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Abstract Lumenal proteins are transported across the thyla-
koid membrane by two very different pathways: Sec-dependent
or twin-arginine translocase (Tat)-dependent, where the substrate
protein can be transported in a folded state. We present the first
evidence that a given protein can be targeted by different
pathways in different organisms. Arabidopsis Hcf136 is targeted
exclusively by the Tat pathway in pea chloroplasts and no Sec-
dependent transport is evident even when the twin-arginine is
replaced by twin-lysine. However, twin-arginine motifs are
absent from the presequences of Hcfl36 proteins encoded by
plastid or cyanobacterial genomes, strongly implying transloca-
tion by another pathway (presumably Sec). We suggest that the
Hcf136 protein was transferred to the Tat pathway when the
gene became incorporated into the nuclear genome, possibly due
to the tighter folding associated with the more involved, post-
translational targeting pathway.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

Two very different mechanisms are used for the transloca-
tion of lumenal proteins across the thylakoid membrane of
plant chloroplasts, and the properties of the protein translo-
cation systems have been the focus of considerable attention
in recent years. Most lumenal proteins are encoded in the
nucleus and hence imported across the chloroplast envelope,
apparently by a similar mechanism that is also used by most
imported proteins (reviewed in [1]). Once inside the chloro-
plast, however, these proteins are translocated across the thy-
lakoid membrane by either a Sec- or ApH-dependent mecha-
nism (reviewed in [2,3]). The Sec-dependent mechanism
appears to be similar to bacterial Sec-type protein export sys-
tems, involving stromal SecA activity, ATP hydrolysis and a
membrane-bound SecYEG translocon [4-7]. The Sec-inde-
pendent translocation system has completely different proper-
ties. Proteins such as the 23 and 16 kDa photosystem Il pro-
teins (23K, 16K) are likewise synthesised with a cleavable
lumen-targeting peptide, but these precursors are translocated
across the thylakoid membrane by a mechanism that requires
a ApH but not nucleoside triphosphates [8,9]. The choice of
translocation pathway is specified largely by the type of lu-
men-targeting signal present [10,11, and a key determinant for
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ApH-dependent targeting is the presence of an essential twin-
arginine motif in the lumen-targeting signal [12].

Recent studies have confirmed the existence of a related
pathway in bacteria (reviewed in [13]). The cloning of the
Hcf106 component of the ApH-dependent translocase [14,15]
revealed the presence of related genes in numerous bacteria
and several have now been shown to be required for the Sec-
independent export of a subset of periplasmic proteins [16—
19]. Substrates for the bacterial system are similarly synthe-
sised with twin-arginine signal peptides [20] and the bacterial
translocase has been termed the twin-arginine translocation
(Tat) system. Both the thylakoidal and bacterial systems ap-
pear to be primarily used for the translocation of fully-folded
proteins [20-22]. This ability to transport folded protein do-
mains is unusual among known protein transporters and is
unique, to date, among those that operate in tightly sealed
energy-transducing membranes.

It is essentially accepted that chloroplasts evolved from en-
dosymbiotic cyanobacterial-type organisms, in which case the
chloroplastic Tat system was also inherited from such an or-
ganism. This appears to be the case, since the known higher
plant tat genes are highly homologous to open reading frames
(ORFs) in the Synechocystis genome (not shown). Some cya-
nobacterial Tat substrates have probably also been main-
tained in chloroplasts, and we would predict that these would
continue to utilise the Tat pathway. However, none has been
identified to date and all of the known chloroplastic Tat sub-
strates (23K, 16K, PSI-N, PSII-T and P16) are absent from
the Synechocystis genome. Here, we report a situation that is,
to date, unique: the apparent transfer of a lumenal protein to
a different pathway during the course of evolution. Hcf136 is
a lumenal protein in chloroplasts that is required for photo-
system II stability or assembly [23]. We show that it is tar-
geted exclusively by the Tat pathway in chloroplasts, yet the
plastid-encoded homologue in the alga Cyanophora paradoxa
and the homologous cyanobacterial proteins all lack a twin-
arginine and are therefore predicted to be Sec-dependent. This
is the first example of a lumenal protein following different
targeting pathways in different organisms, and we speculate
that the higher plant protein may have been forced onto the
Tat pathway as a consequence of the more complex import
pathway.

2. Materials and methods

2.1. Import assays

Precursor proteins were synthesised in vitro by transcription of
cDNA clones encoding wheat pre-23K or Arabidopsis pre-Hcf136
[23] followed by translation in a wheat germ lysate in the presence
of [¥S]methionine. Assays for the import of proteins by intact chlor-
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oplasts and isolated pea thylakoids were as in [24]. Inhibitor experi-
ments involved the use of nigericin at 4 uM (+10 mM KCl), Na azide
at 10 mM or wheat pre-23K competitor as detailed in [25].

2.2. Constructs

A twin-lysine mutant of Arabidopsis pre-Hcf136 was generated by
site-specific mutagenesis of the cDNAs in which 4 bp mutations were
introduced by inverse PCR mutagenesis. Back-to-back primers were
designed complementary to the target region, with a single bp gap
between the 5’ ends of the forward and reverse primers (necessary due
to the insertion of an extra, random base by 7Tag polymerase, and
therefore the gap between the primers was positioned at the third base
of a wobbly codon, to ensure the fidelity of amino acid at this codon).
The desired mismatch was placed close to the 5’ end of the forward
primer. For mutagenesis of the Acf136 gene (accession Y 15628), for-
ward and reverse primers were 5'-TTCAGTAAGAAGGAGC-
TTCTGTACCAATCG-3" and 5'-GATAAGGATGAAGAGGACG-
ATG-3', respectively. Prior to iPCR, the primers were phosphorylated
with T4 kinase (Gibco). Each iPCR reaction (10 ul final volume)
contained 0.5 pM each phosphorylated primer, 200 uM each dATP,
dCTP, dGTP and dTTP, 1.5 mM MgCl,, 1 X PCR buffer (Gibco) and
0.5 U Taq polymerase (Gibco). The iPCR reaction was carried out for
35 cycles, each cycle consisting of a denaturation step (20 s, 94°C), an
annealing step (20 s, 60°C) and a polymerisation step (20 s, 72°C).
After 35 cycles, samples were heated for 10 min at 72°C, and electro-
phoresed through a 1% agarose/TBE gel, before being visualised with
ethidium bromide. The band was extracted and self-ligated using T4
ligase (Gibco) and transformed into Escherichia coli. Positive clones
were sequenced.

3. Results and discussion

3.1. The signal peptide of imported pre-Hcf136, but not of
plastid-encoded|cyanobacterial pre-Hcf136 homologs,
contains a twin-arginine

Arabidopsis Hcf136 is known to be localised in the thyla-
koid lumen [23] and the protein is synthesised with an appar-
ently typical bipartite lumen-targeting presequence in which
two distinct regions can be discerned: an N-terminal ‘envelope
transit peptide’, which specifies targeting into the chloroplast,
followed by a thylakoid lumen-targeting signal peptide. As
shown in Fig. 1, the latter contains three characteristic do-
mains [2,3]: a charged N-terminal domain, a hydrophobic
core domain (underlined) and a more polar C-terminal do-
main ending with Ala-Xaa-Ala, the consensus signal for the
thylakoidal processing peptidase in chloroplasts [2]. Homolo-
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gous ORFs are present in the plastid genome of the unicellu-
lar alga C. paradoxa, and in two cyanobacterial genomes:
those of Synechocystis PCC6803 and Anabaena variabilis.
The proteins encoded by these ORFs each contain an N-ter-
minal hydrophobic region at the position corresponding to the
Arabidopsis signal peptide, and we therefore assume that each
is similarly synthesised with a signal peptide containing the
three domains described above. Putative cleavage sites are
denoted with asterisks.

It is notable that the signal peptide of the Arabidopsis pro-
tein contains a twin-arginine motif (italicised) just prior to the
hydrophobic region, suggesting that it might be a substrate
for the Tat system. This was considered to be of significant
potential interest because none of the other Hcfl136 signal
peptides contain this motif, almost certainly precluding trans-
port by this pathway (see later).

3.2. Arabidopsis pre-Hcf136 is targeted exclusively by the Tat
pathway

The mere presence of a twin-arginine is not a definite in-
dicator of targeting pathway because Sec-type signal peptides
can also contain twin-arginine at this position, at least in
bacteria. However, lumen-targeting pathways can be dissected
with precision using in vitro translocation assays because sev-
eral diagnostic inhibitors of the Sec and Tat pathways are
available. Transport across the thylakoid membrane by the
Tat pathway is totally dependent on the transthylakoidal
ApH and hence sensitive to the proton ionophore nigericin,
while Sec-dependent transport is inhibited (though not com-
pletely) by azide, which inhibits SecA action [11]. Most im-
portantly, competition assays have proved to be very powerful
in this type of study because over-expressed precursors of Tat
substrates compete very effectively with other Tat substrates
while having no apparent effect on the transport of Sec sub-
strates [25]. Fig. 2 shows experiments in which these inhibitors
have been used in assays for the import and sorting of pre-
Hcf136 by intact pea chloroplasts.

In the control panel, the import of Arabidopsis pre-Hcf136
has been analysed in the absence of inhibitors. The data show
that the protein is synthesised as a 44 kDa precursor which is
imported into the organelles and converted to two polypep-

A.thal MASLQLCDGYLLFKPSVSPRFLSQRISHRLIPKASSSPPPSPSPSSSSSSLSFSRRELLY
C.para ———---- oo oo oo MILNWRKV
Synech = ———mmmm e MPVKFPSLKFEQLKQ
Anabaena = —-mm oo oo MKSWQK
A.thal QSAAVSLSLSSIVGPARA ¢ DEQLSEWERVFLPIDPGVVLLDIAFVPDEPSRGFLLGTRQTL
C.para IVSFLVIILTNFYNISFTHA4ESYKWEQIPLNTDE--ILLDIGFVPDQPQRGWLLGTRSTL
Synech LVLVAAIAVFCVSCSHVPDLA ¢ FNPWQEIALETDS--TFADIAFTED-PNHGWLVGTKETI
Anabaena IFALLVVLLLCIGCSKVPSTS ¢ YNPWAVVSLPTEA--KLLDIAFTEN-PQHGFLVGSNATL
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Synech. IFETTDGGDTWEQKLIDLGEEK---ASFSAVSFSGNEGWITGKPSILLHTTDGGQTWARIP
Anabaena
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Fig. 1. Primary sequences of plastid and cyanobacterial Hcf136 proteins and their putative signal peptides. The figure shows the N-terminal re-
gion of Arabidopsis pre-Hcf136 (A. thal) aligned against the corresponding regions of ORF333 from the plastid genome of C. paradoxa (C.
para; accession U30821), ORF341 from Synechocystis sp. PCC6803 (Synech; D90903) and ORF1 from A. variabilis (AJ012181). Identical resi-
dues are denoted by asterisks and conserved residues by dots. Hydrophobic regions of the predicted signal peptides are underlined and putative
terminal cleavage sites indicated by 4. A twin-arginine in the signal peptide of Arabidopsis Hcf136 is italicised.
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Fig. 2. Targeting of Arabidopsis Hcf136 by the ApH/Tat pathway in chloroplasts. Pre-Hcf136 was synthesised by transcription-translation of a
cDNA clone and incubated with intact pea chloroplasts. Import incubations contained no added inhibitors (control panel), 10 mM Na azide
(+azide panel) or 3 uM over-expressed pea pre-23K (+competitor panel). After incubation, samples were analysed of the chloroplasts (lane C),
protease-treated chloroplasts (C+) and the stromal (S) and thylakoid (T) fractions after lysis of the organelles in 10 mM HEPES-KOH, pH
8.0, 5 mM MgCl, and centrifugation for 10 min. Lane T+: thylakoid fraction was incubated with 0.2 mg/ml thermolysin for 30 min on ice.

Lane Tr: translation product. iHcf136, intermediate form.

tides: a 37 kDa thylakoid-associated protein (lane T) which is
believed to be the mature protein, together with a larger in-
termediate that is found predominantly in the stroma (lane S),
presumably en route to the thylakoids. The mature protein is
resistant to proteolysis (lane T+) and is thus located in the
lumen. These import data closely resemble those observed
with other lumenal proteins, where intermediate forms are
usually generated by removal of the envelope transit peptide
by the stromal processing peptidase [2,3], and they confirm
that Arabidopsis Hef136 is indeed synthesised with a bipartite
presequence.

Azide has no detectable effect although substantial inhibi-
tion was observed in parallel tests with a Sec substrate, pre-
33K (data not shown). Significantly, the ‘competitor’ panel
shows that the presence of relatively high concentrations of
unlabeled, over-expressed pea pre-23K results in a complete
block in transport across the thylakoid membrane, with the
result that the intermediate-size protein accumulates in the
stroma. Taken together, these data clearly demonstrate that
pre-Hcf136 is translocated primarily, if not exclusively, by the
Tat pathway.

As predicted for Tat-dependent translocation, translocation
across the thylakoid membrane depends totally on a trans-
thylakoidal ApH. This can be observed in chloroplast import
assays, where accumulation of the stromal intermediate is
again observed (not shown) or in assays for the import of
proteins into isolated thylakoids as shown in Fig. 3. Incuba-
tion of the in vitro synthesised precursor with washed pea
thylakoids results in the appearance of mature-size protein
which is resistant to proteolysis of the membranes and hence
imported. Import is completely blocked by nigericin, consis-
tent with Tat-specific translocation.

Control Nigericin

pre-Hcf136- 588 = —_—

Hcf136- E

Fig. 3. Import of pre-Hcfl36 into isolated thylakoids requires a
ApH. Pre-Hcf136 (lane Tr) was incubated with isolated pea thyla-
koids in the absence of inhibitors (control) or the presence of 4 uM
nigericin. After incubation, the thylakoids were pelleted and ana-
lysed directly (—) or after incubation with 0.2 mg/ml thermolysin
for 30 min on ice (+).

These data are are of interest because the Synechocystis and
Anabaena pre-Hcf136 proteins lack arginine residues in the N-
terminus of the signal peptide, and are thus almost certainly
not transported by this pathway. Translocation is probably by
the Sec pathway, although this remains to be confirmed. We
therefore considered it possible that Hcf136 might be trans-
ported by both pathways in chloroplasts, although primarily
by the Tat pathway given the competition data shown above.
This possibility was probed by removing the twin-arginine
motif known to be important for Tat-dependent translocation
[12]; any residual translocation would strongly suggest that
the protein could utilise the Sec pathway, especially in the
absence of any competition for substrate by the Tat machi-
nery. Fig. 4 shows import experiments conducted using this
twin-Lys mutant. The data show that the wild-type pre-pro-
tein is again imported and sorted as expected, but the twin-
Lys mutant accumulates quantitatively in the stroma and no
translocation into the lumen is apparent. The presence of
twin-Lys at this position is no barrier to the thylakoidal Sec
system [26] and we conclude that pre-Hcf136 is totally unable
to use the Sec pathway.

3.3. Implications for the evolution of the Tat pathway

Hcf136 is the sixth confirmed substrate for the Tat system
in chloroplasts and the first for which homologous proteins
can be identified in cyanobacteria or the plastid genomes of
algae. However, none of the Hcf136 homologues in Cyano-
phoralSynechocystis| Anabaena contains a twin-arginine motif,
and we propose that this protein must utilise alternative path-
ways in these organisms. This scenario assumes that Tat-spe-
cific signal peptides do contain an important and conserved
twin-arginine in cyanobacteria and Cyanophora, but this is
extremely probable. Tat-type targeting peptides contain this
motif in a very wide range of bacterial species [20] and it

Wild type KK mutant
TTCC+ ST TrCC+ST
pr-+cf16- e |_ R iicr136

Fig. 4. Mutagenesis of the twin-arginine in pre-Hcf136 blocks trans-
location across the thylakoid membrane. Arabidopsis pre-Hcf136
and a mutant containing twin-Lys in place of the twin-arginine mo-
tif (KK-mutant) were imported into pea chloroplasts and the organ-
elles fractionated as in Fig. 2. Other symbols as in Figs. 2 and 3.
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would be totally unexpected if twin-arginine motifs were im-
portant in chloroplasts but not in cyanobacteria, especially
since these are the bacteria that are most closely related to
chloroplasts. The Tat system has not been studied in cyano-
bacteria but analysis of one predicted substrate supports the
above premise. The Rieske protein binds FeS centres in the
cytoplasm, is firmly predicted to be transported by the Tat
pathway and is accordingly synthesised with an RR-signal
peptide in a wide range of bacteria [20]. We note that this
protein is likewise synthesised with apparently typical RR-
signal peptides in various cyanobacteria, such as Synechocys-
tis, Agmenellum quadruplicatum, Synechococcus elongatus and
C. nostoc (not shown).

It is nevertheless possible that Hcf136 may be targeted by
the Tat pathway in other cyanobacteria, or in other eukary-
otic algae when plastid-encoded. In other words, targeting by
the Tat pathway may not be strictly correlated with transfer
of the hcf136 gene to the nucleus. However, no other known
bacterial proteins are believed to be Sec-dependent in some
species but Tat-dependent in others [20]. Rather, the most
likely explanation is that Hcf136 transferred to the Tat path-
way when the /hcf136 gene moved to the nucleus after the
initial endosymbiotic events.

Why might Hcf136 have become ‘Sec-incompatible’ at this
point? One possibility is that Hcfl136 is translocated either
during or shortly after synthesis in cyanobacteria (or when
encoded by the plastid genome), and has little opportunity
to fold under these circumstances. In contrast, nuclear-en-
coded chloroplast proteins are transported across the thyla-
koid membrane in a strictly post-translational manner and
probably have ample opportunity to fold in the stroma.
Transport by the Sec pathway may be precluded if the protein
folds at all tightly, and bacterial Sec systems are indeed unable
to export a large proportion (in fact the majority) of cytoplas-
mic or heterologous proteins tested (e.g. [27]). The same prob-
lem may apply to those proteins that have arisen since the
initial endosymbiotic events, such as 23K, 16K, PSI-N, PSII-T
and P16. All are transported by the Tat pathway and yet none
is believed to bind cofactors. We suggest that higher plants
have made full use of the unique properties of the Tat path-
way in order to evolve and efficiently target a range of novel,
nuclear-encoded proteins whose folding properties precluded
Sec-dependent translocation in chloroplasts.
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