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atToc159 is a selective transit peptide receptor for
the import of nucleus-encoded chloroplast proteins
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primary receptors for the import of nucleus-encoded

preproteins into plastids. Toc159, the most abundant
member of this family in chloroplasts, is required for chloro-
plast biogenesis (Bauer, J., K. Chen, A. Hiltbunner, E. Webhrli,
M. Eugster, D. Schnell, and F. Kessler. 2000. Nature. 403:
203-207) and has been shown to covalently cross-link to
bound preproteins at the chloroplast surface (Ma, Y., A.
Kouranov, S. LaSala, and D.). Schnell. 1996. J. Cell Biol.
134:1-13; Perry, S.E., and K. Keegstra. 1994. Plant Cell.
6:93-105). These reports led to the hypothesis that Toc159

The members of the Toc159 family of GTPases act as the

functions as a selective import receptor for preproteins that
are required for chloroplast development. In this report, we
provide evidence that Toc159 is required for the import of
several highly expressed photosynthetic preproteins in vivo.
Furthermore, we demonstrate that the cytoplasmic and
recombinant forms of soluble Toc159 bind directly and
selectively to the transit peptides of these representative photo-
synthetic preproteins, but not representative constitutively
expressed plastid preproteins. These data support the function
of Toc159 as a selective import receptor for the targeting of
a set of preproteins required for chloroplast biogenesis.

Introduction

The biogenesis of chloroplasts relies on the import of
~3,000 nucleus-encoded preproteins. Targeting of the ma-
jority of these preproteins to the organelle is mediated by in-
teractions between their intrinsic NH,-terminal transit pep-
tides and Toc159 and Toc33/34, two GTPase subunits
of the preprotein translocon at the outer envelope mem-
brane of chloroplasts (Toc; Keegstra and Froehlich, 1999;
Jarvis and Soll, 2002). Toc159 and Toc33/34 associate with
Toc75, a component of the translocation pore, to constitute
the core of the outer envelope translocation machinery
(Bauer et al., 2001).

The import of preproteins into chloroplasts requires GTP
hydrolysis, implicating the two Toc GTPases as regulators of
transit peptide recognition and/or the translocation reaction.
Tocl59 is proposed to serve as the primary site of transit
peptide recognition during import into isolated chloroplasts,
based on the observations that the transit peptides of chloro-
plast-bound preproteins covalently cross-link to Toc159
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(Perry and Keegstra, 1994; Ma et al., 1996; Kouranov and
Schnell, 1997), and anti-Toc159 antibodies inhibit prepro-
tein binding and import (Hirsch et al., 1994). In vivo,
Tocl59 partitions approximately equally between a soluble
cytoplasmic form and a membrane-bound form that is inte-
grated into the Toc complex (Hiltbrunner et al., 2001b; Lee
et al., 2003). Targeting of the putative soluble receptor to
Toc complexes involves a direct interaction between the G
domains of Toc159 and Toc33/34 and is regulated by GTP
hydrolysis (Bauer et al., 2002; Smith et al., 2002b; Lee et al.,
2003; Wallas et al., 2003). These observations have led to
the proposal that the protein functions as a cycling receptor
that delivers newly synthesized preproteins to the Toc com-
plex during the import reaction (Hiltbrunner et al., 2001b;
Smith et al., 2002b).

In Arabidopsis thaliana, the Tocl59 gene family consists
of four members: atTocl59, atTocl32, atTocl20, and
atToc90 (Bauer et al., 2000; Hiltbrunner et al., 2001a). A
null mutant of atToc159, ppi2, exhibits an albino phenotype

Abbreviations used in this paper: DHFR, dihydrofolate reductase;
GMP-PNP, guanyl-5'-yl imidodiphosphate; Ni-NTA, nickel-nitrilotriacetic
acid; pEla, precursor to the Ela subunit of plastid pyruvate dehydrogenase;
PEAS, N-((2-pyridyldithio)ethyl)-4-azidosalicylamide; pL11, precursor
to the plastid ribosomal L11 subunit; pPORA, precursor to protochloro-
phyllide oxidoreductase A; protA, protein A; pSSU, precursor to the
small subunit of Rubisco; Toc, translocon at the outer envelope membrane
of chloroplasts.
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Figure 1. In vivo targeting of transit A
peptide-GFP fusion proteins to plastids
in heterozygous or homozygous ppi2
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plants (75 g protein) were resolved

by SDS-PAGE and immunoblotted with
antisera to each protein. (B) Enrichment
of pSSU-GFP and pE1a-GFP in chloro-
plast fractions. Protoplasts (Prot) from C
heterozygous ppi2 plants expressing
either pSSU-GFP, pE1a-GFP, or GFP
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(E) Confocal laser scanning microscopy
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(ppi2) plants expressing GFP, pSSU-GFP,
or pE1a-GFP. GFP fluorescence (Green)
and the merge of chlorophyll autofluo-
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and is not viable on soil beyond the cotyledon stage of devel-
opment (Bauer et al., 2000). Remarkably, ppi2 plants survive
when grown on sucrose-supplemented media, indicating that
although ppi2 is defective in photosynthetic capacity, other es-
sential constitutive functions of plastids remain intact. On the
basis of the analysis of the ppi2 mutant and the in vitro data
supporting a receptor role for Toc159 in peas, we hypothe-
sized that Toc159 functions as a specific transit peptide recep-
tor for the import of a subclass of nucleus-encoded prepro-
teins that are required for the assembly of the photosynthetic
apparatus during photomorphogenesis (Bauer et al., 2000;
Hiltbrunner et al., 2001b; Smith et al., 2002b). This hypoth-
esis predicts that other members of the Toc159 family medi-
ate targeting of constitutively expressed plastid proteins.

In this work, we have investigated two essential elements of
this hypothesis. First, we investigate the targeting of different
preproteins to plastids in the ppi2 mutant to test directly
whether atTocl59 is specifically required for the import of
light-induced chloroplast-specific proteins. We provide in

vivo and in vitro evidence that atToc159 is required for the
import of several photosynthetic preproteins, but not repre-
sentative constitutively expressed proteins. Second, we exam-
ine the proposal that atToc159 functions as a soluble receptor
by testing its ability to specifically bind transit peptides. We
demonstrate that soluble atToc159 binds specifically to chlo-
roplast preproteins via an interaction between transit peptides
and the G domain of the receptor. These data provide direct
evidence for the function of Toc159 as a selective preprotein
receptor and suggest a possible mechanism for the role of the
Toc159 GTPase in preprotein targeting to the Toc complex.

Results
In vivo targeting of photosynthetic versus constitutive
preproteins to ppi2 plastids

The specific defect in the accumulation of light-induced
photosynthetic proteins in the ppi2 mutant (Bauer et al.,
2000) is consistent with the proposal that atToc159 func-



tions as a selective protein import receptor. However, this
interpretation is complicated by the fact that the transcrip-
tional expression of a wide array of chloroplast proteins is
down-regulated in response to many types of disruptions in
organelle integrity. As a result, the ppi2 defect could reflect a
secondary effect on gene expression rather than a direct ef-
fect on preprotein import (Yu and Li, 2001).

To test whether the ppi2 phenotype results from a direct
or indirect effect on import, we examined import of the pre-
cursor to the small subunit of Rubisco (pSSU) and the pre-
cursor to the pyruvate dehydrogenase Ela subunit (pEla),
proteins whose accumulation is dramatically reduced or un-
affected in the mutant, respectively (Fig. 1 A). We generated
genes encoding the pSSU and pEla transit peptides fused to
GFP and introduced them into ppi2 plants under the con-
trol of the constitutive [35S5]CaMV promoter. Under these
conditions, the expression of the transit peptide-GFP fu-
sions is independent of both light and the physiological state
of the chloroplast, thereby eliminating the complications of
distinguishing between effects on transcription and protein
import. As a control, plants were also transformed with a
GFP construct lacking a transit peptide.

The distribution of the GFP constructs in phenotypically
normal heterozygous ppi2 plants was assessed to confirm
their proper import and processing in vivo. Extracts of the
transformants were separated into intact chloroplasts and a
soluble fraction containing cytoplasm, and the fractions
were immunoblotted with an anti-GFP mAb (Fig. 1 B). Ma-
ture GFP has a molecular mass of ~27 kD, whereas pSSU-
GFP and pEla-GFP are 33.5 and 36.4 kD, respectively.
Heterozygous ppi2 plants expressing the transit peptide—
GFP fusions or GFP alone contain immunoreactive bands at
~27 kD, indicating that the GFP fusions were imported
into plastids and properly processed (Fig. 1 B). The fusion
proteins were enriched in the chloroplast fraction of the ex-
tracts, confirming their localization to the organelle (Fig. 1
B). In contrast, GFP lacking a transit peptide was localized
exclusively in the soluble cytoplasmic fraction (Fig. 1 B).
The sizes of the imported products are identical to the sizes
of imported products observed in in vitro import assays us-
ing isolated Arabidopsis chloroplasts (unpublished data).
Thus, all of the fusions are competent for import and pro-
cessing in vitro and in vivo.

The pattern of pE1la-GFP processing in homozygous ppi2
plants is indistinguishable from heterozygous plants, indicat-
ing that it is imported in vivo in the absence of atTocl59
(Fig. 1 D, compare lane 5 with lane 6). In contrast, homozy-
gous ppi2 plants accumulate a higher mol wt polypeptide in
the pSSU-GFP transformed line (Fig. 1 C, compare lane 5
with lane 6). This polypeptide is the same size as its corre-
sponding in vitro—translated fusion protein (unpublished
data), indicating that it is not imported or processed in the
mutant. The expression levels of the GFP construct in all ge-
notypes of both lines is approximately equivalent, discount-
ing the possibility that varying levels of expression account
for the differences in processing.

To establish that the immunoblots of the transit peptide—
GFP fusions represented the state of plastid localization and
not aberrant processing, we determined the subcellular distri-
bution of the GFP fusions by direct fluorescence microscopy
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in protoplasts derived from the leaves of transformed plants.
GFP lacking a transit peptide gave a diffuse cytoplasmic and
nuclear fluorescence pattern in both heterozygous and ho-
mozygous ppi2 plants (Fig. 1 E, left). In contrast, both transit
peptide-GFP fusions expressed in heterozygous ppi2 (WT/
ppi2) plants gave a distinct patched fluorescence pattern char-
acteristic of chloroplast localization (Fig. 1 E, top). Moreover,
the green fluorescence pattern for the fusion proteins overlaps
with the red autofluorescence of chlorophyll (Fig. 1 E, mid-
dle), confirming the localization of both fusion proteins to
chloroplasts. However, only plants expressing pE1a-GFP ex-
hibit a punctate fluorescence pattern characteristic of plastid
localization in homozygous ppi2 protoplasts (Fig. 1 E, bot-
tom). The fluorescence pattern of ppi2 homozygous plants
expressing pSSU-GFP is markedly distinct from wild-type
plants (Fig. 1 E, compare top and bottom panels of middle
column). Although expression levels of the construct are sim-
ilar to those in control plants (Fig. 1 C, compare lane 5 with
lane 6), there is no detectable green fluorescence in the ppi2
protoplasts (Fig. 1 E). The unprocessed pSSU-GFP fusion
does not fluoresce in these plants because the pSSU transit
peptide prevents proper GFP folding and/or fluorophore ac-
quisition (unpublished data). On the basis of these data, we
conclude that the lack of atToc159 results in the inability of
plastids to import pSSU-GFP, consistent with the proposal
that ppi2 plants are specifically affected in their ability to im-
port photosynthetic preproteins.

Preprotein binding by soluble atToc159

To directly examine the potential role of atTocl59 as a re-
ceptor, we tested its ability to specifically and selectively
bind transit peptides. As a first step in this analysis, we tested
binding to two hybrid preproteins: pSSU-DHFRy; corre-
sponding to the transit peptide of pSSU fused to dihydro-
folate reductase (DHFR), and pFd-protAy; corresponding
to preferredoxin fused to Staphylococcal protein A (protA).
The transit peptides of both proteins were previously shown
to cross-link to Toc159 when bound to isolated chloroplasts
(Ma et al., 1996; Kouranov and Schnell, 1997). As con-
trols we generated the comparable fusion proteins lacking
the transit peptides (Fd-protAp;, and DHFRy;,). The fu-
sion proteins were immobilized on nickel-nitrilotriacetic
acid (Ni-NTA) matrix via their COOH-terminal hexahisti-
dine tags and were incubated with in vitro—translated
[*S]atToc159. Binding was measured as the fraction of
[#S]atToc159 that cosedimented with the immobilized fu-
sion proteins.

As shown in Fig. 2, [S]atToc159 bound efficiently to both
immobilized pFd-protAyy;, and pSSU-DHFRyy;. Binding was
dose dependent, reaching a maximum at ~50 and ~75% of
added [°S]atToc159 for pFd-protAy; (Fig. 2 A, lanes 3-6)
and pSSU-DHFRyy;; (Fig. 2 B, lanes 2—4), respectively.
In contrast, the Fd-protAy;, and DHFRy;, controls bound
<10% of [**S]atTocl59 when tested at levels where maxi-
mum binding was observed with the transit peptide fusions
(Fig. 2 A, compare lane 5 with lane 9; Fig. 2 B, compare lane
2 with lane 6). [*°S]atToc159 exhibited no significant binding
to the Ni-NTA matrix alone (Fig. 2 A, lane 2). Therefore, the
interaction of atToc159 with the fusion proteins is dependent
on the presence of a functional transit peptide.
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Figure 2. Soluble atToc159 binds specifically to chloroplast preprotein transit peptides. [**S]atToc159 was incubated with increasing amounts
of immobilized pFd-protAy; or Fd-protAy;s (A), or with pSSU-DHFR;, or DHFR; (B). Lane 2 in A contains [**S]atToc159 that bound to the

Ni-NTA resin alone. Binding is presented as the percentage of added [**S]atToc159 recovered in each reaction. (C) 100 pmol immobilized

pFd-protAy; was incubated with soluble [**S]atToc159 in the absence or presence of increasing concentrations of soluble pFd-protA or
Fd-protA. Binding is presented as the percentage of maximal [**S]atToc159 binding. (D) [**S]atToc159 was incubated with 100 pmol IgG-Sepharose—
immobilized pFd-protA in the absence or presence of increasing concentrations of soluble pSSU-DHFRy;; or DHFRyy;.. Binding is presented as
in C. Error bars represent SEM from triplicate experiments. Lanes labeled IVT in all panels contain 10% of the [**S]atToc159 in vitro translation

product added to each reaction.

To further establish the specificity of binding, we tested
the ability of the soluble preproteins and their mature
counterparts to compete for the binding of [**S]atToc159
to the preferredoxin fusion proteins. [*°S]atToc159 was

incubated with immobilized pFd-protAy;, in the presence
of soluble pFd-protA, Fd-protA, pSSU-DHFRy;, or
DHEFRy;,. pFd-protA (Fig. 2 C) and pSSU-DHEFRy;, (Fig.
2 D) effectively competed for binding of the receptor in a
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Figure 3. atToc159 specifically recognizes the transit peptides

of photosynthetic preproteins. [**S]atToc159 was incubated with
50 pmol IgG-Sepharose-immobilized pFd-protA in the absence or
presence of 0.5 pM pETa-DHFRyy;,, pL11-DHFRyy;, or pPORA-
DHFRy;s, or with 50 pmol immobilized pFd-protAy; in the
absence or presence of 0.5 uM pFd-protA. The data from triplicate
experiments are presented as the percentage of maximal binding of
[**SlatToc159 to pFd-protA or pFd-protAy; in the absence of
competitor. Error bars represent SEM.

dose-dependent manner. Both preproteins reduced bind-
ing to ~20% of maximum binding at 0.5-0.6 pM of
competitor (Fig. 2 C, lane 5). The control proteins lack-
ing transit peptides, Fd-protA (Fig. 2 C) and DHFRyy;
(Fig. 2 D), were ineffective as competitors for receptor
binding. These data demonstrate that atTocl59 binds
preproteins via a specific interaction with their transit
peptides, and support the proposal that the soluble pro-

tein can function as a receptor.

atToc159 binds with low affinity to the transit peptides
of nonphotosynthetic preproteins

Having established that [*S]atToc159 interacts specifically
with the transit peptides of two chloroplast-specific photo-
synthetic proteins, we next investigated whether the selective
import defect observed in ppi2 was due to differential pre-
protein binding by atToc159. To this end, we overexpressed
fusion proteins containing the transit peptides of three dif-
ferent nonphotosynthetic plastid proteins and tested their
abilities to compete with immobilized pFd-protA for bind-
ing to [”S]atToc159. The transit peptides were derived
from pEla (pEla-DHFRy;,), the precursor to plastid ribo-
somal subunit L11 (pL11-DHFRy;), and the precursor to
protochlorophyllide oxidoreductase A (pPORA-DHFRy;,).
As shown in Fig. 3, none of the three constructs compete
significantly for binding of [*°S]atToc159 to pFd-protA
at concentrations where pFd-protAy;, inhibits binding by
~80% (Fig. 2 C). These data correlate with the selective im-
port defect observed in the ppi2 mutant and suggest that the
differential accumulation of different plastid proteins in
these plants (Fig. 1) is due to a requirement for atToc159 as
a specific receptor for at least a subset of essential photosyn-
thetic proteins.
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Figure 4. Endogenous soluble atToc159 binds to the transit peptide
of preferredoxin. A soluble Arabidopsis protoplast extract containing
cytoplasm was applied to Ni-NTA columns containing 75 pg immo-
bilized pFd-protAy; (pFd, lanes 3 and 4) or Fd-protAy; (Fd, lane 5),
or Ni-NTA matrix alone (lane 6). Bound proteins were eluted, resolved
using SDS-PAGE, and immunoblotted with anti-atToc159 antibodies.
Lanes 1 and 2 show 15% of the starting material (S) and unbound
fractions (FT) for the pFd-protAy;; column. The dividing line indicates
grouping of lanes from different parts of the same gel.

Endogenous soluble atToc159 binds preprotein

Given the results of our analysis of import in the ppi2 mu-
tant and the ability of in vitro—translated atToc159 to bind
transit peptides, we wished to investigate whether the solu-
ble, cytoplasmic form of atToc159 could function as a tran-
sit peptide receptor by testing its ability to interact with pre-
proteins. To this end, we isolated a soluble Arabidopsis
extract containing cytoplasm and applied it to columns con-
taining immobilized pFd-protAy;, or Fd-protAyy;. atTocl59
binding was detected by immunoblotting eluates with an
anti-atTocl59 serum. As is shown in Fig. 4, cytoplasmic
atToc159 bound to pFd-protAy; (lanes 3 and 4), but not to
control columns either lacking immobilized protein (lane 6)
or containing Fd-protAyy; (lane 5). These data demonstrate
that endogenous soluble atTocl59 is able to recognize and
bind specifically to preprotein transit peptides.

Transit peptide binding maps to the G and M domains
of atToc159

Upon establishing the specific interaction of atTocl59 with
preproteins, we wished to examine the regions of the recep-
tor that form the transit peptide-binding site. Toc159 con-
sists of three structurally distinct segments: an NH,-terminal
acidic domain (A domain), a central GTPase domain (G do-
main), and a COOH-terminal membrane anchor domain
(M domain). As a first step in identifying the segments re-
quired for transit peptide binding, we used a covalent cross-
linking strategy in which we incorporated a photoactivatable
cross-linker into pSSU-DHFRyy; or DHFRyy;,. The proteins
were modified at cysteine residues with the cleavable, photo-
activatable cross-linker, N-((2-pyridyldithio)ethyl)-4-azido-
salicylamide (PEAS) by disulfide exchange (Fig. 5 A).
pSSU-DHEFRy;, was chosen as the cross-linking substrate
because it has one cysteine at the last residue of the transit
peptide (position —1) and one cysteine 11 residues into the
DHER sequence (position +11; Fig. 5 B). Previous reports
have shown that modification of the cysteine within the
transit peptide of pSSU does not inhibit preprotein binding
or import into isolated chloroplasts, and therefore is unlikely
to block receptor binding (Ma et al., 1996; Kouranov and
Schnell, 1997). DHFRy;, contains only the cysteine within
DHER and was used as the control for the cross-linking re-
actions. The modified substrates are referred to as pSSU-
DHFRy;,-PEAS and DHFRy;,-PEAS.
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Soluble [*’S]atTocl59 was incubated with pSSU-
DHFRy;-PEAS or DHFRyy;-PEAS in the in vitro pull-down
assay and the reactions were exposed to UV light to induce
cross-linking or retained in the dark to prevent covalent
coupling. The samples were treated without or with DTT
to cleave the cross-linked products and the proteins were
resolved by SDS-PAGE. As shown in Fig. 5 C, soluble
[*>S]atToc159 binds with similar efficiency to pSSU-
DHFRyy;-PEAS as it does to pSSU-DHERyy;, (compare Fig. 5
C, lane 2 with Fig. 2 B). Furthermore, [**S]atTocl59 binding
to DHFRyy;,-PEAS is fourfold lower than to pSSU-DHFRy;-
PEAS (Fig. 5 C, compare lane 2 and lane 5; Fig. 5 D, Bound),
as is the case for the nonderivitized proteins (see Fig. 2 B).
Therefore, derivitization of pSSU-DHFRyy;, with PEAS does
not affect the interaction with soluble [*>S]atToc159. Illumi-
nation with UV light also does not alter the efficiency of the
interaction of atToc159 with pSSU-DHFRy;-PEAS (Fig. 5
C, compare lane 2 with lane 3; see also Fig. 5 D). However,
irradiation does appear to result in covalent coupling of the re-
ceptor to pSSU-DHFRy;-PEAS because of the apparent shift
in [?°S]atTocl159 to a higher mol wt smear (Fig. 5 C, compare
lane 3 with lane 4). The shift is drastically reduced when DH-
FRy;-PEAS is used as the substrate (Fig. 5 C, compare lane 3
with lane 6, lane 4 with lane 7). These data indicate that
pSSU-DHFRyy;-PEAS specifically and efficiently cross-links

to soluble [¥S]atToc159, and is therefore a suitable substrate
for mapping the transit peptide-binding site.

To distinguish which regions of atToc159 interact with the
transit peptide, we used a selective proteolysis strategy to cleave
atToc159 after the cross-linking reaction. atToc159 contains a
consensus cleavage site for thrombin between Pro 756 and Arg
757. Digestion is predicted to generate two fragments approx-
imately corresponding to the A domain (159A) and the com-
bined G and M domains (159GM; Fig. 6 A). To confirm the
specific cleavage of atToc159, we incubated in vitro—translated
[*°S]atToc159 with thrombin and separated the fragments us-
ing SDS-PAGE. The digestion produced a doublet at ~150
kD and a third fragment at 75 kD (Fig. 6 B, lane 2). The 75-
kD cleavage product comigrates with authentic in vitro—trans-
lated [’S]159GM, confirming its identity (Fig. 6 B, compare
lane 2 with lane 5). In vitro—translated [*°S]159A comigrates
with the upper band of the ~150-kD doublet (Fig. 6 B, com-
pare lane 2 with lane 3), suggesting that this domain might
have an additional cryptic thrombin site. This was confirmed
by treatment of [*°S]159A with thrombin. This treatment re-
vealed an identical pattern to the ~150-kD doublet observed
with intact [’S]atToc159 (Fig. 6 B, compare lane 3 with lane
4). Therefore, there is one additional thrombin cleavage site
within 159A, which gives rise to the doublet at ~150 kD (Fig.
6 B, compare lane 2 with lane 4).
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We performed our standard in vitro binding and cross-
linking assay, and incubated the cross-linked products
with thrombin. UV irradiation resulted in cross-linking of
[*S]atToc159 to pSSU-DHFRyy;-PEAS, as demonstrated
by the shift of the intact receptor to a lower mobility smear
in the absence of DTT compared with the presence of DTT
(Fig. 6 C, compare lane 1 with lane 2). After thrombin treat-
ment of the cross-linked mixture, the resin was recovered by
centrifugation to yield a supernatant containing any throm-
bin-released fragments of the receptor that were not co-
valently bound to pSSU-DHFRy;-PEAS (Fig. 6 C, Re-
leased). The cross-linked fragments of the receptor were
subsequently eluted from the matrix together with pSSU-
DHFRyy;-PEAS using imidazole (Fig. 6 C, Resin-bound).
The vast majority of the 159GM fragment generated by
thrombin remains covalently bound to immobilized pSSU-
DHFRyy;-PEAS, whereas the majority of the 159A is re-
leased (Fig. 6 C, compare lane 4 with lane 6). This result in-
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dicates that the preprotein specifically cross-links to regions
within the G and M domains of the receptor.

When the samples are resolved by SDS-PAGE in the ab-
sence of a reducing agent, the mobility of the 159GM shifts
to higher mol wt species (Fig. 6 C, compare lane 3 with lane
4), whereas the mobility of 159A in the resin-bound and re-
leased fractions is unaffected (Fig. 6 C, compare lane 3 with
lane 4, and lane 5 with lane 6), providing additional evi-
dence that the GM domain has indeed been cross-linked,
whereas the A domain has not. We conclude that the transit
peptide of the Rubisco small subunit cross-links specifically
to regions within the GM domains of atToc159 and that the
A domain is not involved directly in preprotein binding.

The G domain of atToc159 interacts specifically

with transit peptides

The covalent cross-linking data implicate the G and/or M
domains of the atTocl59 receptor in transit peptide bind-
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Figure 6. Transit peptides cross-link to the GM domain of atToc159. (A) Schematic representation of the proteolysis strategy for mapping
the transit peptide-binding site on atToc159. Thrombin is predicted to cleave atToc159 between Pro756 and Asp757. (B) [**S]atToc159,
[**S]latToc159A, and [*°S]atToc159GM were treated without (—) or with (+) thrombin for 1 h at 37°C and resolved by SDS-PAGE. (C) pSSU-DHFRy;
was modified with PEAS as described in the legend to Fig. 5, immobilized on Ni-NTA resin, and incubated with [**S]atToc159 in the presence
of GTP. After cross-linking, reactions were treated without (lanes 1 and 2) or with (lanes 3—6) thrombin and were separated into resin-bound
and released fractions. The samples were then treated without (=) or with (+) DTT, separated by SDS-PAGE, and analyzed using a phosphorimager.
The positions of mol wt markers (kD) are indicated to the left, and atToc159, atToc159A (159A), and atToc159GM (159GM) to the right of
each figure. Black lines indicate grouping of images from different portions of the same gel. Images from different gels are in separate boxes.
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ing. To test whether the G domain itself might comprise the
transit peptide-binding domain of the atTocl59 recepror,
we expressed the G domain (159G) as a [*°S]-labeled in vitro
translation product and tested the ability of the fragment
to bind to pFd-protAy; or Fd-protAy; in the solid phase
binding assay. As a control we examined binding of the
atToc159 A domain (159A) because the cross-linking exper-
iments suggest that it does not play a direct role in substrate
binding. As shown in Fig. 7 A, [*°S]159G exhibits a similar
pattern of binding to pFd-protAyy;, and Fd-protAyy; as that
of the full-length receptor, albeit with slightly lower effi-
ciency (lane 2, compare top and middle panels; see also Fig.
7 B). The binding of [*>S]159G to pFd-protAyy; is threefold
higher than to Fd-protAyy; (Fig. 7 A, middle panel, compare
lane 2 with lane 3; see also Fig. 7 B), suggesting that it recog-
nizes and binds specifically to the transit peptide of preferre-
doxin. On the other hand, 159A does not bind detectably to
pFd-protAyy;, or Fd-protAy; (Fig. 7 A, lanes 2 and 3, bot-
tom), confirming that it is not involved directly in transit
peptide binding.

To confirm that the G domain does contain a transit pep-
tide-binding site, Escherichia coli—expressed 159Gy, (Smith

et al., 2002b) was added as a cold competitor of solu-
ble [*S]atToc159 binding to pFd-protA that had been im-
mobilized on IgG-Sepharose. Fig. 7 C shows that increas-
ing concentrations of 159Gy;, effectively compete with
[*>S]atToc159 for binding to pFd-protA (Fig. 7 C, lanes
2-6; see also Fig. 7 D). This is in contrast to an unrelated
control protein, CRABPyy; (Clark et al., 1998), which does
not compete for binding (Fig. 7 C, compare lane 6 with lane
9; see also Fig. 7 D). Collectively, the data indicate that the
G domain of atTocl59 specifically recognizes and binds
transit peptides, and therefore comprises at least part of the
preprotein binding site of the atToc159 receptor.

Nucleotide requirements for preprotein binding

by atToc159

The identification of the G domain as part of the preprotein
binding site of the atTocl59 receptor raises the possibility
that nucleotide binding/hydrolysis plays a role in transit
peptide recognition. To investigate whether the guanine nu-
cleotide status of atToc159 affects binding of preprotein, we
made use of atToc159-K868R, a mutant form of atToc159
that contains a single point mutation in the consensus G1
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GTP-binding motif (P-loop) that prevents nucleotide bind-
ing (Smith et al., 2002b). The [*S]atToc159-K868R mu-
tant binds ~60% less pFd-protAy; than does wild-type
atTocl59 in the in vitro pull-down assay (Fig. 8 A, lane 2,
compare top and bottom panels; see also Fig. 8 B). This level
of binding is only slightly more than the low level of binding
to Fd-protAyy; (Fig. 8 A, compare lane 2 with lane 3, bot-
tom; see also Fig. 8 B). These data suggest that atToc159 re-
quires bound nucleotide to specifically bind transit peptides.

To further examine the nucleotide dependence of preprotein
binding, immobilized pFd-protAyy;, was incubated with nucle-
otide-depleted [*°S]atToc159 in the presence or absence of
GTP, GDP, or the nonhydrolyzable GTP analogue guanyl-5'-
yl imidodiphosphate (GMP-PNP). Fig. 8 C shows that pre-
protein binding by [*’S]atToc159 in the absence of nucleotide
is dramatically reduced compared with binding in the presence
of GTP. In contrast, binding in the presence of GMP-PNP or
GDP is reduced only by ~20% (Fig. 8 C, compare lanes 2, 3,
and 4). Together, the data in Fig. 8 suggest that atToc159 re-
quires bound nucleotide to stably associate with transit pep-
tides, but that transit peptide binding is not strictly regulated
by the phosphorylation state of the nucleotide.

Discussion

In the current paper, we provide several pieces of evidence
that fulfill the criteria for the assignment of Toc159 as a sol-

uble preprotein receptor. First, atToc159 preferentially binds
chimeric proteins containing functional transit peptides ver-
sus those lacking transit peptides in a solid phase binding as-
say (Fig. 2). Second, transit peptide binding maps to a spe-
cific domain of atTocl59, the GTPase domain (Fig. 6 and
Fig. 7). Third, transit peptide binding is dependent upon
nucleotide binding at the receptor (Fig. 8). Finally, both re-
combinant atTocl59 from an in vitro translation mixture
and soluble atTocl59 from Arabidopsis cytoplasm exhibit
specific transit peptide binding (Fig. 2 and Fig. 4). The laccer
observation provides compelling evidence that Toc159 can
bind to chloroplast preproteins in the cytoplasm and can po-
tentially function as a soluble targeting receptor.

We also provide evidence to support the proposal that
atTocl59 is a selective receptor required for the import of a
class of preproteins that is necessary for chloroplast biogene-
sis. We demonstrate that the pp72 mutation results in the cy-
toplasmic accumulation of pSSU-GFP, whereas pE1a-GFP
is imported and processed normally (Fig. 1). These data
confirm that the reduced accumulation of some photosyn-
thesis-related proteins in ppi2 is due to a direct import defect
and not only a secondary effect of disrupting chloroplast in-
tegrity (Yu and Li, 2001). The selective defect observed in
vivo with the ppi2 mutant was further substantiated by the
observation that recombinant atToc159 bound to the pSSU
and pFd transit peptides (Fig. 2) with much higher relative
affinity than to pEla, pL11, or pPORA transit peptides in
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an in vitro pull-down assay (Fig. 3). pEla and pL11 are ex-
pressed in all plastid types and pPORA is reported to use a
Toc-independent pathway for import (Reinbothe et al.,
2004). This observation provides direct evidence for the se-
lective binding of atToc159 to different preproteins and
supports the conclusion that the ppi2 phenotype is due to a
defect in the receptor function of atTocl59. As such,
atToc159 defines a specific pathway for protein import that
is required for chloroplast biogenesis. Such a pathway could
be required to accommodate the relatively large influx of this
subclass of preproteins during photomorphogenesis, thereby
avoiding competition for import between the precursors of
major photosynthetic proteins and constitutively expressed
plastid proteins. It remains to be determined whether atToc159
is required for the import of all highly expressed light-
induced proteins, but our data suggest that at least an essen-
tial subset of these proteins use the atTocl59 pathway.
atToc90, atTocl20, and/or atTocl32 could define addi-
tional targeting pathways responsible for the import of other
plastid proteins. These preproteins presumably possess func-
tionally distinct transit peptides that are selectively recog-
nized by these alternate receptors.

Our covalent cross-linking experiments demonstrate that
the transit peptide-binding site of atToc159 is contained
within the G and M domains of the receptor (Fig. 6). The
analysis of atTocl59 deletion mutants in the solid phase
binding assay confirmed that the A domain does not interact
with preproteins and indicated that the G domain alone
binds with a similar specificity as the full-length receptor
(Fig. 7). Furthermore, the isolated G domain can compete
with the full-length receptor for binding to the preferre-
doxin transit peptide, suggesting that this domain of the
protein represents an authentic transit peptide-binding site
on the receptor (Fig. 7). The participation of the G domain
in preprotein recognition suggested a possible role for GTP
binding/hydrolysis in the interaction as well. Indeed, the in-
teraction of the receptor with the preferredoxin transit pep-
tide is disrupted by a single point mutation in atToc159 that
inhibits nucleotide binding (atToc159-K868R), indicating
that bound nucleotide is a prerequisite for preprotein bind-
ing (Fig. 8). Interestingly, it does not appear that the form of
bound nucleotide is critical in regulating the interaction
with transit peptides, as GDP and the nonhydrolyzable ana-
logue of GTP, GMP-PNP, can support binding at ~80% of
the levels observed with GTP (Fig. 8).

When combined with the notable import defect of the
ppi2 mutant, the preprotein binding and import data pre-
sented here, together with previous reports on the preprotein
binding activity of Toc33/34, suggest a scenario for the co-
ordinate action of the two GTPases in the targeting and im-
port of preproteins into chloroplasts. In this model, soluble
Toc159 would serve as the primary receptor for preproteins.
Binding could be facilitated by the previously described
guidance complex that includes a chaperone activity (May
and Soll, 2000). Docking of the Tocl59—preprotein com-
plex at the chloroplast surface would be mediated by an
interaction between the GTPase domains of Tocl59 and
Toc33/34 (Bauer et al., 2002; Smith et al., 2002b). Al-
though we picture the initial interaction between Tocl59
and preproteins occurring in the cytoplasm during or shortly

after translation, it is clear from the analysis of protein im-
port in vitro that Tocl59 also can bind transit peptides at
the chloroplast surface (Perry and Keegstra, 1994; Kouranov
and Schnell, 1997), and therefore can function as a mem-
brane-bound receptor. It remains to be determined which is
the major pathway in vivo or whether both might operate
simultaneously.

Subsequent to docking at the Toc complex, GTP hydroly-
sis at Tocl59 and/or Toc33/34 would trigger two events.
First, it would promote high affinity binding and insertion
of Toc159 into the membrane to form a multimeric com-
plex including Toc75 (Bauer et al., 2002; Smith et al.,
2002b; Wallas et al., 2003). Second, hydrolysis of GTP at
the two receptor components would also trigger insertion of
the preprotein into the translocon channel (Young et al.,
1999; Schleiff et al., 2003b). In this scenario, GTP hydroly-
sis would serve as a switch to ensure unidirectional targeting
of preproteins. Furthermore, GTP hydrolysis at one or both
Toc GTPases could provide the energetic driving force for
translocation across the outer membrane translocon. The
general aspects of this model can be extended to include the
other members of the Tocl59 receptor family, albeit with
different classes of preproteins involved.

Previous works have indicated that Toc33/34 also binds
preproteins (Sveshnikova et al., 2000; Jelic et al., 2002,
2003; Schleiff et al., 2002). Interestingly, the nucleotide
state of Toc33/34 appears to affect its interaction with some,
but not all, preproteins. For example, Toc34 binding to
pSSU is strictly GTP dependent, although binding to
pOE23 is nucleotide independent (Schleiff et al., 2002). Re-
cent data also suggest that preprotein binding stimulates the
GTPase activities of both Toc159 (Becker et al., 2004) and
Toc34 (Jelic et al., 2002, 2003). Interestingly, the stimula-
tion of Toc159 GTPase activity is strictly dependent on the
transit peptide, whereas the stimulation of the Toc34 GTP-
ase requires additional elements of the preprotein (Becker
et al., 2004). Thus, the transit peptide—dependent recogni-
tion of preproteins by Toc159 at the initial stages of translo-
cation might initiate the cascade of GTPase-dependent reac-
tions that regulate the import process.

The data presented here and those of previous papers indi-
cate that the domains of Tocl59 participate in multiple
steps in the import reaction. The G domain appears to me-
diate transit peptide binding and docking of the receptor at
the translocon (Bauer et al., 2002; Smith et al., 2002b; Wal-
las et al., 2003). It should be noted that the binding effi-
ciency of the isolated G domain is slightly lower than that of
intact atTocl59, suggesting that the M domain might also
participate in the binding reaction (Fig. 7). Several observa-
tions suggest that the M domain plays a role in preprotein
translocation across the outer membrane. Preproteins cross-
link to the M domain of Tocl59 during translocation
through the Toc complex (Kouranov and Schnell, 1997).
Furthermore, chloroplasts treated with thermolysin such
that the A and G domains of Toc159 are cleaved, but Toc34
and Toc75 are left intact, can still import preproteins, albeit
at a reduced rate when compared with untreated chloro-
plasts (Chen et al., 2000). Schleiff et al. (2003a) have shown
that a fragment of Tocl159 corresponding to the G and M

domains together with Toc75 form the minimal unit re-



quired for translocation of a preprotein into reconstituted
proteoliposomes in the absence of Toc34. Recently, Lee and
colleagues (2003) were able to partially rescue the ppi2 mu-
tant with only the M domain of atToc159. These data sug-
gest that the M domain participates in the formation of the
protein-conducting channel of the Toc complex and has led
to the proposal that it functions as part of a GTP-driven
translocation motor (Schleiff et al., 2003a). As such, Toc159
is emerging as a multifunctional translocon component that
participates both in transit peptide recognition and mem-
brane translocation.

Materials and methods

DNA constructs

Plasmids encoding atToc159, atToc159-K868R, atToc159A, atToc159Cyys,
atToc159G, atToc159GM, pFd-protA, Fd-protA, pFd-protAy;, and Fd-
protAy; have been described previously (Ma et al., 1996; Bauer et al.,
2000; Smith et al., 2002b). The pET21d-DHFRy;s plasmid encoding
DHFRy;; was generated by modifying the coding region of DHFR by PCR
such that it could be inserted into pET21d in-frame with a COOH-terminal
histidine tag. Coding sequences for the transit peptides of pSSU, pPORA,
pL11, and pETa were amplified from A. thaliana cDNA and fused in-frame
with the coding sequence of DHFR;, to generate pET21d-pSSU-DHFRy;,
pET21d-pPORA-DHFR,y,, pET21d-pL11-DHFRy, and pET21d-pEla-
DHFRyy;, respectively.

Constructs encoding pE1a-GFPyy;, and pSSU-GFPyy; were generated by
amplifying the coding sequences for the transit peptides plus the first four
residues of the mature portions of pEla and pSSU from Arabidopsis cDNA
using RT-PCR such that they could be fused in-frame to the 3" end of the
coding sequence of GFP in pBluescript®-GFP (a gift from Dr. A.Y. Cheung,
University of Massachusetts, Amherst, MA). For expression of the GFP fu-
sions in Arabidopsis, the coding regions of GFP, pSSU-GFP, and pE1a-GFP
were inserted into the binary vector, pSMB (Mylne and Botella, 1998), to
generate pSMB-GFP, pSMB-pSSU-GFP, and pSMB-pETa-GFP. Purified re-
combinant CRABPyy;s was a gift from Dr. L. Gierasch, University of Massa-
chusetts, Amherst, MA.

In vitro translation and protein expression in E. coli

All [**SImethionine-labeled in vitro translation products were generated in
a coupled transcription-translation system containing reticulocyte lysate
according to the manufacturer’s instructions (Promega). When noted, the
mixture was depleted of free nucleotides by gel filtration as described pre-
viously (Chen and Schnell, 1997).

Bacterial expression of all constructs was performed in E. coli BL21
(DE3) using 0.4 mM IPTG for 3 h at 37°C. pSSU-DHFRy;;, DHFRyy;,
pFd-protAy;;, Fd-protAs, pETa-DHFR;,, pPORA-DHFRy;s, pL11-DHFR 4,
and atToc159Gyy;; were purified using Ni-NTA chromatography (Novagen).
pFd-protA and Fd-protA without COOH-terminal hexahistidine tags were
purified from E. coli lysates using IgG-Sepharose chromatography as de-
scribed previously (Schnell and Blobel, 1993).

Solid phase binding assays

For assays using Ni-NTA resin, urea-denatured pFd-protAyy;, Fd-protAys,
pSSU-DHFRyy;,, or DHFRyy;s was rapidly diluted 50-fold into 50 mM Hepes-
KOH, pH 7.5, 2 mM MgCl,, and 40 mM KOAc (HMK buffer), incubated
for 30 min at RT, and centrifuged at 18,000 g for 10 min to remove insolu-
ble aggregates. The soluble protein was bound to ~7 pl of packed Ni-
NTA resin and washed with HMK buffer containing 10 mM imidazole and
0.1% Triton X-100 (binding buffer), and 0.1 mM GTP, GMP-PNP, or GDP
as indicated. The resin was incubated with 1-3 wl [**SlatToc159, [*°S]
atToc159-K868R, [**SlatToc159G, or [*SlatToc159A in binding buffer
with the appropriate nucleotide in a final volume of 100 wl for 30 min at
RT. After washing, resin-bound proteins were eluted with SDS-PAGE sam-
ple buffer containing 0.75 M imidazole.

For assays using 1gG-Sepharose, purified pFd-protA was bound to 5 pl
packed IgG Sepharose. The resin was washed with HMK buffer containing
0.1 mM GTP and 0.1% Triton X-100, and incubated with [**S]atToc159 in
the absence or presence of increasing concentrations of pSSU-DHFRy;,
DHFRyyi, atToc159G;,, CRABPy; (Clark et al., 1998), pEla-DHFRyys,
pL11-DHFRy;s, or pPPORA-DHFRy; in a final volume of 100 pl for 30 min
at RT. After washing, bound proteins were eluted using 0.2 M glycine, pH

Transit peptide binding by atToc159 | Smith etal. 333

2.2. All proteins from in vitro pull-down assays were resolved using SDS-
PAGE, and radiolabeled proteins were detected in dried gels using a phos-
phorimager (Storm 840; Molecular Dynamics) and quantitated using Im-
ageQuant version 5.2 software.

Preparation of chloroplasts and soluble extracts

from Arabidopsis

Chloroplasts were isolated from Arabidopsis protoplasts as described pre-
viously (Smith et al., 2002a). For the purpose of isolating a soluble extract
containing cytoplasm, protoplasts were first evacuolated using a method
adapted from Newell et al. (1998). Specifically, protoplasts were resus-
pended in 20 mM MES-KOH, pH 6.0, 0.4 M mannitol, and T mM CaCl,,
layered onto a cushion of 30% (vol/vol) percoll, 20 mM MES-KOH, pH
6.8, and 0.5 M mannitol, and evacuolated by centrifugation at 100,000 g
for 30 min at 21°C in a swinging bucket rotor (SW41Ti; Beckman Coulter).
The evacuolated protoplasts, which formed a band at the interface with the
silica pellet, were diluted into 50 ml HMK buffer containing 330 mM sor-
bitol (HMKS) and were collected by centrifugation at 100 g for 4 min in an
HB-4 rotor (Sorvall). The protoplasts were resuspended in 1T ml HMKS con-
taining 0.02% Triton X-100 and 0.2% (vol/vol) protease inhibitor cocktail
(P9599; Sigma-Aldrich), and were ruptured by forcing them twice through
layers of 20- and 10-pm nylon mesh. The lysate was immediately centri-
fuged at 1,000 g for 4 min to pellet intact chloroplasts, and the supernatant
containing cytoplasm was removed and centrifuged at 100,000 g for 20
min to remove residual membranes. The resulting supernatant, containing
membrane-free cytoplasm, was used for further analysis. Immunoblotting
was performed as described previously (Ma et al., 1996).

Affinity chromatography

The soluble extract obtained from evacuolated protoplasts was applied to
columns containing 75 ug of pFd-protA; or Fd-protAyy;; immobilized on
250 pl of packed Ni-NTA resin under gravity at 4°C. The resin was washed
with 20 column volumes of binding buffer, and bound proteins were
eluted in the same buffer containing 500 mM imidazole. All fractions were
precipitated with 10% TCA, resolved using SDS-PAGE, transferred to nitro-
cellulose, and immunoblotted with affinity-purified atToc159 antibody as
described previously (Chen et al., 2002).

Modification of pSSU-DHFRy;; and DHFR,y;s with PEAS

All precursor modification and cross-linking assays were performed in the
dark. Purified pSSU-DHFRy;; and DHFRyy; in 6 M urea were incubated
with 2% (vol/vol) B-mercaptoethanol for 15 min at 37°C, and were gel fil-
tered using Sephadex G-25 equilibrated in HMK buffer containing 6 M
urea (immobilization buffer) to remove the B-mercaptoethanol. The fil-
tered proteins were mixed with PEAS (Molecular Probes, Inc.) at a 1:100
(protein/PEAS) molar ratio and incubated for 3 h at RT. The modified pro-
teins were used immediately or stored at —80°C for later use.

Cross-linking assays

Cross-linking between pSSU-DHFRy;-PEAS or DHFRy-PEAS and [*S]
atToc159 was performed using a modified solid phase binding assay. In
brief, 37.5 pmol pSSU-DHFR,;-PEAS or DHFR;;,-PEAS was bound to ~50
wl packed Ni-NTA resin in immobilization buffer. The resin was incubated
with 7-10 pl nucleotide-depleted [**S]atToc159 containing T mM GTP in
a final volume of 400 pl binding buffer for 30 min at RT with constant
mixing.

The reaction was divided into three equivalent samples and was held
on ice. Two were irradiated from above with UV light at a distance of ~5
cm using a Chromato-Vue transilluminator (Ultra-Violet Products) at 312
nm for 5 min with constant shaking, whereas the third was kept in the
dark. All three samples were washed with binding buffer, eluted directly
into SDS-PAGE sample buffer containing 0.75 M imidazole, and resolved
by reducing or nonreducing SDS-PAGE as indicated. Gels were stained
with Coomassie blue to ensure equal loading of pSSU-DHFR;-PEAS or
DHFRyy;-PEAS, and [**S]atToc159 was detected in dried gels using a phos-
phorimager (Storm 840; Molecular Dynamics).

Selective proteolysis of cross-linked [**S]atToc159

After cross-linking of [**SlatToc159 to pSSU-DHFR-PEAS, the resin was
washed with PBS containing 0.1 mM GTP. 2 U thrombin was added to the
resin in a final volume of 400 I PBS and resin was incubated for 1 h at 37°C.
The resin was collected by centrifugation, and the supernatant was saved as
the “thrombin-released” fraction. The resin was washed with immobilization
buffer containing 0.1% Triton X-100 and 6 M urea and was separated into
two equal fractions. Bound proteins from one fraction were eluted with SDS-
PAGE sample buffer containing 0.75 M imidazole and 80 mM DTT, and
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from the second with SDS-PAGE sample buffer containing 0.75 M imidazole
without DTT. Proteins were resolved using SDS-PAGE and were analyzed us-
ing a phosphorimager (Storm 840; Molecular Dynamics).

Transformation of Arabidopsis with GFP constructs

and microscopy

The pSMB-GFP, pSMB-pSSU-GFPy;,, and pSMB-pE1a-GFPyy; constructs
were transformed into heterozygous ppi2 Arabidopsis plants (Bauer et al.,
2000) using the Agrobacterium-mediated floral dip method (Clough and
Bent, 1998). ppi2 plants carrying the GFP transgenes were grown on agar
plates containing Murashige and Skoog growth medium, 1% sucrose, 50
pg/ml kanamycin (a marker linked to ppi2), and 50 pg/ml glufosinate am-
monium (BASTA, a marker linked to the GFP transgenes).

Proteins were extracted in boiling SDS-PAGE sample buffer from the to-
tal above ground tissue of ~4-wk-old plate-grown plants (Bauer et al.,
2000), resolved using SDS-PAGE, and analyzed by immunoblotting using
anti-GFP mAb (CLONTECH Laboratories, Inc.). For microscopy, proto-
plasts were isolated as described previously (Bauer et al., 2002) from
plants stably transformed with GFP constructs, and were viewed in buffer
containing 5 mM MES, pH 5.7, 0.4 M mannitol, and 20 mM CacCl,. Confo-
cal laser scanning microscopy was performed on a confocal system (MRC-
600; Bio-Rad Laboratories) using an inverted microscope (Diaphot 200;
Nikon) and a 60X 1.4 NA PlanApo objective lens. Image acquisition was
performed at RT with Confocal Assistant version 4.02 software (Bio-Rad
Laboratories). Merged images were generated using the Image ] image-pro-
cessing program (National Institutes of Health, Bethesda, MD).
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