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GTP Promotes the Formation of Early-Import Intermediates
But Is Not Required during the Translocation Step of
Protein Import into Chloroplasts’

Michael E. Young?, Kenneth Keegstra, and John E. Froehlich*

Michigan State University-Department of Energy Plant Research Laboratory,
Michigan State University, East Lansing, Michigan 48824

Protein import into chloroplasts is an energy-requiring process
mediated by a proteinaceous import apparatus. Although previous
work has shown that low levels of ATP or GTP can support precur-
sor binding, the role of GTP during the import process remains
unclear. Specifically, it is unknown whether GTP plays a separate
role from ATP during the early stages of protein import and whether
GTP has any role in the later stages of transport. We investigated the
role of GTP during the various stages of protein import into chlo-
roplasts by using purified GTP analogs and an in vitro import assay.
GTP, GDP, the nonhydrolyzable analog GMP-PNP, and the slowly
hydrolyzable analogs guanosine 5’-O-(2-thiodiphosphate) and
guanosine 5'-O-(3-thiotriphosphate) were used in this study. Chro-
matographically  purified 5’-guanylyl-imido-diphosphate and
guanosine 5’'-O-(3-thiotriphosphate) were found to inhibit the for-
mation of early-import intermediates, even in the presence of ATP.
We also observed that GTP does not play a role during the trans-
location of precursors from the intermediate state. We conclude
that GTP hydrolysis influences events leading to the formation of
early-import intermediates, but not subsequent steps such as pre-
cursor translocation.

Most chloroplastic proteins are nuclear encoded, synthe-
sized on cytosolic ribosomes, and imported posttransla-
tionally across the two membranes of the chloroplastic
envelope. An N-terminal extension called the transit pep-
tide targets these precursor proteins to chloroplasts. Pro-
tein import into chloroplasts is mediated by a protein-
aceous translocation apparatus that spans both the outer
and inner envelope membranes. The exact functions of the
proteins that comprise this apparatus have yet to be deter-
mined conclusively (for review, see Schnell, 1998; Keegstra
and Cline, 1999).

The import of precursors into chloroplasts can be di-
vided into three distinct stages. In the first, precursor pro-
teins interact with chloroplasts in an energy-independent
and readily reversible manner. It is thought that precursors
initially interact with outer membrane lipids (van’t Hof
and de Kruijff, 1995; Bruce, 1998) and subsequently bind to
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import receptors (Perry and Keegstra, 1994; Ma et al., 1996).
Cross-linking experiments have revealed that the initial
interaction of the transit peptide with the import receptor
does not require energy (Perry and Keegstra, 1994; Ma et
al., 1996).

In the second stage, precursor proteins interact with the
translocation apparatus in an irreversible manner. Olsen et
al. (1989) showed that a low level of ATP (less than 100 um)
is required for this step; GTP can support some binding but
it cannot substitute for ATP (Olsen et al., 1989; Olsen and
Keegstra, 1992). The hydrolysis of ATP during this stage
promotes the insertion of precursor protein into the
protein-conducting complex of both the outer and inner
membranes, which has recently been defined as the forma-
tion of an “early-import intermediate” (Ma et al., 1996;
Nielsen et al., 1997). Although the precursor has partially
inserted into the import apparatus, it remains susceptible
to degradation by exogenously added proteases.

The third stage of import requires higher levels of stro-
mal ATP (1-3 mm) for complete translocation of precursors
across the envelope membranes (Pain and Blobel, 1987;
Theg et al., 1989). During or after translocation, the transit
peptide is removed by the stromal processing peptidase
(Chua and Schmidt, 1978; Highfield and Ellis, 1978; Oblong
and Lamppa, 1992; VanderVere et al., 1995; Richter and
Lamppa, 1998). Newly imported proteins are then folded
or further directed to the thylakoid membrane. A mem-
brane potential across the envelope membrane is not re-
quired for protein transport into chloroplasts (Theg et al.,
1989), distinguishing this process from mitochondrial pro-
tein import, which does require a membrane potential
(Pfanner and Neupert, 1986).

The association of precursors with the chloroplastic
translocation apparatus is postulated to involve a trimeric
complex composed of Toc75, Toc86, and Toc34. The exact
function of each component of the import apparatus has
yet to be conclusively determined. Toc75 has been pro-
posed to function as a component of the protein-
conducting channel for the outer envelope membrane
(Schnell et al., 1994; Tranel et al., 1995; Hinnah et al., 1997).
Interest in the role of GTP in the import process has in-
creased since the discovery that two components of the
import apparatus, Toc34 and Toc86, are GTP-binding pro-
teins (Hirsch et al., 1994; Kessler et al., 1994). Toc34 and
Toc86 have sequence similarity to each other and are both
integral membrane proteins with their GTP-binding do-
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mains exposed to the cytosol (Hirsch et al., 1994; Kessler et
al., 1994; Seedorf et al., 1995). Based on cross-linking ex-
periments, Toc86 has been proposed to function as a recep-
tor for precursor binding (Perry and Keegstra, 1994; Ma et
al., 1996); the function for Toc34 is less clear. Recently,
however, Kouranov and Schnell (1997) proposed that Toc34
might regulate the transition from energy-independent
binding of precursor protein to a later stage in import
through a cycle of GTP binding and hydrolysis. These
results and others raise many interesting questions as to
the role of GTP during the formation of early-import inter-
mediates and the translocation stage of import.

We investigated the role of GTP during the second and
third stages of protein import into chloroplasts using GTP
analogs and an in vitro import assay. This investigation
concentrated on two main questions: First, does GTP have
a separate role from ATP during the import process? Sec-
ond, at what stage of import does GTP have a role? Spe-
cifically, we wanted to determine whether GTP acts before
the formation of early-import intermediates or afterward.
We show that GTP has a separate role that is distinct from
the ATP requirement during the formation of early-import
intermediates. We postulate that the GTP requirement for
the generation of early-import intermediates is mediated
by the GTP-binding proteins Toc34 and Toc86. We also
observed that GTP does not play a role during the trans-
location of precursors from the intermediate state. We con-
clude from these results that once the import apparatus has
formed early-import intermediates, ATP hydrolysis rather
than GTP hydrolysis mediates the translocation step of
import. Therefore, GTP hydrolysis influences the formation
of early-import intermediates and not the translocation
stage of import.

MATERIALS AND METHODS
Materials

Percoll, GTP, GDP, and guanosine 5'-O-(2-thiodiphos-
phate) (GDP-BS) were obtained from Sigma. Guanosine 5'-
O-(3-thiotriphosphate) (GTP-yS) and 5’-guanylyl-imido-
diphosphate (GMP-PNP) were obtained from Calbiochem.
[>*S]Met was purchased from DuPont/NEN. Pea (Pisum
sativum var Little Marvel) seeds were supplied by the Olds
Seed Company (Madison, WI).

Isolation of Chloroplasts

Intact chloroplasts were isolated from 8- to 12-d-old pea
seedlings and purified over a Percoll gradient as previ-
ously described (Bruce et al., 1994). Intact chloroplasts were
re-isolated and suspended in import buffer (330 mm sorbi-
tol, 50 mm HEPES/KOH, pH 8.0) at a concentration of 1 mg
chlorophyll/mL, and stored in the dark on ice prior to their
use in binding and translocation experiments.

In Vitro Translation of Precursor Protein

The plasmid containing prSS (Olsen and Keegstra, 1992)
was linearized with Pstl, transcribed with SP6 RNA poly-
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merase, and translated using a wheat germ system and
[*°S]Met, as previously described (Bruce et al., 1994). After
translation, residual nucleotides were removed by gel fil-
tration as previously described (Olsen et al., 1989).

HPLC Analysis of Nucleotides

Nucleotides were prepared as 100 mm stocks and stored
at —80°C in small aliquots to minimize freeze/thaw cycles.
HPLC was performed under conditions adapted from a
procedure developed for the purification of ATP and ATP
analogs (Horst et al., 1996). Nucleotides were purified on a
phenyl ether anion-exchange column (POROS-PE, PerSep-
tive Biosystems, Framingham, MA) equilibrated with 0.1
mM NH,HCO;, and were eluted by a linear gradient of
NH,HCO; from 0.1 to 0.5 mm. For recovery of purified
samples, appropriate fractions were pooled and precipi-
tated by adding 0.25 volume of 7.0 M NH,Oac, followed by
11 volumes of cold ethanol. These samples were incubated
at —20°C overnight and the precipitated material was re-
covered by centrifugation at 10,000g for 1 h at 4°C in a rotor
(model HB-6, Sorvall). The pellets were rinsed once with
cold ethanol and dried under vacuum for 5 min before
being resuspended in import buffer. Recovery was quanti-
tated as the A,s;. The purification of nucleotides removed
most of the contaminant visible by chromatography, yield-
ing products with an apparent purity of >95% (data not
shown).

Formation of Early-Import Intermediates and
Translocation Reactions

To reduce the endogenous levels of nucleotides present
in our assay, the following steps were taken. First, to
remove ATP and GTP from our wheat germ translation
system, precursor proteins were subjected to gel filtration
(Olsen et al., 1989). Second, chloroplasts were depleted of
endogenous levels of ATP by incubation with the iono-
phore nigericin (described below). Third, before their ad-
dition to assays for early-import intermediate formation
and translocation, all GTP analogs were purified by anion-
exchange chromatography (Horst et al., 1996; data not
shown). With these precautions, the effect of GTP on the
second and third stages of import could then be studied
with minimal interference from the presence of contami-
nating endogenous nucleotides.

Early-import intermediate formation and translocation
assays were performed as follows: Prior to assays for early-
intermediate formation or translocation, the chloroplasts
were incubated with 6 uM nigericin for 10 min in the dark
to deplete internal ATP levels. Each intermediate formation
or import reaction (adapted from Bruce et al., 1994) re-
ceived 500,000 dpm of [**S]prSS and intact chloroplasts
corresponding to 25 ug of chlorophyll in a final volume of
150 uL. All nucleotides were added as either magnesium
salts or equimolar magnesium acetate. ATP-depleted chlo-
roplasts were incubated for 5 min with a 1.0 mm GTP
analog prior to the addition of either 0.1 mm ATP for
binding or 1 mm ATP for translocation. Early-import inter-
mediate formation and translocation reactions were incu-
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bated in the dark for an additional 30 min at room temper-
ature. Intact chloroplasts were then recovered by
sedimentation through a 40% (v/v) Percoll cushion. The
pellets were solubilized in 2X SDS-PAGE sample buffer.
All fractions were analyzed by SDS-PAGE (Laemmli, 1970)
and fluorography.

Translocation of Precursors Already
Present as Intermediates

For translocation assays, chloroplasts were incubated
with 6 puMm nigericin for 10 min in the dark to deplete
internal ATP levels. Early-import intermediates were gen-
erated as follows: Large-scale reactions containing 3.5 X
10° dpm of [**S]prSS, intact chloroplasts corresponding to
175 ug of chlorophyll and 0.1 mm MgATP (final concen-
tration) in a final volume of 1050 wL were incubated in the
dark for 10 min at room temperature. Intact chloroplasts
containing early-import intermediates were recovered by
sedimentation through a 40% (v/v) Percoll cushion. The
pellet was resuspended in import buffer and centrifuged
again for 5 min. This pellet was finally resuspended in
import buffer and used for translocation reactions. After a
5-min dark incubation with a GTP analog and equimolar
magnesium acetate, sufficient ATP (1.0 mm final concen-
tration) was added to initiate translocation. At the times
indicated, 150-uL aliquots were removed and import was
quenched using HgCl, (Reed et al., 1990). Variations in this
basic protocol are described in the figure legends. Samples
were analyzed by SDS-PAGE and fluorography. The extent
of translocation was quantitated using a phosphor imager
(model 400B, Molecular Dynamics).

RESULTS

GTP Has a Separate Role That Is Distinct from the
ATP Requirement during the Formation of
Import Intermediates

The formation of early-import intermediates requires
low levels of ATP (less than 100 um). Although GTP can
support this process to a limited extent, it cannot substitute
for ATP (Olsen et al., 1989; Olsen and Keegstra, 1992). To
further investigate the GTP requirements for both early-
import intermediate formation and translocation, the cur-
rent investigation focused on the following questions: (a) at
what stage of import is GTP required?, and (b) does GTP
play a separate role from ATP during the import process?

To examine the influence of GTP on import, special
attention was paid to the order of addition of the GTP
analog relative to ATP. This is an important feature of our
import protocol. By providing a GTP incubation time prior
to ATP addition, GTP was given an opportunity to interact
with the import apparatus before ATP. Therefore, the effect
of GTP at various stages of import relative to ATP could be
observed. This experimental design is significantly differ-
ent from previous studies examining the nucleotide re-
quirement for protein import into chloroplasts (Olsen et al.,
1989; Theg et al., 1989; Olsen and Keegstra, 1992; Kessler et

1., 1994). With this consideration in mind, GTP analog

studies were designed as follows: Nigericin-treated chloro-
plasts were incubated with 1 mm GTP analog for 5 min
before the addition of sufficient ATP to support formation
of early-import intermediates (100 um) or to support the
entire import sequence (1 mMm) (see Figs. 1 and 2).

The discovery that two components of the import ma-
chinery, Toc34 and Toc86, are specific GTP-binding pro-
teins (Hirsch et al., 1994; Kessler et al., 1994; Seedorf et al.,
1995) suggests that GTP performs a different role than ATP
during import. To examine this role, GTP analogs were
utilized, because they can be used to block the cycling of
GTP-binding proteins. Initially, the GTP analogs GTP-yS
and GMP-PNP were used to investigate the role of GTP on
the formation of early-import intermediates. The results
presented in Figure 1 demonstrate that the nonhydrolyz-
able analog GMP-PNP and the slowly hydrolyzable analog
GTP-9S inhibited the formation of early-import intermedi-
ates. In agreement with earlier results, generation of early-
import intermediates requires low levels of ATP (Fig. 1,
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Figure 1. GTP has a separate role that is distinct from the ATP
requirement during the generation of early-import intermediates.
Chloroplasts were depleted of endogenous levels of ATP by incuba-
tion with nigericin for 10 min in the dark. They were then incubated
with a T mm concentration of GTP analog with equimolar Mg?™ for
5 min (except for the experiment shown in lane 16, in which a 5 mm
analog concentration was used). Radiolabeled prSSand 0, 0.1, or 1.0
mm MgATP was added and incubated for 30 min. Samples were
analyzed by SDS-PAGE and fluorography (A) and were quantitated
with a phosphor imager (B and C). The control for quantitation of
intermediate formation was lane 2 of A (prSS bound in the presence
of 0.1 mm ATP), whereas the control for translocation was lane 3 of
A (prSS translocated in the presence of 1 mm ATP). TP, Translated
product (10%) added to a single reaction. Results shown are from one
of three separate experiments.
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lane 2), whereas translocation requires higher levels (Fig. 1,
lane 3) (Olsen and Keegstra, 1992).

To examine whether GTP could effect early-import in-
termediate formation prior to ATP addition, chloroplasts
were incubated with GTP-vS for 5 min before the addition
of precursor and 100 um ATP. GTP-yS dramatically re-
duced the level of early-import intermediates formed (Fig.
1A, compare lanes 2 and 5). Quantitation of the inhibitory
effect of GTP-vyS showed that the amount of intermediate
bound was reduced by 90% (Fig. 1B, compare lanes 2 and
5) compared with control. Additional purification of
GTP-yS neither enhanced nor diminished its inhibitory
effect on intermediate formation (Fig. 1, A and B, compare
lane 2 with lanes 5 and 8). Even the addition of levels of
ATP that support translocation (1 mm) could not overcome
the inhibitory effect of GTP-yS pretreatment (Fig. 1, A and
C, compare lane 3 with lanes 6 and 9). However, when
assays were performed with the nonhydrolyzable analog
GMP-PNP, the generation of early-import intermediates
was not significantly reduced (Fig. 1, A and B, compare
lanes 2 and 11). This result was indeed surprising, since it
was predicted that GMP-PNP, like GTP-vS, should behave
in a similar fashion (Olsen and Keegstra, 1992).

We suspected that this variability might be related to the
purity of the commercially available GMP-PNP used in our
studies. Therefore, GMP-PNP was purified by anion-
exchange chromatography (data not shown). Purified
GMP-PNP was incubated with chloroplasts prior to the
addition of ATP, and reduced but did not completely abol-
ish the formation of early-import intermediates (Fig. 1A,
compare lane 2 with 14). Quantitation revealed that puri-
fied GMP-PNP reduced early-import intermediate forma-
tion by 40% compared with control (Fig. 1B, compare lane
2 with 14). However, when chloroplasts were incubated
with 5 mm purified GMP-PNP (Fig. 1, lane 16) before the
addition of 1 mm ATP, translocation levels of precursor
were reduced significantly (Fig. 1, A and C, compare lanes
12, 15, and 16). We conclude from these studies that GTP
has a role that is distinct from the ATP requirement for the
formation of early-import intermediates.

Could the reduced amount of early-import intermediates
associated with chloroplastic envelope simply have been
the result of competition between GTP and ATP for the
same nucleotide-binding site? Based on the following ob-
servations, we conclude that this was not the case. Figure 2
shows that 100 um ATP alone supported early-import in-
termediate formation (Fig. 2A, lane 2). Likewise, high lev-
els of GTP (1 mm) alone also supported early-import inter-
mediate formation, but to a significantly lesser degree
compared with 100 um ATP (Fig. 2, A and B, compare lanes
2 and 4). Even when 100 um ATP and 1 mm GTP were
incubated together, the formation of early-import interme-
diates remained high (Fig. 2, A and B, compare lanes 2 and
5). However, when GTP analogs were incubated with ATP,
intermediate formation was inhibited (Figs. 1 and 2). From
these observations, we conclude that GTP and ATP do not
compete for the same binding site but, rather, that GTP has
a different function than ATP during the events leading to
the formation of early-import intermediates.

Plant Physiol. Vol. 121, 1999

A ) GTP GTP/GDP GDP  GDP-iS
TPfo 0.1 1004 10 01 10 014 10 014 1T mmare

—— D — ———— " gy G~ - — DISS

e - - — —— S5
123 456 78 9 101112 13 14 15

GTP__ GTP/GDP  GDP__ GDP-S
i '001 11001 1Moo011 Mo 0110 01 1Tmmarp

120 Bound prSS
100

: FJ_IT rm

0

10 1112 13 14 15

% Control
@
-1

[
o o

C () GTP  GTPIGDP  GDP  GDP-is

120 0011 Moo 1Mo 011 Mo 011 M0 011! mmATP
_ 100 Imported SS
g w0
g 60
[&]
2 40

20

0 Ly

123 456 7 89 101112 13 14 15

Figure 2. Early-import intermediate formation is reduced when GTP/
GDP exchange is inhibited. Chloroplasts were prepared as described
in Figure 1. Chloroplasts were then incubated with a 1 mm analog
concentration with equimolar Mg?* for 5 min. Radiolabeled prSS
and 0, 0.1, or 1.0 mm MgATP was added and incubated for 30 min.
For the GTP/GDP competition studies (lanes 7-9), 500 um GTP and
GDP were added to chloroplasts for 5 min before the addition of
MgATP. Samples were analyzed by SDS-PAGE and fluorography (A)
and were quantitated with a phosphor imager (B and C). The control
for quantitation of intermediate formation was lane 2 of A (prSS
bound in the presence of 0.1 mm ATP), whereas the control for
translocation was lane 3 of A (prSS translocated in the presence of 1
mm ATP). TP, Translated product (10%) added to a single reaction.
Results shown are from one of three separate experiments.

The Generation of Early-Import Intermediates Is Reduced
When GTP/GDP Exchange Is Inhibited

Proteins that bind and hydrolyze GTP regulate a wide
variety of cellular processes (Bourne et al., 1991; Powers
and Walter, 1995; Bacher et al., 1996; Millman and An-
drews, 1997; Rapiejko and Gilmore, 1997; for review, see
Walter and Johnson, 1994). It has been demonstrated that
these GTPases can act as “molecular switches” that can be
turned on by GTP binding and turned off by hydrolyzing
GTP to GDP (Bourne et al.,, 1991). Therefore, numerous
cellular functions are regulated via a cycle of GTP binding,
hydrolysis, and exchange. Does a GTP/GDP-exchange cy-
cle regulate the association of early-import intermediates
with the chloroplastic envelope membrane? To investigate
this question, a GTP/GDP competition assay was per-
formed (see Fig. 2, lanes 8 and 9).

In this experiment, chloroplasts were incubated with
equal concentrations of GTP and GDP for 5 min before the
addition of sufficient ATP to support early-import inter-
mediate formation or translocation. It has been demon-
strated that the rate of GTP hydrolysis and GDP exchange
by GTPases is generally slow (Bourne et al., 1991). We
therefore anticipated that by allowing GDP to compete
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with GTP for the same GTP-binding site, the levels of
early-import intermediates generated would be reduced
due to the disruption of a GTP-binding and hydrolysis
cycle. Surprisingly, however, when chloroplasts were in-
cubated with a GTP/GDP mixture, the amount of early-
import intermediates generated was not significantly af-
fected compared with a control assay pre-incubated with
GTP alone (Fig. 2, compare lanes 5 and 8 and 6 and 9).
However, the failure of GDP to exert an effect on the
second stage of import may have been the result of GDP
undergoing a conversion to GTP by a chloroplast-
associated diphosphokinase (Chen and Douglas, 1987).
This conversion would supply sufficient GTP to the assay
to support early-import intermediate formation and subse-
quent translocation of precursor proteins. To address this
possibility, we utilized the analog GDP-fS, since it has
been shown that it cannot serve as a substrate for nucleo-
side diphosphate kinase (Chen and Douglas, 1987).

As shown in Figure 2, we investigated whether GDP-S
could reduce the formation of early-import intermediates.
Initially, the effects of both GDP and GDP-S on the early
stages of import were examined (see Fig. 2A, lanes 11, 12,
14, and 15). When chloroplasts were incubated with GDP,
the levels of early-import intermediates were reduced by
only 10% compared with controls (Fig. 2, A and B, compare
lanes 2 and 11). Likewise, GDP had no dramatic effect on
the translocation step of import (Fig. 2C, compare lanes 3
and 12). However, when chloroplasts were incubated with
GDP-8S before the addition of ATP (0.1 mm), early-import
intermediate formation was reduced by approximately
40% compared with controls (Fig. 2, A and B, compare lane
2 and 14). Even when higher levels of ATP (1 mm) were
added to GDP-BS-pretreated chloroplasts, translocation of
precursor was reduced by 40% compared with controls
(Fig. 2, A and C, compare lanes 3 and 15). Because GDP-S
is not a substrate for nucleoside diphosphate kinase, the
simplest explanation is that inhibition involved the disrup-
tion of a GTP/GDP-exchange process that may regulate the
early stages of import. However, because GDP-SS is struc-
turally similar to GDP and mimics GDP binding, its rate of
exchange may be slower than that of GDP, thus inhibiting
GTP/GDP exchange. Additional experiments using other
approaches will be needed to examine the details of this
postulated GTP/GDP-exchange cycle.

GTP and GTP Analogs Have No Effect on the
Translocation Step of Import

Although considerable evidence supports a role for GTP
in the early stages of precursor import, its role during the
translocation stage has not been directly measured. To
address the impact of GTP and GTP analogs on the trans-
location step of import, we set up assays to examine the
translocation once early-import intermediates had been
formed. To perform these assays, early-import intermedi-
ates were first formed by incubating chloroplasts with
precursor in the presence of low levels of ATP. These
intermediates were then inserted into the import apparatus
and were ready to begin the translocation process. Time-
course experiments were performed to address whether
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Figure 3. ATP hydrolysis rather than GTP hydrolysis mediates the
translocation step of import. The effects of GTP analogs on the
translocation of prSS into chloroplasts was examined by a time-
course experiment. Precursor proteins were incubated with
nigericin-treated chloroplasts for 10 min in the dark at room temper-
ature to generate early-import intermediates. Chloroplasts were re-
covered by sedimentation through a 40% (v/v) Percoll cushion and
incubated with 5 mm GTP analog for 5 min before T mm ATP was
added. Aliquots were removed at the times indicated. Samples were
analyzed by SDS-PAGE and fluorography and quantitated with a
phosphor imager. The control for quantitation was prSS translocated
in the presence of T mm ATP alone (O). Results shown are from one
of three separate experiments. o, GTP; A, GMP-PNP; A, GTP-yS;
O, GDP; W, GDP-gS.

GTP plays a role during the translocation stage of import
(see Fig. 3). Intact chloroplasts containing early-import in-
termediates were recovered by sedimentation through a
40% (v/v) Percoll cushion. Recovered chloroplasts were
extensively washed and then incubated with GTP or a GTP
analog for 5 min. Translocation was initiated by the addi-
tion of 1 mm ATP. The kinetics of translocation was studied
by the removal of aliquots at the times indicated. The
results are presented in Figure 3. The data illustrate that
none of the GTP analogs tested reduced the rate of trans-
location of prebound precursor relative to an ATP control
containing no GTP analogs (Fig. 3). We conclude from
these results that GTP hydrolysis and/or exchange influ-
ences the early stages of import, not the translocation stage.

DISCUSSION

We used chromatographically purified GTP analogs to
arrest import. Because the energetics of import is complex,
involving both ATP and GTP utilization, we compared the
role of GTP before and after the ATP-stimulated formation
of an early-import intermediate. Our results indicate that
GTP has a separate role that is distinct from the ATP
needed for the formation of an early-import intermediate
(Fig. 1). We also show that GTP has no effect on the
translocation steps that occur after the early-import inter-
mediate has been formed (Fig. 3). We conclude that once
the early-import intermediates are formed, ATP hydrolysis
rather than GTP hydrolysis mediates translocation. This
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ATP is most probably utilized by various molecular chap-
erones thought to be involved in transport across the chlo-
roplastic envelope membranes (Schnell et al., 1994; Akita et
al., 1997; Kourtz and Ko, 1997; Nielsen et al., 1997).

From this study and others (Olsen et al., 1989; Olsen and
Keegstra, 1992; Kessler et al., 1994; Kouranov and Schnell,
1997), we can begin to formulate models for import that
incorporate the results listed above. Previously we divided
the import pathway into the following stages: energy-
independent binding, energy-dependent formation of an
early-import intermediate, and translocation. Certainly any
chloroplastic import model is complicated by the following
points: (a) at least two components of the import appara-
tus, Toc34 and Toc86, bind and hydrolyze GTP; and (b) the
overall import process utilizes both ATP and GTP. Regard-
less of this complex energy picture, both the nucleotide
requirements for each stage of import and the protein
components involved are slowly being revealed. For in-
stance, recent experiments by Kouranov and Schnell (1997)
provided partial characterization of the energy-independent
binding step. Using a cross-linking approach, they showed
that precursor proteins could interact with both Toc34 and
Toc86 during the energy-independent binding stage of im-
port. Furthermore, they observed that the contact between
Toc34 and precursors was disrupted by the presence of
nucleotide triphosphate. They proposed that Toc34 might
regulate the transition from energy-independent binding to
energy-dependent formation of import intermediates by
utilizing a cycle of GTP binding and hydrolysis. Our in-
vestigation likewise supports the idea that GTP hydrolysis
influences the second stage of import, the formation of
import intermediates, and has no role during the later
stages of protein import.

Interestingly, GTP may have another role during the
formation of import intermediates: it may also regulate the
association/dissociation of Toc34 with translocation com-
ponents of the inner envelope membrane (Kouranov and
Schnell, 1997). While this postulated role for GTP is intrigu-
ing, the evidence to support it is conflicting. For example,
a stable translocation complex containing Toc34 and other
translocation components of the outer and inner envelope
membrane in the absence of bound precursor and nucleo-
tides has been demonstrated (Akita et al., 1997; Nielsen et
al., 1997). However, we cannot exclude the possibility that
in these experiments (Akita et al., 1997; Nielsen et al., 1997)
both Toc34 and Toc86 have sufficient endogenous levels of
bound GTP to promote the formation of a stable translo-
cation complex even in the absence of precursor protein.
This complex may become unstable upon precursor bind-
ing and/or GTP hydrolysis. Further investigation is
needed regarding the nature of the interaction between
various import components of the outer and inner enve-
lope membrane and how these interactions may be regu-
lated by GTP.

Finally, we propose that the formation of early-import
intermediates may be achieved through a cycle of GTP
binding, hydrolysis, and GDP exchange. The evidence sup-
porting the possible involvement of a GTP/GDP cycle on
intermediate formation is based on the following observa-
tions: First, when chloroplasts are incubated with the ana-

Plant Physiol. Vol. 121, 1999

logs GTP-yS or GMP-PNP, intermediate formation, and
therefore subsequent translocation, are inhibited. Structur-
ally, GTP-yS and GMP-PNP are similar to GTP; however,
GTP-yS is slowly hydrolyzable and GMP-PNP is non-
hydrolyzable. Given these observations, it seems very un-
likely that Toc34 and Toc86 can hydrolyze these analogs
very efficiently (if at all). As a result, these analogs can be
used to trap Toc34 and Toc86 in a conformation that mim-
ics a permanent GTP-bound state.

When Toc34 and Toc86 become locked, the GTP/GDP-
exchange cycle is halted, resulting in a reduction in inter-
mediate formation and subsequent translocation. This re-
sult was observed in the present study (Fig. 1). In addition
to GTP hydrolysis, however, GDP exchange is also critical
in rejuvenating the GTP/GDP cycle and promoting the
formation of early-import intermediates. We utilized the
GTP analog GDP-fS to examine GDP exchange. This ana-
log is structurally similar to GDP and can mimic GDP
binding (Bourne et al., 1991). Figure 2 shows that interme-
diate formation, and therefore subsequent translocation,
were inhibited by GDP-BS. One mechanism that could
explain this result is that GDP-BS exchange is extremely
slow, resulting in efficiently blocking a GTP/GDP ex-
change cycle that is necessary for the formation of early-
import intermediates.

Many questions remain regarding the mechanism of how
GTP is utilized by the translocation apparatus during the
import process. For instance, do both Toc34 and Toc86
operate by using a GTP/GDP exchange cycle? Is the for-
mation of early-import intermediates more stable when
Toc34 or Toc86 are in a GTP-bound state? Sufficient an-
swers to these and other questions will require other novel
approaches. One possible approach would entail simplify-
ing the import assay by using purified outer membrane
vesicles to analyze precursor interaction in the presence of
various GTP analogs. Another viable alternative would be
to employ a genetic approach that would modify the GTP-
binding sites of Toc34 and Toc86. These modifications may
reveal how GTP is utilized by both Toc34 and Toc86 in
order to generate early-import intermediates. Other genetic
strategies also have the potential to determine the function
of other components of the import apparatus. Indeed, a
genetic approach has already been used to analyze the
function of a putative component of the import apparatus
in Arabidopsis (Jarvis et al., 1998). Therefore, genetic and
other approaches should provide researchers with valuable
tools with which to dissect the dynamic import process of
chloroplasts.
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