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ABSTRACT The mechanisms involved in the integration
of proteins into the thylakoid membrane are largely unknown.
However, many of the steps of this process for the light-
harvesting chlorophyll a/b protein (LHCP) have been de-
scribed and reconstituted ir vitro. LHCP is synthesized as a
precursor in the cytosol and posttranslationally imported into
chloroplasts. Upon translocation across the envelope mem-
branes, the N-terminal transit peptide is cleaved, and the
apoprotein is assembled into a soluble “transit complex” and
then integrated into the thylakoid membrane via three trans-
membrane helices. Here we show that 54CP, a chloroplast
homologue of the 54-kDa subunit of the mammalian signal
recognition particle (SRP54), is essential for transit complex
formation, is present in the complex, and is required for LHCP
integration into the thylakoid membrane. Our data indicate
that 54CP functions posttranslationally as a molecular chap-
erone and potentially pilots LHCP to the thylakoids. These
results demonstrate that one of several pathways for protein
routing to the thylakoids is homologous to the SRP pathway
and point to a common evolutionary origin for the protein
transport systems of the endoplasmic reticalum and the
thylakoid membrane.

The chloroplast is highly compartmentalized and therefore
must possess sophisticated sorting mechanisms that correctly
route proteins to six different compartments. Most studies
have focused on the targeting of thylakoid proteins—i.e.,
proteins that reside in the thylakoid lumen as well as a family
of light-harvesting chlorophyll a/b binding proteins (LHCPs)
that are integrated into the thylakoid membrane. These pro-
teins are synthesized in the cytosol as precursors with cleavable
N termini known as transit peptides (for review, see ref. 1).
Transit peptides target preproteins to the chloroplast and are
processed in the stroma (2). Transit peptides of lumenal
proteins are bipartite (3); the N-terminal portion governs
transport across the envelope, whereas the C-terminal portion
directs translocation across the thylakoid membrane (4). In the
case of LHCP, the mature apoprotein contains sufficient
information for thylakoid targeting (5), although the specific
signal has not yet been identified (6, 7).

Studies of the early events of LHCP trafficking using
isolated chloroplasts showed that LHCP is present as a soluble
form in the stroma prior to integration into thylakoids (8).
When integration was inhibited, this intermediate LHCP
accumulated in the stroma as a larger complex (9). Formation
of this complex, which we have designated the “transit com-
plex,” maintains LHCP solubility and integration competence
(9). Both transit complex formation and LHCP integration
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into thylakoids have been reconstituted in vitro; both require
a proteinaceous component(s) of the stroma (9, 10).

The chaperone nature of this “stromal factor” led to the
suggestions that heat shock proteins Cpn60 (11) and Hsp70
(12) were involved in LHCP integration. These molecular
chaperones are abundant in the stroma (13, 14), are able to
bind polypeptides and release them upon ATP hydrolysis, and
have been shown to be involved in mitochondrial protein
import (15). However, immunoprecipitation experiments with
antibodies against the two proteins failed to reveal the pres-
ence of Cpn60 and Hsp70 in the transit complex (9, 14).
Furthermore, stromal extract depleted of Hsp70 still sup-
ported transit complex formation and LHCP integration,
indicating that neither process requires this chaperone (14).

The recent demonstration of a stromal GTP requirement
(16) for LHCP integration now suggests the involvement of a
guanine nucleotide-binding protein in this process. One likely
candidate is 54CP, a chloroplast homologue of the 54-kDa
protein of the mammalian signal recognition particle (SRP)
(17). Protein transport across or-integration into the endo-
plasmic reticulum (ER) is mediated by a GTP-dependent
mechanism involving SRP (18). The 54-kDa polypeptide sub-
unit of SRP (SRP54) plays a major role in SRP-dependent
targeting. It binds guanine nucleotides as well as nascent
polypeptides that are destined for ER transport or integration
(19). Furthermore, SRP54 appears to be required for docking
to the SRP receptor (20) and hydrolyzes the GTP required for
dissociation of SRP from the receptor (21). In this report, we
show that 54CP is bound to LHCP in the transit complex and
is essential for LHCP integration into the thylakoid membrane.

MATERIALS AND METHODS

Materials. [3°S]Methionine and [*H]leucine were from Am-
ersham and DuPont/NEN; respectively. Reagents for tran-
scription were from Promega. Protein A-Sepharose was from
Sigma. Bis(sulfosuccinimidyl)suberate was from Pierce. All
other chemicals were reagent grade. Chloroplasts, thylakoids,
and stromal extracts were prepared from pea seedlings. Ra-
diolabeled LHCP and 54CP precursors (p) were prepared by
in vitro transcription and translation as described (7). Unla-
beled pLHCP and pOE33 (33-kDa subunit of the oxygen-
evolving complex) were expressed in Escherichia coli and
purified from inclusion bodies as described (22).

Assays. Formation of transit complex was conducted essen-
tially as described (9) by incubating radiolabeled pLHCP with
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stromal extract for 15 min at 25°C followed by analysis by
nondenaturing PAGE. ATP or GTP at 1.5 mM was generally
included in assays. Although not essential for complex forma-
tion, we have found these NTPs, as well as their nonhydro-
lyzable analogues, to be stimulatory. LHCP integration into
thylakoids was conducted as described (10). Protein samples
from integration assays were examined on SDS/12.5% poly-
acrylamide gels; cross-linking and immunoprecipitation sam-
ples were resolved on 15% gels. The radioactive proteins were
visualized by fluorography or on a PhosphorImager (Molec-
ular Dynamics).

Depletion of Hsp70 and 54CP from Stroma Extracts. Im-
munodepletion of stromal proteins was essentially as described
by Yuan et al (14) with minor modifications. Briefly, protein
A-Sepharose 4B was hydrated in 10 mM Hepes:KOH, pH 8.0
(HK buffer), washed three times, and suspended in HK buffer.
After addition of 0.4 ml of anti-Hsp70 or anti-54CP antibody,
the beads were incubated at 4°C overnight followed by washing
four times with HK buffer and then with HK containing 5 mM
MgCl, (HKM). Stromal extract (0.6 ml at ~1.5 mg of protein
per ml) was adjusted to 1.0 mM ATP, applied to a column of
the antibody-absorbed beads (0.42-ml packed volume), incu-
bated with the beads for 15 min, and then allowed to pass
through. The flow-through was reapplied to the column two
more times, recovered from the column by centrifugation, and
supplemented with dithiothreitol to 1 mM.

Immunoprecipitation of Transit Complex. Transit complex,
formed by incubating pLHCP translation products with stro-
mal extract (2.5 mg of protein per ml), was subjected to
immunoprecipitation with protein A-Sepharose adsorbed with
antibody (14). After an incubation for 2 hr at 4°C, the solution
was clarified by centrifugation and the supernatant was ana-
lyzed for the presence of transit complex by nondenaturing
PAGE (9).

Cross-Linking Analyses of Transit Complex. For cross-
linking, stroma was desalted by centrifugation through a
Sephadex G-25 column, equilibrated in HK, at 500 X g prior
to formation of transit complex. Freshly prepared 12 mM
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bis(sulfosuccinimidyl)suberate was added to the reaction mix-
ture to a final concentration of 0.2 mM. After incubation on
ice for 2 hr, the reaction mixture was quenched by the addition
of 1 M Tris'HCI (pH 7.5) to 50 mM. A portion of each reaction
mixture was subjected directly to SDS/PAGE analyses. The
remainder was divided into aliquots and incubated at 4°C for
2 hr with various antisera (150 ug of IgG) adsorbed onto
protein A-Sepharose (6 mg) in a solution containing 50 mM
Tris'HCI (pH 7.5), 150 mM NaCl, and 1% Tween 20. The
matrix was washed three times in the same buffer and eluted
with 40 ul of 0.3 M acetic acid. Twenty microliters of the eluate
was removed, neutralized with 5 ul of 1 M Tris base, and
subjected to SDS/PAGE analyses.

Transit Complex Formation Between Imported 54CP and
LHCP. p54CP was translated in vitro and imported into
chloroplasts (10) in the presence of 5 mM MgATP. Chloro-
plasts were repurified through 40% Percoll, washed in import
buffer, and lysed at 2 mg of chlorophyll per ml in HKM.
Stromal extract containing imported 54CP was obtained by
centrifugation at 35,000 X g for 30 min to remove membranes.
E. coli-produced pLHCP and pOE33 were solubilized in 10 M
urea with 10 mM dithiothreitol for 4 hr and diluted 1:10 with
HKM just prior to use. Assays were performed by mixing 20
ul of stromal extract, 5 ul of 10 mM GTP, and 5 ul of
solubilized LHCP or OE33 followed by incubation at 25°C
for 15 min. Complex formed was analyzed by native gel
electrophoresis.

RESULTS

54CP Is Present in LHCP Transit Complex. Transit com-
plex, formed by incubating radiolabeled pLHCP with a stromal
extract, appears as a band on nondenaturing PAGE with an Ry,
(relative mobility) value of ~0.4 (Fig. 14). The presence of
54CP in the transit complex was demonstrated by immuno-
precipitation with protein A-Sepharose adsorbed with mono-
specific antibodies. Transit complex was removed from solu-
tion with beads adsorbed with either anti-54CP or anti-LHCP

2 3 45 0. 5SHf151815518

Stromal 54CP associates with LHCP. (4) After the formation of transit complex, the reaction mixtures were subjected to

immunoprecipitation without (lane—) or with antibody (a)-adsorbed beads as indicated. The samples were then analyzed by nondenaturing PAGE.
The locations of transit complex and sample wells are marked. Uncomplexed LHCP aggregated and remained in the sample well (see Fig. 3C, no
SE lane). (B) Transit complex was subjected to chemical cross-linking experiments by incubation in the absence (lanes—) or presence (lanes+) of
cross-linker (X-Link) followed by SDS/PAGE directly (Total) or after immunoprecipitation (Immpt) with antibody-adsorbed beads as indicated.
a-NBP, antiserum against a nonchloroplast protein; Prel, preimmune serum. Locations of cross-linking product (82 kDa) and free LHCP (27 kDa)
are designated with arrowheads. Immunoprecipitated samples represent 2.5 times the amount loaded in the total sample gel lanes.
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FiG. 2. Binding of imported 54CP and pLHCP. Stromal extract containing radiolabeled 54CP imported into isolated chloroplasts was incubated
without (lane—) or with unlabeled pOE33 or pLHCP (33 ng/ul) (4) or with increasing amounts of unlabeled pLHCP as indicated (B) followed
by nondenaturing PAGE. Transit complex formed using radiolabeled pLHCP is shown for comparison (B, lane c). (C) Reactions were conducted
as in A using 33 ng of pLHCP per ml. Reaction mixtures were then treated without (lane—) or with 5 ul of antisera as indicated for 1 hr on ice

prior to nondenaturing PAGE.

antibody (Fig. 14). Beads adsorbed with other antibodies—
i.e., anti-OE23 or anti-Hsp70 antibody, which served as con-
trols for this experiment—did not diminish the amount of
complex remaining in solution (Fig. 14).

The association of 54CP with LHCP was further demon-
strated by chemical cross-linking. After incubation of stromal
extract with radiolabeled LHCP, an amine-reactive cross-
linker, bis(sulfosuccinimidyl)suberate, was added to the reac-
tion mixture. A single major labeled product, dependent on the
presence of the cross-linker, was detected by SDS/PAGE (Fig.
1B, lane 1 vs. lane 2). The cross-linked product was precipi-
tated by monospecific antiserum against either LHCP or 54CP
(Fig. 1B, lanes 4 and 5). The estimated mass of the cross-linked
product (82 kDa) (Fig. 1B) was consistent with a 1:1 cross-
linking between 54CP (54 kDa) and LHCP (27 kDa). Anti-
54CP antibody precipitated more free LHCP than the irrele-
vant antiserum or preimmune serum. This is consistent with
the results shown in Fig. 14 that a stable interaction between
LHCP and 54CP is not dependent on the cross-linker and that
30-35% of the LHCP added to stromal extract became incor-
porated into transit complex (9), whereas only 5-10% was
cross-linked. Antiserum against a nonchloroplast protein did
not precipitate the cross-linked product (Fig. 1B, lane 3).
Together, these data demonstrate.that 54CP directly binds
LHCEP in the transit complex.

Attempts to form transit complex by combining the purified
proteins or translation products or by translating the two
proteins simultaneously were unsuccessful. Furthermore, we
were unable to form transit complex by incubating in vitro
translated 54CP with stroma prior to incubation with purified
LHCP. However, p54CP imported into intact chloroplasts was
capable of forming transit complex. Fig. 2 illustrates the results
from experiments in which stromal extract containing im-
ported, radiolabeled 54CP was incubated with unlabeled
pLHCP or pOE33 expressed in E. coli. pOE33, a precursor to
a lumenal protein, was used as a negative control because it is
targeted by a pathway distinct from that of LHCP (22, 23). For
reasons not understood, most of the 54CP did not enter the
nondenaturing gel. The addition of pLHCP but not pOE33
resulted in formation of a radiolabeled 54CP band (Fig. 24)
with the same mobility on nondenaturing PAGE as transit
complex formed with labeled LHCP and unlabeled stroma
(Fig. 2B; compare lane C to the other lanes). The 54CP in this
band increased with increasing amounts of LHCP (Fig. 2B).
When the samples containing the complex were incubated with
antisera prior to running the nondenaturing gel, antibodies
against LHCP but not OE23 were effective in preventing the
complex from entering the gel (Fig. 2C), demonstrating that
LHCP was present in the complex.

54CP Is Essential for LHCP Integration into Thylakoid
Membranes. It has been our hypothesis that formation of the
transit complex is a first and essential step of the integration
process. Previous studies (9) suggested that the transit complex
is an intermediate during the integration of LHCP. Moreover,
LHCP in the transit complex is competent for integration,
indicating that complex formation is a productive process (9).
To address this hypothesis, we removed 54CP from stromal
extract by immunodepletion. As a control, we removed Hsp70
from a stromal extract in a parallel inmunodepletion reaction
(14). These treatments were effective in removing the corre-
sponding proteins, as demonstrated by immunoblotting (Fig.
3A), without otherwise altering the protein composition of the
extract, as judged by Coomassie staining (Fig. 3B). As ex-
pected, depletion of 54CP from the stromal extract abolished
its ability to form transit complex, whereas removal of Hsp70
had little effect (Fig. 3C). Moreover, removal of 54CP abol-
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FiG. 3. Requirement of 54CP for transit complex formation and
LHCP integration. The stroma was depleted of Hsp70 or 54CP,
analyzed by immunoblot using Hsp70- or 54CP-specific antibodies (4),
subjected to SDS/PAGE followed by Coomassie blue staining (B),
used in assays to measure soluble complex formation (C), or used to
assay LHCP integration into thylakoid membranes (D). SE, stromal
extract.
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ished the ability of the extract to support integration of LHCP
into isolated thylakoids (Fig. 3D). The depletion of Hsp70
from stroma had only a slight effect on LHCP integration,
which presumably reflects a small loss of integration activity
that frequently occurs when stromal extract is subjected to
chromatographic procedures. These data indicate the essential
role of 54CP in the thylakoid integration of LHCP.

DISCUSSION

Several lines of evidence have been presented to demonstrate
that 54CP interacts with LHCP. First, the transit complex
generated by incubating radiolabeled LHCP with stromal
extract can be immunoprecipitated by monospecific antiserum
for 54CP (Fig. 1A4). Second, LHCP was specifically crosslinked
to 54CP, resulting in a product that was efficiently immuno-
precipitated by 54CP-specific antiserum (Fig. 1B). Third,
radiolabeled 54CP, when imported into chloroplasts, was able
to form a complex with purified LHCP. This complex exhibited
the same electrophoretic mobility as transit complex and was
bound by antibodies against LHCP (Fig. 2). That both LHCP
and 54CP can be incorporated into the same complex strongly
argues for a specific interaction between the two proteins.

It is significant that 54CP did not stably interact with pOE33
(Fig. 2; X.L. and N.E.H., unpublished results) or pOE23 (R.H.
and K.C., unpublished results). Recent studies have shown that
thylakoid proteins are routed by at least three distinct pathways
(22, 24-27). OE33 requires ATP and a stromal factor that is
homologous to bacterial protein SecA (23, 28). OE23 uses a
route that is independent of stroma and ATP but absolutely
dependent on a pH gradient across the thylakoid membrane
(24, 29). The third pathway—i.e., for LHCP integration—
requires GTP (16), and as we have now shown requires 54CP.
Whether transport or integration of other proteins is depen-
dent on 54CP remains to be determined. However, genetic
studies suggest the possibility that two other integral mem-
brane proteins of the thylakoids, cytochrome f and D1, share
at least one component of the pathway utilized by LHCP (30).
These proteins, unlike LHCP, are encoded and synthesized
within the chloroplast. Thus, it is possible that the 54CP
pathway accommodates integral thylakoid membrane proteins
that are synthesized in the plastids as well as in the cytosol.

It appears that 54CP does not function as a monomer.
Complex-forming and integration activities fractionate as an
~200-kDa form on gel filtration columns in the absence of
LHCP (R.H. and K.C., unpublished results). One pool of 54CP
is associated with this activity; the other pool of 54CP is
associated with ribosomes (17). In addition, the fact that 54CP
had to be imported into intact chloroplasts to be functional
indicates that 54CP may require the chloroplast machinery for
folding and assembly into a multisubunit complex. The mam-
malian SRP is a ribonucleoprotein that contains five polypep-
tides in addition to the 54-kDa polypeptide and an RNA
scaffold. It is possible that 54CP is associated with components
that are homologous to the mammalian SRP.

We have established that S4CP participates in LHCP inte-
gration. However, the precise role of 54CP in LHCP targeting
still remains to be established. Results in this study as well as
previous work (9) show that 54CP can function as a molecular
chaperone. It is also conceivable that 54CP targets LHCP to
the thylakoids in much the same way that SRP pilots nascent
peptides to the ER. Two observations are consistent with this
idea. First, previous work shows that purified LHCP, unfolded
and then diluted out of denaturant, retains its competence for
integration in the absence of any additional components for at
least 30 min, the duration of the integration assay (14). At least
in this in vitro assay, LHCP remains soluble in the absence of
54CP. As additional stroma is still absolutely required for
LHCP integration, there is reason to believe that S4CP par-
ticipates in the insertion step. Consistent with this idea is the

Proc. Natl. Acad. Sci. USA 92 (1995)

observation that GTP hydrolysis is required for LHCP inte-
gration (16) but not for transit complex formation (9) and that
54CP is a GTPase (X.L. and N.E.H., unpublished results).
Based on the SRP paradigm, the hydrolysis step is expected to
occur at the membrane, implying that 54CP accompanies
LHCP to the thylakoid.

There are some notable differences between the character-
istics of 54CP and of SRP. First, 54CP is capable of interacting
with preproteins posttranslationally. There is evidence that
mammalian SRP as well as its homologous E. coli counterpart
react with preproteins only cotranslationally (31, 32). Second,
S54CP seems to recognize a different targeting signal than SRP.
SRP binds to a wide variety of signal peptides, which display
conserved and essential features of a charged N terminus and
a hydrophobic core. SRP will even bind nonsignal peptides in
the absence of a cytosolic factor termed NAC (33). Lumenal
proteins such as OE33 and OE23 contain signal peptide motifs
within their targeting elements. Yet, 54CP shows no ability to
bind to these preproteins (see above). It should be interesting
to determine which elements of LHCP are recognized by
54CP.

The data presented here demonstrate that 54CP is an
essential component of one pathway for intraorganellar rout-
ing of thylakoid proteins. As such, it emphasizes the evolu-
tionary relationship of the protein targeting pathways of
thylakoid and ER membranes. Presumably both of these
membranes resulted from invagination of the cytoplasmic
membrane of ancestral prokaryotes. Prokaryotes also have an
SRP-like pathway (34) that appears to participate in the export
of a number of proteins, all of which are dependent on SecA
for targeting (35-37). In contrast, trafficking of LHCP is
independent of the chloroplast SecA (16, 23) and completely
dependent on 54CP (this work). The results presented here
suggest the possibility that proteins primarily dependent on a
SRP-like targeting pathway in prokaryotes may be integral
membrane proteins localized in the cytoplasmic membrane.
Further analyses of this pathway in chloroplasts should reveal
interesting insight into the ways in which the SRP system has
evolved and functions in different organisms and organelles.
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