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The inner envelope membrane (IEM) of the chloroplast plays
key roles in controlling metabolite transport between the
organelle and cytoplasm and is a major site of lipid and mem-
brane synthesis within the organelle. IEM biogenesis requires
the import and integration of nucleus-encoded membrane pro-
teins. Previous reports have led to the conclusion that mem-
brane proteins are inserted into the IEM during protein import
from the cytoplasm via a stop-transfer mechanism or are com-
pletely imported into the stroma and then inserted into the [IEM
in a post-import mechanism. In this study, we examined the
determinants for each pathway by comparing the targeting of
APG]1 (albino or pale green mutant 1), an example of a stop-
transfer substrate, and atTic40, an example of a post-import
substrate. We show that the APG1 transmembrane domain is
sufficient to direct stop-transfer insertion. The APG1 trans-
membrane domain also functions as a topology determinant.
We also show that the ability of the post-import signals within
atTic40 to target proteins to the IEM is dependent upon their
context within the full protein sequence. In the incorrect con-
text, the atTic40 signals can behave as stop-transfer signals or
fail to target fusion proteins to the IEM. These data suggest that
the post-import pathway signals are complex and have evolved
to avoid stop-transfer insertion.

The chloroplast is a structurally complex organelle that per-
forms diverse metabolic functions (1). It is composed of six
distinguishable compartments, including three membranes
(the outer envelope membrane, the inner envelope membrane,
and the thylakoid membrane) and three aqueous and hydro-
philic compartments (the intermembrane space (IMS),? lo-
cated between the two envelope membranes, the stroma, and
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the thylakoid lumen) (2). These compartments are dependent
upon the import and proper suborganellar targeting of several
thousand nucleus-encoded proteins (3).

The translocon of the outer envelope membrane of chloro-
plasts (TOC) and translocon of the inner envelope membrane
of chloroplasts (TIC) complexes interact to mediate the import
of the vast majority of nucleus-encoded proteins from the cyto-
plasm into the chloroplast stroma (4, 5). The TOC-TIC system
recognizes the intrinsic N-terminal transit peptides of newly
synthesized preproteins and catalyzes translocation across
both envelope membranes simultaneously (2, 6, 7). In the case
of thylakoid-targeted proteins, the targeting signals are bipar-
tite. In addition to a transit peptide, thylakoid proteins contain
secondary signals that target them from the stroma to the thy-
lakoid. These processes occur in two independent steps (8, 9).
The targeting of proteins to the thylakoid resembles protein
export in bacteria because they utilize similar mechanisms (10,
11). For that reason, these pathways are referred to as “conserv-
ative sorting.”

Much less is known about the mechanisms of protein target-
ing and insertion at the chloroplast envelope membranes. This
is surprising, considering the central role of the envelope in
cellular metabolism and organellar-cytoplasmic exchange (12).
The IEM is the selectively permeable barrier between the
cytosol and the organelle stroma. It is involved in chlorophyll
and plastoquinone biosynthesis (13), lipid synthesis, and mem-
brane biogenesis (14) and harbors a variety of metabolite and
nutrient transporters that mediate the exchange of photosyn-
thetic products and other metabolites with the cytoplasm (12).
The IEM also participates in the import of nucleus-encoded
proteins via the TIC machinery.

There is evidence for at least two pathways by which IEM
proteins containing TOC-TIC transit peptides are sorted to the
membrane. The first mechanism resembles the “stop-transfer”
pathways that are described for co-translational insertion of
membrane proteins at the endoplasmic reticulum and post-
translational insertion of most nucleus-encoded mitochondria
inner membrane proteins (15—-17). In this model, the [EM pro-
tein is laterally released by the TIC translocon concurrently
with its import across the envelope (18). In the second “post-
import” pathway, the preprotein is fully imported through the
TOC-TIC translocons and is subsequently targeted back to the
IEM via a soluble intermediate (19 -21). Although there is sub-
stantial evidence for both pathways, little is known about the
factors and determinants that define each of these pathways.

VOLUME 285-NUMBER 17+APRIL 23,2010


http://www.jbc.org/cgi/content/full/M110.109744/DC1

Import Pathways of Chloroplast Inner Envelope Proteins

In this study, we used substrates that were reported to utilize
either the stop-transfer or post-import pathways to examine
the intrinsic signals that dictate the insertion pathway. Our
results show that the transmembrane domain (TMD) of the
stop-transfer substrate, APG1 (18, 22), is necessary and suffi-
cient as the signal for the stop-transfer pathway and is an
important determinant of membrane topology. Moreover, we
show that the post-import signals of atTic40 (21, 23-25) are
context-dependent and will function as stop-transfer signals in
the wrong context. These results suggest that the stop-transfer
mechanism is the default pathway for IEM targeting.

EXPERIMENTAL PROCEDURES

c¢DNAs and Construction of atAtTic40 and APG1 Mutants—
All plasmids used for the in vitro translation system were cloned
into the pET21d vector (Novagen). The c¢cDNAs for pre-
atAtTic40 (At5gl6620) and pre-APG1 (At3g63410) were
amplified by PCR, adding a Ncol site at the 5'-end and a NotI
site at the 3’'-end for atAtTic40 and a BamHI site at the 5'-end
for APG1. The TMD swaps along with all other deletion and
substitution mutants were generated by sequential overlapping
extension PCR as described (26, 27).

Chloroplast Isolation and in Vitro Import Assays—The
pET21 vectors containing the wild type and deletion and sub-
stitution mutants were subjected to in vitro coupled
transcription and translation in a rabbit reticulocyte lysate sys-
tem (Promega). The translated proteins were used directly for
chloroplast import assays. The chloroplast isolation from peas
was performed as described previously (28). For all time course
assays, the reactions were stopped after the time indicated by
adding 1 volume of ice-cold HS buffer (50 mm Hepes-KOH, pH
7.4, and 330 mM sorbitol) and placing reactions on ice. Protease
treatments were performed by adding 200 ug/ml thermolysin
on ice for 30 min, followed by quenching with 20 mm EDTA.
The chloroplasts were then reisolated through 40% Percoll,
washed with 1 volume of ice-cold HS buffer, and processed for
SDS-PAGE analysis. The quantitative analysis of radiolabeled
samples was performed with an FLA-5000 phosphor imager
and Multi-Gauge version 3.0 software (Fujifilm).

Import Chase Assays—For import chase assays, the import
substrates were incubated with isolated chloroplasts as de-
scribed previously (28) for 5 min at 20 °C, and the reaction was
stopped by adding 1 volume of ice-cold HS buffer and immedi-
ately pelleted at 900 X g for 3 min. Following protease treat-
ment, the treated chloroplasts were chased in import buffer (5
mM ATP, 1 mm DTT, 1 mm methionine, 50 mm Hepes-KOH,
pH 7.4, 330 mwm sorbitol, 50 mm Mg(CH;COOQ),, and 250 mm
CH,COOK) for 0, 5, and 60 min at 26 °C. After the indicated
times, the reactions were stopped by immediate reisolation
through 40% Percoll, washed with 1 volume of ice-cold HS
buffer, and separated into membrane and soluble fractions.

Chloroplast Lysis and Fractionation—Chloroplasts were
lysed by dilution in 5 volumes of 2 mm EDTA, followed by
vigorous vortex mixing and incubation on ice for 10 min. The
lysates were adjusted to 200 mm NaCl and centrifuged at
14,000 X g for 30 min (28). For alkaline extraction, the samples
were diluted in 5 volumes of 200 mm Na,CO,, pH 11.5, and
homogenized with 10 strokes of a Dounce homogenizer, incu-
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bated at room temperature for 10 min, and centrifuged at
14,000 X g for 30 min. The soluble fractions were removed and
precipitated with 20% trichloroacetic acid, and the membrane
pellet fractions were directly resuspended in SDS-PAGE load-
ing buffer.

IEM Isolation and Protease Sensitivity Assays—After import,
thermolysin-treated chloroplasts were reisolated through 40%
Percoll, washed with 1 volume of HS buffer, and resuspended in
0.6 M sucrose, 50 mm Tricine-KOH, pH 7.5,2 mm EDTA, and 1
mMm DTT (TE/DTT) buffer to a concentration of 1-2 ug of
chlorophyll/ul and frozen at —80 °C overnight. The samples
were thawed and diluted in 3 volumes of TE/DTT and centri-
fuged at 40,000 X g for 1 h. The pellet containing the envelope
and thylakoid membranes was resuspended in 0.2 M sucrose in
TE/DTT and loaded onto a step gradient containing 1.0, 0.8,
and 0.46 M sucrose in TE/DTT. The gradient was centrifuged at
100,000 X g for 1.5 h, and the contents of each interface were
collected. The IEM was collected from the 0.8/1.0 M sucrose
interface, diluted with 5-10 volumes of HS, and collected by
centrifugation at 100,000 X g for 1.5 h. This method yields
inside-out (inverted) vesicles (29). The pellets were resus-
pended in HS buffer and quantified by the BCA method.

The isolated inner envelope inverted vesicles (10 ug of pro-
tein) were treated with the indicated amount of thermolysin for
30 and 60 min on ice in HS buffer. The reaction was quenched
with 20 mm EDTA. For the protease sensitivity controls, 2%
Triton X-100 was added to the protease buffer to solubilize the
membrane vesicles. After quenching with 20 mm EDTA, the
reactions were processed for SDS-PAGE analysis followed by
gel transfer to a nitrocellulose membrane. The nitrocellulose
membranes were exposed to a phosphor imager screen for
quantitative analysis of the radiolabeled samples and subse-
quently subjected to immunoblots.

RESULTS

APGI Utilizes the Stop-transfer Pathway for IEM Insertion—
We selected atTic40 and APGL1 for our study because they both
contain a single TMD and adopt the same topology within the
IEM (22, 24). A previous report did not detect a soluble inter-
mediate during a standard protein import reaction with pre-
APGI and isolated chloroplasts, leading to the conclusion that
APGTI utilizes a stop-transfer mechanism (18). In order to com-
pare and contrast the stop-transfer and the post-import path-
ways, we first performed a systematic analysis of pre-atTic40
(Fig. 1) (21, 25) and pre-APG1 (Fig. 2) import and targeting to
confirm these results. In vitro translated *°S-labeled pre-
atTic40 was incubated with isolated chloroplasts for 30 min at
20 °C. After import, equivalent samples from the reaction were
separated and treated in the absence or presence of thermolysin
to remove surface-exposed material. The samples were subse-
quently fractionated into membrane and soluble fractions
using osmotic lysis and alkaline carbonate extraction.

As shown in Fig. 1B, both mature atTic40 and an intermedi-
ate sized form (int-atTic40) are present (Fig. 1B, lane 2) after
the 30-min import reaction. Previous studies demonstrated
that int-atTic40 is generated by processing of the transit pep-
tide by the stromal processing peptidase, and mature atTic40 is
generated by a processing event at the [IEM during post-import
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FIGURE 1. atTic40 utilizes a soluble intermediate during targeting to the IEM. A, schematic of the pre-
atTic40 protein. B, [**S]pre-atTic40 was imported into isolated chloroplasts for 30 min. The chloroplasts were
incubated in the presence (+) or absence (—) of thermolysin (200 wg/ul) on ice for 30 min. Proteolysis was
stopped, and the chloroplasts were lysed and separated into soluble (S) and membrane (P) fractions in the
presence (+) or absence (—) of 0.2 M Na,COs, pH 11.5. The graphs represent the quantification of lanes 4, 5, 6,
and 7 for either mature atTic40 (left) or the int-atTic40 (right). [**S]Pre-atTic40 was imported into chloroplasts
for 5 min at 20 °C (C), the reaction was stopped on ice and treated with thermolysin as in B, and import was
resumed in the presence of 5 mm ATP (Chase) for the times indicated. Equivalent fractions were collected and
separated into membrane and supernatant fractions by osmotic lysis. The graph represents the quantification
of the distribution of atTic40 and int-atTic40 during the chase. D, samples from the 60 min time pointin C were
treated with 0.2 M Na,CO,, pH 11.5, and separated into soluble and membrane fractions. Lane 14 (T) contains a
sample equivalent to the starting material before alkaline treatment. The graph represents the distribution of

atTic40 between the membrane pellet and supernatant fractions.

targeting (21). The intermediate and mature forms are thermo-
lysin-insensitive (Fig. 1B, compare lanes 2 and 3), indicating
that they are fully imported into the organelle. Whereas 75% of
mature atTic40 is membrane-integrated, ~45% of the interme-
diate sized protein is found in the soluble fraction after alkaline
extraction (Fig. 1B, lanes 6 and 7 and graphs).

To establish a method to detect a productive soluble inter-
mediate, we performed a chase assay (21) in which the import
reaction proceeded for 5 min at 20 °C to accumulate the poten-
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tegrated (Fig. 1D).

We performed a parallel experi-
ment using in vitro translated
[**S]pre-APG1 as the import sub-
strate. Pre-APG1 is imported and
processed to its mature form (Fig. 2,
compare lanes 1 and 2) without
a detectable size intermediate.
Mature APG1 is insensitive to ther-
molysin treatment, demonstrating
that it is fully imported into the
organelle (compare lanes 2 and 3).
APG]1 fractionates exclusively with
the membrane fraction in the pres-
ence or absence of alkaline carbon-
ate (pH 11.5), demonstrating that it
is indeed integrated into the IEM
(Fig. 2B, compare lanes 4 and 6 with
lanes 5 and 7; graph). A time course
was performed in an attempt to
observe a possible soluble interme-
diate (Fig. 2C). Even after only 2 min
of import, no significant amount of
the soluble form could be detected, confirming that this protein
inserts into the IEM without a soluble intermediate.

As a control for alkaline extraction, we compared the associ-
ation of APG1 and a peripheral IEM protein, Tic22 (30), with
the membrane before and after alkaline treatment (supple-
mental Fig. 1). Tic22 was quantitatively extracted from the
membrane pellet, whereas the vast majority of APG1 remained
membrane-associated (supplemental Fig. 1, compare lanes 1-3
with lanes 4-6).
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FIGURE 2. APG1 is a stop-transfer substrate. A, schematic of the pre-APG1 protein. B, [>*Slpre-APG1 was
imported into isolated chloroplasts for 30 min. The chloroplasts were incubated in the presence (+) or absence
(—) of thermolysin (200 ng/wl) on ice for 30 min. Proteolysis was stopped, and the chloroplasts were lysed and
separated into soluble (S) and membrane (P) fractions in the presence (+) or absence (—) of 0.2 m Na,CO;, pH
11.5. The graph represents the quantification of mature APG1 in lanes 4-7.C, [**Slpre-APG1 was imported into
chloroplasts for 2, 5,and 30 min at 20 °C. The reactions were stopped on ice and treated with thermolysin as in
B,and equivalent fractions were collected and separated into membrane and supernatant fractions by osmotic
lysis. The graph represents the quantification of APG1 in the soluble and membrane pellet fractions. D, [>*S]pre-
APG1 was imported into chloroplasts for 5 min at 20 °C. The reaction was stopped on ice and treated with
thermolysin as in B, and import was resumed in the presence of 5 mm ATP (Chase) for the times indicated.
Equivalent fractions were collected and separated into membrane and supernatant fractions by osmotic lysis.
The graph represents the quantification of the distribution of APG1 during the chase. E, samples from the 60
min time point in D were treated with 0.2 m Na,CO,, pH 11.5, and separated into soluble and membrane
fractions. Lane 14 (T) contains a sample equivalent to the starting material before alkaline treatment. The graph
represents the distribution of APG1 between the membrane pellet and supernatant fractions.

To eliminate the possibility that APG1 targeting would in-
volve a post-import intermediate that simply remained associ-
ated with the IEM and was not membrane-integrated, we per-
formed the import chase assay. No soluble form was detected
during the import chase of APG1 (Fig. 2D, lanes 7, 10, and 13).
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The levels of membrane-bound,
mature APG1 remained constant
with time, indicating that all detect-
able protein was already mem-
brane-integrated at the beginning of
the chase (Fig. 2D, graph). Less than
5% of total APG1 was detected in
the soluble fraction at all times (Fig.
2D). Even after alkaline extraction,
the proportion of membrane-inte-
grated APGI1 remained nearly the
same as at the beginning of the
chase (Fig. 2, compare D and E).
These data confirm the conclusions
of a previous study that APG1
import does not involve a soluble
form (18). Therefore, we conclude
that membrane insertion of APG1
occurs during translocation via a
stop-transfer mechanism.

The APG1 TMD Is Necessary and
Sufficient for IEM Integration via the
Stop-transfer Pathway—In an at-
tempt to define the determinants of
each IEM insertion pathway, we
first analyzed the role of the TMDs
of each protein in IEM targeting.
We deleted the TMD in pre-APG1
(pre-APGIATM) to determine if it
is a necessary signal for IEM target-
ing (Fig. 3A). In vitro translated
[**S]pre-APG1ATM was incubated
with isolated chloroplasts under
import conditions. After 30 min of
import, most of the imported pro-
tein appeared in the membrane
fraction when simple osmotic lysis
of the chloroplasts (2 mm EDTA)
was used to separate the membrane
and soluble fractions (Fig. 3B, lanes
8 and 9). However, upon treatment
with alkaline pH, no protein is
detectable in the membrane frac-
tion. By contrast, ~95% of all
detectable protein was found in the
soluble phase (Fig. 3B, compare
lanes 10 and 11; graph). The results
show that the APG1 TMD is
necessary for proper membrane
integration. We repeatedly ob-
served that the recovery of
[**S]JAPGIATM from the super-
natant after alkaline extraction

was only ~50% of the total (Fig. 3B, compare lanes 7 and 11).
We attribute this to the loss of the sample after precipitation
from the alkaline buffer and resuspension in SDS-PAGE
sample buffer. This is probably due to the hydrophobicity of
the APG1ATM construct.
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FIGURE 3. The APG1 TMD is necessary and sufficient for targeting to the IEM. A, schematic of the pre-
APG1ATM and pre-APG1TP-SSU-APG1TM constructs. B, [**S]lpre-APG1ATM was imported into isolated chloro-
plasts for 30 min. The chloroplasts were incubated in the presence (+) or absence (—) of thermolysin (200
g/ ul) onice for 30 min. Proteolysis was stopped, and the chloroplasts were lysed and separated into soluble
(S) and membrane (P) fractions in the presence or absence of 0.2 m Na,CO,, pH 11.5. The graph represents the
quantification of the distribution of mature APG1ATM in the supernatant and membrane pellet after alkaline
extraction (lanes 10 and 17). C, [**Slpre-APG1TP-SSU-APG1TM was imported into isolated chloroplasts for 30
min and treated as in B. The graph represents the quantification of the distribution of APG1TP-SSU-APG1TM in
the soluble supernatant and membrane pellet fractions before (control) or after (pH 11.5) alkaline extraction
(lanes 4-7). D, [**S]pre-APG1TP-SSU-APG1TM was imported into chloroplasts for 2, 5, and 30 min at 20 °C. The
reactions were stopped on ice and treated with thermolysin asin B, and equivalent fractions were collected and
separated into membrane and supernatant fractions by osmotic lysis. The graph represents the quantification
of APG1TP-SSU-APG1TM in the soluble supernatant and membrane pellet fractions.

During the analysis of the pre-
APGI1TP-SSU-APG1TM construct,
we observed that the imported,
mature protein was degraded with
continued incubation under import
conditions. This phenomenon was
also observed when similar fusions
were made to GFP and by placing
the APG1 TMD at the N terminus
of the mature SSU (data not shown).
This suggests that the fusion pro-
teins might be unstable when tar-
geted to the IEM or exposed to the
IMS. Therefore, we chose to further
examine the targeting properties of
the APG1 TMD in the context of a
native IEM protein. For this pur-
pose, we replaced the post-import
targeting signal of atTic40 with the
APG1 TMD. Tripp et al (25)
showed, using atTic40 deletion
mutants, that the atTic40 TMD and
a Ser/Pro-rich domain adjacent to
the TMD are necessary and suffi-
cient for membrane integration.
Therefore, this Ser/Pro-rich do-
main along with atTic40 TMD was
deleted, and the APG1 TMD was
put in its place (pre-atTic40-
APGI1TM,; Fig. 4A). A seven-amino
acid spacer from atTic40 (residues
76 —83) remained between the sec-
ond processing site in int-atTic40
and the beginning of the APGI1
insertion. Previously, we showed
that this region was important for
proper processing of int-atTic40 to
mature atTic40 (21). In addition, a
region immediately upstream of the
APG1 TMD (residues 288-308)
was included to facilitate secondary

In order to determine if the APG1 TMD is sufficient for pro-
tein targeting to the IEM, we generated a hybrid construct in
which the APG1 transit peptide and TMD were fused to rubisco
small subunit (SSU), a soluble stromal protein. The hybrid con-
struct, named pre-APG1TP-SSU-APG1TM (Fig. 34), was then
subjected to a chloroplast in vitro import assay to determine
whether it is properly targeted and sorted.

The addition of the APGI transit peptide and TMD to SSU
was efficient in directing the protein into the organelle (Fig. 3C,
lanes 2 and 3) and to the membrane fraction (compare lanes
4-7). An import time course revealed no significant soluble
intermediate, even at the early time points (Fig. 3D, lanes 3, 5,
and 7). The mature form is totally resistant to alkaline extrac-
tion, revealing that the protein is indeed integrated in the mem-
brane (Fig. 3D, lanes 2, 4, and 6 and graph).
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structure formation of the TMD.

Pre-atTic40-APG1TM was sub-
jected to an in vitro import reaction. The results in Fig. 4B show
that the construct was efficiently imported as indicated by ther-
molysin resistance (lane 3) and processed to its intermediate
size (for reference, see supplemental Fig. 2). Remarkably, the
second processing that converts int-atTic40 to mature atTic40
did not occur efficiently. This indicates that the N terminus has
reached the stroma, but the second processing site was not
accessible for cleavage.

A time course of pre-atTic40-APG1TM import (Fig. 4C)
revealed that the intermediate sized form (int-atTic40-APG1TM)
accumulated over time in the membrane fractions, with ~10% of
the protein detected in the soluble phase after alkaline extraction
(Fig. 4C, graph). The extractable component remains essentially
constant throughout the course of import, suggesting that it is not
an intermediate in the targeting process.

AV DN

VOLUME 285-NUMBER 17+APRIL 23,2010


http://www.jbc.org/cgi/content/full/M110.109744/DC1

Import Pathways of Chloroplast Inner Envelope Proteins

A atTic40-83
42 76 308 328
re-atTic40- :
vl 1l atTic40 |
APG1TM - —
Transit ___ TMD
Peptide APG1
B pH11.5: - - - -+ o+ C X i i .
Thermolysin: -+ o+ + o+ o+ Import time: 2 min 5min 30 min
VT P S P S IVT P S P S P S
pre-atTic40-APG1TM —| — pre-atTic40-APG1TM —>|~—
int-atTic40-APG1TM —| ——— T int-atTic40-APG1TM —| —— — —
atTic40-APG1TM —*| —— atTic40-APG1TM |
1 2 3 4 5 6 7 1 2 3 4 5 6 7
c
o
S 100% __100%
. =8
2 80% =2 80%
S= 8 5
o 0,
Y =
%, % 40% O Supernatant E % 40% O Supernatant
S Lo
g 52
& 20% E3 0%
© hel
£ 0% 0%
pH 11.5: - + 2 5 30
Import time (min)
60 min
D Chase: 0 min 5 min 60 min E pH11.5
IVTT P S T PS TP S TP S T P S
re-atTic40-APG1TM — :
pint-atTic40-APG1TM—_: O i g . INE-ETICAD- —| -
atTic40-APG1TM - o APG1TM 8
172 3 4 5 6 7 8 9 10 11 12 13 14 15 16
- Thermolysin + Thermolysin + Thermolysin
100%
100%
_ 80% | EE so%
= 60% | M int-atTic40- 25 60%
55 o APG1TM gé o
2L DatTic40- 35 40%
S5 o APG1TM =3 20%
=3 20%| | EZ o
g Pellet Supernatant
0%
0 5 60

Chase time (min)

FIGURE 4. The APG1 TMD targets atTic40 to the IEM via the stop-transfer pathway. A, schematic of the
pre-atTic40-APG1TM protein. B, [3*S]pre-atTic40-APG1TM was imported into isolated chloroplasts for 30 min.
The chloroplasts were incubated in the presence (+) or absence (—) of thermolysin (200 wg/pul) on ice for 30
min. Proteolysis was stopped, and the chloroplasts were lysed and separated into soluble (S) and membrane (P)
fractions in the presence (+) or absence (—) of 0.2 m Na,CO;, pH 11.5. The graph represents the quantification
of the distribution of intermediate sized atTic40-APG1TM (int-atTic40-APG1TM) in the soluble supernatant and
membrane pellet fractions before (control) or after (pH 11.5) alkaline treatments (lanes 4-7). C, [>*S]pre-
atTic40-APG1TM was imported into chloroplasts for 2, 5,and 30 min at 20 °C. The reactions were stopped onice
and treated with thermolysin as in B, and equivalent fractions were collected and separated into membrane
and supernatant fractions by osmotic lysis. The graph represents the quantification of int-atTic40-APG1TM
distribution in the soluble supernatant and membrane pellet fractions. D, [>*S]pre-atTic40-APG1TM was
imported into chloroplasts for 5 min at 20 °C. The reaction was stopped on ice and treated with thermolysin
as in B, and import was resumed in the presence of 5 mm ATP (Chase) for the times indicated. Equivalent
fractions were collected and separated into membrane and supernatant fractions by osmotic lysis. The graph
represents the quantification of the distribution of int-atTic40-APG1TM during the chase. E, samples from the
60 min time point in D were treated with 0.2 m Na,CO5, pH 11.5, and separated into soluble and membrane
fractions. Lane 14 (T) contains a sample equivalent to the starting material before alkaline treatment. The graph
represents the distribution of int-atTic40-APG1TM between the membrane pellet and supernatant fractions.

To confirm that this construct is indeed imported through
the stop-transfer pathway, we performed an import chase
experiment (Fig. 4D) and extracted the membrane proteins at
the end of the chase (Fig. 4E). The chase reveals no significant
soluble free form (Fig. 4D, lanes 7, 10, and 13; graph), and alka-
line extraction of the 60-min chase time point confirmed that

APRIL 23, 2010+VOLUME 285-NUMBER 17

the levels of alkaline-extractable
int-atTic40-APG1TM remained at
~10% of the total even at the end of
the chase (Fig. 4E). This is evidence
that the soluble form that appeared
in low amounts (~10%) under high
pH conditions is not converted into
a mature form and is further confir-
mation that this fusion protein is
inserted into the membrane via the
stop-transfer pathway. Therefore,
we conclude that the APG1 TMD is
necessary and sufficient for mem-
brane insertion of both a normally
soluble protein (SSU) and an inner
envelope resident protein (atTic40)
via the stop-transfer pathway.

The atTic40 TMD Can Function
as a Stop-transfer Signal—The TMD
of APG1 was shown in this study to
be necessary and sufficient for tar-
geting via the stop-transfer path-
way, whereas the post-import path-
way utilized by atTic40 appears to
require both a TMD and the pres-
ence of the Ser/Pro-rich domain
(21, 25). This prompted us to inves-
tigate the role of the atTic40 TMD
in determining the IEM targeting
pathway.

As a first step, we tested whether
the atTic40 TMD could function in
IEM targeting in the absence of the
Ser/Pro-rich domain. To this end,
we replaced the APG1 TMD (resi-
dues 307-328) with the atTic40
TMD (residues 106-131) to gener-
ate pre-APG1-atTic40TM (Fig. 5A).
This construct was imported into
isolated chloroplasts for 30 min, and
the results are shown in Fig. 5B.
After a 30-min import reaction,
most of the imported protein
(~90%) co-fractionated with the
membrane fraction, and upon alka-
line extraction, roughly 75% of the
protein remained tightly bound to
the membrane (Fig. 5B, lanes 4, 5, 6,
and 7; graph).

A time course of pre-APGl-
atTic40TM import (Fig. 5C) re-
vealed that the small proportion of

APG1-atTic40TM that is not membrane-integrated did not
decrease as a proportion of total protein from 2 to 30 min of
import. An import chase was performed under the same con-
ditions established previously, and very low levels of soluble
APGI1-atTicd0TM (~4% of total APGI1-atTic40TM) were
detected at each time point in the chase (Fig. 5D, lanes 7, 10, and
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FIGURE 5. The atTic40 TMD functions as a stop-transfer signal when it replaces the APG1 TMD. A, sche-
matic of the pre-APG1-atTic40TM protein. B, [**S]pre-APG1-atTic40TM was imported into isolated chloroplasts
for 30 min. The chloroplasts were incubated in the presence (+) or absence (—) of thermolysin (200 ug/ul) on
ice for 30 min. Proteolysis was stopped, and the chloroplasts were lysed and separated into soluble (S) and
membrane (P) fractions in the presence (+) or absence (—) of 0.2 M Na,CO;, pH 11.5. The graph represents the
quantification of the distribution of mature APG1-atTic40TM in the soluble supernatant and membrane pellet
fractions before (control) or after (pH 11.5) alkaline treatments (lanes 4-7). C, [>*Slpre-APG1-atTic40TM was
imported into chloroplasts for 2, 5, and 30 min at 20 °C. The reactions were stopped on ice and treated with
thermolysin as in B, and equivalent fractions were collected and separated into membrane and supernatant
fractions by osmotic lysis. The graph represents the quantification of APG1-atTic40TM distribution in the sol-
uble supernatant and membrane pellet fractions. D, [**Slpre-APG1-atTic40TM was imported into chloroplasts
for 5 min at 20 °C. The reaction was stopped on ice and treated with thermolysin as in B, and import was
resumed in the presence of 5 mm ATP (Chase) for the times indicated. Equivalent fractions were collected and
separated into membrane and supernatant fractions by osmotic lysis. The graph represents the quantification
of the distribution of APG1-atTic40TM during the chase. E, samples from the 60 min time point in D were
treated with 0.1 m Na,CO,, pH 11.5, and separated into soluble and membrane fractions. Lane 14 (T) contains a
sample equivalent to the starting material before alkaline treatment. The graph represents the distribution of
APG1-atTic40TM between the membrane pellet and supernatant fractions. The asterisk indicates a minor
degradation product present in the reactions.

the small proportion of APGI-
atTic40TM that associates loosely
with the IEM does not represent a
productive targeting intermediate
but probably corresponds to a small
amount of mistargeted protein.
Therefore, we conclude that the
atTic40 TMD functions as a stop-
transfer signal in the absence of the
rest of atTic40 and is capable of tar-
geting APG1 to the IEM, albeit with
a slightly lower efficiency than the
native APG1 TMD.

To further explore the signals in
atTic40 that may direct the post-
import pathway, a fusion in which
the TMD in APG1 was replaced by
the Ser/Pro-rich domain and
TMD of atTic40 was generated
(pre-APG1-atTic40SPTM,; Fig. 6A).
Fig. 6B shows that pre-APGI1-
atTic40SPTM is not only properly
targeted to the chloroplasts but
effectively inserted into the mem-
brane. Mature APG1-atTic40SPTM
was present in the membrane frac-
tion, as shown by alkaline extraction
(Fig. 6B, lanes 6 and 7; graph), with
less than 20% of total protein
in the soluble phase upon alkaline
extraction.

A time course of APGI-
atTic40SPTM import (Fig. 6C) also
revealed that the proportion of pro-
tein found in the soluble phase after
alkaline extraction remained essen-
tially constant, at less than 20% of
total protein from the beginning of
import. The amount of loosely
bound protein remained the same at
each time point if the chloroplasts
from a 5-min import were reisolated
and chased (Fig. 6D). Alkaline
extraction of the sample from the
60-min chase (Fig. 6E) revealed that
20% of the total protein is found in
the soluble phase. This amount is
similar to that observed at the start
of the chase (Fig. 6C, 5 min time
point), arguing that this form is not
a productive targeting intermediate.

In conclusion, the results show

13; graph). Alkaline extraction of the 60 min time point after the
chase revealed that ~30% (Fig. 5E) of the protein is not inte-
grated. The amount of protein loosely associated with the
membrane was slightly higher than that observed at the 5 min
time point in import that was used at the start of the chase
(compare the graphs in Fig. 5, C and E). This suggests that
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that the atTic40 TMD in the presence or absence of the Ser/
Pro-rich domain functions as a stop-transfer signal when
inserted at the C terminus of a native [EM protein with similar
topology. Taken together, these data suggest that the stop-
transfer pathway is the default pathway for chloroplast IEM
targeting.
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FIGURE 6. The atTic40 Ser/Pro-rich region and TMD function as a stop-transfer signal when they replace
the APG1 TMD. A, schematic of the pre-APG1-atTic40SP-TM protein. B, [>*S]pre-APG1-atTic40SP-TM was
imported into isolated chloroplasts for 30 min. The chloroplasts were incubated in the presence (+) or absence
(—) of thermolysin (200 ng/wl) on ice for 30 min. Proteolysis was stopped, and the chloroplasts were lysed and
separated into soluble (S) and membrane (P) fractions in the presence (+) or absence (—) of 0.1 m Na,CO;, pH
11.5. The graph represents the quantification of the distribution of mature APG1-atTic40SP-TM in the soluble
supernatant and membrane pellet fractions before (control) or after (pH 11.5) alkaline treatments (lanes 4-7).
C, [**Slpre-APG1-atTic40SP-TM was imported into chloroplasts for 2, 5, and 30 min at 20 °C. The reactions were
stopped onice and treated with thermolysin as in B, and equivalent fractions were collected and separated into
membrane and supernatant fractions by osmotic lysis. The graph represents the quantification of APG1-
atTic40SP-TM distribution in the soluble supernatant and membrane pellet fractions. D, [**S]pre-APG1-
atTic40SP-TM was imported into chloroplasts for 5 min at 20 °C. The reaction was stopped on ice and treated
with thermolysin as in B, and import was resumed in the presence of 5 mm ATP (Chase) for the times indicated.
Equivalent fractions were collected and separated into membrane and supernatant fractions by osmotic lysis.
The graph represents the quantification of the distribution of APG1-atTic40SP-TM during the chase. E, samples
from the 60 min time point in D were treated with 0.1 m Na,CO5, pH 11.5, and separated into soluble and
membrane fractions. Lane 14 (T) contains a sample equivalent to the starting material before alkaline treat-
ment. The graph represents the distribution of APG1-atTic40SP-TM between the membrane pellet and super-
natant fractions.

ference between the strategies used
in the two studies was the position
of the atTic40 targeting domain
within the fusion proteins. The GFP
fusion placed the signals at the N
terminus of GFP in a context com-
parable with those found in native
atTic40, whereas the pre-APGI1-
atTic40SPTM construct placed the
signals at the C-terminal region of
the protein. We speculated that
the position of the atTic40
signals in the protein might play a
role in the function of these
signals and ultimately in pathway
determination.

To test this possibility, a con-
struct that contained the atTic40
Ser/Pro-rich domain and TMD at
the N terminus of APG1 was gener-
ated. This construct (pre-atTic40N-
APGIATM,; Fig. 7A) contained the
N terminus of atTic40 up through
the TMD (including the Ser/Pro-
rich domain) and was fused with a
truncated form of APG1 lacking its
C-terminal TMD. This construct
was imported into isolated chloro-
plasts. The results in Fig. 7B
revealed that the protein was prop-
erly imported into chloroplasts, as
shown by thermolysin resistance
(lane 3). Interestingly, this con-
struct was processed twice upon
import, once to an intermediate
size and again to the mature form.
This is similar to native atTic40
(21) (Fig. 1). A significant portion
of the intermediate (int-atTic40N-
APG1ATM) was extractable
(>30%) from the membrane at early
time points in import (Fig. 7C, com-
pare lanes 2 and 3; graph).

To directly test whether or not
int-atTic4ON-APG1ATM was a tar-
geting intermediate, we performed
an import chase experiment (Fig.
7D). The abundance of the int-
atTic4dON-APGIATM form de-

The Function of the atTic40 Ser/Pro-rich Region and TMD as
a Post-import Signal Is Context-dependent—A previous study
demonstrated that fusion of the atTic40 transit peptide, Ser/
Pro-rich domain, and TMD to the N-terminal region of GFP
could target the protein to the IEM via a soluble intermediate
similar to that observed with native atTic40 (25). These results
are in contrast with those in Fig. 6, in which the Ser/Pro-rich
domain and TMD of atTic40 arrested the APG1-atTic40SPTM
fusion on the IEM via a stop-transfer pathway. The major dif-
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creased during the chase in the same proportion that the
mature band increased (Fig. 7D, graph). This observation con-
firms that int-atTic4ON-APG1ATM is directly converted to the
mature form. The mature form of atTic4ON-APG1ATM was
largely insensitive to alkaline extraction from the membrane
fraction, demonstrating that it is fully integrated into the mem-
brane in the same proportion as atTic40 (~80% integration)
(compare Figs. 1D and 7D). These data suggest that the atTic40
Ser/Pro-rich region and TMD function as post-import signals
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FIGURE 7. The atTic40 Ser/Pro-rich region and TMD function as post-import targeting signals when fused
to the N-terminal region of APG1. A, schematic of the pre-atTic40N-APG1ATM protein. B, [>*S]pre-atTic40N-
APG1ATM was imported into isolated chloroplasts for 30 min. The chloroplasts were incubated in the presence
(+) or absence (—) of thermolysin (200 ng/ul) on ice for 30 min. Proteolysis was stopped, and the chloroplasts
were lysed and separated into soluble (S) and membrane (P) fractions in the presence (+) or absence (—) of 0.1
MNa,CO,, pH 11.5. The graph represents the quantification of the distribution of the intermediate sized form of
atTic40N-APGTATM (int-atTic4ON-APG1ATM) in the soluble supernatant and membrane pellet fractions
before (control) or after (pH 11.5) alkaline treatments (lanes 4-7). C, [>*S]pre-atTic40N-APG1ATM was imported
into chloroplasts for 2, 5, and 30 min at 20 °C. The reactions were stopped on ice and treated with thermolysin
as in B, and equivalent fractions were collected and separated into membrane and supernatant fractions by
osmotic lysis. The graph represents the quantification of int-atTic4ON-APG1ATM distribution in the soluble
supernatant and membrane pellet fractions. D, [>*Slpre-atTic40N-APG1ATM was imported into chloroplasts
for 5 min at 20 °C. The reaction was stopped on ice and treated with thermolysin as in B, and import was
resumed in the presence of 5 mm ATP (Chase) for the times indicated. Equivalent fractions were collected and
separated into membrane and supernatant fractions by osmotic lysis. The graph represents the quantification
of the distribution of int-atTic40N-APG1ATM and atTic40N-APG1ATM during the chase. E, samples from the 60
min time point in D were treated with 0.1 m Na,CO,, pH 11.5, and separated into soluble and membrane
fractions. Lane 14 (T) contains a sample equivalent to the starting material before alkaline treatment. The graph
represents the distribution of atTic40N-APG1ATM between the membrane pellet and supernatant fractions.

the post-import pathway does not
appear to require a fully soluble
stromal intermediate.

In conclusion, the data presented
here suggest that the function of the
atTic40 Ser/Pro-rich segment and
TMD as post-import targeting sig-
nals is dependent upon the position
of the signal within the polypeptide.
In the inappropriate position (e.g. C
terminus), the Ser/Pro-rich domain
and TMD or the TMD alone are
capable of directing IEM insertion,
but they function as stop-transfer
signals.

The APGI TMD Dictates Mem-
brane Topology—During protein
import into chloroplasts via the
TOC-TIC translocons, the N-ter-
minal transit peptide is recognized
by receptors at the surface of the
chloroplast, and translocation pro-
ceeds N terminus first. In the case of
a C-terminally anchored protein,
such as APG1, with the bulky N ter-
minus extending into the IMS, the
polypeptide must flip within the
translocon to attain its correct
topology during translocation.

The fact that the atTic40-
APGI1TM construct was imported
via the stop-transfer pathway and
the second processing was inhibited
prompted us to investigate the
membrane orientation of this con-
struct. The possibility that the pro-
tein flipped during translocation
could account for the lack of acces-
sibility to the protease responsible
for the generation of the mature
form.

APG1 and atTic40 each have
bulky hydrophilic segments. In the
case of atTic40, a small N-terminal
region extends into the IMS with
the bulk of the protein, including its
C terminus, in the stroma (24). In
contrast, the bulk of APG1 and its N

only when placed adjacent to the N-terminal region of the
protein.

Interestingly, int-atTic4ON-APGIATM was peripherally
associated with the membrane and was only released by alkaline
extraction. This is in contrast to int-atTic40, which was found
largely as a soluble intermediate in the stroma (Fig. 1B and C)
(21). However, APGIATM also remained loosely associated
with the membrane although it lacked a TMD (Fig. 3B, lanes 3
and 8), suggesting that APG1 associates with the IEM even
when the membrane targeting signals are removed. Therefore,

12956 JOURNAL OF BIOLOGICAL CHEMISTRY

terminus reside in the IMS (31). The difference in the distribu-
tion of the atTic40 and APG1 polypeptides across the IEM pro-
vided a method to readily assess topology. In isolated, inside-
out IEM vesicles treated with protease, atTic40 is expected to
be completely degraded, whereas APG1 is expected to be
largely intact (31).

To optimize the protease protection assay, isolated inside-
out IEM vesicles (28, 29) were treated with increasing concen-
trations of thermolysin (supplemental Fig. 3), and IEM proteins
were immunoblotted with anti-atTic40 or anti-APG1 serum.
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At 20 pg of thermolysin/mg of IEM protein, atTic40 was
completely digested, whereas APG1 was largely intact
(supplemental Fig. 3, lane 3). At higher thermolysin concentra-
tions, APGL1 is converted to a slightly smaller fragment, consis-
tent with cleavage of its short C-terminal stromal region
(supplemental Fig. 3, lanes 4—6). In the presence of Triton
X-100 to disrupt the membrane barrier, both proteins were
completely digested at 20 ug of thermolysin/mg of IEM protein
or higher concentrations, indicating that the lack of APG1 deg-
radation is not due to intrinsic resistance to proteolysis
(supplemental Fig. 3, lane 9).

Radiolabeled pre-APG1, pre-atTic40, pre-atTic40-
APGI1TM, pre-APG1-atTic40SPTM, and pre-atTic4ON-
APGIATM were imported into isolated chloroplasts for 30
min, and the chloroplasts were subsequently treated with ther-
molysin. Inside-out IEM vesicles were prepared from these
chloroplasts using standard procedures, and the vesicles were
subsequently treated with 20 ug of thermolysin/mg of IEM pro-
tein to examine the sensitivity of the imported proteins to pro-
tease digestion.
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Resistant atTic40N-
APG1ATM
% of control)
oR8283
SRR

+ +TX-100 N
Thermolysin /‘f

FIGURE 8. The APG1 TMD controls membrane topology. [**Slpre-APG1 (A), [**Slpre-atTic40 (B), [>*S]pre-
atTic40-APG1TM (C), [*°S]pre-APG1-atTic40SPTM (D), and pre-atTic40N-APG1ATM (E) were imported into iso-
lated chloroplasts for 30 min at 26 °C and subsequently treated with 200 wg/ul thermolysin for 30 min on ice.
The chloroplasts were lysed and inside-out IEM vesicles were isolated by gradient density centrifugation. The
vesicles were treated in the presence (+) or absence (—) of 20 ug of thermolysin/mg of protein in the presence
(+) or absence (—) of 2% Triton X-100 (TX-100) as indicated. The graphs represent the quantification of the
protease-resistant imported protein as indicated. Regions of the polypeptides in the targeting schematics to
the right of each panel are color-coded to correspond to those derived from atTic40 (gray) and APG1 (black).

In order to acquire this N-out/C-in
topology without going through a
soluble form and being post-import
inserted into the IEM, the protein
is required to flip during translo-
cation, presumably without leav-
ing the translocon, similar to
native APG1. Bypassing the solu-
ble targeting pathway might ac-
count for the inefficient processing
of the second cleavage site (Fig. 4) (21).

To examine whether the 20-amino acid spacer region
upstream from the APG1 TMD (residues 288 —305) that was
included in pre-atTic40-APG1TM also influenced targeting or
topology, we deleted this region from pre-APG1l (pre-
APG1A288 —-305; Fig. 9A4) and examined its import and prote-
ase sensitivity (Fig. 9). A time course of pre-APG1A288 -305
import (Fig. 9B) was indistinguishable from that of pre-AGP1
(Fig. 2D). The imported, mature APG1A288-305 was not
extractable by alkaline carbonate (Fig. 9C), indicating that it
was fully integrated into the membrane. Like APG1, mature
APG1A288 —305 was largely insensitive to thermolysin diges-
tion in isolated, inside-out IEM vesicles (Fig. 9D). Taken
together, these results indicate that residues 288 -305 do not
influence the targeting or topology of pre-APGL.

When the APG1 TMD was replaced by the atTic40 TMD
(pre-APG1-atTic40SPTM) (Fig. 8D), the imported protein was
protease-sensitive, indicating that the bulk of the protein is
exposed at the stromal face of the [IEM. This is the reverse topol-
ogy of native APG1, indicating that although the atTic40 seg-

.
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port mechanisms (15-19, 21). We
wished to investigate how the TIC
translocon distinguishes between
these two pathways by defining
the targeting determinants within
model substrates that utilize each
pathway. We compared the target-
ing of pre-atTic40, a known post-
import substrate, with pre-APG1, a
proposed stop-transfer substrate.
Using the same conditions for pro-
tein import for both proteins, we
confirmed previously reported data
indicating that APG1 import does
not involve a soluble intermediate
(18), providing additional evidence
for the existence of both targeting
mechanisms.

Deletion mutagenesis and fusion
protein analyses (Fig. 3) demon-
strated that the APG1 TMD was
both necessary and sufficient for
stop-transfer  targeting. =~ When
placed at the C terminus, the APG1
TMD alone was able to target an
otherwise stromal protein (SSU)
to the membrane through the
stop-transfer pathway. Also in
agreement with these data,
atTic40, a post-import substrate,

TMD

60 min

16.
+ Thermolysin

Pellet

Supernatant

+ +TX-100

FIGURE 9. The 20 amino acids upstream of the APG1 TMD do not influence IEM targeting or membrane
topology. A, schematic of the pre-APG1A288-305 protein. B, [**S]pre-APG1A288-305 was imported into
chloroplasts for 5 min at 20 °C. The reaction was stopped on ice and treated with thermolysin, and import was
resumed in the presence of 5 mm ATP (Chase) for the times indicated. Equivalent fractions were collected and
separated into membrane (P) and supernatant (S) fractions by osmotic lysis. The graph represents the quanti-
fication of the distribution of APG1A288-305 during the chase. C, samples from the 60 min time pointin Bwere
treated with 0.2 M Na,COs, pH 11.5, and separated into soluble and membrane fractions. Lane 14 (T) contains a
sample equivalent to the starting material before alkaline treatment. The graph represents the distribution of
APG1A288-305 between the membrane pellet and supernatant fractions. D, [**Slpre-APG1A288-305 was
imported into isolated chloroplasts for 30 min at 26 °C and subsequently treated with 200 ng/ul thermolysin
for 30 min on ice. The chloroplasts were lysed, and inside-out IEM vesicles were isolated by gradient density
centrifugation. The vesicles were treated in the presence (+) or absence (—) of 20 ug of thermolysin/mg of
protein in the presence (+) or absence (—) of 2% Triton X-100 (TX-100) as indicated. The graph represents the

was targeted to the inner envelope
membrane via the stop-transfer
pathway when its N-terminal tar-
geting signals were replaced by the
APG1 TMD. These data suggest
that the TMD of APG1 functions
as a stop-transfer determinant
regardless of the position of the
TMD along the protein.

quantification of the protease-resistant imported protein as indicated.

ments function as stop-transfer signals in this context, they are
unable to cause the polypeptide to flip and assume a native
topology. The protease sensitivity pattern of APGI-
atTic40SPTM was identical to native atTic40 (Fig. 8B). These
data also suggest that regions of APG1 outside of the TMD are
not required to determine topology.

In the case of atTic4ON-APG1ATM, the polypeptide was
completely susceptible to protease digestion and therefore also
exposed at the stromal face of the I[EM (Fig. 8E). This confirms
that the atTic40 N terminus containing its Ser/Pro-rich domain
and TMD is capable of targeting APG1 lacking its own TMD to
the IEM via the post-import way and inserting the protein in the
membrane in the same topology as atTic40.

DISCUSSION

Previous studies suggested that the insertion of [EM proteins
into the membrane involved both stop-transfer and post-im-

12958 JOURNAL OF BIOLOGICAL CHEMISTRY

Our studies also suggest that the
TMD of APGI1 plays the primary
role in determining protein topology during IEM insertion.
Both APG1 and atTic40 are oriented with their N termini in
the IMS and their C termini in the stroma. Consequently, the
APG1 TMD is predicted to flip during membrane insertion
to orient the protein in the correct topology. atTic40 carry-
ing the APG1 TMD retained the correct membrane orienta-
tion when diverted to the stop-transfer pathway, indicating
that the TMD was sufficient to dictate topology.

In the case of atTic40, both the Ser/Pro-rich domain and
the downstream TMD were shown to be required for post-
import targeting in the native protein (25). Our studies
revealed that replacement of the C-terminal APG1 TMD
with the atTic40 TMD, with or without the Ser/Pro-rich
region, did not divert APG1 to the post-import pathway.
Instead, the hybrid protein appeared to utilize a stop-trans-
fer pathway. In contrast, fusion of the atTic40 Ser/Pro-rich
region and TMD to the N-terminal region of APG1 was able
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to drive post-import targeting. Similarly, Tripp et al. (25)
showed that the fusion of the N-terminal region of atTic40 to
the N terminus of GFP could target the protein to the IEM,
presumably via a post-import pathway. These data indicate
that the ability of the atTic40 signals to direct post-import
targeting is context-dependent when placed within APG1.
The data also suggest that part of the function of the post-
import signals within atTic40 (e.g. the Ser/Pro-rich region) is
to avoid stop-transfer insertion.

Consistent with our observations, a previous study indicated
that the ability of the atTic40 post-import signals to target
fusion proteins to the IEM is complex and dependent on the
passenger protein or the context of the signals. Replacement of
the TMD of another IEM protein, Arc6, with the atTic40 tar-
geting signals failed to target the chimera to the IEM by either a
stop-transfer or post-import mechanism (25). Instead, the
fusion accumulated in the stroma. One possible explanation for
this discrepancy with the results presented here is that native
Arc6 has the opposite membrane topology of APG1 and
atTic40 (32). Therefore, it is possible that regions of Arcé out-
side of its TMD might participate in determining topology and
therefore interfere with the targeting properties of the atTic40
signals.

Tripp and colleagues (25) also showed that deletion of the
atTic40 Ser/Pro-rich region in atTic40 diverted the bulk of the
protein to the stroma. Furthermore, fusion of the atTic40 TMD
to GFP also failed to target the fusion to the IEM. By contrast,
we showed that the atTic40 TMD alone or the Ser/Pro-rich
region plus the TMD functioned as stop-transfer signals when
fused to APG1 at its C terminus. Therefore, the atTic40 TMD is
not always recognized as a stop-transfer signal in the absence of
a complete post-import signal. These results emphasize that
the functions of the atTic40 targeting signals are highly sensi-
tive to the context of the passenger protein, whether context be
the position of the signals within the fusion or the nature of the
passenger itself.

In mitochondria, similar stop-transfer and post-import
pathways for inner membrane insertion exist (33, 34), and it
has been shown that the presence of prolines in the TMD is
a fundamental determinant in the capability of a TMD to be
arrested or not in the membrane during translocation. It has
been demonstrated that prolines in the TMD cause these
helices to be transferred by the translocon to the matrix,
disfavoring TMD arrest and transfer to the lipid bilayer (35)
and prompting these proteins to be inserted via a conserva-
tive sorting process that is similar to the post-import path-
way in chloroplasts. A closer look at the TM helices of APG1
and atTic40 reveals that both helices contain a single proline.
Furthermore, a point mutation that converts the TMD pro-
line to a leucine had no apparent effect on the atTic40 inser-
tion pathway (25). Therefore, it is unlikely that similar rules
apply for the stop-transfer and post-import pathways in
chloroplasts.

The membrane targeting systems in chloroplasts are prob-
ably more complex than those of mitochondria because of
the existence of the thylakoid membrane. Not only must the
TOC-TIC systems discriminate between stop-transfer and
post-import signals for IEM targeting; they also must allow
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thylakoid membrane proteins to pass through the envelope
and not be inserted into the IEM. The mitochondrial version
of the post-import pathway is truly a conservative pathway
because the components involved in insertion (i.e. Oxalp)
are homologous to components of the bacterial membrane
protein insertion system (YidC) (2). In chloroplasts, an anal-
ogous conservative sorting pathway, the Alb3 insertase,
functions in inserting membrane proteins into the thylakoid
membrane (2). Although the nature of the post-import path-
way for targeting to the chloroplast IEM has not been
defined, there is evidence that components of the Tic com-
plex are involved in the insertion process (20, 23). This raises
the possibility that both pathways for inserting proteins into
the chloroplast IEM evolved independent of those that were
conserved from the original endosymbiont.
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