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SUMMARY

The control of chlorophyll (Chl) synthesis in angiosperms depends on the light-operating enzyme

protochlorophyllide oxidoreductase (POR). The interruption of Chl synthesis during darkness requires sup-

pression of the synthesis of 5-aminolevulinic acid (ALA), the first precursor molecule specific for Chl synthe-

sis. The inactivation of glutamyl-tRNA reductase (GluTR), the first enzyme in tetrapyrrole biosynthesis,

accomplished the decreased ALA synthesis by the membrane-bound protein FLUORESCENT (FLU) and pre-

vents overaccumulation of protochlorophyllide (Pchlide) in the dark. We set out to elucidate the molecular

mechanism of FLU-mediated inhibition of ALA synthesis, and explored the role of each of the three struc-

tural domains of mature FLU, the transmembrane, coiled-coil and tetratricopeptide repeat (TPR) domains, in

this process. Efforts to rescue the FLU knock-out mutant with truncated FLU peptides revealed that, on its

own, the TPR domain is insufficient to inactivate GluTR, although tight binding of the TPR domain to GluTR

was detected. A truncated FLU peptide consisting of transmembrane and TPR domains also failed to inacti-

vate GluTR in the dark. Similarly, suppression of ALA synthesis could not be achieved by combining the

coiled-coil and TPR domains. Interaction studies revealed that binding of GluTR and POR to FLU is essential

for inhibiting ALA synthesis. These results imply that all three FLU domains are required for the repression

of ALA synthesis, in order to avoid the overaccumulation of Pchlide in the dark. Only complete FLU ensures

the formation of a membrane-bound ternary complex consisting at least of FLU, GluTR and POR to repress

ALA synthesis.

Keywords: 5-aminolevulinic acid, chlorophyll, glutamyl-tRNA reductase, light-dependent protochlorophyl-

lide oxidoreductase, photosynthesis, tetrapyrrole biosynthesis.

INTRODUCTION

Plant tetrapyrroles, including chlorophyll (Chl), heme, siro-

heme and phytochromobilins, are indispensable as pig-

ments, signaling compounds and cofactors involved in

multiple physiological processes, such as photosynthesis,

respiration, photomorphogenesis, retrograde signaling,

defense against anti-oxidative stress and nitrogen/sulfur

assimilation (Grimm, 2019; Richter and Grimm, 2019;

Tanaka and Tanaka, 2007). 5-Aminolevulinic acid (ALA) is

the universal precursor of tetrapyrroles (Czarnecki and

Grimm, 2012). In plants, ALA formation is catalyzed by a

two-step reaction starting from glutamyl-tRNA. In the first

reaction, the enzyme glutamyl-tRNA reductase (GluTR) cat-

alyzes the NADPH-dependent reduction of glutamyl-tRNA

to glutamate-1-semialdehyde (GSA). GSA is then con-

verted into the isomeric molecule ALA by glutamate-

1-semialdehyde aminotransferase (GSAT). During develop-

ment, and over the diurnal cycle of photoperiodic growth,

plants require adequate amounts of specific tetrapyrroles.

At the level of ALA synthesis, the pathway is tightly con-

trolled to meet the constantly changing quantitative and

qualitative demands for these compounds, while avoiding

overaccumulation of deleterious photoreactive intermedi-

ates of tetrapyrrole biosynthesis (TBS), such as protopor-

phyrin (Proto) and protochlorophyllide (Pchlide). Exposure

of the latter compound to light leads to the generation of

singlet oxygen (1O2), one of a group of reactive oxygen

species (ROS) that cause severe photo-oxidative damage

and eventually cell death (op den Camp et al., 2003).

The first step in ALA synthesis, catalyzed by GluTR, is

accepted to be the rate-limiting reaction in the process of

TBS (Czarnecki and Grimm, 2013; Richter and Grimm,

2019). In Arabidopsis, GluTR is encoded by three HEMA
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genes. HEMA1 is primarily expressed in leaves and shoots,

and is controlled by light, the circadian clock and plant hor-

mones (Matsumoto et al., 2004; McCormac et al., 2001;

Yaronskaya et al., 2006). Interestingly, overexpression of

GluTR in tobacco (Nicotiana tabacum) and Arabidopsis

does not lead to a corresponding increase in ALA forma-

tion. This suggests that, in addition to transcriptional con-

trol (Grimm, 2003; Matsumoto et al., 2004; McCormac and

Terry, 2002), additional post-translational effectors must

limit ALA synthesis by contributing to the stability and/or

activity of GluTR (Schmied et al., 2011).

Chl synthesis in angiosperms relies on the light-

dependent NADPH:protochlorophyllide oxidoreductase

(POR), which reduces Pchlide to chlorophyllide (Chlide).

Hence, Chl biosynthesis in this largest group of vascular

plants is inhibited at the level of POR in the dark. To pre-

vent the continuous accumulation of Pchlide during the

night, ALA synthesis is suppressed by negative feedback

mediated by the protein FLUORESCENT (FLU) (Meskaus-

kiene et al., 2001). When etiolated seedlings of the Ara-

bidopsis flu mutant are transferred into the light, they

rapidly bleach and ultimately die, owing to the lack of inhi-

bition of ALA synthesis and the consequent accumulation

of phototoxic Pchlide (Meskauskiene et al., 2001). Apart

from its role in dark suppression of ALA synthesis, FLU

was recently shown to fine-tune rates of ALA synthesis for

Chl production in the light, especially under rapidly fluctu-

ating light conditions (Hou et al., 2019).

The mature FLU protein consists of three peptide

domains, an N-terminal transmembrane (TM) domain, a

coiled-coil (CC) domain and a region containing non-

canonical tetratricopeptide repeats (TPRs) (Meskauskiene

et al., 2001). TPR-domain-containing proteins are named

for their characteristic 34-amino acid repeat motifs (Blatch

and L€assle, 1999; Zhang et al., 2015), which mediate inter-

actions with other proteins, but the three non-canonical

TPR motifs in the C-terminal region of FLU each consist of

40 residues (Zhang et al., 2015). Thus, TPR proteins con-

tribute to the formation of protein complexes, which partic-

ipate in a wide variety of molecular functions, ranging

from transcriptional regulation and RNA metabolism to

protein folding and transport (Bohne et al., 2016). The TPR

domain of FLU (TPR-FLU) interacts as a dimer with the C-

terminal dimerization domain of the Y-shaped dimeric

GluTR (Goslings et al., 2004; Zhang et al., 2015). GluTR

activity was shown to be decreased in in vitro experiments

by the addition of TPR (Zhang et al., 2015). While soluble

(i.e., stroma-localized) GluTR accounts for most ALA syn-

thesis (Schmied et al., 2018), its interaction with the inte-

gral membrane protein FLU alters its subplastidal

localization, thus inhibiting ALA synthesis (Hou et al.,

2019).

FLU also forms a complex with POR and CHL27, the cat-

alytic subunit of Mg protoporphyrin monomethylester

(MgPME) oxidative cyclase, at the thylakoid membrane

(Kauss et al., 2012). It has been proposed that accumulat-

ing Pchlide, which is bound to POR and cannot be catalyti-

cally converted to Chlide in the dark, triggers the FLU–
GluTR interaction by an unknown mechanism (Kim & Apel,

2013). Thus, ALA synthesis is adjusted by varying the

amount of subplastidal Pchlide that is sequestered in ‘a

FLU-containing chloroplast membrane complex’ (Kauss

et al., 2012) consisting of at least FLU, POR, CHL27 and

GluTR, which we refer to as the ‘inactivation complex’ in

the following.

Notably, GluTR is post-translationally controlled by sev-

eral other factors in addition to FLU. These include heme,

caseinolytic protease (Clp), GluTR-binding protein (GBP)

and chloroplast signal recognition particle 43 (cpSRP43)

(Apitz et al., 2016; Czarnecki et al., 2011; Richter et al., 2019;

Wang et al., 2018).

Heme was proposed to act negatively on ALA synthesis

decades ago (Pontoppidan and Kannangara, 1994; Rieble

and Beale, 1991). However, only recently has a mechanism

been suggested for this role. The model postulates that

GBP serves as a heme-binding protein to adjust GluTR

enzyme activity (Richter et al., 2019). GBP binds with high

affinity to the N-terminal end of GluTR, and competes with

the chaperone and selector proteins of the Clp protease for

the same binding site, thus protecting GluTR from degra-

dation (Nishimura et al., 2013). Conversely, binding of

heme to GBP reduces its affinity for GluTR and makes the

latter more susceptible to proteolysis by Clp. Thus, heme

stimulates the feedback-controlled, Clp-protease-

dependent degradation of GluTR (Richter et al., 2019).

The biogenesis of light-harvesting complexes (LHCs)

requires synchronized synthesis of Chl a/b-binding pro-

teins (LHCPs), Chls and carotenoids. At the transcriptional

level, the expression pattern of HEMA1 correlates with that

of the LHCP-encoding genes (McCormac and Terry, 2002),

and it was recently shown that LHCP and GluTR levels are

also modulated at the post-translational level. The chloro-

plast signal recognition particle (cpSRP) is required to

translocate nucleus-encoded LHCPs from the inner envel-

ope membrane (the site of chloroplast protein import)

through the stroma to the thylakoid membranes (Jarvis

and L�opez-Juez, 2013). The cpSRP43 component also chap-

erones GluTR and prevents its aggregation. Thus, it has

been proposed that cpSRP43 coordinates LHCP biogenesis

with the availability of active GluTR (Wang et al., 2018).

In this study, we focus on the FLU-mediated post-

translational control of ALA synthesis. We probe the func-

tional role of each of the three FLU domains referred to

above by designing appropriate transgenes with

sequences coding for either one or two of these structural

units (Figure 1). These proteins were expressed in the flu

mutant in order to determine the specific role of each

domain in the dark suppression of ALA synthesis, and to
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identify the domain(s) essential for GluTR inactivation. To

quantify the impact of the truncated FLU proteins on ALA

synthesis, we analyzed (i) the accumulation of Pchlide in

light- and dark-grown transgenic plants as an indicator for

the extent of the dark inactivation of GluTR, (ii) the sub-

compartmental localization of GluTR and FLU peptides and

(iii) the ability of the individual FLU domains to interact

with other components of the inactivation complex.

RESULTS

The predicted molecular weight of the precursor protein of

Arabidopsis FLU is 34.7 kDa (https://www.bioinformatics.

org/sms/prot_mw.html). Western blot analysis of Arabidop-

sis leaf extracts fractionated by SDS-PAGE detects a

mature FLU protein of 25 kDa (Meskauskiene et al., 2001).

We designed a fusion gene encoding the first 99 amino

acid residues (AARs) of the FLU precursor, which includes

the cleavage site between the chloroplast transit peptide

and the N-terminus of the mature protein (Figure S1), and

the complete sequence of GFP. This construct was tran-

siently transformed into Nicotiana tabacum leaves, which

were subsequently subjected to fluorescence microscopy.

GFP fluorescence was exclusively found in chloroplasts, in

accordance with previous reports (Meskauskiene et al.,

2001). The program ChloroP1.1 (Technical University of

Denmark, http://www.cbs.dtu.dk/services/ChloroP/) pre-

dicted an N-terminal 26-amino acid plastid transit

sequence for Arabidopsis FLU, while a thylakoid luminal

transfer peptide of 116 AARs was proposed by TargetP 2.0

(http://www.cbs.dtu.dk/services/TargetP/). These predic-

tions indicate that the N-terminal end of the FLU precursor

coding for the first 99 AARs permits the translocation of

functional GFP into chloroplasts (Figure S2) and a potential

use of a bipartite transit peptide enables its translocation

through the envelope membranes and the subsequent

placement in the thylakoid membrane.

The TM, CC and TPR domains are highly conserved

among FLU homologs in angiosperms (Figure S1). To

FIGURE 1. Schematic representation of the structures of the different FLU variants. (a) FLU. (b) FLU(DTM-CC). (c) FLU(DCC). (d) FLU(DTM). The globular struc-

ture colored in brown represents GluTR and the structure shown in green depicts the tetratricopeptide repeat (TPR) domain of FLU. The rectangular boxes depict

the coiled-coil (CC, purple) and transmembrane (TM, yellow) domains of FLU. WT FLU (a) and FLU(DCC) (c) interact with GluTR at the thylakoid membrane,

while FLU(DTM-CC) (b) and FLU(DTM) (d) interact with GluTR in the stroma of chloroplasts.
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determine which FLU domain(s) is (are) essential for GluTR

inactivation, three different truncated FLU variants were

expressed in the flu mutant. These were made up of the N-

terminal 99 AARs of the precursor fused to the TPR domain

either alone (FLU(DTM-CC)) or attached to the TM segment

(FLU(DCC)) or the CC domain (FLU(DTM), Figure 1).

Constitutive expression of the TPR-FLU domain in flu

seedlings

Transgenic lines—designated FLU(DTM-CC)/flu#—were

generated, which expressed the transgene FLU(DTM-CC)

(encoding the N-terminal 99 AAR, an HA-tag and the TPR

domain) in the flu background under the control of the

cauliflower mosaic virus (CaMV) 35S promoter. As

expected, genotyping resulted in the amplification of iden-

tical PCR fragments corresponding to the FLU gene of the

wild-type (WT) and the flu allele (the flu mutation is a point

mutation), together with a shorter fragment corresponding

to the FLU(DTM-CC) gene in all FLU(DTM-CC)/flu lines.

Using a transgene-specific primer pair, a PCR product was

amplified from the genomes of FLU(DTM-CC)/flu lines, but

not from WT or flu genomic DNA (Figure S3(b)).

Interestingly, the transgenic lines grew slowly (Fig-

ure 2(a)) and contained less Chl and heme than either WT

or flu lines. This was observed under continuous exposure

to light (CL) (Figure S6). Quantitative reverse transcription-

PCR (qRT-PCR) confirmed high expression of the transgene

in FLU(DTM-CC)/flu lines (up to 150 times the levels in WT

and flu) (Figure 2(b)). Two immunoreactive bands, a 15-

kDa protein (the expected size of the TPR domain of FLU)

and a 20-kDa protein (likely the partially processed precur-

sor protein) were detected in the stroma fraction of FLU

(DTM-CC)/flu lines by the anti-TPR antibody (Figures 2(c)

and S3(c)).

Interestingly, amounts of GluTR and GBP were signifi-

cantly increased in FLU(DTM-CC)/flu lines, but the levels of

HEMA1 and GBP transcripts showed no significant change

compared with WT and flu (Figure 2(b,c)). We therefore

propose that FLU(DTM-CC) stabilizes GluTR and GBP in

plants. Indeed, crystal structure analysis has revealed that

dimers of GBP and FLU form a ternary complex with GluTR

dimers (Fang et al., 2016). Since it lacks the TM domain,

the FLU(DTM-CC) variant exclusively accumulated in the

soluble fraction (Figure 2(c)). Strikingly, the majority of

GluTR and GBP was also found in the stroma in FLU(DTM-

CC)/flu lines. Thus, the distribution of the latter proteins

between stroma and membrane fraction differed from that

of WT. Taken together, these findings strongly suggest that

the accumulation of soluble FLU(DTM-CC) is responsible

for the concomitant build-up of GluTR in the stroma frac-

tion.

The degree of functional complementation of flu by FLU

(DTM-CC) in comparison to the complete FLU protein was

assessed in 11-day-old, CL-grown seedlings of WT, flu and

FLU(DTM-CC)/flu lines, which had been transferred for 1

and 2 days to short-day (SD) condition. The seedlings of

FLU(DTM-CC)/flu lines as well as flu showed a necrotic

phenotype (Figure S3(a)). ALA synthesis and Pchlide levels

were also analyzed in 14-day-old CL-grown WT, flu and

FLU(DTM-CC)/flu lines (Figure 2(d,e)). The FLU(DTM-CC)/flu

lines accumulated five times more Pchlide than flu during

light exposure, which is most likely a direct consequence

of elevated ALA synthesis. The high Pchlide accumulation

under CL conditions would be expected to induce photo-

oxidative stress, which would explain the slow growth of

the FLU(DTM-CC)/flu lines owing to the diversion of

resources to stress defense at the expense of plant growth.

A 14-h incubation of CL-grown seedlings in the dark led to

similarly high Pchlide accumulations in the flu mutant and

TPR-expressing flu mutants (Figure 2(f)). We conclude that,

on its own, the TPR domain cannot substitute for the full-

length FLU protein, and fails to inactivate GluTR suffi-

ciently during darkness.

Ethanol-induced expression of FLU(DCC) in the flu mutant

As the TPR domain alone does not adequately inactivate

GluTR, we hypothesized that localization of FLU in the thy-

lakoid membrane is required for normal inactivation of

ALA synthesis in the dark (Hou et al., 2019). Several

attempts were made to obtain stable flu transformants

expressing a transgene that encodes the truncated FLU

(DCC) polypeptide. We obtained a number of lines that

expressed the FLU(DCC) transgene (encoding the transit

peptide and the TM and TPR domains) as verified by geno-

typing and transcript analysis, but we failed to detect the

expected product in these transgenic lines. It was therefore

hypothesized that the expressed protein is labile and

rapidly degraded.

However, transgenic lines (designated FLU(DCC)/flu#)
were obtained by using an ethanol-inducible promoter

(palcA) for the expression of FLU(DCC) (Figure 1(c)). Geno-

typing confirmed the presence of the transgene in the FLU

(DCC)/flu lines (Figure S4(b)). After a 72-h induction of FLU

(DCC) expression in CL-grown seedlings, leaves had turned

pale green (Figure 3(a)) and Chl and heme contents both

decreased by approximately 15% (Figure S6(b,e)). When

probed with anti-FLU antibodies, leaf extracts from these

lines contained two immunoreactive bands with molecular

masses of 18 and 27 kDa, respectively (Figure 3(c)). The

smaller band is suggested to represent the FLU(DCC) pep-
tide, while the slow-migrating band could correspond to

the unprocessed precursor. However, in comparison to the

high FLU(DCC) transcript levels, the protein content was

rather low, and FLU(DCC) mainly accumulated in the mem-

brane fraction (Figure 3(c)). Interestingly, both GluTR and

GBP predominantly accumulated in the membrane fraction

of the FLU(DCC)/flu lines after ethanol induction (Fig-

ure 3(c)). The distribution of GluTR between the stroma

© 2021 The Authors.
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FIGURE 2. Expression of TPR-FLU in the flu mutant. (a) Phenotypes of FLU(DTM-CC)/flu plants grown under CL for 18 days and exposed to 90 lmol photons

m�2 sec�1. (b) Transcript levels of FLU, HEMA1, GSAT and GBP in WT, flu and FLU(DTM-CC)/flu lines. (c) Western blot analysis of the amounts of GluTR, GBP

and FLU in the membrane (M) and soluble (S) fractions in WT, flu and FLU(DTM-CC)/flu lines. The Ponceau S-stained RBCL band indicates equal loading of each

protein sample. (d) Rates of ALA synthesis measured in FLU(DTM-CC)/flu lines grown under CL. (e, f) Pchlide accumulation in 18-day-old FLU(DTM-CC)/flu plants

grown under CL (e) or after 14 h in the dark (f). The data are plotted as mean � standard deviation (n = 3). P values were calculated by comparison of indicated

samples using one-way analysis of variance (*P < 0.05, **P < 0.01).
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and membrane fractions was monitored prior to and after

induced synthesis of FLU(DCC) (Figure S4(c)). As the

expression of HEMA1 and GBP transcripts was not

enhanced in the FLU(DCC)/flu lines (Figure 3(b)), the

increase in the amounts of the two proteins in response to

induced FLU(DCC) expression is likely to be due to a post-

FIGURE 3. Expression of FLU(DCC) in the flu mutant. (a) Phenotypes of FLU(DCC)/flu plants after ethanol induction of FLU(DCC) expression. FLU(DCC) expres-
sion was induced in 2-week-old seedlings grown in CL by adding daily 1% ethanol to the growth medium for 3 days. Samples were harvested 7 days after

induction. (b) Transcript levels of FLU, HEMA1, GSAT and GBP in WT, flu and FLU(DCC) expression lines after ethanol induction. (c) The amounts of ALA

synthesis-related proteins detected in the membrane (M) and soluble (S) fractions of WT, flu and FLU(DCC) expression lines after ethanol induction. (d–f) ALA
synthesis rate (d) and Pchlide levels in FLU(DCC)-expressing plants grown in the light (e) or in the dark for 14 h (f) after ethanol induction. The data are plotted

as mean � standard deviation (n = 3). P values were calculated by comparison of indicated samples using one-way analysis of variance (*P < 0.05).

© 2021 The Authors.
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translational increase in their stability. This observation

resembles the impact of the TPR construct on GluTR stabil-

ity (Figure 2).

The ALA synthesis rate was examined to check whether

induction of FLU(DCC) accumulation facilitates the inactiva-

tion of GluTR. The ALA synthesis rate observed in the FLU

(DCC)/flu line grown under CL resembled that of flu, and

was elevated relative to WT (Figure 3(d)). The FLU(DCC)-
expressing lines showed necrotic leaf lesions (reminiscent

of the flu phenotype) after 1 and 2 days of SD light expo-

sure (Figure S4(a)). As already noted by Meskauskiene

et al. (2001) and Wagner et al. (2004), adult CL-grown flu

showed less leaf necrosis after transfer to day-night cycles

than did light-exposed etiolated seedlings. Here, the stron-

gest photodynamic lesions were detected in young emerg-

ing leaves of FLU(DCC)/flu lines.

The Pchlide levels found in the CL-grown FLU(DCC) lines
were slightly higher than those in flu, and reflect the accu-

mulation of GluTR and the resulting increase in rates of

ALA synthesis (Figure 3(e)). In the dark, the Pchlide level in

FLU(DCC)/flu lines resembled that of flu (Figure 3(f)). In

conclusion, expression of the membrane-localized trun-

cated FLU peptide under light-dark growth conditions does

not rescue the flu mutant—apparently because FLU(DCC)
does not inactivate GluTR at the membrane—such that

Pchlide accumulates to higher levels than in WT, most

likely as a result of enhanced ALA synthesis.

Constitutive expression of FLU(DTM) in the flu mutant

We also designed a transgene encoding a truncated pre-

cursor FLU protein with CC and TPR domains (transit pep-

tide + CC + TPR, Figure 1). Transgenic FLU(DTM)/flu lines

were obtained, the expression of the transgene was con-

firmed and the truncated FLU peptide was detected by

immunoblotting (Figure S5(a)). Two representative lines

(Figure 4(a)) accumulated more than 100 times as much of

the FLU(DTM) transcript relative to WT FLU mRNA (Fig-

ure 4(b)). Two bands were detected with anti-FLU antibod-

ies in FLU(DTM)/flu lines, which exhibit levels similar to

those of the WT FLU: a FLU precursor band of 28 kDa was

found in the membrane fraction and a mature peptide

band of around 18 kDa was found in the stroma fraction.

GluTR and GBP accumulated mainly in the stroma fraction

of the transgenic lines, while the corresponding transcript

levels were WT-like or slightly lower in the analyzed lines

(Figure 4(b,c)). Amounts of other analyzed proteins were

not significantly changed in the CL-grown transgenic lines

compared to WT and flu (Figure S5(c)).

Although FLU(DTM)/flu plants grown under standard CL

conditions contained similar amounts of Chl and heme to

WT and flu (Figure S6(i,j)), their steady-state contents of

Pchlide were increased up to fivefold in comparison to flu

(Figure 4(e)). These levels corresponded to the enhanced

rate of ALA synthesis in these lines relative to WT and flu

in the light (Figure 4(d)). To examine the effects of FLU

(DTM) on GluTR inactivation by measuring Pchlide accu-

mulation, 18-day-old, CL-grown seedlings were transferred

to SD conditions (10 h light:14 h dark) for up to 3 days. All

the transgenic lines showed a necrotic phenotype similar

to that of flu plants (Figure S5(a)). Pchlide accumulated to

even higher levels in dark-incubated FLU(DTM)/flu lines

than in flu (Figure 4(f)). To sum up, although the CL-

dependent phenotype of FLU(DTM)/flu lines resembled

those of WT and flu seedlings, dark incubation during pho-

toperiodic growth led to high Pchlide levels and leaf-cell

death, which points to the malfunction in ALA suppression

when the truncated FLU(DTM) is expressed in flu plants.

This underlines the essential function of the missing TM

domain in the dark repression of ALA synthesis, which

ensures that GluTR can be sequestered to the thylakoid

membrane.

FLU interacts with GluTR and PORB

The TPR domain is generally accepted to be the only

domain of FLU with which GluTR interacts (Zhang et al.,

2015). As the truncated FLU derivatives failed to sufficiently

inactivate GluTR, our results point to the need for the intact

FLU protein, or alternatively for additional proteins, for the

suppression of ALA synthesis. Thus, we set out to verify

the interaction of other proteins with FLU and GluTR, and

to assess the strength of the binding affinity of the FLU

variants for GluTR and other potential components of the

inactivation complex. Bimolecular fluorescence comple-

mentation (BiFC) revealed that intact FLU interacts with

GluTR and PORB. It is noteworthy that GluTR and PORB

also interact with each other (Figure 5(a)). In agreement

with these results, yeast cells co-expressing GluTR with

PORB or FLU grew on synthetic dextrose medium lacking

Trp, His, uracil and Leu, confirming the direct interaction of

GluTR with FLU and PORB, but similar assays for GluTR

interaction with the MgPME cyclase subunits CHL27 and

YCF54 did not yield the same results (Figure S7). These

results are consistent with a previous report (Kauss et al.,

2012). Based on these findings, we propose that FLU

directly interacts with PORB and GluTR, and that addition-

ally the interaction of GluTR with PORB is relevant,

although it cannot entirely be excluded that this interaction

is facilitated by FLU or depends directly on FLU.

Additional interaction studies were performed using the

FLU peptides with GluTR. We confirmed the affinity of

GluTR for TPR and CC-TPR by pulldown experiments (Fig-

ure 5(b)). Expression of complete and truncated recombi-

nant FLU proteins containing the TM domain failed, as

these hydrophobic proteins could not be solubilized and

purified from Escherichia coli extracts. We also subjected

the recombinant proteins to microscale thermophoresis

(MST) and determined the affinity constants of different

interaction partners (Figure 6). Both TPR and CC-TPR
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FIGURE 4. Expression of FLU(DTM) in the flu mutant. (a) Phenotypes of 18-day-old FLU(DTM)/flu plants grown under CL growth and exposed to a flux of

90 lmol photons m�2 sec�1. (b) Transcript levels of FLU, HEMA1, GSAT and GBP in WT, flu and FLU(DTM)-expressing lines. (c) Amounts of membrane-bound

(M) and soluble (S) GluTR, GBP and FLU in the light-grown WT, flu and FLU(DTM)-expressing plants. (d–f) ALA synthesis rate (d) and Pchlide levels in WT, flu

and Flu(DTM)-expressing plants grown in the light (e) or after dark incubation for 14 h (f). Plants grown under CL were exposed to a flux of 90 lmol photons

m�2 sec�1. The data are plotted as mean � standard deviation (n = 3). P values were calculated by comparison of indicated samples using one-way analysis of

variance (**P < 0.01).
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interacted with GluTR and PORB. FLU interacts with GluTR

and PORB, and the CC-TPR peptide interacts with both pro-

teins more strongly than the TPR domain alone. Although

the Kd values indicated slightly stronger binding of GluTR

than PORB to the FLU(DTM-CC) and FLU(DTM) variants, it

is likely that interaction between all three components is

needed to obtain a stable protein–protein complex at the

thylakoid membrane. The interaction between PORB and

GluTR was the most stable association detected by this

assay. However, the Kd values for the interaction of PORB

and GluTR with their FLU binding partners are in the

nanomolar range (200 and 14 nM, respectively; see Fig-

ure 6).

We estimated the absolute amounts of GluTR and FLU

in plant extracts using GSAT as a reference. Samples of

GluTR, FLU and GSAT from plants grown for 2 weeks

under CL were compared with dilutions of purified recom-

binant proteins on immunoblots. Amounts of GluTR and

FLU in the plant extracts were calculated to be <3.3 ng per

mg fresh weight (FW) and around 20 ng per mg FW,

respectively (Figure S8). Thus, WT plants contained around

six times more FLU than GluTR under CL growth condi-

tions. Estimation of several quantifications of the amounts

of two anti-FLU-immune-reacting bands in the FLU(DTM-

CC)/flu, FLU(DCC)/flu and FLU(DTM)/flu lines (as exempli-

fied in Figures 3(c), 4(c), and 5(c), respectively) in compar-

ison to FLU in WT gave rise to almost similar levels of

mature and precursor FLU(DTM-CC) and FLU(DTM) and at

least 2–3 times more FLU(DCC). WT-GSAT accumulated to

levels of more than 20 ng per mg FW in plant extracts and

is therefore unlikely to be a limiting enzyme for ALA syn-

thesis in plants.

FIGURE 5. BiFC and pull-down assays verifying the

interaction of FLU with GluTR. (a) BiFC assays for

the interaction of FLU with GluTR and PORB. Pro-

teins fused to the N- or C-terminal halves of split

YFP were transiently expressed in N. benthamiana

leaves. YFPN indicates the proteins fused to the N-

terminal half of split YFP, YFPC indicates the fusion

of proteins to the C-terminal half of split YFP. Red

signals originate from Chl autofluorescence, yellow

signals indicate reconstitution of YFP fluorescence

owing to interaction of the test proteins. Scale

bar = 20 lm. (b) In vitro pull-down assays with the

purified recombinant proteins confirming the inter-

action of GluTR with FLU(DTM-CC) and FLU(DTM).

Proteins of input and elution fractions were visual-

ized by Coomassie blue staining. His-tagged GluTR

was used as bait and immobilized on Ni-NTA agar-

ose. The truncated FLU proteins with a GST-tag at

the N-terminus and GST-tag alone were used as

prey.
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DISCUSSION

TBS flow in light-grown transgenic plants expressing

truncated FLU peptides

Young seedlings of flu mutants expressing one of the three

truncated FLU derivatives described here (Figure 1) grew

at rates similar to those of WT and flu under CL conditions,

but showed a more drastic cell death phenotype in leaves

after a few days of growth under light-dark conditions than

the previously described flu mutants (Figures S2–S4; Gosl-

ing et al., 2004; Meskauskiene et al., 2001). Attempts to

obtain transgenic lines that continuously accumulated

membrane-bound FLU(DCC) failed, even though high

amounts of transcript were synthesized. These observa-

tions may imply that this truncated protein is labile in early

seedling development. Notably, the continuous expression

of the FLU(DCC) transgene without detectable membrane-

bound FLU(DCC) is in contrast to the expression of those

genes encoding the truncated, soluble and detectable FLU

(DTM-CC) and FLU(DTM).

All transformants that expressed any of the three trun-

cated FLU derivatives contained slightly less Chl than

FIGURE 6. Microscale thermophoresis (MST) analy-

sis of PORB and GluTR with interaction partners.

The fluorophore-labeled and His-tagged PORB (a, b)

and GluTR (c, d) were titrated against GST-bound

target proteins FLU(DTM-CC), FLU(DTM) or GluTR

in a temperature-induced concentration gradient.

(b, d) The tables display the target proteins PORB

(b) and GluTR (d) and the ligands and their KD val-

ues.
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either WT or flu seedlings under CL growth conditions.

Thus, FLU(DTM-CC)/flu lines accumulated 13.6% and 14.2%

less Chl relative to WT and flu, respectively, and FLU

(DTM)/flu lines 7.9% and 18.1% less Chl. After 3 days of

induced synthesis of FLU(DCC) the corresponding values

for FLU(DCC)/flu lines were 12.1% and 17.4% in compar-

ison to WT and flu, respectively (Figure S6). These findings

indicate a negative impact on Chl synthesis when FLU pro-

tein function is compromised. However, there is no indica-

tion that Chl stability or the supply of Chl for the assembly

of photosystem I (PSI) and PSII is directly hampered by

any of the truncated FLU derivatives tested here.

All flu mutants that expressed one of the truncated

forms of the FLU protein basically retained the flu pheno-

type, as they were found to contain similar or slightly

higher amounts of Pchlide compared to those seen in flu

seedlings after dark incubation. This Pchlide accumulation

can be explained by the unrestrained synthesis of ALA in

darkness, and this is confirmed by the onset of cell death

when these leaves were re-illuminated after a dark phase.

This phenotype is consistent with previous observations in

plants with photodynamic cell-death phenotypes owing to

excessive accumulation of Chl precursor molecules caused

by peroxide-producing herbicides or deregulation in tetra-

pyrrole biosynthesis. In principle, accumulation of free tet-

rapyrroles becomes more harmful to photoperiodically

grown plants when they experience the transitions from

dark to light. Thus, flu seedlings expressing FLU(DTM-CC),

FLU(DCC) or FLU(DTM) experience photodynamic damage

upon subsequent exposure to light.

It was previously reported that flu seedlings grown

either in darkness or under CL conditions showed higher

capacity for ALA synthesis than WT (Goslings et al., 2004;

Hou et al., 2019). The rates of ALA synthesis seen in CL-

grown flu seedlings expressing any of the three truncated

forms of FLU tended to be slightly elevated compared to

those in flu lines, but were at least twice as high as in WT.

These unrepressed ALA synthesis capacities likely explain

an enhanced modulated metabolic flow and, as a result,

elevated levels of Pchlide, MgP, MgPME and Chlide (Fig-

ures 2–4 and S6) during CL growth and also indicate the

regulatory role of FLU during daytime. Moreover, these

ALA synthesis rates during illumination speak also for

enhanced ALA formation during darkness, and the dark

accumulating tetrapyrrole intermediates will trigger photo-

dynamic cell death upon the subsequent light exposure.

It is striking that all three sets of transgenic lines accu-

mulated more GluTR than both flu and WT. It can be

assumed that, despite the presence of truncated FLU pep-

tides, the increase in ALA synthesis accounts for this find-

ing. Like CL-grown flu seedlings, these transformed lines

showed no leaf necrosis under constant light exposure,

and can apparently cope with the higher steady-state levels

of Pchlide, MgP and MgPME (Figures 2–4). Despite the

relatively marked variations in Pchlide levels between the

transgenic lines and WT grown under CL, the overall

amounts of Pchlide accumulated in the dark-incubated flu

seedlings, with or without expressed truncated FLU pep-

tides, are at least five times higher than those in the light-

exposed seedlings, and this factor is responsible for the

necrotic leaf lesions. Based on this cell-death phenotype, it

is suggested that, on their own, the truncated FLU forms

are unable to adequately inhibit GluTR and ALA synthesis,

even though they are expressed in comparable amounts to

the elevated GluTR contents (Figure S8). The reason for

this remains to be elucidated.

Truncation of FLU alters the subcompartmental

localization of GluTR

The overaccumulation of GluTR and the elevated ALA syn-

thesis rate are the most striking features of flu seedlings

that express truncated forms of FLU. Depending on the

presence or absence of the TM domain, FLU variants accu-

mulated either in the stroma or in the membrane, and their

distribution determines the quantitative allocation of

GluTR to the soluble and membrane-bound fractions (Fig-

ures 2(c), 3(c), and 4(c)). Moreover, irrespective of the pat-

tern of GluTR accumulation, rates of ALA synthesis were

higher than in WT. Direct comparisons of ALA synthesis

rates in CL-grown flu lines expressing the TPR or CC + TPR

domains of FLU with those that expressed FLU(DCC) for

3 days is difficult. Nevertheless, it is clear that rates of ALA

synthesis are higher in all of these lines than in flu seed-

lings. Furthermore, they are correlated with higher Pchlide

accumulation in comparison to CL-grown flu seedlings and

the induced expression of FLU(DCC) in the flu background

(Figures 2(f), 3(f), and 4(f)).

We suggest two possible reasons for the enhanced ALA

synthesis compared to flu and WT lines (Figures 2–4). First,
in spite of the lack of GluTR inactivation and failure to sup-

press ALA synthesis, we propose that the interaction of

GluTR with the TPR domain protects the enzyme from pro-

teolysis. Based on the significant accumulation of GluTR in

the stroma when FLU(DTM-CC) and FLU(DTM) variants

were expressed, it is likely that both protect GluTR against

proteolysis. This might still be feasible even though the

soluble selector of chaperone subunits of Clp has been

demonstrated to interact with the N-terminus of GluTR

(Apitz et al., 2016). In FLU(DCC) lines, GluTR was mainly

associated with the membrane. FLU(DCC)-mediated attach-

ment to the membrane is expected to protect GluTR from

a soluble protease. Higher amounts of GluTR were also

found in FLU overexpression lines, and a protective effect

of the FLU–GluTR interaction has been proposed (Hou

et al., 2019). But, although GluTR accumulated to a greater

extent in these FLU overexpression lines than in WT, the

ALA synthesis rate was reduced. This effect is likely

explained by the inhibitory action of intact FLU. As shown
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here, binding of GluTR to the TPR domain of truncated

forms of FLU is not sufficient for GluTR inactivation, irre-

spective of whether the TPR and CC-TPR domains bind

GluTR in the stroma or the TM-TPR peptide anchors the

enzyme to the thylakoid membrane.

One other aspect of the accumulation of GluTR in our

TPR/flu lines may affect the ALA synthesis rate. As GluTR

amounts are higher in these lines than in WT and flu, we

wanted to exclude the possibility that insufficient amounts

of TPR result in failure to saturate its putative binding site

on GluTR. Therefore, we evaluated the amounts of GluTR

and FLU in WT seedling extracts and compared their stoi-

chiometries with that of GSAT (Figure S8) and compared

the WT FLU content with that of the truncated variants of

FLU in the transgenic flu seedlings (Figures 2(c), 3(c), and

4(c)). It turned out that the immune-reacting shorter FLU

derivatives accumulate at least to similar levels as FLU in

WT, while GluTR content was enhanced compared to flu

and WT. However, as result, the abundance of GluTR and

the shorter forms of FLU are similar in the transgenic lines.

WT-GSAT accumulated to even higher amounts than

GluTR, which is compatible with the assumption that

GluTR, as the less abundant enzyme, serves as the main

regulatory protein of ALA synthesis.

In conclusion, despite the high transcript levels encoding

the TPR domain and the other two truncated FLU forms as

well, the overall level of each FLU peptide resembled that

of WT FLU. GluTR interaction with FLU or truncated FLU

devoid of one of its domains is insufficient for inactivation

of ALA synthesis, regardless of the plastidal subcompart-

ment in which this interaction takes place. The increased

GluTR content in the stroma (in the presence of soluble

FLU variants) and the thylakoid membranes (in the case of

membrane-bound FLU(DCC)) is presumably due to its

enhanced stability upon interaction with the TPR domain.

Accumulation of TBS intermediates such as MgP, MgPME

and Pchlide indicates that amounts of the TPR domain

equivalent to those provided by WT FLU cannot suppress

ALA synthesis. This suggests that additional properties

found in the full-length protein are required for effective

suppression of GluTR and ALA synthesis in the dark.

The combined functions of all three FLU domains

effectively inactivate GluTR in darkness and light

The flu phenotype results from the overaccumulation of

Pchlide (Meskauskiene et al., 2001). Analysis of Pchlide

levels in samples of photoperiodically grown WT, flu, FLU

(DTM-CC)/flu, FLU(DCC)/flu and FLU(DTM)/flu plants, which

were harvested during the dark period, indicated that the

flu mutants expressing the truncated FLU peptides accu-

mulated at least the same amount of Pchlide as flu seed-

lings (Figures 2(g), 3(g), and 4(g)).

At first sight, this result seems to contradict previously

reported in vitro GluTR activity measurements, in which

ALA synthesis was suppressed by 70% when soluble

recombinant FLU(DTM-CC) peptide was added in a 1:1 ratio

(Zhang et al., 2015). Additionally, combined with the analy-

sis of the crystal structures of the TPR domain and GluTR

and subsequent modeling, it was suggested that the TPR–
GluTR interaction prevents binding of glutamyl-tRNA, the

substrate of GluTR, and hence represses ALA synthesis

(Zhang et al., 2015). Our in planta experiments indicate that

the direct interaction of TPR with GluTR does not fully

repress ALA synthesis (Figure 2). Also, the addition of

either the TM or the CC domain to the TPR domain does

not lead to WT-like suppression of ALA synthesis in the

dark.

FLU(DTM-CC) and FLU(DTM) expression indicated that

the TPR–GluTR interaction in the stroma does not cause

any detectable inactivation of ALA synthesis; thus, ade-

quate suppression of GluTR activity requires membrane

binding of FLU derivatives. However, simply anchoring the

TPR domain by adding the TM domain also fails to provide

significant inactivation of membrane-associated GluTR,

indicating an additional and essential regulatory role for

the CC domain. We suggest that the CC domain is needed

to recruit further proteins to the inactivation complex.

To identify possible reasons for the apparent discrepan-

cies between previous in vitro results and the in planta

data presented here, we verified the interaction of both

FLU(DTM-CC) and FLU(DTM) with GluTR by pull-down

assays (Figure 5(b)). Secondly, we assessed the binding

affinity of soluble FLU domains for GluTR and POR, as well

as the strength of the GluTR–POR interaction itself (Fig-

ure 6). These in vitro experiments indicated that GluTR

and POR bind to the TPR domain with similar affinities,

with the Kd value for GluTR–TPR binding being slightly

lower than that for the POR–TPR association. Both

enzymes bound more strongly to FLU(DTM) than to the

TPR domain alone. Future work should elucidate the con-

tribution of the CC domain to the interactions of FLU with

GluTR and POR as the key players in the FLU-mediated

inactivation complex. Interestingly, the MST interaction

studies revealed a rather tight binding of GluTR to POR,

which indicates that they interact with each other more

avidly than either do with FLU. As the need of the TPR and

CC domains was analyzed for GluTR inactivation, future

studies are intended to verify the significance of single

AARs of FLU for the interaction with GluTR and POR and

the inactivation of ALA synthesis.

The interactions of FLU with GluTR and with POR have

already been reported (Kauss et al., 2012) and were con-

firmed in our studies. The direct interaction between POR

and GluTR agrees with the previously reported mass spec-

trometric analysis, which detected various proteins belong-

ing to a FLU-containing protein complex, based on blue

native-PAGE of membrane-bound proteins (Kauss et al.,

2012). We propose that the interaction of POR with GluTR
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is important for the FLU-mediated dark-dependent

suppression of ALA synthesis. In summary, our findings

suggest that the presence of truncated FLU peptides

always compromises binding of GluTR and POR, and con-

sequently interferes with POR-supported GluTR inactiva-

tion. Soluble FLU(DTM) cannot access membrane-bound

POR to form a combined complex consisting of at least

these three proteins. Moreover, CC-deficient FLU at the

membrane (FLU(DCC) does not bind sufficient POR or most

probably GluTR, so that ALA synthesis cannot be fully

repressed. So far, binding studies with the entire FLU pro-

tein have failed to demonstrate trilateral cooperativity for

the control of ALA synthesis, as the protein could not be

expressed in a soluble form.

However, what eventually triggers GluTR inactivation

and the tight binding of these proteins remains open.

Although it is accepted that accumulating Pchlide pro-

motes the suppression of ALA synthesis (Stobart and

Ameen-Bukhari, 1986), it is still not clear how FLU con-

tributes to GluTR inactivation at the thylakoid membrane

in light. Either FLU-mediated GluTR inactivation in light

operates by another mechanism, which is different to the

dark-dependent Pchlide accumulation, or the fine-tuned

LPOR activity in varying light intensities affects the interac-

tion with FLU. Following the second idea, POR activity is

always adjusted to the needs of Chlide formation. Previous

studies with barley (Hordeum vulgare) leaves support this

idea, as—at least under low light condition—elevated Pch-

lide content was correlated with reduced ALA synthesis,

while ALA synthesis was not reduced in the tigrina d12

mutant under decreasing light intensities (and of course

not in darkness due to the lack of FLU, Richter et al., 2010,

Figure 5). Thus, it can be proposed that under varying light

intensities a transient remainder of Pchlide at POR triggers

FLU activity and its binding to GluTR, and ALA synthesis is

instantaneously adjusted to LPOR activity to avoid overac-

cumulation of Chl precursors. In sum, the ternary relation-

ship of GluTR, POR and FLU is certainly the key for the

future elucidation of this mechanism.

The control of ALA synthesis

Previous reports revealed that soluble GluTR contributes

to the bulk of ALA synthesis activity in plants (Rieble and

Beale, 1991; Schmied et al., 2018). The content of soluble

GluTR was found to be higher in the daytime than in dark-

ness. This supports the idea of dark suppression of ALA

synthesis at the thylakoid membrane (Schmied et al.,

2018). In principle, the membrane-associated GluTR is

expected to have limited access to tRNA-GluTR derived

from soluble glutamyl-tRNA synthetases, and to be

restricted in the delivery of its catalytic product GSA to the

stroma-localized GSAT. FLU contains a TM domain and

plays the decisive role in the subcompartmental localiza-

tion of GluTR (Hou et al., 2019; Schmied et al., 2018).

As demonstrated in our experiments, FLU(DTM-CC) and

FLU(DTM) interact with GluTR in the stroma, while FLU

(DCC) and WT FLU bind GluTR at the thylakoid membrane

(Figures 2(c), 3(c), and 4(c)). However, attachment of GluTR

to the membrane by interaction with the TM + TPR domain

of FLU alone proved to be insufficient to inactivate ALA

synthesis, which is only achieved by the complete FLU.

Thus, an important function for the integrative role of FLU

in the inactivation complex can be assigned to the CC

domain, which presumably facilitates simultaneous bind-

ing of GluTR and POR. These findings suggest that the

fully functional inactivation complex is characterized not

only by FLU binding to GluTR, but also by the direct inter-

action of PORB with both proteins. It is assumed that the

inactivation complex has a higher affinity for GluTR than

does FLU alone, and tightly associates GluTR with the thy-

lakoid membrane, which could be critical for the inactiva-

tion of ALA synthesis.

EXPERIMENTAL PROCEDURES

Plants and growth conditions

Arabidopsis (Arabidopsis thaliana L. Heynh. var. Col-0), tobacco
(Nicotiana tabacum L. cv. Samsun NNWT) and transgenic plants
were grown on Einheitserde Typ GS90 or Typ T soil (Gebr€uder
Patzer, Sinntal-Jossa, Germany). Plants were exposed to a 14 h
dark/10 h light (120 µmol photons m�2 sec�1) cycle for photoperi-
odic growth (short day [SD]) or to CL conditions (90 µmol photons
m�2 sec�1), in growth chambers at 23°C. The point mutant line flu
was kindly provided by Prof. Klaus Apel (Meskauskiene et al.,
2001).

Plasmid construction and plant transformation

For the construction of FLU(DTM-CC)/flu lines, a fragment encom-
passing the 50-untranslated region (UTR) sequence of FLU and the
coding sequence for the predicted transit peptide (corresponding
to nucleotides �47 to 634 of the AT3G14110 sequence, including
two introns) and a segment including the coding sequence for
TPR and the 30-UTR sequence of FLU (corresponding to nucleo-
tides 1046–1856 of the AT3G14110 sequence) were separately
amplified from WT Arabidopsis genomic DNA and subsequently
fused by an overlapping PCR method. For the construction of FLU
(DTM)/flu lines, the 50-UTR sequence of FLU and the coding
sequence for the predicted transit peptide was fused with the frag-
ment bearing the coding sequence for FLU(DTM) and the 30-UTR
sequence of FLU (corresponding to nucleotides 863–1856 of the
AT3G14110 sequence). For the construction of FLU(DCC)/flu lines,
a fragment containing the 50-UTR sequence of FLU, the coding
sequence for the predicted transit peptide and the TM domain of
FLU (corresponding to nucleotides �47 to 766 of the AT3G14110
sequence) and the fragment corresponding to the coding
sequence for TPR and the 30-UTR sequence of FLU were amplified
separately and fused by an overlapping PCR method. For constitu-
tive expression under the control of the CaMV 35S promoter, the
fragments were inserted into the SmaI-digested pGL1 vector (Hou
et al., 2019). For inducible expression, the fragment was ligated
into palcA mod (Schmied et al., 2011) linearized with Eco72I. For
ethanol induction, plants were watered with 20 mL of 1% ethanol
every day. Transgenic Arabidopsis plants were generated by
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transformation as described previously (Clough and Bent, 1998).
Primers used in this study are listed in Table S1.

DNA and RNA analysis

Leaf disks (4–10 mm2) were harvested and homogenized with a
pestle in 100 µl of DNA extraction buffer (200 mM Tris, 150 mM

NaCl, 25 mM EDTA, 0.5% SDS). After centrifugation at 18 000 g for
4 min, the supernatant was mixed with the same volume of iso-
propanol. DNA was then pelleted by centrifugation at 15 000 g for
5 min, washed twice with 500 µl of 75% ethanol and dissolved in
20 ll of ddH2O. RNA was extracted according to O~nate-S�anchez
and Vicente-Carbajosa (2008). Around 20–30 mg of leaf material
was harvested and frozen in liquid nitrogen. After homogeniza-
tion, 300 µl of solution I (68 mM Na-citrate, 132 mM citric acid,
1 mM EDTA, 2% SDS) was added. The clear mixture was mixed
with 100 µl of solution II (4 M NaCl, 16 mM Na-citrate, 32 mM citric
acid) and centrifuged at 18 000 g for 10 min to remove the insol-
uble material. The supernatant was mixed with the same volume
of isopropanol to precipitate nucleic acids. Pellets were washed
twice with 500 µl of 75% ethanol, air-dried and finally dissolved in
30 µl of ddH2O. The RNA concentration was determined using a
NanoDrop�2000 Spectrophotometer (Thermo Fisher Scientific).
DNase I was used to digest the DNA in the samples and the RNA
was reverse-transcribed into cDNA with RevertAid Reverse Tran-
scriptase (Thermo Fisher Scientific). cDNA was amplified with the
SensiMix SYBR No-ROX kit (Bioline GmbH) on a CFX96 Real-Time
System (Bio-Rad Laboratories GmbH). Expression rates were cal-
culated relative to SAND (SAND; AT2G28390) according to the
2�DDCt method (Livak and Schmittgen, 2001).

Protein extraction, separation into soluble and membrane-

bound fractions and immunoblot analysis

Leaf samples (20 mg) were harvested, homogenized in liquid
nitrogen and dissolved at 1 mg protein per 10 µl PBS buffer
(20 mM sodium phosphate buffer, 150 mM NaCl, pH 7.4). A small
volume was mixed with an equal volume of 29 Laemmli buffer
(120 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 200 mM dithiothreitol,
0.02% bromophenol blue), while the remaining sample was cen-
trifuged at 16 000 9g for 30 min. The pellet was dissolved in an
equal volume of the supernatant. Each fraction was mixed with an
equal volume of 29 Laemmli buffer. Equal volumes of each frac-
tion were loaded on a 12% SDS polyacrylamide gel. Proteins were
separated and analyzed by immunoblotting (Hou et al., 2019; Sch-
midt et al., 2018).

ALA-synthesizing capacity

Around 50 mg of leaf material was harvested and incubated in
40 mM of levulinic acid buffer (2.1 ml Tris plus 98% levulinic acid,
titrated to pH 7.2 with HCl) following growth in the light for 3 h.
Samples were then dried and frozen in liquid nitrogen. After
homogenization, 500 ll of 20 mM tripotassium phosphate buffer
was added to the samples for ALA extraction. Pellets were
removed by centrifugation at 4°C, 16 000 9g for 10 min, and
400 ll of supernatant was then mixed with 100 ll of acetoacetic
acid ethyl ester and boiled at 100°C for 10 min. Samples were
immediately cooled on ice for 5 min, and 500 ll of modified Ehr-
lich reagent solution containing 18 mg of dimethylaminobenzalde-
hyde was added. After removing the pellet by centrifugation at
18 000 g for 10 min, the absorption of the supernatant was mea-
sured at 553, 525 and 600 nm. An ALA standard curve was gener-
ated with an ALA standard (Sigma-Aldrich) and used to calculate
the concentrations of ALA in the samples.

Determination of tetrapyrrole contents

Porphyrins, Pchlide and Chl were extracted in alkaline acetone
(9:1, 100% acetone:0.2 M NH4OH, v/v) and analyzed by HPLC as
described before (Czarnecki et al., 2011; Papenbrock et al., 1999;
Richter et al., 2010). Leaf samples for Pchlide analysis, which were
harvested from dark- and light-exposed seedlings, were fixed with
steam for 2 min prior to extraction (Koski and Smith, 1948). Leaf
tissues were harvested, frozen, ground in liquid nitrogen and lyo-
philized to determine the dry weight (DW). Mg porphyrins, Pch-
lide, Chlide and Chl were extracted from frozen tissue or tissue
lyophilized in alkaline acetone at 4°C. After centrifugation, the pel-
let was resuspended with AHD buffer (acetone:hydrochloric acid:
dimethylsulfoxide, 10:0.5:2, v/v/v) and centrifuged at 14 000 9g for
20 min at room temperature to isolate non-covalently bound
heme (Richter et al., 2019). The extracts were eventually separated
and quantified by HPLC using an Agilent 1100 or 1290 HPLC sys-
tem equipped with a diode array and fluorescence detectors (Agi-
lent Technologies).

BiFC assay

Coding sequences for GluTR, FLU and PORB were cloned into the
G1 and G3 vectors (pSPYCE and pSPYNE) (Hey et al., 2017; Walter
et al., 2004). Plasmids were then transformed into Agrobacterium
tumefaciens (GV2260) cells. Cells with the desired combination of
G1/G3 vectors were then mixed and infiltrated into N. benthami-
ana leaves. Plants were kept in the dark for 3 days. Finally, YFP
fluorescence was imaged on a confocal laser-scanning micro-
scope (TCS SP2 AOBS, Zeiss).

Yeast two-hybrid assay

cDNA sequences were cloned into pDHB1MCS2 (bait) or
met25pXCgate (pNub; prey). Plasmids were then transferred to
L40 ccuA or L40 ccua cells. Cells co-expressing the bait and prey
proteins were obtained by mating, and selected on synthetic dex-
trose agar plates lacking Leu and Trp. Colonies were inoculated
into 3 ml of synthetic dextrose medium and incubated at 30°C
overnight. The OD600 value was then adjusted to 1.0 with YPAD
medium. To select for positive interactions, cultures were spotted
on synthetic dextrose medium lacking His, Leu and Trp, as well as
uracil, and incubated at 30°C for 3–4 days.

Pull-down experiments

Ni-NTA agarose beads (10 µl) were washed three times with
500 µl of PBS, and 30 µg of bait protein in 500 µl PBS was incu-
bated with 10 µl of Ni-NTA agarose beads at 4°C for 1 h. The
beads were pelleted by centrifugation (1500 9g for 2 min at 4°C),
and the buffer was discarded. The pellet was washed twice with
500 µl of PBS, resuspended in 500 µl of PBS containing 30 µg of
prey protein and incubated at 4°C for 1 h. After centrifugation
(1500 9g for 2 min), the beads were pelleted and washed five
times with 1 ml of PBS. Finally, the beads were incubated with
30 µl of 29 Laemmli buffer at 100°C to elute the proteins associ-
ated with beads. For detection, 10 µl of the eluate was loaded on
an SDS polyacrylamide gel for protein separation, which was then
stained with Coomassie brilliant blue.

Purification of recombinant proteins

GluTR, GSAT and PORB were expressed and purified from E. coli
BL21 as previously described (Czarnecki et al., 2011). Ni-NTA
(Thermo Scientific) or Glutathione Sepharose 4B (GE Healthcare)
was used to purify 69His-tagged and GST-tagged proteins,
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respectively. Purification was performed according to protocols
provided by the manufacturer. Primers used for the expression of
recombinant FLU(DTM-CC) and FLU(DTM) are listed in Table S1.
For expression of 69His-tagged and GST-tagged proteins, corre-
sponding gene constructs were inserted into the pET-28a(+) and
pGEX-6P-1 vectors, respectively.

Microscale thermophoresis

The targeted proteins were labeled using the RED-NHS protein
labeling kit (NanoTemper, Munich, Germany) which reacts effi-
ciently with primary amines of proteins. Labeled proteins were
diluted with MST buffer provided by the kit’s manufacturer.
Labeled proteins (200 mM) were then mixed with the ligand pro-
teins and were subjected to a temperature (and concentration)
gradient in premium coated capillaries in a Monolith NT.115
device to monitor their binding kinetics.
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FIGURE S1. Sequence alignment of FLU homologs in angiosperms.
FLU sequences from Arabidopsis thaliana (NP_001189888.1), Bras-
sica napus (XP_013736231.1), Prunus dulcis (XP_034207021.1), Gly-
cine soja (XP_028207966.1), Helianthus annuus (XP_022013623.1),
Oryza sativa japonica (XP_015623522.1) and Physcomitrium patens
(XP_024387792.1) were aligned. The schematic representation below
the sequences indicates the protein domains of FLU. A black box
indicates a putative transit sequence of the Arabidopsis FLU precur-
sor with 26 amino acid residues proposed by ChloroP 1.1. A gray
box indicates a putative thylakoid membrane transfer domain with
maximum 116 amino acid residues predicted by TargetP 2.0. The red
box highlights the transmembrane domain, the blue box the coiled-
coil domain and the orange box the TPR domain of mature FLU.

FIGURE S2. Transient expression of GFP fused to the N-terminus of
FLU in Nicotiana benthamiana results in GFP fluorescence in chloro-
plasts. (a) The schematic representation shows the coding and the

promoter sequences used to express a GFP fused to a 99 amino acid
residues-containing N-terminal sequence of the FLU precursor pro-
tein. This FLU-fragment contains the predicted transit peptide of
FLU. (b) GFP fluorescence is observed only in the chloroplasts.

FIGURE S3. Confirmation of FLU(DTM-CC) expression in the FLU
(DTM-CC)/flu lines. (a) Phenotypes of FLU(DTM-CC)/flu plants
transferred from continuous light (CL) to short day (SD) condi-
tions. Eleven-day-old seedlings grown under CL were transferred
to SD conditions (14 h darkness and 10 h light, 120 lmol pho-
tons m�2 sec�1) for 1 (middle line) and 2 days (lower line) in
comparison to flu and wild-type (WT) plants. (b) PCR and gel
electrophoresis were used to determine the genotypes of the
DNA samples from T2 FLU(DTM-CC)/flu plants. In the upper
panel, a primer pair specific for FLU was used to check for the
presence of FLU in WT or point-mutated FLU in flu mutant lines
(indicated by the higher band) and for the presence of the trans-
gene in FLU(DTM-CC)/flu lines (indicated by the lower band). In
the lower panel, a separate PCR using a CaMV 35S-specific pri-
mer and a FLU-specific primer was applied to verify the presence
of the transgene. (c) Western blot analysis of proteins involved in
the tetrapyrrole biosynthesis pathway or photosynthesis. The
FLU(DTM-CC) peptide is displayed with a molecular mass of
15 kDa in the box showing the anti-FLU immune-reacting bands.
FLU(DTM-CC)/flu# indicates flu complementation lines expressing
FLU(DTM-CC).

FIGURE S4. Confirmation of FLU(DCC)-expressing lines. (a) Pheno-
types of 11-day-old FLU(DCC)-expressing plants grown under CL
(upper line) and transfer to light-dark conditions after ethanol-in-
duced expression of the FLU(DTM-CC) transgene for 1 (middle
line) or 2 days (lower line) in comparison to flu and WT plants.
Eight-day-old seedlings were sprayed daily once with ethanol in
the next 3 days before the growth conditions changed to SD. (b)
Confirmation of the presence of the transgene in FLU(DTM-CC)/flu
lines. Primers were specific for FLU and were located on either
flanking side of the coding sequence of FLU(DCC). The upper band
is derived from WT FLU (this band is also present in flu since the
mutant flu gene carries a point mutation) and the lower band is
derived from the transgene (which is shorter due to lack of the
coiled-coil coding sequence [CC]). (c) Phenotype of FLU(DCC)/flu
plants after ethanol induction. Steady-state levels of GluTR and
the truncated FLU(DCC) in FLU(DCC) lines before and after ethanol
induction of FLU(DCC) expression were analyzed by Western blot
analysis. Notable is the change in GluTR content and its distribu-
tion in stroma (S) and membrane (M) fractions prior to and after
induction of FLU(DCC) synthesis.

FIGURE S5. Phenotype of transgenic plants expressing FLU(DTM).
(a) Phenotype of 11-day-old, CL-grown FLU(DTM)-expressing
plants after transfer to SD conditions for 1 (middle line) and
2 days (lower line) in comparison to flu and WT plants. (b) PCR
amplification to confirm the presence of the transgene in FLU
(DTM)/flu lines. Gene-specific primers used were FLU sequences
located on either side of the coiled-coil coding sequence (CC).
Transgene-specific primers were sequences derived from the 35S
promoter and the FLU sequence. (c) Steady-state levels of proteins
involved in tetrapyrrole biosynthesis or photosynthesis from the
FLU(DTM)/flu, flu and WT lines were detected by Western blotting
analysis.

FIGURE S6. Compilation of data of chlorophyll (Chl), heme and
Mg porphyrins from light-grown FLU(DTM-CC), FLU(DCC) and FLU
(DTM) expression lines. (a–c) Chlorophyll contents. (d–f) Heme
contents. (g–i) Steady-state levels of Mg protoporphyrin (MgP). (j–
l) Steady-state levels of Mg protoporphyrin monomethylester
(MgPME). Data are displayed for FLU(DTM-CC)/flu (a, d, g, j), FLU
(DCC)/flu (b, e, h, k) and FLU(DTM)/flu lines (c, f, i, l). Plants were

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2021), 107, 360–376

374 Zhiwei Hou et al.



grown under CL for 2 weeks. The light intensity was 90 lmol
photons m�2 sec�1.

FIGURE S7. Yeast two-hybrid assay for the analysis of GluTR inter-
actions. The assay was performed to examine possible interac-
tions of GluTR with protochlorophyllide oxidoreductase B (PORB)
and the two subunits of Mg protoporphyrin monomethylester
oxidative cyclase CHL27 and YCF54. GluTR was fused to the C-ter-
minal half of ubiquitin and used as bait, while YCF54, CHL27,
PORB and FLU were each fused to the N-terminal half of ubiquitin
and used as prey. Positive interactions were detected on synthetic
dextrose medium lacking His, uracil, Leu and Trp (-hult).

FIGURE S8. Quantification of the absolute amounts of GluTR,
GSAT and FLU proteins in plants. Western blot analysis was used
to determine the amounts of GluTR, GSAT and FLU in WT plant
extracts by comparing the intensity of the immune signal of the
proteins accumulated in planta with the gradually increasing
amount of the respective recombinant proteins, which were puri-
fied from E. coli extracts. The concentration of recombinant pro-
teins was determined by a BCA assay and verified by SDS-PAGE,
followed by Coomassie staining.

Table S1. Primers used for genotyping, plasmid construction and
gene expression analyses.
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