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protein translocation ATPase SecA [2, 3]. Chloroplast
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Chloroplast and cytoplasmic signal recognition par-
icles (cpSRP and cySRP) each contain a similar sub-
nit, SRP54. The chloroplast homologue binds to
pSRP43, which is absent from cytosolic SRP, and
ySRP54 binds to SRP-RNA, which appears to be ab-
ent from cpSRP. In the presence of cpSRP43,
pSRP54 posttranslationally forms a soluble targeting
ntermediate, transit complex, with the major light
arvesting protein of the thylakoid membrane. In con-
rast, cySRP54 functions cotranslationally. In this
tudy we investigated whether cytosolic and chloro-
last forms of SRP54 were interchangeable in three
ypes of functional assays: complementation of an
scherichia coli SRP54 mutant, formation of the tran-
it complex, and heterologous binding between the
RP54 subunits, cpSRP43, and SRP-RNA. In no cases
ere the 54-kDa subunits able to substitute for each
ther suggesting that the two proteins are fundamen-
ally different. © 1999 Academic Press

Key Words: protein-targeting; membrane-biogenesis;
hylakoid membrane; Ffh; cpSRP54.

Chloroplasts contain numerous pathways for target-
ng proteins to the thylakoid membrane [1]. Based on
equence similarities among the components of the
argeting machinery in chloroplast and prokaryotes,
ne might predict that the targeting pathways operate
y fundamentally similar mechanisms. For example,
ne pathway is reminiscent of the Sec pathway de-
cribed in Escherichia coli. Proteins that use this path-
ay require ATP and a chloroplast homologue of the

1 To whom correspondence should be addressed. Fax: (1)-650-325-
857. E-mail: hoffman@andrew.stanford.edu.
Abbreviations used: cpSRP, chloroplastic signal recognition parti-

le; cySRP, cytoplasmic signal recognition particle; EST, expressed
equence tag; Ffh, E. coli cySRP54 (fifty four homologue); GS, glu-
athione-Sepharose; GST, glutathione-S-transferase; GST-43, gluta-
hione-S-transferase fused to the 43-kDa subunit of chloroplast
ignal recognition particle; LHCP, light harvesting chlorophyll a/b
inding protein; SRP, signal recognition particle; UTL, untranslated
eader.
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omologues of two translocon proteins SecE (D.
chuenemann, E. Hartmann, and N. E. Hoffman, un-
ublished results) and SecY [4] have also been identi-
ed. A second pathway distinguished by a trans thyla-
oid pH gradient was originally thought to be unique
o the thylakoids but was recently shown to involve a
rotein, Hcf 106 [5], that also has prokaryotic homo-
ogues [6–8]. A third pathway utilizes a chloroplast
omologue of the 54-kDa subunit of signal recognition
article (cpSRP54) [9]. However initial studies suggest
hat cpSRP is not a functional homologue of the cyto-
lasmic form.
Cytoplasmic SRP (cySRP) is a ribonucleoprotein that

otranslationally interacts with ribosome nascent
hains and facilitates targeting to the endoplasmic re-
iculum and cytoplasmic membrane in eukaryotes and
rokaryotes, respectively [10]. cpSRP differs from
ySRP in two major ways. First, a functional cpSRP
acks an RNA and contains a 43-kDa protein unrelated
o any protein subunits of SRP [11]. Second, cpSRP
nteracts with substrates posttranslationally [12].
hus, cpSRP appears to be structurally and function-
lly different than cySRP.
Previous studies have indicated that E. coli and
ammalian cySRP54 are interchangeable in some re-

pects. The E. coli cySRP54, termed Ffh (fifty-four
omologue), binds to mammalian SRP RNA and vice
ersa [13, 14]. Heterologous particles containing Ffh
nstead of the mammalian cySRP54 are functional in
ignal sequence binding, GTP hydrolysis, and transla-
ion arrest but not receptor binding [15]. To address
hether cpSRP54 is interchangeable with Ffh, we
ave expressed the chloroplast protein alone or in the
resence of cpSRP43 in a strain of E. coli conditionally
eficient in Ffh. We have examined whether Ffh alone
r in the presence of cpSRP43 can bind to Lhcb1.
astly, we have tested whether cpSRP54 is able to bind
o E. coli SRP-RNA and whether Ffh is able to bind to
pSRP43. Under the conditions of the three assays,
either protein was able to substitute for the other
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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suggesting that cpSRP54 has specialized into a funda-
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entally different protein from cySRP54.

ATERIALS AND METHODS

DNA constructs. A chloramphenicol selectable plasmid express-
ng mature cpSRP54his in the vector pACYC184 has been described
11]. To make a mature construct of cpSRP43, the full length cDNA
16] was used as a template for PCR with the following forward and
everse primers, respectively: AAGGATCCATGGCCGCCGTACAA-
GAAAC, CCCCCAAGCTTTCATTCATTCATTGGTTG. The result-

ng PCR fragment was digested with BamHI and HindIII and cloned
nto the same sites in Bluescript SK1 to form BSSK 1 chaos(m). A
pectinomycin selectable version of the plasmid, BSSK 1 chaos(m)SpR,
as constructed by subcloning the BamHI–XhoI fragment from
SSK 1 chaos(m) into the BamHI–XhoI sites of BSSK 1 spec (pro-
ided by Devaki Bhaya). BSSK 1 spec was made by replacing the
raI fragment of Bluescript containing the Bla gene with a DraI

ragment from pHP45V [17] containing the gene for spectinomycin
esistance. E. coli Ffh was subcloned as a SalI–NheI fragment from
BYO3 [18] (provided by Greg Phillips) into the same sites of
BR322. The resulting clone, pFfh, contains the entire Ffh coding
egion flanked by 161 and 214 nt of sequence at the 59 and 39
nds respectively. A HindIII fragment from pHP45V containing a
pectinomycin resistance gene was subcloned into the HindIII site of
Ffh and the clone was designated pFfhSpR. To make constructs for
heat germ translations of Ffh and mature cpSRP54, the coding

egions were subcloned behind the untranslated leader (UTL) from a
ea rbcS clone SS8.0 [19] where an NcoI site was introduced at the
nitiation Met codon [9]. To facilitate cloning, an NcoI site was
ntroduced at the initiating met codon of pFfh to form pAF15 and a
spHI site was introduced at the processing site of cpSRP54. The Ffh
ene was subcloned as an NcoI–HindIII fragment into the same sites
f a pGEM4 vector containing the mutated rbcS UTL to form the
lasmid pSSFfh. Mature cpSRP54 was subcloned as a BspHI–XbaI
ragment into the NcoI and Xba sites of a pSP73 vector containing
he mutated rbcS UTL to form the plasmid pAF1. The gene encoding
RP-RNA was amplified from pSN1 [20] (obtained from Harris Bern-
tein), using the forward and reverse oligonucleotides: GGAATT-
TAATACGACTCACTATAGGGGGCTCTGTTGGT and CGGGATC-
CGGGTGGGGGCCCTG. The forward oligonucleotide includes an
coRI restriction site followed by the T7 promoter. The reverse
ligonucleotide includes restriction sites for BamHI and SmaI. The
CR product was digested with BamHI and EcoRI and subcloned

nto the same sites of Puc19 to form pFfs.

Strains. The E. coli strain WAM113 [21] was a gift from Dr. Greg
hillips. WAM113 contains a kanamycin resistance gene inserted

nto the chromosomal copy of ffh and an arabinose inducible copy of
fh linked to an ampicillin resistance gene integrated into the chro-
osome at a second site. Competent WAM113 cells were made as

escribed [22] and individually transformed with either pACYC54his,
BsSK 1 chaos(m)SpR, or pFfhSpR to yield strains WAM113-54,
AM113-43, or WAM113-Ffh respectively. Competent WAM113-54

ells were prepared and transformed with pBsSK 1 chaos(m)SpR to
ield WAM113cpSRP. WAM113 strains were plated on LB-agar
ontaining 100 mg/ml ampicillin, 50 mg/ml kanamycin 6 0.2%
L-)arabinose. For the WAM113 strains transformed with additional
lasmids, the following antibiotics were added as noted: WAM113-
4, 35 mg/ml chloramphenicol; WAM113-43 or WAM113-Ffh, 20
g/ml spectinomycin; WAM113 cpSRP, 35 mg/ml chloramphenicol
nd 20 mg/ml spectinomycin.

Complementation assays. WAM113 strains were grown over-
ight in LB 1 0.2% arabinose 1 the appropriate antibiotics as listed
bove. In the morning, the overnight culture was diluted 100-fold
nto fresh media and grown until the OD600 was approximately 1. The
esulting culture was diluted 106-fold, 200 ml was plated onto LB-
gar containing the appropriate antibiotics either in the presence or
254
ncubation at 37°C were counted. To test whether cpSRP54 and
pSRP43 were expressed in WAM113, strains were grown overnight
n LB, 0.2% arabinose, and the appropriate antibiotic containing
ither 10 or 100 mM IPTG, and cpSRP43 and cpSRP54 were ex-
racted as previously described [11]. The antisera raised against
pSRP54 [9] and cpSRP43 [16] were used in immunoblots as previ-
usly described [23].

In vitro transcription and translation. A construct encoding E.
oli SRP-RNA was engineered as described above to enable synthesis
f the unmodified RNA by in vitro transcription. The placement of
he T7 and SmaI sites specified correct initiation and termination of
he transcript derived from SmaI linearized DNA template. SRP-
NA synthesized by in vitro transcription (Promega, Ribomax sys-

em) was quantitated by UV absorption and used in binding studies
ithout any further modification. pAF1 and pSSFfh were used to

ynthesize [35S]-met radiolabeled cpSRP54 and Ffh in wheat germ
xtracts as described [24]. Neither template was linearized prior to
ranscription/translation.

Binding of SRP54 to SRP-RNA. To ensure translation products
ere completely dissociated from ribosomes, translation products
ere incubated in 5 mM EDTA for fifteen minutes at 25°C. Each
inding reaction contained, in 10 ml, wash buffer (5 mM MgOAc, 500
M KOAc, 50 mM Tris-OAc pH 7.5) and 0.35 mCi translation prod-

ct (approx. 50 fmol). Where noted, 1 mg of tRNA or SRP-RNA was
dded (approx. 3 pmol). Reactants were incubated for 30 min at 25°C
nd transferred to tubes containing 500 ml of wash buffer and 30 ml
f Q-Sepharose Fast Flow. Tubes were rotated end over end for 15
in at 4°C. The tube contents were transferred to syringes attached

o minicolumns (Wizard, Promega) and the beads and flow through
ere separated and saved. After washing the beads with an addi-

ional 3 ml of wash buffer, the columns were spun dry in a micro-
entrifuge, and incubated with 100 ml of elution buffer (2 M KCl, 5
M MgOAc, 50 mM Tris-OAc, pH 7.5) for 1 min at room tempera-

ure. The eluate was recovered upon centrifuging the columns for 2
inutes. Proteins in the eluate were precipitated by adding sodium

eoxycholate (final 200 mg/ml), trichloroacetic acid (final 10%), incu-
ating for 30 minutes at 0 °C, and centrifuging the samples for 15
inutes at 4 °C. The pellets were washed with 100% acetone, briefly

ried, resuspended in 20 ml of 43 sample buffer, and analyzed by
DS–PAGE on 13% acrylamide gels.

Binding of cpSRP54 and ffh to cpSRP43. Recombinant GST-43
100 mg protein) [11] was bound to glutathione-Sepharose beads (25
l bed-volume) in B buffer (20 mM Hepes–KOH pH 8.0, 150 mM
aCl) by rotating the mixture end over end for 2 h at 4 °C. The beads
ere washed two times with B buffer and resuspended in the same.
he binding efficiency (90%) was determined by protein measure-
ent [25] of the GST-43 solution before and after the binding reac-

ion. The indicated amounts of cpSRP54 or Ffh translation products
ere incubated with 13 mg GST-43 beads in B buffer containing 1
M PMSF and 8 ml wheat germ extract in a total volume of 50 ml.
ontrol samples contained GS-beads lacking GST-43. After 20 min
t 25 °C, the slurry was transferred to Wizard Mini-columns (Pro-
ega) and washed with 5 ml of B buffer. Protein was eluted with 50
l of 23 SDS–PAGE sample buffer. The radioactivity in the samples
as determined by liquid scintillation counting.

Sequence alignments. A partial pea cpSRP54 cDNA was iso-
ated by screening a pea expression library with antibodies
gainst arabidopsis cpSRP54 and both strands of the insert were
equenced. The pea cDNA has the GenBank Accession No.
F089724. The maize sequence was provided by Robert Meeley
nd was derived from Pioneer Hi-Bred’s EST collection. Sequences
ere aligned using the program Clustal W and shaded using the
rogram Gene.doc.
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ESULTS

An intact cpSRP does not accumulate in WAM113.
he E. coli gene ffh is essential. Phillips and Silhavey

21] created a conditional mutant by introducing an
rabinose inducible copy of ffh into a second site and
nactivating the endogenous copy. In the absence of
rabinose, the protein Ffh is no longer synthesized, the
re-existing protein becomes depleted by dilution and
urnover, and the cells die. WAM113 requires arabi-
ose for survival and the requirement can be alleviated
y transforming the strain with a plasmid expressing
fh (Table 1). However neither cpSRP54, cpSRP43, nor
he combination of the two could complement the mu-
ant (Table 1). Although mature cpSRP43 accumulates
n both WAM113-43 and WAM113-cpSRP (Fig. 1, lanes

cpSRP Does Not Complement the Growth Defect
in the WAM113 Mutant

Strain
IPTG
(mM)

Colonies
1 0.2%

arabinose
Colonies

2 arabinose

AM113 10 367 0
100 483 0

AM113-ffh 10 107 123
100 135 143

AM113-54 10 272 0
100 307 0

AM113-43 10 156 0
100 193 0

AM113-cpSRP 10 225 0
100 220 0

Note. Cells were grown in the presence of 0.2% arabinose to an
D600 of 1.0 and then diluted and plated onto media containing or

acking arabinose, IPTG, and the appropriate antibiotics (see Mate-
ials and Methods).

FIG. 1. Expression of cpSRP43 and cpSRP54 in WAM113 lines.
n overnight culture was diluted 1:100 in LB 1 0.2% arabinose,
ppropriate antibiotics, and 100 mM IPTG and grown to an OD600 5
. Protein extracts derived from the cells were analyzed by SDS–
AGE on 10% acrylamide gels and assayed for cpSRP43 and
pSRP54 by immunoblotting with ECL detection. Extracts were also
pplied to Ni21–NTA–agarose and the eluates prepared by eluting
ith 250 mM imidazole. The left arrow indicates the position of
ature cpSRP43 and the right arrow indicates the position of the

pSRP54 degradation product.
255
and 4), cpSRP54 was not detected in WAM113-54 and
nly a 30-kDa fragment derived from cpSRP54 is ob-
erved in WAM113-cpSRP (Fig. 1, lanes 10 and 12).
his 30-kDa fragment binds to Ni21–NTA (Fig. 1, lane
2) and therefore represents the C-terminus of
pSRP54, which was expressed with a C-terminal His6

ag. cpSRP43 also bound the Ni21–NTA column when
o-expressed with cpSRP54 (Fig. 1, lane 8) indicating
hat cpSRP54 interacts with cpSRP43 through its
-terminus. Given the difficulty of expressing intact
pSRP54 in WAM113, it was not possible to ascertain
hether cpSRP54 could substitute for the E. coli ho-
ologue in the experiments described above. However

he instability of the chloroplast protein in E. coli sug-
ested that it is substantially different from the E. coli
rotein.

Ffh does not form the Lhcb1 transit complex. One of
he documented functions of cpSRP is to maintain the
olubility of Lhcb1, an abundant and hydrophobic
hylakoid membrane protein, as it is transported through
he soluble phase of the chloroplast [26, 27]. A charac-
eristic complex, named transit complex, is detectable
n nondenaturing gels when radiolabeled Lhcb1 syn-
hesized in a wheat germ translation extract is incu-
ated with stroma (Fig. 2, lane 2) [12, 27]. Transit
omplex can be reconstituted in the absence of stroma
ith purified recombinant cpSRP43 and cpSRP54 syn-

hesized in a wheat germ translation extract (Fig. 2,
ane 3, [11]). To test whether Ffh either alone or in
ombination with cpSRP43 could interact with Lhcb1,
e replaced cpSRP54 with a wheat germ translation
xtract of Ffh in the transit complex assays. Neither
pSRP54 nor Ffh bind Lhcb1 in the absence of
pSRP43 (Fig. 2, lanes 5 and 6). However Ffh clearly
iffers from cpSRP54 in being unable to form transit
omplex in the presence of cpSRP43 (Fig. 2, lane 4).

FIG. 2. Ffh does not form transit complex with cpSRP43 and
hcb1. The indicated components: Lhcb1, 8 3 104 cpm synthesized in
heat germ extracts; arabidopsis stroma (equivalent to 36 mg of

hlorophyll); cpSRP54 or Ffh (8 ml, approximately 160 ng) synthe-
ized in wheat germ extracts; purified recombinant cpSRP43 (50 ng)
ere mixed and assayed for the formation of transit complex on
ondenaturing gels by radioimaging exactly as described [11].
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cpSRP54 does not bind SRP RNA. All cySRP54
roteins bind to SRP-RNA. This binding is essential for
ctivity of the cySRP [14, 28]. Furthermore, binding
ccurs between proteins and RNA from evolutionarily
istant organisms such as E. coli and humans where in
ivo complementation fails [13, 14, 29]. Hence, if the
NA binding function of cpSRP54 is conserved,

pSRP54 should bind to E. coli SRP-RNA as does mam-
alian SRP54.
The RNA binding domain of Bacillus subtilus Ffh

as been defined [30]. In Fig. 3, the corresponding
egions of cytosolic SRP54 proteins from three prokary-
tic species and four eukaryotic species are aligned
ith three chloroplast homologues. As has been previ-
usly noted, there is substantial conservation of amino
cids among the three types of proteins [30]. However,
t least 9 residues are more conserved among the cy-
osolic proteins than the chloroplast proteins (marked
ith ● in Fig. 3). One of the most drastic changes

ccurs in the conserved sequence GSG (overscored in
ig. 3) where the first glycine is replaced by an acidic
esidue in the chloroplast protein. Kurita et al. [30]
bserved that mutation of either glycine reduced bind-
ng to SRP-RNA by approximately 2 orders of mag-
itude. Using arabidopsis cpSRP54, we examined
hether wild type cpSRP54 or the D404G mutant
ould bind to E. coli SRP-RNA.
To test for RNA binding of the two proteins, we

mployed a frequently used assay that measures
he RNA dependent binding of SRP54 to a strong
nion exchange resin [14]. Yeast tRNA was used to
ontrol for non-specific binding. Radiolabeled Ffh and
pSRP54 of comparable specific activity were synthe-
ized in a wheat germ translation extract and the bind-
ng of these proteins to SRP-RNA was tested. A large
xcess of RNA was added relative to protein to maxi-
ize potential binding of the radiolabel. Neither pro-

ein significantly bound to the strong anion exchange

FIG. 3. Alignment of the RNA binding region of cySRP54 from p
s, B. subtilis [32]; Ec, E. coli [18]; Mm, M. mycoides [33]; Cf, C. fami
s, P. sativum; Zm, Z. mays. Conserved residues found in all 10 seq

n 3–5 sequences are shaded light gray. Conserved residues are base
5I5V5M; G5P; A5C. Deviations in the plastid sequence from the

s overscored. The Bs sequence begins with K364. D404G in cpSRP5
256
olumn, Q-Sepharose, when RNA was absent nor when
RNA was present (Fig. 4). In the presence of SRP-
NA, however, a substantial fraction of the Ffh (60%)
ound to the column whereas cpSRP54 did not. This
esult suggests that cpSRP54 has little if any affinity
or E. coli SRP-RNA. Likewise, the D404G mutation
id not significantly alter the binding properties of
pSRP54. Thus there are multiple differences between
pSRP54 and Ffh that contribute to their altered bind-
ng properties.

Ffh does not bind to cpSRP43. Approximately 50%
f cpSRP54 in the chloroplast stroma are bound to the
rotein cpSRP43 [11]. To verify that the cpSRP54 that
id not bind to RNA was capable of binding cpSRP43,
e performed binding studies between cpSRP54 and

pSRP43 fused to GST. Keeping the level of GST-43

aryotes and eukaryotes to the corresponding sequences in cpSRP54.
ris [34]; At, A. thaliana [35]; Sc, S. cerevisiae [36]; Sp, S. pombe [36];
ces are shaded black, in 6–9 sequences are shaded dark gray, and

n the following assignments: D5E5N5Q; S5T; H5K5R; F5Y5W;
tosolic consensus are indicated by the closed circles. The GSG motif
s indicated by the arrow.

FIG. 4. CpSRP54 does not bind SRP-RNA. Ffh and cpSRP54
ere radiolabeled by translation in wheat germ extracts. 0.35 mCi of
roduct (50 fmol) was incubated with 1 mg of RNA (3 pmol) as
ndicated and then allowed to bind to Q-Sepharose as described
nder Materials and Methods.
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xed, we varied the amount of radiolabeled cpSRP54
nd measured the amount that bound to GS-
epharose. Likewise, similar experiments were per-

ormed with Ffh. We observed that cpSRP54 indeed
inds to GST43 while Ffh shows little if any affinity for
he protein (Fig. 5). Thus, the binding properties of
pSRP54 and cytosolic SRP54 are fundamentally dif-
erent. The inability of Ffh to form transit complex is
robably due to its inability to bind to cpSRP43.

ISCUSSION

Despite the higher sequence similarity between pro-
aryotic cySRP54 and the chloroplast homologue,
ySRP54 from eukaryotes and prokaryotes are func-
ionally similar and differ from the chloroplast protein.

ith regard to RNA binding, cytosolic SRP54 from
rokaryotes and eukaryotes are interchangeable. Un-
er conditions where heterologous cySRP54 and SRP-
NA bind, cpSRP54 does not bind the RNA. Thus in

his basic function, the chloroplast protein is clearly
istinguishable from cySRP54. Just as SRP-RNA is
equired for the function of cySRP, so too is cpSRP43
equired for cpSRP function [11]. We found that Ffh
an neither bind to cpSRP43 nor form transit complex
ith cpSRP43 and Lhcb1. The binding data support

he notion that cpSRP54 is fundamentally different
rom the cytosolic homologues.

SRP54 contains two principal domains, the NG do-
ain at the N-terminus containing the GTP binding

nd hydrolysis site and the M domain at the
-terminus, which binds signal sequences and SRP
NA [10]. The NG domain of cpSRP54 is 70% identical

o the prokaryotic protein and presumably has an anal-
gous function [9]. While protein interacting domains
f cpSRP54 remain to be identified, preliminary evi-
ence (Fig. 1) indicates that the C-terminus of
pSRP54 binds to cpSRP43. Thus, it is formally possi-
le that the RNA binding region of SRP54 corresponds
o the cpSRP43-binding region of cpSRP54.

FIG. 5. Ffh does not bind to cpSRP43. Radiolabeled Ffh or
pSRP54 was synthesized in wheat germ extracts and incubated
ith GST-43 (13 mg) prebound to glutathione-Sepharose as described
nder Materials and Methods.
257
he substrates for cpSRP include many of the light
arvesting chlorophyll proteins (LHCP) [12] (P. Amin
nd N. Hoffman, unpublished results). These proteins
re extremely abundant membrane proteins that are
osttranslationally targeted to the chloroplast through
he aqueous phase [26]. It would appear that cpSRP
as evolved as a means to facilitate this process ex-
loiting the ability of cySRP54 to interact with hydro-
hobic proteins. cpSRP43 does not resemble any sub-
nit of cySRP but is essential for the post-translational

nteraction between cpSRP54 and LHCP [11, 16]. It is
ikely that cpSRP54 took on a specialized role as it
volved from a cytoplasmic prokaryotic progenitor
hich lost its ability to bind cytoplasmic SRP-RNA and
ained the ability to bind cpSRP43.
Recently, it was observed that null mutants in

pSRP43 [16] have a distinct phenotype from mutants
acking cpSRP54 (P. Amin, L. Nussaume, and N. Hoff-

an, unpublished results). A mutation in cpSRP43
pecifically affects proteins in the LHCP family while
utation of cpSRP54 affects both LHCP proteins and

hloroplast encoded proteins targeted by a co-
ranslational mechanism [16, 23] (P. Amin and N. Hoff-
an, unpublished results). A possible explanation for

he non-overlapping functions of the two proteins is
ffered by the finding that there are two pools of
pSRP54 but just one pool of cpSRP43. All of the
pSRP43 is complexed with cpSRP54 while a second
ool of cpSRP54 is associated with the 70S ribosomes
ree of cpSRP43 [11]. Based on these observations we
ave speculated that cpSRP, consisting of cpSRP43
nd cpSRP54 facilitates the post-translational target-
ng of LHCP type proteins while cpSRP54 bound to the
ibosome is engaged in co-translational targeting reac-
ions [16]. We can imagine that the association of
pSRP54 with the ribosome is required either for its
unction or for proximity of cpSRP54 to its putative
ubstrate, the nascent chains. In the former case, the
ctivity of cpSRP54 may depend on binding to an RNA
r protein component of the ribosome. It was recently
eported that sequences related to SRP-RNA are found
n the chloroplast genome of red algae and diatoms [31]
nd conceivably such an RNA may be present in higher
lant chloroplasts and bound to the ribosome. The re-
ults presented here suggest that if such an RNA exists
n plant chloroplasts, it must be modified from cytosolic
RP-RNA to be able to bind cpSRP54.

CKNOWLEDGMENTS

We thank Harris Bernstein for pSN1, Devaki Bhaya for pBSSK-
pec, Amie Franklin for pAF1 and pAF15, Ken Keegstra for the pea
DNA library, Robert Meeley and Pioneer Hi-bred for providing the
aize cpSRP54 clone and sequence, and Greg Phillips for WAM113

nd pBYO3. This work was supported by fellowships from the
eutsche Forschungsgemeinschaft to D.S. and by Grant GM42609-02



from the USDA to N.E.H. This article is Carnegie Institution of
W

R

1

1

1

1

1

1

1

17. Prentki, P., and Krisch, H. M. (1984) Gene 29, 303–313.
1

1

2

2
2

2

2
2

2

2
2
2
3

3

3

3
3

3

3

Vol. 254, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ashington Publication No. 1254.

EFERENCES

1. Cline, K., and Henry, R. (1996) Annu. Rev. Cell Dev. Biol. 12,
1–26.

2. Yuan, J. G., Henry, R., Mccaffery, M., and Cline, K. (1994)
Science 266, 796–798.

3. Nakai, M., Goto, A., Nohara, T., Sugita, D., and Endo, T. (1994)
J. Biol. Chem. 269, 31338–31341.

4. Laidler, V., Chaddock, A. M., Knott, T. G., Walker, D., and
Robinson, C. (1995) J Biol. Chem. 270, 17664–17667.

5. Voelker, R., and Barkan, A. (1995) EMBO J. 14, 3905–3914.
6. Settles, A. M., Yonetani, A., Baron, A., Bush, D. R., Cline, K., and

Martienssen, R. (1997) Science 278, 1467–1470.
7. Sargent, F., Bogsch, E., Stanley, N. R., Wexler, M., Robinson, C.,

Berks, B. C., and Palmer, T. (1998) EMBO J. 17, 3640–3650.
8. Bogsch, E., Sargent, F., Stanley, N. R., Berks, B. C., Robinson,

C., and Palmer, T. (1998) J. Biol. Chem. 273, 18003–18006.
9. Franklin, A. E., and Hoffman, N. E. (1993) J Biol. Chem. 268,

22175–22180.
0. Walter, P., and Johnson, A. E. (1994) Annu. Rev. Cell Biol. 10,

87–119.
1. Schuenemann, D., Gupta, S., Persello-Cartieaux, F., Klimyuk,

V. I., Jones, J. D. G., Nussaume, L., and Hoffman, N. E. (1998)
Proc. Natl. Acad. Sci. USA 95, 10312–10316.

2. Li, X. X., Henry, R., Yuan, J. G., Cline, K., and Hoffman, N. E.
(1995) Proc. Natl. Acad. Sci. USA 92, 3789–3793.

3. Patel, S., and Austen, B. M. (1996) Eur. J. Biochem. 238, 760–
768.

4. Ribes, V., Romisch, K., Giner, A., Dobberstein, B., and Tollervey,
D. (1990) Cell 63, 591–600.

5. Bernstein, H. D., Zopf, D., Freymann, D. M., and Walter, P.
(1993) Proc. Natl. Acad. Sci. USA 90, 5229–5233.

6. Klimyuk, V. I., Persello-Cartieaux, F., Havaux, M., Contard, P.,
Schuenemann, D., Meiherhoff, K., Gouet, P., Jones, J. D. G.,
Hoffman, N. E., and Nussaume, L. (in press) Plant Cell.
258
8. Bystrom, A. S., Hjalmarsson, K. J., Wikstrom, P. M., and Bjork,
G. R. (1983) EMBO J. 2, 899–905.

9. Timko, M. P., Kausch, A. P., Hand, J. M., Cashmore, A. R.,
Herrera-Estrella, L., Van den Broeck, G., and Van Montegu, M.
(1985) in Molecular Biology of the Photosynthetic Apparatus, pp.
381–396, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

0. Poritz, M. A., Bernstein, H. D., Strub, K., Zopf, D., Wilhelm, H.,
and Walter, P. (1990) Science 250, 1111–1117.

1. Phillips, G. J., and Silhavy, T. J. (1992) Nature 359, 744–746.
2. Chung, C. T., Niemela, S. L., and Miller, R. H. (1989) Proc. Natl.

Acad. Sci. USA 86, 2172–2175.
3. Pilgrim, M. L., Wijk, K.-J. v., Parry, D. H., Sy, D. A. C., and

Hoffman, N. E. (1998) Plant J. 13, 177–186.
4. Adam, Z., and Hoffman, N. E. (1993) Plant Physiol. 102, 35–43.
5. Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K.,

Gartner, F. H., Provenzano, M. D., Fujimoto, E. K., Goeke, N. M.,
Olson, B. J., and Klenk, D. C. (1985) Anal. Biochem. 150, 76–85.

6. Reed, J. E., Cline, K., Stephens, L. C., Bacot, K. O., and Viitanen,
P. V. (1990) Eur. J. Biochem. 194, 33–42.

7. Payan, L. A., and Cline, K. (1991) J. Cell Biol. 112, 603–613.
8. Walter, P., and Blobel, G. (1982) Nature 299, 69–698.
9. Brown, S. (1991) J. Bacteriol. 173, 1835–1837.
0. Kurita, K., Honda, K., Suzuma, S., Takamatsu, H., Nakamura,

K., and Yamane, K. (1996) J Biol. Chem. 271, 13140–13146.
1. Packer, J. C. L., and Howe, C. J. (1998) Mol. Microbiol. 27,

508–510.
2. Honda, K., Nakamura, K., Nishiguchi, M., and Yamane, K.

(1993) J. Bacteriol. 175, 4885–4894.
3. Samuelsson, T. (1992) Nucleic Acids Res. 20, 5763–5770.
4. Romisch, K., Webb, J. J., H., Prehn, S., Frank, R., Vingron, M.,

and Dobberstein, B. (1989) Nature 340, 478–482.
5. Lindstrom, J. T., Chu, B. Y., and Belanger, F. C. (1993) Plant

Mol. Biol. 23, 1265–1272.
6. Hann, B. C., and Walter, P. (1991) Cell 67, 131–144.


	MATERIALS AND METHODS
	RESULTS
	TABLE 1
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4

	DISCUSSION
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

