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5-Aminolevulinic acid (ALA) is the first committed substrate of tetrapyrrole biosynthesis and is formed from glutamyl-tRNA by
two enzymatic steps. Glutamyl-tRNA reductase (GluTR) as the first enzyme of ALA synthesis is encoded by HEMA genes and
tightly regulated at the transcriptional and posttranslational levels. Here, we show that the caseinolytic protease (Clp) substrate
adaptor ClpS1 and the ClpC1 chaperone as well as the GluTR-binding protein (GBP) interact with the N terminus of GluTR.
Loss-of function mutants of ClpR2 and ClpC1 proteins show increased GluTR stability, whereas absence of GBP results in
decreased GluTR stability. Thus, the Clp protease system and GBP contribute to GluTR accumulation levels, and thereby the
rate-limiting ALA synthesis. These findings are supported with Arabidopsis (Arabidopsis thaliana) hema1 mutants expressing a
truncated GluTR lacking the 29 N-terminal amino acid residues of the mature protein. Accumulation of this truncated GluTR is
higher in dark periods, resulting in increased protochlorophyllide content. It is proposed that the proteolytic activity of Clp
protease counteracts GBP binding to assure the appropriate content of GluTR and the adequate ALA synthesis for chlorophyll
and heme in higher plants.

In bacteria, archaea, and plants, 5-aminolevulinic
acid (ALA), the universal precursor of all tetrapyrroles,
is synthesized via the tRNA-dependent C5 pathway
(Beale and Castelfranco, 1973; Avissar et al., 1989).
Glutamyl-tRNA reductase (GluTR) catalyzes the NADPH-
dependent reduction of glutamyl-tRNA(Glu) to produce
Glu-1-semialdehyde, which is then converted into ALA
by the Glu-1-semialdehyde aminotransferase (GSA-AT).
GluTR is the first enzyme in the rate-limiting ALA syn-
thesis and controlled by multiple regulatory mecha-
nisms at the transcriptional and posttranslational levels.

Arabidopsis (Arabidopsis thaliana) GluTR is encoded
by three HEMA genes. HEMA1 (AT1G58290) is pre-
dominantly expressed in green tissues (Ilag et al., 1994;
McCormac et al., 2001;Matsumoto et al., 2004), whereas
HEMA2 (AT1G09940) shows a low constitutive ex-
pression in all tissues (Ilag et al., 1994; Kumar et al.,

1996; Matsumoto et al., 2004). HEMA3 (AT2G31250) is
assumed to be a pseudogene (Matsumoto et al., 2004).
The transcription of the HEMA genes is controlled by
multiple endogenous and environmental factors, e.g.
hormones, the endogenous clock, light, and sugars (Ilag
et al., 1994; Ujwal et al., 2002;Matsumoto et al., 2004). In
addition, ALA synthesis also is controlled by posttrans-
lational feedback cues (Pontoppidan and Kannangara,
1994; Meskauskiene et al., 2001) and plastid-derived ret-
rograde signaling (Kumar et al., 1999; Papenbrock et al.,
2000a, 2000b; Cornah et al., 2003; Tanaka and Tanaka,
2007; Stenbaek and Jensen, 2010). The control of tetra-
pyrrole biosynthesis predominantly optimizes the for-
mation of adequate amounts of chlorophyll (Chl) and
heme and prevents accumulation of metabolic inter-
mediates. Due to their photochemical properties, ac-
cumulating free tetrapyrroles generate highly reactive
singlet oxygen upon illumination and cause severe
photooxidative damage (Rebeiz et al., 1988; op den
Camp et al., 2003). It is reasonable to predict particu-
larly a multifaceted posttranslational control for rapid
and instantaneous changes in the ALA synthesis rate
with GluTR acting as major control step for the supply
of metabolic precursors (Tanaka and Tanaka, 2007).

Among the posttranslational factors, heme and the
tetratricopeptide repeat-containing FLUORESCENT IN
BLUELIGHT (FLU) have been reported to act negatively
on ALA synthesis (Pontoppidan and Kannangara, 1994;
Meskauskiene et al., 2001). Deficiency of the negative
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regulator FLU is associated with increasing content of
protochlorophyllide (Pchlide), the substrate of NADPH-
Pchlide oxidoreductase (POR), in darkness (Meskauskiene
et al., 2001). Through interaction with the GluTR1 C
terminus, FLU inactivates ALA synthesis in the dark
(Goslings et al., 2004). Cofractionation of plastid ex-
tracts from photoperiodically grownArabidopsis plants,
which were harvested during the night period, revealed
that FLU is assembled with CHL27, a subunit of Mg-
protoporphyrin monomethylester cyclase, geranylgeranyl
reductase, PORB, PORC, and GluTR1 (Kauss et al., 2012).
The inhibitory activity of FLU emphasizes the impor-
tance of the Chl-synthesizing branch of tetrapyrrole
biosynthesis for the feedback control of ALA synthesis.
A crystal structure of a complex between two C-terminal
GluTR dimerization domains and a dimer of the tetra-
tricopeptide repeat domains of FLU revealed a shield
formed by FLU around GluTR, which possibly is re-
sponsible for GluTR inactivation (Zhang et al., 2015).
Reduced heme content by the removal of free Fe2+/Fe3+

leads to an increase in the Pchlide content (Duggan and
Gassman, 1974), whereas an accumulation of heme
through inactivation ofHEMEOXYGENASE1 in the hy1
mutant suppresses Pchlide accumulation in dark-grown
seedlings (Montgomery et al., 1999). Furthermore, incu-
bationwith hemediminished the activity of purified barley
(Hordeum vulgare) GluTR (Pontoppidan and Kannangara,
1994; Vothknecht et al., 1996). The N-terminal 30 amino
acid residues of mature GluTRwere found to be required
for heme inhibition and designated heme-binding do-
main (HBD; Vothknecht et al., 1998; Goslings et al.,
2004). Nevertheless, a recently published x-ray structure
analysis revealed a dimeric Arabidopsis GluTR1 struc-
ture but did not suggest a heme-binding motif of GluTR
(Zhao et al., 2014).
Recently, amembrane-boundGluTR-binding protein

(GBP; AT3G21200) was identified and suggested to act
as an anchor for GluTR at the thylakoid membrane
(Czarnecki et al., 2011). It was hypothesized that GBP
protects bound GluTR from inactivation by FLU and
thereby ensures an ongoing ALA formation for heme
production in the dark (Czarnecki et al., 2011). This model
supports previous ideas of a spatial separationof hemeand
Chl synthesis in chloroplasts (Joyard et al., 2009).
Using affinity chromatography, GluTR1 has been

identified as one of the substrates for ClpS1 and ClpF
that act as substrate selectors for the caseinolytic pro-
tease (Clp) in plastids (Nishimura et al., 2013, 2015).
Proteases play an important role in embryogenesis,
plastid biogenesis, and plant development, but the
elucidation of posttranslational control byplastid-localized
proteases is in its infancy. TheATP-dependent Clp protease
is the most abundant stromal protease system in plas-
tids and homologous to the bacterial Clp protease
(Nishimura and van Wijk, 2015). Loss-of-function mu-
tants of the plastid Clp protease complex indicate its
essential role during embryogenesis, plant growth, and
plastid development (Nishimura and van Wijk, 2015).
Knockout mutants of the Clp core subunits can cause
developmental arrests. In contrast, clpr2-1, a mutant

with 20% of residual ClpR2 content, (Rudella et al.,
2006) and the clpc1-1mutants (Sjögren et al., 2004) used
in our experiments are less severely affected, while the
clps1 mutant is hardly phenotypically distinguishable
from wild-type seedlings with the exception of a low
reduction in Chl content (Nishimura et al., 2013). Re-
cently, the thylakoid copper transporter PPA2 was
shown to be degraded by the Clp system under copper-
replete conditions. However, this degradation did not
involve ClpS1, but was dependent on the ClpC1 chape-
rone and the ClpPR protease core complex (Tapken et al.,
2015). Bacterial ClpS homologs function in the selection
anddelivery of substrateswith anN-terminal degradation
signal (an N-degron) for degradation by the Clp system.
Early observations in yeast led to the formulation of the
N-end rule, which states that certain amino acids, when
exposed at the N terminus of a protein, act as triggers for
degradation (Bachmair et al., 1986). An N-end rule for
chloroplasts/plastids in plants is not known but certainly
is a possibility (Apel et al., 2010; Rowland et al., 2015).

In this study, we aimed to examine the posttransla-
tional regulationofGluTR1 in furtherdetail inArabidopsis
and focus on the importance of the N-terminal domain in
protein-protein interactions. Bimolecular complementation
(BiFC) experiments provide evidence for interaction of
ClpS1, ClpC1, and GBP with the N terminus of GluTR1.
Furthermore, we show results suggesting the control of
GluTR turnover by ClpC1 and the Clp protease complex
Thus, this study reveals the importance of protein degra-
dation in posttranslational regulation of GluTR.

RESULTS

The N-Terminal HBD of GluTR Interacts with GBP

The HEMA1 knockout of Arabidopsis (hema1) shows
a pale-green phenotype, does not grow photoautotro-
phically, and can be maintained on sugar-containing
Murashige and Skoog agar, but is not able to produce
seeds (Apitz et al., 2014). To elucidate the function of the
HBD (Vothknecht et al., 1998) of GluTR, the coding
sequence of HEMA1 with a deletion of the corre-
sponding 87 nt was fused with HEMA1 promoter and
59- as well as 39-untranslated regions (UTRs), and
expressed in the hema1 background to study protein-
protein interaction, GluTR stability, and feedback reg-
ulation of ALA synthesis (Fig. 1A). Transgenic lines
containing pHEMA1:HEMA1D87nt are designated
A1DHBD #1 and A1DHBD #2 hereinafter. As comple-
mentation control, the entire genomic sequence of
HEMA1was fusedwith theHEMA1 promoter andUTR
sequences and transformed into hema1. The resulting
line pHEMA1:HEMA1 is designated A1 from here on.

The homozygous hema1 background and the pres-
ence of the HEMA construct were confirmed by PCR
genotyping. The control A1 and A1DHBD #1 and #2
lines showed full-grown complementation, including
wild-type levels of Chl and heme, as well as Chl a/b
ratios (Fig. 1, B–D). HEMA1 transcript levels in the
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control as well as in the A1DHBD lines reached at least
wild-type expression levels (Fig. 1E) and a slightly in-
creased GluTR1 content (Fig. 1F). The endogenous

HEMA2 transcript levels remained largely unaffected
(Fig. 1E). The mature, N-terminally truncated GluTR1
has a predictedmolecularmass of 49.6 kD andmigrated

Figure 1. Complementation of the hema1 knockout mutant by A1 and A1DHBD. A, Schematic overview of the GluTR1 domains
(Moser et al., 2001). The transit peptide (predicted by TargetP 1.1; Emanuelsson et al., 2007) is followed by the postulated HBD
(Vothknecht et al., 1998; Goslings et al., 2004). Binding of FLU (FBD) is mediated by the C terminus of GluTR1 (Goslings et al.,
2004). The truncated GluTR1 expressed in the A1DHBD lines misses the HBD. B, The A1DHBD lines expressing GluTR1DHBD
and the control line A1 in comparison with the wild type (Col-0) and hema1. C, Pigment content based on fresh weight (FW) and
Chl a/b ratio. D, Heme content related to fresh weight. E, Relative quantification of HEMA1 (black) and HEMA2 (gray) mRNA
levels as compared with ACT2. F, Immunoblot analysis of total protein extracts. All analyzed plants were cultivated for 28 d on
Suc-containing media under SD conditions (10 h light/14 h dark). Data are given as means 6 SD (n = 4).
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faster in polyacrylamide gels comparedwith the mature
wild-type GluTR1 (52.7 kD; Fig. 1F). In both A1DHBD
lines, a second band of higher molecular mass was vis-
ible and represents the truncated precursor protein in-
cluding the transit peptide (56.5 kD), indicating that the
removal of 29 amino acids at the mature N terminus
influences the proteolytic cleavage of the transit peptide.
Separation of stroma and thylakoid membrane fractions
of isolated plastids from ecotype Columbia (Col-0) and
A1DHBD seedlings confirmed processed mature vari-
ants of GluTR inside plastids, but not the much lower
abundant precursor protein (Supplemental Fig. S1). The
hema1 mutant showed increased amounts of the tetra-
pyrrole biosynthetic enzymes GSA-AT and POR,
whereas the levels of GBP and FLU were not altered
(Fig. 1F). Interestingly, the levels of the ClpS1 adaptor
protein increased many fold and Lhcb1 proteins were
missing (Fig. 1F). In contrast, A1 as well as A1DHBD #1
and #2 had wild-type amount of all analyzed proteins,
indicating the successful complementation of hema1.
In yeast two-hybrid and BiFC experiments, GBP

interacted with GluTR1 and GluTR2 (Czarnecki et al.,
2011). To specify the domains of GluTR1 that interact
with GBP, YFP halves fused with either truncated ma-
ture GluTR1DHBD (lacking the first 94 amino acid
residues) or HBDGluTR1 were expressed. Coexpression
of GBP and HBDGluTR1 resulted in YFP fluorescence,
indicating an interaction of GBP with the N terminus of
GluTR1 (Fig. 2A). In contrast, simultaneous expression
of GBP and mature GluTR1DHBD did not exhibit YFP
fluorescence, although western-blot analysis confirmed
the expression of both fusion proteins with the YFP
halves (Fig. 2, B and C).

GBP Delays GluTR Degradation

Western-blot analysis showed that the transgenic
lines A1DHBD #1 and #2 exhibited a higher GluTR1
content compared with the wild type (Fig. 1F) To fur-
ther investigate GluTR1 protein abundance and stabil-
ity in adult plants cultivated under short day (SD)
conditions, GluTR1 levels were examined in plant ex-
tracts harvested at different time points at night as well
as after a 3-d dark period (Fig. 3). The GluTR1 content in
the wild type and well as control line A1 plants was not
altered during the night period, but decreased multi-
fold after a 3-d dark period. The stability of GluTR1
expressed in lineA1 resembled that of wild-typeGluTR1
during the extended dark period. In contrast, A1DHBD
displayed protein stability comparable to the wild type
during the night phase, but the level of truncated
GluTR1 was unaffected after the 3-d dark period (Fig.
3A; results shown only for A1DHBD#1 hereinafter). This
indicated the HBD is critical for dark-induced degrada-
tion. For comparison, expression of HEMA2 under the
HEMA1 promotor in hema1 (the line designated A2
hereinafter) leads to rapid GluTR2 degradation during a
normal night phase and to undetectable protein levels
following 72 h of darkness (Fig. 3).

The importance of the HBD of GluTR1 for interaction
with GBP (Fig. 2, A and B) prompted us to analyze the
GluTR1 content in the gbp mutant (SALK_200203)
background. Here, GluTR1 levels were rapidly de-
creased after a few hours of darkness and below de-
tection limit after a 3-d dark period (Fig. 3A). This
indicates a reduced protein stability of GluTR1 in gbp
due to accelerated degradation in the dark. When the
GluTR1 amounts of the different lines were directly
compared, the GluTR1 protein content was higher in
the complemented line A1DHBD than in gbp and the
wild type (Fig. 3B). This accumulation of GluTR1DHBD
was not due to elevated transcript accumulation (see
below) but rather due to enhanced protein stability.

Interactions between GluTR and the Adapter Protein
ClpS1 and the Chaperones ClpC1 and ClpC2

GluTR1 was recently identified as a substrate of the
Clp protease from stromal protein extracts of clps1 clpc1
double null mutants based on ClpS1 affinity purifica-
tions (Nishimura et al., 2013). GluTR1 amounts in clps1
(SAIL_326B_G12) were severalfold higher compared
with the wild type (Fig. 3B) but decreased to wild-type
levels after 3 d of darkness. These findings are consis-
tent with the ClpS1 adaptor aiding in GluTR1 degra-
dation efficiency, without being essential for its
degradation. Apart from clps1, the clpc1-1 null mutant
(SALK_014058, a knockout for a subunit of the chape-
rone complex of the Clp protease; Nishimura et al.,
2013) and clpr2-1 (SALK_046378, a mutant for a subunit
of the core complex; Rudella et al., 2006) were also ex-
amined for theirGluTR1 content (Fig. 3A). The clpc1-1 and
clpr2-1mutants contained persistently a higher amount
of GluTR1 after a 3-d dark period (Fig. 3A), which is not
explained by reduced transcript levels of HEMA1 in
the clp mutants during extended dark periods (Fig. 3;
Supplemental Fig. S2).

To verify the interaction between ClpS1 and GluTR1
in vivo, BiFC assays were carried out (Fig. 4A). ClpS1
interacts with GluTR1 as well as with GluTR2 (Fig. 4A),
suggesting both GluTR proteins as substrates for the
Clp protease degradation. To further specify the ClpS1
interaction with GluTR1, split-YFP fusions of the trun-
cated GluTR1 missing 29 amino acids of the HBD and
ClpS1 were transiently coexpressed in Nicotiana ben-
thamiana (Fig. 4B). The absence of a YFP fluorescence
signal underlined the importance of the N-terminal 29
amino acid residues of mature GluTR1 for the interac-
tion. However, the truncated GluTR1 was still able to
form a homodimer, indicating structural integrity of
GluTR1DHBD (Fig. 4C).

Physical GluTR1-ClpC1/C2 interaction also was dem-
onstrated by pull-down experiments in vitro using
recombinant N-domains of ClpC1 and ClpC2 (Fig. 5, A
and B), confirming the specific selection of GluTR1 for
the Clp-dependent proteolysis. Both ClpC1 and ClpC2
N-terminal domains bound to GluTR1 with ClpC2
displaying higher affinity (Fig. 5B). Longer ClpC1
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constructs improved the GluTR1 binding, whereas
shorter ClpC2 constructs reduced the interaction
(Supplemental Fig. S3A; Fig. 3B), suggesting their N-
terminal length as being a determinant for GluTR1
recognition and affinity. This is consistent with infor-
mation about bacterial chaperone homologs that
demonstrated the importance of the N-domain for
substrate (and adaptor) interactions. In vivo BiFC
assays confirmed the interaction of GluTR1 with
ClpC1 and ClpC2 (Fig. 5C), and demonstrated that the
HBD of GluTR1 is sufficient for the interaction with
ClpC1 (Fig. 5D).

Expression of GluTR1 Lacking the N Terminus Leads to
Accumulation of Pchlide and Formation of Leaf Necrosis

The A1DHBD lines, but not the wild type or control
lines, showed a necrotic phenotype after a 3-d dark
period, followed by 3 d of growth under SD condition
(Fig. 6A). The necrotic tissue of A1DHBD upon expo-
sure to light is explained by high-level accumulation of
the photosensitizer Pchlide (Fig. 6B). The increased
Pchlide level in A1DHBD after a 3-d dark period cannot
not be explained by an inefficient interaction with FLU

and therefore lack of down-regulation of GluTR1 ac-
tivity since the FLU-binding region is not affected in
A1DHBD (Goslings et al., 2004). Instead, necrosis and
increased Pchlide content correlated with the elevated
levels of truncated but active GluTR1 during the dark
period. Furthermore, increased GluTR1 content is not
due to a higherHEMA1 expression in darkness (Fig. 6C)
but most likely to diminished proteolysis (Fig. 3).

A comparable necrotic phenotype has been described
for hema1 expressing HEMA2 under the control of the
HEMA1 promoter (Apitz et al., 2014). The necroses of
this line also correlated with increased accumulation of
Pchlide and were hence hypothesized to be a conse-
quence of the photochemical properties of Pchlide upon
light exposure (Apitz et al., 2014). Interestingly GluTR2,
here exemplified by HEMA2 expression under the
HEMA1 promotor in hema1, was degraded faster in
darkness (Fig. 3) and caused elevated Pchlide prior to
its rapid degradation in the dark. These processes in A2
are in contrast to the slower increase of excessive
Pchlide amounts in A1DHBD during the dark period
(Fig. 6D), which coincides with an attenuated GluTR
degradation during the extended dark period in com-
parison to Col-0 and the GluTR2 and GluTR1 express-
ing lines (Fig. 3A).

Figure 2. BiFC assay of GBPand GluTR exhibits interaction with the N-terminal domain of GluTR1. A, Transient coexpression of
GBPwith GluTR1, GluTR2, and the HBD of GluTR1 leads to YFP fluorescence in tobacco cells (scale = 10 mm). B, No YFP signal
can be observed upon coexpression of GBPand the truncated GluTR1 missing HBD (scale = 10 mm). C, Immunoblot analysis of
total protein extracts confirming the transient expression of GBP (with GBPantibody) andGluTR1, GluTR1DHBD, andHBDGluTR1

(with GFP antibody).
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In the A2 line, the missing FLU interaction of GluTR2
entails a more rapid increase of Pchlide accumulation
within the first hours of darkness compared with the
other analyzed lines (Fig. 6D). Pchlide contents of the
A1DHBD line significantly increased between 14 and
72 h of darkness compared with the other analyzed
lines, reaching similar Pchlide levels as the A2 line
during darkness.

The clpr2-1 and clpc1-1 mutants showed an increase
of the GluTR1 stability in a 3-d dark exposure (Fig. 3A).
These mutants also were characterized by elevated
levels of Pchlide, although these two mutants generally
were hampered in the accumulation ofChl (Supplemental
Fig. S4), which is likely due to a more complex defect
in Clp-dependent chloroplast biogenesis (Nishimura
et al., 2013).

Figure 3. GluTR amount during the night and after a prolonged dark period. A, Western-blot analysis of GluTR1 and GluTR2 at
the end of the light phase (18:00), during night (18:30–08:00), aswell as following a prolonged dark period (3 d). B, Comparison of
the GluTR1 protein amounts in A1DHBD, gbp, clps1, and Col-0.

Figure 4. BiFC assay to specify the interaction of ClpS1 with GluTR1. A, Transient coexpression of ClpS1 with GluTR1 and
GluTR2 in tobacco cells leads to the reconstitution of YFP fluorescence. B, No YFP signal can be observed for coexpression of
ClpS1 with GluTR1DHBD. C, Coexpression of GluTR1 and GluTR1DHBD shows fluorescence signals (scale = 10 mm).
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DISCUSSION

Varying Demands for ALA Require Tight Posttranslational
Control of the Two GluTR Isoforms

Continuing environmental changes require modifi-
cation of photosynthesis rates and, consequently, as-
sembly and disassembly of pigment-containing proteins
of the two photosystems. This regulatory adjustment
also requires a tight and rapid quantitative and qualitative
control of Chl and heme synthesis. The posttranslational

control of GluTR activity targets at the rate-determining
initiating step into tetrapyrrole metabolism to adjust ALA
synthesis to the levels of required end products (Tanaka
and Tanaka, 2007). Two functional isoforms of GluTR
are expressed in Arabidopsis under developmental and
tissue-specific control. GluTR1 is most abundant in green
tissue and thus mainly involved in the synthesis of ALA
required for Chl synthesis. The corresponding HEMA1
gene is controlled by light and the circadian clock (Ilag
et al., 1994; Matsumoto et al., 2004). In contrast, HEMA2

Figure 5. ClpC chaperones can recognize GluTR1. A, Scheme of ClpC1/2 primary structures. ClpC proteins contain cTP se-
quences, N-domains with two tandem repeats for ClpS1 and substrate binding, two AAA modules (AAA1/2) for substrate
unfolding and translocation, as well as uvrB/C motifs of unknown function. ClpC N-terminal domains fused to GSTused in pull-
down assays are indicated by black lines. B, GST pull down for GluTR1 interactionswith N-terminal domains of ClpC1/2 (ClpC1N

and ClpC2N). His-tagged GluTR1 (GluTR1-His6) and GST fusions of ClpC1/2N (GST-ClpC1/2N) were incubated (input lanes) and
coeluted (GST lanes) with Laemmli buffer using glutathione sepharose resin. C, In BiFC assays the coexpression of GluTR1 with
ClpC1N or ClpC2N leads to a YFP signal (scale = 10 mm). D, HBDGluTR1 is sufficient for the interaction with ClpC1N, while
GluTR1DHBD does not interact with ClpC1.
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encoding GluTR2 is constitutively expressed at a lower
level and is proposed to dedicate GluTR activitymainly in
nonphotosynthetic tissue and under heterotrophic condi-
tions (Kumar et al., 1996; Ujwal et al., 2002).
Besides the control of HEMA transcript amounts, the

posttranslational regulation of the two GluTR isoforms
is important to rapidly adjust ALA synthesis to the
varying demands for Chl and heme. In angiosperms,
Chl synthesis has to be down-regulated in darkness due
to the light dependency of POR (Matsumoto et al.,
2004). Thus, the dark repression of GluTR1 by FLU is
essential to prevent excessive accumulation of Chl
precursor Pchlide in the dark (Meskauskiene et al.,
2001). The lack of FLU-mediated GluTR2 inactivation is
dispensable and not hazardous due to the low expres-
sion ofHEMA2 in leaf tissue of Col-0. It is proposed that
HEMA2 expression ensures a continuous basal ALA
synthesis during darkness in roots and shoots (Kumar
et al., 1996; Nagai et al., 2007; Apitz et al., 2014). A de-
cisive function and contribution of GSA-AT to the
control of ALA synthesis in higher plants could not be
demonstrated so far. However, as soon as GluTR2 is

expressed to elevated levels due to HEMA2 expression
under the HEMA1 promoter, nonrepressed GluTR2
activity in darkness leads to leaf necroses in plants
grown under SD conditions (Apitz et al., 2014).

GluTR1 lacking this N terminus (229 amino acid
residues) entirely complements a hema1 mutant under
normal growth conditions. Chl as well as heme content
are not compromised (Fig. 1, D and E) and Pchlide ac-
cumulates to wild type-like levels during a 14-h night
period, indicating a functional FLU repression of
GluTR1DHBD (Fig. 6D), even though the amount of
truncated GluTR1 is slightly elevated (Figs. 1F and 3B).

GluTR Is Substrate of the Clp Protease

In this study, we demonstrate a new posttransla-
tional control mechanism of GluTR activity by protein
stability that is executed by the combined action of the
Clp protease system and GBP. Both the GBP and the
Clp components interact with the N terminus of
GluTR1 (Figs. 2 and 4). In our previous study using
yeast two-hybrid analysis, we found the GluTR protein

Figure 6. TheA1DHBD line accumulates Pchlide after prolonged dark periods. Thewild-type control (Col-0), the three transgenic
lines A1, A2, and A1DHBD expressing HEMA1, HEMA2, and HEMA1D87nt, respectively, under the HEMA1 promoter in the
hema1 background, the gbp, and the clps1 null mutant grew under SD conditions andwere harvested during light exposure (light)
and after 2.5 d of darkness and subsequent illumination under SD (2.5 d darkness). A, Phenotype of Col-0 and the three transgenic
lines A1, A2, and A1DHBD expressingHEMA1, HEMA2, andHEMA1D87nt, respectively. B, Pchlide contents from leaf samples
harvested in light under SD (gray) and 2.5 d of darkness (black). C, Relative quantification of HEMA1 (first two columns) and
HEMA2 (last two columns) mRNA levels compared with ACT2 levels after 2.5 d of darkness (black) and under SD (gray). D,
Pchlide amounts at different time points of the night and after 3 d of darkness. Data are given as means6 SD (n = 4). Asterisks mark
significant difference from the wild type (P , 0.05).
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lacking the first 91 amino acid residues bound to GBP
(Czarnecki et al., 2011), whereas the truncated GluTR
expressed in planta for the BiFC assay lacks 94 amino
acids. This might explain why we did not see interac-
tion with GBP with the BiFC assay, although the western-
blot analysis confirmed the expression of GluTR and GBP
each with one of the YFP halves (Fig. 2, B and C). We
redefined the length of GluTR-HBD for our BIFC ex-
periments according to the proposed HBD reported by
Vothknecht et al., (1998). It is proposed that the three
additional residues of the HBD were permissive for the
GluTR interaction with GBP.

Previous proteomic data suggested GluTR1 as a tar-
get of the Clp proteolytic system (Nishimura et al.,
2013). Consistently, GluTR stability in vivo depends on
the action of the Clp system. The proteolytic rate of
GluTR appears to be controlled by the interdependent
interaction of GBP and Clp components with GluTR
(Fig. 3). The interaction of ClpS1 and ClpC1 with
GluTR1, but not with GluTR1DHBD, characterizes a
stretch of N-terminal amino acid residues of the mature
GluTR1 as anN-degron (Fig. 4, A and B). Consequently,
the truncated GluTR1 is more stable during prolonged
darkness in comparison to the wild type (Fig. 3A), and
enhanced Pchlide accumulation and necroses upon
reillumination were observed as result of impaired
GluTR1 degradation and elevated ALA synthesis dur-
ing darkness, respectively (Fig. 6, A and B).

In prokaryotes, ClpS is a key factor in the N-end rule
pathway by which the half-life of a protein is controlled
according to the identity of the N-terminal amino acid

residue (Varshavsky, 1996; Mogk et al., 2007). ClpS
binds to the N-degron and delivers the thereby defined
substrate to chaperone ClpA (Wang et al., 2008). In
Arabidopsis, GluTR1 accumulates at higher levels in
clps1 (Fig. 3B), while the dark-dependent degradation is
wild type like (Fig. 3A). The data on GluTR accumu-
lation in clps1 and GluTR interaction with Clp adaptor
and chaperone are consistent with recent findings of the
newly described ClpF subunit of the Clp protease also
showing interaction with GluTR (Nishimura et al.,
2015). The novel ClpF subunit is an additional substrate
selector in plastids for Clp-dependent proteolysis
(Nishimura et al., 2015) and acts in concert with ClpS1.
It is suggested that both selectors either recognize
GluTR in a combined complex or may compensatorily
substitute each other. Therefore, GluTR1 content is di-
minished in dark-incubated clps1 as in the wild type
and the A1 line (Fig. 3). In addition, dark-incubated
clps1 seedlings contain wild type-like Pchlide levels,
which are significantly lower after extended dark pe-
riods than those of the clpr2-1 and clpc1-1 mutants
(Supplemental Fig. S4). In addition, consistent with the
mutual activity of the two selector proteins and the el-
evated GluTR1 levels, the lack of ClpS1 correlates with
enhanced ALA synthesis (Supplemental Fig. S5A) but
not with elevated Chl precursor levels (Fig. 6, B and D;
Supplemental Fig. S4B). However, when the structure
and function of the Clp complex are generally impaired,
as observed in clpc1-1 and clpr2-1, GluTR1 is signifi-
cantly more stable (Fig. 3A) and more Pchlide accu-
mulates in darkness (Supplemental Fig. S4A). It is

Figure 7. Amodel for the role of GBPand the Clp protease activity in regulating GluTR in light- and dark-grown plants. The GSA-
AT dimer has been proposed to interact with the V-shaped dimer of GluTR (Moser et al., 2001), allowing an efficient channeling of
substrates to form ALA. In leaves, GluTR1 preferentially accumulates compared with the weakly expressed GluTR2 (Matsumoto
et al., 2004). A minor amount of GluTR1/2 is bound to the thylakoid membrane via GBP (Czarnecki et al., 2011). During light
exposure, the main ALA synthesis is suggested to be located in the stroma, while a minor portion of GluTR is attached to the
membrane through interaction with GBP. In darkness, the predominant ALA synthesis is repressed by interaction of GluTR1 with
the membrane-localized FLU through an unknown mechanism (Kauss et al., 2012). The binding of GluTR1/2 to GBP allows an
ongoing ALA synthesis during darkness for continuous heme formation (Czarnecki et al., 2011). Unwanted GluTR1 and GluTR2
in the stroma are degraded through the Clp protease to prevent the accumulation of Pchlide and necrosis upon illumination
(Rebeiz et al., 1988). The N-terminal HBD of GluTR is indicated in black.
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currently proposed that the action of chaperone ClpC1
is more essential to recognize and direct GluTR1 to
protein degradation into the Clp core complex than the
other chaperone subunits and the two selector/adaptor
proteins (Fig. 5C). It is not excluded that further se-
lective and adaptive mechanisms adjust the rate of
GluTR1 proteolysis. Interestingly, proteolysis of GluTR
in the gram-negative bacterium Salmonella typhimurium
also is controlled by the ClpP system as well as by LON
protease (Wang et al., 1999). The degradation depends
on theN-terminal region of GluTR. This example shows
a striking evolutionary conservation of posttranslational
regulation of GluTR for species that produce either heme
exclusively or Chl and heme. Moreover, a degron in the
N-terminal A domain of the Chl b-synthesizing Chl a
oxygenase was identified for the Clp-dependent prote-
olytic degradation of the enzyme (Nakagawara et al.,
2007; Sakuraba et al., 2009), indicating the regulatory
importance of the Clp protease for the control of the Chl
metabolism and the potential for the identification of
additional future substrates among the enzymes of this
pathway.

GBP Counteracts the Degradation of GluTR

It was previously shown that lack of GBP results in a
minor reduction of ALA synthesis and correlates with
reduced heme content rather than with reduced Chl
content (Czarnecki et al., 2011). The FLU inhibition of
GluTR1 in wild-type plants results in a restricted ac-
cumulation of Pchlide in the dark. In gbp, no pertur-
bation of FLU action was observed as no leaf necroses
were detected. As seen in A1DHBD andA2 (Apitz et al.,
2014), leaf necroses were found when GluTR1 activity
was not suppressed in the dark and subsequently ac-
cumulated Pchlide (Fig. 6, B and D).
Lack of GBP causes enhanced GluTR1 degradation

(Fig. 3, A and B) because GluTR is more accessible as a
Clp substrate and is apparently less protected against
degradation (Figs. 2 and 4). Thus, the lowered GluTR1
content of gbp is most likely caused by its destabiliza-
tion resulting from an increased accessibility of GluTR
to the Clp proteolytic system (Fig. 3). However, future
analysis of a gbp/clpc1-1 double mutant would provide
the ultimate proof of this interdependent process.
Expression of HEMA2 under the HEMA1 promoter

indicates that GluTR2 is faster degraded during the night
period than GluTR1 in the wild type (Fig. 3A). Since
GluTR2 also interacts with Clp protease subunits (Figs.
4A and 5C), it can be assumed that it is degraded via the
Clp system as well. However, the pHEMA1:HEMA2
lines (A2) in the hema background contain the same levels
of Chl and heme as wild-type seedlings (Apitz et al.,
2014) but accumulate more Pchlide in the daily 14-h dark
phase (Fig. 6, B andD). These data confirm thatGluTR2 is
not controlled by FLU (Apitz et al., 2014). Without FLU-
dependent repression of ALA synthesis, the level of
Pchlide increases rapidlywithin 2 h in darkness (Fig. 6D),
even though GluTR2 is less stable than GluTR1.

Besides these data on the GluTR interaction with
components of the Clp proteolytic system, an important
regulatory role of ALA synthesis has been attributed to
heme. Heme has been suggested to act as feedback
regulator either by direct binding to GluTR or by me-
diating a posttranslational inhibition of ALA synthesis
(Vothknecht et al., 1998). In clps1, slightly reduced Chl
and heme levels (Supplemental Fig. S5B; Fig. 5C) corre-
lated with elevated ALA synthesis rates (Supplemental
Fig. S5A), so additional feedback regulation by heme
cannot be excluded. However, the regulatory mechanism
of heme action remains to be clarified. Structural analysis
of GluTR1 and GBP (Zhao et al., 2014) did not provide
hints for bound heme as a potential mediator of attenu-
ated ALA synthesis (Vothknecht et al., 1998).

CONCLUSION

GluTR stability and enzyme activity are adapted to
endogenous and environmental changes by several
regulatory proteins. As demonstrated here, GBP and
Clp protease counterbalance the activity of GluTR1 for
Chl and heme synthesis by binding to its N terminus
and thereby influencing the rate of its degradation. It is
suggested that binding of GBP protects GluTR1 from
degradation, while the Clp system is responsible for
GluTR proteolysis. This control is hypothesized to
balance GluTR1 activity during dark periods and,
likely, also throughout light exposure. With this study,
we suggest a more defined function of GBP for a bal-
anced ALA synthesis capacity by preventing excessive
proteolysis of GluTR. This regulatory mechanism may
be beneficial for adequate heme synthesis (Fig. 7). It will
require further work to identify the crucial amino acid
residues at the N terminus of GluTR that interact with
GBP and the Clp selector and chaperone subunits.

MATERIALS AND METHODS

Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown at 22°C, 100 mmol
photons m22 s21, in 10 h light/14 h dark on soil or Murashige and Skoog me-
dium (4.4 g L21 Murashige and Skoog, 0.05% [w/v] MES, 1% [w/v] Suc, 0.8%
[w/v] agar, pH 5.7). Nicotiana benthamiana plants were grown on soil in 14 h
light/10 h dark at 23°C and 200 to 400 mmol photons m22 s21.

Generation of Arabidopsis Mutants and Transgenic Lines

The promoter/59UTR and 39UTR of HEMA1 were fused through overlap
extension PCR using the primers listed in Supplemental Table S1. The fragment
was inserted into pCAMBIA3301 using EcoRI and PmlI, and replaced p35S and
GUSyieldingvector pJA1. The completeHEMA1 coding sequence and a shortened
sequence missing 87 bp at the 59 end were inserted between 59UTR and 39UTR
using AscI and SbfI. Heterozygous HEMA1 knockout plants (SALK_053036) were
transformed and transformants selected on the herbicide BASTA.

DNA and RNA Analysis

DNA extracted with 200 mM Tris, pH 8.0, 150 mM NaCl, 25 mM EDTA, and
0.5% (w/v) SDS and precipitated with isopropyl alcohol was used for PCR
genotyping (primers in Supplemental Table S1). One microgram of total RNA
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extracted using TRIsure (Bioline GmbH) was DNase I treated and reverse
transcribed with oligo(dT)18 and RevertAid reverse transcriptase (Thermo
Fisher Scientific). cDNA was amplified with SensiMix SYBR No-ROX kit
(Bioline GmbH) on a CFX96 Real-Time System (Bio-Rad Laboratories GmbH;
primers in Supplemental Table S1). Expression rates were calculated relative
to ACTIN2 (ACT2; AT3G18780) according to the 22DDCT method (Livak and
Schmittgen, 2001; Schmittgen and Livak, 2008).

Quantification of Tetrapyrroles

Pchlide and Chl were extracted in alkaline acetone (9:1, 100% acetone:0.2 M

NH4OH) and analyzed via HPLC as described (Papenbrock et al., 1999) or
spectrophotometrically determined (Lichtenthaler, 1987). Leaf samples for
Pchlide determination were fixed with steam for 2 min prior to extraction
(Koski and Smith, 1948). Heme was resuspended from the pellet of the alkaline
acetone extract two times in 100 mL of acetone/HCl/dimethyl sulfoxide
(10:0.5:2, volume). Heme was separated on an Agilent 1290 system with a
Poroshell 120 EC-C18 column (2.7 mm; 100 3 3.0 mm; 30°C) at a flow rate of
0.8 mL min21, eluted with a gradient of solvent A (water, pH 3.2) and solvent B
(methanol), and detected by a photodiode array (l 398 nm, peak width 2.5 Hz;
slit width 4 nm).

Determination of ALA Synthesis Rate

After 4-h incubation of 50 mg of seedlings in 5 mL of 50 mM Tris-HCl buffer,
pH 7.2, containing 40mM levulinic acid, 400mL of homogenate in 1mL of 20mM

potassium phosphate buffer, pH 6.8, wasmixedwith 100mL of ethylacetoacetate
and boiled for 10 min. One volume of Ehrlich’s reagent was added, and ALA
derivatives were quantified at l 553 nm (Mauzerall and Granick, 1956).

Immunoblot Analysis

Plant total protein extracts were generated by grinding plant tissue in liquid
nitrogen and subsequent heating at 95°C for 5 min in 2% (w/v) SDS, 56 mM

Na2CO3, 12% (w/v) Suc, 56 mM DTT, and 2 mM EDTA, pH 8.0. Proteins were
separated on 12% or 15% polyacrylamide gels, transferred to Hybond-C mem-
branes (GE Healthcare), and probed with specific antibodies using standard pro-
tocols (Sambrook and Russell, 2001). Antibodies for GluTR1, GluTR2, GSA-AT,
GBP, and ClpS1 were generated in the lab (Grimm et al., 1989; Hedtke et al., 2007;
Czarnecki et al., 2011; Nishimura et al., 2013; Apitz et al., 2014), and those for
Lhcb1, POR, and GFPwere purchased fromAgrisera (Lhcb1 and POR) and Sigma
(GFP). The anti-FLU antibody was kindly provided by Prof. K. Apel (Ithaca, NY).

BiFC Assay and BiFC Constructs

After leaf infiltration with Agrobacterium tumefaciens, coding sequences for
GluTR1, GluTR2, GBP, HBDGluTR1, GluTR1DHBD, ClpS1, ClpC1N, and ClpC2N
in the pSPYCE and pSPYNE plasmids (Walter et al., 2004) were expressed in
N. benthamiana in darkness for 72 h. The fluorescence of the YFPwas detected by
a confocal laser scanning microscope (lex 514 nm, lem(YFP) 530–555 nm, lem(Chl)

600–700 nm).

Pull-Down Experiments

The PCR products encoding GluTR1 (in pET21a; Novagen) and various
deletion series of ClpC1/2 (in pGEX-5X-1; GEHealthcare) were expressed in the
Rosetta (DE3) strain (Novagen). GST fusions were purified through glutathione
sepharose 4B resin (GE Healthcare) with 10 mM reduced glutathione (Sigma-
Aldrich) andHis-tagged proteins withNi-NTA resin (Qiagen), before theywere
incubated together in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl and 15% to 20%
glycerol for 90 min at 22°C, followed by addition of glutathione sepharose 4B
agarose. After 30 min at 4°C, the protein-bound resin was washed five times
with 25mMTris-HCl, pH 7.5, 2mM EDTA, 100mMNaCl, and 0.5% Triton X-100,
and the proteins were eluted in Laemmli buffer by heating at 75°C for 5 min,
separated on SDS-PAGE gel, and visualized by silver nitrate staining.

Isolation and Fractionation of Arabidopsis Chloroplasts

Fifty grams ofArabidopsis leaveswere harvested anddisrupted in 500mLof
homogenization buffer (0.45 M sorbitol, 20 mM tricine, pH 8.4, 10 mM EDTA,

10 mM NaHCO3, and 0.1% [w/v] BSA). The homogenate was filtered through
Miracloth (Calbiochem) and centrifuged for 2 min at 2,000g. The pellet was
resuspended in 1 mL of RB buffer (0.3 M sorbitol, 20 mM tricine, pH 7.6, 5 mM

MgCl2, and 2.5 mM EDTA). Intact chloroplasts were purified in a Percoll gra-
dient (50% [v/v] Percoll in RB, centrifuged at 43,400g for 30 min) by overlaying
the gradient with the chloroplast suspension. Intact chloroplasts were removed,
washed two times in RB buffer, centrifuged (3,300g, 2 min), resuspended in
200 mL of PBS (20 mM sodium phosphate buffer and 150 mM NaCl, pH 7.4), and
lysed on ice for 10 min. Stroma and thylakoid fractions were separated by
centrifugation at 16,000g for 30 min. Thylakoids were suspended in 2 mL of
PBS. Aliquots were washed two times with 1 mL of PBS and finally suspended
in 200 mL of PBS.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Truncated GluTR protein can be found in plas-
tids of the transgenic line A1ΔHBD

Supplemental Figure S2. HEMA1 mRNA level in clp mutants in compar-
ison to the wild type.

Supplemental Figure S3. The N-terminal region of ClpC chaperones can
recognize GluTR1.

Supplemental Figure S4. Pchlide and Chl a/b contents in clp mutants in
comparison to the wild type.

Supplemental Figure S5. ALA synthesis rate and heme and pigment con-
tent of complemented line A1 and knockout mutants of GBP and ClpS1
in comparison to the wild type.

Supplemental Table S1. Primers used in this work.
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