1934 Biochemistry2002,41, 1934-1946

Structural and Guanosine Triphosphate/Diphosphate Requirements for Transit
Peptide Recognition by the Cytosolic Domain of the Chloroplast Outer Envelope
Receptor, Toc34

E. Schleiff,** J. Sollf N. Sveshnikov#,R. Tienf S. Wright® C. Dabney-Smit§,C. Subramaniahand
B. D. Bruce*8-

Institut of Botany, Uniersity Kiel, Am Botanischen Garten 1-9, 24118 Kiel, Germany, and Department of Biochemistry and
Cellular & Molecular Biology, Graduate Program in Plant Physiology and Genetics, and Center of Excellence in Structural
Biology, Unversity of Tennessee, Knalte, Tennessee 37996

Receied June 28, 2001; Resed Manuscript Recegéd October 26, 2001

ABSTRACT. Toc34 is a transmembrane protein located in the outer envelope membrane of chloroplasts
and involved in transit peptide recognition. The cytosolic region of Toc34 revealsa3#@ical and

26% fS-strand structure and is stabilized by intramolecular electrostatic interaction. Toc34 binds both
chloroplast preproteins and isolated transit peptides in a guanosine triphosphate- (GTP-) dependent
mechanism. In this study we demonstrate that the soluble, cytosolic domain of Toc34 AlddB4
functions as receptor in vitro and is capable to compete with the import of the preprotein of the small
subunit (preSSU) of ribulose-1,5-bisphosphate carboxylazggenase into chloroplasts in a GTP-
dependent manner. We have developed a biosensor assay to study the interaction afThoe@th

purified preproteins and transit peptides. The results are compared with the interactions of both a full-size
preprotein and the transit peptide of preSSU with the translocon of the outer envelope of chloroplasts
(Toc complex) in situ. Several mutants of the transit peptide of preSSU were evaluated to identify amino
acid segments that are specifically recognized by Toc34. We present a model of how Toc34 may recognize
the transit peptide and discuss how this interaction may facilitate interaction and translocation of preproteins
via the Toc complex in vivo.

Translocation of proteins across the membranes of the Subsequently translocation across the membrane through the
endosymbiotically derived organelles such as plastids andtranslocation channel Toc75 occur, 6). Two proteins
mitochondria is facilitated by translocation machines known localized in the outer envelope are identified as receptor
as transloconsl( 2). The translocon localized in the envelope proteins, namely, Toc34 and Toc159. Both proteins can be
membranes of the chloroplasts comprises_the translocon aphosphorylated and bind GTB+8). Phosphorylation of
the outer and at the inner envelope membranes of chloro-Toc34 abolished its interaction with preSST),(suggesting
plasts, named Toc and Ti¢3). The initial step of translo-  that the active receptor in vivo is not phosphorylated. The
cation is the recognition of the preprotein by receptors. ability of Toc34 and Tocl59 to recognize the preproteins
has been shown to be positively influenced by the addition
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see. o S _ For most plastid and mitochondrial preproteins, receptor
! Abbreviations: NTA, nitrilotriacetic acid; SSU, small s.ubunlt of recognition is mediated by a targeting signal found within
ribulose-1,5-bisphosphate carboxylasxygenase (Rubisco); preSSU . . . .

and mSSU, preprotein and mature forms of the small subunit of the N-terminal extensions known as transit peptides or
ribulose-1,5-bisphosphate carboxylasxygenase; preFd, preprotein  presequences, respectively2{-14). These signals are both

form of ferredoxin; preOE23/33, preprotein form of the 23/33 kDa pecessary and sufficient to initiate translocation in a post-
subunit of the oxygen-evolving complex; Tic/Toc, translocon on the

outer/inner envelope of chloroplast; Tog8AM, cytosolic domain of  translational processl$, 16). The targeting signals show
the 34 kDa subunit of the Toc complex. no obvious blocks of conserved amino acid sequei@e (
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14). Instead, common secondary or tertiary structural ele- interaction of Toc34 and different transit sequences as well
ments are thought to enable the functionality of the targeting as several mutants of preSSU was investigated to identify
sequences. Unfortunately, the details of these structuralregions essential for import and receptor recognition.
elements are still largely unknown.

Both mitochondrial and chloroplast targeting signals have MATERIALS AND METHODS
been shown to form amphipathic-helices in membrane-
mimetic environmentsl(7—19). Within mitochondrial pre-
sequences the helicity is often broken by a central flexible
linker region QO0). This flexible region is important for early
recognition by receptor componengl) and for processing
by the matrix processing peptidag®), yet it is not critical
for the translocation ste2B). Recent investigations revealed
that mitochondrial targeting signals can become helical after
recognition by receptor component4{( 25).

The transit peptides of algae chloroplasts indicate that the

helical regions are also terminated by central, helix-disruptin . i .
J y Pung parental DNA was then digested wilbpnl, which cleaves

residues 26, 27). NMR analysis of the higher plant transit
26, 27) y g P only methylated DNA. The product was used to transform

peptide from Silene ferredoxin revealed that the transit | lis. Pl i
peptide was largely unstructured with the propensity to form NovaBlue (DE3) supercompetent cells. Plasmid DNA was

short helical structures in both the N- and C-termini (residues 1S°/ated and sequenced in both directions to confirm muta-

1013 and 30-34, respectively) when inserted into a mixed 1°NS: The C-terminal deletions were generated by use of
micelle £8). A similar result was observed for the preprotein € Erase-a-Base kit from Promega as described previously

of the small subunit of Rubisco, preSSPB. These helical (33). The generation O.f His-S—SStp, an epitope-tagged form
domains are interrupted by a central region that is enriched ©f the full-length transit peptide for preSSU, was described
in proline and glycine residued4). Mutations within this 1N ef 34 _
region largely abolish in vitro import, suggesting that transit _ Overexpression of Toc34DTM, PreOE33, PreOE23, Pre-
peptide flexibility is an essential trait for the import process SSU, and the Mutants of PreSSUhe creation of the
(30). Deletion of the N-terminal amino acids-84 of the overexpression vector as well as detailed protocol for
transit peptide of preFd also inhibit import both in vitro and  €Xpression of Toc34TM-6xHis is described elsewherg)(
in vivo (30, 31), which is consistent with the identification ~PreSSU was overexpressed and purified as described previ-
of an Hsp70 recognition domain at the extreme N-terminus OUSly 35). The mutants of preSSU, preOE33, preOE23, and
of transit peptides32). Furthermore, deletion of the first His-S-SStp were expressed as descrit8i 4). Inclusion
helical region A6—14) abolishes membrane association, Podies were solubilized in 25 mM Hepes, pH, 786V urea,
suggesting that this region of the ferredoxin transit peptide and 50 mM DTT.
may perform two different functions depending on the  Structure PredictionpsToc34 Pisum satium), atToc33
interacting partners. In contrast, the deletion of the secondand atToc34A. thaliana), and zmToc34-1 and zmToc34-2
helix in the preFd transit peptide results only in a reduction (Zea mayswere aligned by use of ClustalW 1.8 and MAP
of insertion @0). The interaction of the transit peptide of (searchlauncher.bcm.tmc.edu/multi-align/multi-align.html).
preSSU is also modulated by the mature domain. Deletion The secondary structure of all five proteins was predicted
of the 74 C-terminal amino acids of preSSU drastically from the following programs: an alignment-based prediction
reduced both the import of the truncated preprotein and its program (PSl-pred37), an amino acid pair prediction
ability to competitively inhibit the import of wt preSS339). program (GOR438), a protein class prediction program
Despite this recent progress, nothing is known about the (DPM, 39), the neuronal network-based prediction program
structural requirements for recognition of preproteins or (PHD, 40), a program based on the conformational propensi-
transit peptides by the outer envelope translocation receptorsties of the residues (DSGL1), a program combining the
Toc34 and Tocl159. nearest-neighbor information about residues and multiple
To elucidate the essential structural and functional featuressequence alignments (NNSSR), and a program that uses
of chloroplast transit peptides that provide maximum or- pairwise local alignments and an algorithm for identification
ganelle specificity during binding and/or translocation, the of hydrogen-bonded pairs (Predatd8). All programs are
interaction of transit peptides and mutants and the receptorfreeware on the Internet. Then the secondary structure
component Toc34 was studied. We used a truncated, heterpredictions for each protein were aligned in order to increase
ologously expressed form of psToc34 to investigate the the reliability of the prediction for each protein. The final
requirements for its transit peptide recognition. The second- secondary structure prediction of all five proteins was aligned
ary structure was analyzed by CD, fluorescence, and absorp-according to the results from ClustalW 1.8 and MAP.
tion spectroscopy and chemical denaturation. It provided Circular Dichroism, Fluorescence, and Absorption Spec-
initial information on how the isolated cytosolic domain is troscopy Measurement€ircular dichroism spectra were
folded in relation to other well-characterized GTPases. Using recorded in 10 mM Hepes/KOH, pH 7.6, and 100 mM NacCl
a sensitive biosensor assay we demonstrated the interactiomn a Jobin Yvon CD6 spectrometer (Division d’Instruments
of psToc3ATM and several chloroplast preproteins (pre- SA) in a cuvette with 1 mm path length for far-UV and 10
SSU, preOES33, and preOE23). We also investigated themm path length for near-UV recording at 2€ with 1 nm
interaction between psTocB4M and synthetic peptides steps 1 s integration time, and a slit width of 2 nm.
corresponding to the preSSU transit peptide. Finally, the Depending on the signal/noise of the spectrum, up to 15

Materials. The bacterial strains BL21-DE3 and NovaBlue
(DE3) were obtained from Stratagene, and the vectors
pET21d and pET23d were from Novagen. All other chemi-
cals used were purchased from Roth (Karlsruhe, Germany)
or Sigma (Munich, Germany).

Generation of PreSSU Site-Directed and C-Terminal
Deletion MutantsThe full-length preprotein was subcloned
into the BanHI and Ncd sites of pET23d 33). Mutations
were introduced by long-distance polymerase chain reaction
with primers containing the desired codon changes. The
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spectra were recorded and averaged. The further manipula90 L of PGIW buffer (50 mM sodium phosphate, pH 6.8,
tions of the rough data are described in r2dsand44. For 10% glycerol, 300 mM imidazole, and 300 mM NacCl)
determination of unfolding parameters, Tod3M was followed by a 3 min incubation in the same buffer. The buffer
incubated for 24 h at 4C with the denaturant at the indicated was replaced by three washes with HBST and both chambers
concentration. The sample was then equilibrated at@2  were maintained under the same buffer until use. The
for 30 min and spectra were recorded. The conditions of CD cuvettes were stored between experiments 4C4under
spectroscopy are described above. Absorption spectra werddBST with 0.02% sodium azide.
recorded between 300 and 260 nm on a Shimadzu UV-1602 Immobilization of His-Tagged Proteins to IAsys-WTA
spectrophotometer (Shimadzu, Europe GmbH) in a 10 mm Cuvette.Prior to use, His-tagged proteins were dialyzed for
cuvette at a scan rate of 1 nm/s and a slit width of 2 nm. 16 h against 10 mM sodium phosphate, pH 8, 50 mM NaCl,
The fluorescence spectrum for tyrosine was recorded on a5% glycerol, 0.7 mMj3-mercaptoethanol, and 0.01% Triton.
Hitachi F4500 fluorescence spectrometer (Hitachi, Japan).Proteins were diluted at least 10 times to a final concentration
The excitation wavelength was set to 274 nmhaat 2 nm of 0.1 ug/uL with HBST, and 10QuL was incubated in each
slit width and the emission was recorded for 1 min at 303 chamber until equilibrium was reached. Both chambers were
nm with a slit width of 4 nm. As a control, an emission washed with HBST and incubated until equilibrium was
spectrum was recorded between 290 and 320 nm. Afterreached again. This procedure was repeatel 8mes to
recording, the samples contaigid M GuHCI a 6 M urea yield between 0.5 and 15 nM (in 1Q€ reaction volume)
were diluted 10-fold into 10 mM Hepes/KOH, pH 7.6, and coupled protein on the IAsys cuvette surface using the
100 mM NaCl, and CD and fluorescence spectra was published signal:protein ratio of 50 arcsec/ng of immobilized
recorded to confirm reversibility of folding. Folding param-  protein (manual). Finally both chambers were incubated with
eters were calculated as describdd)( HBST until experiments were performed.

Competition of PreSSU Import by the Cytosolic Domain  Binding Experiments with the IAsys @ite.Both cham-
Toc34.Chloroplasts were isolated as describ&d PreSSU bers of the N-NTA cuvette were filled with 9QL of the
was radiolabeled with*{S]methionine by in vitro translation  binding buffer (20 mM Hepes/KOH, pH 8.0, 50mM NacCl,
with either the wheat germ or the rabbit reticulocyte lysate 0.05% Triton X-100, 2.5% glycerol, and 0.01% fatty acid-
systems 45). The individual components (nucleotides, free BSA) and allowed to equilibrate. A new baseline was
preSSU, Toc34, and chloroplasts) were combined and established for-2 min and binding was initiated by injection
allowed to incubate for 10 min. The final import reaction of 1—10 uL of the indicated amounts of proteins into their
was conducted at room temperature for 5 min and initiated respective chambers as described in the figure legends. When
by the addition of 5 mM MgATP 46). Chloroplasts were  binding was performed in the presence of GTP, 0.5 mM
reisolated and subjected to SBDBAGE analysis and fluo-  MgCl, was added. Dissociation was performed in@0of
rography. The radioactivity associated with preSSU and the same buffer (except GTP). For surface regeneration
mSSU was quantified by scintillation counting after the dried between experiments, both chambers were extensively
SDS-PAGE gel slices were dissolved in 30%®3 and 60% washed with 20 mM Hepes/KOH, pH 8.0, 150 mM NacCl,
HCIO, for 16 h at 60°C. The values were normalized to the 0.1% Triton X-100, 2.5% glycerol, and 0.01% BSA.
value of mSSU imported in the absence of Toc34 or GTP  After a completed set of experiments, the bound His-
addition to the prebinding step and represent the average oftagged protein was stripped with 20 mM Hepes/KOH, pH
three independent experiments. 7.0, 500 mM imidazole, and 0.1% Triton X-100, and nickel

Activation of IAsys CMD Cuette with Ni-NTA. The was removed by addition of 50 mM EDTA, pH 8.0. After
IAsysPlus double cuvette system (Affinity Sensors, Cam- several washes the cuvette was stored’@ # HBST. The
bridge, U.K.) was used to determine binding constants. cuvette was recharged with Niprior to protein loading in
Protein was immobilized by a protocol adopted from the subsequent experiments.
manual. In detail: each chamber of the (carboxylmethyl)- In some cases (TocdAM and for some experiments
dextran-coated cuvette was incubated withuZ0of HBST preSSU and preOE33) His-tagged proteins were used as
(10 mM Hepes/KOH, pH 7.4, 138 mM NaCl, 2.7 mM KCI, ligand. The use of His-tagged ligands was possible for two
and 0.05% Tween 20) until a stable baseline was observed.reasons. First, the association of preSSU containing and not
Then 10QuL of a fresh mixture containing 100 mM 1-ethyl-  containing a His tag with immobilized Toc34 was found to
3-(3-dimethylaminopropyl)carbodiimide and 29 mM- be identical (not shown). Second, for all measurements where
hydroxysuccinimide (EDC/NHS) was added. After 15 min a His-tagged ligand was used, self-immobilization could not
EDC/NHS was added a second time for 15 min. When the be observed as controlled in the parallel cuvette (not shown).
cuvette was reactivated, this step was repeated once more; Analysis and Quantification of IAsys Biosensor Binding
otherwise both chambers were washed 3 times with HBST Curves Data files from 1Asys plus were further analyzed
and left in HBST for 1 min. The buffer was then replaced with SigmaPlot 5.0. (SPSS Inc.). Association curves were
by 33uL of 100 mM NTA (Qiagen, Hilden, Germany) and analyzed by nonlinear regression of the data to
cuvettes were incubated for 10 min. Both chambers were

washed three times with HBST and then incubated for at R=R.{1 — exp(-k,)] + Ry ()
least 1 min in the same buffer. Additional coupling sites were
blocked for 2 min by addition of 10@L of 1 M ethanol- wheret is the time in second® is the response in arcsecs,

amine, pH 8.5. Nickel was loaded by incubation with 50 Ry is the initial response (baselindjeq is the response at
mM nickel sulfate in 10 mM Hepes/KOH, pH 8.0, for 5min. equilibrium, andk,, is the first-order rate constant of
This step was repeated three times, followed by three washinteraction in reciprocal seconds. After analysis of the
steps with HBST. Both chambers were washed twice with association curves, the dissociation constipt can be
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derived by a nonlinear regression of the plot between the AMWIL 2 3 oo
Req Values and the ligand concentration [L]: P B 3 3J_
Req= RnalLV(Kp + [L]) (2) g ]
; ; . 24 gy s < Toc34ATM r:;
whereRnax is the maximal possible response. The calculated 20|~ E 0
maximal response was compared with the expected maximal ,,f, === & -1
1 3
response Rmax.exp: : =25
2 5]
Rmax,exp= Rim'vIVVL/'\/I\Nim (3) @—.i 4 i ———
180 190 200 210 220 230 240 250 260
with R, being the response during immobilization, MW wavelength (nm)

the molecular weight of the ligand, and My\the molecular C
weight of the immobilized protein. Dissociation curves were
analyzed by nonlinear regression of the data to

Y —

MASQOQTVRE WSGINTFAPA TQTHLLELLG NLKQEDVNSL TILVMGKGGWY

e [
GESSTVNFII GERVVSISPF QSEGPRPVMV SRSRAGFTLN IIDTEGLIEG
R= (Req) eXp(kysd) + Ry @ 0000000 —— (> 00000000
GYTNDMALNI IKSFLLDETI OVLLYVDRLD AYEVDNLDEL VARAITDSFG
whereRe is the initial response when dissociation is started ;’mtﬁjmtw; ;A*"——”'C'CCCCW — T
. . . . . . 3| L LT, FEPPD GLFYDEF; S I
andkgissis the dissociation rate constant in reciprocal seconds. . FORRETALIGTIR Sehsiiono
The dissociation constai is defined as ASDIPVVLIE NSGRCNKNDS DEKVLENGIR WIPRLVQTIT EVALNKSEST EVDKN
KD = kdiss/kass (5) D 1
107 o
The association constakisscan be extrapolated by linear
regression of a plot of the first-order rate consteptand o 0B
the ligand concentration [L]: I
é 0,6 4
kon = kasJL] + kdiss (6) § 0,4 4
g
. L=
From egs 2, 5, and 6, two extrapolations can be made. When ~ o2
a response at the equilibriuRyq significantly lower than
the maximal expected resporfReayexpiS 0bserved, eq 2 can 004
be rewritten as 0 : ) ) . 5 s 7
K L1 7 [denaturant] (M)
D~ (Rmax,exp Reo)[ ] Req (7) Ficure 1: Overexpressed Toc34 contains secondary structure

. . L . elements. (A) Toc3ATM-6 x His was expressed iB. coli. Lane 1
In the case that a ligand concentration significantly higher shows noninduced cells; lane 2, the samesc@h after induction;
than the concentration of the immobilized protein is used in lane 3, the purified protein. (B) Shown is the far-UV CD spectrum
such a way that association is not limited by the concentration of Toc34ATM (30 M) recorded as described. This spectrum was

of the ligand, thekp can be calculated from a combination USed to calculate the secondary structure content. (C) Structure
9 D prediction of Toc34 performed as described under Materials and

of egs 5 and 6: Methods. (D) Toc3ATM was incubated for 24 h with the indicated
amount of denaturant (GuHCI, solid symbols, or urea, open
Kp = kdisiL]/( kon_ kdiss) (8) symbols), and unfolding was determined at 222 nm by CD-
spectroscopy (circles, solid line), by tyrosine fluorescence at 303
However, egs 7 and 8 give only an approximate value for nm (triangles, dashed line), and by tryptophan absorption at 280
the dissociation constant. nm (squares, dotted line). The calculated values from these curves
are given in Table 1.

RESULTS 20% f structure (Figure 1C), which is in good agreement
Structural Features of Toc34 0 analyze the association with the values obtained from CD spectroscopy. The near-
of Toc34 and chloroplast transit peptides, we expressed aUV CD spectrum of Toc3ATM (not shown) is less

recombinant, highly soluble Toc34 scherichia colithat informative, since Toc34 contains multiple aromatic residues
lacks the C-terminal residues 25210 including the trans- (9 Phe, 4 Tyr, and 3 Trp) contributing to the signal.
membrane domain (TocadM). The truncated Toc34 was Using CD spectroscopy, tyrosine fluorescence, and tryp-

purified by use of its C-terminal His tag (Figure 1A, compare tophan absorption, we also explored the stability of folding
lanes 1 and 2) to near homogeneity (Figure 1A, lane 3). This of the truncated Toc3¥TM by chemical denaturation.
polypeptide was used to investigate the structural featuresDenaturation with GUHCI revealed smalBg;, and AGy aq

of the soluble, cytosolic domain of Toc34 by CD spectros- values than denaturation with urea (Figure 1D and Table 1)
copy (Figure 1B). The cytosolic domain contains 34% helical (44, 47). The Dy, value reflects the concentration at which
structure, 26%p-sheetgs-turns, and 40% random coil half of the molecules are in an unfolded state, @@ aq
structure as determined by deconvolution of the far-JV  represents the minimal value of the conformational stability
CD spectrum. The analysis of the amino acid sequence byof the protein in the absence of the denaturant. The results
secondary structure prediction algorithms (described undersuggest that the tertiary structure of Tod3M is stabilized
Materials and Methods) revealed 36% helical structure and by electrostatic interaction.
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Table 1: Unfolding Parameters of the Cytosolic Domain of Toc34 1 2 3 4 5 6 7 8
ma(kcal Dl/zb AGd,aqa = . — . —— — -
denaturant method mol*M™1) (M) (kcal/mol) g
urea co 0.6 3.7 2.2 3 —_—— pegcial
urea Trg 0.7 3.8 2.6 b=
GuHCF CcD 1.0 1.8 1.8 X 150
GuHCl Trp 0.8 15 1.2 5 128
GuHCl Tyrt 3.4 1.7 5.6 % 100
2 Calculated by eq 4 in ref4. P Calculated by itting the data to a w75
sigmoidal equation by Ieast-squ_ares anal_yfs_@rcular dichro_ic spec- 2 50
troscopy.? Tryptophan absorption® Guanidine hydrochlorid€.Ty- =
rosine fluorescence. g 2
S 0
-
To probe the environment of the aromatic amino acids, 8
the denaturation of Toc24TM was followed by Tyr <
fluorescence and Trp absorption (Figure 1D and Table 1). 2 —
Analysis of the unfolding by Trp absorptioAf) revealed =
similar results as observed for the secondary structure by a 100 -
CD spectroscopy, suggesting that several of the Trp are at 4!
least partially exposed to the solvent. When Tyr fluorescence E_ 75
was used to monitor the GuHCI-induced unfolding of B 50!
Toc34ATM, a Dy, value similar to that observed by the other g
detection methods was determined (Figure 1D and Table 1). g ¥ ﬁ
However, highem and AGg oqvalues were observed. It has 0 lil
been proposed that an increase intiealue represents an %Q %S 0§o‘° ‘%3 0@" S CQS\ é’b
increase of the surface area of the protein upon exposure to &L 4@& & 4@& 7@&‘ & &
the denaturant4@®). Therefore, the result suggests that, in C’er %?QQ« %,’fq AR 7
contrast to the surface-exposed Trp residues, the four Tyr L ‘&0‘5’ gp‘:’ \Q\'o‘? @C:%’ @%‘E’ 08’ \o*o
are buried more deeply into the core of ToA3M. o SRR A B\ oy
Comparison of the proposed secondary structure of the N 6‘3 o) o o @g{ o
GTPase domain of Toc348,(49) to the secondary structure © &°° ° ;}Qo =~ ,},&0
of hRas21p and Rap2p, two GTPases with highest homology 6’6 <7 0«6'
to Toc34, revealed a similar secondary structure. hRas21p @,‘%

has a helical content of 34% andpastructure content of o

27% 0, and Rap2p has  helcal conte of 6% antl o PV 2, TocoATH i mport of phosphoniatd e
structure content of 27%&{). The similarity of the secondary in vitro-translated preSSU by the wheat germ system (phosphory-
structure of related GTPases and To&3M as well as the  |ated preSSU, upper gel and histogram) or the rabbit reticulocyte
features of Toc3ATM during chemical denaturing suggest lysate (nonphosphorylated preSSU, lower gel and histogram) into
that the heterologously expressed TaaFM folds into a chloroplasts (1@g of chlorophyll) was performed in the presence

v _ ; of 1 mM GTP (lanes 2, 3, and-8) and 4uM Toc34ATM (lanes
ée_ls:ggg:;y structure similar to that of other well-characterized 4—8). Shown is the quantification of inserted preSSU (maturated)

» _ ) o of at least four independent experiments; error bars indicate the
Addition of the Cytosolic Domain of Toc34 Inhibits in Vitro  standard deviation. The sequence of pipetting is indicated.

Import of PreSSUTo determine if the soluble, cytosolic
domain of Toc34 is able to interact with a transit peptide of preprotein was slightly reduced (lower gel, lane 2). When
a preprotein, an in vitro import inhibition assay was GTP was added to preSSU prior to the addition of chloro-
developed. Since Toc24'M could also indirectly inhibit plasts (lane 3), we observed no influence on the import of
preprotein binding/import by remodeling or altering the the phosphorylated preprotein but a reduction of import of
organization of the outer envelope translocon, different order- the nonphosphorylated preprotein by 50%.
of-addition schemes were invoked (Figure 2). Previous results When Toc3ATM was added to chloroplasts prior to the
indicate that Toc34 recognizes a phosphorylated form of addition of the preprotein, the import of the phosphorylated
preSSU with higher affinity 7). Therefore, both the phos-  preprotein was stimulated while the translocation of the
phorylated and nonphosphorylated forms of preSSU were nonphosphorylated preprotein was reduced (Figure 2, lane
tested. Transit peptide phosphorylation of the preprotein was4 vs lane 1). However, a drastic reduction of import of the
achieved by in vitro translation of preSSU in a wheat germ initially phosphorylated preprotein was observed when
lysate é5). The results were quantified and compared to the Toc34ATM was added to the preprotein prior to the addition
translocation efficiency of preSSU without any additions of chloroplasts (upper gel, lane 5 vs lane 1). Addition of the
(standard import). nonphosphorylated preprotein to To¢8AM reduces the
Addition of GTP to the chloroplasts prior to the import import as much as addition of Toc84M to the chloroplasts
reaction did not result in a significant change of the import directly (lower gel, lane 5 vs lane 4) but not as drastically
efficiency of the phosphorylated preprotein (Figure 2, upper as for the phosphorylated preprotein form (upper gel, lane
gel, lane 2) in comparison to standard import conditions 5). This is consistent with the observation that Toc34 has a
(upper gel, lane 1). The import of the nonphosphorylated lower affinity for the nonphosphorylated preprotein, and
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therefore more preprotein remains import-competent in the A BACKGROUND BINDING

import mixture. 150 77— ~
Toc34 has a higher affinity for transit peptides when it is 100

in the GTP-bound form7). Therefore, we investigated the 5 ]

import inhibition using Toc3ATM in the presence of GTP o 50

(Figure 2, lanes 68). First, the Toc3ATM was incubated g 0] ﬂ\-t:

with GTP prior to the addition of preSSU. Import into by

chloroplasts was completely inhibited for the phosphorylated 2 60073 5 s 5 U_E

and the nonphosphorylated preprotein (lane 6 vs lane 1). 2 18 & 5 ©

When GTP was initially added to the chloroplasts and o -800 £ 3 é %

Toc34ATM was preincubated separately with preSSU (lane 10001 8 ® © 4

7), the translocation of the preprotein was reduced but not ]

abolished as above. The translocation efficiency of the 1200 A

initially phosphorylated preprotein was significantly higher 0 500 1000 1500 2000

when the latter pipetting sequence was used than in the time (sec)

absence of GTP (upper gel, lane 7 vs lane 5). This might be

explained by preloading of endogenous Toc34 and Toc159 B 15 -

with GTP, resulting in a higher affinity for preSSU than . /

Toc34ATM (upper gel, lane 2). Import is decreased by 50% g 127

when Toc3ATM and GTP are added to the chloroplasts 3 94 /

prior to phosphorylated preSSU (upper gel, lane 8) but still & /

not as drastic as in lane 6. Under similar conditions the § 6 - /

insertion of the nonphosphorylated preprotein was also 2

reduced to 50% (lower gel, lane 8). These observations & 37

underline the GTP influence of receptareprotein interac- - 0 jpxanwm'—\%ﬁ

tion. 2

Nucleotides Modulate the Affinity of Toc84M for (') 1(‘)0 2(')0 3(‘)0 400
PreproteinsThe data (Figure 2) indicate that Toc34 interacts .
directly with preproteins. To investigate the kinetics of this time (sec)
interaction in detail, we utilized an IAsys Biosensor. This FIGURE 3: Recording and analysis of the association of proteins
biosensor uses a dual-chamber cuvette and a resonance mirrdfith the 1Asys Biosensor. (A) Toc24TM was immobilized as

. . - . . escribed under Materials and Methods to a final concentration of
technique to monitor macromolecular interactiob®) (His- 6.0 nM into chamber 1 (binding), whereas chamber 2 was left

tagg_e_d Toc3ATM was immobilized to a NTA-Ni*- without coupling (background). After coupling, the signal was set
modified carboxymethylated dextran-coated cuvette as de-to zero (equilibration). Then 102 nM preSSU was added in the

scribed under Materials and Methods. Typically, one chamberabsence of nucleotides and the association curve was recorded

was loaded with Toc34TM whereas the other chamber was (&ssociation). Buffer was changed to monitor dissociation. To reuse
d for b i | (Fi 3A) Aft i th the cuvette, both chambers were washed several times (wash) and
used for baseline control (Figure 3A). After coupling, the o ilibrated for the next experiment (equilibration). (B) 6.8 nM

signal for both cuvettes was set to zero (Figure 3A, His-S-SStp was immobilized and association of 72 nM TdcB¥I
equilibration) and the different preproteins or transit peptides in the presence of 1 mM GTP was recorded as described for panel

were added to both cuvettes (Figure 3A, association). Often,A. Shown is the association curve corrected for background (solid
a background signal was observed (Figure 3A) due to a buffern€). the least-squares analysis to eq 1 (dashed line) and the
. L . S . residuals to the fit (inset below).
shift or slow precipitation of the ligands. The kinetic of ligand
binding is indicated by an increase in the response in arcsecsToc34ATM and preSSU or preOE33 was studied in more
which reflects an increase in the mass of protein near the detail.
surface of the cuvette. The dissociation of the ligands was Identical amounts of preSSU were added to TacBM
initiated by changing the buffer (Figure 3, dissociation) and in the presence of GTP or GDP or in the absence of
the dissociation was detected. After recording the dissocia-nucleotides (Figure 4B). The observed association was
tion, the cuvette was washed several times (Figure 3A, wash)strongest in the presence of GTP and was drastically reduced
and reequilibrated to be used for the next binding experimentin the presence of GDP or in the absence of nucleotides
(Figure 3A, equilibration). If an equilibrium could not be (Figure 4B). This is also reflected by the maximal association
reached, Toc3ATM was stripped from the cuvette and the R.q (not shown) or the dissociation consta€y (Table 2).
chamber was reloaded with fresh receptor. The associationFurther, the addition of ATP did not enhance the association
of ligands was then analyzed after baseline correction by of the nonphosphorylated preSSU (Table 2), being in line
nonlinear least-squares fit to eq 1 as demonstrated in Figurewith the effect of ATP on the interaction of phosphorylated
3B. preSSU with Toc347%). In addition, the first-order on-rate
After immobilization of Toc3ATM to the surface of the  constant in the presence of GDP but not in the absence of
cuvette, preSSU, preOE23, or preOE33 was added in thenucleotides is 2-fold lower, suggesting a slower association
presence of GTP (Figure 4A). As shown in Figure 4A, all (Table 2). The dissociation rate constants of the complex
preproteins interact with the receptor Toc34 in the presencebetween preSSU and Toc34 is 3 times higher when GTP
of GTP. However, the association efficiency seems to differ. was not present (Table 2).
To outline the influence of GTP and GDP on the interaction  The nucleotide dependence of the interaction of preOE33
between Toc3ATM and preproteins, the binding between with Toc34ATM was different from the interaction of
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A0 1+GTP preSSU Table 2: Association and Dissociation Rate and Dissociation
1 B Constants of Toc34, preSSU, and Peptides
3100 ] ~"'b,'-éoE3 _ _ Kon Kasd Kais®
2 805 - protein nucleotide (s} (M™'s?) (s9) Kp¢ (M)
% ] _ — """ preOE23 preSSuU GTP  0.0¥7 9.1x 10° 0.010 24+ 6
% 60 1 preSSU GDP  0.008 nc® 0.030 310
@ preSSuU ATP  0.014 nd 0.031 190
s 1 preSSU 0.015 3.1x 1¢ 0.029 140+ 30
2 40 ] preOE33  GTP  0.0¥8 nd 0.012 28
CHE I preOE33  GDP  0.008 nd 0.016 86
20 preOE33 0.009 nd 0.053 572
¥ B1 GDP  0.029 nd 0.023 90 00@- 10 000
0 T B1 GTP 0.030 1.1x 10° 0.017 25 00Gt: 5000
0 20 40 60 80 100 120 Al GTP  0.028 nd 0.033 210 00@&: 20 000
B 500 time (sec) E2 GTP  0.016 nd nd 400000
preSSU a Calculated by eq 62 Calculated by eq 4 and averaged for different
1 GTP experiments¢ Calculated by egs 2 and %Values taken from Figure
—_ 4.¢Not determined! Calculated by eq & Taken from Figure 6.
§ 600 1 h Calculated by eq 7.
<)
% 400 4 interaction of preSSU with Toc24I'M. Only the dissociation
2 1 constant in the absence of nucleotides is drastically increased
% ] GDP (Table 2). This is due to the lower on rate and the increased
© 200 e dissociation rate of preOE33 from Too8%M. Therefore,
] P T -NTP/NDP even though Toc34TM recognizes both preproteins with
v highest affinity in the presence of GTP, the nucleotide
0 T dependence of the interaction is altered.
0 50 100 150 200 250 300 350 To determine the dissociation constant of the interaction
C s00 time (sec) of Toc34ATM and preSSU more precisely, different amounts
1preOE33 of preSSU were added to the immobilized ToA3M in
] either the presence or absence of GTP. By use of eq 1, the
g 600 1 GTP response in arcsecs at equilibrium was calculated from the
? association curves and plotted against the ligand concentra-
s ~ GDP tion (Figure 5A). To calculate the association rate constant,
® 400 1 the first-order rate constants were plotted against the ligand
5 concentration (Figure 5B). The association rate was found
§ 200 ] to be on the order of PO0M~* s™* for the binding in the
= - NTP/NDF presence of GTP and 8 10° M~! st in the absence of
v ——— nucleotides, which resembles the trend observed for the first-
0 o e order rate constants. The averages of the dissociation
0 50 100 150 200 250 300 350 constants derived by the classical calculation (eq 5) and from

Figure 5A (eq 2) are given in Table 2.
E 4 Interacti f breSSU OE23. and preOE33 with Interaction of Toc34 Is Mediated by the Transit Peptide
B e et e oo 0 oAt To address whether the mature domain of preSSU isel i
concentration of 0.64 nM (A) or 6.0 nM (B, C). In panel A, 370 able to associate with the truncated form of Toc34, we tested
nM preSSU, 1140 nM preOE33, or 1100 nM preOE23 was added a purified form of mSSU. As shown in Figure 5C, preSSU
in the presence of 1 mM GTP. PreSSU (205 nM, panel B) and rapidly interacts with Toc34 reaching a plateau in less than
pﬁgsoeiii 2?151”:"\')""69'_3;?;0% ‘I’;’r‘?ég) %?“5“?]1;/? gg%ggoi?eéhﬁnes) a minute. The addition of a similar amount of mSSU fails
gr in the absence of nucleotides (dashed lines). to ger?e.ralte a response higher than b_ackground (Figure 5C)
even if it is allowed to bind for 10 min (data not shown).
preSSU with Toc3ATM (Figure 4C). The first-order on-  We conclude that the mature domain of SSU itself does not
rate constant of the association of preOE33 in the presencenteract with Toc34. Moreover, this experiment demonstrates
of GTP is comparable to the first-order on-rate of preSSU that the use of chemically denatured proteins does not lead
(Table 2). In contrast to the observation of the dissociation to any significant nonspecific absorption of a protein to
of preSSU, the dissociation rate constant for preOE33 in the Toc34 upon rapid dilution.
presence of either GDP or GTP was comparable (Table 2). To determine a possible influence of the mature domain
Only in the absence of nucleotides was the dissociation rateon the interaction of the presequence with Tos3#, we
constant for preOE33 changed: it was about 5-fold higher used three previously described preSSU muta88}. (In
(Table 2). The same was observed for the responses athose mutants 52, 67, or 75 C-terminal located amino acids
equilibrium (Figure 4C). The dissociation constants (Table of the mature domain were deleted. As in Figure 5A, several
2) of the Toc3ATM—preOE33 complex in the presence of concentrations of the mutants were incubated with Toc34 in
GTP is only 3-4-fold lower than in the presence of GDP, the presence of GTP. The resulting equilibrium values of
which is in contrast to the observation made for the the response were plotted against the concentration of

time (sec)
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Ficure 5: Interaction between Toc34 and preSSU is dependent
on the transit sequence but influenced by the C-terminus of the
mature domain. The interaction of different concentrations of
mSSU, preSSU, and C-terminal deletion mutants and immobilized
Toc34 (6 nM in panels A and B; 0.64 nM in panel C; 1.16 nM in
panel D) were performed as in Figure 4. (A) Equilibrium values of
the resonance of the interaction of preSSU and Toc34 in the
presence of 1 mM GTR&) or 1 mM GDP () were plotted against

the concentration of preSSU used. Lines represent the least-square

analysis with a hyperbolic function according to eq 2. (B) First-
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from the C-terminus of preSSU increased the dissociation
constant even more, by a factor of 50 (Table 3).

To confirm that the transit peptide alone is capable of
interacting with Toc34, we immobilized His-S-SStp, an
epitope-tagged form of the full-length transit peptide for
preSSU 84), to the cuvette and tested for Toc34 binding in
the presence of GTP (Figure 3B). Remarkably, Toc34 still
recognizes the transit peptide, even though its N-terminus
is immobilized, suggesting that the interaction between the
receptor and the transit peptide requires a region of the
protein distal from the N-terminus. The dissociation constant
for this interaction is 230-fold higher compared to the
dissociation constant found for full-length preSSU (Table
3). We conclude that the association of Toc34 with preSSU
is positively modulated by the mature domain via an
unknown mechanism but does not involve a direct association
between Toc34 and mSSU (Figure 5C). However, the
association is initiated by the transit peptide.

Interaction of Toc34 with Peptides of the Transit Sequence
of PreSSU To identify the region of the transit peptide of
preSSU that is recognized by TocdS#M, we utilized
synthetic peptides that correspond to the N-terminal half (E2)
and the C-terminal half (A1) of the transit peptide (Figure
6A). The transit peptide can be phosphorylated at serine at
position 34 85), which is present in A1. The phosphorylated
form of Al, denoted B1, was then used to investigate the
influence of transit peptide phosphorylation on the interaction
with the Toc34 receptor. We observed that all three peptides
are able to bind the immobilized Toc34 when added in the

order on-rate constants of the interaction between Toc34 andpresence of GTP (Figure 6B). The phosphorylated peptide,

preSSU in the presence of 1 mM GT®)(or 1 mM GDP Q)

were plotted against ligand concentration. Lines represent results

of linear regression according to eq 6. (C) PreSSU (370 nM, dotted
line, or 72 nM, solid line) and mSSU (430 nM, dashed line) were
incubated with Toc34 in the absence of GTP. (D) Interaction
between immobilized Toc34 and preSS®)( preSSUD52 ¢),
preSSUD67 4), and preSSUD72H) was determined and the
equilibrium values were plotted against ligand concentration. The

lines represent the least-squares analysis with a hyperbolic function

according to eq 2.

Table 3: Dissociation Constants and Change of the Gibbs Energy
during Binding of Length Deletions of Nonphosphorylated PreSSU
to Toc34ATM in the Presence of GTP

AGpinding®

protein Kb (M) (kJ/mol)
preSSU 24 —-42.7
preSSW\52 43 —41.2
preSSW\67 340 -36.3
preSSW\75 1300 —-33.0
preSSU- tp 6 300 —-29.1
tp C-term (A1) 210 000 —20.6
tp N-term (E2) 400 000 —19.1

2Values taken from Table 2.Calculated from values in Figure 5D
by eq 2.cCalculated by eq ™ The Gibbs energy change of the
interaction was calculated ¥Gpinging = —RT In (1/Kp).

B1, showed the highest binding affinity. The peptide
representing the N-terminal domain, E2, displayed the lowest
association even though it was present at a 5-fold higher
concentration (Table 2). In the presence of GDP, the
association of the phosphorylated peptide but not of the
nonphosphorylated peptide was decreased (Figure 6C). The
association of the N-terminal region of preSSU (E2) was
decreased almost to baseline level when GDP or no nucle-
otide was present (Figure 6C,D). When Al and B1 were
added in the absence of nucleotides, Al binding was
decreased to background level, whereas an interaction
between B1 and Toc34 was still detectable (Figure 6D).
Interestingly, first-order rate constants did not depend on
nucleotides (Table 2). The dissociation constant calculated
from eq 7 was low for the N-terminal region for Toc34 even

in the presence of GTP (Table 2). The affinity of the
nonphosphorylated peptide Al is similar in the presence of
GTP and GDP but decreased in the absence of nucleotides.
The highest affinity was found for the phosphorylated peptide
(see below).

To investigate the influence of the transit peptide phos-
phorylation in more detail, the association of A1 and B1 with
Toc34 was determined at different ligand concentrations in
the presence of both GTP and GDP. Figure 6E shows the

preSSU or its mutants (Figure 5D). The association of the relationship between the response at the equilibrium in
preprotein lacking the last 52 amino acids of the mature arcsecs and the ligand concentration. From this analysis the
domain with Toc3ATM in the presence of GTP was already measured dissociation constants shown in Table 2 demon-
decreased by a factof @ (in Figure 5D; Table 3). Deletion  strate that Toc34 has a significantly higher affinity for the
of the C-terminal 67 amino acids resulted in a more drastic phosphorylated peptide than for the nonphosphorylated
reduction of the affinity. In the presence of GTP the observed peptide. Further, this interaction is increased when GTP is
dissociation constant was 10-fold higher than the dissociationpresent. The differences observed betweenKheralues
constant of the wild-type preSSU. Deletion of 75 amino acids shown in Table 2 is primarily the result of very different
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FiGURE 6: Interaction of preSSU with Toc34 is facilitated by the C-terminal portion of the transit peptide and enhanced by transit peptide
phosphorylation. (Panel A) Alignment of the transit peptide of the Rubisco activasedmamydomona¢C) and of the small subunit of

Rubisco from tobacco (T) is shown. The secondary structure of the presequeBhtaofydomonass indicated 27). The regions of the

small subunit of Rubisco from tobacco covered by the peptides are given. The phosphorylation side of peptide B1 is indicted (P). (Panels
B—F) Toc3AATM (11 nM) was immobilized. In panelsBD the binding of 2uM B1 (solid line) and Al (dotted line) as well as binding

of 10 uM E2 peptide (dashed line) is shown in the presence of 5 mM GTP (B) or GDP (C) or in the absence of nucleotides (D). Panel E
shows the values of the response at the equilibrium of B1 binding in the presence of 5 mMMOB®P5mM GDP (gray circles) and of

A1l binding in the presence of 5mM GT®). The lines (dashed for B1 with GTP; dotted for B1 without GDP; solid for A1 with GTP)
represent the least-squares analysis with a hyperbolic function. Panel F shows the on rates of B1 binding in the presence of GTP in relation
to the peptide concentration; the dashed line represents the result of linear regression.

dissociation rates. Furthermore, when an association ratewere introduced into the transit peptide of preSSU that either
constant for the B1 peptide was determined (Figure 6F), it add or remove residues that impart peptide flexibility (shown
was found to be 1000-fold lower than the association rate in Table 4). To decrease the transit peptide flexibility,
for the full-length preprotein (values given in Table 2). This prolines at positions 25 and 36 were mutated to alanines
results in a 1000-fold higher dissociation constant than individually in preSSU1-1 and preSSU1-4 and together in
observed for the preSStroc34 interaction (Table 2). This  preSSU2-1, and the two C-terminal glycines (G52 and G53)
result indicates that although the C-terminal region is the were replaced by a serine and an alanine in preSSU1-5. To
major determinant of the association of Toa3M, it is increase the flexibility, residues A9 (preSSU1-6), M22
still substantially reduced in its affinity for Toc34 compared (preSSU1-7), A49 (preSSU1-9), A12 (preSSU1-10), V17
to both the full-length transit peptide and the full-length (preSSU1-11), and V55 (preSSU1-13) were then mutated
preprotein (Table 3). into proline residues as shown in Table 4. The preproteins,
Point Mutations in the Transit Peptide InfluenceToc34 containing these mutations in the transit peptide, were then
Binding of PreSSUTransit peptide flexibility may be an  purified and tested for their ability to interact with the
important structural determinant that may facilitate or enable immobilized Toc34 receptor.
more favorable interactions between Toc34 and preS38)J ( The decreased flexibility influenced the interaction only
To investigate the role of flexibility, several point mutations when the mutation was placed in the C-terminal region of
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Table 4. First Order Rate Constants, Dissociation Rate Constants and Dissociation Constants of Interaction between 1.16 nM Toc34 and
preSSU and Mutants

Parameter kon *10°2  Kigg#10°4
[Ligand] (nM) Kp¢ (nM) mutation

Ligand (sec)? (sec'l)b
preSSU 104 32 n.s. 24d

preSSU1-1 1438 1,6 1,7 12,9

preSSU1-4 1300 1,5 9,3 84,8

preSSU1-5 1350 2,1 3,0 15,0 GG52/53SA
)

preSSU1-6 1375 1,1 0,7 79

preSSU1-7 913 1,0 4,7 44,8

preSSU1-9 875 0,8 8.8 69,7

preSSUL-10 814 0,0 12 105

preSSU1-11 912 0,7 1,5 19,5

preSSUL-13 850 12 0,6 35 V55P

preSSU2-1 627 i1 18.1 71,7 P25A/P36A
O

2 Calculated by eq 18 Calculated by eq 4 Calculated by eq & Average value of the dissociation constant is given.

the transit sequence. Whereas the dissociation constant ofGTPases, the heterologously expressed soluble cytosolic
preSSU1-1 for Toc34 (Figure 7A) was slightly lower than domain of Toc34 contains 34% helical structure, 26%heet
that of wt-preSSU, the dissociation constant of preSSU1-4 or 5-turn, and 40% random coil as determined by circular
(Figure 7A) was found to be 4-fold lower (Figure 7D and dichroism (Figure 1). The cytosolic domain is stabilized by
Table 4). The double mutation in preSSU2-1 (Figure 7C) intramolecular electrostatic interactions (Figure 1D and Table
showed the same effect as preSSU1-4, suggesting that thd) since unfolding of Toc3ATM revealed an almost 2-fold
decrease of interaction was due to the replacement of prolinehigher resistance to denaturation by urea compared to GUHCI
36. When mutations were placed close to the putative (Table 1). The folding process of lactalbumB8), a model
cleavage site of preSSU (preSSU1-5 and preSSU1-13; seerotein of folding investigations, was compared to the folding
Table 4), association with Toc34 was increased (Figure of Toc34ATM. From that we can conclude that ToeSAM
7A,C). The dissociation constant for preSSU1-13 was unfolds in a two-step process. In the first step the protein
determined to be 1 order of magnitude lower than for wt- partially unfolds but the core, including the tyrosines (see
preSSU (Figure 7C,D and Table 4). The increase of flexibility Figure 1C), is still folded. For the unfolding into this
resulted in a similar effect to that observed for the decreaseintermediate state an energy &G, = 3.9 kcal/mol is
(see above). The association of Toc34 with preprotein required. The difference of then values (reflecting the
mutants decreased with distance of the point mutation from fraction of freshly exposed regions) of the tryptophan and
the N-terminus (Figure 7B,C). The point mutations at amino the tyrosine signals further suggests that the four tyrosines
acids 9, 12, and 17 increased the affinity (Figure 7D), are located in the interior of the protein whereas the
whereas all mutations close to or at the C-terminal region tryptophans are located on the surface of the protein. Toc34
showed a reduction of the association with a maximal effect was aligned with two GTPases, hRas21p and Rap2p, whose
for the replacement of alanine 49 (preSSU1-9, Figure 7D). structures have been solve80( 51). In line with the
The only difference was observed for the introduction of a conclusions made for the localization of the tyrosines and
proline at position 55. The dissociation constant of this tryptophans, the amino acids aligned with the tyrosines were
mutant was found to be 1 order of magnitude lower than buried and the amino acids aligned with the tryptophans were
that found for wt-preSSU, comparable with the effect of the located on the surface of the proteins (Supporting Informa-
point mutation at the cleavage site. tion). We therefore conclude that the cytosolic domain of
The dissociation constant of the mutants was strongly Toc34 folds into a structure similar to that of known GTPases
dependent on the localization of the point mutation, which and the expressed protein should be able to function as a
is most effective in the C-proximal position of the transit receptor for preproteins.
peptide. This again underlines that the association of Toc34 Physiological evidence that Toc34 has folded into a
seems to occur predominantly toward the C-terminal region fnctional protein was obtained from its ability to inhibit
of the preprotein. import of a preprotein into chloroplasts. Both phosphorylated
and nonphosphorylated preSSU are capable of being im-
DISCUSSION ported into chloroplasts (Figure 2, lane 1). Addition of GTP
Toc34 was originally identified as a core component of or Toc34AATM during import reduced the translocation
the outer envelope translocation apparatus with a typical efficiency of the nonphosphorylated preprotein by maximal
signature of a GTP binding proteiB,(49). Similar to other 50% (lower gel, lanes -25). In contrast, import of the
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A L B highest affinity for preproteins in the presence of GTR (
] preSSU | When GTP was added to the chloroplasts synonymous with
120 3 —— the preloading of endogenous Toc34 and Toc159 (lanes 7
p | presSy1s and 8), translocation of preSSU was reduced by addition of
80 - | presSUI Toc34ATM but not abolished as seen before (lane 6).
40_1 o T pressu 14 However, when Toc3ATM was added to the preprotein
I/ prior to addition of GTP-loaded chloroplasts (lane 7) the
0 1 oy import of the nonphosphorylated preprotein was more
iB reduced than the translocation of the phosphorylated pre-
g 120 3 //,Jirfsﬁj- protein. In the latter case, Toc84M has to compete for
e ] preSSU 1-6 the preprotein-guidance complex and for preproteisurface
w807 oreSSU 1-9 receptor interaction. In contrast, in the case of the nonphos-
s 1 e phorylated preprotein, Toc2I'M only competes for pre-
2 40 T eSSU 1T protein—surface receptor interaction. When To&3#M and
- ] GTP are given to the chloroplasts (lane 8), the preprotein
0+ L binds in the same manner to endogenous and added receptor
] presSUT TS —pressut-10 components, resulting in a reduced efficiency of translocation
120 7 =T but not in a complete inhibition. Taken together with this,
] 7 oreSSUA-11 we can demonstrate that Toc34 has a high affinity for the
80 E phosphorylated precursor protein in the presence of GTP and
40_3 R is able to compete for protein translocation. Further, the
15 preSSU2-1 observed difference of import inhibition of phosphorylated
P A and nonphosphorylated preprotein is in line with the presence
0 50 100 150 200 250 300 of a guidance complex in wheat germ lysadé&)(
. The investigation of the interaction of Toc34 with pre-
time (sec)

. proteins containing bipartide transit peptides for thylakoid
10031D targeting or transit peptides for stromal targeting revealed a
] high-affinity binding (Figure 4 and Table 2), which is
dependent on the presence of GTP (Figures 4 and 5 and
Table 2). This suggests that Toc34 recognizes all classes of
preproteins. This finding is in line with the observation that
chemical amounts of thylakoid-targeted preproteins inhibit

import of all classes of preprotein§4). In the absence of
GTP or GDP the dissociation constant is up to 20-fold higher.
The influence of GDP was found to be dependent on the
preprotein used (Figure 4 and Table 2). While the interaction
FIGURE 7: Association of wt-preSSU and different mutants with of preSSU with Toc3ATM was _reduced 10-fold in the
Toc34. (A-C) Toc3MTM-6xHis (1.16n M) were immobilized. ~ Présence of GDP, the association of preOE33 was only
The association of the preSSU mutants to Toc34 was determinedreéduced by a factor of 3 when compared to the association
in the presence of 0.5 mM GTP. Nomenclature and concentration in the presence of GTP. Interestingly, the first-order on rate
are given in Table 4 and corresponding curves are labeled. (D) of preSSU and preOE33 was drastically reduced in the
ajtsaot%ﬁtlon constants are sorted by the location of the point presence of GDP compared to first-order on rates in the
' presence of GTP (Table 2). Therefore, the difference of the
phosphorylated preprotein is not affected by the addition of dissociation constant of preSSU and preOE33 observed in
GTP or Toc3ATM (upper gel, lanes 24). However, the presence of GDP is only defined by the dissociation rate
addition of Toc34 to the translation product prior to import of the receptorpreprotein complex. Whereas preSSU will
significantly impaired import (upper gel, lane 5). The latter be released from Toc2I'M 3 times faster in the presence
results document a higher affinity of Toc34 for the phos- of GDP than GTP, the speed of complex disassembly of
phorylated preprotein. The different effects of Toc34 either preOE33 and Toc34 is not affected by the GTP to GDP
preincubated with chloroplasts or with the phosphorylated conversion. The reason for the latter finding is not known.
preprotein protein (upper gel, lanes 4 and 5) might be However, it could reflect a different mode of transit peptide
explained by the interaction of the guidance compk) ( recognition by Toc34 for preproteins targeted to the thyla-
with the docking side on the chloroplast surface: a direct koids, such as preOE33. The release of those preproteins
transfer of the preprotein from the guidance complex to the containing a bipartite transit peptide is therefore not depend-
pore prevents competition by Toc8FM (upper panel, lane  ent only on the action of Toc34 itself, as can be proposed
4). When Toc34 was added to the translation product in the for the preproteins containing transit peptides for stromal
absence of chloroplasts, it effectively competed with the targeting.
preprotein of the guidance complex and prevented its binding The association of Toc34 is mediated by the transit
to the Toc complex (upper gel, lane 5). Preloading of sequence of the preprotein since Toc34 does not recognize
Toc34ATM with GTP completely abolished the import of the mature protein (Figure 5C). However, truncation of the
both phosphorylated and nonphosphorylated preSSU (lanemature domain results in reduction of affinity (defined as
6), supporting the earlier finding that Toc34 reveals the Gibbs energy change caused by the interaction and given in
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Table 3 and Figure 5D). The dissociation constant increasesinteraction of the receptor and the preprotein. A similar
with the amount of amino acids deleted (Table 3). Deletion influence of phosphorylation was found for nuclear localiza-
of the 52 C-terminal amino acids resulted in a minor increase tion signals, where the recognition by the receptor units is
of the dissociation constant in the presence of GTP, almosteither enhanced by phosphorylation of the nuclear localiza-
not affecting the affinity of Toc3ATM and preSSU (Table  tion signal at a CKIl site or disturbed by phosphorylation at
3). Interestingly, the dissociation constant of preASQ in a cdk/cdc2 site §5). Therefore, the difference of the
the absence of GTP was in the same range as found fordissociation constants observed for the nonphosphorylated
preSSU, namelyKp = 140 nM (data not shown). Deletion  preSSU-Toc34 complex in the presence of GTP and GDP
of the 67 amino acids already resulted in an increase of themight be even more drastic for the phosphorylated preprotein.
dissociation constant by a factor of 15 (Table 3). The further This is in line with the earlier observed dissociation constant
truncation of the mature region down to two amino acids in of 0.1 nM for the association of phosphorylated preSSU and
His-S-SStp increases the dissociation const&80-fold and Toc34 (7). However, the high affinity and the difference of
results in 2-fold lower binding affinity. This is in line with  the GTP/GDP sensitivity suggests an active release process

the observation that, with increasing deletion from the
C-terminus of the mature domain, the proteins became less

of the preprotein by the receptor.

active as competitive inhibitors in chloroplast import studies. ACKNOWLEDGMENT
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presence, whereas deletion of the 52 C-terminal amino acidssyppPORTING INFORMATION AVAILABLE

did not cause a measurable loss in inhibition active$)(
This results can be explained by the found affinities of this
proteins for the receptor component, Toc34 (Table 3).

One color figure showing the proposed location of the

aromatic amino acids of Toc34. This information is available

Compared to the full-length preSSU, the transit peptide free of charge via the Internet at http://pubs.acs.org.
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