contrast, UDP-glucose is a commonly used nucleotide-
sugar transport form, hence the plant might be able to uptake and indeed distribute UDP-glucose
wherever needed before it gets metabolized (Norambuena et al., 2002; Seino et al., 2010).
Interestingly, an overall slight improvement in the photosynthetic performance of pumpkin
mutants at later developmental stages was shown (Supplemental Figure S3B), consistent with
the previously observed lower expression and need of the PUMPKIN protein in later
developmental stages (Schmid et al., 2019). This slight improvement may indicate that as soon
as a certain nucleotide pool has been established and several energy and nucleotide-consuming
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processes might be slowed down compared to earlier plant developmental stages, the plant can

cope better with nucleotide shortage.

RNA Association of PUMPKIN Is Mediated via RNA-Binding Protein Interaction
Partners

In vitro RNA-binding studies previously suggested that PUMPKIN might directly interact with
its RNA targets (Schmid et al., 2019). When performing similar RNA-binding studies with
additional proteins, including the PYRH protein as well as PAC (PALE CRESS) — another
unrelated RNA-binding protein — we observed comparable binding of the previously identified
binding site within the petB intron to all these proteins (Supplemental Figure S1). As we could
clearly prove that PYRH does not associate with petB or other PUMPKIN RNA targets in vivo
(Figure 4) and RIP-Seq analyses of PAC excluded petB as one of its targets (Meurer et al.,
2017), we concluded that the observed binding is rather unspecific. How this unspecific
interaction is mediated and why this certain probe does somehow stick to proteins remains
unclear. One might speculate that certain stretches of this probe can interact with protein
surfaces via ionic interactions. It further needs to be mentioned that we were unable to prove in
vitro binding of PUMPKIN to other identified targets (trnG and ndhA) which led to the
hypothesis that the RNA association of PUMPKIN is rather accomplished in concert with
additional RNA-binding factors.

When searching for protein interaction partners via Co-IP coupled with mass spectrometry,
numerous plastid-localized RNA-binding proteins were identified among the top candidates. In
addition, co-expression analysis using ATTEDII revealed a close relation between PUMPKIN
and other genes involved in the plastid RNA metabolism, such as pTACs, PPRs and helicases,
amongst them were also several candidates identified by IP/MS. Thus, PUMPKIN seems to
fulfill an additional role in chloroplast RNA metabolism. In contrast to its homolog PYRH,
PUMPKIN was found in RNA-containing megadalton protein complexes in vivo as shown by
previous size-exclusion chromatography experiments (Schmid et al., 2019). Proteinaceous
assemblies of this size distribution, ranging from different ribosomal assembly stages up to
nucleoid-containing fractions are typical for proteins involved in chloroplast RNA metabolism
(Beick et al., 2008; Stoppel et al., 2011; Meurer et al., 2017; Paieri et al., 2018). One could also
speculate that PUMPKIN — as part of the salvage pathway - makes use of RNA-degradation
products as we found several proteins involved in RNA decay such as RNaseE, RNaseJ and

PNPase in our IP approach. Bypassing the complete route of the salvage pathway by directly
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using the mononucleotides which arise through RNA decay could represent an effective way
of saving and converting energy (Andrade et al., 2009).

In addition, the observed molecular defects in the pumpkin mutant appear to be specific. Unlike
upp mutants, which are impaired in the upstream enzymatic reaction in the pyrimidine salvage
pathway, pumpkin mutants displayed a reduction in plastid rRNA levels and were impaired in
plastid translation (Schmid et al., 2019). Furthermore RNA-Seq analyses of upp did not identify
these dramatic downregulation of PEP- and upregulation of NEP-dependent plastid genes in
contrast to pumpkin (Ohler et al., 2019; Schmid et al., 2019). Altogether, the close relation to
chloroplast RNA-binding proteins as well as the specificity of the defects in comparison with
the upp mutant, argues for additional functions of PUMPKIN in chloroplast RNA metabolism.
Under which conditions this potential moonlighting function in RNA metabolism becomes

crucial for the plant remains to be investigated.

Plastid Enzymes of the Pyrimidine Salvage Pathway Cluster Together

Several plastid enzymes involved in pyrimidine and purine biosynthesis display a spotty signal
pattern within the chloroplast when examining their localization by fluorescence microscopy
(Bolter et al., 2007; Yang et al., 2015; Ohler et al., 2019). In some cases, this punctuated signal
could be attributed to a nucleoid-specific localization (Bélter et al., 2007; Yang et al., 2015).
Nevertheless, in the case of PUMPKIN, the observed spots did not completely overlap with the
signals of co-transformed nucleoid controls (Schmid et al., 2019). A partial distribution into
nucleoids is still reasonable as we found several nucleoid-localized pTAC and pTAC-associated
proteins in our IP-approach and the downstream enzyme NDPK2 was previously co-localized
with nucleoids as well (Bolter et al., 2007). However, when comparing the pattern with
localization studies of purine biosynthetic enzymes in mammalian cells, another hypothesis
arose. In recent years, numerous papers provided evidence that enzymes involved in de novo
purine synthesis can cluster together to form the so called “purinosome” (An et al., 2008;
Baresova et al., 2018). The formation of this complex allows substrate channeling leading to
increased reaction rates as well as the protection of susceptible intermediate products such as
ammonia (Chitrakar et al., 2017). Furthermore, the establishment of this protein assembly
provides another layer of regulation of purine metabolism, in addition to allosteric feedback
inhibition and thus allows fine-tuning of this biosynthetic pathway (Pedley and Benkovic,
2017).

58



In case of pyrimidine biosynthesis, final evidence for a “pyrimidinosome” is still lacking.
Nevertheless, co-precipitation of the first three enzymes in de novo pyrimidine synthesis was
shown in Trypanosoma cruzi, speaking in favor that also enzymes required for pyrimidine
biosynthesis can cluster together (Nara et al., 2012). Thus, it seems reasonable to assume that
also enzymes of the salvage pathways can assemble to form such a metabolon. Regarding
pyrimidine de novo synthesis, substrate channeling seems to be favorable, as in some species
fusion proteins such as the animal CAD evolved, which contains the enzymatic domains of the
first three enzymes in pyrimidine de novo synthesis (Nara et al., 2000). We could now provide
first evidence that UPP, PUMPKIN, and NDPK2 — the plastid localized enzymes of the
pyrimidine salvage pathway — cluster together and co-localize as shown by co-transformation
of tagged versions and fluorescence microscopy. Still, this interaction seems to be rather
transient, as neither UPP nor NDPK2 could be found via PUMPKIN Co-IP approaches either
followed by immunoblot analyses or by mass spectrometry. As shown in the mammalian
system, the clustering of purine synthesis enzymes is a reversible interaction, which is only
visible under certain conditions (Baresova et al., 2018). Thus, it remains questionable if

“pyrimidinosomes” were present in the stroma used for our pull-down experiments.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis plants were grown on soil under the following conditions: 16-h-light (20°C)/8-h-
dark (18°C), 100 pmol photons m2 s*. The pumpkin knock-out mutant was obtained from the
GabiKat collection (D02154) (Kleinboelting et al., 2012). N. benthamiana plants were grown
on soil under short day conditions (120 pmol photons m2s™! in a 10 h light/14 h dark regime
at 20°C).

Generation of Plant Lines

The complete coding sequence of PUMPKIN was amplified using primers listed in
Supplemental Table S1 (PUMPKIN_fwd/rev) and inserted into pBluescript (Stratagene,
Heidelberg). Mutations R149A and D165A were introduced by site directed mutagenesis with
corresponding primers given in Table S1 using the Quickchange Il Kit (Agilent Technologies,
Santa Clara, USA). Primers containing Gateway attB sites were used to amplify the point

mutated PUMPKIN versions from pBluescript vectors. The amplified products were inserted
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into pPDONR and finally into pUB-Dest (Grefen et al., 2010). Constructs were transformed into
Agrobacterium tumefaciens strain GV3101 (Koncz et al., 1994). Floral inoculation was used to
transform pumpkin floral buds (Narusaka et al., 2010). PYRH was amplified from E. coli
genomic DNA with primers listed in Table S1 and the resulting product was translationally
fused at the N-terminus with the chloroplast target sequence of RBCS (first 80 AA, primers

Table S1). Subsequent cloning and transformation steps were carried out as described above.

PAM Measurements

The photosynthetic performance was measured using an Imaging PAM chlorophyll fluorimeter
(Imaging PAM, M-Series; Walz, Effeltrich, Germany). The presented maximum PSII quantum
yield was determined as the ratio of F./Fm (F.= variable fluorescence, Fm= maximal
fluorescence) and is displayed in false colors. Prior to the measurement plants were incubated
in the dark for 30 min. The parameters used for the measurement were specified previously
(Pulido et al., 2018).

Protein Extraction and Immunoblot Analyses

The PYRH antibody was raised against the synthetic peptides of amino acids 167-181 and 227-
241 and used in 1:1,000 dilutions (Eurogentec, Cologne, Germany). The PUMPKIN antiserum
was described recently (Schmid et al., 2019). RPL11 and RPS5 sera were used in previous
studies (Meurer et al., 2017). The NdhH antibody was kindly supplied by Tsuyoshi Endo
(Kyoto University). All other antibodies (CP43, D1, PsaA, PsaF, Cytbs, AtpC) were purchased

from Agrisera (Umed, Sweden).

RNA-immunoprecipitation and Slot Blot Analysis

RNA-immunoprecipitation and slot blot hybridization were performed as stated recently
(Meurer et al., 2017) using the PYRH-complemented line and Col-0 wild-type plants as control
and PYRH-specific antibodies. SIMAG-Protein G beads were replaced by SureBeads™ Protein
A Magnetic Beads (BioRad, Feldkirchen, Germany). Primers used to generate the indicated

probes are listed in Table S1.

RNA Extraction and RNA Gel Blot Analyses

Leaf RNA extraction and blotting, probe labeling and hybridization was performed essentially

as described previously (Manavski et al. 2015). Probes used are listed in Table S1.
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In Vitro Enzyme Kinetics Measurements

Purified, recombinant PYRH, PUMPKIN and corresponding mutant variants were tested for
UMP kinase activity in a coupled photometric assay as described in Blondin et al., (1994) with
modifications in (Schmid et al., 2019).

Size-Exclusion Chromatography, Co-Immunoprecipitation, and Mass Spectrometry

Size-exclusion chromatography was performed as described recently (Schmid et al., 2019).
Briefly, 3 mg of isolated stroma from PYRH-complemented plants was fractionated on a
Superose 6 10/300 GL column using buffer A as described previously (Olinares et al., 2010).
For RNase treatment 300 pg of RNase A (QIAGEN) were added and the stroma was incubated
on ice for 30 min before the run. After a void volume of 2.5 mL, fractions were collected and
precipitated using 100% wi/v trichloroacetic acid. Fractions were loaded on a 15% denaturing
polyacrylamide gel (from fraction 14 to 28 only half was loaded to avoid overloading), blotted,

and decorated with the indicated antibodies.

Co-immunoprecipitation of proteins was performed similarly as described for RNA-co-
immunoprecipitation. For the additional cross-linking step for the PUMPKIN-IP shown in
Figure S2, DPS (Dithiobis(succinimidyl propionate)) was added to the chloroplast lysis buffer
to a final concentration of 2.5 mM. IP fractions were either subjected to SDS-PAGE or were
eluted in 0.1 M glycine, pH 2.5 and subsequently prepared for mass spectrometry (Smaczniak
et al., 2012). Briefly, after reduction (2.25 mM DTT, 30 min at 37°C) and alkylation (5 mM
iodoacetamide, 30 min at room temperature in the dark), the samples were digested overnight
at 37°C with 1.5 ug trypsin (Pierce Trypsin Protease, MS Grade). The resulting peptides were
subsequently desalted with home-made C18 stage tips (Rappsilber et al., 2003) and vacuum
dried to near dryness before storing at -80°C. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) was performed on a nano-LC system (Ultimate 3000 RSLC,
ThermoFisher Scientific, Waltham, MA, USA) coupled to an Impact Il high-resolution Q-TOF
(Bruker Daltonics, Bremen, Germany) via a CaptiveSpray nano ESI source (Bruker Daltonics).
Peptides were loaded on a 2-cm nano-trap column (Acclaim Pepmap, C18, 100 A, 100-pm inner
diameter, Thermo Fisher Scientific) and separated on a 50-cm analytical column (Acclaim
Pepmap RSLC, CI18, 100A, 75-uminner diameter, Thermo Fisher Scientific).
Chromatographic separation was carried out in a 50°C column oven using a 30-min linear

gradient of 5-45% acetonitrile at a flow rate of 250 nl per min. MS1 spectra were acquired at 3
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Hz with a mass range m/z 200-2000, and with the 18 most intense peaks being selected for
fragmentation. The dynamic exclusion duration was set to 0.5 min.

MS raw files were processed using MaxQuant software (version 1.6.3.4 (Cox and Mann, 2008))
and peak lists were searched against the Arabidopsis thaliana UniProt database (version April
2019) using the built-in Andromeda search engine (Cox et al., 2011) with the default settings.
False discovery rate (FDR) was set to 1% for peptides and proteins. The label-free
quantification (LFQ) algorithm (Cox et al., 2014) with default settings was used to quantify
proteins across samples. Downstream bioinformatic and statistical analysis were performed in
Perseus (version 1.6.2.3 (Tyanova et al., 2016)). After excluding potential contaminants,
reverse hits, and proteins identified only by site modification, protein groups were retained if
they had been quantified in all 3 replicates in one genotype. Protein LFQ intensities were log.-
transformed and missing values imputed from a normal distribution. Significantly enriched
proteins were determined by t-test statistics and p-values adjusted for multiple comparisons

according to the Benjamini-Hochberg approach (Benjamini and Hochberg, 1995).

Co-Expression and Localization Prediction Analysis

To identify genes which display co-expression with PUMPKIN, the ATTEDII database
“CoExSearch” tool was used (http://atted.jp/). The localizations of the potential PUMPKIN
protein interaction partners were predicted according to the SUBA4 database (Hooper et al.,
2017).

Protein Overexpression, Purification, and Electrophoretic Mobility Shift Assay

Coding sequences (lacking chloroplast targeting sequences) of the indicated genes (PUMPKIN/
R149A/ D165A and PYRH) were cloned into pMAL-TEV using BamHI/Sall restriction sites.
For the point mutated PUMPKIN versions (D165A and R149A) the previously described
complementation clones were used as template. Constructs were overexpressed and affinity
purified as stated previously (Schmid et al., 2019). To obtain MBP as control, purified MBP-
PUMPKIN was digested with TEV protease (Invitrogen, Waltham, USA) according to the
manufacturer’s protocol followed by size-exclusion chromatography on a Superdex 200 10/300
Column in running buffer containing (25 mM HEPES-KOH, 10 mM NaCl, 10 mM EDTA, pH
8.0). Appropriate fractions were collected and concentrated on Amicon filter units (Amicon
Ultracel 3K, Schondorf, Germany). The MBP-PAC clone, as well as the 23S rRNA probe were
described recently (Meurer et al., 2017). EMSA reactions were composed as specified before

using the previously described petB b and ¢ RNA probes (Schmid et al., 2019).
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Localization Experiments

To obtain a C-terminal CFP fusion construct, the coding sequence of PUMPKIN was
transferred into the Gateway vector pB7CWG2 via LR-reaction using the previously described
PENTR™/SD/D_TOPO®-PUMPKIN clone (Schmid et al., 2019). The C-terminal UPP-YFP
construct was generated recently (Ohler et al., 2019). For localization analysis with NDPK2,
the coding sequence (At5g63310) was cloned into pENTR™/SD/D-TOPO® using primers
Fw_cacc_NDPK2 and Rev_NDPK2_o.stop and transferred into pK7RWG2 via LR reaction to
obtain a C-terminal RFP-fusion construct.

Transient transformation into N. benthamiana leaves was performed as described (Schmid et
al., 2019). Fluorescence signals were detected with a Leica TCS SP5II microscope through an
HCX PL APO 63x1.2W water immersion objective. For detection of fluorophores, the
following settings were used: CFP: 465-507 nm; YFP: 520-555 nm; RFP: 592-620 nm;
Chlorophyll: 721-774 nm at 418 and 514 nm excitation wavelength.

Accession Numbers

PUMPKIN (At3g18680/ NCBI Gene ID: 821399), UPP (At3g53900/ NCBI Gene ID: 824557),
NDPK2 (At5g63310/ NCBI Gene ID: 836451), PYRH in E. coli (NCBI Gene 1D: 944989)
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Supplemental Data

Supplemental Figure S1. Electrophoretic Mobility Shift Assays (EMSAs) with Recombinant
PUMPKIN, R149A, D165A, PYRH and PAC Protein.

Supplemental Figure S2: Co-immunoprecipitation of PUMPKIN.

Supplemental Figure S3. Rescue Experiment of Wild-type and pumpkin Plants on Media
Supplemented with UDP, UTP, UDP-glucose and Glucose.

Supplemental Table S1. List of Oligonucleotides.
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Figures and Figure Legends
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Figure 1. Complementation of pumpkin Mutants with Enzymatically Impaired PUMPKIN Versions. A)
Three-dimensional structural prediction of the PUMPKIN protein lacking the chloroplast targeting
sequence, generated by iTASSER (Yang et al., 2015). The two mutated residues were colored using
PyMol (R149 in cyan, D165 in magenta). B) In vitro enzymatic assay measuring UDP-formation of
recombinant PUMPKIN, D165A and R149A. The activity was determined in a coupled photometric test
with UMP (0.03 mM), ATP (0.2 mM) and GTP (0.5 mM). Data represent the mean of three replicates.
C) Phenotype of wild type (WT), pumpkin mutant and pumpkin lines complemented with point mutated
versions of PUMPKIN, (D165A and R149A respectively) changing either D (aspartate) at position 165
to A (alanine) or R (arginine) at position 149 to A (alanine) to obtain PUMPKIN versions with impaired
enzymatic activity (upper lane). Photosynthetic performance (F./Fm) of WT, pumpkin and D165A or
R149A complemented mutants measured by the Imaging PAM. Color range indicates the measured
values (lower lane). D) Genotyping of respective lines with three-primer PCR yielding a 218 bp product
in the WT and a 163 bp product representing the mutant allele. E) Immunodetection of PUMPKIN in
WT, pumpkin and complemented lines D165A#1 and #2 and R149A to prove successful expression of

the complementation products. CBB = Coomassie Brilliant Blue.
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Figure 2
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Figure 2. Complementation of pumpkin Mutants with the E. coli Homolog PYRH. A) In vitro enzymatic
assay measuring time-dependent UDP-formation of recombinant PUMPKIN and PYRH. The substrates
UMP and ATP were kept at 1 mM, GTP was provided at 0.5 mM. Data represent the mean of 7
independent replicates. Standard deviations are included but are too small to recognize. B) Phenotype
of wild type (WT), pumpkin mutant and independent pumpkin lines complemented with PYRH (upper
lane). Photosynthetic performance (F./Fn) of WT, pumpkin and PYRH complemented mutants
measured by Imaging PAM (lower lane). C) Genotyping of respective lines with three-primer PCR
yielding a 218 bp product in the WT and a 163 bp product representing the mutant allele. D)
Immunodetection of PYRH in WT, pumpkin, and PYRH complemented lines to prove successful
expression of PYRH. CBB = Coomassie Brilliant Blue.
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Figure 3
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Figure 3. Molecular Analysis of pumpkin Mutants Complemented with the E. coli Homolog PYRH. A)
RNA-gel blot analyses of known PUMPKIN RNA targets using WT, pumpkin, and three independent
PYRH complemented pumpkin lines. A total of 5ug RNA was used, the panel below shows Methylene
Blue staining as loading control. B) Exemplary immunoblot analyses of extracted thylakoids
(corresponding to 5 pg chlorophyll) from WT, pumpkin, and PYRH complemented lines using the
indicated antibodies.
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Figure 4
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Figure 4. Analysis of in vivo RNA Association of PYRH in PYRH-complemented pumpkin Plants. A)
Immunoblot of immunoprecipitated (IP) PYRH protein, pulled down from stroma extract of PYRH
complemented pumpkin plants using PYRH-specific antibodies. Wild-type stroma extract served as
control. IP = Immunoprecipitate, Sup = Supernatant, CBB = Coomassie Brilliant Blue. B) Slot Blot
hybridization of immunoprecipitated RNAs (from PYRH IP, shown in panel A). Blots were hybridized
with indicated probes representing PUMPKIN RNA targets as well as 23S rRNA as control. No
enrichment of RNA targets was observed in the PYRH-IP. IP = Immunoprecipitate, Sup = Supernatant,
In = Intron, WT = wild type. C) Size-exclusion chromatography (SEC) of native stroma extracts from
PYRH-complemented pumpkin plants. Untreated stroma and RNAse-treated stroma were separated on
a Superose 6 10/300 GL column. Fractions (indicated by numbers) were precipitated and subjected to
SDS PAGE (only 50% of fractions 14-28 were loaded). Blots were probed with the indicated antibodies.
The indicated complexes were derived from Olinares et al. (2010). LMWC = low molecular weight
complexes. The asterisk marks an unspecific band. CBB (Coomassie Brilliant Blue) staining is shown
as loading control.
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Table 1. List of Putative PUMPKIN Interactors Identified by Co-immunoprecipitation Followed by Mass
Spectrometry Analysis Using Three Independent Biological Replicates. The table contains the significant
hits (logz FC > 1 and p-value adj < 0.05) and lists if the identified proteins are co-expressed with PUMPKIN
according to the ATTEDII database. The subcellular localizations were predicted according to SUBA4
(http://suba.live/). Hits for cytosolic and other cellular compartments were removed from this table. Proteins
involved in plastid RNA metabolism, either proven by functional characterization or occurrence of known

RNA-binding motifs are highlighted in grey.

Co-
log>
. Expr .
AGI Code Protein Name Fold .| Uniprot ID
essio
Change
n
AT4G01037 WTF1 (WHATS THIS FACTOR 1 homolog) 7.99 no | AOMFS5
. . Q93Z66;
AT1G10700 PRS3 (Ribose-phosphate pyrophosphokinase 3) 7.86 no | . 0AIPSANQI
AT3G46780 IIDEASTID TRANSCRIPTIONALLY ACTIVE 7 48 no | QUSTE2
AT2G04270 RNE (Ribonuclease E/G-like protein) 6.58 no gg(\}/\‘;% !
. D . . QILSA9;
AT3G18680 PUMPKIN, Amino acid kinase family protein AOAIIOLRT3
AT1G79080 Pentatricopeptide repeat-containing protein 6.42 no | A3KPF8
AT4G37510 RN C'l (Ribonuclease I domain-containing 6.34 ves | Q9SZV0
protein)
AT5G18570 OBGC/ CPSAR1 (GTP-binding protein OBGC) 5.95 yes | Q8L7LO
RFC3 (Translation elongation factor/ putative
AT3GIT170 S6-type protein of small ribosomal subunit) 531 yes | QI48R9
AT3G18390 CRS 1‘ /'thY/ EMB1865 (CRM domain- 531 yes | QOLS51
containing protein)
AT3G03630 CS26 (S-sulfo-L-cysteine synthase) 5.10 yes | 022682
Q94K75;
AT1G06190 RHONT1 (Rho termination factor) 4.90 yes | AOAIPSAMI12;
AOA1P8AMO9
AT2G43750 OASB (Cysteine synthase) 4.89 no | P47999
o . . Q8W592;
RNA- RRM/RBD/RNP motifs) famil
AT1G01080 mteismdmg (RRM/RBD/RNP motifs) family | 2o | o | papqms:
P AOA1PSAPK3
AT3G23070 CFM3A (CRM-domain containing factor) 4.74 yes | F4J2U9
AT5G63420 RNaseJ/EMB2746 (Ribonuclease J) 4.53 yes | Q84W56
Pentatricopeptide repeat (PPR-like) superfamily Q9SRO00;
AT3G04 4.1
E04760 | rotein 7] ™| AgAL9LPCT
AT4G09040 RNA'-blndlng (RRM/RBD/RNP motifs) family 3.20 o QO6NPLO;
protein A8MS54
AT5G22510 INVE (Alkaline/neutral invertase E) 3.77 no | Q9FKS8S8
AT4G38460 GGR/ GGPPS11 (Heterodimeric ger?mylgeranyl 3,50 no | Q39108
pyrophosphate synthase small subunit)
AT5G23310 FSD3 (Superoxide dismutase [Fe] 3) 3.37 yes | QO9FMXO0
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ISE2/ EMB25 DExH-box ATP-dependent RNA

AT1G70070 helicase DEXHLS 3.34 yes | BODFG3
AT4G02990 MTERF4/ RUG2 (Transcription termination 330 ves | QoZT96
factor)
AT1G02150 PPR3. Pentatricopeptide repeat-containing 318 yes | QSLPS6
protein
AT5G66470 GTPase ERA-like 3.17 yes | Q8VZ74
AT4G14510 CFM3B (CRM-domain containing factor) 3.12 no | F4JVHI1
AT3G10690 GYRA (DNA gyrase subunit A) 3.03 no | Q9CAF6
PNP1/ PNPasel/ RIF10 (Polyri leoti
AT3G03710 / PNPasel/ RIF10 (Polyribonucleotide 301 | yes | Q8GZQ3
nucleotidyltransferase 1)
ATCGO01120 RPS15 (30S ribosomal protein S15) 2.97 no | P56805
AT2G37220 CP29B (RNA-binding protein CP29B) 2.93 yes | Q9ZUU4
ATCG00650 RPS18 (30S ribosomal protein S18) 2.83 no | P56807
AT2G20020 CAF1 (CRS2-associated factor 1) 2.81 yes | Q9SL79
CHUP1 (Hydroxyproline-rich glycoprotein F4JA42; Q9LI174;
AT3G25690 | ¢ mily protein) 276 1m0 | A OATI9LT4S
AT5GA6580 SOTl. (Pentatricopeptide repeat-containing 569 yes | QILS25
protein)
F4J3Z3;
. Q8RWG2;
AT3G17040 HCF107 (High chlorophyll fluorescent 107) 2.52 no AOATI9LTRA:
AOATI9LTRS
ATCG00900; . .
ATCGO1240 RPS7A (308 ribosomal protein S7) 245 no | P61841
AT5G16715 EMB2247 (Valine--tRNA ligase) 243 yes | FAKE63
. . L . QIFN&9;
AT5G59750 er(ligi)(Monofunctlonal riboflavin biosynthesis 542 no | FAKJAL
P AOA1P8BHH7
AT5G64300 RIBAl (Bifunctional riboflavin biosynthesis 5 a0 no | pa7924
protein)
AT2G31890 RAP (RAP domain-containing protein) 2.39 yes | Q8VZE7
AT3G53460 CP29A (Chloroplast RNA-binding protein 29A) 2.38 yes | F4JAF3
AT3GS53460 PP287 (T.etratrlcopeptlde repeat (TPR)-like )13 yes | Q43349
superfamily protein)
AT5G14320 RPS13 (30S ribosomal protein S13) 2.36 no | B3H631; P42732
AT3G20230 putatlYe L18/L5-type protein of ribosomal )32 ves | QILIX6
subunit
EMB22 T5 (Pentatri tide (PPR
AT1G30610 79/ SOTS (Pentatricopeptide (PPR) 230 | yes | F4I6D9; Q9SAT6
repeat-containing protein)
AT3G15190 RPS20 (30S ribosomal protein S20) 2.25 yes | Q9ASV6
AT5G66055 AKR?/ .EMB203.6 (Ankyrin repeat domain- )18 no | Q05753
containing protein)
AT3G12080 EMB2738 (GTP-binding family protein) 2.12 yes | F4J8M2; B5X565
PTAC7 (PLASTID TRANSCRIPTIONALLY
AT5G24314 ACTIVE 7) 2.04 no | Q8VZV9
AT2G33800 RPS5 (30S ribosomal protein S5) 2.04 yes | P93014
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HCF152 (Pentatricopeptide repeat-containing

AT3G09650 . 2.03 no | Q9SF38
protein)
F4AHNZ6;
AT1G12900 dGe[;P 3;2 iig:;’raldehyde'3 -phosphate 186 | no | QILPWO;
yarog AOA1PSAPR6
Antitermination NusB domain-containing F4JUX9;
AT4G2 1.

G26370 | Jrotein 85 1 ¥es | 03xy7
AT1G23400 CAF2 (CRS2-associated factor 2) 1.71 no | Q9LDA9
AT1G79850 RPS17 (30S ribosomal protein S17) 1.65 yes | P16180
AT3G13120 RPS10 (30S ribosomal protein S10) 1.63 yes | QI9LK61

. Q8W4D6;
AT1G16720 Hh(; i(l)tn (eHll%l)Chlor‘)phyu fluorescence 162 | no | AOAIPSAWYI;
PREnoP AOAIPSAWU9
ATCG00905;
ATCGO00065; | RPS12A/B (30S ribosomal protein S12) 1.59 no | P62126
ATCGO01230
ATCG00160 RPS2 (30S ribosomal protein S2) 1.47 no | P56797
AT3G26650 GAPAI1 (Glyceraldehyde-3-phosphate 146 no | P25856
dehydrogenase)
AtCg00330 RPS14 (30S ribosomal protein S14) 1.41 no | P56804
AT5G30510 RPS1 (30S ribosomal protein S1) 1.40 yes | Q93VC(C7
MRLI1 (Pentatricopeptide repeat-containing
AT4G34830 protein, Maturation of RBCL 1) 1.30 no | QOWLC6
ATCG00770 RPS8 (30S ribosomal protein S8) 1.29 no | P56801
AT3G13180 NOL?/I'\IOPZ (ar}tltermlnatlon NusB domain- 124 yes | Q8vyca
containing protein)
AT2G31810 Acetolactate synthase small subunit 2 1.21 no | Q93YZ7
ATCG00760 RPL36 (508 ribosomal protein L36) 1.14 no | P62117
RH3/ EMB1138 (DEAD-box ATP-dependent
AT5G26742 1.12 F4K180; Q8L
SIS RNA helicase 3) no 80; Q8L7S8
ATCG00750 RPS11 (30S ribosomal protein S11) 1.11 no | P56802
AT5G54600 RPL24 (50S ribosomal protein L.24) 1.02 no | P92959; F4K1S8
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Figure 5

A
PUMPKIN-CFP UPP-YFP NDPK2-RFP
Autofluorescence Merged
| . .
PUMPKIN-CFP UPP-YFP  Autofluorescence Merged
C

PUMPKIN-CFP NDPK2-RFP  Autofluorescence Merged

Figure 5. Co-localization Analyses of Enzymes in the Pyrimidine Salvage Pathway Using Fluorescence
Microscopy. A) Microscopy images of the spotty triple co-localization of PUMPKIN-CFP, UPP-YFP,
and NDPK2-RFP in tobacco leaf tissue. Single fluorescent pictures, chlorophyll autofluorescence and a
merged picture are shown. B) Co-localization of PUMPKIN-CFP and UPP-YFP in transiently
transformed tobacco protoplasts. C) Co-localization of PUMPKIN-CFP and NDPK2-RFP in transiently
transformed tobacco leaf tissue.
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SUPPLEMENTAL DATA
Supplemental Figure S1
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Supplemental Figure S1. Electrophoretic Mobility Shift Assays (EMSAs) with Recombinant
PUMPKIN, R149A, D165A, PYRH and PAC Protein. A) EMSA with recombinant MBP-tagged
PUMPKIN, R149A, D165A, and PYRH protein using two previously described petB intron RNA probes
(Schmid et al., 2019). To exclude any binding of the MBP-tag, MBP protein was used as negative
control. Increasing protein concentrations (nM) are indicated. B) EMSA with recombinant MBP-tagged
PAC protein using two previously described petB intron RNA probes (Schmid et al., 2019). To ensure
the purification of functional PAC protein, an EMSA with a 23S rRNA probe served as positive control
(Meurer et al., 2017). C) SDS-PAGE of affinity purified recombinant proteins used for the EMSA
studies. Staining: Coomassie Brilliant Blue.
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Supplemental Figure S2
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Supplemental Figure S2. Co-immunoprecipitation of PUMPKIN. A) Co-immunoprecipitation of
PUMPKIN from wild-type stroma extracts using PUMPKIN-specific antibody and pre-immune serum
as control. Fractions were subjected to immunoblot analyses using PUMPKIN- and UPP-specific
antibodies, respectively. IP = Immunoprecipitate, Sup = Supernatant, CBB = Coomassie Brilliant Blue.
B) See A), the stroma extract was cross-linked with DSP before performing the IP experiment.
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Supplemental Figure S3
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Supplemental Figure S3. Rescue Experiment of Wild-type and pumpkin Plants on Media
Supplemented with UDP, UTP, UDP-glucose and Glucose. A) Pictures and PAM measurements (Fv/Frm)
of wild-type (WT) and pumpkin plants grown on different supplemented MS media for 1.5 weeks. As
control, plants were grown on normal %> MS medium. Concentrations of supplements: UDP 10 mM,
UTP 1 mM, UDP-glucose (UDPGIc) 10 mM, glucose 10 mM. B) Pictures and PAM measurements of
plants grown for 3 weeks with and without supplements. Experimental set-up and descriptions are
similar to panel A).
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Supplemental Table S1. List of Oligonucleotides

Name Sequence 5'-3' Experiment

Pumpkin_fwd TCATGGCAATTCCGTTGCCTCT Full length construct
for introducing point
mutations

Pumpkin_rev TCATGAGGTTGTTGTAACAATGG Full length construct

for introducing point
mutations

Pumpkin_R149A fwd

CCAGGTAGATCCAGCAAAGATATTTCCTCCT
CCAACAACT

Mutagenesis Primer

Pumpkin_R149A_rev

AGTTGTTGGAGGAGGAAATATCTTTGCTGGA
TCTACCTGG

Mutagenesis Primer

Pumpkin_D165A fwd

CAGCAGAGGAGCGAGCAAGGCCACTGCAC

Mutagenesis Primer

Pumpkin_D165A_rev

GTGCAGTGGCCTTGCTCGCTCCTCTGCTG

Mutagenesis Primer

PyrH_BamHI_fwd

GGCGGCCGCGGATCCATGGCTACCAATGCAA
AAC

Full length construct
for complementation

PyrH_Xhol_rev

CAGCCCGGGCTCGAGTTATTCCGTGATTAAA
GTCCC

Full length construct
for complementation

RBCS_Xbal/ GGCGGCCGCTCTAGAAGAACAATGGCTTCCT | N-terminal fusion of
BamHI_fwd CTATGCTC RBCS targeting
peptide to PYRH
RBCS_Xbal/ CAGCCCGGGGGATCCTTCGGAATCGGTAAGG | N-terminal fusion of
BamHI_rev RBCS targeting

peptide to PYRH

Pumpkin_attB_fwd

GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
ATGGCAATTCCGTTGCCTCT

Gateway cloning
R149A/D165A

Pumpkin_attB_rev

GGGGACCACTTTGTACAAGAAAGCTGGGTTC
ATGAGGTTGTTGTAACAATGG

Gateway cloning
R149A/D165A

pyrH_attB_fwd

GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
ATGCAAAAC

Gateway cloning
RBCScTP-PYRH

pyrH_attB_rev

GGGGACCACTTTGTACAAGAAAGCTGGGTTT

Gateway cloning

ATTCCGTGATTAAAGTCCC RBCScTP-PYRH
Fw_Pumpkin_5'UTR CGGCGACACTTCTCTACTGA Genotyping
Rev_Pumpkin_Signal GGACAAAGAAGAAGAGCAGCTG Genotyping
T-DNA_PCR_Gabi-kat | ATAATAACGCTGCGGACATCTACATTTT Genotyping

ndhA _int-f_34Q

CGATTCAGAGTATGCTCCTATCCACCGAC

Slot blot, RNA-gel
blot (Intron)

ndhA_int-rev_35Q

CAGAACCGTACATGAGGTCTTGGC

Slot blot, RNA-gel
blot (Intron)

petBintFw

ACCTCGTAGCCGGACTTCTT

Slot blot, RNA-gel
blot (Intron)
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petBintRev ACTCCCCCTCCAAGAACTGT Slot blot, RNA-gel
blot (Intron)
Fw_trnG_Intron ATTGTTCGAGTTGGCCCGAT Slot blot, RNA-gel

blot (Intron)

Rev_trnG_Intron

ACTTTGGTTTCATTCGGCTCC

Slot blot, RNA-gel
blot (Intron)

Fw_trV_Intron

CAGAGGAGTCCATCACGCAA

Slot blot, RNA-gel
blot (Intron)

Rev_trnV_Intron

CCTAGCATTGAGTAGACTGGGT

Slot blot, RNA-gel
blot (Intron)

Fw_petD _intron TGGGCTCCGTAAAATCCAGT Slot blot, RNA-gel
blot (Intron)
Rev_petD_intron GTGCTTTCTGGGTCGTCTCA Slot blot, RNA-gel

blot (Intron)

T7 23S RNA full TAATACGACTCACTATAGGGAGATTC Slot blot
AAACGAGGAAAGGCTTACG
Rev 23S RNA full AGGAGAGCACTCATCTTGG Slot blot

Fw_T7_petBin_1

TAATACGACTCACTATAGGGTGTGTGACTTG
TTAGAATTGACCC

EMSA probe petB b

Rev_petBin_1 ATAAGATAGAACGGAAAGAAGTCCG EMSA probe petB b
Fw_T7 petBin_2 TAATACGACTCACTATAGGGAAACTTTAATA | EMSA probe petB ¢
AATCAAAAAAATTTTCTGC
Rev_petBin_2 AACCTCAGATTCATACGAG EMSA probe petB ¢
Fw_cacc_NDPK2 CACCATGGTGGGAGCGACTGTA Localization study,
NDPK2-RFP
Rev_NDPK2_o.stop CTCCCTTAGCCATGTAGCTAGAG Localization study,
NDPK2-RFP
Fw_Pumpkin_CACC CACCATGGCAATTCCGTTGCCTCTTACC Localization study,
PUMPKIN-CFP
Rev_Pumpkin_o.Stop TGAGGTTGTTGTAACAATGGAGTTC Localization study,
PUMPKIN-CFP
Fw_Pumpkin_BamHI ATATGGATCCTCAGACAATGGTTCATCTCCA | Cloning of

GAC

PUMPKIN/ D165A/
R149A in pMAL for
Overexpression

Rev_Pumpkin_stop_
Sall

AATAGTCGACTTATGAGGTTGTTGTAACAAT
GGAGTTC

Cloning of
PUMPKIN/ D165A/
R149A in pMAL for
Overexpression

Fw_BamHI_pyrH

ATATGGATCCGCTACCAATGCAAAACCCGTC

Cloning of PYRH in
pMAL for
Overexpression

Rev_pyrH_stop_Sall

AATAGTCGACTTATTCCGTGATTAAAGTCCCT
TC

Cloning of PYRH in
pMAL for
Overexpression
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SUMMARY

The plant-specific PALE CRESS (PAC) protein has previously been shown to be essential for photoau-
totrophic growth. Here we further investigated the molecular function of the PAC protein. PAC localizes to
plastid nucleoids and forms large proteinaceous and RNA-containing megadalton complexes. It co-immuno-
precipitates with a specific subset of chloroplast RNAs including psbK-psbl, ndhF, ndhD, and 23S ribosomal
RNA (rRNA), as demonstrated by RNA immunoprecipitation in combination with high throughput RNA
sequencing (RIP-seq) analyses. Furthermore, it co-migrates with premature 50S ribosomal particles and
specifically binds to 23S rRNA in vitro. This coincides with severely reduced levels of 23S rRNA in pac lead-
ing to translational deficiencies and related alterations of plastid transcript patterns and abundance similar
to plants treated with the translation inhibitor lincomycin. Thus, we conclude that deficiency in plastid ribo-
somes accounts for the pac phenotype. Moreover, the absence or reduction of PAC levels in the correspond-
ing mutants induces structural changes of the 23S rRNA, as demonstrated by in vivo RNA structure
probing. Our results indicate that PAC binds to the 23S rRNA to promote the biogenesis of the 50S subunit.

Keywords: Arabidopsis thaliana, chloroplast, ribogenesis, RNA metabolism, RNA-binding proteins.

INTRODUCTION

In spite of the low coding capacity of the genomes in
chloroplasts and mitochondria, the organellar RNA meta-
bolism requires a surprisingly high number of nuclear
encoded factors (Germain et al., 2013; Stoppel and Meurer,
2013; Belcher et al., 2015). Some plastid RNA metabolism
factors are highly specific for individual RNA processing or
stability events; others affect a plethora of transcripts. Due
to the pleiotropic nature of knockout plants it is often diffi-
cult to pinpoint the primary function of factors involved in
plastid gene expression (Stoppel et al., 2012). This situa-
tion is particularly true when general plastid translation is
affected due to the lack of ribosome processing and/or
assembly, which indirectly causes transcriptional deficien-
cies due to a loss of expression of the plastid-encoded
polymerase (PEP) leading to strong effects in RNA process-
ing patterns and levels (Hajdukiewicz et al., 1997; Legen
et al., 2002).

Remarkably, in yeast approximately 250 ribosome bio-
genesis factors required for rRNA processing and assem-
bly of ribosomes were identified, from which multiple

400

orthologues can be found in the genomes of plants (Weis
et al., 2015). Biogenesis of chloroplast eubacterial-like 70S
ribosomes consisting of 30S and 50S subunits is compara-
bly complex in particular because it involves processing,
maturation, modification, and assembly of the four co-tran-
scribed rRNAs, 16S, 23S, 4.5S, and 5S, together with at
least 57 ribosomal proteins, five of which, PSPR2-PSPR8,
do not have eubacterial homologs (Yamaguchi and Subra-
manian, 2000; Yamaguchi et al., 2000; Shajani et al., 2011).

Ribosome biogenesis necessitates accurate processing
of the rRNAs and occurs in an assembly-assisted manner
(Stoppel and Meurer, 2012; Tiller and Bock, 2014). Various
factors required for chloroplast ribosome biogenesis were
described but the precise molecular function often
remained unclear (e.g. Bellaoui et al., 2003; Bisanz et al.,
2003; Bollenbach et al., 2005; Komatsu et al., 2010; Nishi-
mura et al., 2010; Lu et al., 2011; Bang et al., 2012; Stoppel
et al., 2012; Lee et al, 2013; Fristedt et al., 2014). The
observed defects in these and other previously character-
ized mutants with altered chloroplast rRNA expression

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd


mailto:n.manavski@biologie.uni-muenchen.de

were accompanied by a relative increase of unprocessed
or partially processed precursors of one or more of the
four rRNAs (Bohne, 2014), suggesting that the affected pro-
teins promote rRNA processing rather than stabilization or
assembly of the processed rRNAs in later stages of ribo-
some biogenesis.

Recent proteomics and localization studies suggested
that initial ribosome biogenesis and rRNA processing take
place similar as in eubacteria in association with the
chloroplast nucleoids (Majeran et al., 2012; Bohne, 2014).
This factor may be important to spatially separate early
rRNA processing and ribosome assembly processes from
highly regulated translationally active sites in the stroma
or in association with thylakoid membranes (Zerges, 2000).

PAC is a plant-specific protein important for leaf and
chloroplast development (Reiter et al., 1994; Grevelding
et al., 1996; Meurer et al., 1998; Tirlapur et al., 1999). Null
alleles of PAC are seedling lethal and exhibit an albino
phenotype (Reiter et al., 1994; Grevelding et al., 1996). The
pac phenotype could be partially rescued by treatment
with cytokinin (Grevelding et al., 1996). This might be due
to the fact that cytokinin treatment leads to accumulation
of plastid transcripts (Zubo et al., 2008) and has a protec-
tive role on the photosynthetic apparatus (Cortleven et al.,
2014), which might contribute to the greening of the pale
pac leaves. Investigations done on the molecular level
showed that the absence of PAC led to alterations of the
maturation patterns and/or abundance of several plastid
mRNAs (Meurer et al., 1998), suggesting that PAC might
be involved in plastid gene expression. However, the
sublocalisation within the chloroplast, a potential RNA-
binding capability, the endogenous RNA targets, protein
complex formation as well as the underlying function of
PAC remained entirely unknown.

The results presented here provide evidence that PAC is
a nucleoid-localized, RNA-binding protein associated
in vivo with several plastid RNAs including 23S rRNA. PAC
co-migrates with immature 50S ribosomal particles and
induces structural changes of the 23S rRNA when it is
absent or its levels are reduced. Pac mutants show only
uniformly reduced levels but no processing alterations of
rRNAs pointing to a role of PAC in the assembly of the
large ribosomal subunit.

RESULTS

PAC is required for accumulation of plastid ribosomal
RNAs and translation

The albinotic pac mutants are only viable on sucrose-sup-
plemented medium. In order to achieve photoautotrophic
growth and to obtain sufficient amounts of plant material
for thorough molecular studies, we generated RNAI plants,
in which PAC gene expression was substantially downreg-
ulated (Figure S1a). For the same reason, partially
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complemented plants (pComp) were selected, which, simi-
lar to the PAC RNAI plants, were able to grow on soil but
exhibited a pale-green phenotype and retarded growth as
compared to the wild type (WT; accession Col-0) and to
fully complemented mutant plants (Figure S1b).

RNA gel blot analysis revealed that one of the most
obvious changes in pac mutants was related to the plastid
ribosomal RNA. Chloroplast rrn23 and rrn16 transcripts
were barely detectable in pac mutants and their levels
were notably reduced in the partially complemented pac
plants as well as in PAC RNAI lines (Figure 1a). Quantifica-
tion of the plastid rRNA in total leaf RNA using Agilent Bio-
analyzer showed that the decrease of rrn23-1.1, -1.3, and
rrn 16 correlated with the phenotype severity (Figures 1a
and S1). When compared with the WT, levels of the 1.1
and 1.3 kb fragments of the 23S rRNA were reduced to 15
and 23%, respectively, while the reduction of the 16S rRNA
amounted to 32% suggesting that rrn23 is affected stron-
ger than rrn16 in pac mutants (Figure 1a).

Reduction of rRNA levels is likely to result in less ribo-
somes, which in turn reduces translation efficiency. There-
fore, polysome loading of plastid transcripts was examined.
In accordance with the observed rRNA decrease, polysome
loading of the randomly chosen psaA and psbK transcripts
was clearly affected in pac mutants pointing to a general
translation deficiency (Figure 1b). Also de novo protein syn-
thesis was severely impaired, as in vivo labeling of plastid
proteins resulted in very poor 3S-methionine incorporation
in pac, PAC RNAi and pComp plants as compared to the
WT and fully complemented lines (Figure 1c).

As impaired protein synthesis would lead to insufficient
transcription due to reduced levels of the PEP, patterns
and abundance of plastid transcripts in pac were compared
to plants treated with the plastid translation inhibitor lin-
comycin and to two other very pale mutants, rhon1 (Stop-
pel et al., 2012; Chi et al., 2014) and ins11 (Cho et al.,
2009), with obvious and slight reductions of plastid rRNAs,
respectively (Figure 2). Abolished plastid translation in the
lincomycin-treated plants led to severe alterations of plas-
tid transcripts levels and/or maturation patterns, as has
been demonstrated in other translation deficient mutants
(Cho et al., 2009; Wang et al., 2016). Interestingly, some of
the tested transcripts in pac (psaA, psbB, psbA) were com-
parable with the ones in lincomycin-treated plants in terms
of their processing patterns and accumulation, whereas
others showed mild (petA, psbK, ycf2, rbcl) to pronounced
(rrn16, rrn23, ndhD, ycf1, ndhF) differences, indicating that
the observed transcript alterations in pac mutants might
not entirely be secondary effects or a mere consequence of
compromised translation. Notably, two of the tested tran-
scripts (ndhD, ycf1) were found at much higher levels in
pac when compared with the lincomycin-treated and WT
control plants (Figures 2 and S1c), indicating that transcrip-
tion is not primarily impaired in pac.
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Figure 1. Quantification of rRNA and investigation of translation in pac mutants.

(a) Analyses of rRNA. Methylene blue (MB) staining of total RNA from 3-week-old WT and pac plants grown on sucrose-supplemented MS medium (left panel).
Quantification of total RNA from WT, pac, PAC RNAi, pComp, and Comp plants using Bioanalyzer (middle panel). Values in all RNA samples were normalized to
the cytosolic 18S rRNA. Amounts of plastid rRNA in pac and the WT are graphed (right panel).

(b) Polysome loading analysis of psaA and psbK mRNA. Numbers of fractions and used probes are indicated. As levels of psaA and psbK transcripts are reduced
in pac mutants (Figure 2), panels showing polysome loading in pac were overexposed for better comparison.

(c) In vivo labeling of newly synthesized proteins in WT, pac, PAC RNAi, pComp, and Comp seedlings using [*®S]-Met in the presence of cycloheximide. Equal
amounts of total protein (100 corresponds to 50 ug of total protein) were separated on an SDS-gel, stained with Coomassie Brilliant Blue (CBB), and analyzed by
fluorography.

PAC is found in large RNA-containing complexes in expressed transiently in tobacco protoplasts under the con-
chloroplast nucleoids and forms homomultimers trol of the cauliflower 35S promoter. YFP signals co-loca-
lized with chlorophyll fluorescence confirming the

To examine the localization of the full-length protein, the o . -
gth p chloroplast localization (Figure 3a). Moreover, the signals

entire coding region of PAC was fused to YFP and

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 92, 400-413



PAC contributes to plastid ribogenesis 403

& & & &
co@? S0 & &2 VN SPY co@j SN & @j N
FEERE SETEERE T SEEERE S

" S“ae -y
- - - -
- wew
e T —— — T —— s o - | et S e Sl
s s i — — S W s i — — — st it D S s it D s Sl S
psaA psbB psbA petA
& c'>° <'>° &

A b&\ '\\,\ \\ ‘\ (53@\\ (\\’\
NES Q (000"& <‘\Q NO(\S\?\
Sl 1 | ] I l "
s S b S - e W - —
s C— i e D W s i — —

psbK rnié
\\0'0 (G\O(\ 6\\\0\\
S A& O
SEEERE SEESEE
e — D — - — L e — i — N - L i —
- - —e—) s — st Sl S T T st S ) il S
rrn23 ndhD ycf1 ndhF

Figure 2. RNA gel blot analyses demonstrating chloroplast transcript defects in pac mutants.

Seedling leaf RNA (5 ug) from WT, lincomycin-treated plants, pac, rhon1and the pale mutant ins17 was hybridized with the indicated probes. Blots were stained

with methylene blue. [Colour figure can be viewed at wileyonlinelibrary.com].
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within the chloroplasts appeared spotty implying that PAC
might be localized in nucleoids. To check this finding, the
chloroplast nucleoids-targeted protein RAP (Kleinknecht
et al., 2014) was fused to CFP and co-expressed with PAC.
The overlap of the fluorescence signals confirmed the
nucleoid localization (Figure 3a).

When mature PAC was expressed in E. coli as a fusion
to the maltose binding protein (MBP) and purified by
affinity and subsequent size exclusion chromatography

(a)

(SEC) in the presence of p-mercaptoethanol, it did not
elute from the gel filtration column at the expected size
of 77 kDa but in a fraction corresponding to the size of
~158 kDa (aldolase) (Figure 3b), indicating that PAC
could form redox-stable homodimers. When reducing
agents were omitted, a second protein peak of size
between 440 kDa (ferritin) and 158 kDa (aldolase)

appeared, arguing for redox-sensitive multimerization of
PAC.

Figure 3. Subcellular localization, multimerization
and size distribution of PAC proteins

(a) PAC localizes to chloroplast nucleoids. Confocal
laser microscopy of tobacco protoplasts transiently
co-expressing PAC-YFP and RAP-CFP (nucleoid-
localized protein). Single and merged fluorescence
signals are shown.

(b) Homomultimerization of PAC. Chromatogram of
SEC-fractionated marker proteins (red), B-ME-trea-

RAP-CFP PAC-YFP Chlorophyll Merged ted (yellow-beige), and untreated (blue) recombi-
(b) nant MBP-PAC proteins.
(c) Size distribution of PAC complexes. Native
U ~ .
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E| (e0k0e) cHokDa) s = — - — + B-ME tions were separated on SDS gels (fractions 1-10,
= 100%, fractions 12-24, 33%) and blots were stained
c 7 8 10 with CBB. Complexes are indicated above and were
% deduced from Olinares et al. (2010). The used anti-
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To investigate PAC complexes in vivo, native stroma
extracts were fractionated by SEC and investigated by
immunoblotting. Columns and conditions were chosen to
separate complexes in the range up to 5 MDa allowing
chloroplast ribosomes to be resolved in different assembly
and functional states (Olinares et al., 2010). Under those
conditions, PAC was found to form complexes ranging
from ~75 kDa to ~3 MDa (Figure 3c). Such broad size range
migration behaviour has been reported for other well char-
acterized RNA-binding proteins with distinct molecular
function in chloroplasts (Beick et al, 2008; Pfalz et al.,
2009; Stoppel et al., 2012; Hammani and Barkan, 2014).
Three PAC protein peaks were observed and sizes were
estimated according to marker protein migration: the first
in the low-molecular-weight range (~75-158 kDa, fractions
18-20), the second roughly corresponding to the size of
Rubisco (~550 kDa, fractions 10-14), and the third ranging
from 1 to 3 MDa (fractions 3-8) (Figure 3c). The latter dis-
appeared upon RNase treatment indicating that it contains
RNA. Moreover, these PAC megadalton complexes
co-migrated with ribosomal particles, as shown by immu-
noblot analyses with PRPL11 and PRPS5 antibodies, indi-
cating that high-molecular-weight PAC complexes are
likely to contain ribosomal RNA. Interestingly, the PAC
peak in the MDa range (fractions 7 and 8) did not corre-
spond to the peak of the 50S subunit (fractions 5 and 6)
but co-migrated with RNase-sensitive ribosomal particles,
indicating that PAC is not associated with mature 50S sub-
units but with rRNA of premature, not fully assembled and
RNase-sensitive ribosomes. In general, the highly struc-
tured nature of rRNAs and the fact that mature ribosomal
subunits are tightly packed with proteins makes ribosomal
RNA less accessible for RNases (Williams and Barkan,
2003). On the contrary, naked rRNAs and rRNA in partially
assembled ribosomal subunits are more accessible, thus
more sensitive to nucleolytic attacks. Hence, ribosomal
particles that co-migrated with PAC are likely to resemble
pre-assembled states of the 50S ribosomal subunit, as they
are RNase-sensitive and were found in fractions, in which
immature ribosomes were identified using SEC and pro-
teomics approaches (Olinares et al., 2010). The other two
PAC complexes, migrating at ~550 and ~75-158 kDa, were
not affected by the RNase treatment, suggesting that those
are either RNA-free homo- and/or heteromultimers or con-
tain tightly bound and/or compactly structured RNA frag-
ments, which are barely accessible by RNases.

PAC Associates with a subset of plastid RNAs in vivo

Nucleoids are the site of ribosome biogenesis (Bohne, 2014)
and RNA metabolism in general. Given that pac mutants
show alterations of plastid RNAs and that PAC resides in
plastid nucleoids, where it forms RNA-containing complexes,
points to a direct role of PAC in RNA metabolism and/or ribo-
some biogenesis. Therefore, RNA-coimmunoprecipitation
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coupled with RNA deep sequencing (RIP-seq) was conducted
to find RNAs associated with PAC in vivo. Two replicates
were included to identify bound RNAs using WT stroma
extracts and PAC-specific, immunoprecipitation (IP)-capable
antibodies. Antibodies against HCF101, another soluble plas-
tid protein or the pre-immune serum were used in negative
control experiments. RNAs from psbK-psbl, psbM-trnD,
rbcL-accD, rrn23, ndhF/D, and ycf1 were enriched in the pre-
cipitate (Figure 4a). Slot-blot analysis of PAC-immunoprecipi-
tated RNAs confirmed strong association with psbK-psbl,
rrn23, ndhF and ndhD, as well as a slight enrichment of
psbM and ycf1, but failed to reproduce association with rbcL
(Figure 4b), indicating that enrichment of rbcL-accD is proba-
bly an artefact. Such artefacts have been described also in
RIP-chip assays (Ferrari et al., 2017). The enrichment of the
target RNAs psbK-psbl, rr23, ndhF and ndhD was also
unambiguously confirmed by a repeated RIP-seq experiment
(Figure S2).

PAC binds RNA in vitro

As PAC associates with 23S rRNA of most likely pre-
assembled 50S ribosomal particles and pac mutants exhib-
ited pronounced defects in ribosomal RNA abundance
along with translation impairments that mostly account for
the mutant phenotype, it is reasonable to assume that rrn23
is one of the primary targets of PAC. Thus, we next aimed
to fine-map in vivo the region within rrn23 which is associ-
ated with PAC by immunoprecipitation and slot-blot
hybridization using five 80-nt probes along the rrn23
sequence. The strongest enrichment was detected with the
internal rrn23-3 probe, indicating that the PAC interaction
site is located in the central part of the rrn23 transcript (Fig-
ure 5a). As this association might be indirect via another
protein, we next tested whether PAC can bind to this rRNA
directly in vitro. For that purpose, recombinant PAC (rPAC)
was proteolytically cleaved from the MBP moiety, subjected
to a size exclusion purification step and used afterwards in
an electrophoretic mobility shift assay (EMSA) with RNAs
of ~150 nt length produced by in vitro transcription. rPAC
was able to bind directly and with specificity to the middle
part of rrn23, but did not recognize a probe from the 3’
region of rrn23 (Figure 5b), indicating that PAC is indeed an
RNA-binding protein. This result is further supported by the
structural model of PAC generated by I-TASSER (http://zha
nglab.ccmb.med.umich.edu), which shows that the mature
PAC protein consists of helical hairpins (Figure 5¢), a com-
mon characteristic of RNA-binding proteins containing PPR,
OPR, half-a-tetratricopeptide (HAT) and PUF domains (Paul-
son and Tong, 2012; Hall, 2016).

PAC contributes to the biogenesis of the 50S ribosomal
subunit

The above results demonstrated that PAC is associated
with the 23S rRNA in vivo and can bind to it in vitro.

The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 92, 400-413
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Figure 4. Co-Immunoprecipitation to identify RNAs
associated with PAC in vivo.

(a) RIP-seq analysis. The differential enrichment,
calculated by dividing the reads resulting from the
IP with PAC antibodies by the reads of the control
(pre-serum), is plotted according to the plastome
position. Highly enriched RNAs are labeled with the
locus name. The data used to generate this figure
are provided in Table S2. The reads for the rRNAs
(genome position 101.000-100.750) were normal-
ized to the 16S rRNA.

(b) Slot-blot validation of identified targets. To con-
firm the RIP-seq data, slot-blot hybridizations were
performed. Following immunoprecipitation (upper
panel), pellet and supernatant RNAs were isolated,
slot-blotted and hybridized with the indicated

probes. Antibodies (ab); Pre-immune serum (pre);
Supernatant (Sup).
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Importantly, in pac mutants, levels of ribosomal RNAs are
reduced but not altered in their processing patterns (Fig-
ures 2 and S3), indicating that PAC is not an rRNA process-
ing factor. Besides rRNA processing, ribosome assembly is
another important step of the ribosome maturation pro-
cess, which requires auxiliary factors that are either associ-
ated or interact transiently with the rRNA or proteins of
ribosomal subunits. To address the question whether bio-
genesis of the 50S subunit is affected, stroma extracts from
WT and PAC RNAI plants, in which PAC transcripts were
reduced to less than 10%, while PAC proteins accumulated
to less than 25% of WT levels (Figure S1a), were subjected
to SEC under the same condition as mentioned above. In
the stroma of PAC RNAI plants, the ~550 kDa PAC complex
(fractions 10-14) accumulated to similar levels as in the
WT but the ~75-158 kDa complex (fractions 18-20) was
greatly reduced (Figure 6). Interestingly, the RNA-contain-
ing high-molecular-weight PAC complexes (fractions 3-8),
which co-migrated with premature ribosomal particles,
were under the limit of detection. This might suggest that
Rubisco-sized PAC complexes are rapidly and early formed

and remain stable, whereas the other two complexes
might exhibit some dynamics, e.g. the ~74-158 kDa PAC
particles could represent a pool of homomers, which only
associate with 23S rRNA to form MDa complexes when
they are needed. As levels of this pool are highly reduced
in PAC RNAI plants also the MDa RNA-containing com-
plexes could not be formed.

Also amounts of PRPL11 as part of the 50S ribosomal
subunit were significantly reduced, while the PRPS5 pro-
tein of the 30S particle accumulated to WT levels, sug-
gesting that the biogenesis of the 50S ribosomal subunit
is affected in pac. It is worth noting that levels of PAC
and proteins of the 50S ribosomal subunit might be even
stronger reduced than deduced from immunoblot analy-
sis, as equal amounts of stromal protein were loaded
and Rubisco levels in PAC RNAIi plants are reduced to
roughly 50% (see loading controls in Figures 1c and S1a).
Given that Rubisco is the most abundant protein in the
stroma, normalizing to total protein causes overloading
of otherwise underrepresented proteins in PAC RNAi
lines.
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Figure 5. Fine mapping of the 23S RNA target and in vitro binding.

(a) Slot-blot analysis of immunoprecipitated RNAs. Probes are shown as
black lines and positions along the 23S RNA are indicated; triangles indicate
the hidden breaks (upper panel). Hybridization was performed with 80-mer
probes specific for the 23S RNA (lower left panel). Signals were quantified
(ImageQuant) and the ratio of pellet and supernatant is graphed (Lower
right panel).

(b) Recombinant PAC binds with specificity to the middle part of the 23S
RNA in vitro. Recombinant MBP-PAC was purified and MBP was cleaved off
(left panel). Increasing concentrations of mature recombinant PAC were
used in EMSA experiments with the RNA probes rrn23-3.1 and rrn23-5.1,
produced by in vitro transcription (for primer information see Table S1)
(right panel). Positions of 23S RNA probes are shown in (a) as gray lines.

(c) 3D model of PAC generated by I-TASSER.

To further test the hypothesis that PAC influences the
biogenesis of the 50S ribosomal subunit, we assayed the
effect of PAC on the structure of the 23S rRNA in vivo by
probing with dimethyl sulfate (DMS) - a small reactive
chemical, which can penetrate plant tissues and mem-
branes quickly and easily (Hoffmann, 1980). DMS methy-
lates adenines and cytosines only in single stranded RNAs.
RNA regions that are less structured or not protected by
proteins are more accessible, hence, show higher DMS
reactivity (Lempereur et al., 1985). In primer extension
assays, DMS-methylated nucleotides prevent base pairing,
thus reverse transcription is inhibited and strand extension
pauses, resulting in accumulation of shorter primer exten-
sion products.

WT, pComp, PAC RNAI and pac plants were treated with
DMS. Total RNA was isolated and modified 23S rRNA was
assayed by primer extension using two oligos: one binding
at the very 3’ end of the processed 23S rRNA, the second
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Figure 6. Size exclusion chromatography of stroma extracts from PAC RNAI
plants.

WT and PAC RNAi stroma was fractionated as described in Figure 3(c).
Chromatograms of the runs are shown above. Used antibodies, fractions
and deduced complexes are indicated. Filters were stained with Coomassie
Brilliant Blue (lower panel). [Colour figure can be viewed at wileyonlineli-
brary.com].

binding near the central region of the 23S rRNA. Reduced
levels of PAC in pComp, PAC RNAI, and its absence in pac
plants resulted in differential DMS methylation of several
nucleotides as compared with the DMS-treated as well as
untreated WT. Although levels of rRNAs are considerably
reduced in pComp, PAC RNAI, and pac (Figure S3), dis-
tinctly higher reactivity in those lines was observed near
the 3 region of processed 23S rRNA, indicating that this
region is less structured and/or less associated with riboso-
mal proteins compared with the WT (Figure 7) pointing to
50S maturation defects in pac mutant lines.

DISCUSSION

In our previous study, we showed that knockouts of the
nuclear PAC gene are defective in general chloroplast gene
expression with pleiotropic effects in the RNA transcript
patterns and abundance (Meurer et al., 1998). Generally, in
pale mutants defective in gene expression, NEP and PEP
transcripts are up- or downregulated, respectively, and
processing patterns differ from the WT as it is the case in
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pac (Cho et al., 2009). Therefore, it is difficult to determine
the primary defects in such mutants unless the direct RNA
targets are known. Here we made effort to identify the
main RNA targets and deduce the function of the PAC
protein.

The genetic and molecular data presented here pointed
out that PAC is an RNA-binding protein localized in plastid
nucleoids. It is associated in vivo with the 23S rRNA as
well as with psbK-psbl, ndhF and ndhD mRNAs, and forms
high-molecular-weight complexes. Importantly, the pro-
nounced impact of PAC on the biogenesis of plastid ribo-
somes severely influences translation, leaf coloration,
plant growth and leads to seedling lethality.

PAC binds to the plastid 23S rRNA and assists in the
biogenesis of 50S ribosomes

RIP-seq and slot-blot hybridization identified 23S rRNA as
well as psbK-psbl, ndhF and ndhD messages as RNA tar-
gets of PAC. The albino phenotype, the dramatic decrease
of especially the plastid 23S rRNAs, the severely impaired
de novo translation, the aberrant polysome loading and
the altered 23S rRNA structure in chloroplasts, all point to
an important role of PAC in ribosome biogenesis. Several
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Figure 7. DMS structure probing of 23S RNA.

RNA was extracted from DMS-treated leaves and used in a primer extension
assay. Untreated WT leaf RNA was used as a negative control. Fragments
present in all samples represent reverse transcription abortion products
resulting from strong RNA secondary structures or processing sites. Bands
occurring only in DMS-treated samples correspond to methylation events in
unstructured or free-of-protein RNA segments. Differences between DMS-
treated WT and pComp, PAC RNAI as well as pac samples are marked by
asterisks. Strong effects are indicated by double asterisks. Due to reduced
levels of plastid rRNA in pac, the pac lane was overexposed for a better
comparison. Primer positions are indicated in the graph above. Internal pri-
mer: 6_23S_Rev; 3’ primer: Rev_7_23S.

mutants, e.g. ppr2, ppr4, pprb5, crs2-1, and rncl (Jenkins
and Barkan, 2001; Williams and Barkan, 2003; Schmitz-Lin-
neweber et al., 2006; Watkins et al., 2007; Beick et al.,
2008), exhibiting pale to albinotic phenotypes have been
reported to lack plastid ribosomes, as it is the case in pac
mutants. In many of these mutants, it is difficult to assess
whether the lack of chloroplast ribosomes is a primary or a
secondary effect resulting from defects in rRNA process-
ing, splicing or stability of tRNAs or of transcripts encoding
proteins of the translational machinery. In contrast, in
other mutants such as rap, rh22, rhon1 and sot1, a direct
interaction with chloroplast rRNAs has been demonstrated
(Chi et al, 2012, 2014; Stoppel et al., 2012; Kleinknecht
et al., 2014; Wu et al., 2016). Similarly, in pac mutants the
lack of plastid rRNAs appears to be a direct consequence
of the absence of PAC proteins, as we found PAC to be
associated with the 23S rRNA in vivo and to be able to
bind to it in vitro (Figures 4 and 5). Defects in plastid
rRNAs would lead to impaired translation of chloroplast
mRNAs, including those of the PEP, which in turn results
in general aberrant transcript abundance and patterns con-
sequently causing albinism (Legen et al, 2002). Thus,
based on our results, it stands to reason that the major tar-
get of PAC is the 23S rRNA and one of its functions is the
assistance in the biogenesis of the 50S ribosomal subunit,
as aberrant ribosomes are likely to account for the pleiotro-
pic pac mutant phenotype.

Five proteins have been reported so far to play a role in
ribosome assembly in chloroplasts, three GTPases: DER
(Jeon et al., 2014), ObgC (Bang et al., 2012), and RIF1 (Liu
et al., 2010), and two DEAD-box RNA helicases: RH3 (Asa-
kura et al., 2012) and RH22 (Chi et al., 2012). While homo-
logs of the GTPases exist in bacteria, no clear homologs
could be found for the two helicases, which were both
important for the biogenesis of the large ribosomal sub-
unit. Similar to RH3 and RH22, and to the so called plastid-
specific ribosomal proteins (PSRPs) (Tiller et al., 2012),
which basically represent a subset of ribosome-associated
proteins identified by proteomics approaches of purified
plastid ribosomes from spinach (Yamaguchi and Subrama-
nian, 2000, 2003), PAC seems to have been acquired rather
late during endosymbiosis. One reason for that may be the
fact that higher plants, in contrast to bacteria, are exposed
to changing environmental conditions and need to adjust
the plastid RNA metabolism and translation according to
external stimuli (Cho et al., 2009; Chotewutmontri and Bar-
kan, 2016). It is therefore possible that plant-specific RNA-
binding proteins occurred to regulate gene expression and
translation according to the need of the plant cell in
response to environmental changes. This assumption
would imply that the expression of RNA-binding factors
themselves must be under environmental control. In prelim-
inary experiments we investigated a presumable redox-,
temperature- and light-dependent expression of PAC. It
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appeared that PAC transcripts were severely downregulated
upon oxidative stress, heat treatment under different light
regimes, such as red, far red and high light conditions,
while cold and DCMU treatment had no measurable effect
on PAC expression (Figure S4).

Generally, chloroplasts contain protein-synthesizing sys-
tems that are considered to be very similar to those of bac-
teria, which are by far much better studied and
understood. Beside the ribosomal proteins, three other
non-ribosomal protein classes are needed for correct fold-
ing of rRNAs in E. coli.: RNA chaperones, RNA helicases
and ribosome-dependent GTPases (Kaczanowska and
Ryden-Aulin, 2007). As PAC does not possess any motifs
characteristic of DEAD-box helicases or GTPases, it is pos-
sible that it might belong to a novel class of RNA chaper-
ones. In general, E. coli ribosomal subunits can be
reconstituted in vitro without the need of any other factors
(Williamson, 2003). However, to facilitate, speed up and
optimize ribosome assembly additional non-ribosomal
proteins are required in eubacteria and obviously also in
chloroplasts. RNA chaperones are needed to destabilize
misfolded structures of long RNA molecules such as 23S
RNA allowing the RNA to refold and form the correct struc-
ture (Lorsch, 2002). As PAC impacts the 23S rRNA structure
in vivo, it is possible that PAC represent an 23S rRNA chap-
eron. Although the PAC binding site is located in the central
part of the 23S rRNA, the most pronounced structural
changes were located at its 3 end as demonstrated by
in vivo DMS probing (Figure 7). Given that the assembly of
the E. coli 23S rRNA does not follow the 5’ to 3’ transcription
direction (Kaczanowska and Ryden-Aulin, 2007), it is there-
fore possible that during assembly in the tertiary context
PAC bound to the central part of the 23S rRNA is in close
proximity to 3' end of the 23S rRNA and can influence the
RNA structure through interaction with other factors or ribo-
somal proteins, which act on the 3’ end of the 23S rRNA.
Alternatively, changes in the structure at the 3' end of the
23S rBRNA could also be a direct consequence of the binding
of PAC farther upstream, as such structural changes of RNAs
downstream of protein binding sites have already been
demonstrated (Prikryl et al., 2011; Hammani et al., 2012).

We next considered the function of PAC with respect to
the other RNA targets: psbK-psbl, ndhF and ndhD. Effects
of the disruption of the psbK gene have only been studied
in cyanobacteria and green algae so far. PsbK mutants in
Synechocystis sp. PCC 6803 and in Thermosynechococcus
elongatus BP-1 showed photoautotrophic growth compara-
ble to the WT (Zhang et al., 1993; Sugimoto and Takahashi,
2003). In Chlamydomonas reinhardtii, disruption of the
PsbK gene led to destabilization of the PSII reaction center
complex (Takahashi et al., 1994). In cyanobacteria, psbK is
transcribed as a monocistronic message (Zhang et al.,
1993), while in tobacco it is part of the psbK-psbl Rubisco
trnG gene cluster (Meng et al., 1991). In pac mutants,
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levels of all four transcript forms — the tricistronic psbK-
psbl-trnG (2.6 kb), the dicistronic psbK-psbl (1.3 kb), and
the two forms of monocistronic psbK transcripts (0.4 and
0.7 kb) — were notably reduced as compared with the WT
(Figure S3). Also levels of unprocessed and processed psb/
and trnG were strongly reduced (Figure S5a). To consider
the effect of reduced psbl and psbK transcript levels, we
aimed to investigate the formation of photosynthetic com-
plexes in PAC RNAI lines by blue native PAGE. It appeared
that in PAC RNAI lines the PSII supercomplexes and the PSI-
NDH complex were slightly less abundant than in the WT,
which would be consistent with reduced levels of psbl (Sch-
wenkert et al., 2006), while PSIl monomer, cytochrome bgf
complex, LHCIl assembly, and LHCII trimer accumulated to
nearly WT levels (Figure Sbb). Nevertheless, it seems quite
unlikely that effects on photosynthetic complex stability
could account significantly for the pac phenotype. An addi-
tional contribution to the severe pac phenotype is rather
likely to result from a decrease of trnG, which encodes the
tRNA(Gly) (UCC). In maize, disruption of PPR5 leads to
decrease in both, spliced and non-spliced trnG-UCC RNAs
accompanied by deficient chloroplast ribosomes and seed-
ling lethality (Beick et al., 2008). Therefore, we cannot
exclude that reduced levels of this tRNA beside impaired 50S
ribosome biogenesis, at least to a certain extent, also affects
translation in pac and contributes to the phenotype.
Interestingly, levels of the third RNA target of PAC,
ndhD, were significantly increased in pac mutants, there-
fore, it is possible that PAC regulates amounts of NdhD by
destabilizing the ndhD RNA, so that a decrease or an
absence of PAC would lead to increased ndhD transcript
levels (Figures 2 and S3). Alternatively, decrease of PEP
due to impaired translation might be compensated by
increasing the amount and/or activity of the NEP, as has
been described in transplastomic 4rpo and plastid gene
expression mutants (Legen et al., 2002; Cho et al., 2009).
This up-regulation could be triggered by retrograde signals
when translation is strongly reduced (pac) but not com-
pletely abolished as is the case in lincomycin-treated
plants. Thus, RNAs generated by the NEP, such as ndhD,
would overaccumulate. In favor of this theory, levels of
rpoB transcripts — one of the few plastid genes transcribed
exclusively by the NEP (Borner et al., 2015) — were greatly
increased as well. Although levels of polycistronic ndhD
transcripts (~2.6 kb) were considerably higher than in the
WT, the monocistronic message (~1.4 kb) was decreased
(Figure S3), rather pointing to a role of PAC in ndhD pro-
cessing. Levels of ndhF were reduced in pac and a high-
molecular-weight band appeared, indicating stability or
processing defects. However, given that Arabidopsis and
tobacco mutants defective in NDH complex accumulation
exhibited only a very subtle phenotype, even when sub-
jected to various stress conditions (Barth and Krause, 2002;
Muraoka et al., 2006) it seems unlikely that defective NDH
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complexes in pac contributed significantly to the overall
phenotypic alterations in pac.

The fact that retrograde signals are not inhibited in pac is
further supported by the observation that the RNAs of the
nucleus-encoded light-regulated and photosynthesis-related
genes rbcS, psbO and petC accumulated in pac to WT levels
(Meurer et al., 1998) implying that a certain developmental
stage of the chloroplast was reached in pac presumably due
to a residual PAC-independent translation. PAC is expressed
at early stages of development (Figure S5c¢), in which highest
translational activity is needed to achieve the required
expression of plastid genes. Binding of PAC to psbK, ndhF
and ndhD mRNAs adds a further layer of complexity to the
function of PAC in RNA metabolism in addition to its func-
tion in biogenesis of the 50S subunits, which could be impor-
tant for fine tuning of plastid gene expression.

EXPERIMENTAL PROCEDURES
Plant cultivation

The Arabidopsis pac allele used in this work corresponds to the
pac-2 T-DNA insertion line described previously (Grevelding et al.,
1996). Surface-sterilized seeds were grown on " MS medium sup-
plemented with 1.5% sucrose in continuous light with a photon
flux density (PFD) of 20 + 30 umol photons m~2 sec™" at 23°C.
For inhibition of plastid translation, 0.45 g L' lincomycin was
added to the MS medium. For regulation experiments, Arabidop-
sis WT plants were grown on soil in a 16 h-light (20°C)/8 h-dark
(18°C) cycle with a PFD of 50 pmol photons m=2 sec™' for
3 weeks. For the treatments, the plants were carefully transferred
to reaction tubes, with the roots into liquid medium and subjected
to growth light (GL 24 h), dark (24 h), red light (660 nm,
20 pmol photons m~2 sec™", 24 h), far red light (720 nm, 1 umol
photons m~2 sec™", 24 h), cold (4°C, GL, 24 h), heat (40°C, GL,
1 h), DCMU (50 um, GL, 24 h), Paraquat (MV 50 um, GL, 24 h). For
co-immunoprecipitation analyses WT plants and complemented
lines were grown on soil in a 12 h-light (20°)/12 h-dark (18°) cycle

for 2 weeks with a PFD of 100 umol photons m~2 sec™".

EMSA

EMSA experiments were performed as described previously (Man-
avski et al, 2015) with some changes. Binding reactions (20 pl)
contained 40 mm Tris—HCI pH 8.0; 30 mm KCI; 1 mm MgCl,; 0.01%
w/v NP40; 1 mm DTT, 50 pg ml~" heparin, trace amounts of radio-
labelled probes and increasing concentrations of recombinant
PAC (100, 200, 400, 800 nm). Probes were produced by in vitro
transcription using PCR products as described (Manavski et al.,
2015). For primer information see Table S1.

In vivo labeling

Two-week-old Arabidopsis plants grown at 30 umol photons m~2

sec™ ' were harvested and roots were removed. After incubation in
400 pl labeling buffer (1 mm phosphate buffer KH,PO,/K,HPO, pH
6.3; 20 pg ml~" cycloheximide; 0.1% w/v tween 20) for 30 min at
RT, 40 pl of 35S-methionine were added. Samples were vacuum
infiltrated three times for 20 sec, 500 ul of labeling buffer were
added and incubated for 1 h at room temperature in ambient
light. Plants were washed in labeling buffer and water, and frozen
in liquid nitrogen. Total protein was extracted from ground tissue

with the same volume of isolation buffer containing 100 mm Tris
pH 8.0; 5 mm EGTA pH 8.0; 5 mm EDTA; 150 mm NacCl; 0.5% Triton
X-100, 10 mm DTT and a protease inhibitor cocktail (Roche, Basel,
Switzerland). Following centrifugation (4°/15 min/13 000 g), pro-
tein concentrations were determined via Bradford and equal
amounts of total protein were separated on a 10% polyacrylamide
gel. Proteins were visualized by Coomassie staining. Gel was
dried and signals were detected using the Typhoon Variable Mode
Imager (GE Healthcare, Little Chalfont, UK).

Size exclusion chromatography (SEC) and sucrose
gradient fractionation

Chloroplasts were isolated from 4-week-old plants as described
previously (Stoppel et al., 2012). Chloroplasts were lysed in extrac-
tion buffer (10 mm HEPES-KOH, pH 8.0, 5 mm MgCl,, and protease
inhibitor cocktail (Roche, Basel, Switzerland) by passing the sus-
pension 20 times through a 0.5 mm needle. Membranes were pel-
leted by centrifugation at 45 000 g for 30 min at 4°C. One milligram
of RNase A-treated (100 ug RNase A (Qiagen, Valencia, CA, USA),
1 h onice.) or untreated stroma extracts were fractionated by SEC
using Superose 6 10/300 GL column (GE Healthcare, Little Chalfont,
UK) and an AKTA FPLC system (Amersham Biosciences, Little Chal-
font, Buckinghamshire, UK) as described previously (Olinares
et al., 2010). Fractions (0.5 ml) were precipitated with TCA and sep-
arated on 10% SDS-PAGE.

SEC of recombinant PAC proteins was performed on a Super-
dex 200 10/300 GL column (GE Healthcare, Little Chalfont, UK)
with buffer containing 100 mm Tris-HCL pH 8.0, 150 mm NaCl,
1 mm EDTA and flow rate of 0.7 ml min~". Size of complexes were
determined using the Gel Filtration HMW Calibration Kit (GE
Healthcare, Little Chalfont, UK).

RIP-seq and slot-blot

For RIP-seq, 2-week-old WT plants were used. Chloroplast isolation
and stroma extract preparations were performed as described pre-
viously (Schmitz-Linneweber et al., 2005). For deep sequencing of
RNAs co-immunoprecipitating with PAC, libraries were generated
with the ScriptSeq v2 RNA-seq Library Preparation Kit (Epicentre)
according to manufacturer’s instructions. Sequencing (2x 150 bp,
v2 chemistry) was performed on a MiSeq sequencer (lllumina)
yielding 4.9 Mio and 5.4 Mio primary reads for PAC antibodies and
pre-immune serum control, respectively. Primary reads were
aligned to the Arabidopsis chloroplast genome (accession number
NC_000932.1) using CLC Genomics Workbench 6.5.1 (Qiagen,
Valencia, CA, USA) with the following parameters: mismatch
cost = 2, insertion cost = 3, deletion cost = 3, length fraction = 0.5,
similarity fraction = 0.8, global alignment = no, auto-detect paired
distances = yes. Numeric data (reads/nucleotides) are provided in
Table S2. The analogous second RIP-seq experiment yielded 12
Mio and 8.4 Mio primary reads for HCF101 control and PAC anti-
bodies, respectively.

Slot-blot experiments were performed as described recently
(Manavski et al., 2015). Primers for PCR probes and 80-mers are
listed in Table S1.

Polysome loading assay

Polysome loading experiments were performed as described (Bar-
kan, 1993).

RNA gel blot analysis and rRNA quantification

RNA extraction, electrophoresis, transfer, and probe labeling were
performed as described recently (Manavski et al, 2015). Blots

© 2017 The Authors

The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 92, 400-413



were stripped and reprobed. For primer information see Table S1.
rRNA quantification was performed on Bioanalyzer using 1 pg of
total RNA and RNA 6000 Nano Kit (Agilent, Santa Clara, CA, USA).

Antibodies

PAC antibodies (Stoppel et al., 2011) were used at 1:5000 dilutions
and plastid (P)RPS5 antibodies (Uniplastomic) at dilution 1:1000.
Anti-PRPL11  antibodies were raised against peptides
GVEKGSKDPQQDKVG and MGIDIDPPILEPKKK. Peptide produc-
tion, rabbit immunization and IgG purification were preformed by
Eurogentec. For immunodetection, dilutions of 1:1000 were used.
PAC pre-immune serum and HCF101 antibodies (Schwenkert
et al., 2010) were used as negative controls in RIP-seq experi-
ments.

Generation of PAC RNAi lines and mutant
complementation

A 299-bp fragment of the PAC sequence was PCR-amplified with
primers (PAC RNAi 1¢/PAC RNAI 2), cloned into pENTR/D-TOPO
(Invitrogen, Carlsbad, CA, USA), and transferred into the binary
Gateway vector pPB7GWIWGZ2(l) (Plant System Biology). The result-
ing construct was introduced into Agrobacterium tumefaciens
GV3101 (pMP90RK) and used for transformation of WT plants via
floral dip method (Clough and Bent, 1998). Transformed seedlings
were selected with BASTA. Plants able to grow on soil and show-
ing a pale-green phenotype were selected.

The PAC cDNA starting six nucleotides upstream of the start
codon and lacking the stop codon was amplified with primers (Fw
PAC pAUL11/Rev PAC pAUL11) and cloned into pAUL11 (Lyska
et al., 2013) using the Gateway technique (Invitrogen, Carlsbad,
CA, USA). This allowed HA-Strep-tagging in vivo (Stoppel et al.,
2012). Heterozygous pac plants were transformed by floral dip
method (Clough and Bent, 1998) and transgenic Tq-plants were
selected with BASTA.

Blue native PAGE

Thylakoid isolation, solubilization, and BN-PAGE were performed
as described (Schwenkert et al., 2006). Lanes were denatured for
30 min in denaturation buffer (2% SDS; 66.7 mm Na,COz; 100 mm
DTT) and run in the second dimension in Tris-Tricine PAGE (10%
acrylamide and 4 m urea). Gels were stained with colloidal Coo-
massie Brilliant Blue as described previously (Dyballa and Met-
zger, 2009).

Recombinant protein expression and purification

The coding sequence of PAC lacking the transit peptide for
chloroplast import (aa 23-313) was amplified from an Arabidop-
sis cDNA library using oligonucleotides (Fw BamHI PAC Rev/Rev
Sall PAC Strep), which introduced BamHI and Sall restriction
sites as well as a Strep-Tag Il. PCR products were digested
(BamHI/Sall) and cloned into the BamHI/Sall sites of pMAL-TEV
vector (kindly provided by Alice Barkan). Expression and purifica-
tion were performed as described (Chi et al., 2014). Purified pro-
teins were used directly for SEC, EMSA or stored up to 2 weeks
in the fridge.

Subcellular localization studies

The entire coding region of PAC was PCR-amplified from an Ara-
bidopsis cDNA library using oligonucleotides (Fw PAC CACC/Rev
PAC - stop). Products were cloned into pENTR/D-TOPO (Invitro-
gen, Carlsbad, CA, USA) and subcloned into the binary Gateway
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vector pB7YWG2 (Plant System Biology). pENTR/D-TOPO::RAP
(kindly provided by Jorg Nickelsen (Kleinknecht et al., 2014)) was
subcloned into pH7CWG2 via the Gateway technique.

Protoplasts were prepared as described previously (Schweiger
et al., 2012). 10 pg of pB7YWG2:PAC and pH7CWG2:RAP, each,
were mixed with 100 ul of protoplast suspension and 125 l
freshly-made PEG solution (2 g PEG4000, 1.75 ml H,O, 1 ml 1 m
mannitol, 0.5 ml 1 m Ca(NO3),) was added. After incubation for
7.5 min, W5 buffer (150 mm NaCl, 125 mm CaCl,, 5 mm KCI, 2 mm
MES pH 5.7, Osm. 550-580) was added to 2.5 ml. Protoplasts were
incubated at 23°C overnight in the dark and fluorescence signals
were analyzed on a confocal laser scanning microscope as
described (Schweiger et al., 2012).

DMS probing

Leaves from 2-week-old WT, pComp, PAC RNAI, and pac plants
were harvested and incubated for 4 min in 1% of DMS freshly
prepared in water. DMS solution was then replaced by ice-cold
water and samples were chilled on ice for 5 min. Leaves were
frozen in liquid nitrogen and total RNA was extracted using Tri-
Pure Isolation Reagent (Roche, Basel, Switzerland) as recom-
mended by the manufacturer. In total, 1 ug of total RNA was
used for primer extension assay with primers Rev_7_23s and
4_23S_Rev, and transcriptor reverse transcriptase (Roche, Basel,
Switzerland). Primer extension reactions were performed as
described (Barkan, 2011) except that ddNTPs were not added.
Extension was performed at 50°C. Samples were separated on a
pre-run denaturing 8% polyacrylamide gel in 1x Tris/borate/
EDTA (TBE) buffer.
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8. DISCUSSION
8.1. Pleiotropic mutants: Primary versus secondary defects

In general, working with Arabidopsis mutant lines which exhibit massive growth and
developmental defects leading to albinotic or even lethal phenotypes often complicates the
identification of the underlying primary defects caused by the loss of the respective protein,
especially due to the restricted amount of plant material and occurring secondary defects. Many
mutants somehow impaired in proper chloroplast functions display defects in plastid
morphology, photosynthetic performance and thus energy metabolism and often growth defects
(Taylor et al., 1987; Romani et al., 2012; Manavski et al., 2015). In several cases such mutants
are even embryo-lethal, making an in-depth functional characterization and biochemical
analysis almost impossible. However, the dramatic effects of impaired chloroplast function
underline the necessity of proper chloroplast performance for the entire plant (Devic, 2008;
Bryant et al., 2011). In particular disturbance of plastid translation causes far reaching
consequences as the expression of the plastid-encoded polymerase (PEP) is affected which then
causes dysregulated transcript levels of plastid-encoded genes, also those for photosynthesis
and translation (e.g. genes for ribosomal proteins or tRNAs) (Williams-Carrier et al., 2014).
This down-regulation of preferentially PEP-dependent transcripts is observed in PEP-reduced
mutants as well as pep knockout mutants, in which NEP-dependent genes, such as RpoB are
upregulated (Borner et al., 2015). Finally, this leads to impaired photosynthesis and the

observed pale phenotypes.

Characterizations of pac mutants, detected numerous defects including massively impaired
photosynthesis and development even leading to seedling lethality (Reiter et al., 1994). Still,
for more than 20 years it remained unclear which function the corresponding PAC protein
fulfils. Based on the discovery of abnormal plastid transcript patterns and abundance, PAC was
proposed to function in chloroplast MRNA maturation and accumulation (Meurer et al., 1998).
Nevertheless, the finally identified role as an RNA chaperone acting on the stability of the 23S
rRNA and thereby ribosome biogenesis could only be addressed by proving the association of
PAC with RNA in megadalton size proteinaceous complexes and its co-migration with
ribosomal subunits in different assembly states as well as verifying its association with RNA
using RIP-Seq, in vitro RNA-binding and structuring studies (Meurer et al., 2017).

Similarly, pumpkin mutants exhibited pronounced developmental and pleiotropic defects e.g.

improper plastid translation causing a decrease of preferentially PEP-generated transcripts as
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well as aberrant transcript patterns. This was initially attributed to the impaired stabilization of
transcripts due to the missing PUMPKIN protein acting in RNA metabolism (Schmid et al.,
2019). Still it was impossible to estimate if and to which extent the lacking enzymatic function
of PUMPKIN in the pyrimidine biosynthesis pathway might contribute to these defects. Only
by separately re-introducing the two functions — RNA association or enzymatic activity — we
were able to discriminate between real primary defects directly caused by the mutation and

secondary defects which accumulated due to interplay with other metabolic processes.

To summarize, even though both mutants show a similar pleiotropic phenotype and disturbance
in chloroplast development including impaired translation and abnormal plastid transcript
abundance and patterns, in pac mutants the defects in translation are indeed a direct
consequence of the absence of PAC protein acting in ribosome biogenesis. In contrast, in
pumpkin mutants, the disturbed nucleotide biosynthesis — due to the lack of the enzymatic
function of PUMPKIN - leads to these dramatic secondary defects. Even though challenging,
understanding the underlying molecular function of such proteins is of utter importance as they
possess such a great impact on the whole plant development.

8.2. Chloroplast RNA metabolism and its interplay with other metabolic
pathways — new possibilities for regulation

PUMPKIN, as the sole plastid UMP kinase acting as an enzyme in the plastid pyrimidine
pathway also possesses RNA-association capability. Even though this association might be
mediated via other interacting RNA-binding proteins, PUMPKINs" enzymatic activity and
RNA-association capability also point to a dual and thus integrating function of PUMPKIN by
connecting nucleotide biosynthesis and plastid gene regulation. The enzymatic properties of
PUMPKIN open even further layers for regulation and sensing of nucleotide pools. As reported
for the E. coli homologue PYRH, the kinase function is regulated by feed-back mechanisms as
UTP inhibits the conversion of UMP to UDP while GTP acts as an allosteric activator to balance
pyrimidine and purine synthesis (Meyer et al., 2008). The negative regulation by UTP and the
positive stimulation by GTP were also observed for the enzymatic activity of PUMPKIN in in
vitro studies (data not shown). These effectors might not only influence the enzymatic function
but also the RNA-association ability of PUMPKIN in response to the existing nucleotide and

energy state.
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Interestingly, also other proteins involved in nucleotide biosynthesis seem to have moonlighting
functions. Mutants defective in UPP — the upstream enzyme in the plastidial pyrimidine salvage
pathway converting uracil to UMP —also displayed massive developmental defects which could
not be reversed by introducing the homologues enzyme from E. coli, even though it was proven
to be active and correctly localized in these complemented plants in vivo (Ohler et al., 2019).
Vice-versa upp mutants could be rescued by the complementation with enzymatically impaired
UPP versions, clearly demonstrating the importance of another — still unclear — function mainly

responsible for the observed phenotype (Ohler et al., 2019).

In general, the influence or interplay of plastid gene expression with other metabolic pathways
becomes more and more obvious (Bohne and Nickelsen, 2017). According to the REM (RNA-
enzyme-metabolite) hypothesis especially enzymes seem to be an optimal platform to gain new
functions but still retaining their regulatory mechanism (e.g. allosteric activation/inhibition, or

non/competitive inhibitors) thus allowing tight control of their activity (Castello et al., 2015).

One very well studied example of a dual-functioning RNA-binding protein is the
Chlamydomonas DLA2 subunit of the chloroplast pyruvate dehydrogenase which was shown
to disassemble from the complex under mixotrophic growth conditions to bind the psbA mRNA,
encoding the central D1 subunit of photosystem Il (Bohne et al., 2013). Recent experiments
could further verify this functional switch between fatty acid synthesis and gene expression
control and identified an E3-binding domain within the protein as well as parts of the catalytic
enzyme domain to confer specific RNA binding (Neusius et al., 2019). This way the protein
integrates the energetic status of the cell into a regulatory output on lipid and protein
biosynthesis and photosynthesis, respectively. Due to the nature of the RNA targets the action
of RNA-binding proteins also affects different metabolic pathways. The PPR protein PDM2 for
instance is involved in the editing and thus the post-transcriptional control of the chloroplast-
encoded accD gene, whose protein product, the acetyl-CoA carboxylase beta subunit is
essential in fatty acid synthesis (Kode et al., 2005; Du et al., 2017).

Sometimes proteins are also capable to regulate their own expression in a feedback-loop
mechanism under certain conditions. In the case of the RubisCO large subunit (LSU) this leads
to a dual functionality. While RubisCO large subunit is predominantly active as part of the
enzyme for carbon fixation in the Calvin-Benson cycle, its self-regulation capacity also makes
it a bona fide RNA-binding protein, binding to its own transcript via an RRM-motif and
stopping translation of the rbcL mMRNA (Cohen et al., 2006). Thereby RubisCO expression can

be fine-tuned, especially under oxidative stress conditions (Cohen et al., 2006).
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In addition, several RNA-binding factors possess overlapping targets but only some studies
analysed if they indeed cooperate and form complexes, which would represent another layer of
regulation. One recent example is the interplay of the RNA chaperone-like BSF, the processing
factor CRP1 and the ribosomal release factor-like protein PrfB3 which act in concert on the
petB/petD MRNA and regulate its stability and translation (Jiang et al., 2019). The identified
protein interaction partners of PUMPKIN also deserve further research to elucidate which of
the candidates are direct or indirect interaction partners to gain further insight into the possibly
regulatory role of PUMPKIN within these proteinaceous complexes. Advances in big data
analyses and computational network modelling are additional promising tools to further follow
up these questions and gain insight into the complex regulatory networks and responses reacting
to internal and external stimuli. As outlined in the following paragraph, identification of yet
unknown RNA-binding proteins will further contribute to our understanding of the interplay of
different metabolic pathways and the regulation of chloroplast gene expression.

8.3. The unexplored versatility of RNA-binding or associated proteins

Recent advances in whole-transcriptome analyses allowed a new approach to search for RNA-
binding proteins using cross-linking and the pull-down of RNA-binding proteins via fishing the
RNA molecules. Subsequent mass spectrometry approaches led to the identification of large
proteome datasets representing RNA-binding proteins. Besides the identification of already
known RNA-binding factors — which also validate the method — an unexpected amount of non-
classical RNA-binding proteins was identified. They lack so-far known RNA-binding motifs
and are often involved in other metabolic processes, thus supporting the paradigm of so-called
enigmRBPs (RNA-binding proteins) — referring to their mysterious double life (Hentze et al.,
2018).

Unfortunately, the studies were performed using an oligo(dT)-pull-down strategy based on
poly(A) tails, which is not suitable for the plethora of plastid-encoded transcripts — as they lack
stable polyadenylated termini — thus explaining the very low coverage of plastid RNA-binding
proteins identified. If anything, poly(A) tails at plastid-encoded RNAs serve to mark transcripts
which should undergo degradation (Schuster et al., 1999). Additionally, Reichel et. al (2016)
used etiolated seedlings — more suitable for UV-crosslinking — as input material. As they are
lacking mature chloroplasts, also the large pool of RNA-binding proteins involved in

chloroplast gene expression is probable not fully established in this type of starting material.
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Hence, it appears reasonable that plastid-localized RNA-associated proteins such as PUMPKIN
were not identified with these approaches. To circumvent this underrepresentation of
chloroplast RNA-binding factors, the idea arose to introduce suitable RNA-tags for pulldown,
so called aptamers, which could replace the missing poly(A) stretches (Panchapakesan et al.,
2017). Still, this technique is not optimal in plastid research as the stable introduction of such
stretches into the chloroplast genome is time-consuming and labour-intensive and in addition
such modifications can cause unforeseen effects on RNA stability or processing. Watkins et al.
(2019) made use of another slightly different technique by using antisense oligonucleotides for
the specific pulldown of psbA mRNA and additionally exploited the already known psbA-
binding protein HCF173 to pulldown psbA and its associated proteome. Nevertheless, latest
achievements in tailoring proteins for certain purposes opened another new possibility to search
for yet unknown RNA-binding or RNA-associated factors acting on plastid transcripts.
McDermott et al. (2019) designed an artificial PPR-protein targeted towards Arabidopsis psbA

MRNA, allowing the analysis of the psbA associated proteome.

With this programmable proteins in our hand, systematic study of the plastid RNA-binding
proteome will not only identify new factors important for chloroplast gene expression but will
also contribute to understand the concerted action of different RNA-binding factors on the same
target, which was recently reported (Jiang et al., 2019). Regarding the promising results from
cytosolic RNA-binding proteome studies it is more than likely that especially chloroplasts,
which are dependent on a tight regulation of their gene expression and metabolism, also harbour
many — yet uncharacterized — dual-functioning RNA-binding proteins, representing interesting

candidates for reverse genetic screens.

8.4. Engineering of RNA-binding proteins — future perspectives

Besides the engineering of RNA-binding proteins for pull-down strategies, in-depth
understanding of RNA-binding proteins provides an excellent platform for additional
applications. The elucidated recognition modes of e.g. PPR, TALE and PUF proteins offer a
toolbox of different RNA-binding motifs with specificity towards a certain target (Filipovska
and Rackham, 2012). This first RNA-binding modular unit can then be combined with other

domains to introduce a desired function into the designer protein (see Figure 5).
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Figure 5. The modular toolbox of engineered RNA-binding proteins. RNA-binding specificity is
achieved using the known RNA-binding motifs. Additional domains can confer additional functions
leading to different actions on the desired target RNA. PPR = pentatricopeptide repeat, PUF = Pumilio
and FBF protein family, RRM = RNA recognition motif, TALEN = Transcription Activator-like
Effector Nuclease, GFP = green fluorescent protein.

This includes signal peptides for correct localization as well as functional domains which
directly modify the chosen target. Such functional modules could be e.g. nucleases to cleave
and thus inactivate a transcript, domains to edit certain nucleotides or fluorescent tags to track
RNA localization (Chen and Varani, 2013). Especially inactivation of disease-related RNAs
represents a promising approach to treat genetic disorders or cancer, as the use of RNA
interference for silencing of disease-related RNAs already raised encouraging results (Mansoori
et al., 2014). Another publication described the successful modulation of miRNA function by
an engineered RNA-binding protein in cancer cells (Chen et al., 2016). Not only in human
health, synthetic RBPs can contribute to fight diseases but as also in planta RNA-binding
proteins are important for immune response. Hence, designing RNA-binding proteins which
specifically bind virus RNA and degrade it might for instance help in developing virus-resistant
plants — an emerging issue especially for crop plants (Huh and Paek, 2013). Lately, a synthetic
PPR protein was used to regulate the in vivo expression of a transgene stably integrated into
chloroplasts that could increase the induced expression of the transgene up to 40-fold, thus
being a promising approach for optimizing transgenic protein production in planta (Rojas et al.,
2019). Similarly, controlling the translation of transgenes in plastids by inducible expression is
a useful approach to circumvent negative effects on plant growth when transgenes are
constitutively expressed (Hennig et al., 2007). Making use of redesigned bacterial riboswitches,
which can switch on or off translation in a ligand-dependent manner, Verhounig et al. (2010)
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were already successful to control plastid translation of a GFP control gene by targeting these
riboswitches to Shine Dalgarno sequences. To figure out the optimal design in terms of
specificity, localization, interplay with other processes and regulation, fundamental research
also on unusual RBPs, such as PAC or PUMPKIN will broaden the repertoire and improve the

success in using these engineered proteins.

8.5. The origin and conservation of PUMPKIN and PAC

Besides understanding the molecular action of proteins, tracing their origin and evolution
further provides valuable information. Especially comparing the sequence, structure or other
features of proteins with their close or remote relatives, helps to elucidate if these proteins
emerged early in evolution and fulfil essential tasks in ancient processes or if they evolved at a

certain time point to adopt to changing conditions or mechanisms.

UMP kinases resembling PUMPKIN can be found from archaea, eubacteria over cyanobacteria,
green algae, mosses and ferns up to flowering plants, speaking in favour for a common
prokaryotic ancestor (Figure 6). Besides UMP kinases of other land plant species, the closest
relatives to PUMPKIN are UMP kinases from cyanobacteria, arguing that PUMPKIN may have
originated from the cyanobacterial ancestor which developed into the chloroplast. Nevertheless,
this type of UMP kinase seems to be very ancient, as it is not only found in eubacteria but also
in archaea. Neither the UMP Kkinase representatives from archaea (see blue dots in the
phylogenetic tree) nor the examples from proteobacteria (red dots) strictly clustered into distinct
groups but appeared as a mixed paraphyletic group, impeding the reconstruction of their
evolution. Still, it can be assumed that this type of UMP kinase was already present in the last
universal common ancestor (LUCA). Similarly, CTPase (PyrG), another gene involved in
nucleotide biosynthesis, was reported to reach back to LUCA (Leipe et al., 2002), underlining
the importance of nucleotide biosynthesis, which is a prerequisite for genetic information

storage.

The closest relatives to PUMPKIN found in rhodophyta, phaeophyceae or diatomea are fusion
proteins of aspartate kinase and homoserine dehydrogenase, two enzymes in pyrimidine de
novo synthesis (not included in the phylogeny). Hence, these organisms might only possess de
novo synthesis pathways but not the uracil salvage pathway. For comparison also the relation
to the other three UMP kinases of Arabidopsis which are located in the cytosol, were analysed.
As they belong to another type of UMP kinases which show specificity for both UMP and CMP,
they expectedly belong to a separate cluster (Zhou et al., 1998).
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Figure 6. Phylogenetic tree of the UMP kinases. The alignment of representative proteins of different
species was analysed by the maximum likelihood method using MEGA (Jones et al., 1992; Kumar et
al., 2018). The scale bar indicates the evolutionary distance. NCBI accessions of all sequences are
provided in the Appendix.

Comparing the amino acid sequences of different orthologues, certain residues essential for the
enzymatic function, e.g. for substrate binding, are strongly conserved. The residues chosen for
point mutations in order to obtain PUMPKIN versions with altered enzymatic activity (aspartic
acid 165 and arginine 149, see manuscript) are indeed conserved over all analysed species, with
the exception of the aspartic acid in the eukaryotic-type UMP/CMP kinases of Arabidopsis,
which might be also explained by a suboptimal alignment due to their remote relation. This
strong conservation further confirms the importance of the kinase function in nucleotide
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biosynthesis as this enzyme is essential in several eubacteria (Fassy et al., 2004). At which time
point during evolution PUMPKIN acquired its additional role in plastid RNA metabolism
remains challenging to define. On protein sequence level no additional stretches or domains
were acquired compared to eubacteria such as E. coli or also to cyanobacterial members except
targeting peptides to correctly localize the protein into the chloroplast. Only examining the
phenotypes and defects of knockouts and detailed molecular analyses of the respective proteins
in different clades such as chlorophyta or cyanobacteria might shed light on the evolution of its
dual functionality. So far, detailed experiments are only available for Arabidopsis and rice
besides many eubacteria (Ingraham and Neuhard, 1972; Bucurenci et al., 1998; Zhu et al., 2016;
Schmid et al., 2019).

In strong contrast, relatives of the PAC protein only exist in land plants (Figure 7). Similarly,
also CRASS (CHLOROPLAST RIBOSOME ASSOCIATED) orthologs are only present in
embryophytes but are neither found in green algae nor in cyanobacteria. Hence, PAC and
CRASS represent newly evolved factors which might have been necessary to adopt to the new
conditions when conquering land and leaving water. One might further hypothesize that these
factors were also indispensable to cope with changing temperatures that occur in terrestrial
habitats, in comparison to water environments (de Vries and Archibald, 2018). Especially
processes connected to translation are known to react sensitive to cold-treatment when such
factors are missing (Paieri et al., 2018; Pulido et al., 2018) as presumably the biogenesis of
ribosomes might need more assistance for correct RNA-folding and assembly under these
conditions (Bevilacqua et al., 2016). CGL20 (CONSERVED ONLY IN THE GREEN
LINEAGE?20), another factor assisting in 50S ribosome biogenesis is conserved in
chloroplastidae, as the name already indicates, but also lacks a prokaryotic origin (Reiter et al.,
2020). Thus, plastid ribosome biogenesis has acquired several new auxiliary factors, most
probably also fulfilling regulatory functions and supporting the assembly of the slightly
different translational machinery when compared to prokaryotes. Furthermore, this allows a
tight control of chloroplast function by nuclear-encoded factors. Similarly, also other protein
families involved in adjusting plastid gene expression massively increased in land plants,
including PPR proteins (Barkan and Small, 2014). This recruitment of factors was either
achieved by evolving new factors, as seems the case for PAC or also CGL20 or by making use
of existing scaffolds which simply kept their function but underwent duplication or also

developed new features (Reiter et al., 2020).
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Figure 7. Phylogenetic tree of PAC. The alignment of representative proteins of different species was
analysed by the maximum likelihood method using MEGA (Jones et al., 1992; Kumar et al., 2018). The
scale bar indicates the evolutionary distance. NCBI accessions of all sequences are provided in the
Appendix.

Even though the PAC protein does not contain known RNA-binding domains, it possesses a
stretch of extraordinary many negatively charged residues. When comparing the amino acid
composition of several ribosome biogenesis factors, a low isoelectric point (ranging from 4.5
to 5.5) and the occurrence of long stretches of glutamic (E) and aspartic (D) acids seems to be
a common feature (Liu et al., 2015; Pulido et al., 2018; Reiter et al., 2020). In the case of RH50
and RH22 (DEAD-box RNA helicases 50 and 22, respectively), the isoelectric point is higher
(7.7 and 5.9, respectively) probably due to their additional DEAD-box RNase helicase function,
but both proteins contain several stretches of repetitive E and D residues (Chi et al., 2012; Paieri
et al., 2018). DEAD-box RNase helicase are also found in prokaryotes, some examples in
eubacteria furthermore showed that they fulfil similar functions in ribosome biogenesis
(Khemici and Linder, 2016). RH22 for instance is closely related to the eubacterial SrmB
protein and interacts with the same ribosomal protein (L24/ RPL24) (Chi et al., 2012).
Similarly, also other ribogenesis factors e.g. GTPases such as DER (Double Era-like GTPase)
or rRNA methylases such as CMAL, possess eubacterial relatives (Jeon et al., 2014; Zou et al.,
2020). Thus, some auxiliary factors kept their original function while others, such as PAC, were

newly recruited to aid in the process of ribosome assembly and maturation.
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8.6. Features of accessory proteins aiding in ribosome biogenesis

Another shared feature between eubacteria and chloroplasts is the sublocalisation of ribosome
biogenesis. In eubacteria it was long believed that translation happens co-transcriptionally and
takes place in the nucleoids, but new techniques allowed the discrimination of directly nucleoid-
localized ribosomes and a much higher number of ribosome-rich regions in the cytoplasm. This
argues for ribosome biogenesis taking place in the nucleoids while mature ribosomes then
translate MRNAs in the cytosol (Bakshi et al., 2015). Similarly, nucleoids are assumed to be
the sub-compartment for ribosome biogenesis in plants as revealed by localization studies of
ribosome biogenesis factors and proteomics data uncovering the composition of nucleoid
fractions (Bohne, 2014). Expectedly, also PAC was identified as a nucleoid protein, as it co-

localized with the nucleoid protein RAP (Meurer et al., 2017).

Regarding the function of different ribogenesis factors, many of them are necessary for correct
processing and maturation of ribosomal RNAs and additionally were reported to also directly
interact with ribosomal proteins. Still for several factors, such as PAC, CGL20 or CRASS, it
remains challenging to predict how exactly this interaction is mediated as they lack classical
RNA-binding motifs. Furthermore, crystal structures are missing so far to explain which parts
of the protein surfaces might interact with the ribosomal RNAs and/or proteins (Meurer et al.,
2017; Pulido et al., 2018; Reiter et al., 2020). One could further speculate about the stretches
of acidic amino acids (glutamic and aspartic acid) that are found in repeats of 3 up to 10 in
RH22, for instance (Chi et al., 2012). These negatively charged motifs might interact with
positively charged amino acid stretches (including lysine, arginine and histidine residues) found
in some ribosomal proteins such as RPL22, RPL2, RPS17 or RPS20 (https://www.uniprot.org/).
A similar mechanism was shown for the small heat shock protein a-crystallin containing acidic
regions which interact with the basic regions of fibroblast growth factor 1 (Edwards et al.,
2001). Another hypothesis concerns the nature of glutamic acid as it was found to be the second
most disorder-promoting residue (Uversky, 2013). Such intrinsic disorders influencing the
folding and structure of proteins were reported to allow transient but specific interactions with
multiple partners — a feature which would perfectly match to the requirement of an auxiliary
factor that can be released easily after assembly (Pazos et al., 2013). Furthermore, RNA
chaperone activity was another function attributed to intrinsically disordered regions, thus,

these regions might be as well involved in rRNA recognition and binding (Oldfield et al., 2020).

Another relevant point to study is in which step of ribosome biogenesis a factor is active.

Unfortunately, a detailed chronology of ribosome assembly is still missing in plants. At least in
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eubacteria some steps and assembly intermediates have been analysed, still the precise action
and involvement of extraribosomal factors remains to be determined (Fournier et al., 2010;
Ridgeway et al., 2012). Some first hints towards an assembly model are provided by co-
migration and co-immunoprecipitation analyses to figure out if a ribosome biogenesis factor is
associated with the small (SSU) or large (LSU) ribosomal subunit (Jeon et al., 2014; Meurer et
al., 2017; Paieri et al., 2018). Such co-migration experiments also allow to differentiate if a
factor is predominantly linked to premature or mature ribosomes thus indicating an involvement
in early assembly steps or in later steps of translation or polysome loading. A promising
technique called “complexome profiling”, which uses shotgun proteomics of fractions from
native electrophoresis gels, was already successfully applied to identify ribosomal assembly
states from human mitochondria (Wessels et al., 2013). Hence, such an approach might be very

helpful to capture intermediates and develop an assembly profile of plastid ribosomes as well.

8.7. Adapting plastid gene expression to different conditions

So far characterization of proteins involved in plastid RNA metabolism almost entirely focused
on characterizing their targets and functions. Another interesting question is to elucidate how
the expression and activity of the RNA-binding factors themselves is influenced by
transcription factors, external stimuli and/or metabolic ligands. Only some examples of
differentially expressed RNA-binding factors were reported so far, which show an increase or
decrease of their abundance in response to various conditions, ranging from heat or light over
osmotic stress to an induction after viral infection (Naqvi et al., 1998; Stoppel et al., 2011;
Ambrosone et al., 2015; Nyiko et al., 2019). The expression of PUMPKIN, for instance, was
shown to change during development and unpublished data further revealed that PUMPKIN
expression is light dependent. The chloroplast RNA binding proteins CP31A and CP29A were
found to play an important role in conferring cold tolerance (Kupsch et al., 2012). Similarly,
other factors involved in rRNA processing, ribogenesis and translation, such as RBD1
(Chloroplast RNA-Binding Protein 1), CRASS, RH50 or CGL20 were shown to be of particular
importance under cold treatment (Wang et al., 2016; Paieri et al., 2018; Pulido et al., 2018;
Reiter et al., 2020). RBD1 was shown to be more tightly bound to its target, the 23S rRNA,
under chilling conditions to guarantee proper processing (Wang et al., 2016). It is assumed that
especially RNA folding and thus also upstream processes are temperature sensitive (Bevilacqua
et al., 2016). It was further speculated that ribosome run off might be enhanced under cold
conditions, leaving the remaining “naked” transcripts unprotected and therefore accessible to

degradation (Zoschke and Bock, 2018). Thus, protection and RNA-restructuring by RNA-
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binding proteins becomes even more important. Identification of similar mechanisms in the
nuclear system of Arabidopsis and even in eubacteria further support this frequently observed
sensitivity of mutants impaired in ribosome biogenesis towards cold temperatures (Resch et al.,
2010; Juntawong et al., 2013; Huang et al., 2016). Also PAC is involved in plastid ribosome
biogenesis acting as an RNA chaperone which binds to 23S rRNA, hence, further studies on
the behaviour of pac mutants under different conditions should be performed (Meurer et al.,
2017). Initial studies already found that PAC levels are regulated by light (Reiter et al., 1994).
Additional experiments revealed a strong responsiveness of PAC mRNA levels upon treatment
of wild-type plants under different conditions (e.g. temperature, light regime), thus making PAC
another excellent candidate for studies in terms of adapting the plastid translational machinery

towards changing environmental conditions (Meurer et al., 2017).
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11. APPENDIX

List of sequences used for phylogenetic analyses of PUMPKIN and PAC

The following paragraph lists all proteins sequences which were used to generate the
phylogenetic trees shown in the discussion (Section 8.5 “The origin and conservation of
PUMPKIN and PAC”). When applicable, targeting peptides were predicted via ChloroP
(http://lwww.cbs.dtu.dk/services/ChloroP/) and removed from the sequences before the

alignment.
PUMPKIN (Arabidopsis thaliana NP_001327269.1) tree:

Populus trichocarpa (XP_006382835.2), Vitis vinifera (RVW32729.1), Oryza sativa
(XP_015638950.1), Sorghum bicolor (XP_002456998.1), Zea mays (ACG34670.1),
Physcomitrella patens (XP_024356956.1), Selaginella moellendorffii (XP_002989696.2),
Chlamydomonas reinhardtii  (XP_001701996.1), Coccomyxa subellipsoidea C-169
(XP_005649703.1), Synechococcus sp. PCC 7336 (WP_017323937.1), Synechocystis sp. PCC
6714 (WP_028946647.1), Nostoc sp. (WP_012412364.1), Prochlorococcus marinus str. MIT
1313 (KZR69540.1), Chlorobium sp. (TLU86129.1), Campylobacter insulaenigrae
(VDHO06034.1), Sutterella sp. (WP_118275560.1), Streptococcus pneumoniae (COI184283.1),
Prosthecochloris  aestuarii (WP_012506353.1), Chlorobium phaeobacteroides
(WP_012475388.1), Escherichia coli (MXF67036.1), Euryarchaeota archaeon
(MBM56337.1), Thermoplasmata archaeon (RLF63849.1), Arabidopsis thaliana UMP/CMP
kinase 1 (NP_567093.1), Arabidopsis thaliana UMP/CMP kinase 2 (NP_001320061.1),
Arabidopsis thaliana UMP/CMP kinase 3 (NP_001031942.1), Spirulina subsalsa
(WP_017306786.1), Thaumarchaeota archaeon (MBH59406.1), Candidatus Woesearchaeota
archaeon (MAG62215.1), Methanomicrobia archaeon (NCA95618.1), Hyphobacterium
indicum (WP_109260276.1)

PAC (Arabidopsis thaliana OAP08721.1) tree:

Populus trichocarpa (XP_024441296.1), Vitis vinifera (RVW54883.1), Zea mays
(ACG37291.1), Oryza sativa (XP_015637477.1), Sorghum bicolor (XP_002439753.1),
Selaginella moellendorffii (XP_002990128.2), Physcomitrella patens (XP_024376361.1)
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threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.
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® Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

e In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

e WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895.html
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ELSEVIER LICENSE
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Mar 24, 2020

This Agreement between LMU -- Lisa-Marie Schmid ("You") and Elsevier ("Elsevier")
consists of your license details and the terms and conditions provided by Elsevier and
Copyright Clearance Center.

License Number 4795460228403

License date Mar 24, 2020

Licensed Content Publisher  Elsevier

Licensed Content Publication Trends in Genetics

Licensed Content Title Chloroplast research in the genomic age
Licensed Content Author Dario Leister

Licensed Content Date Jan 1, 2003

Licensed Content Volume 19

Licensed Content Issue 1

Licensed Content Pages 10

Start Page 47

End Page 56

Type of Use reuse in a thesis/dissertation

Portion figures/tables/illustrations

Number of figures/tables

/illustrations !
Format both print and electronic
Are you the author of this No

Elsevier article?
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Will you be translating? No

Functional Characterization of PAC and PUMPKIN, Two

Title Proteins Involved in Chloroplast RNA Metabolism

Institution name n/a

Expected presentation date ~ Mar 2020

Order reference number Leister 2003 Permission

Figure 1: Genes of cyanobacterial origin and the intracellular

Porti - . . . .
ortions targeting of their products in Arabidopsis

LMU
Grosshaderner Str. 2-4

Requestor Location
Planegg-Martinsried, other 82152

Germany
Attn: LMU
Publisher Tax ID GB 494 6272 12
Total 0.00 EUR
Terms and Conditions
INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
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altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.

https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisher...

24.03.2020, 18:23



RightsLink Printable License

4 von 6

16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

¢ immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
o After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

o if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
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formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:

Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
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available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access

Article aggregation

Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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PUBLISHER TERMS AND CONDITIONS

Permission is granted for the life of the current edition and all future editions, in all languages and in all media.

CCC Republication Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication of one or
more copyrighted works as described in detail on the relevant Order Confirmation (the "Work(s)"). Copyright Clearance Center, Inc.
("CCC") grants licenses through the Service on behalf of the rightsholder identified on the Order Confirmation (the "Rightsholder").
"Republication”, as used herein, generally means the inclusion of a Work, in whole or in part, in a new work or works, also as
described on the Order Confirmation. "User", as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a particular Work,
govern the terms of use of Works in connection with the Service. By using the Service, the person transacting for a republication
license on behalf of the User represents and warrants that he/she/it (a) has been duly authorized by the User to accept, and hereby
does accept, all such terms and conditions on behalf of User, and (b) shall inform User of all such terms and conditions. In the event
such person is a "freelancer" or other third party independent of User and CCC, such party shall be deemed jointly a "User" for
purposes of these terms and conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and
conditions if User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The
license created by the exchange of an Order Confirmation (and/or any invoice) and payment by User of the full amount set
forth on that document includes only those rights expressly set forth in the Order Confirmation and in these terms and
conditions, and conveys no other rights in the Work(s) to User. All rights not expressly granted are hereby reserved.

3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. If you
and we agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment to:
Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upon their
delivery to you (or upon our notice to you that they are available to you for downloading). After 30 days, outstanding
amounts will be subject to a service charge of 1-1/2% per month or, if less, the maximum rate allowed by applicable law.
Unless otherwise specifically set forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices
are due and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of the
Order Confirmation, the license is automatically revoked and is null and void, as if it had never been issued, if complete
payment for the license is not received on a timely basis either from User directly or through a payment agent, such as a
credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including the editions and
product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to any and all limitations
and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in the Order Confirmation
or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall either secure a new
permission for further use of the Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible
(such as by deleting or by removing or severing links or other locators) any further copies of the Work (except for copies
printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials (such as
photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as having been used
by permission, User is responsible for identifying, and seeking separate licenses (under this Service or otherwise) for, any of
such third party materials; without a separate license, such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless
otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows: "Republished
with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc. " Such notice must be provided in a reasonably legible font
size and must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or footnote but
not as a separate electronic link) or in the place where substantially all other credits or notices for the new work containing
the republished Work are located. Failure to include the required notice results in loss to the Rightsholder and CCC, and the
User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the Order
Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used
in any way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright, privacy,
publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In addition, User may
not conjoin a Work with any other material that may result in damage to the reputation of the Rightsholder. User agrees to
inform CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request
of CCC or the Rightsholder in connection therewith.
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4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors,
against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out of any use of a Work beyond
the scope of the rights granted herein, or any use of a Work which has been altered in any unauthorized way by User, including
claims of defamation or infringement of rights of copyright, publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT,
CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR
INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF ONE OF THEM
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including
their respective employees and directors) shall not exceed the total amount actually paid by User for this license. User assumes full
liability for the actions and omissions of its principals, employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS
GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING
TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED WARRANTIES OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS,
GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A
MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE
SUCH ADDITIONAL RIGHTS TO GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the license set
forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the license created by the Order
Confirmation and these terms and conditions. Any breach not cured within 30 days of written notice thereof shall result in
immediate termination of such license without further notice. Any unauthorized (but licensable) use of a Work that is terminated
immediately upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license price therefor; any
unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because materials
containing the Work cannot reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a
payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions
already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy, available online here:
https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or
transfer to any other person (whether a natural person or an organization of any kind) the license created by the Order
Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in the
new material which includes the Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightsholder and
CCC hereby object to any terms contained in any writing prepared by the User or its principals, employees, agents or
affiliates and purporting to govern or otherwise relate to the licensing transaction described in the Order Confirmation,
which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in these terms and
conditions or CCC's standard operating procedures, whether such writing is prepared prior to, simultaneously with or
subsequent to the Order Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.

8.5. The licensing transaction described in the Order Confirmation document shall be governed by and construed under the law
of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action,
or proceeding arising out of, in connection with, or related to such licensing transaction shall be brought, at CCC's sole
discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any federal or state
court whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-8400 or send an
e-mail to support@copyright.com.
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