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Abstract We have cloned an Arabidopsis cDNA encoding a
novel thylakoid lumen protein, P17.4, that has been previously
isolated from lumen extracts of spinach chloroplasts. The protein
is synthesised with a bipartite presequence containing a Sec-type
lumen-targeting signal peptide and the precursor protein is
imported into the lumen of pea chloroplasts. The encoded protein
is homologous to an Anabaena protein that is essential for
correct glycolipid localisation, and is also related to at least 16
unassigned open reading frames in Synechocystis. This family of
proteins is characterised by the presence of numerous pentapep-
tide repeats with the consensus structure AXLXX, and its
members are predicted to be located in the cytosol, plasma
membrane and periplasm/lumen. P17.4 is therefore the first
higher plant member of an extended family of putative
cyanobacterial proteins that may serve important roles in lipid
transport or assembly.
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1. Introduction

The thylakoid membranes of chloroplasts and cyanobacte-
ria carry out the light reactions of oxygenic photosynthesis, in
which sunlight is used to drive the transfer of electrons from
water to NADP� and the resultant proton gradient is har-
nessed to drive ATP synthesis. These processes are carried
out by four major complexes in the thylakoid membrane
(photosystems I and II, the cytochrome bf complex and the
ATP synthase), together with a small number of ancillary
carriers. The complexes themselves have been analysed in
great detail and the component proteins have, for the most
part, been characterised and cloned. Photosynthetic proteins
account for the vast majority of chloroplast membrane pro-
tein and the thylakoid membranes of chloroplasts account for
approximately 99% of the total chloroplast lipid content.

Although the photosynthetic process of thylakoid mem-
branes have been studied in intricate detail, other functions
of this highly abundant biomembrane have been slow to
emerge and remarkably few non-photosynthetic thylakoid
proteins have been identi¢ed. This applies particularly to the
soluble lumen phase enclosed by the thylakoid membrane.
Several lumenal photosynthetic proteins have been well-char-
acterised, of which plastocyanin is probably the best known,
and others identi¢ed recently include the D1 processing pep-
tidase [1] and polyphenol oxidase [2,3]. However, most lume-
nal proteins have yet to be characterised in any real detail. In

order to gain insight into the resident proteins of this phase,
and hence understand more about the functions of the thyla-
koid network, we recently devised a fractionation procedure
which allows the preparation of lumen contents in a highly
puri¢ed form [4]. At least 25 polypeptides could be identi¢ed
by SDS-polyacrylamide electrophoresis, of which only six cor-
respond to known lumen photosynthetic proteins. The major-
ity of the remainder are of unknown identity but one has
recently been further puri¢ed and shown to be a prolyl cis/
trans isomerase [5]. N-terminal sequence data were obtained
for several of the other proteins and in this report we have
used these data to identify and characterise an Arabidopsis
cDNA encoding one of the proteins. We show that the clone
encodes a novel 17 kDa lumenal protein with signi¢cant ho-
mology to a new protein family from Synechocystis and an
Anabaena protein that is essential for correct localisation of
glycolipids.

2. Materials and methods

An Arabidopsis cDNA encoding a 17.4 kDa lumenal protein from
spinach (P17.4) was identi¢ed by searching the expressed sequence tag
(EST) database using the N-terminal 16-residue sequence of P17.4 [4].
The cDNA (clone 104N18T7) was obtained from the Arabidopsis Bio-
logical Resource Center at Ohio State University and both strands
were fully sequenced. The EMBL accession number for the cDNA
encoding P17.4 is T21992. The encoded precursor protein was syn-
thesised in vitro by transcription translation and imported into intact
pea chloroplasts as described [6]. Prediction of signal peptide cleavage
sites was carried out using the signalP programme [7].

3. Results and discussion

3.1. Arabidopsis P17.4 is synthesised as a preprotein with a
lumen-targeting, bipartite presequence

The DNA and predicted protein sequence of an Arabidopsis
cDNA encoding P17.4 have been deposited in the EMBL
database. The 16-residue N-terminal sequence determined
for spinach P17.4 [4] is highly homologous to residues 78^93
in the Arabidopsis sequence, with 12 of the 16 residues iden-
tical in this region. The Arabidopsis protein is thus synthesised
with a 77-residue presequence. As with all known cytosolically
synthesised thylakoid lumen proteins, P17.4 is synthesised
with a bipartite presequence in which two distinct domains
can be recognised. The ¢rst domain corresponds to an `enve-
lope transit' peptide which directs translocation into the stro-
ma by an envelope-localised protein translocase. These pep-
tides are usually hydrophilic, overall positively charged and
enriched in hydroxylated residues [8], and the ¢rst ca. 40 res-
idues of the Arabidopsis precursor protein ¢t these criteria.
The second targeting signal speci¢es translocation across the
thylakoid membrane, and these peptides invariably contain a
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hydrophobic core region followed by a motif specifying cleav-
age by the thylakoidal processing peptidase, in which a short-
chain residue is present at the 33 position and alanine is
essential at the 31 position [8,9]. The Arabidopsis presequence
is typical in these respects (see Fig. 2B), containing a hydro-
phobic core region in the second domain with the start of the
mature protein preceded by the sequence Val-X-Ala. Con¢r-
mation of these targeting properties, and the lumenal location
of the mature Arabidopsis protein, was obtained using in vitro

assays for the import of proteins by intact chloroplasts. Fig. 1
shows that the protein is synthesised as a 28 kDa precursor
protein which is imported into the organelles, targeted into
the thylakoids (lane T) and processed to a 17 kDa polypep-
tide. The mature protein is resistant to protease digestion as
expected of a lumenal protein (data not shown). Some inter-
mediate-size polypeptide is apparent in the stromal fraction
(lane S), suggesting that the envelope transit peptide is re-
moved by the stromal processing peptidase, as is the case
with most bipartite presequences.

Although all known lumenal proteins are synthesised with
super¢cially similar bipartite presequences, the thylakoid-tar-
geting peptides have been found to direct translocation by two
distinct pathways once inside the chloroplast (reviewed in
[10]). Some lumenal proteins are targeted by an ATP-depend-
ent, Sec-related system whereas others use a very di¡erent
system that is driven by the thylakoidal vpH. The choice of
pathway is dictated by the type of targeting peptide [11,12]
and, while the precise sorting characteristics of the signals
remain to be fully de¢ned, targeting by the vpH-dependent
pathway is known to depend totally on the presence of a twin-
arginine motif immediately prior to the hydrophobic region of
the targeting signal [13]. No such motif is present before the
hydrophobic region of the presequence, strongly suggesting
that translocation takes place by the Sec-dependent pathway.
Other tests (data not shown) have con¢rmed that dissipation
of the thylakoidal vpH does not inhibit translocation across
the thylakoid lumen whereas the SecA inhibitor, azide, does
inhibit translocation to an extent. We conclude that this pro-
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Fig. 1. Pre-P17.4 is imported into the thylakoid lumen of pea chlo-
roplasts. Pre-P17.4 was synthesised in vitro by transcription transla-
tion of a cDNA clone and the precursor protein (lane Tr) was incu-
bated with isolated intact pea chloroplasts. After incubation,
samples were analysed of the chloroplasts (C), protease-treated
chloroplasts (C+) and the stromal (S) and thylakoid (T) fractions
after lysis of the organelles and pelleting of the membranes. Int de-
notes stromal intermediate form.

Fig. 2. P17.4 is homologous to an Anabaena protein, HglK, essential for heterocyst-speci¢c glyocolipid localisation, and to a large family of hy-
pothetical Synechocystis proteins. A: The sequence of the mature-size P17.4 is shown aligned against the C-terminal region of Anabaena HglK
(Anab.) using the Clustal V programme. Identical residues are denoted by asterisks and conserved residues by dots. B: The entire sequence of
Arabidopsis pre-P17.4 is shown aligned against the sequence of the Synechocystis slr1819 gene product; the bipartite presequence of the plant
protein is shown separately above the alignment, with the hydrophobic region underlined and the terminal processing site denoted by an aster-
isk. The N-terminal sequence of spinach P17.4 (italicised) is shown above the homologous region of the Arabidopsis protein. AXLXX-type pen-
tapeptide repeat regions are underlined with the ¢rst and third residues of each motif shown in bold.
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tein is transported by the Sec pathway as predicted from the
presequence structure.

3.2. P17.4 is homologous to an Anabaena protein required
for glycolipid localisation, and to a large family of
hypothetical Synechocystis proteins containing
AXLXX pentapeptide repeats

A search of the databases reveals that P17.4 bears high
homology to only one known protein: the product of the
hglK gene in Anabaena sp strain PCC 7120 [14]. Interestingly,
it was found that disruption of this gene led to a defect in the
localisation of heterocyst-speci¢c glycolipids, and the authors
proposed that the hglK gene product may be involved in the
transport or assembly of these lipids. The HglK protein is
much larger than P17.4 (727 amino acids compared with
159 residues for the P17.4 mature protein) and it is the C-ter-
minal half of the protein that is most homologous to P17.4
(Fig. 2A). A very surprising, and thus far unexplained, feature
of the HglK protein is the presence of 36 degenerate AXLXX
pentapeptide repeats [14].

Although HglK is the only known protein bearing a resem-
blance to P17.4, several open reading frames within prokary-
otic genomes are highly homologous. Among these are a pro-
tein encoded by a plasmid in Erwinia stewartii (accession
number L42525) and, most notably, a large family of 16 hypo-
thetical proteins in Synechocystis. Several of these proteins are
highly homologous to P17.4 and one such alignment is shown
in Fig. 2B. As with the Anabaena HglK protein, this Synecho-
cystis protein contains multiple copies of the pentapeptide
repeat, as do all members of this particular family of hypo-
thetical proteins. Close examination of the mature P17.4 se-
quence shows that this protein is also a member of this `pen-
tapeptide repeat' family, containing at least 16 repeat motifs
that are shown underlined in Fig. 2B. However, the ¢rst and
third amino acids of the Arabidopsis P17.4 repeats are more
variable. Within the 16 repeats, the ¢rst position is likewise

occupied in most cases by Ala (9 of 16) but Val is found in
four cases, Ser in two and Thr in one. The third position is
again invariably hydrophobic but Leu is found in only four
cases and Phe is in fact most commonly found (seven cases)
with the other repeats containing Met (three cases), Ile (one
example) and in one case, Ala. Since this entire region is also
conserved in the Synechocystis slr1819 sequence, it can be seen
that the cyanobacterial motifs also diverge in a few cases from
the AXLXX motif, with Val present in some cases at the ¢rst
position. However, it is striking that the Leu is so highly
conserved. As yet, we have no information concerning the
function of these repeat units although there is evidence that
they are essential for the functioning of the hglK gene product
[14].

A list of the other Synechocystis proteins is shown in Table
1, together with a description of their predicted sizes.
Although some of the Synechocystis proteins are less homol-
ogous, all 16 hypothetical proteins are sequence-related be-
cause all display high homology to one another and each
contains numerous copies of the characteristic pentapeptide
repeat (not shown). We have also made an estimate of the
locations of the proteins as deduced from their hydrophobic-
ity pro¢les combined with an analysis of the N-terminal se-
quences. Several of the family are strongly predicted to be
membrane-bound but others appear to be soluble cytosolic
proteins and three are synthesised with N-terminal hydropho-
bic regions that are strongly predicted to be signal peptides.
The latter proteins are thus probably transported into the
periplasm or thylakoid lumen (or both) and may be function-
ally analogous to P17.4. The combined data therefore suggest
that this family contains members that are cytosolic, mem-
brane-bound and soluble in the periplasm/lumen. The func-
tions of these proteins are as yet unknown but, given the
importance of the hglK gene for glycolipid localisation, it
may well be the case that at least some members are involved
in membrane biogenesis. This possibility remains to be tested
but we would point out that the sheer number of the proteins
in Synechocystis argues for an important physiological func-
tion in most, if not all, of the cellular compartments.
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Table 1
Synechocystis homologues of P17.4

Gene AAs Predicted location

slr1819 331 cytoplasmic
sll0301 169 lumenal/periplasmic
slr0516 166 membrane
slr1152 331 cytoplasmic
sll0577 169 lumenal/periplasmic
slr1851 162 membrane
sll1446 320 cytoplasmic
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sll0183 259 membrane
slr0967 150 lumenal/periplasmic
slr1697 574 membrane
sll1011 270 cytoplasmic
sll0274 196 membrane
sll0414 286 cytoplasmic
sll1350 398 membrane
slr1519 245 putative membrane

The table lists the open reading frames within the Synechocystis ge-
nome that are highly homologous to the mature-size Arabidopsis
P17.4 sequence. The hydrophobicity of each sequence was assessed
using the TopPred 2 programme [15] and the encoded proteins are
given putative locations in the cytoplasm or membrane according to
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accordingly.
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