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chloroplast development. NbRbgA was mainly co-fraction-
ated with 50S/70S ribosomes and interacted with the chlo-
roplast ribosomal proteins cpRPL6 and cpRPL35. NbRbgA 
deficiency lowered the levels of mature 23S and 16S rRNAs 
in chloroplasts and caused processing defects. Sucrose den-
sity gradient sedimentation revealed that NbRbgA-deficient 
chloroplasts contained reduced levels of mature 23S and 16S 
rRNAs and diverse plastid-encoded mRNAs in the poly-
somal fractions, suggesting decreased protein translation 
activity in the chloroplasts. Interestingly, NbRbgA protein 
was highly unstable under high light stress, suggesting its 
possible involvement in the control of chloroplast ribosome 
biogenesis under environmental stresses. Collectively, these 
results suggest a role for RbgA GTPase in chloroplast rRNA 
processing/ribosome biogenesis, affecting chloroplast pro-
tein translation in higher plants.

Keywords  Chloroplast abnormality · Nicotiana 
benthamiana · Ribosomal RNA processing · Ribosome 
association · Virus-induced gene silencing

Introduction

Ribosome biogenesis is a complex process that is tightly 
coordinated with cell growth and division. Prokaryotic ribo-
some biogenesis involves the synthesis, processing, chemical 
modification, and assembly of three rRNA molecules (23S, 
16S, and 5S) and > 50 ribosomal proteins. The assembly 
maps of 30S and 50S ribosome subunits were constructed 
through in  vitro reconstitution of functional ribosomal 
particles from individual ribosomal components (Traub 
and Nomura 1968, 1969; Rohl and Nierhaus 1982; Herold 
and Nierhaus 1987). More recent evidence suggests that 
prokaryotic ribosome assembly utilizes multiple parallel 

Abstract 
Key message  Plant RbgA GTPase is targeted to chloro-
plasts and co-fractionated with chloroplast ribosomes, 
and plays a role in chloroplast rRNA processing and/or 
ribosome biogenesis.
Abstract  Ribosome Biogenesis GTPase A (RbgA) 
homologs are evolutionarily conserved GTPases that are 
widely distributed in both prokaryotes and eukaryotes. 
In this study, we investigated functions of chloroplast-
targeted RbgA. Nicotiana benthamiana RbgA (NbRbgA) 
and Arabidopsis thaliana RbgA (AtRbgA) contained a 
conserved GTP-binding domain and a plant-specific C-ter-
minal domain. NbRbgA and AtRbgA were mainly local-
ized in chloroplasts, and possessed GTPase activity. Since 
Arabidopsis rbgA null mutants exhibited an embryonic 
lethal phenotype, virus-induced gene silencing (VIGS) of 
NbRbgA was performed in N. benthamiana. NbRbgA VIGS 
resulted in a leaf-yellowing phenotype caused by disrupted 

Electronic supplementary material  The online version of this 
article (doi:10.1007/s11103-017-0664-y) contains supplementary 
material, which is available to authorized users.

 *	 Hyun‑Sook Pai 
	 hspai@yonsei.ac.kr

	 Young Jeon 
	 planty@hanmail.net

	 Hee‑Kyung Ahn 
	 hkyungahn88@yonsei.ac.kr

	 Yong Won Kang 
	 alpower96@naver.com

1	 Department of Systems Biology, Yonsei University, 
Seoul 03722, South Korea

2	 R&D Center, Morechem Co., Ltd., Yongin, 
Gyeonggi‑do 16954, South Korea

http://orcid.org/0000-0003-1345-5840
http://crossmark.crossref.org/dialog/?doi=10.1007/s11103-017-0664-y&domain=pdf
https://doi.org/10.1007/s11103-017-0664-y


464	 Plant Mol Biol (2017) 95:463–479

1 3

pathways instead of following a single pathway (Talkington 
et al. 2005; Adilakshmi et al. 2008; Sykes and Williamson 
2009). Chloroplasts are thought to have originated from the 
endosymbiosis of a photosynthetic prokaryotic ancestor into 
a eukaryotic host. Chloroplasts have their own genome and 
machinery for gene transcription and translation, including 
chloroplast ribosomes. Chloroplast rRNAs are highly con-
served in their sequences and are most closely related to 
eubacterial rRNAs (Tiller and Bock 2014). Proteomic stud-
ies have shown that chloroplast ribosomes from higher plants 
have total 58 ribosomal proteins and possess orthologs to all 
52 ribosomal proteins of Escherichia coli except RPL25 and 
RPL30 (Yamaguchi and Subramanian 2000, 2003; Sharma 
et al. 2007; Tiller and Bock 2014). Chloroplast ribosomal 
proteins are generally larger than their E. coli counterparts, 
and furthermore, chloroplast ribosomes possess five plastid-
specific ribosomal proteins (PSRPs). Electron cryomicros-
copy has revealed that the overall structure of chloroplast 
ribosomes is similar to that of prokaryotic 70S ribosomes, 
but chloroplast ribosomes are larger and have special fea-
tures including PSRPs, suggesting the evolution of a specific 
ribosome structure to facilitate the translation of chloroplast 
mRNAs (Manuell et al. 2007; Sharma et al. 2007; Ahmed 
et al. 2016).

Ribosome biogenesis is assisted by many assembly fac-
tors, including the universally conserved GTPases (Caldon 
and March 2003; Verstraeten et  al. 2011). Chloroplasts 
have homologs of bacterial GTPases that play a crucial role 
in prokaryotic ribosome biogenesis, although only a few 
chloroplast GTPases have been characterized so far. Rice 
OsNOA1/RIF1, a homolog of bacterial YqeH, encodes a 
chloroplast GTPase, and its RNAi mutant contains reduced 
levels of 16S rRNA and plastid-encoded proteins, suggesting 
its role in chloroplast ribosome assembly and/or translation 
(Liu et al. 2010). Arabidopsis OBGC, a plant homolog of 
E. coli Obg GTPase, specifically co-precipitates with 23S 
rRNA in vivo, and obgc mutant plants show defective plas-
tid rRNA processing, suggesting that OBGC functions in 
ribosome biogenesis during chloroplast development (Bang 
et al. 2012). Nicotiana benthamiana DER contains two tan-
demly repeated GTP-binding domains, and DER silencing 
causes impaired processing of plastid-encoded rRNAs and 
reduced mRNA translation in chloroplasts (Jeon et al. 2014). 
Taken together, these results suggest critical functions in 
chloroplasts for the conserved nuclear-encoded GTPases of 
prokaryotic origin.

One of the distinct families of the GTPase superfamily 
is the YlqF/YawG family. A special feature of this family 
is a circularly permutated arrangement of the GTP-binding 
motifs. YlqF, later renamed Ribosome Biogenesis GTPase 
A (RbgA), is essential for cell viability in Bacillus subtilis 
(Uicker et al. 2006). RbgA-depleted B. subtilis cells fail to 
synthesize the mature 50S subunit, but instead accumulate 

a 45S late assembly intermediate that contains substoi-
chiometric amounts of ribosomal proteins L16, L27, L28, 
L33a, L35, and L36 (Matsuo et al. 2006; Uicker et al. 2006; 
Jomaa et al. 2014). RbgA protein is associated with the 45S 
intermediate in vitro via binding to specific positions in 23S 
rRNA (Uicker et al. 2006; Matsuo et al. 2006, 2007). Since 
L16 and L27 are added at a late stage during in vitro 50S 
ribosome biogenesis in E. coli, these results suggest that 
RbgA participates in a late step of 50S subunit assembly in 
B. subtilis. Recently, screening for suppressors that allevi-
ated the growth defect of a B. subtilis RbgA mutant identified 
independent suppressor strains containing distinct mutations 
in the ribosomal protein L6 gene (Gulati et al. 2014). The 
authors proposed that RbgA facilitates proper interaction 
between L6 and the maturing 50S ribosome, subsequently 
triggering the incorporation of the late assembly proteins 
such as L16, L27, L28, L33a, L35, and L36.

RbgA GTPase homologs are widely distributed in all 
three kingdoms of life. The Arabidopsis genome has seven 
RbgA homologs: AtRbgA (At4g02790; this study), NSN1 
(At3g07050; Jeon et al. 2015), AtNug2 (At1g52980; Im 
et al. 2011), LSG1-1 (At2g27200) and LSG1-2 (At1g08410) 
(Weis et al. 2014), SIN2 (At2g41670; Hill et al. 2006), and 
an uncharacterized GTPase (At4g10650) (Supplementary 
Fig. 1a). Among these, NSN1 and AtNug2 are targeted to 
the nucleus/nucleolus, LSG1-1 to the cytosol, LSG1-2 to 
the nucleus and cytosol, and SIN2 and the At4g10650 pro-
tein to the mitochondrion. AtRbgA alone in this family is 
predicted to be a chloroplast-localized GTPase. NSN1 and 
Oryza sativa Nug2 (OsNug2) are associated with the 60S 
ribosome, and silencing of NSN1 and the lack of OsNug2 
complementation on the yeast nug2 null mutant both result 
in reduced synthesis of mature 25S rRNA, thus suggesting 
their roles in biogenesis of the 60S ribosome subunit (Im 
et al. 2011; Jeon et al. 2015). The nsn1 null mutants are 
defective in embryogenesis and leaf and flower development 
(Wang et al. 2012). Silencing of NSN1 causes premature 
senescence in plants, accompanied by induction of senes-
cence marker genes and accumulation of reactive oxygen 
species (Jeon et al. 2015). LSG1-2, but not LSG1-1, asso-
ciates with 60S/80S ribosomes, and depletion of LSG1-2 
causes accumulation of 18S rRNA precursors without affect-
ing the processing of 25S and 5.8S rRNAs, suggesting that 
LSG1-2 is involved in 40S maturation (Weis et al. 2014). 
Finally, SIN2 encoding a mitochondrial GTPase was iden-
tified through genetic screening for Arabidopsis mutants 
with defective ovule development; the short integuments 
2 (sin2) mutant produces ovules with short integuments 
due to cell division defects (Hill et al. 2006). Thus, these 
RbgA homologs have diverse cellular functions, of which 
deficiency causes differential effects on plant development.

In this study, we determined the in vivo and in vitro func-
tions of chloroplast-targeted RbgA in higher plants. Plant 
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RbgA proteins have GTPase activity and are co-fractionated 
with ribosomes. Virus-induced gene silencing (VIGS) of 
NbRbgA results in defects in rRNA processing and accumu-
lation, polysomal loading of chloroplast mRNAs, and chlo-
roplast protein accumulation. Interestingly, RbgA protein is 
highly unstable under high light stress. Possible physiologi-
cal roles of plant RbgA during chloroplast development and 
stress conditions are discussed.

Materials and methods

Plant materials and growth conditions

Nicotiana benthamiana and A. thaliana (ecotype Colum-
bia-0) plants were grown in a growth chamber (23  °C, 
100–120 μmol m−2 s−1 light intensity, and 16 h light/8 h dark 
cycle). For the high light treatment, N. benthamiana leaf 
disks were floated on liquid 1/2 MS medium and incubated 
for 1–6 h under high light intensity (1000 μmol m−2 s−1).

Virus‑induced gene silencing (VIGS)

Tobacco Rattle Virus (TRV)-based VIGS was performed in 
N. benthamiana as described previously (Cho et al. 2013; 
Jeon et al. 2014, 2015).

Agrobacterium‑mediated transient expression

Agrobacterium-mediated transient expression was performed 
using Agrobacterium C58C1 strain as described previously 
(Ahn et al. 2011; Cho et al. 2013).

BiFC

BiFC was performed using pSPYNE and pSPYCE vec-
tors (Walter et al. 2004). The BiFC constructs were agro-
infiltrated into leaves of 3-week-old N. benthamiana plants. 
BiFC signals were monitored 48 h post-infiltration using a 
confocal laser scanning microscope (Zeiss LSM700).

Real‑time quantitative RT‑PCR

Total RNA was extracted using the IQeasy™ Plus Plant 
RNA Extraction Mini Kit (iNtRON Biotechnology). 
Real-time quantitative RT-PCR was performed as previ-
ously described (Ahn et al. 2016) with diluted cDNAs in 
96-well plates using SYBR Premix Ex Taq (TAKARA) and 
the StepOnePlus Real-Time PCR System (Applied Bio-
systems). Alpha-tubulin mRNA was used as a control for 
normalization.

RNA gel blot analysis

Total RNA was prepared with TRIzol™ Reagent (Gibco-
BRL) following the manufacturer’s instructions. RNA gel 
blot analyses were performed with 20 µg total RNA for each 
sample as described previously (Jeon et al. 2014). To gener-
ate probes, cDNA fragments were PCR-amplified using pub-
lished sequences and primers as described (Jeon et al. 2014). 
Probes were labeled using the DecaLabel DNA Labeling Kit 
(Thermo Scientific).

Immunoblotting

Membrane preparation and immunoblotting were performed 
according to the manufacturer’s instructions using rabbit 
polyclonal antibodies against rbcL, atpA, atpB, D1, and 
cpHSP70 (1:10,000, 1:5000, 1:5000, 1:10,000, and 1:10,000 
dilution, respectively; Agrisera), and then with horserad-
ish peroxidase-conjugated goat anti-rabbit IgG antibodies 
(1:5000 dilution; GE Healthcare). Signals were detected by 
Imagequant LAS 4000 (GE Healthcare Life Sciences). To 
detect protein expression for BiFC, immunoblotting was per-
formed with mouse monoclonal anti-Myc antibody (1:5000 
dilution; CUSABIO) and rat monoclonal anti-HA-Peroxi-
dase antibody (1:5000 dilution; Roche).

Purification of recombinant proteins

The cDNA fragments of NbRbgA, AtRbgA, and their 
mutants were cloned into the pMALTMc2 vector (New 
England Biolabs) for MBP fusion. The constructs were 
transformed into the E. coli BL21 strain. The MBP fusion 
proteins were purified using amylose resin following the 
manufacturer’s instructions (New England Biolabs). After 
purification, proteins were concentrated using Amicon® 
Ultracel 30K (Millipore) according to the manufacturer’s 
instructions.

GTPase assay

The turnover rate (kcat) of recombinant proteins of NbRbgA, 
AtRbgA, and their mutants was measured as described pre-
viously (Jeon et al. 2014). A reaction mixture containing 
3 μM recombinant proteins and 1 mM GTP in GTPase assay 
buffer (20 mM Hepes-KOH, pH 8, 1 mM MgCl2, 0.5 mM 
DTT, and 1 mM NaN3) was incubated at room temperature 
for 18 h. The released phosphate was quantified using Bio-
mol green reagent (Biomol Research Laboratories) accord-
ing to the manufacturer’s protocol. The catalytic constant 
was derived from the equation kcat = Vmax/Crecombinant protein.
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Sucrose density gradient sedimentation

GFP-fusion proteins of NbRbgA and its mutants were 
expressed in N. benthamiana leaves by agroinfiltration, and 
the leaf extracts were subjected to ribosome fractionation 
as described previously (Cho et al. 2013). The ribosome 
fractionation protocol consists of two-steps; total ribo-
somes were first isolated from leaf cell extracts of the VIGS 
plants, each containing an equal amount of RNA, followed 
by ribosome fractionation through sucrose density gradients. 
Proteins extracted from the fractions were separated using 
SDS-PAGE and subjected to immunoblotting with mouse 
monoclonal antibodies against GFP (Clontech; 1:5000) and 
RPL10a (Santa Cruz Biotechnology; 1:5000), and rabbit 
polyclonal antibody against cpRPL2 (Agrisera; 1:5000). For 
polysome loading analysis, leaf extracts of the VIGS plants, 
each containing an equal amount of RNA, were fractionated 
through 15–55% sucrose density gradients. Total RNA was 
extracted from the sucrose density gradient fractions and 
subjected to RNA gel blot analysis.

Results

Identification of plant RbgA

Nicotiana benthamiana RbgA (NbRbgA; Niben-
101Scf05559g02012.1; 370 amino acids) and A. thaliana 
RbgA (AtRbgA; At4g02790; 372 amino acids) have a 
similar protein structure consisting of the N-terminal chlo-
roplast transit peptide (cTP), the conserved GTP-binding 
domain (GD), and the C-terminal domain (CTD) that 
has low sequence similarity to known functional proteins 
(Fig. 1a; Supplementary Fig. 1b). The GTP-binding motifs 
in the GD are arranged in a circularly permutated order 
(G4–G1–G2–G3) instead of the normal G1–G2–G3–G4 
motif orientation. The GD contains additional conserved 
regions containing the PGH (Pro-Gly-His) and DAR (Asp-
Ala-Arg) motifs. Both the ChloroP algorithm (http://www.
cbs.dtu.dk/services/ChloroP/) and the TargetP algorithm 
(http://www.cbs.dtu.dk/services/TargetP/) identified a chlo-
roplast transit peptide of 72 amino acids at the N-terminus of 
NbRbgA. Surprisingly, a putative nuclear localization signal 
(marked by an asterisk) was identified within the GD of both 
NbRbgA and AtRbgA (Fig. 1a; Supplementary Fig. 1b).

RbgA homologs are widely distributed in eukaryotes and 
prokaryotes (Uicker et al. 2006). Seven RbgA homologs 
are found in Arabidopsis: AtRbgA, NSN1, AtNug2, 
LSG1-1, LSG1-2, SIN2, and an uncharacterized GTPase 
(At4g10650). The phylogenetic tree of those homologs 
revealed that AtRbgA is grouped with the mitochondrial 
homologs SIN2 and the At4g10650 protein (Supplementary 
Fig. 1a).

Multiple sequence alignment was performed with 
NbRbgA, AtRbgA, and their homologs from Oryza sativa 
(OsRbgA; Os05g0430400), Bacillus subtilis (BsRbgA; 
NP_389487.1), and Thermotoga maritima (TmRbgA/YlqF; 
Q9WZM6.1) using CLUSTAL-W (Supplementary Fig. 1b). 
Although prokaryotic RbgA sequences lacked the transit 
peptide, strong sequence conservation was found in the GD 
between plant and prokaryotic RbgA proteins, including the 
G motifs (G4–G1–G2–G3), PGH (Pro-Gly-His) motif, and 
DAR (Asp-Ala-Arg) motif.

The tertiary structures of NbRbgA and AtRbgA were 
predicted using an automated homology modeling server 
[(PS)2: Protein Structure Prediction Server; http://ps2.life.
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nctu.edu.tw/] (Supplementary Fig. 2). The computational 
model shows that the mature proteins of NbRbgA and 
AtRbgA are similar to the guanylyl imidodiphosphate-
bound form of BsRbgA with respect to overall structure. 
The N-terminal GTP-binding domain of BsRbgA has the 
characteristic Rossman fold, while the C-terminal region has 
multiple α-helices forming a globular α-helical bundle. The 
C-terminal region of BsRbgA is known to possess RNA-
binding activity (Gulati et al. 2013). The ribbon diagram of 
the conserved GD of plant RbgA almost overlapped with 
that of BsRbgA, and the CTD also showed a similar topol-
ogy, despite the limited sequence homology (Supplementary 
Figs. 1b, 2). The predicted conserved structure of the plant 
and prokaryotic RbgA suggest a conserved function of these 
proteins.

GTPase activities of NbRbgA, AtRbgA, and their 
variants

We determined the GTPase activities of NbRbgA, AtRbgA, 
and their deletion and site-specific mutants (Fig. 1b, c; Sup-
plementary Fig. 1b). Recombinant proteins of NbRbgA and 
AtRbgA (lacking the N-terminal chloroplast transit peptide) 
and their mutant forms were prepared as MBP (maltose 
binding protein)-fusion proteins (Fig. 1c). The correspond-
ing cDNA fragments were cloned into the pMAL expres-
sion vector and expressed in E. coli, and the MBP-fusion 
proteins were affinity-purified using the N-terminal MBP 
tag, followed by further concentration. At steady state, the 
kinetic constant (kcat) of NbRbgA and AtRbgA was 0.736 
and 0.810 min−1, respectively (Fig. 1b). Previous studies 
reported that kcat values of B. subtilis RbgA, NSN1, and 
AtNug2 were 0.23, 0.091, and 0.087 min−1, respectively (Im 
et al. 2011; Achila et al. 2012; Jeon et al. 2015). Repeated 
experiments suggested that the kcat of NbRbgA and AtRbgA 
is consistently higher than that of the prokaryotic and 
plant nuclear RbgA homologs, but lower than the kcat of 
1.06 min−1 in the NbDER chloroplast GTPase (Jeon et al. 
2014). The GTP-binding domains (GD) of NbRbgA and 
AtRbgA had kcat values of 0.651 and 0.631 min−1, respec-
tively, suggesting that the CTD is not critically important for 
their in vitro GTPase activity.

Gulati et al. (2013) reported that Lys59 (G4 motif) and 
Ser134 (G1 motif) were residues crucial for the GTPase 
activity of B. subtilis RbgA, and K59A and S134A muta-
tions caused a severe growth defect. F6A and H9A mutations 
near and inside the PGH motif also caused significant reduc-
tion in GTPase activity and severe growth inhibition, but 
the R34E mutation in the DAR motif did not affect growth. 
AtRbgA has the corresponding critical residues, Arg152 
(G4 motif), Ser227 (G1 motif), and Tyr99 and His102 (PGH 
motif), which were mutagenized to alanine (Supplementary 
Fig. 1b). R152A and S227A mutations in the GD reduced 

the kcat of AtRbgA to 0.262 and 0.266 min−1, respectively 
(Fig. 1b). Y99A and H102A mutations in the PGH region 
more severely affected the GTPase activity by reducing the 
kcat to 0.168 and 0.152 min−1, respectively. These results 
suggest that these residues are critical for AtRbgA GTPase 
activity, and that the chloroplast RbgA protein and the 
prokaryotic counterpart share structural conservation.

Subcellular localization of plant RbgA

Both NbRbgA and AtRbgA were predicted to have both the 
chloroplast transit peptide and the nuclear localization signal 
(Fig. 1a; Supplementary Fig. 1b). To investigate the subcel-
lular localization of NbRbgA and AtRbgA in a plant cell, we 
expressed GFP fusion proteins in N. benthamiana leaves via 
agroinfiltration under the control of the CaMV35S promoter. 
Confocal laser scanning microscopy of leaf protoplasts 
revealed that green fluorescent signals of NbRbgA:GFP 
and AtRbgA:GFP were mostly detected as distinct parti-
cles within chloroplasts (Fig. 2). Infrequently, the signals 
were detected in both chloroplasts and the nucleus. When 
the N-terminal region of NbRbgA (Met-1 to Val-80) con-
taining the putative transit peptide was fused with GFP 
(NbRbgA-N:GFP), the signal was more broadly distributed 
within the chloroplasts (Fig. 2). Interestingly, the deletion 
mutant lacking the N-terminal region (NbRbgA∆N:GFP) 
was mainly targeted to the nucleolus, likely owing to the 
nuclear localization signal in the GD (Fig. 2; Supplementary 
Fig. 1b). Collectively, these results suggest that plant RbgA 
is mainly localized in leaf chloroplasts. However, there is a 
possibility that plant RbgA proteins may be dual-targeted to 
chloroplasts and the nucleus under specific developmental 
or environmental conditions.

Cofractionation of plant RbgA with the ribosomes

NbRbgA and its deletion mutants were expressed as GFP 
fusion proteins in N. benthamiana leaves by agroinfiltra-
tion (Fig. 3a). Then the leaf cell extract was fractionated 
using a sucrose density gradient, and the collected fractions 
were subjected to immunoblotting with anti-GFP antibodies 
(Fig. 3a). As the control for fractionation, the same frac-
tions were reacted with antibodies against the chloroplast 
50S ribosomal protein L2 (cpRPL2) and the cytosolic 60S 
ribosomal protein L10a (RPL10a) simultaneously. The 
cpRPL2 protein is associated with the chloroplast 50S large 
subunits, 70S monosomes, and polysomes, while RPL10a is 
associated with the cytosolic 60S large subunits, 80S mono-
somes, and polysomes. NbRbgA:GFP was mainly detected 
from the 5th fraction, which is the first fraction containing 
the 50S/70S ribosomes (marked by the arrowhead), to the 
8th fraction. NbRbgA∆N:GFP, which lacks the N-terminal 
region containing the chloroplast transit peptide, was broadly 

http://ps2.life.nctu.edu.tw/
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distributed in the ribosomal fractions, suggesting a lack of 
interaction specificity, while CTD:GFP was not incorporated 
into ribosome fractions. Thus, NbRbgA was co-fractionated 
primarily with the 50S/70S ribosome in chloroplasts.

Next, to determine whether RbgA interacts with chlo-
roplast ribosomal proteins in planta, we performed bimo-
lecular fluorescence complementation (BiFC). It has been 
suggested that RbgA facilitates interaction between L6 and 
the maturing ribosome, which triggers the incorporation of 

late ribosomal proteins L16, L27, L28, L33, L35, and L36 
in B. subtilis (Gulati et al. 2014). Furthermore, BsRbgA 
interacts with L25 in yeast two-hybrid assays, but not with 
other ribosomal proteins (Matsuo et al. 2006). In Arabidop-
sis, cpRPL6 (At1g05190), cpRPL27 (At5g40950), cpRPL28 
(At2g33450), and cpRPL35 (At2g24090) are encoded by 
the nuclear genome, while cpRPL16 (Atcg00790), cpRPL33 
(Atcg00640), and cpRPL36 (Atcg00760) are encoded by the 
chloroplast genome. Intriguingly, higher plants do not have a 
chloroplast homolog of prokaryotic RPL25 (Tiller and Bock 
2014). Since only the nuclear genes can be tested by BiFC, 
we performed BiFC with Arabidopsis cpRPL6, cpRPL27, 
cpRPL28, and cpRPL35. AtRbgA and the chloroplast-tar-
geted ribosomal proteins were expressed in combination as 
yellow fluorescent protein (YFP)N- and YFPC-fusion pro-
teins in N. benthamiana leaves by agroinfiltration. Then, 
BiFC signals were observed in mesophyll cells of the infil-
trated leaves by confocal laser scanning microscopy. Yellow 
fluorescence within the chloroplasts suggested that AtRbgA 
interacts with cpRPL6 and cpRPL35 in the chloroplasts 
(Fig. 3b). Although dual-localization of cpRPL35:GFP in 
the nucleus and chloroplasts was infrequently observed 
(Supplementary Fig.  3), the BiFC interaction between 
AtRbgA and cpRPL35 occurred only in chloroplasts. Yellow 
fluorescence was not detected with cpRPL27 or cpRPL28, 
suggesting a lack of interaction despite the high expression 
of the proteins in the infiltrated leaves (Fig. 3b, c). Since 
YFPN and YFPC are fused to Myc and HA tags, respectively, 
NbRbgA:YFPN and cpRPL:YFPC proteins were detected 
by immunoblotting using anti-Myc and anti-HA antibodies, 
respectively.

VIGS phenotypes and reduction of the endogenous 
NbRbgA transcripts

AtRbgA (At4g02790) is a single-copy gene in Arabidopsis. 
According to the SeedGenes Project database (http://www.
seedgenes.org/), T-DNA knockout mutants of AtRbgA car-
rying an insertion in the third exon (emb 3129-1) or in the 
second intron (emb 3129-2) exhibited an embryonic lethal 
phenotype. The abnormal embryos were developmentally 
arrested at the globular stage. Thus, AtRbgA is an essential 
gene for Arabidopsis embryo development. To investigate 
cellular functions of RbgA in plants, we performed virus-
induced gene silencing (VIGS) using the tobacco rattle virus 
(TRV) system against NbRbgA in N. benthamiana plants 
(Fig. 4). We cloned three different NbRbgA cDNA fragments 
into the VIGS vector pTV00 and infiltrated N. benthami-
ana plants with Agrobacterium containing these plasmids 
(Fig. 4a). TRV:RbgA(N) and TRV:RbgA(C) contain 556-
bp and 554-bp NbRbgA cDNA fragments, respectively, 
whereas TRV:RbgA(F) contains cDNA corresponding to the 
full-length coding region. VIGS of each construct resulted 
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Fig. 2   Subcellular localization of plant RbgA. The full-length 
AtRbgA (AtRbgA:GFP) and NbRbgA (NbRbgA:GFP), NbRbgA 
N-terminal region containing the chloroplast transit peptide 
(NbRbgA-N:GFP), and NbRbgA lacking the N-terminal region 
(NbRbgA∆N:GFP) were fused to GFP. GFP fusion proteins were 
expressed in N. benthamiana leaves via agroinfiltration. Protoplasts 
prepared from the infiltrated leaves were observed by confocal laser 
scanning microscopy for GFP fluorescence and chlorophyll autofluo-
rescence (red). Dual localization of AtRbgA:GFP and NbRbgA:GFP 
proteins in the nucleus (n) and chloroplasts was infrequently 
observed. Scale bars  10 μm

http://www.seedgenes.org/
http://www.seedgenes.org/
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in a similar leaf-yellowing phenotype, with colors varying 
from pale-green to yellow/white, accompanied by abnor-
mal leaf morphology (Fig. 4b). To determine the effect of 
gene silencing, the amount of endogenous NbRbgA mRNA 
in the VIGS plants was measured by real-time quantita-
tive RT-PCR using α-tubulin mRNA as a control (Fig. 4c). 
The a + b and c + d primers detected reduced amounts of 
NbRbgA mRNA in the yellow sectors of TRV:RbgA(C) and 
TRV:RbgA(N) leaves, respectively, compared with TRV 
control, suggesting silencing of NbRbgA in these VIGS 
plants (Fig. 4c).

To observe the effects of NbRbgA silencing on chloro-
plasts, leaf protoplasts prepared from TRV control and the 
yellow sectors of the TRV:RbgA(N) and TRV:RbgA(C) 
leaves were visualized by confocal laser scanning micros-
copy. The chloroplasts in severely affected protoplasts from 

the NbRbgA VIGS plants were much smaller than TRV con-
trol chloroplasts (Fig. 4d). The average chlorophyll auto-
fluorescence of protoplasts isolated from TRV:RbgA(N) and 
TRV:RbgA(C) leaves was reduced to 32–40% of that found 
in the TRV control (Fig. 4e). These results demonstrate that 
NbRbgA deficiency impairs chloroplast development. Fur-
thermore, the aberrant chloroplast development appeared to 
cause stress symptoms in NbRbgA-deficient leaf cells, as 
shown by a decrease in mitochondrial membrane potential 
(MMP) and an increase in reactive oxygen species (ROS) 
(Supplementary Fig. 4a, b). Tetramethylrhodamine methyl 
ester (TMRM) fluorescent probes accumulate in mitochon-
dria in proportion to MMP (Chazotte 2011). TMRM stain-
ing and quantification of the fluorescence suggested that 
the MMP of TRV:RbgA(N) protoplasts was ~ 10-fold lower 
than that of the TRV control (Supplementary Fig. 4a). To 

Fig. 3   Association of plant 
RbgA with chloroplast ribo-
somes. a Sucrose gradient 
fractionation. NbRbgA and its 
deletion mutants were expressed 
in N. benthamiana leaves by 
agroinfiltration. Sucrose density 
gradient fractions (10–55%) 
were analyzed by immunoblot-
ting with anti-GFP antibody. 
As a control, cpRPL2, the chlo-
roplast ribosomal protein, and 
RPL10a, the eukaryotic ribo-
somal protein, were detected 
using immunoblotting with 
their corresponding antibodies. 
The first fractions containing 
NbRbgA:GFP and cpRPL2 are 
marked by arrowheads. b BiFC 
analyses of AtRbgA interac-
tion with chloroplast ribosomal 
proteins. Proteins were co-
expressed as either YFPN (YN) 
or YFPC (YC) fusion proteins 
in N. benthamiana leaves using 
agroinfiltration. Mesophyll cells 
of the infiltrated leaves were 
observed for YFP fluorescence 
using confocal laser scanning 
microscopy. Scale bars 20 μm. 
c Immunoblotting to determine 
protein expression in the BiFC 
experiments shown in b. Since 
YFPN and YFPC are fused to 
Myc and HA tags, respectively, 
NbRbgA:YN and cpRPL:YC 
proteins are detected by anti-
Myc and anti-HA antibodies, 
respectively. The asterisk marks 
non-specific bands
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Fig. 4   VIGS phenotypes, endogenous NbRbgA transcript levels, 
and chloroplast defects. a Schematic representation of the NbRbgA 
cDNA regions used in the VIGS constructs. The box indicates the 
protein-coding region of NbRbgA. The three VIGS constructs are 
marked by bars. The positions of primers are indicated. N. benthami-
ana plants were infiltrated with Agrobacterium containing the TRV 
or TRV:RbgA constructs. b VIGS phenotypes of the TRV control 
and three TRV:RbgA VIGS lines. The plants were photographed 20 
days after infiltration. c Real-time quantitative RT-PCR analyses of 

the NbRbgA transcript levels using the primers shown in a. α-tubulin 
mRNA was used as a control. d Chloroplasts in the leaf cells of 
the VIGS plants were visualized by chlorophyll autofluorescence 
(Chl) using confocal laser scanning microscopy. TRV:RbgA proto-
plasts with severe chloroplast defects are shown. Scale bars 10  µm. 
e The average chlorophyll autofluorescence in individual leaf proto-
plasts was quantified by confocal microscopy. Data points represent 
means ± standard deviation of 30 individual protoplasts, expressed as 
a percentage of the TRV control



471Plant Mol Biol (2017) 95:463–479	

1 3

visualize ROS, the leaf protoplasts were incubated with 
H2DCFDA, which becomes activated in the presence of 
H2O2 to produce green fluorescence (Kristiansen et  al. 
2009). Green fluorescence of TRV:RbgA(N) protoplasts 
was ~ 14-fold higher than that of the TRV control, suggest-
ing excessive H2O2 accumulation (Supplementary Fig. 4b).

Defective protein accumulation in NbRbgA‑deficient 
chloroplasts

Chloroplast protein accumulation in the RbgA VIGS plants 
was examined by immunoblotting using chloroplast HSP70 
(cpHSP70), which is encoded by a nuclear gene, as a load-
ing control. Markedly lower levels of plastid-encoded pro-
teins such as atpA and atpB (ATP synthase subunits), D1 

(photosystem II core subunit), and rbcL (Rubisco large sub-
unit), were detected in TRV:RbgA(N) and TRV:RbgA(C) 
plants than in the TRV control (Fig.  5a). To determine 
whether defective RNA metabolism is responsible for the 
protein accumulation defect in TRV:RbgA plants, RNA gel 
blot analysis was performed with 20 µg total RNA for each 
sample using plastid-encoded genes as probes (Fig. 5b, c). 
Total rRNAs were stained with ethidium bromide (EtBr) as 
a control for RNA loading (Fig. 5b). There was no signifi-
cant difference in the amounts of psbA, psbD, rbcL, rpoB, 
atpA, atpB, and petB transcripts in chloroplasts between 
TRV:RbgA and TRV control leaves (Fig. 5c). Collectively, 
these results suggest that the reduced accumulation of chlo-
roplast proteins in TRV:RbgA plants is likely caused by a 
defect in the translational or post-translational steps.

EtBr 

rbcL                     rpoB                       atpA                     atpB                     petB 

3.6 

1.9 
1.0 

kb 

(B)  (C)  (A)  

psbA

α-atpA 

α-atpB 

α-D1 

α-rbcL 

α-
cpHSP70 psbD 

Fig. 5   Protein and mRNA levels of plastid-encoded genes. a Immu-
noblot analyses of chloroplast proteins. Total protein (30 µg) isolated 
from TRV and TRV:RbgA leaves was subjected to immunoblotting 
using antibodies against atpA, atpB, D1, and rbcL. As a loading con-
trol, chloroplast HSP70 (cpHSP70) was detected by the correspond-
ing antibody. b, c Transcript accumulation in chloroplasts. The eth-

idium bromide (EtBr)-stained gel shows total ribosomal RNAs (b). 
RNA gel blot analysis was performed with total RNA (20 µg per lane) 
isolated from leaves of TRV and TRV:RbgA VIGS plants (c). The 
bands that match the expected size of the mRNA are marked by aster-
isks. RNA size markers (3.6-, 1.9-, and 1.0-kb) are indicated in each 
blot
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Defective rRNA accumulation and processing 
in NbRbgA‑deficient chloroplasts

In chloroplasts of higher plants, mature rRNAs are gener-
ated via successive processing of a large polycistronic pri-
mary transcript produced from the ribosomal RNA (rrn) 
operon (Fig. 6a). The large rRNA precursor form is first 
processed to generate 16S rRNA, a dicistronic 23S-4.5S 

rRNA intermediate, and 5S rRNA. Next, processing of the 
23S-4.5S intermediate produces the monocistronic 23S and 
4.5S rRNAs. The 16S, 23S, and 5S rRNA precursors go 
through additional processing to generate the mature forms; 
the 23S rRNA is cleaved into 0.5-, 1.0-, and 1.2-kb mature 
rRNAs (Kössel et al. 1982; Strittmatter and Kössel 1984).

Since defective rRNA processing is frequently associ-
ated with impaired ribosome assembly, we next performed 
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Fig. 6   Accumulation and processing of chloroplast ribosomal RNAs. 
a Schematic representation of the chloroplast rrn operon. The rRNA 
genes (light gray boxes) and the tRNA genes (dark gray boxes) are 
indicated within the operon. The probes for RNA gel blots are marked 
by black boxes under the operon. The cleavage sites of 23S rRNA 
that produce 0.5-kb, 1.0-kb, and 1.2-kb mature rRNAs are marked by 
white arrows in the operon. b, c RNA gel blot analyses of total RNA 
isolated from TRV, TRV:RbgA(N), and TRV:RbgA(C) leaves. EtBr-

stained gels show total ribosomal RNAs (b). RNA gel blots (20 μg of 
total RNA per lane) were hybridized with the different probes shown 
in a (c). An additional RNA gel blot is shown for 16S-F probe for 
better separation of the precursor form of 16S rRNA. The mature 
forms of 23S rRNA are marked by asterisks. The 23S-4.5S dicistronic 
processing intermediate is marked by a filled circle. The 16S rRNA 
precursor forms are marked by an arrowhead. RNA size markers are 
indicated in each blot
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RNA gel blot analyses to investigate chloroplast rRNA 
processing in the VIGS plants (Fig. 6b, c). EtBr-stained 
total rRNAs are shown as controls for RNA loading 
(Fig. 6b). RNA gel blots with 23S-specific probes (Probes 
23S-F, 23S-1, 23S-2, and 23S-3) resulted in a complex 
pattern of RNA bands in the TRV control, which repre-
sents both the mature and processing forms of 23S rRNA 
(Fig. 6c). The final mature forms (0.5-, 1.0-, and 1.2-kb 
bands) are marked with asterisks. TRV:RbgA plants exhib-
ited decreased accumulation of the mature 23S rRNA and 
defective 23S rRNA processing. The 4.5S probe recog-
nized the mature 4.5S rRNA and small amounts of the 
23S-4.5S dicistronic processing intermediate (marked with 
a filled circle). A slight increase in the 23S-4.5S precursor 
in TRV:RbgA plants suggested a mild defect in the endo-
nucleolytic processing of 4.5S rRNA from the precursor. 
The 5S probe identified the mature 5S rRNA with no vis-
ible accumulation of the precursor forms in the TRV:RbgA 
plants. Finally, the 16S-F probe detected a reduced amount 
of mature 16S rRNA and an accumulation of its precursor 
form (marked with an arrowhead) in TRV:RbgA plants 
(Fig. 6c). The probes 16S-1 and 16S-2 detected the pre-
cursor forms in TRV:RbgA plants, suggesting incomplete 
processing of pre-16S rRNA at both its 5ʹ and 3ʹ ends. 
These results demonstrated that NbRbgA depletion causes 
pleiotropic defects in chloroplast rRNA processing, and 
significantly reduces the amounts of mature 23S and 16S 
rRNAs in chloroplasts.

Reduced polysomal loading of RNA 
in NbRbgA‑deficient chloroplasts

Defective ribosome biogenesis and rRNA processing 
often affect the polysomal loading of chloroplast RNAs in 
plants. We examined the association of chloroplast rRNA 
and mRNA with ribosomes in TRV and TRV:RbgA(N) 
plants (Fig. 7). Total ribosomes were isolated from leaf 
cell extracts of the VIGS plants, each containing an equal 
amount of RNA, and sedimented through a 15–55% sucrose 
density gradient, and then fractions were collected. RNA 
gel blot analysis was performed with total RNA purified 
from each fraction using the 23S and 16S rDNA probes. 
TRV:RbgA(N) plants contained reduced amounts of 23S 
and 16S rRNA in the polysomal fractions as compared with 
the TRV control (Fig. 7a, b). These results suggest that 
NbRbgA-deficient chloroplasts contain fewer polysomes 
than TRV chloroplasts, indicative of reduced translation 
activity in chloroplasts.

Next, polysomal loading of chloroplast-encoded mRNAs 
rbcL, psbA, and petB was examined using RNA gel blot 
analysis with the corresponding probes (Fig. 7c–e). The 
mRNAs in the polysomal fractions were ribosome-associ-
ated mRNAs, undergoing translation. EtBr-staining showed 
the distribution of total ribosomal RNAs in each fraction 
(Fig. 7f). Reduced amounts of rbcL, psbA, and petB mRNAs 
were present in the polysomal fractions of TRV:RbgA(N) 
plants, indicating reduced translation of the chloroplast 

Fig. 7   Polysomal loading of 
chloroplast RNA. Sucrose den-
sity gradient fractions (15–55%) 
from TRV and TRV:RbgA(N) 
plants were analyzed by RNA 
gel blot analysis with 23S 
rRNA, 16S rRNA, rbcL, psbA, 
and petB probes (a–e); EtBr-
staining shows distribution of 
total ribosomal RNAs in each 
fraction (f). RNA size markers 
are indicated in each blot. The 
mature forms of 23S rRNA are 
marked by asterisks (a)

55% 15% 

 1    2    3    4    5    6    7    8    9   10              

TR
V

 

23S 
rRNA 

rbcL 

psbA 

petB  

R
bg

A
(N

) 

TR
V

 
TR

V
 

TR
V

 
R

bg
A

(N
) 

R
bg

A
(N

) 
R

bg
A

(N
) 

55% 15% 

 1    2    3   4    5   6    7   8    9   10              

16S 
rRNA 

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

polysomes < 80S  

kb 
3.6 
1.9 

TR
V

 

EtBr 

R
bg

A
(N

) 

TR
V

 
R

bg
A

(N
) 

Polysomes < 80S  

kb 
3.6 
1.9 

* 

* 

* 
* * 

* 
* * 



474	 Plant Mol Biol (2017) 95:463–479

1 3

mRNAs. These findings suggest that NbRbgA depletion 
leads to a decrease in chloroplast translation.

Instability of NbRbgA proteins under high light stress

The stringent response is a survival mechanism of bacteria 
to cope with stress, which is mediated by the nucleotides 
guanosine tetraphosphate and pentaphosphate [(p)ppGpp; 
Dalebroux and Swanson 2012]. It has been recently reported 
that (p)ppGpp binds to five ribosome biogenesis-related 
GTPases, including RbgA, to inhibit their activity, leading 
to inactivation of ribosome assembly under stress condi-
tions (Corrigan et al. 2016). We examined whether NbRbgA 
proteins become unstable in response to stress conditions 
in chloroplasts (Fig. 8). NbRbgA:GFP fusion protein was 
expressed in N. benthamiana leaves by agroinfiltration. 
Leaf disks were prepared from the leaves at 2 days after 
infiltration, and were then floated on liquid 1/2 MS medium 
containing cycloheximide (100 µg mL−1) for incubation 
for 1–6 h under high light intensity (1000 μmol m−2 s−1). 
Since NbRbgA proteins were transiently expressed under 
the CaMV35S promoter, NbRbgA protein turnover could 
be monitored using cycloheximide, an inhibitor of cytosolic 
mRNA translation. The floated leaves did not exhibit any 
color changes until 6 h of high light treatment. Cell extracts 
prepared from the leaf disks were subjected to SDS-PAGE 
and immunoblotting with anti-GFP antibody. As a load-
ing control, the rubisco large subunit (rbcL) was detected 
using Ponceau S staining. In the presence of cyclohex-
imide, NbRbgA:GFP protein accumulation was dramati-
cally reduced to less than 10% of the control (0 h) after 1 h 
high light treatment and completely abolished within 2 h 
(Fig. 8a). High light or cycloheximide alone did not change 
NbRbgA:GFP protein levels (Fig. 8c). The D1 photosystem 
II reaction center protein, which is encoded by the chloro-
plast genome, is a well-known target of photoinhibition; D1 
protein is easily degraded under high light conditions (Aro 
et al. 1993; Nishiyama et al. 2011). Immunoblotting with 
anti-D1 antibody showed that the endogenous level of D1 
protein initially increased until 6 h of high light treatment in 
the presence of chloramphenicol (CM; 100 µg mL−1), fol-
lowed by a steep decrease upon longer exposure (Fig. 8b). 
Chloramphenicol blocks chloroplast protein synthesis (Ellis 
1969). These results suggest that the chloroplast NbRbgA 
protein becomes highly unstable and undergoes rapid deg-
radation under high light stress, and has to be constantly 
replenished by cytosolic mRNA translation. To examine 
whether other chloroplast GTPases involved in ribosome 
biogenesis show similar high light-dependent protein deg-
radation, we expressed NbDER (Jeon et al. 2014) and NbEra 
(Inoue et al. 2003; Supplementary Fig. 3) as GFP fusion 
proteins in N. benthamiana leaves before exposure to high 
light for 1–6 h. Accumulation of NbDER and NbEra proteins 

remained constant under high light conditions up to 6 h in 
the presence of cycloheximide (Fig. 8a). Furthermore, pro-
tein levels of cpRPL28 and cpRPL35 were also constant 
throughout the treatment (Fig. 8a). Thus, the unusually rapid 
protein turnover in response to high light appears to be a 
special feature of NbRbgA.

Excess light produces diverse reactive oxygen species 
(ROS) in chloroplasts; primarily singlet oxygen (1O2

*) and 
H2O2 are formed, but superoxide (O2

−) and hydroxyl radi-
cals (*OH) are also generated (Li et al. 2009). We examined 
whether NbRbgA:GFP proteins are susceptible to H2O2 or 
methyl viologen (MV), which produces superoxide in chlo-
roplasts (Fig. 8d, e). The leaf disks prepared from the infil-
trated leaves were floated for 1–6 h on liquid 1/2 MS media 
containing 100 mM H2O2 or 2 µM MV in the absence or 
presence of cycloheximide. Immunoblotting showed that 
NbRbgA:GFP protein levels were constant throughout the 
6-h treatment of both chemicals even when cytosolic pro-
tein translation was blocked by cycloheximide (Fig. 8d, e). 
Thus, neither H2O2 (100 mM) nor MV (2 µM) was effec-
tive at inducing degradation of NbRbgA:GFP proteins in 
chloroplasts.

Discussion

The RbgA family of GTPases, which has a circularly per-
mutated arrangement of the GTP-binding motifs, modulates 
diverse aspects of plant growth and development through 
differential subcellular localizations, activities, and func-
tions (Hill et al. 2006; Im et al. 2011; Weis et al. 2014; Jeon 
et al. 2015). In this study, we investigated the characteris-
tics and functions of the unique chloroplast-targeted RbgA 
homolog. NbRbgA and AtRbgA exhibit conserved protein 
sequences and structural conformation as compared with 
their prokaryotic counterparts such as B. subtilis RbgA and 
T. maritima YlqF/RbgA (Supplementary Figs. 1, 2). The 
conserved sequence residues shared between plant and 
bacterial RbgA proteins include the GTP-binding motifs, 
PGH motif, and DAR motif. However, their CTDs show low 
sequence similarity. Gulati et al. (2013) performed extensive 
mutagenesis in B. subtilis RbgA (BsRbgA) to gain insight 
into the ribosome interaction and GTPase activation of 
RbgA. They identified essential residues in the conserved 
region 1 (CR1) containing the PGH motif, the GTP-binding 
motifs, and the CTD, but mutations in CR2 containing the 
DAR motif caused only a minor defect in cell growth and 
BsRbgA GTPase activity. In our study, the S227A (G1) and 
S152A (G4) mutations reduced AtRbgA GTPase activity 
to 33 and 32% of the control, respectively, suggesting the 
importance of the G1 and G4 motifs for this activity (Fig. 1). 
Furthermore, the Y99A and H102A mutations affecting 
the PGH motif region resulted in a severe reduction in the 
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from the infiltrated leaves were floated on liquid 1/2 MS medium 
containing cycloheximide (CHX; 100 µg mL−1), and incubated under 
high light conditions (1000 μmol m−2 s−1) for 1–6 h. Protein extracts 
isolated from the leaf disks after high light treatment were subjected 
to immunoblotting using anti-GFP antibody. As a loading control, the 
rubisco large subunit (rbcL) was detected using Ponceau S staining. b 
Endogenous levels of D1 photosystem II reaction center protein were 

examined by immunoblotting with anti-D1 antibody. Leaf disks were 
floated on liquid 1/2 MS medium containing chloramphenicol (CM; 
100 µg mL−1), and incubated under high light conditions (1000 μmol 
m−2  s−1) for 2–24  h. c Leaf disks expressing NbRbgA:GFP were 
treated with high light or CHX alone for 1–6 h. d Leaf disks express-
ing NbRbgA:GFP were treated with 100 mM H2O2 in the absence or 
presence of CHX for 1–6  h. e Leaf disks expressing NbRbgA:GFP 
were treated with 2 µM methyl viologen (MV) in the absence or pres-
ence of CHX for 1–6 h
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intrinsic GTPase activity of AtRbgA. These results are 
consistent with the mutagenic effects on the corresponding 
residues of BsRbgA (Gulati et al. 2013). The PGH motif 
is conserved in almost all EF-Tu (elongation factor thermo 
unstable) homologs, and His84 of EF-Tu GTPase as part of 
the PGH motif is essential for GTP hydrolysis (Daviter et al. 
2003). An alignment of crystal structures of BsRbgA and 
EF-Tu suggests that His9 from the PGH motif of BsRbgA is 
localized in a similar position to that of the catalytic His84 
of EF-Tu, suggesting that His9 acts as a catalytic His residue 
(Gulati et al. 2013). A difference is that His84 is localized 
in the G3 region of EF-Tu, while His9 is found in the highly 
flexible CR1 region at the N-terminus of BsRbgA. Among 
the seven RbgA homologs in Arabidopsis, only three orga-
nellar RbgA homologs (AtRbgA, SIN2, and At4g10650 pro-
tein) have the PGH motif at the N-terminus of the protein, 
while the other eukaryotic RbgA homologs lack the motif. 
Collectively, these results suggest that the His residue in the 
PGH motif of AtRbgA and of other organellar homologs 
may play a role as the catalytic His for GTPase activity.

The predicted overall protein structures of AtRbgA and 
NbRbgA are very similar to that of BsRbgA; even the CTD 
structure is conserved despite low sequence similarity (Sup-
plementary Figs. 1b, 2). The CTDs of these three proteins 
show a three α-helical arrangement that is topologically 
similar to that of the ANTAR domain (Shu and Zhulin 2002; 
Gulati et al. 2013). ANTAR is an RNA-binding domain 
found in transcription antitermination regulatory proteins 
such as AmiR and NasR (Shu and Zhulin 2002). BsRbgA 
binds to 23S rRNA of the 50S subunit (Matsuo et al. 2006), 
and mutations in the CTD disrupt BsRbgA binding to the 
50S ribosome (Gulati et al. 2013). These results suggest a 
possible involvement of the CTD of chloroplast RbgA in the 
interaction with the 50S subunit.

Ribosome biogenesis is a complex and tightly coordi-
nated process that involves the synthesis, processing, and 
chemical modification of rRNAs, ordered assembly of the 
ribosomal components, and maturation. Numerous biogen-
esis factors, including endo- and exo-ribonucleases, RNA 
helicases, RNA modification enzymes, chaperones, and 
GTPases, participate in prokaryotic and eukaryotic ribosome 
assembly (Woolford and Baserga 2013). RbgA is an essen-
tial ribosome-associated GTPase that plays a critical role in a 
late step of the 50S ribosome biogenesis in B. subtilis (Mat-
suo et al. 2006, 2007; Uicker et al. 2006). RbgA depletion 
in B. subtilis leads to accumulation of a 45S late assembly 
intermediate that contains severely reduced amounts of ribo-
somal proteins L16, L27, L28, L33, L35, and L36 (Li et al. 
2013; Jomaa et al. 2014). L16 and L27 are critical compo-
nents of the peptidyltransferase center in the 50S subunit that 
play a role in stabilization of the peptide bond formation and 
tRNA positioning on the A- and P-sites (Wekselman et al. 
2009; Gulati et al. 2014). Incorporation of L16, occurring 

at a late stage in the in vitro 50S assembly process in E. 
coli, stimulates GTPase activity of BsRbgA and induces the 
release of this factor for the conversion of the 45S interme-
diate to the mature 50S subunit (Jomaa et al. 2014). Fur-
thermore, the yeast eukaryotic RbgA homolog LSG1p may 
modulate the incorporation of the L16 homolog Rpl10 into 
the 60S large subunit (Hedges et al. 2005). Recent studies 
have suggested that RbgA facilitates the incorporation of 
L16 and other late ribosomal proteins through proper posi-
tioning of L6 on the maturing ribosome or through struc-
tural remodeling of rRNAs using its RNA chaperone activity 
(Gulati et al. 2014; Li et al. 2013).

In plants, eukaryotic RbgA homologs such as NSN1 and 
AtNug2 have been implicated in assembly of the 60S riboso-
mal subunit (Im et al. 2011; Jeon et al. 2015), while another 
homolog, LSG1-2, binds to the 60S subunit but modulates 
40S maturation, suggesting that 60S subunit maturation is 
important for the final steps of 40S maturation (Weis et al. 
2014). Mutations that affect chloroplast ribosome assembly 
frequently result in rRNA processing defects, and the final 
maturation of the chloroplast 23S rRNA appears to occur 
after ribosome assembly (Bellaoui et al. 2003; Bollenbach 
et al. 2005). In this study, chloroplast-targeted NbRbgA was 
mainly co-fractionated with 50S/70S ribosomes in sucrose 
density gradient sedimentation (Fig. 3a), and AtRbgA was 
found to interact with cpRPL6 and cpRPL35 (Fig. 3b). Fur-
thermore, NbRbgA depletion led to reduced accumulation 
of mature 23S and 16S rRNAs, caused rRNA processing 
defects, and decreased polysomal loading of plastid-encoded 
mRNAs (Figs. 6c, 7), suggesting a role for NbRbgA in chlo-
roplast ribosome biogenesis. Defective rRNA processing 
and/or ribosome assembly in NbRbgA-deficient chloroplasts 
might have triggered degradation of the rRNAs. Although 
molecular mechanisms of chloroplast RbgA function still 
remain elusive, there is a possibility that it plays a role 
in recruiting ribosomal proteins at a late stage of chloro-
plast ribosome assembly, similar to the actions of BsRbgA 
and yeast LSG1p (Hedges et al. 2005; Jomaa et al. 2014). 
BsRbgA interacts with RPL25 (Matsuo et al. 2007), and is 
functionally linked to RPL6; BsRbgA regulates correct posi-
tioning of L6 on the maturing ribosome prior to the incor-
poration of L16 and other late assembly proteins (Gulati 
et al. 2014). In this study, AtRbgA was found to interact with 
cpRPL6 and cpRPL35 (Fig. 3b). Both cpRPL6 and cpRPL35 
are essential for Arabidopsis embryogenesis at the globular 
stage when pro-plastids start to differentiate into chloroplasts 
(http://www.seedgenes.org/; Romani et  al. 2012). Plant 
RbgA may operate through cpRPL6 during chloroplast 50S 
ribosome biogenesis, mimicking the BsRbgA action dur-
ing prokaryotic 50S ribosome biogenesis. However, RbgA 
interaction with cpRPL35 (Fig. 3b) and the lack of a chlo-
roplast homolog of RPL25 in higher plants (Tiller and Bock 
2014) suggest that details of chloroplast RbgA action may 

http://www.seedgenes.org/
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differ from those of its bacterial counterparts during ribo-
some biogenesis.

Many ribosome-associated GTPases, including RbgA, 
participate in the late stages of the biogenesis process in 
prokaryotes (Britton 2009; Verstraeten et al. 2011). It has 
been proposed that these GTPases modulate the ribosome 
assembly rate according to cellular guanine nucleotide con-
centrations; low cellular GTP levels caused by nutrient/
energy deficiency would inactivate the GTPases, shutting 
down further ribosome assembly (Britton 2009; Jomaa 
et al. 2014). Interestingly, we observed that NbRbgA shows 
a high turnover rate during high light stress (Fig. 8a). The 
phenomenon, however, was not observed with NbDER 
GTPase involved in chloroplast ribosome biogenesis (Jeon 
et al. 2014) or with chloroplast ribosomal proteins such as 
cpRPL28 or cpRPL35. Photo-oxidative stresses can cause 
oxidation of amino acid residues, particularly methionine 
and cysteine, leading to protein destabilization and denatura-
tion (Berlett and Stadtman 1997; Stadtman 2006). NbRbgA 
appears to be susceptible to photo-oxidation, which causes 
protein denaturation and subsequent degradation by chloro-
plast proteases. Interestingly, neither H2O2 nor MV treatment 
stimulated degradation of NbRbgA (Fig. 8d, e), although 
both treatments are known to cause damages to photosys-
tem (PS) II. Production of singlet oxygen (1O2) mainly 
occurs in chloroplasts from the interaction of chlorophyll 
triplet excited stages (3Chl*) with oxygen (Triantaphylidès 
and Havaux 2009). 1O2 production seems to be associated 
with excess photosynthetically active radiation, but not with 
UV-B, cold stress, or MV (Hideg et al. 2000). Furthermore, 
1O2 is the main ROS involved in photo-oxidative damage to 
plants (Triantaphylidès et al. 2008). Collectively, our results 
suggest that NbRbgA proteins in chloroplasts may be par-
ticularly susceptible to 1O2-induced photo-oxidation.

PSII is sensitive to photoinhibition under excess light 
conditions, and the primary target of photoinhibition is 
the PSII reaction center D1 protein; the half-life of D1 is 
inversely correlated with light intensity (Aro et al. 1993; 
Takahashi and Murata 2008). To repair the damaged PSII, 
the inactivated D1 protein must be degraded, de novo syn-
thesized, and incorporated into the reaction center (Edel-
man and Mattoo 2008). Evidence shows that global mRNA 
translation in chloroplasts, including that of the psbA2 
mRNA that encodes D1, is markedly repressed during pho-
toinhibition, suggesting that the translation machinery may 
be a target of inactivation by ROS (Nishiyama et al. 2006, 
2011). In particular, translation elongation factor G (EF-G) 
was shown to be susceptible to oxidation in cyanobacte-
ria; the oxidation of two specific cysteine residues was 
the main cause of EF-G inactivation (Kojima et al. 2009). 
The rapid turnover of RbgA under high light conditions 
suggests that RbgA may be a target of photoinhibition in 
chloroplasts. NbRbgA GTPase activity and high turnover 

rate may contribute to rapid inhibition of chloroplast ribo-
some biogenesis under high light stress.
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