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Chloroplast SecA functions as a membrane-associated component
of the Sec-like protein translocase of pea chloroplasts
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Protein cross-linking studies with a thylakoid membrane translocation intermediate were used to de-
monstrate that chloroplast SecA functions as a membrane-associated component of the Sec-like ATP-
dependent protein translocase of pea chloroplasts. In assays with isolated thylakoids, it was observed that
translocation of the 33-kDa protein of the oxygen-evolving complex of photosystem II (OE33) decreased
when the ATP concentration was low, and that the protein accumulated as a bound precursor. The bound
precursor was able to be translocated into the lumen when the ATP concentration was raised, indicating
that the precursor was bound to the translocation apparatus. Inclusion of apyrase in the import reaction
prevented translocation but did not affect precursor binding to the membrane. When this translocation
intermediate was treated with the cross-linking agent disuccinimidyl suberate, a single predominant cross-
linked product of 120 kDa was produced. This conjugate could be immunoprecipitated with antibodies
to pea chloroplast SecA, identifying the cross-linking partner as SecA. This provides direct evidence for
a functional interaction between a thylakoid precursor protein and a component of the thylakoid protein-
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translocation apparatus.
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Four distinct pathways for targeting, insertion and transloca-
tion of proteins across the chloroplast thylakoid membrane have
been identified, each responsible for a specific subset of thyla-
koid integral or lumen proteins (Cline and Henry, 1996). These
pathways can be distinguished by their energetic requirements,
by the involvement of different stromal protein factors and by
the use of inhibitors (Cline et al., 1992 ; Hoffman and Franklin,
1994; Hulford et al., 1994; Kapazoglou et al., 1995; Kar-
nauchov et al., 1994 ; Klosgen et al., 1992; Li et al., 1995; Mant
et al., 1994; Michl et al., 1994; Mould and Robinson, 1991;
Mould et al., 1991; Nielsen et al., 1994 ; Payan and Cline, 1991).
In addition, competition experiments with large amounts of pre-
cursor proteins expressed in Escherichia coli have confirmed the
distinction between these pathways (Cline et al., 1993). The four
routes involve an ATP-dependent bacterial-Sec-like system, a
ApH-dependent systemn, a chloroplast signal-recognition-par-
ticle-like systerm, and spontaneous insertion.

The chloroplast Sec-like system is responsible for the
translocation of nuclear-encoded thylakoid proteins, such as the
33-kDa polypeptide of the oxygen-evolving complex of pho-
tosystem I (OE33), plastocyanin and the F subunit of photosys-
tem I (Cline and Henry, 1996), and at least one chloroplast-
encoded protein, cytochrome f (Mould et al., 1997; Nohara et
al., 1996). Translocation of these proteins across the thylakoid
membrane is absolutely dependent on the presence of ATP and

Correspondence to J. C. Gray, Department of Plant Sciences, Uni-
versity of Cambridge, Downing Street, Cambridge CB2 3EA, United
Kingdom

Fax: +44 1223 333953.

E-mail: jcg2 @mole.bio.cam.ac.uk

Abbreviations. OE33, 33 kDa protein of the oxygen-evolving com-
plex of photosystem II; iOE33, an intermediate form of OE33.

Enzymes. Apyrase (EC 3.6.1.5); thermolysin (EC 3.4.24.27).

a stromal factor (Hulford et al., 1994; Kirwin et al., 1989;
Mould et al., 1991). Translocation may be stimulated by a pro-
ton-motive force, the principle component of which is ApH
(Yuan and Cline, 1994). The contribution of the protonmotive
force to translocation is most critical when the ATP concentra-
tion is low (Mant et al., 1995). The energetic characteristics of
this system are very similar to those of the bacterial Sec translo-
cation system, which is responsible for the export of proteins
across the cytoplasmic membrane into the periplasm (Driessen,
1992). The bacterial Sec translocase consists of six membrane
proteins: SecA, a membrane ATPase; SecYEG, the membrane-
embedded pore; and SecD and F, intrinsic membrane proteins
with large periplasmic domains (Arkowitz and Bassilana, 1994
Wickner and Leonard, 1996). Pea cytochrome f, expressed in E.
coli, was translocated across the cytoplasmic membrane in a pro-
cess which was SecA-dependent (Rothstein et al., 1985).

The possibility that homologues of bacterial Sec proteins
constituted the thylakoid membrane ATP-dependent translocase
was supported by the identification of secA and secY homo-
logues in algal plastid genomes (Douglas, 1992; Flachmann et
al., 1993; Scaramuzzi et al., 1992a, 1992b; Valentin, 1993) and
by the inhibition of translocation of OE33, plastocyanin, the F
subunit of photosystem I, and cytochrome f across the thylakoid
membrane by azide (Knott and Robinson, 1994; Mould et al.,
1997), which is a specific inhibitor of bacterial SecA (Oliver et
al., 1990). The involvement of a chloroplast SecA homologue
was confirmed by the purification of SecA from pea leaf chloro-
plasts (Nakai et al., 1994; Yuan et al., 1994). Chloroplast SecA
was shown to be predominantly located in the stroma, where it
fulfilled the stromal requirement for translocation into isolated
thylakoid membranes. The maize mutant thal, deficient in the
targeting and accumulation of thylakoid proteins OE33, plasto-
cyanin and cytochrome f, has been positively identified as en-
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coding chloroplast SecA (Voelker et al., 1997) and cDNAs en-
coding chloroplast SecA have been isolated from pea (Kapazog-
lou and Gray, 1995; Nohara et al., 1995) and spinach (Berghofer
et al., 1995). An Arabidopsis cDNA encoding a SecY homo-
logue has been isolated and the translated protein shown to be
imported by isolated chloroplasts and targeted to the thylakoid
membrane, where it is assumed to function as part of the Sec-
like protein-translocation system (Laidler et al., 1995).

In this study we wished to investigate directly the molecular
environment of a translocating polypeptide, to identify the pro-
teins involved in the translocation process, and to determine
whether the thylakoid membrane translocase is mechanistically
similar to the bacterial system. The approach used was to arrest
translocation of a radiolabelled thylakoid membrane protein
within the translocation complex, so that it could be conjugated
to components of the transiocase using cross-linking reagents.
The protein used was an artificially generated intermediate form
of wheat OE33 (iOE33) which represents the substrate for
translocation across the thylakoid membrane by the ATP-depen-
dent Sec-like pathway in vivo and is efficiently imported into
isolated thylakoids in vitro (Hulford et al., 1994). It contains
the thylakoid-targeting and mature domains and is the stromal
intermediate form of the protein following cleavage of the pre-
cursor by the stromal processing peptidase.

Energetic conditions were identified in which iOE33 bound
to the thylakoid protein-translocation apparatus, without being
translocated into the thylakoid lumen. The translocation interme-
diate was exposed to the cross-linking reagent disuccinimidyl
suberate, and cross-linked products were generated. The predo-
minate cross-linking partner was identified as chloroplast SecA
by immunoprecipitation with antibodies to pea chloroplast
SecA. This indicated that chloroplast SecA functions as a mem-
brane-associated component of the thylakoid protein translocase,
as in the bacterial system, and that its role is not limited to that
of a stromal factor.

MATERIALS AND METHODS

Materials. Pea seedlings (Pisum sativum cv. Feltham First)
were grown in Levington compost (Fisons) in a greenhouse with
supplementary lighting providing photosynthetically active radi-
ation of 125 pmol photons-m~>-s~' for 16 h/day and with peak
daytime temperatures of 25—30°C.

SP6 RNA polymerase, 7-methylguanosine(5")triphospho(5°)-
guanosine and restriction enzymes were all from Boehringer
Mannheim UK. Wheatgerm extract for translation in vitro and
RNase inhibitor were obtained from Promega. The cross-linking
reagent, disuccinimidyl suberate, was obtained from Pierce and
Warriner. [**S]methionine/[*S]cysteine was supplied by Amers-
ham International. MgATP, potato apyrase grade I, thermolysin,
protein-A—Sepharose and  N,N,N’N “tetramethylethylenedi-
amine were from Sigma. Q-tips were from Sherwood Medical.

The wheat iOE33 construct consisted of an EcoRl1—BamHI
fragment encoding iOE33 ligated into pGEM4Z (Hulford et al.,
1994). Anti-chloroplast SecA serum (Yuan et al., 1994) was ob-
tained from Ken Cline (Plant Molecular and Cellular Biology
Program and Horticultural Sciences Department, University of
Florida, Gainesville FL, USA).

Preparation of radiolabelled precursors. Wheat iOE33
plasmid template was linearised with HindIIl and transcribed
with SP6 RNA polymerase. The reaction was made up of 2 pug
linearised DNA, 2 pl 10Xtranscription buffer, 1 mM ATP/UTP/
CTP, 0.2 mM GTP, 40 U RNase inhibitor, 40 U SP6 polymerase,
0.1 mM 7-methylguanosine(5”)triphospho(5")guanosine in 20 pl.
The mixture was incubated at 37°C for 30 min, after which the
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GTP concentration was increased to 1 mM, and the reaction in-
cubated at 37°C for 30 min. The RNA was translated in a
wheatgerm translation system consisting of 5 pl wheatgerm ex-
tract, 0.2 ul RNase inhibitor (8 U), 0.8 ul 1.0 mM amino acids
mixture minus methionine and cysteine, 0.5 ul [**S]methionione/
[**Sleysteine (5 uCi, > 1000 Ci/mmol), 0.5 ul 1.0 M potassium
acetate, and 0.4 ul transcription products (see above) in 10 pl.
The mixture was incubated for 30 min at 25°C and the products
used immediately.

Preparation of isolated thylakoids. The procedure used
was based on that of Kirwin et al. (1989). 30 g pea shoots, not
yet fully expanded, from plants 7—8 days old, were harvested,
and the tissue was homogenised with a Polytron (blade size
PT20) for 10 s in 200 ml ice-cold buffer A (0.33 M sorbitol,
50 mM Hepes/KOH, pH 8.0). The homogenate was filtered
through eight layers of muslin and centrifuged at 2000Xg for
2.5 min. The supernatant was discarded and the pellet, which
contained the chloroplasts, was suspended in 4 ml buffer A using
a Q-tip. This suspension was divided and layered onto 4 ml 30%
Percoll in buffer A and centrifuged at 2000Xg for 7.5 min. The
pellets, containing intact chloroplasts, were washed in 10 pl
buffer A, recombined, and centrifuged at 2000Xg for 2.5 min.
The chloroplast pellet was suspended to 1 mg chlorophyll/ml
buffer A. Chloroplasts was pelleted at 10000X g for 5 min, sus-
pended in an equal volume of lysis buffer (10 mM Hepes/KOH
pH 8.0, 5 mM MgCl,, 2.5 mM CaCl,), and lysed on ice for 10—
15 min. The thylakoids were pelleted at 10000X ¢ for 5 min, and
the stromal supernatant was retained. The thylakoids were
washed twice in lysis buffer and suspended to the original vol-
ume in stroma.

Thylakoid-protein-import assay. The basic thylakoid-im-
port reaction consisted of 40 pl thylakoids (40 pg chlorophyll),
5wl translation products, 5 ul 100 mM MgATP or 5 ul lysis
buffer or 5 pl apyrase (0.4 U/ul) and 1 pl 150 mM methionine/
150 mM cysteine. If a reaction of larger volume was required
then these amounts were scaled up. The reaction was incubated
for 30 min in an illuminated waterbath at 25°C and was stopped
by putting the samples on ice. The thylakoids were washed in
250 Wl (5 vol.) lysis buffer and centrifuged for S min in a micro-
fuge at 10000Xg. The thylakoids were suspended in lysis buffer
to the original thylakoid volume (40 pl). Thermolysin was added
to samples of import reactions to 0.2 mg/ml. The samples were
incubated on ice for 40 min and the treatment stopped by the
addition of EDTA to 25 mM.

Cross-linking reaction. Disuccinimidyl suberate was dis-
solved in Me,SO to make stock solutions that were 20-fold the
final required reaction concentrations. Disuccinimidyl suberate
was added to thylakoids and incubated on ice for 2 h. Reactions
were terminated by quenching the cross-linker with 1 pl 1.0 M
Tris/HCI pH 7.5 for 30 min on ice.

Immunoprecipitation. Products of the cross-linking reac-
tion were solubilised in 2% SDS by the addition of 50 pl 10%
SDS to 200 ul disuccinimidyl-suberate-treated thylakoids and
heating at 95°C for 3 min. 800 pl buffer B (50 mM sodium
phosphate pH 7.0, 0.15M NaCl, 1% Triton X-100, 5 mM
EDTA) was added and insoluble material removed by pelleting
in a microfuge. Preimmune serum (40 ul) and 60 pl 12.5%
(mass/vol.) protein-A—Sepharose were added to the supernatant
and mixed by rotation for 1 h at room temperature. The Sepha-
rose beads were collected by centrifugation for 20 s in a micro-
fuge at 10000Xg. Antiserum to pea chloroplast SecA (40 ul)
and 60 pl 12.5% (mass/vol.) protein-A —Sepharose were added
to the supernatant, and the suspension was mixed by rotation for
1h at room temperature. The Sepharose beads were collected
and washed five times in 400 pl buffer B and once in 400 pl
50 mM sodium phosphate pH 7.0, 0.15M NaCl, 0.1% SDS,
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Fig.1. The effect of ATP concentration on protein binding and
translocation. Assays contained 40 pl isolated thylakoids (40 ng chloro-
phyll), 5 pl [**SJiIOE33, 1 ul 150 mM unlabelled methionine and cyste-
ine, and 5 pl 100 mM ATP, 5 ul lysis buffer or 5 pl apyrase (2 U). Incu-
bations were for 30 min, in an illuminated waterbath at 25°C. Thylakoids
were washed in 5 vol. lysis buffer, isolated and treated with or without
thermolysin (0.2 mg/ml for 40 min on ice). (A) Effect of low ATP con-
centration on thylakoid import. Lanes 1 and 2, assay containing 10 mM
ATP; lanes 3 and 4, assay with no added ATP. (B) Effect of apyrase on
thylakoid import.

2 mM EDTA. The beads were suspended in 50 ul 80 mM Tris/
HCl, pH 8.8, 10% glycerol, 10% SDS, 0.002% bromophenol
blue, 5% 2-mercaptoethanol, and heated for 3 min at 95°C prior
to separation by SDS/PAGE.

Sample analysis. The products of thylakoid import and
cross-linking reactions were analysed by SDS/PAGE essentially
as detailed by Laemmli (1970). Up to 20 pl protein sample/lane
was separated by SDS/PAGE on a Bio-Rad protein minigel sys-
tem (80 X 80X 1 mm); up to 40 pul/lane was separated on a large
gel (160X 160X 1 mm). Gels were treated with boiling 5%
trichloroacetic acid for 5 min, neutralised for 5min in 1.0M
Tris, and treated for 15 min in 0.5 M sodium salicylate. The gels
were dried onto Whatman 3MM paper and exposed to Fuji RX
film at —70°C. The relative intensities of bands on the fluoro-
grams were determined using a Molecular Dynamics 300S laser
scanning densitometer.

RESULTS

Apyrase arrests translocation of iOE33. Translocation of
OE33 across the thylakoid membrane is dependent on the pres-
ence of ATP (Kirwin et al., 1989). The possibility of generating
a translocation intermediate by lowering the ATP concentration
was investigated. Fig. 1A shows iOE33 translocation into iso-
lated thylakoids in the presence or absence of added 10 mM
ATP. After 30 min the thylakoids were isolated and treated with
or without thermolysin. A comparison of the thermolysin-treated
import products showed that more protease-protected mature
OE33 was found in assays containing 10 mM ATP than in assays
without added ATP, which was in agreement with previous
work. Although some mature OE33 was observed in assays
without added ATP, the non-protease-treated samples show that
i0E33 mainly accumulated on the thylakoid membrane as a
bound, unprocessed precursor. The amount of iOE33 associated
with the membrane was greater in the absence of added ATP,
than when the reaction contained 10 mM ATP. This suggests that
it may be possible to accumulate a translocation intermediate by
lowering the ATP concentration.

We examined whether decreasing the ATP concentration fur-
ther could abolish translocation entirely. This was an important
prerequisite to any cross-linking studies, because the interpreta-
tion of any observed cross-linked products might be more com-
plicated if precursor protein was translocated across the thyla-
koid membrane, processed and the mature protein incorporated
into its final destination, the oxygen-evolving complex of pho-
tosystem II. It might then be unclear whether cross-linked prod-
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ucts were the result of cross-linking to the translocation complex
or to proteins concerned with later steps.

Apyrase hydrolyses endogenous ATP and has been used pre-
viously to investigate the energetic requirement for insertion of
the light-harvesting chlorophyll-a/b-binding protein into the thy-
lakoid membrane (Cline et al., 1992). Fig. 1B shows the effect
of added apyrase, in the absence of added ATP, on iOE33
translocation into illuminated thylakoids at 25°C for 30 min.
Thermolysin treatment of the reisolated thylakoids degraded all
the radiolabelled protein, showing that translocation across the
membrane was stopped entirely; instead, iOE33 accumulated as
a bound intermediate on the thylakoid membrane. A separate
experiment showed that this bound iOE33 could not be removed
simply by repeated washings of the thylakoid membranes with
lysis buffer (data not shown).

Bound iOE33 is associated with the translocation appara-
tus. It was possible that the iOE33 that was bound to the thyla-
koids when the ATP concentration was low was not interacting
with the translocation apparatus and was instead non-specifically
associated with the membrane. To determine whether the associ-
ation was productive, that is the bound precursor protein repre-
sented a true translocation intermediate, iOE33 was allowed to
bind to thylakoid membranes in assays containing a low concen-
tration of ATP, and was demonstrated to be translocated across
the membrane when the ATP concentration was raised. Ideally
apyrase would have been included to prevent any translocation
during the first incubation; however, apyrase appeared to be as-
sociated with the thylakoid membranes after centrifugation,
prior to the second incubation in the presence of ATP.

Radiolabelled iOE33 was incubated with isolated thylakoids
at 25°C in the light, in the presence or absence of 10 mM ATP.
After 30 min, the thylakoids were washed in 5 vol. lysis buffer,
pelleted, and suspended in stroma to the original volume; this
removed any radiolabelled protein not associated with the thyla-
koid membrane. ATP was added to both assay mixtures to
10 mM, and the thylakoids were incubated for 30 min under the
above conditions. The thylakoids were isolated, washed as be-
fore, and suspended in lysis buffer. Aliquots from both incuba-
tions were treated with thermolysin. The samples were adjusted
to an equal concentration of chlorophyll and separated by SDS/
PAGE.

A considerable proportion of iOE33, bound to the thylakoid
membrane in the absence of added ATP (Fig. 2), was translo-
cated across the thylakoid membrane when the ATP concentra-
tion was increased to 10 mM. This result is most clearly seen
when the thermolysin-treated samples are considered. The
amount of mature OE33 in the protease-treated thylakoid mem-
branes was low after the first incubation lacking exogenous ATP,
compared with the control assay containing 10 mM ATP. How-
ever, the amount of protease-protected mature OE33 increased
fivefold when ATP was added to the assay for the second incu-
bation. By densitometric analysis of the fluorograms, and allow-
ing for the different number of **S-labelled methionine and cys-
teine residues in the precursor and mature proteins (10 in iOE33,
6 in mature OE33), it can be calculated that 40—45% of the
10E33 bound to the membrane in the absence of ATP was trans-
located into the lumen on addition of ATP. In the control assays
with 10 mM ATP present during the first and second incuba-
tions, the amount of mature OE33 did not increase markedly
during the second incubation (Fig. 2).

This experiment confirmed that a substantial proportion of
iOE33 bound to the thylakoid membrane was productively asso-
ciated with the translocation machinery. When the ATP concen-
tration was low, iOE33 was unable to be translocated across the
thylakoid membrane and accumulated as a bound precursor.
When the ATP concentration was subsequently raised to 10 mM,
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Fig. 2. Intermediate OE33 bound to the thylakeid membrane is asso-
ciated with the translocation apparatus. 80 pl isolated thylakoids
(80 pg chlorophyll) were incubated with 10 pl [**S}IOE33, 2 .ul 150 mM
unlabelled methionine and cysteine, and either 10 ul 100 mM ATP
(sample A) or 10 pul lysis buffer (sample B), in an illuminated waterbath
at 25°C for 30 min (incubation 1). 40 ul reisolated thylakoids (40 g
chlorophyll) were suspended in stroma, 5 pul 100 mM ATP added, and
incubated in an illuminated waterbath at 25°C for 30) min (incubation
2); samples A and B were treated identically for the second incubation.
Samples (20 pl) from both the incubations were treated with thermolysin
at 0.2 mg/ml (+Th).

this 10E33 was translocated across the membrane to the thyla-
koid lumen, where it was processed to mature OE33. It was
theoretically possible that bound iOE33 dissociated from the
thylakoid membrane when the thylakoids were suspended in
fresh stromal extract, prior to engaging with the translocation
machinery. However, as noted above, bound iOE33 did not dis-
sociate from the membrane during repeated washings of the
membrane with lysis buffer. The conclusion was that the bound
10E33 was interacting productively with the translocation ma-
chinery.

Cross-linking the translocation-arrested iOE33 with disuc-
cinimidyl suberate. Apyrase was used to arrest iOE33 translo-
cation and the resulting translocation intermediate treated with
the cross-linking agent disuccinimidyl suberate, which preferen-
tially cross-links proximal amino groups and has been widely
used for conjugating radiolabelled ligands to cell-surface or
organelle-surface receptors (Partis et al., 1983; Sollner et al.,
1992). Using this approach it was hoped to be able to cross-link
the translocation intermediate to constituents of the translocation
apparatus.

The translocation intermediate was generated by incubating
[**SHOE33 with isolated thylakoids in the presence of apyrase
for 30 min in an illuminated water bath at 25°C. The thylakoids
were washed with 5 vol. lysis buffer and isolated. Disuccinimi-
dyl suberate was added from 20-fold-concentrated solutions in
Me,SO to samples of thylakoids to 0.075 mM and 0.1 mM.
These concentrations had been identified previously as near opti-
mal for cross-linking studies in this system (data not shown).
The samples were incubated on ice for 2 h, and the disuccinimi-
dyl suberate was quenched with the addition of Tris/HCI,
pH 7.5, to 50 mM. Two control reactions were also included in
this experiment. To eliminate the possibility that any cross-links
generated were attributable to conjugation of iOE33 with com-
ponents of the wheatgerm translation system, disuccinimidyl su-
berate was added at 0.1 mM to a 1:4 dilution of translation prod-
ucts in lysis buffer. To demonstrate that the thylakoids had been
isolated correctly and were import competent, *°S-labelled
i0E33 was incubated with isolated thylakoids in the presence of
10 mM ATP, for 30 min, in an illuminated waterbath at 25°C, as
described in previous experiments. The thylakoids were washed,
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Fig. 3. Generation of cross-linked products with disuccinimidyl su-
berate. Translocation intermediate was generated by incubating 20 ul
[**STHOE33 with 80 ul (80 pg chlorophyll) isolated thylakoids in the
presence of 10 yl (4 U) apyrase for 30 min in an illuminated water bath
at 25°C. Disuccinimidy! suberate was added from solutions in Me,SO
to 20 pl reisolated thylakoids. Cross-linking reactions were for 2 h on
ice and were stopped by quenching with 1 pl 1.0 M Tris/HCI pH 7.5, for
30 min on ice. Lane 1, transtation reaction products; lane 2, translation
products diluted 1:4 with lysis buffer, and treated for 2 h with 0.1 mM
disuccinimidyl suberate; lanes 3 and 4, thylakoids incubated with
[**STIOE33 in the presence of 10 mM ATP were treated without (lane
3) or with (lane 4) thermolysin; lane 5, apyrase-generated translocation
intermediate; lanes 6 and 7, cross-linked products (CP) generated by
treating translocation intermediate with 0.075 mM (lane 6) or 0.1 mM
disuccinimidy! suberate (lane 7).

isolated, divided in two, and one half treated with thermolysin.
The products of cross-linking and the controls were separated
by SDS/PAGE through a 10% resolving gel (Fig. 3).

As before, iOE33 bound to the membrane, but was not trans-
located across and processed to mature OE33. In contrast, ma-
ture protease-protected OE33 was observed after thermolysin
treatment when iOE33 was incubated with isolated thylakoids in
the presence of 10 mM ATP, demonstrating that the thylakoids
were functional. The products of the cross-linking reactions with
disuccinimidyl suberate are shown. In both samples, a discrete
cross-linked product of 120 kDa is clearly visible, together with
some high-molecular-mass material, which just enters the re-
solving gel. The translation products and the products of treating
the products of the translation reaction with 0.1 mM disuccini-
midy] suberate are shown. In neither sample is there a band that
accounts for the discrete 120-kDa cross-linked product produced
by treating the translocation intermediate with disuccinimidyl
suberate.

The conclusion from this experiment was that it was possible
to generate a discrete 120-kDa cross-linked conjugate by treating
the **S-labelled iOE33 thylakoid-membrane-translocation inter-
mediate with the cross-linking agent disuccinimidyl suberate. Tt
was possible that the cross-linking partner was a constituent of
the translocation complex.

Immunoprecipitation of cross-linked products. The size of the
cross-linked product suggested that the identity of the cross-link
partner might be chloroplast SecA. Chloroplast SecA is an ap-
proximately 110-kDa protein (Nakai et al., 1994; Yuan et al,,
1994) and if cross-linked to iOE33 would be expected to yield
a product of approximately 140 kDa. This was not dissimilar to
the size of the discrete cross-linked product (=120 kDa) ob-
served in Fig. 3. This cross-linked product was identified by
using antibodies to pea chloroplast SecA (Yuan et al., 1994) to
immunoprecipitate the cross-linked material.
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Fig. 4. Immunoprecipitation of cress-linked products with anti-SecA
Ig. Translocation intermediate (lane 1) was generated by incubating
60 ul [**STiIOE33 with 240 pl (240 pg chlorophyll) isolated thylakoids in
the presence of 30 pl (12 U) apyrase, in an illuminated waterbath at
25°C for 30 min. 20 pl of the products of this incubation were treated
with thermolysin (lane 2). Cross-tinked products were generated with
the addition of 10 pul 2.0 mM disuccinimidyl suberate in Me,SO to
200 pl washed, reisolated thylakoids containing translocation intermedi-
ate, and incubating at 4°C for 2 h. The reaction was stopped by the
addition of 10 pl 1.0 M Tris/HCI, pH 7.5. Cross-linked products (200 pl)
were immunoprecipitated sequentially with pre-immune serum (lane 4)
and then anti-(chloroplast SecA) Ig (lane 5).

The result of an experiment to resolve the identity of the
cross-linked material is shown in Fig. 4. The translocation inter-
mediate was generated as described previously. The reisolated
thylakoids were treated with 0.1 mM disuccinimidyl suberate,
which was the concentration at which conjugation was most effi-
cient (Fig. 3). The thylakoid membranes were solubilised with
SDS and immunoprecipitated sequentially with pre-immune se-
rum and anti-(chloroplast SecA) serum.

The translocation intermediate generated by apyrase treat-
ment was protease sensitive. Treatment with 0.1 mM disuccini-
midyl suberate generated a predominant single product of
120 kDa, as previously. Treatment of the SDS-solubilised mate-
rial with preimmune serum failed to precipitate any of the cross-
linked product, whereas the 120-kDa cross-linked product was
precipitated by the antibodies to pea chloroplast SecA. The large
excess of uncross-linked iOE33 was not immunoprecipitated,
confirming the specificity of the SecA immunoprecipitation. The
conclusion was that chloroplast SecA was the cross-linking part-
ner in the 120-kDa conjugate.

Further immunoprecipitation reactions were carried out with
antibodies to two internal synthetic peptides from the Arabi-
dopsis chloroplast SecY protein to attempt to identify possible
interactions of i{OE33 with another putative component of the
translocation apparatus. However, none of the cross-linked prod-
ucts were tmmunoprecipitated (data not shown). This does not
necessarily exclude the presence of chloroplast SecY in these
cross-linked products, since it is possible that the epitopes recog-
nised by the antibodies were not accessible in the cross-linked
complex.

DISCUSSION

We have demonstrated that there is a direct interaction be-
tween 10E33 and chloroplast SecA at the thylakoid membrane
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during the early stages of iOE33 translocation, while the protein
is still protease accessible. This suggests that chloroplast SecA
acts as a component of the translocase as in bacteria (Oliver,
1993) and indicates that its role is not limited solely to that of a
stromal factor. Previously, the involvement of a SecA homo-
logue was suggested by the inhibition of OE33 and plastocyanin
translocation across the thylakoid membrane by azide, a potent
inhibitor of bacterial SecA (Knott and Robinson, 1994). Chloro-
plast SecA has been purified, and antibodies to chloroplast SecA
inhibited translocation of iOE33 across the membrane (Nakai et
al., 1994; Yuan et al., 1994). Approximately 80% of chloroplast
SecA is located in the stroma, and chloroplast SecA was shown
to replace the stromal factor requirement for translocation of
iOE33 into isolated thylakoids (Nakai et al., 1994; Yuan et al.,
1994). These results strongly suggested that chloroplast SecA
was the stromal factor for translocation into the thylakoid lumen
along the ATP-dependent pathway.

A chemical cross-linking approach was used to demonstrate
a physical interaction between chloroplast SecA and 10OE33. A
translocation intermediate was generated by including apyrase
in the import assay and this was stabilised by cross-linking with
disuccinimidyl suberate. When the concentration of disuccinimi-
dyl suberate in the cross-linking reaction was 0.075—0.1 mM, a
discrete cross-linked product was observed. This was similar in
size to the molecular mass of a putative SecA-iOE33 conjugate
and its identity was confirmed by immunoprecipitation with
anti-SecA antibodies. A similar method has been successfully
used to demonstrate an interaction between mitochondrial pre-
cursor polypeptides and 19-kDa and 72-kDa mitochondrial-
outer-membrane receptor proteins (Sollner et al., 1992).

The method used to generate the translocation intermediate
was derived from the observation that when the ATP concentra-
tion in the import assay was low, there was only limited translo-
cation, and the precursor protein instead accumulated as a bound
intermediate. A similar result was obtained during studies on
bacterial protein-translocation, in which reducing the ATP con-
centration did not interfere with precursor binding to the cyto-
plasmic membrane, but substantially reduced translocation effi-
ciency (Swidersky et al., 1990). The similarities between the
results obtained from studies on both of these translocation sys-
tems suggests that the thylakoid and bacterial translocases are
similar mechanistically.

In Escherichia coli the precursor protein is conducted by
chaperones to SecA, which recognises the signal peptide (Lill et
al., 1989), and the precursor protein-SecA complex associates at
the cytoplasmic membrane with the SecYEG membrane-embed-
ded translocation pore (Lill et al., 1990). ATP-binding energy is
sufficient to drive the translocation of a short segment of the
preprotein into the membrane (Schiebel et al., 1991). Concomi-
tant with this translocation event, a 30-kDa domain of SecA is
inserted into the membrane so that it becomes protease inacces-
sible from the cytosolic side of the membrane (Economou and
Wickner, 1994). The same work showed that the subsequent
deinsertion of this SecA domain and release of SecA from the
precursor protein required additional ATP binding and hydroly-
sis. If proOmpA-translocation reactions were treated with apyr-
ase, several effects were observed. ProOmpA translocation was
completely inhibited, there was a 30—40% increase in inserted
SecA 30-kDa domain, and this insertion was stable and could
not be reversed. The results of this study were confirmed by
Rajapandi and Oliver (1996), who demonstrated that SecA pro-
teins defective in the high-affinity ATP-binding domain were
found exclusively in the integral membrane form of the protein.
It is believed that preprotein-translocation is accomplished by
cycles of SecA insertion and deinsertion, accompanied by SecA
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disengaging and reengaging with the translocating preprotein
(Economou et al., 1995).

The results obtained in this investigation suggest that a simi-
lar model may be proposed for thylakoid-membrane-protein
translocation. Thylakoid lumenal precursor proteins associate
with chloroplast SecA, and the protein complex associates with
the thylakoid membrane, initiating translocation. Apyrase hy-
drolyses all the ATP available to the protein-translocation appa-
ratus in the stroma, and, without available ATP, chloroplast SecA
is unable to deinsert from the membrane, stalling translocation
of iOE33. When the translocation intermediate produced by this
method is treated with cross-linking agents, the principle cross-
linking partner is chloroplast SecA, because there is insufficient
ATP available to release chloroplast SecA from the translocating
precursor protein. It seems likely that the initial association of
precursor protein with chloroplast SecA takes place in the
stroma, since this is the predominant location of chloroplast
SecA, supporting the hypothesis developed for the bacterial sys-
tem that chloroplast SecA cycles on and off the membrane.
However it is possible that precursor protein associates with
chloroplast SecA that is already bound to the membrane.

In E. coli, once translocation has been initiated and SecA
has deinserted from the membrane, the next phase of protein
translocation begins. A proton-motive force acting across the
membrane drives the translocation of the precursor protein
through SecYEG preprotein translocase (Schiebel et al., 1991).
SecA may reengage with precursor protein to allow multiple
rounds of protein translocation. SecA is actively bound to Sec-
YEG (Hartl et al., 1990; Douville et al., 1995) and together
these four proteins are capable of reconstituting protein translo-
cation in proteoliposomes (Hanada et al., 1994). The protein
translocase has been investigated by cross-linking studies (Joly
and Wickner, 1993). A translocation intermediate was generated
with a proOmpA —dihydrofolate-reductase fusion protein. This
could be cross-linked only to SecA and SecY, suggesting that
these are the two nearest neighbours of the translocating prepro-
tein and that the translocating protein passes through an entirely
proteinaceous pathway.

A cDNA encoding chloroplast SecY has been identified and
the translated protein demonstrated to be imported into isolated
chloroplasts (Laidler et al., 1995). It is therefore reasonable to
assume that chloroplast SecY operates as an essential part of
the thylakoid Sec translocation apparatus. However, while cross-
linking to chloroplast SecA was demonstrated in this study, no
discrete cross-linked products that corresponded to the size of
an iOE33 —chloroplast-SecY conjugate (80—90 kDa) were ob-
served in the experiments described (Figs 3 and 4) and antibod-
ies to peptides from chioroplast SecY failed to immunoprecipi-
tate any of the cross-linked complexes (data not shown). This
may be because the precursor protein does not insert sufficiently
far into the translocation pore for a successful chloroplast SecY
cross-link to be generated. Only about 20 residues of proOmpA
are translocated into the membrane during the initial SecA-inser-
tion event (Schiebel et al., 1991 ; Economou and Wickner, 1994).
Cross-links to chloroplast SecY or to other constituents of the
thylakoid Sec apparatus may be generated either by use of alter-
native cross-linking agents or by developing strategies for arrest-
ing precursor translocation at a later stage of the translocation
process.
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