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The chloroplast signal recognition particle (cpSRP) and its
receptor, chlo;oplast FtsY (cpFtsY), form an essential complex
with the translocase Albino3 (Alb3) during post-translational
targeting of light-harvesting chlorophyll-binding proteins
(LHCPs). Here, we describe a combination of studies that
explore the binding interface and functional role of a previously
identified cpSRP43-Alb3 interaction. Using recombinant pro-
teins corresponding to the C terminus of Alb3 (Alb3-Cterm) and
various domains of cpSRP43, we identify the ankyrin repeat
region of cpSRP43 as the domain primarily responsible for the
interaction with Alb3-Cterm. Furthermore, we show Alb3-
Cterm dissociates a cpSRP-LHCP targeting complex in vitro and
stimulates GTP hydrolysis by cpSRP54 and cpFtsY in a strictly
cpSRP43-dependent manner. These results support a model in
which interactions between the ankyrin region of cpSRP43 and
the C terminus of Alb3 promote distinct membrane-localized
events, including LHCP release from cpSRP and release of tar-
geting components from Alb3.

Mitochondrial inner membranes and chloroplast thylakoid
membranes are densely populated with protein complexes vital
to the production of metabolic energy. For both membrane
systems, biogenesis requires specialized protein sorting and
integration systems, which localize nucleus- and organelle-en-
coded proteins to the target membrane. Consistent with the
prokaryotic origin of mitochondria and chloroplasts, protein
insertion into their energy-generating membranes is accom-
plished via the action of Oxalp and Albino3 (Alb3), respec-
tively, which belong to a family of protein insertases that
includes YidC in bacteria (1-6).

Although YidC/Oxalp/Alb3 homologues vary dramatically
inlength (225-795 residues), all share a conserved hydrophobic
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core of about 200 residues (2) that extends across five trans-
membrane domains leaving the C terminus exposed to the
cytoplasm, matrix, or stroma, respectively. Complementation
studies demonstrated that the core regions of both Oxalp and
Alb3 functionally replace the core of YidC to insert membrane
proteins via a “YidC only” pathway (7, 8). Similarly, a chimera of
YidC fused with the C-terminal ribosome-binding domain of
Oxalp was useful in demonstrating that the core region of YidC
can functionally replace the core region of Oxalp (9). These
experimental results show that the core regions of YidC/
Oxalp/Alb3 are at least partially interchangeable and house the
capacity for assisting membrane protein transition into adja-
cent bilayers. They also support the possibility that a conserved
function of the YidC/Oxalp/Alb3 C terminus is to bind soluble
targeting machinery. For example, the hydrophilic C-terminal
extension of Oxalp forms an a-helical domain essential for
interacting with the ribosome during cotranslational integra-
tion (10, 11). Like Oxalp, Alb3 contains a hydrophilic C-termi-
nal extension that may play a critical role in protein targeting
(12, 13). Alb3 works in conjunction with a post-translational
chloroplast signal recognition particle (cpSRP)* targeting sys-
tem to integrate a family of nuclearly encoded light-harvesting
chlorophyll-binding proteins (LHCPs) into thylakoid mem-
branes where they are assembled with chlorophyll to form
light-harvesting complexes (14 —17). Antibody binding to the C
terminus of Alb3 inhibits LHCP integration and prevents an
Alb3-cpSRP interaction (12), suggesting interactions with the C
terminus of Alb3 may be required in the cpSRP-dependent tar-
geting reaction.

cpSRP is a heterodimer composed of a highly conserved
54-kDa GTPase (cpSRP54) and a 43-kDa protein (cpSRP43)
unique to chloroplasts (18 -20). LHCP precursors imported
into the chloroplast stroma from the cytosol are N-terminally
processed and bound by cpSRP to form a soluble cpSRP-LHCP
complex, termed transit complex, which maintains mature-
sized LHCP in an integration-competent state (19, 21). Transit
complex interacts with a thylakoid membrane-associated SRP
receptor GTPase (cpFtsY) prior to interaction with Alb3 (12).

“The abbreviations used are: cpSRP, chloroplast signal recognition particle;
SRP, signal recognition particle; Alb3-Cterm, 13-kDa fragment correspond-
ing to the C terminus of Albino3; Ank, ankyrin domain; CD, chromodomain;
Chl, chlorophyll; cpFtsY, chloroplast FtsY; GMP-PNP, 5'-guanyl-imido-
diphosphate trisodium salt; ITC, isothermal titration calorimetry; L18, 18-
amino acid peptide corresponding to the cpSRP43-binding site in LHCP;
LHCP, light-harvesting chlorophyll-binding protein; SW, salt-washed; IPTG,
isopropyl 1-thio-B-p-galactopyranoside; P;, inorganic phosphate.
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Although the membrane-localized steps are not well under-
stood, a mechanism must exist for the regulated transfer of
LHCP from cpSRP to Alb3 and most likely involves the
cpSRP54/cpFtsY GTP hydrolysis cycle. By analogy to cotrans-
lational SRP targeting mechanisms, LHCP release from cpSRP
is presumably accompanied by reciprocal GTP hydrolysis by
c¢pSRP54 and cpFtsY to stimulate their release from each other
and from Alb3, ensuring their availability for subsequent
rounds of targeting.

cpSRP-dependent targeting of LHCPs is novel in that it func-
tions post-translationally, targeting fully synthesized sub-
strates. All other known SRP targeting systems are cotransla-
tional and utilize the translating ribosome as a regulator of
substrate binding, GTP hydrolysis, and protein-protein inter-
actions (22, 23). The evolutionary acquisition of cpSRP43
appears critical for post-translational targeting of LHCPs (24).
cpSRP43 not only binds targeting substrate (LHCP) but was
recently shown to provide both novel and specific chaperone
function, capable of independently reversing aggregation of the
highly hydrophobic LHCPs (25, 26). Furthermore, cpSRP43
interacts with cpSRP54 and specifically copurifies Alb3 from
isolated thylakoid membranes (24, 27-30). More recently, it
was found that cpSRP43 binding to Alb3 is mediated by the
Alb3 C terminus (13). However, the physiological significance
of this low affinity interaction (9.7 um) remains uncertain.

cpSRP43 is composed of two types of characteristic protein-
protein interaction domains: chromodomains (CD) and
ankyrin (Ank) repeats (arranged CDI1-Ankl-Ank2-Ank3-
Ank4-CD2-CD3; Fig. 2) (27, 30). A conserved motif in LHCP,
L18, is bound by the Ank repeat region of cpSRP43 (27, 28,
30-32), and cpSRP54 is bound by CD2 (27, 33, 34). As
expected, these regions are critical for formation of transit com-
plex (Ank1-CD2), LHCP integration (CD1-CD2), and regula-
tion of GTP hydrolysis (CD1) (27). Although Falk ez al. (13)
suggest that CD2-CD3 are responsible for cpSRP43 binding to
the C terminus of Alb3, the physiological contribution of this
interaction in the LHCP targeting mechanism is not known,
and CD3 can be removed from cpSRP43 without consequence
to the efficiency of transit complex formation or LHCP integra-
tion into isolated thylakoids (27).

Although key LHCP targeting/insertion components and
transit of LHCP through the stroma to the thylakoids have been
examined in detail, many questions remain concerning the
orchestration and timing of membrane-associated cpSRP-de-
pendent targeting events. Results described in this study indi-
cate that the Ank repeat domain of cpSRP43 is responsible for
high affinity binding to Alb3-Cterm (97 nm) with CD2 contrib-
uting slightly to the binding interface. We show that this inter-
action is functionally critical for efficient assembly of a
cpSRP-cpFtsY-Alb3 membrane complex and is used in LHCP
targeting to regulate the timing of GTP hydrolysis by cpSRP54/
cpFtsY. Our data also indicate that cpSRP43 binding to Alb3-
Cterm affects the stability of transit complex, which supports a
role of this interaction in promoting release of LHCP from
cpSRP at the thylakoid membrane. Collectively, our results sup-
port a model whereby cpSRP43 targets available Alb3 via its C
terminus and communicates this interaction to cpSRP/cpFtsY
thereby triggering downstream events (e.g. GTP hydrolysis and
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substrate release) required to promote LHCP integration into
the thylakoid membrane.

EXPERIMENTAL PROCEDURES

All reagents, enzymes, and primers used were purchased
commercially. Plasmids described previously were used for in
vitro transcription and translation of pLHCP (35), cpSRP43
(36), and cpFtsY (36). Recombinant purified cpSRP43, GST-
cpSRP43, GST, GST-Ankl-CD2, GST-CD1, GST-CD2, CD2,
ACD1, ACD2, and ACD3 were prepared as described previ-
ously (27). His-cpSRP43 (24), Trx-His-S,,,-cpFtsY (12, 37), and
cpSRP54-His (12) were prepared as described with the excep-
tion of a new restriction site (Xhol) for cpFtsY. A peptide
corresponding to the cpSRP43-binding site in LHCP, L18
(VDPLYPGGSFDPLGLASS), has been previously described
(32). Antibodies to the following proteins have also been
described as follows: Alb3-Cterm (38), Alb3—-50 amino acids
(17), cpSRP43 (12), cpFtsY (12), and cpSRP54 (12). All cloned
sequences were verified by sequencing.

Construction of Alb3-Cterm Clones—A cDNA clone for PPF1
(defined as Alb3 in Pisum sativum) was obtained by RT-PCR
using total RNA from P. sativum. Forward and reverse primers
matching the sequence for PPF1 (accession number Y12618)
were designed to include EcoRI and Xbal sites, respectively, for
ligation into pGEM-4Z (Promega). The coding sequence for
PPF1-Cterm, a 124-amino acid segment of PPF1 beginning at
NNVLSTA and ending at SKRKPVA, was amplified by PCR from
PPF1-pGEM-4Z. The resulting PCR fragment was restricted
with BamHI and Xbal and then ligated into similarly restricted
pGEM-4Z to produce the plasmid Alb3-Cterm-pGEM-4Z.
Forward and reverse primers were designed to match the
beginning and ending of the Alb3-Cterm and to include Sphl
and HindlIII sites, respectively, for ligation into pQE-80L (Qia-
gen). The forward primer also included a two amino acid linker
(SA), aFLAG™ tag, and a Thrombin cleavage site. The result-
ing PCR fragment was restricted with Sphl and HindIII and
then ligated into similarly restricted pQE-80L to create the
plasmid His-FLAG-Alb3-Cterm-pQE-80L. This plasmid was
transformed into BL21 Star (Invitrogen) and used for IPTG-
induced expression of His-FLAG-Alb3-Cterm. All Alb3 con-
structs are from P. sativum.

To produce His-S,,,-Alb3-Cterm, His-FLAG-Alb3-Cterm-
pQE-80L was amplified by PCR with a reverse primer designed
to match the ending of the Alb3-Cterm sequence and a forward
primer designed to replace the FLAG tag (DYKDDDDK) with
an S tag (KETAAAKFERQHMDS) resulting in a construct with
a His, tag, SA linker, S,,,, thrombin cleavage site, and the 124-
amino acid segment of PPF1 beginning at NNVLSTA and end-
ing at SKRKPVA. This plasmid, referred to as His-Sy,,-Alb3-
Cterm-pQE-80L, was transformed into BL21 Star and used for
IPTG-induced expression of His-S,,,-Alb3-Cterm.

Briefly, expressed Alb3-Cterm peptides were affinity-puri-
fied over Talon® Superflow metal affinity chromatography and
either followed directly by desalting into HKMK (10 mm Hepes-
KOH, pH 8.0, 10 mm MgCl,, 100 mm KCl) buffer or followed by
a cation exchange step over Resource S (binding: 20 mm Hepes,
pH 8, 10 mm KCl, and elution: 20 mm Hepes, pH 8, 1 M KCI) and
then desalting into HKMK buffer.
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Construction of cpSRP43 Clones—Coding sequences for CD1
and CD2 were amplified by PCR from GST-CD1-pGEX-4T-2
and GST-CD2-pGEX-4T-2 (27) using forward primers
designed to incorporate a BamHI restriction site and His, tag
and match the beginning of the CD1 (GEVNKII) or CD2
(QVFEYAE) coding sequences and reverse primers designed to
match a pGEX plasmid. Coding sequences for Ank1-CD2 were
amplified by PCR from GST-ACD3 (27) using forward primers
designed to incorporate a BamHI restriction site and a His, tag
and match the beginning of Ank1 (SEYETP) and reverse prim-
ers designed to match a pGEX plasmid. PCR products were
restricted with BamHI and EcoRI (His-CD1 and His-Ank1-
CD2) or Xhol (His-CD2) and ligated into similarly restricted
pGEX-6P-2, producing GST-His-CD1-pGEX-6P-2, GST-His-
CD2-pGEX-6P-2, and GST-His-Ank1-CD2-pGEX-6P-2. His-
CD1, His-CD2, and His-Ank1-CD2 plasmids were transformed
into BL21 Star and used for IPTG-induced expression of these
constructs as described previously (27). The ACD2/CD3
cpSRP43 construct for expression in Escherichia coli was pro-
duced by PCR amplification of the entire mature cpSRP43-
pGEX-6P-2 plasmid (37) minus the codons for amino acids to
be deleted (A273-377; missing residues AEVDEL..QQPMNE).
The use of phosphorylated primers corresponding to the flank-
ing regions of the sequence to be deleted allowed for efficient
ligation of the PCR products to re-circularize the plasmid and
form the desired coding sequence for GST-ACD2/CD3-pGEX-
6P-2. This plasmid was transformed into BL21 Star for IPTG-
induced expression.

Briefly, expressed GST constructs were affinity-purified by
using glutathione-Sepharose™™ 4 Fast Flow resin (GE Health-
care) followed by a desalting step into HKM (10 mm Hepes-
KOH, pH 8.0, 10 mm MgCl,) buffer as described. Following the
glutathione-Sepharose purification, cleaved constructs were
brought to 50 mm Tris-HCl, 150 mm NaCl, 1 mm EDTA, 1 mm
DTT, pH 7.0, and incubated with PreScission™ protease (GE
Healthcare) overnight at 4 °C. Cleaved constructs were desalted
into phosphate-buffered saline and passed over glutathione-
Sepharose 4 Fast Flow resin for removal of cleaved GST and
PreScission™™ protease followed by desalting into HKM buffer.

Ank1-4 was amplified from mature cpSRP43 in pGEM-4Z
(37) using forward and reverse primers designed to match the
beginning (EYETPWW) and ending (RRIGLEKVINV) of
Ankl-4 and incorporate BamHI and Sall sites. PCR products
were restricted with BamHI and Sall and ligated into similarly
restricted pQE-80L, producing His-Ankl-4-pQE-80L. This
plasmid was transformed into BL21 Star and used for IPTG-
induced expression of His-Ankl-4. His-Ankl-4 was pro-
duced as inclusion bodies, solubilized in 8 M urea, and puri-
fied as a soluble protein with Talon® Superflow metal affinity
resin. His-Ank-1-4 containing 8 M urea was dialyzed against
Tris-HCI, pH 7.5, and subsequently buffer exchanged into
HKM.

Preparation of Chloroplasts and Radiolabeled Precursors—
Intact chloroplasts were isolated from 10- to 12-day-old pea
seedlings (P. sativum cv. Laxton’s Progress) and used to prepare
thylakoids and stroma as described previously (39). Chlorophyll
(Chl) content was determined as described previously (40).
Thylakoids were isolated from lysed chloroplasts by centrifuga-
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tion and salt-washed (SW) two times with 1 M potassium ace-
tate in import buffer (IB: 50 mm Hepes-KOH, pH 8.0, 0.33 m
sorbitol) and two times with IB with 10 mm MgCl, (IBM) prior
to use. For protease treatment, SW thylakoids were diluted to
0.5 mg/ml Chl in IB with 0.2 mg/ml thermolysin and 1 mm
CaCl, and incubated for 40—60 min (P. sativum). Subse-
quently, samples were combined with EDTA in IB to 20 mm
EDTA, and either washed or applied to a 7.5% Percoll™ (GE
Healthcare) gradient in IB containing 10 mm EDTA. Pellets
from the Percoll gradient were washed once with IB containing
10 mm EDTA and twice with IBM. Protease-treated thylakoids
were resuspended at 1 mg/ml Chl in IBM.

In vitro transcribed capped RNA was translated in the pres-
ence of [**S]methionine (41) using a wheat germ system to pro-
duce radiolabeled proteins (39). Precursor LHCP translation
products were diluted 2-fold with 30 mm unlabeled Met in IB.
cpSRP43, cpSRP54, and cpFtsY constructs were labeled with
ratios of labeled and unlabeled Met such that an equal **S signal
represented equimolar protein as described previously (36).
Constructs were quantified by comparing the S signal from a
given protein band as analyzed by SDS-PAGE and phosphorim-
aging. Equimolar amounts of proteins were added to each
experiment.

Thylakoid Binding Assay—DP. sativum thylakoid binding
assays included SW or protease-treated thylakoids (equal to 75
pg of Chl) in IBM and radiolabeled cpSRP43 or cpFtsY. Reac-
tions were incubated for 30 min in light at 25 °C. Thylakoids
were centrifuged at 3200 X g for 6 min, washed in 1 ml of IBM,
and transferred to clean tubes. Thylakoids were then pelleted,
solubilized in SDS buffer, and heated. Amounts equivalent to
7.5 ng of Chl per sample were analyzed by SDS-PAGE and
phosphorimaging.

Protein Binding Assays—Alb3 coprecipitation by cpSRP
components was examined by incubating SW thylakoids (equal
to 75 ug of Chl) with 10 ug of His-tagged protein and in the
presence or absence of 0.5 um GMP-PNP at 25 °C for 30 min in
light. Thylakoids were washed with 600 ul of IBM and solubi-
lized with 2% n-dodecyl-B-p-maltoside (maltoside) in IB for 10
min. Samples were centrifuged at 70,000 X g for 12 min, and
soluble material was incubated with 50 ul of a 50% Talon Super-
flow metal affinity resin slurry in IB for 30 min while shaking.
Resin was washed three times with 0.1% maltoside in IB and
once with IB before elution in 50 ul of SDS sample buffer.
Eluted proteins were separated by 12.5% SDS-PAGE and West-
ern blotted for cpSRP43, cpSRP54, cpFtsY, and Alb3. The pro-
tein loading control lane is equivalent to 1/100th of the avail-
able Alb3 as based on the total amount of thylakoids used.

GST-cpSRP43 constructs/Alb3-Cterm binding assays were
performed by incubating 350 pmol (4.7 uM final concentration)
of GST-fused cpSRP43 or construct with 1500 pmol (20 um
final concentration) of His-S,,,-Alb3-Cterm for 15 min at 25 °C
and adding 30 ul of a 50% glutathione-Sepharose 4 Fast Flow
slurry in 10 mm Hepes-KOH, pH 8.0, 10 mm MgCl, (HKM), in
a final volume of 75 ul. Samples were allowed to mix for 30 min
at 4°C and then transferred to a 0.8-ml centrifuge column
(Pierce) and washed three times with 0.75 ml of 20 mm HK, 300
mm KCl, 10 mm MgCl,, 2% Tween 20, three times with 0.75 ml
of 0.1% maltoside in IB, and three times with 0.75 ml of HKM.
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Coprecipitating proteins were eluted in 75 ul of SDS-PAGE
solubilization buffer. Eluted proteins were separated by 12.5%
SDS-PAGE and visualized by staining with Coomassie Blue.

Coprecipitation of cpSRP43 and constructs by His-S,,,-
Alb3-Cterm was accomplished by incubating 800 pmol (8 um
final concentration) of Alb3-Cterm with 30 ul of 50% S-pro-
tein/agarose slurry (Novagen) in IB and shaking gently for 15
min at 25 °C. After addition of 1500 pmol (15 uM final concen-
tration) of cpSRP43 or construct, in a final volume of 100 ul,
samples were allowed to mix for 30 min at 4 °C and then trans-
ferred to a 0.8-ml centrifuge column and washed three times
with 0.1% maltoside in IB. Coprecipitating proteins were eluted
in 75 ul of SDS-PAGE solubilization buffer. Eluted proteins
were separated by 12.5% SDS-PAGE and visualized by staining
with Coomassie Blue.

Isothermal Titration Calorimetry (ITC)—ITC experiments
were performed using a VP-ITC titration microcalorimeter
(MicroCal Inc.). All solutions were degassed under vacuum and
equilibrated at 25 °C prior to titration. Protein or peptide (50 —
200 M) was loaded into the sample cell (1.4 ml), and the titra-
tion syringe was loaded with another protein or peptide at
10-30-fold higher concentration. Titrations were routinely
carried out using 4050 injections of 6-ul aliquots using the
injection rate of 5-7-min intervals with a stirring rate of 340
rpm. Solutions were prepared either in a buffer containing 10
mM Tris, 100 mm NaCl, pH 7.5, or in HKM. Titration curves
were corrected for protein-free buffer and analyzed using Ori-
gin ITC software (MicroCal Inc.) (42).

Transit Complex Formation Assays—Transit complex was
formed in 60-ul assays by mixing 25 pmol (0.4 um final concen-
tration) each cpSRP43 and cpSRP54 with 10 ul of diluted trans-
lation product similar to assays described previously (32, 43).
Assays were incubated for 20 min at 25 °C, and then 0-2000
pmol (0-33.3 um) of either His-S,,,-Alb3-Cterm peptide in 20
ul of HKMK, CD3 in HKM, or GST in HKM was added as
indicated. Assays were incubated for 20 min at 25 °C and then
centrifuged at 70,000 X gfor 1 h. The top 30-ul supernatant was
removed, cooled on ice, and prepared for native PAGE by the
addition of 5 ul of 50% glycerol.

In moving radiolabel assays, transit complex components
(cpSRP43, cpSRP54, and LHCP) were all produced by in vitro
transcription/translation via a wheat germ system. Indicated
protein component was translated in the presence of [**S]me-
thionine to produce the radiolabeled protein. The other two
components were translated in the presence of nonradioactive
Met. Proteins (10 ul of each TP) were then treated as above to
form transit complex prior to the addition of 0-5000 pmol
(0-83.3 um) of His-S,, -Alb3-Cterm and analysis by native
PAGE.

Analysis of Samples—A portion of each sample from each
assay was analyzed by SDS-PAGE (or native PAGE as indicated)
followed by Western blotting or phosphorimaging. GE Health-
care image analysis software (ImageQuant) was used for quan-
tification of radiolabeled protein from phosphorimages
obtained using a Typhoon 8600. Horseradish peroxidase-la-
beled mouse IgG (Southern Biotech) was used as secondary
antibody, and blots were developed with SuperSignal® West
Pico chemiluminescent substrate (Pierce). Western blots were

tag
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imaged using an Alpha Innotech FluorChem IS-8900 using
chemiluminescent detection. AlphaEase FC Stand Alone soft-
ware (Alpha Innotech) was used for quantification. SDS-PAGE
standards (Invitrogen) were used to calculate molecular
weights (MagicMark™ XP Western Standard for Western
blots; Benchmark™" Protein Ladder for Coomassie-stained
gels). Protein concentrations were estimated by Coomassie
Blue staining.

GTPase Assays—Recombinant cpSRP54 and cpFtsY were
assayed for GTPase activity alone or in the presence of recom-
binant cpSRP43, recombinant cpSRP43 deletion constructs,
and/or His-S,,,-Alb3-Cterm as described previously (27, 44).
GTPase activity was measured in solution by determining the
amount of inorganic phosphate released by GTP hydrolysis.
Assays containing 150 pmol (1 um final concentration) of
cpSRP43 (or indicated construct), cpSRP54, cpFtsY, the indi-
cated amount of His-S,,-Alb3-Cterm (0-40 pm, 0-6000
pmol), and 2 mm GTP were brought to a final volume of 150 ul
in HKM and incubated at 30 °C for 1 h. After incubation, SDS
was added to a final concentration of 6% to denature protein
components and prevent subsequent GTPase activity. The
addition of ascorbic acid and ammonium molybdate (to 6 and
1%, respectively) was followed by a 5-min incubation, and sub-
sequently each assay was brought to 1% sodium citrate, sodium
(meta)arsenite, and acetic acid for a final volume of 1.05 ml. The
absorbance of each sample was then measured at 850 nm.
Throughout the duration of the experiment, the amount of
GTP hydrolyzed increased linearly. Furthermore, a standard
curve of inorganic phosphate (P,) was linear from 2 to 75 nmol
of P, and was used to determine the amount of P, released in
each assay. A substrate control that lacked protein components
and a zero time control with the protein denatured by the addi-
tion of 6% SDS prior to the addition of GTP varied from 0.0 to
2.3 nmol of P, between experiments and were used to correct
for nonspecific hydrolysis and background hydrolysis for each
assay.

RESULTS

cpSRP43 Interacts with the Thylakoid Membrane Protein
Alb3—We previously demonstrated that His-tagged cpSRP43
binds SW P. sativum thylakoid membranes and copurifies Alb3
(24). More recently, it was published that cpSRP43 alone or as a
heterodimer with cpSRP54 binds Alb3 through interactions
between chromodomains (CDs) at the C terminus of cpSRP43
(CD2 and CD3) and the stroma-exposed C terminus of Alb3
(13). However, the physiological role of cpSRP43 binding to
Alb3 is not known. In this context, we asked whether cpSRP43
plays a role in promoting Alb3 association with a cpSRP-cpFtsY
complex, which forms at the thylakoid membrane (12). His-
tagged cpSRP43, cpSRP54, and cpFtsY constructs shown to be
active in reconstituting LHCP integration into isolated thyla-
koids and able to form a stable complex with Alb3 (12) were
incubated with SW thylakoids in the presence or absence of
GMP-PNP. Membranes were solubilized with maltoside and
then mixed with Talon® Superflow metal affinity resin to repu-
rify His-tagged constructs and associated proteins (Fig. 14).
Samples were probed for His-tagged constructs and coprecipi-
tating Alb3 (P. sativum PPF1). Assays containing cpSRP54,

JOURNAL OF BIOLOGICAL CHEMISTRY 34223

LTOZ ‘T $nBny uo Areiqi sesuexly J0 AISAIUN T /510°0g mmm/:diy wol pepeojumod


http://www.jbc.org/

cpSRP43 Mediates Alb3 Regulation of cpSRP

Talon Precipitation

His-Construct Added 4 é\@
44 e &P
© GOR

R R
(gb‘ Qbr‘b\b &0 (b\o \9.) o’b

Q Q Q N4 \°
KRR SRR R
FEFSLF L LLS

— - = == — Alb3-50aa

- - @Eese _ ,SRP43
- aemwe % _,5Rp54
& e _ FtsY

- - == — == _Alb3-50aa

- - aeseme _ SRP43
= es®® @@" _()SRP54
P S 2 ) 4

+ GMP-PNP

B Alb3 Coprecipitated with His-Constructs

18 B No nucleotide
3 16 @+ GMP-PNP
© ~
=R 14
835 12
28 10
&P 8
2“5 6
el 4
< 2
0 ) X <
I e P NN
W o § PSS
K K Q= (Ob‘ > (>
LR W
S 9 R
K
K

His-Construct(s) Added

FIGURE 1.cpSRP43 is the predominant interacting partner with the trans-
locase Alb3 in thylakoids. A, SW thylakoids (75 ug of Chl) were incubated
with 10 ng of His-tagged constructs as indicated. Membranes were solubi-
lized and used for purification with Talon Superflow metal affinity resin. West-
ern blots of copurified proteins are shown probed for proteins indicated to
theright. Protein Loading Control lanes contain thylakoid membranes or 50 ng
of His-tagged construct for comparing relative amounts precipitated. ag,
amino acids. B, graph depicts the amount of Alb3 copurified with His-tagged
constructs. Total precipitated Alb3 was calculated from the relative signal of
total thylakoid lane and eluate lanes in A.

cpFtsY, or both copurify ~6% or less of the available Alb3,
which is slightly above background binding (~2%) to the resin
(Fig. 1, A and B). In contrast, assays containing cpSRP43 copu-
rify ~15% of the available Alb3 (Fig. 1, A and B). Similar
amounts of each added His-tagged construct were repurified
indicating that changes in the amount of copurified Alb3 are
not due to inaccessible His tags. The requirement for cpSRP43
to copurify Alb3 suggests that cpSRP43 functions as the bridge
that connects cpSRP and cpFtsY to Alb3.

Copurification of Alb3 could stem from interaction of
cpSRP43 with an unknown Alb3-associated thylakoid protein
or could stem from binding of cpSRP43 to the Alb3 C terminus,
an interaction reported recently using recombinant cpSRP43
and protein corresponding to the C terminus of Alb3 (Alb3-
Cterm) (13). However, the reported affinity between cpSRP43
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and Alb3-Cterm (K, ~10 um) seems insufficient to support
specific molecular interactions expected for efficient protein
targeting and approaches affinity values observed for nonspe-
cific protein interactions (45). To investigate these possibilities
further, we tested the ability of cpSRP43 to bind thylakoids
lacking the C terminus of Alb3. Alb3 contains five transmem-
brane domains with its N terminus facing the thylakoid lumen
(6). Thermolysin treatment of thylakoid membranes removes
the C terminus of Alb3, but otherwise it has no effect on Alb3
integrity as judged by the size of the protease-resistant frag-
ment (~30 kDa), which is detectable with antisera to a pro-
tease-resistant, stroma-exposed loop (anti-50 amino acids) and
undetectable using antibody against the Alb3 C terminus (sup-
plemental Fig. S1B). Although binding of cpFtsY to protease-
treated thylakoids is unaffected because of its affinity for thyla-
koid lipids (36), the ability of cpSRP43 to bind protease-treated
thylakoids is diminished by ~80% (supplemental Fig. S1A4), fur-
ther supporting a role of the Alb3 C terminus in cpSRP43 bind-
ing to thylakoids. Taken together with the results of Fig. 1,
these data suggest that one role of cpSRP43 binding to the
Alb3 C terminus is to promote efficient formation of a
cpSRP-cpFtsY-Alb3 complex.

Ankyrin Region of cpSRP43 Provides the Primary Interface for
Binding Alb3-Cterm—To better understand how a low affinity
interaction is used to support cpSRP43-Alb3 association, we
used ITC to reexamine the binding of cpSRP43 to recombinant
Alb3-Cterm expressed and purified from E. coli. Surprisingly,
ITC demonstrated that the affinity of cpSRP43 for His-FLAG-
Alb3-Cterm was in the nanomolar range (94 nwm; Fig. 2A4) as
opposed to the micromolar (~10 wm) affinity reported earlier
(13). Although the reason(s) for the observed discrepancy in the
binding affinity is not clear, systematic examination of the
buffer components used by Falk et al. (13) to observe micromo-
lar affinity revealed that glycerol (at 5% v/v concentration) con-
tributes significantly to the heat of the reaction and conse-
quently influences the ability to accurately measure the K,
values using binding isothermogram (supplemental Fig. S2).
Because ITC conducted in the presence of glycerol had also
been used to demonstrate that CD2 and CD3 of cpSRP43 pro-
vide the binding interface for Alb3-Cterm, the role of cpSRP43
domains in binding Alb3-Cterm was examined using both ITC
in the absence of glycerol and copurification assays.

cpSRP43 domain deletions (Fig. 2B) were examined by ITC
for their ability to interact with His-FLAG-Alb3-Cterm. Similar
to cpSRP43 (K (,pp) ~94 nM), His-Ank1-CD?2 interacts with a
near 1:1 stoichiometry and exhibits a high binding affinity for
Alb3-Cterm (K ,,,) ~64 nm; Fig. 2C). The binding affinity of
Alb3-Cterm for His-Ankl-4 (Fig. 2D) is marginally lower
(K gappy —205 nm) than that observed for cpSRP43 or His-
Ank1-CD2, but remains in the nanomolar range. In contrast,
Alb3-Cterm interaction with CD2 exhibits negligible binding
affinity (Kypp) ~350 pm; Fig. 2E) as compared with that
observed for Alb3-Cterm binding to cpSRP43, His-Ank1-CD2,
or His-Ankl-4. In contrast to Falk et al. (13), these observa-
tions indicate that the binding site for Alb3-Cterm lies in the
ankyrin repeat region of cpSRP43 with the second chromodo-
main possibly adding to the interaction face based on compar-
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FIGURE 2. Ankyrin region of cpSRP43 is the interacting domain with the C terminus of Alb3. A, C, D, and E, ITC curves showing data characterizing
interactions between His-FLAG-Alb3-Cterm with cpSRP43 constructs as indicated. All experiments were done at 25 °C. The insets and larger panels show the raw
and integrated data, respectively, of the titration of cpSRP43 construct with Alb3-Cterm as indicated. The solid line in the larger panels represents the best fit
curve of the data (Microcal Origin). B, depiction of the domain organization of cpSRP43, with triangles representing chromodomains and rounded rectangles
representing ankyrins. Domains are listed in the N to C termini order across the top. Protein constructs described in this study are shown as listed on the /eft.

ison of the affinity of Alb3-Cterm for His-Ankl-4 and
His-Ank1-CD2.

Copurification assays were conducted to confirm and extend
the results obtained using ITC. Equimolar concentrations of
GST, GST-cpSRP43, GST-Ankl1-CD2, GST-CD2, GST-ACD2/
CD3, or GST-CDI1 (refer to Fig. 2B) were incubated with His-
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Siag-Alb3-Cterm and recovered using glutathione-Sepharose.
Bound proteins were eluted, separated by SDS-PAGE, and visu-
alized directly by staining with Coomassie Blue. GST-cpSRP43
specifically coprecipitates Alb3-Cterm (apparent molecular
mass ~20 kDa) at a ratio of ~0.85 pmol of Alb3-Cterm copu-
rified per pmol of cpSRP43 (Fig. 34). GST-tagged constructs
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FIGURE 3. Ankyrin region of cpSRP43 and Alb3-Cterm coprecipitate.
A, equimolar concentrations of GST or GST-43 construct were incubated with
His-S,,4-Alb3-Cterm and then recovered using glutathione-Sepharose resin
and eluted with SDS buffer. Eluates were analyzed by SDS-PAGE and Coomas-
sie Blue staining. B, equimolar concentrations of His-S, -Alb3-Cterm were
incubated with cpSRP43, His-Ank1-CD2, ACD2/CD3, His-Ank1-4, or His-CD2
and then recovered using S-protein-agarose resin and eluted with SDS buffer.
Lanes show proteins precipitated by His-S,,-Alb3-Cterm (+) compared with
background binding to resin alone (—). Lanes labeled RC (recombinant con-
trol) show appropriate migration distance of each cpSRP43 construct into the
gel. Eluates were analyzed as in A.

containing the ankyrin repeat region of cpSRP43 are also capa-
ble of copurifying Alb3-Cterm; GST-Ank1-CD2 and GST-
ACD2/CD3 both copurified Alb3-Cterm at a ratio greater than
~0.6 pmol of Alb3-Cterm per pmol of construct. Those con-
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structs lacking the ankyrin repeats (CD1 and CD2) exhibit
strong decreases in the amount of Alb3-Cterm copurified (less
than 0.07 pmol of Alb3-Cterm per pmol of construct).

Likewise, we utilized a His-S,,,-Alb3-Cterm construct to ver-
ify an interaction between Alb3-Cterm and the ankyrin region
of cpSRP43. cpSRP43 and constructs His-Ank1-CD2, ACD2/
CD3, His-Ank1-4, and His-CD2 were incubated with His-S, -
Alb3-Cterm and repurified using S-protein-agarose (Fig. 3B).
Eluted proteins were separated by SDS-PAGE and visualized
directly by staining with Coomassie Blue. Fig. 3B shows that
cpSRP43, His-Ankl-CD2, ACD2/CD3, and His-Ankl-4 are
specifically copurified with Alb3-Cterm, albeit to a lesser extent
in the case of ACD2/CD3 and His-Ankl-4. Quantification
from four separate assays shows that His-S,,,-Alb3-Cterm
coprecipitates His-Ank1-CD2 at ~90% the level of cpSRP43.
His-Ank1-4 is coprecipitated at ~70% of the level of cpSRP43.
ACD2/CD3 was copurified at ~50% of cpSRP43, whereas copu-
rification of His-CD2 is only ~15% of cpSRP43. Decreased
copurification of His-Ank1l-4 by Alb3-Cterm is likely due to
the absence of CD2, which, in agreement with ITC (Fig. 2 and
supplemental Table S1) and previous copurifications (Fig. 34),
provides minor additional strength to the interaction. The
presence of CD1 reduces the amount of cpSRP43 construct
copurified by Alb3-Cterm (~70% by Ankl—4 compared with
~50% by ACD2/CD3). It is interesting to speculate that CD1
may serve as a negative regulator of cpSRP43 binding to Alb3.

Alb3-Cterm Stimulates GTP Hydrolysis by cpSRP GTPases in
a cpSRP43-dependent Manner—GTP binding and hydrolysis
by cpSRP54/cpFtsY are critical for LHCP integration into the
thylakoid membrane (12, 16). Given that the timing of GTP
hydrolysis is carefully synchronized in SRP targeting to the
endoplasmic reticulum as part of a mechanism to ensure that
SRP is released from its receptor only after encountering an
available translocase, it seems plausible that a similar mecha-
nism to promote GTP hydrolysis only when Alb3 is available
may involve cpSRP43 binding to Alb3-Cterm. To examine a
possible influence of Alb3 on the GTP hydrolysis activity of
cpSRP54/cpFtsY, we utilized a colorimetric assay that measures
the release of P, by GTP hydrolysis as described previously (27,
44). The amount of P, released by 150 pmol each of cpSRP54
and cpFtsY (9.3 nmol of P, per h) does not appear to be changed
by the addition of His-S,,,-Alb3-Cterm. However, in the pres-
ence of cpSRP43, GTP hydrolysis by cpSRP54 and cpFtsY is
stimulated in a linear fashion with increasing amounts of Alb3-
Cterm (Fig. 4). The addition of 6000 pmol of Alb3-Cterm to 150
pmol each of cpSRP43/cpSRP54/cpFtsY (40 mol of Alb3-
Cterm, 1 mol of cpSRP43/cpSRP54/cpFtsY) results in a 5-fold
stimulation in GTP hydrolysis (from 12.7 to 51.3 nmol of P,). It
isimportant to note that GTP hydrolysis assays were conducted
in the absence of the signal peptide-mimicking detergent
Nikkol, which is known to elevate the GTP hydrolysis activities
of SRP/SRP receptor (46, 47) as well as cpSRP/cpFtsY (48).
Regardless, our data demonstrate the ability of Alb3-Cterm to
stimulate GTPase activity of cpSRP54 and cpFtsY is absolutely
dependent on the presence of cpSRP43, which points to the
cpSRP43-Alb3 interaction as representing a critical step in the
recycling of cpSRP and its receptor.
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FIGURE 5. Ankyrin region of cpSRP43 and chromodomain 2 are necessary
for Alb3-Cterm stimulation of GTP hydrolysis by the cpSRP GTPases. The
effect of Alb3-Cterm on the GTP hydrolysis activity of cpSRP54 and cpFtsY was
examined in the presence or absence of cpSRP43, His-Ank1-4, ACD1, ACD2,
ACD3, His-Ank1-CD2, ACD2/CD3, His-CD1, and His-CD2. Assays contained
150 pmol (1 um final concentration) of cpSRP43 construct, cpSRP54, and
cpFtsY and 4000 pmol (27 umfinal) of His-S,,-Alb3-Cterm as indicated with 2
mm GTP. GTPase activity resulting in the release of P, was determined accord-
ing to Gonzalez-Romo et al. (44) using known phosphate standards. The aver-
age and S.D. were calculated from three separate experiments.

c¢pSRP43 Ankyrin Repeats and Chromodomain 2, but Not
Chromodomain 3, Are Necessary for the Alb3-Cterm Stimula-
tion of GTP Hydrolysis by the cpSRP GTPases—A construct
corresponding to the Ank1-CD2 region of cpSRP43 substitutes
for full-length cpSRP43 in promoting stimulation of GTP
hydrolysis by Alb3-Cterm (Fig. 5). Moreover, only cpSRP43
constructs containing both the Ank repeat domain and CD2
(ACD1, ACD3, and Ank1-CD2) were able to replace cpSRP43
in the ability to respond to the addition of Alb3-Cterm. Binding
of the Ank repeat domain of cpSRP43 to Alb3-Cterm is likely
communicated to cpSRP54/cpFtsY through interaction of
the CD2 domain of cpSRP43 with cpSRP54 (33, 34, 49). It is
noteworthy that cpSRP43 constructs lacking CD1 (ACD1,
His-Ank1-CD2) exhibit elevated levels of GTP hydrolysis in

OCTOBER 29, 2010+VOLUME 285+NUMBER 44

cpSRP43 Mediates Alb3 Regulation of cpSRP

the absence of Alb3-Cterm such that stimulation of GTP
hydrolysis by addition of Alb3-Cterm is less pronounced.
These observations are consistent with our previous work
showing that CD1 serves as a negative regulator of GTP
hydrolysis (27). Taken together, the data presented in Figs. 3
and 5 argue for a model in which Alb3 binding to the
cpSRP43 Ank region is communicated by CD2 to cpSRP
GTPases via a mechanism that reverses the negative GTPase
regulation associated with CD1.

cpSRP43/Alb3-Cterm Interaction Plays a Role in the Separa-
tion of LHCP from cpSRP—TIt is well established that regulation
of the GTPase cycle is a primary means of ensuring highly effi-
cient and unidirectional SRP targeting. Membrane-bound ribo-
some-nascent chains associated with SRP and SRP receptor
remain in the GTP-bound conformation in the absence of an
active translocation channel (50), suggesting that the interac-
tion with the translocon and release of the signal sequence are
prerequisite for GTP hydrolysis. Similarly, the interaction of
signal peptides with SRP-SRP receptor complex inhibits
GTPase activity in the absence of an available Sec translocase
(51, 52). We also observe a reduction in GTP hydrolysis by
cpSRP54 and cpFtsY in the presence of cpSRP43 and L.18.” Like
cotranslationally targeted nascent polypeptides, LHCP must be
released from cpSRP prior to or simultaneous with the recy-
cling of the targeting components. The question lingers as to
the events that initiate LHCP release from cpSRP. We took
advantage of the fact that radiolabeled LHCP in complex with
c¢pSRP43 and cpSRP54 can be detected as a soluble complex
(termed transit complex) on nondenaturing gels (21, 32). If
Alb3-Cterm binding to cpSRP43 is part of the mechanism to
initiate LHCP release from cpSRP, we predict that transit com-
plex formation and stability would be sensitive to the presence
of Alb3-Cterm.

Fig. 6, A and B, shows that incubation of radiolabeled pLHCP
with cpSRP43 and cpSRP54 reconstitutes formation of a
cpSRP-LHCP transit complex, which migrates as a distinct
band when examined using nondenaturing PAGE. In the
absence of cpSRP, pLHCP remains in the sample well (not
shown) as documented previously (32). The addition of His-
Stag-Alb3-Cterm to the transit complex assay following com-
plex formation results in an upward shift in the radiolabeled
LHCP signal such that most of the LHCP is found in the well at
the highest concentration of Alb3-Cterm. To understand
whether upward migration of LHCP stems from a shift of the
entire LHCP-cpSRP transit complex or reflects an Alb3-Cterm-
induced instability of transit complex, we used radiolabeled
cpSRP43 or cpSRP54 to follow their relative migration.
Whereas the migration of cpSRP43 and cpSRP54 in native gels
was similarly shifted at all concentrations of Alb3-Cterm exam-
ined, increasing Alb3-Cterm concentrations caused LHCP to
separate from the cpSRP components and accumulate in the
well (Fig. 6A). Both the shift in migration of cpSRP components
and the accumulation of LHCP in the well appeared specific to
the influence of Alb3-Cterm because neither GST nor the CD3
domain of cpSRP43 as a recombinant protein affected transit

>N.E. Lewis, N. J. Marty, R. L. Henry, and R. L. Goforth, unpublished data.
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FIGURE 6. Interaction of cpSRP43 and Alb3-Cterm destabilizes transit
complex. A, invitro translated transit complex components (pLHCP, cpSRP43,
and cpSRP54) were incubated in the presence of increasing concentrations
(0-83.3 um and 0-5000 pmol) of His-S,,-Alb3-Cterm as indicated. Transit
complex formation was examined using native PAGE and phosphorimaging
for the radiolabeled component as indicated (*). TC indicates transit complex
band. B, recombinant cpSRP43 and cpSRP54, in combination with in vitro
translated and radiolabeled pLHCP, were used to form transit complex, which
was monitored as in A after the addition of increasing concentrations (0-33.3
(M and 0-2000 pmol) of His-S,,,-Alb3-Cterm, GST, or CD3 as indicated. TC
indicates transit complex band.

complex migration (Fig. 6B). This destabilization effect appears
to involve formation of a slow migrating intermediate complex,
which contains cpSRP54/cpSRP43/LHCP. Presumably, the
slow migration of this intermediate represents transit complex
bound to Alb3-Cterm. However, this remains to be confirmed.
Another possibility is that binding of Alb3-Cterm to cpSRP43
in a transit complex state induces a conformational change,
either in cpSRP43 individually or the transit complex as a spe-
cies, leading to a shape/charge change that affects the migration
of the complex into the nondenaturing gel.

Although the level of Alb3-Cterm required to observe
changes in the transit complex are higher than anticipated,
this could be expected if affinity of Alb3-Cterm for cpSRP43
is influenced by the lipid environment normally surrounding
Alb3 or by cpSRP43 interaction partners, which differ at
each step of the targeting pathway (e.g affinity of Alb3-
Cterm for cpSRP43 alone may be different from its affinity
for cpSRP43 in transit complex with cpSRP54 and LHCP or
in a cpSRP54-LHCP-cpFtsY complex at the membrane).
Related to this possibility, Alb3-Cterm binding to cpSRP43
may also influence the affinity of cpSRP43 for its interaction
partners (e.g. LHCP) as part of the mechanism that leads to
unidirectional targeting of LHCP to Alb3. The ability of
Alb3-Cterm to affect transit complex stability suggests there
may be downstream effects on LHCP integration. However,
studies involving the use of Alb3-Cterm to examine its influ-
ence on LHCP integration were inconclusive because of the
ability of Alb3-Cterm to influence thylakoid membrane
integrity.”

DISCUSSION

Previous work has established that the unique post-transla-
tional activities of an SRP targeting system in chloroplasts
enable cpSRP to bind imported LHCP targeting substrates in
the stroma and direct them to the thylakoid membrane, result-
ing in formation of a membrane complex containing cpSRP/
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cpFtsY, bound substrate, and Alb3 (12, 17, 53). However, many
of the mechanistic features underlying formation and disas-
sembly of the membrane complex are not well understood. A
possible role of cpSRP43 in membrane-localized targeting
events was suggested by our previous work showing that
cpSRP43 alone binds thylakoid membranes and is recovered
in association with Alb3 (24). Data presented in this study indi-
cate that the cpSRP43 binding of cpSRP54, LHCP, and Alb3 at
distinct steps in the targeting pathway is used to communicate
pathway progression of the targeting substrate to the evolu-
tionarily conserved GTPases (cpSRP54/cpFtsY) such that
GTPase activity is repressed until cpSRP43 interacts with an
available Alb3 translocase. Together, our results support a
model in which cpSRP43 serves as a translocon-sensing com-
ponent to regulate the timing of membrane-associated steps in
the post-translational cpSRP-dependent targeting pathway, e.g.
transfer of substrate from cpSRP and recycling of SRP-targeting
components.

Details of a cpSRP43-Alb3 interaction were reported
recently and indicated that cpSRP43 chromodomains (CD2-
CD3) form the binding interface with Alb3-Cterm (13). How-
ever, the low affinity reported between Alb3-Cterm and
cpSRP43 (K,9.7 um) or CD2-CD3 (K, ~25 um) led us to re-ex-
amine this interaction using a combination of approaches.
Although our data confirm an interaction between cpSRP43
and Alb3-Cterm, the affinity appears to be in the nanomolar (K,
~94 nMm), not micromolar, range. The disparity between our
findings and those reported likely emanate, in part, from the use
of glycerol by Falk et al. (13) in ITC experiments, which con-
tributes significantly to the heats of dilution and thereby influ-
ences the binding constant K, calculation(s) (supplemental Fig.
S2). Furthermore, although CD2 may contribute to the binding
interface, our data (Figs. 2 and 3 and supplemental Table S1)
comparing affinity of Alb3-Cterm for cpSRP43, Ankl-CD2,
and CD2 suggest that the ankyrin repeats provide the primary
interface for binding to Alb3-Cterm (K, ~205 nm). In addition,
although Falk et al. (13) state that the interaction with Alb3-
Cterm requires both CD2 and CD3, it should be noted that CD3
is not required for integration of LHCP (27). In vivo data also
indicates that CD2 does not play a critical role in targeting to
Alb3, but instead it is restricted to SRP dimer formation and
cpSRP43 chaperone activity (24 -26).

Physiological significance of the interaction between
cpSRP43 and Alb3-Cterm is supported by the ability of Alb3-
Cterm peptide to stimulate GTP hydrolysis by cpSRP54/cpFtsY
only in the presence of cpSRP43 and to promote release of
LHCP from cpSRP in transit complex. cpSRP43 therefore
appears to function as a mediator, linking the translocon, sub-
strate, and cpSRP GTPases. In vivo studies have shown that
LHCPs are predominantly routed via a cpSRP54 (cpFtsY)-de-
pendent pathway but can be routed by a cpSRP54 (cpFtsY)-
independent pathway in the absence of cpSRP54 (24). The
cpSRP54-independent mechanism relies on cpSRP43, which is
consistent with the ability of cpSRP43 to bind LHCP (28), func-
tion as an LHCP family-specific chaperone (25, 26), and inter-
act with the Alb3 insertase (13, 24). It should be noted that
although there are several possible roles for cpSRP54 in LHCP
localization, e.g. substrate release from cpSRP43 or recycling of
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FIGURE 7. Current cpSRP43-dependent targeting model. Interactions with thylakoid membranes prime cpFtsY for binding cpSRP54 and GTP. Interactions
with cpSRP43/LHCP prime cpSRP54 for binding GTP. The GTP-bound cpSRP43-LHCP-cpSRP54 complex associates with GTP-bound cpFtsY on thylakoid
membranes. The membrane-associated complex is directed to Alb3 via an interaction between the Ank1-4 region of cpSRP43 and the C terminus of Alb3.
cpSRP43 binding to the C terminus of Alb3 initiates LHCP release from cpSRP. LHCP, which acts as a negative regulator of hydrolysis, is released from cpSRP for
insertion into thylakoids. In the absence of LHCP, interactions with thylakoid membranes, cpSRP43, and Alb3 trigger reciprocal stimulation of GTP hydrolysis
by cpSRP54 and cpFtsY. GTP hydrolysis leads to dissociation of cpSRP43/54 and cpFtsY components from Alb3 and the thylakoid membrane. cpSRP43 may

remain associated with Alb3 following departure of the GTPases from the membrane.

cpSRP43 from the membrane, it remains a possibility that
cpSRP54-dependent differences in LHCP accumulation ob-
served in vivo (54) occur at the level of targeting to Alb3.

It is also important to consider that the Ank region of
cpSRP43 functions to bind the L18 motif in LHCP, an event
critical to formation of a cpSRP-LHCP transit complex in
stroma (27, 28, 30-32). This raises the possibility that binding
of Alb3-Cterm to the Ank region of cpSRP43 is part of a mech-
anism to reduce cpSRP43 affinity for LHCP, thereby serving to
promote release of LHCP from cpSRP only in the presence of an
available Alb3. The ability of Alb3-Cterm peptide to destabilize
the transit complex is consistent with this hypothesis (Fig. 6).
Although our data support a model in which the Alb3 C termi-
nus interacts with cpSRP43 to initiate LHCP release from
cpSRP at the membrane, binding of the released targeting sub-
strate to Alb3 remains to be demonstrated. However, the levels
of Alb3-Cterm, relative to the level of cpSRP in the assay,
required to destabilize the transit complex were higher than
expected, based on the high affinity of Alb3-Cterm for cpSPR4:3
(Fig. 24 and supplemental Table S1). This may stem from Alb3-
Cterm exhibiting a lower affinity for cpSRP43 in transit com-
plex relative to cpSRP43 alone or in a cpSRP-LHCP-cpFtsY
complex at the membrane. Affinity of Alb3-Cterm for cpSRP43
in cpSRP heterodimer was reported to be considerably reduced
relative to cpSRP43 alone (13). Furthermore, release of LHCP in
an in vivo environment is likely directly coupled to integration
and would therefore require full-length Alb3 and lipid compo-
nents. Regardless, the concentration-dependent ability of Alb3-
Cterm (but not GST or CD3; Fig. 6) to destabilize the transit
complex appears to take place through formation of a slow
migrating intermediate containing at least cpSRP54/cpSRP43/
LHCP. The formation and disappearance of this intermediate
relative to the disappearance of transit complex and appearance
of LHCP in the sample well (free from cpSRP) is consistent with
the idea that formation of an intermediate is a required step
during LHCP release from cpSRP. Considering the data shown

OCTOBER 29, 2010+VOLUME 285+NUMBER 44

here and the current model for GTPase regulation of cytosolic
SRPs (55), we propose the following model for cpSRP GTPase
regulation (Fig. 7). Binding of cpSRP to LHCP to form transit
complex primes cpSRP54 for binding GTP. Interactions with
thylakoid membranes prime cpFtsY for binding cpSRP54 and
GTP (36). The GTP-bound cpSRP43-LHCP-cpSRP54 transit
complex in stroma associates with GTP-bound cpFtsY on thy-
lakoid membranes. The membrane-associated complex is
directed to Alb3 via an interaction between the Ank1-4 region
of cpSRP43 and the C terminus of Alb3, which initiates LHCP
release from cpSRP and GTP hydrolysis by cpSRP54/cpFtsY. In
the absence of available Alb3, cpSRP/LHCP/cpFtsY remains in
a membrane-associated complex because of an affinity of
cpFtsY for lipids (36). GTP hydrolysis by cpSRP54 and cpFtsY
leads to dissociation of cpSRP43/cpSRP54 and cpFtsY from
Alb3. Our model, which incorporates general features from
cotranslational SRP targeting systems, emphasizes a central
role of cpSRP43 in soluble and membrane-targeting events
because of its ability to bind Alb3 and initiate steps that stimu-
late GTP hydrolysis as well as reduce cpSRP affinity for LHCP-
targeting substrate. We are currently working toward a greater
understanding of the steps critical for LHCP release from
cpSRP and recycling of soluble targeting components.
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