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Cryptophytes, unicellular algae, evolved by secondary endo-
symbiosis and contain plastids surrounded by four membranes.
In contrast to cyanobacteria and red algae, their phycobilipro-
teins do not assemble into phycobilisomes and are located
within the thylakoid lumen instead of the stroma. We identified
two gene families encoding phycoerythrin « and light-harvest-
ing complex proteins from an expressed sequence tag library of
the cryptophyte Guillardia theta. The proteins bear a bipartite
topogenic signal responsible for the transport of nuclear
encoded proteins via the ER into the plastid. Analysis of the
phycoerythrin a sequences revealed that more than half of them
carry an additional, third topogenic signal comprising a twin
arginine motif, which is indicative of Tat (twin arginine trans-
port)-specific targeting signals. We performed import studies
with several derivatives of one member using a diatom transfor-
mation system, as well as intact chloroplasts and thylakoid ves-
icles isolated from pea. We demonstrated the different targeting
properties of each individual part of the tripartite leader and
show that phycoerythrin « is transported across the thylakoid
membrane into the thylakoid lumen and protease-protected.
Furthermore, we showed that thylakoid transport of phyco-
erythrin « takes place by the Tat pathway even if the 36 amino
acid long bipartite topogenic signal precedes the actual twin
arginine signal. This is the first experimental evidence of a pro-
tein being targeted across five biological membranes.

Cryptophytes are an unusual group of flagellate algae com-
mon in marine and fresh water. Whereas plant plastids derive
from endosymbiosis of a cyanobacterium, cryptophytes
acquired their plastid by engulfing and stably integrating a red
algal cell, leading to a eukaryote-eukaryote chimera (1, 2). In
cryptophytes, the eukaryotic endosymbiont is remarkably
reduced, but, unlike most other secondarily evolved algae, the
endosymbiont nucleus persists in a highly vestigial form (3).
The plastid is located within the host endoplasmic reticulum
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(ER)? and four membranes separate the cytosol from the stro-
ma: (i) the ER membrane, (ii) the periplastidial membrane, the
former cytoplasm membrane of the red alga, (iii) the outer plas-
tid envelope membrane, and (iv) the inner plastid envelope
membrane (Fig. 5). Between the outer and inner membrane
pair, remnants of the cytosol and the nucleus of the red alga
endosymbiont are still present and are referred to as the peri-
plastidial compartment and nucleomorph, respectively.
Together with the thylakoid membrane system that is located
within the plastid stroma, this makes five distinct membranes
separating the thylakoid lumen from the host cytosol (Fig. 5),
barriers that have to be dealt with by all nuclear-encoded plas-
tid proteins with a thylakoid destination.

One further peculiarity of cryptophytes is their unusual thy-
lakoid ultrastructure. Electron microscopic analyses of the thy-
lakoid lumen have shown that this compartment is filled with
electron dense material in cryptophytes. It was suggested that
this material might represent photosynthetic pigments located
on the lumenal, rather than the stromal, side of the thylakoid
membrane (4, 5). This makes the cryptophytes phycobilin-
based antenna system very different from others such as that of
red algae, glaucophytes and cyanobacteria. In these organisms
the light-harvesting pigments such as phycoerythrin, phycocy-
anin, or allophycocyanin, are arranged into so-called phycobili-
somes, which are associated to the thylakoid membrane from
the stromal or cytosolic side (9).

The unusual localization of phycobiliproteins was confirmed
by immunolocalizing studies of phycoerythrin (PE) in Rhodo-
monas lens (6), indicating that in cryptophytes phycobilipro-
teins are located inside the thylakoid lumen and not arranged
into phycobilisomes. Sequencing the plastid genome of the
cryptophyte Guillardia theta supported the latter observation,
as no genes-encoding linker proteins, which are common in
plastid genomes of rhodophytes, are expressed in the plastid
(7). However, the lack of a topogenic signal in the phycoerythrin
B subunit, encoded by the plastid cpeB gene, stands in contrast
to the observed localization of the molecule (7, 8).

To investigate this phenomenon, focusing on the transport
across five membranes into the thylakoid lumen of crypto-
phytes, we screened our EST data base of G. theta and identified
two separate gene families: one encoding the canonical light-
harvesting apoproteins (LHCP) and one, the a subunits of phy-

2 The abbreviations used are: ER, endoplasmic reticulum; PE, phycoerythrin;
EST, expressed sequence tag; BTS, bipartite topogenic signal; LHCP, light-
harvesting apoproteins; GFP, green fluorescent protein; Tat, twin arginine
transport.
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coerythrin (PEa). All genes encode preproteins containing a
bipartite topogenic signal (BTS), composed of an N-terminal
signal peptide for co-translational import into the ER lumen via
the Sec61 complex, followed by a transit peptide-like region
mediating transport across the remaining three membranes
into the plastid stroma (10, 11). Additionally, more than half of
the PE« subunits carried a twin pair of arginine residues, fol-
lowed by a hydrophobic stretch, between the transit peptide
and mature protein region.

We have examined the organellar localization of one mem-
ber of the PE«a family using in vitro import assays and in vivo
localization with different GFP fusion constructs. Our results
demonstrate that the PEa subunit is transported into the thy-
lakoid lumen and that the twin arginine translocase (Tat) cata-
lyzes this transport. This is the first example in which experi-
mental proof demonstrates transport of proteins across five
biological membranes within one cell and the processing of the
precursor protein three times during the translocation.

EXPERIMENTAL PROCEDURES

¢DNA Library of G.theta—A cDNA library of G. theta
CCMP327, was generated from three liters of culture (1-5 X
10° cells/ml) harvested at three different time points every 8 h
(one liter, respectively), starting 1 h before the light was turned
on (12 h day/night cycle). The cells were shock frozen in liquid
nitrogen and packed in dry ice for shipping. The cDNA library
was generated by the Vertis Biotechnology AG (Freising, Ger-
many). The normalized and 5’ full-length enriched cDNA
library was ligated via the EcoRI and Notl restriction site into
the pExCell plasmid and supplied as a A-ExCell phagemid
library by the company.

GFP Fusion Constructs and Analysis—Two different GFP-
fusion constructs were generated for the analysis of the sub-
cellular localization in the diatom Phaeodactylum tricornu-
tum. In the first construct only the signal peptide encoding
region of the PEa was fused to the GFP gene using the
oligomers PhySP-5": GAATTCATGCTCCGTGCTACCGT-
CGCTGCCGCCGTCGTTGCCTCCGCCGCTGCCATGG-
TGAGCAAGGGCG and GFP-3": CTAAGCTTACCTGTA-
CAGCTCGTCCATGC for amplification of the complete
fusion construct. The second construct included both, signal
and transit peptide encoding region, using PhycoBTS-5":
AAGAATTCATGCTCCGTGCTACCGTCGCTGCCG and
PhycoBTS-3": CCATGGACTCGGCCTGCATGGCGA-
CGCColigomers for amplification of the topogenic signal. In
case of the SP-GFP fusion construct the vector pKS-eGFP
(Kroth Lab, Konstanz Germany) was used as a template for
standard PCR. Oligonucleotides introduced a 5 EcoRI and 3’
HindlII restriction site for cloning the fragment into pPhaT1.
For the second construct a standard PCR reaction was per-
formed using genomic DNA from G. theta CCMP327 as a
template. Oligonucleotides introduced a 5’ EcoRI and 3’
Ncol restriction site and PCR-products were digested with
EcoRI and Ncol, the plasmid pPhaT1 with EcoRI and HindIII
and the GFP-encoding fragment with Ncol and HindIII. All
fragments were ligated and subsequently transformed into
Escherichia coli MRF in a single step. Fidelity of amplifica-
tion and cloning was checked via sequencing of the con-
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struct. Diatom transformations were performed as described
previously by Apt et al. (12). For ER staining of wild-typ cells,
1 ml of dense grown culture was incubated for 15 min with
0.5 um ER-Tracker™ Green BODIPY® FL glibenclamide
(Molecular Probes, Invitrogen Detection Technologies).
Cells were washed once with PBS and analyzed directly.
Analysis of the diatoms was performed with a confocal laser-
scanning microscope Leica TCS SP2 at room temperature in
f/2 culture medium, using a PL APO 63x/1.32-0.60 oil Ph3
CS objective. GFP, ER-Tracker™ Green BODIPY® FL glib-
enclamide (Molecular Probes, Invitrogen Detection Tech-
nologies) and chlorophyll fluorescence was excited at 488
nm, filtered with beam splitter TD 488/543/633 and detected
by two different photomultiplier tubes with a bandwidth of
500 -520 and 625-720 nm for GFP and chlorophyll fluores-
cence, respectively. Image processing was done using the
LCS Lite software from Leica (Wetzlar, Germany) and
Adobe Photoshop.

Import Constructs—For analyzing the import of the PE«
subunit into thylakoids and chloroplasts, four constructs
were made. Three different 5'-oligonucleotides (PhyThy-5":
5"-AAGAATTCATGCTCCGTGCTACCGTCGCTGCCG-
3', PhyThyTP-5":5'-AAGAATTCATGTTCAGCCCAGCC-
CCCCAGATGGG-3" and PhyThyRR-5": AAGAATTCAT-
GTCTGTCTCCCGCCGTGAGATCGTCC) of which the
latter two introduced new translation starts in order to
delete the signal peptide in the second and the whole bipar-
tite topogenic signal in the third construct, were used
together with one 3’ oligonucleotide (PhyThy-3": TTTC-
TAGATTACTTGCTGTATCCGACGTCGCGG) for PCR
amplification using total DNA of G. theta as template.
Amplification products were purified from preparative 1%
agarose gels, digested with EcoRI/Xbal and cloned into the
pBAT plasmid (13) that was digested the same way.

Import Analysis—Isolation of chloroplasts and thylakoids
from pea and subsequent protein transport experiments with
radiolabeled precursor proteins in the presence and absence of
competitor proteins followed the protocols described in
Marques et al. (14) and Hou et al. (15).

RESULTS

Cloning of Nuclear-encoded Plastid Proteins of G. theta—Our
EST data base from G. theta was the source for our analyses, in
which we identified ESTs encoding proteins belonging to the
two distinct light-harvesting machineries present in crypto-
phytes. We detected 139 EST's assembling into 17 independent
contigs encoding LHCP proteins, which are found also in land
plant chloroplasts. Another 206 EST's assembled into 14 contigs
encoding PE« subunits, the second system capable of transfer-
ring excitation energy to the photosystems chlorophyll. This is
peculiar, because in red algae phycobiliproteins are encoded by
avery small gene family (16). Alignment of EST's encoding PE«
sequences identified two groups with respect to the predicted
targeting signals, because only nine of the entries encode for
preproteins that are specified by an additional twin arginine
motif (Fig. 1) that is indicative for transport by the ApH-de-
pendent Tat pathway across the thylakoid membrane (17). In a
recent publication on the cryptophyte Rhodomonas CS24, a
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FIGURE 1. Alignment of phycoerythrin-a subunits (PE«) of G. theta. In the first upper block, the entire topogenic signals are displayed. The conserved AxAF
cleavage site separates the ER-targeting signal peptides (SP) and the chloroplast-targeting transit peptides (TP). In the top nine sequences an additional Tat
topogenic signal (RR) is present, which is missing in the last five subunits. All subunits contain at least one conserved DXXXC-motif for the attachment of the
chromophore group to the cysteine residue (solid black arrow). Some, no matter whether with or without RR, have a second DXXXC-motif further downstream
(open black arrow). Aligned amino acids highlighted in black represented a conservation of at least 90%, gray 80%, and light gray 60%. Note that cpeA2, 3 and

5 do not represent full-length ESTs.

similar finding was reported (18): six PEa-encoding genes were
described of which three apparently show a similar tripartite
topogenic signal arrangement as the nine PE«a proteins identi-
fied of G. theta described above. A clear sorting into PE«; and
PEa, subunits, as shown for Rhodomonas CS24, was not possi-
ble for the PE«x sequences from G. theta, because the protein
sequences are too divergent (Fig. 1). However, taking the twin
arginine motif as the discriminating signal, the nine EST's with
tripartite signals may be homologous to the PE«;, of Rhodomo-
nas CS24, whereas the five entries with a bipartite signal may
have a similar history (see below) as PE«, from Rhodomonas
CS24.

OCTOBER 12, 2007« VOLUME 282+NUMBER 41 ¥ SBIVIE]

To examine the localization of PEa within plastids in detail,
we have performed in vivo and in vitro import experiments
using a diatom transformation system and intact chloroplasts
and thylakoid vesicles isolated from pea, respectively. Because a
transformation system for cryptophytes is lacking, we chose an
existing protocol for the transformation of a phylogenetic sister
group, the diatom P. tricornutum. It has been shown to serve as
an excellent substitution when analyzing the topogenic signals
of cryptophytes (10, 19).

For the analysis, various derivatives of one arbitrarily chosen
member of the PEa cDNAs (see Fig. 1, cpeA13) were generated
by in vitro mutagenesis and cloned into suitable vectors. Two
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FIGURE 2. In vivo localization of GFP fusion proteins in the diatom P. tri-
cornutum. In P. tricornutum GFP expressed without a topogenic signal accu-
mulates within the cytosol marked by a diffuse distribution all over the cell
(panel a). The bipartite topogenic leader of PEa, which consists of a signal
peptide followed by a transit peptide, directs GFP to the plastid stroma of
P. tricornutum as it can be seen in the merge of part b, where as the signal
peptide of PEa alone targets GFP to the ER of the cell (panel c). ER localization
of the GFP fusion construct was confirmed by using ER-Tracker Green® on
wild-type cells (panel d). ER staining is observed as a network distributed all
over the cell with the nucleus envelope prominently marked. Plastid
autofluorescence is shown in red, GFP fluorescence and ER-Tracker in green.
Scale bar represents 10 wm.

constructs were generated for the in vivo localization of GFP
fusion proteins in the diatom. In the first one, only the sequence
encoding the first 16 amino acids, representing the signal pep-
tide (SP-GFP) was fused to the GFP gene, whereas in the second
construct the first 29 amino acids preceding the RR motif, rep-
resenting the BTS (BTS-GFP), were used. For the in vitro anal-
yses, three clones were generated, which encoded either (i) the
full-length PEa (PEaC) predicted to harbor a tripartite topo-
genic signal for transport across all five membranes, (ii) a dele-
tion derivative (PEaTP) lacking the ER-targeting signal peptide
at the N terminus, or (iii) a deletion derivative (PEaRR) lacking
both the N-terminal ER-targeting signal and the transit peptide.
In this case, only the putative Tat-specific thylakoid transport
signal is present at the N terminus of the mature PE« protein.
All three proteins were generated in radiolabeled form by in
vitro transcription and subsequent ix vitro translation in reticu-
locyte lysate in the presence of [>°S]methionine.

In Vivo Localization in the Diatom P. tricornutum—Analyz-
ing the targeting properties of the first two of the three N-ter-
minal topogenic signals of PEa revealed the same results as with
similar constructs from recent reports (10, 19, 20). The signal
peptide alone targets GFP to the ER, which is distributed
throughout the diatom cell (Fig. 2, panel c), as confirmed by the
staining of the cells with ER-Tracker Green® (Fig. 2, panel d).
This is in line with earlier results obtained from targeting GFP
to the diatom ER with different signal peptides (10, 19, 20). The
BTS-GFP construct with the additional 13 amino acids
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FSPAPQMGLRGVA reassembling the transit peptide, then
leads to import of GFP into the plastid, i.e. across four mem-
branes, as shown by the colocalization with the chlorophyll
autofluorescence (Fig. 2, lane b).

Import of PEa into Intact Chloroplasts Isolated from Pea—In-
cubation of the three PEa precursor proteins with intact pea
chloroplasts under import conditions showed that both, PEaC
and PEaTP, were efficiently imported into the plastids and pro-
cessed by organellar peptidases to a protein of ~12 kDa (Fig.
3A), which corresponds well to the size expected for mature
PEa. These putative mature PEa proteins are protected by the
plastid membranes against externally added protease, which
proves that both proteins were internalized into the organelles.
Thus, irrespective of the presence or absence of an additional
ER-targeting signal peptide at the N terminus, the chloroplast
transit peptide of PEa from G. theta is capable of mediating
transport of the protein into chloroplasts from higher plants.
This strongly suggests that the transport information of chlo-
roplast transit peptides was conserved during secondary endo-
symbiosis, demonstrated also for other chromalveolates (11, 21,
22). In contrast, PEaRR, which lacks both the ER-targeting sig-
nal peptide and the chloroplast-targeting transit peptide, was
apparently not imported since no processing product corre-
sponding in size to the mature polypeptide could be detected
(Fig. 3A). This is in line with the assumption that the putative
thylakoid-targeting transport signal of PE« is not sufficient for
organelle import. However, it should be noted that this trun-
cated precursor protein showed significant association with the
isolated chloroplasts and was even protected to some extent
against proteolysis, although proteolysis of the translation
product in the absence of organelles led to complete degrada-
tion under these conditions (Fig. 3B). It remains unclear,
whether this association is caused by binding of the protein to
the import machinery of the chloroplast envelope or whether it
is the result of unspecific interactions between the targeting
signal and the lipid bilayer.

Localization of PEa within Chloroplasts—Fractionation of
the chloroplasts after import of PEaC and PEaTP showed that
in both instances the presumed mature protein of ~12 kDa is
found exclusively in the thylakoid fraction, where it is resistant
to protease added from the stromal side to the vesicles (Fig. 34).
The same import behavior is observed for authentic precursors
of thylakoid lumen proteins of higher plants, like the 23-kDa
subunit of the oxygen evolving complex associated with photo-
system II (OEC 23), which was analyzed in parallel (Fig. 3C).

This clearly demonstrates that PEa was translocated across
the membrane into the thylakoid lumen, which is in line with
the recent in silico analysis of Broughton et al. (18) who
described indications for a localization of PEw in the thylakoid
lumen of Rhodomonas CS24. In addition to the mature proteins
in the thylakoid lumen, polypeptides of ~13 kDa are found in
the stromal fractions of the import assays analyzing PEaC and
PEaTP (Fig. 3A). They might represent stromal intermediates
in which the chloroplast-targeting transit peptides have been
removed, while the thylakoid targeting transport signals are still
present. However, the size difference of only ~1 kDa to the
mature protein argues against such a transport intermediate,
because the thylakoid targeting Tat-signal comprises at least 24
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FIGURE 3. Import of phycoerythrin derivatives into isolated intact pea chloroplasts. A, full size phyco-
erythrin precursor protein (PEaC) as well as its deletion derivatives PEaTP and PEaRR were obtained by in vitro
transcription/translation in the presence of [**SImethionine and incubated with isolated pea chloroplasts for
20 minat 25 °Cin the light. After the import reaction, the chloroplasts were either treated with thermolysin (150
rg/ml) for 30 min onice (lanes C+) or mock-treated (lanes C—), and then re-isolated by centrifugation through
a Percoll cushion. Aliquots of the protease-treated chloroplasts were additionally fractionated into stroma
(lanes S) and thylakoids. The thylakoid fractions were treated with either thermolysin (200 wg/ml, 30 minoniice,
lanes T+), or mock-treated (/lanes T—). Stoichiometric amounts of each chloroplast fraction, corresponding to
12.5 g of chlorophyll (and 3 ul of in vitro translation product added), were separated on 10-17.5% SDS-poly-
acrylamide gradient gels and visualized by phosphorimaging. In lanes Tr, 1 ul of the respective in vitro transla-
tion assays were loaded. Positions of the precursor (p) and mature proteins (m) are indicated by closed and open
arrowheads, respectively. B, control of protease sensitivity of PEaC, PEaTP, and PEaRR. The respective in vitro
translation products were subjected to import buffer lacking chloroplasts and treated with thermolysin (150
rg/ml, 30 min on ice, lanes 1, or 200 wg/ml, 30 min on ice, lanes 2). C, control import of authentic chloroplast
proteins from higher plants. Precursor proteins of the 23-kDa subunit of the oxygen evolving complex associ-
ated with photosystem Il (OEC 23, left panel) and the small subunit of the ribulose-1,5-bisphosphate carboxyl-
ase/oxygenase (SSU, right panel) were obtained by in vitro transcription/translation and analyzed as described
in A. D, Western analysis of chloroplast fractions. Stoichiometric amounts, corresponding to 12.5 ug chloro-
phyll, of mock-treated chloroplasts (C—), stroma (S), and mock-treated thylakoids (T—) were separated on
10-17.5% SDS-polyacrylamide gradient gels and subjected to Western analysis using polyclonal antisera
raised against the 23-kDa subunit of the oxygen evolving complex associated with photosystem Il (a-OEC23,
left panel) or the 34 kDa receptor component of the protein translocase of the outer envelope membrane of
chloroplasts (a-Toc 34, right panel).

This appears surprising at first
glance but similar observations have
been described already earlier (23).
It is further support for the recently
proposed model that after direct
loop insertion of the Tat substrate
into the lipid bilayer with both, the
N and C terminus, exposed to the
stroma, the C-terminally located
passenger protein is translocated
across the thylakoid membrane,
while the N terminus of the precur-
sor protein remains on the stromal
side of the membrane (15) until the
thylakoid targeting transport signal
is proteolytically removed (24). It
should be noted though, that it can-
not formally be ruled out that the
substrates that were actually recog-
nized by the thylakoidal protein
transport machinery in the assays
analyzing PEaC and PEaTP were
not the respective precursor pro-
teins but instead N-terminally trun-
cated polypeptides that are the
result of translation initiation at
position 23 of the amino acid
sequence of the PEa precursor. A
second methionine residue is pres-
ent at this position (Fig. 1, cpeA13)
that could give rise to a polypeptide
with a calculated mass of 14.8 kDa,
which corresponds well to the
translation products of ~15 kDa
observed in the translation assays of
PEaC and PEaTP (Figs. 3 and 4). In

residues (Fig. 1). Furthermore, because a polypeptide of similar
size is sometimes found also in the stromal fraction of the
import assay analyzing PEaRR (Fig. 3A4), which is not imported
into chloroplasts, they might instead represent distinct degra-
dation products that artificially appear only in the presence of
organelles (Fig. 3B). Anyhow, they are not the result of partial
insertion of the proteins into the chloroplast envelope mem-
branes, because envelope proteins are found in both, the stroma
and the thylakoid fraction, upon lysis of the organelles (Fig. 3D).
To examine thylakoid transport of PEa in an independent
approach, in vitro transport experiments were additionally per-
formed with isolated thylakoid vesicles from pea. In these
experiments, all three derivatives of PEx were successfully
imported into the thylakoid vesicles where they were processed
to the presumed mature polypeptide of ~12 kDa (Fig. 4A).
These processing products were resistant against externally
added protease proving that they had been fully translocated
across the thylakoid membrane into the lumen. Thus, neither
the bipartite topogenic signal of the full-length precursor pro-
tein nor the residual chloroplast targeting transit peptide pres-
ent at the N terminus of the PE«TP derivative seem to impair
the transport of the protein across the thylakoid membrane.
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the translation assay of the PEaRR derivative no such product is
found, in line with the fact that the corresponding methionine
codon is not present in the respective clone (data not shown).

Irrespective of the actual size of the N-terminal extension in
the various PEa derivatives, thylakoid transport was presum-
ably mediated in all instances by the RR signal peptide. In order
to examine if this thylakoid transport signal is indeed a Tat-
specific transport signal, as suggested by the twin arginine
motif, thylakoid transport experiments were performed in the
presence of competitive amounts of the OEC 23 precursor pro-
tein. This protein is exclusively transported by the ApH-de-
pendent Tat pathway across the thylakoid membrane (25, 26)
and it was frequently used in such competition experiments
(15, 27-29). Raising the concentration of competitor in the
assays gradually decreases the thylakoid transport of each of the
three PEa derivatives (Fig. 4B), which unequivocally proves that
they are translocated by the Tat pathway across the thylakoid
membrane.

DISCUSSION

Red algae, glaucophytes, and cyanobacteria use phycobili-
somes as a light-harvesting complex. These are composed of
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FIGURE 4. Import of phycoerythrin derivatives into thylakoid vesicles iso-
lated from pea chloroplasts. A, isolated thylakoids were incubated with
radiolabeled precursor proteins for 15 min at 25 °C in the light. After the
import reaction, thylakoids were treated with either thermolysin (200 wg/ml,
30 min on ice, lanes T+), or mock-treated (lanes T—). In lanes Tr, 1 pul of the
respective in vitro translation assays were loaded. The asterisks indicate N-ter-
minally truncated translation products, which presumably derive from trans-
lation initiation at an internal start codon (see also text). B, saturation of the
Tat-dependent pathway inhibits transport of PE« across the thylakoid mem-
brane. Thylakoid transport experiments were performed in the presence and
absence of increasing amounts of precursor of the 23-kDa subunit of the
oxygen-evolving system that were obtained by overexpression in E. coli. The
concentration of competitor protein (in um) present in each assay is indicated
above the lanes. After the import reaction, the assays were loaded without
further treatment to 10-17.5% SDS-polyacrylamide gradient gels. Mature
PE«a accumulating in the thylakoid lumen was quantified for each protein,
and the relative amounts (in terms of percentage of mature PE« accumulat-
ing in the absence of competitor protein) are given below the lanes. For fur-
ther details, see the legend to Fig. 3.

different phycobiliproteins and linker proteins, which together
assemble into a higher order structure (9). Phycobilisomes are
attached to the stromal side of the thylakoid membrane in red
algae and the cytoplasmatic side in cyanobacteria. The Chro-
malveolates, a unifying kingdom suggested by Cavalier-Smith
(2), include as the phototrophic members cryptophytes, het-
erokontophytes, haptophytes, and some dinoflagellates. They
originated by the engulfment and intracellular reduction of a
red algal-like cell within a heterotrophic eukaryote (3). Interest-
ingly, the phycobilisomes and associated proteins, which were
introduced with the red algal endosymbiont, were lost without
traces in heterokontophytes, haptophytes and dinoflagellates.
In cryptophytes though, phycobiliproteins such as phyco-
erythrin or phycocyanin are still present. However, unlike cya-
nobacteria and red algae, the phycobiliproteins are located in
the thylakoid lumen and are not assembled into phycobilisomes
(6, 30). As phycobiliproteins are restricted to the thylakoid
lumen in cryptophytes, at least some of the phycobiliproteins
had to develop new targeting information mediating their
transport across the intraorganellar membranes. The experi-
mental aim of our study presented here was to elucidate in
silico, in vitro and in vivo the pathway(s) and components of
thylakoid import in cryptophytes.

Translocation and Assembly—The in vivo localization anal-
ysis with GFP fusion proteins show that the signal peptide of the
tripartite leader of a PEa family member is responsible for the
first step in the transport chain, notably the targeting to the ER
(Fig. 2, panel c). The following transit peptide guides the pre-
cursor across the next three membranes into the plastid stroma
(Fig. 2, panel b) Performing import experiments with isolated
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FIGURE 5. Current working model of phycoerythrin transport, processing
and assembly in cryptophytes. Nuclear-encoded phycoerythrin a subunit
(PE«) crosses the first of the five membranes in a cotranslational manner via
the Sec-complex. The rough ER (rER) surrounding the endosymbiont is also
known as the chloroplast ER (cER, in blue). After removal of the signal peptide
(SP) by the signal peptide peptidase (SiPP), the second topogenic signal, the
transit peptide (TP), mediates the transport of the protein across the follow-
ing three membranes. In the periplastidial membrane (PPM, the former red
algal cytoplasma membrane), a recently described ER-associated degrada-
tion-like machinery (ERAD-like) might serve as the translocase. While for the
outer plastid envelope membrane (OEM) no translocase has yet been identi-
fied in cryptophytes, transport across the inner envelope membrane (IEM) of
the plastid probably involves those TIC components, for which genes have
been identified in both the nucleus and the nucleomorph. Within the stroma,
assembly of the nuclear-encoded PEq, the plastid encoded PEB and the chro-
mophores is assumed to take place, involving the CpeZ lyase. Finally, the
entire PE-heterotetramer is translocated by the Tat translocase across the
thylakoid membrane (TM), making use of the tat topogenic signal of one
single PEa subunit, which is cleaved after translocation by a thylakoid proc-
essing peptidase (tPP) releasing the mature complex into the thylakoid
lumen.

chloroplasts and thylakoids from pea we could show that the
thylakoid translocation of PE« takes place by the ApH-depend-
ent Tat pathway and is mediated by the third part of the leader
containing the RR motif (Figs. 3 and 4). The latter result
strongly suggests that a protein transport pathway correspond-
ing to the Tat pathway of higher plant chloroplasts exists also in
cryptophyte plastids.

Thus, together with our recently published findings (10, 19),
the here presented results imply that in cryptophytes, PEa
crosses five membranes by courtesy of three topogenic signals
and is processed three times (Fig. 5). The N-terminal ER target-
ing signal and the Sec61 complex catalyze guided import into
the lumen between the two outermost membranes, in which
the preprotein is processed leading to the exposition of the
transit peptide (10, 11). The next step, the passage across the
second outermost membrane, is most likely dependent on
the transit peptide and an ERAD-like mechanism as pro-
posed recently (31). By entering the periplastidial compart-
ment, the next barrier, being the third membrane, has to be
crossed by a still unknown mechanism, whereas for the inner-
most membrane Tic-like components were identified. Within
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the stroma, the second processing step leads to the removal of
the transit peptide and exposure of the topogenic signal carry-
ing the twin arginine motif. This signal mediates Tat-depend-
ent transport across the thylakoid membrane. In its final desti-
nation, the protein is then processed to its mature form.

Recently, Broughton et al. (18) presented their analyses of
light-harvesting proteins in the cryptophyte Rhodomonas
CS24. In line with our results, they report a gene family for
phycoerythrin and describe that some but not all members of
this family encode proteins harboring tripartite signal
sequences including putative Tat signal peptides. Our analyses
in which we show for the first time thylakoid import of PE
encoded with a tripartite signal sequence support the sugges-
tion of Broughton et al. (18) that those proteins lacking signal
peptides might enter the thylakoids in a piggyback manner sim-
ilar to that described already for the bacterial Tat substrate
hydrogenase. Additionally, the results obtained by us explain
earlier findings of Morschel and Wehrmeyer (33) who noticed a
ratio of 1:1 between PE« and PE and that the heterotetramer
complex PE(a),(B), was always found to migrate at around 44.5
kDa. However, the identification of three different isoelectric
points (pI) for the isolated PEa-subunits is inconsistent. In the
light of the detection of a gene family encoding PEa-subunits,
the observation from Morschel and Wehrmeyer (33) indicates
that different PE« are assembled to different complexes, but
always with an observed mass of around 44.5 kDa.

The Tat machinery is capable of transporting folded proteins
of different molecular weight and, thus, also different size (17,
34.-36). It was suggested that the translocation pore can adapt
to the size of the substrate that has to be translocated (37),
presumably by oligomerization of TatA subunits (38). The
diameter of a fully assembled phycobilisome within a rod of
cyanobacteria (six subunits, hence two more than observed in
cryptophytes) is about 120 A (9). This is the diameter of the
ring-like complex. Because of the flexibility of the translocation
pore and the non-static form of the smaller PE(«),(B), het-
erotetramer, only the Tat might mechanistically be able to
translocate the whole complex.

Thus, the model suggests that the assembly of phycobilipro-
teins to a higher order structure occurs in the same cellular
localization as in cyanobacteria and red algae, namely in the
plasmatic/stromal compartment. Further support for this
assumption came from a putative phycolyase with a HEAT
domain and homology to the PBS lyase of Crocosphaera watso-
nii WH 8501, which was detected in our EST data base of
G. theta. In this case, the protein is encoded as a precursor with
a typical stroma-targeting transit peptide (data not shown).
This suggests that in cryptophytes the attachment of the chro-
mophore to the phycoerythrin apoprotein takes place in the
stroma like in red algae (9).

Because of the properties of the Tat pathway regarding trans-
port, even complexes in which only one partner carries a Tat
signal peptide are translocated (32). Hence, the bipartite topo-
genic signal harboring PEa and topogenic signal lacking PES
subunits might be imported by the use of the Tat signals of the
PE group encoded as tripartite preproteins. Thus, all of the
components of the initial progenitor of cryptophytes are reused
and only a tripartite signal on one subunit was needed for thy-
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lakoid lumen targeting of phycoerythrin complexes. This sys-
tem furthermore allows the assembly of the heterotetramers
inside the stroma, making it gratuitous for assembly factors to
be translocated into the thylakoid lumen.

These results and the deduced import model (Fig. 5) further-
more raise the question of how, and in what order, the cell
manages to assemble the complexes such that all have their
chromophore groups attached and contain one PE« with a Tat
signal for the translocation of the whole heterotetramer. At first
and most important, the cell must be able to recognize single
PEa components having a Tat signal and which have not yet
been assembled to a heterotetramer. One must propose a way
the Tat signal, within the cryptophyte stroma, is masked until
the whole heterotetramer is fully assembled and ready for
translocation. If the cells were lacking a coordinated assembly
one would need to conclude that, firstly, complexes lacking the
necessary Tat signal are degraded inside the stroma and, sec-
ondly, that single PE« subunits are imported into the thylakoid
lumen at the same time. The latter, at least, seems unlikely as it
would contradict e.g. results of Morschel and Wehrmeyer (33).

Why Secondary Endosymbiosis Relaxes the Functional Con-
straints in the Need for a New Targeting Mechanism of Phyco-
erythrin in Cryptophytes—But why, in cryptophytes, are the
phycobiliprotein heterotetramers targeted to the thylakoid
lumen at all, and why are there so many nuclear gene copies of
PEa-subunits present in cryptophytes? One early model, sug-
gesting that cryptophyte thylakoids are maybe inside out,
proved to be wrong as freeze-fracture and freeze-etch analyses
have shown that the thylakoid architecture is the same as in
land plants (39, 40). Ludwig and Gibbs (6) thought the unusual
localization of PEa can possibly be explained by the loss of
phycobiliprotein linker-polypeptides after secondary endo-
symbiosis, hence leading to the loss of the ability to generate
phycobilisomes in parallel. If so, the PE(«a),(f3), heterotetram-
ers then needed to be targeted to the thylakoid lumen in order
to more efficiently transfer excitation energy to the photosys-
tem, where they are captured and not freely floating in the
stroma. In any case, this model cannot yet fully explain the
step-by-step evolution, which is necessary to create Tat signal
harboring PEs and loss of the linker proteins.

If one tries to reconstruct the evolution of the progenitor of
cryptophytes (or chromalveolates) one has to predict that, ini-
tially, the secondary endosymbiont had phycobilisomes similar
to those in red algae. The initial genetic compartmentalization
of PE is still seen in modern cryptophytes, which synthesize the
B subunit in the plastid and the « subunits in a eukaryotic
genome. Thus, the a subunit genes, introduced into the sec-
ondary cellular merger, were transferred from the endosymbi-
ont nucleus into that of the host. There are good reasons to
believe that several copies originated in the cell nucleus, either
by multiple transfers or by gene duplications in the cell nucleus
of the host. All these genes, which already possessed a transit
peptide, had to acquire an ER targeting sequence, thus compos-
ing a gene encoding preproteins with a bipartite signal
sequence. In our model not only preproteins with a bipartite
signal sequence originated, but also genes encoding beside the
mature protein a tripartite signal sequence with a Tat signal.
Several scenarios could explain the origin of such a protein with
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a tripartite signal sequence. Either it has already originated in
the ancestor of the red algal endosymbiont and was successfully
transferred into the cell nucleus, or the C-terminal amino acids
of the transit peptide or N-terminal ones of the mature protein
were converted into an efficient Tat signal. Another possibility
may be the tripartite signal originated de novo in the cell
nucleus. In any case, co-existence of proteins with and without
a Tat signal could lead to phycobilisomes in the stroma and
phycoerythrin complexes within the thylakoids. If so, a window
of opportunity to evolve a thylakoid lumenal phycoerythrin
complex was created. The linker proteins were then lost in the
absence of selection pressure once light harvesting was occur-
ring inside the thylakoid lumen.

Light Harvesting and Energy Transfer within the Thylakoid
Lumen—In addition to the evolutionary aspects concerning the
development of tripartite targeting signals, the localization of
the components of the light harvesting apparatus within the
thylakoid lumen rather than on the stromal side of the mem-
brane has also significant physiological consequences. In the
ordered antenna-like structure of phycobilisomes, the
absorbed light energy is transferred to the chlorophyll in a
highly controlled manner. For the situation found in crypto-
phytes this is difficult to imagine, as one must assume that the
heterotetramers can freely diffuse within the thylakoid lumen.
However, an attachment of the phycobiliprotein complexes to
the luminal face of the thylakoid membrane cannot be ruled
out.

Furthermore, the thylakoid lumen is a highly variable envi-
ronment depending on the light conditions. Whereas the chlo-
roplast stroma shows a relatively stable pH value of ~7.5-8
over a wide range of light conditions, the pH value of the thyla-
koid lumen is strongly dependent on the light intensity the
chloroplast is exposed to. At low light, the lumen is only mildly
acidic, whereas at high light intensities the pH is assumed to
reach values of ~4 to 5. It is obvious to assume that such vari-
ability in proton concentration by several orders of magnitude
in the environment of the light harvesting apparatus has an
impact on the properties of the chromophores to capture the
light energy and to transfer it to the photosystems. So far, it is
entirely unsolved how this is achieved, but it is tempting to
speculate that such variation in acidity might even be used for
regulation of light harvesting efficiency.
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