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Most plastid proteins are encoded by the nuclear genome, and
consequently, need to be transported into plastids across multiple
envelope membranes. In diverse organisms possessing secondary
plastids, nuclear-encoded plastid precursor proteins (preproteins)
commonly have an N-terminal extension that consists of an endo-
plasmic reticulum (ER)-targeting signal peptide and a transit pep-
tide-like sequence (TPL). This bipartite targeting peptide is believed
to be necessary for targeting the preproteins into the secondary
plastids. Here, we newly demonstrate the function of the bipartite
targeting peptides of an algal group, chlorarachniophytes, and
characterize the functional domains of the TPL in the precursor of
a plastid protein, ATP synthase delta subunit (AtpD), using a GFP
as a reporter molecule. We show that the C-terminal portion of the
TPL is important for targeting the AtpD preprotein from the ER into
the chlorarachniophyte plastids, and several positively charged
amino acids in the TPL are also necessary for transporting the
preprotein across the 2 innermost plastid membranes. Compared
with other groups with secondary plastids, the TPL functional
domains of the chlorarachniophytes are unique, which might be
caused by independent acquisition of their plastids.

ATP synthase delta subunit | secondary endosymbiosis | transit peptides |
bipartite targeting peptide | periplastidal compartment

lastids evolved either from the primary or the secondary

endosymbioses (1, 2). Three major photosynthetic eukaryote
groups [the green plants (land plants and green algae), red algae,
and glaucophytes] evolved from a common ancestor that ac-
quired plastids by a single primary endosymbiosis between a
cyanobacterium and a nonphotosynthetic eukaryote. These plas-
tids, which are surrounded by 2 envelope membranes, are called
the “primary plastids” (3, 4). In subsequent secondary endo-
symbioses, different photosynthetic organisms with primary
plastids (e.g., green and red algae) were engulfed and retained
by 3 or more nonphotosynthetic eukaryotes of different lineages;
they evolved into so-called “secondary plastids,” which are
surrounded by 3 or 4 membranes (2, 5). Diverse algal groups,
including chlorarachniophytes, cryptophytes, dinoflagellates,
euglenophytes, haptophytes, heterokonts, and a nonphotosyn-
thetic parasitic group, apicomplexans, harbor the secondary
plastids (2).

In these endosymbiotic processes, numerous genes have trans-
ferred from the endosymbionts to the nuclear genomes of the
host (6, 7), and the proteins expressed from these genes need to
be sent back into the plastids (i.e., the former endosymbionts)
across multiple plastid membranes (8-10). To be targeted
correctly into the plastids, the precursors of nuclear-encoded
plastid proteins generally possess plastid-targeting presequences
(11). The acquisitions of the targeting sequences are thought to
be essential factors for the integration of endosymbionts into
host cells, to end up as organelles. The nuclear-encoded pre-
cursor proteins (preproteins) for the primary plastids have an
N-terminal plastid-targeting sequence called a transit peptide
(TP), and they are posttranslationally transported from the
cytoplasm into the plastids (11-13). However, the preproteins
for diverse secondary plastids commonly have N-terminal bi-
partite plastid-targeting sequences, each of which consists of a
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signal peptide (SP) and a TP-like (TPL) sequence (11). The SP
is known, in several groups with secondary plastids, to be
responsible for the cotranslational transport of preproteins into
the endoplasmic reticulum (ER), and the TPL is believed to be
necessary for targeting the preproteins into the plastid stroma
across multiple envelope membranes (8-11).

Among the eukaryotic groups possessing secondary plastids,
the primary sequences of the N-terminal bipartite plastid-
targeting peptides are not conserved (11), which makes it
difficult to characterize the common sequence motifs or struc-
tural elements essential to their function. Recent in vivo, in vitro,
and in silico studies have revealed the functional domains of
TPLs in several groups. Euglenophytes and dinoflagellates have
secondary plastids surrounded by 3 smooth membranes. Many
TPLs of those algal groups contain a remarkable hydrophobic
region that anchors the preproteins to the ER-derived vesicular
membrane during vesicular transportation from the ER into the
plastids via Golgi bodies (14, 15). The plastids of heterokonts
and cryptophytes are surrounded by 4 membranes; the outer-
most membrane is continuous with the ER. Their TPLs possess
a conserved aromatic amino acid (such as phenylalanine) at the
N terminus, and it has been demonstrated that this aromatic
amino acid is necessary in allowing preproteins to pass through
the 2 innermost plastid membranes (16-19). Apicomplexans
have nonphotosynthetic plastids (apicoplasts) surrounded by 4
smooth membranes. It has been shown that several positively
charged amino acids and a possible Hsp70 binding site in the
TPLs are both important for targeting preproteins from the ER
into the apicoplasts (20-22). These studies have indicated that,
although “TPL” is commonly present in those eukaryotic
groups, its function in the preprotein transport process seems
differ among them. However, our knowledge of the TPL func-
tion is limited to a few groups. To obtain the “whole picture” of
the diversity and evolution of plastid-targeting peptides in photo-
synthetic eukaryotes, we need to study other algal groups with
secondary plastids that have not yet been sufficiently studied.

One such algal group is the chlorarachniophytes, a marine
unicellular algal group that has acquired plastids via a secondary
endosymbiosis between a green alga and a colorless cercozoan
protist (23, 24). Each chlorarachniophyte plastid is bounded by
4 smooth membranes and contains a highly reduced nucleus,
referred to as the nucleomorph, of the green algal endosymbiont
in the periplastidal compartment (PPC), the space between the
second and third plastid membranes (25, 26). The combination
of these features is unique in secondary plastids, providing
incentive to study plastid targeting in this algal group. Previous
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Fig. 1. Confocal images of transformed L. amoebiformis cells, with GFP fluorescence. The images labeled GFP show GFP localization (green), and those labeled
plastids show chlorophyll-autofluorescence (red). (A) A cell transformed with pBnAtpD62+GFP showing the GFP localization in the stromas and pyrenoids of
plastids. (B) A cell transformed with pGFP-Only (a control), showing the GFP localization in the nucleus and cytoplasm. (C) A cell transformed with
pBnAtpD30-+GFP, showing the GFP localization in the putative ER. (D) A cell transformed with pLaCRT400+GFP, showing the GFP in the ER. (Scale bar, 5 um.)

DIC, differential interference contrast; Cy, cytoplasm; N, nucleus; PS, plastid stroma; Py, pyrenoid; MP, mature protein.

in silico analyses predicted that the nuclear-encoded plastid
preproteins of chlorarachniophytes have N-terminal bipartite
targeting peptides containing a SP and a TPL (27, 28). However,
the TPL sequences are not well conserved among different
preproteins and poorly characterized by those analyses, so
detailed in vivo analyses are required to reveal the TPL func-
tional domains in the chlorarachniophytes.

In this article, we demonstrate the function of bipartite
targeting peptides in chlorarachniophytes, using a transient
transformation system. We used one particular plastid-targeted
preprotein [ATP synthase delta subunit protein of a chlorarach-
niophyte Bigelowiella natans (BnAtpD)] as a model; we then
characterized the functional domains of its TPL, using GFP as
a reporter molecule. We demonstrate that the C-terminal por-
tion of the TPL is significant in transporting the preprotein from
the ER into the chlorarachniophyte plastids, and that several
positively charged amino acids within the TPL are also neces-
sary, if the preprotein is to pass through the 2 innermost plastid
membranes. We also carried out comparative analyses of bipar-
tite targeting peptides among chlorarachniophytes and a few
other organisms with secondary plastids. Here, we discuss the
functional diversity among the TPLs for targeting preproteins
into various secondary plastids.

Results and Discussion

Confirmation of the Plastid-Targeting Ability of Putative N-Terminal
Bipartite Targeting Peptides in Chlorarachniophytes. We obtained
the ¢cDNA sequences of 3 plastid-targeted protein genes
(BnatpD, Bnfdxl, and BnrpL28) from a chlorarachniophyte, B.
natans (29). N-terminal bipartite targeting peptides in the de-
duced preprotein sequences of those genes were predicted by the
signal peptide prediction server SignalP (www.cbs.dtu.dk/
services/SignalP) (30), and the chloroplast TP prediction server
ChloroP (www.cbs.dtu.dk/services/ChloroP) (31). All 3 plastid-
targeted preproteins were predicted to have N-terminal bipartite
targeting peptides, an ER-targeting signal peptide (SP) followed
by a TPL sequence (Fig. S1). The transient transformation
system for the chlorarachniophyte Lotharella amoebiformis (32)
was used to analyze the plastid-targeting abilities of these
putative N-terminal targeting sequences in vivo. We prepared 3
plasmid constructs that expressed each of the putative bipartite
targeting peptide regions of BnAtpD, BnFdx1, and BnRpL28
preproteins, fused with GFP; the cells were then transformed
with each of these plasmids. In all 3 constructs (i.e.,
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BnAtpD62+GFP, BnFdx94+GFP, and BnRpL88+GFP), the
transformants exhibited GFP fluorescence in the plastid stroma
and pyrenoid, which is a protein-rich structure in the plastid
stroma (Fig. 14 and Fig. S2 A and B), and these GFP localiza-
tions were clearly different from the control, the GFP-Only (Fig.
1B). Therefore, these putative bipartite targeting peptides suc-
cessfully delivered the GFP into the plastids across 4 plastid
membranes. This result confirms that the bipartite targeting
peptide of BnAtpD, BnFdx1, and BnRpL28 are sufficient for
targeting these preproteins into the plastids. The chlorarachnio-
phytes use a bipartite targeting signal system that is similarly
used in other secondary plastid-bearing eukaryotic groups,
including heterokonts, cryptophytes, and apicomplexans (17, 20,
33). It is interesting to note that bipartite targeting peptides are
commonly used for targeting proteins into the secondary plastids
of diverse groups, even though the origins of their plastids are
different.

ER-to-Plastid Transport Signal in the TPL. For detailed functional
analyses of the N-terminal bipartite targeting peptide, we used
a plastid-targeted preprotein, BnAtpD, as a model. First, to
determine whether the putative SP is sufficient for targeting the
preprotein into the ER, we created a plasmid construct that
expresses the putative SP fused with GFP (BnAtpD30+GFP),
and L. amoebiformis cells were transformed with this plasmid. In
the transformed cells, GFP fluorescence was observed around
the nucleus and in the cytoplasmic region (Fig. 1C). This
localization was similar to that of GFP fused with an ER luminal
protein, calreticulin (CRT), which had been isolated from L.
amoebiformis (Fig. 1D and Fig. S2C). It appears that the GFP
fused with the putative SP of BnAtpD was transported into the
ER, but did not go into the plastids. This result demonstrates
that, as in other cases, the SP is sufficient for delivering
preproteins into the ER in the chlorarachniophytes. Combined
with the fact that the whole bipartite targeting peptide of the
BnAtpD preprotein can correctly deliver GFP into chlorarach-
niophyte plastids (Fig. 14), these findings indicate that, in
chlorarachniophytes, TPL is necessary for targeting preproteins
from the ER into the plastids.

Although the requirement of TPL for the transport of pre-
proteins from the ER to the inside of plastids has been confirmed
in several eukaryotic groups with secondary plastids (11), it is
still unclear whether the functional domain of chlorarachnio-
phyte TPLs is similar or unique compared with TPLs of other
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Fig. 2. In vivo targeting of GFP fused with BnAtpD precursors possessing various deletions in the TPL. (A) Amino acid sequences of 6 constructs used for the
deletion analyses. (A) Dashed line indicates a deleted portion in the TPL of BnAtpD. Red arrowheads indicate the predicted TPL cleavage site. (B) In vivo
targeting-efficiencies of GFP fusion proteins, when cells were transformed with each plasmid construct. (C) Confocal images of a cell transformed with
pBnAtpD-m6+GFP, showing the GFP localization in the putative ER. (D) Another transformed cell, showing the GFP localization in the possible PPC.

secondary plastids. To detect the functional domain within the
TPL of BnAtpD preprotein, we performed deletion analyses of
GFP fusion proteins in vivo. The TPL region was divided into 6
portions (m1, m2, m3, m4, m5, and m6) consisting of 4—6 amino
acids; each of these portions was deleted from the
BnAtpD247+GFP (BnAtpD full-length preprotein + GFP), as
shown in Fig. 24. When the cells were transformed with each of
pBnAtpD-m1, pBnAtpD-m2, pBnAtpD-m3, pBnAtpD-m4, and
pBnAtpD-mS5, the GFP fusion proteins were transported into the
plastid stromas, and the obstruction to plastid-targeting was not
observed in most transformed cells (Fig. 2B). However, when the
BnAtpD-m6 fusion proteins (i.e., the products of the pB-
nAtpD-m6 deletion construct) were expressed in the cells, GFP
fluorescence was observed in the putative ER in ~60% of the
transformed cells, and the ratio of the cells in which the GFP was
transported into the plastid stroma was only 10% (Fig. 2 B and
C). In the rest of the transformants, GFP was localized near the
central region of each plastid, but the GFP fluorescence did not
merge with chlorophyll autofluorescence (Fig. 2D). This local-
ization pattern was similar to the localization of GFP fusion
proteins targeted into PPC, as discussed in the following section
(see Fig. 4). These results indicate that the m6 portion, which is
in the vicinity of the putative cleavage site of the TPL, is
important for targeting proteins from the ER into the plastids.

The amino acid sequence of the m6 portion in the BnAtpD
preprotein was L-R-A-N-A. To know whether other plastid-
targeted preproteins of chlorarachniophytes generally have this
sequence in their putative TPLs, we searched for the L-R-A-N-A
sequence in the TPL sequences of 36 plastid-targeted prepro-
teins using the Teiresias algorithm (http://cbcsrv.watson.ibm-
.com/Tspd.html) (34). This exact sequence was not found in
other TPLs, but 12 of the 36 TPLs possessed sequences that were
similar to the L-R-A-N-A sequence in chemical nature [i.e.,
(I/L/M/V)-X-(A/G)-X-(A/G)]. Intriguingly, 8 of the 12 TPLs had
the motifs near the putative cleavage sites of the putative TPLs
(Fig. S3). It is possible, at least for several proteins, that the
C-terminal portion of TPL is involved in targeting a plastid
preprotein from the ER into the chlorarachniophyte plastid,
although further study is needed to determine what information
(e.g., primary sequence, secondary structure, or chemical na-
ture) in the functional portion is important for plastid targeting.
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Because the plastids of chlorarachniophytes are not connected
with any endomembrane in the cell, plastid preproteins are
assumed to be transported via vesicular transports from the ER
to the plastids (35). It is possible that the C-terminal functional
domain of the chlorarachniophyte TPLs is involved in this
transport step. This type of functional domain in TPL has not
been known in any other plastid-bearing eukaryotic groups. The
uniqueness of this TPL functional domain may reflect the
differences of plastid membrane structure and protein transport
pathway between the chlorarachniophytes and other groups.
Unlike the chlorarachniophyte plastids, the outermost plastid
membrane is continuous with the ER in the plastids of het-
erokonts, cryptophytes, and haptophytes, and plastid prepro-
teins are believed to be transported from the ER into the plastids
via the membrane connection (9, 35). It has been demonstrated
in the heterokonts that the TPL functional domain localizes in
the N-terminal portion (33). In euglenophytes and dinoflagel-
lates, plastids are surrounded only by 3 membranes, and plastid
preproteins are known to be transported from the ER to the
plastids via Golgi bodies (8). The TPLs of these preproteins
typically possess a remarkable hydrophobic region, which is
known to act as a stop-transfer membrane anchor during the
vesicular transportation via the Golgi bodies (14, 15).

The plastids of apicomplexans, apicoplasts, are surrounded by
4 smooth membranes, which is structurally similar to the
chlorarachniophyte plastids, and plastid preproteins are trans-
ported from the ER to the apicoplasts directly via vesicular
transports (36). However, in apicomplexans, a possible Hsp70
binding site and a net positive charge in the TPLs are both
involved in targeting preproteins from the ER into the apico-
plasts (20, 21). The difference in the feature of TPL functional
domain between the apiconplexans and the chlorarachniophytes
suggests that functional domains do not always correlate with the
plastid membrane structures and protein transport pathways.

PPC-to-Stroma Transport Signal in the TPL. Based on the amino acid
composition of TPLs in chlorarachniophyte plastid-targeted
preproteins, TPL sequences typically contain several basic
amino acids and very few acidic amino acids (27, 28). To
demonstrate the role of basic amino acids in plastid-targeting, we
performed substitution analyses on those amino acids within the
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In vivo targeting of GFP fused with BnAtpD preproteins possessing various substitutions in the TPL. (A) Amino acid sequences of 12 constructs used for

the substitution analyses. Characters in blue indicate the alanine residues substituted at the positions of basic amino acids (red characters). Red arrowheads
indicate the predicted TPL cleavage site. (B) In vivo targeting-efficiencies of GFP fusion proteins when cells were transformed with each plasmid construct.

BnAtpD preprotein. The BnAtpD TPL contains a weak basic
amino acid (histidine at the 31st position) and 4 strong basic
amino acids (arginine at the 38th, 50th, 56th, and 59th positions)
from the N-terminal end of this preprotein.

First, we created 5 plasmid constructs, each of which had an
alanine substitution at each of the basic amino acids in
BnAtpD247+GFP (Fig. 34); L. amoebiformis cells were then
transformed with each of these constructs. With all 5 constructs,
GFP fusion proteins were correctly transported into the plastid
stromas, and no plastid-targeting obstructions were observed
(Fig. 3B, rows 1-5). Next, the numbers of alanine substitutions
in the TPL were increased. When 2 to 3 basic amino acids from
the N terminus were substituted, the GFP fusion proteins
(BnAtpD-H31A-R38A and BnAtpD-H31A-R38A-R50A) were
localized in the plastid stromas in almost all transformants (Fig.
3B, rows 6 and 7). In contrast, when 4 to 5 basic amino acids were
substituted, the fusion proteins (BnAtpD-H31A-R38A-R50A-
R56A and BnAtpD-H31A-R38A-R50A-R56A-R59A) were not
transported into the plastid stromas at all, and >75% of the
transformants showed GFP fluorescence in the possible PPC
near the central part of each plastid (Fig. 3B, rows 8 and 9).
Another GFP fusion protein, BnAtpD-R56A-R59A, in which 2
basic amino acids from the C terminus were substituted, was
correctly transported into the plastid stroma (Fig. 3B, row 10).
However, when 3 or 4 basic amino acids from the C terminus
were substituted (i.e., BnAtpD-R50A-R56A-R59A and
BnAtpD-R38A-R50A-R56A-R59A), GFP fluorescence was ac-
cumulated in the possible PPC regions in the majority of
transformants (Fig. 3B, rows 11 and 12). To confirm the possible
PPC localization of GFP, we performed an immunogold local-
ization of GFP in the transformants with the pBnAtpD-H31A-
R38A-R50A-R56A-R59A construct, using an anti-GFP anti-
body. The conjugated gold particles accumulated in the PPC
including a nucleomorph in the transformed cells (Fig. 4); the
average number of gold particles was 326 + 66 um~2 in the PPC,
which was significantly higher than the count of cytoplasm and
plastid stroma (5.5 = 2.8 um~2and 6.6 + 4.1 um~2, respectively).
In nontransformed cells (WT), no accumulation of gold particles
was observed in the PPC (4.2 = 1.2 um™2).

The substitution experiments demonstrated that the GFP
fusion proteins with at least 2 strong basic amino acids (arginine
residues) in the TPL were correctly targeted into the plastid
stroma; however, the use of >4 substitutions was found to
impede plastid-targeting, and the GFP fusion proteins conse-
quently accumulated in the PPC. This result suggests that the
number of strong basic amino acids, positively charged amino

Hirakawa et al.

acids, in the TPL is significant, rather than their position. The net
positive charge of TPLs might be important for preproteins in
passing through the 2 innermost plastid membranes of
chlorarachniophytes.

In green plants (i.e., land plants and green algae) with primary
plastids surrounded by 2 envelope membranes, the TPs of
plastid-targeted preproteins are comparatively depleted of neg-
atively charged amino acids, and show an overall positive charge
(11, 12). In the process of transporting these preproteins, the net
positive charges of TPs are thought to assist the preproteins to
interact electrostatically with the negatively charged plastid
outer membrane and import receptors (37). The fact that
positively charged amino acids are involved in protein transport
across the 2 envelope membranes in both green plants and
chlorarachniophytes leads us to believed that these 2 groups use

A [SEIPI VP INEEE BnAtpD-H31A-R38A-R50A-R56A-R59A

Merge+DIC
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Fig. 4. Immnocytochemical localization of a GFP fusion protein in the PPC.
(A) Confocal images of a L. amoebiformis cell transformed with pBnAtpD-
H31-R38A-R50A-R56A-R59A+GFP, showing the GFP localization in the PPC.
(Scale bar, 5 um.) (B) An immunoelectron micrograph of a plastid in a cell
transformed with the pBnAtpD-H31A-R38A-R50A-R56A-R59A construct,
showing the accumulation of conjugated gold particles (10 nm) in the PPC
including a nucleomorph. Nm, nucleomorph.
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a similar mechanism for protein translocation. This idea is
further supported by the discovery of a few genes for the
translocons at the outer and inner envelope membranes of
chloroplast (TOC and TIC) in a chlorarachniophyte nucleo-
morph genome (26). It is likely that the portion of the protein
transport mechanism in the 2 innermost plastid membranes in
the chlorarachniophyte directly evolved from the green algal
endosymbiont, the ancestor of the chlorarachniophyte plastids,
in the process of secondary endosymbiosis.

In cryptophytes, heterokonts, and perhaps apicomplexans, an
N-terminal aromatic amino acid of TPL is involved in trans-
porting preproteins across the 2 innermost plastid membranes
(11, 16-19). These groups have red algal-derived secondary
plastids, and it has been known that the TPs of red algae also
possess a conserved aromatic amino acid at the N termini (11).
In both primary and secondary plastids of red algal-lineages, the
N-terminal aromatic amino acid of TPs and TPLs is believed to
be essential for transporting preproteins into the plastids across
the 2 innermost plastid membranes. These facts and our study
imply that TPL functional domains for passing through the 2
innermost membranes of secondary plastids have generally
derived from the TPs of the ancestor of their plastids.

Functional Compatibility of Bipartite Plastid-Targeting Peptide
Among Eukaryotic Groups with Secondary Plastids. The functional
domains of TPLs are different among groups of organisms with
secondary plastids. To understand the functional compatibility
of TPLs among some of these groups, we tested the in vivo
transports of heterologous preproteins, using the transformation
systems of the apicomplexan Toxoplasma gondii and the
chlorarachniophyte L. amoebiformis. First, we created 2 plasmid
constructs that expressed the GFP fused with a plastid-targeted
preprotein, the acyl carrier protein of 7. gondii (TgAcp) or the
light harvesting complex protein of the cryptophyte Guillardia
theta (GtLhcp); the L. amoebiformis cells were then transformed
with each of these plasmids. In the transformed cells, neither of
the GFP fusion proteins (TgAcpl83+GFP and
GtLhcp233+GFP) was transported into the chlorarachniophyte
plastids, and in both cases, GFP fluorescence was observed in the
putative ER (Fig. 5 4 and B). Next we created 2 more plasmid
constructs that expressed the GFP fused with the BnAtpD or
GtLhcp preprotein, and the T. gondii cells were transformed with
each plasmid. In the transformed cells with the
pBnAtpD247+GFP, the GFP fusion proteins were localized in
the putative ER, and no GFP fluorescence was observed in the
apicomplexan plastid, the apicoplast (Fig. 5C). However, an-
other GFP fusion protein, GtLhcp233+GFP, was targeted into
the apicoplast (Fig. 5D).

These results indicate that the SPs of plastid-targeted prepro-
teins have functional compatibility among cryptophytes,
chlorarachniophytes, and apicomplexans, but the TPLs have no
compatibility between chlorarachnophytes and apicomplexans,
or between chlorarachniophytes and cryptophytes. In contrast,
the plastid-targeting peptide of the cryptophytes is able to
deliver the GFP to the plastid of the apicomplexans. This result
is very interesting, because the plastids of apicomplexans and
cryptophytes are different, in terms of the structure of the
envelope membranes surrounding them. Also, these findings
imply that the plastid-targeting peptide is functionally compat-
ible among the photosynthetic lineages of the large phylogenetic
group “chromalveolates,” which further implies that all photo-
synthetic lineages of the chromalveolates (namely, the apicom-
plexans, cryptophytes, heterokonts, haptophytes, and dinoflagel-
lates) possibly share a common plastid origin (38). This
functional compatibility is also supported by 2 previous findings.
The existence of an ER-associated degradation (ERAD)-like
system for transporting preproteins across the second-from-the-
outside of the 4 plastid-surrounding membranes in cryptophytes,
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Confirmation of functional compatibility of bipartite plastid-
targeting peptides among the chlorarachniophytes, cryptophytes, and api-
complexans. Confocal images of transformed cells expressing heterologous
plastid preproteins fused with GFP. (A) Localization of GFP fused with acyl
carrier protein of T. gondii (TgAcp183+GFP) in a L. amoebiformis cell. (B)
Localization of GFP fused with light harvesting complex protein of G. theta
(GtLhcp233+GFP) in a L. amoebiformis cell. (C) Localization of GFP fused with
an ATP synthase delta subunit of B. natans (BnAtpD247+GFP) in T. gondiii cells.
(D) Localization of the GtLhcp233+GFP protein in T. gondii cells. To detect
apicoplasts in T. gondii cells, DsRed (red fluorescent protein) fused with an
apicoplast-targeted preprotein of T. gondii (TgAcp183-+DsRed) was used. AP,
apicoplast. (Scale bar, 5 um.)
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heterokonts, and apicomplexans (39); and the capability of
cryptophyte plastid-targeting peptide to deliver GFP into the
plastids of the heterokont Phaeodactylum tricornutum (17). It
appears that photosynthetic chromalveolates with secondary
plastids use, at least in part, the protein-targeting signals for
plastids of the red algal endosymbiont, which eventually became
their own plastids.

The present study clearly demonstrates that the functional
domains of TPLs are different among plastid-bearing organisms,
which contributes to providing a better interpretation of the
evolution of diverse plastid-targeting peptides. However, further
detailed study is required to understand the true diversity and
evolution of protein-targeting mechanisms in secondary plastids,
given that the detailed function of plastid-targeting peptides is
still unclear in several secondary algal groups such as eugleno-
phytes where even different classes of TPLs exist (15), hapto-
phytes, and dinoflagellates. The development of good genetic
transformation systems for these algal groups is likely essential
to the advancement of the studies in this field.

Hirakawa et al.
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Methods

Plasmid Constructions. To transform L. amoebiformis cells, cDNA fragments of
BnatpD (AY267652), Bnfdx1 (AY267628), BnrpL28 (AY267644), LaCRT
(FJ209028), Tgacp (AF038925), and Gtlhcp (AM491789) with artificial restric-
tionsites at both ends were amplified by PCR and inserted between the Hindlll
and Ncol sites of the pLaRGfp+mcvector generated from the pLaRGfp (32). To
introduce mutations (i.e., substitutions or deletions) into the BnatpD frag-
ments, we used a PCR-based site-directed mutagenesis technique (40).

To transform T. gondii cells, the fragments of BnatpD or Gtlhcp fused with
the egfp gene were amplified by PCR, and these fragments were inserted
between the EcoRl and Paclssites of the pSAG1/1 CAT vector (41), replacing the
CAT gene to generate pSAG-BnAtpD247+GFP and pSAG-GtLhcp233+GFP,
respectively. A chimera fragment of Tgacp fused with the DsRed-Express gene
(Clontech) was generated using the splicing by overlapped extension by PCR
(42); it was then inserted into the pSAG1/1 CAT, replacing CAT gene. The
resulting fragment, which contained the SAG1 promoter, Tgacp fused with
DsRed, and the SAG1 terminator, was ligated into the Sacll site of
pTub5CATSag1 vector. All constructs were subsequently sequenced to ensure
correct construction.

Transient Transformation. L. amoebiformis (CCMP2058) (43) was grown at
20 °C, under white illumination (80-100 wmol photons'm~2:s~') with a 12-h
light/12-h dark cycle, in 500 mL Erlenmeyer flasks containing 300 mL of ESM
medium (44). L. amoebiformis cells were transformed with plasmid vectors
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using the Biolistic PDS-1000/He Particle Delivery System (Bio-Rad), as previ-
ously described (32). T. gondii (RH strain) was maintained by growth in a
monolayer of Vero cells in RPMI1640 medium with 3% FCS at 37 °C. The
transformation of T. gondii was carried out via an electroporation method,
using a Gene Pulser Xcell (Bio-Rad) (45). After transformation, those cells were
incubated under the conditions described above.

Observation of GFP Localizations. Twenty-four to 48 h after transformation,
the transient transformed cells expressing reporter genes were observed
under an inverted Zeiss LSM 510 laser scanning microscope (Carl Zeiss); con-
focal imaging was performed using the single-track mode. GFP fluorescence
was detected with a 505-530 nm band pass filter, and plastid autofluorescence
and DsRed fluorescence were detected with 585- and 560-nm-long pass filters,
respectively, in the excitation line of a 488 nm argon laser and a 543 nm He/Ne
laser. The localization of GFP in the transformed cells was also observed using
an immunogold localization method under a transmission electron micro-
scope (SI Methods).
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