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Proteins that are synthesized on cytoplasmic ribosomes but function within plastids must be imported and then targeted to one
of six plastid locations. Although multiple systems that target proteins to the thylakoid membranes or thylakoid lumen have
been identified, a system that can direct the integration of inner envelope membrane proteins from the stroma has not been
previously described. Genetics and localization studies were used to show that plastids contain two different Sec systems with
distinct functions. Loss-of-function mutations in components of the previously described thylakoid-localized Sec system,
designated as SCY1 (At2g18710), SECA1 (At4g01800), and SECE1 (At4g14870) in Arabidopsis (Arabidopsis thaliana), result in
albino seedlings and sucrose-dependent heterotrophic growth. Loss-of-function mutations in components of the second Sec
system, designated as SCY2 (At2g31530) and SECA2 (At1g21650) in Arabidopsis, result in arrest at the globular stage and
embryo lethality. Promoter-swap experiments provided evidence that SCY1 and SCY2 are functionally nonredundant and
perform different roles in the cell. Finally, chloroplast import and fractionation assays and immunogold localization of SCY2-
green fluorescent protein fusion proteins in root tissues indicated that SCY2 is part of an envelope-localized Sec system. Our
data suggest that SCY2 and SECA2 function in Sec-mediated integration and translocation processes at the inner envelope
membrane.

Plastids arose from a primary endosymbiotic event
involving a photosynthetic cyanobacterial progenitor
and a nonphotosynthetic eukaryotic host (for review,
see McFadden, 2001). Over time, many genes were
eliminated from the plastid genome and other genes

moved from the organelle genome to the nuclear
genome (for review, see Bock and Timmis, 2008; Kleine
et al., 2009). The corresponding gene products are
now synthesized on cytoplasmic ribosomes and are
targeted to the plastid by posttranslational mechanisms
that involve an N-terminal transit peptide. Although
several different import pathways exist, the majority
of these proteins are imported into the plastids by
the combined action of the TOC complex in the outer
plastid envelope and the TIC complex in the inner
envelope membrane (for review, see Inaba and Schnell,
2008). Some of the imported proteins are delivered
to the inner envelope membrane via a stop-transfer
mechanism, which involves lateral diffusion in the
plane of the membrane from the TIC complex (Tripp
et al., 2007, and refs. therein). Others are delivered to
the stroma and, after removal of the transit peptide,
many are secondarily targeted to the thylakoid mem-
branes, thylakoid lumen, or the inner envelope mem-
brane (Cline and Dabney-Smith, 2008). The signals and
systems involved in targeting to the thylakoid mem-
branes and lumen are relatively well studied and show
clear homologies with bacterial transport systems (for
review, see Schünemann, 2007; Cline and Dabney-
Smith, 2008). Although it has been clearly established
that certain inner membrane proteins, most notably
TIC21, TIC40, and TIC110, also have soluble stromal
intermediates (Li and Schnell, 2006; Tripp et al., 2007;
Vojta et al., 2007; Chiu and Li, 2008) and therefore
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require a postimport pathway for integration, a trans-
locase that mediates insertion into the inner membrane
or translocation to the intramembrane space has not
been identified (Tripp et al., 2007).
According to the conservative sorting hypothesis

(Hartl et al., 1986), proteins that are destined for the
inner envelope membrane, which corresponds to the
plasma membrane of the original bacterial endosym-
biont, should use systems and mechanisms related to
those involved in secretion and membrane protein
integration in bacteria (for recent review, see Natale
et al., 2008; Mandon et al., 2009). In bacteria, most of
the exported proteins are translocated by components
of the Sec or Tat pathway. The core of the Sec trans-
locon is formed by three gene products, SecY, SecE,
and SecG, while SecA, a peripheral protein and
ATPase, provides the driving force for translocation.
The SecYEG complex is also required for integration of
many integral inner membrane proteins. In this case,
as the protein is in transit through the SecYEG com-
plex, lateral gates open to allow outward diffusion of
the transmembrane helices in the plane of the bilayer.
An additional protein called YidC can facilitate this
process by interacting with the transmembrane heli-
ces. YidC can also act in a Sec-independent fashion to
insert a limited number of proteins. The Sec pathway
translocates and integrates proteins in an unfolded
conformation, by virtue of their interaction with mo-
lecular chaperones or because they are cotranslation-
ally translocated. Fully folded proteins that bear a twin
Arg in their signal peptides use the Tat (twin Arg)
pathway instead (Berks et al., 2003). A complex of
TatA, TatB, and TatC forms the translocase for the Tat
pathway.
In thylakoids, four different pathways have been

described for integration of membrane proteins or
translocation to the thylakoid lumen. The Sec pathway,
SRP pathway, Tat pathway, and spontaneous pathway
each handles a different subset of thylakoid proteins
(for recent review, see Cline and Theg, 2007; Schünemann,
2007; Cline and Dabney-Smith, 2008). Biochemical and
genetic studies have allowed investigators to identify
the components and energy requirements of these
systems. The SecYEG translocon is reduced to a com-
plex of SecY and SecE homologs in chloroplasts, and
there are two YidC homologs, Alb3 and Alb4. Disrup-
tion of the SecY gene in maize (Zea mays) results in pale
seedlings and an arrest of seedling growth (Roy and
Barkan, 1998). Disruption of the maize SecE gene
produces a less severe, pale-green seedling phenotype
(Williams-Carrier et al., 2010). The effect of disrupting
Alb3 in Arabidopsis (Arabidopsis thaliana) is severe:
the plants are albino and show arrested chloroplast
development (Sundberg et al., 1997). Disruption of
the Alb4 gene has a mild phenotype that appears
restricted to nonphotosynthetic proteins (Benz et al.,
2009). Disruption of the TatC gene similarly results in
albino seedlings and seedling arrest (Motohashi et al.,
2001). The characterized chloroplast SRP pathway
operates differently from the bacterial and endoplas-

mic reticulum SRP pathways (Henry et al., 2007).
Chloroplast SRP (cpSRP) lacks an RNA component
and contains a novel cpSRP43 protein that allows it to
function posttranslationally. In the posttranslational
mode, the cpSRP pathway employs the Alb3 integrase,
is Sec independent, and functions to integrate a single
family of membrane proteins, the light-harvesting
chlorophyll a/b proteins. Indirect evidence suggests
that cpSRP may also function in conjunction with SecY
to integrate plastid-encoded thylakoid proteins (Cline
and Theg, 2007). Components of the Tat pathway,
which was first discovered through work in chloro-
plasts, include Tha4, Hcf106, and chloroplast TatC
(cpTatC; Cline and Theg, 2007). The spontaneous
pathway is not thought to involve proteinaceous com-
ponents in the membrane.

Although much work has been done on these path-
ways, one fundamental question that has not received
much attention relates to the biogenesis of the trans-
locase components. Thylakoids are not permanent
features of plastids, and these membranes and associ-
ated translocons must be assembled as the thylakoids
develop. Each translocon includes one ormore subunits
that have multiple transmembrane regions; therefore,
their assembly depends on a capacity for membrane
protein integration in proplastids. Relatively few studies
have addressed this question. In bacteria, the homol-
ogous subunits are cotranslationally integrated by the
Sec machinery (for discussion, see Martin et al., 2009).
A recent study of the biogenesis of cpTatC ruled out
involvement of the thylakoid Tat, Sec, and SRP sys-
tems as well as the YidC homolog Alb3 (Martin et al.,
2009). Because cpTatC is not integrated into isolated
thylakoids, the spontaneous pathway is also not in-
volved. The authors hypothesized that cpTatC integra-
tion, which is Sec dependent in bacteria, may depend
on a membrane protein integrase system based in the
inner envelope.

We have identified a candidate for this system: an
evolutionarily conserved translocase that is associated
with the inner envelope. Through investigation of an
embryo-lethalmutation inArabidopsis, we learned that,
in addition to the previously described thylakoid-local-
ized SecY (Laidler et al., 1995), a second SecY homolog is
encoded in plant genomes. We show that this protein is
targeted to plastids, that its function is distinct from that
of the previously described SecY homolog, and that it
localizes preferentially to the plastid envelope. We have
designated this protein as SCY2 (At2g31530) and the
previously characterized thylakoid-localized protein as
SCY1. A second gene encoding a homolog of SecA, the
ATPase driving translocation and integration events,
was also identified. We show that this protein (SECA2)
is also targeted to plastids and that mutants have the
same loss-of-function phenotype as scy2 mutants. Be-
cause this translocation/integration system is associ-
ated with the envelope, we propose that it may be
particularly important for postimport targeting of inner
membrane proteins and/or early stages of thylakoid
biogenesis.

Sec Translocases in Plastids
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RESULTS

Disruption of SCY2 Leads to Embryo Lethality

A line showing recessive embryo lethality was iden-
tifiedwithin a collection of approximately 80 lines gener-
ated following Agrobacterium tumefaciens-mediated
transformation of wild-type plants (Wassilewskija
[Ws] ecotype). Shriveled seed was observed in the
seed stock, and kanamycin resistance, associated with
the inserted T-DNA, segregated at a ratio of approx-
imately 2:1. When late stage siliques from heterozy-
gous parents were opened, small brown seeds that
appeared to be empty, as shown in Figure 1A, were
observed at a frequency of 24.3% (n = 596). Earlier
stage siliques were opened and cleared, and the em-
bryos inside the seeds were examined. In siliques that
contained mostly late heart stage embryos (Fig. 1B),
approximately 25% of the seeds contained embryos
arrested at the globular stage of embryogenesis, with
extra cell divisions apparent in the suspensor (Fig. 1C).
Based on the frequency, embryo lethality appeared to
be recessive rather than dominant and likely due to
disruption of an essential gene. The line was back-
crossed to the wild type two times, and cosegregation
analysis of a population of over 100 individuals indi-

cated that the embryo-lethal trait was tightly linked
to the T-DNA insertion and kanamycin resistance.
Sequencing of the flanking DNA revealed that the
T-DNA had inserted into the seventh intron of
At2g31530, as shown in Figure 1D. A deletion of 21
bp occurred at the insertion site (Supplemental Fig.
S1), but the gene was otherwise intact. A clone of
At2g31530 genomic sequence (see Fig. 4A, construct 2
below) was introduced by transformation. The ge-
nomic clone complemented the mutant phenotype, as
evidenced by the identification of individuals that
were homozygous for the original T-DNA insertion in
At2g31530 in the T2 generation (described below).
Three additional alleles in the Columbia background
were reported in a large-scale project to identify es-
sential genes in Arabidopsis (www.SeedGenes.org).
The At2g31530 locus corresponds to a gene previously
identified as emb2289.

A cDNA sequence corresponding to the At2g31530
transcript was amplified from light-grown shoots, and
the predicted amino acid sequence was used to per-
form BLAST searches. The databases contain many
related sequences from other plants and algae as well
as cyanobacteria and other bacteria. The most similar
is a predicted protein from Vitis vinifera, which is 75%
identical to the predicted mature protein. A SecY
sequence from Chlamydomonas reinhardtii is 34% iden-
tical, and a Synechococcus SecY sequence is 31% iden-
tical. Protein hydrophobicity plots (Supplemental Fig.
S2) indicated that the Arabidopsis protein is likely to
have 10 transmembrane domains and a topology that
is similar to that of SecY from Escherichia coli. The most
closely related Arabidopsis protein, which is only 29%
identical but has a similar predicted protein topology,
is cpSecY (At2g18710), a subunit of a plastid-localized
preprotein translocase. Based on the sequence relation-
ships, we renamed the EMB2289 locus (At2g31530) as
SCY2 and designated the Ws allele as scy2-4. At2g18710
was designated as the SCY1 locus. In accordance with
nomenclature guidelines for Arabidopsis genes, we
will refer to the proteins encoded by these loci as SCY2
and SCY1.

Arabidopsis SCY2 Encodes a Membrane-Integrated

Plastid Protein

An analysis of the predicted amino acid sequence
using TargetP (Emanuelsson et al., 2007) indicated that
the N terminus of SCY2 is likely to encode a plastid
transit peptide. In order to determine whether SCY2 is
capable of localizing to plastids, in vitro translated
radiolabeled precursor to Arabidopsis SCY2 (pSCY2)
was incubated with isolated pea (Pisum sativum) chlo-
roplasts in an in vitro import assay. pSCY2 was im-
ported into the chloroplasts, processed to a mature
48.3 kD size, and localized to membranes (Fig. 2A,
lanes 2 and 4). Immunoblots with antibodies to the
inner membrane protein TIC110 and the thylakoid
protein cpTatC indicated that the membrane fraction
contained both the envelope and the thylakoid mem-

Figure 1. scy2 mutant allele and mutant phenotypes. A, Silique from a
SCY2/scy2-4 heterozygous parent showing aborted seeds. B and C, Seeds
in younger, developing siliques contain either wild-type-appearing em-
bryos (B) or embryos arrested at the globular stage (C). Extra cell divisions
in the suspensor are denoted by the arrow. D, Gene diagram showing
introns and exons (boxes) in the open reading frame of SCY2 (At2g31530)
and the location of the T-DNA insertion in scy2-4.
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branes (Fig. 2B). Carbonate-extracted membranes re-
tained SCY2, indicating that SCY2 is integrated into
the membrane (Fig. 2C). The mature SCY2 protein in
whole chloroplasts appears to migrate as a smaller
protein than that associated with the membranes (Fig.
2A, compare lanes 2 and 4). However, this is likely to
be the result of the highly abundant Rubisco large
subunit present in chloroplasts that distorts the mi-
gration of other proteins in this region of the gel,
resulting in a concave moon band shape. Protease
treatment of membranes produced two degradation
products that measured 24.1 and 18.2 kD in size (Fig.
2A, +T). Degradation products are expected from
protease treatment of membrane-integrated proteins
that possess both exposed and membrane-protected
regions (Mori et al., 2001). Together, these results
suggest that SCY2 is a membrane-integrated plastid
protein.

To confirm that SCY2 is plastid localized, a construct
encoding a SCY2-GFP translational fusion was gener-
ated (see Fig. 4A, construct 5 below) and introduced
into Arabidopsis plants. The construct included 600 bp
of sequence upstream of the ATG and the complete
SCY2 coding sequence minus the last codon and stop
codon. This was introduced into SCY2/scy2-4 plants,
and the T2 generation was screened for plants that
were homozygous for scy2-4. Several individuals were
identified, indicating that SCY2-GFP complements the
scy2-4 mutation. Based on this, we suggest that the
distribution of the GFP signal is likely to represent the dis-
tribution of functional SCY2. GFP signal, although
rather weak, could be readily detected in tissues with
nongreen plastids, such as the root tip (Fig. 2, D–F),
root hairs (Fig. 2G), and dark-grown hypocotyls (data
not shown). In the root tips, GFP signal was associated
with organelles of diverse size and shape (Fig. 2, D–F).

Figure 2. Arabidopsis SCY2 is a membrane-integrated plastid protein. A to C, In vitro import assays. A, Radiolabeled precursor to
SCY2 (pSCY2) was incubated with isolated pea chloroplasts in an in vitro import reaction for 30 min. Chloroplasts were treated
with 100 mg mL21 thermolysin, repurified, washed, lysed, and fractionated into stroma and membranes. Translation product (Tp)
equivalent to 5% of the assay, chloroplasts (Cp), stroma (S), membranes (M), and thermolysin-treated membranes (+T) were
analyzed using SDS-PAGE and fluorography. A longer exposure (43) of thermolysin-treated membranes is shown at right to
visualize mature SCY2 degradation products, indicated by asterisks. B, Chloroplasts, stroma, andmembranes were also analyzed
by SDS-PAGE and immunodetection with antibodies to TIC110 (applied at 1:5,000) or cpTatC (applied at 1:20,000). C,
Membranes from the SCY2 import reaction were subjected to alkaline carbonate extraction. The supernatant (S) and membrane
pellet (P) were analyzed using SDS-PAGE and fluorography. The positions of molecular mass markers (Mr) are indicated at the left
of each gel or blot image. D to G, Localization of the SCY2-GFP fusion protein in root tips (D–F) and root hairs (G) by confocal
laser scanning microscopy. The boxed area in D indicates the amyloplasts in the columella of the root tip. E and F are higher
magnification views showing plastids of different morphology. Amyloplasts in the columella cells are indicated by the white
arrow in E, and stromules are indicated by the white arrows in F. Bars = 10 mm.
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These correspond to the different types of plastids that
have been previously described in roots, including
statoliths in the columella cells of root cap (Fig. 2D,
boxed area) and other types of amyloplasts. In the
amyloplasts, where the center is occupied by one or
more large starch grains, the GFP signal appeared as a
ring or halo, indicating that the signal was confined to
the periphery of these organelles (Fig. 2, E and F). This
was less obvious in plastids in regions more distal to
the tip, which tended to have elongated profiles and
appeared to be interconnected, forming a network
throughout the cells (Fig. 2E). Stromules, which are
thin envelope-bound extensions of stroma (Köhler and
Hanson, 2000), were also visible (Fig. 2F), suggesting
that the GFP signal was associated with the envelope
membranes. Unfortunately, we could not extend the
in vivo observations to tissues with green plastids,
because the intense autofluorescence of chlorophyll
masked the weaker signal from the GFP fusion pro-
tein. Microarray analyses indicate that SCY2 is consti-
tutively expressed at a low level in most Arabidopsis
tissues (www.genevestigator.com, Arabidopsis eFP
Browser [Winter et al., 2007]). This, combined with
the in vitro localization results with chloroplasts, sug-
gests that SCY2 localizes to a variety of plastid types,
including chloroplasts.

Disruption of SCY1 Leads to Seedling Lethality

The embryo-lethal phenotype associated with scy2
mutations indicated that SCY2 is an essential protein,
yet the Arabidopsis genome contains another locus,
SCY1 (At2g18710), that encodes a plastid-localized
SecY homolog. To investigate the relationship between
the functions of the gene products encoded by SCY1
and SCY2, scy1 mutants were isolated and character-
ized. Two potential loss-of-function T-DNA alleles
were identified in the Ws background. As shown in
Figure 3A, scy1-1 has a T-DNA insert in the first intron
and scy1-2 has a T-DNA insert in the third exon.

Analysis of phenotypic changes in the scy1 mutants
indicated that SCY1 is also an essential gene. When
seeds from a heterozygous parent were sown on Suc-
containing medium, small pale seedlings appeared at
a frequency of 20.6% (n = 1,672) for the scy1-1 line and
25.8% (n = 1,540) for the scy1-2 line. The pale seedlings
were identified as homozygous scy-1 and scy1-2 plants
through PCR-based genotyping (data not shown). In
addition, when maturing siliques were opened, 25.52%
(n = 239) and 22.49% (n = 209) of the seeds were pale
for the scy1-1 line (Fig. 3B) and the scy1-2 line (Fig. 3C),
respectively. Because Arabidopsis seeds reflect the
color of the embryos inside them, this suggests that
SCY1 is required for normal greening during embry-
ogenesis. Assembly of chlorophyll-protein complexes
does not appear to be essential for embryo viability,
because most of the pale embryos completed germi-
nation and survived to the seedling stage. They
remained approximately the same size as their green
siblings until 4 d after germination. By 5 d after

germination, their smaller size became apparent.
Wild-type seedlings produced true leaves by day 8
after germination, while the pale seedlings initially
showed no signs of apical growth (Fig. 3D). However,
if the pale seedlings were cultured for extended pe-
riods in the presence of 1% Suc, they grew slowly and
produced lateral organs in a spiral phyllotaxy. Unlike
normal leaves, these were translucent and yellow in
color (Fig. 3E). The plants eventually formed pale
floral buds but were infertile, at least when grown on
plates. No full-length SCY1 transcripts could be de-
tected in the pale seedlings by reverse transcription
(RT)-PCR (Fig. 3F), indicating that the phenotypic
changes in scy1-1 and scy1-2 reflect complete loss of
function of SCY1.

SCY1 and SCY2 Have Distinct Activities

Disruptions in SCY1 and SCY2 genes exhibit mutant
phenotypes at different developmental stages. To ex-
amine whether differences in expression, rather than
differences in function, are the basis of genetic non-
redundancy, we performed a promoter-swap experi-
ment. Primers used in these experiments for genotyping
scy1 and scy2 alleles in the presence of various trans-
genes are listed in Supplemental Table S1, and a sum-
mary of the results is presented in Figure 4B. First, we
determined that the SCY1 genomic sequence that in-
cluded 800 bp of SCY1 upstream sequence (Fig. 4A,
construct 1, ProSCY1:SCY1) was sufficient to rescue
scy1-1 mutations. Three lines showing full complemen-
tation of the seedling-arrest mutant phenotype were
recovered. For each line, plants that carried the ProSCY1:
SCY1 transgene and were homozygous for scy1-1 were
identified in the T2 generation and their genotype was
confirmed in the T3 generation. Although a few pale
plants were observed in the population, most of the
plants were indistinguishable from the wild type, as
shown in Supplemental Figure S3. Second, we deter-
mined that the SCY2 genomic sequence that included
600 bp of SCY2 upstream sequence (Fig. 4A, construct
2, ProSCY2:SCY2) was sufficient to rescue scy2-4 mu-
tations. Five lines showing full complementation of the
embryo-lethal trait were recovered. Plants that carry
the ProSCY2:SCY2 transgene and are homozygous for
scy2-4 were indistinguishable from the wild type, as
shown in Supplemental Figure S3. The siliques of
individual plants showed either no embryo lethality or
up to 25% embryo lethality, which likely reflects the
dosage and segregation of the transgene. Surviving
plants in the following generation were all homozy-
gous for scy2-4. Third, we generated two promoter-
swap constructs, ProSCY2:SCY1 (Fig. 4A, construct 3)
and ProSCY1:SCY2 (Fig. 4A, construct 4). These were
introduced into genetic backgrounds that contained
either scy1-1 or scy2-4 alleles. Four lines of scy1-1 homo-
zygous plants carrying the ProSCY2:SCY1 construct
were recovered. Some of the plants were indistin-
guishable from the wild type (Supplemental Fig. S3),
but most were lighter green, possibly because the
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SCY2 promoter is not as strong as the SCY1 promoter
in shoot tissues. Five lines of scy2-4 homozygous
plants carrying the ProSCY1:SCY2 construct were re-
covered. These plants were visually indistinguishable
from the wild type, as shown in Supplemental Figure
S3. In contrast, when the ProSCY2:SCY1 construct was
introduced into backgrounds with scy2-4 mutations,
no homozygous individuals were identified in the T2
generation of six independent lines. Similarly, when
the ProSCY1:SCY2 construct was introduced into back-
grounds with scy1-1 mutations, only heterozygous
individuals were viable in the T2 generation of five
independent lines. Based on these results, we conclude
that the coding sequence, rather than the upstream
regulatory regions, is the primary determinant of the
ability to complement. This indicates that SCY1 and
SCY2 proteins cannot substitute for each other but,
rather, play different essential roles in plant cells.

SCY2 Is Localized in Envelope Membranes

SCY1 has previously been localized to the thylakoid
membranes (Schuenemann et al., 1999). Given that
SCY2 is required prior to thylakoid development in
embryos and accumulates in nongreen plastids after
germination, we considered the possibility that SCY2
localizes to a different membrane, possibly the plastid
envelope. In vitro import assays were performed with

pea chloroplasts, followed by membrane fractionation
(Fig. 5, A and B). SCY2 distribution was compared
with that of a radiolabeled inner envelope phosphate
translocator (P36), the precursor of which was coim-
ported with pSCY2. Processed forms of both proteins
can be detected in both the envelope and thylakoid
fractions. Fractionation quality was judged by the
relative amounts of envelope and thylakoid marker
proteins (TIC110 and cpTatC) that could be found in
each respective fraction by immunoblotting (Fig. 5B).
The envelope fraction is free of thylakoid contamina-
tion, because cpTatC was only found in the thylakoid
fraction. However, fractionation was not complete,
because a small amount of TIC110 was found in the
thylakoid fraction (Fig. 5B). Imported radiolabeled
P36 was also found in the thylakoid fraction, further
indicating that the thylakoid fraction was partly con-
taminated with envelope membranes (Fig. 5A). En-
velope membrane contamination of thylakoids is
common, especially when fractionation is conducted
on chloroplasts recovered from protein import assays.
Therefore, in order to eliminate envelope vesicles from
the thylakoid fraction, thylakoid membranes recovered
from a SCY2 import assay were sequentially washed by
pelleting through a 10% Percoll cushion as described by
Rawyler et al. (1992). Even after all detectable TIC110
was washed from the thylakoid fraction, a small but
significant amount of SCY2 remained (Supplemental

Figure 3. scy1 mutant alleles and mutant pheno-
types. A, Gene diagram showing introns and
exons (boxes) in the open reading frame of
SCY1 (At2g18710) and the location of T-DNA
insertions in scy1-1 and scy1-2. B and C, Opened
siliques showing white seeds in scy1-1 (B) and
scy1-2 (C). D, Pale homozygous scy1-1 mutant
seedling and green sibling. E, scy1-1 plant grown
for 5 weeks on 1% Suc. The arrow indicates floral
buds. Bar = 1 cm. F, RT-PCR analyses. cDNA
prepared from RNA isolated from either pale
seedlings or green siblings was amplified with
primers flanking the T-DNA insertion sites. Lanes
1 and 2, scy1-1; lanes 3 and 4, scy1-2. The
number of PCR cycles is indicated by parenthe-
ses. Full-length SCY1 transcripts do not accumu-
late in the pale seedlings.
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Fig. S4). These experiments suggest that imported SCY2
localizes predominantly, although perhaps not exclu-
sively, to envelope membranes.

To examine SCY2 distribution in vivo, root tips
from one line of seedlings used for GFP imaging
were subjected to high-pressure freezing, freeze sub-
stitution, and immunogold labeling with antibodies
to GFP. Gold particles were preferentially associated
with the plastids in the root cells of plants expressing
the GFP fusion protein (Fig. 5, C and D). Few gold
particles were observed in association with other
components of the cytoplasm or with the plastids of
wild-type plants (Fig. 5E). Labeling of plastids was
also not seen in controls where the secondary antibody
was used alone (data not shown). This indicates that
the labeling is specific and confirms our identification
of the GFP-labeled organelles viewed by confocal
microscopy as plastids. As Figure 5, C and D, show,
the gold particles are found predominantly at the
periphery of the plastids. Given the dimensions of
antibodymolecules, any gold particles within 35 nm of
the periphery can reflect envelope localization (Rohde
et al., 1991). Some of the gold particles were more
distantly and centrally located, but these are less
frequently observed. We conclude that in the plastids
of roots, in cells where SCY2 is normally expressed,
SCY2 is associated primarily with the envelope mem-
branes.

Arabidopsis Has Two SecA Proteins with
Distinct Functions

If SCY2 functions as the translocon for a canonical
Sec system, it should work in concert with a SecA
protein, the ATPase that threads the polypeptide
through the SecY channel. The Arabidopsis genome
contains two loci that encode SecA proteins, At4g01800
and At1g21650. We initiated a study of the functions of
these proteins by identifying T-DNA mutant alleles in
the SALK collection and performing a phenotypic
screen. We identified one allele of At4g01800 (SALK_
063371) that is a candidate loss-of-function allele. The
T-DNA inserted in the fifth exon in this line (Fig. 6A).
An analysis of this allele and the phenotype of albino or
glassy yellow1 (agy1) mutant plants carrying a second
allele was recently published (Liu et al., 2010). The
essential parts of our analysis, which confirm their
observations, are presented here. When siliques de-
veloping on plants heterozygous for the SALK allele
were opened, pale seeds (Fig. 6B) were observed at a
frequency of 26.0% (n = 642). When seeds from these
parents were sown on plates containing Suc, 24.7% of
the seedlings (n = 473) were also pale (Fig. 6C). PCR
genotyping showed that these are homozygous for the
mutation, and they also fail to produce full-length
transcripts, as shown by RT-PCR (Fig. 6D). Like scy1
mutants, when grown for extended periods on 1% Suc,

Figure 4. Complementation of scy mutants. A,
Constructs used for SCY mutant complementa-
tion, promoter-swap experiments, and localiza-
tion experiments. B, Table indicating the genetic
backgrounds and number of independent lines
where complementation was confirmed for each
construct. For backgrounds where complementa-
tion was not observed, the number of lines that
were screened is shown.
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the pale seedlings produce yellow and translucent
(glassy) lateral organs (Fig. 6E), as reported previously
(Liu et al., 2010). SecA proteins usually partition be-
tween soluble and peripheral membrane phases, with
membrane association due to specific interaction
with SecY (for recent review, see Natale et al., 2008).
The similarity in the mutant phenotypes is consistent
with the hypothesis that this protein functions with
SCY1. Therefore, we refer to the product of the
At4g01800 (AGY1) locus by the registered gene prod-
uct symbol SECA1 and designate the SALK T-DNA
allele as seca1-2.
We identified one allele of At1g21650 (SALK_014008)

as a potential loss-of-function allele. The T-DNA
inserted into the 26th exon in this line (Fig. 6A). A
total of 24.5% of the seeds (n = 931) in the siliques of
heterozygous parents abort (Fig. 6F), and analysis of
cleared siliques indicated that the embryos arrest at
the globular stage of development (Fig. 6, G and H). A
cosegregation analysis (n = 33) performed after five
backcrosses to Columbia wild type showed that the
embryo-lethal trait is closely linked to the insertion.

Eighteen plants in the population were heterozygous
for the mutant allele, and only these plants produced
siliques with aborted embryos. We subsequently iden-
tified a second potential loss-of-function allele with
a T-DNA insertion in the first exon (Fig. 6A) in the
Versailles collection (FLAG_315D07; Ws ecotype). Het-
erozygous plants carrying this T-DNA insertion also
produced seeds with embryos arrested at the globular
stage (data not shown), and the embryo-lethal trait
also cosegregated with the T-DNA (n = 22). Based on
the similarity to the mutant phenotype of SCY2, we
have designated the At1g21650 locus as SECA2 and
the T-DNA alleles as seca2-1 (SALK_014008) and seca2-2
(FLAG 315D07). Although many genes, when mutated,
produce embryo-lethal phenotypes, the fact that both
scy2 and seca2 mutations produce arrested globular
stage embryos is consistent with the hypothesis that
SECA2 functions with SCY2.

SECA2 has not been characterized previously. We
confirmed that it is likely to be directed to plastids
through an import assay. A full-length cDNA clone
was isolated and sequenced (GenBank accession no.

Figure 5. SCY2 localizes to the envelope membranes. A, Import assays followed by membrane fractionation. Radiolabeled
precursors to P36 (pP36) and SCY2 (pSCY2) were each incubated with isolated pea chloroplasts in in vitro import reactions for
15 min. Both precursors were also coimported into isolated chloroplasts for 15 min. Chloroplasts from all three import reactions
were repurified and washed. Chloroplasts that underwent coimport were lysed and fractionated (see “Materials and Methods”).
Translation products (Tp) equivalent to 5% of each assay, chloroplasts (Cp), envelope membranes (E), stroma (S), and thylakoid
membranes (T) were analyzed by SDS-PAGE and fluorography. B, Immunoblots of chloroplasts and fractions from pSCY2/pP36
coimport probedwith antibodies to TIC110 (applied at 1:5,000) or cpTatC (applied at 1:20,000). C to E, Immunogold localization
of GFP. Thin sections of plastids in root cells expressing SCY2-GFP (C and D) or wild-type root cells (E) were incubated with GFP
antibodies, applied at 1:10 (C) or 1:30 (D and E), and goat anti-rabbit secondary antibodies conjugated to 10-nm gold (C) or
15-nm gold (D and E). The gold label is found preferentially at the periphery of the plastids. Bars = 500 nm.
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GU289737) and subsequently used for in vitro tran-
scription and translation. The sequence of this clone
included 21 extra nucleotides in exon 28 relative to
accession NM_102014, suggesting that alternative
splicing of the transcript may occur. The predicted
protein is only 46% identical to SECA1 at the amino
acid level but contains all of the signature domains
for SecA proteins. In vitro coupled transcription and
translation produced the predicted precursor to Arab-
idopsis SECA2 (pSECA2) at 119.7 kD. When incubated
with isolated pea chloroplasts, the precursor was
processed to a mature size of 116 kD and localized to
the stroma (Fig. 7). In vitro translation also produced
several smaller translation products. In vitro translation
of very large polypeptides frequently yields carboxyl-
truncated proteins due to premature termination. This
appears to be the case for SECA2, as two smaller
processed proteins were also recovered with chloro-
plasts and localized to the stroma (Fig. 7).

SecE Is Required for Greening of Seedlings

SecY proteins have been shown to physically interact
with SecE proteins to form the membrane-associated

portion of the translocon. Only one plastid-localized
SecE homolog, encoded by At4g14870, has been re-
ported thus far in Arabidopsis (Schuenemann et al.,
1999). We identified one potential loss-of-function
allele in the Versailles collection of T-DNA mutants.
In the FLAG 583E05 line, the T-DNA inserted into the
single exon that constitutes the coding region, disrupt-
ing the SecE domain (Fig. 8A). When siliques of plants
heterozygous for this mutation were opened, they
were found to contain pale seeds (Fig. 8B) at a fre-
quency of 24.7% (n = 482). When seeds from these
parents were sown, 21.6% (n = 707) of the seedlings
were pale, as shown in Figure 8C, and these were
homozygous for the mutation, as confirmed by PCR
genotyping. RT-PCR analysis indicated that SecE tran-
scripts fail to accumulate in the pale seedlings (Fig.
8D). As with the scy1 and seca1 mutants, the pale
seedlings produce translucent and yellow leaf-like
lateral organs and floral buds with extended culture
in the presence of 1% Suc (Fig. 8E). A cosegregation
analysis (n = 124) performed after one backcross to the
Ws wild type showed that the production of white
seeds is closely linked to the insertion. Fifty-seven
plants in the population were heterozygous for the

Figure 6. seca mutant alleles and
mutant phenotypes. A, Gene dia-
grams of SECA1 (At4g01800) and
SECA2 (At1g21650) showing in-
trons and exons (boxes) in the
open reading frames and the loca-
tion of T-DNA insertions in the
mutants. B, Opened silique of a
SECA1/seca1-2 heterozygous plant
showing white seeds. C, Pale
seca1-2 homozygous mutant seed-
ling and green sibling. D, RT-PCR
analysis. cDNA prepared from
RNA isolated from either pale seed-
lings or green siblings was ampli-
fied with primers flanking the
seca1-2 T-DNA insertion site or
primers specific for EF1a (loading
control). The number of PCR cycles
is indicated by parentheses. Full-
length SECA1 transcripts do not
accumulate in the pale seedlings.
E, A seca1-2 plant grown for 5
weeks on 1% Suc. The arrow indi-
cates floral buds. Bar = 1 cm. F,
Opened silique of a SECA2-1/
seca2-1 heterozygous plant show-
ing aborted seeds. G and H, Seeds
in younger, developing siliques
contain either wild-type-appearing
embryos (G) or embryos arrested
at the globular stage (H). Bars =
50 mm.
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mutant allele, and only these plants produced siliques
that contained approximately 25% white seeds. Ge-
nomic sequence corresponding to the At4g14870 locus
was introduced into heterozygous plants by transfor-
mation. Individuals that contained the introduced
sequence and were homozygous for the original T-DNA
insertion in At4g14870 were identified by PCR geno-
typing in the T1 generation. These individuals were
viable and green; therefore, we conclude that the
disruption of At4g14870 was responsible for the albino
phenotype. The similarity of the mutant phenotype to
the phenotype of scy1 and seca1 mutants is consistent
with the hypothesis that the gene product functions in
complexes with SCY1 and SECA1. Consequently, we
have designated the At4g14870 locus as SECE1 and the
T-DNA allele as sece1-1.

DISCUSSION

Dual Sec Systems in Plastids Reflect an
Ancient Divergence

The genes that encode plastid-localized SecY, SecA,
and SecE that function in protein translocation events
in the thylakoid membranes have been described
previously (Voelker et al., 1997; Roy and Barkan,
1998), and the functions of the proteins have been

biochemically characterized (Nakai et al., 1994; Yuan
et al., 1994; Schuenemann et al., 1999). We have iden-
tified and characterized two additional loci in the
Arabidopsis genome that encode plastid-localized ho-
mologs of SecY and SecA, designated as SCY2 and
SECA2. Other plants and green algae such as Chlamy-
domonas also contain two SCY genes and two SECA
genes. In each organism, one of the SCY sequences is
more closely related to SCY1 and the other to SCY2,
while one of the SECA sequences is more closely
related to SECA1 and the other to SECA2. Therefore,
there are two distinct lineages in each family. These
may reflect an ancient divergence that predated the
emergence of the plant kingdom, because each protein
is more similar to bacterial forms of the protein than
they are to the other SCY or SECA protein. Subfunc-
tionalization presumably led to the establishment of
two essential Sec systems in plastids. Other organisms
that separately evolved dual Sec systems and contain
two SecY/SecA pairs include certain gram-positive
bacteria. These bacteria contain one essential Sec sys-
tem and an accessory Sec system specific for a small
subset of exported proteins (Rigel and Braunstein,
2008).

SCY1 and SCY2 Perform Different Functions

SECA1 and SCY1 have been shown to function in
thylakoid transport of lumenal and some membrane
proteins through genetic (Voelker et al., 1997; Roy and
Barkan, 1998) and biochemical (Nakai et al., 1994;
Yuan et al., 1994; Mori et al., 1999; Schuenemann et al.,
1999) investigations. Based on their characteristics in
in vitro transport assays, they appear to operate very
similarly to the E. coli Sec translocase. In mature chlo-
roplasts, SCY1 is localized strictly to the thylakoids and
cannot be detected in the envelope membranes even
with extended exposure of the immunoblots (Fincher
et al., 2003). The phenotype of mutations in SCY1,
SECA1, and SECE1 in maize (Voelker et al., 1997; Roy
and Barkan, 1998; Williams-Carrier et al., 2010) is im-
pairment in thylakoid biogenesis and, for SCY1, subse-
quent seedling lethality. Similarly, we show here that
mutations in Arabidopsis SCY1, SECA1, and SECE1
yield chlorotic phenotypes. The pale-seedling pheno-
type exhibited by these components is similar to that
resulting from the disruption of genes for other thyla-
koid translocases such as Alb3 and TatC. These consid-
erations suggest a SECA1/SCY1 translocation function
restricted to thylakoid biogenesis.

At present, experimental evidence that SCY2 and
SECA2 function in protein translocation is lacking.
Nevertheless, sequence similarity to well-characterized
Sec proteins and conservation of signature sequence
elements strongly suggest that they do function in
protein transport. For example, Arg-357, Pro-358, Gly-
359, and Thr-362 in loop 8 of E. coli SecY have been
identified as functionally important for translocation
(Mori and Ito, 2001). All are completely conserved in
SCY1, and all except Arg-357, which has a conservative

Figure 7. Arabidopsis SECA2 is a plastid-localized protein. Radiola-
beled precursor to SECA2 (pSECA2), obtained by a coupled transcrip-
tion and translation reaction, was incubated with isolated chloroplasts
in an in vitro import reaction for 45 min. Chloroplasts were treated with
100 mg mL21 thermolysin, repurified, washed, lysed, and fractionated
into stroma and membranes. Translation product (Tp) equivalent to
0.8% of the assay, chloroplasts (Cp), stroma (S), membranes (M), and
thermolysin-treated membranes (+T) were analyzed using SDS-PAGE
and fluorography. Smaller translation products, likely to be carboxyl-
truncated pSECA2 resulting from premature termination, also appeared
to be imported and processed, as indicated by asterisks. Translation
products that were exposed for one-fourth the length of time of
chloroplasts and chloroplast fractions are shown. The positions of
molecular mass markers (Mr) are shown at left.
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change to a Lys residue, are conserved in SCY2. Resi-
dues that give rise to suppressor mutations in trans-
membrane 7 of E. coli SecYare also largely conserved in
SCY1 and SCY2 (Osborne and Silhavy, 1993). In addi-
tion, a critical Tyr residue and L-X-X-Y motif are found
in the C termini of both SCY1 and SCY2. These residues
contact SecA during the process of translocation in
bacteria (Mori and Ito, 2006). The SecA2 protein contains
the highly conserved motor and preprotein-binding
domains that are signatures of the SecA family of
proteins. These considerations suggest that both SCY2
and SECA2 are functional for protein transport.

The difference between the loss-of-function phe-
notypes establishes that SCY1 and SCY2, as well as
SECA1 and SECA2, are genetically nonredundant.
Whereas mutations in SCY1 and SECA1 give rise to
chlorotic seedlings, mutations in either SCY2 or SECA2
arrest embryo development at the globular stage. The
possibility existed that the different phenotypes re-
sulted from different expression patterns. However,
the promoter-swap experiments reported here dem-
onstrated that the differing phenotypes were not due
to different expression patterns but rather were spe-
cifically linked to the coding regions of the two genes.
An analogous situation exists for the Toc159 family of
proteins that serve as preprotein receptors for the
plastid import apparatus. TOC159 is most abundant in
green tissues, while other members of the same family,
TOC120 and TOC132, are constitutively expressed at
low levels (Kubis et al., 2004). However genetic and
biochemical studies have shown that the TOC159
coding sequence specifies recognition of chloroplast
proteins, whereas the TOC132/120 coding sequences
specify recognition of “housekeeping” proteins that
accumulate in most plastid types (Ivanova et al., 2004).

The correspondence between the mutant pheno-
types of SCY1 and SECA1 and SCY2 and SECA2
suggests that each SECA protein works preferentially

or exclusively with one SCY protein (i.e. they form a
coupled system). If this were not the case and either
SECA could work with either SCY, we would have
expected to see genetic redundancy, and a double mu-
tant would be needed in order to see defects. Instead,
the single mutants have strong defective phenotypes,
and they are both essential genes. Because many pro-
teins that will be integrated or translocated through a
Sec system interact with the SECA component first,
this suggests that specific targeting to the respective
SCY is effected by differential binding to either SECA1
or SECA2. A similar situation is found for the acces-
sory Sec system in Streptococcus gordonii, which is
responsible for exporting GspB, a cell surface protein
that promotes adherence to platelets (for review,
see Rigel and Braunstein, 2008). Individual disrup-
tion of either SecA2 or SecY2 eliminates the export of
GspB.

Role of SECE

SecE is an essential component of the Sec systems in
bacteria and in thylakoids. In E. coli, SecE has three
transmembrane domains, but only one of these is
essential for function (Schatz et al., 1991). In E. coli,
SecE has been shown to interact with the hinge region
of SecY and is thought to act as a “molecular clamp,”
contributing to the stability of the translocation com-
plex (for review, see Natale et al., 2008). In the thyla-
koid membranes of plastids, SecE includes a single
transmembrane domain and has been shown to inter-
act with SCY1 (Schuenemann et al., 1999). A single
SecE homolog has been identified to date in plants
(Schuenemann et al., 1999; Fröderberg et al., 2001;
Williams-Carrier et al., 2010). If this protein were
essential for both SCY1- and SCY2-containing com-
plexes, the expected mutant phenotype would be
embryo lethality. Instead, plants that are homozygous

Figure 8. sece1 mutant allele and mutant
phenotypes. A, Gene diagram of SECE1
showing the single exon in the open
reading frame and the location of the
T-DNA insertion in the sece1-1 mutant.
B, Opened silique of a SECE1/sece1-1 het-
erozygous plant showing white seeds. C,
Pale sece1-1 homozygous mutant seedling
and green sibling. D, RT-PCR analysis.
cDNA prepared from RNA isolated from
either pale seedlings or green siblings
was amplified with primers flanking the
sece1-1 T-DNA insertion site or primers
specific for EF1a. The number of PCR
cycles is indicated by parentheses. Full-
length SECE1 transcripts do not accumu-
late in the pale seedlings. E, sece1-1 plant
grown for 5 weeks on 1% Suc. The arrow
indicates floral buds. Bar = 1 cm.
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for sece1-1 mutations are albino seedlings with Suc-
dependent development. The similarity in mutant
phenotypes suggests that SECE1 plays an essential
role only in SCY1-containing complexes, suggesting
that another protein serves the SecE function for SCY2.
The accessory Sec system of S. gordonii is encoded in an
operon that contains SecA2, SecY2, and several acces-
sory factors that are essential for export. One of these
factors is distantly related to SecE, with a similarity of
only 52% to the B. subtilis protein (Rigel and Braunstein,
2008). A BLAST search with default parameters failed
to identify any SecE proteins in the database, suggest-
ing that a second SecE in Arabidopsis might not be
recognized as such. The large collections of Arabidop-
sis embryo-lethal mutants might be a good starting
point for a search for a second plastid-localized protein
with SecE activity.

What Does the SCY2 System Do?

Until bona fide SECA2/SCY2 substrates are identi-
fied, the actual function of SCY2 in plastid biogenesis
will be unclear. However, several characteristics of
SCY2 are relevant for hypotheses regarding substrates.
The first is our observation that GFP-tagged SCY2 is
associated with the envelope in root plastids and SCY2
localizes preferentially to the envelope membranes in
an in vitro import assay. The in vitro assay also sug-
gested that some SCY2 localized to thylakoids. Local-
ization of the endogenous protein will be essential to
determine if SCY2 is actually present in thylakoid
membranes. The chloroplast import assay correctly
localizes envelope, thylakoid, and stromal proteins of
chloroplasts. However, it may not report correctly for
proteins that function early during plastid develop-
ment or that redistribute during development, such as
the plastid signal peptidase Plsp1, which appears to
change localization from envelope to thylakoids dur-
ing development (Inoue et al., 2005; Shipman and
Inoue, 2009). Unfortunately, the immunocytochemistry
study could not be extended to other tissues, because
the GFP antibodies label green plastids in wild-type
samples nonspecifically (i.e. when GFP is absent).
Regardless of whether SCY2 redistributes to thylakoid
membranes in chloroplasts, the scy2-4 embryos arrest
at the globular stage, before the proliferation of the
thylakoid membranes (Mansfield and Briarty, 1991),
which starts at the heart stage. By this reasoning, the
most likely site of SCY2 function at this critical stage
would be the envelope. The fact that SecY is found in
both the cell and thylakoid membranes of cyanobacte-
ria, and in the envelope and thylakoid membranes of
cyanelles (Nakai et al., 1993; Yusa et al., 2008), implies a
need for an envelope-based Sec system.
Most proteins of the thylakoid membrane are local-

ized by a process called conservative sorting, wherein
the Toc/Tic import system delivers the proteins to the
stromal compartment, which is the ancestral endo-
symbiont cytoplasm. From there, they follow ancestral
targeting and translocation pathways conserved from

the endosymbionts. The efficiency of conservative
sorting from an evolutionary standpoint is that the
intraplastid trafficking machinery for conserved pro-
teins was already in place and coevolved with its
substrate proteins, eliminating the need for new trans-
location mechanisms. By this reasoning, SCY2 is likely
to be situated in the inner envelope membrane facing
the stroma and to transport proteins from the stroma
into the interenvelope space or insert them into the
inner envelope membrane. Several nucleus-encoded
envelope proteins are candidate SCY2 substrates.
TIC40 and TIC110 are transiently present in the stroma
as soluble intermediates and integrated into the inner
envelope membrane, possibly by a conservative sort-
ing pathway of unknown identity (Li and Schnell,
2006; Tripp et al., 2007). Although soluble intermedi-
ates of TIC21 and TIC110 accumulate in null Tic40
mutants, TIC40 is thought to play an accessory, rather
than a central, role, because translocation is slowed but
not blocked (Chiu and Li, 2008). Null Tic40 homozy-
gotes are viable and have chlorotic phenotypes (Chou
et al., 2003; Kovacheva et al., 2005). On the other hand,
Tic110 homozygotes arrest at the globular stage (Inaba
et al., 2005; Kovacheva et al., 2005), just as scy2 and
seca2 mutants do. Several other inner envelope pro-
teins have embryo-defective mutant phenotypes
(Kobayashi et al., 2007), although the route they take
to the envelope is not known. One other intriguing
possibility is that SCY2 may function in the integration
of multispanning thylakoid translocase subunits. Thy-
lakoids are thought to initiate through the budding
or invagination of the inner envelope membrane (for
discussion, see von Wettstein, 2001; Vothknecht and
Westhoff, 2001), and translocases that mediate the
expansion and population of proteins of the system
may themselves need to be initially inserted in the
envelope (for discussion, see Cline, 2003). This has
been proposed for the cpTatC subunit based on exper-
imental observations that are inconsistent with inte-
gration by any of the known thylakoid translocase
systems (Martin et al., 2009). The cpTat complex as-
sembles in scy1 and alb3 mutants, and biochemical
inhibitors of cpTat and SRP were without effect on
cpTatC localization. In E. coli, TatC insertion is Sec de-
pendent and likely occurs cotranslationally (Yi et al.,
2003). If the mechanism and machinery are conserved
in plastids, it is possible that SCY2 acting at the enve-
lope could mediate a pseudo-cotranslational integra-
tion of cpTatC, wherein import across Toc and Tic and
integration via SCY2 would be coupled. Pseudo-
cotranslational integration appears to occur for TIC40
in vitro, where the TIC40 N terminus inserted and
was processed while the C terminus was still in the
import channel (Li and Schnell, 2006). If cpTatC is
initially inserted in the inner envelope membrane,
this would necessitate envelope-to-thylakoid reloca-
tion by a membrane-flow transport system. Evidence
that a system of this kind exists in chloroplasts has
been presented by other investigators (Hoober et al.,
1991; Morré et al., 1991; Westphal et al., 2001).
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Sodium azide, which has been shown to inhibit
SecA function, was previously used to identify sub-
strates of the SECA1/SCY1 system in pea chloroplasts
(Yuan et al., 1994) and in principle could be used to
verify usage of the SECA2/SCY2 system. However,
sodium azide is an unreliable reporter of Sec usage for
two reasons. First, not all SecA proteins are sensitive to
azide (e.g. the SECA1 of spinach [Spinacia oleracea]
chloroplasts; Berghöfer et al., 1995). Second, SECA2
may not be required for some of the proposed mem-
brane protein substrates of SCY2 (i.e. cpTatC, TIC40,
and TIC110) because of the short translocated loops
of these proteins. In E. coli, integration of membrane
proteins with transported loops of 30 residues or less
does not require SecA (Andersson and von Heijne,
1993; Deitermann et al., 2005). Thus, more sophisti-
cated in vivo analyses (Voelker and Barkan, 1995) or
reconstituted integration assays, like the system de-
scribed by Li and Schnell (2006), will be required for
the identification of SCY2 substrates.

In conclusion, we suggest that SECA2/SCY2 must
be considered top candidates for a role as mediators of
the postimport or conservative sorting pathway for
inner membrane proteins in plastids. The duplication
and subfunctionalization of Sec systems in plastids or
the bacterial ancestors of plastids appears to have been
an ancient event and may have been associated with
the differentiation of two membrane systems, the en-
velope and the thylakoids.

MATERIALS AND METHODS

Identification of T-DNA Insertional Alleles

The scy2-4 allele was isolated following the transformation of Arabidopsis

(Arabidopsis thaliana Ws ecotype) wild-type plants with a construct consisting

of the cauliflower mosaic virus 35S promoter fused to AGL15 antisense

sequence. DNA flanking the insertion was amplified from kanamycin-resistant

plants through tail PCR (Liu and Whittier, 1995). Plants carrying scy1 mutant

alleles were identified by screening the T-DNA populations (Ws ecotype) at

the University of Wisconsin-Madison Arabidopsis knockout facility (Sussman

et al., 2000). The scy1-1 and scy1-2 alleles were identified in the a (kanamycin-

resistant) population using oligonucleotides annealing to the T-DNA left

border (5#-CATTTTATAATAACGCTGCGGACATCTAC-3#) and regions up-

stream (scy1-2, 5#-TCTCCTCCTTCTTTGGCATGATTATATTT-3#) or down-

stream (scy1-1, 5#-CCCCATGTGAGATGCTTATACATAGAAAA-3#) of SCY1.
Plants carrying the seca1-2 (SALK 063371) and seca2-1 (SALK 014008)

mutant alleles were isolated from the SALK insertional mutant population

(Alonso et al., 2003) by screening seed stocks obtained from the Arabidopsis

Biological Resource Center at Ohio State University. The seed stocks from

which the seca2-2 and sece1-1 mutants were isolated were part of the INRA-

Versailles collection (Ws-4 ecotype) and correspond to FLAG_315D07 and

FLAG_583E05, respectively. Each mutant was backcrossed to the wild type at

least three times and maintained as a heterozygous line. Plants were grown at

22�C with 16-h days and 8-h nights.

Plant Genotyping

Plants carrying mutant alleles were identified through PCR-based geno-

typing. DNA was isolated from seedlings or leaf tissue as described previ-

ously (Adamczyk et al., 2007). PCR amplification was performed with ExTaq

polymerase (TaKaRa Bio) and gene-specific and/or T-DNA-specific primers

(Supplemental Table S1). For plants carrying transgenes, primers were used

that could differentiate between the introduced sequences and the endoge-

nous loci.

RNA Isolation and RT-PCR Analyses

RNAwas extracted from seedlings using the phenol extraction procedure

described previously (Lehti-Shiu et al., 2005). For RT-PCR analyses, cDNAwas

synthesized from 1 mg of RNA using Moloney murine leukemia virus reverse

transcriptase (Promega) according to the manufacturer’s instructions. To am-

plify EF1a transcripts, oligonucleotide 279 (5#-GTTTCACATCAACATTGTGGT-

CATTGG-3#) and oligonucleotide 280 (5#-GAGTACTTGGGGGTAGTGGCA-

TCC-3#) and either 18 or 25 cycles (as indicated) were used. To amplify SCY1

transcripts, oligonucleotide 188 (5#-GGTAAGCGAAGTTTCCTCTTACTCT-3#)
and oligonucleotide 561 (5#-ATTAACCCCGCCGAGTGGTATGTA-3#) and 30

cycles were used. To amplify SECA1 transcripts, oligonucleotide 1,069 (5#-TGG
TGAAGGGAAAACGCTTGTTGCT-3#) and oligonucleotide 1,070 (5#-TGC
CCACTGTTCACGGGGAT-3#) and 33 cycles were used. To amplify SECE1

transcripts, oligonucleotide 1,065 (5#-CACTAACCGCACAATTCTCG-3#) and

oligonucleotide 1,066 (5#-AGTCTTGAACACCTCTTCCG-3#) and 33 cycles were

used.

Generation of Transgenic Plants

Constructs used for scy1 and scy2 mutant complementation and localiza-

tion experiments are shown in Figure 4A. All of the constructs were trans-

ferred into a modified pPZP221 transformation vector (Hajdukiewicz et al.,

1994) containing the NOS terminator. The ProSCY2:SCY2 construct consisted

of 600 bp of sequence upstream of ATG, the full coding sequence of SCY2

(minus the final 3 bp) with all of the introns, and a C-terminal extension

encoding a T7 epitope tag (Novagen). For the ProSCY2:SCY1 construct, SCY1

genomic sequence was amplified using an oligonucleotide that would intro-

duce an EcoRI site after the ATG. This was inserted behind the SCY2 upstream

sequence using the EcoRI site in that position in SCY2. The rest of the construct

included the full coding sequence of SCY1 (minus the final 3 bp) with all of

the introns and a C-terminal extension encoding a T7 epitope tag. To generate

the ProSCY1:SCY1 construct, SCY2 upstream sequence was removed from the

ProSCY2:SCY1 construct and replaced with 800 bp of SCY1 upstream se-

quence amplified using an oligonucleotide that would add an EcoRI site in the

appropriate position after the ATG. The ProSCY2:SCY2-GFP construct in-

cluded 3.8 kb of SCY2 genomic sequence (600 bp upstream of the ATG plus the

coding sequence) fused in frame with GFP. The SECE1 construct for mutant

complementation consisted of a 1.4-kb BamHI fragment that included 388 bp

of upstream sequence, the full coding sequence, and 455 bp of downstream

sequence. Further details of construct generation are available upon request.

Constructs were introduced into plants using the floral dip method

(Clough and Bent, 1998) and Agrobacterium tumefaciens GV3101. Recipient

plants were heterozygous for scy1-1, scy2-4, sece1-1, or wild-type Ws. Trans-

genic progeny were selected on medium supplemented with 100 mg mL21

gentamycin.

Light and Confocal Microscopy

Developing embryos were visualized in lightly fixed, cleared ovules as

described previously (Lehti-Shiu et al., 2005).

For confocal microscopy, 5- to 7-d-old seedlings in the T2 generation of

multiple lines carrying the ProSCY2:SCY2-GFP construct were removed from

agar plates and placed under a coverslip. Confocal fluorescence images were

collected using a Zeiss LSM 510 META confocal laser scanning microscope.

Samples were viewed using a 403 C-Apochromat water-immersion objective.

For detecting GFP, an excitation wavelength of 488 nmwas used, and emission

was collected with bandpass 500 to 550 IR. Images were also gathered in a

spectral series to confirm that the emission was at the expected wavelengths

for GFP and not due to chlorophyll autofluorescence. Images were edited

using the LSM Image browser (http://www.zeiss.com/lsm) and Adobe

Photoshop 6.0.

High-Pressure Freezing and Immunolabeling

Root tips were collected from transgenic and wild-type 7-d-old seedlings

and processed as described by Otegui et al. (2006). Samples were subjected to

high-pressure freezing (Baltec HPM 010) and freeze substitution at 290�C in
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0.1% (w/v) uranyl acetate, 0.2% (w/v) glutaraldehyde in acetone. After 5 d,

the samples were warmed to 260�C and infiltrated gradually with Lowicryl

HM20 resin (Electron Microscopy Sciences) over 3 to 4 d. Finally, the samples

were polymerized at low temperature with UV light. Thin sections (80 nm)

were mounted on Formvar-coated nickel grids and incubated in 10% (w/v)

nonfatmilk in phosphate-buffered saline (PBS) with 0.1% Tween 20 for 10min at

room temperature, prior to incubation for 1 h in either 1:10 or 1:30 dilutions of

anti-GFP rabbit polyclonal antibodies (Torrey Pines Biolabs) in the PBS-Tween 20

buffer. Sections were then rinsed for 30 s with PBS with 0.5% Tween 20 and

incubated for 1 h in a 1:10 dilution of goat anti-rabbit antibodies conjugatedwith

10-nmgold or 15-nmgold (ElectronMicroscopy Sciences). After a final 30-s rinse

in PBS with 0.5% Tween 20 and a rinse with deionized water, specimens were

observed using a transmission electron microscope (Philips CM-120; FEI Co.).

Controls included incubations of wild-type tissues with the same antibodies

and incubations where the primary antibodies were omitted.

Cloning of cDNAs and Construction of Precursors

A DNA fragment encoding the precursor to SCY2 was amplified using Pfu

Turbo DNA polymerase (Stratagene) and gene-specific primers flanked by

restriction sites from cDNA generated from light-grown shoot RNA. The

oligonucleotide 5#-TTGGATCCCTCCTCATCCTCTCGATGAAT-3# (oligonu-

cleotide 697), which added a BamHI site before the ATG, was used in

combination with 5#-TTGGTACCTAAGTTCTTCTGTTTCTCCAATCTCC-3#
(oligonucleotide 698), which added a KpnI site 28 bp after the stop codon.

The resulting fragment was cloned into pGEM-T (Promega) for sequence

analysis. It was excised and subcloned into pGEM3Zf+ for in vitro transcrip-

tion and translation.

DNA fragments encoding two overlapping halves of the precursor

to SECA2 (pSECA2) were amplified from Arabidopsis cDNA generated

from 7-d-old Columbia seedling RNA. The first half was amplified using

5#-ACCCCATTCTTTCAGCAGTTC-3# (oligonucleotide 934) and 5#-AAC-

CCGGGAAATGGGTTCTGTTTCTAATCTTGTGA-3# (oligonucleotide 856),
which introduced a SmaI site upstream of the ATG. The second half was

amplified using 5#-CAGGCTGTGGAGGCTAAAGA-3# (oligonucleotide 933)

and 5#-TTGGTACCTCAGTTTTTCCCCTCAGGTAA-3# (oligonucleotide 857),
which introduced a KpnI site downstream of the stop codon. The two

fragments were cloned into pGEM-T, and clones with the same orientation

were subsequently fused together using an internal SalI site. For import

assays, the full-length cDNA sequence was reamplified using 5#-TTGGTAC-

CATGGGTTCTGTTTCTAATCTTGTGA-3# (oligonucleotide 1,005), which

changed the SmaI site to a KpnI site, and 5#-TTGGTACCTCAGTTTTTCCCCT-

CAGGTAA-3# (oligonucleotide 857), cloned into pGEM-T, and then subcloned

as a KpnI-KpnI fragment behind the SP6 promoter in pGEM-3Z. Orientation

was confirmed by restriction digests and sequencing.

Chloroplast Protein Import and Fractionation

In vitro translated precursor proteins were produced by coupled SP6

transcription translation (Promega) in the presence of [3H]Leu (Perkin-Elmer).

Translation products were diluted with 1 volume of 60 mM Leu in 23 import

buffer (IB; 13 = 50 mM HEPES/KOH, pH 8.0, and 0.33 M sorbitol) prior to use

unless otherwise indicated. Intact chloroplasts were isolated from 9- to 10-d-

old pea seedlings (Pisum sativum ‘Laxton’s Progress 9 Improved’) and were

resuspended in IB at 1 mg mL21 chlorophyll (Cline, 1986). Radiolabeled

precursor proteins were incubated with isolated chloroplasts (0.33 mg mL21

chlorophyll), 5 mM MgATP, and IB in 120 mE of light in a 25�C water bath for

the times specified in the figure legends. After import, samples were treated

with 100 mg mL21 thermolysin on ice for 30 min. Proteolysis was stopped by

the addition of 0.5 M EDTA to a final concentration of 10 mM, and chloroplasts

were reisolated by centrifugation through 35% Percoll and 5 mM EDTA in IB.

Intact chloroplasts were washed, resuspended to equal concentrations of

chlorophyll, and then analyzed using SDS-PAGE. Alternatively, chloroplasts

were lysed hypotonically by resuspension in 10mMHEPES/KOH, pH 8.0, and

incubation on ice for 10 min. Lysed chloroplasts were analyzed using SDS-

PAGE and/or fractionated into membranes and stroma by differential cen-

trifugation (12,000g, 10 min, 4�C). Membranes were resuspended in IB,

analyzed using SDS-PAGE, and/or combined with 100 mg mL21 thermolysin

on ice for 30 min. Proteolysis was stopped by the addition of 10 mM EDTA

before analysis by SDS-PAGE and fluorography.

Chloroplasts were also fractionated into envelope, stroma, and thylakoids

by differential centrifugation as follows. Chloroplasts were lysed by resus-

pension to 0.5 mg chlorophyll mL21 in 10 mM HEPES-KOH, pH 8.0, for 10 min

on ice, and the lysate was centrifuged at 3,850g for 25 s in a swinging-bucket

microfuge at 2�C. The clear supernatant (supernatant 1) was transferred to a

separate tube. The remaining partially pelleted chloroplasts were resus-

pended in 1 mL of 10 mM HEPES-KOH, pH 8.0, and centrifuged at 3,300g

for 8 min. The supernatant (supernatant 2) was transferred to a separate tube.

Both supernatants were centrifuged at 150,000g for 30 min to pellet the

envelope membranes. The stromal extract is the supernatant of ultracentrifu-

gation of supernatant 1. The pellets that resulted from ultracentrifugation

were combined. The envelope and thylakoid pellets were resuspended to the

original lysate volume in IB before analysis by SDS-PAGE and fluorography.

Electrophoresis

SCY2- and SECA2-containing samples were incubated in sample buffer

(0.1 M Tris-HCl, pH 6.8, 8 M urea, 5% SDS, 20% glycerol, and 10%

b-mercaptoethanol) for 1 h at room temperature before electrophoresis. Gels

were processed for fluorography as described previously (Cline, 1986; Cline

and Mori, 2001).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number GU289737 (SECA2 cDNA). The Arabidopsis

Genome Initiative locus identifiers for the Arabidopsis genes are as follows:

SCY1 (At2g18710), SCY2 (At2g31530), SECA1 (At4g01800), SECA2 (At1g21650),

and SECE1 (At4g14870).

Supplemental Data

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

Supplemental Figure S1. Structure of the transgene and insertion site in

the scy2-4 mutant.

Supplemental Figure S2. Hydrophobicity plots of SCY1, SCY2, and
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Supplemental Figure S3. Phenotype of scy mutant plants complemented

with various transgenes.

Supplemental Figure S4.A small amount of SCY2 remains associatedwith

thylakoid fractions devoid of envelope membranes.
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Morré DJ, Selldén G, Sundqvist C, Sandelius AS (1991) Stromal low

temperature compartment derived from the inner membrane of the

chloroplast envelope. Plant Physiol 97: 1558–1564

Motohashi R, Nagata N, Ito T, Takahashi S, Hobo T, Yoshida S, Shinozaki

K (2001) An essential role of a TatC homologue of a DpH-dependent

protein transporter in thylakoid membrane formation during chloro-

plast development in Arabidopsis thaliana. Proc Natl Acad Sci USA 98:

10499–10504

Nakai M, Goto A, Nohara T, Sugita D, Endo T (1994) Identification of the

SecA protein homolog in pea chloroplasts and its possible involvement

in thylakoidal protein transport. J Biol Chem 269: 31338–31341

Nakai M, Sugita D, Omata T, Endo T (1993) Sec-Y protein is localized

in both the cytoplasmic and thylakoid membranes in the cyanobacte-

rium Synechococcus PCC7942. Biochem Biophys Res Commun 193:

228–234
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