THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 8, pp. 59545962, February 19,2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

The C Terminus of the Alb3 Membrane Insertase Recruits
cpSRP43 to the Thylakoid Membrane™

Received for publication, November 13, 2009, and in revised form, December 9, 2009 Published, JBC Papers in Press, December 17,2009, DOI 10.1074/jbc.M109.084996

Sebastian Falk®, Stephanie Ravaud*', Joachim Koch®, and Irmgard Sinning**

From the *Heidelberg University Biochemistry Center (BZH), INF 328, D-69120 Heidelberg and the °Georg-Speyer-Haus, Institute of
Biomedical Research, Paul-Ehrlich-Strasse 42-44, D-60596 Frankfurt am Main, Germany

The YidC/Oxal/Alb3 family of membrane proteins controls
the insertion and assembly of membrane proteins in bacteria,
mitochondria, and chloroplasts. Here we describe the molecular
mechanisms underlying the interaction of Alb3 with the chloro-
plast signal recognition particle (cpSRP). The Alb3 C-terminal
domain (A3CT) is intrinsically disordered and recruits cpSRP
to the thylakoid membrane by a coupled binding and folding
mechanism. Two conserved, positively charged motifs reminis-
cent of chromodomain interaction motifs in histone tails are
identified in A3CT that are essential for the Alb3-cpSRP43
interaction. They are absent in the C-terminal domain of Alb4,
which therefore does not interact with cpSRP43. Chromodo-
main 2 in cpSRP43 appears as a central binding platform that
can interact simultaneously with A3CT and cpSRP54. The
observed negative cooperativity of the two binding events pro-
vides the first insights into cargo release at the thylakoid mem-
brane. Taken together, our data show how Alb3 participates in
cpSRP-dependent membrane targeting, and our data provide a
molecular explanation why Alb4 cannot compensate for the
loss of Alb3. Oxal and YidC utilize their positively charged,
C-terminal domains for ribosome interaction in co-transla-
tional targeting. Alb3 is adapted for the chloroplast-specific
Alb3-cpSRP43 interaction in post-translational targeting by
extending the spectrum of chromodomain interactions.

Integral membrane proteins comprise about 20-30% of the
proteome. They preferentially use the co-translational target-
ing and insertion machinery of the universally conserved signal
recognition particle (SRP)® in conjunction with the SecYEG
translocation channel (1-3). However, membrane proteins that
play important roles in respiration and energy transduction
mechanisms are the main substrates for the YidC/Oxal/Alb3
family of membrane insertases (4, 5). Members of the YidC/
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Oxal/Alb3 family are involved in the insertion and folding of
membrane proteins as well as their assembly into larger protein
complexes and quality control (4). In Escherichia coli, YidC is
essential and catalyzes membrane protein insertion into the
inner membrane (6). YidC is homologous to Oxal and Alb3,
which are involved in the integration of proteins into the inner
membrane of mitochondria and the thylakoid membrane of
chloroplasts, respectively (7). Alb3 cooperates with the chloro-
plast SRP (cpSRP) in the post-translational insertion of light-
harvesting chlorophyll a,b-binding proteins (LHCPs) (8, 9).
LHCPs serve as antenna systems in photosynthesis and belong
to the most abundant membrane proteins on earth. They are
post-translationally imported into the chloroplast where they
are sequestered into a soluble transit complex (cpSRP43-
cpSRP54-LHCP) of yet unknown stoichiometry (10). The tran-
sit complex is directed to the thylakoid membrane by the inter-
action of cpSRP54 with the membrane bound SRP receptor
cpFtsY (11). cpSRP54 acts both co-translationally and post-
translationally in the insertion of thylakoid membrane proteins
(1, 12). In post-translational targeting, cpSRP54 together with
cpSRP43 forms the heterodimeric cpSRP (13). cpSRP43 has a
unique, modular structure (14) with three chromodomains
(CD1-3) and four ankyrin repeats (Ank1-4) that create a plat-
form for multiple interactions. CD2 interacts with a positively
charged extension of the M-domain of cpSRP54 (15, 16). The
ankyrin repeats of cpSRP43 bind to an extended, internal signal
sequence in LHCPs, the L18 region (14, 17). Alb3 was previ-
ously shown to co-localize with cpSRP43 in double-knock-out
plants lacking cpSRP54 and cpFtsY and to interact with
cpSRP43 (18). However, how Alb3 interacts with cpSRP43 and
how it participates in LHCP targeting and membrane insertion
is not known.

Despite the low sequence conservation in the YidC/Oxal/
Alb3 family, all members share a hydrophobic core region of
about 200 residues representing five transmembrane helices
(TMs) (19). A cryo-electronmicroscopy projection structure of
E. coli YidC shows the overall arrangement of the TM regions
(20), which harbor the membrane insertase function. Hydro-
philic domains of various lengths can be present at the N or the
C terminus and are thought to be adaptors for additional, spe-
cialized functions. E. coli YidC contains an additional N-termi-
nal TM followed by a large periplasmic domain (21, 22), which
is absent in the organellar proteins or homologs in Gram-pos-
itive bacteria. Mitochondria and most Gram-positive bacteria
contain two YidC paralogs, whereas Gram-negative bacteria
contain only one (23). They are distinguished mainly by their
C-terminal domains (24). Chloroplasts of green algae and
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plants also contain two paralogs of the YidC/Oxal/Alb3 family
(23), which in Arabidopsis thaliana are named Alb3 and Alb4.
Although Alb3 and Alb4 share a high sequence similarity, Alb4
cannot compensate for the loss of Alb3 (25).

In this study, we present a detailed biochemical analysis of
the C-terminal domain of Alb3. We demonstrate that it inter-
acts with cpSRP43, whereas the paralog Alb4 does not. Two
conserved motifs in Alb3 are essential for cpSRP43 interaction.
Alb3 and cpSRP54 can bind simultaneously to CD2 of cpSRP43.
The observed negative cooperativity of the two binding events
allows a first glimpse on transit complex delivery to the
membrane.

EXPERIMENTAL PROCEDURES

Immobilized Peptide Libraries—Peptide arrays were synthe-
sized by Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry at
activated polyethylene glycol spacers on cellulose membranes
using a semiautomated spot robot (ASP222; Intavis, Germany)
as described (13, 26). A. thaliana Alb3 was synthesized as over-
lapping peptides (15-mer off-set by one amino acid) covering
stromal domains of Alb3 as follows: stromal loop S1 including
amino acids 152-204, and stromal loop S2 including amino
acids 254277, and the C terminus 339-462. After 2 h of
blocking with 4% (w/v) skim milk (Sigma) in the incubation
buffer (30 mm Tris-HCI, pH 7.6, 100 mm KCl, 5 mm MgCl,, 5%
sucrose, and 0.05% Tween 20), the membranes were incubated
in the incubation buffer overnight at 4 °C with 0.25 um purified
His-tagged cpSRP43. Bound cpSRP43 was detected with an
anti-His antibody and visualized using an ECL anti-mouse IgG
secondary antibody (GE Healthcare). The incubations with the
antibodies were performed in the incubation buffer with 0.5%
(w/v) skim milk. All incubation steps were followed by three
consecutive washes of 10 min with the incubation buffer. Bind-
ing signals were detected by enhanced chemiluminescence
(ECL, GE Healthcare).

Cloning—The different constructs of the Alb3 C-terminal
domain (A3CT) encoding the amino acids 339 —462, 363— 462,
and 363-450 were cloned into pET21d using the Ncol and
Xhol restriction sites leading to a C-terminal His tag. The
A3CT constructs encoding amino acids 363— 405 and 406 — 462
were cloned into pETtrx_la (Gunter Stier, Heidelberg) using
Ncol and Xhol leading to C-terminal fusion to His-tagged thi-
oredoxin with a tobacco etch virus cleavage site.

Recombinant Protein Production and Purification—C-termi-
nally His-tagged A3CT was produced in BL21 (DE3) cells. Pro-
tein production was induced with 1 mwm isopropyl-1-thio-3-p-
galactopyranoside at an A, of 0.6. After 3 h at 37 °C, the cells
were harvested and stored at —80 °C. For the purification of
His-tagged A3CT, cells were resuspended in lysis buffer (100
mMm Hepes/NaOH, 300 mm NaCl, 5 mm MgCl,, 10% (w/v) glyc-
erol, 0.02% 1-thioglycerol, pH 7.5). The cells were lysed by an
M1-10L Microfluidizer (Microfluidics). The lysate was clari-
fied, and the supernatant was applied onto a 1-ml HisTrap HP
column (GE Healthcare). The column was washed with wash-
ing buffer (50 mm Hepes/NaOH, 300 mm NaCl, 5 mm MgCl,,
5% (w/v) glycerol, 0,02% 1-thioglycerol, pH 7.5) containing 0,
10, and 50 mm imidazole. The proteins were eluted in washing
buffer containing 300 mm imidazole. The eluted protein was
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diluted into SP buffer (50 mm Hepes/NaOH, 150 mm NaCl, 5%
(w/v) glycerol, 0.02% 1-thioglycerol, pH 7.5), applied onto SP
Sepharose Fast Flow (GE Healthcare), and eluted with a gradi-
ent from 150 mm to 1 M NaCl. A3CT was further purified on an
S75 26/60 size-exclusion column equilibrated in 20 mm Hepes/
NaOH, 150 mMm NaCl, 2 mm MgCl,, 1 mm EDTA, 1 mm DTT,
pH 7.5.

Purification of Proteins Fused to Thioredoxin—Cell lysis and
purification via HisTrap HP column were essentially the same
as described above. 200 ug of recombinant tobacco etch virus
protease was added, and cleavage occurred overnight during
dialysis against 20 mm Hepes/NaOH, 150 mm NaCl, 2 mMm
MgCl,, 1 mm DTT. After the cleavage, the sample was reloaded
on a HisTrap HP column, and the flow-through was collected.
The proteins were further purified by size-exclusion chroma-
tography using an S30 16/60 column equilibrated in 20 mm
Hepes/NaOH, 150 mm NaCl, 2 mm MgCl,, 1 mm EDTA, 1 mm
DTT, pH 7.5.

Coproduction and Copurification of the cpSRP43-A3CT Com-
plex— cpSRP43-A3CTy; -Hiss and cpSRP43A3-A3CT, |-
His, were coproduced in Rosetta2 (DE3) pLysS. Expression
was induced with 1 mm isopropyl-1-thio-B-p-galactopyrano-
side at A, of 0.6. The copurification of the cpSRP43-A3CT
complex was essentially the same as that for A3CT described
above with the exception that the SP-Sepharose column was
omitted.

Circular Dichroism—Circular dichroism spectra were re-
corded on a Jasco J-600 spectropolarimeter in a 0.1-cm path
length cuvette at 15 °C. Proteins were exchanged into 10 mm
potassium phosphate, pH 7.5, and diluted to 6 um. To measure
the spectrum of the complex, both proteins were mixed (6 um
each) and incubated for 1 h at 15 °C. For each experiment, 16
scans were taken from 250 to 190 nm in 0.2-nm increments
with a 1-s averaging time and a bandwidth of 1 nm. The scans
were averaged, and the buffer spectrum was subtracted.

Pulldown Assays—20 um of the cpSRP43-A3CT-His, or
cpSRP43A3-A3CT-His, complex was mixed with increasing
amounts of cpSRP54 M-domain (0250 um) in 350 wl of 20 mm
Hepes/NaOH, 150 mm NaCl, 2 mm MgCl,, 1 mm EDTA, 1 mm
DTT, pH 7.5, and incubated for 1 h at 20 °C. 20 ul of nickel-
nitrilotriacetic acid agarose was added and then incubated for
1 h at 4 °C. The beads were washed three times with 500 ul of
the same buffer, and bound proteins were eluted with buffer
including 300 mm imidazole. Proteins were detected by SDS-
PAGE on NuPAGE 4-12% polyacrylamide gels (Invitrogen)
with subsequent Coomassie Brilliant Blue R (Sigma) staining.

Analytical Size-exclusion Chromatography (SEC)—The hy-
drodynamic properties of A3CT, cpSRP43, dimeric cpSRP43-
A3CT or cpSRP43-cpSRP54 M-domain complexes, or the
trimeric complex were measured by size-exclusion chroma-
tography (Superdex 200 10/300). Purified A3CT, cpSRP43, or
the different complexes were loaded on an S200 10/300 column
equilibrated in 20 mm Hepes/NaOH, 150 mm NaCl, 2 mMm
MgCl,, 1 mm EDTA, 1 mMm DTT, pH 7.5. The elution volume
(V,) was monitored by absorbance at 280 nm. Fractions were
collected and analyzed by SDS-PAGE. We estimated the Stokes
radius of A3CT according to the method of Laurent and Kil-
lander (as modified by Siegel and Monty in Ref. 59) (27). The
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FIGURE 1. The Alb3 C-terminal domain interacts with cpSRP43. A, membrane topology of Alb3. Mature Alb3 is a polytopic membrane protein comprising
five TMs. The topology prediction was generated by the use of the TopPred Il software (57). The luminal, stromal, and C-terminal (C) domains are labeled. N, N
terminus; B, analysis of cpSRP43-A3CT complex formation. cpSRP43 alone (black line) or a mixture of cpSRP43 and A3CT in a 1:2 ratio (gray line) was subjected
to SEC. Peak fractions were analyzed by SDS-PAGE (inset). The standard proteins used for calibration are indicated by black triangles: y-globulin (158 kDa),
bovine serum albumin (66 kDa), ovalbumin (44 kDa), carboanhydrase (29 kDa), myoglobin (17 kDa), and cytochrome c (12.4 kDa). C, determination of binding
affinities for cpSRP43-A3CT interaction ITC. Analysis of the titration isotherms resulted in a K; of 9.7 um for A3CT and a stoichiometry of 1:1. Data analysis was

performed using the Origin 7.0 software. See also Table 1.

absolute molecular weight was determined by static light scat-
tering (miniDAWN Tristar; Wyatt Technologies) and refrac-
tive index analysis (WGE Dr. Bures, An-1000 differential
refractive index detector, Dallgow, Germany).

PONDR Prediction of Unstructured Regions—We submitted
the sequences of Alb3 and Alb4 to the Predictors of Natural
Disordered Region (PONDR) server using the default inte-
grated predictor VL-XT (28). Access to PONDR was provided
by Molecular Kinetics (Pullman, WA) under license from the
Washington State University (WSU) Research Foundation.
PONDR was copyrighted in 1999 by the WSU Research Foun-
dation, all rights reserved.

Isothermal Titration Calorimetry—All isothermal titration
calorimetry (ITC) experiments were carried out in a buffer con-
taining 20 mm Hepes/NaOH, 200 mm NaCl, 2 mm MgCl,, 1 mm
EDTA, 5% (w/v) glycerol, 0.25 mm tris(2-carboxyethyl)phos-
phine, pH 7.5. The samples were extensively dialyzed against
the same buffer. Solutions were degassed immediately before
measuring, and all binding experiments were performed using
a VP-ITC microcalorimeter (MicroCal, Northampton, MA)
equilibrated at 20 °C. Typically, protein concentrations be-
tween 50 and 100 uMm in the cell and 0.5-1 mM in the syringe
were used in an ITC experiment. A titration consisted of injec-
tions of 12-ul aliquots of the titrant into the solution in the cell
under constant stirring at 307 rpm at time intervals of 5 min to
ensure that the titration peak returned to the baseline. For data
analysis, the Origin 7.0 software was used.

RESULTS

The Alb3 C-terminal Domain Interacts with ¢cpSRP43—To
characterize the interaction of Alb3 with cpSRP43, we first
probed the stromal regions of Alb3 with purified cpSRP43 using
immobilized peptide libraries (26) (Fig. 14; supplemental Fig.
S1A). Strong signals were observed with the C terminus of Alb3
(A3CT), whereas the region corresponding to the first stromal
loop (S1) of Alb3 gave only weak signals. The peptides repre-
senting the second stromal loop of Alb3 (S2) gave no signals.
These data support our previously reported interaction be-
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tween cpSRP43 and Alb3 (18) and suggest that the binding site
is located in the S1 loop and/or at the C terminus of Alb3. To
validate these interactions, recombinantly produced Alb3 S1
loop and A3CT were tested for cpSRP43 binding by SEC and
ITC. Binding of the S1 loop to cpSRP43 could not be confirmed
using ITC or SEC. A3CT (residues Leu-339 —Val-462) formed a
stable complex with cpSRP43 as shown by SEC (Fig. 1B, gray
line). A dissociation constant of 9.7 um was determined by ITC
with a stoichiometry of 1:1 (Fig. 1C; Table 1). These data show
that Alb3 interacts with cpSRP43. To test whether the C-termi-
nal domain of Alb4 (A4CT) can also interact with cpSRP43,
recombinantly produced A4CT was analyzed for cpSRP43
interaction by ITC. No interaction could be detected (Table 1;
supplemental Fig. S2D). Therefore, cpSRP43 selectively inter-
acts with Alb3.

The Alb3 C-terminal Domain Is Intrinsically Disordered and
Folds upon Interaction with cpSRP43—A3CT showed an aber-
rant migration behavior in SEC and eluted in a fraction indicat-
ing a significantly larger molecular mass (Fig. 2A4). Although for
a 124-residue globular protein a stokes radius of about 19 A
would be expected (29), A3CT eluted in SEC in fractions cor-
responding to a Stokes radius of 33 A. This suggests an apparent
molecular mass of 38 kDa. The apparent larger hydrodynamic
radius observed for A3CT could be due to an extended confor-
mation as observed for intrinsically disordered proteins. Static
light scattering refractive index measurements confirmed
A3CT to be a monomer. Potential intrinsic disorder of A3CT
was analyzed by predictors suited to identify unstructured
regions in proteins (Fig. 2B). The region containing the five
TMs (between residues Phe-56 and Asp-363) is predicted to be
folded, whereas the C terminus including residues Glu-364—
Val-462 is clearly predicted as an intrinsically disordered
region. The intrinsic disorder of purified A3CT was analyzed by
far-UV CD spectroscopy (Fig. 2C, blue line). The far-UV CD
spectrum of A3CT exhibited a pronounced minimum around
200 nm and only weak ellipticity above 210 nm, characteristic
for unfolded proteins. The formation of an a-helical conforma-
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TABLE 1
Analysis of Alb3-cpSRP interactions by ITC
Cell Syringe K, n
M
Alb3-cpSRP43 interaction: contribution of four conserved motifs in A3CT
A3CT cpSRP43 9.7 (+0.3) 1.09 (+0.01)
A3CTy, cpSRP43 11.4(+0.2) 1.07 (0.02)
A3CTy, cpSRP43 No interaction observed
A3CT 1 11 1omg cpSRP43 194.2 (£22.3) 1.35 (+0.25)
A3CTy . 11 ahont cpSRP43 152.4 (+28.8) 1.67 (0.36)
A3CT,, cpSRP43 207.9 (+£24.0) 1.63 (0.24)
Alb4-cpSRP43 interaction
A4CTy, cpSRP43 No interaction observed
Alb3-cpSRP43 interaction: contribution of the cpSRP43 chromodomains
A3CT cpSRP43A3 53.2 (£6.8) 0.89 (£0.14)
A3CT cpSRP43A2A3 No interaction observed
A3CT cpSRP43ACD1-Ank4 25.3 (+0.8) 1.10 (+0.01)
Influence of mutations in motifs II and IV of A3CT and mutations of the modified aromatic cage of CD2
A3CTy v scasramsra cpSRP43 917 (+8.5) 1.16 (0.08)
A3CT ) v kasnnrassn cpSRP43 95.2 (*3.9) 0.8 (£0.07)
A3CT v k367A/R377A/KA54A/RASEA cpSRP43 No interaction observed
A3CT,_y cpSRP43 (Y269A) 30.4 (+3.1) 0.92 (+0.05)
A3CT, v cpSRP43 (W291A) 100.6 (+3.4) 0.95 (£0.02)
A3CT, cpSRP43 (D293A) 20.8 (+1.3) 0.97 (+0.02)
Formation of the trimeric complex: cpSRP43-cpSRP54 M-domain (RRKR-peptide)-A3CT
cpSRP43-RRKR A3CT,, 1y 50.8 (+4.7) 1.11 (0.06)
cpSRP43 RRKR 0.5 (*£0.04) 1.01 (*+0.00)
cpSRP43-A3CT,, RRKR 2.2 (x0.1) 1.03 (+0.01)
A 20 C - a-helices (supplemental Fig. S1C). Because A3CT bound to
[ M 20 cpSRP43, we tested whether A3CT folds upon binding. CD
15 |- 10 |- spectra of the individual components were compared with a CD
2 10 L 5 0B spectrum of the complex. The observed spectrum of the
£ B B -10 [ equimolar mixture (Fig. 2C, red line) differed from the theoret-
S0 ®-20 ically calculated spectrum of a 1:1 mixture of the single compo-
0 30 | nents. The difference spectrum showed two minima around
Lol b1l « T I N T 207 and 222 nm typical for a-helices (Fig. 2D). Therefore, upon
0 5 \/10| 15 2? 25 19\?\/ 21|0 ZtﬁS 240 binding to cpSRP43, A3CT folds into a conformation that con-
olume (m . ) . . 1
(mb avelength (nm) tains a-helical regions. In addition, cpSRP43 was stabilized by
B 4o D 5 about 8 °C upon interaction with A3CT (supplemental Fig.
T - - S1D). Taken together, our data show that A3CT is intrinsically
0 08 8 0 disordered. Upon binding to cpSRP43, A3CT adopts a more
Q I Q. —_ B . .
206, | A ) © B 5L compact.structure.anfi a-helices are formed, supporting a cou-
& oal E t pled folding and binding model.
g g o-10 - The Alb3-cpSRP43 Interaction Requires Two Positively
& 02 i g i i Charged Motifs in AIb3—To analyze the cpSRP43-A3CT inter-
00,V W UWu | IR R PR action in more detail, we performed multiple sequence align-
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FIGURE 2. A3CT is intrinsically disordered and folds upon binding to
cpSRP43. A, analysis of A3CT using SEC. A3CT (molecular mass 15 kDa) shows
an aberrant migration behavior corresponding to an apparent molecular
mass of 38 kDa. The protein standards (black triangles) are the same as in Fig.
1B. mAU, milliabsorbance units; B, sequence analysis predicts A3CT as intrin-
sically disordered. PONDR (28) analysis of Alb3 (1-462) from A. thaliana. A
large segment of predicted disorder is indicated in the C-terminal region.
mdeg, millidegrees. C, analysis of A3CT secondary structure using CD spec-
troscopy indicates that A3CT is unfolded in solution. Far-UV CD spectra of
A3CT (blue line), cpSRP43 (black line), and A3CTFL cpSRP43 in an equimolar
mixture (red line) are shown. D, A3CT folds and adopts an a-helical conforma-
tion upon binding to cpSRP43. The difference spectrum obtained by sub-
tracting the CD spectrum of cpSRP43 (black line in C) from the spectrum of
cpSRP43 and A3CT mixture (red line in C) shows two minima at around 207
and 222 nm typical for a-helices.

tion could be induced by the addition of trifluoroethanol (sup-
plemental Fig. S1B), and secondary structure predictions con-
firmed the presence of regions in A3CT that could form
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ments of Alb3. Although A3CT is more divergent than the
transmembrane part, four conserved regions enriched in posi-
tively charged residues could be identified (Fig. 3A, motifs
I-1V). A number of A3CT variants containing different combi-
nations of these motifs were expressed and purified (Fig. 3B).
The A3CT variants were tested for their ability to form a com-
plex with cpSRP43 using SEC, ITC (Table 1; supplemental Fig.
S3A), and pulldown experiments (supplemental Fig. S3B). The
relative affinities are given in Fig. 3B. ITC experiments showed
that A3CT and A3CT/;_j, bind to cpSRP43 in a 1:1 stoichiom-
etry with dissociation constants of 9.7 and 11.4 um™m, respec-
tively. Removal of motif I therefore did not affect the binding
affinity. Further truncations of A3CT from either the C termi-
nus or the N terminus resulted in a drastically reduced binding
affinity, suggesting an important role for both motifs II and IV
(Table 1; supplemental Fig. S3A). The A3CT variants contain-
ing only motif IV or motifs Il and III showed a 20-fold reduction
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A 3i9 Sig 3i5
Motif | Motif Il Motif 111
A. thaliana 339 LTNNVLSTAQQVYLRKLGGAKPNMDENASKIISAGRAKRSIAQPDDAGERFROLKEQEKRSKKNK 403
P. sativum 317 FTNNVLSTAQQVWLRKLGGAKPAVNENAGGIITAGQAKRSASKPEKGGERFROLKEEEKKKKLIK 381
V. vinifera 329 FTNNVLSTAQQVWLRKLGGAKPVVNEDASGIITAGRAKRSASQPARAGDRFROLKEEEKKKKISK 393
P. trifoliata 329 FTNNVLSTAQQVWLRKLGGAKPVVTENASEIITAGRAKRSVSQPSRAGDRFROLKEEEKGKKLNK 393
O. sativa 336 FINNILSTAQOVWLRKLGGAKPVVNQGGSGIITAGRAKRT SAQPAQPGERFKOLKEEESKRKGNK 400
451
Motif IV

A. thaliana 404 AVAKDTVELVEESQSESEEGSDDE----EEEAREGALASSTTSKPLPEVGQRRSKRSKRKRTV- 462
P. sativum 382 ALPVEEVQPLA-SASASNDGSDVE-NNKEQEVTEESNTSKVSQEVQSFSRERRSKRSKRKPVA- 442
V. vinifera 394 ALPAEEIQALA-SESDSDEGSDEETKDKGDDVLEEAYVSSGSKQVPQYAGPRRSKRSKRKRAG- 455
P. trifoliata 394 ALPAEDVQTMN-SASDSEGESDGE---KGQGVLEEAYASNRSKQVPDPSRPRKSKRSKRKRAV- 452
O. sativa 401 ALAAGDSDLSA-STSEDEESDDET---TEEGGPEERYNSSSNKKLPNYSG-KKGKRSKRKRMV(Q 459
B rel. aff. C Motif I*

A3CT 339 LTNNVLSTAQOVYLRKLGGAKP-—----—-——-— NMDENASKII 370
A3CT,,y, O W PN [ 100 A4CT 323 LTNNILSTAQQVWLOKYGGAKNPVEKFTNLVTKEDKTQQIEKSF 366

Motif 111*

ACT v (NN NN I 08 A3CT 371 SAGRAKRSIAQ---BDDA------------ GERFRQLKEQEKRS 399
A3CT il tong ) 0.05 A4CT 367 SEPLVQKSVSELKIPREKGGEKVTPECPKPGERFRLLKEQEAKR 410
A3CT 1 short CHN ] 0.06 A3CT 400 KKNK---—--—-— AVAKDTVELVEESQSESEEGSDDEEEEAREGA 435

A4CT 411 RREKEERQKAEAALSNQNTDKAHEQDEKSDTAIVAEDDKKTELS 454
A3CT,, [ T o005
A3CT,, il | N A3CT 436 LASSETSKPLPEVGORRSKRSKRKRTV-———m-—m=———m—mm = 462

A4CT 455 AVDEESDGTVAVNGKPSIQKDETTNGTFGIGHDTEQQHSHETEK 498

FIGURE 3. Alb3-cpSRP43 interaction requires two positively charged motifs absent in Alb4. A, multiple sequence alignment of Alb3 C-terminal domains
from different plants. Four conserved positively charged motifs (motif I-IV) are present. Sequence numbers for A. thaliana are given above the sequence.
Species names are given on the /eft. Highly conserved residues are shown in dark blue, less conserved residues are in light blue. P. sativum, Pisum sativum;
V. vinifera, Vitus vinifera; P. trifoliata, Ptelea trifoliata; O. sativa, Oryza sativa. B, schematic representation of the A3CT constructs used in this study. Dark gray areas
indicate the conserved motifs I-IV that have been identified in A. The relative affinities of the truncated A3CT constructs for cpSRP43 as compared with A3CT
(containing motifs [-1V) derived from ITC are indicated on the right (see Table 1). For details of the A3CT variants, see the supplemental material. C, sequence
alignment of Alb3 and Alb4 C-terminal domains from A. thaliana. The conserved motifs | and lll identified in Alb3 proteins in A are present in Alb4 but modified

(indicated by an asterisk); motifs Il and IV are absent.

in binding affinity. A synthetic peptide (A3CT};) comprising
only motif III was not able to bind to cpSRP43. The deviation
from a 1:1 stoichiometry observed for A3CT variants that con-
tain only motifs Il and III or IV may indicate the presence of two
interaction sites for A3CT in cpSRP43. Our results show that
motifs I and III in A3CT are dispensable for binding to
cpSRP43, but motifs II and IV are essential for an efficient
interaction.

Because A4CT did not interact with cpSRP43 (Table 1), we
compared the sequences of A4CT and A3CT (Fig. 3C). A4CT is
53 residues longer and is also predicted as intrinsically disor-
dered (supplemental Fig. S2, A and C). As observed for A3CT,
A4CT showed an aberrant migration behavior in SEC (supple-
mental Fig. S2B). Two regions correspond to motifs [ and III in
A3CT; however, motifs Il and IV are absent in A4CT (Fig. 3C).
This explains how cpSRP43 discriminates between Alb3 and
Alb4. In contrast to Alb3, Alb4 seems not to play a role in post-
translational cpSRP-dependent targeting to the thylakoid
membrane.

The cpSRP43 Chromodomains 2 and 3 Are Required for the
Interaction with AIb3—W e next investigated which domains of
cpSRP43 are involved in the interaction with Alb3. We pro-
duced and purified truncated variants of cpSRP43 (Fig. 44) and
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analyzed their ability to interact with A3CT using SEC and ITC
(supplemental Fig. S4; Table 1). Deletion of both chromodo-
mains CD2 and CD3 (cpSRP43A2A3) totally abolished the
binding to A3CT. The interaction therefore requires both CD2
and CD3, whereas CD1 at the N terminus of cpSRP43 does not
seem to be involved. The CD2CD3 construct bound to A3CT
with a dissociation constant of 25 uM, which is about half the
affinity measured for the full-length protein. Deletion of only
CD3 led to a 5-fold decrease in affinity, but cpSRP43A3 still
formed a SEC stable complex with A3CT. These data strongly
suggest that the interaction between cpSRP43 and Alb3 is
mediated mainly by the two chromodomains CD2 and CD3
with CD2 playing an essential role. The higher affinities
observed with full-length cpSRP43 and also with the CD2CD3
construct as compared with cpSRP43A3 might be due to a sta-
bilizing effect of CD3 on CD2, or CD3 may contribute an addi-
tional interaction site.

The cpSRP43 Chromodomains Interact with an AKRS Motif
in Alb3— cpSRP43 interacts with the motifs I and IV in the
C-terminal region of Alb3, and CD2 plays a central role in this
interaction. The interaction of chromodomains with their sub-
strates has been characterized in detail for their roles e.g. in
chromatin remodeling (30, 31). There, chromodomains inter-
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A rel. aff. fied aromatic cage. It could form a

salt bridge with a cation (e.g. a lysine
cpSRP43 meml CD1[ Ank1] Ank2 [ Ank3 | Ank4[CD2| CD3jmumm  1.00 or arginine residue) bound to the
cpSRP43A3 —‘ CD1| Ank1 | Ank2 | Ank3| Ank4|CD2| 0.18 modified aromatic cage. We

hypothesized that if motifs I and IV
cPSRP43A2A3 mut CD1[ Ank1 | Ank2 | Ank3 | Ank4| X in AIb3 are recognized by CD2CD3
cpSRP43ACD1-Ank4 cD2|cD3 0.38 of cpSRP43 in a similar manner as

B .

CD1 80 SSSMGEVNKIIGS
CD2 266 VFEMAEVDEIVEKRG-KGK-DV
CD3 316 GLEMAVAESVIGKRVGDDGKTI
HP1 21 EEEM-AVEKIIDRRV-RKG-MV
PC 23 DLVM-AAEKIIQKRV-KKG-VV]

* *

LIEWKDGH--SPS
LVRWKDGG—--DCE|
LVKWTDMS—--DAT
YLKWKGYPETENT,

RVKWKGWNQRYNT,
o o

T-AGEGAM

FIGURE 4. Alb3 interaction requires cpSRP43 chromodomains 2 and 3. A, schematic representation of
cpSRP43 constructs used in this study. The domain organization of cpSRP43 with chromodomains (CD1-3)
and ankyrin repeats (Ank1-4) is shown. The relative affinities (rel. aff.) of the truncated cpSRP43 constructs
for A3CT as compared with cpSRP43 (derived from ITC, Table 1 and supplemental Fig. S4) are indicated on
the right. B, sequence alignment of the three chromodomains of cpSRP43 (A. thaliana) (CD1-3) as com-
pared with canonical chromodomains from HP1 and polycomb (Drosophila melanogaster). The positions
of the three aromatic residues forming the aromatic cage in HP1 and PC are indicated by black dots. The
positions of the three point mutations (Y269A/W291A/D293A) in cpSRP43 CD2 used in interaction studies
are indicated by black stars. Highly conserved residues are shown in dark blue, and less conserved residues
are in light blue. C, ribbon representation of the structure of the HP1 in complex with the histone H3 tail
(PDB (Protein Data Bank) code: 1kne). HP1 is shown in blue, and the peptide of the histone H3 tail is
represented in orange. Canonical chromodomains bind methylated lysines (M3K) in a conserved aromatic
cage. The adjacent peptide extends the B-sheet of the chromodomain. Panels Cand D were created using
PyMOL (58). D, ribbon representation of cpSRP43 CD2 (model based on the crystal structure of CD1, PDB
code 3deo; in green). The third aromatic residue forming the aromatic cage is absent in cpSRP43 chromo-
domains, and the aromatic cage is not assembled in the absence of an interacting peptide. The arrow
indicates a possible movement of the N-terminal region upon binding of a histone-like peptide derived

from A3CT.

act with histone tails by B-augmentation and accommodate
methylated lysines in a so-called “aromatic cage” formed by
three conserved aromatic residues (Trp, Tyr, or Phe) (32) (Fig.
4, B and C). Sequence comparison of polycomb (PC) and het-
erochromatin protein 1 (HP1) with CD1-3 of cpSRP43, how-
ever, showed that they are different (Fig. 4B). In CD1-3 of
cpSRP43, the third aromatic residue forming the cage is miss-
ing. The crystal structure of cpSRP43 revealed an aspartate res-
idue adjacent to the (missing) third aromatic residue that points
toward the cage in CD1 (Fig. 4D) (14). This aspartate is con-
served in CD1-3 of cpSRP43 and might contribute to a modi-
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VPSSYIA-ADVVSE
VKGVHVA-EDVAKDMED-——--—
EPQDNVD-STLVLL
EPENNLDCQDLIQQOMEASRKD
EPEVNILDRRLIDI

described for HP1 or PC, the
removal of the aromatic cage resi-
dues should have an impact on the
binding affinity. The D293A,
Y269A, and W291A mutants
showed indeed a drop in A3CT
binding affinity by a factor of 2, 3,
and 10, respectively (Table 1; sup-
plemental Fig. S5B). CD2 might
therefore interact with A3CT em-
ploying a modified aromatic cage.
However, the effects of the point
mutations in CD2 on A3CT interac-
tion were lower than what was
observed for corresponding muta-
tions in HP1 and PC. Therefore, the
precise mode of interaction may yet
be different. The chromodomains of
polycomb and HP1 were shown to
specifically recognize conserved
ARK(S/T) motifs in the tail of his-
tone H3 (supplemental Fig. S5A)
(31-33). A closer inspection of
motifs II and IV in A3CT showed
that they contain AKRS and SKRS
sequences reminiscent of ARK(S/T)
motifs in the histone H3 tail (Fig.
3A; supplemental Fig. S54). To
validate this observation, we
mutated both the lysine and the
arginine residues in motifs II and
IV to alanines (A3CT;_,K376A/
R377A, A3CT,,_ K454A/R455A).
These mutations reduced the
affinity for cpSRP43 by about
10-fold as shown by ITC (Table 1;
supplemental Fig. S5B). When both
motifs were mutated at the same
time  (A3CT,_K376A/R377A/
K454A/R455A), binding was not
observed by ITC. This suggests that the AKRS/SKRS sequences
in Alb3 motifs Il and IV are directly involved in the interaction
with cpSRP43.

The cpSRP43 Chromodomains Can Bind Alb3 and cpSRP54
Simultaneously—It was previously shown that cpSRP43 CD2 is
necessary and sufficient to bind the cpSRP54 M-domain (15, 34,
35). A stretch of 10 amino acids (RRKR peptide, supplemental
Fig. S5A) in the C-terminal region of the M-domain was iden-
tified as the interacting region (16). Because we identified two
motifs in Alb3 that interact with the CD2CD3 domains of
cpSRP43, we asked whether cpSRP43 can simultaneously bind

ETPWWTA

00QQPMN

EQTNK-
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A B DISCUSSION
RRKR
43 43 Alb3 is a member of the YidC/
0 cpSRP54-M (uM) 250 0.5 pM a8 Oxal/Alb3 family that controls the
X . .
kDa k!t membrane insertion of a large and
e diverse group of membrane pro-
— A3CT [11 um 53 uM | @A3CT teins. cpSRP and Alb3 cooperate in
50 e the post-translational targeting and
40 == ey S w» = w— - - - 1 membrane insertion of members of
300 the LHCP family in chloroplasts of
%8 = R e 25 UM higher plants and algae (8, 37).
15 - TbdBIS T e 43 i 43 LHCP insertion into the thylakoid
RRKR & i

A3CT A3CT ?S@(\ membrane strictly depends on

FIGURE 5. cpSRP43 can interact with Alb3 and cpSRP54 simultaneously. A, analysis of complex forma-
tion using a competition pulldown assay. cpSRP43-A3CT-Hisg (labeled 7 and 3) was incubated with
increasing amounts of cpSRP54 M-domain (labeled 2) up to 12.5 molar excess (for details, see the supple-
mental material). A3CT, cpSRP43, and the cpSRP54 M-domain form a trimeric complex. B, thermo-
dynamic cycle of trimeric complex formation by cpSRP43 (labeled 43), A3CT, and the RRKR peptide (RRKR,
representing the M-domain of cpSRP54). The two binding events, A3CT and RRKR peptide binding to

both c¢pSRP and Alb3 (9, 38, 39).
However, the interactions that link
the post-translational targeting
machinery (cpSRP) to the mem-
brane-embedded insertase Alb3
were not known.

cpSRP43, are coupled and show negative cooperativity. The affinities were derived from the ITC data

(Table 1).

both the cpSRP54 M-domain and A3CT. We performed a com-
petition pulldown assay using cpSRP43, A3CT-His,, and
cpSRP54 M-domain (Fig. 54). cpSRP43, the M-domain, and
A3CT were all retained by the nickel-agarose beads. Neither
cpSRP43 nor the M-domain bound nonspecifically to the
beads, and the M-domain did not bind to A3CT (supplemental
Fig. S6C). Therefore, this experiment indicates that the M-do-
main and A3CT bind concomitantly to cpSRP43. The trimeric
complex was, however, not stable using SEC, and the dimeric
cpSRP43-M-domain complex and A3CT eluted separately
(supplemental Fig. S6, A and B). This indicates a decrease in
A3CT-cpSRP43 binding affinity in the trimeric complex.
Because full-length cpSRP43 bound A3CT more tightly than
cpSRP43A3 (Table 1), we analyzed the contribution of CD3 to
the trimeric complex and performed the competition pulldown
assay with cpSRP43A3 (supplemental Fig. S6C). Deletion of
CD3 did not affect the formation of the trimeric complex.
c¢pSRP43A3 can bind both A3CT and the M-domain at the
same time. Hence, CD2 appears to be the central binding plat-
form that interacts with both cpSRP54 and Alb3. To analyze the
formation of the trimeric complex quantitatively, we used ITC.
There, the cpSRP54 M-domain was replaced by the RRKR pep-
tide (16) (Fig. 5B; supplemental Fig. S6E). We first formed the
cpSRP43-RRKR peptide complex. Subsequently, the trimeric
complex was formed by adding A3CT. The binding affinities for
the cpSRP43-RRKR peptide complex were similar as described
before (35, 36) (Fig. 5B; Table 1). A 5-fold decrease in A3CT
binding affinity was observed when the cpSRP43-RRKR com-
plex was preassembled (53 uM) as compared with free cpSRP43
(11 um). The same effect was observed when the trimeric com-
plex was formed in reverse order. This confirms the results
from SEC and shows that the cpSRP54 M-domain and Alb3 can
interact simultaneously with CD2 of cpSRP43. The 5-fold
decrease in affinity shows that the two binding events are cou-
pled by negative cooperativity with a coupling energy AAG;,,, of
—0.8 kcal/mol.
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The Alb3-cpSRP43 Interaction
Follows a Coupled Folding and
Binding Mechanism—In this study,
we have demonstrated that the C-terminal region of Alb3 is
intrinsically disordered, binds to cpSRP43, and folds upon
interaction. Alb3 thereby recruits the transit complex
(cpSRP43-cpSRP54-LHCP) to the thylakoid membrane, which
is a prerequisite for efficient insertion of LHCPs. The intrinsic
disorder of the C-terminal domain of Alb3 might be advanta-
geous to provide orientational freedom in searching for and
binding to the transit complex in the stroma. Such a mechanism
was recently proposed for the intrinsically disordered C-termi-
nal domain of the Shaker potassium channel where it might
modulate the kinetics of channel activation (40). Intrinsically
disordered regions are associated with a broad repertoire of
biological functions including cellular control mechanisms and
signaling. Folding of intrinsically disordered regions upon
binding to their partners has been described for a number of
physiologically relevant protein-protein interactions, and gen-
eral mechanisms are arising (41). The moderate affinities mea-
sured in our study for the Alb3-cpSRP43 interaction would sup-
port relatively short interaction times typical for dynamic
processes where transient binding and unbinding reactions are
important.

The C-terminal Domains of YidC/Oxal/Alb3 Membrane
Insertases Determine Their Roles in Co- and Post-translational
Targeting—The C-terminal domain of Alb3 contains two
motifs with net charges of +3 and +8 that are essential for
cpSRP43 interaction in post-translational targeting. Oxal also
has a positively charged C terminus, which is required for ribo-
some binding. This interaction is crucial for its function in co-
translational membrane insertion (42, 43). Cox18, the paralog
of Oxal in Saccharomyces cerevisiae, lacks the C-terminal
extension and is restricted to post-translational activity only
(44). Positively charged C-terminal extensions similar to Oxal
are found in YidC of some bacteria (45, 46). Although the C-ter-
minal region of E. coli YidC is shorter and contains less positive
charges, it also mediates YidC-ribosome interaction (47).
Therefore, the members of the YidC/Oxal/Alb3 family utilize
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positively charged C-terminal regions for specific interactions.
In the case of a co-translational function, the interaction part-
ner is the ribosome. For the post-translational function of Alb3,
the interaction partner is cpSRP43. This suggests conserved
mechanisms of co-and post-translational membrane targeting
in chloroplasts, mitochondria, and bacteria.

Alb3 and Alb4 mainly differ in their C-terminal domains, and
Alb4 lacks motifs II and IV. Because A4CT does not bind to
cpSRP43, it should therefore not be able to recruit the transit
complex to the thylakoid membrane. This may explain why
Alb4 cannot compensate for the loss of Alb3 (25). A4CT might
function as an interaction module but for a different yet uni-
dentified binding partner. Similar to Cox18, the Oxal paralog
in mitochondria (48), Alb4, may have a function in post-trans-
lational targeting, independent of cpSRP. Despite the low con-
servation of Alb3 and Alb4 C-terminal domains, they share two
motifs (motif I and IIT) that might interact with partners that
can bind to both homologs. Obvious candidates include cpSecY
and the ribosome. Although an interaction of Alb3 with ribo-
somes has not been described, evidence for an Alb3-cpSecY
interaction was provided from co-localization studies and using
a yeast split-ubiquitin system (49 —51). It is tempting to specu-
late that motif I or III might be the binding sites for cpSecY. In
this case, Alb4 should also interact with cpSecY.

Chromodomain 2 Emerges as a Central Binding Platform in
cpSRP-dependent Targeting—Using a number of cpSRP43
truncations, the binding site for Alb3 was identified in the two
terminal chromodomains CD2 and CD3. Although CD2 is
essential for the interaction, CD3 is not strictly required but
contributes to the interaction. Chromodomains are well char-
acterized for their pivotal roles in chromatin remodeling and
regulation of gene expression (31). They typically act as adap-
tors, bringing together different proteins in multiprotein com-
plexes and locating them in heterochromatin by protein-pro-
tein interactions (52). They are found in eukaryotes, plants, and
algae, but cpSRP43 is so far the only example for the use of
chromodomains in protein targeting. Previously, cpSRP54 has
also been reported to bind to CD2 by a positively charged region
located at the C terminus of the M-domain (RRKR peptide) (15,
16). We show that cpSRP54 and the membrane insertase Alb3
both interact with CD2 in cpSRP43 and that a trimeric complex
can be formed. We noticed that the binding of Alb3 to cpSRP43
weakens the binding of the M-domain (and the RRKR peptide)
by a factor of five and vice versa. The two binding events show
negative cooperativity. Two nonexclusive models could explain
this behavior. (i) A3CT and the M-domain have a partly over-
lapping binding interface on cpSRP43. (ii) cpSRP43 can adopt
two conformational states that differ in their affinities for the
two interaction partners. Evidence that CD2 adopts different
conformations was provided recently by an NMR study (35). A
conformational change in CD2 occurs upon binding of the
RRKR peptide, which interacts in an extended conformation
with CD2. The binding mode of the RRKR peptide differs
significantly from other chromodomain-peptide complexes
(32, 53).

Integrated Model for LHCP Targeting to Alb3—Our data
show that cpSRP43 and Alb3 play a central role in post-trans-
lational targeting (Fig. 6). In the transit complex, cpSRP43 acts
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cpSRP43

LHCP transit complex

cpSRP54.

RO

FIGURE 6. Schematic view on Alb3 function in post-translational target-
ing. cpSRP54 and cpSRP43 form cpSRP, which sequesters LHCPs into a solu-
ble transit complex (LHCP-cpSRP43-cpSRP54) (step 1). The Alb3 C-terminal
domain contains four motifs enriched in positively charged residues (motifs
I-1V) (step 2) and recruits the transit complex to the membrane utilizing motifs
Iland IV. A3CT folds upon binding to cpSRP43 (step 3). cpSRP54 and A3CT can
bind simultaneously to CD2. Thereby the transit complex is recruited to the
membrane, and cpSRP54 can interact with the membrane-bound receptor
cpFtsY. The C-terminal domain of Alb4 lacks motifs Il and IV and therefore
does not bind cpSRP43 (step 4).

as a LHCP-specific chaperone that, together with cpSRP54,
keeps the hydrophobic LHCPs in a conformation competent
for membrane insertion and assembly (14) (step 1). Formation
of cpSRP allows cpSRP43 to utilize the components of the SRP
system for post-translational targeting. These include the
membrane-bound SRP receptor cpFtsY (54 —56) and the mem-
brane insertase Alb3 (this study). cpSRP43 interacts with the C
terminus of Alb3 (step 2) by a coupled binding and folding
mechanism. The interaction depends on two positively charged
motifs in Alb3 reminiscent of interaction motifs in histone tails
recognized by chromodomains in HP1 and PC. The interac-
tions of cpSRP43 with cpSRP54 and Alb3 extend the spectrum
of canonical chromodomain interactions, and the cpSRP43
chromodomains are employed in a novel functional context.
The negative cooperativity of the two binding events that both
require CD2 offers an additional level of regulation that might
be necessary for the controlled release of LHCPs from the tran-
sit complex into the membrane (step 3). Docking the transit
complex to Alb3 could act as a conformational switch that trig-
gers the release of LHCPs. It will therefore be interesting to
study the influence of LHCPs on the interactions between
cpSRP43 and cpSRP54 as well as with Alb3. Alb4 does not inter-
act with cpSRP43 due to the absence of motifs II and IV and
should therefore not participate in cpSRP-dependent post-
translational targeting (step 4).

Conclusions—Qur results provide the basis for a detailed
analysis of YidC/Oxal/Alb3-mediated membrane insertion.
All members of the family that interact with ribosomes in co-
translational targeting use positively charged C-terminal
regions for binding. Alb3 utilizes positively charged C-terminal
motifs in post-translational targeting. Common principles
seem to apply even when cpSRP is employed in a most SRP-
unlike post-translational targeting complex that involves nei-
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ther SRP RNA nor ribosomes. Chromodomains once again
proved their versatility as adaptors for interactions in multipro-
tein complexes.
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