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Two Toc34 Homologues with Different Properties

Marko Jelic, Jugen Soll, and Enrico Schleiff*
LMU Miinchen, Menzinger Strasse 67, 80638rdioen, Germany
Receied January 2, 2003; Résed Manuscript Receéd March 26, 2003

ABSTRACT:. The Toc34 isoforms are located in the outer envelope membrane of plastids. In pea, Toc34
functions as a GTP dependent receptor for preproteins, which is controlled by protein phosphorylation.
Two members of this family are presentAnabidopsis thaliananamely, atToc34 and atToc33. AtToc33

is phosphorylated, as is the homologu®irsatvum, while atToc34 is not. The phosphorylation of atToc33
occurs on serine 181. The highest affinity for dimerization was for the heterodimer between Toc33 and
Toc34 in the absence of GTP or GDP. Both proteins, atToc33 and atToc34, bind GTP with significantly
higher affinity than GDP and are able to hydrolyze GTP. The intrinsic GTP hydrolysis rate of both proteins
is comparable. Hydrolysis is strongly stimulated in the presence of preproteins, which are in turn released
upon GTP hydrolysis. Preprotein subclasses exist, which show a strong preference for either the atToc33
or the atToc34 receptor as revealed by GTP hydrolysis rate stimulation and receptor precursor dissociation
constants. Detailed analysis of precursor recognition supports the model of a GTP hydrolysis regulated
receptor ligand interaction.

Translocation of proteins across membranes is facilitated prolonged light treatment demonstrating the ability of these
by proteinaceous translocation machineriés-3). These plastids to import proteins involved in photosynthediS)(
translocation systems are comprised of receptor proteins andHowever, it still remains to be investigated whether all
translocation channels. Protein translocation across the outeisoforms of one protein class are similarly regulated and if
envelope of chloroplasts is achieved by the Toc complex they reveal similar affinities for all incoming preproteins.
(Translocon of the outer envelope of chloroplasts). At least  From previous studies on Toc34 frof. satbum a
four proteins at the outer envelope are involved in the scheme of action for this GTPase type receptor was proposed.
translocation, namely, the two GTPase type receptor proteinsThe receptor Toc34 can be phosphorylated in viti§) @nd
Toc159 and Toc344-6), the translocation channel Toc75 in vivo (17) by a kinase localized in the outer envelope of
(7, 8), and Toc64, which is yet to be functionally character- chloroplasts 18, 19). This phosphorylation inhibits GTP
ized @). Further, the accessibility of the complete genome binding and as a consequence abolishes interaction with the
of Arabidopsis thalianaevealed several isoforms of each precursor form of the small subunit of RUBISCO (preS5U)
of the componentsl(Q). For example, four isoforms of the  (16) suggesting that phosphorylation functions as an on/off
Tocl59 receptor exist, namely, Toc159, Toc132, Toc120, switch for receptor function. The nonphosphorylated receptor
and Toc90 {1, 12). For Toc34, two isoforms named Toc34  recognizes the incoming preprotein with highest affinity
and Toc33 were identifiedl@, 14). However, little is known when loaded with GTPI, 20, 21). Addition of a C-terminal
regarding the distinct functional and regulatory properties truncated form of atToc33 to a precursor protein population
of the different isoforms. Current results suggest that Toc159 prior to addition of chloroplasts reduces the binding of
is essential for chloroplast biogenesisl), indicating that ~ preSSU to the surface of the organelle in a GTP dependent
its function cannot be performed by the other isoforms. The manner in vitro {4), corroborating the receptor function of
knock out of Toc33 inA. thaliana showed a similar  atToc33/Toc34. Indeed, it was demonstrated in a reconsti-
phenotype again suggesting that atToc34 cannot completelytuted system that Toc34 frof. satbum interacts directly
complement the function of atToc333). In contrast, the  with preSSU {6, 21). This interaction leads to an increase
atToc34 knock out did not show such a drastic phenotype of GTP hydrolysis {7) leading to the release of the
(14). This observation lead to the hypothesis that both preprotein because the affinity of the precursor for the GDP
proteins are either required for a different subset of proteins |oaded receptor is significantly lower than for the GTP form
(11, 13) or that they might be differentially regulated and
eXpreS§ed' .Ind'e ed.’ Northern blot .anaIySIS revealed a different 1 Abbreviations: APCy subunit of the chloroplast ATP synthetase;
transcript distribution of the two isoforms. Whereas Toc34 4 Arabidopsis thaliana CAO, chlorophyll a oxygenase; FNR,
was mainly identified in stems, flowers, and roots, Toc33 ferredoxin: NADP oxidoreductase; GAP, GTPase activating protein;
existed in all tissuesl@). Furthermore, it could be demon- GEF, GTP/GDP exchange factor; HCF136, high chlorophyll fluores-

- cence phenotype protein 136; mSSU, mature form of SSU; preAPC/
strated that plastids from roots of the atToc33 and atToc159 preGAO/preFNR/preHCF136/preSSU. preprotein form of APC/CAO!

knock out plants became photosynthetically active after FNR/HCF136/SSU; preOE23/33, preprotein form of 23/33 kDa subunit

of the oxygen evolving complex; ps, Pisum sativum; SSU, small subunit
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(21). This is in line with the in situ observation that the MgCl,, 1 mM DTT) was incubated with GTP or GDP
association between Toc34 and preprotein can only beagarose (1 mM immobilized nucleotide final) for 10 min at
observed in the absence of GTP since addition of GTP will room temperature. After incubation, the agarose was washed
induce hydrolysis and subsequently the release of thethree times with 50 volumes of buffer A, and remaining
preprotein from the receptoR(, 22). Toc33ATM was eluted by adding SDS-sample buffer and
Recent data on structural features of Toc34 demonstratedboiling at 95°C for 3 min. The specificity of the binding
that this protein belongs to classical GTPase proteiy ( Was controlled by addition of equal amounts of albu-
Further statistical analysis of the sequence of Toc34 indicatedmin, which did not bind to the column under the conditions
that Toc34, together with the G-domain of Toc159, belongs used.
to the septine subfamily, which is characterized by the loss PreSSU and mSSU were coupled to Toyopearl (TosoHaas
of the asparagine within the NKxD moti28) of GTP Biosep, Germany) by a method previously described else-
binding domains Z4, 25). Interestingly, the only further ~ where @8). The phosphorylated Toc33 protein was incubated
members of this subgroup belong to the AIG1 family for 5 min with the prepared affinity matrix in buffer A in
(avrRpt2-induced gene 1). AIG1 is a protein inducedhin  the presence of 1 mM GMP-PNP. The affinity matrix was
thalianain response to bacterial pathogeB8)( The crystal ~ washed three times with 50 volumes of buffer A. The
structure of psToc34 further underlines this statistical remaining sample was eluted by addition of SDS-sample
observation 27) and further supports the observation that buffer. All fractions were precipitated and subjected to SDS
phosphorylation on serine 113 of psToc3¥)influences ~ PAGE analysis, immunoblotting, and autoradiography.
the GTP binding of the receptor protein since serine 113 is  GTP Hydrolysis Assayndicated amounts of atToc34M
located in the switch 1 domain essential for GTP hydrolysis. or atToc3ATM were incubated in 1QuL of solution
Here, we wanted to study the atToc33/Toc34 receptor containing 20 mM Tricine/KOH, pH 7.6, 1 mM Mg&150
proteins to understand the differential function of these MM NaCl, 1 mM DTT with [o*?P]-GTP. Nucleotides were
proteins. We present evidence for a cycle of GTP hydrolysis SeéParated on PEl-cellulose plates (Merck, Darmstadt, Ger-
regulated association and dissociation of preproteins from Many) using 600 mM NaiPQ, at pH 3.4 as developing
the receptor. Furthermore, we can demonstrate differentialSolvent. The hydrolysis of GTP was analyzed by the
substrate specificity of the two receptor proteins. In addition, Michaelis—Menten equation
both receptors are regulated by different mechanisms. The
analysis of the phosphorylation site of Toc33 revealed a Vo = VnalGTPI([GTP] + Kp;) 1)
specific amino acid motif, which might be used to identify ) o ) .
the homologues of Toc33 and Toc34 in different plant Where v, is the initial hydrolysis rate at a given GTP

species. concentrationVmax is the maximal rate of hydrolysis, and
Km is the Michaelis-Menten constant. The catalytic constant
MATERIALS AND METHODS keat Was calculated by
Materials. The bacterial strains BL21-DE3 and NovaBlue Koot = Vinax/[ENZYymMe} (2)

(DE3) were obtained from Stratagene (Madison, WI), and

the vectors pET21d and pET23d were from Novagen (La  GTP Hydrolysis and preSSU Releager reaction, 0.1
Jolla, CA). [y*?P]-ATP (3000 Ci/mmol) andd*P]-GTP  pmo| of atToc33 was coupled to an affinity matrix, and
(3000 Ci/mmol) were purchased from Amersham Pharmacia cqypling efficiency was controlled by analysis of the flow
Biotech. (Freiburg, Germany). All other chemicals used were {nrgugh. The protein was incubated at@ with 500 nmol
obtained from Roth (Karlsruhe, Germany) or Sigma (Munich, o gTp containing ¢32P]-GTP. After 2 min, unbound GTP
Germany). Standard procedures such as the purification of\y55 removed by centrifugation of the affinity matrix at 2600
outer envelopes of chloroplasts or SEIBAGE are described 4t 2 °c. The GTP loaded Toc33 was then incubated with
elsewhere, 16). 0.1 nmol P5S]-preSSU for 2 min at 2C. Unbound preSSU
Generation, Mutagenesis, and Expression of the Prepro- was removed again by centrifugation. This mixture was
teins atToc3ATM and atToc3ATM. Point mutations were  shifted to room temperature for indicated times. The flow
introduced by standard polymerase chain reaction using thethrough was then analyzed for released preSSU using-SDS
cDNA encoding for atToc34 and atToc33 as template. The PAGE. For calibration, the loaded amount of preSSU was
encoding DNA was cloned into pET21d. Point mutations also subjected to SDSPAGE. To assay the hydrolysis, the
were confirmed by sequencing, and constructs were ex-complete reaction mixture was separated on PEl-cellulose
pressed and purified as previously descrids).(The cDNA plates. For calibration, 0.1 nmol of GTP was also loaded.
encoding preHCF136, preAPC, preFNR, and preCAO were The reaction was controlled by the investigation of (i) the
amplified by PCR and cloned into pET21d. Cloning and release of preSSU and GTP hydrolysis &4€2 (ii) the release
point mutations were confirmed by sequencing. Proteins wereof preSSU after binding to GMP-PNP loaded Toc33, and

expressed and purified as previously described using Talongjii) the hydrolysis of GTP by Toc33 in the absence of
chelated chromatography{, 21, 28). Inclusion bodies were  preSSU.

solubilized in 25 mM Hepes pH 7,8 M urea, 50 mM DTT. Phosphorylation and Phospho-amino Acid Analysis of
After purification, Toc33/3ATM and mutants were dialyzed  atToc33 and atToc34Toc324ATM and Toc3ATM were
into the buffer used for the experiments. incubated for 10 min with outer envelope membranes and

Immobilization of Toc33 onto GTP or preSSU Affinity 10 or 50 nM [/*2P]-ATP (3000 Ci/mmol) in 20 mM Tricine/
Matrix. 0.1 uM purified and phosphorylated TocATM KOH, pH 7.6, 10uM ATP, 5 mM MgCh, 0.5 mM MnC}
in buffer A (20 mM Tricine, pH 7.6, 50 mM NaCl, 1 mM  at room temperature in 50L final volume. Proteins were
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subjected to SDSPAGE without further treatment, and
phosphorylation was visualized by autoradiography. Phos-
pho-amino acid analysis was performed as described earlier
(29). In brief: phosphorylated Toc28TM was hydrolyzed

by 6 N HCI in the presence of unlabeled phospho-amino
acids (phospho-tyrosine, phospho-threonine, phospho-serine,
20 ug each). The solvent was evaporated, and the residue
was resuspended in water. The solution was spotted onto a
precoated Silica thin-layer plate (Merck, Kieselgel 60), and
amino acids were separated by 1000 Y 4ch using glacial
acetic acid/formic acid/bD (78:25:897) as developing

solvent. The phospho-amino acids were stained using nin- B
hydrin, and radioactivity was detected by autoradiography.

Visualization and Quantification of the Hydrolysis or
Phosphorylation.Phosphorylation or GTP hydrolysis of
either Toc3ATM or Toc3ATM by radioactive labeled

nucleotides was visualized or quantified by different methods.

For visualization of radioactive probes, the gel or the DC
plate was exposed to a X-OMAT-LS film (Kodak, Rochester,
NY) or to a Phospho-Image plate (Fuji-Film, Tokyo, Japan).

Data were transferred to Adope Photoshop 5.0 LE. For

quantification, the Phospho-Image plate was scanned usin
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Yicure 1: Reaction scheme for the preprotein recognition. (A) The

a Phospho-Image Reader BAS 1500 (Fuji-Film, Tokyo, exact reaction scheme for the Toc33/3eprotein recognition is
Japan) and quantified using an Aida-Image Analyzer (Raytestoutlined. (B) A simplified reaction scheme is given. This model

Isotopenmessgéim GmbH, Staubenhard, Germany). Data

can be analytically described. (C) The solutions to the differential

were presented by using Sigma Plot 5.0 (SPSS Inc., Chicagogquations are shown. The signal (S) observed is only this of

IL).

Activation of IAsys CMD Cuette, Toc34, and Toc33
Coupling and Binding Experimentdhe activation and
coupling procedure was previously described in degi).(

In brief: each chamber of the carboxylmethyl-dextrane
coated cuvette was incubated with 10 of HBST (10 mM
Hepes/KOH pH 7.4, 138 mM NacCl, 2.7 mM KCI, 0.05%

preprotein/Toc complexes. Therefore, the equation for the analysis
is given.

For binding experiments, both chambers of the Ni-NTA
cuvette were filled with 9@L of the binding buffer (20 mM
Hepes/KOH, pH 8.0, 50 mM NacCl, 0.05% Triton X100,
2.5% glycerol, and 0.01% fatty acid free BSA) and allowed
to equilibrate. A new baseline was established, and binding

Tween 20) until a stable baseline was observed. Then, 100was initiated by injection of £10 uL of the indicated

uL of a fresh mixture containing 100 mM 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide and 29 mNthydroxy-
succinimide (EDC/NHS) was added. After 15 min, EDC/

amounts of proteins into their respective chambers as
described in the figure legends. When binding was performed
in the presence of GTP, 0.5 mM MgClwas added.

NHS was added a second time for 15 min. The buffer was Dissociation was performed in 9L of the same buffer

then replaced by 33L of 100 mM NTA (Qiagen, Hilden,

(except GTP). For surface regeneration between experiments,

Germany), and cuvettes were incubated for 10 min. Both both chambers were extensively washed with 20 mM Hepes/
chambers were washed three times with HBST and thenKOH, pH 8.0, 150 mM NacCl, 0.1% Triton X100, 2.5%

incubated for at least 1 min in the same buffer. Additional
coupling sites were blocked for 2 min by addition of 100
uL of 1 M ethanolamine, pH 8.5. Nickel was loaded by
incubation with 50 mM nickel sulfate in 10 mM Hepes/KOH
pH 8.0 for 5 min. This step was repeated three times,
followed by three wash steps with HBST. Both chambers
were washed twice with 9L of PGIW buffer (50 mM
sodium phosphate pH 6.8, 10% glycerol, 300 mM imidazole,
300 mM NacCl) followed by 3 min incubation in the same
buffer.

Prior to use, His-tagged proteins were dialyzed for 16 h
against 10 mM sodium phosphate pH 8, 50 mM NacCl, 5%
glycerol, 0.7 mM f-mercaptoethanol, and 0.01% Triton
X100. Proteins were diluted to a final concentration of 0.1
ugluL with HBST, and 100uL was incubated in each

glycerol, and 0.01% BSA.

In some cases (TocAAM and for some experiments
preSSU and preOE33), His-tagged proteins were used as
ligand. The use of His-tagged ligands was possible for two
reasons: first, the association of preSSU containing and not
containing a His-tag with immobilized Toc34 was found to
be identical (not shown). Second, for all measurements using
a His-tagged ligand, self-immobilization could not be
observed as controlled in the parallel cuvette (not shown).

Analysis and Quantification of IAsys Biosensor Binding
Curves. Data files from IAsys plus were further analyzed
using Sigma Plot 2000 (SPSS Inc.). Association was analyzed
by nonlinear regression as previously described in dexd)] (
except for the binding of preproteins in the presence of GTP.
This association was at least three-phasic. The process should

chamber until equilibrium was reached. Both chambers werebe described as outlined in Figure 1A, but this type of
washed with HBST and incubated until equilibrium was reaction can only be numerically processed. However, the
reached again. This procedure was repeated to yield betweemesolution of changes is limited by that technique used,
0.5 and 15 nM (in 10QuL of reaction volume) coupled  meaning we cannot differentiate between Toc/GTP and Toc/
protein. Finally, both chambers were incubated with HBST GDP. Therefore, the analytically describable system can be
until experiments were performed. limited by describing the first fast association reaction (Figure
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FiGURE 2: Receptor function of the GTPase atToc33, but not "™ [2) I AN ‘-
atToc34, is regulated by phosphorylation. (A) HydrolysisewffP] .

GTP by 1ug of heterologously expressed atTo&3M (lanes 2, . .

4) or atToc3ATM (lanes 3, 5) was determined in the absence (lanes FIGURE 3: AtToc33 is phosphorylated on serine 181. (A) Heter-
1-3) or presence (lanes—6) of 1 mM MgCh. (B) Expressed ologously expressed atToc®3M was phosphorylated by outer
atToc3ATM (lanes 2, 5) or atToc¥TM (lanes 3, 6) were envelopes_ _oA. thalianain the presence off3?P] ATP. The protein.
incubated with outer envelope membranes fidnthaliana(lanes was repurified, hydrolyzed, and.subjected to PEI cellulose. Positions
1-3) or P. satvum (lanes 4-6) in the presence of/f32P] ATP. of the nonlabeled phospho-serine and phospho-threonine standards
The position of the endogenous psToc34 is indicatedl (C) are indicated. (B) Phosphorylated atToadd/ was digested using
AtToc33ATM was incubated with outer envelope membrases V8, and fragments were subjected to SERAGE followed by
thalianain the presence of/f32P] ATP. The phosphorylated protein silver staining (lane 1), immunodecoration using anti-hexa-histidine
(lane 1) was then incubated with GDP (lanes 2, 3) or GTP (lanes antibodies (lane 2), or autoradiography (lane 3). (C) A conserved
4, 5) coated affinity matrix. The flow through (lanes 2, 4) and the Phosphorylation motif is found iR. satbumToc34 andA. thaliana
bound protein (lanes 3, 5) were collected, subjected to-SPYSGE, Toc33. (D) AtToc3ATM (lane 1) harboring a serine to alanine
and immunodecorated with Toc33 antibodies. The Western blot €xchange on position 170 (lane 2), 175 (lane 3), 181 (lane 4), 190
(upper panel) and the autoradiogram (lower panel) are shown. (D) (lane 5), and 200 (lane 6) was phosphorylated by outer envelopes
Phosphorylated atTocadM (lane 1) was incubated with tresyl ~ Of P. satbum (upper panel) o. thaliana (lower panel) in the
affinity matrix (lanes 2, 3) coated with mSSU (lanes 4, 5) or preSSU Presence off-*°] ATP. Endogenous psToc34 and atToc33 is
(lanes 6, 7). The flow through (lanes 2, 4, 6) and the bound protein Indicated (*). (E) AToc3ATM/S18IT was phosphorylated by
(lanes 3, 5, 7) were collected, subjected to SIPAGE, and outer envelopes dh. thalianain the presence of/f3?P] ATP. The

immunodecorated with Toc33 antibodies. The Western blot (upper Protein was repurified, hydrolyzed, and subjected to PEI cellulose.
panel) and the autoradiogram (lower panel) are shown. Positions of the nonlabeled phospho-serine and phospho-threonine

standards are indicated. (F) A model of the GTP binding domains

- . o . he | i f the phosphorylati i h .
1B, step 1), the initial dissociation (Figure 1B, step 2), and and the location of the phosphorylation site are shown

reaching the equilibrium (Figure 1B, stef?). The analytical
solution of this process is given in Figure 1C, where the
signal (S) is defined by changes of the concentration cB.

and 5, upper panel) and autoradiography (Figure 2C, lanes
3 and 5, lower panel). Therefore, phosphorylation seems to
inhibit nucleoside phosphate binding. Subsequently, the
interaction of atToc3&8TM to the small subunit of ribulose
1,5-bisphosphate carboxylase-oxygenase (rubisco; SSU) was

atToc33, But Not atToc34, Is Regulated by Phosphoryla- investigated using the mature (mSSU, Figure 2D, lanes 4
tion. The Toc34 isoforms are proposed to belong to a septin- @hdS) and precursor form (preSSU, Figure 1D, lanes 6 and
like GTPase family 23). However, to establish GTPase /) coupled to Toyopearl material (Figure 2D, lanes 2 and
function of the homologues proteins &f thaliang an in ~ 3). We observed a specific interaction of atToa33/ only
vitro assay using purified atTocAAM and atToc3ATM with preSSU but not with mSSU (Figure 2D, compare lanes
was established. Both proteins hydrolyze GTP at a slow rate> and 7, upper panel) and exclusively with the nonphospho-
(Figure 2A, lanes 4 and 5) in a magnesium dependent mannefYlated form of the receptor (Figure 2D, compare lanes 6
(Figure 2A, lanes 2 and 3). Next, we tested if both atToc34 and 7, lower panel). We conclude that phosphorylation of
and atToc33 can be phosphorylated, which inhibits GTP atToc33 inhibits its GTP and preprotein binding capacity and
binding (L6—18). To our surprise, only atToc28M but further, atToc33 and atToc34 are differentially regulated.
not atToc3ATM (Figure 2B, lanes 2 and 3) was phospho-  Phosphorylation Site of atToc3Bhe phosphorylation site
rylated by a kinase present in the outer envelope of of psToc34 is located in the switch 1 region of the GTPase
chloroplast ofA. thaliana The same was observed using domain at serine 11317). Interestingly, the alignment
outer envelope membranes frétnsatvum (Figure 2B, lanes  between psToc34 and atToc33 revealed that at the same
5 and 6) or a kinase purified from wheat germ (i€f data position atToc33 contains a glycine. However, we could
not shown). To investigate if phosphorylation causes an confirm that atToc33 is phosphorylated at a serine residue
inhibition of GTP binding, atToc38TM was phosphorylated  like its homologue inP. satbum (Figure 3A). To identify
using the outer envelope membranesAofthaliana and the phospho-amino acid position, the phosphorylated protein
incubated with a GDP- or GTP-agarose affinity matrix was proteolytically digested using the protease \8).(
(Figure 2C). Only the nonphosphorylated subpopulation of When the proteolytic fragments where subjected to SDS
atToc3NTM was able to interact with both GTP and GDP PAGE, several peptides could be visualized (Figure 3B, lane
as determined by antibody decoration (Figure 2C, lanes 31). A peptide at around 14 kDa was both phosphorylated

RESULTS
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(Figure 3B, lane 3) and still contained the carboxy-terminal 2 100

hexa-histidine tag, as shown by immunoblotting (Figure 3B, 2 A Toc33
lane 2). This indicated that phosphorylation occurred in the o 80 ’/;P— GTP
C-terminal half of the receptor. The first putative serine £ =T
within this C-terminal 14 kDa peptide was at position 164. g 6o ,/: — Toc34
Since this serine is also present in psToc34, we did not expect g 40 ~

it to be phosphorylated in atToc33. In contrast, serines 170, < -~ Toc34
175, 181, 190, and 200 were found to be unique in atToc33. 2 20 etz == GDP
While analyzing the sequence, we identified a similar amino 2 0 1o s . _Toc33
acid motif in atToc33 as in psToc34, which contains the [ {')' 1'0 2'0 3'0 4'0 '5'0 ' slol 7'0' alo

phosphorylated serine 113 (Figure 3C). Even though serine
181 seemed the most likely candidate, we substituted each
unique serine with alanine. The proteins harboring the point . Toc33

———
—_——

time (sec)

mutations were phosphorylated (Figure 3D) using outer 6 1
envelope membranes of chloroplasts frAnthaliana(Figure ]
3D, lower panel) andP. satvum (Figure 3D, upper panel).
The only protein not phosphorylated was atTot381S181A
(Figure 3D, lane 4). To confirm that serine 181 is the only
phosphorylation site in atToc33, we replaced it by threonine
since this amino acid should also be recognized by a serine/ ]
threonine kinase. Phosphorylation of ToA33VIS181T was o F———r——T———T——7

v0 (nM/sec)

initiated by addition of outer envelope membranes frAm 0 200 400 600 800 1000

thaliana We observed that this protein is now exclusively GTP[uM]
phosphorylated at a threonine residue (Figure 3E) confirming

that atToc33 is phosphorylated at position 181. Ficure 4. GTP binding and hydrolysis properties of atToc33 and

o : : atToc34. (A) atToc3ATM (dashed and dotted line) and atTod33/
GTP Binding and Hydrolysis Properties of atToc34 and (solid and dasheddotted line) were coupled to an IAsys cuvette

atToc33.Both atToc34 and atToc34 are able to hydrolyze o a final concentration of 5 nM and incubated with 1 mM GTP
GTP (Figure 2A). To investigate the characteristics of GTP (solid and dashed line) or 1 mM GDP (dotted and dastutatted
binding, we utilized an IAsys Biosensor. This biosensor uses line). The association curve was determined using the IAsys

a dual chamber cuvette and a resonance mirror technique tdpiosensor as described in the Materials and Methods and described
. - . . . . in figure legends 5 and 6. The binding was normalized to possible
monitor macromolecular interactions in real tin#y His- binding by assumption of a single binding site. Black lines represent

tagged atToc3ATM or atToc3ATM was immobilized to  experimental traces of the binding, and gray lines represent the least-
an NTA-Ni#" modified carboxymethylated dextran coated squares analysis using a hyperbolic function according to eq 2. (B)
cuvette as described in the Materials and Methods. Then, 1The initial rate constants for di_fferent amounts of GTP usi.ng 0.5
mM GTP or GDP was added to the cuvette to determine the %9 Of €ach protein were determined usingP]-GTP as described

Kineti f th leotide binding to th t tei in the Materials and Methods. Drop lines show the half-maximum
Inetics or the nucleolide binding 1o the receptor proteins qiying the K, value listed in Table 1. Data represent the average

(Figure 4A). No drastic differences between atToc34 and of at least four independent measurements, and error bars indicate
atToc33 could be observed (Figure 4A, Table 1). For both standard deviation.

proteins, GTP bound much more rapidly and to a higher

extent than GDP (Figure 4A). The association rakgg 0Of Table 1: GTP Binding Rate Constants and Hydrolysis Constants
GTP and GDP differ by a factor larger than three. When the parameter Toc33 Toc34
_hydrolysis of _GTP by atToc33 and atToc34_1 was analyzed GTP binding Kon (SEC 1) 0.045+ 0.003  0.041Lt 0.002
in more_detall, we opserved an almost s.|m|Iar maximal GDP binding Kon (s€C°1) 0.0124+ 0.004  0.013 0.003
hydrolysis rate {max (Figure 4B). Both proteins revealed a .

very slow maximal hydrolysis rate of about 500 nM min _ \lémaa\(/lr;M/ min) (52281: :302) (417% %03)X
(Table 1). This rate is comparable to the intrinsic GTP GTP hydrolysis =" X104 104
hydrolysis rate of other small GTPases (i.e., see 3fs Keat (Min~t) 0.31+0.01 0.27+0.01
32). The analysis further revealed a Michaelidenten 2|Asys measurement as described in Figure BBxperiment

constant of 290 and 19@M for atToc33 and atToc34, described in Figure 4B.
respectively (Table 1). The catalytic constakt) of about
0.3 min! (Table 1) is comparable to the intrinsic catalytic Furthermore, it was observed that Toc34 interacts with the
constant found for other GTPases (i.e., se&8fHowever, highly homologous GTPase domain of Toc13®)( Here,
a turnover of one GTP molecule by one receptor every 3 we wanted to study the nature of such dimerization. The
min cannot explain the much more rapid rate of protein interaction of atToc33 and atToc34 was investigated in the
translocation into chloroplast84, 35). We conclude that  absence (Figure 5A) or presence of nucleotides (Figure
both Toc33 and Toc34 can act as a GTPase in vivo but that5B,C). In the presence of GDP or without any nucleotides,
proteinaceous effectors most likely stimulate their rate of the highest binding efficiency was observed for atToe34
hydrolysis. atToc33 interaction (Figure 5A,B, solid line). In the presence
Dimerization of atToc33 and atToc34A homodimer of GTP, the association between Toc34 and Toc33 was in
between two receptor molecules was proposed as a functionathe range of the homodimerization between Toc33 and Toc33
unit (27) as a consequence of the close contact of two of the or Toc34 and Toc34, respectively. Homodimerization seemed
three psToc34 molecules found in the crystallographic unit. to be less dependent on the presence of nucleotides (Figure
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20 1 is very homologous to the Toc34/33 G domaéh ), our
] result supports the idea from Hiltbrunner and co-worka6} (
that heterodimerization of the G-domains of the Toc receptor
components might be important for the assembly and
function of the Toc complex22, 37).
A more detailed analysis of the association between the
receptor proteins revealed the highest dissociation katg (
for the heterodimer in the presence of GDP. In contrast, the
dissociation ratesk{isg9 in the presence of GTP or in the
absence of nucleotides are comparable. This finding, together
with the observation that the dissociation consté&y) for
the heterodimer is highest in the presence of GTP (Table
2), reveals that the association rate constkqd (s lowest
in the presence of GTP. This result directly contradicts the
hypothesis that dimerization acts as a GTPase activating
protein factor (GAP) Z7). A GAP typically reveals the
highest association rate constant and the lowest dissociation
constant for its substrate in the presence of G38).(In
contrast, the heterodimer reveals a high dissociation rate
constant Kgis9 but the rather low dissociation constaKi(
- Table 2) suggesting a rather high association rate constant
0 50 100 150 200 in the presence of GDP. This leads to the speculation that
time (sec) this interaction might instead act as a GEF (GDP/GTP
) o exchange factor)39). This could also explain the results
-'F'ﬁ: Rgsss'oggtrig?{ %g?vc:éﬁroggmlo;ngf E;?%%%zﬁ-ﬁ ?,5;2(34' that a_bolishment of the int_eraction pen/yegn the two GTEase
investigated by utilizing an optical biosensor instrument (IAsys). domains leads to a reduction of the intrinsic GTPase activity
The raw data expressed in arcsec to reflect the increase of the(27).
density on the cuvette surface were calibrated for the maximal Preprotein Binding of atToc34 and atToc3%Toc33 and

amount of possible binding assuming a single binding site (maximal ; _
binding, related to the amount of receptor coupled) and data atToc34 are both GTPase type receptor proteins for chioro

expressed as percent of the maximum. A representative bindingPlast-targeted preproteins. We therefore investigated the
curve is shown. In detail, 7 ng of atToc83M (dashed line) and  interaction of different preproteins froM thalianawith the

atToc3/ATM (dashed-dotted and solid lines) were coupled to the  two receptor proteins. We observed typical binding traces
dextran surface as described in the Materials and Methods followedfqr the interaction of atToc33 and atToc34 to the precursor

by incubation with 175 ng of atTocA3'M (dashed and solid lines) . ; .
and atToc3ATM (dashed-dotted line) in the absence of nucle- of Ferredoxin:NADP oxidoreductase (FNR) in the absence

otides (upper panel,), in the presence of 1 mM GDP and 1 mM  Of GTP (Figure 6A). In contrast, when GTP was present, a
MgCl, (middle panel+GDP) or in the presence of 1 mM GTP  new type of binding trace was found for the association

and 1 mM MgC} (lower panel +GTP). between atToc34 and atToc33 and different precursors (FNR
is shown as example in Figure 6B,C). After an initial rapid
Table 2: Dissociation Constants and Dissociation Rate Constants  gssociation the signal decreased (Figure 6B,C). Finally, a
for Receptor Dimerizatich ot ;

second association could be observed (Figure 6B,C). In some
nucleotide  constant Toc33/Toc33  Toc34/Toc34 Toc33/Toc34  cases, the association was too rapid to observe the initial

15 9

10

o

10

Binding (% maximum)
N B O 0

o

10

otp KMy 720+ 60 1530+ 180 10204+ 90 increase of the signal since stirring and mixing effects do
kiiss(sec?) 0.0025: 0.0006 0.00% 0.003 0.002k 0.001 not allow the analysis of the first-510 s. Therefore, we

cpp Ka(M) 830+ 70 21004+ 200 370+ 30 developed a model to analyze these data further.
kass(sec?)  0.02+0.01  0.05k0.003 0.06+0.03 Taking the existing knowledge about the behavior of

No  Ka(M) 490+ 30 1670+ 130 200+ 30 Toc34 from P. satbum into account, this curve can be

kass(sec”) 0.006+0.004 0.004:0.001 0.004+0.002 explained by the following. The initial GTP preloaded Toc34
2 For description, see Figure 5 legeficCalculated usinglq = 100% has a very high affinity for preproteinsl§, 21). This
X CONCRmax — coNc @1). association stimulates GTP hydrolysis and dissociation of
the preprotein17). Since GTP exists in excess, GDP to GTP

5A—C). The association efficiency is also reflected by the exchange occurs because atToc33/34 binds GTP with higher
dissociation constankg, Table 2). Remarkably, the lowest affinity than GDP (Figure 4, Table 2). Finally, equilibrium
dissociation constantkg) of approximately 200 nM was  between precursor association and dissociation will be
observed for the heterodimer in the absence of nucleotides.observed. Furthermore, when we repeated the binding
The homodimer of atToc33, but not of atToc34, also revealed experiment in the presence of the non-hydrolysable GTP
a low dissociation constant in the absence of nucleotidgs ( analogue, GMP-PNP, such a three-phase behavior was not
Table 2). Under all conditions, the homodimer of atToc34 observed (Figure 6D). In Figure 1A, the mathematical
revealed the highest dissociation constagy, (Table 2). solution of the reaction is outlined; however, such a model
These results suggest that dimerization of atToc33 andcannot be described analytically. Therefore, we used a three-
atToc34 is unfavorable in the presence of GTP. In addition, phase model as described in Figure 1B to extrapolate values
heterodimerization is preferred in comparison to homodimer- from this binding tray. To confirm the assumption that we
ization. Taking into account that the G-domain of Toc159 truly detect the GTPase activity of atToc33/34 and its
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Ficure 7: Binding properties of preFNR to atToc33 and atToc34.

As described in the legend of Figure 6, the receptor proteins were
coupled to the cuvette surface, and association and dissociation
between both proteins was determined. The binding traces were
Ficure 6: Nucleotide dependent binding of preproteins by at analyzed as described in the Materials and Methods and the
Toc33 and atToc34. The association<B) and dissociation (A) references therein. All data points {) reflect the average of at
between both receptor proteins and FNR was investigated usingleast four independent measurements. In panel A, 7 ng of
an optical biosensor instrument (IAsys). The increase/decreaseatToc33\TM (solid and dasheddotted line, circle) and atToc2AM

of the density on the cuvette surface reflecting the increase/ (dashed and dotted line, triangle) were coupled to the dextran
decrease of formed complexes is represented in arbitrary unitssurface and incubated with the indicated amounts of preFNR in
and presented as response in arcsec. Representative binding traceke absence of nucleotides (gray symbols and lines), in the presence
are shown. In panel A, 5 ng of atToc83M (solid line) and of 1 mM GTP and 1 mM MgGl(black symbols and solid or dashed
atToc3ATM (dashed line) were coupled to the dextran surface line), or in the presence of 1 mM GMP-PNP and 1 mM MgCl
and incubated with 440nM FNR in the absence of GTP. After the (open symbols and dashedotted or dotted line). The final amount
indicated time (*), dissociation was initiated by removal of the free of bound protein is shown observed at equilibrium of the association
FNR. In panel B, 7 ng of atToc28TM (solid line) and atToc3ATM (Rmay) normalized for the amount of binding sites assuming a single
(dashed line) were coupled to the IAsys chamber and incubatedbinding site on the receptor. Lines represent least-squares analysis
with 16 nM FNR in the presence of 1 mM GTP and 1 mM MgCl  of the data points to a hyperbolic curve for dissociation constant
In panel C, 7 ng of atToc3¥TM were incubated with 7.9 nM determination. In panel B, the on-rates for the association in the
(dotted line), 10.9 nM (dashed line), or 16 nM FNR (solid line) in  absence or presence of GMP-PNP are plotted against the concentra-
the presence of 1 mM GTP and 1 mM MgCID) 7 ng of tion precursor used to determine the association congant
atToc3ATM (solid line) and atToc3ATM (dashed line) were Symbols and colors of gray are according to panel A. Lines
coupled to the IAsys chamber and incubated with 16 nM FNR in represent the linear regression. (C and D) The rate constant 2 (C)
the presence of 1 mM GMP-PNP and 1 mM MgQE) 7 ng of and —2 (D) (according to Figure 1B) are plotted against the
atToc3ATM was coupled to the IAsys chamber and incubated with concentration of FNR used in the experiment. Symbols and colors
23 nM HCF136 (solid line), 42.4 nM APC (dashed line), or 36.3 of gray are according to panel A. Lines represent the linear
nM CAO (dashed-dotted line) in the presence of 1 mM GTP and regression.

1 mM MgCl,.

0 50 100 150 200 250 300
time (sec)

between FNR and atToc33/34 was drastically increased
stimulation by incoming preproteins, samples were taken out (Figure 7A, open symbols, Table 3). The observed dissocia-
of the cuvette and spotted onto PEI-cellulose plates. We tion constantsi4) are 30-fold lower than in the absence of
observed increasing amounts of GDP over time (not shown).the nucleotide (Table 3). We conclude that both receptor
When the association of preFNR was analyzed, we proteins recognize the incoming preprotein with highest
determined a high dissociation constali)(in the absence  affinity in the GTP bound state. The analysis of the amount
of GTP for both atToc33 and atToc34 (Figure 7A, gray of binding at equilibrium in the presence of GTP according
symbols, Table 3). In the presence of GMP-PNP, the affinity to the three-phase binding model (Figure 1B) revealed a
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Table 3: Dissociation Constants and Rate Constants for Preprotein Recognition

preprotein nucleotide parameter Toc33 Toc34
Kq (NM) 1170+ 30 (460) 114Gt 30 (1140)
FNR?® no kdiss (S€CY) 0.0068+ 0.0002 0.0182- 0.0002
Kass(M~1sec?) (1.7+£0.4) x 10 (1.6+ 0.4) x 10*
Kg (NM) 110+ 10 160+ 20
FNR2 GTP k, (sec?) 0.028+ 0.004 0.034+ 0.003
ks (M~tsec?) (6.6+0.3) x 10* (8.1+0.7)x 10°
i Kq (NM) 33+1 68+ 2
FNR GMP-PNP Kass(M-1seCY) (L5+0.4)x 16° (L1+ 0.4)x 10°
Kq (NM) 210+ 20 46+ 1
APC? GTP ko (sec?) 0.027+ 0.001 0.042+ 0.005
ks (M~tsec?) (2+1) x 10 (6+2) x 10
i Kq (NM) 199+ 10 222405
GMP-PNP Kass(M~1seCY) (9.0+ 0.5)x 10* (1.0+0.3)x 10°
Kg (NM) 158+ 9 220+ 10
HCF136 GTP ko (sec?) 0.030+ 0.003 0.04Ct 0.008
ks (M~tsec?) (5.6+£0.8)x 106 (2.8+ 0.6) x 10*
Kq (NM) 270+ 30 102+ 8
CAO? GTP k, (sec?) 0.024+ 0.004 0.035+ 0.006
ks (M~tsec?) (2.9+£0.3) x 10 (2.6+ 0.6) x 10°

a|Asys measurement as described in Figures 6 and 7.

3-fold higher dissociation constarid) than in the presence A closer look at the second rate constag) 6uggested
of GMP-PNP. This is in line with the assumption that this that the dissociation is higher in the presence of GDP than
state reflects the equilibrium between bound and unboundin the absence of any nucleotide (for preFNR), but compa-
precursor. Furthermore, the association of preFNR with rable for all preprotein receptor combinations. This supports
atToc33 was found to be of higher affinity than the the hypothesis that the GDP bound state does not recognize
association with atToc34 (Figure 7A, Table 3). As expected, any preproteins since otherwise strong variations of this rate
the difference of the dissociation constants in the absenceconstant would have been expected. The third association
or presence of nucleotides is due to a drastic alteration of rate is related to the association rate as seen for preAPC and
the association rate constakfs) by a factor of 10 (Figure  preFNR suggesting that the proposed model (Figure 1B) can
7B, Table 3). Analysis of the three-phase reaction in the be used to describe the observed binding behavior. However,
presence of GTP revealed a second rate condtgrutf(0.028 the GTP binding seems not to be the rate-limiting step since
and 0.034 s! for atToc33 and atToc34, respectively (Table otherwise the same rate constants for all preproteins would
2). This rate constanky) is not dependent on the concentra- have been expected.
tion of the ligand (Figure 7C) since the reaction described We suggest that atToc33 has a higher affinity for preFNR
is a dissociation type process (Figure 1B). This further and preHCF136, whereas atToc34 revealed a higher affinity
suggests that the dissociation of preFNR from the receptorfor preAPC and preCAO.
is almost comparable between atToc33 and atToc34. The Stimulation of GTP Hydrolysis by atToc33 and atToc34
third rate constantk(z) is again concentration dependent |s Substrate DependenftToc34 and atToc33 are both
(Figure 7D) since association is involved in the process GTPases (Figure 2) recognizing different subsets of prepro-
covered by the last step (Figure 1B). It is found that the teins (Figures 6 and 7; Table 3). Furthermore, the intrinsic
association between atToc33 and preFNR reaches the equihydrolysis rate (Figure 4 and Table 1) suggests a stimulation
librium faster than found for atToc34/preFNR (Figure 7D) of the hydrolysis by a GAP component. The first hypothesis
being in line with atToc33 having a higher affinity for that homodimerization might cause such stimulati@) (
preFNR as compared to atToc34. could not be confirmed for two reasons. First, homo- or
Since we observed different binding affinities of atToc33 heterodimerization reveals the highest affinity in the absence
and atToc34 for FNR (Table 3), we asked whether this could of nucleotides (Figure 5, Table 2). Second, all hydrolysis
be seen for other preproteins as well. We subsequentlyexperiments so far were performed in solutions allowing
investigated the association of three further preproteins to dimerization. However, a second hypothesis suggested that
atToc33 and atToc34, namely, preAPC (Figure 6E), the incoming preproteins might function as GTPase stimulating
precursor of the high chlorophyll fluorescence protein 136 factors (7). To test this hypothesis and to demonstrate that
(preHCF136, Figure 6E) and the precursor form of the hydrolysis of GTP to GDP causes release of the pre-
chlorophylla oxygenase (preCAO, Figure 6E). The associa- protein, atToc33 was preincubated with GTP reisolated and
tion of all four preproteins in the presence of GTP revealed subsequently incubated with preSSU. The amount of hy-
a three-phase behavior. However, we observed that pre-drolyzed GTP and released preSSU was quantified at
HCF136 has a slightly higher affinity and a lower dissocia- different time points (Figure 8A). It can be clearly demon-
tion constantKy), respectively, for atToc33 when compared strated that the amount of hydrolysis correlates almost in a
to atToc34. In contrast, atToc34 has a significantly lower 1:1 ratio with the amount of released preSSU (Figure 8A,
dissociation constantkg) as compared to atToc33 when circle). In comparison, almost no preSSU was released in
bound to preAPC or preCAO (Table 3). the presence of GMP-PNP (Figure 8A, open square).
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Therefore, we conclude that the hydrolysis of 1 mol of GTP

results in the release of 1 mol of preprotein from the receptor 0.06 A GDP[preSSU]

atToc33. = 1 o _§
Next, we asked if the differential affinities of the two E ———

receptor proteins for preproteins are also reflected in the £ ¢.04 preSSUIGTPI

potential to differentially stimulate the GTPase activity of @ |

atToc33 and atToc34. We tested the effect of six preproteins, @

namely, preFNR, preAPC, preHCF136, preCAO (frém & 002 4

thaliang), and the precursor forms of the 23 and 33 kDa 1

subunits of the oxygen evolving complex preOE23 and fhg——Td————— C ————E —i

preOE33 P. satvum). Strikingly, a stimulation of hydrolysis 000 % - ————

was observed in all cases. However, as seen for the 0 5 10 15 20

association, the extent of activation was dependent on the time (min)

receptor-preprotein combination. In line with the binding 40

behavior, preFNR stimulated atToc33 GTP hydrolysis 28- B B Toc33

fold. Furthermore, preOE23, preOE33, and preHCF136 were [ Toc34

also found to stimulate the GTP hydrolysis of atToc33 more
pronounced than GTP hydrolysis by atToc34. In contrast,
preAPC stimulated the GTP hydrolysis of atToc34 by a factor
of 32 but only 14-fold that of atToc33 (Figure 8B). However,
in line with the observed dissociation constants, the stimula-
tion by preHCF136 and preCAO was not as pronounced as
found for the other precursor proteins. Therefore, preprotein
recognition seems to initiate GTPase activation.

GTP hydrolysis (fold control)

0
DISCUSSION OE23 OE33 FNR APC HCF136 CAO
P.sativum A.thaliana

The Toc34 isoforms belong to the P-loop type GTPase
tS)Ub:'am_;_ly 03]:35 eptén I|I_<I_e pgzteIHQGgi We tc)ie rgolr;_strate(i:\hat d Ficure 8: Differential stimulation of atToc33 and atToc34 GTP

oth atToc33 and atToc34 are able to bind (Figure 4A) and 1, qrojysis by recognition of preproteins. (A) 0.1 nmol of Toc33
hydrolyze GTP (Figures 2A and 4B). Interestingly, only was loaded with GTP and preSSU as described in the Materials
atToc33 is phosphorylated. Phosphorylation occurs at theand Methods. The molar amount of released phosphate after
position of serine 181 (Figure 3) at a conserved amino acid hydrolysis of GTP in the presence (closed circle) or absence of

e : ; preSSU (closed squares) and released preSSU in the presence of
motif (Figure 3C), which can also be found in Toc34@f GTP (open circle) or GMP-PNP (open squares) at indicated time-

sativa (40) andP. satvum (6, 7). Phosphorylation inhibits  oints are shown. Each data point is the average of at least two
GTP binding and hence precursor recognition (Figure 2C,D). independent experiments. Lines represent least-squares analysis to
In the case of psToc34, the influence of phosphorylation on @ monophasic kinetic. (B) The hydrolysis of the GTP by @glof

GTP binding was easier to visualize since phosphorylation Toc34 and Toc33 proteins in the presence of 20-fold molar excess

T, : : ~ of the indicated preprotein was determined. The fold of hydrolysis
occurs within the essential switch 1 domal¥), Phospho increase as compared to hydrolysis in the absence of preprotein is

rylation in atToc33 occurs closer toward the C-terminus. shown. Error bars indicate the standard deviation of at least four
However, as indicated in Figure 3F, phosphorylation of serine independent experiments.

181 would disturb the general organization of the GTP-
binding domain. First, a structural deformation of the long (42), we must expect a stimulation of GTP hydrolysis by
helix might result in the deformation of G5. Another the receptors by further components.
explanation might be that the incorporation of the phosphate  For example, it was proposed that homodimerization might
strongly interferes with the highly charged loop between resyit in such stimulation. To our surprise, the highest affinity
amino acids 123 and 133. This loop, however, interacts with of dimerization was found in the absence of nucleotides
the G4 and G1 region. Therefore, three of the five important (Figure 5, Table 2). Even further, the presence of nucleotides
domains recognizing GTP might be affected by the phos- grastically reduces the affinity for homodimerization (Figure
phorylation of serine 181, explaining the interference with 5 Taple 2). This observation contradicts the hypothesis that
the GTP binding ability of atToc33. homodimerization functions as GAP. Furthermore, GAPs
GTP binding of a single receptor molecule (Figure 4A, have the highest affinity for the GTPase in the presence of
Table 1) as well as the turnover rate of the intrinsic hydrolysis GTP 38, 43), which was not found in this study. Interest-
of GTP (Figure 4B, Table 1) was found to be rather slow ingly, the affinity of the heterodimeric complex was not
but similar for both receptors. The catalytic constant of about significantly different in the presence of GDP or in the
0.3 min! (Table 1) representing a turnover of one GTP absence of nucleotides. This supports the idea of a hetero-
molecule by one receptor every 3 min would be unable to oligomerization of atToc34 or atToc33 with other G-domain
support the rapid protein translocation observed into chlo- containing Toc components such as atToc159, atToc132,
roplasts. For example, it was observed that about 20 000atToc120, or atToc9®E). However, this interaction might
ferredoxin molecules per minute per chloroplast can be lead to a GEF activation of the GTPases by dimerization
imported B34, 35). Taking into account that only 10% of the (22, 37) since GEFs recognize their substrate in the GDP
about 20 000 protein translocation complex&f @re active bound form 89).
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Transit peptides are enriched in arginines, which are of two different isoforms of the Toc34 family. The dissection
supposed to form the catalytic amino acids of the GARS. ( of the preprotein features resulting in preferential recognition
Therefore, preproteins might function as GTPase activating by each receptor, however, remains elusive. Answering this
proteins. In support of this hypothesis, we observed an question requires investigation of a larger pool of preproteins
increase of GTP hydrolysis by the receptors up to 30-fold since the simple division of photosynthetic and nonphoto-
after preprotein recognition (Figure 8). This is in line with synthetic proteins1(1, 13) seems oversimplified as even
the observation that 20 000 preprotein molecules can bephotosynthetic proteins reveal different affinities and stimu-
inserted into one chloroplas84, %) representing 1500 lation behaviors (Figure 8).

3000 active complexesA®) since the turnover would be

increased at least to 10 GTP molecules per minute resultingACKNOWLEDGMENT

in 15 000-30 000 potential translocation events per minute.
In addition, the hypothesis of a GAP function for the

preprotein is also in line with the observation that preproteins
reveal the highest affinity for atToc33/34 in the presence of

the
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GTP (Figure 6, Table 3). The observed dissociation constantSREFERENCES

in the presence of GMP-PNP of atToc34/33 and preFNR
are 30-fold lower than in the absence of the nucleotide (Table
3) and comparable to the dissociation constant found for the
interaction between preSSU and psToc34 in the presence of
GTP @1). Comparison between the off ratk;, in the
presence of GTP and the dissociation rate conskagg,in
the absence of nucleotides, reveals a 3-fold increase in the
presence of GDP (remembering that dissociation occurs after
hydrolysis). This supports the theory that hydrolysis allows
the preprotein to move further through the translocation
event. In addition, the hydrolysis rate and the rate of the
dissociation of a preprotein were found to be similar (Figure
8A). Taken together, the Toc34 proteins act as a GTPase
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will be released in the presence of GDP and subsequently
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Both proteins are differentially expressedi and differ-
entially regulated (Figure 2). We further identified that both
receptors reveal differential affinities for different prepro-
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