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Low Chlorophyll Accumulation A (LCAA) antisense plants were obtained from a screen for genes whose partial down-regulation
results in a strong chlorophyll deficiency in tobacco (Nicotiana tabacum). The LCAAmutants are affected in a plastid-localized protein of
unknown function, which is conserved in cyanobacteria and all photosynthetic eukaryotes. They suffer from drastically reduced light-
harvesting complex (LHC) contents, while the accumulation of all other photosynthetic complexes per leaf area is less affected. As the
disturbed accumulation of LHC proteins could be either attributable to a defect in LHC biogenesis itself or to a bottleneck in
chlorophyll biosynthesis, chlorophyll synthesis rates and chlorophyll synthesis intermediates were measured. LCAA antisense
plants accumulate magnesium (Mg) protoporphyrin monomethylester and contain reduced protochlorophyllide levels and a reduced
content of CHL27, a subunit of the Mg protoporphyrin monomethylester cyclase. Bimolecular fluorescence complementation assays
confirm a direct interaction between LCAA and CHL27. 5-Aminolevulinic acid synthesis rates are increased and correlate with an
increased content of glutamyl-transfer RNA reductase. We suggest that LCAA encodes an additional subunit of the Mg
protoporphyrin monomethylester cyclase, is required for the stability of CHL27, and contributes to feedback-control of 5-
aminolevulinic acid biosynthesis, the rate-limiting step of chlorophyll biosynthesis.

Photosynthetic electron transport, CO2 fixation by
the Calvin cycle, and sulfur and nitrogen assimilation
all occur within the chloroplasts of photosynthetic
eukaryotes, which also harbor several anabolic path-
ways utilizing the primary photoassimilates, such as
amino acid, nucleotide, isoprenoid, and lipid synthesis.
Also, the biosynthesis of several important cellular key
metabolites, such as chromophores and cofactors re-
quired for photosynthesis and respiration, is localized in
chloroplasts (Noctor and Foyer, 1998; DellaPenna and
Pogson, 2006; Lunn, 2007; Tanaka and Tanaka, 2007;
Mochizuki et al., 2010).

Chloroplasts originated from cyanobacterial ancestors
but have lost most of the genes encoded by cyanobac-
teria during the process of endosymbiosis. In addition to
tRNAs and ribosomal RNAs, only about 90 proteins are
still encoded in the chloroplast genome (Kleine et al.,
2009). The functions of almost all of these plastome-
encoded genes have been elucidated. They are mostly
involved in photosynthesis and chloroplast gene ex-
pression but also in a few other processes, such as protein
turnover and fatty acid biosynthesis. The vast majority of
the predicted 3,000 chloroplast proteins of higher plants
are nucleus encoded. The functions of a large number of
these nucleus-encoded proteins still have to be elucidated
(Richly and Leister, 2004; Ferro et al., 2010; Karpowicz
et al., 2011). A significant proportion of them could be
involved in the biogenesis and regulation of the photo-
synthetic machinery. While the actual composition of the
photosynthetic apparatus is well established, much
less is known about factors involved in its biogenesis
and regulation (Eberhard et al., 2008). As such proteins
might be essential for autotrophic growth, they are dif-
ficult to identify. Usually, mutant screens of Arabidopsis
seedlings grown on Suc-complemented medium and
additional chlorophyll a fluorescence evaluation are
employed for mutant classification (Meurer et al., 1996).
These screens mainly led to the identification of mutants
affected in the accumulation of the redox-active com-
plexes of the photosynthetic electron transport chain, due
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to defects in the stability and maturation of chloroplast
transcripts (Felder et al., 2001; Lezhneva and Meurer,
2004), in the translation of plastid-encoded genes and
the assembly of the photosynthetic complexes (Meurer
et al., 1998; Stöckel and Oelmüller, 2004; Peng et al., 2006;
Ma et al., 2007; Schult et al., 2007), or in cofactor insertion
(Lyska et al., 2007; Schwenkert et al., 2009). However,
such chlorophyll a fluorescence-based screens work less
well to classify mutants affected in other photosynthesis-
related processes, such as the accumulation of light-
harvesting complex proteins (LHCs), which are the
most abundant proteins in thylakoid membranes of
higher plants (Kirchhoff et al., 2002). Defects in LHC
accumulation do not immediately impair the function
of the photosynthetic electron transport chain (Jahns
and Junge, 1992) and, therefore, do not strongly alter
chlorophyll a fluorescence properties (Hutin et al., 2002;
Andersson et al., 2003).

A compromised accumulation of the nucleus-encoded
LHC proteins could be attributable to multiple defects:
LHC apoproteins are posttranslationally imported into
the chloroplasts, and after their transport across the
envelope membranes, they are bound by the chloroplast
signal recognition particle (cpSRP) for transport to the
thylakoid membrane. The cpSRP receptor protein cpFtsY
transfers the LHC apoproteins to the membrane insertase
Albino3, which catalyzes their insertion into the thy-
lakoids (for review, see Richter et al., 2010b). While
LHC accumulation is strongly impaired in single and
double mutants of the two cpSRP subunits, cpSRP54
and cpSRP43, the abundance of the other photosyn-
thetic complexes is less severely affected (Klimyuk et al.,
1999; Hutin et al., 2002).

Besides defects in the cpSRP system, modest re-
ductions of chlorophyll synthesis also specifically im-
pair LHC protein accumulation (Falbel and Staehelin,
1994; Falbel et al., 1996; Tottey et al., 2003; Grimm,
2010). Plants ensure the assembly of sufficient amounts
of core complexes of PSII and PSI by preferentially
incorporating chlorophyll a into their reaction centers.
Only when the rate of chlorophyll a incorporation into
the reaction centers decreases do sufficient amounts of
chlorophyllide a accumulate for efficient conversion via
chlorophyllide a oxygenase to chlorophyll b (Tanaka and
Tanaka, 2011). Chlorophyll b is not bound to the re-
action centers but is essential for stable accumulation
of the LHCs: in the absence of chlorophyll b incor-
poration, the LHC apoproteins are rapidly degraded
(Bellemare et al., 1982; Król et al., 1995). An essential role of
chlorophyll b for LHC stabilization was also confirmed
by in vitro assembly studies of LHCII (Horn et al.,
2007). Only a strong restriction in chlorophyll synthe-
sis also impairs the accumulation of photosynthetic
core complexes (Papenbrock et al., 2000; Hansson and
Jensen, 2009; Kim et al., 2009; Dall’Osto et al., 2010).
Additionally, in mutants affected in early steps of tet-
rapyrrole synthesis, LHC protein accumulation seems
to be as strongly affected as that of the reaction centers,
so that the chlorophyll a/b ratio remains unaltered
despite the drastic reduction in total chlorophyll

content. For example, antisense repression of the
glutamate-1-semialdehyde aminotransferase (GSAT)
in tobacco (Nicotiana tabacum) resulted in strong effects
on PSII and PSI, while LHC accumulation was less
affected (Härtel et al., 1997). The underlying molecular
basis of the differential behavior of the photosynthetic
apparatus in different mutants of the tetrapyrrole
biosynthesis pathway is still unknown, even though
the sequence of the tetrapyrrole biosynthesis pathway
has been elucidated and most enzymes involved
in the pathway and their regulation have been char-
acterized in detail (Masuda, 2008; Czarnecki and
Grimm, 2012).

One notable exception is the aerobic magnesium
protoporphyrin monomethylester (MgProtoMME) cy-
clase. It catalyzes the third specific reaction of the Mg
branch of tetrapyrrole biosynthesis, leading to the for-
mation of protochlorophyllide (Pchlide), the first chlo-
rophyll biosynthesis intermediate with the isocyclic fifth
ring. In cucumber (Cucumis sativus), the cyclization re-
action is catalyzed by a complex consisting of at least
one membrane-bound and one soluble protein located
in the chloroplast stroma (Wong and Castelfranco,
1984). Based on its partial biochemical purification, the
soluble component was suggested to have a molecular
mass of over 30 kD (Walker et al., 1991). AcsF (for aer-
obic cyclization system iron-containing protein) from
Rubrivivax gelatinosus was the first identified gene en-
coding an oxidative cyclase component (Pinta et al.,
2002). Subsequently, homologous genes were found in
all investigated aerobic photoautotrophic organisms,
such as Crd1 and Cth1 in Chlamydomonas reinhardtii
(Moseley et al., 2002) and cycI/II and chlA1/2 in Syn-
echocystis sp. PCC 6803 (Minamizaki et al., 2008; Peter
et al., 2009). In Arabidopsis (Arabidopsis thaliana), the
homologous diiron protein CHL27 was identified as the
membrane-associated catalytic subunit of the cyclase. It
is equally associated with the inner envelope and the
thylakoid membrane (Tottey et al., 2003). This distribu-
tion was also confirmed for the barley (Hordeum vulgare)
homolog of CHL27, Xantha-I (Rzeznicka et al., 2005).
Additionally, in barley, genetic evidence for a second
membrane-bound cyclase component, whose molecular
identity is still unknown, was obtained in the viridis-k
mutant (Gough, 1972; Rzeznicka et al., 2005). CHL27
resembles a subunit of monooxygenase-related proteins
(Berthold and Stenmark, 2003), which usually consist of
a catalytic subunit, a reducing subunit, and a scaffold
subunit. Because CHL27 is likely the substrate-binding
catalytic subunit, the reducing and scaffold subunits still
need to be identified. The NADPH-dependent thiore-
doxin reductase (NTRC) was shown to protect the ac-
tivity of the cyclase (Stenbaek et al., 2008); however,
whether NTRC indeed is one of the missing subunits of
the aerobic cyclase is still a matter of debate.

Because tetrapyrrole biosynthesis is not only re-
quired for the supply of chlorophyll but also of heme,
siroheme, and phytochromobilin (Tanaka and Tanaka,
2007; Czarnecki and Grimm, 2012), it is essential both
under autotrophic and mixotrophic growth conditions,
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so that mutations resulting in the complete abolish-
ment or massive deregulation of tetrapyrrole biosyn-
thesis are lethal to plants (Mochizuki et al., 2010;
Czarnecki and Grimm, 2012). To identify genes in-
volved in such essential cellular functions, transgenic
approaches enabling a gradual repression of gene ex-
pression can be employed. Lein and coworkers (2008)
used a normalized complementary DNA (cDNA) li-
brary from tobacco leaves to generate a large collection
of tobacco antisense transformants. These transform-
ants were then screened for strong defects in leaf
pigmentation and autotrophic growth. This screen led
to the identification of several well-known proteins
involved in photosynthesis and primary metabolism,
but it also identified nine proteins of unknown func-
tion, for which an important role in plant growth and
cell viability was established. In a previous publica-
tion, we showed that one of these unknown proteins,
Ycf3-interacting protein1, is a novel assembly factor
required for PSI biogenesis (Albus et al., 2010). Here,
we have analyzed another protein of unknown func-
tion identified in this screen, whose antisense repres-
sion results in a strong reduction in leaf pigmentation.
While pigmentation mutants predominantly affected
in the biogenesis of photosynthetic reaction centers are
characterized by a stronger repression of chlorophyll
a than of chlorophyll b accumulation, the Low Chloro-
phyll Accumulation A (LCAA) antisense plants show a
stronger reduction in chlorophyll b content relative to
chlorophyll a and an impaired accumulation of LHC
proteins. We show that this is attributable to a general
repression of chlorophyll biosynthesis, due to a defect
in the oxidative cyclase reaction. A role of LCAA as a
novel protein factor involved in the catalytic reaction
of the cyclase is discussed.

RESULTS

To identify genes for critical and potentially essential
functions, whose partial repression results in a strong chlo-
rophyll deficiency and retardation of photoautotrophic

growth, Lein et al. (2008) used a normalized cDNA
library from tobacco leaves to generate a large collec-
tion of tobacco antisense transformants. Here, we have
analyzed the function of an unknown protein identi-
fied in this screen in detail. We characterized four in-
dependent antisense lines against the LCAA gene. The
four lines, LCAA1 to LCAA4, were numbered in the
order of increasing severity of their phenotypes (Fig.
1A). The photograph was taken when the wild type
started to form flower buds. All antisense lines were
retarded in growth relative to the wild type, and pig-
ment deficiency was increasingly pronounced. Accu-
mulation of the LCAA mRNA was reduced in all
antisense lines relative to the wild type (Fig. 1B).

LCAA Is a Highly Conserved Plastid-Localized Protein

We checked for homologs of the silenced tobacco gene,
which encodes a protein of 222 amino acids in length. The
orthologous gene in Arabidopsis is At5g58250, which
encodes a protein of 211 amino acids. Homologs are
found in all photosynthetic eukaryotes and in cyanobac-
teria. All homologous protein sequences share the Ycf54
domain, a domain of unknown function (also called
DUF2488 in the Pfam database; http://pfam.sanger.ac.
uk/). In Figure 2, a sequence alignment of the tobacco
and Arabidopsis LCAA genes with their homolog from
the green alga C. reinhardtii is shown. Additionally,
plastome-encoded homologs from the moss Physcomitrella
patens, the red alga Porphyra purpurea, the brown alga
Fucus vesiculosus, and Paulinella chromatophora (a fresh-
water amoeboid that established its endosymbiosis with a
cyanobacterium in a phylogenetically independent event
from all other photosynthetic eukaryotes) were included.
Finally, sequences from two cyanobacteria (Synechococcus
sp. WH8102 and Nostoc punctiforme PCC 73102) were
aligned. The partial evolutionary retention of the LCAA
gene in the plastome already suggests a function of
LCAA in the chloroplast. Additionally, both IPSORT
(Bannai et al., 2002; http://ipsort.hgc.jp/) and TargetP
V1.1 (Emanuelsson et al., 2007; http://www.cbs.dtu.dk/
services/TargetP/) support this localization for the higher

Figure 1. A, Growth phenotypes of tobacco wild type (WT) and the four LCAA antisense lines in the order of increasing strength
of the phenotype. Plants were grown in the greenhouse at 250 mE m22 s21 actinic light intensity. B, Northern blot showing the
correlation between the visible phenotype and LCAA mRNA accumulation.
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plant proteins. LCAA has been identified as a chloroplast-
localized protein in the Plant Proteomics Database at
Cornell (Sun et al., 2009; http://ppdb.tc.cornell.edu/) and
is suggested to be associated with the thylakoid mem-
brane. To experimentally confirm the chloroplast locali-
zation of LCAA, we constructed fusions of GFP with
the Arabidopsis and the tobacco LCAA genes. The fusion
constructs were transiently transformed into to-
bacco protoplasts and expressed under the control of
the strong constitutive cauliflower mosaic virus 35S pro-
moter. Confocal laser scanning microscopy and overlays
of GFP and chlorophyll a fluorescence revealed that both
the tobacco and Arabidopsis proteins are targeted to the
chloroplast, while the GFP control is clearly retained in
the cytosol (Fig. 3).

LHC Accumulation Is Strongly Reduced in the LCAA
Antisense Plants

As the localization in the chloroplast and the pigment-
deficient phenotype of the LCAA antisense plants indi-
cated a direct or indirect role of LCAA in photosynthesis,
we performed a detailed analysis of the photosynthetic
apparatus of the tobacco transformants. As shown in
Table I, the chlorophyll content was strongly reduced in
the antisense plants. Antisense line LCAA4, with the
strongest pale-green phenotype, contained less than 15%
of wild-type chlorophyll levels. Accumulation of chlo-
rophyll b was much more affected than chlorophyll a
accumulation, as shown by the drastic increase of the
chlorophyll a/b ratio from 3.92 in the wild type to 15.38

Figure 2. Sequence alignment showing the evolutionary conservation of LCAA in higher plants, mosses, eukaryotic algae, and
cyanobacteria. The homologs from tobacco, Arabidopsis, and C. reinhardtii are nucleus encoded and therefore possess a
putative chloroplast transit peptide at their N terminus. The LCAA homologs of the moss P. patens, the red alga P. purpurea, the
brown alga F. vesiculosus, and P. chromatophora are all plastid encoded and therefore lack an N-terminal transit peptide.
Additionally, sequences from two cyanobacteria (Synechococcus sp. WH8102 and N. punctiforme PCC 73102) were included.
Identical amino acids are marked by stars, conserved substitutions by colons, and semiconserved substitutions by dots. The seed
sequence of the Ycf54 domain (DUF2488) is underlined.
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in LCAA4. As chlorophyll b is exclusively bound to the
LHC proteins, while the reaction centers only bind
chlorophyll a, these data point to a reduced LHC accu-
mulation. Despite the drastically reduced chlorophyll
content, the effect on leaf absorptance was relatively
small (Table I). Other parameters, such as the maximum
quantum efficiency of PSII, light- and CO2-saturated as-
similation capacity, and respiration, were unaffected in
spite of the drastic reduction in chlorophyll b accumula-
tion (Table I). These observations are well consistent with
a defect in LHC accumulation, as a reduced antenna
cross-section of the photosystems should not alter the leaf
assimilation capacity under light-saturated conditions.
Also, as long as the function of the reaction center of PSII
is not directly impaired, changes in antenna cross sec-
tions do not alter its maximum quantum efficiency, as
shown previously for several LHCII-deficient mutants
(Hutin et al., 2002; Andersson et al., 2003). However, the
maximum quantum efficiency of CO2-saturated assimi-
lation, as determined in the linear range of the light re-
sponse curve between 0 and 80 mEm22 s21 light intensity,
was strongly reduced in the antisense lines. While in the
wild type, on average 12.4 quanta were needed for the
assimilation of one molecule of CO2, the quantum de-
mand increased more than 2-fold in the palest antisense
line. As a consequence, at the growth light intensity (250
mE m22 s21), leaf assimilation was severely reduced in all
antisense lines, from 15.8 mmol CO2 m

22 s21 in the wild

type to only 6.3 mmol CO2 m
22 s21 in the most severely

affected line, LCAA4. This cannot be explained by the
reduced leaf absorptance alone and points to additional
problems in electron transport under light-limited con-
ditions (see below).

We quantified the components of the photosynthetic
electron transport chain in isolated thylakoids using
spectroscopic approaches. The contents were then nor-
malized both to a chlorophyll and a leaf area basis (Table
II). In line with a predominant defect in LHC accumu-
lation, on a chlorophyll basis contents of PSII were al-
most 3-fold increased, while cytochrome b6 f complex
contents were 4-fold higher in the strongest antisense line
in comparison with the wild type. In the case of plasto-
cyanin, the increase was even more pronounced. PSI
accumulation was only moderately increased. As a con-
sequence, on a leaf area basis, moderate reductions in
cytochrome b6 f complex and plastocyanin contents were
observed, while PSII and especially PSI contents were
more strongly diminished.

These spectroscopic data were confirmed by im-
munoblots against representative subunits of the dif-
ferent photosynthetic complexes (Fig. 4A). Samples
were loaded on an equal chlorophyll basis, and for
semiquantitative analysis, 200%, 150%, and 100% of
the wild-type sample were loaded in lanes 1 to 3 for
comparison. Immunodetection of the essential PSII
reaction center subunits PsbD (D2 protein) and PsbE

Figure 3. Targeting of LCAA to chloroplasts.
Fusions of GFP with the Arabidopsis and the to-
bacco LCAA genes were transiently transformed
into tobacco protoplasts and expressed under the
control of the strong constitutive cauliflower
mosaic virus 35S promoter. Confocal laser scan-
ning microscopy and overlays of GFP and chlo-
rophyll a fluorescence revealed that both the
tobacco and Arabidopsis proteins are targeted to
the chloroplast, while the unfused GFP control is
clearly retained in the cytosol.
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(a-subunit of cytochrome b559) confirmed the strong
increase in PSII accumulation per chlorophyll, which
was most pronounced in the palest antisense line, LCAA4.
Also, the contents of the extrinsic PsbO subunit of the
oxygen-evolving complex and of the nonessential PsbS
protein, which belongs to the LHC protein superfamily
and is required for photoprotective nonphotochemical
quenching of excess excitation energy (Jansson, 1999;
Engelken et al., 2010), showed a comparable increase.
Cytochrome b6f complex accumulation was probed
with antibodies against cytochrome f (PetA) and the
Rieske iron-sulfur protein (PetC). Its strong increase
especially in lines LCAA3 and LCAA4 was confirmed.
PSI accumulation was probed with antibodies against
the essential PsaA and PsaB reaction center subunits.
In line with the spectroscopic data, the PSI reaction
center was less than 2-fold increased in all antisense
lines. Finally, ATP synthase abundance was probed
with an antibody against the essential AtpB subunit.
Similar to PSII and the cytochrome b6f complex, also ATP
synthase accumulation per chlorophyll was strongly in-
creased in the LCAA antisense plants.

Next, we determined the accumulation of several
LHCII and LHCI proteins by immunoblotting. Again,
equal amounts of chlorophyll were loaded (Fig. 4B). A

dilution series of 25%, 50%, and 100% of the wild-type
sample was loaded in lanes 1 to 3 for semiquantitative
analysis. For the PSII antenna, accumulation of the
Lhcb1 and Lhcb2 subunits, which are both part of the
trimeric LHCII complexes, was tested. For the PSI
antenna, accumulation of Lhca1, Lhca2, and Lhca4 was
determined. The accumulation of all LHC proteins was
somewhat diminished in the antisense lines, with the
effects being most pronounced in antisense line 4, in
agreement with its strongest increase in the chloro-
phyll a/b ratio. Among the LHCI proteins, Lhca1 and
Lhca4 were more strongly affected than Lhca2. This is
in line with previous reports on reduced LHC contents
in mutants with diminished synthesis of chlorophyll b
(Król et al., 1995; Bossmann et al., 1997).

Finally, to directly assess effects of the decreased
LHC accumulation on the antenna cross sections of the
photosystems, 77K chlorophyll a fluorescence emission
spectra were recorded (Fig 5A). The signals were
normalized to the emission peak of PSII-LHCII at 686
nm wavelength. In the antisense plants, the emission
peak of PSI-LHCI was slightly blue shifted from 733
nm in the wild type to 730 nm in the strongly affected
mutant lines, which is similar to spectral changes in
Lhca antisense plants with reduced accumulation of

Table I. Various parameters in the wild type and in the different LCAA antisense lines

Plants were grown in the greenhouse at approximately 250 mE m22 s21 actinic light intensity. All measurements were performed on the youngest
fully expanded leaves of plants at the onset of flowering. For each antisense line, a minimum of four plants were measured, and data were subjected
to one-way ANOVA using a pairwise multiple comparison procedure (Holm-Sidak method) in SigmaPlot. Boldface values are significantly different
from the wild type.

Parameter Wild Type LCAA1 LCAA2 LCAA3 LCAA4

Chlorophyll a/b ratio 3.92 6 0.07 6.26 6 0.41 7.47 6 1.12 8.95 6 1.36 15.38 6 5.27
Chlorophyll content (mg m22) 469.3 6 14.8 255.5 6 16.1 130.9 6 33.3 87.2 6 19.7 58.5 6 8.5
Leaf absorptance (%) 90.9 6 0.9 90.9 6 1.2 82.9 6 2.9 71.1 6 0.4 65.1 6 9.8
Maximum quantum efficiency of PSII

in the dark-adapted state
0.80 6 0.01 0.81 6 0.01 0.80 6 0.01 0.79 6 0.01 0.78 6 0.01

Assimilation capacity (mmol CO2 m
22 s21) 25.5 6 3.8 26.8 6 2.0 26.2 6 1.9 24.7 6 2.1 25.4 6 3.7

Assimilation at 250 mE m22 s21

(mmol CO2 m
22 s21)

15.8 6 2.1 10.4 6 0.6 9.6 6 0.5 7.7 6 1.3 6.3 6 0.5

Respiration (mmol CO2 m
22 s21) 21.2 6 0.5 21.2 6 0.2 21.0 6 0.1 21.0 6 0.1 20.9 6 0.1

Quanta per CO2 12.4 6 1.9 16.7 6 1.0 18.6 6 1.4 23.6 6 6.6 28.2 6 5.5

Table II. Photosynthetic complex accumulation on a chlorophyll and leaf area basis

Averages and SD values of photosynthetic complex accumulation per mol chlorophyll (top part of the table) and per m22 leaf area (bottom part of
the table) are shown for the wild type and the four different LCAA antisense lines. PSII contents were calculated from difference absorbance signals of
cytochrome b559, cytochrome b6f complex contents from difference absorbance signals of cytochrome f and cytochromes b6, and PSI contents from
P700 difference absorbance signals. Data were subjected to one-way ANOVA using a pairwise multiple comparison procedure (Holm-Sidak method)
in SigmaPlot. Boldface values are significantly different from the wild type.

Parameter Wild Type LCAA1 LCAA2 LCAA3 LCAA4

PSII (mmol mol21 chlorophyll) 2.65 6 0.17 3.95 6 0.47 5.16 6 0.70 6.11 6 0.55 7.42 6 0.43
Cytochrome b6f complex (mmol mol21 chlorophyll) 1.23 6 0.05 2.21 6 0.23 3.06 6 0.53 3.94 6 0.42 4.78 6 0.60
Plastocyanin (mmol mol21 chlorophyll) 5.35 6 0.84 9.34 6 0.81 17.39 6 3.63 26.88 6 5.26 28.47 6 1.68
PSI (mmol mol21 chlorophyll) 2.36 6 0.05 2.82 6 0.12 2.99 6 0.08 3.05 6 0.09 2.81 6 0.10
PSII (mmol m22) 1.24 6 0.09 1.01 6 0.17 0.66 6 0.11 0.52 6 0.09 0.43 6 0.05
Cytochrome b6f complex (mmol m22) 0.58 6 0.04 0.57 6 0.09 0.38 6 0.05 0.34 6 0.07 0.28 6 0.03
Plastocyanin (mmol m22) 2.50 6 0.35 2.39 6 0.30 2.17 6 0.31 2.29 6 0.51 1.65 6 0.16
PSI (mmol m22) 1.11 6 0.04 0.72 6 0.05 0.39 6 0.09 0.27 6 0.06 0.16 6 0.03
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different LhcA proteins (Zhang et al., 1997; Ganeteg
et al., 2001). Additionally, the chlorophyll a fluores-
cence emission peak from the PSI-LHCI supercomplex
was diminished relative to the emission peak from
PSII-LHCII. This is in line with a reduced accumula-
tion of the antenna proteins and with the increased
ratio of PSII to PSI shown in Figure 4A and Table II.
Light-response curves of the chlorophyll a fluorescence
parameter qL, a measure of the redox state of the PSII
acceptor side, reveal a faster reduction of the PSII
acceptor side at low actinic light intensities in the
strong antisense lines than in the wild type (Fig. 5B).
This observation is consistent with the changes in

photosystem stoichiometry and total antenna cross-
sections, as it can be most easily explained by an
overexcitation of PSII relative to PSI. This imbalanced
excitation could also contribute to the decreased quantum
efficiency of CO2 assimilation (Table I). Light response
curves of qN, a measure for nonphotochemical quench-
ing of excess excitation energy, revealed a reduced max-
imum qN under light-saturated conditions in the most
strongly affected antisense lines (Fig. 5C). Consistent with
nonphotochemical quenching occurring within the PSII
antenna system, a reduced maximum qN capacity has
been reported previously for several LHC-deficient mu-
tants (Havaux et al., 2007; Hansson and Jensen, 2009).

Figure 4. Accumulation of photosynthetic complexes and antenna
proteins, as quantified by immunoblot analyses using antibodies
against essential subunits of the different photosynthetic complexes (A)
and representative antenna proteins of PSII and PSI (B). A, Samples
were loaded on an equal chlorophyll basis, and for semiquantitative
analysis, 200%, 150%, and 100% of the wild-type sample (WT) were
loaded in lanes 1 to 3 for comparison. For PSII, the essential PSII re-
action center subunits PsbD (D2 protein) and PsbE, the extrinsic PsbO
subunit of the oxygen-evolving complex, and the nonessential PsbS
protein, which is required for photoprotective nonphotochemical
quenching of excess excitation energy, were analyzed. Cytochrome b6f
complex accumulation was probed with antibodies against cyto-
chrome f (PetA) and the Rieske iron-sulfur protein (PetC). PSI accu-
mulation was probed with antibodies against the essential PsaA and
PsaB reaction center subunits. ATP synthase abundance was probed
with an antibody against the essential AtpB subunit. B, To determine
LHC protein accumulation, a dilution series of 25%, 50%, and 100%
of the wild-type sample was loaded in lanes 1 to 3 for semiquantitative
analysis. For the PSII antenna, accumulation of the Lhcb1 and Lhcb2
subunits was tested. For the PSI antenna, accumulation of Lhca1,
Lhca2, and Lhca4 was determined.

Figure 5. Chlorophyll a fluorescence data to analyze antenna func-
tion. A, 77K chlorophyll a fluorescence emission spectra. The emission
maximum of PSII-LHCII at 686 nm was normalized to 1. B, Light-
response curve of qL. The fully oxidized state of the PSII acceptor side
was normalized to 1, and the fully reduced state was normalized to 0.
C, Light-response curve of qN. WT, Wild type.
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LCAA Is Required for the Mg Protoporphyrin IX
Monomethylester Oxidative Cyclase

The reduced content of LHC proteins could be
explained by a defect in the biogenesis or membrane
insertion of LHC apoproteins or by a defect in chlo-
rophyll biosynthesis. Perturbations in the metabolic
pathway of tetrapyrrole biosynthesis can be deter-
mined by quantifications of pathway intermediates.
To identify the rate-limiting step in the chlorophyll-
synthesizing branch of the pathway in the LCAA anti-
sense plants, leaf discs of LCAA antisense and wild-type
seedlings were incubated with 1 mM 5-aminolevulinic
acid (ALA) for 24 h in low light. ALA feeding helps to
circumvent the general control of tetrapyrrole synthesis
rates by glutamyl-transfer RNA reductase (GluTR),
which catalyzes the first committed step of the tetra-
pyrrole biosynthetic pathway and is usually repressed
in response to a limitation further downstream in the
pathway (Papenbrock et al., 2000; Meskauskiene et al.,
2001; Moulin and Smith, 2005; Shalygo et al., 2009;
Czarnecki and Grimm, 2012).

After ALA feeding, the chlorophyll precursors mag-
nesium protoporphyrin IX (MgProtoIX), MgProtoMME,
and Pchlide were analyzed by HPLC. MgProtoIX,
MgProtoMME, and Pchlide are the substrates of Mg
protoporphyrin methyltransferase, of the cyclase,
and of NADPH-Pchlide oxidoreductase (POR), re-
spectively. The ALA supply was low enough to
exclude additional negative photooxidative effects
during the incubation time. The LCAA antisense lines
accumulated excessive amounts of MgProtoMME and
MgProtoIX in comparison with wild-type plants
(Table III). Despite its more severe phenotype, line
LCAA4 accumulated somewhat lower amounts of
MgProtoIX and MgProtoMME than line LCAA3.
The antisense lines also showed reduced levels of
Pchlide, whose decrease paralleled the pigment-deficient
phenotype.

Having confirmed that excessive amounts of Mg
porphyrins can easily be quantified upon ALA feed-
ing, also steady-state levels of Mg porphyrins were
analyzed in the LCAA antisense lines (Table IV).
HPLC analyses revealed a similar difference in the
Mg porphyrin contents between wild-type and
transgenic seedlings to those observed after ALA
feeding. The MgProtoMME steady-state levels in-
creased in the LCAA antisense lines relative to wild-
type plants, and line 3 accumulated the highest
amount of MgProtoMME. The reduction in chloro-
phyll contents correlated inversely with the accu-
mulation of MgProtoMME in the LCAA antisense
plants, except for the most severely affected line,
LCAA4. The steady-state levels of Pchlide in light-grown
transgenic LCAA lines were diminished in comparison
with control plants (Table IV). The Pchlide levels were
also determined in LCAA lines and control plants after
15 h of incubation in darkness. The dark-grown plants
accumulated approximately 10 times more Pchlide rel-
ative to the steady-state content in light. The LCAA

lines again showed the gradually reduced Pchlide ac-
cumulation in darkness, down to less than 20% of
wild-type content in line LCAA4 (Table IV).

Measuring the ALA synthesis rate of tobacco leaves
indicated that LCAA antisense plants possess a higher
synthesis rate than wild-type plants (Fig. 6A). To elu-
cidate the molecular basis of this increased capacity,
the accumulation of key enzymes of tetrapyrrole bio-
synthesis was determined by immunoblotting. Total
protein was extracted from leaves, and equal protein
amounts were loaded. The increased ALA-synthesizing
capacity corresponds with elevated GluTR levels
(Fig. 6B). Additionally, a gradually increased content
of the Mg chelatase subunit CHLH, the Mg protopor-
phyrin methyltransferase (CHLM), and POR could be
determined compared with the wild type and re-
versely corresponds to reduced chlorophyll contents of
the transgenic LCAA lines. In contrast, the content of
CHL27, which is required for the cyclase reaction,
decreases in the LCAA lines in comparison with the
control. Lower CHL27 contents are indicative of a re-
duced cyclase reaction (Tottey et al., 2003; Peter et al.,
2010). The contents of GSAT and the Mg chelatase
subunit CHLD were not altered in the LCAA lines in
comparison with control plants, indicating altered
enzyme contents only in specific steps of tetrapyrrole
biosynthesis, while other enzymatic steps were not
affected in response to reduced LCAA expression. We
also included LIL3 and NTRC to the protein analysis.
LIL3 is a member of the LHC-like protein family,
which interacts with and stabilizes the geranylgeranyl
reductase involved in the late steps of chlorophyll
biosynthesis (Tanaka et al., 2010). NTRC was sug-
gested to protect the aerobic cyclase against oxida-
tive stress (Stenbaek et al., 2008). Except for the most
strongly affected antisense line 4, LCAA lines contain
elevated LIL3 and NTRC contents, which parallel the
contents of GluTR, CHLM, CHLH, and POR.

Expression of Genes for Tetrapyrrole Biosynthesis
Enzymes Is Up-Regulated in LCAA Antisense Plants

To understand the molecular basis of the increased
accumulation of most of the proteins involved in tet-
rapyrrole biosynthesis in the LCAA antisense lines
(Fig. 6B), we determined transcript abundances for
23 genes encoding components of the tetrapyrrole

Table III. Average concentrations and SD values of chlorophyll pre-
cursors (Mg porphyrins and Pchlide) of tobacco wild type and the four
LCAA antisense lines after ALA (1 mM) feeding for 24 h

Plant MgProtoIX MgProtoMME Pchlide

pmol g21 fresh wt

Wild type 29 6 5 120 6 50 440 6 325
LCAA1 57 6 12 531 6 376 363 6 305
LCAA2 109 6 128 1,031 6 1,287 331 6 16
LCAA3 1,417 6 902 5,658 6 241 300 6 91
LCAA4 301 6 77 3,571 6 806 182 6 21
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biosynthetic pathway via quantitative PCR (qPCR) analy-
sis. While in most cases, transcript levels in the weak an-
tisense lines LCAA1 and LCAA2 were not significantly
different from the wild type, the stronger antisense lines
LCAA3 and especially LCAA4 displayed a significant up-
regulation of all tested genes encoding tetrapyrrole bio-
synthesis enzymes (Fig. 7A). Transcript accumulation was
most strongly increased in antisense line LCAA4, which
suffers from the most severe growth retardation. The most
pronounced, approximately 8-fold increase in transcript
accumulation in line LCAA4 was observed for PorA and
PorB, encoding two isoforms of the NADPH-dependent
protochlorophyllide oxidoreductase, while expression of
the third POR encoded by PorCwas only 3-fold increased.
Expression of Chl27, whose protein content was strongly
diminished in the antisense lines (Fig. 6B), was weakly but
significantly up-regulated in the antisense lines, suggesting
that the specific loss of CHL27 is not attributable to a
specific repression of its gene expression.
Additionally, also the expression of several LHC iso-

forms, of nucleus-encoded subunits of the different pho-
tosynthetic complexes, and of proteins of the antioxidative
system of the chloroplast was determined (Fig. 7B). De-
spite the decreased accumulation of the LHC proteins,
expression of Lhca1, Lhca6, Lhcb2, Lhcb3, and Lhcb6 was
increased 2- to 3-fold in the strong antisense line LCAA4,
and for antisense line LCAA3, a similar (although some-
what weaker) tendency toward increased transcript
abundances was found, clearly showing that decreased
LHC protein accumulation cannot be attributed to de-
creased gene expression. Also for AtpD (encoding the
d-subunit of chloroplast ATP synthase), PetC (encoding
the essential Rieske iron-sulfur protein of the cyto-
chrome b6f complex), and the two isoforms of PsbO and
PsaD, an approximately 2-fold increase in transcript
accumulation was found in the strongest antisense line.
Two genes encoding enzymes of the antioxidative sys-
tem in the chloroplast, Apx (for ascorbate peroxidase)
and Fsd1 (the major chloroplast isoform of the super-
oxide dismutase), were also significantly up-regulated
in the antisense lines LCAA3 and LCAA4.

Bimolecular Fluorescence Complementation Assays
Suggest a Direct Interaction between LCAA and CHL27

As the specific loss of CHL27 protein accumulation
in the stronger antisense lines cannot be attributed to

repressed Chl27 gene expression, we next considered
the possibility that a direct protein-protein interaction
between LCAA and CHL27 is necessary for the stable
accumulation of the CHL27 subunit of the cyclase.
Therefore, we used bimolecular fluorescence comple-
mentation to test for a physical interaction of both
proteins (Fig. 8). To this end, the coding regions of
LcaA and Chl27 were fused to the N- and C-terminal
halves of the enhanced VENUS variant of the yellow
fluorescent protein (Waadt et al., 2008). After transient
cotransformation of the constructs into Nicotiana ben-
thamiana leaves (Gehl et al., 2009), restored yellow fluo-
rescent protein fluorescence was observed in chloroplasts
of transformants expressing both LCAA and CHL27,
while no fluorescence was restored when the two halves
of VENUS were fused to CHL27 alone, indicating that
CHL27 does not form homodimers. Interestingly, when
both halves of VENUS were fused to LCAA, again, a
fluorescence signal was restored, suggesting that in ad-
dition to interaction with CHL27, LCAA also forms
homodimers.

DISCUSSION

The genomes of higher plants encode 25,000 to 35,000
different proteins, and the functions of the vast majority
of these proteins have not been assigned to date. Even the
functions of more than one-half of the approximately
3,000 proteins located within the chloroplast, which ar-
guably is the most in-depth characterized plant organelle,
are still unknown. The identification and characterization
of essential proteins of unknown function in higher plants
is especially difficult, as knockout mutations will be lethal
and cannot be rescued by growth under mixotrophic
conditions. Therefore, Lein and coworkers (2008) gener-
ated a large collection of tobacco antisense plants, which
they screened for transformants displaying a strong
chlorotic phenotype and retarded growth. In tobacco,
the antisense repression of target genes is typically
much less severe than gene silencing achieved by RNA
interference approaches. Thus, this screen was ex-
pected to allow the identification of proteins whose
partial repression already results in strong physiolog-
ical defects. The identified candidates should exert
strong control of essential metabolic and cellular pro-
cesses. Besides many known gene products, also sev-
eral unknown proteins were identified in that screen

Table IV. Average concentrations and SD values of steady-state levels of chlorophyll precursors
(Mg porphyrins and Pchlide) of tobacco wild type and the four LCAA antisense lines

The samples for Pchlide analysis in darkness were harvested after a 15-h dark period.

Plant MgProtoIX MgProtoMME Pchlide Pchlide (Dark)

pmol g21 fresh wt

Wild type 24 6 11 11 6 3 678 6 149 6,156 6 674
LCAA1 55 6 19 252 6 187 309 6 34 4,499 6 610
LCAA2 163 6 97 2,110 6 1,883 400 6 88 4,213 6 646
LCAA3 451 6 72 3,994 6 904 127 6 11 1,878 6 645
LCAA4 125 6 26 1,261 6 305 133 6 16 1,163 6 200
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and later functionally characterized (Lein et al., 2008;
Albus et al., 2010; Arsova et al., 2010). Here, we have
characterized another of these unknown proteins in
detail. Due to its chlorotic phenotype, we called this
antisense transformant LCAA. The LCAA protein is
imported into chloroplasts, as supported by in silico
predictions for plastid-targeted transit peptides and by
the analysis of GFP fusion proteins (Fig. 3). Additionally,

orthologs of LCAA were retained in the chloroplast
genome in several algal species (Fig. 2).

The LCAA antisense plants are characterized by
their reduced chlorophyll contents per leaf area and
strongly increased chlorophyll a/b ratios (Table I). This
indicates that mainly the accumulation of the LHC
proteins is compromised. Immunoblots confirmed
the LHC deficiency (Fig. 4B). On a leaf area basis, the
abundance of the photosystems is also clearly reduced
in the strong antisense lines. However, the LHC re-
pression is much more pronounced (Table II; Fig. 4A).
Because the contents of the cytochrome b6 f complex,
plastocyanin, and the ATP synthase are less affected
(Table II; Fig. 4A), the capacity of photosynthetic
electron transport and the maximum quantum effi-
ciency of PSII are very similar in the wild type and all
LCAA antisense plants. Also, respiration is unaltered
(Table I). However, the quantum efficiency of CO2
fixation is increasingly reduced in the LCAA antisense
lines, which cannot be exclusively explained by a re-
duced leaf absorptance due to reduced total chloro-
phyll content (Table I). Rather, our data indicate an
imbalanced excitation of both photosystems, as shown
by the more rapid reduction of the plastoquinone pool
and the PSII acceptor side in the lines with stronger
phenotypes (Fig. 5B). This is well in line with the
stronger reduction in PSI than in PSII contents per leaf
area (Table II) and with the 77K chlorophyll a fluo-
rescence emission spectra (Fig. 5A), which also indicate
a reduced total PSI antenna cross-section relative to
PSII. Due to the severe reduction in the quantum ef-
ficiency of CO2 fixation, in the strongest antisense line
LCAA4, leaf assimilation rate at the growth light in-
tensity of 250 mE m22 s21 was reduced to less than 40%
of the rate observed in the wild type (Table I). This
explains the severe growth retardation of the antisense
lines.

Phylogenetic Considerations Suggest a Role of LCAA in
Chlorophyll Biosynthesis

At first glance, the physiological phenotypes of LCAA
antisense plants bear close resemblance to mutants im-
paired in LHC biogenesis or thylakoid membrane inser-
tion via the cpSRP-cpFtsY-Albino3-dependent pathway
(Klimyuk et al., 1999; Hutin et al., 2002) as well as to
mutants with impaired synthesis of total chlorophyll or,
more specifically, chlorophyll b. Effects of reduced
chlorophyll synthesis on the accumulation of the
photosynthetic complexes were first analyzed in plants
grown under intermittent light conditions, when the
light-dependent step of chlorophyll synthesis catalyzed
by POR becomes strongly rate limiting for chlorophyll
synthesis. Intermittent-light-grown plants are largely de-
void of LHC proteins, as LHC apoproteins are unstable in
the thylakoid membranes and rapidly degraded (Cuming
and Bennett, 1981). The photosynthetic electron transport
chain functions normally in these plants (Jahns and Junge,
1992). Similar phenotypes were also observed in several
mutants with reduced rates of chlorophyll synthesis

Figure 6. ALA synthesis rate and accumulation of key enzymes of
tetrapyrrole biosynthesis. A, ALA synthesis rates as determined in to-
bacco leaf discs after incubation in 40 mM levulinic acid under con-
tinuous white light (120 mE m22 s21) at 22˚C for 4 h. LCAA mutants
possess a higher ALA synthesis rate than control tobacco plants. B,
Immunoblots against representative enzymes of the tetrapyrrole bio-
synthesis pathway. Total protein was extracted from leaves, and equal
protein amounts were loaded. The measured enzymes are GluTR,
GSAT, the Mg chelatase subunit CHLD, the CHLH subunit of the Mg
chelatase, the CHLM subunit of the Mg protoporphyrin methyltrans-
ferase, the CHL27 subunit of the MgProtoMME cyclase, and POR.
Additionally, LIL3 and NTRC were included. LIL3 stabilizes the ger-
anylgeranyl reductase involved in the late steps of chlorophyll bio-
synthesis, and NTRC protects the MgProtoMME cyclase against
oxidative stress. LCAA antisense lines contain elevated LIL3 and NTRC
contents, which parallel the increased contents of GluTR, CHLH,
CHLM, and POR. WT, Wild type.
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(Falbel and Staehelin, 1994; Falbel et al., 1996; Tottey et al.,
2003): chlorophyllide a oxygenase, which catalyzes the
highly regulated step of chlorophyll(ide) a-to-chlorophyll
(ide) b conversion, has a relatively low affinity for chlo-
rophyll(ide) a. In consequence, chlorophyll b synthesis
becomes more active when chlorophyll a-binding sites
of the reaction center proteins are saturated. For this
reason, a modest restriction in chlorophyll synthesis
primarily affects LHC accumulation, while strong re-
strictions also impair the accumulation of other pho-
tosynthetic complexes (Hansson and Jensen, 2009; Kim
et al., 2009; Dall’Osto et al., 2010).
As the phenotypes observed for the LCAA antisense

lines are compatible with both a role of LCAA in LHC
biogenesis and a role in chlorophyll synthesis, which
could either be a general one or one specifically affecting
the interconversion of chlorophyll(ide) a to chlorophyll
b, we had to distinguish between these scenarios. The
phylogenetic distribution of LCAA already strongly ar-
gues in favor of a role in general chlorophyll synthesis:
apart from green algae, mosses, and higher plants,
LCAA is highly conserved in most cyanobacteria and
in rhodophyta, which do not have LHC antenna pro-
teins. However, six Prochlorococcus species adapted
to low-light environments do not contain an LCAA
homolog (Castruita et al., 2011).
Circumstantial evidence for a role of LCAA in chloro-

phyll synthesis instead of LHC apoprotein biogenesis
also comes from our finding that not all LHC proteins
were affected to the same extent (Fig. 4B), which is sim-
ilar to LHC accumulation defects described in mutants
with general reductions in the Mg branch of tetrapyrrole
biosynthesis or diminished chlorophyll b synthesis ca-
pacity (Tanaka and Tanaka, 2011). On the other hand,
mutants with reduced availability of chlorophyll due to
the antisense repression of GSAT display a simultaneous
reduction of PSII and PSI reaction centers and their an-
tenna complexes, so that the chlorophyll a/b ratio re-
mains constant, despite strong reductions in chlorophyll
accumulation (Härtel et al., 1997). As, in contrast, the
LCAA antisense plants show a gradually reduced

chlorophyll accumulation with an increasing chloro-
phyll a/b ratio and a drastic reduction in the LHC
protein content, this might point to a function of LCAA
in one of the later steps of chlorophyll biosynthesis. To
unequivocally assign LCAA function to one of the later
steps of chlorophyll biosynthesis, we directly measured
chlorophyll synthesis rates and the accumulation levels
of different intermediates of chlorophyll biosynthesis.

LCAA Is Required for the MgProtoMME Cyclase Reaction

Determination of chlorophyll biosynthesis interme-
diates suggests that the primary defect caused by LCAA
deficiency is an impairment of the cyclase reaction, as
indicated by the accumulation of MgProtoMME and re-
duced levels of Pchlide both after ALA feeding (Table III)
and under steady-state conditions (Table IV). This re-
sembles Arabidopsis and tobacco mutants deficient in the
CHL27 subunit of the cyclase (Tottey et al., 2003; Peter
et al., 2010), which also show a pale-green phenotype.
Due to the resemblance of CHL27- and LCAA-deficient
plants, we determined if the accumulation of CHL27 is
compromised in LCAA antisense lines. While most other
enzymes of tetrapyrrole biosynthesis accumulated nor-
mally or even to higher levels than in the wild type, the
accumulation of the CHL27 protein was specifically de-
creased in the LCAA antisense plants (Fig. 6B; see below).
Because the specific loss of CHL27 could not be attributed
to a repression of Chl27 mRNA accumulation (Fig. 7A),
we assumed that LCAA is essential for the stable ac-
cumulation of CHL27 and the cyclase protein complex.
Indeed, bimolecular fluorescence complementation
assays (Fig. 8) support a physical interaction between
LCAA and CHL27. Interestingly, in addition to inter-
action with CHL27, LCAA also seems to interact with
itself, forming homodimers or even oligomers.

These observations are well in line with a recent
analysis of Synechocystis sp. PCC 6803 knockdown
mutants of the cyanobacterial LCAA homolog, ycf54,
which was published while this paper was in revision
(Hollingshead et al., 2012). Inactivation of ycf54 via

Figure 7. qPCR analyses to quantify transcript ac-
cumulation levels of genes involved in tetrapyrrole
biosynthesis, photosynthetic light reactions, and the
antioxidative system of chloroplasts. Detailed in-
formation on primer design and on the closest
Arabidopsis homologs of the analyzed genes is
provided in Supplemental Table S1. The top panel
shows genes involved in tetrapyrrole biosynthesis
displayed in the sequence of the chlorophyll bio-
synthesis pathway. The bottom panel shows genes
for light-harvesting complex proteins, photosyn-
thetic complex subunits, and antioxidative enzymes
in the chloroplast. WT, Wild type.
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gene disruption with an erythromycin resistance cas-
sette resulted in chlorophyll deficiency and high ac-
cumulation levels of MgProtoMME, similar to our results
in higher plants. Also, loss of the major homolog of
CHL27 in Synechocystis sp. PCC 6803, Sll1214, was
observed. Ycf54 in Synechocystis sp. PCC 6803 localizes
both to the thylakoid membrane and in the stroma. For
LCAA, such a distribution is tentatively supported by
our experiments showing an equal distribution of LCAA-
GFP throughout the chloroplast (Fig. 3). Therefore, the
function of LCAA/ycf54 seems to be highly conserved
from cyanobacteria to higher plants.

Deficiency of LCAA Affects ALA Synthesis and the
Accumulation of Proteins in Tetrapyrrole Biosynthesis

LCAA down-regulation not only compromises the
accumulation of CHL27 and the catalytic formation of
Pchlide, as indicated by accumulated MgProtoMME
and reduced steady-state levels of Pchlide (Table IV)
and chlorophyll (Table I), it also affects the accumu-
lation of several other proteins of tetrapyrrole metab-
olism (Fig. 6B), which turned out to be more abundant
upon reduced LCAA expression. In particular, an in-
creased abundance of GluTR, CHLH, and POR was
observed. These proteins are positioned at important
regulatory steps of the tetrapyrrole metabolism. GluTR
is the initial enzyme of the pathway, the CHLH sub-
unit of Mg chelatase is at the branch point for the

allocation of protoporphyrin IX to heme or chlorophyll
biosynthesis, and POR is the enzyme for the light-
dependent reduction of Pchlide in dicotyledonous
plants. The increased GluTR levels coincide with in-
creased ALA synthesis rates (Fig. 6A), suggesting that
reduced LCAA expression could stimulate ALA syn-
thesis through a defective feedback-control mecha-
nism. This increased protein accumulation correlates
well with increased transcript amounts of all tested
enzymes of tetrapyrrole biosynthesis (Fig. 7). How-
ever, the correlation between transcript abundance,
protein accumulation, and the severity of the antisense
phenotype is discontinued from antisense line 3 to line
4. This could be due to secondary effects of the strong
reduction in chlorophyll content and the quantum ef-
ficiency of CO2 fixation in antisense line LCAA4. The
severe repression of the quantum efficiency of CO2
fixation in antisense line LCAA4 results in a more than
60% reduction in leaf assimilation at the growth light
intensity relative to the wild type. As a consequence, a
general bioenergetic limitation of growth and protein
biosynthesis may occur. The general up-regulation of
photosynthetic gene expression in the nucleus could be
due to the absence of negative signals arising from high
photoassimilate accumulation in mature source leaves of
wild-type tobacco (sugar sensing; for review, see Koch,
1996; Pego et al., 2000). However, the severe reduction in
the quantum efficiency of CO2 fixation especially in an-
tisense line LCAA4 might already bioenergetically limit

Figure 8. Bimolecular fluorescence complemen-
tation was applied to analyze the protein-protein
interaction of LCAA and CHL27 in chloroplasts.
The left column shows restored Venus fluores-
cence resulting from the interaction of candidate
proteins. The middle column shows chlorophyll
fluorescence representing chloroplasts. The right
column shows merged images demonstrating the
colocalization of restored Venus fluorescence and
chlorophyll fluorescence. These results show the
interaction of LCAA with CHL27 and the homo-
dimerization of LCAA. However, no homodime-
rization of CHL27 was detected.
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the capacity of the transformants for protein biosynthe-
sis, thereby resulting in decreased protein accumulation
levels, in spite of increased transcript abundances for the
enzymes of tetrapyrrole biosynthesis. A similar reduc-
tion in POR accumulation to that observed in the strong
LCAA4 antisense line was also reported for the Dycf54
mutant of Synechocystis sp. PCC 6803 (Hollingshead
et al., 2012). Our data suggest that this loss of POR
might also be an indirect effect of decreased photosyn-
thetic activity, which is not specifically attributable to a
function of LCAA in POR accumulation.

Potential Roles of LCAA

Based on our observations, two major roles of LCAA
are suggested. (1) LCAA is an essential component of a
functional cyclase and ensures chlorophyll biosynthe-
sis. While CHL27 resembles the catalytic subunit of
monooxygenase-related proteins, which also consist of
a reducing subunit and a scaffold subunit (Berthold
and Stenmark, 2003), no structural similarity of LCAA
to a reductase is apparent. Therefore, it is proposed
that LCAA functions as a scaffold protein that tethers
the cyclase reaction to other proteins of the pathway,
its regulators, or metabolites. Because of its tentative
suborganellar localization in both thylakoid mem-
brane and stroma, LCAA could represent either the
second membrane-associated component or the solu-
ble component of the cyclase system. However, in
the barley viridis-k mutant deficient in the second
membrane-associated cyclase subunit, accumulation of
CHL27 was unaltered or even increased (Rzeznicka
et al., 2005), strongly arguing against LCAA being this
second membrane-associated cyclase subunit. The
molecular mass of the soluble cyclase component was
suggested to be larger than 30 kD (Walker et al., 1991);
while this is larger than the LCAA monomer, the homo-
oligomerization of LCAA suggested by our bimolecular
fluorescence complementation analysis might explain
the size difference between the suggested soluble cy-
clase component and LCAA. Alternatively, LCAA
could be a fourth protein of the cyclase complex, for
which neither biochemical nor genetic evidence has
been obtained in previous studies. (2) In addition to its
role in the cyclase reaction, LCAA connects the cyclase
activity with ALA synthesis. Comparing the physio-
logical impact of inactivated expression of the two
putative subunits of the cyclase, LCAA silencing in
tobacco causes a different response of enzymes of tet-
rapyrrole biosynthesis than CHL27 deficiency in
transgenic tobacco plants, even though the visible
phenotypes are very similar. CHL27 antisense plants
do not show elevated levels of ALA biosynthesis and
do not accumulate GluTR and CHLH (Peter et al.,
2010). As both sets of transformants contain reduced
CHL27 protein levels, the different effects on tetra-
pyrrole biosynthesis in LCAA antisense plants must be
due to deficient LCAA expression resulting in either a
feedback-controlled stimulation or a release of the
suppression of ALA synthesis.

Future work will explore the potential interactions
of LCAA with other proteins of chlorophyll biosyn-
thesis and will investigate the assembly of chlorophyll
into the photosynthetic chlorophyll-binding proteins.
A functional interplay of the aerobic cyclase with other
components of chlorophyll synthesis could ensure
the integrity of chlorophyll metabolism and facilitate
the efficient assembly of chlorophyll into chlorophyll-
binding proteins.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Construction of the tobacco (Nicotiana tabacum) LCAA antisense vector and
phenotyping of transgenic plants was performed as described by Lein et al.
(2008). The antisense construct covering 21 bp of the 59 untranslated region,
the complete coding region, and 329 bp of the 39 untranslated region of LCAA
was expressed under the control of the cauliflower mosaic virus 35S promoter
and assembled in a plasmid vector as described. Correct insertion of the
cassette was verified by PCR with genomic DNA as template and primers
P35S (59-GTGGATTGATGTGATATCTCC-39) and POCS (59-GTAAGGATCT-
GAGCTACACAT-39) followed by direct sequencing of the PCR products
(Lein et al., 2008). Tobacco transformation by Agrobacterium tumefaciens-
mediated gene transfer using A. tumefaciens strain C58C1:pGV2260 was car-
ried out as described (Rosahl et al., 1987). For all experiments, plants were
raised from seeds germinated on petri dishes containing Murashige and Skoog
medium supplemented with 2% (w/v) Suc and 300 mg mL21 kanamycin. Wild-
type seedlings were grown on the medium without kanamycin. Fourteen days
after germination, the seedlings were transferred to a soil:vermiculite mixture (2:1;
Florargard Vertriebs GmbH) and grown in a controlled-environment chamber at
120 mE m22 s21 light intensity, 22°C, and 75% relative humidity under long-day
conditions (16 h of light). In the night, the temperature was reduced to 18°C. After
another 2 weeks, plants were transferred to the greenhouse. Light intensity at the
level of the youngest leaves was approximately 250 mE m22 s21.

Northern-Blot Analysis

RNA was extracted from leaves using the peqGold Trifast reagent (Peqlab).
Samples equivalent to 2.5 mg of RNA were separated on 1% formaldehyde-
containing agarose gels and blotted onto Hybond-XL nylon membranes.
An LCAA-specific probe was generated by PCR amplification from tobacco
cDNA with the primers LCAAfw (59-GCTGTTGATTCCTCTGAGCCT-39) and
LCAArv (59-GGAGTACATGCCAAAGCTTC-39). For hybridization, [a-32P]
dCTP-labeled probes were generated by random priming (Multiprime DNA
labeling kit; GE Healthcare). Hybridizations were carried out at 65°C in Rapid
Hybridization Buffer (GE Healthcare) following the manufacturer’s protocol.
Hybridization signals were detected by x-ray film exposure.

qPCR Primer Design and Test

Annotated protein sequences of Arabidopsis (Arabidopsis thaliana) were
used to search against the translated EST database of tobacco using the Na-
tional Center for Biotechnology Information Web page (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). The identified ESTs were assembled using the SeqMan Pro
software (DNASTAR). To facilitate qPCR measurements, primers were de-
rived from sequences close to the 39 end of the coding regions using Quant-
Prime (Arvidsson et al., 2008) and the following parameters: melting
temperature of 60°C, amplicon length between 50 and 150 bp, and GC content
of 35% to 65%. The PCR specificity was confirmed by a melting-curve analysis
after 45 amplification cycles (LightCycler 480 Real-Time PCR System; Roche
Diagnostics) and by gel electrophoresis.

Real-Time Quantitative Reverse Transcription-PCR

For real-time quantitative reverse transcription-PCR analysis, total RNA
was extracted using the NucleoSpin RNA Plant Kit (Macherey-Nagel). The
eluted RNA was digested with TURBO DNase (Life Technologies). To test for
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the absence of DNA contaminations, an aliquot of the RNA sample was used
as template in a PCR using primers (forward, 59-ACGGGTCAATCTT-
CAACCAG-39; reverse, 59-CAGAAAGCGTTTGATCAGCA-39) targeting the
tobacco vacuolar invertase gene (AJ305044). All RNA samples were tested
alongside a positive control using genomic DNA of tobacco. After the absence
of DNA contaminations was confirmed, RNA integrity was checked on a 1%
denaturing agarose gel. One microgram of total RNA was subsequently used
for cDNA synthesis with SuperScriptIII reverse transcriptase (Life Techno-
logies) according to the manufacturer’s instructions. Quantitative reverse
transcription-PCR was performed on optical 384-well plates with a Light-
Cycler 480 Real-Time PCR System (Roche Diagnostics). The reactions con-
tained 2.5 mL of LightCycler 480 SYBR Green I Master (Roche Diagnostics),
500 nM of each gene-specific primer, and 0.5 mL of cDNA in a 1:100 dilution,
resulting in a total reaction volume of 5 mL. The following thermal profile was
used for all PCR reactions: 95°C for 10 min, 45 cycles of 95°C, 60°C, and 72°C
for 10 s at each temperature step. The melting curve was recorded after cycle
45 by heating from 65°C to 95°C with a ramp speed of 0.11°C s21. The
LightCycler 480 Software (Roche Diagnostics) was used for data analysis. The
cycle in which the fluorescence of a sample exceeded the background, called
the “crossing point,” was calculated using the second derivative maximum
method. For each primer pair, a standard curve was run in parallel to the ana-
lyzed samples. Each standard curve consisted of four different dilutions (1:20,
1:100, 1:1,000, 1:10,000) of wild-type cDNA. The relative template input was
calculated based on the standard curve for each primer pair. To ensure correct
normalization of the investigated genes, we tested the expression of 10 different
genes suggested for use as reference genes in Arabidopsis (Czechowski et al.,
2005) and tobacco (Schmidt and Delaney, 2010) and ranked them by their ex-
pression stability using geNorm (Vandesompele et al., 2002). Three reference
genes showing the most stable gene expression in all four LCAA antisense lines
and the corresponding wild type were chosen for normalization of our experi-
ments: Actin, a SAND family protein (homologous to AT2G28390), and a clathrin
adaptor subunit (homologous to At5g46630). Three technical replicates were
measured for each of the four biological replicates analyzed per antisense line.

Bimolecular Fluorescence Complementation Assay

Coding regions of LCAA and Chl27 from Arabidopsis cDNA were both
cloned into destination vectors pDEST-GWVYNE (G1) and pDEST-GWVYCE
(G3) (Gehl et al., 2009). Constructs were transiently cotransformed into Nico-
tiana benthamiana leaves with A. tumefaciens GV2260 at an optical density of 0.2
for each strain. Plants were kept for 2 d in dark before analysis of infected leaf
discs by confocal microscopy (excitation at 514 nm wavelength, emission of
Venus at 525–600 nm, emission of chlorophyll at 620–700 nm).

Gas-Exchange Measurements

Leaf assimilation was measured on intact tobacco plants using the GFS-
3000FL gas-exchange system equipped with the standard measuring head
3010-S (8-cm2 leaf area) and the LED-Array/PAM-fluorometer module
3055-FL for actinic illumination and chlorophyll a fluorescence determination
(Heinz Walz). Light-response curves of CO2 fixation were measured at 20°C
cuvette temperature, 17,500 mL L21 humidity, in 2,000 mL L21 CO2. The light
intensity was stepwise increased from 0 to 2,000 mE m22 s21. At each light
intensity, gas exchange was recorded until a steady state of assimilation and
transpiration was achieved. The quantum efficiency of CO2 fixation was de-
termined in the linear light-response range between 0 and 80 mE m22 s21. After
the end of the gas-exchange measurements, leaf absorptance was determined
using an integrating sphere (ISV-469; Jasco) attached to the V550 spectro-
photometer (Jasco). The spectral bandwidth was set to 1 nm, and the scanning
speed was 200 nm min21. Transmission and reflectance spectra were mea-
sured between 700 and 400 nm wavelength, and leaf absorptance was calcu-
lated as 100% – transmittance (%) – reflectance (%). Finally, the chlorophyll
content of the measured leaf discs was determined according to Porra et al.
(1989) in 80% (v/v) acetone.

Thylakoid Membrane Isolation and Quantitation of
Photosynthetic Complexes

Thylakoid membranes were isolated according to Schöttler et al. (2004). The
contents of PSII and cytochrome b6f were determined from difference absor-
bance signals of cytochrome b559 (PSII) and cytochrome f and b6. Thylakoids
equivalent to 50 mg chlorophyll mL21 were destacked in a low-salt medium to

improve the optical properties of the probe (Kirchhoff et al., 2002). All cyto-
chromes were oxidized by the addition of 1 mM potassium ferricyanide (+III)
and subsequently reduced by the addition of 10 mM sodium ascorbate and
dithionite, resulting in the reduction of cytochrome f and the high-potential
form of cytochrome b559 (ascorbate-ferricyanide difference spectrum) and of
cytochrome b6 and the low-potential form of cytochrome b559, respectively. At
each redox potential, absorption spectra were measured between 575 and
540 nm wavelength with a V-550 spectrophotometer (Jasco) equipped with a
head-on photomultiplier. The spectral bandwidth was 1 nm, and the scanning
speed was 100 nm min21. Difference absorption spectra were deconvoluted
using reference spectra and difference extinction coefficients as described
by Kirchhoff et al. (2002). PSII contents were calculated from the sum of the
high- and low-potential difference absorption signals of cytochrome b559
(Lamkemeyer et al., 2006). The content of redox-active PSI was determined
from light-induced difference absorption changes of P700, the PSI reaction
center chlorophyll a dimer. Thylakoids equivalent to 50 mg chlorophyll mL21

were solubilized with 0.2% (w/v) b-dodecyl maltoside in the presence of
100 mM paraquat as electron acceptor and 10 mM sodium ascorbate as electron
donor. P700 was oxidized by the application of a saturating light pulse
(2,000 mE m22 s21 red light, 200-ms duration). Measurements were done using
the Dual-PAM instrument (Heinz Walz) in its Plastocyanin-P700 version (see
below). Plastocyanin contents, relative to P700, were determined by in vivo
difference absorption spectroscopy in the far-red range of the spectrum and
then recalculated based on the absolute P700 quantification in isolated thyla-
koids. Light-induced absorption changes at 800 to 870 nm wavelength (where
the contribution of P700 is predominant) and at 870 to 950 nm wavelength
(predominantly arising from plastocyanin) were measured on preilluminated
leaves with fully activated Calvin cycle, to avoid acceptor side limitation of
PSI (Schöttler et al., 2007).

Chlorophyll a Fluorescence

77K chlorophyll a fluorescence emission was determined on freshly iso-
lated thylakoids equivalent to 10 mg chlorophyll mL21 using a F-6500 fluo-
rometer (Jasco). The sample was excited at 430 nm wavelength (10 nm
bandwidth). The emission spectra between 655 and 800 nm were recorded
with a bandwidth of 1 nm. Chlorophyll a fluorescence of intact leaves was
measured at room temperature using a Dual-PAM-100 instrument (Heinz
Walz). Light-response curves of nonphotochemical quenching, and the redox
state of the PSII acceptor side were recorded on intact leaves after 30 min of
dark adaptation. The redox state of the PSII acceptor side was calculated from
the qL parameter (Kramer et al., 2004), while qN was determined according to
Krause and Weis (1991).

Protein Gel Electrophoresis and Immunoblotting

Thylakoid proteins separated by SDS-PAGE (Perfect Blue twin gel system;
Peqlab) were transferred to a polyvinylidene difluoride membrane (Hybond P)
using a tank blotting system (Perfect Blue Web M; PeqLab). Immuno-
biochemical detection was carried out with the enhanced chemiluminescence
system (GE Healthcare) according to the instructions of the manufacturer. All
antibodies against components of the photosynthetic apparatus were pur-
chased from Agrisera. To analyze proteins involved in tetrapyrrole synthesis,
leaf samples were ground in liquid nitrogen and proteins were extracted in 500
mL of extraction buffer (2% [w/v] SDS, 56 mM Na2CO3, 12% [w/v] Suc, 56 mM

dithiothreitol, and 1 mM EDTA, pH 8.0) for 10 min at 75°C and centrifuged.
The protein concentration was determined with the bicinchoninic acid reagent
(Thermo Scientific). Soluble proteins were separated on 8% or 12% polyacry-
lamide gels, transferred to Hybond-C membranes (GE Healthcare), and pro-
bed with antibodies raised against enzymes of tetrapyrrole biosynthesis.
Antibodies against GluTR, GSAT, CHLM were made in the Grimm labora-
tory. Anti-pea (Pisum sativum) CHLD and CHLH antibodies were kindly
provided by Prof. M. Luo (Huazhong Agricultural University); anti-NTRC
and anti-LIL3 antibodies were kindly provided by Prof. E. Rintamaki (Uni-
versity of Turku) and Prof. R. Tanaka (Hokkaido University), respectively.
Anti-CHL27 and POR were purchased from Agrisera.

Analysis of ALA-Synthesizing Capacity

The rate of ALA synthesis was measured according to Mauzerall and
Granick (1956), and experiments with leaf samples were performed according
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to protocols described previously (Papenbrock et al., 1999; Shalygo et al.,
2009).

ALA Feeding Experiments

Tobacco leaf discs were incubated in 1 mM ALA (50 mM HEPES, pH 7.5).
The incubation was carried out under continuous white light (30 mE m22 s21)
at 22°C for 24 h. Subsequently, leaf discs were dried, weighed, and frozen in
liquid nitrogen.

Determination of Mg Porphyrins and Pchlide Contents

Porphyrins were extracted in acetone:methanol:0.1 N NH4OH (10:9:1,
v/v/v) and analyzed via HPLC as described by Papenbrock et al. (1999). For
Pchlide extraction, leaf samples were weighted, frozen, ground in liquid
nitrogen, and extracted twice in alkaline acetone (9:1 100% acetone:0.1 N

NH4OH). Aliquots of the supernatants were applied to the Agilent HPLC
System 1290 and separated by a reverse-phase column (Waters WAT036975,
Nova-Pak C18; 4 mm, 150 3 3.9 mm, flow rate of 1.0 mL min21) using solvents
A (20% 1 M ammonium acetate, pH 7.0, 80% methanol [v/v]) and B (20%
acetone, 80% methanol [v/v]) with the following program: 9-min linear gra-
dient from 100% A to 60% A/40% B, continued for 6 min with 100% B, then
returned to 100% A within 1 min, followed by an additional 6 min with sol-
vent A. Fluorescence detection and Pchlide quantification were performed
according to Richter et al. (2010a).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Overview of forward (F) and reverse (R) primers
used for the qPCR analyses shown in Figure 7.
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