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Abstract 

The assembly of light-harvesting chlorophyll (Chl)-binding proteins (LHCPs) is coordinated 

with Chl biosynthesis during chloroplast development. The chloroplast signal recognition 

particle 43 (cpSRP43) mediates the post-translational LHCP targeting to the thylakoid 

membrane and is also involved in tetrapyrrole biosynthesis (TBS). However, it is still unknown 

how cpSRP43 allocates its function in the two pathways. In the first part of this study, I showed 

that the chaperone activity of cpSRP43 is essential for the stability of the three critical TBS 

proteins: glutamyl-tRNA reductase (GluTR), the H subunit of magnesium chelatase (CHLH), 

and GENOMES UNCOUPLED 4 (GUN4). cpSRP43 efficiently protects these TBS clients 

from heat-induced aggregation and enhances their thermostability during heat shock. Although 

the substrate-binding domain (SBD) of cpSRP43 is sufficient for the interaction with LHCPs, 

the stabilization of TBS clients requires the additional chromodomain 2 (CD2). cpSRP54, 

which activates the chaperone activity of cpSRP43 on LHCPs, was surprisingly found to 

antagonize this chaperone activity on TBS proteins. The elevated temperature alleviates the 

binding of cpSRP43 to cpSRP54 but enhances its interaction with GluTR, CHLH and GUN4, 

resulting in enhanced protection of cpSRP43 to these proteins under heat shock conditions. My 

study suggests a working model that the temperature sensitivity of the cpSRP43-cpSRP54 

complex enables cpSRP43 to serve as an autonomous chaperone for the thermoprotection of 

TBS proteins. 

Protochlorophyllide oxidoreductase (POR) catalyzes the NADPH- and light-dependent 

protochlorophyllide (Pchlide) reduction to Chlorophyllide (Chlide). Since the enzymatic step 

is light dependent, the reaction is blocked in the dark and the Pchlide accumulates. However, 

Pchlide over-accumulation triggers ROS formation after re-illumination and causes cell death. 

Therefore, Chl synthesis needs to be tightly controlled at this step to avoid the excessive 

accumulation of Pchlide. In the second part of this study, PORB (one of the three POR isoforms) 

was found to be a new target of cpSRP43. It was revealed that cpSRP43 as a chaperone protects 

PORB from heat and oxidation-induced aggregation, thereby enhancing the stability of PORB. 

The cpSRP43-SBD domain is sufficient for PORB protection. In contrast to the antagonistic 

effect of cpSRP54 on cpSRP43, cpSRP54 is also involved in protecting and stabilizing PORB. 

The membrane-associated PORB was significantly reduced in the cpSRP54 knockout mutant 

(ffc), suggesting that cpSRP54 is perhaps involved in the association of PORB to the thylakoid 

membrane rather than in chaperoning PORB to avoid its denaturation. In conclusion, my study 

revealed a potential mechanism of PORB by concerted actions of cpSRP43 and cpSRP54: (1) 

cpSRP43 acts as a molecular chaperone to protect PORB from aggregation, thereby preserving 

the stability of PORB. (2) cpSRP54 assists PORB in attachment to the thylakoid membrane, 

avoids the degradation of PORB and, thus, improves the stability of PORB or enables access to 

the catalytic substrate. 

There are two aggregation-prone regions (APRs) at the N-terminus of GluTR, which are related 

to the GluTR aggregation. cpSRP43 was thought to cover the N-terminus APR to protect GluTR 

from aggregation. However, it remains unknown whether APR triggers the GluTR aggregation 
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in vivo, and whether the removal of APR affects GluTR aggregation and stability, and 

consequently the ALA synthesis rate. In the third part of this study, I initially found that the 

deletion of APR negatively affects the stability and activity of GluTR. A similar observation 

was made in another approach with a VP substitution mutation in the APRs of GluTR. In 

contrast, the VT mutation slightly reduces the GluTR aggregation by 18-30% in vitro, which 

corresponded to a slight increase in the stability of GluTR (27% compared to the wild type) in 

an in vivo experiment. These experiments indicate that the stability but not the activity of 

GluTR can be improved by the point mutation in the APRs.  

In summary, this thesis contributes to the extended knowledge about the interdependent 

chaperone function of cpSRP43 and cpSRP54 in coordination of Chl synthesis and LHCP 

biogenesis.  

 

 

Keywords: cpSRP43, cpSRP54, chaperone, LHCP, GluTR, CHLH, GUN4, PORB, APR 
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Zusammenfassung 

Der Zusammenbau der lichtsammelnden und chlorophyllbindenden Proteine (LHCPs) wird 

während der Chloroplastenentwicklung mit der Chlorophyllbiosynthese koordiniert. Das 

Protein chloroplastidärer Signalerkennungspartikel 43 (cpSRP43) vermittelt das 

posttranslationale LHCP-Targeting zur Thylakoidmembran und ist auch an der 

Tetrapyrrolbiosynthese (TBS) beteiligt. Es ist jedoch noch unbekannt, wie die Beteiligung von 

cpSRP43 in beiden Prozessen im Chloroplasten reguliert ist. Im ersten Teil dieser Studie habe 

ich gezeigt, dass die Chaperonaktivität von cpSRP43 für die Stabilität der drei essenziellen 

TBS-Proteine Glutamyl-tRNA-Reduktase (GluTR), der H-Untereinheit der Magnesium-

Chelatase (CHLH) und von Genomes Uncoupled 4 (GUN4 ) wichtig ist. cpSRP43 schützt diese 

TBS-Proteine effizient vor hitzeinduzierter Aggregatbildung und verbessert ihre 

Thermostabilität während eines Hitzeschocks. Während die substratbindende Domäne (SBD) 

von cpSRP43 für die Interaktion mit LHCPs ausreicht, erfordert die Stabilisierung der TBS-

Proteine die zusätzliche cpSRP43-Chromodomäne 2 (CD2). Es wurde überraschend gefunden, 

dass cpSRP54 die Chaperonaktivität von cpSRP43 für LHCPs aktiviert, während es sie für 

TBS-Proteine vermindern kann. Aber erhöhte Temperatur kann die Bindung von cpSRP43 mit 

cpSRP54 lösen, aber seine Wechselwirkung mit GluTR, CHLH und GUN4 verstärken, was zu 

einem verstärkten Schutz von cpSRP43 gegenüber diesen Proteinen unter 

Hitzeschockbedingungen führt. Meine Studien legen ein Arbeitsmodell nahe, dass wegen der 

Temperaturempfindlichkeit des cpSRP43-cpSRP54-Komplexes dem cpSRP43 Protein 

ermöglicht, als autonomes Chaperon für den Thermoschutz der TBS-Proteinen zu sorgen.  

Protochlorophyllid-Oxidoreduktase (POR) katalysiert die NADPH- und lichtabhängige 

Reduktion von Protochlorophyllid (Pchlid) zu Chlorophyllid (Chlid). Da der enzymatische 

Schritt lichtabhängig ist, wird im Dunkeln die Reaktion blockiert und das Substrat Pchlid 

reichert sich an. Die Überakkumulation von Pchlid löst jedoch die ROS-Bildung nach der 

erneuter Belichtung aus und verursacht den Zelltod. Daher muss die Chlorophyllsynthese in 

diesem Schritt streng kontrolliert werden, um die übermäßige Akkumulation von Pchlid zu 

vermeiden. Im zweiten Teil dieser Studie wurde festgestellt, dass PORB (eines der drei POR 

Isoformen) ein weiteres Ziel von cpSRP43 ist. Es zeigte sich, dass cpSRP43 als Chaperon 

PORB vor hitze- und oxidationsinduzierter Aggregation schützt und dadurch die Stabilität von 

PORB erhöht. Die cpSRP43-SBD-Domäne ist für den Schutz der POR ausreichend. Im 

Gegensatz zur antagonistischen Wirkung von cpSRP54 auf cpSRP43 ist cpSRP54 auch am 

Schutz und an der Stabilisierung von PORB beteiligt. Das membranassoziierte PORB war in 

der cpSRP54-Knockout-Mutante (ffc) signifikant reduziert, was darauf hindeutet, dass 

cpSRP54 möglicherweise eher an der Assoziation des PORB mit der Thylakoidmembran als an 

der Bewahrung von PORB vor der Denaturierung beteiligt ist. Zusammenfassend haben meine 

Studien einen möglichen Mechanismus von PORB durch konzertierte Aktionen von cpSRP43 

und cpSRP54 aufgezeigt. (1) cpSRP43 wirkt als molekulares Chaperon, um PORB vor der 

Aggregation zu schützen, wodurch die Stabilität des PORB bewahrt wird. (2) cpSRP54 kann 

PORB bei der Anlagerung an die Thylakoidmembran unterstützen, was vermutlich den Abbau 
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von PORB vermeidet und die Stabilität von PORB verbessert oder den Zugang zum 

katalytischen Substrat ermöglicht.  

Es gibt zwei aggregationsanfällige Regionen (APRs) am N-Terminus von GluTR, die eine 

wesentliche Rolle bei der GluTR-Aggregation spielen können. Es wurde angenommen, dass 

cpSRP43 die APRs am N-Terminus des GluTR abdeckt, um GluTR vor Aggregation zu 

schützen. Es bleibt jedoch unbekannt, ob APRs die GluTR-Aggregation in vivo auslösen kann 

und ob die Eliminierung von APRs die GluTR-Aggregation reduzieren würde und seine 

Stabilität fördert, sodass höhere ALA-Syntheseraten erreicht werden können. Im dritten Teil 

dieser Studie fand ich heraus, dass die Deletion von APRs die Stabilität und Aktivität von 

GluTR vollständig verändert. Ein ähnliches Ergebnis ergab sich für die VP-Substitution in 

der APR der GluTR. Im Gegensatz dazu reduzierte die VT-Mutation im APR die GluTR-

Aggregation leicht um 18–30 % in vitro, was einer leichten Erhöhung der Stabilität von GluTR 

(27 % im Vergleich zum Wildtyp) in einem in vivo-Experiment entsprach. Damit konnten erste 

Hinweise gegeben werden, dass die Stabilität, aber nicht die Aktivität von GluTR durch die 

Punktmutation verbessert werden kann. 

Zusammenfassend trägt diese Arbeit zum erweiterten Wissen über die voneinander abhängige 

Chaperonfunktion der beiden Proteine cpSRP43 und cpSRP54 bei der Koordination von 

Chlorophyllsynthese und LHCP-Biogenese bei. 

 

 

 

Schlüsselwörter: cpSRP43, cpSRP54, Chaperon, LHCP, GluTR, CHLH, GUN4, PORB, APR 
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1 Introduction 

1.1 Overview of Chl in higher plants 

Chl is the sole biomolecule on our planet that can be seen from space. As a green pigment, it 

absorbs photons of the red and blue wavelengths of the solar spectrum, while green wavelengths 

(about 550 nm) are reflected (Taiz et al., 2015). In plants, Chl is the most abundant tetrapyrrole 

and functions in photosynthesis. The Chl molecule consists of a chlorin ring structure with a 

central chelated magnesium ion (Mg2+) and a long hydrocarbon tail, making it hydrophobic 

(Buchanan et al., 2015). Different Chl molecules have different substituent groups around the 

porphyrin ring. Chl a possesses a methyl group in pyrrole ring II, while Chl b contains a formyl 

group (Marquez and Sinnecker, 2007). Chl a is found in the reaction center and antenna 

complexes of the two photosystems of oxygenic phototrophs, whereas Chl b is only found in 

proteins of the peripheral antenna complex.  

 

 

 

 

 

 

 

 

 

Figure 1.1 Structure of Chl a and b. In Chl a, a methyl group is present, whereas a formyl 

group is present at the same position in Chl b (Buchanan et al., 2015). 

1.1.1 Significance of Chl in photosynthesis 

Photosynthesis is the elementary biological process of converting solar energy into chemical 

energy, which is the energy source for all life on the earth (Xiong and Bauer, 2002). Chl has 

three functions in Chl-binding proteins (CBPs): light absorption, transfer of excitation energy, 

and photo-oxidation by charge separation in the reaction center of the photosynthetic complexes 

(Wang and Grimm, 2021). Specifically, Chl associated with the light-harvest Chl a/b-binding 

proteins (LHCPs) of the outer antenna complexes functions in capturing solar energy and 
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transmitting excitation energy. Chl in the photosynthetic reaction center (RC) acts as electron 

donor and acceptor by feeding electrons into the photosynthetic electron chain and receiving 

electrons from either water or plastocyanin for reduction of Chl in the special pair of 

photosystem II (PSII) and photosystem I (PSI), respectively.  

1.1.2 Chl biosynthesis pathway in higher plants  

The Chl biosynthesis pathway can be divided into four sections: (1) the synthesis of the 

precursor molecule 5-aminolevulinic acid (ALA), (2) synthesis of Proto IX, (3) insertion of the 

central Mg2+ into Proto IX in the Chl branch, (4) the final conversion between Chl(ide) a and 

Chl(ide) b in the Chl cycle. 

1.1.2.1 ALA formation 

Chl biosynthesis shares the first multiple steps of the ALA formation, called the C5 pathway, 

with the pathways to other tetrapyrroles (Oborník and Green, 2005). In the first reaction, 

glutamate (Glu) is esterified with the tRNAGlu by glutamyl-tRNA synthetase (GluRS) 

depending on ATP and Mg2+ to form glutamyl-tRNAGlu (Marklew, 2012). Next, glutamyl-

tRNA reductase (GluTR) reduces glutamyl-tRNAGlu to glutamate-1-semialdehyde (GSA). 

GluTR is the first enzyme exclusively involved in the tetrapyrrole biosynthesis (TBS) pathway. 

It is also the rate-limiting step of this pathway (Wang et al., 2018). In the final step of ALA 

synthesis, glutamate-1-semialdehyde aminotransferase (GSAT) catalyzes the isomerization of 

GSA to form ALA through the intramolecular transfer of an amino group (Grimm, 1990; 

Hennig et al., 1997). 

1.1.2.2 The porphyrin synthesis 

After the formation of ALA, two ALA molecules are fused by ALA dehydratase (ALAD) to 

form the monopyrrole porphobilinogen (PBG) (Wittmann et al., 2018). Four PBG molecules 

are polymerized to hydroxymethylbilane (HMB) by the HMB synthase (HMBS). Since HMB 

is very unstable, the D-ring is inverted and the ring is ultimately closed by uroporphyrinogen 

III synthase (UROS), producing the first macrocycle uroporphyrinogen III (Uro III) (Bogorad, 

1958). Uro III decarboxylase (UROD) sequentially decarboxylates the acetate residues of the 

four original PBG molecules, producing coproporphyrinogen III (CoPro III). The subsequent 

oxidative decarboxylation of two propionate side chains of rings A and B, which are catalyzed 

by CoPro III oxidase (CPO), results in the production of protoporphyrinogen IX (Protogen IX) 

(Hsu and Miller, 1970; Santana et al., 2002). In the last step, Protogen IX is oxidized by 

protoporphyrinogen IX oxidase (PPO) to form the Proto IX. FAD acts as a cofactor (Koch et 

al., 2004). The production of Proto IX marks the transition from a non-fluorescent product to a 

fluorescent product, which is easily photo-oxidized. Two PPO isoforms have been found in 

Arabidopsis (PPO1 and PPO2) (Lermontova and Grimm, 2006). The deficiency of PPO1 is 

lethal (Zhang et al., 2014), indicating PPO1 is the dominant isoform in photosynthetically active 

tissue (Kobayashi et al., 2014). Interestingly, PPO1 is also involved in the regulation of plastid 

RNA editing through interaction with and modulation of the stability of multiple organellar 
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RNA editing factors (Zhang et al., 2014).  

1.1.2.3 The Chl branch 

In the first step of the Chl branch, the magnesium chelatase (MgCh, EC 6.6.1.1) inserts Mg2+ 

as a central ion into the porphyrin ring using ATP hydrolysis and leads to the production of Mg 

protoporphyrin IX (MgP). MgCh is a multiprotein complex composed of three essential 

subunits (CHLI, CHLH and CHLD) (Adams et al., 2020). CHLH is the catalytic subunit, while 

CHLI and CHLD are AAA+ subunits that hydrolyze ATP required for the reaction (Adams and 

Reid, 2012). In addition to the three essential subunits, GENOMES UNCOUPLED 4 (GUN4) 

can stimulate MgCh activity by binding to Proto IX and MgP, as well as CHLH (Larkin et al., 

2003).  

In the following step, MgP is esterified by the MgP methyltransferase (MgPMT/CHLM) to Mg-

protoporphyrin IX monomethyl ester (MgMME) (Shepherd et al., 2003). This intermediate is 

then oxygenated by a cyclase to divinyl-protochlorophyllide (DV-Pchlide) (Bollivar and Beale, 

1996). The cyclase consists of one soluble and two membrane-bound subunits, two of which 

have already been characterized (CHL27, (Rzeznicka et al., 2005) and LCAA/YCF54 (Bollivar 

et al., 2014)). In angiosperms, DV-Pchlide is exclusively converted to DV-chlorophyllide (DV-

Chlide) in a light-dependent reaction by Pchlide oxidoreductase (LPOR) (Masuda and 

Takamiya, 2004). However, in gymnosperms, algae and cyanobacteria, Pchlide can also be 

converted to Chlide by a light-independent POR (DPOR) (Reinbothe et al., 2010).  

Arabidopsis uses three LPOR isoforms: PORA, PORB and PORC. While PORA is only 

detected in etiolated seedlings, PORB is found in both etioplasts and chloroplasts (Holtorf et 

al., 1995; Runge et al., 1995). PORC expression is different from that of PORA and PORB, 

showing light induction at the beginning of illumination while increasing at higher light 

intensity (Su et al., 2001). In the etioplasts, the LPOR, NADPH and Pchlide participate the 

formation of the paracrystalline network of membrane tubules called the prolamellar body 

(PLB). This indicates the role of LPOR in coordinating Chl synthesis and photosynthetic 

membrane biogenesis in plants (Floris and Kuhlbrandt, 2021; Nguyen et al., 2021). In the 

following step, the 8-vinyl group of 3, 8-DV-Chlide is reduced by the DV-reductase (DVR) to 

monovinyl-Chlide a, which is then esterified by Chl synthase (CHLG) with phytyl 

pyrophosphate to form Chl a.   

1.1.2.4 The Chl a/b cycle  

The Chl a oxygenase (CAO) converts Chl a to Chl b by oxidizing the 7-methyl group (Tanaka 

et al., 1998). CAO has a broad substrate spectrum and can catalyze Chlide a to form Chlide b 

(Wang et al., 2013). Chl b reductase (CBR) is responsible for the conversion of Chl b 

to hydroxymethyl Chl a, which is then catalyzed by hydroxymethyl Chl a reductase (HCAR) to 

form Chl a (Meguro et al., 2011). Only recently, the Chl dephytylase (CLD1) was identified, 

which dephytylates both Chl a and Chl b to form Chlide a/b (Lin et al., 2016). A deficiency of 

CLD1 in Arabidopsis seedlings leads to increased thermal sensitivity, which is associated with 
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reduced PSII efficiency under heat stress (Lin et al., 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. 2 Overview of Chl a/b biosynthesis pathway in higher plants. The pathway is 

divided into four parts: (I) ALA formation; (II) Proto IX formation; (III) the Chl branch and 

(IV) the Chl cycle. GluRS: glutamyl-tRNA synthetase; GluTR: glutamyl-tRNA reductase; 

GSAT: glutamate-1-semialdehyde aminotransferase; ALAD: 5-aminolevulinic acid 
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dehydratase; HMBS: HMB-synthase/PBG deaminase; UROS: uroporphyrinogen III synthase; 

UROD: uroporphyrinogen III decarboxylase; CPO: coproporphyrinogen III oxidase; PPO: 

protoporphyrinogen IX oxidase; MgCh: Mg-chelatase; CHLM: Mg-Proto IX 

methyltransferase; POR: Pchlide reductase; DVR: 3,8-divinyl Chlide reductase; CHLG: Chl 

synthase; CAO: Chl/ide a oxidase; CBR: Chl b reductase; HCAR: 7-hydroxymethyl Chl a 

reductase. 

1.1.3 Subcellular localization of Chl biosynthesis enzymes 

In higher plants, all of the enzymes in the Chl biosynthesis pathway are present in chloroplasts. 

An important point in the effective catalysis of intermediates is the spatial organization of 

enzymes involved. Except for GluTR, the trunk pathway to protoporphyrinogen is located in 

the stroma (Joyard et al., 2009). GluTR could be detected in both the soluble and membrane-

associated fractions of plastids, and the amount of soluble GluTR correlates with the ALA 

activity (Schmied et al., 2018). From protoporphyrinogen oxidase to POR, all enzymes are 

associated with both the envelope and thylakoid membranes. The case for MgCh is quite 

complicated since the association of MgCh with the envelope membrane was reported to be 

affected by Mg2+ concentration (Guo et al., 1998; Nakayama et al., 1998). This complex 

localization manner is probably due to the localization of respective subunits. CHLI was always 

identified in the stroma (Joyard et al., 2009) and CHLD was predominantly found in the stromal 

fraction (Guo et al., 1998). However, recent proteomics data have suggested its addition in 

thylakoid membranes. In contrast, CHLH and GUN4 are located in both envelope membrane 

and stroma (Nakayama et al., 1998; Joyard et al., 2009). There is a similar uncertainty for the 

final steps of Chl biosynthesis, given that Chl synthase (CHLG) is present only in the thylakoid 

membranes (Joyard et al., 2009). In contrast, CAO has been suggested to be localized in the 

envelope membrane (Eggink et al., 2004). 

1.1.4 Post-translational regulation of Chl biosynthesis 

1.1.4.1 Post-translational control on ALA 

In the last few decades, different post-translational regulatory mechanisms have been identified 

that influence the stability, localization and activity of GluTR: (1) Stabilization by the GluTR 

binding protein (GBP). (2) Feedback inhibition by heme. (3) Feedback inhibition by the FLU 

(Fluorescent in blue light) inactivation complex. (4) Controlling aggregation by chloroplast 

signal recognition particle 43 (cpSRP43). (5) Degradation by the caseinolytic protease (Clp). 

1.1.4.1.1 Stabilization by GBP  

The targeted search for further GluTR interaction partners resulted in GBP identification using 

a cDNA-based yeast two-hybrid approach (Czarnecki et al., 2011). The protein encoded in the 

nucleus has no transmembrane domain but is present in both the stroma and the thylakoid 

membrane (Czarnecki et al., 2011; Schmied et al., 2018). GBP is not a component of the FLU 

inactivation complex and is therefore probably anchored to the membrane by an unknown factor 

(Czarnecki et al., 2011). The gbp point mutant is characterized by a reduced heme content, 

which correlates with the destabilization of GluTR (Czarnecki et al., 2011). Especially in 
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extended dark periods, GluTR in a gbp mutant is subjected to an increased degradation. This 

observation implies that GBP protects GluTR from ClpC-dependent degradation (Apitz et al., 

2016). The crystal structure of the GluTR-GBP complex showed that GBP binds directly to the 

cleft of the V-shaped GluTR dimer. An in vitro enzyme assay of ALA synthesis also confirmed 

that the presence of GBP increases the activity of GluTR about three-fold (Zhao et al., 2014; 

Zhao and Han, 2018). 

1.1.4.1.2 Feedback inhibition by heme 

It was previously reported that mutants with impaired heme degradation show a reduced Pchlide 

content as a result of a lower ALA synthesis (Terry and Kendrick, 1999). A 31-34 amino acids 

long region at the N-terminus of GluTR, which is strongly conserved in plants, was suggested 

to be responsible for heme binding and called the heme-binding domain (HBD) (Vothknecht et 

al., 1996). In accordance with this, the absence of HBD leads to a reduced inhibitory effect of 

heme on GluTR activity in vitro enzymatic assay in barley (Vothknecht et al., 1998). However, 

it was also demonstrated that Arabidopsis GluTR does not directly bind heme, so it was 

suggested to rename the HBD to the regulatory domain (RED) (Richter et al., 2019). RED of 

GluTR was justified because of its binding capacity to other proteins. The heme-induced 

inhibition of ALA activity was proposed to be mediated by GBP. Specifically, the binding of 

heme to GBP attenuates the interaction between GBP and GluTR. Thus, upon accumulation, 

heme competes with GluTR for binding to GBP. Ultimately, the free RED of GluTR is 

accessible for binding of the ClpF, ClpS or ClpC, the subunits of the Clp protease, so that the 

GluTR degradation can be triggered by the Clp proteasome (Richter et al., 2019). 

1.1.4.1.3 Feedback inhibition by the FLU inactivation complex  

In angiosperms, the Chl biosynthesis is inhibited in the dark in order to avoid an excessive 

accumulation of Pchlide and the associated production of ROS during re-illumination. In the 

flu mutant produced by ethyl methanesulfonate (EMS), the lack of FLU does not promote the 

inactivation of ALA synthesis. As a result, Pchlide massively accumulates in the dark 

(Meskauskiene et al., 2001) and leads after the onset of light to increased ROS accumulation 

and, consequently, to programmed cell death. Accordingly, the flu line can only survive under 

continuous light conditions (Meskauskiene et al., 2001).  

FLU is a tetratricopeptide repeat (TPR) protein anchored in the thylakoid membrane (Kauss et 

al., 2012; Zhang et al., 2015). Co-immunoprecipitation (Co-IP) assays showed FLU’s 

interaction with CHL27, PORB, and PORC. Moreover, using the blue native gel confirmed that 

GluTR co-migrates with these proteins, suggesting a FLU-dependent inactivation complex 

consisting of CHL27, PORB, PORC and FLU, which suppresses the ALA synthesis (Kauss et 

al., 2012). As the ALA synthesis rate was inversely correlated to the level of photoactive 

Pchlide (Richter et al., 2010) and as FLU was also found to co-immunoprecipitate with GluTR 

(Kauss et al., 2012), a feedback inhibition of ALA synthesis was proposed to depend on an 

interaction between FLU and GluTR, and to be steered by the binding of Pchlide to POR (Kauss 

et al., 2012). It was reported that stroma-localized GluTR correlates with ALA synthesis rate 
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and therefore, FLU was proposed to suppress the ALA synthesis by anchoring GluTR to the 

membrane (Schmied et al., 2018). 

The crystal structure of a FLU-GluTR complex revealed that two FLU molecules assemble at 

the concave side of the GluTR dimer. It was suggested that FLU shields the positively charged 

residues of GluTR, so that binding of the negatively charged tRNA with GluTR is prevented 

by steric hindrance (Zhang et al., 2015). In addition to suppressing GluTR activity in darkness, 

FLU also has a crucial role in adjusting the ALA synthesis rate under changing light conditions 

(Hou et al., 2019). FLU has three structural domains, the transmembrane (TM), coiled-coil 

domain and tetratricopeptide repeat (TPR) domain. In vivo functional studies of these domains 

imply that they all are required for the appropriate inhibition of ALA synthesis. It is 

hypothesized that only an intact FLU protein can ensure the constitution of a membrane-bound 

ternary complex that is composed at least of FLU, GluTR, and POR to repress ALA synthesis. 

(Hou et al., 2021). 

1.1.4.1.4 GluTR degradation by Clp protease 

The ATP-dependent Clp protease is the most abundant proteolytic system in plastids with a 

large number of target proteins. The plastid-localized Arabidopsis Clp protease consists of the 

chaperones ClpC1/2, ClpD, and the selector proteins ClpS1 and ClpF1 (Nishimura and van 

Wijk, 2015). Using recombinant ClpS1 and affinity purification approach identified GluTR as 

a target protein of the Clp protease in A. thaliana (Nishimura et al., 2013). ClpS1 binds to 

GluTR in the HBD region and delivers it to the Clp complex. Then, GluTR interacts with the 

ClpC1 subunit, which is unfolded and translocated into the core complex of the Clp proteasome 

before it is finally proteolytically degraded (Apitz et al., 2016). Thus, in addition to FLU, the 

degradation of GluTR by the Clp proteasome is responsible for a loss of GluTR function in 

ALA synthesis. 

1.1.4.1.5 Prevention of aggregation by cpSRP43 

It was found that the overexpression of GluTR in Arabidopsis and tobacco did not lead to an 

increased ALA synthesis rate but triggered the formation of necrosis in tobacco, which could 

be attributed to the formation of insoluble, inactive GluTR aggregates (Schmied et al., 2011). 

Therefore, it is reasonable to suggest that the folding of active GluTR requires a chaperone 

function. Upon excessive accumulation of GluTR, either its precise folding cannot be 

accomplished due to limited chaperone function, or the resulting aggregates are a regulatory 

mechanism to avoid excessive ALA synthesis, which would lead to photodynamic damage of 

cells as a result of accumulating porphyrins and Pchlide.  

The cpSRP machinery consists of two components, cpSRP43 and cpSRP54, due to the 

molecular weight of these proteins (Li et al., 1995; Schünemann et al., 1998). The cpSRP43 

and cpSRP54 proteins are responsible for the translocation of the imported LHCPs to the 

thylakoid membrane. In addition, cpSRP43 was also reported to act as a chaperone to stabilize 

GluTR by preventing it from aggregation (Wang et al., 2018). Two aggregation-prone regions 
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(APRs) of GluTR were considered the reason for the spontaneous tendency of GluTR to 

aggregate. Therefore, it was proposed that cpSRP43 binds to the exposed APRs, masks these 

motifs and ensures the correct folding through its intrinsic chaperone activity (Wang et al., 

2018). Interestingly, the dual role of cpSRP43 in targeting LHCP into the thylakoid membrane 

and regulating the amount of active GluTR represents a connection between Chl biosynthesis 

and cpSRP-dependent translocation of LHCP (Wang et al., 2018). 

1.1.4.2 Function, structure, activity and control of MgCh activity 

MgCh is the first unique enzyme of the Chl biosynthesis pathway and inserts Mg2+ into Proto 

IX. It is a huge multisubunit complex composed of three subunits, CHLH, CHLI and CHLD, 

and requires ATP for Mg2+ chelation. CHLH is the catalytic subunit binding the substrate Proto 

IX, whereas CHLD and CHLI are AAA+ subunits for ATP hydrolysis. A model for the MgCh 

mechanism was proposed that CHLI and CHLD form the CHLI/CHLD motor complex (Adams 

and Reid, 2013; Adams et al., 2016), which transiently interacts with the CHLH via the integrin 

domain of CHLD (Farmer et al., 2019) and then hydrolyses ATP. ATP hydrolysis drives a 

conformational transition in the CHLH-porphyrin complex, promoting the Mg2+ insertion into 

the Proto IX ring (Reid and Hunter, 2002).    

The crystal structure of CHLH from Synechocystis (Chen et al., 2015) suggests that CHLH is 

composed of three major domains, named head, neck and body of the protein (Qian et al., 2012; 

Adams et al., 2014). The body is cage-like, with several subdomains surrounding an internal 

cavity supposed as the substrate-binding site (Chen et al., 2015). Two linked domains, the body 

I and body II, in an open conformation of CHLH bond Proto IX, and the arrangement of several 

loops cover the substrate and forms an active site cavity. The glutamate (E660) of CHLH was 

proposed to be the critical catalytic subunit for Mg2+ insertion, as it is positioned in close 

proximity to the porphyrin substrate (Adams et al., 2020). There are two proteins, GUN4 and 

the BALANCE OF CHLOROPHYLL METABOLISM 1 (BCM1) can stimulate the MgCh 

activity. 

1.1.4.2.1 GUN4 stimulates MgCh activity 

GUN4 was identified in a mutants screen with impaired communication between the nucleus 

and the chloroplast (retrograde signaling) (Susek et al., 1993). It is apparent that the function of 

GUN4 is not only specified to plastid-derived signaling but also functions as a positive regulator 

of the Chl biosynthesis. Although GUN4 is not a required component of the MgCh complex, it 

can directly bind to the CHLH, Proto IX and MgP (Larkin et al., 2003; Peter and Grimm, 2009; 

Adhikari et al., 2011). The existence of GUN4 markedly enhances the MgCh activity in vitro 

by improving the substrate-binding affinity of CHLH for Proto IX, especially with the low Mg2+ 

concentration (Larkin et al., 2003; Verdecia et al., 2005). As in the gun4 knock-out mutant, 

there is no significant accumulation of Proto IX and MgP, suggesting that GUN4 is involved in 

the post-translational feedback regulation on ALA synthesis in response to the alteration of 

enzymes activities in the Chl branch (Peter and Grimm, 2009). In addition, it was shown that 

Arabidopsis GUN4 is phosphorylated at Ser 264. Since GUN4 was found preferentially 
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phosphorylated in darkness and the phosphorylation of GUN4 impaired the stimulatory 

influence on MgCh activity, GUN4 was proposed to attenuate the metabolic flow through the 

Mg branch in darkness by phosphorylation (Richter et al., 2016). It is supposed that the 

phosphorylation-dependent control of MgCh activity corresponds to the strict dark-inactivation 

of LPOR and suppresses the ALA synthesis in angiosperms. When a reduction in MgCh activity 

triggers the decline in ALA synthesis, the metabolic flow into the Chl branch can be limited, 

and the risk of excessive Pchlide-induced ROS accumulation is avoided (Richter et al., 2016).  

1.1.4.2.2 BCM1 stimulates MgCh activity 

Recent studies have shown that BCM1 and BCM2 can promote the Chl biosynthesis and 

attenuate the Chl breakdown in post-translational regulation (Wang et al., 2020). The two 

isoforms BCM1 and BCM2 share 87% and 75% sequence similarity and identity, respectively. 

The mutation of both BCM isoforms in Arabidopsis leads to pale leaves in seedlings and 

premature leaf senescence in adult plants (Wang et al., 2020; Zhang et al., 2020). Protein 

interaction studies and MgCh activity assays revealed that BCM1 can stimulate MgCh activity 

through interaction with GUN4. Meanwhile, BCM1 can interact with and destabilizes the 

magnesium dechelatase isoform SGR1 (STAY-GREEN 1), which dechelatases the central 

Mg2+ from Chl a to produce pheophytin a (Shimoda et al., 2016). In addition, at the beginning 

of leaf senescence, BCM2 is upregulated and can attenuate the degradation of Chl. These dual 

functions enable the BCM isoforms to post-translationally coordinate Chl biosynthesis and 

breakdown during leaf development (Wang et al., 2020). 

1.1.4.3 Function, structure, activity and control of POR 

In Arabidopsis, POR is the strictly light-dependent enzyme that catalyzes the reduction of the 

Pchlide to Chlide using NADPH as an electron donor. The structural basis for POR 

photocatalysis has been revealed recently in Thermosynechococcus elongatus and 

Synechocystis sp (Zhang et al., 2019). POR-NADPH crystal structure revealeds that apart from 

the conserved loop regions, Asn90, Tyr193 and Lys197 are directly bound to the NADPH 

through hydrogen bonding (Zhang et al., 2019). A simulated model of the POR-Pchlide-

NADPH ternary complex shows interactions of Lys197, Thr145 and Tyr223 with Pchlide to 

provide a lot of hydrogen-bonding possibilities and to position Pchlide in a direction that is 

consistent with the desired stereochemistry of hydride and proton transfer during Pchlide 

reduction (Zhang et al., 2019). The property of light-triggered activity of POR makes its 

substrate Pchlide accumulate in the darkness, which leads to cell death after illumination 

(Czarnecki and Grimm, 2012). Due to this crucial enzymatic step, POR is controlled and 

supported by several interacting factors, such as LIGHT HARVESTING LIKE 3 (LIL3), 

CHAPERONE OF POR-PROTEIN 1 (CPP1), DE-ETIOLATION IN THE 

DARK AND YELLOWING IN THE LIGHT (DAY) and FLOWERING CONTROL LOCUS 

A (FCA). 
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1.1.4.3.1 LIL3 protein 

LIL3 is a vital interaction partner for all three POR isoforms present in Arabidopsis (Hey et al., 

2017). It belongs to the LHCP superfamily and has two transmembrane helices, which consist 

of the LHCP-characteristic Chl binding motif. In Arabidopsis, the two LIL3 isoforms (LIL3.1 

and LIL3.2) have partially redundant functions (Lohscheider et al., 2015). The lack of both 

LIL3 isoforms, as in the lil3.1/lil3.2 double mutant or by virus-induced gene silencing (VIGS) 

of the LIL3.1 and 3.2 genes, leads to a drastic reduction of the POR levels and Chl synthesis, 

indicating the LIL3 stabilizing effect on POR (Tanaka et al., 2010; Hey et al., 2017; Mork-

Jansson and Eichacker, 2018). In addition, as LIL3 binds Pchlide, it was suggested that the 

delivery of Pchlide by LIL3 prevents the accumulation of this unbound Chl precursor (Hey et 

al., 2017). It is not excluded that the transmembrane Chl binding motif of LIL3 binds Chls (Hey 

et al., 2017). Moreover, LIL3 also acts as a membrane anchor and interaction partner for 

geranylgeranyl reductase (CHLP) and thus ensures the functionality of this enzyme (Tanaka et 

al., 2010; Takahashi et al., 2014). Since both POR and CHLP provide the substrates for CHLG, 

it is proposed that the interaction with LIL3 regulates the flow of the intermediates and the 

synthesis of Chl (Hey et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 3 Scheme shows post-translational control on Chl biosynthesis. (1) cpSRP43 

protects GluTR from aggregation; (2) Clp protease degrades GluTR; (3) GBP protects GluTR 

from Clp protease involved degradation; (4) heme competes with GBP to inhibit GBP’s 
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protection to GluTR; (5) PORB, CHL27 and FLU constitute the inactivation complex to 

suppress ALA activity; (6) GUN4 stimulates MgCh activity, and BCM1 interacts with GUN4 

to stimulate MgCh activity; (7) LIL3, CPP1, DAY and FCA proteins stabilize POR. Arrows 

mean positive regulation, and flat ends mean negative regulation. 

1.1.4.3.2 CPP1 protein 

CPP1 belongs to the family of DnaJ-like proteins, which often act as co-chaperones (Pulido and 

Leister, 2018). The knock-out of CPP1 in Arabidopsis inhibits embryonic development from 

the globular stage and prevents the formation of viable seedlings (Kawai-Yamada et al., 2014). 

Because of the embryo-lethal phenotype, the function of CPP1 in adult tissue was characterized 

by means of various gene-silencing approaches in Arabidopsis thaliana and Nicotiana 

benthamiana. In both organisms, the reduction of the CPP1 content triggers the formation of 

leaf necrosis, which was suggested to be caused by lower content of POR due to the lower 

stability of this protein (Lee et al., 2013). Further interaction studies verified that CPP1 interacts 

directly with PORA and PORB and protects these enzymes from aggregation, especially under 

high oxidative stress conditions (Lee et al., 2013; Liu et al., 2016) 

1.1.4.3.3 DAY protein 

DAY protein is a membrane-bound protein possessing a DnaJ-like domain. It functions not only 

in Chl biosynthesis by protecting PORC but also in photomorphogenesis by stabilizing the BR 

receptor, BRI1 (Lee et al., 2021). The DAY protein was studied to interact with CPP1 and 

PORC by BiFC and in vitro pull-down, and a holdase activity was reported that could prevent 

heat-induced aggregation of proteins in vitro (Lee et al., 2021). Therefore, it was suggested that 

DAY and CPP1 work together in chloroplasts to facilitate the Chl biosynthesis by stabilizing 

POR via its holdase activity (Lee et al., 2021). However, our Plant Physiology group could not 

reproduce the interaction between DAY and POR, which makes a holdase activity of DAY 

doubtful. 

1.1.4.3.4 FCA protein 

FCA is a notable protein that activates the autonomous flowering pathway (Macknight et al., 

1997; Liu et al., 2010). It was reported that FCA is involved in the thermostabilization of POR 

to maintain the conversion of PChlide to Chlide in developing seedlings under heat stress (Ha 

et al., 2017). FCA also upregulates the POR genes at high ambient temperature since FCA 

mediates histone acetylation in PORs loci to recruit RNA polymerases to the gene promoters at 

high temperature (Ha et al., 2017). Altogether, FCA acts bifunctional in transcriptional and 

post-translational control and, thus, ensures enhanced stability of POR proteins at high 

temperatures. Growing seedlings encounter high temperatures as they move through the topsoil, 

because under natural conditions, soil temperatures often exceed air temperatures (DeVay et 

al., 1991). Hence, FCA was proposed to induce POR gene expression and suppress POR 

degradation, and thus, serves in Chl biosynthesis, particularly during the period of transition 

from hetero- to autotrophic growth (Ha et al., 2017). 
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1.2 Light-harvesting complex (LHC) family in higher plants 

In higher plants, the peripheral antennae of the PSI and PSII consist of components of the family 

of pigment-binding proteins of the light-harvesting complex (LHC).  The intrinsic membrane 

protein LHCI is attached to the PSI core and comprises two heterodimers complexes, Lhca1-

Lhca4 and Lhca2-Lhca3, to form the peripheral antenna complex of PSI (Qin et al., 2015), 

while the LHCII surrounds the PSII core consisting of monomer CP29 (Lhcb4), CP26 (Lhcb5), 

CP24 (Lhcb6) and trimer Lhcb1/Lhcb2/Lhcb3 to form the peripheral antenna complex of PSII 

(Wei et al., 2016). Each LHC protein binds approximately a dozen Chl molecules and three to 

four different carotenoids for light-harvesting and energy transfer. Then excitation energy is 

transferred through the core antenna to the photosynthetic reaction center of the PSI and PSII, 

leading in PSII to water oxidation, electrons transferring along the photosynthetic electron 

chain, protons through the membrane from stoma to the lumen as well as in PSI subsequently 

to NADP+ reduction. In addition, LHC proteins can also dissipate the heat caused by excess 

excitation energy to avoid photo-oxidative damage (Betterle et al., 2009; Ruban et al., 2012). 

Thus, the nuclear-encoded LHCP in the peripheral antenna complex plays an essential role in 

photosynthesis and photoprotection. Once synthesized as precursor proteins in the cytoplasm, 

they are imported into the chloroplasts through the TOC/TIC translocons in the outer and inner 

envelope membrane. When LHCPs are transferred through the TIC and released by LTD 

(Ouyang et al., 2011), their trafficking through the stroma to the thylakoid membranes is 

managed by the cpSRP subunits (Schünemann et al., 1998). 

1.2.1 The light-harvesting complex of PSII 

In plants and green algae, the light-harvesting complex LHCII is associated with the dimeric 

core of PSII containing three holoproteins (Lhcb1, Lhcb2 and Lhcb3) that form 

Lhcb1/Lhcb2/Lhcb3 heterotrimers (Jackowski et al., 2001). In addition to the trimeric LHCII, 

three monomeric Lhcbs are bound to the PSII core and called CP29 (Lhcb4), CP26 (Lhcb5) and 

CP24 (Lhcb6) based on the molecular weight of their apoproteins (Camm and Green, 2004). 

The trimeric LHCII can be classified into three types depending on their affinities with the PSII 

core (C) complex: strong association (S), moderate association (M) and loose association (L) 

(Boekema et al., 1999). The size of antenna complexes can change with the light intensity 

(Kouřil et al., 2013; Bielczynski et al., 2016). Under high light conditions, the PSII-LHCII 

supercomplex is mainly the C2S2 and C2S types consisting of S-LHCII, CP29 and CP26, while 

under low light conditions, the C2S2M2 and C2S2M complexes, which binding to the S-LHCII, 

M-LHCII and all minor antennae, are accumulated (Kouřil et al., 2013; Albanese et al., 2016). 

An important organizational feature of thylakoids is that PSI lies primarily in the unstacked and 

stroma membranes, whereas PSII is found mainly in the grana membranes. Phosphorylation of 

LHCII controls energy distribution between PSI and PSII. Excess excitation of PSII relative to 

PSI activates the phosphorylation of LHCII, which enables phosphorylated LHCII to migrate 

to the unstacked membrane region and associate with PSI. In contrast, the excessive light 

absorption of the PSI complex activates the dephosphorylation of LHCII, allowing it to migrate 

back to the stacked membrane region. This mechanism enabling adjustment of the energy 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/apoproteins
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distribution between PSI and PSII is called state transition (Galka et al., 2012; Goldschmidt-

Clermont and Bassi, 2015).  

Chl a and b are the primary light-harvesting pigments in plant LHCI and LHCII. Every 

Lhcb1/Lhcb2/Lhcb3 protein possesses 8 Chl-binding sites (5 Chl a, 3 Chl b) on the stromal side 

and 6 (3 Chl a and Chl b) on the luminal side. Carotenoids are essential supplementary for light-

harvesting molecules and are involved in the NPQ (non-photochemical quenching) process 

(Niyogi et al., 1997). The crystal structures of LHCII from spinach and pea have revealed that 

the Lhcb1/Lhcb2/Lhcb3 monomer consists of four carotenoid-binding sites, named L1, L2, N1, 

and V1 according to the types of carotenoids: lutein (L), neoxanthin (N), and violaxanthin (V) 

(Liu et al., 2004; Standfuss et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 The pea C2S2M2 type PSII-LHCII supercomplex (PDB ID: 5XNL). The black-

dashed line separates PSII-LHCII to the monomer. The blue box circles the C2S2 part. The 

apoproteins and cofactors are shown in cartoons. The peripheral LHCs are colorful while the 

core complexes are shown in white  (Pan et al., 2020).  

1.2.2 Light-harvesting complex of PSI in plant 

The PSI core complex of plants is a monomer assembled with different LHC isoforms to form 

a PSI-LHCI supercomplex. (Nelson and Junge, 2015; Suga et al., 2016). The architecture of 

PSI-LHCI complexes was described: four LHCI subunits associate with the PSI core and 

connect to the flanks of PsaF/PsaJ to form a hemispherical belt. The four LHCI proteins are 

arranged to form heterodimers such as Lhca1-Lhca4 and Lhca2-Lhca3, and Lhca3, Lhca1 at 

the two edges closely interact with the core subunits PsaK/PsaA and PsaG/PsaB, respectively. 

The pea PSI-LHCI crystal structure shows that Lhca2 and Lhca4 are more distant from the core 

subunit, while in the maize PSI-LHCI-LHCII structure, Lhca2 contacts the core subunit PsaN 
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at the lumen surface. (Pan et al., 2018). 

The plant LHCI proteins bind 13-15 Chls including Chl a and b (Croce et al., 2002). However, 

Chl b was only identified in the crystal structures of pea PSI-LHCI (Mazor et al., 2015; Qin et 

al., 2015). Plant LHCI contains 3-4 carotenoid species (Croce et al., 2002), and each binds to 

the conserved carotenoid-binding sites L1, L2 and N1. Three Lhca proteins (Lhca2-4) contain 

only three conserved carotenoids, whereas Lhca1 binds an additional Lut at the L3 site (Qin et 

al., 2015), which is located in the interface region between Lhca1 and Lhca4 and facing the PSI 

core.  

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Overall structure of maize PSI-LHCI-LHCII supercomplex (PDB ID: 5ZJI). 

The apoproteins and cofactors are shown in cartoon and stick modes, respectively. The 

peripheral LHCs are colorful, while the core complexes are white, except for PsaN, which is 

shown in purple  (Pan et al., 2020).  

1.2.3 Overview of LHCP transport to the thylakoid membrane 

The transport of LHCP to the thylakoid membrane is completed by the cpSRP machinery, 

which comprises (1) the heterodimer cpSRP43/cpSRP54 (Dünschede et al., 2015); (2) the 

thylakoid membrane-bound cpSRP receptor cpFtsY (Kogata et al., 1999; Tu et al., 1999); (3) 

GTPase of cpSRP54 and cpFtsY (Richter et al., 2010; Akopian et al., 2013), and (4) thylakoid 

membrane translocase Alb3 (Moore et al., 2000; Klostermann et al., 2002). 

1.2.3.1 The cpSRP43/54 heterodimer  

cpSRP43 three chromodomains (CD1, CD2, CD3) and four ankyrin repeats (Ank1-Ank4) 

(Klimyuk et al., 1999; Goforth et al., 2004; Stengel et al., 2008). cpSRP54 consists of an N-

terminal domain, a central G domain with GTPase activity and a methionine-rich M domain at 

the C-terminus (Franklin and Hoffman, 1993; Ziehe et al., 2018). The complex formation of 

cpSRP43 and cpSRP54 is essential for the LHCP transport, mainly achieved by the interaction 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/carotenoids
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/carotenoids
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of CD2 of cpSRP43 with the ARRKR motif of cpSRP54 (Ziehe et al., 2018). Further studies 

indicated that the RRKRp10 peptide attaches at the interface between CD2 and Ank4 so that 

both domains are more closely connected in this complex with cpSRP54 than the free cpSRP43 

(Holdermann et al., 2012).  

1.2.3.2 cpSRP and LHCP to form the transit complex 

Since LHCP is highly hydrophobic, its transfer across the aqueous stroma requires binding to 

the water-soluble cpSRP43/cpSRP54 dimer. The binding is achieved by the L18 motif 

(VDPLYPGGSFDPLGLADD) between the second and third transmembrane of LHCP, 

enabling interaction with cpSRP43 (Tu et al., 2000; Groves et al., 2001; Jonas-Straube et al., 

2001).  It has been shown that the cpSRP54 absence or mutation of the M domain impairs the 

formation of the cpSRP/LHCP transit complex (Dünschede et al., 2015; Henderson, 2016). The 

cpSRP54 M domain was reported to drive cpSRP43 to the active conformation for protecting 

LHCP (Liang et al., 2016). 

1.2.3.3 LHCP translocation to the thylakoid membrane  

The cpSRP receptor cpFtsY is assembled to the thylakoid membrane, and biochemical and 

genetic data provided insight that cpFtsY is required for LHCP insertion into the membrane (Tu 

et al., 1999; Marty, 2009). Like the cpSRP54 structure, cpFtsY contains an NG domain required 

for GTP binding and hydrolysis. cpFtsY binds to cpSRP54 when the complex is formed by the 

interaction between both proteins’ two homologous NG domains of both proteins (Wild, 2016; 

Ziehe et al., 2018). In addition to cpFtsY, the thylakoid membrane protein Albino 3 (Alb3), a 

holdase/insertase, is finally involved in LHCP insertion (Klostermann et al., 2002). Several 

studies have reported a direct interaction between cpSRP43 and Alb3 (Bals et al., 2010; Liang 

et al., 2016). Data from crystal structure revealed that the motif IV of Alb3 binds to the CD3 of 

cpSRP43 (Horn et al., 2015). The biochemical data point to an interaction between motif II and 

cpSRP43 CD1-Ank4 (Liang et al., 2016). These data conclude that the transit complex is 

recruited to Alb3 through the cpSRP43/Alb3 interaction.  

1.2.4 cpSRP43 acts as a chaperone to protect LHCP from aggregation  

cpSRP43 not only transports LHCP to the thylakoid membrane but also simultaneously 

prevents aggregation of the hydrophobic LHCP (Falk and Sinning, 2010; Jaru-Ampornpan et 

al., 2010). The substrate-binding domain (SBD) consists of chromodomain 1 (CD1), four 

ankyrin-repeat motifs (Ank1-Ank4) and a 20-amino-acid bridging helix is essential and 

sufficient to protect LHCPs from aggregation (Jonas-Straube et al., 2001; Liang et al., 2016). 

In contrast to the ATP-dependent chaperone activity of Hsp70 (Zhuravleva et al., 2012) and 

GroEL (Fenton and Horwich, 1997), cpSRP43 is ATP-independent and also can dissolve 

aggregates of LHCPs (Falk and Sinning, 2010). cpSRP54, as another component of cpSRP 

cannot chaperone LHCP, but stimulates cpSRP43’s chaperone activity towards LHCP (Liang 

et al., 2016; Ziehe et al., 2017). A proposed mechanism for cpSRP54’s stimulation to the 

chaperone activity of cpSRP43 points to the stabilized interaction between cpSRP43 and 
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cpSRP54 M-domain in a closed conformation, in which the Ankyrin repeat domain is more 

stably folded (Siegel et al., 2020). The high chaperone activity of cpSRP43 is emphasized by 

the formation of contiguous contact surfaces of the cpSRP43-SBD with the TMDs of LHCP 

(Siegel et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.6 LHCP translocation to the thylakoid membrane via the cpSRP-dependent 

pathway. LHCPs are imported into chloroplasts via the TOC/TIC translocon machinery. Then 

the transit peptide is cleaved off and the LHCPs are delivered to the cpSRP43/54 complex by 

LTD. cpSRP43 and cpSRP54 form the transit complex for LHCP and dock to the thylakoid 

membrane via interaction with cpFtsY and Alb3. The SRP GTPase of cpSRP54 and cpFtsY 

hydrolyze the GTP to drive the dissociation of protein components for a new cycle of LHCP 

trafficking (Ziehe et al., 2018). 

1.3 Effects of heat stress on the photosynthesis 

Growth at elevated temperatures above the standard growth conditions is termed as heat stress. 

Since global warming is becoming a severe issue, studies regarding the growth conditions under 

heat stress are becoming more urgent. It is well known that higher temperatures will affect the 

activity of proteins and membrane integrity and can ultimately lead to cellular damage and cell 

death (Hemantaranjan, 2014). As a sessile organism, the plant is constantly exposed to changing 

stress conditions, such as temperature and other abiotic factors, and cannot escape from rapidly 
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changing adverse conditions. It is pronounced that heat stress can be enormously destructive 

(Nouri et al., 2015). In this line, photosynthesis is highly sensitive to high temperatures as the 

photochemical reactions and carbon metabolism are most affected (Wise et al., 2004; Wang et 

al., 2018). Heat stress could directly damage the photosynthetic apparatus, such as PSI and PSII, 

the cytochrome b6f (Cytb6f) complex and the Chl biosynthesis (Havaux, 1993; Wise et al., 

2004; Hu et al., 2020), leading to the inhibition of various metabolic reactions (Mathur et al., 

2014).  

1.3.1 Effects of heat stress on the PSII 

In photosystems, PSII is most sensitive to heat stress, in particular, photosynthetic electron 

chain and ATP synthesis are susceptible to the adverse effects of heat stress (Wang et al., 2018). 

Due to the increased fluidity of the thylakoid membrane at high temperatures, the PSII antenna 

complex could disassemble in the thylakoid membrane, which impairs light absorption and 

transmission. The oxygen-evolving complex (OEC) in PSII is dissociated by heat stress, 

inhibiting the electron transport from OEC to the acceptor side of PSII (Allakhverdiev et al., 

2008). To prevent PSII from heat-induced damage, in parallel to excessive irradiation, 

Xanthophyll-dependent NPQ can reduce the excitation energy pressure in the PSII reaction 

center by converting excess light energy into thermal energy. Moreover, heat stress is usually 

accompanied by the generation of oxidative stress (Lord-Fontaine and Averill-Bates, 2002). 

Then, singlet oxygen (1O2) produced can damage proteins, for example, D1 in the PSII reaction 

center, and induce the PSII repair cycle (Dogra and Kim, 2019). 

1.3.2 Effects of heat stress on the Chl biosynthesis  

Chl is the most important pigment for converting light energy into chemical energy during 

photosynthesis. It has been reported that Chl biosynthesis is inhibited when plants are under 

heat stress conditions, which may be caused by the destruction of several enzymes in 

chlorophyll biosynthesis (Efeoglu and Ekmekci; Masoudi-Sadaghiani et al., 2011), such as 

ALAD, POR and CHLI. The activity of ALAD, the first enzyme of the TBS pathway, was 

found to be decreased under high-temperature regimes (Kumar Tewari and Charan Tripathy, 

1998; Mohanty et al., 2006). A previous study showed that the abundance of POR was declined 

in heat-stressed fca mutant (FCA knock-out) associated with the reduced accumulation of Chl 

(Ha et al., 2017). The MgCh subunit CHLI-2 identified in V. vinifera leaves was repressed after 

heat stress (Liu et al., 2014). Wang et al. reported that high temperature and humidity stress 

decrease the content of the  MgCh subunit while increasing the amount of ribulose bisphosphate 

carboxylase/oxygenase proteins reflect a reduction in Chl biosynthesis and an increase in 

photorespiration (Wang et al., 2012). 

Heat stress also affects gene expression in Chl biosynthesis. To understand how heat stress 

modulates the Chl biosynthesis, Mohanty, et al. examined the transcript levels of many 

enzymatic steps of Chl biosynthesis in wheat and cucumber at 42°C for 24h (Mohanty et al., 

2006). It was found that the expression of HEMA1 was downregulated in heat-stressed seedlings 

in cucumber only. The transcripts of GSA and UroD were increased in illuminated heat-stressed 
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seedlings in both wheat and cucumber. In wheat, CHLl expression was almost similar in control 

and heat stress, while in cucumber the expression was downregulated during heat stress. The 

ChlP transcript was reduced by high temperatures in both wheat and cucumber (Mohanty et al., 

2006). 

1.3.3 Heat-shock proteins (HSPs) involved in the protection against heat stress 

To respond to heat stress, plants have evolved strategies to overcome the damage caused by 

heat stress. The different families of HSPs are responsible for either protein folding, assembly, 

translocation or degradation in many normal cellular processes. They can also contribute to 

more stability of proteins and membranes, and assist in protein refolding under stress 

conditions. These activities of HSPs always depend on the respective protein family (LI et al., 

2016). They play a crucial role in protecting plants against stress by re-establishing normal 

protein conformation, and cellular homeostasis (von Koskull-Döring et al., 2007; Schramm et 

al., 2008). The HSPs are generally divided into five major families: the HSP70 (DnaK) family, 

the HSP60 (GroEL) family, the HSP90 family, the HSP100 (Clp) family, and the small HSP 

(sHSP) family (Wang et al., 2004). HSP70 prevents the aggregation of proteins and aids in 

refolding non-native proteins under normal and stress conditions (Hartl, 1996; Frydman, 2001). 

Overexpression of the HSP70 gene positively correlates with the acquired thermotolerance of 

plants (Lee and Schöffl, 1996) and enhances the tolerance to salty water and high-temperature 

stress (Ono et al., 2001; Sung and Guy, 2003). HSP 60 plays a critical role in correctly folding 

the wide range of newly synthesized and newly translocated target proteins (Bukau and 

Horwich, 1998; Frydman, 2001). HSP90 in plastids and mitochondria is important for folding 

of imported proteins (Willmund and Schroda, 2005; Schroda and Mühlhaus, 2009), 

maintenance of protein activity (Young et al., 2001), and inhibition of protein aggregation 

(Fellerer et al., 2011; Kindgren et al., 2012). The HSP100/Clp family is a member of the large 

AAA+-ATPase superfamily and plays a role in protein disaggregation and degradation 

(Schirmer et al., 1996; Neuwald et al., 1999; Agarwal et al., 2001). The sHSP cannot refold the 

non-native proteins. They can only stabilize and protect the non-native protein from aggregation 

and then facilitate the subsequent refolding of the non-native protein by ATP-dependent 

chaperones, such as the DnaK system or ClpB/DnaK (Lee et al., 1997; Lee and Vierling, 2000; 

Mogk et al., 2003). 

1.4 Introduction to protein aggregation 

1.4.1 Protein aggregation pathway 

The correct three-dimensional structure of each protein is a prerequisite for its adequate 

function. However, each protein is just synthesized as a linear polypeptide chain during 

translation at the ribosome. Therefore, proteins need to be folded into the three-dimensional 

structure. In this process, unfolded, partial or misfolded proteins can convert into aggregates. 

The resulting aggregates typically depend on noncovalent forces, such as hydrophobic 

attraction, hydrogen bonds and Van-der-Waals forces (Sahin et al., 2011; Roberts, 2014; 

O'Brien et al., 2016). Several aggregation pathways or mechanisms are summarized in Figure 
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1.7 (Meric et al., 2017). Step 1 represents a state, in which protein monomers (F) may form a 

partially or completely unfolded or misfolded monomer (I or U, respectively). Step 2 describes 

the process of how a monomer forms reversible oligomers by self-association. Step 3 indicates 

a conformational change of an oligomer when a part of the amino acid sequence is unintendedly 

exposed to adjacent proteins and initiates a strong stabilizing contact that results in the 

formation of a minimum unit of an irreversible aggregate (Fink, 1998; Uversky and Fink, 2004; 

Weiss IV et al., 2009). Subsequently, aggregates may grow through several different pathways 

in step 4 to form irreversible protein aggregations (Chiti and Dobson, 2006; Andrews and 

Roberts, 2007; Roberts et al., 2011; Roberts, 2014). The portion of sequences of the amino acid 

residues in step 3 is usually a hydrophobic polypeptide motif, originally hidden in the core of 

the protein. This peptide motif is also known as an aggregation-prone region (APR), because, 

when it is exposed to the protein surface in an aqueous solution, it tends to be masked by strong 

interdependent contacts, such as β-sheet structures, which will lead to protein aggregation. 

1.4.2 Algorithms applied for the APRs prediction 

In view of the fact that the presence of APRs will promote protein aggregation, elimination of 

the APRs of proteins could be a good strategy to engineer proteins and improve their 

functionality. How to predict the APRs of proteins? Many algorithms have been developed to 

predict the APRs of proteins, such as FoldX (Schymkowitz et al., 2005), RosettaDesign (Liu 

and Kuhlman, 2006), PyRosetta (Chaudhury et al., 2010) and TANGO (Fernandez-Escamilla 

et al., 2004). In my doctoral study, I used the TANGO algorithm, which is briefly introduced. 

The TANGO algorithm is applied to predict β-aggregation-prone regions in the sequence of the 

following conformations: α-helix, β-sheet, β-aggregate or helix aggregate. The prediction of the 

tendency of proteins to aggregate is based on the aggregate regions that were typically 

completely buried in β-aggregates. Using TANGO, sequences of a length of at least five amino 

acid residues and a β-aggregation occupancy rate of at least 5% are usually predicted as 

potential sites (Meric et al., 2017). 

1.4.3 APRs in GluTR 

Since APRs lead to protein aggregation, it was reported that APRs could be exploited to 

inactivate proteins functions in plants (Betti et al., 2016)  . The overexpression of small peptides 

with the APRs of a targeted protein will posttranslationally generate highly specific protein 

knockdowns in different plant species (Betti et al., 2016) . Because chaperones are dedicated to 

protecting their clients from aggregation, the APR is generally considered the binding site with 

the chaperone. Therefore, a non-substrate protein can be converted to a substrate protein for 

GroEL by mutating the APR. Then GroEL assists in the folding of the client protein (Kumar et 

al., 2012). Recent studies have shown that large insoluble aggregates can act as a protective 

mechanism against cellular oxidative stress, as aggregated species distributed in the cytosol and 

cannot merge into large protein inclusions causes the highest levels of oxidative damage. (Carija 

et al., 2017). 
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The Arabidopsis GluTR functions as a very importantve rate-limiting enzyme in TBS and has 

been reported to possess two APRs at the N-terminus of the GluTR protein (Wang et al., 2018). 

It was proposed that overexpression of GluTR in Nicotiana tabacum or Arabidopsis thaliana 

does not exhibit a corresponding increase in ALA  synthesis capacity, because excess GluTR 

tends to form oligomers or aggregated complexes (Schmied et al., 2011). The solubility of an 

N-terminal-truncated recombinant GluTR with the deletion of the two APRs was significantly 

enhanced in vitro (Wang et al., 2018), implying that APRs are responsible for GluTR 

aggregation in vitro, and cpSRP43 was proposed to interact with the APRs and prevent its 

aggregation. However, the functions of APRs in vivo are still unknown. Whether APRs in 

planta is also the reason for GluTR aggregation, still needs to be studied. 

Figure 1.7 Overview of protein aggregation pathways. Step 1: partial or complete unfolding 

or misfolding of a natively folded protein monomer (F), leading to the exposure of aggregation-

prone regions (red). Step 2: reversible self-association of protein monomers. Step 3: minimal 

irreversible species are generated by intermolecular noncovalent contacts between aggregation-

prone regions. Step 4: growth of aggregates. Double arrows indicate reversible steps; single 

arrows represent irreversible steps (Meric et al., 2017). 
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1.5 Aims of the project 

It has been reported that cpSRP43 acts as a chaperone to protect GluTR from denaturation, 

thereby coordinating the Chl biosynthesis and LHCP trafficking to the thylakoid membrane. 

However, besides GluTR, there are at least two other tightly controlled enzymes, MgCh and 

POR, in the Chl biosynthesis pathway. MgCh is localized at the branch point for Chl and heme 

synthesis. Many factors have been reported to be involved in its regulation, such as GUN4 and 

BCM1. The enzymatic step catalyzed by POR is NADPH- and light-dependent. Thus, the 

phototoxic intermediate Pchlide will accumulate in the dark until ALA synthesis is sufficiently 

suppressed. POR was reported to be involved in an inactivation complex of GluTR in the dark 

to suppress the supply of ALA for Chl synthesis. Some factors such as LIL3, CPP1, and FCA 

regulate the stability of PORB. However, whether cpSRP43 or even cpSRP54 can regulate these 

TBS enzymes is still unknown. Hence, the aims of my project are: (1) To investigate whether 

cpSRP43 and cpSRP54 also affect the stability of MgCh and POR. It is intended to assay the 

protein contents of POR and MgCh subunits, such as CHLH, CHLD, CHLI, as well as its 

activator GUN4 in cpSRP43 knock-out mutant chaos and cpSRP54 knock-out mutant ffc in 

comparison with wild-type control. (2) Using BiFC, Pull-down, Co-IP for the protein-protein 

interaction studies. It is aimed to explore the interactions of these TBS proteins with the cpSRP 

components. (3) Enzyme assays are planned to investigate if cpSRP43 and cpSRP54 affect the 

activity of GluTR, MgCh, and POR. (4) Chaperone activity assay to explore if cpSRP43 can 

protect its TBS clients from denaturation. (5) Applying some stress conditions, such as heat 

shock or dark treatment, to study the function of cpSRP components on TBS proteins in 

response to changing environments. (6) Separating the soluble or membrane-bound TBS 

proteins. It is intended to perform a functional analysis of cpSRP54 to verify its membrane 

binding capacity to TBS proteins. 

APRs of GluTR are thought to be the regions that initiate the GluTR aggregation, and cpSRP43 

was speculated to cover these regions to avoid the aggregation. In a previous study, the in vitro 

aggregation-prone property of APR was verified by scattering assay. However, in vivo function 

of APR is still unknown. Therefore, this subproject aims (1) Removal of the APR by deletion 

or amino acids substitution to investigate the roles of APR in planta. (2) Studies of the potential 

increase of GluTR accumulation, ALA synthesis, and even Chl biosynthesis by modification of 

the APRs of GluTR. 
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2 Materials and methods  

2.1 Plant materials and growth conditions 

2.1.1 Arabidopsis thaliana 

Arabidopsis thaliana plants were cultivated on a soil (GS-90)-vermiculite mixture at 22 °C in 

a long day (LD, 16 h light/ 8 h dark). The plants were exposed to a light intensity of 100 µmol 

photons m-2s-1. After sowing, the seeds were vernalization for two days at 4 °C. Heat shock 

treatment was applied by transferring 14-18 days old seedlings from standard LD conditions to 

constant light (CL, 100 μmol photons m-2s-1) at a temperature of 42 °C for the indicated time. 

Dark treatment was applied by transferring 14-18 days old seedlings from standard LD 

conditions to the darkness for the stated time. Unless otherwise stated, the standard growth 

condition in this study is LD at 22 °C with a light intensity of 100 µmol photons m-2s-1. 

The sterile cultivation of Arabidopsis plants was placed on Petri dishes with Murashige and 

Skoog medium (MS, with vitamins) mixed with plant cultivation agar (4.43 g/l MS, 0.5 g/l 

MES, 8 g/l agar, pH 5.7 with NaOH). About 50 μl seeds were incubated for 10 min in 1 ml of 

sterilization solution (70% ethanol (v/v), 0.05% (v/v) Triton X-100). The sterilization solution 

was then removed, and the seeds were washed in 70% ethanol (v/v) twice.  After settling, the 

seeds were washed with 100% ethanol (v/v) twice, then the ethanol was removed, and the seeds 

were dried on a clean bench. The sterilized seeds were either applied dry or mixed with sterile 

water. To analyze the retrograde signaling pathway (Susek et al., 1993), Arabidopsis seeds   

were grown on the sterilized MS plates in the presence of 5 μM norflurazon (NF, 5 mM in 

DMSO as stock), an inhibitor of carotenoid biosynthesis (Breitenbach et al., 2001), 

vernalization for 2 days then grown in continuous light for 5-6 days.  

Unless otherwise stated, all physiological experiments such as analyses of transcripts, proteins, 

and intermediates of the tetrapyrrole metabolism were performed with 14-18 days old seedlings. 

A large number of individual materials (50-100 mg) were harvested per sample. As a rule, at 

least three replicates were harvested and analyzed, and all experiments were repeated at least 

twice. After harvesting, the samples were frozen in liquid nitrogen and stored at -80 °C until 

processed. The information on the Arabidopsis lines used in this study was listed in Table 2.1. 

Table 2.1 Genotypes used and analyzed in this study 

Line Gene ID Gene Description Source 

Col-0 - - Arabidopsis Columbia Wild 

type (WT) 

- 
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Ler-0 - - Arabidopsis Landsberg 

erecta (WT) 

- 

chaos AT2G47450 cpSRP43 cpSRP43 knock-out mutant (Klimyuk et al., 

1999) 

ffc AT1G15310 cpSRP54 cpSRP54 knock-out mutant (Amin et al., 

1999) 

chaos/ffc AT2G47450/ 

AT1G15310 

cpSRP43/ 

cpSRP54 

Double mutant of cpSRP43 

and cpSRP54 

(Amin et al., 

1999) 

cpftsy AT2G45770 cpFTSY Chloroplast SRP receptor 

cpFtsY knock-out mutant 

(Tzvetkova-

Chevolleau et 

al., 2007) 

cpSRP43-OX AT2G47450 cpSRP43 chaos complementation line 

expressing cpSRP43 

(Wang et al., 

2018) 

cpSRP43-

SBD-OX 

AT2G47450 cpSRP43 chaos complementation line 

expressing SBD of cpSRP43 

This study 

cpSRP43ΔC

D1-OX 

AT2G47450 cpSRP43 chaos complementation line 

expressing cpSRP43 without 

CD1 

(Wang et al., 

2018) 

cpSRP43ΔAn

k-OX 

AT2G47450 cpSRP43 chaos complementation line 

expressing cpSRP43 without 

Ank 

(Wang et al., 

2018) 

cpSRP43ΔC

D2-OX 

AT2G47450 cpSRP43 chaos complementation line 

expressing cpSRP43 without 

CD2 

(Wang et al., 

2018) 

cpSRP43ΔC

D3-OX 

AT2G47450 cpSRP43 chaos complementation line 

expressing cpSRP43 without 

CD3 

(Wang et al., 

2018) 

gun4-1 AT3G59400 GUN4 L88F88 mutation in 

GUN4 

(Larkin et al., 

2003) 
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HEMA1(V99

P/V151P) 

AT1G58290 HEMA1 hema1 complementation line 

expressing GluTR 

(V99P/V151P) 

This study 

HEMA1(V99

T/V151T) 

AT1G58290 HEMA1 hema1 complementation line 

expressing GluTR 

(V99T/V151T) 

This study 

HEMA1/hem

a1 

AT1G58290 HEMA1 hema1 heterozygous (Apitz et al., 

2014) 

hema1 AT1G58290 HEMA1 HEMA1 knock-out mutant (Apitz et al., 

2014) 

 

2.1.2 Nicotiana benthamiana 

The Nicotiana benthamiana plant used for the transient transformation was grown in the LD at 

30 °C in the greenhouse on soil (type T)-vermiculite mixture. 

2.2 Bacteria and growth conditions 

2.2.1 Escherichia coli  

The medium for cultivation of the Escherichia coli (DH5α, BL21 and Rosette) is LB (10 g/l 

tryptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.0) or 2YT (15 g/l tryptone, 10 g/l yeast extract, 

5 g/l NaCl, pH 7.0) at 37 °C with specific selection markers (Table 2.3). The 2YT medium is 

specially used for the prokaryotic overexpression of recombinant proteins. The solid medium 

is added with additional 15 g/l agar. Bacterial strains used in this study are listed in Table 2.2. 

 2.2.2 Agrobacterium tumefaciens  

Agrobacterium tumefaciens (GV2260) was cultivated in YEB medium (5 g/l tryptone, 1 g/l 

yeast extract, 5 g/l sucrose, 0.5 g/l MgSO4·7 H2O, pH 7.2) which contained 100 μM rifampicin 

and the vector-specific antibiotics (Table 2.3). Liquid cultures were generally grown overnight 

at 30 °C in the shaker (250 rpm). The cultivation on a solid medium took place on a YEB agar 

(15 g/l) plate with antibiotics and incubated for 2 days at 30 °C.  
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Table 2.2 Bacterial strains used in this study 

Strain Resistance Usage Source 

DH5α - Cloning Invitrogen 

BL21 (DE3) - Recombinant protein expression Invitrogen 

Rosetta (DE3) Chloramphenicol Recombinant protein expression Novagen 

PRIL (BL21) Chloramphenicol Recombinant protein expression  

GV2260 Rifampicin and  

Ampicillin 

Plant transformation 

 

Table 2.3 Antibiotics used in this study 

Antibiotic 
Final 

concentration 
Stock solution 

Ampicillin (Ap) 100 μg/ml 100 mg/ml in 50% Ethanol 

Kanamycin (Km) 50 μg/ml 50 mg/ml in ddH2O 

Gentamycin (Gen) 25 μg/ml 25 mg/ml in ddH2O 

Rifampicin (Rif) 50 μg/ml 50 mg/ml in DMSO 

Spectinomycin (Sp) 50 μg/ml 50 mg/ml in ddH2O 

Chloramphenicol (ChlorA) 25 μg/ml 25 mg/ml in 100% Ethanol 

 

2.3 Transformation of organisms 

This section describes the methods for growing and transforming bacteria, as well as the 

protocols for the transient (in Nicotiana benthamiana) and stable (in Arabidopsis thaliana) 

transformation of plants. Bacterial strains used in this study are listed in Table 2.2.  
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2.3.1 Chemical transformation of E. coli 

 E. coli strain is transformed using heat shock. An aliquot (usually 50 μl) of competent E. 

coli was thawed on ice and mixed with a different volume of plasmid or ligation mixture 

(usually 1-5 μl). The transformation mixture was incubated at 42 °C for 90 seconds and then 

put on ice for 2 min. After adding 500-800 μl liquid LB medium, the transformation mixture 

was incubated for one hour at 37 °C in a shaker (250 rpm). Then a portion was applied to LB 

plates with specific antibiotics. Colonies were further cultivated overnight in a warm cabinet. 

2.3.2 Transformation of Agrobacterium tumefaciens  

10 μl of electrically competent agrobacteria were mixed with 1 μl of purified plasmid and 

transferred to a cooled electroporation cuvette (plate spacing 1 mm). The transformation 

occurred with an electrical pulse (Bio-Rad MikroPulser: 2.3 kV, pulse duration: 1-4 ms). The 

cells were then mixed with 500 μl of liquid YEB and incubated for 2-3 h at 30 °C in a shaker 

(250 rpm), and then a portion was plated onto a YEB solid medium. 

2.3.3 Transient transformation of Nicotiana benthamiana 

For the transient expression of proteins in Nicotiana benthamiana leaves, an overnight grown 

agrobacterium was harvested (10 min, 4,500 g, RT) and resuspended in an infiltration medium 

(10 mM MgCl2, 10 mM MES, 100 µM acetosyringone, pH 5.7). The OD600 was adjusted to 

0.8-1.0, and the bacterial suspension was infiltrated into the underside of the tobacco leaves 

using a syringe. The infiltrated plants were incubated in the dark for 2-3 days and analyzed 

according to the experimental requirements. 

2.3.4 Stable transformation of Arabidopsis thaliana 

Stable transformants of Arabidopsis are generated using the modified "floral dip" method 

(Clough and Bent, 1998). For this purpose, an agrobacteria culture that had grown overnight 

was harvested (10 min, 4,500 g, RT) and resuspended in inoculation medium (0.5% (w/v) MS, 

0.05% (w/v) MES, 5% (w/v) sucrose, 0.05% (v/v), Silwet L-77, pH 5.7). The bacterial solution 

was diluted to the OD600= 0.8 and dripped onto the top of newly unopened inflorescences of 

Arabidopsis plants. Transformed plants should grow under dim light for 1-2 days, and the 

transformation should be repeated 3-4 times at intervals of 2-3 days. The primary transformants 

were selected using a suitable selection marker (e.g., sprayed with BASTA) from 14 days after 

germination. 

2.4 Nucleic acids analyses 

2.4.1 Rapid extraction of genomic DNA 

Arabidopsis leaves were homogenized then added 200 μl DNA extraction buffer (200 mM Tris-

HCl, 150 mM NaCl, 25 mM EDTA, 0.5% SDS (w/v), pH 7.5). After a centrifugation step at 

RT (14,000 g, 5 min), the supernatant was mixed with an equal volume of isopropanol, and the 

DNA was precipitated in the centrifuge for 5 min (RT, 14,000 g). The pellet was washed with 
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500 μl 70% ethanol (v/v) and then dried at RT. The DNA was finally dissolved in 100 μl of 

ddH2O. 

2.4.2 Polymerase chain reaction (PCR) 

Two different PCR strategies amplify DNA fragments: Dream-Taq polymerase is used for 

genotyping or test PCR (such as colony PCR). Proofreading polymerase (Phusion) is used to 

clone the target gene. The composition of PCR reaction and program for PCR running are 

shown in Tables 2.4 and 2.5. The analysis of PCR products was carried out in 1.0 % agarose 

gels in 1xTAE buffer (50xTAE stock solution (1 l): 242 g Tris-HCl, 100 ml 0.5 M EDTA (pH 

8.0), 57.1 ml acetic acid (anhydrous)). If not already present in the polymerase buffer system, 

loading buffer (5x: 100 mM EDTA, 50% glycerol (v/v), 0.1% bromophenol blue (w/v)) had to 

be added to the PCR batches before analysis in the agarose gel. To stain the DNA fragments, 

ethidium bromide (3 μl/ 100 ml gel) was added to the melted agarose.  

Table 2.4 Compositions of PCR reaction applied in this study 

 

 

 

 

 

 

 

 

 

 

Table 2.5 Standard PCR program applied in this study 

Composition Volume (μl) 

10x DreamTaq- / 5x Phusion buffer 2 / 4 

10 mM dNTPs 0.8 

10 μM forward primer 0.4 

10 μM reverse primer 0.4 

DNA template variable 

Dream Taq/ Phusion 0.1 

ddH2O to 20 

Step Temperature (°C) Time 

1 95 2 min 
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2.4.3 Genotyping PCR 

The genotyping of Arabidopsis plants is carried out using genomic DNA and specific primers 

(Table Appendix I). One pair of primers is used to amplify the WT allele (LP + RP primer), and 

the second pair of primers is used to amplify a possible T-DNA (LB + RP primer). The LP and 

RP primers span the T-DNA insertion site. With the LB (T-DNA specific) and RP combination, 

part of the T-DNA is amplified together with part of the gene sequence. In the case of a WT 

plant, only one amplicon is detected for the WT allele. A heterozygous mutant (one allele carries 

a T-DNA) is distinguished by amplification for both primer pairs. A mutant with a homozygous 

insertion of a T-DNA into both alleles, on the other hand, is characterized by the absence of 

amplification for the WT allele.  

2.4.4 Introduction of mutations into DNA fragments by PCR  

Two PCR techniques are used to introduce point mutations into a protein-encoding sequence. 

Both methods are based on the usage of mutated primers, which bring the desired base 

substitution and thus the mutation of the encoded amino acids. The first approach is that the 

mutated fragment is amplified with mutated primers, containing the corresponding base 

substitution and restriction site for further cloning (see chapter 2.4.5). This method is used to 

construct the plasmids for the generation of transgenic lines HEMA1 (V99T/V151T), HEMA1 

(V99P/V151P) (see chapter 3.3.4). The second approach directly amplified the whole already 

cloned vector with mutated primers (Laible and Boonrod, 2009). After successful PCR, the 

template vector, which originates from a bacterial extraction and consequently has DNA 

methylations, was digested with a methylation-specific restriction enzyme DpnI. The remaining 

linear PCR products, which contain the mutated site, were then transformed into E. coli cells 

(see chapter 2.3.1). The PCR program used differs from that shown in Table 2.3 in the following 

points: the annealing temperature was set at 55 °C and the elongation time at 1 min/ 1 kb. The 

number of cycles was reduced to 20-25. This method is applied to construct the plasmids for 

2 95 30 s 

3 56-60 (primer specific) 30 s 

4 72 
variable, usually 15-30 s/ 

1 kb  amplicon length 

Cycles (step 2-4): up to 40x 

5 72 5 min 

6 4 pause 



Materials and methods 

- 30 - 

 

the prokaryotic expression of recombinant protein GluTR (V99T/V151T) (see chapter 3.3.4.3). 

2.4.5 Cloning  

2.4.5.1 Cloning of PCR fragments  

PCR fragments were purified from the agarose gel using a gel extraction kit (Invisorb Spin 

DNA Extraction Kit) and ligated with the initial vector pJET 1.2 (Table 2.6). The ligation 

mixture was transformed into 50 μl DH5α cells by heat shock and applied to antibiotic-

containing LB plates. The colonies grown overnight were checked for the presence of the vector 

by means of colony PCR (Table 2.5, 30 cycles), and positively selected colonies were 

inoculated into 3 ml of liquid LB medium and grown overnight.  

Table 2.6 pJET 1.2 Ligation 

 

 

 

 

 

 

 

2.4.5.2 Plasmid DNA extraction  

2 ml of E. coli culture grown overnight were centrifuged (RT, 2 min, 6,000 g), and the pellet 

was resuspended in 300 μl buffer P1 (50 mM Tris-HCl, 10 mM EDTA, 100 μg/ ml RNaseA, 

pH 8.0 with HCl). Then 300 μl of P2 (200 mM NaOH, 1% SDS (w/ v)) were added and slightly 

inverted 10 times. After adding 300 μl of P3 (3 M potassium acetate, pH 5.5), the mixture was 

vortex and then centrifuged for 10 min (RT, 14,000 g). 0.7 volume (560 μl) of isopropanol was 

added to 800 μl of the supernatant and precipitated on ice for 10 min. Then centrifuged again 

(14,000 g, 10 min, 4 °C), and the pellet obtained was washed with 75% ethanol. After 

centrifugation, the pellet was air-dried for 5-10 min, and the final plasmid DNA was dissolved 

in 30 μl ddH2O. 

2.4.5.3 Sequencing 

To check the correctness of cloned sequences, 1 μg of the plasmid DNA to be examined was 

made up to a total volume of 12 μl, including 5 μl of the 10 µM pJET 1.2 Forward primer. The 

sequencing was done by LGC-Genomics, and the generated sequence was evaluated using 

Vector NTI (Thermo Scientific). 

Composition Volume (μl) 

2x pJET 1.2 ligation buffer 5 

pJET 1.2 blunt vector 0.5 

1 ng fragment max. 4 

T4 DNA ligase 0.5 
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2.4.5.4 DNA digestion by restriction enzymes 

Once the sequence was checked, the target fragment and the target vector were digested with 

the two restriction enzymes of choice. The approach used for this is shown in Table 2.7. The 

digestion was incubated for 2 h at the optimal temperature for the restriction enzymes. After 

the time had elapsed, 1.5 μl of 6x DNA loading buffer was added to the reaction mixture, and 

it was electrophoretically separated (see chapter 2.4.2). The target fragment was cut from the 

gel (gel extraction kit, Invisorb).  

Table 2.7 Two-restriction enzymes digestion 

 

 

 

 

 

 

 

 

2.4.5.5 Ligation into the target vector 

The previously digested fragments (see above) were used in a molar ratio of 3:1 (insert: vector) 

to ligate the target gene into the final vector. The ligation approach based on this was 

summarized in Table 2.8. The ligation took place at RT for 1 h. The T4 DNA ligase was then 

inactivated at 65 °C for 10 min. The ligation mixture was transformed into DH5α cells and 

plated onto an LB agar medium containing the vector-specific selection marker. Selection took 

place overnight at 37 °C. The following day, the correct insertion of the target gene was verified 

by means of colony PCR. Transformants that tested positive were inoculated into 3 ml of LB 

and grown overnight at 37 °C. The plasmid was then extracted and kept for the following 

application. 

 

 

 

 

Composition Volume (μl) 

1 µg extracted plasmid max. 8 

10× digestion buffer 1 

Restriction enzyme 1 0.5 

Restriction enzyme 2 0.5 

ddH2O to 10 
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Table 2.8 T4 DNA ligation 

 

 

 

 

 

 

 

 

2.4.5.6 Plasmids generated and used in this work  

Plasmids constructed and used in this study are listed in Table 2.9. The plasmids used to express 

recombinant protein are listed in Table 2.15.  

Table 2.9 Plasmids constructed and used in this work 

Composition Volume (μl) 

10× T4 ligase buffer 1 

Target vector 1 

DNA fragment 4 

T4 DNA ligase 0.5 

ddH2O to 10 

Plasmids Resistances Genes Purpose 

PJA1-HEMA1ΔAPR1 Km/BASTA HEMA1 For generation of 

transgenic lines 

PJA1-HEMA1ΔAPR2 Km/BASTA HEMA1 

PJA1-HEMA1ΔAPR1/2 Km/BASTA HEMA1 

PJA1-

HEMA1(V99P/V151P) 

Km/BASTA HEMA1 

PJA1-

HEMA1(V99T/V151T) 

Km/BASTA HEMA1 

pSPYNE-cpSRP43 Km/Rif cpSRP43 For BiFC experiments 

pSPYNE-cpSRP54 Km/Rif cpSRP54  
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2.4.6 Isolation of RNA from leaf tissue 

The isolation of RNA from leaf tissue of Arabidopsis leaves was carried out according to the 

protocol (Oñate-Sánchez and Vicente-Carbajosa, 2008). For this purpose, 50-100 mg of leaf 

material was homogenized in a vibrating mill in liquid nitrogen. After adding 300 μl lysis buffer 

(2% SDS, 68 mM sodium citrate, 132 mM citric acid, 1 mM EDTA), the homogenate was 

mixed and incubated at RT until thawed completely. After centrifugation of 14,000 g at RT for 

10 min, the suspension was transferred to a new tube and then treated with 100 μl protein-DNA 

precipitation buffer (4 M NaCl, 16 mM sodium citrate, 32 mM citric acid) and incubated in ice 

for 10 min. After subsequent centrifugation (10 min, 4 °C, 14,000 g), the supernatant was 

transferred to a new reaction tube and centrifuged again. 300 μl of the supernatant was mixed 

with 300 μl isopropanol, and the RNA was precipitated for 10 min (4 °C, 14,000 g). The RNA 

pellet was washed with 500 μl of 70% ethanol (v/v), centrifuged, dried at RT, and dissolved in 

25-30 μl ddH2O. The RNA solution was warmed for 10 min at 65 °C in the heating block and 

then centrifuged for 5 min (4 °C, 14,000 g). The RNA concentration was determined on the 

Nano-Drop (Thermo Scientific).  

2.4.7 RNA qualification and DNaseI treatment  

As a rule, 2 μg RNA was diluted in 8 μl ddH2O. 4 μl of the RNA dilution was mixed with 4 μl 

pSPYNE-GUN4 Km/Rif HEMA1 

pSPYCE-GluTR Km/Rif HEMA1 

pSPYCE-CHLH Km/Rif CHLH 

pSPYCE-GUN4 Km/Rif GUN4 

pSPYCE-CHLM Km/Rif CHLM 

pSPYCE-PORA Km/Rif PORA 

pSPYCE-PORB Km/Rif PORB 

pSPYCE-PORC Km/Rif PORC 

pSPYCE-CPP1 Km/Rif CPP1 

pGL1-cpSRP43(SBD) Ap/BASTA cpSRP43 For generation of 

cpSRP43(SBD)-OX 
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of 2x RNA loading buffer and placed on a 1.2 % agarose gel in 0.5x TBE (5xTBE (1 l): 54 g 

Tris-HCl, 27.5 boric acids, 20 ml of 0.5 M EDTA, pH 8.0) separated at 80 V. After qualitative 

and quantitative control of the isolated RNA on a UV table, the remaining RNA solution (4 μl) 

was mixed with 0.5 μl 10x DNase buffer and 0.5 μl DNase I (Table 2.10) and incubated at 37 °C 

for 30 min. Then 0.5 μl of 50 mM EDTA was added, and DNase I was inactivated for 10 min 

at 65 °C. According to the following section, the RNA was reversely transcribed into cDNA 

(Table 2.11). All incubations steps were carried out according to the protocol from Table 2.12 

in a thermal cycler.  

Table 2.10 DNase I digestion 

 

 

 

 

 

 

 

2.4.8 cDNA synthesis  

The reverse transcription of the RNA into cDNA was carried out by means of reverse 

transcriptase using oligo-dT (18) primers. The composition of the reaction mixture is shown in 

Table 2.11. The thermal cycler program used is shown in Table 2.12. Following the reverse 

transcription, the cDNA was diluted 1: 5 with ddH2O.  

Table 2.11 Reverse transcription 

Composition Volume (μl) 

Extracted RNA (1-2 µg) 4 

10× DNase buffer 0.5 

DNase I 0.5 

EDTA (50 mM) 0.5 

Composition Volume (μl) 

DNase treated RNA 5.5 

oligo-dT primer (100 μM) 0.5 

5x RT buffer 2 

10 mM dNTPs 1 
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Table 2.12 Thermo-cycler program for cDNA synthesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
2.4.9 Quantitative PCR  

The gene expression was analyzed using quantitative PCR (qPCR) in a CFX96-C1000 (Bio-

Rad) thermal cycler in 96-well plates. The amplification of the target cDNA was monitored 

using SYBR green, which is embedded into DNA double strands. The composition of a qPCR 

reaction is shown in Table 2.13, and the thermal cycler program used is shown in Table 2.14. 

The primer pairs used to analyze the gene expression are listed in Appendix I. The gene 

expression was evaluated with the CFX-Manager software 1.6 (Bio-Rad) and the method 

implemented in it for the relative quantification of gene expression using the ΔΔC (t) 

method (Pfaffl, 2001). The relative expression of the target gene in a sample “X” (e.g., mutant) 

is then related to the relative expression of the target gene in a control sample (e.g., wild type) 

RiboLock RNase-Inhibitor 0.25 

Reverse Transcriptase RevAid 0.5 

dd H2O 0.25 

Step Temperature (°C) Time (min) 

DNase I treatment 

37 pause 

37 30 

37 pause 

Inactivation of DNase I 65 10 

Reverse transcription 

42 pause 

42 60 

Inactivation RT 

70 10 

4 pause 
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(ΔΔC (t)). 

Table 2.13 Composition of a qPCR reaction mixture 

 

 

 

 

 

 

 

 

Table 2.14 Running program for quantitative PCR 

 

 

 

 

 

 

 

 

 
2.5 Expression and purification of recombinant protein in E. coli 

2.5.1 Expression of recombinant proteins  

The expression of recombinant proteins took place in strains of E. coli. The most important 

modifications in the derivatives of the DE3 strain are the deletion of protease genes LON (lon-) 

and OMP-T (omp-t-) protease, which can degrade heterologous proteins due to their proteolytic 

Composition Volume (μl) 

cDNA 1 

ddH2O 1.7 

10 µM forward primer 0.15 

10 µM reverse primer 0.15 

2×  SYBR green Mix 3 

Step Temperature (°C) Time (s) 

1 95 30 

2 95 10 

3 60 30 

Cycles (Step 1-3): 40x 

4 95 15 

Melting curve 60-95 5 s/ 0.5 °C 
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activity. Since the eu- and prokaryotic translations have different codon preferences, the Rosetta 

strain was constructed for expressing tRNA that is rarely used in E. coli. The expression 

protocol can be summarized: An expression strain was inoculated 1:500 (v/v) to a larger volume 

of 2× YT medium. The culture was then incubated in a shaker (250 rpm) at 37 °C until an OD600 

of 0.8-1.0 (usually 2.5-3 h) was reached. The transgene expression was then induced by adding 

isopropyl-β-D-thiogalactopyranoside (IPTG, usually 1 mM). This lactose analog induces the 

lactose operon (lac operon) by binding the lac repressor, which is inactivated and can no longer 

bind to promoters. As a result, transcriptional factors and RNA polymerases can bind to the 

promoter region, and the corresponding mRNA is transcribed, then the recombinant protein is 

translated. After adding the IPTG, the cultures were incubated at different times and 

temperatures. Then the cultures were harvested by centrifugation, and the cell pellets were 

stored at -20 °C. The expression conditions used in this work for the respective proteins are 

listed in Table 2.15. 

Table 2.15 Expression conditions of recombinant proteins 

Protein Vector Strain Antibiotic Induction 

temperat

ure (°C) 

Induction 

time 

His-AtGUN4 pQE-80L Rosetta Ap/ ChlorA 30 3 h 

His-OsCHLH pET-28a Rosetta Km/ ChlorA 18 Overnight 

His-OsCHLD pET-28a Rosetta Km/ ChlorA 18 Overnight 

His-OsCHLI pET-28a BL21 Km 30 3-4 h 

His-cpSRP43 pET-28a PRIL Km/ ChlorA 37 3-4 h 

His-cpSRP43-SBD pET-28a PRIL Km/ ChlorA 37 3-4 h 

His-

cpSRP43ΔSBD 

pET-28a PRIL Km/ ChlorA 37 3-4 h 

His-

cpSRP43ΔCD2 

pET-28a PRIL Km/ ChlorA 37 3-4 h 

His-

cpSRP43ΔCD3 

pET-28a PRIL Km/ ChlorA 37 3-4 h 
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His-cpSRP54 pET-28a Rosetta Km/ ChlorA 37 3-4 h 

His-cpSRP54M pET-28a Rosetta Km/ ChlorA 37 3-4 h 

His-PORA pET-15b PRIL Ap/ ChlorA 22 3-4 h 

His-PORB pET-15b PRIL Ap/ ChlorA 22 3-4 h 

His-PORC pET-15b PRIL Ap/ ChlorA 22 3-4 h 

His-GluTR pQE-80L BL21 Ap 18 Overnight 

GST pGEX-

4T-1 

PRIL Ap/ ChlorA 37 3-4 h 

GST-cpSRP43 pGEX-

4T-1 

PRIL Ap/ ChlorA 37 3-4 h 

 

2.5.2 Purification of recombinant proteins from E. coli  

The protocol for the purification of the His-tagged recombinant proteins was essentially based 

on the information in the manual “The QIAexpressionist ™” (Qiagen). The bacterial pellet was 

resuspended with 10 ml lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 

8.0) in the first step. The suspension was then treated with ultrasonication (Sonoplus-Bandelin: 

2 min,3 cycles, level 5, frequency 36%) and centrifuged for 30 min at maximum speed (4 °C). 

The supernatant was mixed with 0.25 ml Ni-NTA agarose and incubated on a rotary incubator 

for 1 h at 4 °C. An Amicon Ultra-4 Centrifugal Filter Unit (Merck- Millipore) filled with the 

suspension was opened, and the flow-through was collected. The matrix was washed with 4 ml 

washing buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0) for 4 times, and 

then the bound proteins were eluted with 1 ml of elution buffer (50 mM NaH2PO4, 300 mM 

NaCl, 250 mM imidazole, pH 8.0) for 3 times. All steps were carried out on the ice. Since 

imidazole itself can negatively influence the stability and folding of proteins, it should be 

removed from the protein solution by suitable further processing (see following section 2.5.3).  

The protocol for the purification of the GST tagged recombinant proteins was essentially based 

on the information in the manual “Glutathione Sepharose 4B” (GE Healthcare). In the first step, 

the bacterial pellet was resuspended with 10 ml binding buffer (140 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3). The suspension was then treated with 

ultrasonication (Sonoplus-Bandelin: 2 min,3 cycles, level 5, frequency 36%) and centrifuged 

for 30 min at maximum speed (4 °C). The supernatant was mixed with 50 µl Glutathione 

Sepharose 4B agarose and incubated on a rotary incubator for 1 h at 4 °C. An Amicon Ultra-4 
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Centrifugal Filter Unit (Merck- Millipore) filled with the suspension was opened, and the flow-

through was collected. The matrix was washed with 4 ml binding buffer 4 times, and then the 

bound proteins were eluted with 1 ml of elution buffer (50 mM Tris-HCl, 10 mM reduced 

glutathione, pH 8.0) for 3 times. All steps were carried out on the ice. Since reduced glutathione 

itself can negatively influence the stability and folding of proteins, it should be removed from 

the protein solution by suitable further processing (see following section 2.5.3). 

2.5.3 Dialysis, concentration, buffer exchange, and storage  

All the purified proteins in this work were concentrated after elution using centrifugation 

concentrators (Amicon® Ultra Centrifugal Filters, Merck Millipore). The eluate was 

concentrated to a small volume (~ 200 μl) and diluted with 4 ml PBS buffer (137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.5). This step was repeated three times to 

dilute the imidazole or reduce glutathione about 1,000-fold. About 10% glycerol was added to 

the final protein, and aliquots were fast frozen in liquid nitrogen and stored in a -80 °C freezer. 

The qualitative and quantitative control of the recombinant proteins was carried out using SDS-

PAGE after denatured at 95 °C for 5 min in an SDS loading buffer (50 mM Tris-HCl, 10% 

glycerol (v/v), 2% SDS (w/v), 100 mM DTT, 0.05% bromophenol blue (w/v), pH 6.8) (see 

chapter 2.6.3.1).  

2.6 Analysis of protein extracts from plant 

2.6.1 Protein extraction from leaf tissue  

Whole 14- to 18-day-old rosette seedlings were harvested from each genotype from three to six 

individual plants. When plants had been grown under standard growth conditions or shortly 

after dark treatment, the freshly harvested leaves were ground in liquid nitrogen. Total leaf 

proteins were extracted from the powder using 2× Laemmli buffer (100 mM Tris-HCl, pH 6.8, 

4% (w/v) SDS, 20% (v/v) glycerol, 200 mM DTT and 0.01% Bromophenol Blue) and incubated 

at 95 °C for 10 min. Protein concentrations were determined and are expressed relative to leaf 

FW (fresh weight). For the heat shock experiment, rosette leaves were harvested before or after 

heat treatment and ground in liquid nitrogen. Total leaf protein was extracted from the frozen 

plant material into PEB buffer (2% (w/v) SDS, 56 mM NaCO3, 12% (w/v) sucrose, and 2 mM 

EDTA) by heating the samples for 20 min at 70 °C. Protein concentrations were determined 

using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). All samples in PEB buffer 

were diluted to the same protein concentration, supplemented with 56 mM DTT, and incubated 

at 70 °C for 5 min. 

2.6.2 Determination of the protein concentration  

For proteins extracted with 2× Laemmli buffer, protein concentrations were determined relative 

to leaf FW. Protein concentrations were determined using the Pierce BCA Protein Assay Kit 

for proteins extracted with PEB buffer. For purified recombinant proteins in PBS buffer, the 

concentrations were determined by Bradford reagent and SDS-PAGE.  
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2.6.2.1 Determination of the protein concentration with Bradford reagent  

The SDS- and DTT-free protein extract was mixed with 1 ml Bradford reagent (100 mg 

Coomassie Blue G-250 dissolved in 50 ml 95% ethanol (v/v) and 100 ml of 85% H3PO4 (w/v), 

added ddH2O to 1 l, filtered), incubated for 5 min at RT and then measured the absorption at 

595 nm.  

2.6.2.2 Determination of the protein concentration with BCA reagent  

The protein content was determined using a BCA reagent (Thermo Scientific) following the 

User Guide: Pierce BCA Protein Assay Kit. The absorption of the color complex was 

determined at 562 nm.  

2.6.2.3 Determination of the protein concentration with SDS-PAGE 

The examined protein and different concentrations of standard BSA protein were loaded on the 

SDS-PAGE. After the Coomassie brilliant blue (CBB) staining of the gel, the Image J software 

(NIH) was applied to analyze the intensity of the protein blots. BSA protein concentrations are 

plotted on the standard curve against the intensity of blots then the concentration of examined 

protein can be calculated according to the standard curve. 

2.6.3 Western blot analyses  

2.6.3.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Denatured protein samples were separated electrophoretically on a polyacrylamide gel (10% or 

12% separating gel and 5% stacking gel, Table 2.16). In the case of vegetable protein extracts, 

10-20 μg total protein was applied per lane. The electrophoretic separation took place in an 

electrophoresis chamber filled with 1× running buffer (25 mM Tris, 192 mM glycine, 0.1% 

SDS (w/v)). A voltage of 80 V was initially applied, followed by a 120-140 V voltage for the 

subsequent separation. 

Table 2.16 Recipe for SDS-PAGE gel 

Solution 

Separation gel (ml) Stacking gel (ml) 

10% (5 ml) 12% (5 ml) 5% (2 ml) 

ddH2O 1.9 1.6 1.4 

30% Acrylamide (29:1) 1.7 2 0.33 

1.5 M Tris-HCl pH 8.8 1.3 1.3 - 
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0.5 M Tris-HCl pH 6.8 - - 0.25 

10% SDS 0.05 0.05 0.02 

10% APS 0.05 0.05 0.02 

TEMED 0.002 0.002 0.002 

 

2.6.3.2 Protein blot transfer 

After the proteins had been separated in the polyacrylamide gel, the gels were transferred to a 

Semi-dry blotting apparatus (Bio-Rad). The membrane and filter papers were pre-wetted in 

transfer buffer (20% methanol (v/v), 25mM Tris, 92 mM glycine) for 5 min. The structure for 

transfer consisted of (from bottom to top): 3x filter paper, 1x Nitrocellulose membrane (GE 

Healthcare), polyacrylamide gel, and 3x filter paper. The protein transfer took place with 50 

mA per gel area in the transfer buffer. After 1.5 h, the membrane was stained in Ponceau 

solution (0.1% Ponceau S (w/v), 5% acetic acid (v/v)) and then decolored with water.  

2.6.3.3 Immunoblotting assay 

The detection of specific proteins in a protein extract was carried out using antibody detection. 

Initially, the unspecific proteins were blocked in 4% milk in TBS (20 mM Tris-HCl, 150 mM 

NaCl, pH 7.4) at RT for one hour. The membranes were then washed 1x for 5 min with TBST 

(20 mM Tris-HCl, 150 mM NaCl, 0.1% (v/v) Tween-20, pH 7.4) and then 2x for 5 min with 

TBS. The incubation with the primary antibody specific for the target protein (Table 2.17) (2% 

milk in TBS) was carried out for 2 h at RT or overnight at 4 °C. The membranes were then 

rewashed (1x for 5 min with TBST and then 2x for 5 min with TBS) and incubated with the 

secondary antibody specific for the primary antibody (IgG, peroxidase coupled, 2% milk in 

TBS). After washing again (1x for 5 min TBST, 4x for 5 min TBS), the membranes were 

incubated with the ClarityTM Western ECL Blotting Substrate (Bio-Rad), and Immunoblotting 

signals were detected with the ChemoStar Touch Imager (v.0.5.61, Intas Biopharmaceuticals). 

Table 2.17 Antibodies used in this study 

Antibodies Description Dilution Source 

α-GluTR Rabbit IgG against AtGluTR1 1:1,000 (Hedtke et al., 2007) 

α-GSAT Rabbit IgG against AtGSAT 1:2,000 (Grimm et al., 1989) 

α-GUN4 Rabbit IgG against AtGUN4 1:2,000 (Peter and Grimm, 2009) 
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α-PORB Rabbit IgG against AtPORB 1:1,000 

this lab 

α-PORC Rabbit IgG against AtPORC 1:1,000 

α-CHLM Rabbit IgG against AtCHLM 1:500 (Richter et al., 2016) 

α-POR Rabbit IgG against AtPORA/B 1:5,000 Agrisera 

α-CHL27 Rabbit IgG against AtCHL27 1:1,000 Agrisera 

α-LHCa1 Rabbit IgG against AtLHCa1 1:2,500 Agrisera 

α-LHCb1 Rabbit IgG against AtLHCb1 1:2,500 Agrisera 

α-cpSRP43 Rabbit IgG against AtcpSRP43 1:2,500 (Schünemann et al., 1998) 

α-cpSRP54 Rabbit IgG against AtcpSRP54 1:2,500 (Schünemann et al., 1998) 

α-CHLH Rabbit IgG against AtCHLH 1:1,000 
D.-P. Zhang (Tsinghua 

University) 

α-CHLI Rabbit IgG against peaGSAT 1:5,000 
From Meizhong Luo's lab  

(Zhou et al., 2012) 

α-6xHIS 

Mouse IgG coupled to 

peroxidase against 6x histidine 

polypeptide 

1:2-

4,000 
Sigma 

α-GST 
Mouse IgG coupled to 

peroxidase against GST tag 
1:1,000 Sigma 

α-GFP 

Mouse IgG coupled to 

peroxidase directed against 

Green Fluorescence Protein 

1:2,000 Sigma 

α- mouse - 1:5,000 Agrisera 

α- rabbit - 1:5,000 Agrisera 
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2.7 Blue native polyacrylamide gel electrophoresis (BN-PAGE) 

Blue native PAGE (BN-PAGE) was used to study the protein complexes in the chloroplast. 

Here, 4-12.5% gradient gels were used, and the composition of the solutions required for this 

is listed in Table 2.15. Intact chloroplast with Chl content of 1 μg/μl was suspended in BTHG 

buffer (25 mM BisTris-HCl pH 7.0, 30 % Glycerin (v/v)). To solubilize the thylakoid 

membrane-associated proteins, 0.8% n-dodecyl-β-D-maltopyranoside (DDM) was added and 

incubated on ice for 10 min. After the undissolved membrane fraction had been removed by 

centrifugation (10 min, 14,000 g, 4 °C.), 0.1 volume of 10× BN buffer (100 mM BisTris-HCl, 

0.5 M 6-aminocaproic acid, 30% glycerin, 0.05% Coomassie Brilliant Blue G250, pH 7.0) was 

added to the supernatant and loaded onto the gradient gel. The 1x cathode buffer (10x cathode 

buffer: 0.5 M Tricine, 150 mM BisTris-HCl, pH 7.0) and the 1x anode buffer (5x anode buffer: 

0.25 M BisTris-HCl, pH 7.0) were used for running this electrophoresis. At the beginning of 

the electrophoresis, a cathode buffer with 0.01% Coomassie Blue G250 was used, which was 

exchanged for a cathode buffer without Coomassie Blue G250 about halfway through the 

electrophoresis. To separate the complexes, the initial voltage of 50 V was increased by 25 V 

every 30 min until a maximum voltage of 200 V was reached. The photosynthetic complexes 

were separated at 200 V until the migration front reached the bottom of the gel. The banding 

pattern was then recorded photographically. If the protein complexes were also to be separated 

in the second dimension, the gel was incubated in 1x SDS sample buffer (50 mM Tris-HCl pH 

6.8, 10% (v/v) glycerin, 2% (w/v) SDS, 50 mM DTT, 0.002% bromophenol blue) for 30 min 

and then loaded onto a 12% SDS gel. The second dimension was separated as usual (chapter 

2.6.3.1). 

Table 2.18 Composition of the solutions for 4-12.5% gradient gel 

Solution 

Separation gel (ml) Stacking gel (ml) 

4% 12.5% 4% 

ddH2O 1.257 0.125 1.72 

40% Acrylamide 0.25 0.781 0.3 

3x Gel buffer 0.833 0.833 1 

75% Glycerol 0.15 0.75 - 

10% APS 0.0075 0.0075 0.016 

TEMED 0.003 0.003 0.006 
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3x Gel buffer: 150 mM BisTris-HCl, 1.5 M 6-aminocaproic acid, pH 

7.0 

 

2.8 Extraction and analysis of intermediates and end products of TBS  

2.8.1 Extraction  

The intermediates ProtoIX, MgP, MgMME, Pchlide, Chlide, and end products Chl a, Chl b, 

and heme of TBS were isolated sequentially from a sample. About 50-100 mg of plant material 

was harvested, ground in a steel ball mill (Retsch mill, 1.5 min, 27 Hz) in liquid nitrogen, and 

directly weighted to determine the FW. For deciding the DW (dry weight), samples were 

lyophilized overnight (at least 12 h) and then weighted with a balance (Sartorius).  

TBS intermediates and end-products were extracted from frozen or lyophilized leaf powders in 

400 μl cold alkaline acetone (acetone: 0.2 M NH4OH, 9:1, v/v) at -20 °C for at least 1 h, vortex 

three times during the extraction. After centrifugation (14,000 g, 20 min, 4 °C), the supernatant 

was subjected to HPLC. After removing the supernatant, non-covalently bound heme was 

extracted from the pellet using AHD buffer (acetone: hydrochloric acid: dimethylsulfoxide, 

10:0.5:2, v/v/v) for at least 20 min at RT and then centrifuged at 14,000 g for 20 min at RT. 

The supernatant obtained was then subjected to HPLC analyses.  

2.8.2 HPLC analyses                   

As part of this work, many intermediates and end products of the tetrapyrrole metabolic 

pathway were analyzed using HPLC, which was conducted using the Agilent 1100 or 1290 

HPLC system equipped with a diode array and fluorescence detectors (Agilent Technologies). 

The Agilent ChemStation for liquid chromatography system (product no. G2170BA) was used 

in the HPLC analyses. The HPLC programs and parameters specific to each molecule are shown 

in Appendix II for clarity.  

2.8.3 Measurement of Chl a/b by spectrophotometer 

As an alternative to HPLC, Chl content was determined using a spectrophotometer. For this 

purpose, the pigments were isolated with alkaline acetone (acetone: 0.2 M NH4OH, 9:1, v/v) 

from plant material or chloroplast or thylakoid preparations. The determination was carried out 

according to (Lightenthaler, 1987). Table 2.19 shows the calculation formula.  

Table 2.19 Spectrophotometric determination of Chl. 

Pigments Formula for calculation (μg/ ml) 

Chl a 12.25 x (A663nm - A720nm) - 2.79 x (A646nm - A720nm) 
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Chl b 21.50 x (A646nm - A720nm) - 5.10 x (A663nm - A720nm) 

 

2.9 Chloroplast isolation 

Arabidopsis plants were grown on soil for a short day at 100 μmol photons m-2 s-1 for four 

weeks to isolate intact chloroplasts. Plants of a dish were mixed with 500 ml homogenization 

buffer (450 mM sorbitol, 20 mM tricine, 10 mM EDTA, 10 mM NaHCO3, 0.1% BSA (w/v), 

pH 8.4 with KOH) in a modified Waring Blender (2x 4s lowest level). The homogenate was 

filtered through a layer of Miracloth (Merck) into a centrifuge beaker, and the chloroplasts were 

pelleted at 500 g for 8 min at 4 °C (acceleration: maximum, brake: maximum). The pellet was 

taken up in 1-2 ml 1x resuspension buffer (RB buffer: 300 mM sorbitol, 20 mM tricine, 2.5 mM 

EDTA, 5 mM MgCl2, pH 8.4 with KOH) and placed on a Percoll with a cut tip. The step 

gradient consisted of a pillow of 13 ml 80% Percoll (v/v) (for 30 ml: 24 ml Percoll, 6 ml 5x 

RB), which was filled with 12 ml 40% Percoll (v/v) (for 30 ml: 12 ml Percoll, 6 ml 5x RB, 12 

ml H2O). The loaded gradient was centrifuged for 30 min at 6,500 g in a swingout rotor at 4 °C. 

(acceleration: minimum and no brake). After centrifugation, the chloroplasts collected at the 

interface between 80% and 40% Percoll, while the thylakoids/ defective chloroplasts could not 

penetrate the gradient. The band of thylakoids was discarded, the intact chloroplasts were 

transferred to 20 ml 1x RB, carefully swirled, and then centrifuged again (6 min, 3,800 g, 

swing-out rotor, 4 °C, acceleration: minimum, no brake). After centrifugation, the supernatant 

was discarded, and the chloroplast pellet was taken up in 500-1000 μl 1x RB. Alternatively, the 

chloroplasts were lysed in RB buffer without sorbitol or taken up in a buffer specific for the 

subsequent experiment. All work was carried out quickly in the cold room or on ice.   

2.10 Protein-protein interaction studies 

2.10.1 Microscale thermophoresis (MST) 

All MST reagents and consumables were purchased from NanoTemper Technologies. His-

GUN4 and His-GluTR were labeled using the Protein Labeling Kit RED-NHS. The labeling 

reaction was performed according to the manufacturer's instructions in the supplied labeling 

buffer by applying a concentration of 20 μM protein (ratio of molar dye to protein, ~3:1) at 4 °C 

for 30 min. Unreacted dye was removed with the supplied dye removal column equilibrated 

with PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH 7.5). 

The degree of labeling was determined using UV spectrophotometry at 650 nm and 280 nm and 

was typically 0.75. The labeled His-GUN4 was adjusted to 40 nM with MST buffer (50 mM 

Tris-HCl, pH 7.8, 150 mM NaCl, and 10 mM MgCl2) supplemented with 0.05% Tween 20. The 

ligand-protein cpSRP43 and its truncated proteins were dissolved in PBS buffer, and a series 

of 16 1:1dilutions was prepared using the same buffer, producing ligand concentrations ranging 

from 6.1 nM to 200 μM. For the measurement, each ligand dilution was mixed with one volume 

of labeled His-GUN4, which led to a final concentration of His-GUN4 of 20 nM and final ligand 

concentrations ranging from 3.05 nM to 100 μM. After 10 min of incubation followed by 
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centrifugation at 14,000 g for 5 min at 4 °C, the samples were loaded into Premium Monolith 

NT.115 Capillaries. MST was measured using a Monolith NT.115 instrument (NanoTemper 

Technologies) at a constant temperature of 30 °C. The instrument parameters were adjusted to 

60% LED power and medium MST power. Data from three independently pipetted 

measurements were analyzed (MO. AffinityAnalysis software v.2.1.3, NanoTemper 

Technologies) using the signal from an MST-on time of 2.5 s. Plot fitting and Kd estimation 

were achieved using nonlinear regression analysis in GraphPad Prism v.9.1.2 (226). 

Specifically, the equation Biphasic, X is log (concentration) was used to fit cpSRP43-FL and 

SBD+CD3, and the equation Agonist versus response (three parameters) was used for the fitting 

of the other truncated cpSRP43 proteins.   

2.10.2 In vitro and in vitro pull-down assays 

In vitro GST pull-down analysis was performed as described previously (Wang et al., 2018) 

with the following modifications. Purified recombinant GST and GST-cpSRP43 were used as 

baits and incubated with purified His-GUN4 or His-CHLH at 4 °C overnight in a binding buffer 

(25 mM Tris-HCl, pH 7.8, 150 mM NaCl, 5 mM MgCl2, 10% (v/v) glycerol and the cOmplete 

protease inhibitor cocktail). A 10 μl aliquot of an equilibrated 50% (v/v) slurry of Glutathione 

4B Agarose (GE Healthcare) was added to each tube and incubated for 1 h at 80 rpm at 4 °C. 

The agarose was collected by centrifugation (2,800 g, 30 s, 4 °C) and washed three or four times 

with a binding buffer. The proteins bound to GST-cpSRP43 or GST were eluted with a binding 

buffer containing 10 mM reduced glutathione, denatured in 2× Laemmli buffer, and finally 

subjected to SDS-PAGE immunoblot analyses. 

For in vitro His pull-down analysis, purified His-GluTR, His-CHLH, and His-GUN4 proteins 

were used as baits and first incubated with 50 μl of an equilibrated 50% (v/v) slurry of Ni-NTA 

in the binding buffer (300 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 20 mM 

imidazole and 2 mM DTT, pH 7.3) for 1 h at 80 rpm at 4 °C. Then, the purified GST or GST-

cpSRP43 was added and incubated at 15 °C or 30 °C for 1 h. The Ni-NTA agarose was collected 

by centrifugation (2,800 g, 30 s, 4 °C) and washed three or four times using wash buffer (50 

mM NaH2PO4, 20 mM imidazole, and 300 mM NaCl, pH 8.0). Finally, His-tagged proteins and 

their potential interaction proteins were eluted with elution buffer (50 mM NaH2PO4, 250 mM 

imidazole, and 300 mM NaCl, pH 8.0). The eluted proteins were denatured in 2× Laemmli 

buffer and separated on a 12% SDS-PAGE gel. The proteins bound to His-tagged GluTR, 

CHLH, and GUN4 were analyzed by immunoblotting using the indicated antibodies. 

In vivo, His pull-down analysis was performed as described previously (Wang et al., 2018) with 

the following modifications. Purified His-cpSRP43 protein (50 µg) was used as bait and 

incubated with total chloroplast extracts (100 µg of Chl), which had been solubilized with 1% 

(w/v) DDM in binding buffer (25 mM Tris-HCl, pH 7.8, 150 mM NaCl, 5 mM MgCl2, 10% 

glycerol (v/v), cOmplete protease inhibitor) overnight at 4 °C. Solubilized total chloroplast 

extracts that had not been incubated with His-cpSRP43 were used as a negative control. An 

aliquot (50 µl) of an equilibrated 50% (v/v) slurry of Ni-NTA agarose (ThermoFisher 
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Scientific) was then added to each tube and incubated for 1 h at 80 rpm at 4 °C. All subsequent 

steps were carried out as described above. 

2.10.3 BiFC assay 

cDNA fragments encoding full-length cpSRP43 or GUN4 were cloned into the pSPYNE vector 

(fusing them to the N-terminal half of YFP, YFPn), whereas the full-length coding sequences 

of CHLH, GUN4, and CHLM were cloned into pSPYCE (fusing them to the C-terminal half of 

YFP, YFPc). The BiFC constructs were transiently transformed into the abaxial epidermal cells 

of N. benthamiana leaves using Agrobacterium tumefaciens strain GV2260. After three days in 

darkness, the infiltrated leaf areas were analyzed for YFP fluorescence with an LSM 800 

confocal microscope (Carl Zeiss). YFP signals were detected at excitation/emission (ex/em) 

514/530-555 nm, while Chl fluorescence was visualized at ex/em 514/600-700 nm. Fluorescent 

signals were captured by using the Leica Application Suite AF (v.2.7.9723.3).  

2.10.4 Co-Immunoprecipitation of cpSRP43 from plant extracts  

Intact chloroplasts (100 μg of Chl) isolated from wild type (Ler-0) or transgenic plants 

expressing cpSRP43-FLAG, cpSRP43ΔCD2-FLAG, or cpSRP43ΔCD3-FLAG were 

solubilized in binding buffer (25 mM Tris-HCl, pH 7.8, 150 mM NaCl, 5 mM MgCl2, 10% (v/v) 

glycerol and cOmplete protease inhibitor cocktail). The Chl concentrations of the extracted 

chloroplasts were adjusted to 1-1.2 μg/μl. The thylakoids were then solubilized with 1% (w/v) 

DDM in a binding buffer for 10 min on ice. After centrifugation (14,000 g, 10 min, 4 °C), the 

supernatant was incubated at room temperature for 2 h with 10 μl of anti-FLAG affinity gel 

(Biotool). When analyzed the protein binding affinity after heat treatment, the incubation was 

performed at 4 °C for 1 h. The agarose beads were then pelleted by centrifugation (2,800 g, 30 

s, 4 °C) and washed four times to remove non-specifically bound proteins. Finally, cpSRP43, 

cpSRP43ΔCD2, or cpSRP43ΔCD3-FLAG and their interaction partners were eluted from the 

agarose beads with 2× Laemmli buffer and subjected to SDS-PAGE and immunoblot analyses. 

2.11 Enzyme activity assays 

2.11.1 Measurement of ALA synthesis capacity 

To determine ALA synthesis rates in seedlings of the various lines of interest, whole rosette 

leaves were excised from 18-day-old plants, weighed to determine FW, and incubated in 5 ml 

of 50 mM Tris-HCl (pH 7.2) containing 40 mM levulinic acid (Sigma-Aldrich) for 3 h under 

standard growth conditions. The leaf materials were then frozen and homogenized in liquid 

nitrogen before resuspension in 0.5 ml of 20 mM potassium phosphate buffer (pH 7.2). After 

centrifugation at 14,000 g for 5 min at 4 °C, 0.4 ml of the homogenate was mixed with 0.1 ml 

of ethyl acetoacetate (Sigma-Aldrich) and boiled for 10 min. The chilled samples were then 

mixed with 0.5 ml of Ehrlich's reagent (373 ml of acetic acid, 90 ml of 70% (v/v) perchloric 

acid, 1.55 g of HgCl2, 9.10 g of 4-dimethylamino benzaldehyde and 500 ml of ddH2O) and 

centrifuged at 14,000 g for 5 min at 4 °C. The absorption of the ALA pyrrole was measured at 

525, 553, and 600 nm. The ALA content was calculated using a standard dilution curve of 
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authentic ALA solutions (Sigma-Aldrich) and normalized to the incubation time and FW of leaf 

material used. 

2.11.2 MgCh activity assay  

The MgCh assay was performed as described previously (Zhou et al., 2012) using 150 μl of a 

mixture containing 2.5 μM CHLH, 1 μM CHLD, 1 μM CHLI, and 2.5 μM GUN4 in assay 

buffer (50 mM Tricine-KOH, pH 8.0, 15 mM MgCl2, 0.2 mM DTT, 1 mM ATP, and 10 μM 

Proto). His-tagged cpSRP43, cpSRP43ΔSBD, CHLH, GUN4, and Proto in MgCh assay buffer 

(overall 100 μl) were pre-incubated in darkness for 30 min on ice, while CHLD and CHLI were 

separately pre-incubated in 50 μl of MgCh assay buffer. The two mixtures were then warmed 

for 5 min at 30 °C and combined in the 96-well plate to start the assay. MgP formation was 

continuously monitored by spectrofluorometry using a 96-well plate reader mounted on a 

Hitachi F7000 fluorescence photometer. Excitation and emission wavelengths were set to 416 

nm and 595 nm, respectively, with slit widths of 5 nm (ex) and 10 nm (em). The delay time for 

each scan was 5 min, and the whole scan time was indicated in the figure legend. The absolute 

amounts of MgP formed were calculated from a standard curve. A 30 μl sample of the reaction 

solution was boiled in 2× Laemmli buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 

200 mM DTT, and 0.01% Bromophenol Blue) and applied to a 12% SDS-PAGE to determine 

the protein levels at the end of the reaction.  

2.11.3 POR activity assay at room temperature 

2.11.3.1 Pchlide extraction for POR activity assay 

The barley seeds were sown on GS-90 medium with some water. Then they were transferred to 

a cold room for 2 daysand then exposed to light for 2 h. Put in a dark room for about 6 

daysafterward, cut and collected the seedlings, and put them on a plate. Feed the seedlings with 

1 mM ALA (pH 7.5) in the darkness overnight. Ground the seedlings in liquid nitrogen with 

mortar. When it became powder, 25 ml extraction buffer (Acetone: 0.1 N NH4OH (9:1)) was 

added and then transferred to a 50 ml falcon tube. 8,000 g, 4 °C, 5 min centrifugation before 

transferring the supernatant to a new tube. Then washed the supernatant with 1:1 n-Hexane. 

The below fraction (light green) should be kept and repeated to be washed 2 times. The final 

below fraction was kept as the Pchlide and the concentration of Pchlide was determined by 

HPLC.  

2.11.3.2 POR activity assay 

POR activity was examined at ambient temperature in PBS buffer containing 5mM DTT, 0.05 

mM NADPH. The reaction was performed in a fluorescence cuvette (1×1 cm cuvette, for a 

sample volume of 2 ml) placed in the fluorometer's sample holder (Perkin Elmer LS-50B). 

Fluorescence emission spectra were usually recorded from 600 nm to 720 nm with a 240 mm/ 

min scanning speed. The excitation wavelength was 440 nm. Excitation and emission slits were 

5 nm. The first two emission spectrums were recorded immediately after the mixture of Pchlide 

(about 2 μM) and NADPH. POR activity was measured as soon as possible after adding 0.05 
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μM POR. The spectral curves were automatically collected one after another for several min, 

with stirring of the sample. The fluorescence intensity at 680 nm indicates the concentration of 

product Chlide.  

2.12 Measurement of Chaperone Activity   

To investigate cpSRP43 and cpSRP54's chaperone activity towards PORB, 2 µM His-PORB 

was incubated in PBS buffer at 42 °C with various concentrations of cpSRP43, cpSRP54M and 

cpSRP43ΔSBD. Aggregation of His-PORB (2 µM) in response to 5-10 mM H2O2 was 

examined for 20 min at 30 °C with different amounts of cpSRP43 and cpSRP54M. Aggregation 

of His-PORB induced by heat or H2O2 was determined by monitoring the turbidity arising 

(A340nm) at 2-min intervals by using a temperature-controlled spectrophotometer (SPECTRA 

max M2; Molecular Devices). To investigate the consequence of aggregation caused by point 

mutation, 2 µM His-GluTR and His-GluTR (V99T/V151T) in PBS buffer were subjected to a 

42 °C heat treatment. The heat-induced aggregation of GluTR was also determined by 

monitoring the turbidity arising (A340nm) at 2-min intervals. 

2.13 Rapid separation of soluble and membrane-bound proteins 

Leaf material (20 mg) was harvested and homogenized in liquid nitrogen. Samples were 

dissolved in 200 µl PBS buffer (20 mM sodium phosphate buffer and 150 mM NaCl, pH 7.4). 

Then, 120 µl of the remaining sample was centrifuged at 14,000 g for 30 min. One volume of 

the supernatant was added to 1 volume of 4x Laemmli buffer and served as the soluble fraction. 

Pellets (membrane fraction) were dissolved in 120 µl PBS buffer and added to 120 µl 

4×Laemmli buffer. Equal volumes of each extract were loaded on a 12% SDS-polyacrylamide 

gel. Proteins were separated and analyzed by immunoblotting. 

2.14 Image processing and graphic evaluation 

Image files (Western blots, protein gels, photographs, etc.) were processed with Photoshop CS3 

(Adobe) and Inkscape (https://inkscape.org/). Blot signals of proteins were quantified 

densitometrically with the Image J software (NIH). Graph Pad Prism 8.0  (www.graphpad.com) 

showed the graphical representation of measurement results. The protein's crystal structure was 

analyzed with pyMOL (Educational edition).  

  

https://inkscape.org/
http://www.graphpad.com/
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3 Results 

3.1 Chloroplast SRP43 autonomously protects Chl biosynthesis proteins against heat 

shock 

3.1.1 cpSRP43 deficiency impairs the metabolic flow of Chl biosynthesis 

To identify TBS clients for cpSRP43, the metabolic flow through the TBS pathway was re-

examined in seedlings of wild type (Landsberg erecta, Ler-0), cpSRP43 knockout mutant 

(chaos) (Klimyuk et al., 1999), and cpSRP43-OX (constitutive expression of cpSRP43 driven 

by the CaMV 35S promoter in the background of chaos). The chaos mutant showed a retarded 

growth and pale-green leaf phenotype, fully recovered by overexpressing cpSRP43 (Figure 

3.1A). The ALA synthesis rate in chaos was strongly reduced and correlated with reduced Chl 

levels (Figure 3.1B-C). In contrast, the amount of non-covalently bound heme was not altered 

in chaos and cpSRP43-OX compared to wild-type seedlings (Figure 3.1D). These results 

strongly suggest that cpSRP43 is specifically required for Chl synthesis. Consistent with the 

lower ALA synthesis rate and Chl levels in chaos, the levels of the Chl precursors Proto IX, 

MgP, MgPMME, and Pchlide were also drastically decreased in chaos (Figure 3.1E). The 

decreased ALA synthesis capacity and lower levels of Chl precursors in chaos were rescued by 

constitutive expression of cpSRP43, pointing to a specific requirement for cpSRP43 to maintain 

efficient Chl synthesis. 
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Figure 3.1 cpSRP43 is required to maintain efficient Chl synthesis. A, A representative 

image of 18-day-old chaos, cpSRP43-OX, and wild-type (Ler-0) plants grown under standard 

conditions (16 h light/8 h dark, 100 μmol photons m-2 s-1). Scale bar, 1 cm. B-E, ALA synthesis 

rates (B) and levels of Chl a/b (C), Heme (D), and TBS metabolic intermediates ProtoIX, MgP, 

MgMME, Pchlide (E) in 18-day-old Ler-0, chaos and cpSRP43-OX grown under standard 

conditions. FW, fresh weight. All values are plotted as means ± s.d. (n = 4 independent samples 

for ALA synthesis rate and n = 3 independent samples for the others). The small open circles 

represent the individual data points. The letters above the histograms indicate significant 

differences, as determined by one-way analysis of variance (ANOVA) with Tukey’s test (P < 

0.05). 

3.1.2 cpSRP43 deficiency reduces steady-state levels of GluTR, CHLH and GUN4 

The steady-state levels of TBS proteins in chaos were compared with those in cpSRP43-OX 

and Ler-0 (Figure 3.2A). In agreement with previous observations, amounts of GluTR were 

reduced by approximately 25% in chaos, while levels of MgP methyltransferase (CHLM) and 

MgPMME oxidative cyclase (CHL27) were unaltered (Wang et al., 2018). Similar to GluTR, 

the steady-state levels of CHLH and GUN4 were significantly decreased in chaos compared 

with Ler-0 and were restored to wild-type levels in cpSRP43-OX. Although the contents of 

GluTR, CHLH, and GUN4 were slightly reduced in chaos compared to wild type, these data 

were statistically and significantly different (Figure 3.2B). The positions of GluTR, CHLH, and 

GUN4 in the TBS pathway were indicated in the scheme (Figure 3.2C). Taken together, 

cpSRP43 contributes to the control of the TBS pathway by regulating the stability of two key 

enzymes, GluTR and MgCh, in the TBS pathway.  

 

 

 

 

 

 

Figure 3.2 Steady-state levels of GluTR, CHLH and GUN4 in Ler-0, chaos and cpSRP43-

OX. A. Steady-state levels of TBS proteins in 18-day-old Ler-0, chaos, and cpSRP43-OX under 

standard growth conditions were quantified by immunoblotting using the indicated antibodies. 

The Ponceau S-stained large subunit of RuBisCO (RbcL) is shown as a loading control. B, 

Semiquantitative analysis of the immunoblots with Image J software (NIH) in A. The relative 
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amounts of GluTR, CHLH, and GUN4 in chaos and cpSRP43-OX were normalized to the levels 

in Ler-0. The data are plotted as means ± s.d. (n = 4 independent biological repeats). The small 

open circles represent the individual data points. The statistical analysis was performed using 

two-tailed Student’s t-tests. The asterisks indicate significant differences compared with protein 

levels in Ler-0: *P < 0.05, **P < 0.01. C. Scheme of the TBS pathway in plants. The key 

enzymes regulated by cpSRP43 are highlighted in reddish-brown. GluRS, glutamyl-tRNA 

synthetase.  

3.1.3 Post-translational regulation of cpSRP43 stabilizes GluTR, CHLH and GUN4  

The two constituents, cpSRP43 and cpSRP54, contribute to the cpSRP pathway. Thus, I 

assumed whether the cpSRP54 deficiency could also lead to the decreased levels of GluTR, 

CHLH and GUN4. Therefore, the steady-state levels of these TBS proteins in the cpSRP54-

deficient mutant ffc (Pilgrim et al., 1998) were compared to those in the wild type (Col-0). 

Although ffc also showed a pale-green and retarded growth phenotype (Figure 3.3A), the similar 

levels of GluTR, CHLH, and GUN4 in ffc and wild type (Figure 3.3B-C) imply that cpSRP54 

does not directly regulate the steady-state levels of these TBS proteins. Thus, cpSRP43 is the 

sole component of the cpSRP complex, which acts on the stability of the TBS proteins. 

In order to know whether the reduced GluTR, CHLH, and GUN4 levels in chaos correspond to 

compromised gene expressions, the transcriptional levels of HEMA1(gene encoding GluTR), 

CHLH, and GUN4 were quantified by using qRT-PCR analysis. The mRNA levels of these 

three genes were not altered in both chaos and cpSRP43-OX compared with these in wild type 

(Figure 3.3D), indicating that the reduced levels of GluTR, CHLH, and GUN4 in response to 

cpSRP43 deficiency are not due to the down-regulation of their corresponding genes, but likely 

to a post-translational response. All in all, these observations also suggest a cpSRP43 function 

in addition to GluTR (Wang et al., 2018) in the post-translational control of CHLH and GUN4. 
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Figure 3.3 cpSRP43 stabilizes GluTR, CHLH and GUN4 in post-translational control. A, 

Phenotype of the 18-day-old cpSRP54 knock-out mutant (ffc) and wild type (Col-0) in long-

day (18 h light/ 6 h dark). Scale bar, 1 cm. B, Steady-state levels of TBS proteins in the wild 

type and ffc were detected by immunoblotting using the indicated antibodies. The Actin and 

ponceau-stained RbcL are shown as loading controls. C, Semiquantitative analysis with Image 

J software (NIH) of the immunoblots in B. The relative amounts of GluTR, CHLH and GUN4 

in ffc were normalized to the levels in Col-0. The data are plotted as means ± s.d. (n = 3 

independent biological replicates). The small open circles represent the individual data points. 

The statistical analysis was performed using two-tailed Student’s t-tests. No asterisk indicates 

no significant differences compared to protein levels in Ler-0: * P < 0.05, **P < 0.01. D, 

Relative quantities of mRNA from HEMA1, CHLH and GUN4 genes in 18-day-old Ler-0, 

chaos and cpSRP43-OX grown under standard growth conditions. The gene expression levels 

were calculated relative to that in Ler-0, using SAND as the reference gene. All values are 

plotted as means ± s.d. (n = 3 independent samples). The small open circles represent the 

individual data points. The letters above the histograms indicate significant differences, as 

determined by one-way analysis of variance (ANOVA) with Tukey’s test (P < 0.05). 

3.1.4 cpSRP43 interacts directly with GluTR, CHLH and GUN4 

As cpSRP43 deficiency causes a reduction of the steady-state levels of GluTR, CHLH and 

GUN4, it is interesting to find out the molecular mechanism of this protein instability. GluTR 

has already been examined by bimolecular fluorescence complementation (BiFC) to interact 

directly with cpSRP43 (Wang et al., 2018). Therefore, the BiFC assay was also performed with 

CHLH and GUN4. Gene constructs encoding the N-terminal half of the split yellow fluorescent 

protein (YFPn) fused with the cpSRP43 and the C-terminal half (YFPc) with CHLH, GUN4 or 

CHLM (as negative control) were generated in binary vectors, which were used for the transient 

leaf transformation of Nicotiana benthamiana. The co-expressions of the fusion gene products 

were analyzed in epidermal and parenchyma cells. Co-expressions of cpSRP43 with GluTR 

(for confirmation and positive control) and with CHLH and GUN4 reconstituted YFP 

fluorescence in chloroplasts for the first time. As a negative control, cpSRP43-YFPn co-

expressed with CHLM-YFPc did not result in a YFP signal, indicating a specificity of the 

interaction of cpSRP43 with GluTR, CHLH and GUN4 (Figure 3.4A). 
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To verify these interactions, an in vitro pull-down assay was carried out. In this approach, 5 μM 

of purified recombinant GST or GST-cpSRP43 was used as bait and incubated with His-tagged 

CHLH and GUN4 (10 µM). The proteins bound to GST-cpSRP43 and GST were eluted with 

buffer containing 10 mM reduced glutathione. Aliquots of the input and elution fractions were 

probed with the indicated antibodies. CHLH and GUN4 were immunologically detectable in 

the eluate after incubation with GST-cpSRP43, but not with GST and agarose beads (Figure 

3.4B-C). Taken together, two different approaches for analyzing protein-protein interaction 

verified the physical interaction of cpSRP43 with GluTR, CHLH and GUN4 and confirmed a 

direct impact of cpSRP43 deficiency on the stability of these enzymes. 

 

 

 

 

 

 

 

  

Figure 3.4 Physical interactions of cpSRP43 with CHLH and GUN4. A, BiFC demonstrates 

that cpSRP43 interacts with CHLH and GUN4. The co-expression of cpSRP43-YFPn with 

CHLM-YFPc served as the negative control, and that of GUN4-YFPn with CHLH-YFPc served 

as the positive control. Scale bars, 20 μm. B-C, CHLH (B) and GUN4 (C) bound to cpSRP43 

were detected by in vitro GST pull-down assays. Recombinant purified GST-cpSRP43 (5 μM) 

was used as bait and incubated with His-tagged CHLH or GUN4 (10 μM). The proteins bound 

to GST-cpSRP43, or GST were eluted with buffer containing 10 mM reduced glutathione. The 

input and elution fractions were analyzed by immunoblot using the indicated antibodies. 

3.1.5 cpSRP43 does not affect the MgCh activity  

Since cpSRP43 stabilizes CHLH and GUN4 by physical interaction, I wondered whether 

cpSRP43 also affects the enzymatic activity of MgCh. Therefore, MgCh enzyme assays were 

conducted with and without cpSRP43 to identify the impact of cpSRP43 on MgCh activity. 

Since the SBD domain is essential for cpSRP43 to interact with its clients such as LHCP and 

GluTR (Liang et al., 2016; Wang et al., 2018), here the cpSRP43ΔSBD is regarded as the 

negative control for the assay. The supply of cpSRP43 did not alter the catalytic activity of 

MgCh regardless of the presence or absence of GUN4 (Figure 3.5A-B). Similar results were 

obtained when cpSRP43ΔSBD was supplied, indicating that cpSRP43 does not modulate the 
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MgCh activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. In vitro enzyme assays of MgCh. A, Time course curves of the MgCh enzyme 

assay with fluorescence detection of MgP (Ex 416 nm/Em 595 nm). The data are plotted as 

mean ± s.d. (n = 3 independent experiments). B, Recombinant proteins used in the assay were 

stained by Coomassie Brilliant Blue. 

3.1.6 cpSRP43 is not involved in the retrograde singling pathway 

Communication between cellular compartments is vital for development and environmental 

adaptation. Signals emanating from organelles, which are also designated retrograde signals, 

coordinate nuclear gene expression during plant development and in response to the functional 

status of the organelle (Wu and Bock, 2021). In the course of plastid development, nuclear-

encoded PHOTOSYNTHESIS-ASSOCIATED NUCLEAR GENES (PhANGs), such as LIGHT 

HARVESTING CHLOROPHYLL-BINDING PROTEINS (LHCPs), RuBisCO SMALL 

SUBUNIT (RBCS), PLASTOCYANIN (PC), CHLOROPLAST PROTEIN 12 (CP12) and 
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CARBONIC ANHYDRASE1 (CA1), are also controlled by these plastid-derived signals.  

However, when plastid biogenesis is disturbed, PhANGs are repressed (Susek et al., 1993; Hess 

et al., 1994; Ruckle et al., 2007). Important knowledge about biogenic plastid-to-nucleus 

signaling was obtained by analysis of a set of genomes uncoupled (gun) mutants which shows 

impaired retrograde signaling (Susek et al., 1993; Mochizuki et al., 2001; Larkin et al., 2003; 

Koussevitzky et al., 2007; Woodson and Chory, 2008). For example, genetic perturbation of 

MgCh, a key enzyme of plastid-localized Chl biosynthesis, leads to the uncoupling of PhANGs 

expression from the developmental state of plastids. Mutation of the GUN4 gene, GUN5 

(Larkin et al., 2003; Peter and Grimm, 2009) and CHLI, CHLD of MgCh showed a gun 

phenotype, i.e., reduced repression of PhANGs when chloroplast development is perturbed in 

Arabidopsis and barley (Gadjieva et al., 2005; Huang and Li, 2009). Since CHLH and GUN4 

are involved in the retrograde singling pathway, it was intended to examine whether cpSRP43 

is also involved in the retrograde singling by interacting with CHLH and GUN4. For this 

purpose, the expressions of PhANGs (LHCB, RBCS, PC, CP12 and CA1) were analyzed in 

gun4-1 and chaos in comparison to Col-0 and Ler-0, respectively, under standard (in DMSO) 

and NF (norflurazon) treatment. As a control, all PhANGs of both wild type and mutant 

exhibited comparable expression levels in DMSO under continuous light for 6 days (Figure 

3.6A-E). As expected, when NF was applied, the expression of PhANGs in gun4-1 was much 

higher than those in Col-0, while chaos showed comparable expression levels of PhANGs to 

those of Ler-0 (Figure 3.6F-J), indicating that cpSRP43 is not involved in retrograde singling 

in contrast to GUN4.   
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Figure 3.6. PhANGs expression in seedlings of Col-0, gun4-1, Ler-0 and chaos grown for 

6 days in continuous light with or without 5 µM NF treatment. A-E, qRT-PCR analysis of 

PhANGs (LHCB, PC, CA1, RBCS, CP12) in DMSO. F-I, qRT-PCR analysis of PhANGs 

(LHCB, PC, CA1, RBCS, CP12) in 5 µM NF. Data are given as mean ± s.d. (n = 3). The 

statistical analysis was performed using two-tailed Student’s t-tests. The asterisks indicate 

significant differences compared with the transcript levels in the wild type (chaos versus Ler-

0, gun4-1 versus Col-0): *P < 0.05, **P < 0.01. 

3.1.6 cpSRP43 can effectively chaperone TBS proteins 

3.1.6.1 cpSRP43 stabilizes TBS proteins against heat shock  

To maintain the levels of TBS proteins, cpSRP43 could protect unfolded client proteins when 

they are just translocated into the chloroplast. This action of cpSRP was established for LHCP 

after its plastid import (Schünemann et al., 1998). Alternatively, cpSRP43 could prevent 

misfolding of mature enzymes in the stroma (Falk and Sinning, 2010). Given the fact that 

cpSRP43 act as a chaperone to protect GluTR from aggregation (Wang et al., 2018), I asked 

whether cpSRP43 also protects the TBS proteins in response to heat shock in planta. To answer 

this question, the steady-state levels of TBS proteins were compared in wild type, chaos, and 

cpSRP43-OX seedlings under standard growth (22 °C) and heat shock (42 °C) conditions. After 

several preliminary experiments, a 2 h heat treatment was chosen for a comparative analysis of 

the steady-state levels of TBS proteins with those under standard growth conditions (0 h).  

The immunoblot analysis showed that the protein levels of cpSRP43 and cpSRP54 were not 

altered after a 2 h heat treatment at 42 °C (Figure 3.7A). In contrast, the heat treatment 

approximately diminished by 20–40% the levels of GluTR, CHLH and GUN4 in chaos, 

whereas the levels of these proteins were not diminished by heat treatment in the wild type and 

cpSRP43-OX seedlings (Figure 3.7A-B). Although cpSRP43 has been proven to interact with 
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PORC (see chapter 3.2.2, Figure 3.19), the unaltered protein level of PORC in chaos even under 

heat shock indicates that PORC does not require cpSRP43 action after heat treatment and 

consequently is not a potential vulnerable client of the protective action of cpSRP43.    

To exclude that reduced protein levels in chaos can be explained by compromised transcript 

levels of the corresponding genes, qRT-PCR analysis was conducted to determine the transcript 

levels of HEMA1, CHLH and GUN4 before and after heat shock. Unaltered transcript levels 

after 2 h heat shock indicate that the reduced protein levels in chaos were due to the lack of the 

protective role of cpSRP43 for the TBS proteins after heat shock treatment (Figure 3.7C). In 

addition, qRT-PCR and immunoblot analysis indicate that neither cpSRP transcripts nor levels 

of cpSRP43 and cpSRP54 were altered after a 2 h heat treatment at 42 °C (Figure 3.7A and 

3.7C), excluding increased cpSRP43 expression or degradation of cpSRP54 to be involved in 

thermotolerance. These results suggest that cpSRP43 plays a key role in protecting certain TBS 

proteins against denaturation during heat shock.  

 

Figure 3.7 cpSRP43 protects GluTR, CHLH and GUN4 against heat shock in planta. A, 

Steady-state levels of the indicated proteins in Ler-0, chaos and cpSRP43-OX seedlings before 

and after 2 h of heat treatment at 42 °C were quantified by immunoblotting using the indicated 

antibodies. The Ponceau S-stained RbcL is shown as a loading control. B, Semiquantitative 

analysis with Image J software (NIH) of the immunoblots from A. The relative amounts of 

GluTR, CHLH and GUN4 in Ler-0, chaos and cpSRP43-OX were normalized to their levels 

before heat treatment (0 h). The data are plotted as means ± s.d. (n = 3 independent biological 
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repeats). The small open circles represent the individual data points. The statistical analysis was 

performed using two-tailed Student’s t-tests. The asterisks indicate significant differences 

compared with protein levels before heat treatment: *P < 0.05, **P < 0.01. C, Relative amounts 

of mRNA of indicated genes in 18-day-old Ler-0, chaos and cpSRP43-OX were measured 

before and after 2 h heat treatment at 42 °C. Gene expression was calculated relative to the 

wild-type level of the reference gene SAND. The data are plotted as mean ± s.d. (n = 3 

independent biological repeats). The small open circles represent the individual data points. The 

letters above histograms indicate significant differences as determined by two-way ANOVA 

with Tukey test (P < 0.05). 

3.1.6.2 cpSRP43 preserves the Chl biosynthesis under heat shock  

Because cpSRP43 protects the TBS proteins against heat shock, it was supposed that cpSRP43 

also protects the metabolic flow of Chl biosynthesis under heat shock. HPLC analysis thereby 

was performed to measure the contents of the intermediates and Chl in Ler-0, chaos and 

cpSRP43-OX before and after 2 h heat shock. Although the results showed only slightly 

elevated Chl levels in Ler-0 and cpSRP43-OX but not in chaos seedlings after 2 h heat treatment 

(Figure 3.8A), the heat treatment greatly led to the significantly increased accumulation of Chl 

precursors, such as MgP, MgPMME, and Pchlide in wild type and cpSRP43-OX but not 

in chaos seedlings (Figure 3.8B-C). However, this elevated metabolic flow was only observed 

in the Chl synthesis pathway prior to the Chlide production, as Chlide levels were unaltered in 

these three plants after heat shock treatment (Figure 3.8D).  This could exclude the possibility  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 cpSRP43 effectively preserves the metabolic flow of Chl biosynthesis. A-D, 

Levels of Chl (A), MgP and MgPMME (B), Pchlide (C) and Chlide (D) in Ler-0, chaos and 
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cpSRP43-OX before and after heat treatment were detected by HPLC. DW, dry weight. The 

data are plotted as means ± s.d. (n = 3 independent biological repeats). The small open circles 

represent the individual data points. The letters above the histograms indicate significant 

differences as determined by two-way ANOVA with Tukey’s test (P < 0.05).  

that the accumulation of the Chl precursors is due to the inactivation of POR activity under heat 

shock because the inactive POR could lead to the reduced Chlide level. Therefore, it is likely 

that the enhanced stability or activity of some enzymes prior to POR results in the elevated Chl 

precursors, and cpSRP43 is apparently to be involved in this enhancement. Moreover, I suppose 

that the short-term accumulation of Chl precursors is likely to be a quick response by plants to 

activate some other pathways against the heat shock stress. Taken together, these results suggest 

that cpSRP43 plays a key role in adjusting the metabolic flow through the Chl biosynthesis 

pathway by protecting TBS proteins against denaturation during heat shock. 

3.1.7 The peptide domains of cpSRP43 and their function in the thermostability of TBS 

clients. 

3.1.7.1 The SBD domain is essential for cpSRP43 to protect Chl biosynthesis in planta 

cpSRP43 contains three chromodomains (CD1, CD2 and CD3) and four ankyrin repeats (Ank1-

Ank4) (Klimyuk et al., 1999; Goforth et al., 2004; Stengel et al., 2008). CD1, Ank1-Ank4, and 

a 20-aa Bridging Helix (BH) located between Ank4 and CD2 form a substrate-binding domain 

(SBD) (Figure 3.9A). Given the novel protective role of cpSRP43 for folded TBS proteins, I 

aimed to explore which domains and motifs of cpSRP43 are essential for the protection of TBS 

proteins. Previous work established the central importance of the cpSRP43-SBD to prevent 

LHCP aggregation (Richter et al., 2010; Akopian et al., 2013; Liang et al., 2016). Our research 

group previously showed that GluTR and LHCP bind to different sites within the SBD of 

cpSRP43 and that the three proteins can form a ternary complex (Wang et al., 2018). 

Additionally, expression of truncated cpSRP43 lacking either CD1 or the Ankyrin repeat 

domain of the SBD reduced the content of both GluTR and LHCP in transgenic lines (Wang et 

al., 2018), underlining the essential role of the SBD in the stability of the two client proteins. 

To test the role of each functional domain of cpSRP43 for the stability of the newly identified 

client proteins, I used the same series of chaos complementation lines that constitutively express 

wild-type cpSRP43 or truncated cpSRP43 variants as previously described (Wang et al., 2018). 

Expression of truncated cpSRP43 without either CD1 or the Ankyrin repeat domain in the SBD 

did not complement the pale-green leaf phenotype of chaos and the corresponding steady-state 

levels of GluTR, CHLH, and GUN4 were also decreased compared to those in Ler-0. In 

contrast, expression of either cpSRP43ΔCD2 or cpSRP43ΔCD3 completely rescued the pale-

green phenotype of chaos and the corresponding steady-state levels of GluTR, CHLH, and 

GUN4 were also comparable to those in Ler-0 (Figure 3.9B-C). These results point to the 

significance of the SBD domain of cpSRP43 for the stability of GluTR, CHLH and GUN4. The 

dramatically reduced levels of Chl and Chl precursors in transgenic lines expressing cpSRP43 

without the CD1 or Ankyrin repeat domain correlated with the lower steady-state levels of TBS 

proteins in these lines (Figure 3.9D-F). These observations suggest that SBD of cpSRP43 is 
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required for the stability of TBS proteins, thereby the metabolic flow of Chl biosynthesis is 

retained.   

 

Figure 3.9 SBD is required for cpSRP43 to protect GluTR, CHLH and GUN4. A, 

Schematic overview of cpSRP43 domains. B, A representative image (top panel) and steady-

state levels of the indicated cpSRP43, cpSRP54 and TBS proteins (lower panels) in 18-day-old 

Ler-0, chaos and the indicated chaos complementation lines under standard conditions (16 h 

light/8 h dark, 100 µmol photons m-2 s-1). RbcL is shown as a loading control. C, 

Semiquantitative analysis with Image J software (NIH) of the immunoblots in B. The relative 

amounts of GluTR, CHLH and GUN4 in chaos and various chaos complementation lines were 

normalized to the levels in Ler-0. The data are plotted as means ± s.d. (n = 3 independent 

biological repeats). The small open circles represent the individual data points. The statistical 

analysis was performed using two-tailed Student’s t-tests. The asterisks indicate significant 

differences compared with protein levels in Ler-0: *P < 0.05, **P < 0.01. HPLC analyses of 

Chl (D), Proto, MgP and MgPMME (E) and Pchlide (F) in the seedlings of 18-day-old Ler, 

chaos and a set of chaos complementation lines. FW, fresh weight. The data are plotted as mean 

± s.d. (n = 3 independent biological repeats). The small open circles represent the individual 
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data points. Letters above histograms indicate significant differences as determined by one-way 

ANOVA with Tukey test (P < 0.05).  

3.1.7.2 The CD2 or CD3 domain is required for interactions between cpSRP43 and TBS 

proteins in vitro 

Given that the cpSRP43-SBD is required for the stability of TBS proteins (Figure 3.9B-3.9C) 

and the Ank3 of SBD recognizes an L18 motif of LHCP (DeLille et al., 2000; Stengel et al., 

2008; Jaru-Ampornpan et al., 2013), I speculate whether SBD is also sufficient to recognize 

and bind TBS proteins. Therefore, I performed the Microscale Thermophoresis (MST) assay to 

identify the binding sites of cpSRP43 to the TBS proteins. It was found that the deletion of the 

SBD (a truncated cpSRP43 with a remaining CD2 and CD3 fragment) completely abolished 

the binding affinity of cpSRP43 with GluTR and GUN4 (Figure 3.10E, 3.10F), suggesting a 

critical role of the SBD for the interaction with TBS proteins. Surprisingly, cpSRP43-SBD 

alone could not mimic the binding affinities of full-length cpSRP43 with GluTR, and GUN4 

(Figure 3.10A-B,3.10G-H), In contrast, SBD in combination with CD2 (cpSRP43-SBD+CD2) 

or CD3 (cpSRP43-SBD+CD3) could mimic the binding affinity of FL cpSRP43 with GluTR 

and GUN4 (Figure 3.10A, 3.10C-D, 3.10G, 3.10I-J), suggesting in addition to SBD that CD2 

or CD3 of cpSRP43 are also required for stabilizing interaction between cpSRP43 and TBS 

proteins. In other words, the MST assay proved that both SBD and chromodomain 2 or 3 of 

cpSRP43 are required to recognize the TBS proteins.  
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Figure 3.10 Measurement of the binding affinity of cpSRP43 with GluTR and GUN4 using 

Microscale Thermophoresis (MST). The fluorophore-labeled GluTR (Figure 3.10A-E) and 

GUN4 (Figure 3.10F-J) were used at a constant concentration (20 nM), while the concentration 

of the non-labeled wild-type or truncated cpSRP43 varied between 3.05 nM and 100 μM. N.D., 

not detectable. The data are plotted as mean ± s.d. (n = 3 independent experiments).  

3.1.7.3 The CD2 domain is required for cpSRP43 to interact with TBS proteins in planta 

Besides the CD1 in SBD domain, cpSRP43 contains two other chromodomains, CD2 and CD3, 

at the C-terminal end. To determine the functional indispensability of the CD2 and CD3 

domains of cpSRP43 for the preserved stability of TBS proteins, I conducted a Co-IP assay to 

assess the binding capacity of truncated cpSRP43 (with CD2 or CD3 deletion) to TBS proteins 
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in vivo. The assays were performed by using the chloroplast extracts from seedlings of wild 

type, cpSRP43-OX, cpSRP43ΔCD2-OX, and cpSRP43ΔCD3-OX lines, which expressed the 

cpSRP43, cpSRP43-FLAG, cpSRP43ΔCD2-FLAG and cpSRP43ΔCD3-FLAG, respectively. 

The wild-type sample was regarded as a negative control to exclude any unspecific binding of 

proteins with anti-FLAG affinity agarose. As a result, cpSRP43ΔCD2 does not interact with 

detectable amounts of GluTR, whereas wild-type cpSRP43 and cpSRP43ΔCD3 showed similar 

binding affinity to GluTR (Figure 3.11), suggesting that CD3 may substitute for CD2 in the 

interaction with GluTR in vitro, while CD2 is essential and irreplaceable for interactions with 

TBS clients in vivo. 

 

 

 

 

 

 

 

Figure 3.11 The CD2 domain of cpSRP43 is indispensable for the binding with TBS 

proteins in planta. The co-immunoprecipitation (Co-IP) assay demonstrates the abolished in 

vivo binding affinity of cpSRP43ΔCD2 for GluTR and cpSRP54. Total chloroplast extracts 

from Arabidopsis transgenic lines overexpressing cpSRP43-FLAG (cpSRP43-OX), truncated 

FLAG-tagged cpSRP43 without CD2 (cpSRP43ΔCD2-OX), FLAG-tagged cpSRP43 without 

CD3 (cpSRP43ΔCD3-OX) and wild type (Ler-0, used as a negative control) were incubated 

with the anti-FLAG affinity gels. The cpSRP43 interaction partners were identified by 

immunoblotting using the indicated antibodies. 

3.1.7.4 The CD2 structure is essential for cpSRP43 to protect TBS proteins against heat 

shock in planta  

As CD2 is essential for the interaction capacity of cpSRP43 with TBS proteins, I explored the 

contributions of CD2 and CD3 for the thermoprotective action of cpSRP43 on TBS proteins in 

vivo during an extended heat shock treatment. The immunoblotting analyses showed that after 

a heat treatment at 42 °C for 2 or 4 h, the steady-state levels of GluTR, CHLH and GUN4 were 

decreased in cpSRP43ΔCD2-OX seedlings compared with the results obtained from wild type, 

and cpSRP43-OX seedlings (Figure 3.12A-B). In contrast, the steady-state levels of GluTR, 

CHLH and GUN4 in cpSRP43ΔCD3-OX were comparable with those in wild type or cpSRP43-

OX, indicating that CD2 is essential for the protective interaction of cpSRP43 with TBS 
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proteins. This result was also supported by the data obtained from analysis of the metabolic 

flow in Chl biosynthesis. HPLC analyses revealed the levels of Chl precursors in 

cpSRP43ΔCD2-OX, including MgP, MgPMME and Pchlide, which were significantly lower 

than those in the control seedlings during the heat treatment. In contrast, the contents of Chl 

precursors in cpSRP43ΔCD3-OX resembled those in wild type or cpSRP43-OX (Figure 3.12C-

E). Taken together, these results demonstrate the key roles of SBD and CD2 of cpSRP43 for 

the stabilization of TBS clients under heat shock conditions.  
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Figure 3.12 The CD2 domain of cpSRP43 is indispensable for the stability of TBS proteins 

in planta. A, Steady-state levels of cpSRP43, cpSRP54, TBS proteins and LHCPs in 18-day-

old Ler-0, cpSRP43-OX, cpSRP43ΔCD2-OX and cpSRP43ΔCD3-OX before (0 h at 42 °C) or 

after 2–4 h of heat treatment (2 or 4 h at 42 °C) were detected by immunoblotting using the 

indicated antibodies. The Ponceau S-stained RbcL is shown as a loading control. B, 

Semiquantitative analysis with Image J software (NIH) of the immunoblots in A. The relative 

amount of GluTR, CHLH and GUN4 was normalized to their levels prior to exposure of the 

seedlings to the elevated temperature (0 h at 42 °C). The data are plotted as means ± s.d. (n = 3 

independent biological repeats). The small open circles represent the individual data points. The 

statistical analysis was performed by using two-tailed Student’s t-tests. The asterisks indicate 

significant differences relative to each ecotype before heat treatment (0 h at 42 °C): *P < 0.05. 

C-E, Levels of Chl (C), MgP and MgPMME (D), and Pchlide (E) in Ler-0, cpSRP43-OX, 

cpSRP43ΔCD2-OX and cpSRP43ΔCD3-OX before and after 2–4 h of heat treatment were 

determined by HPLC. DW, dry weight. The data are plotted as means ± s.d. (n = 3 independent 

biological repeats). The small open circles represent the individual data points. The letters 

above the histograms indicate significant differences as determined by two-way ANOVA with 

Tukey’s test (P < 0.05). 

3.1.8 cpSRP54 inhibits the chaperone function of cpSRP43 for TBS proteins 

3.1.8.1 In vivo cpSRP54 deficiency increases the thermostabilities of TBS proteins under 

heat shock 

It was already known that the chaperone activity of cpSRP43 for LHCPs is stimulated by 

allosteric regulation by cpSRP54 (Liang et al., 2016; Siegel et al., 2020). The RRKRp10 

segment of cpSRP54 (hereafter designated cpSRP54M peptide) sufficiently binds to CD2 of 

cpSRP43 and triggers a conformational change of the protein, which promotes the chaperone 

activity towards LHCP by 6-fold (Liang et al., 2016; Siegel et al., 2020). Considering the new 

finding of chaperone activity of cpSRP43 on GluTR, CHLH and GUN4 of the TBS pathway, it 

became very interesting to determine the potential interference of cpSRP54 on the chaperone 

activity of cpSRP43 towards these TBS proteins. In order to validate the effect of cpSRP54 on 

cpSRP43 by an experimental in planta approach, the steady-state levels of TBS proteins in wild 

type (Col-0) and cpSRP54-deficient (ffc) seedlings were compared during heat shock and under 

standard growth conditions. The immunoblot analysis showed firstly that the contents of 

GluTR, CHLH and GUN4 were always increased in all samples of ffc before and during the 

heat treatment than in the equivalent samples of wild type and secondly that the GluTR, CHLH 

and GUN4 content in Col-0 was faster degraded than that in ffc during a 2–4 h heat shock 

treatment (Figure 3.13A-B). These data indicate enhanced stability of GluTR, CHLH and 

GUN4 in ffc relative to wild type and are in favor of a negative role of cpSRP54 in respect to 

the maintenance of a stable content of TBS proteins during heat shock. 
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Figure 3.13 Steady-state levels of TBS proteins in Col-0 and ffc. A, Steady-state levels of 

the indicated proteins in 18-day-old ecotype Columbia-0 (Col-0) and the ffc mutant seedlings 

before and after 2–4 h of heat treatment at 42 °C were quantified by immunoblotting using the 

indicated antibodies. The Ponceau S-stained RbcL is shown as a loading control. B, 

Semiquantitative analysis with Image J software (NIH) of the immunoblots in A. The relative 

amounts of GluTR, CHLH and GUN4 in Col-0 and ffc were normalized to their levels before 

the exposure of plants to elevated temperature. The data are plotted as means ± s.d. (n = 3 

independent biological repeats). The small open circles represent the individual data points. The 

statistical analysis was performed by using two-tailed Student’s t-tests. The asterisks indicate 

significant differences relative to protein levels in each ecotype before heat treatment: *P < 

0.05, **P < 0.01. 

3.1.8.2 cpSRP54 deficiency leads to a more effectively preserved Chl biosynthesis during 

heat shock treatment 

The next open question regards the impact of cpSRP54 on the flow of metabolites in Chl 

synthesis. Therefore, I intended to examine whether the lack of cpSRP54 causes a better 

preservation of Chl biosynthesis during heat shock. HPLC analyses was performed to measure 

the contents of Chl and Chl precursors in Col-0 and ffc during heat shock treatment. The Chl 

contents remained stable in wild-type and ffc seedlings during heat shock although the Chl 

content in ffc was lower than in wild type before the heat treatment. The levels of Chl precursors 

including MgP, MgMME and Pchlide remained stable in ffc during heat shock, while the higher 

steady-state levels of the tetrapyrrole intermediates in Col-0 decreased down to the ffc values 

after heat stress treatment (Figure 3.14A-C). These results suggest that missing cpSRP54 

preserves the Chl biosynthesis during the heat shock treatment. Considering that cpSRP54 

inhibits the chaperone activity of cpSRP43 towards TBS clients in vitro, it was proposed that 

also a negative effect of cpSRP54 can be expected in planta on the stability of TBS proteins 

subjected to a short-term heat stress. 
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Figure 3.14 cpSRP54 deficiency does not compromise Chl biosynthesis during heat 

treatment. HPLC analyses of Chl (A), MgP and MgPMME (B) and Pchlide (C) in 18-day-old 

Col-0 and ffc prior to and after 2 or 6 h heat treatment at 42 °C. DW, dry weight. The data are 

plotted as mean ± s.d. (n = 3 independent biological repeats). The small open circles represent 

the individual data points. Letters above histograms indicate significant differences as 

determined by two-way ANOVA with Tukey test (P< 0.05).  

3.1.9 How does cpSRP43 cooperate with cpSRP54 to protect TBS proteins? 

3.1.9.1 Heat treatment compromises the interaction of cpSRP43 with cpSRP54 

As shown in the previous chapter (see 3.1.1), cpSRP43 chaperones and, consequently, stabilize 

certain TBS enzymes under standard conditions (Figure 3.2A-B). While heat stress could 

induce the protein aggregation, which likely induces the protein degradation (Del Vesco et al., 

2015), the chaperone activity of cpSRP43 reinforces the structure of TBS enzymes, leads to 

elevated content of stabilized TBS enzymes. Therefore, given that the chaperone function of 

cpSRP43 stabilizes Chl biosynthesis under heat shock, while cpSRP54 may interfere with this 

chaperone function, we asked how cpSRP43 and cpSRP54 cooperatively adjust the chaperone 

activity of cpSRP43 towards TBS enzymes under heat shock.  

My first assumption refers to possibly increased cpSRP43 content during heat shock, which 

could stimulate the chaperone activity of cpSRP43 on TBS proteins during heat shock. Since 

the qRT-PCR and immunoblot analysis showed the unaltered cpSRP43 transcript and protein 

level under heat shock, this idea can be excluded (Figure 3.7A, 3.7C). Secondly, it is assumed 

that the enhanced chaperone activity of cpSRP43 is due to a decreased level of cpSRP54 which 

could lower its intervening impact of cpSRP54 on the chaperone activity of cpSRP43 on TBS 

proteins. However, the unaltered protein level of cpSRP54 during heat shock also exclude this 

assumption (Figure 3.7A). The third assumption is based on the possibility that enhanced 

chaperone activity of cpSRP43 is triggered by an impaired interaction between cpSRP43 and 

cpSRP54 during elevated temperature or an enhanced interaction between cpSRP43 and TBS 

proteins in response to the modified endogenous and environmental cues. In order to verify this 

assumption, I carried out Co-IP assays with protein extracts from wild type and transgenic 

plants overexpressing FLAG-tagged cpSRP43 (cpSRP43-FLAG) before and after heat 
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treatment to determine the binding of cpSRP43 to TBS proteins and to cpSRP54. The anti-

FLAG affinity agarose was the bait, and the wild-type sample was regarded as the negative 

control to exclude the unspecific binding of anti-FLAG agarose with cpSRP54 and TBS 

proteins.  

The amount of cpSRP43 bound to the anti-FLAG agarose were normalized to allow 

quantification of the binding capacity of cpSRP43 with cpSRP54 and TBS proteins. Although 

both BiFC and pull-down assay proved the interaction of cpSRP43 with CHLH and GUN4 

(Figure 3.4A-C), the interaction of cpSRP43 with these two proteins could not be detected in 

the Co-IP assay (Figure 3.15B). It is assumed that most likely the presence of detergent during 

lysis interferes with the interactions. Therefore, only GluTR as the TBS proteins was shown in 

the Co-IP assay (Figure 3.15A). The results demonstrated that after 2 h heat treatment at 42 °C, 

less cpSRP54 was bound to cpSRP43, and a corresponding increase in the amount of GluTR 

was detectable, which was bound via FLAG-tagged cpSRP43 to the Co-IP matrix (Figure 

3.15A). These results point to the third assumption and favor a regulatory mechanism of the 

chaperone activity by heat-induced modulation of the binding properties of cpSRP43 to its 

interaction partners: heat shock impairs the interaction of cpSRP43-cpSRP54, while it enhances 

the binding capacity between cpSRP43 and TBS enzymes. Thus, the chaperone activity of 

cpSRP43 will be strengthened on TBS proteins when plants are exposed to a higher 

temperature. 

To verify these observations in vitro, I aimed to compare the binding capacity of cpSRP43 with 

cpSRP54 at different temperatures by using an in vitro pull-down assay. His-tagged cpSRP54 

was used as bait and incubated with GST-cpSRP43 at 15 °C or 45°C. It was observed that 1 h 

heat treatment at 45 °C reduced the interdependency of cpSRP43 with cpSRP54 by 22% in 

comparison to their interplay at 15 °C. This finding points to thermal-dependent disturbance of 

the cpSRP43-cpSRP54 interaction in vitro (Figure 3.15C). This result is consistent with the 

outcome of the in vivo Co-IP assay, showing that high temperature diminished the binding 

affinity of cpSRP43 with cpSRP54. 
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Figure 3.15 Heat treatment reduces the binding affinity of cpSRP43 with cpSRP54. A, Co-

IP assay to determine the changes in the interaction of cpSRP43 with cpSRP54 or with GluTR 

before and after heat treatment. The interaction partners of cpSRP43 were detected by 

immunoblotting using the indicated antibodies. B, Co-IP assay to determine the changes in the 

interaction of cpSRP43 with GluTR, CHLH and GUN4 prior to or after heat treatment at 42 °C 

for 2 h. Total chloroplast extracts from wild type (Ler-0, used as negative control) and 

transgenic Arabidopsis lines overexpressing cpSRP43-FLAG (cpSRP43-FLAG) were 

incubated with anti-FLAG affinity agarose. cpSRP43 interaction partners were detected by 

immunoblotting analyses using the indicated antibodies. C, In vitro His pull-down assay 

showed the reduced binding affinity of GST-cpSRP43 with His-tagged cpSRP54 at high 

temperature. Recombinant purified His-tagged cpSRP54 (5 μM) was used as bait and incubated 

with GST or GST-cpSRP43 (5 μM) at 15 °C or 45 °C for 1 h. The proteins bound to His-tagged 

cpSRP54 were eluted with the elution buffer containing 250 mM imidazole. Input and elution 

fractions were analyzed by immunoblot analyses using the indicated antibodies. Two 

independent biological repeats were performed with similar results.  

3.1.9.2 Heat treatment stimulates binding affinity of cpSRP43 with TBS proteins 

In the previous assay described in 3.1.9.1, only GluTR was detected by the Co-IP assay (Figure 

3.15B). Thus, it was not clear how the binding affinity of cpSRP43 is changed to CHLH and 

GUN4 after a heat treatment. In order to get more experimental insight in the thermal 

dependency of cpSRP43 interdependency with other TBS proteins and to support the third 

assumption (see chapter 3.1.9.1), I compared the binding affinities of cpSRP43 with TBS clients 

as the change of the temperature by in vitro pull-down assays subjected to different 

temperatures. It was observed that 1 h heat treatment at 30 °C enhanced the affinities of 

cpSRP43 with GluTR, CHLH and GUN4 compared with those at 15 °C (Figure 3.16A-C), 

suggesting a promoted interaction between cpSRP43 and TBS clients as a result of the elevated 

temperature. Considering the compromised interaction between cpSRP43 and cpSRP54 (see 

3.1.9.1), my results suggest that thermostress triggers the dissociation of cpSRP43-cpSRP54 

heterodimer, by which the pool of apo cpSRP43 is increased, allowing binding and protection 

of TBS clients during heat shock treatment.  
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Figure 3.16 Heat treatment promotes the binding affinity of cpSRP43 with GluTR, CHLH 

and GUN4. A-C, In vitro His pull-down assay showing the enhanced binding affinity of GST-

cpSRP43 with His-tagged GluTR (A), CHLH (B) and GUN4 (C) at high temperature. 

Recombinant purified His-tagged GluTR, CHLH and GUN4 (5 μM) were used as baits and 

incubated with GST or GST-cpSRP43 (5 μM) at 15 °C or 30 °C for 1 h. The proteins bound to 

His-tagged GluTR, CHLH and GUN4 were eluted with the elution buffer containing 250 mM 

imidazole. Input and elution fractions were analyzed by immunoblot analyses using the 

indicated antibodies. Two independent biological repeats have been performed with similar 

results. 
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3.2 Chloroplast SRP acts as a chaperone for protochlorophyllide oxidoreductase B 

(PORB) in Arabidopsis thaliana 

The previous section presented data from cpSRP43 as a chaperone, which protects the TBS 

proteins GluTR, CHLH and GUN4 against the formation of aggregates and, thereby, stabilizes 

these proteins and preserved the Chl biosynthesis under both normal growth conditions and 

during heat shock. In the course of my studies, I found that cpSRP43 deficiency not only 

correlated with reduced content of GluTR, CHLH and GUN4, but also with that of another 

important enzyme, PORB, which is the light-operating enzyme in TBS. However, unlike the 

cpSRP54 suppressed protective action of cpSRP43 for GluTR, CHLH and GUN4, cpSRP54 is 

likely to be involved in stabilizing PORB together with cpSRP43. In this section, I describe the 

studies of how cpSRP43 and cpSRP54 coordinately regulate PORB, including its stability, 

activity and spatial distribution. 

3.2.1 cpSRP43 and cpSRP54 stabilize PORB and regulate the Chl biosynthesis 

3.2.1.1 cpSRP43 and cpSRP54 modulate the Chl biosynthesis 

In order to study the cooperative regulation of cpSRP43 and cpSRP54 on PORB in planta, I 

chose the mutants chaos (cpSRP43 knock-out) and ffc (cpSRP54 knock-out), the ffc/chaos 

double mutant (Hutin et al., 2002), and the corresponding overexpression lines, cpSRP43-OX 

(cpSRP43 overexpression line) and cpSRP54-OX (cpSRP54 overexpression line) as well as the 

wild-type control lines Col-0 (background of ffc and cpSRP54-OX) and Ler-0 (background of 

chaos, cpSRP43-OX and ffc/chaos). When grown under the condition of a long day for 16 d, 

the seedlings of chaos and ffc showed a pale-green and growth retarded phenotype (Figure 

3.17A). In the chaos/ffc double mutant, the mutant phenotype was enhanced, and the leaves of 

the seedlings remained yellow and smaller in size (Figure 3.17A). However, this phenotype of 

the single and double mutant could be rescued by the overexpression of the corresponding 

cpSRP43 or cpSRP54 genes (Figure 3.17A), indicating that the phenotypes of chaos and ffc are 

directly caused by the deficiency of cpSRP43 and cpSRP54, respectively. The contents of Chl 

(Figure 3.17B) and intermediates such as MgP, MgMME (Figure 3.17C), Pchlide (Figure 

3.17D) analyzed by HPLC in the mutants and overexpression lines were consistent with their 

respective phenotypes. The metabolic flow of Chl biosynthesis was decreased in chaos, ffc 

and ffc/chaos, while it was similar in wild type and the overexpression lines, indicating that 

apart from cpSRP43, the dysfunction of cpSRP54 also disrupts the Chl biosynthesis. 

Intriguingly, a reduced content of non-covalently bound heme was found in chaos/ffc but not 

in chaos (Figure 3.17E), implying that cpSRP54, but not cpSRP43 may specifically affect the 

heme biosynthesis. 
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Figure 3.17 cpSRP43 and cpSRP54 deficiency impact the Chl and heme biosynthesis. A, 

A representative image of 16-day-old chaos, ffc, chaos/ffc, cpSRP43-OX, cpSRP54-OX and 

wild-type seedlings (Col-0 ecotype for ffc, cpSRP54-OX and Ler-0 ecotype for chaos, chaos/ffc 

and cpSRP43-OX) grown under standard conditions. Scale bar, 1 cm. B-E, Levels of Chl a/b 

(B), TBS metabolic intermediates MgMME, MgP (C), Pchlide (D) and heme (E) in 18-day-old 

Ler-0, chaos, chaos/ffc, ffc, Col-0, cpSRP43-OX and cpSRP54-OX grown under the same 

conditions as in A. FW, fresh weight. The statistical analysis was performed using two-tailed 
Student’s t-tests. The asterisks indicate significant differences compared with protein levels in 

wild type: *P < 0.05, **P < 0.01. 

3.2.1.2 cpSRP43 and cpSRP54 cooperatively stabilize PORB 

In order to explore whether other proteins in TBS- apart from GluTR, CHLH and GUN4- would 

also be disadvantaged in the chaos and ffc single and double mutants, I analyzed the steady-

state levels of other TBS proteins in these mutants and overexpression lines (see the chapter 

3.1). The result was consistent with the previous study as the levels of GluTR, CHLH and 

GUN4 were significantly reduced in chaos, but not altered in ffc (Wang et al., 2018). 

Interestingly, I found that the PORB level was decreased in both chaos and ffc, and the reduction 

became more significant in ffc/chaos (Figure 3.18A-B). The reduced PORB level could be 
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rescued in the cpSRP43-OX and cpSRP54-OX and similar or excessive levels were displayed 

in comparison to wild type. In cpSRP54-OX, the PORB level was higher than that in wild type 

(Figure 3.18A-B), suggesting that cpSRP43 and cpSRP54 cooperatively lead to a stabilized 

PORB content. PORC, another isoform of POR, was only found to be significantly decreased 

in ffc/chaos (Figure 3.18A), suggesting that cpSRP43 and cpSRP54 probably contribute 

differently to the control of the PORC level than that of PORB.  

In order to verify whether the reduced PORB levels in mutants correlate with down-regulated 

transcript levels, I analyzed the transcript levels of PORB of the same mutant and wild-type 

seedlings as in Figure 3.14A. I found that the mRNA levels of PORB in chaos and ffc resembled 

that of wild type. Although the transcript level of PORB in the double mutant ffc/chaos was 

decreased (46%) (Figure 3.18C), its protein level was more significantly decreased (68%) as a 

result of cpSRP43 and cpSRP54 deficiency (Figure 3.18A-B), suggesting that both cpSRP 

components could be involved in post-translational control of the PORB stability. 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 cpSRP43 and cpSRP54 are required for the stabilization of PORB. A, Steady-

state levels of TBS proteins in 18-day-old Ler-0, chaos, chaos/ffc, ffc, Col-0, cpSRP43-OX and 

cpSRP54-OX grown under standard conditions (16 h light/8 h dark, 100 μmol photons m-2 s-1) 

were quantified by immunoblotting using the indicated antibodies. The Ponceau S-stained 

RbcL nis shown as a loading control. B, Semiquantitative analysis with Image J software (NIH) 

of the immunoblots in A. The relative amounts of PORB and GUN4 in mutants and 

overexpression lines were normalized to the levels in wild type. C, Relative mRNA levels of 

PORA, PORB and PORC in 18-day-old Ler-0, chaos, chaos/ffc, ffc, Col-0, cpSRP43-OX and 

cpSRP54-OX grown as in A. The gene expression levels were calculated relative to that in Ler-

0 or Col-0, using SAND as the reference gene. The data are plotted as means ± s.d. (n = 3 

independent biological repeats). The statistical analysis was performed using two-tailed 
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Student’s t-tests. The asterisks indicate significant differences compared with protein levels in 

wild type: *P < 0.05, **P < 0.01. 

3.2.2 cpSRP43 and cpSRP54 interact directly with PORs 

Arabidopsis mutants lacking either cpSRP43 or cpSRP54 show a reduced PORB content 

(Figure 3.19A-B). Thus, it was aimed to verify whether a direct or indirect effect of the two 

cpSRP factors is responsible for the lower PORB content. I conducted a BiFC assay to examine 

the physical interaction between the two cpSRP proteins and POR enzymes. The N-terminal 

half of the split yellow fluorescent protein (YFPn) was fused to cpSRP, and the C-terminus was 

fused to the proteins of interest: PORA, PORB, PORC, CHLM and CPP1, respectively. The 

two complementary gene constructs were transiently co-expressed in epidermal and 

parenchymal cells of Nicotiana benthamiana leaves. CHLM and CPP1 were regarded as a 

negative control for the protein-protein interaction approach. The YFP signals were observed 

after expression of fusion proteins containing cpSRP and PORs, but not for the combination 

cpSRP43 and CHLM or cpSRP54 and CPP1. As a result, the two cpSRP proteins interact with 

PORs (Figure 3.19A and 3.19D). 

To confirm the direct interaction between cpSRP43 and PORs, I also performed the in vitro and 

in vivo pull-down assay. In in vitro assays, purified recombinant GST and GST-cpSRP43 (5 

μM) were used as baits and incubated with 10 μM recombinant His-PORs. The proteins bound 

to the GST-cpSRP43, or GST were eluted with elution buffer containing 10 mM reduced 

glutathione. Input and elution fractions were probed with the indicated antibodies. The presence 

of PORs in the eluate together with GST-cpSRP43, but not with GST suggests the direct 

interaction between both proteins (Figure 3.19B). The in vivo pull-down assay was repeated 

with purified recombinant proteins GST and GST-cpSRP43 (10 μM) as baits, which were 

incubated with purified intact chloroplasts. Proteins bound to cpSRP43 were eluted with elution 

buffer containing 10 mM reduced glutathione and detected by immunoblotting using the 

indicated antibodies. In Arabidopsis, among the three isoforms of PORs , PORB is the dominant 

isoform in green tissue (Runge et al., 1995). PORB was selected to represent all POR isoforms 

and CHLM acted as a negative control. The presence of PORB and the absence of CHLM in 

the eluate fraction confirm the direct interaction between cpSRP43 and PORB (Figure 3.19C). 

However, due to the time limitation, in vitro experimental evidence for the direct interaction 

between cpSRP54 and PORs are still lacking, which will be conducted in the future. Taken 

together, the BiFC and the pull-down assays reveal the direct interaction between cpSRP and 

PORs and further corroborate the direct impact of missing cpSRP in chaos and ffc against 

PORB.  
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Figure 3.19 Physical interaction of cpSRP components with PORs. A, The BiFC assay 

demonstrates that cpSRP43 and cpSRP54 both interact with PORs. The co-expression of 

cpSRP43-YFPn with CHLM-YFPc served as the negative control, and that of 

PORA/PORB/PORC-YFPc with cpSRP43-YFPn served as the positive control. Scale bars, 20 

μm. B, PORs bound to cpSRP43 were detected by in vitro GST pull-down assay. Recombinant 

purified GST-cpSRP43 (5 μM) was used as bait and incubated with His-tagged PORs (10 μM). 

The proteins bound to GST-cpSRP43, or GST were eluted with buffer containing 10 mM 

reduced glutathione. The input and elution fractions were analyzed by immunoblot using the 

indicated antibodies. C, The in vivo pull-down assay. 10 μM GST-cpSRP43 was used as bait 

and incubated with isolated intact chloroplast extracts. Proteins bound to cpSRP43 were 

detected by immunoblotting using the indicated antibodies. The intact chloroplast extract and 

elution fractions were visualized by staining of nitrocellulose membranes with Ponceau S. 

CHLM acts as a negative control. D. BiFC demonstrates that cpSRP54 interacts with the three 

POR isoforms. The co-expression of cpSRP54-YFPn with CPP1-YFPc served as the negative 

control. Scale bars, 20 μm. 

3.2.3 cpSRP43 does not affect the enzymatic activity of PORs 

In angiosperms, POR isoforms are strictly light-dependent enzymes that catalyze the reduction 

of Pchlide to Chlide by means of NADPH as electron donor (Masuda and Takamiya, 2004). 
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Since cpSRP43 has already been proved to physiologically interact with all PORs, I planned to 

examine whether the cpSRP43-POR interaction affects the enzymatic activity of POR. 

Therefore, I overproduced and purified recombinant POR and constituted in vitro the POR/ 

NADPH/ Pchlide ternary complex to assess the potential effects of additional factors on the 

Pchlide reduction. The results demonstrated that the enzymatic activity of PORs was not altered 

significantly independent of the absence or presence of cpSRP43 (Fig. 3.20A-C). It is proposed 

that cpSRP43 does not modulate the enzymatic activities of the POR isoforms in vitro.  

 

 

 

 

 

Figure 3.20 In vitro enzymatic activity assays of PORs. After pre-incubation of Pchlide (2 

μM) and NADPH (100 μM) in assay buffer, the fluorescence intensity of emission at 680 nm 

(Chlide) was immediately recorded as the zero-time point. The subsequently recorded 

fluorescence intensity at 680 nm once PORs (1 μM) or pre-incubated PORs-cpSPR43 (1 μM 

for each) were present in the assay buffer represents the enzyme activity. Excitation wavelength: 

440 nm, scan range for emission fluorescence is 600-720 nm with scan speed of 240 nm/min. 

A, Relative PORA activity. B, Relative PORB activity. C, Relative PORC activity. The data 

are plotted as means ± s.d. (n = 3 independent biological repeats). The statistical analysis was 

performed using two-tailed Student’s t-tests. No asterisks here indicate no significant effects on 

the enzyme activity. 

3.2.4 In vitro chaperone activity of cpSRP43 and cpSRP54 on PORB 

3.2.4.1 cpSRP43 protects PORB from heat-induced aggregation 

cpSRP43 has been reported acts as a chaperone to prevent LHCP(Falk and Sinning, 2010; Jaru-

Ampornpan et al., 2010) and GluTR(Wang et al., 2018) from aggregation in vitro scattering 

assy. In the previous chapter (see chapter 3.1), it was also shown that cpSRP43 can stabilizes 

GluTR, CHLH and GUN4 for maintaining Chl biosynthesis under heat shock conditions in vivo 

planta experiments. Based on the ability of cpSRP to interact with PORB, I was wondering 

whether cpSRP also protects PORB against heat-induced aggregation. Therefore, I applied a 

light scattering approach to study the chaperone activity of cpSRP towards 2 µM PORB in vitro 

to assess the POR aggregation. As shown in Figure 3.21A, I found that PORB alone 

significantly forms aggregates at 42 °C. When the concentration of applied cpSRP43 was less 

than that of PORB, the protein aggregation was more intensive, however, the aggregation of 

PORB was diminished with increasing cpSRP43 concentrations when they exceed the amount 

of PORB (Figure 3.21A), indicating that cpSRP43 protects PORB from heat-induced 

aggregation in a dose-dependent ratio. Consistently, as a negative example, the truncated 
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cpSRP43ΔSBD (see chapter 3.1.5) showed no protection towards PORB. On the other hand, 

when the protective impact of cpSRP54 was assayed for PORB stability, PORB was not 

relieved from the heat-induced aggregation, which was even more exacerbated with increasing 

amounts of cpSRP54 (Figure 3.21B). It is proposed that cpSRP54 does not protect PORB from 

heat-induced protein aggregation. What’s more, cpSRP54 alone also forms the heat-dependent 

aggregates (Figure 3.21C). In summary, it is concluded that a higher concentration of cpSRP43 

compared to the target protein PORB correlates with increasing chaperone activity, which can 

protect PORB from heat-induced aggregation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 Chaperone activity of the cpSRP components against heat-induced 

aggregation of PORB. Absorbance at 340 nm (A340 nm) was measured at 2 min intervals to 

quantify turbidity. Thermal aggregation of His-PORB (2 µM) was examined for 20 min at 42°C 

with increasing amounts of His-cpSRP43 (A), His-cpSRP54 (B). In addition, indicated amounts 
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of separately applied cpSRP43 and cpSRP54 were also assayed for the aggregate formation at 

elevated temperature in the course of the assay (C).  

3.2.4.2 cpSRP43 and cpSRP54 protect PORB from oxidation-induced aggregation 

Most of the tetrapyrrole intermediates, including Pchlide, are strong photosensitizers, when 

they accumulate as free molecules in excess amounts and produce ROS upon photooxidation, 

causing oxidative damage and cell death (Ledford and Niyogi, 2005; Li et al., 2009). PORB is 

a light-operating enzyme which reduces Pchlide to Chlide, two chlorins that are potent 

photosensitizers (Reinbothe et al., 1996; Sperling et al., 1997; Buhr et al., 2008). Oxidative 

stress causes oxidation of the amino acid residues, in particular of Met and Cys, which leads to 

protein destabilization and denaturation (Berlett and Stadtman, 1997; Stadtman, 2006). It is 

hypothesized that PORB is carefully protected by chaperones against ROS-dependent oxidation 

and aggregation (Lee et al., 2013). Therefore, I intended to explore the role of the cpSRP 

components for the prevention of PORB from denaturation and aggregation, which are induced 

by oxidative stress. As shown in the Figure 3.22A-B, PORB alone forms aggregates in 5 mM 

or 10 mM H2O2. When lower or equal amounts of cpSRP43 were applied to PORB (2 µM 

cpSRP43), the POR aggregation was aggravated (Figure 3.22A). But its aggregation was 

gradually reduced with an increasing amount of cpSRP43 relative to POR content (Figure 

3.22A). It is proposed that cpSRP43 protects PORB from oxidation-dependent aggregation 

when more cpSRP43 is available than the client POR (cpSRP43: PORB >1). The supply of 

cpSRP54 surprisingly reduced the tendency of POR aggregation (Figure 3.22B), suggesting 

that cpSRP54 could also contribute to protection of PORB against oxidation-induced 

aggregation, but not in a strict concentration-dependent manner. 
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Figure 3.22 Chaperone activity of cpSRP on PORB against oxidation-dependent 

aggregation. A340 nm was measured at 2 min intervals to quantify turbidity. Protein aggregation 

of His-PORB (2 µM) in 5 mM or 10 mM H2O2 was examined for 20 min with increasing 

amounts of His-cpSRP43 (A) or His-cpSRP54 (B). One representative result out of two similar 

results is here represented.  
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3.2.5 cpSRP43 protects PORB against heat shock in planta  

In order to test whether cpSRP could also chaperone PORB to be preserved from heat stress in 

vivo, I applied a 2 h 42 °C heat shock treatment to Ler-0, chaos, cpSRP434-OX, ffc and Col-0. 

In comparison to Ler-0 and cpSRP43-OX, I found that the PORB level in chaos was 

significantly reduced after heat treatment (Figure 3.23A-B), while the PORB transcript content 

was unaltered in all three genotypes (Figure 3.23C). In contrast, PORB levels were unaltered 

in both ffc and wild type even after 4 h heat treatment (Figure 3.23D-E), indicating in 

consistency with the in vitro scattering assays that only cpSRP43 protects PORB against heat 

shock. In addition, PORC has apparently to use another mode of control. An unaltered PORC 

level after 2 h heat treatment at 42 °C indicates that PORC is likely more tolerant to heat stress 

than PORB (Figure 3.23A-B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 cpSRP43 improves the thermostability of PORB against heat shock. A and D, 

Steady-state levels of the indicated proteins in Ler-0, chaos, cpSRP43-OX (A) and in Col-0, ffc 

(D) seedlings before and after the indicated hours of heat treatment at 42 °C were quantified by 

immunoblotting using the indicated antibodies. The Ponceau S-stained RbcL is shown as a 

loading control. B and E, Semiquantitative analysis with Image J software (NIH) of the 

immunoblots from A (B) and D (E). The relative amounts of PORB and PORC in Ler-0, chaos 

and cpSRP43-OX (B) and PORB in ffc and Col-0 (D) were normalized to their levels before 

heat treatment. The data are plotted as means ± s.d. (n = 3 independent biological repeats). The 

statistical analysis was performed using two-tailed Student’s t-tests. The asterisks indicate 

significant differences compared with protein levels before heat treatment: *P < 0.05, **P < 

0.01. C, Relative mRNA levels of indicated genes in 18-day-old Ler-0, chaos and cpSRP43-
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OX were measured prior to and after 2 h heat treatment at 42 °C. Gene expression was calculated 

relative to the Ler-0 and SAND was used as the reference gene. The data are plotted as mean ± 

s.d. (n = 3 independent biological repeats). Letters above histograms indicate significant 

differences as determined by two-way ANOVA with Tukey test (P < 0.05). 

3.2.6 The SBD domain is sufficient for cpSRP43 to protect PORB 

SBD and CD2 are essential for cpSRP43’s chaperone activities towards GluTR, CHLH and 

GUN4 (see chapter 3.1). I aimed to clarify whether SBD and CD2 of cpSRP43 are also required 

for its chaperone activity on PORB. In a genetic approach, a series of chaos complementation 

lines that constitutively express either FL-cpSRP43 or truncated cpSRP43 variants lacking one 

of the four cpSRP43 domains were generated to characterize the functional role of specific 

domains of cpSRP43 for the PORB stability. Looking at the phenotypes of these transgenic 

lines, it became obvious that the deletion of either CD1 or the Ank domain in the SBD of 

cpSRP43 did not compensate for the phenotype of chaos (Figure 3.24A). In contrast, expression 

of either the truncated cpSRP43ΔCD2 or cpSRP43ΔCD3 completely rescued the pale-green 

phenotype of chaos (Figure 3.24A). Regarding the steady-state level of PORB, deletion of the 

Ank domain in SBD led to a significant reduction of the PORB level in cpSRP43ΔAnk-OX 

compared to that in wild type. However, this reduced POR content was not observed, when the 

truncated cpSRP43ΔCD2 or cpSRP43ΔCD3 were expressed in the chaos background (Figure 

3.24A). In addition, the complementation line cpSRP43(SBD)-OX shows a wild-type-like 

phenotype and the PORB level is comparable with that in Ler-0 (Figure 3.24B). These 

experimental findings directly indicate that SBD is sufficient for the protective role of cpSRP43 

on PORB. However, it is still not entirely clear whether the sole SBD is sufficient for the 

chaperone activity of cpSRP43 on PORB during heat shock. Therefore, I applied 2–4 h of heat 

treatment to the cpSRP43(SBD)-OX, cpSRP43ΔCD2-OX and cpSRP43ΔCD3-OX and 

determined the alteration of PORB levels in these transgenic lines. The significantly reduced 

levels of GUN4 found in the cpSRP43 (SBD)-OX and cpSRP43ΔCD2-OX lines after heat shock 

are in agreement with the previous finding that protection of GUN4 requires the SBD and CD2 

domains of cpSRP43 (Figure 3.24C-D). In contrast, after a 2–4 h heat treatment of 42 °C, PORB 

levels were not altered among these transgenic lines (Figure 3.24C-D), indicating unlike GUN4 

that the possible protective interaction for chaperone function of cpSRP43 with PORB occurs 

with SBD.  
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Figure 3.24 The chaperone activity of cpSRP43 on PORB requires the SBD. A, A 

representative image of Ler-0, chaos and the indicated chaos complementation lines (top panel) 

and steady-state levels of the indicated cpSRP43, cpSRP54 and TBS proteins (lower panels) in 

these indicated lines. B, A representative image Ler-0, chaos and cpSRP43(SBD)-OX seedlings 

(top panel) and steady-state levels of the indicated cpSRP43, cpSRP54 and TBS proteins (lower 

panels) in Ler-0, chaos and cpSRP43(SBD)-OX. C, Steady-state levels of cpSRP43, cpSRP54 

and TBS proteins in Ler-0, cpSRP43-OX, cpSRP43ΔCD2-OX and cpSRP43ΔCD3-OX seedlings 

before (0 h at 42 °C) or after 2–4 h of heat treatment (2–4 h at 42 °C) were detected by 

immunoblotting using the indicated antibodies. D, Steady-state levels of cpSRP43, cpSRP54 
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and TBS proteins in Ler-0, chaos and cpSRP43(SBD)-OX before (0 h at 42 °C) or after 2–4 h 

of heat treatment (2–4 h at 42 °C) were detected by immunoblotting using the indicated 

antibodies. 18-day-old seedlings were harvested. The standard growth condition is 16 h light/8 

h dark, 100 µmol photons m-2 s-1 and the Ponceau S-stained RbcL is shown as a loading control.  

3.2.7 cpSRP54 is involved in the membrane association of PORB  

As described in chapter 3.2.1.2, cpSRP54 post-translationally stabilizes PORB (Figure 3.18A-

C). In order to explore how cpSRP54 stabilizes PORB, I firstly performed an in vitro scattering 

assay to explore if cpSRP54 also acts as a chaperone to protect PORB from protein aggregation. 

However, I found that cpSRP54 itself was sensitive to higher temperature during this assay 

because aggregation of cpSRP54 was determined (Figure 3.25C). Moreover, the deficiency of 

cpSRP54 in ffc did not affect the content of PORB in response to the heat shock treatment 

(Figure 3.25C). Therefore, cpSRP54 is proposed not to protect PORB from aggregation. But it 

remained open, how cpSRP54 stabilizes PORB. 

It is accepted that cpSRP54 guides LHCP during trafficking to the thylakoid membrane by 

binding to the receptor protein cpFtsY. At this last step, cpSRP54 probably acts as an optimizing 

element that maintains the transit complex in an ideal insertion-competent state, thereby making 

the transport process more efficient (Ziehe et al., 2018). It was speculated that cpSRP deficiency 

would significantly reduce the amount of membrane-associated LHCPs. Figure 25A typically 

reflects the effect of cpSRP on LHCa/b translocation: LHCa/b are membrane-bound proteins 

as they were only found in the membrane fraction. The LHCa/b levels were significantly 

decreased in the single mutant chaos and ffc, and became almost undetectable in the double 

mutant chaos/ffc (Figure 3.25A), suggesting that cpSRP43 and cpSRP54 cooperatively 

transport LHCa/b to the thylakoid membrane. 

PORB in Arabidopsis is a thylakoid membrane-associated protein although it does not contain 

a transmembrane domain, such as the L18 of LHCPs. I hypothesize that cpSRP54 is involved 

in the transport and targeting of PORB to the thylakoid membrane. Similar to the experiment 

by which the effect of cpSRP on LHCPs translocation has been verified (Schünemann et al., 

1998) (Figure 3.25A), chloroplasts were separated into the membrane and soluble fraction 

(methods see 2.13). Aliquots of the two fractions were separated on SDS-PAGE gel. As a result, 

the distribution of membrane-associated and soluble PORB was achieved and presented from 

wild type, chaos, ffc, and chaos/ffc samples. I also assessed the ratio of membrane-associated 

versus soluble amounts of PORB. As shown in Figure 3.25B-C, the absence of cpSRP43 in 

chaos or concurrent absence of cpSRP54 in double mutant chaos/ffc, did not affect the relative 

quantitative ratio of membrane-bound and soluble PORB. However, in ffc mutant, I found that 

the ratio of membrane-associated PORB was significantly reduced compared to the wild type 

(Figure 3.25B-C), indicating that the cpSRP54 deficiency compromises the amount of 

membrane-associated PORB. It is proposed that cpSRP54 is involved in the trafficking and 

association of PORB to the membrane. In summary, the cpSRP components can act as 

chaperones to protect PORB against denaturation caused by high temperature and oxidative 

stress. cpSRP54 may assist in the attachment of PORB to thylakoids. 
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Figure 3.25 cpSRP54 is involved in the membrane association of PORB. A, Immunoblot 

analysis of membrane-bound (M) and soluble (S) LHCb1 and LHCa1 in Ler-0, chaos, chaos/ffc, 

ffc and Col-0 plants grown under standard conditions. B, M and S fractions of GluTR, GUN4 

and PORB were also analyzed in these plants. The Ponceau S-stained RbcL is shown as a 

loading control. C, Relative M/S ratio of PORB in chaos, chaos/ffc and ffc were normalized 

that in wild type. The data are plotted as means ± s.d. (n = 3 independent biological repeats). 

The statistical analysis was performed using two-tailed Student’s t-tests. The asterisks indicate 

significant differences compared with protein levels in wild type: *P < 0.05, **P < 0.01. 
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3.3 Functional analysis of the aggregation-prone region (APR) in GluTR 

The aggregation-prone region (APR) is usually hidden in the core of protein in an aqueous 

environment since this portion of the amino acid sequence belongs to the hydrophobic 

polypeptide. The APR could be exposed on the surface when the protein is mis- or unfolded, 

which tends to form a strong intermolecular contact with the analogous sequences in a 

neighboring protein such as β-sheet structures, thereby leading to the protein aggregation 

(Meric et al., 2017). 

In Arabidopsis, GluTR is the rate-limiting enzyme in the TBS pathway, which is encoded by 

the gene HEMA1. It has been reported that there are two APRs at the N-terminus of the GluTR. 

Interestingly, overexpression of HEMA1 in Nicotiana tabacum or Arabidopsis thaliana did not 

display a corresponding increase in ALA synthesis rate, but instead, an increase of GluTR 

aggregates (Schmied et al., 2011; Wang et al., 2018). The protein aggregation of GluTR 

indicates that overexpression of HEMA1 in vivo cannot accumulate GluTR as the excess GluTR 

will form protein aggregation and is degraded. The solubility of the truncated recombinant 

GluTR with deletion of the two APRs at the N-terminus was significantly improved in vitro, 

implying that APRs are responsible for GluTR aggregation in vitro (Wang et al., 2018). 

However, the functions of APRs of GluTR in vivo are still unknown. Whether APRs in planta 

are also responsible for the aggregation of GluTR and whether the accumulation of GluTR is 

achieved by modifying the APRs in planta still remains to be further studied. 

3.3.1 Generation and analysis of APRs deletion mutants 

Structural domains of a typical GluTR are shown in the Figure 3.26A. At the N-terminus there 

is a regulatory domain (RED) (Richter et al., 2019), followed by the catalytic domain, the 

NADPH binding domain and the dimerization domain, and finally at the C-terminus there is 

the FLU binding domain (FBD) (Wang et al., 2018). Algorithm analysis found that the two 

APRs of GluTR are both in the catalytic domain and close to the RED domain (Wang et al., 

2018). In order to explore the function of APRs in GluTR, I generated APRs deletion mutants 

in the background of hema1 (HEMA1 knockout) named HEMA1ΔAPR1, HEMA1ΔAPR2 and 

HEMA1ΔAPR1/2, which expressed the truncated GluTRΔAPR1, GluTRΔAPR2 and 

GluTRΔAPR1/2, respectively (Figure 3.26B).  
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Figure 3.26 Schematic overview of GluTR and its truncated types. A, GluTR sequence was 

analyzed with the TANGO algorithm, which identified regions that are predicted to be prone to 

aggregation. The sequences of two APRs (yellow) are indicated below. B, Schema of the 

truncated GluTRΔAPR1, GluTRΔAPR2 and GluTRΔAPR1/2, which was expressed in the 

transgenic lines HEMA1ΔAPR1, HEMA1ΔAPR2 and HEMA1ΔAPR1/2, respectively. RED, 

regulatory domain. FBD, FLU binding domain. 

Genotyping showed that the T-DNA fragments were successfully amplified, while the lack of 

amplification of the HEMA1 gene confirmed the homozygous background of heam1, and the 

successful amplification of the transgenes indicated that the corresponding transgenic 

fragments were successfully transformed into hema1. Taken together, this genotyping showed 

that the APRs deletion mutants were constructed correctly as I expected (Figure 3.27A). 

Phenotyping of the seedlings of all different APR deletion mutants revealed that their yellow 

leaves and retarded growth were similar to the properties of hema1 (Figure 3.27B). These 

observations are consistent with the analyzed ALA synthesis rates and Chl contents (Figure 

3.27C-D), indicating that the lack of APRs severely impaired the GluTR function and, thereby, 

abolished the Chl biosynthesis. 

 

 

 

 

A 

B 

A 



Results 

- 89 - 

 

 

 

 

 

 

 

 

 

 

Figure 3.27 APRs deletion mutants showed severely impaired Chl biosynthesis. A, PCR 

analyses of genomic DNA from the Col-0, HEMA1ΔAPR1, HEMA1ΔAPR2 and 

HEMA1ΔAPR1/2 confirmed the correct construct of the APRs deletion mutants. B, An image 

with representatives of 16-day-old Col-0, hema1, HEMA1/hema1, HEMA1ΔAPR1, 

HEMA1ΔAPR2 and HEMA1ΔAPR1/2 plants grown under standard conditions (16 h light/8 h 

dark, 100 μmol photons m-2 s-1). Scale bar, 1 cm. C-D, Chl content (C) and ALA synthesis rate 

(D) in 16-day-old plants grown under the same conditions as in B. FW, fresh weight. All values 

are plotted as means ± s.d. (n = 3 independent samples). The statistical analysis was performed 

using two-tailed Student’s t-tests. The asterisks indicate significant differences compared with 

the corresponding levels in Col-0: *P < 0.05, **P < 0.01. 

3.3.2 APR deletion compromises the stability and activity of GluTR 

Immunoblot analysis of the GluTR levels in the APRs deletion mutants indicated that only a 

decreased GluTR level was detected in HEMA1ΔAPR2-20, while accumulation of GluTR 

variants in the other genotypes was not detectable (Figure 3.28A). In order to exclude that 

reduced or undetectable GluTR levels are due to the low transcriptional level, I performed a 

qRT-PCR to analyze the transcript levels of HEMA1 in the APRs deletion mutants. The results 

showed that the transcript of HEMA1 was higher in HEMA1ΔAPR2-20, while in other lines 

wild type-like transcript levels were determined (Figure 3.28B). This finding could be one 

explanation, why GluTR was only detectable in HEMA1ΔAPR2-20. Considering a barely 

detectable ALA synthesis rate in HEMA1ΔAPR2-20 (Figure 3.28D), it was concluded that the 

APR2 deletion abolished the activity of GluTR, while – even more important – the GluTR 

without APR(s) are extremely instable. Other APRs deletion mutants such as HEMA1ΔAPR1-

4 and HEMA1ΔAPR1/2-6, showed more accumulation of HEMA1 RNA expression than Col-0, 

although no GluTR content was detectable (Figure 3.28A-B). Taken together, the APR deletion 
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dramatically affects the integrity of GluTR and compromised the stability and activity of GluTR 

in planta. However, it should be pointed out that the two GluTR-APRs are located at the N-

terminal catalytic domain. Their deletion would inevitably affect the enzyme activity and the 

structural integrity of GluTR. Hence, the described approach with deleted APR fragments 

turned out to be inappropriate to assess the function of APRs in GluTR. Therefore, I intended 

to continue with another strategy to unravel the function of APRs in GluTR and envisaged to 

substitute single amino acid residues within the APRs. 

 

 

 

 

 

Figure 3.28 The deletion of APRs dramatically affects the integrity of GluTR. A, Steady-

state levels of GluTR, cpSRP43, LIL3.1 in 16-day-old Col-0, hema1, HEMA1/hema1, 

HEMA1ΔAPR1, HEMA1ΔAPR2 and HEMA1ΔAPR1/2 grown under standard growth condition 

were quantified by immunoblotting using the indicated antibodies. The Ponceau S-stained 

RbcL is shown as a loading control. B, The relative quantities of mRNA content of HEMA1 in 

different indicated genotypes. The HEMA1 expression levels in all transgenic lines were 

normalized to that in Col-0 using SAND as the reference gene. All values are plotted as means 

± s.d. (n = 3 independent s). The statistical analysis was performed using two-tailed Student’s 

t-tests. The asterisks indicate significant differences compared to HEMA1 mRNA levels in Col-

0: *P < 0.05. 

3.3.3 The substitution of amino acid residues in the two GluTR-APRs 

It turned out that the deletion approach of APRs in the GluTR structure was too careless. In 

order to investigate the roles of APRs for GluTR aggregation, a strategy was intended to replace 

the APR with a stretch of amino acid residues, which minimizes the effects of APR, but keeps 

the activity and integrity of GluTR. The most straightforward approach was to exchange a 

single amino acid residue, making the APR a non-APR peptide motif. Therefore, the algorithm 

TANGO was used to evaluate the aggregation tendency of the modified APRs after a single 

amino acid substitution (Fernandez-Escamilla et al., 2004). As expected from the mechanism 

of β-aggregation, aggregating regions are strongly enriched in aliphatic hydrophobic residues 

Val (V), Leu (L), Ile (I), as well as in aromatic residues Phe (F), Tyr (Y) but also Trp (W) 

(Rousseau et al., 2006). The flanks of aggregation-prone regions are enriched with charged 

residues and proline (P), the so-called gatekeeper residues (Reumers et al., 2009). For the case 

of GluTR in this study, the Val, Leu, and Ile are enriched in the APRs. In addition, it has been 

reported that the substitution of Val-251 and Ile-254 by two prolines (P) that lowers the 

aggregation propensity (Richardson and Richardson, 2002) in the BIN2249-257 APR, 
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completely abolished its aggregation capacity (Betti et al., 2016). Thirdly, I replaced the single 

amino acid in APR with Pro one by one and predicted the aggregation tendency of the point 

mutated APR by TANGO. I found that the substitution of Val-99 or Val-151 by Pro completely 

abolished the aggregation. These suggest that Val might be a good target for amino acid 

substitution. 

As shown in Figure 3.29B-C, I chose two kinds of amino acids to replace the Val as the 

approach for amino acid substitution: ValPro and ValThr substitution. Because Val and 

Pro are basic amino acids, and Val and Thr are different only in one group (–CH3 in Val while 

-OH in Thr) (Figure 3.29A). By using the TANGO software, it was assessed that a replacement 

of Val with Pro, the aggregation tendency of both APRs is abolished. When Val was replaced 

by Thr, the aggregation tendency of APR1 and APR2 was reduced by 50% and 80%, 

respectively (Figure 3.29B-C), indicating that the two experimental approaches of amino acids 

substitution might be a better way to reduce the aggregation-prone tendency of APRs without 

disturbing the entire structure of GluTR and, consequently its activity and integrity of GluTR. 

 

 

 

 

 

 

 

 

 

Figure 3.29 An amino acid residue substitution in APRs predictably abolishes the 

tendency of aggregation. A, Structural formula and a reference to the hydrophobic properties 

of amino acids Val (V), Pro (P) and Thr (T). B, the amino acid substitutions of APR1 and APR2 

were analyzed with the TANGO algorithm. The original (green), VP substituted (red) and 

VT substituted (purple) APR-sequences are plotted against their aggregation tendency. 
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3.3.4 Generation and analysis of APRs point mutants 

3.3.4.1 Phenotype of the APRs point mutants  

I generated APRs point mutants, in which the point mutated HEMA1 sequences were driven by 

itself HEMA1 promoter in the background of hema1. The transgenic lines were named HEMA1 

(V99P/V151P) and HEMA1 (V99T/V151T), which expressed the point mutated GluTR 

(V99P/V151P) and GluTR (V99TV151T). Genotyping (not shown) and sequencing confirmed 

that the point mutants HEMA1 (V99P/V151P) and HEMA1 (V99T/V151T) were successfully 

generated (Figure 3.30B). Phenotypic analysis showed that the selected lines expressing 

HEMA1 (V99T/V151T) showed a wild-type like growth, while HEMA1 (V99P/V151P) 

exhibited yellow seedlings and severe growth retardation, similar to the severe phenotype of 

hema1 (Figure 3.30A). The different phenotypes of lines expressing either HEMA1 

(V99P/V151P) or HEMA1 (V99T/V151T) indicate that the expression of mutant GluTR 

corresponds to modified Chl biosynthesis, most likely by deregulation of ALA synthesis rates. 

It turned out that the ALA synthesis rate of HEMA1 (V99T/V151T) was the same as in wild 

type, while the ALA synthesis rate in HEMA1 (V99P/V151P) was drastically decreased (Figure 

3.30C-D).  

 

 

 

 

 

 

 

 

Figure 3.30 Characterization and analysis of the transgenic lines HEMA1 (V99T/V151T) 

and HEMA1 (V99P/V151P). A, A representative image of 14-day-old Col-0, HEMA1/hema1, 

HEMA1 (V99T/V151T)-4 and HEMA1 (V99P/V151P)-16 plants grown under standard 

conditions (16 h light/8 h dark, 100 μmol photons m-2 s-1). Scale bar, 1 cm. B, Sequencing 

confirmed the transformation of coding sequences HEMA1 (V99T/V151T) and HEMA1 

(V99P/V151P) in homozygous lines HEMA1 (V99T/V151T) and HEMA1 (V99P/V151P), 

respectively. C-D, ALA synthesis rates in HEMA1 (V99P/V151P) -16 (C) and HEMA1 

(V99T/V151T)-4/24 (D) grown under standard growth conditions. All values are plotted as 

means ± s.d. (n = 3 independent samples). The statistical analysis was performed using two-
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tailed Student’s t-tests. The asterisks indicate significant differences compared with the 

corresponding levels in Col-0: *P < 0.05, **P < 0.01. 

3.3.4.2 GluTR (V99T/V151T) improves the stability of GluTR 

qRT-PCR and immunoblotting were applied to analyze the transcript and protein levels of 

GluTR in the HEMA1 (V99P/V151P) and HEMA1 (V99T/V151T) lines. The HEMA1 transcript 

level in HEMA1 (V99P/V151P) was comparable to that in wild type, while the GluTR content 

was significantly reduced (Figure 3.31A-B), suggesting that VP mutation reduces the 

stability of GluTR. The compromised steady-state level of GluTR (V99P/V151P) in HEMA1 

(V99P/V151P) correlated with the almost abolished ALA synthesis rate (Figure 3.31C), 

suggesting that the VP mutation also impairs the enzymatic activity of GluTR. Taken 

together, the VP mutation likely caused a more negative effect on the integrity of GluTR, and 

therefore, the stability and activity of GluTR were compromised.  

In contrast, although the transcript level of HEMA1 in HEMA1 (V99T/V151T)-24 was 

equivalent to that of wild type (Figure 3.31B), the protein level of GluTR (V99T/V151T) was 

slightly increased 27% (Figure 3.31D-E). In consistency with the wild-type like GluTR 

(V99T/V151T) content in HEMA1 (V99T/V151T)-4, the almost 50% reduced transcript levels 

suggest that the VT mutation could slightly improve the stability of GluTR (Figure 3.31B-

E). However, the ALA synthesis rates in both HEMA1 (V99T/V151T)-4 and HEMA1 

(V99T/V151T)-24 were comparable with those in wild type (Figure 29D), suggesting that VT 

mutation does not impair the ALA synthesis rate. Considering the accumulated GluTR in 

(V99T/V151T)-24, it suggests that the VT mutation could also inactive the activity of GluTR, 

which can be explained by the location of APR in the N-terminal catalytic domain of GluTR. 

In summary, slightly increased stability of GluTR could be achieved by substitution of amino 

acids in APR.  
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Figure 3.31 Analysis of the transcript and protein levels of GluTR in HEMA1 

(V99P/V151P) and HEMA1 (V99T/V151T).  A, Steady-state levels of cpSRP43, cpSRP54 and 

TBS proteins in 14-day-old Col-0, HEMA1/hema1, HEMA1 (V99T/V151T) and HEMA1 

(V99P/V151P) were quantified by immunoblotting using the indicated antibodies. The Ponceau 

S-stained RbcL is shown as a loading control. B, Relative mRNA levels of HEMA1, CHLH, 

GUN4, PORB and PORC in Col-0, HEMA1/hema1, HEMA1 (V99T/V151T) and HEMA1 

(V99P/V151P). The gene expression levels were calculated relative to that in Col-0, using 

SAND as the reference gene. C, A representative image of 15-day-old Col-0, HEMA1/hema1, 

HEMA1 (V99T/V151T)-4 and HEMA1 (V99T/V151T)-24 plants grown under standard 

conditions (16 h light/8 h dark, 100 μmol photons m-2 s-1). Scale bar, 1 cm. D, Steady-state 

levels of GluTR, GUN4 and PORB in 15-day-old Col-0, HEMA1/hema1, HEMA1 

(V99T/V151T)-4 and HEMA1 (V99T/V151T)-24 were quantified by immunoblotting using the 

indicated antibodies. The Ponceau S-stained RbcL is shown as a loading control. E, 

Semiquantitative analysis with Image J software (NIH) of the immunoblots in D. The relative 

amounts of GluTR, GUN4 and PORB in HEMA1 (V99T/V151T)-4 and HEMA1 (V99T/V151T)-

24 were normalized to the levels in the Col-0. The data are plotted as means ± s.d. (n = 3 

independent biological repeats). The statistical analysis was performed using two-tailed 

Student’s t-tests. The asterisks indicate significant differences compared with protein levels in 

Col-0: *P < 0.05.  

3.3.4.3 GluTR (V99T/V151T) reduces the aggregation in vitro, does not modulate the 

oligomerization of GluTR in planta 

In order to test whether the GluTR (V99T/V151T), which possesses a predictable tendency of 

decreased aggregation by TANGO algorithm, can reduce the GluTR aggregation, I investigated 

the effects of VT mutation on GluTR aggregation/oligomerization by in vitro and in vivo 

experimental approaches. In vitro, I expressed and purified the recombinant proteins GluTR 

(V99T/V151T) and GluTR (Figure 3.32B), and conducted the scattering assays to analyze the 

formation of GluTR aggregates at 42 °C. As shown in the Figure 3.32A, compared with the 

wild-type GluTR, the GluTR (V99T/V151T) slightly decreased the heat-induced aggregation 
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of GluTR by 18-30% in vitro, especially at the time point 4-6 min. This observation suggests 

that the VT mutation could increase the stability of GluTR via prevention of its aggregation. 

In vivo, I performed a Blue Native gel electrophoresis to analyze the GluTR oligomerization in 

HEMA1 (V99T/V151T), HEMA1/hema1 and wild type. As shown in the Figure 3.32C-D, 

GluTR showed a comparable pattern of complex formation in the tested HEMA1 

(V99T/V151T), HEMA1/hema1 and wild type, indicating that the GluTR (V99T/V151T) in vivo 

does not significantly alter the complex formation of GluTR. Based on the in vivo and in vitro 

assays, GluTR (V99T/V151T) is proposed to contain slightly inactivated APRs, which do not 

affect the oligomerization of GluTR in planta.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.32 Aggregation and oligomerization analyses of GluTR (V99T/V151T). A, 

Scattering assays to evaluate the heat-induced aggregation of GluTR and GluTR 

(V99T/V151T). A340 nm was measured at 2-min intervals to quantify turbidity. Thermal 

aggregation of His-GluTR and His- GluTR (V99T/V151T) (2 µM) was examined for 14 min at 

42°C. The data are plotted as means ± s.d. (n = 3 independent biological repeats). The statistical 

analysis was performed using two-tailed Student’s t-tests. The asterisks indicate significant 

differences compared with the aggregate in GluTR: **P < 0.01. B, Coomassie blue-stained 

recombinant proteins GluTR and GluTR (V99T/V151T). C, Two-dimensional BN-SDS/PAGE 

analysis of GluTR allocation in chloroplasts isolated from Col-0, HEMA1/hema1, HEMA1 

(V99T/V151T)-4 and HEMA1 (V99T/V151T)-24. GluTR monomers and oligomers were 

detected by immunoblotting analysis. D, Semiquantitative analysis with Image J software 
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(NIH) of the immunoblots in C. The relative amounts of GluTR in the indicated allocation areas 

were normalized to the corresponding total GluTR of each plant.  

3.3.4.4 GluTR (V99T/V151T) does not modulate the thermostability of GluTR  

The APR is suggested to be the cause for the aggregation of GluTR, a heat shock treatment 

aggravates protein aggregation and reduces protein stability. Therefore, I was asking whether 

the substitution of the amino acids in the APRs would improve the thermostability of GluTR. I 

applied heat shock to seedlings of Col-0, HEMA1/hema1, HEMA1 (V99P/V151P) and HEMA1 

(V99T/V151T). The amount of GluTR was measured after 2 h and 4 h heat treatment at 42 °C, 

and it was found that GluTR of the HEMA1 (V99T/V151T) and HEMA1 (V99P/V151P) lines 

similarly degraded compared to wild-type GluTR (Figure 3.33A). Further analysis of the ALA 

synthesis rates under heat shock was also consistent with the unstable GluTR levels in HEMA1 

(V99P/V151P) and HEMA1 (V99T/V151T) (Figure 3.33B), indicating that both the VP and 

VT mutations cannot increase the thermostability of GluTR under heat shock. 

 

 

 

 

 

 

 

 
 

 

 

Figure 3.33 Amino acids substitution of GluTR cannot improve the thermostability of 

GluTR. A, Steady-state levels of GluTR, GUN4, PORB and cpSRP43 in 16-day-old Col-0, 

HEMA1/hema1, HEMA1 (V99P/V151P)-16, HEMA1 (V99T/V151T)-4, and HEMA1 

(V99T/V151T)-24 before (0 h at 42 °C) or after 2–4 h of heat treatment (2–4 h at 42 °C) were 

detected by immunoblotting using the indicated antibodies. The Ponceau S-stained RbcL is 

shown as a loading control. B, The ALA synthesis rates in Col-0, HEMA1/hema1, HEMA1 

(V99T/V151T)-4 and HEMA1 (V99T/V151T)-24 were determined under standard (22°C) and 

heat shock conditions (42°C 2 h).  The data are plotted as means ± s.d. (n = 3 independent 
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biological repeats). The statistical analysis was performed using two-tailed Student’s t-tests. 

The asterisks indicate significant differences compared with protein levels in Col-0: *P < 0.05, 

**P < 0.01. 

3.3.4.5 GluTR (V99T/V151T) enhances the stability of GluTR in darkness 

Apitz et al. reported that GluTR is gradually degraded by ClpC in the dark, thereby inhibiting 

the ALA synthesis to avoid the accumulation of toxic intermediates in darkness (Apitz et al., 

2016). Therefore, I was wondering whether the GluTR (V99T/V151T) could affect the rate of 

degradation of GluTR during dark incubation. I moved HEMA1 (V99T/V151T), HEMA1/hema1 

and wild type to darkness for indicated time. The degradation of GluTR was determined after 

16 h and 24 h dark treatment, GluTR in the HEMA1 (V99T/V151T) lines were degraded more 

slowly than that in the wild type (Figure 3.34A-B). It is assumed that the point mutation of 

GluTR lowered the degradation rate of GluTR. Therefore, improved the stability of GluTR in 

the dark can be proposed. 

 

 

 

 

 

 

 

 

 

 

Figure 3.34 VT mutation improves the stability of GluTR in darkness. A, Steady-state 

levels of GluTR in 16-day-old Col-0, HEMA1/hema1, HEMA1 (V99T/V151T)-4 and HEMA1 

(V99T/V151T)-24 before (0 h dark) or after 16-24 h of dark treatment were detected by 

immunoblotting using the indicated antibodies. The Ponceau S-stained RbcL and Actin are 

shown as a loading control. B, Semiquantitative analysis with Image J software (NIH) of the 

immunoblots in A. The relative amounts of GluTR were normalized to their levels before being 

transferred to the dark treatment (0 h in dark). The data are plotted as means ± s.d. (n = 3 

independent biological repeats). The statistical analysis was performed by using two-tailed 

Student’s t-tests. The asterisks indicate significant differences relative to each ecotype before 

dark treatment (0 h dark): *P < 0.05, **P < 0.01. 

In summary, my studies show that (1) the APRs contribute substantially to the 3D structure and 
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conformation of GluTR, which is important for the integrity of GluTR, and the APR deletion 

dramatically reduces the stability and activity of GluTR. (2) It was presumed that the VP 

mutation of GluTR abolishes the aggregation tendency, but the experiments indicate that this 

replacement of amino acid residues strongly affects the integrity of GluTR, and therefore, 

compromises the stability and activity of GluTR. (3) The VT mutation of GluTR was 

suggested to inactive the APR, which could slightly improve the stability of GluTR by 

preventing its aggregation. (4) VT mutation could affect the GluTR degradation and improve 

the stability of GluTR in the dark. Overall, my study demonstrates that the reduced aggregation 

and elevated stability of GluTR can be achieved by reducing the aggregation tendency of APR. 

Although in the VT mutation, the alterations of aggregation and stability of GluTR are minor, 

it is still possible to slightly reduce the aggregation and increase the stability of GluTR by 

optimizing the strategies of amino acids substitution. 
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4 Conclusions and discussion 

4.1 Chloroplast SRP43 autonomously protects Chl biosynthesis proteins against heat 

shock 

Chloroplast development requires coordination between Chl biosynthesis and the assembly of 

LHCPs (Wang and Grimm, 2021). The ATP-independent chaperone function of cpSRP43 

mediates the post-translational LHCP translocation to the thylakoid membrane, but also 

participates in the TBS pathway (Schünemann et al., 1998; Wang et al., 2018). However, it is 

still not known, how cpSRP43 allocates its tasks to both pathways. Based on previous research 

in our group, this study intends to comprehensively and deeply explore the regulatory 

mechanism of cpSPR43 on the TBS pathway, including the search for new TBS clients of 

cpSRP43, to find out the potential general mechanism, by which cpSRP43 regulates these TBS 

clients, thereby unraveling the mechanism, how cpSRP43 coordinates Chl synthesis and LHCP 

biogenesis. 

4.1.1 Autonomous chaperone activity of cpSRP43 is crucial for the stability of Chl 

biosynthesis proteins 

Chl biosynthesis is tightly regulated in oxygenic photosynthetic organisms to avoid 

phototoxicity of free Chl and most of its precursors (Apel and Hirt, 2004). A set of auxiliary 

factors, such as chaperones, scaffold proteins, and proteases, are required for efficient Chl 

synthesis in light and rapid shutdown of Chl metabolic flux in the dark (Czarnecki and Grimm, 

2012; Brzezowski et al., 2015). In this study, immunoblot analysis of leaf extracts from chaos 

revealed reduced accumulation of the two MgCh components CHLH and GUN4 (Figure 3.2B), 

while CHLH and GUN4-mRNA levels were not modified (Figure 3.3D). Thus, a post-

translational degradation of these proteins was proposed in response to cpSRP43 deficiency. In 

line with this assumption, cpSRP43 physically interacts with GluTR, CHLH, and GUN4 

(Figure 3.4), suggesting that the effect of cpSRP43 on the stability of GluTR, CHLH and GUN4 

relies on direct physical interaction of cpSRP43. While cpSRP43 did not influence the 

enzymatic activity of MgCh (Figure 3.5), in vivo analyses of protein levels showed that a 

chaperone function of cpSRP43 is involved in stabilizing GluTR, CHLH and GUN4 under 

standard growth and heat stress conditions (Figure 3.2A, Figure 3.7A). Therefore, these data 

identify GluTR, CHLH and GUN4 as new cpSRP43 clients.  

The SBD of cpSRP43, which is responsible for the chaperone activity on the LHCP (Liang et 

al., 2016; Siegel et al., 2020), is not sufficient for interaction with and protection of TBS 

proteins (Figure 3.9B, Figure3.10B,G). Although the C-terminal CD2 or CD3 motif are 

required for the stable protein interaction of cpSRP43 with TBS proteins in vitro (Figure 3.10D, 

C, H, I), in vivo analysis highlights the key role of the SBD+CD2 domains during physical 

interaction with and thermostabilization of TBS proteins (Figures 3.11 and 3.12). While 

cpSRP43 alone can act as an ATP-independent chaperone for unfolded LHCP through 

interaction with SBD of cpSRP43 (Liang et al., 2016; Siegel et al., 2020), the cpSRP43 
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efficiently prevents pre-folded TBS proteins through interactions with its SBD+CD2. While the 

reason for the strict necessity of CD2 for chaperoning TBS proteins in vivo remains to be 

determined, the mechanism by which cpSRP43 interacts with LHCPs is different from that of 

interaction with TBS proteins. 

4.1.2 cpSRP54 modulates chaperone activity of cpSRP43 in a client-dependent manner  

The dominant role of the LHCP-cpSRP43-cpSRP54 ‘transit complex’ is the protection and 

transfer of the hydrophobic LHCPs through the aqueous stroma to the thylakoid membrane-

localized Alb3 translocase (Richter et al., 2010; Dunschede et al., 2011; Akopian et al., 2013). 

The versatile functions evoke the question, how cpSRP43 manage to serve for the two different 

groups of target proteins?  

My study suggests a critical role for cpSRP54 in orchestrating this coordination. cpSRP54 

stimulates cpSRP43’s chaperone activity on LHCPs by stabilizing the SBD domain of cpSRP43 

in a closed, tightly folded conformation (Liang et al., 2016; Siegel et al., 2020). Surprisingly, 

my data show that cpSRP54 has the opposite effect on the activity of cpSRP43 for TBS clients 

(Figure 3.13). Thus, cpSRP54 deficiency improved the thermostabilities of TBS proteins and 

maintained the Chl metabolic flow under heat shock, compared to those in the wild type (Figure 

3.13 and Figure 3.14). This finding supports the idea that free cpSRP43, rather than the 

cpSRP43-cpSRP54 complex, serves as the active chaperone for TBS proteins under heat stress. 

Given that CD2 forms the binding site for the cpSRP43-cpSRP54M interaction (Jonas-Straube 

et al., 2001; Holdermann et al., 2012) and is also required for cpSRP43 to provide 

thermoprotection for TBS proteins (Figure 3.12), I speculate that the protection of TBS proteins 

requires additional client contacts by means of CD2 that are antagonized by interaction with 

cpSRP54. The binding of cpSRP54 to cpSRP43 could occlude the binding sites of CD2 for TBS 

enzymes or force cpSRP43 to adopt a conformation that is incompatible with TBS interaction. 

Although the mechanistic details behind the cpSRP54-mediated inhibition on cpSRP43 remain 

to be understood, these results provide compelling evidence that cpSRP54 acts as a switch that 

directs cpSRP43 either to the trafficking of LHCP or to the maintenance of structural intactness 

of TBS clients.  

4.1.3 cpSRP54-bound cpSRP43 turns to the TBS proteins in response to heat shock  

Plants normally experience elevated temperatures in the early afternoon, especially during 

summertime. Plants have evolved strategies to cope with this daily heat shock, maintain cell 

integrity and preserve the integrity of crucial cellular processes (Kotak et al., 2007). My results 

provide evidence that cpSRP43 helps to maintain the stability of TBS clients during short-term 

heat treatment, thereby promoting the metabolic flow of Chl biosynthesis during maximal 

sunlight (Figure 3.7 and Figure 3.8). The inhibitory effect of cpSRP54 on the chaperone activity 

of cpSRP43 on TBS proteins further raises questions, such as how this chaperone activity is 

switched on during heat stress. Remarkably, Co-IP assays indicated reduced interactions of 

cpSRP43 with cpSRP54 and increased interaction with TBS proteins upon heat treatment 

(Figure 3.15A). In vitro pull-down assays further showed that the cpSRP54-cpSRP43 
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interaction is sensitive to increased temperature and weakened as soon as the temperature is 

rising (15 °C to 45 °C) (Figure 3.15C). These results support a model in which higher 

temperature drives the dissociation of the complex and release cpSRP43 for new functions on 

TBS proteins (Figure 4.1). 

4.1.4 Summary: Heat-induced release of cpSRP43 from cpSRP54 maintains Chl 

biosynthesis during heat shock 

Based on my data presented, I propose two pools of cpSRP43 which exist in Arabidopsis for 

interacting with the TBS proteins or cpSRP54 plus LHCP, respectively. Under standard growth 

conditions (Figure 4.1A-B), the majority of cpSRP43 functions together with cpSRP54 for 

transport of newly imported unfolded LHCPs within the chloroplasts. Under stress conditions 

such as heat shock that halts LHCP biosynthesis, the pool of cpSRP43 could be purposed as a 

stress-response chaperone to facilitate the rapid protection of TBS enzymes against their 

potential heat-induced aggregation. In this scenario, the affinity of cpSRP43 to cpSRP54 is 

remarkably diminished, causing the release of cpSRP43 from the cpSRP54-bound cpSRP43 

pool as well as, consequently, the binding of apo cpSRP43 to TBS enzymes and protects them 

from heat-induced aggregation (Figure 4.1C). Since both the TBS clients and cpSRP54 interact 

with cpSRP43-CD2, it is hypothesized that the cpSRP43-CD2 is subjected to a thermolabile 

conformational change that brings TBS clients into a privileged position to interact with 

cpSRP43. Owing to this structural change of cpSRP43, interaction with TBS enzymes is more 

stable than with cpSRP54. In the future, the conformational changes of cpSRP43 and cpSRP54 

during heat treatment will be studied in more detail. 
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Figure 4.1 Model for a dual participation of cpSRP43 in Chl synthesis and LHCP 

transport in plants.  cpSRP43 harbors two distinct chaperone activities: as a general chaperone 

for protection of TBS proteins (A, C), or as a dedicated chaperone to mediate the protection 

and delivery of LHCPs (B). The switch between these two activities is regulated by cpSRP54 

binding. Under standard growth conditions, a minor portion of apo cpSRP43 optimizes Chl 

biosynthesis by protecting crucial and perhaps vulnerable TBS proteins, including GluTR, 

CHLH and GUN4, against aggregation (A). Meanwhile, a majority of cpSRP43 was bound to 

cpSRP54 with high affinity (B). cpSRP54 optimizes the conformation of the cpSRP43-SBD 

domain for interaction with and protection of LHCP (Liang et al., 2016) , while inhibition of 

the chaperone activity of cpSRP43 on TBS proteins is mainly excluded due to limited access 

of cpSRP43 to TBS proteins. At the thylakoid membrane, cpSRP54 binds to cpFtsY (Y), and 

the stromal domain of Alb3 interacts with cpSRP43 to trigger the release of LHCP and mediate 

insertion into the thylakoid membrane. The participation of cpSRP43 in both Chl synthesis and 

LHCP transport ensures that plants produce sufficient amounts of Chl for LHC assembly during 

leaf greening. In contrast, when plants experience short-term heat shock stress (C), the affinity 

of cpSRP54 for cpSRP43 becomes weaker and caused an increased pool of apo cpSRP43 which 

can use its SBD and CD2 domains to effectively interact with TBS proteins and prevent them 

from heat-induced aggregation. ALA, 5-aminolevulinic acid. L18, L18 motif of LHCP 

interacting with cpSRP43. RT, room temperature. TMD, transmembrane domain.  

4.2 Chloroplast SRP acts as a chaperone for protochlorophyllide oxidoreductase B 

(PORB) in Arabidopsis thaliana 

POR is the penultimate enzyme in the Chl biosynthesis pathway, which reduces Pchlide to 

Chlide. Since this catalytic step is light-dependent, the reaction is blocked and the substrate 

Pchlide accumulates in the dark (Gabruk and Mysliwa-Kurdziel, 2015). However, 

accumulating Pchlide triggers the ROS formation after illumination and causes cell death 

(Ledford and Niyogi, 2005; Li et al., 2009). Therefore, plant cells need to suppress the 

accumulation of Pchlide in the dark and POR becomes to be tightly regulated. In the previous 

chapter, I reported the novel regulatory mechanism of cpSRP43 on GluTR and MgCh. Since 

PORB is equally important as GluTR and MgCh in the Chl synthesis, in this study, I also 

explored the potential regulatory mechanism of cpSPR43 and cpSRP54 on PORB. 

4.2.1 cpSRP43 and cpSRP54 coordinately promote the stability of PORB  

Apart from GluTR, CHLH and GUN4, I also found that PORB level was significantly decreased 

in both chaos and ffc. This reduction was more pronounced in the double mutant chaos/ffc 

(Figure 3.18A-B), suggesting that cpSRP43 and cpSRP54 coordinately stabilize PORB. In 

contrast to the previous results which indicate that cpSRP54 inhibits chaperone function of 

cpSRP43 on GluTR, CHLH and GUN4, here I report about modified action of cpSRP54 to 

PORB. Transcriptional analysis ruled out that the decreased stability of PORB was due to the 

modified mRNA level (Figure 3.18C), implying a post-translational stability of PORB by the 

concerted action of cpSRP43 and cpSRP54. Further protein interaction studies using BiFC and 

in vitro pull-down assays confirmed that cpSRP43 can directly interact with PORB (Figure 

3.19A-C). In addition, interaction between cpSRP54 and PORB was also verified by the BiFC 

assay (Figure 3.19D), indicating that cpSRP43 and cpSRP54 contribute to the preserved 
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stability of PORB through the direct physical interactions with PORB. 

4.2.2 cpSRP components act as chaperones to protect PORB from aggregation 

In vitro scattering assays showed that only when the cpSRP43 concentration exceeded PORB, 

cpSRP43 could exhibit a concentration-dependent protection of PORB against heat or 

oxidation-induced aggregation (Figure 3.21A, Figure 3.22A). Since cpSRP54 itself underwent 

aggregation at high temperature (Figure 3.21B), cpSRP54 cannot protect PORB from heat-

induced aggregation. However, the presence of cpSRP54 significantly reduced the PORB 

aggregation induced by oxidation, although this protective effect was concentration-

independent (Figure 3.22B), indicating that cpSRP54 somehow contributes to protection of 

PORB from oxidation-induced aggregation. As result of in vivo heat shock experiments, the 

PORB level in chaos decreased significantly after 2 h of heat shock (Figure 3.23A-B), while 

the PORB level in ffc remained comparably stable to that in wild type even after 4 h of heat 

shock (Figure 3.23C-D). These results suggest consistent with the in vitro scattering assays that 

cpSRP43 but not cpSRP54 is able to maintain intact PORB levels in response to heat shock.  

Enzymatic activity of POR depends on light-activation. The substrate and product of this step 

are photosensitizers which generate ROS upon light exposure (Reinbothe et al., 1996; Sperling 

et al., 1997; Buhr et al., 2008). Excessive ROS can lead to oxidative damage and cell death, and 

PORB therefore requires additional chaperones to be protected against photooxidative damage 

(Ledford and Niyogi, 2005; Li et al., 2009). CPP1 is a plastid-localized protein that prevents 

POR aggregation, especially under oxidative stress, and its deficiency leads to the decreased 

PORB protein level and defective Chl synthesis (Lee et al., 2013). In this study, cpSRP43 and 

cpSRP54 were found effectively protect PORB from oxidation-induced aggregation by in vitro 

scattering assays (Figure 3.22), suggesting similar to CPP1 that cpSRP43 and cpSRP54 may 

protect PORB against oxidative stress by preventing aggregation through molecular chaperone 

activity.  

PORB is abundant in leaves. In vitro scattering assays, cpSRP43 showed chaperone function 

on PORB only when the concentration of cpSRP43 exceeds that of PORB. It is not clear 

whether the concentration of cpSRP43 also exceeds that of PORB in vivo in order to 

demonstrate a protective function on PORB. However, it is difficult to tackle this question 

experimentally, because, firstly, previous studies found that there are two pools of cpSRP43 in 

the chloroplasts, one with apo cpSRP43 and the other with cpSRP54-bound cpSRP43. Only 

apo cpSRP43 pool is involved in the protective function of TBS proteins. Since cpSRP43 

amounts in these two pools are changing and apo cpSRP43 is also involved in the protection of 

GluTR, CHLH and GUN4, it might be difficult to determine the cpSRP43 amounts that are 

available for PORB protection. Secondly, it is also difficult to determine the amount of unfolded 

or misfolded PORB that requires the protection of cpSRP43. It is also unclear whether the two 

forms of PORB in chloroplasts, stromal PORB and membrane-bound PORB, both require the 

protection of cpSRP43.  
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Nevertheless, cpSRP43 does indeed protect PORB in vivo, as shown (1) during chloroplast 

development, when the cpSRP43 deficiency leads to the compromised stability of PORB 

(Figure 3.18, chapter 3.2.1.2), (2) under heat shock, when cpSRP43 maintains the stability of 

PORB against heat shock (Figure 3.23, chapter 3.2.5), and (3) when the SBD domain of 

cpSRP43 is sufficient for interaction and protection of PORB (Figure 3.24, chapter 3.2.6). I 

therefore speculate that the concentration of cpSRP43 exceeds that of PORB within the local 

range of chloroplasts to protect PORB from aggregation.   

4.2.3 cpSRP54 is involved in the attachment of PORB to the plastid membranes  

It is well known that cpSRP54 directs LHCP to the thylakoid membrane by binding cpFtsY, a 

receptor protein at the thylakoid membrane required during the membrane targeting of LHCP 

(Tu et al., 1999; Ziehe et al., 2018). In addition, cpSRP54 is also responsible for the co-

translational insertion of D1 protein to the thylakoid membrane by interacting with ribosomal 

70S (Franklin and Hoffman, 1993; Nilsson and van Wijk, 2002; Hristou et al., 2019). Therefore, 

cpSRP54 is considered to play an important role in the localization of proteins on thylakoid 

membranes. In this study, I found the ratio of membrane-bound PORB in ffc was significantly 

decreased compared with the wild type, while the membrane-bound PORB in chaos was 

equivalent to the wild type (Figure 3.25B-C), implying that only cpSRP54 might be involved 

in the transfer of POR across the stroma and attachment to the thylakoid membrane. This is 

different from the cpSRP-mediated transport of LHCP to the thylakoid membrane. When the 

membrane-bound LHCP portion is significantly reduced in chaos and ffc, and moreover, 

cpSRP43 and cpSRP54 synergically transport LHCP into the thylakoid membrane (Figure 

3.25A). However, I still cannot explain why membrane-bound PORB was unaltered in chaos/ffc 

compared with that in ffc (Figure 3.25B-C). More experiments are required in the future to 

verify the function of cpSRP54 in membrane binding of PORB. 

4.2.4 cpSRP43 and cpSRP54 enhance the stability of PORB in distinct ways 

These studies revealed that cpSRP43 and cpSRP54 play different roles in regulating PORB 

stability: (1) cpSRP43 acts as a chaperone to protect PORB from heat or oxidation-induced 

aggregation; (2) A portion of cpSRP54 is independent of the function of trafficking LHCP to 

the thylakoid membrane or mediating the cotranslational transport of plastid-encoded protein, 

assists in the association of PORB to the thylakoid membrane and prevents the oxidation-

induced aggregation of PORB. 
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Figure 4.2 Model: cpSRP43 and cpSRP54 protect PORB in different ways. cpSRP43 

protects PORB from aggregation during PORB traverses the stroma, while a portion of apo 

cpSRP54 protects and directs PORB binding to the thylakoid membranes, where PORB 

functions properly. 

4.2.5 Chaperone function is essential in all organisms 

Molecular chaperones are essential in various life activities. Because the molecular processes 

inside living cells is much more complex than the ideal in vitro conditions of low protein 

concentration and carefully optimized temperature. Crowded molecular activities and rapidly 

changing environments within cells can interfere with the folding processes of newly 

synthesized polypeptide chains or causing changes in the native conformation of mature 

proteins (Liberek et al., 2008). The native conformational change cannot only lead to the loss 

of protein function, but also cause other problems in cells, such as protein aggregation (Liberek 

et al., 2008). Cells, thus, require chaperones to (1) prevent aggregation and misfolding during 

the folding of newly synthesized polypeptide chains, (2) assist in the assembly of proteins and 

protein complexes, and (3) disassemble protein aggregates and undergo refolding (Fink, 1999). 

In plants, ClpB/HSP100 proteins are critical in governing plant thermotolerance. Arabidopsis 

mutants with defects in ClpB/HSP100 protein expression are extremely sensitive to heat stress 

(Mishra and Grover, 2016). HSP90 was reported to act as chaperone to deliver precursor 

proteins to the chloroplast import receptor Toc64 (Qbadou et al., 2006). Heat treatment of 

Arabidopsis plants deficient in HSP70 experience an extremely high mortality and show that 

HSP70 performed an important role in plants against heat stress during normal growth 

(Jungkunz et al., 2011). HSP40, which was over-expressed in Arabidopsis could contribute to 

NaCl-stress tolerance (Zhichang et al., 2010). In this study, cpSRP43 acts as a chaperone not 

only to protect LHCP (Falk and Sinning, 2010), but also to protect GluTR, CHLH, GUN4 and 
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PORB against denaturation. Thus, cpSRP43 stabilizes these proteins and preserves Chl 

synthesis during short-term heat stress (see chapter 3.1 and 3.2).     

4.2.6 The evolution of SRP pathway- from bacteria to higher plants 

The SRP system is conserved from bacteria to higher plants (Akopian et al., 2013; Steinberg et 

al., 2018). In E. coli, the cytosolic SRP is a ribonucleoprotein comprising two components, an 

SRP RNA and a conserved protein subunit Ffh, called SRP54 in eukaryotes. The bacterial SRP 

pathway functions by means of co-translation, SRP binds to the ribosome nascent chain (RNC), 

and the SRP-RNC complex is then directed to the membrane-bound SRP receptor (FtsY) and 

finally translocated to the SecYEG/YidC machinery (Frain et al., 2016). 

In cyanobacteria, although homologues of the SRP components, Ffh and FtsY were found in 

cyanobacteria (Packer and Howe, 1996), the proteins inserted into the plasma membrane were 

also likely to follow a pathway similar to that in bacteria (Frain et al., 2016). However, it is still 

known very little about it. On the other hand, the targeting of proteins in thylakoid membranes 

may be similar to that of proteins directed to plant thylakoid membranes, but it is only 

speculation.  

The higher plants possess a special SRP system that includes bacterial SecY (cpSecY1), the Ffh 

(cpSRP54), the SRP receptor (cpFtsY), and the chloroplast homologue of YidC (Alb3), 

apparently differs from the cytosolic SRP in several aspects (Ziehe et al., 2017). (1) The 

application of SRP RNA is missing in plastids of higher plants during their evolution from 

cyanobacterial ancestors (Rosenblad and Samuelsson, 2004; Träger et al., 2012). (2) The 

chloroplast contains a post-translationally active SRP system that mediates the translocation of 

nuclear-encoded LHCP to the thylakoid membrane  (Schünemann et al., 1998; Klimyuk et al., 

1999). cpSRP54 forms a heterodimer with the plant-specific cpSRP43 protein (see 1.2.23 for 

the plant cpSRP pathway). (3) In addition to the pool of cpSRP54 associated with cpSRP43, 

the chloroplast contains a second pool of cpSRP54 associated with the ribosome (Franklin and 

Hoffman, 1993; Schünemann et al., 1998). The ability of cpSRP54 to interact with the nascent 

chains of PsbA and PetB (Nilsson et al., 1999; Nilsson and van Wijk, 2002; Piskozub et al., 

2015) suggests that ribosome-associated cpSRP54 pools play a role in the co-translational 

targeting of some plastid-encoded proteins to the thylakoid membrane. Thus, cpSRP43 extends 

the functions of cpSRP54 from a co-translational translocation mechanism to a post-

translational mechanism. Interestingly, both cpSRP43 and SRP RNA were present in 

Physcomitrella patens, suggesting that the cpSRP system of the moss is obviously at an 

intermediate position in the evolution of bacterial SRP to higher plant cpSRP systems (Träger 

et al., 2012).  

4.2.7 LHCP and cpSRP43 are co-evolved 

Post-translational targeting of membrane proteins presents a huge challenge to protein 

homeostasis, which requires tight links between the protein translocation and chaperone 

functions of the protein targeting machinery (Flores-Perez and Jarvis, 2013). The high 
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abundance and hydrophobicity of the LHCP family requires efficient molecular chaperones 

during translocation, and cpSRP43 efficiently meets these requirements. As a molecular 

chaperone, cpSRP43 can protect LHCP from protein aggregation in the stromal aqueous 

environment (Falk and Sinning, 2010), and also forms a complex with cpSRP54 to transport 

LHCP to the thylakoid membrane (Dünschede et al., 2015). In addition, it was reported that 

cpSRP43 alone might also transport LHCP to the thylakoid membrane (Tzvetkova-Chevolleau 

et al., 2007). 

cpSRP43 is dedicated to chaperone members of the LHC protein family because: First, the 

efficiency of cpSRP43 to reverse LHCP aggregation is comparable to the AAA+-ATPase 

assembly machinery (Doyle and Wickner, 2009). Whereas the assembly machines such as 

ClpB/DnaK/DnaJ/GrpE (Mogk et al., 2003) are large macromolecules over 600 kDa and 

depend on ATP hydrolysis, cpSRP43 does not contain an ATPase site and the minimum 

functional unit required for chaperone activity is only approximately 35 kDa. Second, cpSRP43 

establishes a highly specific and broad interaction with LHCP, using its ankyrin repeat to 

contact the L18 motif of LHCP and other interactions involving its chromatin domain and the 

transmembrane part of LHCP (Ziehe et al., 2018). Third, the major difference between 

cpSRP43 and ATP-driven chaperone action could be their different substrate specificities. Most 

chaperones from the Clp and HSP families have evolved to bind various substrates through 

general hydrophobic interactions to rescue proteins from aggregation regardless of sequence 

identity (Tomoyasu et al., 2001; Mogk et al., 2004; Barkow et al., 2009). These chaperones 

likely require the synergy of numerous chaperones and power-driven by ATP hydrolysis to 

exert their functions. In contrast, cpSRP43 is only present in the chloroplasts of green plants, 

and its evolution may coincide with its substrate LHCP (Schünemann, 2004). Thus, cpSRP43 

is specialized in the LHC protein family and thus establishes broad and particular binding 

interactions with its substrates. 

4.2.8 Why does cpSRP also protect the protein in Chl biosynthesis? 

It has been previously reported that cpSRP43 is dedicated to the transport and chaperone 

protection of LHCP (Falk and Sinning, 2010). However, in this study I also found that cpSRP43 

protects the TBS enzymes GluTR, MgCh and PORB from denaturation. Additionally, cpSRP54 

may also be involved in membrane binding of PORB. When cpSRP43 and LHCP co-evolved, 

how could did this emerge during evolution? One explanation is that the TBS pathway, 

especially Chl biosynthesis, should be coordinated with the LHCP targeting and insertion, as 

both, Chl and the apo protein, must assemble together to form the light-harvesting antenna 

complex for photosynthesis. This dynamic coordinated assembly is particularly important in 

response to the change of light intensity. Second, both LHCP and TBS proteins are translated 

in the cytosol and transported into the chloroplast post-translationally, so it is not surprising that 

cpSRP43 can bind to these TBS proteins and acts as a chaperone to protect them. Third, 

although cpSRP43 actually protects both LHCP and TBS proteins, they do not bind to the same 

site of cpSPR43. For LHCP, SBD is sufficient (Liang et al., 2016), however additional CD2 is 

required for GluTR, CHLH and GUN4 (see chapter 3.1.7.5), which may reflect the different 
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protective mechanisms of cpSRP43 for these two types of clients. In addition, it is still cannot 

excluded that cpSRP43 may regulate other proteins in TBS or other pathways. 

4.2.9 Why not any other TBS enzymes be regulated by cpSRP? 

In the TBS pathway, the accumulation of some intermediates is hazardous due to their 

phototoxicity. For example, free porphyrins and Pchlide can be photo-oxidized. Excessive 

amounts of these intermediates will cause a large amount of ROS after light illumination and 

lead to the programmed cell death. Thus the TBS pathway needs to be tightly regulated. 

However, tight regulation of each step inevitably potentially leads to a waste of resources and 

inefficiency. Thus, it is a most sensible choice to focus on a few key enzymatic steps. There are 

three enzymes in the TBS pathway at very critical positions, which are, interestingly, regulated 

by many factors:  These are GluTR (see 1.1.4.1), MgCh (see 1.1.4.2) and PORB (see 1.1.4.3). 

GluTR is located at the beginning of the pathway and catalyzes the synthesis of the first 

precursor in TBS, ALA. The tight regulation of GluTR can ensure the supply the appropriate 

quantities of ALA. MgCh is located at a central site of the pathway, when TBS is branched 

towards Chl synthesis. Its regulation determines the synthesis of an appropriate amount of 

MgProto IX for Chl. PORB is located in the penultimate position of the TBS pathway, and 

catalyzes the synthesis of NADPH- and light-dependent Pchlide to Chlide. The regulation of 

PORB on the one hand is to avoid the overaccumulation of Pchlide by adjusting the stability 

and activity of PORB, and on the other hand to inhibit the supply of ALA in the dark through 

feedback control. Based on this consideration, cpSRP43 and cpSRP54 have substantial tasks in 

the control of TBS by regulating content of active GluTR, MgCh and PORB. Of course, I still 

cannot rule out the possibility that cpSRP43 or cpSRP54 regulates other TBS proteins as well. 

To get a complete view on the regulation of the TBS pathway by cpSRP43 and cpSRP54, 

several other approaches, such as Co-IP combined with mass spectrometry (MS) will be applied 

in the future. 

4.3 Functional analysis of the aggregation-prone region (APR) in GluTR 

GluTR is the rate-limiting enzyme in the TBS pathway and is regulated by multiple proteins, 

among which cpSRP43 can protect GluTR from aggregation. There are two APRs in the N-

terminal half of GluTR, which are related to potential aggregation of GluTR (Wang et al., 2018). 

In vitro deletion of APR can significantly improve the solubility of GluTR and reduce the 

aggregation of GluTR (Wang et al., 2018). It is speculated that cpSRP43 binds to the N-

terminus of GluTR, masks the two APRs at the N-terminus and reduces the outward of APRs, 

thereby preventing GluTR from forming interprotein connections and aggregations (Wang et 

al., 2018). My presented experiments of this doctoral studies intended to explore the function 

of GluTR-APRs in vivo, and it has been requested to demonstrate increased accumulation of 

functioning GluTR by eliminating APRs, with the consequence of increased ALA synthesis 

rates and an improved efficiency of Chl synthesis. 
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4.3.1 APR is critical to the integrity of GluTR  

The APRs of GluTR are located in the catalytic domain at the N-terminus of GluTR and, 

therefore, very important for the enzymatic activity of GluTR (Figure 3.26). In this study, first 

APR deletion mutants were constructed, and it was found that the Chl content and ALA 

synthesis rate of the APR-deficient mutants were drastically diminished (Figure 3.27C-D). The 

transcriptional level of HEMA1 was not decreased in the mutants, however the protein level of 

GluTR was immunologically detectable only in one out of 8 transgenic lines expressing 

GluTRΔAPR2 in HEMA1ΔAPR2-20 (Figure 3.28), suggesting that the deletion of APR impairs 

the stability of GluTR. In the HEMA1ΔAPR2-20 line, although the GluTR level decreased by 

half compared to wild type, the ALA synthesis rate was only 1/50 of that in the wild type (Figure 

3.28A, Figure 3.27D), indicating that the deletion of APR also erased the activity of GluTR.   

In the second approach, the HEMA1 (V99P/V151P) point mutant was obtained by a VP 

substitution of APR. Phenotypic analysis revealed that the mutant had a phenotype like the 

hema1 knockout mutant (Figure 3.30D). Although the transcription level of HEMA1 in HEMA1 

(V99P/V151P) was comparable to that in the wild type, the GluTR level was significantly 

decreased (Figure 3.31A-B), indicating that the VP mutation also dramatically impaired the 

stability and activity of GluTR. Since APRs are located at the N-terminus of GluTR (aa 95-

aa156), it is speculated that the two APRs of GluTR are very important for the structural 

integrity of GluTR.  

4.3.2 APRs in CHLH, GUN4 and PORB 

In my study, I found that GluTR, CHLH, GUN4 and PORB can form aggregates under heat 

shock conditions, and this aggregation of GluTR is probably caused by its two APRs. Therefore, 

I supposed that the other three proteins CHLH, GUN4 and PORB could also have these APRs. 

In order to explore the APRs in these proteins, I applied the TANGO algorithm to predict the 

APRs of CHLH, GUN4 and PORB. As shown in the Figure 4.3A (GluTR, see Figure 3.26), 

and as expected, CHLH, GUN4, and PORB have 21, 2 and 5 predicted APRs, respectively. 

Among them, CHLH contains 9 APRs with aggregation tendency of more than 80%, GUN4 

contains only 1 APR with an aggregation tendency of 72%, while the highest aggregation 

tendency of APRs in PORB is only 22%, which suggests that CHLH, GUN4 may form 

aggregates more easily than PORB. 

Sequence analyses of theses APRs indicate that their lengths are also long and short, and no 

similarity was found in their amino acid sequences (see Appendix III). However, it has been 

reported previously that the aggregation regions are strongly enriched in aliphatic hydrophobic 

residues Val, Ile, Leu (Rousseau et al., 2006). In my study, I also found these three amino acids 

are enriched in the APRs of GluTR, CHLH, UN4 and PORB (see Appendix III). In addition, I 

also tried to explore their similarities in the three-dimensional structure. The crystal structure 

of the Arabidopsis GluTR-GBP complex and that of ligand-free GUN4 has been resolved (Zhao 

et al., 2014; Hu et al., 2021), while the structures of CHLH, and PORB has only been resolved 

in cyanobacteria (Zhang et al., 2019; Adams et al., 2020). I used Phyre2 to predict the crystal 
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structure of these two proteins. Figure 4.3B shows the structure of GluTR, CHLH, GUN4, 

PORB and all the APRs were marked in red. I found that APRs in GluTR and PORB form β-

sheets and are buried in the proteins. However, due to its small molecular weight, GUN4 has 

no β- sheet in its crystal structure, the APR of GUN4 is therefore in the form of α-helix and 

exposed on the surface of the GUN4. In CHLH, APRs form an equivalent number of β-sheets 

and α-helices, and most of the APRs are buried in the protein. In conclusion, APRs are present 

in GluTR, CHLH, GUN4 and PORB, although the aggregation tendency of APRs in PORB are 

low. No similarity is detectable in the amino acid sequence of these APRs, but most of them 

are β-sheets in structure, although sometimes they also form α-helixes. They are mainly buried  

A 

B 
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Figure 4.3 APRs are predicated by TANGO in CHLH, GUN4 and PORB. A, Aggregation 

tendency of APRs in CHLH, GUN4 and PORB. B, Crystal structure of APRs in GluTR, CHLH, 

GUN4 and PORB, the APRs are labelled in red. The PDB ID for GluTR is 4N7R, for GUN4 is 

7E2R. The structures for the other proteins were predicated by algorithm Phyre2 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). Protein structures were 

analyzed by using the software PyMOL. 

in the proteins and avoid the exposure to the surface as well as the formation of interprotein 

aggregates. In future, the functions of these APRs in CHLH, GUN4 and PORB can be studied, 

which could improve our understanding of the biochemical mechanisms of protein aggregation 

and disaggregation.  

4.3.3 The VT mutation slightly improves the stability of GluTR under light and dark 

The algorithm TANGO was used to predict the aggregation tendency of peptides (Fernandez-

Escamilla et al., 2004). By using this algorithm, it was found that the aggregation of GluTR 

tends to be reduced by half when in the first APR Val 99 was replaced by Thr, while the impact 

of APR2 on aggregation was only 20%, when Val 151 was replaced by Thr (Figure 

3.29B). However, in vitro scattering assays found that the aggregation of GluTR 

(V99T/V151T) was only slightly decreased compared with GluTR (WT) (Figure 3.32A). As a 

result, the corresponding protein level of GluTR (V99T/V151T) in HEMA1 (V99T/V151T) was 

slightly increased by 27% (Figure 3.31D-E), indicating that the VT mutation likely confers 

an enhanced stability of GluTR. However, the accumulating GluTR did not possess an 

increased ALA synthesis rate (Figure 3.30D), suggesting the inactive activity of GluTR by 

VT mutation. One explanation is that the APRs are located in the catalytic domain of GluTR. 

Another explanation is that the accumulation of total GluTR did not increase the accumulation 

of soluble (non-bound to the thylakoid membrane) GluTR, since only soluble GluTR content 

correlates with the rate of ALA synthesis (Schmied et al., 2018; Hou et al., 2019) . In addition, 

the degradation rate of GluTR in the HEMA1(V99T/V151T) line was significantly slower than 

in wild type after dark treatment. After 24h in the darkness, the level of GluTR in 

HEMA1(V99T/V151T) was still significantly higher than that in the wild type (Figure 3.34), 

indicating that the VT mutation can delay the degradation of GluTR and improve its stability 

in the dark. In conclusion, the VT mutation apparently tend to reduce the aggregation of 

GluTR and improve the stability of GluTR in light and darkness. 

4.3.4 Structural alignments revealed that APR structures are essential for the structural 

integrity of GluTR 

Using Phyre2, I also predicted the crystal structure of the APR-deleted GluTRs and compared 

them with the WT GluTR. As shown in Figure 4.4, the cartoons in brown indicated by the black 

arrows represent the altered crystal structure caused by the APR deletion. In the structural 

region of APR (black rectangular box), the deletion of APR changed the structure of APR. 

Specifically, the structure of APR was changed in two positions for the deletion of APR1 

(Figure 4.4A), in five positions for the deletion of APR2 (Figure 4.4B) and six positions for the 

http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
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deletion of both APR1 and APR2 (Figure 4.4C), suggesting that APR2 may be more important 

than APR1 in maintaining the structural integrity of GluTR. This speculation is also consistent 

with the previous study that the recombinant protein GluTRΔAPR2 in vitro scattering assay 

dramatically decreases the GluTR aggregation compared with the GluTRΔAPR1(Wang et al., 

2018). 

In addition to the structural region of APR, structural alterations caused by the APR deletion 

were also found in the NADH-binding domain (blue) and the dimerization domain (yellow). 

However, this may not be the reason for the disruption of the stability and the loss of activity 

of GluTR after APR deletion, since such a change also was modeled into the GluTR 

(V99T/V151T) structure (Figure 4.4E). In GluTR (V99P/V151P), the structural region of APR1 

was obviously altered (black arrow) (Figure 4.4C). In contrast, the structure of the GluTR 

(V99T/V151T) variant was completely the same as that of the wild-type APR, suggesting that 

the VT mutation does not alter the structure of APR, which may explain the unaffected 

integrity of GluTR in the HEMA1 (V99T/V151T) line. In summary, the crystal structure of 

GluTR with APRs deletion or APRs point mutation was predicted by Phyre2, and it was found 

that the deletion of APRs, especially that of the APR2, significantly affected the overall 

structure of GluTR. In addition, the structure of APRs in the point mutation HEMA1 

(V99P/V151P) line was also significantly affected. These conformational changes caused by 

the deletion or point mutation of APR in HEMA1ΔAPR1, HEMA1ΔAPR2, HEMA1ΔAPR1/2 

and HEMA1 (V99P/ V151P) might be the reasons for the disrupted stability and activity of 

GluTR. In contrast, the structure of APRs in GluTR (V99T/V151T) was not changed (Figure 

4.4E), leading to the unaffected integrity of GluTR in HEMA1 (V99T/V151T). Finally, this 

suggests that the spatial integrity of GluTR including the APRs is critical to maintain function 

of GluTR.  

4.3.5 A new strategy to improve the stability of GluTR: point mutation of APR 

In this study, VT mutation in in vitro scattering assay decreases the aggregation of GluTR by 

only 18-30% (Figure 3.32A). This lower aggregation tendency corresponds in vivo to a 27% 

increased stability of GluTR (V99T/V151T) (Figure 3.31D-E), indicating that the improved 

GluTR stability in vivo positively correlated with the decreased aggregation of GluTR in vitro. 

This result on GluTR integrity points to a potential method to improve the stability of GluTR 

and to design a protein with optimal amino acid substitutions. However, this approach with the 

exchange of amino acid residues in APRs does inactive the activity of GluTR, because the 

GluTR APRs are located in the catalytic domain. In summary, this strategy to modify APRs 

includes bioinformatics to predict an optimized sequence of amino acid residues. Then the 

proposed mutant proteins with predicted substitutions and modified peptide motifs will be 

assayed as recombinant proteins by in vitro scattering assays, and these assays should be 

performed with the intention to strongly improve the stability of GluTR. 
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Figure 4.4 Structural angliments of the APR mutated GluTRs with GluTR (WT). 

Structural alignments of GluTR(WT) with GluTRΔAPR1 (A), GluTRΔAPR2 (B), 

GluTRΔAPR1/2 (C), GluTR (V99P/V151P) (D) and GluTR (V99T/V151T) (E). Black 

rectangles indicate the structure of APRs which was displayed in a magnification. Black arrows 

indicate the positions where the crystal structures were altered compared to the GluTR (WT). 

The upper picture always shows the entire protein structure, while the lower image in each 

panel shows the zoom in of the aligned area, where the APRs are positioned. APRs are labelled 

in red. 
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Appendix I-Primer List 

Fw is the forward primer from 5’->3’ and Rev is the reverse primer from 3’->5’. 

Table I List of primers used in this study 

Name Sequences Purpose 

SAND- Fw AACTCTATGCAGCATTTGATCCACT  

 

 

 

 

qRT-PCR 

 

 

 

 

 

 

qRT-PCR 

 

SAND- Rev TGATTGCATATCTTTATCGCCATC 

GluTR-Fw TTGCTGCCAACAAAGAAGAC 

GluTR-Rev CCGTCTCCAATGAATCCCTC 

CHLH-Fw CTGGTCGTGACCCTAGAACAG 

CHLH-Rev GATTGCCAGCTTCTTCTCTG 

GUN4-Fw TGATGGTAGATTCGGATACAGC 

GUN4-Rev CAAGAAGCTTCATCCACTCAAC 

cpSRP43-FW CTGCACATGGCGGCTGGTT 

cpSRP43- Rev CGTCTTTGCCTTTCCCTCGTT 

cpSRP54-FW GCTTCAGATAGATAAAGGCATG 

cpSRP54- Rev GCACCACCTCTTGAATCACC 

pGL1-cpSRP43-FW TCTAGAATGCAAAAGGTCTTCTTGG 

Plant 

transformation 

 

pGL1-cpSRP43- Rev 
CCCGGGTCACTTGTCATCATCGTCCTTGTAGT

CTTCATTCATTGG 

pGL1-cpSRP43ΔCD3-

FW 
TCTAGAATGCAAAAGGTCTTCTTGG 

pGL1-cpSRP43ΔCD3- 

Rev 

CCCGGGTCACTTGTCATCATCGTCCTTGTAGT

CAGCGTACTCCAG 
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cpSRP43ΔCD1-FW CATCATCATCGTACGCTAGAAAAGCCG 

Intermediate 

primers for 

cloning of 

truncated 

cpSRP43 

 

cpSRP43ΔCD1- Rev TCGGCTTTTCTAGCGTACGATGATGATG 

cpSRP43ΔAnk-FW CCCTGGTGGACGGCACAAGTGTTCGAGTAC 

cpSRP43ΔAnk- Rev GTACTCGAACACTTGTGCCGTCCACCAGG 

cpSRP43ΔCD2-FW CAAGTGTTCGAGTACGTAGCGGAGAGTGT 

cpSRP43ΔCD2- Rev GTACTCGAACACTTGTCCTTCCAGG 

pDonor-cpSRP43-FW 
CAAAAAAGCAGGCTGAATGCAAAAGGTCTTC

TT 

BiFC 

constructs 

 

pDonor-cpSRP43- Rev 
CAAGAAAGCTGGGTGTTCATTCATTGGTTGTT

GT 

pDonor-GUN4-FW 
CAAAAAAGCAGGCTGAATGATGGCGACCA 

CAAAC 

pDonor-GUN4- Rev 
CAAGAAAGCTGGGTG 

GAAGCTGTAATTTGTTTT 

pET28a-cpSRP43-FW GACATATGGCCGCCGTACAAAG 

Heterologous 

protein 

expression 

constructs 

 

pET28a-cpSRP43- Rev GCCTCGAGAGCGTACTCCAGCCCAT 

pET28a-GluTR-Fw ATCATATGGCTTCTTCTGATTCTGC 

pET28a-GluTR- Rev CTGAATTCTTACTTCTGTTGTTGTT 

HEMA1_seq_Fw TCAGATCCTTGCACAGGTGA For analyses of 

transgenic lines 

HEMA1ΔAPR1

, 

HEMA1ΔAPR2

, 

HEMA1ΔAPR1

/2 

 

 

HEMA1_seq_Rev TTGGAGACGTGACAGCAAAAT 

HEMA1_seq_Rev2 TCTCCTCACGGATAGCTGAAA 

TDNA_Fw CTGGCGTAATAGCGAAGAGG 

HEMA1_Rev3 TAGGTTTACCCGCCAATATATCC 
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pJAHemA1-Fw-LO AAGGCGCGCCATGGCGGTTTCAAGTGCTTTCG 

For generation 

of transgenic 

lines 

HEMA1(V99P/

V151P), 

HEMA1(V99T/

V151T) 

pJAHemA1-Rev-LO CTCCTGCAGGTTACTTCTGTTGTTGTTCCGCC  

pJAHemA1V99P-Fw-LO GAAGCAGTATTGTTCCGATTGGACTTAGTATT

CACAC 

pJAHemA1V99P-Rev-

LO 

GTGTGAATACTAAGTCCAATCGGAACAATAC

TGCTTC 

pJAHemA1V151P-Fw-

LO 

CCGTATGGAGATTTATCCTTTAGCTTTATCTC 

pJAHemA1V151P-Rev GAGATAAAGCTAAAGGATAAATCTCC 

pJAHemA1V99T-Fw-

LO 

GAAGCAGTATTGTTACGATTGGACTTAGTATT

CACAC 

pJAHemA1V99T-Rev-

LO 

GTGTGAATACTAAGTCCAATCGTAACAATACT

GCTTC 

pJAHemA1V151T-Rev GAGATAAAGCTAAAGTATAAATCTCC 

pJAHemA1V151T-Fw-

LO 

CCGTATGGAGATTTATACTTTAGCTTTATCTC 

pGL1-43SBD-Fw TCTAGAATGCAAAAGGTCTTCTTGG For chaos 

complementati

on line 

cpSRP43(SBD)

-OX 

pGL1-43SBD-Rev CCCGGGTCACTTGTCATCATCGTCCTTGTAGT

CGTACTCGAACACTTG 

pJAHemA1V99T-Fw-

LO 

GAAGCAGTATTGTTACGATTGGACTTAGTATT

CACAC 

For expression 

of recombinant 

protein GluTR 

(V99T/V151T) 

pJAHemA1V99T-Rev-

LO 

GTGTGAATACTAAGTCCAATCGTAACAATACT

GCTTC 

pJAHemA1V151T-Rev GAGATAAAGCTAAAGTATAAATCTCC 

pJAHemA1V151T-Fw-

LO 

CCGTATGGAGATTTATACTTTAGCTTTATCTC 
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Appendix II-HPLC Methods 

Analyses: Violaxanthin, Neoxanthin, Antheraxanthin, 

Lutein, Zeaxanthin, Chl a, Chl b, beta-carotin 

name of method:  Pigment 4A  HPLC: 4  

standard:  10 pmol  

column:  Prontosil C30 250x4,6 mm 3μm  

detector and wavelength:  DAD: 440 nm  

mobile phase: A. 90% acetonitrile (ACN) 10% H2O 0,1% 

Triethylamin  

B. 100% ethylacetat  

thermostated column comp. :  35°C  

flow rate:  1ml/ min  

length of method:  28 min  

injection:  1 - 90 μl  

run timetable:  time/min  A  B  

 0  100  0  

 1  70  30  

 23 0  100  

 24 0  100  

 

 

24.1 - 28 100  0  
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Analyses: Protoporphyrin IX  

method:  Proto IX_06B  HPLC: 3  

standard:  1 pmol  

column:  Agilent poroshell 120 - C18  

detector and wavelength:  FLD: Ex. 405 nm/ Em. 637 nm  

mobile phase: B. 10% 1M ammoniumacetat pH 5.2, 90% 

methanol  

D. 100% ethylacetat  

thermostated column comp.:  20°C  

flow rate:  0.5ml/min  

length of method:  12 min  

injection:  1 - 20μl  

run timetable:  time/min  %B  %D  

 4 90  10  

 4.1 100  0  

 8 100  0  

 8.1 - 12 90  10  
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Analyses:  Mg-Protoporphyrin IX, Mg-Protoporphyrin IX 

momomethylester 

method:  porph02B  HPLC: 3  

standard:  1 pmol  both  

column:  Agilent-Poroshell 120-C18  

detector and wavelength:  FLD: Ex. 420 nm/ Em. 600 nm  

 mobile phase: B. 10% 1M ammoniumacetat pH 5.2 90% 

methanol  

D. 100% ethylacetat  

thermostated column comp.:  20°C  

flow rate:  0.450 ml/min  

length of method:  17 min  

injection:  1 - 20μl  

run timetable:  time/min  %B  %D  

 5  100  0  

 5.1 70  30  

 9 70  30  

 9.1 - 17 100  0  
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Analyses: Chlorophyllid Protochlorophyllid 

method:  Pchlide_

HPLC3  

auf HPLC: 3  

standard:  10 pmol  

column:  Waters Nova Pak C18 3,9x150mm  

detector and wavelength:  Chlide:  DAD: 430 nm  

Pchlide: FLD: Ex.435 nm/ Em. 644 nm 

mobile phase: A. 20% 1M Ammoniumacetat pH 7,0 + 80% 

Methanol  

B. 100 % Methanol  

thermostated column comp.:  20°C  

flow rate:  1ml/min  

length of method:  18 min  

injection:  1 bis 20μl  

run timetable:  time / min  % A  % B  

 0 100  0  

 5 50  50  

 7 0  100  

 12 0  100  

 13.1 - 18 100  0  
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Analyses:  Heme  

method:  H3A1_B  HPLC: 5  

standard:  10 pmol  

column:  Poroshell 120 EC C18 2,7μm  

detector and wavelength:               DAD: 398 nm  

 mobile phase: A1. Wasser pH 3,2 (with acetic acid)  

B1. 100% Methanol  

thermostated column 

compartment:  

30°C  

flow rate:  0.8 ml/min  

length of method:  11 min  

injection:  1 - 20 μl  

run timetable:  time/min  A1  B1  

 4  30  70  

 4.1 0  100  

 8 0 100 

 8.1 - 11 30  70  
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Appendix III-Sequence analyses of the APRs in GluTR, CHLH, 

GUN4 and PORB 

The transipeptides are labelled in red and APRs are labelled in blue. The transpeptides were 

predicated by the algorithm TargetP-2.0 

(https://services.healthtech.dtu.dk/service.php?TargetP).  

GluTR 

MAVSSAFVGCPKLETLLNHHNLSPSSSSSSSVSQTPLGLNGVRVLPKNNRTRRGLIQK

ARCELSASSDSASNAASISALEQLKNSAADRYTKERSSIVVIGLSIHTAPVEMREKLAIP

EAEWPRAIAELCGLNHIEEAAVLSTCNRMEIYVLALSQHRGVKEVTEWMSKTSGIPV

SEICQHRFLLYNKDATQHIFEVSAGLDSLVLGEGQILAQVKQVVKVGQGVNGFGRNI

SGLFKHAITVGKRVRTETNIASGAVSVSSAAVELALMKLPQSSNVSARMCVIGAGKM

GKLVIKHLMAKGCTKVVVVNRSEERVSAIREEMPGIEIIYRPLDEMLACASEADVVFT

STASETPLFLKEHVENLPQASPEVGGLRHFVDISVPRNVGSCVGEVETARVYNVDDL

KEVVAANKEDRMRKAMEAQTIITEESTQFEAWRDSLETVPTIKKLRAYAERIRVAEL

EKCMSKMGDDINKKTTRAVDDLSRGIVNRFLHGPMQHLRCDGSDSRTLSETLENMH

ALNRMYGLEKDILEEKLKAMAEQQQK 

CHLH  

MASLVYSPFTLSTSKAEHLSSLTNSTKHSFLRKKHRSTKPAKSFFKVKSAVSGNGLFT

QTNPEVRRIVPIKRDNVPTVKIVYVVLEAQYQSSLSEAVQSLNKTSRFASYEVVGYLV

EELRDKNTYNNFCEDLKDANIFIGSLIFVEELAIKVKDAVEKERDRMDAVLVFPSMPE

VMRLNKLGSFSMSQLGQSKSPFFQLFKRKKQGSAGFADSMLKLVRTLPKVLKYLPSD

KAQDARLYILSLQFWLGGSPDNLQNFVKMISGSYVPALKGVKIEYSDPVLFLDTGIW

HPLAPTMYDDVKEYWNWYDTRRDTNDSLKRKDATVVGLVLQRSHIVTGDDSHYVA

VIMELEARGAKVVPIFAGGLDFSGPVEKYFVDPVSKQPIVNSAVSLTGFALVGGPARQ

DHPRAIEALKKLDVPYLVAVPLVFQTTEEWLNSTLGLHPIQVALQVALPELDGAMEPI

VFAGRDPRTGKSHALHKRVEQLCIRAIRWGELKRKTKAEKKLAITVFSFPPDKGNVG

TAAYLNVFASIFSVLRDLKRDGYNVEGLPENAETLIEEIIHDKEAQFSSPNLNVAYKM

GVREYQDLTPYANALEENWGKPPGNLNSDGENLLVYGKAYGNVFIGVQPTFGYEGD

PMRLLFSKSASPHHGFAAYYSYVEKIFKADAVLHFGTHGSLEFMPGKQVGMSDACFP

DSLIGNIPNVYYYAANNPSEATIAKRRSYANTISYLTPPAENAGLYKGLKQLSELISSY

QSLKDTGRGPQIVSSIISTAKQCNLDKDVDLPDEGLELSPKDRDSVVGKVYSKIMEIES

RLLPCGLHVIGEPPSAMEAVATLVNIAALDRPEDEISALPSILAECVGREIEDVYRGSD

KGILSDVELLKEITDASRGAVSAFVEKTTNSKGQVVDVSDKLTSLLGFGINEPWVEYL

SNTKFYRANRDKLRTVFGFLGECLKLVVMDNELGSLMQALEGKYVEPGPGGDPIRN

PKVLPTGKNIHALDPQAIPTTAAMASAKIVVERLVERQKLENEGKYPETIALVLWGT

DNIKTYGESLGQVLWMIGVRPIADTFGRVNRVEPVSLEELGRPRIDVVVNCSGVFRDL

FINQMNLLDRAIKMVAELDEPVEQNFVRKHALEQAEALGIDIREAATRVFSNASGSYS

https://services.healthtech.dtu.dk/service.php?TargetP
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ANISLAVENSSWNDEKQLQDMYLSRKSFAFDSDAPGAGMAEKKQVFEMALSTAEVT

FQNLDSSEISLTDVSHYFDSDPTNLVQSLRKDKKKPSSYIADTTTANAQVRTLSETVR

LDARTKLLNPKWYEGMMSSGYEGVREIEKRLSNTVGWSATSGQVDNWVYEEANST

FIQDEEMLNRLMNTNPNSFRKMLQTFLEANGRGYWDTSAENIEKLKELYSQVEDKIE

GIDR 

GUN4  

MATTNSLHHHHHSSPSYTHHRNNLHCQSHFGPTSLSLKQPTSAATFSLICSASSTSSST

TAVSAVSTTNASATTAETATIFDVLENHLVNQNFRQADEETRRLLIQISGEAAVKRGY

VFFSEVKTISPEDLQAIDNLWIKHSDGRFGYSVQRKIWLKVKKDFTRFFVKVEWMKL

LDTEVVQYNYRAFPDEFKWELNDETPLGHLPLTNALRGTQLLKCVLSHPAFATADD

NSGETEDELNRGVAVAKEQAGVGADKRVFKTNYSF 

PORB 

MALQAASLVSSAFSVRKDAKLNASSSSFKDSSLFGASITDQIKSEHGSSSLRFKREQSL

RNLAIRAQTAATSSPTVTKSVDGKKTLRKGNVVVTGASSGLGLATAKALAETGKWN

VIMACRDFLKAERAAKSVGMPKDSYTVMHLDLASLDSVRQFVDNFRRTETPLDVLV

CNAAVYFPTAKEPTYSAEGFELSVATNHLGHFLLARLLLDDLKKSDYPSKRLIIVGSIT

GNTNTLAGNVPPKANLGDLRGLAGGLNGLNSSAMIDGGDFDGAKAYKDSKVCNML

TMQEFHRRFHEETGVTFASLYPGCIASTGLFREHIPLFRALFPPFQKYITKGYVSETESG

KRLAQVVSDPSLTKSGVYWSWNNASASFENQLSEEASDVEKARKVWEISEKLVGLA
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