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A plastidic ABC protein involved
in intercompartmental communication
of light signaling
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Plants perceive light via specialized photoreceptors of which the phytochromes (phyA-E), absorbing far-red (FR)
and red light (R) are best understood. Several nuclear and cytoplasmic proteins have been characterized whose

deficiencies lead to changes in light-dependent morphological responses and gene expression. However, no
plastid protein has yet been identified to play a role in phytochrome signal transduction. We have isolated a
new Arabidopsis mutant, laf (long after FR) 6, with reduced responsiveness preferentially toward continuous
FR light. The disrupted gene in Iafé encodes a novel plant ATP-binding-cassette (atABC1) protein of 557
amino acids with high homology to ABC-like proteins from lower eukaryotes. In contrast to lower eukaryotic
ABCs, however, atABC1 contains an N-terminal transit peptide, which targets it to chloroplasts. atABC1
deficiency in laf6 results in an accumulation of the chlorophyll precursor protoporphyrin IX and in
attenuation of FR-regulated gene expression. The long hypocotyl phenotype of laf6 and the accumulation of
protoporphyrin IX in the mutant can be recapitulated by treating wild-type (WT) seedlings with flumioxazin, a
protoporphyrinogen IX oxidase (PPO) inhibitor. Moreover, protoporphyrin IX accumulation in
flumioxazin-treated WT seedlings can be reduced by overexpression of atABC1. Consistent with the notion
that ABC proteins are involved in transport, these observations suggest that functional atABC1 is required for
the transport and correct distribution of protoporphyrin IX, which may act as a light-specific signaling factor
involved in coordinating intercompartmental communication between plastids and the nucleus.
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Because of their photosynthetic and nonmotile nature,
plants need to be particularly adaptable to their light
environment. Light provides both energy for photosyn-
thesis and informational signals to optimize growth and
development from seed germination through adult life.
The perception of light is accomplished through the use
of specialized photoreceptors of which the phyto-
chromes (phy) are best understood (Kendrick and Kro-
nenberg 1994). Phytochromes are encoded by a small
gene family (Pratt 1994). In Arabidopsis, five phyto-
chrome genes have been identified (phyA-E) that per-
ceive R and FR light and that exist as photoconvertible R
(P,) and FR (P;,) forms. Absorption of photons causes phy-
tochrome to undergo a photoreversible conformational
change converting the molecule into the biologically ac-
tive Py, form (Furuya 1993; Quail et al. 1995; Neff et al.
2000). The activated phytochrome (P;,) can subsequently
relay information and act as an activator of the down-
stream signaling pathway leading to the appropriate
physiological and molecular responses.
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Using phytochrome-deficient mutants, the distinct
roles of individual phytochromes have been unraveled.
PhyA-deficient mutants are impaired in FR light re-
sponses (Whitelam et al. 1993), making it evident that
phyA, a light-labile phytochrome (Furuya 1989, is re-
sponsible for FR sensing. In contrast, the light-stable
phytochromes phyB-E have been shown to be involved in
different aspects of R light responses.

Although our understanding of phytochrome action is
good, insight into how the perceived light signals are
transduced leading to morphological responses and al-
tered gene expression patterns remains sparse. Several
approaches have been taken to unravel downstream sig-
naling events. Pharmacological approaches have been ap-
plied that have suggested an involvement of G-proteins,
c¢GMP, and calcium as mediators of light-regulated gene
expression (Neuhaus et al. 1993; Bowler et al. 1994). A
second approach has involved the identification of phy-
tochrome interacting proteins. To date, three phyto-
chrome interacting proteins have been identified, PIF3
(Ni et al. 1998), PKS1 (Fankhauser et al. 1999), and
NDPK2 (Choi et al. 1999), interacting not only with
phyA but also with phyB.

Genetic screens have identified numerous mutants
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showing light-dependent phenotypes (cf. Fankhauser and
Chory 1998; Neff et al. 2000). In terms of phyA-specific
downstream signaling mutants, showing effects only to-
ward FR light, fhy1, fhy3, spal, fin2, farl, patl, fin219,
and eidl have been identified (Whitelam et al. 1993;
Hoecker et al. 1998, 1999; Soh et al. 1998; Hudson et al.
1999; Bolle et al. 2000; Buche et al. 2000; Hsieh et al.
2000). However, to date, only spal, farl, patl, and fin219
have been characterized at the molecular level. More-
over, these four mutants have all been shown to be dis-
rupted in early acting components of the phyA signaling
pathway. In contrast to the nuclear localization of SPA1
and FAR1, PAT1 and FIN219 are cytoplasmic proteins.

To date, no plastid-localized phytochrome-signaling
component has been identified. PhyA signaling compo-
nents characterized so far at the molecular level have
been shown to be nuclear or cytoplasmic and to interact
either with the photoreceptors themselves or to act early
in the signaling pathway. An important light-dependent
developmental pathway involves the transition of non-
photosynthetically active proplastids into photosyn-
thetically active chloroplasts (Kendrick and Kronenberg
1994). This process involves coordinated expression of
both plastidic and nuclear genes and subsequent trans-
location of nuclear-encoded proteins into developing
chloroplasts (Chen and Schnell 1999; Bauer et al. 2000).
This finely tuned light-regulated developmental program
requires precise communication between the nucleus
and plastids where the former senses the functional state
of the latter and orchestrates subsequent morphological
and molecular manifestations (Oelmuller et al. 1986;
Oelmuller 1989; Susek et al. 1993; Lopez-Juez et al. 1998;
Streatfield et al. 1999). Indeed, it has been shown that the
herbicide Norflurazon, which impairs chloroplast func-
tionality, results in reduced expression of the nuclear
encoded genes Lhcb (chlorophyll a/b-binding protein)
and Rbcs (small subunit of ribulose bisphosphate carbox-
ylase) (Oelmuller 1989; Susek et al. 1993). One class of
Arabidopsis mutants has been identified that shows re-
duced Lhcb expression and defective chloroplast devel-
opment, suggesting a close connection between plastid-
and phytochrome-regulated nuclear gene expression
(Lopez-Juez et al. 1998). One of these mutants has now
been cloned, and CUE1 encodes a plastid localized phos-
phoenolpyruvate/phosphate translocator involved in
mesophyll cell development (Streatfield et al. 1999).
However, it is still unclear what role plastids have in
photomorphogenic responses such as hypocotyl elonga-
tion and in controlling nuclear gene expression.

To identify new components of the phyA signaling
pathway, we screened Arabidopsis mutants for reduced
responsiveness toward FR light irradiation. Here we de-
scribe the isolation of Iaf (long after FR) 6, a mutant
preferentially affected toward FR light responses. LAF6
encodes a novel plant ATP-binding-cassette (atABCI1)
protein with high homology to small ABC-like proteins
found in lower eukaryotes. The atABC1 transcript is in-
duced by phyA, and the deficiency of atABC1 in laf6
results in a preferential attenuation of phyA-regulated
responses. Furthermore, atABCI1 localizes to plastids,

laf6, a light signal transduction mutant

and one consequence of the mutant lesion is a deficiency
in chlorophyll and an accumulation of the chlorophyll
precursor protoporphyrin IX. In addition, flumioxazin-
treated WT seedlings, showing increased protoporphyrin
IX levels, phenocopy the Iafé hypocotyl mutant pheno-
type. atABC1 represents an example of a plastid-local-
ized component that may be involved in the intercom-
partmental communication between the nucleus and
plastids for light signaling.

Results
Mutant screening and isolation

We screened ~10,000 individual T2-generation Arabi-
dopsis Ds insertion mutants (Sundaresan et al. 1995; Pa-
rinov et al. 1999) for elongated hypocotyls after 3 d of FR
irradiation (FR-hf; 5.5 pmol m™; Bolle et al. 2000).
Twenty putative mutants displayed a FR-specific long
hypocotyl phenotype in the following T3 generation. To
determine genetic linkage between the mutant pheno-
type and the Ds insertion, we back crossed the 20 long-
hypocotyl mutants to the isogenic WT (Ler). Segregation
analysis and subsequent PCR amplification of the Ds
element from F2 seedlings displaying FR-specific long
hypocotyls demonstrated that six mutants showed co-
segregation of the Ds element with the mutant pheno-
type. In contrast to the pat mutants (Bolle et al. 2000),
these mutants designated as laf, are unable to green in
white light (WL) after a pre-FR treatment. Southern blot
analysis confirmed that all six mutants contained one
single Ds element (data not shown), and one recessive
mutant, laf6, was selected for further study.

FR responses are specifically attenuated in laf6

laf6 seedlings displayed an approximately twofold in-
crease in hypocotyl length (Ler ~3 mm, Iaf6 ~ 7.5 mm)
and reduced cotyledon expansion compared with the iso-
genic WT after FR-hf light irradiation (Fig. 1a). At low
fluences of FR light (FR-1f; 0.34 nmol m2) laf6 seedlings
showed a very similar phenotype to the isogenic WT (Fig.
la). These results demonstrate a fluence dependency and
an attenuation but not an elimination of responsiveness
toward FR light in the mutant. The observed fluence
dependency suggests that the disrupted protein in Iafé
may be rate limiting at high fluences of FR light but is
not essential during low fluences. This is in sharp con-
trast to phyA null mutants, which show a complete loss
of responsiveness toward FR light caused by the absence
of a functional phyA photoreceptor (Whitelam et al.
1993). The laf6 mutant phenotype is light dependent be-
cause no phenotypic differences could be detected be-
tween laf6 and WT seedlings in the dark (Fig. 1a).

To test the light specificity of the laf6 mutant pheno-
type, laf6 seedlings were irradiated with either high-flu-
ence red (R) light (R-hf; 6.5 umol m~2), low-fluence R
light (R-1f; 0.88 pmol m~2) or with blue (B) light (8.5 umol
m~2). Figure 1a shows that under these light conditions,
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Figure 1. Characterization of the laf6 mutant. (a) Percentage
inhibition of hypocotyl growth of WT and laf6 after irradiation
with B, R (R-hf; high fluence and R-1f; low fluence), and FR
(FR-hf; high fluence and FR-If; low fluence) for 7 d. The hypo-
cotyl length of dark grown (D) seedlings was used as the refer-
ence (0% inhibition). A 0% inhibition represents a hypocotyl
length of ~12.5 mm, and a 100% inhibition represents ~3 mm.
(b) Expression of phytochrome-regulated genes in WT and Ilafé
after 3 and 18 h of FR-hf light irradiation. (¢) Northern blot
analysis of phytochrome-regulated genes in WT and Iaf6 after 3
h of white (W; 15 pmol m™2), B, and R light irradiation. (d)
Phytochrome A levels in laf6. Western blot showing phyto-
chrome A levels in WT (Ler) compared to laf6. A phytochrome
A null mutant (phyA-201) is used as control.

only minor differences in hypocotyl length were ob-
served compared to WT, indicating that the laf6 mutant
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has reduced responsiveness preferentially toward FR
light.

The appropriate expression of the light-regulated genes
encoding chalcone synthase (Chs), ferredoxin NADP*
oxidoreductase (Fnr), and Lhcb is dependent on a func-
tional phytochrome-signaling pathway. Figure 1b shows
that expression of Chs, Fnr, and Lhcb was attenuated in
laf6 compared with WT at FR-hf irradiation, while no
differences were detected between Iaf6 and WT at FR-If
light (data not shown). These results extend the fluence
dependency observed in terms of laf6 hypocotyl elonga-
tion.

To test whether the observed attenuation of Chs, Fnr,
and Lhcb expression is specific to FR light irradiation,
transcript analysis was performed after 3 h of WL (15
umol m~2), B light, and R-hf light irradiation (Fig. 1c).
Under all the above light conditions, only minor differ-
ences were detected between laf6 and WT.

laf6 has normal phyA levels

Previous studies have conclusively demonstrated that
the levels of phytochromes have a proportional effect on
the sensitivity that seedlings display to light (Whitelam
and Devlin 1997). We therefore examined whether the
reduced sensitivity of Iafé toward FR light is caused by
decreased levels of phyA. Immunoblot analysis showed
no difference in phyA protein levels between WT and
laf6 seedlings grown in the dark (Fig. 1d). A phyA (phyA-
201) null mutant was used as a control. Although immu-
noblotting provides a way of estimating the levels of to-
tal phyA protein, phyA protein accumulation in Arabi-
dopsis is not necessarily linked to the availability of
phytochromobilin and, hence, the generation of photo-
active phytochrome. To test whether chromophore
availability was affected in laf6, we performed feeding
experiments where Iafé seedlings were grown in media
supplemented with phycocyanobilin, a light-harvesting
pigment from cyanobacteria that can substitute for phy-
tochromobilin (Parks and Quail 1991). No physiological
effect was observed when laf6 seedlings were treated
with FR light irradiation in the presence of this chromo-
phore (data not shown). This demonstrates that the lafé
mutant phenotype is most probably not a result of al-
tered photoactive phyA levels.

laf6 is disrupted in a gene encoding an ABC-like protein

The flanking region of the disrupted gene in lafé was
cloned by inverse PCR. DNA sequencing of the ampli-
fied flanking region and subsequent database searches
revealed that the Ds insertion site occured 24 bp up-
stream of the translational initiation site of a gene en-
coding a novel plant member of the ATP-binding-cas-
sette transporter (atABC1; Accession number AAD03441)
superfamily (Holland and Blight 1999) situated on chro-
mosome IV, 21 ¢cM from the RI marker mi306 (Fig. 2a).
Analysis of the genomic sequence encompassing
atABC1 revealed the presence of two exons and one in-
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Figure 2. Genomic structure of atABC1 and sequence alignment of small soluble ABC proteins. (a) Genomic structure of atABC1
showing the position of the Ds element insertion. Translation initiation (ATG) and termination (TAA) codons are indicated. (b) Amino
acid sequence alignment of small soluble ABC proteins from Arabidopsis (atABC1), Synechocystis sp. strain PCC6803 (synABC), and
Guillardia theta (guilABC) using the Clustal method and DNASTAR Megalign 4.0 software. Gaps are inserted to maximize identical
sequences. Identical amino acids in at least two of the sequences are shaded in black. The transit peptide is underlined and the putative

cleavage site is indicated by an arrow.

tron (Fig. 2a). A 1674-bp atABC1 cDNA was cloned by
RT-PCR using primers spanning the predicted ORF, and
the genomic exon/intron structure was confirmed by
DNA sequencing.

The location of the Ds insertion in the atABC1 se-
quence predicted that atABC1 transcript levels should
be severely affected in laf6. Indeed, Northern blot analy-
sis confirmed that the atABC1 transcript in laf6 is re-
duced to almost undetectable levels compared with WT
seedlings (Fig. 3b).

To ensure that the disruption of atABC1 in laf6 was
the bona fide cause of the mutant phenotype, we trans-
formed Iaf6 seedlings with a full-length atABC1 geno-
mic copy including ~1200 bp of the upstream promoter
region and ~80 bp of the 3' UTR. After FR-hf irradiation,
the resulting transgenic T3 seedlings showed near to
complete restoration (~80%) of WT hypocotyl lengths
(Fig. 3a), demonstrating that the deficiency of atABC1 is
indeed responsible for the laf6 phenotype.

atABC1 encodes a protein of 557 amino acids with
high homology (~80%) to the cyanobacterial Synecho-
cystis sp. strain PCC6803 ABC (Accession number

Q55790) and to chloroplast-encoded ABC-like proteins
from unicellular organisms such as the cryptophyte alga
Guillardia theta (Accession number AF041468.1; Fig.
2b). Although the overall similarity is very high among
these ABC-like proteins, atABC1 contains an N-terminal
extension absent in soluble ABC proteins of lower eu-
karyotes (Fig. 2b). The atABC1 N-terminal extension has
a high content of serine and threonine residues (~27%),
and computer prediction analysis (http://genome.cbs.
dtu.dk) indicated that this region may function as a chlo-
roplast-targeting transit peptide.

By contrast, the overall similarity of atABC1 to clas-
sical plant membrane-bound ABC transporter proteins,
such as atMRPI (Lu et al. 1997) and atMRP2 (Lu et al.
1998), is relatively low (~25%-35%). While classical
membrane-bound ABC transporters are typically ~1600
amino acids in length containing two membrane span-
ning domains (Lu et al. 1997, 1998), atABC1 is signifi-
cantly smaller and contains no membrane-spanning re-
gions. Therefore, atABC1 likely belongs to the subfamily
of small soluble ABC proteins that require an integral
membrane component as an interacting partner to ex-
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Figure 3. Complementation of laf6 with a full-length genomic
copy of atABC1. (a) Percentage inhibition of hypocotyl length of
WT (Ler), laf6, and several independent laf6é transgenic lines
(homozygous) harboring a genomic copy of atABC1 after FR-hf
irradiation for 7 d. The hypocotyl length of dark grown (D) seed-
lings was used as the reference (0% inhibition). A 0% inhibition
represents a hypocotyl length of ~13 mm, and a 100% inhibition
represents ~3.5 mm. (b) Expression analysis comparing atABC1
transcript levels in the complemented lines. The 18S rRNA was
used as a loading control.

ecute their function. Examples of small soluble ABC-like
proteins have been found in all species examined to date
and are mostly involved in import rather than export
reactions (Holland and Blight 1999).

atABCI1 is induced by phyA

Northern blot analysis revealed that atABC1 is ex-
pressed at an equal level in all tissues examined (data not
shown). WT seedlings grown in darkness showed a basal
level of atABC1 expression (Fig. 4), however, an approxi-
mately twofold induction of atABC1 transcript was ob-
served specifically after 18 h of FR-hf irradiation (Fig. 4).
There is also a slight induction of atABC1 transcript in
response to 18 h of R-hf irradiation. By contrast, no FR-
mediated atABC1 induction was observed in a phyA-
deficient mutant (Fig. 4; phyA [phyA-201]), demonstrat-
ing that the changes in atABC1 levels are induced spe-
cifically by phyA. Interestingly, in the phyA-deficient
mutant, atABC1 is induced by R-hf light (Fig. 4), sug-
gesting that in the absence of phyA, atABC1I induction
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can be mediated through phyB. In addition, atABC1 tran-
script levels were induced after 18 h of FR-hf light irra-
diation in a phyB-deficient mutant (phyB-5), while no
induction above basal levels was observed in response to
R-hf light (Fig. 4; phyB [phyB-5]). The observed FR-spe-
cific induction in the phyB-deficient mutant corrobo-
rates the FR-specific atABC1 induction seen in WT seed-
lings.

atABC1 contains a functional transit peptide
and localizes to plastids

We investigated whether the atABC1 N-terminal exten-
sion could function as a chloroplast transit peptide. To
this end, fusion genes encoding the full-length atABC1/
GFP and atABC1 lacking the 63-amino acid transit
peptide/GFP were generated and transiently expressed in
onion epidermal cells. Fluorescence analysis demon-
strated that full-length atABC1 localizes exclusively to
leucoplasts in onion epidermal cells (Fig. 5a). By con-
trast, the truncated version of atABC1, lacking the tran-
sit peptide, remained cytoplasmic (Fig. 5b). To ensure
that the plastidic localization of atABC1 represents a
genuine translocation event, the 63—-amino acid atABC1
transit peptide was fused to the N terminus of GFP, and
the fusion protein was found to localize to leucoplasts
(Fig. 5¢).

To further examine the subcellular localization of en-
dogenous atABC1 in chloroplasts, we generated anti-
atABC1 antibodies for in situ immunolocalization analy-
sis. Sections 5-8 um thick of leaves from 4-wk-old WL-
grown Iaf6 and WT seedlings were examined by
immunostaining. Specific staining was found in WT
chloroplasts (Fig. 5f), while as expected, no staining was
detected in Ilaf6 chloroplasts (Fig. 5e). At higher magni-
fications, it was clear that staining occurred at the pe-
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Figure 4. atABC1 gene expression analysis. Expression profiles
of the atABC1 transcript in darkness (4 d) and in response to
high-fluence FR-hf and R-hf light irradiation (3 and 18 h) in WT,
phyA (phyA-201)-, and phyB (phyB-5)-deficient seedlings.
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Figure 5. Plastidic localization of atABCI in transiently transformed onion epidermal cells and in Arabidopsis seedlings. (a—c) Onion
epidermal cells. (a) atABC1/GFP, (b) atABC1/GFP lacking the transit peptide (TP), (c) atABC1-TP/GFP. (d—f) Arabidopsis seedlings. (d)
Bright-field image of a thin section of a leaf from the laf6 mutant, (e) Epi-fluorescence image (exposure time 150 sec) of (d) incubated
with anti-atABC1 antiserum, (f) Epi-fluorescence image (exposure time 9 sec) of a thin section of a leaf from WT seedlings incubated
with anti-atABCI antiserum, (f1-f2) Regions from (f; arrow-heads) at higher magnification. (g) Hypocotyl chloroplasts from transgenic
Arabidopsis seedlings overexpressing atABC1/GFP. Bars: a,b,c = 100 pm; d,e,f = 10 pm; f1 = 6 um; f2 =3 pm; g =7 pm.
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riphery of the chloroplasts (Fig. 5{1-f2). In support of this
finding, analysis of transgenic Arabidopsis seedlings ex-
pressing a full-length atABCI1/GFP fusion protein
showed peripheral GFP fluorescence in hypocotyl chlo-
roplasts (Fig. 5g). The observation that atABC1 localizes
to the periphery of chloroplasts is consistent with the
notion that atABC1 likely interacts with an envelope
integral membrane component to function as a plastid-
localized transport system (Holland and Blight 1999).

The deficiency of atABC1 in laf6 results
in an accumulation of protoporphyrin IX

At early stages of development, laf6 seedlings are
slightly pale green compared with WT seedlings, and
chlorophyll measurements showed a ~40% decrease in
chlorophyll content in Iafé6 compared to WT (Fig. 6a).
This suggested that one consequence of atABC1 defi-
ciency in Ilafé6 is decreased chlorophyll accumulation. In
addition, it has been demonstrated that classical mem-
brane-bound plant ABC transporters are involved in
transport of various components such as glutathione S-
conjugates, bile salts, and chlorophyll catabolites (Lu et
al. 1997, 1998). In view of this, we examined whether the
deficiency of atABC1 in plastids results in altered trans-
port or distribution characteristics of chlorophyll biosyn-
thetic intermediates. It has also been shown that chlo-

B Ler |
W laf6 |
IFEj

Relative % of protoporphyrin IX and chlorophyll

b [ProtoIXratio Farredlight _ Redlight __ Darkness _
Ler/lafs 1.8 2 1.98

SE (n) 0.36 (6) 0.32(5) 0.19(T)

Figure 6. Protoporphyrin IX and chlorophyll levels in WT and
lafé6 seedlings. (a) Protoporphyrin IX (Proto IX) levels and chlo-
rophyll content of WT (Ler), laf6, and a complemented trans-
genic line (co-Iaf6). The bar chart shows a representative experi-
ment under FR-hf (Proto IX) and R-hf light (chlorophyll) condi-
tions. (b) Protoporphyrin IX ratios between WT (Ler) and laf6
seedlings. The standard error (SE) and the number of experi-
ments (n) are given below the ratios.
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rophyll precursors, such as porphyrin compounds, can
prevent the accumulation of light-dependent transcripts
in Chlamydomonas (Johanningmeier 1988). The oxida-
tion of the chlorophyll biosynthesis intermediate proto-
porphyrinogen IX to protoporphyrin IX is catalyzed by
the envelope-associated protoporphyrinogen IX oxidase
(PPO; Matringe et al. 1992). Subsequent steps, leading
ultimately to chlorophyll generation in the thylakoid
membrane, occur within the plastid envelope and in the
thylakoids, indicating that this spatial separation of
events requires both correct distribution and transport of
intermediates within the envelope and from the enve-
lope to the thylakoids (Reinbothe and Reinbothe 1996).
Using fluorimetric analysis (Lermontova and Grimm
2000) we examined the steady-state protoporphyrin IX
levels in laf6 compared with WT seedlings. Figure 6
shows that laf6 seedlings have an approximately twofold
increase in protoporphyrin IX levels compared with WT
seedlings. Furthermore, spectrophotometric chlorophyll
measurements (Gegenheimer 1990) demonstrated al-
most a twofold reduction in chlorophyll content in Iafé
compared with WT (Fig. 6a). As a control, we performed
the same analysis on complemented Iaf6 seedlings (co-
laf6), which showed a restoration of WT protoporphyrin
IX and chlorophyll levels (Fig. 6a).

A PPO inhibitor can phenocopy laf6

Inhibition of PPO should result in the export of proto-
porphyrinogen IX to the cytoplasm followed rapidly by
cytoplasmic protoporphyrin IX accumulation caused
by the nonspecific oxidation of protoporphyrinogen IX
by plasma membrane-bound peroxidases (Jacobs and Ja-
cobs 1993; Lee et al. 1993). The accumulation of proto-
porphyrin IX in laf6 suggests that inhibition of PPO
should phenocopy laf6. To test this notion, we treated
WT seedlings with a wide range (0.1-10° nM) of the PPO
inhibitor flumioxazin (Arnould and Camadro 1998). As
expected, we detected an increase in protoporphyrin IX
levels with increasing flumioxazin concentration in FR
light and in darkness (Fig. 7b,d). In darkness, increased
protoporphyrin IX levels had a similar effect on both WT
and Iaf6 seedlings (Fig. 7c) in that the hypocotyl length
decreased in a concentration-dependent manner most
probably caused by an inhibitory effect on cell elonga-
tion. In response to FR-hf light, however, WT seedlings
treated with 1-100 nM flumioxazin displayed an in-
crease in hypocotyl length similar to untreated Iaf6 seed-
lings (Fig. 7a). This indicates that the hypocotyl pheno-
type of lafé can be phenocopied by artificially increasing
cytoplasmic protoporphyrin IX levels in WT seedlings.
Comparison of Figure 7a and 7b reveals a clear correla-
tion between increased protoporphyrin IX levels and hy-
pocotyl lengths in WT seedlings; as the protoporphyrin
IX levels increase, the hypocotyl length increases in a
dose-dependent manner. Interestingly, there was little
change in hypocotyl lengths of the laf6 mutant (Fig. 7a)
toward flumioxazin-induced protoporphyrin IX accumu-
lation (Fig. 7b). This is likely to be because of the fact
that Iaf6 seedlings already have increased protoporphy-
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oxazin concentrations on hypocotyl growth
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rin IX levels and that increasing the levels further has no
effect on hypocotyl elongation. Taken together, these ob-
servations argue that the effect of increased protoporphy-
rin IX levels on hypocotyl length is FR-light specific,
which corroborates the observed FR-specific hypocotyl
phenotype of laf6 (Fig. 1a).

Increased atABC1 levels result in reduced sensitivity
toward protoporphyrin IX

To further substantiate our findings, we examined what
effect increased atABC1 levels have on FR-induced hy-
pocotyl length and on protoporphyrin IX levels after flu-
mioxazin treatment. To this end, we generated trans-
genic Arabidopsis seedlings overexpressing an atABC1/
GFP fusion protein. To ensure that the overexpressed
version of atABCI localized to the correct subcellular
compartment, we monitored GFP fluorescence in trans-
genic seedlings and found that the atABC1/GFP fusion
protein localizes to the periphery of plastids (Fig. 5g), as
was shown for the endogenous atABC1 (Fig. 5f1-f2). WT
seedlings and transgenic seedlings overexpressing
atABCI1 (Fig. 8b; transgenic lines 2 and 3) were irradiated
with FR-hf light in the presence of 0.5 and 5 nM flumi-
oxazin (Fig. 8a) to artificially stimulate an increase in
protoporphyrin IX levels. Figure 8a shows that trans-
genic Arabidopsis seedlings with increased atABCl1 lev-
els (atABC1/GFP 2 and 3) display a significant reduction
in hypocotyl length compared to WT seedlings in re-
sponse to flumioxazin treatment. Moreover, this effect is

/A
0.01
1 10 100 103 104 105 o0 701 1 10 100 10° 10* 10°
Flumioxazin conc. (nM)

as log scales. Filled circles denote WT and
filled squares denote Ilafé.

more prominent in response to 5 nM flumioxazin, which
has been shown to increase protoporphyrin IX levels ap-
proximately fivefold compared with untreated seedlings
(Fig. 7b). As an additional control, we measured the hy-
pocotyl length in a transgenic line that showed the pres-
ence of the transgene (determined by PCR analysis; data
not shown) but that did not overexpress the atABCI-
GFP transcript (Fig. 8b, transgenic line 1) and found no
significant difference in FR-light induced-hypocotyl
length elongation compared to WT seedlings (Fig. 8a,
atABC1/GFP 1).

We also determined the effect of increased atABC1 lev-
els on protoporphyrin IX accumulation. WT seedlings,
transgenic line 1 (atABCI1/GFP 1; not overexpressing
atABC1/GFP) and transgenic lines 2 and 3 (atABC1/GFP
2 and 3; overexpressing atABC1/GFP) were treated with
100 nM flumioxazin. This concentration was chosen be-
cause we have shown that 100 nM flumioxazin leads to
a large increase in protoporphyrin IX levels (Fig. 7b). Un-
der these conditions, transgenic lines overexpressing
atABC1-GFP (atABC1/GFP 2 and 3; Fig. 8b) had a sig-
nificant reduction in protoporphyrin IX levels (2.2 ng/mg
fresh weight and 2.3 ng/mg fresh weight) compared with
WT seedlings (2.8 ng/mg fresh weight) and transgenic
line 1 (2.7 ng/mg fresh weight; atABC1/GFP 1; Fig. 8b).
The observed reduction of protoporphyrin IX levels in
the transgenic lines overexpressing atABC1-GFP repre-
sent a significant effect, as this reflects a decrease of
approximately two to three times the endogenous proto-
porphyrin IX amount in untreated seedlings. Taken to-
gether, these findings indicate that increased atABCI1
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Figure 8. The effect of increased atABCI levels on hypocotyl
growth (percentage inhibition) after FR-hf irradiation in the
presence of flumioxazin. (a) Bar chart showing inhibition of hy-
pocotyl growth (percentage inhibition) of WT (Ler), of transgenic
line 1 (atABC1/GFP number 1; not overexpressing atABC1/
GFP, as shown in b), and of transgenic lines 2 and 3 (atABC1/
GFP numbers 2 and 3; overexpressing atABC1/GFP as shown in
b) after 0.5 and 5 nM flumioxazin treatment. The average abso-
lute hypocotyl lengths (70-80 seedlings) after 5 mM flumioxa-
zin treatment are: Ler; 5.3 mm, Line 1; 5.4 mm, Line 2; 4.4 mm,;
Line 3; 3.9 mm. Note that WT seedlings show ~95% inhibition
of hypocotyl growth after 0.5 nM flumioxazin, as shown in Fig-
ure 7a. (b) Expression analysis of the atABC1-GFP transcript in
WT (Ler) and in transgenic lines 1, 2, and 3 (atABC1/GFP 1-3),
using the atABC1 cDNA as a probe. The exposure time shown
was not sufficient to detect the endogenous atABC1 transcript.
Bottom panel shows stained rRNA profiles.

levels result in decreased sensitivity of hypocotyl elon-
gation toward flumioxazin, most probably because of de-
creased protoporphyrin IX accumulation.

Discussion

Arabidopsis mutants impaired in their responsiveness
toward specific light conditions provide invaluable tools
for the dissection of downstream components of light-
signaling pathways. The disruption of atABC1 in laf6
results in a preferential insensitivity toward FR light,
demonstrating that atABC1 serves as a component of the
phyA signaling pathway. Several findings advocate this
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notion. First, laf6 seedlings show reduced responsiveness
toward FR-hf light irradiation with an approximately
twofold increase in hypocotyl length compared with WT
seedlings and with a clear fluence dependency (Fig. 1a).
The observed fluence dependency suggests that atABC1
is only rate limiting at high fluences of FR. Furthermore,
laf6 seedlings show no detectable physiological differ-
ences compared with WT seedlings when grown in dark-
ness or under R or B light (Fig. 1a). Second, laf6 seedlings
have phyA levels similar to WT seedlings (Fig. 1d), and
feeding experiments with chromophore showed no effect
on the Iaf6 mutant phenotype. Third, the laf6 mutant
phenotype can be complemented by introducing a geno-
mic copy of atABC1 into the laf6 mutant, restoring the
FR-inhibition of hypocotyl elongation characteristics of
WT (Fig. 3). From these findings, we conclude that
atABCI acts as a regulatory component of phyA signal-
ing and that the disruption of atABCI in Ilaf6 is respon-
sible for the observed FR-specific mutant phenotype.

Expression of the light-regulated genes Chs, Fnr, and
Lhcb is attenuated but not abolished in Iaf6 in response
to FR-hf (Fig. 1b). Although the effect on Chs, Fnr, and
Lhcb expression is greatest under FR-hf, there is also a
decrease in gene expression, albeit small, in response to
R-hf light (Fig. 1c), suggesting a minor effect on the phyB
signaling pathway. Consistent with this notion, we
found that in the absence of phyA, atABCI can be in-
duced by R light through phyB (Fig. 4).

Plant ABC transporters characterized to date belong to
the classical membrane-bound ABC transporters com-
prising two integral membrane domains (MD-subunit)
and two ATP-hydrolyzing domains (ABC-subunit; Lu et
al. 1997, 1998; Holland and Blight 1999). In eukaryotes,
the MD- and ABC-subunits normally exist as a single
polypeptide chain, while in prokaryotes and lower eu-
karyotes, the two subunits are encoded by different
genes (Schneider and Hunke 1998). On the basis of se-
quence homology, atABC1 encodes a novel plant ABC
protein with no membrane-spanning domains but with
high homology to ABC-like proteins from lower eukary-
otes (Fig. 2b). The existence of a functional atABC1 tran-
sit peptide and the strikingly high amino acid sequence
homology to ABC proteins from photosynthetic bacteria
strongly suggests that the gene encoding atABC1 most
probably relocated to the nucleus during an endosymbi-
otic event (McFadden 1999). This further suggests that
the biological role of atABC1 may serve a conserved plas-
tidic function.

ABC proteins can either function as importers or ex-
porters and are often promiscuous in terms of substrate
preference (Holland and Blight 1999). In contrast to ex-
port systems, the ABC-subunit of most import systems
is encoded as a separate protein, which in turn interacts
with an integral membrane component to execute its
function. Because atABC1 lacks membrane-spanning do-
mains, it is likely involved in an import mechanism.
There are two general models illustrating how ABC im-
port systems may function (Holland and Blight 1999). In
the first model, the ABC-subunit itself binds a com-
pound to be imported then docks to its membrane com-
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ponent partner(s) followed by ATP hydrolysis and subse-
quent transport. In the second model, the compound to
be imported binds to a membrane component followed
by interaction with the ABC-subunit, which acts as an
energy generator to fuel the transport process. During
chlorophyll biosynthesis, protoporphyrinogen IX is relo-
cated from the stroma to the plastid envelope, where it is
oxidized by the envelope-bound PPO to form protopor-
phyrin IX (Fig. 9; Reinbothe and Reinbothe 1996). The
generated protoporphyrin IX is then imported back into
the stroma by yet an unknown mechanism, ultimately
leading to the generation of chlorophyll (Fig. 9; Rein-
bothe and Reinbothe 1996). We show that atABC1 local-
izes to the envelope region of chloroplasts (Fig. 5) and
that increased amounts of protoporphyrin IX in laf6 is a
result of atABC1 deficiency (Fig. 6a). These findings in-
dicate that atABC1 may be involved in the protoporphy-
rin IX reimport process or in the correct distribution of
protoporphyrin IX within the plastid envelope (Fig. 9).
To see whether increasing the intracellular concentra-
tion of protoporphyrin IX in WT would phenocopy laf6,
we treated WT seedlings with the herbicide flumioxazin,
an inhibitor of PPO (Jacobs and Jacobs 1993; Lee et al.
1993; Arnould and Camadro 1998). We found that flumi-
oxazin could indeed induce protoporphyrin IX accumu-
lation in WT seedlings in a dose-dependent manner, and
this was accompanied by a loss of hypocotyl growth in-
hibition in response to FR-hf light (Fig. 7a,b). Moreover,

Proto IX

Cytoplasm

Protp IX

ADP S
4

Chlorophyll

ATP

Protogen X

OE IE Plastid

Figure 9. A hypothetical model showing possible involvement
of atABCI in protoporphyrin IX transport and distribution. Pro-
toporphyrinogen IX (Protogen IX) is transported to the plastid
envelope, where it is oxidized by the membrane-bound proto-
porphyrinogen IX oxidase (PPO) to form protoporphyrin IX
(Proto IX). Proto IX must then be reimported back into the
stroma for chlorophyll biosynthesis to proceed. One possible
mode of atABC1 action is to interact with an integral membrane
component (MC) or a membrane complex and to fuel the import
of Proto IX via ATP-dependent hydrolysis. In lafé6, this import
mechanism is impaired, leading to cytoplasmic accumulation of
Proto IX as shown by the gray dotted arrow. The physiology of
the laf6 mutant suggests that the increase in protoporphyrin IX
levels can attenuate light responses. OE denotes outer envelope
and IO, denotes inner envelope.
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the Iaf6 mutant is not affected in terms of hypocotyl
growth by flumioxazin-induced protoporphyrin IX accu-
mulation (Fig. 7a,b). The observation that increased pro-
toporphyrin IX levels has a similar effect on both WT and
laf6 seedlings in darkness indicates that protoporphyrin
IX can only exert its effect on hypocotyl elongation in
the presence of light.

It is clear from Figures 6 and 7 that a several-fold in-
crease in flumioxazin-induced protoporphyrin IX accu-
mulation is required in WT seedlings, compared with
laf6, to exert an effect on hypocotyl elongation. There
are several possible reasons for this: first, inhibition of
PPO results in protoporphyrin IX accumulation at the
plasma membrane caused by the oxidation of protopor-
phyrinogen IX by plasma membrane-bound peroxidases
(Jacobs and Jacobs 1993; Lee et al. 1993), while we sug-
gest that protoporphyrin IX accumulation in laf6 is
caused by incorrect transport or interenvelope distribu-
tion because of atABC1 deficiency. The differences in
localization may, therefore, account for the differences
in protoporphyrin IX levels required to exert the same
biological effect. Second, although inhibition of PPO re-
sults in increased protoporphyrin IX levels, WT seedlings
do have intact atABC1, which may lead to the reimport
of accumulated protoporphyrin IX during PPO inhibi-
tion. This may, in effect, require a higher cytoplasmic
protoporphyrin IX pool size to exert an effect on hypo-
cotyl elongation. Finally, laf6 seedlings may be sensi-
tized with respect to protoporphyrin IX levels compared
with WT seedlings.

Herbicides, as do most inhibitors, may have the disad-
vantage of exerting unspecific effects. Although flumi-
oxazin treatment clearly leads to increased protoporphy-
rin IX levels, there may be secondary toxic side-effects
such as the observed decrease in hypocotyl length in
dark-grown seedlings (Fig. 7c,d). To more firmly pinpoint
the relationship between atABC1, hypocotyl length, and
protoporphyrin IX levels, we generated transgenic plants
overexpressing atABC1 and monitored the effect of in-
creased atABCl1 levels on FR-induced hypocotyl elonga-
tion and on protoporphyrin IX accumulation. According
to our hypothesis, we expected that by increasing
atABCI1 levels there would be a concurrent decrease in
the sensitivity toward elevated protoporphyrin IX levels.
Using two different flumioxazin concentrations (0.5 and
5nM) to artificially stimulate cytoplasmic accumulation
of protoporphyrin IX, we compared hypocotyl elongation
in WT seedlings to transgenic seedlings overexpressing
atABC1 after FR-hf light irradiation. This analysis
showed that transgenic seedlings with increased atABCl1
levels show increased hypocotyl growth inhibition com-
pared with WT (Fig. 8a). In addition, we have demon-
strated that increased atABC1 levels result in decreased
protoporphyrin IX accumulation. Taken together, these
findings suggest that the availability and, moreover, the
abundance of atABC1, determines the physiological sen-
sitivity toward elevated protoporphyrin IX levels, which
in turn regulates hypocotyl lengths in FR light.

The coordinated expression of both plastidic and
nuclear genes requires a finely tuned light-regulated de-
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velopmental program, which is dependent on precise
communication between the nucleus and plastids. For
instance, functional chloroplasts are required for the ap-
propriate expression of several nuclear genes, and many
studies have shown that the nucleus can sense the func-
tional state of plastids and orchestrate subsequent mor-
phological manifestations (Oelmuller et al. 1986; May-
field 1990; Lopez-Juez et al. 1998; Streatfield et al. 1999).
Indeed, herbicides that impair chloroplast development,
such as Norflurazon, have been shown to repress the
expression of Lhch and Rbcs (Oelmuller 1989; Susek et
al. 1993). Furthermore, chlorophyll precursors, such as
porphyrin compounds, can prevent the accumulation of
light-regulated transcripts in Chlamydomonas (Johan-
ningmeier 1988). These observations led us to suggest
that the increased protoporphyrin IX levels in Iaf6 may
be responsible for the observed attenuation of light-regu-
lated gene expression (Fig. 1b,c). Protoporphyrin IX may
act as a plastid-derived signaling factor coordinating cer-
tain aspects of nuclear gene expression in response to the
light environment. In the absence of plastid-localized
atABCl1, the increased protoporphyrin IX levels may act
as a negative signal to attenuate the expression of
nuclear encoded light-regulated genes.

Several models can be envisaged to explain the modes
of action of atABC1 in terms of protoporphyrin IX trans-
port and distribution. Based on the presence of a func-
tional transit peptide, atABC1 is most probably located
on the stromal side of the inner plastid envelope inter-
acting with one or several integral membrane compo-
nent(s) or with a membrane protein complex (Fig. 9).
Soluble ABC proteins involved in import reactions can
also insert themselves across membranes through pro-
teinaceous complexes (Holland and Blight 1999). If this
is the case for atABCl1, exposure to the intermembrane
space may allow atABCI to bind protoporphyrin IX di-
rectly, facilitating its import via ATP-dependent trans-
location. Alternatively, atABC1 may not bind protopor-
phyrin IX and may simply serve as an ATP-driven energy
generator for the import process (Fig. 9). Which of these
hypotheses is correct remains to be determined.

Although one clear effect of atABC1 deficiency in laf6
is increased protoporphyrin IX accumulation, it is pos-
sible, based on the promiscuous nature of ABCs, that
atABCI1 is also involved in the transport of other com-
pounds. In addition, other related transport systems are
probably involved in protoporphyrin IX transport, as lafé
seedlings are able to accumulate chlorophyll, albeit at a
lower efficiency.

In conclusion, atABC1 represents the first example of
a plastid-localized protein involved in phyA signal trans-
duction. One consequence of atABCI1 deficiency is el-
evated protoporphyrin IX levels, which may be involved
in the intercompartmental communication between
plastids and the nucleus. The preferential specificity of
laf6 toward FR light and the lack of physiological effects
in darkness suggest further that elevated protoporphyrin
IX levels most probably interact with the cytosolic light-
signaling pathway or trigger a secondary pathway ulti-
mately coordinating nuclear gene expression patterns.
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This interaction results in decreased inhibition of hypo-
cotyl elongation in response to FR light and attenuated
expression of light-regulated genes. Determining how
atABC1 precisely coordinates the interplay between
plastids and the nucleus, ultimately modifying gene ex-
pression affecting hypocotyl elongation, will be an excit-
ing future challenge.

Materials and methods

Plant material and growth conditions

Ds insertion mutants were generated in Arabidopsis thaliana
ecotype Landsberg erecta (Ler; Sundaresan et al. 1995). A phyA-
deficient mutant (phyA-201) in ecotype Ler was used as a con-
trol in all experiments described. Unless otherwise stated, plant
growth conditions and light sources were as described by Bolle
et al. (2000).

Mutant screening and genetic analysis

On MS plates, 10,000 T2 Ds insertion Arabidopsis mutants
were grown individually under high-fluence FR light (FR-hf; 5.5
umol m~2) for 4 d and screened (Bolle et al. 2000) for reduction
of hypocotyl growth inhibition compared with the isogenic WT.
Twenty putative mutants were rescreened at the T3 generation
and back-crossed to WT. F2 seedlings were then examined for
cosegregation of kanamycin resistance (Ds-element associated)
with the mutant phenotype (laf), and seedlings with a mutant
phenotype were subjected to PCR amplification of the B-gluc-
uronidase gene (Ds-element associated) using primers GUSI1
(5'CCATTTG AAGCCGATGTCACGCCG-3’') and GUS2 (5'-
CCAGTTGCAACCACCTGTTGATCC GG-3’) followed by
Southern blotting using the entire Ds element as a probe. laf
mutants have long hypocotyls after FR irradiation but, in con-
trast to pat mutants (Bolle et al. 2000), are unable to green in
subsequent WL. Six laf mutants showed clear cosegregation of
the Ds element with the mutant phenotype, and laf6 was se-
lected for this study.

Characterization of the lat6 mutant

WT and Ilaf6 mutant seedlings were grown on MS plates for 7 d
at 22°C in darkness and under FR (high fluence 5.5 pmol m™2;
low fluence 0.34 pymol m~2), R (high fluence 6.5 ymol m~2; low
fluence 0.88 umol m~2), and B light (8.5 pmol m~ and 2 pmol
m~2) followed by hypocotyl measurements. Each sample con-
tained 60-80 seedlings.

Northern blot analysis

Total RNA was extracted using the RNeasy Plant mini kit
(QIAGEN). Northern blots containing 15 ng of total RNA from
WT and laf6 seedlings were hybridized to random primed [**P]
cDNA probes encoding chalcone synthase (Chs; accession num-
ber AF112086), chlorophyll a/b binding protein (Lhcb; accession
number X03908), and ferredoxin NADP*-oxidoreductase (Fnr;
PCR amplified from genomic DNA) and atABC1. For analysis of
light-induced expression profiles of atABC1, WT, phyA-defi-
cient (phyA-201) and phyB-deficient (phyB-5) mutant seedlings
were grown as described above under FR-hf and R-hf light.

PhyA extraction, immunoblotting and phycocyanobilin
feeding

WT, laf6, and phyA-deficient (phyA-201) mutant seedlings were
grown in darkness for 4 d, followed by total protein extraction,
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protein determination, SDS-PAGE analysis, and Western blot-
ting as described by Kunkel et al. (1993). Phycocyanobilin ex-
traction was performed as described by Kunkel et al. (1993), and
feeding experiments were performed as described by Parks and
Quail (1991).

Isolation of atABC1 and sequence analysis

Genomic DNA was extracted from laf6 seedlings using the
NUCLEON DNA extraction kit (Vector labs). Inverse PCR was
then performed using two primers designed within the left bor-
der of the Ds element (Ds3-1; 5'-CGATTACCGTATTTATC
CCGTTCG-3' and Ds3-2 5’; 5'-CGATCCGGTCGGGTTAAA
GTCG-3'), enabling amplification of the genomic DNA flank-
ing the Ds element. Reamplification was performed using a
nested primer pair (Ds3-2; 5'-CCGGTATATCCCGTTTTCG-
3" and Ds3-1 5; 5-GGGAACCGGTATTTTTGTTCGG-3'),
and the resulting 230-bp amplification product was cloned into
pCRScript (Stratagene). Following DNA sequence analysis, da-
tabase searches (U.S. National Center for Biotechnology Infor-
mation), and BLAST searches (Altschul et al. 1990), we found
that the Ds element was inserted 24 bp upstream of the trans-
lational start site of an ABC-like protein (atABC1; BAC T4B21;
accession number AAD03441). Amino acid alignments were
performed using the DNASTAR Megalign v. 4.0 software pack-
age. A full-length atABC1 1674-bp cDNA was isolated by RT-
PCR (ProStar, Stratagene; ABC/1; 5'-TACTCGAGATGGCGT
CTCTTCTCGCAAACGG-3’ and ABC/2; 5-AAGTCGACC
TCTAGATTAACCCACTGATCCTTCAAGC-3') using Pwo
Polymerase (Boehringer Mannheim).

To ensure that the cloned genomic flanking region truly rep-
resented the region adjacent to the Ds element, a combination
of primers was designed inside the Ds element (B-glucuronidase
and neomycin phosphotransferase II gene) and the cloned geno-
mic flanking region. PCR amplification of four fragments span-
ning the two border regions (left-border and right-border) be-
tween the Ds element and the genomic flanking regions were
cloned into pCRScript (Stratagene) and subjected to DNA se-
quencing.

Complementation analysis

A full-length genomic copy of atABC1 including ~1200 bp of the
upstream promoter region and ~80 bp of the 3'UTR was ampli-
fied (ABC/3; 5'-AACCATGGCAGTAAACGCGGATTTGTG
GTTAATCCCGG-3’ and ABC/4; 5'-CCTCTAGATTTATTGA
GAAGAAGCACAAAGACCACCCC-3'), cloned into a promot-
erless version of the binary vector pBA002 (Kost et al. 1998), and
transformed into laf6 seedlings by vacuum infiltration (Clough
and Bent 1998). T1 transformants were selected, and T2 seed-
lings were analyzed by Northern blotting for the presence of the
atABC1 transcript. Homozygous T3 seedlings showing the pres-
ence of the atABC1 transcript were grown under FR-hf light
conditions, as for the initial screening procedure.

Heterologous expression of atABC1 and production
of antisera

The full-length ORF of atABC1 was amplified by RT-PCR
(Prostar, Stratagene; ABC/5; 5'-TAGGATCCATGGCGTCTC
TTCTCGCAAACGG-3' and ABC/6; 5'-AAGTCGAGCTCT
AGATTAACCCACTGATCCTTCAAGC-3’) using Pwo poly-
merase (Boehringer Mannheim) and cloned into pQE30-1
(QIAGEN). The resulting construct was subjected to DNA
sequencing and transformed into Escherichia coli BL21
(Novagen). Expression of full-length recombinant atABC1 was

laf6, a light signal transduction mutant

induced by 0.4 mM IPTG for 3 h, followed by affinity purifica-
tion under denaturing conditions using Ni?*-agarose resin fol-
lowing standard procedures (QIAGEN). Anti-atABCI antibodies
were generated in white New Zealand rabbits following stan-
dard immunization protocols.

Analysis of atABC1 localization

The full-length atABC1 ¢cDNA (atABC1), atABC1 lacking the
transit sequence (atABCI1-), and the 189-bp atABCI transit se-
quence (atABC1/TP) were PCR amplified, removing the stop
codon using Pwo polymerase (Boehringer Mannheim) using the
following primer combinations (atABC1: ABC/7; 5'-TACTCG
AGATGGCGTCTCTTCTCGCAAACGG-3' and ABC/S; 5'-
ATGGTACCACCCACTGATCCTTCAAGC-3', atABC1-: ABC/
9; 5'-TACTCGAGATGGCTTCTGAATCATCATCATCAGG-3’
and ABC/8, atABC1/TP: ABC/7 and ABC/10; ATGGTACCTC
CGATGGGACGAGAATCGATTCC-3'). The amplified frag-
ments were cloned into pGFP2 (Kost et al. 1998) under the con-
trol of the CaMV35S promoter as translational fusions to the N
terminus of GFP. The resulting constructs were transfected into
onion epidermal cells by particle bombardment (Kost et al.
1998) and analyzed for GFP expression using a Zeiss LSM410
inverted confocal microscope. For Arabidopsis transformation,
the entire CaMV35S/atABC1/GFP cassette was subcloned into
a promoterless version of the binary vector pBA002 (Kost et al.
1998) and transformed into WT Arabidopsis seedlings as de-
scribed earlier. Individual T2 seedlings were analyzed by North-
ern blotting for the presence of the atABC1/GFP fusion tran-
script using the both the atABC1 and GFP ¢cDNAs as probes.
Positive transgenic lines were subsequently analyzed for GFP
fluorescence using a Zeiss LSM410 inverted confocal micro-
scope.

In situ immunolocalization of atABC1 in WT and laf6 mutant
leaves was performed in 5-8-um thin sections after fixation in
2% paraformaldehyde and 2.5% glutaraldehyde and embedding
in Historesin (Reichert and Jung). For immunofluorescence,
atABCI1 antiserum was diluted 1 :200, and staining was per-
formed using biotinylated anti-rabbit antibodies and fluorescein
isothiocyanate (FITC)-labeled avidin (Vector labs). FITC fluores-
cence was viewed using an Axioskop microscope (Zeiss).

Flumioxazin treatment and analysis of protoporphyrin IX
and chlorophyll levels

Stock solutions of flumioxazin were dissolved in DMSO. For
herbicide experiments, flumioxazin was added to MS agar plates
at 60°C to give final concentrations between 0.1 nM and 30 pM.
Flumioxazin-containing plates were stored at 4°C in darkness.
For each flumioxazin concentration, the hypocotyl lengths of 60
and 80 seedlings and the corresponding protoporphyrin IX
amounts of four independent samples were measured. Protopor-
phyrin IX levels were determined as described by Lermontova
and Grimm (2000) with slight modifications (based on emis-
sions of 650 nm and calculated using standard protoporphyrin
IX solutions). Note that the measured protoporphyrin IX levels
presented vary slightly between independent experiments.
Chlorophyll measurements were performed as described by Ge-
genheimer (1990).
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