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Summary

Summary
Chloroplasts were formed as a result of an endosymbiotic event in which an ancestral
photosynthetic cyanobacterium was engulfed by a heterotrophic host cell. After several gene
transfer events, about 95 % of the genetic information was handed over from the chloroplast
to the nuclear genome. Therefore, nuclear-encoded chloroplast proteins that are synthesized
in the cytosol need to be imported into the chloroplast. Protein import into chloroplasts is a
highly regulated process, which requires fine-tuning mechanisms especially during
chloroplast differentiation. In addition to the transit peptide, efficient targeting of these
proteins require additional assistance from several cytosolic players. Most notably,
preproteins harbor features to bind the heat shock chaperone proteins HSP70 and HSP90.
Furthermore, a subset of proteins also bind to 14-3-3. Together with HSP70, 14-3-3 dimer
binds to preproteins forming together a so-called “guidance complex”. Formation of these
complexes enhances the import rate of the preproteins. The phosphorylation of preproteins
at the transit peptide increases the affinity of 14-3-3, hence, enhancing import efficiency. In
Arabidopsis thaliana, three high homologous cytosolic serine/threonine/tyrosine (STY)
protein kinases are responsible for the phosphorylation of preproteins: STY8, STY17 and
STY46.
In first part of this work, I investigated the role of precursor phosphorylation and kinase
regulation in acclimating conditions. We could show that high light acclimation enhances the
phosphorylation yield of several precursors and kinase expression. We also show that heat
treatments has detrimental effects on precursor phosphorylation yield and kinase expression.
STY8, STY17 and STY46 harbor a conserved ACT domain upstream of the kinase domain.
The ACT domain is a widely distributed structural motif, known to be important for the
allosteric regulation of many enzymes. In the second part of this work, I investigated the role
of the ACT domain in the regulation of the STY kinase in vivo and in vitro. Here we could
show that the ACT domain regulates autophosphorylation as well as substrate
phosphorylation of the STY kinases in vitro. We identified Ile and s-adenosylmethionine as
binding partners of the ACT domain, negatively influencing its autophosphorylation ability.
Moreover, we investigated the role of the ACT domain in planta and could confirm its
involvement in chloroplast differentiation in vivo.
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Zusammenfassung

Zusammenfassung
Chloroplasten entstanden in Folge eines endosymbiontischen Ereignisses, bei dem ein
photosynthetisches Cyanobakterium von einer heterotrophen Wirtszelle aufgenommen
wurde. Durch mehrmaligen Gentransfer wurden ca. 95% der genetischen Information aus
dem Chloroplasten in das Kerngenom übertragen. Daher müssen nuklear-kodierte
Chloroplastenproteine, die im Zytosol synthetisiert werden, in den Chloroplasten importiert
werden. Proteinimport in den Chloroplasten ist ein stark regulierter Transportprozess, der
insbesondere bei der Differenzierung von Chloroplasten Regulationsmaßnahmen erfordert.
Außer dem Transitpeptid benötigen Präproteine zusätzliche zytosolische Akteure um ein
effizientes Targeting zu gewährleisten. Präproteine können von Chaperonen, den
Hitzeschock-Proteinen HSP70 und HSP90, gebunden werden. Darüber hinaus bindet eine
Teilgruppe von Proteinen auch an 14-3-3 Dimere. Präptotein-gebundene 14-3-3-Dimere
formen zusammen mit HSP70 einen sogenannten „Guidance-komplex“. Die Bildung dieser
Komplexe erhöht die Importrate der Präproteine. Die Phosphorylierung des Transitpeptids
eines Präproteins erhöht die Affinität von Präproteinen zu 14-3-3 Dimeren und damit auch
die

Importeffizienz.

In

Arabidopsis

thaliana

wurden

drei

homologe

zytosolische

Serin/Threonin/Tyrosin (STY) - Proteinkinasen identifiziert, die chloroplastidäre Präproteine
phosphorylieren: STY8, STY17 und STY46.
In dem ersten Teil der vorliegenden Arbeit wurden die Bedeutung und Funktionsweise der
Präproteinphosphorylierung und Kinaseregulierung unter akklimativen Umweltbedingungen
untersucht. Es konnte gezeigt werden, dass bei hoher Lichtintensität die Phosphorylierung
einiger Präproteine und die Kinaseexpression erhöht sind. Ich konnte auch zeigen, dass
Wärmebehandlungen einen negativen Effekt auf den Grad der Phosphorylierung der
Präproteine und Kinaseexpression erzeugen. STY8, STY17 und STY46 besitzen eine
konservierte ACT-Domäne, die im N-terminalen Bereich des Proteins liegt. Die ACT-Domäne
ist ein weit verbreitetes Strukturmotiv das häufig in Enzymen vorkommt Enzymen, wobei sie
deren Aktivität allosterisch reguliert. Im zweiten Teil dieser Arbeit wurde die Rolle der ACTDomäne bei der Regulation der STY-Kinase in vivo und in vitro untersucht. Hier konnten wir
in vitro zeigen, dass die ACT-Domäne sowohl die Autophosphorylierung der STY-Kinasen
als auch die Präproteinephosphorylierung reguliert. Des Weiteren wurden Isoleucin und sAdenosylmethionin als Bindungspartner der ACT-Domäne identifiziert. Beide Metabolite
haben eine negative Auswirkung auf die Autophosphorylierung der STY-Kinasen und
Präproteinphosphorylierung. Schlussendlich habe ichdie Rolle der ACT-Domäne in planta
untersucht,wodurch eine Funktion bei der Chloroplastendifferenzierung gezeigt werden
konnte.
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Introduction

1.
1.1

Introduction
Preprotein Import into Chloroplast

Chloroplasts are distinct organelles that arose during endosymbiosis 1.5 billion years ago.
Here, the ancestral photosynthetic cyanobacterium was engulfed by a heterotrophic host
eukaryote containing mitochondria (Gould et al., 2008). Subsequently, 95% of the genetic
material coding for approximately 3000 proteins was transferred from the chloroplast to the
nuclear genome. Therefore, nuclear encoded chloroplast proteins have to be translocated to
the chloroplast upon their synthesis in the cytosol. In order for proper targeting to occur, the
protein requires the presence of transit sequences at the N-terminus of the newly
synthesized proteins. The N-terminal sequence is then cleaved after import to the organelle
(reviewed in (Bruce, 2000; Leister, 2003). As a first step of the import process, the preprotein
interacts with receptors located at the outer envelope membrane of the chloroplast. Then, in
an energy dependent manner, these proteins are transported through the outer and inner
envelopes. Through-out the import process, the chloroplast-targeted preproteins interact with
the two multi-protein translocon complexes Toc (translocon at the outer membrane of
chloroplast) and Tic (translocon at the inner membrane of chloroplast). This process is
known as the “general import pathway” (reviewed by(Schwenkert et al., 2011; Sjuts et al.,
2017). An alternative import pathway has also been described in detail, but the general
import pathway is believed to be the primary preprotein import route into chloroplast (see
review by(Sjuts, et al., 2017). The import process commences with the recognition of the
preprotein by the Toc receptors: Toc159 and Toc34/33. Both are integral membrane
GTPases exposed largely at the cytosol (Kessler & Schnell, 2006). Toc159 consists of three
functional domains: an intrinsically disordered acidic domain (A-domain), the GTPase
domain (G-domain) and the membrane anchor domain (M-Domain with a mass of ~54 kDa)
(Bolter et al., 1998; Chen et al., 2000; Richardson et al., 2014). Both proteins are anchored
at the outer envelope membrane via their C-termini. In a GTP dependent manner, the
preprotein first binds to Toc159 are then are relayed to Toc34 (see(Andres et al., 2010)for
review). It has also been proposed that Toc34 may also act as an initial receptor (Kessler &
Schnell, 2009). The preprotein is then transferred to Toc75, the translocation channel of the
chloroplast outer membrane and final member of the Toc core complex (Hinnah et al., 1997).
Structurally, Toc75 is a ȕ-barrel-type integral membrane channel protein. It has been shown
in vitro, using lipid vesicles, that the three Toc proteins are sufficient for the translocation of
preproteins in lipid vesicles (see review Schleiff & Soll, 2003) Studies in peas revealed that
the multiprotein complex has a 1:4:4 of Toc159/Toc34/Toc75 stoichiometric distribution ratio
(Schleiff et al., 2003). A further Toc component was identified which was found in the vicinity
of the Toc core complex, named Toc64. However, this protein has been shown to play a less
1
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significant role in chloroplast protein import (Andres, et al., 2010). Toc64 displays its Cterminal domain to the cytosol while being anchored to the outer membrane of the
chloroplast. Furthermore, the C-terminal domain is composed of three tetratricopeptide
motifs (TPR) mandatory for protein-protein interaction. Interestingly, there are studies
suggesting its possible involvement in preprotein recognition by functioning as an initial
docking station for HSP90-bound preproteins which are then delivered to Toc34 (Qbadou et
al., 2006). An additional feature of the Toc64 protein is that it extends into the intermembrane
space connecting it with the so-called intermembrane space (IMS) translocation complex.
Despite limited characterizations in the proteins localized in this complex, the general
consensus is that it mediates the preprotein translocation from the Toc to the Tic translocons
(Schnell et al., 1997). To date, two components have been identified:Tic22 and IMS HSP70..
Tic22 transiently interacts with the inner envelope membrane. A linker-type functionality has
been suggested to facilitate preproteins transport between the Toc and Tic translocation
complexes (review by (Schwenkert, et al., 2011; Sjuts, et al., 2017). Upon crossing the IMS,
the preproteins encounter components of the Tic complex in the inner envelope, the final
stage of preprotein import. As of yet, this complex comprises eight components (see(KovacsBogdan et al., 2010)for review). Tic22 is the only soluble unit of this complex. The most
abundant component of the Tic translocon is Tic110, which forms the f the main import pore
on the inner envelope membrane. Tic20 is the second channel-like component of the Tic
complex. This component has been suggested to translocate a specific class of preproteins
(S. Kikuchi et al., 2009). However, the consensus still remains that Tic110 is the foremost
prime channel of the Tic translocon. Tic40 is anchored via its N-terminal domain to the inner
envelope membrane. Its C-terminal domain is exposed to the stromal side, which allows
protein-protein interaction to take place with Tic110 and the ATPase chaperone HSP93.
HSP93, in an ATP dependent manner, processes the unfolding of preproteins, and hence
with Tic40, form the “motor complex” for import. Tic62, Tic55 and Tic32, which formulate the
'redox-regulon' are responsible for the redox regulation of the import process. Tic62 and
Tic32 are membrane proteins that interact with Tic110 in a specific redox state in the stroma.
Tic55is anchored to the inner envelope membrane via its C-terminal domain. The molecular
function of Tic55 remains unclear. However, recently a study was published in which a
hydroxylation activity during leaf-senescence-dependent chlorophyll breakdown was
demonstrated for Tic55 (Hauenstein et al., 2016).There has been suggestion that Tic62,
Tic32 and Tic55 to mediate preprotein import is due to their possessions of specific domains:
NADP(H)-binding site for Tic62 and Tic32 and a Rieske-type iron-sulphur centre for Tic55
(see(Balsera et al., 2009)for review). However, single knockout mutants do not have
significant effect in protein import (Bolter et al., 2015). The import of chloroplast precursor
proteins across the outer and inner membrane concludes with the cleavage of the transit
2
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peptide by a metallo-peptidase called stroma processing peptidase in the stroma before the
mature proteins are properly folded and assembled (see(Paetzel et al., 2002)for review).

Figure 1: Model of the preprotein import into the chloroplast. Nuclear encoded
chloroplast proteins are translocated across the outer (OE) and inner envelope (IE) of the
chloroplast via the Toc and Tic translocons. After translocation, the transit peptide is cleaved
and the mature protein can fulfill its function in the stroma. (Schwenkert and Bölter 2016)

1.2

Targeting to the Chloroplast

Recent studies have elaborately elucidated the transport process of chloroplast precursor
proteins via the general import pathway. However, their targeting mechanism still requires
further exploration. The consensus so far is that nuclear-encoded chloroplast proteins
interact with heat shock chaperone protein HSP70. HSP70, a 70 kDa protein, facilitates
proper folding of proteins in an ATP-dependent manner (see review by(Mayer & Bukau,
2005). Despite having been shown to bind to both transit peptide and mature sections of
chloroplast preproteins, HSP70 binding shows a higher affinity to the chloroplast transit
peptide (see review by(Zhang & Glaser, 2002). In addition to HSP70, chloroplast precursors
have also been shown to interact with two further cytosolic chaperones: the chaperone
HSP90 (Qbadou, et al., 2006) and a 14-3-3 dimer (May & Soll, 2000). In vitro analysis
revealed that each chaperone binds to a specific subset of chloroplast preproteins (Fellerer
et al., 2011). Binding to HSP90 is predicted to repress aggregation of unfolded preproteins in
the cytosol while escorting the proteins to the Toc64 docking site (Qbadou et al., 2007).
Precursor binding to 14-3-3 offers an alternative import route. 14-3-3, a small (~ 30 kDa)
acidic protein, dimerizes and binds to a large number of different substrates involved in a
plethora of cellular processes in eukaryotic cells (Bridges & Moorhead, 2005; Dougherty &
Morrison, 2004). Therefore, it has been predicted that preprotein binding to both HSP70 and
14-3-3 after synthesis (forming so-called “guidance complex”) ensures reduced aggregation
and enhanced import rate (May & Soll, 2000). In addition, it has been shown that
3
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phosphorylation of precursor enhances its binding affinity to 14-3-3 and, hence, promotes
guidance complex formation. The phosphorylation state of the precursor has been shown to
positively alter the 14-3-3 binding motifs (May & Soll, 2000). Chloroplast presequences
consist of a variety of different amino acids, but the overall charge still remains positive.
Together, with the predominance of serine and threonine residues which have been recently
shown to often lie within 14-3-3 binding motifs, it ensures the phosphorylation process to be
reversible (May & Soll, 2000; Waegemann & Soll, 1996). However, lack of phosphorylation
does not render the precursor import incompetent or lead to mistargeting (Nakrieko et al.,
2004). Nevertheless, it has been shown to enhance precursor affinity to Toc34 (Schleiff et
al., 2002). Interestingly, it has also been shown that dephosphorylation of chloroplast
preproteins affects protein import (Waegemann & Soll, 1996). Nevertheless, most of these
studies have been performed in vitro and, hence, may not reflect the importance of
phosphorylation depending on different stages of plant development or environmental
conditions. The physiological relevance of these studies causes contention regarding its
importance. In Arabidopsis thaliana, it has been shown that cytosolic protein kinases STY8,
STY17 and STY46 play a role the transit peptides phosphorylation (Martin et al., 2006).

4
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Figure 2. Cytosolic components of the import pathway. Precursors, which are
synthesized in the cytosol are recognized by HSP70, HSP90 or 14-3-3 proteins,
respectively. 14-3-3 binding precursors are initially phosphorylated by a specific kinase and
further guided to Toc34. In contrast HSP90-bound precursors use Toc64 as a first docking
station, from where they are passed on to Toc34 and Toc75 (Schwenkert et al. 2011).

1.3

Plant Protein Kinases

Protein kinases are phospho-transferases that modify proteins, by chemically adding
phosphate groups to a specific residue (phosphorylation). Specifically, the process involves
WKH WUDQVIHU RI WKH Ȗ -phosphate from an ATP donor molecule to a serine, threonine or
tyrosine hydroxyl group on the protein substrate. As in all signaling processes, the
phosphorylation of proteins occurs as a results of a response to specific stimuli. Stimuli types
range from extracellular messenger molecules, environmental signals, and endogenous
stimuli. As a consequence, target proteins are either switched on/off (see review by(Hunter,
1987). Therefore, protein phosphorylation is central to many regulatory pathways in plants
despite only 3.2% of the genome encodes for protein kinases. (see(Krupa et al., 2006)for
review).

1.4

Plant Dual Specificity Kinases

It has been commonly observed that protein kinases are classified as serine/threonine
kinases and tyrosine kinases (Hanks et al., 1988). An abundance of evidence displays that
5
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serine/threonine phosphorylation mediates the regulation of many cellular processes, both in
animals and plants. The significance of tyrosine phosphorylation has not been extensively
shown in plants in comparison to animals. Therefore, no further exploration of such kinases
took place until the discovery of protein tyrosine phosphatases in Arabidopsis thaliana
(see(Luan, 2002)for review). As time progressed, mass spectrometry based searches have
advanced to demonstrate that tyrosine phosphorylation does indeed take place in plants (de
la Fuente van Bentem & Hirt, 2009). Despite changes in perception, plant-specific tyrosine
kinases were still not identified. The discovery of plant specific dual specific protein kinases
that phosphorylate both serine/threonine and tyrosine has been suggested to overcome this
discrepancy. Such proteins has been found to be present in many types of higher plants
such as rice, soybean, tomato, wheat, barley, alfalfa, beech and Arabidopsis thaliana
(see(Rudrabhatla et al., 2006)for review). These plant specific dual kinases were coined as
STY kinases.

1.5 Arabidopsis thaliana STY Kinases
Using a BLAST search against the consensus protein tyrosine kinase motif CW(X)6RPXF,
57 Arabidopsis thaliana protein kinases have been identified to be distributed among all five
chromosomes (see(Rudrabhatla, et al., 2006)for review). Furthermore, in-depth analysis of
the kinase catalytic domains showed 11 conserved sub-domains. Alongside the consensus
protein tyrosine kinase motif CW(X)6RPXF in the sub-domain XI, the catalytic domain of all
the 57 kinases also present the KXXN motif in sub-domain VI suggesting targeting towards
specific serine and threonine residues (Rudrabhatla, et al., 2006). These highly homologous
cytosolic proteins have other highly conserved functional regions aside from the protein
tyrosine catalytic domain. The kinase catalytic domain contains similar characteristics to
other know kinase catalytic domains consisting of a small and a large lobe, which are
essential to bind ATP, coordination, substrate recognition, and catalysis. Data obtained from
microarrays

show

various

expression

profiles

spreading

throughout

tissues

and

developmental stages. Hence, it is strongly suggested that these kinases play a role in
different plant cellular processes (Rudrabhatla, et al., 2006). Furthermore, these proteins can
be sub-divided into four groups which include members of many different protein kinase
classes. Group I is further divided into four families: the ANT-like kinases, the peanut STYrelated kinases, the soybean GmPK6-like kinases and the ATMRK-like kinases. Group II
mainly consists of MAP3K/CTR1/EDR1 protein kinases and is further divided in three
families:

the

PB1

domain/GmPK6/EDR1/MAPK3

like

kinases,

the

PAS

domain/MAP3K/CTR1/EDR1-like kinases and the MAP3K/CTR1/EDR1-like kinases. Group
III consists of protein kinases containing ankyrin domain repeat motifs and group IV includes
light sensory kinases related to Ceratodon purpureus phytochrome kinases (Rudrabhatla, et
al., 2006). Interestingly, the kinases of group I, precisely the ANT-like kinases, the peanut
6
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STY-related kinases and the soybean GmPK6-like kinases, have the tyrosine consensus
sequence RWMAPE in the subdomain VIII in addition to the one in subdomain XI, suggesting
that these kinases are evolutionarily more closer to the protein tyrosine kinase family
(LambertiGugel et al., 2011). In addition, it has been shown that peanut STY-related kinase
STY13 is actually able to phosphorylate tyrosine beside serine/threonine residues (Reddy &
Rajasekharan, 2007; Rudrabhatla, et al., 2006). Other three members of the peanut STYrelated kinase family include: STY8, STY17 and STY46.

1.6

STY8, STY17, and STY46

Recently, in vitro, it has been shown that STY8, STY17 and STY46can phosphorylate
chloroplast transit peptides at serine and threonine, but not tyrosine residues (Lamberti, et
al., 2011; Martin, et al., 2006). It has been argued that its ability of phosphorylating tyrosine
residues is lost as a result of evolution. In addition, deletion of these proteins revealed a
delay in the greening process, inefficient chloroplast differentiation, and reduction of nucleusencoded chloroplast proteins, hence, supporting a role of cytosolic STY kinases in
chloroplast differentiation (Lamberti, et al., 2011). Therefore, it has been proposed that these
kinase might play a role in cytosolic phosphorylation of precursors at transit peptides before
import into chloroplast. How the STY kinases are regulated in stress conditions or
environmental changes still requires investigation. Interestingly, upstream of the kinase
domain of these proteins is a conserved ACT domain. In vitro data shows that deletion of this
domain, causes not only hyperphosphorylation of the kinase but also the precursor when
incubated simultaneously. Therefore, the ACT domain might play a regulatory role in kinase
activity in vivo.

1.7

The ACT Domain

The term ACT domain was derived from the first letters of three proteins, aspartate kinasechorismate mutase-tyrA (prephenate dehydrogenase). The ACT domain is a structural motif
found in proteins with various functions such as control of metabolism, solute transport, and
signal transduction (Chipman & Shaanan, 2001; Grant, 2006; Lang et al., 2014). The amino
acids sequence of the ACT domain ranges from 75 and 80 amino acids. The prototypical
ACT domain is comprised RI IRXU ȕ VWUDQGV DQG WZR Į KHOLFHV RUJDQL]HG LQ D ȕĮȕȕĮȕ IROG
formation. The structural motif was suggested as a result of PSI-Blast (position-specific
iterating-Blast) sequence data base search using the small subunit (IlvN) of acetolactate
synthase. Subsequently, a plethora of proteins containing the ACT domain were found to be
involved in amino acid and purine metabolism and were found to be regulated by specific
amino acids (Chipman & Shaanan, 2001). A subset of transcriptional regulators have specific
ACT domains that bind to transcription factors. These specific types of ACT domains was
named RAM domain (Regulator of Amino acid Metabolism)(Chipman & Shaanan, 2001;
7
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Grant, 2006; Lang, et al., 2014). Mutagenesis and crystallization of more proteins containing
ACT domain added in-depth information regarding the secondary structure elements of the
ACT domains. Therefore, when adopting the pattern of secondary structure, similarities
between the RAM domain and ACT domain were observed.

1.8

ACT domain Sequence Homology and Structure

Using the “protein family data base” (Pfam), 3779 proteins have been identified in Bacteria,
Archaea, and Eukaryotes, including vertebrates, plants, fungi, and single cellular organisms
that contain an ACT domain. However, advanced sequence alignment methods were utilized
to detect the proteins containing the ACT domain. This speaks to the lack of conservation
found within the ACT domains. Remarkably, a conserved glycine residue was identified in
the turns between alpha helices and beta sheets (Grant, 2006). This was predicted to be the
ligand binding site in all ACT domains. Interestingly, the conserved glycine residues in the
RAM domains were rather primarily found between the loops of two beta sheets (Grant,
2006). Until now, at least 10 ACT domain-containing protein structures have been
determined. Of these, five have been solved with bound ligand. The structure differences
range from stand-alone ACT domains, as seen for the YbeD protein from E. coli, to large
multimeric proteins with ACT domains either isolated or associating into groups of 2, 3, or 4.
The prototypical domain display a two side-by-side domains forming an extended beta sheet.
This has been observed E. coli phosphoglycerate dehydrogenase, aspartate kinase from
Arabidopsis, and the E. coli IlvH regulatory subunit of acetohydroxyacid synthase, to name a
few (Grant, 2006).
Figure 3: ACT domain.
A single ACT domain
from
E.
coli
D-3phosphoglycerate
dehydrogenase
GLVSOD\LQJ WKH ȕĮȕȕĮȕ
motif. In the diagram, the
triangles point up or
down to indicate the
direction of the strand in
WKH ȕ VKHHW 1XPEHUV
progress
from
N
terminus to C terminus
(Grant 2006).
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1.9

ACT Domain Ligand Binding Sites and Mechanism

To date, there are four different ligand binding motifs found in ACT domains (Chipman &
Shaanan, 2001; Grant, 2006; Lang, et al., 2014). According to the five structures that have
been characterized, the consensus observed was that ligands tend to bind at the interfaces
between ACT domains which display the extended 8-VWUDQGHG ȕ VKHHW VWUXFWXUH
Furthermore, the glycine residues located in loops between the helices and sheets seems to
play a significant role in the ligand-domain interaction. For example, the glycine residues
EHWZHHQ Į DQG ȕ LQ WKH $&7 GRPDLQ RI SKRVSKRJO\FHUDWH GHK\GURJHQDVH and aspartate
kinase seem to play a role in the binding to L-serine and L-lysine, respectively (Mas-Droux et
al., 2006; Thompson et al., 2005). A second binding motif is observed in the ATPphosphoribosyltransferase. This protein does not contain any glycine residues. Its substrate
(L-KLVWLGLQH DVVRFLDWHVPDLQO\ZLWKWKHORRSEHWZHHQWKHĮKHOL[DQGȕVWUDQG (Cho et al.,
2003; Lohkamp et al., 2004). The third ligand binding motif is observed in the YkoF structure
(Devedjiev et al., 2004). This protein contains two polypeptide chains that each contain two
consecutive ACT domains. Hence, when both chains associate, they form a dimer and,
consequently, binds to four ligands. Interestingly, only one of the chains a contain glycyine
residue in the loop between the ACT domains. The second chain does not contain any
glycyine residue but does not seem to disrupt the ligand binding capabilities of the domains
(Devedjiev et al., 2004). The fourth and final binding motif is observed in the NikR
transcription regulator (Schreiter et al., 2003). +HUHDQLFNHOLRQELQGVDWWKHORRSEHWZHHQȕ
DQG ȕ 6XEVHTXHQWO\ WKH QLFNHO LQWHUDFWV ZLWK WKH VLGH FKDLQ RI D KLVWLGLQH UHVLGXH ,W KDV
been shown that some enzyme activity is inhibited upon ligand binding. This is observed in
E. coli D-3-phosphoglycerate dehydrogenase (Thompson et al., 2005). Here, binding to its
ligand (serine), causes the disruption of the of the substrate binding domain. Contrastingly,
phenylalanine stabilizes phenylalanine hydroxylase upon substrate binding (Mitnaul &
Shiman, 1995). Furthermore, histidine synergistically enhances the inhibition of ATPphosphoribosyltransferase by AMP and ADP. Therefore, the histidine stabilizes the hexamer
and hence partially closes the active site. The ACT domain generally seems to play a role on
regulating the enzymatic activity of enzymes (Chipman & Shaanan, 2001; Grant, 2006; Lang,
et al., 2014).
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2. Materials & Methods
2.1.

Materials

2.1.1. Chemicals
All used chemicals were purchased in high purity from Sigma-Aldrich (Steinheim, Germany),
Fluka (Buchs, CH), Roth (Karlsruhe, Germany), Roche (Penzberg, Germany), Merck
(Darmstadt, Germany), AppliChem (Darmstadt, Germany) or Serva (Heidelberg, Germany).

2.1.1. Molecular Weight Markers and DNA Standards
For agarose gel electrophoresis, EcoRI and Hind,,,GLJHVWHGȜ-Phage DNA (MBI Fermentas)
was used as a molecular size marker. For SDS-PAGE, peqGOLD protein marker I (VWR,
Ismaning, Germany) was used. Amersham HMW Calibration Kit for Native Electrophoresis
(GE Healthcare, Munich, Germany) was used for Native-PAGE.

2.1.2. Oligonucleotides
DNA oligonucleotids were ordered from Metabion (Martinsried, Germany) and are listed
below.
Oligonucleotide

5'-3' oligonucleotide sequence

Purpose

STY8_SacI_fr

AGTGAGCTCATGACGATCAAAGAT

cloning pET21a

STY8_NotI_rev

TGCTTAGCGGCCGCCACTACGACGTTTAC

cloning pET21a

STY8_attb_fr

STY8_attb_rev

+
+

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGACGATCAAAG cloning in
ATGAG

pDONOR207

GGGGACCACTTTGTACAAGAAAGCTGGGTACACTACGACGTTT cloning in
ACCTC

pDONOR207
deletion of ACT

STY8ǻACT_fr

TTGTCTACACGACCGAAGCTTAAGGATCAA

STY8ǻACT_rev

TTGATCCTTAAGCTTCGGTCGTGTAGACAA

STY17_SacI_fr

AGTGAGCTCATGGCGATCAAAGAG

cloning pET21a

+

STY17_NotI_rev

TGCTTAGCGGCCGCACGATGGCCTTTTTT

cloning pET21a

+

STY17_attb_fr

STY17_attb_rev

domain
deletion of ACT
domain

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCGATCAAA cloning in
GAGGAG

pDONOR207

GGGGACCACTTTGTACAAGAAAGCTGGGTAACGATGGCCTTTTT cloning in
TTAG

pDONOR207
deletion of ACT

STY17ǻACT_fr

CCTAATTCTCGACCGAAGTTTAAGGATCAA

STY17ǻACT_rev

TTGATCCTTAAACTTCGGTCGAGAATTAGG

STY46_SacI_fr

AGTGAGCTCATGGTGATGGAGGAC

cloning pET21a

+

STY46_NotI_rev

TGCTTAGCGGCCGCATGATGTGTGGTGCT

cloning pET21a

+

STY46_attb_fr

domain
deletion of ACT
domain

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGATGGAG cloning in
GACAAC

pDONOR207
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GGGGACCACTTTGTACAAGAAAGCTGGGTAATGATGTGTGGTG cloning in

STY46_attb_rev

CTTCT

pDONOR207
deletion of ACT

STY46ǻACT_fr

CTCTATTCACGGCCCAAGATCGAGTTGCAG

STY46ǻACT_rev

CTGCAACTCGATCTTGGGCCGTGAATAGAG

ACT_fr_SacI

agtcGAGCTCATGCACGAGATCACTTT

cloning pET21a

ACT_rev_Noti

CCCACCGCGGCCGCCAGTATTTCTTTGCTCA

cloning p pET21a

pOE23_SacI_fr

agtcGAGCTCATGGCGTACAGTGCGTGT

cloning pET21a

+

pOE23_NotI_rev

CCCACCGCGGCCGCAGCAACACTGAAAGAAGT

cloning pET21a

+

pHCF101_SacI_fr

agtcGAGCTCATGCCGCTTCTTCATCCACA

cloning pET21a

+

pHCF101_NotI_rev

CCCACCGCGGCCGCGACTTCGACTGGAGACAA

cloning pET21a

+

pPetC_SacI_fr

agtcGAGCTCATGGCGTCCTCATCC

cloning pET21a

+

pPetC_NotI_rev

CCCACCGCGGCCGCAGACCACCATGGAGC

cloning pET21a

+

pPORA_SacI_fr

agtcGAGCTCATGGCCCTTCAAGCT

cloning pET21a

+

pPORA_NotI_rev

CCCACCGCGGCCGCGGCCAAGCCCACGAG

cloning pET21a

+

pClp2_SacI_fr

agtcGAGCTCATGGCGGTCTCGTTTAAT

cloning pET21a

+

pClp2_NotI_rev

CCCACCGCGGCCGCGCCTAGCCCTGCGCTTTC

cloning pET21a

+

pNdhM_SacI_fr

AGTGAGCTCATGGTTGCAGCATTC

cloning pET21a

+

pNdhM_NotI_rev

TGCTTAGCGGCCGCAGCGTCCTCTTGAGG

cloning pET21a

+

pFNRL1_SacI_fr:

agtcGAGCTCATGGCTGCTGCTATA

cloning pET21a

+

pFNRL1_SacI_fr:

CCCACCGCGGCCGCGTAGACTTCAACATT

cloning pET21a

+

STY8QRT-PCR for

CCACGGATGGAACTGATGAGT

quantitative RT-PCR

STY8QRT-PCR rev

TACACGATCAGGCTTGAGAAA

quantitative RT-PCR

STY17QRT-PCR for

AAGGTTTAAA AGATGCATTG A

quantitative RT-PCR

STY17QRT-PCR rev

CATCAGTTCCATCCGTAGGTA

quantitative RT-PCR

STY46QRT-PCR for

AGGTGCCAGA ACGCATGTTC C

quantitative RT-PCR

STY46QRT-PCR rev

TTGATAGCAACTTCCTGGCTA

quantitative RT-PCR

RUB1_qpcr_fr

CTGTTCACGGAACCCAATTC

quantitative RT-PCR

RUB1_qpcr_rev

GGAAAAAGGTCTGACCGACA

quantitative RT-PCR

domain
deletion of ACT
domain
+
+

2.1.2. Plasmids
Gene

Organism

Vector

STY8

Arabidopsis

pET21a

Arabidopsis

+

+

Description

Source

Purpose

C-terminal His-

This Work

expression in E.

tag
67<ǻ$&7

pET21a +

C-terminal His-

coli
This Work

tag
STY8 T439A

Arabidopsis

pET21a

+

pET21a

+

C-terminal His-

E.coli
This Work

tag
STY8 G197D

Arabidopsis

C-terminal His-
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tag
STY17

Arabidopsis

pET21a

+

pET21a

+

pET21a

+

C-terminal His-

E.coli
This Work

tag
67<ǻ$&7

Arabidopsis

C-terminal His-

E.coli
This Work

tag
STY46

Arabidopsis

C-terminal His-

Arabidopsis

pET21a

+

pET21a

+

pET21a

+

pET21a

+

pET21a

+

C-terminal His-

This Work

Arabidopsis

C-terminal His-

This Work

Arabidopsis

C-terminal His-

This Work

Arabidopsis

C-terminal His-

This Work

Arabidopsis

C-terminal His-

This Work

Arabidopsis

pET21a

+

pET21a

+

pET21a

+

pET21a

+

C-terminal His-

This Work

Arabidopsis

C-terminal His-

This Work

Arabidopsis

C-terminal His-

This Work

Arabidopsis

C-terminal His-

This Work

Arabidopsis

pK7WGF2

C-terminal

expression in
E.coli

This Work

tag
STY8

expression in
E.coli

tag
pFNRL1

expression in
E.coli

tag
pPORA

expression in
E.coli

tag
pNdhM

expression in
E.coli

tag
pPETC

expression in
E.coli

tag
pHCF101

expression in
E.coli

tag
pClp2

expression in
E.coli

tag
pOE23

expression in
E.coli

tag
ACT-STY8

expression in
E.coli

tag
67<ǻ$&7

expression in

expression in
E.coli

This Work

expression in plant

GFP-tag
STY8

Arabidopsis

pH2GW7

No tag

This Work

expression in plant

67<ǻ$&7

Arabidopsis

pK7WGF2

C-terminal

This Work

expression in plant

GFP-tag
67<ǻ$&7

Arabidopsis

pH2GW7

No tag

This Work

expression in plant

STY17

Arabidopsis

pK7WGF2

C-terminal

This Work

expression in plant

This Work

expression in plant

This Work

expression in plant

This Work

expression in plant

This Work

expression in plant

This Work

expression in plant

GFP-tag
67<ǻ$&7

Arabidopsis

pK7WGF2

C-terminal
GFP-tag

STY46

Arabidopsis

pK7WGF2

C-terminal
GFP-tag

STY46

Arabidopsis

pB7WGF2

C-terminal
GFP-tag

67<ǻ$&7

Arabidopsis

pK7WGF2

C-terminal
GFP-tag

67<ǻ$&7

Arabidopsis

pB7WGF2

C-terminal
GFP-tag
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pSSU

Tobacco

mSSU

pET21d

Tobacco

tLhcb2.2mSSU

pET21d

Arabidopsis/Tabak

pET21d

C-terminal His-

Prof. Jürgen Soll

expression in

tag

Laboratory

E.coli

C-terminal His-

Prof. Jürgen Soll

expression in

tag

Laboratory

E.coli

C-terminal His-

Prof. Jürgen Soll

expression in

tag

Laboratory

E.coli

2.1.3. Antibodies
Antibody

Clonality

anti-STY8
anti-STY17

Species

Immunblot

Source

polyclonal Rabbit

1:500

Prof. Jürgen Soll Laboratory

polyclonal Rabbit

1:500

Prof. Jürgen Soll Laboratory

2.1.4. Kits
All the kits were used according to the manufacturer instructions.
Kits

Purpose

Source

QIAprep Spin Miniprep Kit

Plasmid DNA isolation

Qiagen

QIAGEN Plasmid Midi Kit

Plasmid DNA isolation

Quiagen

NucleoSpin Extract II

Purification of DNA

Quiagen

iScript™ cDNA Synthesis Kit

cDNA synthesis

Bio-Rad

Rneasy Plant Mini Kit

RNA extraction from Plant

Quiagen

Quantitative RT-PCR

Roche

FastStart DNA Master SYBR-Green
Plus kit
LR clonase II Enzyme Mix
BP clonase II Enzyme Mix

In Vitro Gateway cloning
System
In Vitro Gateway cloning
System

Invitrogen
Invitrogen

Wheat germ lysate translation kit

In Vitro translation

Promega

Reticulocyte lysate translation kit

In Vitro translation

Promega

Microscale Thermophoresis

Nanotemper

L007 Monolith NT.115 protein labelling
kit RED-tris-NTA

2.1.5. Enzymes
Enzymes purchased was used according to the manufacturer instructions.
Enzymes

Source
13
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Restriction Enzymes

New England BioLabs (NEB)

T4 DNA Ligase

New England BioLabs (NEB)

TAQ DNA Polymerase

New England BioLabs (NEB)

Phusion DNA Polymerase

New England BioLabs (NEB)

Shrimp Alkaline Phosphatase (rSAP)

New England BioLabs (NEB)

Lambda Protein Phosphatase (Lambda PP)

New England BioLabs (NEB)

Cellulase Onozuka R10

Serva

Macrozym R10

Yakult Honsha

Rnase-free Dnase I

Amersham Bioscience

2.1.6. Protein Purification Column
Ni Sepharose 6 Fast Flow and were purchased from GE Healthcare.

2.1.7. Software
MultAlin – Multiple sequence alignment by Florence Corpet (INRA Toulouse, France) was
used to align DNA and protein sequences The universal protein resource (UniProt) was used
to predict targeting peptides. To process microscale thermophoresis (MST) data and to
generate binding affinity values, Nanotemper MO.Affinity Analysis software was used. For
secondary structure predictions JPred4 online software by Geoffrey J Barton (University of
Dundee) was used.

2.1.8. Bacterial Strains
Bacterial strains

Organism

Genotype
F- PFU$ǻ PUU-hsdRMS-PFU%& ĳODF=ǻ0ǻODF;

TOP10

E. coli

QXS*UHF$DUD'ǻ DUD-leu)7697 galE15 galK16
USV/ 6WU5 HQG$Ȝ

RIPL (BL21CodonPlus(DE3)-

E.coli

RIPLE strain)
AGL-1 (Lazo et al.

Agrobacterium

1991)

tumefaciens

GV3101
(pMP90RK)(Koncz
and Schell, 1986)

Agrobacterium
tumefaciens

E. coli B F– ompT hsdS(rB– mB– GFP7HWUJDOȜ '( 
endA Hte [argU proLCamr] [argU ileY leuW Strep/Specr]
$*/UHF$EODS7L%Rǻ70RS&E5

C58C1 pMK90RK, Rifr, Gmr, Kmr

2.1.9. Plants
WT Arabidopsis thaliana seeds of the ecotype Columbia (Col-0) were obtained from
Lehle Seeds (Round Rock, USA). The sty8 sty46 and sty8 sty46 sty17-14 mutants has been
described elsewhere (Lamberti, et al., 2011). WT, sty8 sty46 and sty8 sty46 sty17-14 seeds
14
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were obtained from plants grown on soil. Seeds of Nicotiana benthamiana were used for the
growth of tobacco plants.

2.2.

Methods

Standard methods were performed as described by Sambrook and Russell, 2001.

2.2.1. Cloning
Vector

Type

Cloning System

pET21a+

Restriction Enzyme

pET Cloning System

pET21d+

Restriction Enzyme

pET Cloning System

pDONR207

Entry

Gateway Cloning System

pK7FWG2

Destination

Gateway Cloning System

pB7FWG2

Destination

Gateway Cloning System

pH2GW7

Destination

Gateway Cloning System

2.2.1.1.

Restriction enzyme cloning

PCR fragments were amplified using appropriate oligonucleotide pairs of oligonucleotides
and a template DNA from plasmid or from cDNA obtained from Arabidopsis thaliana. PCR
conditions were adjusted according to the size of the fragment of interest. For protein
overexpression, expression vector pET21a+ was utilized. Appropriate oligonucleotides were
designed to generate fragments with sticky ends. Gel electrophoresis was performed and the
DNA fragment was extracted using NucleoSpin Extract II. The fragment purified and the
vector were digested using appropriate restriction endonucleases. Following vector digestion,
the vector was dephosphorylated using Shrimp Alkaline Phosphatase (rSAP). Following all
enzyme reactions, both fragments and vector were purified using NucleoSpin Extract II.
Ligation of fragment and vector was performed using T4 DNA Ligase. The ligation product
was chemically transformed in competent E.coli TOP10 cells and plated on LB plates with
the appropriate antibiotic. Single colonies were inoculated in liquid culture, let grown over
night and the plasmid DNA was purified using the QIAprep Spin Miniprep Kit (QIAGEN). The
DNA insert was fully sequenced.
2.2.1.2.

Gateway System Cloning

Appropriate oligonucleotides with attb attachment sites were generated. PCR was performed
to generate DNA Fragments with flanking attachment sites. The DNA with extraction sites
were purified using Gel electrophoresis followed by NucleoSpin Extract II. Constructs were
cloned via homologous recombination from pDONR207 into binary destination vectors.
Cloning was performed according to the manufacturer's instructions.
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2.2.1.3.

Sequencing

Each fragment or plasmid was confirmed by sequencing which was performed by the
sequencing service of the Faculty of Biology (Ludwig-Maximilians-Universität München,
Germany) using 100 -200 ng of DNA with appropriate oligonucleotides. The sequence
obtained was aligned against the sequence of interest using online multiple sequence
alignment tool Multalin.

2.2.2. Transformation of A. tumefacium
1 - 2 μg plasmid was added to GV3101 or AGL1 cells for stable transformation of A. thaliana
or transient expression of N. benthamiana, respectively. Cells were incubated 5 min on ice
then 5 min in liquid nitrogen. Heat shock was performed for 5 min at 37 °C then 800 μl LB
were added and cells were incubated shaking for 4 h at 28 °C before plated on LB plates
with appropriate antibiotics. Cells were grown for 2- 3 days at 28 °C.

2.2.3. Bacterial Growth Conditions
E. coli was cultivated in LB medium (1 % peptone from casein, 0.5 % yeast extract, 171 mM
NaCl) at 37°C in either liquid culture or on agar-plates supplemented with the appropriate
antibiotics according to the resistance (Ampicillin 100 μg/ml, Kanamycin 50 μg/ml and
Spectinomycin 50 μg/ml). Agrobacterium tumefaciens was cultivated in LB medium at 28°C
in either liquid culture or on agar-plates supplemented with the appropriate antibiotics
according to the resistance (Carbenicillin 100 μg/ml, Kanamycin 25 μg/ml, Spectinomycin
100 μg/ml, 40 μg/ml Gentamicin and 100 μg/ml Rifampicin).

2.2.4. Plant Growth Conditions
Arabidopsis thaliana WT Columbia ecotype (Col-0) and the respective mutants were grown
either on soil or on half-strength MS (Murashige and Skoog) medium supplemented with 1%
sucrose under controlled conditions in a growth chamber. For phenotyping analysis plants
were grown on soil in long day condition (16h/8h light/dark, 22°C, 120 μE m For greening
experiments dry seeds were surface-sterilized and vernalized at 4°C for 2 days. Petri dishes
were exposed to light (120 μE) for 6 h and were then placed in the dark. After 6 days in the
dark, petri dishes were exposed to light for the indicated period of time.

2.2.5. Overexpression and purification of recombinant soluble proteins
from E.coli
E. coli bacteria was transformed and cultivated in at 37 °C to an OD600 of 0.6 - 0.8.
Overproduction was induced by the addition of 1 mM isopropyl ß-D-1-thiogalactopyranoside
(IPTG) and incubated for 16 h at 14 °C. After elapsed time, the culture was centrifuged for 15
min at 3000 g. The supernatant was discarded and resuspended in lysis buffer (20 mM Tris
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pH 7.5, 200 mM NaCl). After cell fractionation using microfluidizer (Microfluidics, Westwood,
USA), the sample was centrifuged at 18000 rpm 4 °C for 30 min and the supernatant was
rotated with 250 μl Ni Sepharose at 4 °C for 1 h. The beads were washed three times with 5
ml wash buffer (20 mM Tris pH 7.5, 200 mM NaCl, 10 mM imidazole). Subsequently, the
recombinant proteins was eluted with increasing concentration of imidazole (50mM to 500
mM imidazole). For quality control, fractions were analysed using SDS-PAGE.

2.2.6. Purification of proteins out of inclusion bodies from E.coli
After the subsequent centrifugation after cell fractionation, the pellet was washed one time
with 20 ml detergent buffer (20 mM Tris pH 7.5, 200 mM NaCl, 1 % deoxycholic acid, 1 %
nonidet P-40, 10 mM ß-mercaptoethanol), twice with Triton buffer (20 mMTris pH7.5, 0.5%
Triton X-100, 5 mM ß-mercaptoethanol), and finally two times with Tris buffer (20 mM Tris pH
8.0, 10 mM DTT). Centrifugation was performed at 12000 rpm, 4 °C for 10 min. Finally, the
pellet was resuspended in 5 ml urea buffer (50 mM Tris pH 8.0, 100 mM NaCl, 7 M urea) and
rotated for up to 12 h at room temperature. After centrifugation at 20000 rpm, room
temperature for 15 min, the supernatant was rotated with 250 μl Ni Sepharose at room
temperature for 2 h (50 mM Tris pH 8.0, 100 mM NaCl, 7 M urea). Subsequently, the
recombinant proteins were eluted with increasing concentration of imidazole (50 mM to 500
mM imidazole). For quality control, fractions were analysed using SDS-PAGE.

2.2.7. Isolation of proteins from A. thaliana
A. thaliana leaves were homogenized in homogenization medium (50 mM Tris pH 8.0, 10
mM EDTA, 2 mM EGTA, 10 mM DTT) using liquid nitrogen and electronic micropestle
manually. The powdered suspension was incubated for 10 min at room temperature in the
dark and centrifuged at 10000 rpm, 4 °C for 10 min. Supernatant contained soluble proteins,
pellet resuspended in homogenization medium contained membrane proteins.

2.2.8. Determination of protein concentration
Concentration of proteins was determined using Bradford reagent (0.1 % Coomassie brilliant
blue G-250, 5 % ethanol, 10 % phosphoric acid). 1 μl protein sample was mixed with 1:5
diluted Bradford reagent and absorption was measured against buffer at 595 nm.

2.2.9. Relative

molecular

mass

estimation

by

size

exclusion

chromatography
A superdex 200 increase 3.2/300 grade size exclusion chromatography column (GE
Healthcare) was equilibrated with buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.4). The
column was calibrated using gel filtration standards (Thyroglobulin, Mr 669,000: void volume;
Ferritin, Mr 440,000; Aldolase, Mr 158,000; Canalbumin, Mr 75,000; Ovalbumin Mr 44,000. 20
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ȝO of concentrated protein at 1 mg/mL was applied to the equilibrated column and eluted
using the above buffer. The relative molecular masses of the peaks obtained were calculated
using a logarithmic interpolation.

2.2.10.

Microscale Thermophoresis

MST assays were carried out with a Monolith NT.115 instrument according to instruction
manual (Nano Temper, Munich, Germany). Briefly, 100 μl of 100 nM of purified His-tag
protein was mixed with 100 μl of 50 nM of L007 Monolith NT.115 protein labelling kit REDtris-NTA dye for 30 min in a total volume of 200 μl. Increasing concentrations (from 25nM to
1mM range) of non-labelled ligand were titrated against a final concentration of 25 nM Histagged protein. Finally, the mixture was soaked into hydrophilic silicon capillaries (K004
Monolith NT.115). Each measurement was performed three times. Experiments were carried
out in 50 mM Tris, pH 7.4, 150 mM NaCl, 10 MgCl2, 0.05% (w/v) Tween 20. Data evaluation
was performed with the Monolith software.

2.2.11.

SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Protein separation was performed by SDS-PAGE discontinuous gels (Laemmli, 1970). The
gel consists of a stacking gel (5 % polyacrylamide) and a running gel (10 - 15
%polyacrylamide). Samples were loaded with SDS loading buffer (62.5 mM Tris pH 6.8, 2
%SDS, 10 % glycerol, 5 % ß-mercaptoethanol, 0.004 % bromphenol blue). Gels were run
inSDS running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS) and subsequently either
stained with Coomassie (45 % methanol, 9 % acetic acid, 0.2 % Coomassie brilliant blue R250) or used for western blotting.

2.2.12.

Non-denaturing gradient gel electrophoresis (Native-PAGE)

A modified method described(Hough et al., 1987)was used to prepare 5-10% gradient PAGE
gel was described in Hames (1998). Gels were ran with NativeMarker™ protein marker (Life
Technoloies, Carisbad, CA). Samples were loaded with loading buffer (62.5 mM Tris pH 6.8,
2 %, 10 % glycerol, 0.004 % bromphenol blue, and 0.5 % Coomassie brilliant blue G-250).
Gels were run in running buffer (25 mM Tris, 192 mM glycine) and subsequently stained with
Coomassie (45 % methanol, 9 % acetic acid, 0.2 % Coomassie brilliant blue G-250).

2.2.13.

Semi-dry electro blot and immunodetection of proteins

After protein separation using SDS gels, the gel was blotted onto a PVDF membrane (from
Macherey-Nagel (Düren, Germany) using a semi-dry blotting apparatus. Blotting conditions
were adjusted according to gel size and thickness. Blots were assembled as follows on the
anode: three blotting papers from Millipore (Darmstadt, Germany) in
anode I buffer (20 % methanol, 300 mM Tris), two blotting papers in anode II buffer (20 %
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methanol, 25 mM Tris), activated membrane, gel, three blotting papers in cathode buffer
(20 % methanol, 40 mM aminocapronic acid). Transfer was carried out for 1.5 h at 0.8
mA/cm. The membrane was stained briefly with ponceau solution (5 % acetic acid, 0.3 %
ponceau) and washed with TBST (20 mM Tris pH 7.6, 137 mM NaCl, 0.075 % Tween). For
immunodetection of proteins, membrane was blocked for 1 h with 5 % skimmed
milk in TBST. After three times washing for 10 min, the membrane was incubated with
primary antibody over night at 4 °C. After two times 15 min washing in TBST, the
membrane was incubated for 2 h at room temperature with horse radish peroxidase
conjugated secondary antibody. After three times 10 min washing in TBST membrane was
incubated in equal volumes of development solution I (100 mM Tris pH 8.5, 1 % luminol,
0.44 % coomaric acid) and II (100 mM Tris pH 8.5, 0.018 % H2O2) and signal was detected
with enhanced chemiluminescence using Image Quant LAS 400 (GE Healthcare).

2.2.14.

Phosphorylation Assay

Assays were performed as described in Lamberti et al., 2011. Briefly, 1 μg recombinant
substrate protein was incubated with 0.5 μg recombinant kinase in the present of 13.5 μCi
gamma
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P-ATP (Hartmann Analytic, Braunschweig, Germany) in a total volume of 25 μl

kinase buffer (20 mM Tris/HCl pH 7.5, 5 mM MgCl2, 0.5 mM MnCl2). The reaction was
performed 20 min at room temperature and stopped by the addition of 7 μl 4x SDS sample
buffer. Proteins were separated by SDS-PAGE, dried, and phosphorylation signals were
detected by phosphor plate imaging.

2.2.15.

Detection of radiolabeled proteins

Dried SDS gels are exposed overnight to BAS-MS phosphor imaging plates (FUJIFILM)
which are analyzed using a Typhoon scanner (GE healthcare).

2.2.16.

Arabidopsis

thaliana

stable

transformation

with

Agrobacterium tumefaciens
The construct of interest was transformed in Agrobacterium tumefaciens (GV3101) and
plated on LB plates with appropriate antibiotics for selection. A single colony was inoculated
in LB media with appropriate antibiotics and incubated at 28°C until OD600=0.8 was achieved.
Cells were centrifuged 15 min at 3500 rpm and pellet was resuspended in a Silvet-medium (5
% sucrose, 0.05 % silvet L-77) to final OD600 of 0.8. Arabidopsis thaliana plants already
showing primary and secondary bolts were transformed by floral dip (Clough & Bent, 1998).
Seeds obtained from the transformed plants were selected on MS plates supplemented with
the appropriate antibiotic (25 μg/ml Hygromicin or 15 μg/ml BASTA).
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2.2.17.

Isolation of genomic DNA from Arabidopsis thaliana

A single Arabidopsis leaf was cut and transferred to a 1.5 ml microtube containing 200 μl of
extraction buffer (200 mM Tris-HCl (pH 7.5), 250 mM NaCl, 0.5% SDS). The sample was
homogenized using a polytron with a pestle. Afterwards, the homogenate was incubated at
room temperature (RT) for 3-5 min and then centrifuged at 13000 x g for 10 min. 150 μl of
the supernatant were transferred to a new tube. To precipitate the genomic DNA, 150 μl of
isopropanol was added to the tube, carefully mixed and centrifuged at 13000 x g for 15 min
at 4°C. The pellet was subsequently air-dried and finally resuspended in 50 μl of distilled
water.

2.2.18.

Quantitative RT-PCR analysis

RNA was isolated from plants using the Plant RNeasy extraction kit (Qiagen) according to
instruction manual. The RNA isolated was treated with DNase and, subsequently, cDNA was
synthesized by reverse transcription (iScript Reverse TranscriptaseBio-Rad). For quantitative
RT-PCR the FastStar DNA Master SYBR-Green Plus kit was used and the reaction was
performed in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) using the
appropriate pairs of oligonucleotides. The relative abundance of all transcripts amplified was
normalized to the expression level of housekeeping gene for RUB1 (Related To Ubiquitin 1)
conjugating enzyme 1, RCE1. The RCE1 gene was used as an internal reference in other
studies (Romani et al., 2015; Voigt et al., 2010). Data was extracted using Bio-Rad CFX
Manager (Bio-Rad) and evaluated using Microsoft Excel (Microsoft).

2.2.19.

Transient

transformation

and

protoplast

isolation

of

Nicotiana benthamiana
3 to 4 week old single Nicotiana benthamiana grown on soil were used for transient
transformation. Agrobacterium tumefaciens (AGL1) carrying the construct of interest was
grown in LB medium until OD600 =0.8 was achieved. Cells were centrifuged 15 min at 4000
rpm and resuspended in a Agromix Agromix (10 mM MgCl2 , 10 mM MES/KOH pH 5.6, 150
μM Acetosyringone) to achieve OD =1. The resuspension was 2 h in the dark at 23°C and
the bacterial solution was infiltrated using 1 ml syringe at the lower site of the Nicotiana
benthamiana leave. The infiltrated Nicotiana benthamiana plants were watered and put in
dark 2-3 days. After elapsed time, two leaves were cut incubated with 1 % Cellulase R10 and
0.3 % Macerozyme R10 in 10 ml F-PIN medium (MS medium PC-vitamins (200 mg/l
Myoinositol, 1 mg/l thiamin-HCl, 2 mg/l Ca-panthotenate, 2 mg/l nicotinic acid, 2 mg/l
pyridoxin-HCl, 0.02 mg/l biotin), 1 mg/l 6-benzylaminopurin (BAP), 0.1 mg/l anaphtaleneacetic acid (NAA), 20 mM MES, pH 5.8 (KOH), 80 g/l glucose, Osm 550) for 2 h.
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The resulting suspension was carefully filtered through a gauze using a cut pipette tips. 2 ml
F-PCN medium (F-PIN, except instead of glucose, sucrose was added as the osmoticum)
was overlayed on the filtered suspension and centrifuged for 10 minutes at 70 x g. The intact
protoplasts were collected from the interface between the F-PIN and F-PCN media, washed
with W5 buffer and GFP fluorescence was observed with a TCS-SP5 confocal laser scanning
microscope (Leica, Wetzlar, Germany).

2.2.20.

Chlorophyll Extraction

Chlorophyll content measurement of Arabidopsis leaves was performed according to method
described by (Porra et al., 1989). Approximately 150 mg of total leaf tissue was harvested
and incubated in 2 ml of dimethylformamide for 2 h in the dark. Absorbance was measured at
663, 750, and 645 nm. Chlorophyll concentration was calculated as described (Arnon, 1949)
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3. Results
3.1.

Effects of Acclimation on STY kinases

It has been shown that varying degrees of light intensities and temperature impact the
expression of several chloroplast genes (Niyogi, 1999; Pfalz et al., 2012; Rossel et al., 2002).
However, the underlying mechanisms responsible for plant acclimation to abiotic factors are
poorly understood. Nonetheless, due to the advancement of microarray studies, several
nuclear encoded genes have been identified to play a role in the initial acclimation-sensing
pathways (Richmond & Somerville, 2000; Schenk et al., 2000). There has been extensive
studies linking temperature stress to photosynthesis (reviewed in(Mathur et al., 2014).
Despite significant advancement in the temperature-acclimation studies in terms of
chloroplast protein import, light-acclimated studies on other hand have been few.

3.1.1. STY kinases phosphorylates nuclear encoded chloroplast
precursors that associates with 14-3-3 and HSP70 chaperones
To investigate the enzymatic properties of the STY kinases, full-length of STY8 (At2g17700),
STY17 (At4g35708), and STY46 (At4g38470) cDNAs were cloned into a pET21a+ vector,
expressed in E. coli, and purified via a C-terminal His tag on Ni2+-Sepharose. Kinase
phosphorylation was investigated in the purified sample by radioactive labeling in presence
and absence of the preprotein pSSU. Our data shows kinase autophosphorylation and
precurosr phosphorylation activity (Figure 4A). To identify new phosphorylation targets of the
STY kinases, we selected precursors that have been shown to interact with 14-3-3 and
HSP70 (Fellerer, et al., 2011). We selected several proteins, cloned the respective genes
into pET21a+, over expressed, and purified the proteins from E. coli via a C-terminal His-tag
and subjected them to an in vitro kinase assay using recombinant STY8. The preprotein of
pSSU, which is phosphorylated (Waegemann & Soll, 1996) in the transit peptide in vitro, was
used as a positive control model substrate. All proteins but mSSU, which was used as a
nonphosphorylatable control, were found to be phosphorylated (Figure 4B).
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A)

B)

Figure 4: STY kinases phosphorylate nuclear encoded chloroplast precursors.
$ ȝJE. coli purified STY8, STY17, and STY46 were subjected to an in vitro kinase assay
in presence and absence of E. coli purified pSSU for 10 min, and phosphorylation was
detected by autoradiography, showing auotphophosrylation activity and phsophorylation of
pSSU. Coomassie blue staining (CBB) gel is also shown. B) 2 μg of E. coli purified nuclearencoded precursors of pSSU, ferredoxin-NADP(+)-oxidoreductase (pFNRL1), oxygenevolving complex 23 (pOE23), high chlorophyll fluorescence 101 (pHCF101), chlorophyll ab binding protein 1 (LHCb1), chloroplast cytochrome B6/F complex Rieske iron-sulfur
protein subunit (pPETC), chloroplast NADH Plastoguinone Dehydrogenase complex M
(pNdhM), Clp protease subunit 2 (pCLP2), and Chlorophyll a-b binding protein 2.1
(pLHCb2) were subjected to an in vitro NLQDVHDVVD\ZLWKȝJE. coli purified STY8. Mature
subunit of Rubisco (mSSU) was used as a negative control. Phosphorylation was detected
by autoradiography. Coomassie blue staining (CBB) gel is also shown. All blots were
repeated at least three times (n=3).

23

Results

3.1.2. High light affects precursor phosphorylation yield
In order to investigate the effect of light intensity and/or temperature on the phosphorylation
of precursors, we exposed 14 days-old wild-type A. thaliana plants to 1 hr, 6 h, and 16 h
tolow (4°C) and standard (21°C) temperatures in combination with either normal light (100
ȝPRO SKRWRQV Pí2 sí1  RU KLJK OLJKW  ȝPRO SKRWRQV Pí2 sí1). Subsequently, soluble
proteins from leaves were extracted and used to conduct an in vitro kinase assay. We
observed a significant change in precursor phosphorylation yield when plants were exposed
to high light for 16 h (Figure 5A). In addition, combination with low temperature yielded
reduced precursor phosphorylation yield when compared to standard temperature. To
investigate whether the effect is also observed in

pFNRL1, pOE23, pHCF101, LHCb1,

pPETC, pNdhM, pCLP2, pLHCb2, we repeated the high light experiments using different
precursors. Indeed, we observe increase in phosphorylation yield in all precursors (Figure
5B). Our result shows that light intensity is the more important denominator to affect
precursor phosphorylation yield in vitro.

A)
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B)

Figure 5: High light acclimated-plants increase precursor phosphorylation yield. A)
Kinase assay showing phosphorylation yield of pSSU in WT under high light and cold.
14-day-old wild-W\SH ZDV WUHDWHG DW KLJK OLJKW  ȝPRO SKRWRQV mí2 sí1)) and/or cold (4
°C). Total soluble protein extracts were prepared and incubated with UDGLRDFWLYH>Ȗ-32P]-ATP
and pSSU as substrate. All assays were repeated at least three times (n=3). Representative
pictures are shown in and relative pSSU phosphorylation yield quantified by ImageJ is
shown below. Data show the mean ± s.e.m.; n = 3. Statistical significance was determined
by a Student t-test. A P value <0.05 was considered statistically significant compared to
untreated control. Asterisks indicate statistical significance. B) Kinase assay showing
phosphorylation yield of precursors pSSU, pLHCb1, pOE23, pNdhM, pPETC, pFNRL1, and
pHCF101 in WT under normal light and high light. 21-day-old wild-type was treated at high
OLJKW  ȝPRO SKRWRQV Pí2 sí1). Total soluble protein extracts were prepared and
LQFXEDWHG ZLWK UDGLRDFWLYH >Ȗ-32P]-ATP and several precursors as substrate. After 10 min
incubation, phosphorylation was detected by autoradiography.. Coomassie blue staining
(CBB) gel is also shown.

3.1.3. Kinase expression is upregulated in high light acclimation
Upon observing increase of precursor phosphorylation levels in high light conditions, we
examined the expression levels of STY8, STY17, and STY46 (Figure 3). Analyses of the
protein level with specific STY8 and STY17 antisera show an increase of 25% of normal light
protein levels (Figure 6A and 6B). Unfortunately, no antibody for STY46 was available. To
evaluate kinase transcript expression levels, we performed quantitative RT-PCR with RNA
isolated from wild-type plants exposed to 16 h of high light. Our results indicated upregulation
of all the kinases. Most significant upregulation was observed in STY46 with almost five-fold
increase in expression followed by STY8 and STY17 (both at approximately three fold)
(Figure 6C).
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A)

B)

C)

Figure 6: Kinase expressions are upregulated in high light acclimating conditions. A)
14-day-old wild-type plants grown on soil were treated with high-light for 16 h. Total extracted
soluble proteins were prepared and separated on SDS–PAGE gel and probed with anti-STY8
or anti-STY17.B) Quantification of immunoblotting was performed with ImageJ software
(National Institute of Health). All immunoblots were repeated at least three times. Data show
the mean ± s.e.m.; n = 3. Statistical significance was determined by Students t-test. A P
value <0.05 was considered statistically significant compared to untreated control. Asterisks
indicate statistical significance. C) Quantitative RT-PCR was performed with STY8, STY17,
and STY46 to analyze the expression level (n = 3). RUB1-conjugating enzyme, RCE1, was
used as a housekeeping gene.

3.1.4. Double mutant shows reduced precursor phosphorylation yield
To confirm kinase involvement in precursor phosphorylation in normal light and high light
acclimated conditions, double mutants of sty8 sty46, and sty8 sty46/35S::STY46
complementation lines were obtained (Lamberti, et al., 2011). The STY46 cDNA was
sufficient to completely restore the wild-type phenotype in comparison to STY8 cDNA. For
our acclimation studies, we treated WT, double mutant, and complementated plants for 16 h
QRUPDO OLJKW  ȝPRO SKRWRQV Pí2 sí1  RU KLJK OLJKW  ȝPRO SKRWRQV Pí2 sí1). Total
VROXEOHSURWHLQH[WUDFWVZHUHLVRODWHGDQGLQFXEDWHGZLWKUDGLRDFWLYH>Ȗ-32P]-ATP and pSSU
as substrate. Our results show that the double mutant showed reduced precursor
phosphorylation levels compared to WT independent of light treatment (Figure 7). The
complementation line showed similar levels to WT in both normal light and high light
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conditions. These findings indicate that the kinases enhance precursor phosphorylation
independent of light conditions.

A)

B)

Figure 7: Double mutant shows reduced precursor phosphorylation yield. Kinase
assay of phosphorylation yield of pSSU in WT, sty8 sty46 mutant and complementation
under high light. 14-day-old wild-type, sty8 sty46, and sty8 sty46/35S::STY46
complementation were treated at high light for 16 h. Total soluble protein extracts were
SUHSDUHG DQG LQFXEDWHG ZLWK UDGLRDFWLYH >Ȗ-32P]ATP and pSSU as substrate.
Representative pictures are shown in (A), and relative pSSU phosphorylation yield is shown
in (B). All assays were repeated at least three times (n=3). Data show the mean ± s.e.m.
Statistical significance was determined by Students t-test. A P value <0.05 was considered
statistically significant compared to untreated control. Asterisks indicate statistical
significance.

3.1.5. Precursor phoshorylation and kinase expression is downregulated
in heat acclimation
In order to investigate the effect of heat and or dark acclimation on the phosphorylation of
precursors in vitro, we exposed 14 days-old wild-type plants to normal light or dark conditions
at 22oC or 37oC for 1 h. Subsequently, soluble proteins from leaves were extracted and used
to conduct an in vitro kinase assay in presence of pSSU. We observed a significant reduction
in precursor phosphorylation yield at heat acclimation irrespective to the light conditions (both
five-fold). To evaluate the kinase expression in such conditions, we used the same soluble
extract and conducted a western blot with STY8 and and STY17 specific antibodies. Indeed,
we did observe a significant reduction in both kinase expressions. Our result shows that plant
exposure to short term heat, significantly hampers precursor phosphorylation in vitro (Figure
8).
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A)

B)

C)

D)

Figure 8: Precursor phosphorylation and kinase expression is down regulated in heat
acclimation. A) Kinase assay of phosphorylation yield of pSSU in WT, sty8 sty46 mutant
and complementation under high light. 14-day-old wild-type were treated at normal light or
dark conditions 22oC or 37oC for 1 h. Total soluble protein extracts were prepared and
incubateGZLWKUDGLRDFWLYH>Ȗ-32P]-ATP and pSSU as substrate. C) 14-day-old wild-type plants
grown on soil were treated at Normal light or dark conditions at 22oC or 37oC for 1 h. Total
extracted soluble protein were prepared and separated on SDS–PAGE gel and probed with
anti-STY8 or anti-STY17 Ig. D) Quantification of immunoblotting was performed with ImageJ
software (National Institute of Health). Data show the mean ± s.e.m.; n = 3. Statistical
significance was determined by Students t-test. A P value <0.05 was considered statistically
significant compared to untreated control. Asterisks indicate statistical significance.
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3.2.

Characterization of the ACT domain of STY kinases

3.2.1. ACT domain regulates STY kinases
To investigate the role of the ACT domain in regulating kinase activity, ACT domain deletions
of STY8 67<ǻ$&7 STY17 67<ǻ$&7 DQGSTY46 67<ǻ$&7 ZHUHFORQHGLQWRD
pET21a+ vector, expressed in E. coli, and purified via a C-terminal His tag on Ni2+-Sepharose
(schematically represented in Figure 9A). Kinase autophosphorylation compared with the
wild-type variants was investigated by radioactive labeling. All 'ACT deletion mutants
displayed hyper autophophorylation to a similar extent compared to their WT variants (Figure
9B). To investigate whether the enhanced autophosphorylation also affects target
phosphorylation, we incubated the WT kinases and their 'ACT mutant variants with pSSU. In
addition we also used kinase mutants in which the threonine in the activation segment was
replaced by an alanine, which renders loss of autophosphorylation activity, as a negative
control (Lamberti, et al., 2011). 'ACT mutants were able to phosphorylate pSSU to a higher
extent than the WT kinase, which is in line with the higher autophosphorylation levels (Figure
9C).

A)

B)

C)
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Figure 9: The ACT domain regulates STY kinase activity in vitro. A) Schematic
representation of the constructs used in this study. Construct diagrams are not drawn to
scale. B) ACT domain of STY kinases negatively regulates kinase autophosphorylation in
vitro .LQDVH DVVD\ FRPSDULQJ WKH DFWLYLW\ RI  ȝJ E .coli purified WT STY8, STY17, and
STY46 and ACT domain deleted-variants of each kinase. A Coomassie blue gel shows equal
loading of proteins. C) Conserved threonine in the activation segment (position 439 in STY8,
445 in STY17, and 443 in STY46) was substituted by an alaninein all three kinases and leads
to complete loss of activity, was used as a negative control as shown in an in vitro kinase.
.LQDVHV DQG WKHUH PXWDQW YDULDQWV DW  ȝJ DQG  ȝJ RI S668 ZHUH XVHG IRU WKH UHDFWLRQV
Coomassie blue staining showing the purified proteins (top two panels) are shown and
autoradiographs (bottom two panels). Hyperphosphorylation of the STY8 and
phosphorylation of precursor is observed in the ACT-deleted mutant. All assays were
repeated at least three times (n=3). Data show the mean ± s.e.m.; n = 3. Statistical
significance was determined by Students t-test. A P value <0.05 was considered statistically
significant compared to full-length wild-types. Asterisks indicate statistical significance.
We next sought to analyse the contribution of the ACT domain to the cytosolic distribution of
the kinases. We transiently expressed all WT kinases as well as 'ACT deletion mutants
fused to green fluorescent protein (GFP) under control of the 35S promoter in tobacco
leaves. The leaves were infiltrated with Agrobacterium containing the construct, and
protoplasts were isolated 2 d after the transfection. GFP fluorescence, as well as chlorophyll
autofluorescence was detected in isolated protoplasts with a confocal laser-scanning
microscope (Figure 10). The GFP signal of all WT kinases was exclusively localized to the
cytosol, which is consistent to literature findings (Lamberti, et al., 2011). Interestingly, when
comparing the WT localization to the 'ACT deletion mutants, they showed completely
different localization patterns. The localization of the 'ACT deletion mutant was completely
changed from uniform to punctate distribution. These results suggest that the ACT domain
may affect the localization of the STY kinases.
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Figure 7: ACT domain determines localization distribution pattern of STY kinases.
Transient expression of WT 'ACT deletion kinases fused with GFP in tobacco. Protoplasts
were isolated after the transfection, and fluorescence was observed at 488 nm. GFP
fluorescence was shown in green, and chlorophyll autofuoresence is shown in red. (Scale
bar: 10 μm.)

To evaluate binding dynamics of the kinase and its substrate, we employed MST. MST is a
sophisticated method to directly monitor protein-protein interaction in solution by tracking the
movement of proteins in a temperature gradient. Usually, a fluorescence tag is coupled to
one of the targets and upon binding, the altered movement behavior is detected. Hence, by
adding an increasing concentration of the binding partner, minor changes of the hydration
shell can be audited. Subsequently, binding curves are deduced from the changes in
31

Results

fluorescence response. STY8 and STY8'ACT were coupled to the fluorescent tag, and
increasing amounts of precursor pSSU were used as analytes. Interestingly, precursor pSSU
ELQGLQJWR67<ǻ$&7 .D=4.2 ± 2.5 nM) was stronger than to WT STY8 (KD=8.08 ± 2.5 nM)
(Figure 8). To investigate whether the autophosphorylation state of the kinase affects binding
affinity to pSSU we used STY8 T439A, a mutant that renders loss of autophosphorylation
activity (Lamberti, et al., 2011). Indeed, we obtained the weakest binding affinities of STY8
T439A with pSSU (KD=708 nM) (Figure 11). These data suggest an important role of
phosphorylation in formation of the kinase-precursor complex.

Figure 11: ACT domain plays a role in formation of the kinase-precursor complex.
Thermophoretic mobility was monitored between pSSU and WT STY8 (red), and
67<ǻ$&7 (green) and STY8 T439A (blue) mutants). Kinase variants (from 0.1 nM to 3
ȝ0  ZDV DSSOLHG WR D constant fluorescence labeled pSSU (25 nM). Weakest interaction
was observed between pSSU and STY8 T439A mutant when compared to WT STY8 (KD of
708 nM and 8 nM, respectively). Strongest interaction was observed between pSSU and
STY8ǻ$&7PXWDQW .D = 4 nM). n = 3.

3.2.2. STY8 is negatively regulated by Ile via the ACT domain
Since many ACT domains are known to bind to amino acids, we conducted radioactive
kinase assays with STY8 and 20 amino acids at a final concentration of 5 mM. Quantifying
the kinase activity via its autophosphorylation levels, we identified Ile to negatively regulate
kinase autophosphorylation (Figure 12). In Figure 13A we used varying amounts between 05

mM

Ile

added

to

a

STY8

autophosphorylation

autophosphorylation with increasing amounts of Ile.
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A)

B)

Figure 12: Ile negatively regulates STY8 autophosphorylation in vitro. A) Kinase assay
FRPSDULQJ WKH DFWLYLW\ RI  ȝJ E. coli purified STY8 in presence of 5 mM of various
amino acids. Significant decrease in autophosphorylation is observed in presence of Ile. A
Coomassie blue gel shows equal loading of proteins. B) Quantification of kinase assays
was performed with ImageQuant software (GE Healthcare). All assays were repeated at
least three times. n = 3. Data show the mean±s.e.m. Statistical significance was determined
by Students t-test. A P value <0.05 was considered statistically significant compared to
untreated control. Asterisks indicate statistical significance.

In order to investigate whether the ACT domain is responsible for Ile sensitivity, we
conducted a radioactive kinase assay with STY8 and STY8'ACT in presence of increasing
concentration of Ile. We observed loss of Ile sensitivity in the ACT deletion mutant, indicating
that Ile binding occurs within the ACT domain (Figure 13A). To analyze the binding constant
between the kinases and Ile we employed MST. STY8 and STY8'ACT were coupled to the
fluorescent tag, and increasing amounts of Ile were used as analytes. Indeed, we observed a
binding event using WT STY8 (KD ȝ0 +RZever, no binding curve could be fitted using
STY8'ACT, supporting the idea of the ACT domain has an Ile binding site (Figure 13B). To
further investigate whether interaction with Ile is also dependent on the state of the
autophosphorylation site, we used STY8 T439A to investigate Ile binding (Figure 13B).
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Interestingly, no binding was observed, suggesting Ile binding to the ACT domain is
influenced by the status of the activation segment.

A)

B)

Figure 13: Ile binds to STY8 via the ACT domain. A) Kinase assay comparing the activity
of E. coli purified STY8 WT RU67<ǻ$&7PXWDQWLQSUHVHQFHRILQFUHDVLQJFRQFHQWUDWLRQVRI
Ile (1,2 and 5 mM). WT STY8 sensitivity to Ile is increased in a concentration dependent
manner. A Coomassie blue gel shows equal loading of proteins. B) Thermophoretic mobility
was monitored. Ile (from 30 nM to 1 mM) was applied to a constant fluorescence labeled
STY8 (EOXH DQG 67<ǻ$&7 UHG  DQG 67< 7$ JUHHQ  nM). Weak interaction was
observed between STY8 and Ile (KD = 311 ȝ0 1RLQWHUDFWLRQEHWZHHQIle and both mutants
was observed (KD = n.D.). n = 3.
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3.2.3. ACT domain Protein alignment of STY8, STY17 and STY46 and
selected proteins
Typically, ACT domains display a ɴɲɴɴɲɴ secondary structure motif (Chipman & Shaanan,
2001; Grant, 2006). Structural determination of ACT domain proteins revealed a conserved
amino acid binding interface between the alpha helices and beta sheets within the ACT
domain (Grant, 2006). Furthermore, multiple sequence alignments of several ACT domain
proteins revealed a conserved glycine that might play an important role in amino acid binding
coordination (Figure 14A). Thisglycine has been shown to be primarily located between the
first beta sheet and the first alpha helix. Furthermore, glycine to aspartate mutation analysis
of the ACT domain containing Aspartate Kinase revealed a significant loss of amino acid
sensitivity (Y. Kikuchi et al., 1999). In order to identify such a conserved glycine in the STY
kinases, we aligned the ACT domain protein sequences of all three STY kinases. Using
PSSpred server (University of Michigan) to predict protein secondary structure and
AlignX/ClustalW for protein sequence alignment revealed that the ACT domains of the STY
kinases lacked a fourth beta-sheet after the second alpha helices structure. We have
identified a conserved glycine at amino acid positions at positions 197 for STY8, 203 for
STY17, and 201 for STY46. In contrast to the other selected proteins, this particular glycine
is located between the first alpha helices and the second beta sheet and, hence, could be
potentially responsible for Ile affinity (Figure 14A). In addition, we used Pymol visualization
tools to visualize the location of the conserved glycine (Figure 14B). The particular glycine
(coloured in green, Figure 14B) is located at a loop that may form a binding interface for Ile
affinity.
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A)

B)

C)

Figure 14: ACT domain protein alignment of STY8, STY17 and STY46 and selected
proteins. A) The sequences of the ACT domains were aligned with regard to residue type
and secondary structure. Within the ACT domain, the conserved glycine residues responsible
for amino acid sensitivity are colored in black for the STY kinases (position 197 in STY8, 203
in STY17 and 201 in STY46) and selected proteins. The protein abbreviations are: PGDH, D3-phosphoglycerate dehydrogenase; PheOH, phenylalanine hydroxylase; AspKi, aspartate
kinase; ThrD, threonine deaminase. The species abbreviations are: Ec, E. coli; rat, Rattus
norvegicus; Ath, Arabadopsis thaliana. B) The three-dimensional structure prediction of the
ACT domain of STY8. The domain structure was visualized using PyMOL molecular
visualization tool. The Į-helices, ȕ-sheets, loop regions, and the predicted conserved glycine
are shown in pink, yellow, blue, grey, and green colors, respectively. C) Schematic
representation of the secondary structure motif of the ACT domain of the STY kinases.

In order to study the importance of this glycine, we substituted it by aspartate and performed
UDGLRDFWLYHNLQDVHDVVD\DQGFRPSDUHGLWV,OHVHQVLWLYLW\WR:767<DQG67<ǻ$&7
mutant (Figure 15A). Interestingly, we observe Ile insensitivity in the STY8 G197D mutant,
VLPLODUWR67<ǻ$&7+RZHYHULQKLJKconcentrations of Ile, we observed loss of Ile
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insensitivity (Figure 15A). To confirm these bindings dynamics between the kinases and Ile
we employed MST. STY8, STY8'ACT, and STY8 G197D were coupled to the fluorescent
tag, and increasing amounts of Ile were used as analytes (Figure 15B). Indeed, we observed
a binding event using WT STY8 (KD ȝ0 :HDNHUELQGLQJDIILQLWLHVZHUHREVHUYHG
between STY8 G197D and Ile (KD ȝ0 1RELQGLQJFXUYHFRXOGEHILWWHGXVLQJ
STY8'ACT. Overall, the results suggests that this particular region is responsible for Ile
specificity

A)

B)
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Figure 15: A conserved glycine is involved in Ile binding . A). Kinase assay comparing
the activity of E. coli purified STY8 WT DQG 67<ǻ$&7 DQG 67<*' PXWDQWV LQ
presence of increasing concentrations of Ile. The specific activity of the purified kinase in
absence of Ile is defined as 100%. WT STY8 show concentration dependent sensitivity to Ile
(blue). Glycine to Asparte mutation variant (red) show comparable insensitivity to the ACTdeleted mutant (green). B) Quantification of kinase activities. All assays were repeated at
least three times. n = 3. Data show the mean ± s.e.m.; Statistical significance was
determined by Students t-test. A P value <0.05 was considered statistically significant
compared to untreated control. Asterisks indicate statistical significance. C) Thermophoretic
mobility was monitored upon Ile (from 30 nM to 1mM) was applied to a constant fluorescence
labeled STY8 (blue) DQG 67<ǻ$&7 JUHHn) and STY8 G197D (red )(25 nM). Weak
interaction was observed between STY8 and Ile (KD = 311 ȝ0 :HDNHULQWHUDFWLRQEHWZHHQ
STY8 G197D (KD = 999 ȝ0 1RLQWHUDFWLRQEHWween Ile DQG67<ǻ$&7 was observed (KD =
n.D.). n = 3.

3.2.4. STY8 is negatively regulated by S-Adenosylmethionine via the ACT
domain
It has been previously been reported that, along with amino acids, ACT domains also interact
with various metabolites derived from amino acids. Using radioactive kinase assays, we
incubated various metabolites with E. coli purified STY8 (data not shown). Here, we identified
S-adenosylmethionine (SAM) to significantly down regulate STY8 autophosphorylation (data
not shown). To examine whether SAM down regulates kinase activity via the ACT domain,
we incubated increasing amounts of SAM with STY8 and STY8'ACT and compared
autophosphorylation activity (Figure 16A). The activity of STY8'ACT showed SAMresistance, implying that SAM negatively regulates STY8 via its ACT domain. To investigate
the binding event in more detail we conducted MST analysis with SAM and STY8,
STY8'ACT or STY8 T439A. A weak binding affinity could be calculated for STY8 (KD= 775
ȝ0  ZKHUHDV QR ELQGLQJ RI 6$0 WR 67<'ACT was observed (Figure 16B). To further
investigate whether interaction with SAM also is dependent on the state of the
autophosphorylation site, we used STY8 T439A to investigate Ile binding (Figure 13B).
Interestingly, no binding was observed, suggesting SAM binding to the ACT domain is
influenced by the status of the activation segment. To verify further that the metabolite
binding is conferred by the ACT domain, we used the recombinant ACT domain to perform
MST analysis with Ile and SAM. Interestingly, the KD values were enhanced to 81.48 + 34
μM for Ile and to 47.28 + 25 nM for SAM (Figure 3F). This result confirms that both
metabolites are bound by the ACT domain. The differences observed in binding affinities
using the full length proteins versus the isolated ACT domain might indicate that steric
hindrances occur in measurements with the full-length proteins thus leading to lower
accessibility for the metabolites. To confirm specificity of the binding event, we included
methionine as a negative control. No binding event could be observed for these
measurements (Figure 3F).
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A)

B)

C)

Figure 16: SAM binds to STY8 via the ACT domain. A) Kinase assay comparing the
activity of E. coli purified STY8 WT RU 67<ǻ$&7 PXWDQW LQ SUHVHQFH RI LQFUHDVLQJ
concentrations of SAM (1,2 and 5 mM). WT STY8 sensitivity to Ile is increased in a
concentration dependent manner. Coomassie blue gel shows equal loading of proteins. B)
Thermophoretic mobility was monitored upon SAM (from 30 nM to 1mM) was applied to a
constant fluorescence labeled STY8 (green) DQG 67<ǻ$&7 EOXH  DQG 67< 7$
(red)(25 nM) (Upper graph). Weak interaction was observed between STY8 and Ile (KD =
311 ȝ0  1R LQWHUDFWLRQ EHWZHHQ 6$0 DQG ERWK PXWDnts was observed (KD = n.D.). C)
Thermophoretic mobility was monitored upon SAM (red), Ile (blue), or Met (green) (from 30
nM to 1 mM) was applied to a constant fluorescence labeled ACT domain of STY8.
Weakest interaction was observed between ACT domain and Ile when compared to SAM
(KD RIȝ0Q0DQGUHVSHFWLYHO\ 1RLQWHUDFtion with Met was detected. n = 3.
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3.2.5. Conserved Glycine in the ACT domain of STY8 does not play a role
in S-Adenosylmethionine sensitivty
To verify whether the STY8 G197D mutant is also insensitive to SAM, a kinase assay was
SHUIRUPHGLQSUHVHQFHRILQFUHDVLQJFRQFHQWUDWLRQRI6$0ZLWK67<ǻ$&7DOVREHLQJXVHG
as a negative control (Figure 17). In contrast to Ile, we observed SAM sensitivity in both WT
and the STY8 G197D mutant. To confirm these bindings dynamics we between the kinases
and SAM we employed MST. STY8, STY8'ACT, and STY8 G197D were coupled to the
fluorescent tag, and increasing amounts of Ile were used as analytes (Figure 15B). Indeed,
we observed a binding event using WT STY8 (KD= 774 ȝ0  Similar binding affinities was
observed between STY8 G197D and SAM (KD= 785 ȝ0  By and large, our data indicated
that the conserved glycine located in the loop region between the first alpha helix and the
second beta sheet is only responsible for Ile binding.

A)

B)

Figure 17:Conserved Glycine in the ACT domain does not play a role in SAM
sensitivity. Kinase assay comparing the activity of E. coli purified STY8 WT, and
67<ǻ$&7 DQG 67<*' PXWDQWV LQ SUHVHQFH RI LQFUHDVLQJ FRQFHQWUDWLRQV RI 6Adenosylmethionine. A Coomassie blue gel shows equal loading of proteins. WT STY8 and
STY8 G197D show equal concentration dependent sensitivity to S-adenosylmethionine.
Quantification of all blots performed using ImageJ. Data show the mean ± s.e.m.; n = 3.
Statistical significance was determined by Students t-test. A P value <0.05 was considered
statistically significant compared to untreated control. Asterisks indicate statistical
significance. B) Thermophoretic mobility was monitored upon SAM (from 30 nM to 1 mM)
ZDV DSSOLHG WR D FRQVWDQW IOXRUHVFHQFH ODEHOHG 67< EOXH  DQG 67<ǻ$&7 JUHHQ  DQG
STY8 G197D (red)(25 nM). Weak interaction was observed between STY8 and SAM (KD =
774 ȝ0 6LPLODULQWHUDFWLRQEHWZHHQ67<*' .D = 785 ȝ0 1RLQWHUDFWLRQEHWZHHQIle
DQG67<ǻ$&7PXWDQWVZDVREVHUYHG .D = n.D.). n = 3.
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3.1.1. SAM and Ile inhibit precursor affinity and phosphorylation by STY8
To confirm whether all STY kinases show equal sensitivity to either SAM or Ile, we
conducted a kinase assay using the WT and ǻ$&7 mutant kinase in presence of either SAM
or Ile. Our data indicates equal sensitivity to SAM and Ile across all WT kinase tested. No
autophosphorylation changes was observed in all ǻ$&7 mutant variants. To investigate the
effect of the increases kinase autophosphorylation by SAM and Ile on pSSU binding, we
performed MST (Figure 18B). Strong binding of pSSU to STY8 was observed (KD=6.7 nM). A
three-fold increase in dissociation constant was observed in presence of Ile (KD = 21.2 nM).
Approximately four-fold increase was detected in presence of constant amount of SAM (KD =
25.7 nM). Weakest binding affinity was observed in constant combined presence of SAM and
Ile (KD=68.5 nM). To investigate the binding inhibition effects of SAM and Ile on the precursor
pSSU phosphorylation by STY8 we conducted an in vitro kinase assay (Figure 18C). Here,
observe similar precursor phosphorylation inhibition when precursor was incubated with SAM
and Ile independently. In addition, minor negative effects on the STY8 autophosphorylation is
also observed. However, when precursor pSSU, SAM, and Ile were incubated
simultaneously, complete abolishment of kinase autophosphorylation and precursor
phosphorylation was observed. These results suggest that STY8 autophosphorylation and
precursor phosphorylation seems to be synergistically regulated by both SAM and Ile via the
ACT domain.
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Figure 18: SAM and Ile synergistically inhibit precursor phosphorylation by STY8. A)
Kinase assay comparing the activity of E. coli purified WT 67<NLQDVHVDQGǻ$&7PXWDQW
variant in presence of either 5 mM of S-adenosylmethionine or 5 mM Ile. All WT Kinases
show equal sensitivity to either S-adenosylmethionine and Ile. A Coomassie blue gel shows
equal loading of proteins. All blots were repeated at least three times. Quantification of all
blots performed using ImageJ. Data show the mean ± s.e.m.; n = 3. Statistical significance
was determined by Students t-test. A P value <0.05 was considered statistically significant
compared to untreated control. Asterisks indicate statistical significance. B) Thermophoretic
mobility was monitored upon STY8 in presence of SAM and/or Ile (1 mM) was applied to a
constant fluorescence labeled pSSU (25 nM). Weakest interaction was observed between
pSSU and STY8 in presence of both SAM and Ile (light blue, KD of 68.5 nM) when
compared to independent incubations of SAM and isoluecine (red, KD of 25.9 nM and dark
blue 21.2 nM, respectively. Strongest interaction was observed between pSSU and STY8
alone (KD = 6.7 nM). n = 3. C) Kinase assay comparing the activity of E. coli purified STY8
WT in presence of pSSU, SAM, and/or Ile. Phosphorylation level of pSSU by STY8 was
lowest in presence of both SAM and isoluecine (panel 6). All assays were repeated at least
three times.

3.1.2. STY8 and the ACT domain form oligomers
Several ACT domain containing proteins have been isolated as large multimeric protein
complexes with ACT domains associating into dimers, trimers or even tetramers (Reviewed
by Grant 2006). To elucidate the oligomeric state of the recombinant STY8 protein we
employed size-exclusion chromatography (SEC). Our results showed that STY8 eluted at
217 kDa, which suggests formation of a trimer or tetramer (Figure 19). To investigate the role
of the ACT domain in the oligomerization state of STY8, we analyzed only the ACT domain,
which was purified as recombinant protein of 35 kDa. Our results indicated that the purified
ACT domain of STY8 likewise elutes as a trimer or tetramer, due to the apparent size of 35
kDa (Figure 19). Overall, our SEC analysis strongly indicates that the ACT domain is
essential for kinase oligomerization. To further analyze the oligomerization state of the
purified STY8, the purified enzyme was examined in both denaturing (SDS-PAGE) and nondenaturing (Native PAGE) conditions. In denaturing conditions, purified STY8 displayed an
apparent molecular weight of approximately 60 kDa, consistent with the theoretical value
calculated based on the amino acid sequence (red arrow). Native-PAGE showed that STY8
exhibited significantly at a molecular weight of about 210 kDa, which corresponds to our
findings from our SEC measurements. This strongly suggests that the active protein
oligomerizes to either a trimer or a tetramer confirmation.
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Figure 19: Oligomerization analysis of AtSTY8 and AtSTY8-ACT Proteins were overexpressed and purified from E. coli and analyzed using size exclusion chromatography using
a Superdex 200 increase 3.2/300 column. The purple star represents elution volume. The
Kav (Ve-Vo/Vt-Vo) versus LogMW plot with the equation of the line for superdex standards is
shown Calibration plot with the corresponding sizes for different standard proteins used are
shown in dark blue circles (described in the methods). Stars represents various variants of
STY8 used in this study: Green AtSTY8-ACT, Red AtSTY8. Table of summary is displayed.
n=3. B) SDS and Native-PAGE analysis of the purified STY8 (marked in red). All blots
repeated at least three times.
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3.1.3. Generation and characterization of VW\VW\667<ǻ$&7
deleted Arabidopsis mutant
To study the role of the ACT domain in planta, we used the sty8 sty46 double mutant and
complemented the line with 67<ǻ$&7 under control of the 35S CMV promoter
(35S::67<ǻ$&7) (Figure 20). The gene expression levels in the generated lines were
confirmed using reverse transcription (RT)-PCR and quantitative real-time PCR (Figure 20B
and 20C). Growth phenotypes of WT, sty8 sty46, 35S::STY46 and 35S::67<ǻ$&7 were
analyzed under fluorescent long day light (16 h of light), white light-emitting diode (LED)
QRUPDO OLJKW  ȝPRO SKRWRQV Pí2 sí1) and fluctuating light( 240 sof low light (LL, 55
ȝPROāPí2·sí1 DQGVRIKLJKOLJKW +/ȝPROāPí2·sí1) alternately cycled, for 3 weeks
after germination. For soil based phenotype analysis, we investigated the bolting time and
leaf area. In terms of bolting time, the double mutant showed significant delay in bolting time
when compared to the WT (Figure 20G). 35S::STY46 rescued the bolting time phenotype.
Interestingly, the deletion of the ACT domain did in fact slightly reduce the bolting time when
compared to the full length complementation. For leaf area studies, we measured the leaves
of all lines 3 weeks after stratification. We observed significant reduction in leaf area in the
double mutant when compared to the WT (Figure 20E). Surprisingly, no major difference in
leaf size was observed when comparing the full length complementation to the ǻ$&7 deleted
mutant.
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Figure 20 *HQHUDWLRQ RI 67<ǻ$&7 FRPSOHPHQWHG OLQHV DQG RI WKH sty8 sty46
mutants: A) Immunoblot analysis of STY8 in sty8 sty46 )RU   ȝJ RI SURWHLQ ZDV
loaded on a 12% SDS gel, transferred to a polyvinylidene difluoride membrane, and
immunodecorated with specific STY8 antisera. Ponceau staining of the large subunit of
Rubisco is shown as a control. B) RT-PCR analysis of the WT, sty8 sty46, and sty8
sty46/35S-STY46, and sty8 sty46/35S-67<ǻ$&7GHPRQVWUDWLQJWKHH[SUHVVLRQRI67<
DQG67<LQDOOOLQHV& 67<ǻ$&7OLQHVLQWKHEDFNJURXQGRIsty8 sty46 were analyzed
by quantitative RT-PCR with STY8 and STY46 specific oligonucleotideoligonucleotides.
Values were calculated relative to housekeeping gene RCE1 and expression levels relative
to the WT are given. D) Phenotype analysis of wild-type, mutant and complemented lines
grown on different light regimes. Plants are shown 4 weeks after germination on soil. E)
Total leaf area of 21 days old plants. Area of leaf of wild-type (Col-0) plants and, sty8
sty46/STY46 complementation, and sty8 sty46/STY46ǻACT mutant plants, n=15 leaves
from each line. All Quantification of leaves were performed using ImageJ. Data show the
mean±s.e.m.; Statistical significance was determined by Students t-test. A P value <0.05
was considered statistically significant compared to the WT. Asterisks indicate statistical
significance. F) Flowering phenotype of wild-type and mutant plants 5 weeks after
germination. Flowering time of plants grown are presented in number of days to bolting.
Bolting time of wild-type (Col-0) plants, sty8 sty46/STY46 complementation, and sty8
sty4667<ǻ$&7 Putant. n=15 plants from each line. Data show the mean±s.e.m.
Statistical significance was determined by Students t-test. A P value <0.05 was considered
statistically significant compared to the WT. Asterisks indicate statistical significance

3.1.4. Deletion of the ACT domain does not effects leaf size and root
length on plates.
To confirm the findings observed with soil-grown plants, we germinated all lines on MS
plates with sucrose for 21 days and 10 days and quantified the leaf area and root length,
respectively (Figure 21). In terms of leaf area, the double mutant shows significant reduction
in leaf area. Full length complementation shows full recovery of the phenotype. Deletion of
the ACT domain shows does not affect leaf area values when compared to full length
complementation (Figure 21A). In terms of root length, the double mutant showed
significantly reduced root growth when compared to the WT (Figure 21C). Again, the full
length complementation rescued the phenotype. The ACT deletion mutant complementation
shows no significant differences in root length when compared to the full length
complementation. Overall, no significant phenotype is observed when all lines were
germinated on plates. The phenotype on plates were comparable to the soil based studies.
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Figure 21: Plate Based phenotype analysis of mutant plants. A) Phenotypes on MS
plates. B) All Quantification of leaves were performed using ImageJ. Data show the mean ±
s.e.m. Statistical significance was determined by Students t-test. A P value <0.05 was
considered statistically significant compared to the WT. Asterisks indicate statistical
significance. C) Three representative seedlings of the WT (Col-0), sty8 sty46, sty8
sty46/35S:STY46, and sty8 sty46/3667<ǻ$&7 mutants roots of 10-d-old seedlings
grown vertically on MS plates. D) Root length quantification relative to WT. n=15. Data show
the mean±s.e.m. Statistical significance was determined by Students t-test. A P value <0.05
was considered statistically significant compared to the WT. Asterisks indicate statistical
significance
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3.1.5. Deletion of the ACT domain affects chlorophyll accumulation
during greening
In order for proper differentiation from etioplast to chloroplast to take place, manifold of
preproteins are required for thylakoid formation. To study chlorophyll accumulation, Col-0,
VW\VW\VW\VW\667<DQGVW\VW\667<ǻ$&7mutants were grown in
darkness for 6 d and subsequently transferred to light for several hours to investigate
possible differences during chloroplast differentiation (Figure 22). The greening process was
delayed in the sty8 sty46, which corresponds to previous studies (Lamberti, et al., 2011). We
observed no changes between the full complementation and the WT. Interestingly, the
greening process was also delayed in VW\ VW\667<ǻ$&7 mutant comparable to
sty8 sty46 mutant as observed by coloring of the cotyledons as well as by quantitative
measurements of the chlorophyll a and b contents 4 h after the transition to light.
To investigate the role of SAM and Ile in the greening process, Col-0, sty8 sty46, sty8
VW\667<DQGVW\VW\667<ǻ$&7PXWDQWVwere grown in darkness on MS
SODWHVZLWKȝ06$0DQGȝ0Ile for 6 d and subsequently transferred to light for 4 hours
to investigate possible differences during chloroplast differentiation (Meng et al., 2018;
Schertl et al., 2017). Inerestingly, the WT showed reduced chlorophyll accumulation.
Interestingly, the double mutant showed also reduction in chlorophyll accumulation. The full
length complementation showed similar SAM/Ile sensitivity trends when compared to the
WT. However, the ACT deletion complementation showed no significant change when
compared to the untreated. Our data indicates that the ACT domain is essential for
metabolite and amino acid sensitivity in plants.

A)
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Figure 22: Greening is delayed in ǻ$&7 kinase mutant plants. A) Three representative
seedlings of the WT (Col-0), sty8 sty46, sty8 sty46/35S:STY46, and sty8
VW\667<ǻ$&7 are shown 4 h after illumination when grown on MS plates
supplemented with 8 μM SAM and 100 μM Ile. B, Chlorophyll concentration was measured 4
K DIWHU H[SRVXUH RI HWLRODWHG VHHGOLQJV WR OLJKW  ȝ( Pí2 sí1). Chlorophyll concentration
ZDV PHDVXUHG LQ ȝJ PJí1 fresh weight. Significant decrease in chlorophyll content in sty8
sty46 was observed. Full and partial was observed in sty8 sty46/35S:STY46 andsty8
VW\667<ǻ$&7, respectively. However, in plates supplemented with SAM and Ile,
significant reduction in chlorophyll content was observed in all lines except for
VW\667<ǻ$&7.(n=3). All assays were repeated at least three times. Data show the
mean±s.e.m. Statistical significance was determined by Students t-test. A P value <0.05 was
considered statistically significant compared to the WT. Asterisks indicate statistical
significance

50

Results

3.1.1. Deletion of the ACT domain effects phosphorylation status of
precursors in planta.
To investigate whether hyper-phosphorylation of the kinase and its substrates could also be
observed with sty8 sty46667<ǻ$&7 SODQW H[WUDFWV ZH SHUIRUPHG NLQDVH DVVD\V
using soluble protein extracts of WT plants, sty8 sty46 double mutants, sty8
sty46/35S::STY46 and sty8 sty46667<ǻ$&7 FRPSOHPHQWDWLRQ SODQWV WR VWXG\ WKH
phosphorylation potential of recombinant pSSU. Precursor phosphorylation was reduced in
the sty8 sty46 double mutant compared to WT, as expected (Figure 23). Residual
phosphorylation in sty8 sty46 is most likely due to the redundant function of STY17.
However, the precursor phosphorylation yield was higher in sty8 sty46667<ǻ$&7LQ
comparison to WT aV ZHOO DV WR 667<:H WKHUHIRUH FRQFOXGH WKDW WKH 67<ǻ$&7
functions in planta in a comparable manner to the recombinant purified protein.

Figure 23: Precursor phosphorylation yield is increased in in ǻ$&7 kinase mutant
plants. Soluble protein extract isolated from WT (Col-0), sty8 sty46, sty8 sty46/35S::STY46
and sty8 sty46/667<ǻ$&7 ZDV XVHG WR SKRVSKRU\ODWH pSSU. A coomassie stained
gel in shown to depict equal loading (CBB). All assays were repeated at least three times
(n=3). Quantification of blots performed in in ImageJ. Data show the mean±s.e.m. Statistical
significance was determined by Students t-test. A P value <0.05 was considered statistically
significant compared to the WT. Asterisks indicate statistical significance
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4. Discussion
4.1.

Role of Acclimation in protein import into chloroplast

As a consequence of several environmental factors, plants have evolved to sense and
acclimate to a variety of different biotic and abiotic stress conditions. Hence, the
understanding of the molecular switches has been of particular interest for field-grown plants.
Recently, it has been shown that the protein content of the chloroplast alters in response to
short term exposure to changing temperature or light conditions (Dutta et al., 2009; Grimaud
et al., 2013). This strongly indicates that the plant acclimation response is triggered by
external stimuli. Furthermore, changes in protein organeller composition alters the supply of
photosynthetic complexes needed to ensure optimal performance. Since the majority of
chloroplast proteins is encoded in the nucleus and translated as preproteins in the cytosol,
posttranslational targeting is a first crucial step towards providing these organelles with the
required proteins. This process requires strict regulation of the posttranslational
modifications, such as phosphorylation of preproteins in the cytosol. The cytosolic kinases
STY8, STY17 and STY46 have been isolated from Arabidopsis thaliana as kinases
responsible for transit peptide phosphorylation (Lamberti, et al., 2011; Martin, et al., 2006)

4.1.1. High Temperature decreases precursor phosphorylation yield
We investigated the effects of temperature on the phosphorylation of precursors in vitro.
Interestingly, chill conditions alone did not affect precursor phosphorylation yield.
Furthermore, the ATP-driven import of precursor of pSSU into plastids was shown to be
down-regulated by 49% in chill-stressed plants (Dutta et al., 2009). Interestingly, we
observed a significant decrease in precursor phosphorylation when plants were exposed to
higher temperature. This also goes in line in with previous studies showing a significant
reduction in protein import in plants exposed to higher temperatures (Dutta et al., 2009). We
also detected a significant decrease in kinase expression in short term high temperature
conditions. This coincides the decrease in precursor phosphorylation yield. Both of these
finding suggest that the guidance complex formation efficiency is reduced in unstable
temperature conditions due to the lack of precursor phosphorylation activity preformed by the
kinases. Possibly, as a consequence, impaired chlorophyll biosynthesis and chloroplast
development was observed (Kumar Tewari & Charan Tripathy, 1998). This leads to reduced
photosynthesis and, hence, a significant loss of plant productivity.
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4.1.2. Light increases precursor phosphorylation and STY kinase
expression
Upon observing negative effects of precursor phosphorylation and kinase expression in
temperature acclimating conditions, we investigated the effects of varying light conditions.
We observed a significant increase in precursor phosphorylation and kinase expression in
high light acclimating conditions. In addition, when combined high light and chill conditions,
we still observe increase in precursor phosphorylation. This indicates that light is the
predominant factor in changes in precursor phosphorylation. The double mutant kinase
deletion showed significant reduction in precursor phosphorylation in normal light and high
light conditions. This reaffirms the role of the kinases in precursor phosphorylation.
Furthermore, studies have shown that the import efficiency of some precursors are affected
by different light conditions (Hirohashi et al., 2001). Here, they show two Feredoxin
isoproteins: pFdI and pFdIII, to have two distinct light-dependent import regulation patterns.
pFdI, a photosynthetic ferredoxin precursor, was efficiently imported into the stroma in both
the light and in the dark. In contrast, pFdIII, a non-photosynthetic ferredoxin precursor, was
mostly mis-targeted to the intermembrane space of chloroplastic envelopes as an
unprocessed precursor form in the light but was efficiently imported into the stroma and
processed to its mature form in the dark. In addition to the role of light as a possible
regulatory signal, it also suggests that photosynthetic activity (and thereby the reduced
environment via the decreased NADP+/NADPH ratio) can affect the import efficiency
(reviewed by (Kovacs-Bogdan, et al., 2010).

4.1.3. STY kinases phosphorylated precursors that associate with HSP70
and/or 14-3-3.
Chloroplast preprotein import into chloroplast is an energy-demanding process. Once
synthesized, some preproteins require additional stabilizing cofactors/molecules to ensure
efficient and correct targeting. Hence, most chloroplast precursor proteins contain
characteristics to bind the heat shock chaperone protein HSP70 (May & Soll, 2000). In
addition to HSP70, it has also been shown that small 14-3-3 acidic proteins can bind a
subset of chloroplast preproteins (Fellerer, et al., 2011).. Formation of the guidance complex
have been shown to prevent aggregation and enhance the import rate of the preproteins
(May & Soll, 2000). Furthermore, phosphorylated preproteins have been shown to display
higher affinity to 14-3-3. Out of a randomly selected population of preproteins, approximately
25% were found to associate with 14-3-3 (Fellerer, et al., 2011). In addition, it has been
postulated that precursors shown to exclusively interact with HSP70 might later on form
complexes with 14-3-3 or HSP90. Our in vitro studies in which we incubated STY8 with
selected precursors that have been shown to exclusively interact with 14-3-3 and/or HSP70
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indicated that some precursors may have more than a single targeting mechanism. All
selected 14-3-3 associated precursors have been shown to be phosphorylated by STY8.
Precursors such as pFNRL1, pHCF101, pCAB1, pClp2, and pLHCb2 that have been shown
to exclusively interact with HSP70, are also phosphorylated by STY8. This implies that
precursor import into chloroplast is a dynamic process and various import mechanism may
be utilized during different developmental phases or as a response to various environmental
factors. Since the kinases involved in the phosphorylation of the precursor also need to be
regulated to maintain proper influx of precursors during chloroplast biogenesis, we pursued
to characterize features that make these kinases distinct from its other family members.

4.2.

The role of the ACT domain in STY Kinase activity

The unique feature that distinguishes these kinases from other protein kinases, is that it
harbors a special domain upstream of its highly conserved kinase domain. Using a BLAST
search of this unique domain, a high sequence homology with the ACT domain has been
observed. This domain was initially identified in three enzymes: aspartate kinase-chorismate
mutase-TyrA (prephenate dehydrogenase) (Aravind & Koonin, 1999; Chipman & Shaanan,
2001; Curien et al., 2008). Since its identification, the ACT domains was shown to be present
in several amino acid biosynthetic enzymes.

4.2.1. In vitro characterization of the ACT domain of STY kinase
4.2.1.1.

The ACT domain regulates spatial distribution and kinase activity

To investigate the role of ACT domain in kinase localization, we expressed a GFP-tagged
proteins and its deletion mutants and analyzed protein localization by confocal microscopy.
Although both mutant and wild-type maintain the cytosolic localization, we observed
significant alteration in localization pattern. The distribution pattern changed from uniform to
punctuate distribution. Furthermore, we also show that the substitution of a threonine in the
activation segment of the kinase domain to an alanine, which renders the kinase inactive,
does not alter spatial distribution pattern when compared to its active form (data not shown).
This suggests that the ACT domain influences the protein cellular localization and thereby
might alter the phosphorylation of its substrates.
To study the role of the ACT domain on kinase activity, the ACT domain was deleted and
kinase activity was tracked in vitro. The deletion of the ACT domain in all kinases lead to a
significant increase of kinase autophosphorylation. When incubated in presence of the
precursor pSSU, significant increase in precursor phosphorylation yield was also observed.
Using microscale thermophoresis, we observed a slight change in the binding affinity
between the kinase and precursor when the ACT domain was deleted. In addition, the kinase
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in its inactive form resulted in a decrease in kinase affinity to substrate. This indicated the
importance of autophosphorylation for the conformational change required for kinasesubstrate interaction and any modification might destabilize the active conformation leading
to the loss of kinase activity (Nolen et al., 2004). This also suggests that the kinase undergo
an in cis autophosphorylation process (Lamberti, et al., 2011; Lochhead, 2009).
4.2.1.2.

Ile and SAM regulates kinase activity via the ACT domain

Several small molecules, including amino acids and purines, have been shown to interact
and negatively regulate enzyme activity via the ACT domains in other species. All ligands
have been shown to bind at different regions of the ACT domain, and hence have one or
more regulatory effects. Serine has been shown to negatively regulate 3-phosphoglycerate
dehydrogenase, which is an enzyme required at the committed step in the phosphorylated
pathway of L-serine biosynthesis in E. coli (Schuller et al., 1995; Thompson, et al., 2005).
Tyrosine has also been shown to negatively regulate Prephenate dehydrogenase, an
essential enzyme in the pathway to synthesize tyrosine in B. subtilis and Aquifex aeolicus
(Nester & Jensen, 1966; Sun et al., 2009). Formyl FH4 hydrolase, 10-formyltetrahydrofolate
(formyl-FH4) to FH4 and formate in E.coli, is negatively regulated by glycine, and it is also up
regulated by methionine (Nagy et al., 1995). Threonine deaminase, a key enzyme in the
branched-chain amino acid synthesis, is down regulated by Ile and up regulated by valine S.
typhim (Gallagher et al., 1998). Phenylalanine hydroxylase, which is involved in
phenylalanine catabolism (and, to some extent, tyrosine biosynthesis) in rats, is negatively
regulated by tetrahydrobiopterin and up regulated by phenylalanine (Mitnaul & Shiman,
1995). Finally, the A.thaliana Acetohydroxyacid synthase, which catalyzes the initial step in
the formation of the branched-chain amino acids, is negatively regulated by both Ile and
valine at two different sites of its ACT domain (Lee & Duggleby, 2002). In our studies, we
identified SAM and isoluecine to negatively regulate STY kinase activity and consequently
precursor phosphorylation via the ACT domain. The precursor of SAM, methionine, is
synthesized from aspartate in the chloroplast. SAM synthesis is an energy demanding
process in which the entire triphosphate chain is displaced from ATP by SAM synthetase and
pyro- and orthophosphate, respectively (Singh et al., 1995). SAM is used as a methly group
carrier required to modify DNA and RNA. It has also been suggested that the ACT domains
could also bind nucleotides (Mas-Droux et al., 2006). Interestingly, no binding of either SAM
or Ile was observed in the inactivated STY kinase. Furthermore, we also show that a
conserved glycine between the first alpha helices and second beta sheet is essential for Ile
binding but not SAM. Hence, the interaction of SAM and Ile with the ACT domain may be
required for the inhibition under specific physiological conditions. Our data suggests Ile and
SAM binding to the ACT domain is influenced by the status of the activation segment and
that it inhibits the kinase domain in a synergistic manner. Binding of either molecule could
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cause disruption of the precursor substrate binding site of the kinase domain. An active
kinase may liberate the ACT domain, exposing particular regions for binding. SAM, alongside
with lysine, has also been shown to inhibit Aspartate kinase in Arabidopsis (Mas-Droux, et
al., 2006). It has been shown that a loop in the ACT domain may be involved in the binding of
Lys and SAM provides an explanation for the synergistic inhibition by these effectors. Our
data suggest that the confirmation of the ACT domain of STY kinase may operate in a similar
fashion in presence of its interacting partners.

Figure 23: Model of the regulation of the STY kinase. Preproteins are translated in the
cytosol with a cleavable transit peptide (TP). Once synthesized, active STY kinases bind
and phosphorylate the preproteins at specific serine/threonine residues at the transit
peptide. Active kinase liberates from phosphorylated precursor before import. Kinases
phosphorylation of precursor is inhibited by presence of cytosolic Ile (Ile) and SAM (SAM).
Ile and SAM binding to specific regions of the ACT domain initiates a new folding
confirmation rendering inactivation of the activation segment within the kinase domain.

4.2.1.3.

ACT domain of STY8 involved in oligomerization

ACT domains have been identified in many proteins with varying number of repeats and
oligomerization states. So far, at least 10 ACT domain-containing proteins structures have
been determined, and five of these have been solved with bound ligand (reviewed by(Grant,
2006; Lang, et al., 2014). Despite few numbers of structures characterized, they display
diverse modes in which the domains associate with each other. Proteins containing one or
more ACT domains have been isolated and displayed 2, 3, or 4 oligomeric features across
different species. To name a few: E. coli d-3-phosphoglycerate dehydrogenase was isolated
as a tetramer (Schuller, et al., 1995; Thompson, et al., 2005). The A. thaliana aspartate
kinase

as

a

dimer

(Mas-Droux,

et

al.,

2006),

the

M.

tuberculosis

ATP

phosphoribosyltransferase as a hexamer (Cho, et al., 2003; Lohkamp, et al., 2004), E. coli
threonine deaminase is isolated as a tetramer (Gallagher, et al., 1998), thiamine binding
protein from B. subtilis YkoF was isolated as dimer (Devedjiev, et al., 2004), and rat
phenylalanine hydroxylase also as dimer (Kobe et al., 1999). Our data indicated that STY8
forms a trimer or a tetramer. The stand-alone ACT domain of STY8 was also isolated a
trimer or a tetramer. This suggests that the active form of kinases may need to undergo
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oligomerization to become active The ability of the STY kinases to oligomerize adds another
degree of complexity to their regulation and substrate specificity. Dimerization of non
receptor kinases is not particularly novel as it is also observed in many up-stream acting
kinases (reviewed in(Pelech, 2006). Some of these kinases have tandem catalytic domains
(such as SgK069 - a human encoded NFK1 kinase, GCN2 - general control
nonderepressible 2, MSK1 and MSK2 - Mitogen- and stress-activated protein kinase-1/2, and
RSK1-4 - p90 ribosomal S6 kinase family), whereas at least 59 others have been reported to
dimerize or oligomerize. Furthermore, homology studies predicted at least another 36 protein
kinases are likely to also undergo complex formation either through homo- and heterodimeric
catalytic kinase domain interactions (Pelech, 2006).

4.2.2. In vivo characterization of the ACT domain of STY kinase
4.2.2.1.

The ACT domain influences etioplasts to chloroplast transition in

cotyledons
Polygenetic analysis of STY8, STY17, and STY46 homologs in plants show that there are
indeed homologs found in all green land plants (i.e. green algae, mosses, ferns, monocots,
and dicots), except for species containing rhodoplasts or complex plastids (Lamberti, et al.,
2011). Furthermore, the analysis showed that STY8 and STY17 are very closely related and
are located in a larger context of duplicated genes, as verified with the Plant Genome
Duplication Database (Lamberti, et al., 2011; Tang et al., 2008). In depth studies show that
STY kinases 8, 17, and 46 play an important role chloroplast biogenesis during greening
(Lamberti, et al., 2011). To investigate the role of the ACT domain of the STY kinases in the
greening process, the sty8 sty46 double mutant was complemented with the full length
coding sequence of STY46 (35S::STY46) and the ACT deleted variant (667<ǻ$&7)
expressed under the 35S promoter. When grown under standard light conditions, the
35S::STY46

complementation

rescued

the

double

mutant

phenotype.

However,

667<ǻ$&7did not show a no obvious phenotype when compared to the 35S::STY46
complementation. However, when the greening process was analyzed, it was observed that
the transition from etioplast to chloroplast was indeed affected in both the double mutant and
the 667<ǻ$&7 complementation. The 35S::STY46 complementation rescued the
greening process. After 4 h of light exposure, chlorophyll content was reduced by 40% in
both the double mutant and the ACT domain deletion. 35S::STY46 complementation showed
complete recovery in chlorophyll content. Previous data have shown that expression of the
essential PSII assembly factor HCF136 with a phosphomimicking variant only partially
rescued the seedling lethal hcf136 phenotype (Nickel et al., 2015). This suggests that
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enhanced transit peptide phosphorylation does reduce import of precursors which significant
effect in cotyledons, whereas mature leaved developed similar to WT (Lamberti, et al., 2011)
4.2.2.2.

Linking SAM and Ile to Chloroplast function

In plants, when methionine is synthesized in the chloroplast and exported to the cytosol, it is
converted to SAM. No data to data could demonstrate an alternative location of SAM
synthesis in plants. SAM has been shown to play a role in several major processes in plants
(Ravanel et al., 2004; Ravanel et al., 1998; Sauter et al., 2013). Primarily, the bulk of
methionine is converted into SAM by a transmethylation reaction. SAM is used as a
precursor of lignin, choline and its derivatives, and pectin (methyl esters of polygalacturonic
acid) for plant structural components. In addition, the carbon backbone is used as a
precursor to the plant hormone ethylene, polyamines, and in the chain elongation pathway of
glusodinolate biosynthesis. Ile is also predominantly synthesized in the chloroplast from
threonine. Data showing a link between SAM and Ile is limited in plants. However, there has
been evidence shown that using Corynebacterium glutamicum strains that over-produce Ile,
yielded increases of SAM production. This suggests a possible co-production mechanism in
place regulating SAM and Ile (Han et al., 2015). In addition, threonine synthesis from A.
thaliana and other plants is allosterically activated by SAM (Curien et al., 1998; Laber et al.,
1999; Madison & Thompson, 1988). Through promoting threonine synthesis, extracellular
SAM may indirectly upregulate Ile production. In order for this to occur, SAM needs to be
recycled to regenerate methionine. Through a proposed carrier-mediated process, SAM is
transported into chloroplasts by facilitated diffusion (Ravanel, et al., 2004; Ravanel, et al.,
1998).

Once

SAM

is

transported

in

the

chloroplast,

it

is

converted

to

S-

adenosylhomocysteine (SAH) in the stroma by specific methyltransferase activities. SAH is
either used to regenerate methionine or it is removed from the chloroplast using the same
uniport carrier in a given condition. These processes are required to maintain methylation
reactions and other SAM-dependent functions in the chloroplasts, and therefore, essential for
chloroplastic one-carbon metabolism (reviewed by (Hanson & Roje, 2001).
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Figure 24: Proposed regulatory mechanism of aspartate amino acid synthesis: All
aspartate-derived amino acids (grey) are synthesized in the chloroplast in plastids. SAM-e
cycle reactions takes place in both the cytosol and chloroplast. Once the methionine is
exported from the chloroplast via specific Protein Amino Acid Transporter (PRAT), it is
converted to SAM (SAM) by SAM Synthase. SAM may also be imported into the stroma of
the chloroplast in a facilitated diffusion process via a carrier (SAMc). Once in the stroma,
SAM is converted to S-adenosylhomocysteine (SAH) by a specific methyltransferase. In a
multi-step process SAH is converted to methinnine by SAH hydrolase and methionine
Synthase. In specific conditions, SAM may stimulate the synthesis of threonine. Threonine
also gives rise to Ile. Ile can be exported from the chloroplast via PRATS.

4.2.2.3.

The role of SAM and Ile inhibits kinase activity during etioplasts to

chloroplast transition in cotyledons
When the greening process of WT, double mutant, 35S::STY46 and

667<ǻ$&7

complementation was analyzed in presence of SAM and Ile, significant reduction of
chlorophyll content was observed across all lines except for the 667<ǻ$&7
FRPSOHPHQWDWLRQ ,Q IDFW QR FKDQJH LQ FKORURSK\OO FRQWHQW ZDV REVHUYHG LQ WKH ǻ$&7
complementation when compared to the full length complementation. This may suggest that
the intracellular concentration of these small molecules can directly impact the STY kinase
activity, hence providing an additional layer of stringent control on the current model of
protein import into chloroplast. In a given condition when excess concentration of SAM is
produced, it causes an inhibition of key enzymes in the synthesis of aspartate derived-amino
acids (reviewed by(Joshi & Jander, 2009). We therefore propose that the observed negative
effect caused by SAM and Ile treatment is indeed due to kinase inhibition. The sty8 sty46
also showed a reduction in chlorophyll accumulation, probably due to STY17 inhibition. Our
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data indicates that metabolic regulation of the ACT domain in the STY kinases influences
chloroplast biogenesis.

Figure 25: Schematic representation of the role of phosphorylation and regulation of
STY kinase activity by the ACT domain in protein import. Predicted structures of the
STY8 ACT domain as well as kinase domain are present. Autophosphorylation is
represented by a green ‘P’. Phospomimicking precursor is represented by orange ‘S/D’.
Different intensities of green refer to etioplast to chloroplast transition efficiency. See text for
details.

5. Outlook
Protein phosphorylation is part of major cascades of posttranslational modifications in
eukaryotic cells and affects significant portions of all cellular processes. The chloroplast has
a central role integrated into the cellular signaling and phosphorylation network in plants.
Recently, a large-scale chloroplast phosphoproteome analyses in Arabidopsis has provided
extensive insight regarding phosphorylation targets. These findings have been expanded in a
list of chloroplast metabolic and regulatory functions that are potentially controlled by protein
phosphorylation (Baginsky & Gruissem, 2009). In addition, further perspective into
phosphorylation motifs, protein kinase activities, and substrate utilization has also been
gained. Phosphorylation sites and regulation of protein kinases suggests a comprehensive
and integrated signaling network modulated by the chloroplast. Defects in cotyledons and
retardation in growth in the mutants, suggests any hindrance during the development of
cotyledons has significant impact in general plant development. This trend has been
observed in deletion mutants of several other proteins involved in chloroplast biogenesis
(Albrecht et al., 2006). Furthermore, various environmental factors may affect chloroplast
development due to the change in regulation of various post-translational processes required
for chloroplast development. Despite significant advancement in characterizing the regulation
of protein kinases in vitro, further investigation in their regulation in response to different
biotic and abiotic factors is essential.
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