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Isolation of Components of
the Chloroplast Protein
Import Machinery

Danny J. Schnell,* Felix Kessler, Giinter Blobel

Components of the protein import machinery of the chloroplast were isolated by a
procedure in which the import machinery was engaged in vitro with a tagged import
substrate under conditions that yielded largely chloroplast envelope-bound import in-
termediates. Subsequent detergent solubilization of envelope membranes showed that
six envelope polypeptides copurified specifically and, apparently, stoichiometrically with
the import intermediates. Four of these polypeptides are components of the outer mem-
brane import machinery and are associated with early import intermediates. Two of these
polypeptides have been characterized. One is a homolog of the heat shock protein hsp70;
the other one is a channel-protein candidate.

Many chloroplast proteins are synthesized
in the cytosol as larger precursors with an
amino-terminal transit sequence that func-
tions in translocating these precursors
across the two membranes of the chloro-
plast envelope. During or shortly after
translocation, the transit sequence is re-
moved by a specific soluble endoprotease
(transit peptidase) that is located in the
chloroplast stroma.

Little is known about the machinery
that al]lows protein translocation across the
two chloroplast envelope membranes. It has
been proposed that translocation proceeds
through two separate protein conducting
channels in the outer and inner membranes
of the chloroplast, respectively, and that
two separate domains of the transit se-
quence each serve as a distinct ligand to
consecutively open these channels (1, 2),
thereby allowing translocation of a protein
from the cytosol into the chloroplast stro-
ma, presumably by a thermal ratchet mech-
anism (3).

Although various potential candidate
proteins for the chloroplast envelope im-
port machinery have been reported (4-9),
their role in the import process, if any,
remains to be determined. We isolated
components of the protein import machin-
ery of the chloroplast envelope by a proce-
dure based on our previous demonstration
of the existence of distinct import interme-
diates that arise during the course of an in
vitro import reaction and remain associated
with the chloroplast envelope membranes
(1). These envelope-bound import interme-
diates remained associated with compo-
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nents of the import machinery even after
detergent solubilization of the membrane
and, therefore, could be used as a bait for
the isolation of this machinery. We ob-
tained six distinct envelope proteins that
were specifically associated with the enve-
lope-bound import intermediates. We refer
to these proteins as IAPs (for import inter-
mediate associated proteins). A subset of
four of the six IAPs copurified with early
import intermediates. These four “early”
IAPs represent components of the import
machinery of the outer chloroplast mem-
brane. Two additional IAPs copurified with
a late import intermediate that had gained
partial access to the chloroplast stroma.
These two “late” [APs are likely to repre-
sent components of the import machinery
of the inner chloroplast envelope. We char-
acterized two of these four early [APs, both
of an apparent molecular size of 75 kD. One
of these was characterized immunologically
and shown to be a member of the heat
shock protein (hsp) 70 family. This protein
is an integral protein of the outer mem-
brane that is inaccessible on the chloroplast
surface to externally added thermolysin
(10). The other protein, referred to as
IAP75, was molecularly cloned and se-
quenced. Because it is largely embedded in
the outer membrane, IAP75 is a candidate
for a channel protein. The characterization
of the other two early IAPs is reported in
the accompanying paper (11). These two
proteins, IAP34 and IAP85, are guanosine
triphosphate (GTP)-binding proteins.
Isolation of import machinery. As an
easily retrievable import substrate, we used
a chimeric protein, referred to as pS-protA,
consisting of the precursor of the small sub-
unit of ribulose-1,5-bisphosphate carbox-
ylase (pS) fused at its COOH-terminus to
staphylococcal A protein (protA) (1). This
protein was expressed in Escherichia coli,
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purified, and urea-denatured before being
incubated at 26°C in an import reaction
containing isolated chloroplasts (1). The
import reaction was stopped after 2.5 min-
utes by cooling on ice. At this time the two
previously characterized envelope-bound
import intermediates were present in their
highest amounts (1), with the early import
intermediate being the uncleaved pS-protA
and the late import intermediate being the
cleaved S-protA (see below) (the latter
having gained access to the stromal transit
peptidase). Chloroplasts from the 2.5-
minute reaction point were reisolated, rap-
idly disrupted, and processed to yield a crude
envelope fraction. This fraction was further
separated by flotation on a sucrose gradient
to obtain a light outer membrane fraction
(OM), an intermediate density fraction
(OM-IM), and a slightly denser inner mem-
brane (IM) fraction (Fig. 1) (1). Immuno-
blots showed that most of an outer mem-
brane marker protein (OM37) (12) was
present in the light outer membrane frac-
tion, and most of an inner membrane mark-
er protein (IM35) (12) was present in the
inner membrane fraction (Fig. 1B). The in-
termediate density fraction contained de-
tectable amounts of OM37 and IM35 and
therefore consisted of remnants of both out-
er and inner membranes, presumably held
together by contact sites (13). A large pro-
portion of each of the two import interme-
diates was found in the intermediate density
fraction (Fig. 1A) (1). None were detectable
in the outer membrane fraction (Fig. 1A).

The intermediate density fraction (OM-
IM) was solubilized in a buffer containing 2
percent Triton X-100, 250 mM NaCl and
10 percent glycerol (by volume) (14). The
solubilized import intermediates (*°S-la-
beled) were bound to immunoglobulin G
(IgG)-Sepharose, extensively washed, and
eluted by SDS. They were analyzed by
SDS—polyacrylamide gel electrophoresis
(PAGE) and silver staining (Fig. 2A) and
fluorography (Fig. 2B). The eluted proteins
consisted of the two import intermediates
(pS-protA and S-protA), some IgG heavy
chain that leached from the [gG-Sepharose
column, and five polypeptide bands of 34,
36, 75, 86, and 100 kD (Fig. 2A). These
five polypeptide bands copurified with the
two import intermediates in approximately
stoichiometric amounts (as judged from
their staining intensity in Figs. 2 and 3),
suggesting a specific association.

Several control experiments indicated
that these five copurifying polypeptide
bands were indeed specifically associated
with the two import intermediates. First,
neither import intermediates nor copurify-
ing envelope polypeptides were detected
when the chloroplasts were incubated with
thermolysin before the import reaction (Fig.
2A). Incubation of chloroplasts with ther-
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molysin abolishes their ability to import
proteins (15). Second, omission of adeno-
sine triphosphate (ATP) in the import re-
action yielded neither import intermediates
nor copurifying envelope polypeptides (Fig.
2A), a result consistent with the known
requirement of import for ATP (16-18).
Third, the use of mature S-protA as a sub-
strate in the import reaction yielded neither
import intermediates nor copurifying enve-
lope polypeptides (Fig. 2A) as would be
expected from the known dependence of
import on the transit sequence (19).
Fourth, an import reaction in the absence of
import substrate did not- yield envelope
polypeptides that bound to IgG-Sepharose
(Fig. 2A). This control excluded the possi-
bility that envelope peptides bound nonspe-
cifically to IgG-Sepharose. Finally, no en-
velope polypeptide copurified with import
substrate when it was added during the
solubilization of the OM-IM fraction of the
envelope (Fig. 2, A and B). This control
excluded the possibility that pS-protA in-
teracted with envelope polypeptides in an
import-independent reaction. Thus, we
conclude that the five polypeptide bands
that copurify with the import intermediates
are specifically associated with them. They
are therefore referred to as 1APs.

Precursors to be imported into the chlo-
roplast stroma are known to compete for
import, presumably by utilizing the same
import machinery (20-22). Therefore, im-
port intermediates of another chimeric pro-
tein, in which pS was replaced by preferre-
doxin (pFd), were expected to bind to iden-
tical envelope proteins. Indeed, envelope-
bound import intermediates, pFd-protA and
Fd-protA, copurified with five polypeptide
bands of electrophoretic mobility similar to
those associated with pS-protA and
S-protA (Fig. 3, A and B). A comparison of
the copurifying polypeptide bands with
comigrating bands in the isolated OM frac-
tion or in the OM-IM fraction suggests that
the 75-kD and 86-kD bands are major com-
ponents of the OM and OM-IM fraction
(Fig. 3A). A 100-kD comigrating band was
absent in the OM fraction but present in
the OM-IM fraction (Fig. 3A) suggesting
that it is derived from the import machinery
of the inner membrane.

If the import machinery of the outer
membrane is engaged first and indepen-
dently of that in the inner membrane, it
might be possible to isolate the outer mem-
brane’s import machinery separately with
the use of early import intermediates. In-
deed, if pS-protA was incubated with chlo-
roplasts in the presence of low concentra-
tions of ATP, the envelope-bound import
intermediates consisted of only the precur-
sor form and lacked the cleaved form (Fig.
3B). Only the 34-, 75- and 86-kD polypep-
tide bands copurified with pS-protA at this
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early stage of import, whereas the 100-kD
and 36-kD bands did not (Fig. 3A). This
suggested that the latter two polypeptide
bands are components of the import ma-

chinery in the inner membrane, whereas
the 34-, 75-, and 86-kD bands are compo-
nents of the import machinery in the outer
membrane.
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Fig. 1. Distribution of import intermediates and IAP75 in chloroplast envelope membranes fractionated
on a sucrose gradient. Isolated pea chloroplasts (equivalent to 50 mg of chlorophyll) (77) were incubated
with urea-denatured [*5S]pS-protA (33) in the presence of 100 uM MgATP in the dark to maximize
precursor binding but to preclude import (7). After the binding reaction, the chloroplasts were again
isolated, and import of the bound precursor was initiated by the addition of 2 mM MgATP (7). Two and
one-half minutes after MgATP was added, the import reaction was stopped by dilution of the mixture with
ice-cold import buffer (7). The chloroplasts were reisolated and lysed under hypertonic conditions (34),
and the total membrane fraction was subfractionated by flotation into linear sucrose gradients (20 to 38
percent) (35). The gradients were fractionated, and the proteins in each fraction were separated by
SDS-PAGE, transferred to nitrocellulose, and subjected directly to fluorography to detect pS-protA and
S-protA or immunoblotted with antiserum to OM37, IM35, or IAP75 (12). (A) Distribution of OM37, IM35,
IAP75, and pS-protA and S-protA in the sucrose gradient profile. Each fraction analyzed contained 10 pg
of protein. (B) Immunoblot of fraction 2 (lane 1), fraction 5 (lane 2), and fraction 8 (lane 3) from (A) with
anti-OM37, anti-IM35, and anti-lIAP75 (72). All lanes contained 2 ng of protein.
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onice for 30 minutes before the precur-
sor binding reaction (25). (Lane 3) ATP was omitted from the binding and import reaction. (Lane 4)
[35S]S-protA was omitted from the binding and import reactions. (Lane 5) The import substrate was
[3°S]S-protA instead of [*°S]pS-protA. (Lane 6) Envelope membranes (1 mg of protein) from chloroplasts
that had not undergone a prior import reaction were solubilized in Triton X-100 (TX-100) (74) before the
addition of pS-protA. The positions of precursor (pS-protA) and mature (S-protA) forms of the import
substrate and the heavy chain of IgG (IgG) are indicated to the right. The molecular sizes of standard
proteins in kilodaltons are indicated at the left.
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We previously identified a 36-kD enve-
lope polypeptide (p36) as a receptor for
protein import into chloroplasts (7, 8).
However, other studies have indicated that
p36 functions as the triose phosphate-3-
phosphoglycerate-phosphate translocator of
the chloroplast inner membrane (23). An
antiserum to p36 (7, 8) did not recognize
any polypeptides in the IAP fraction (24).
This argues against the participation of p36
in protein import, although it remains pos-
sible that p36 was dissociated during isola-
tion of the IAPs.

Presence of an integral outer membrane
hsp70 homolog among the early IAPs. The
chloroplast envelope contains an hsp70 ho-
molog that is distinct from hsp70 homologs
in the cytosol and in the chloroplast stroma
(10). This envelope hsp70 is an integral
outer membrane protein that is resistant to
digestion when intact chloroplasts are treat-
ed with thermolysin (10), suggesting that it
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Fig. 3. Association of two distinct import sub-
strates with identical IAPs and association of an
early import intermediate with a subset of IAPs.
Urea-denatured [25S]pS-protA (lane 4) or [*H]pFd-
protA (33) (lane 3) were imported into isolated
chloroplasts from the bound state for 2.5 minutes
(Fig. 1). The O-minute time point (lane 5) refers to
chloroplasts that had been incubated with
[35S]pS-protA under binding conditions, but did
not undergo the subsequent import reaction. The
chloroplasts were reisolated and separated into
OM, OM-IM, and IM fractions (Fig. 1). IAPs were
purified (35) from OM-IM fractions containing 1
mg of protein (74). The IAPs and the OM (5 ng of
protein) and OM-IM (10 pg of protein) fractions
were analyzed by SDS-PAGE and Coomassie
blue staining (A) or fluorography (B). The positions
of precursor (pS-protA and pFd-protA) and ma-
ture (S-protA and Fd-protA) forms of the import
substrates are indicated (B). The molecular sizes
of standard proteins in kilodaltons are indicated at
the left.

is largely exposed to the intermembrane
space of the envelope. During import such
an integral outer membrane hsp70 homolog
might be recruited to the outer membrane’s
import machinery and therefore become an
IAP. Indeed, we found that a commercially
available monoclonal antibody (mAb SPA-
820) with a broad cross-reactivity with a
number of mammalian cytosolic hsp70 ho-
mologs (12) reacted strongly with the 75-
kD band in the IAP fraction and with a
band of identical mobility in the OM frac-
tion and the OM-IM fraction (Fig. 4A).
There were no cross-reactive bands in the
thylakoid and stromal fractions of the chlo-
roplast (24). Moreover, the mAb SPA-
820-reactive 75-kD band is not a contam-
inating cytosolic hsp70 homolog because
antibodies to a cytosolic hsp70 homolog
(12) did not react with proteins in the OM
and OM-IM subfractions of the envelope or
with any of the IAPs (Fig. 4B).

The mAb SPA-820-reactive band was
resistant to digestion when intact chloro-
plasts were treated with thermolysin and
was not extracted from outer membranes by
pH 11.5 or high concentrations of salt (24).
The partial amino acid sequence of several
peptides derived from purified hsp70 1AP
confirmed that it is similar but not identical
to known hsp70 proteins (24). Thus, an
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Fig. 4. A chloroplast outer membrane hsp70 ho-
molog is among the IAPs. (A) Proteins of the OM,
OM-IM, and the IAPs from the 2.5-minute time
point in pS-protA import were resolved by SDS-
PAGE, transferred to nitrocellulose, and immuno-
blotted with a monoclonal antibody to human cy-
tosolic hsp72 (12) (mAb SPA 820). Lanes 1 and 2
contained 10 pg of protein. The IAPs in lane 3
were derived from OM-IM containing 1 mg of pro-
tein (Fig. 2). (B) The proteins of a whole leaf soluble
fraction (Leaf), OM, OM-IM, and the IAPs from the
2.5-minute time point in pS-protA import (IAP)
were resolved by SDS-PAGE, transferred to nitro-
cellulose, and immunoblotted with an antiserum
to cytosolic hsp70 from pea (72). The leaf soluble
fraction corresponds to the supematant of a pea
leaf homogenate that had been centrifuged at
200,000g for 30 minutes. Lanes 1, 2, and 3 con-
tained 10 pg of protein. Lane 4 contained IAPs
derived from OM-IM containing 1 mg of protein.
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integral outer membrane hsp70 homolog is
part of the outer membrane’s import ma-
chinery and is likely identical to the previ-
ously detected envelope bound hsp70 ho-
molog (10). An hsp70 homolog has also
been shown to cosediment with a deter-
gent-extracted outer membrane fraction
that contains bound pS (9). Whether this
protein is identical to the hsp70 IAP is not
yet known.

Characterization of IAP75. To further
characterize the 75-kD band of the IAP
fraction, we obtained a partial amino acid
sequence from a peptide derived from IAPs
separated by SDS-PAGE (Fig. 3A). Com-
parison of this peptide sequence with pro-
tein sequences in data banks did not reveal
any sequence similarity to known hsp70
proteins, suggesting that the 75-kD band
also contained another polypeptide that
comigrated with the hsp70 homolog. To
further characterize this protein, referred to
as IAP75, we obtained antibodies to a syn-
thetic peptide corresponding to the peptide
sequence (12). These antibodies reacted
specifically with a 75-kD protein in the
OM-IM subfraction of the chloroplast en-
velope, but they did not react with proteins
in the thylakoid or stromal fraction or a
whole leaf soluble fraction (Fig. 5A). The
antibodies (anti-IAP75) also immunopre-
cipitated a 75-kD polypeptide from among
the SDS-denatured proteins of the OM-IM
envelope subfraction. This separated the
hsp70 from the IAP75, because when the
proteins of the anti-IAP75 immunoprecipi-
tate were separated by SDS-PAGE, 1AP75
reacted only with the anti-IAP75, but not
with the mAb SPA-820 to hsp70 (Fig. 5, B
and C). IAP75 and hsp70 IAP were also
separated by two-dimensional gel electro-
phoresis (24).

Both the hsp70 IAP and IAP75 were
associated with import intermediates at
early and later times in the import reac-
tion (Fig. 5, D and E). IAP75 was found in
the OM and the OM-IM fraction (Fig. 1,
A and B). Moreover, IAP75 is an integral
membrane protein that was not extracted
by high concentrations of salt or at pH
11.5 (Fig. 6A). Incubation of chloroplasts
with thermolysin showed that IAP75 was
resistant to digestion (Fig. 6B), suggesting
that there are no thermolysin-sensitive
sites of IAP75 exposed on the chloroplast
surface. However, incubation of chloro-
plasts with trypsin caused degradation of
IAP75 to a 52-kD membrane-associated
fragment that still reacted with anti-
IAP75 (Fig. 6B). Trypsin damages the outer
chloroplast membrane and gains access to
the intermembrane space between the outer
and inner membrane (but not to the stro-
ma) (25). Thus, the 52-kD fragment might
have been generated by trypsin cleavage of
IAP75 on the side of the outer membrane
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facing the intermembrane space. Taken to-
gether, the proteolysis data suggest that
IAP75 might be largely embedded in the
outer membrane.

An outer membrane-associated 75-kD
protein also has been identified by cross-
linking of chloroplast bound pS (4). IAP75
has a similar mobility on two-dimensional
gel electrophoresis as the crosslinked prod-
uct (4, 24). Therefore, it is likely that
IAP75 and the crosslinked 75-kD protein
are identical.

A pea complementary DNA (cDNA)
library was screened with a degenerate
oligonucleotide mixture that was synthe-
sized on the basis of one of the internal
peptide sequences that we obtained from
IAP75 (26). A cDNA clone was isolated
and sequenced. The primary structure of
IAP75 was derived from the cDNA (Fig. 7).
Comparison of the primary structure with
that of other proteins in the data bank
showed no similarity. All five of the inter-

nal peptide sequences obtained from IAP75

were found in the deduced primary struc-
ture (Fig. 7). The calculated molecular size
of 88,280 daltons for IAP75 is considerably
larger than that (75 kD) estimated from its
electrophoretic mobility in SDS-PAGE
(26). It is possible that the primary transla-
tion product is proteolytically processed at
one or both termini to yield mature [AP75.

Although IAP75 appears to be embed-
ded in the envelope outer membrane, stan-
dard hydrophilicity plots do not identify a
segment of sufficient length and hydropho-
bicity to span the membrane as an alpha
helix (27). However, according to a proce-
dure for the identification of beta turns
(28), there could be as many as 26 trans-
membrane segments in the primary transla-

Fig. 5. Identification of IAP75
as a component of the outer
membrane import machinery.
(A) The proteins of a whole leaf
soluble fraction (Leaf), OM-IM,
a stromal extract (Stroma),
and a thylakoid membrane
fraction (Thylakoid) were re-
solved by SDS-PAGE, trans-
ferred to nitrocellulose, and
immunoblotted with  anti-
IAP75 (12). The whole leaf sol-
uble extract was prepared as
described (Fig. 4). The OM-IM,
thylakoid membranes, and
stromal extracts were pre-
pared as described (Fig. 1). All
lanes contained 10 pg of pro-
tein. (B and C) SDS-solubi-

+ OM-IM
Thylakoid
Stroma

1 2 3

Anti-IAP75

tion product, most of them too short to be
membrane spanning alpha helices but long
enough to span the membrane as beta
strands (28). Thus, if IAP75 is a component
of the protein conducting channel in the
membrane, it may, like other channel pro-
teins, contain membrane traversing beta
strands (29).

Implications for protein import into
chloroplasts. The pivotal components of
the chloroplast import machinery are envis-
aged as being two distinct protein-conduct-
ing channels, one in the outer membrane
and one in the inner membrane (1) (Fig. 8).
We propose that these channels, like other
protein conducting channels (2, 30), are
ligand-gated. We speculate that the
COOH-terminal portion of the transit se-
quence might serve as a ligand to open the
channel in the outer membrane (I, 22),
whereas the NH,-terminal portion might
serve as a ligand to open the channel in the
inner membrane. We further envisage that
the channel in each of the two membranes
is associated with other proteins, both inte-
gral and peripheral membrane proteins, and
that these proteins serve regulatory func-
tions. Together these components consti-
tute the import machinery in the outer and
inner chloroplast membrane.

Whether the six IAPs that we have iso-
lated constitute all of the components of
the two import machineries is not yet
known. The import intermediates may span
the putative channels and be prevented
from slipping out of these channels either
by folded domains too large to traverse the
channel or by direct binding to one or more
of the IAPs. Some channel-associated pro-
teins that are components of the import
machinery may dissociate during the mem-
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lized outer envelope membranes (10 g protein) were incubated with anti-IAP75 in a standard immuno-
precipitation reaction (72). The proteins of the immunoprecipitate (Anti-IAP Ip) and OM-IM (10 pg of
protein) were resolved by SDS-PAGE, transferred to nitrocellulose and immunoblotted with anti-IAP75 or
mADb to hsp70 (mAb SPA-820) (72). (D and E) IAPs from O, 1, and 2.5 minutes after the initiation of
pS-protA import (IAP) were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted
with anti-IAP75 or mAb SPA 820 (72). The IAPs were derived from OM-IM containing 1 mg of protein (Fig.

2). (Lane 1) OM-IM contains 10 pg of protein.
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brane solubilization procedure and there-
fore not be among the isolated IAPs.

The import machinery of the outer
membrane consists of at least four proteins.
Two of these proteins, IAP34 and IAP86,
are GTP-binding proteins. The character-
ization of these two IAPs is described in the
accompanying report (11). We suggest that
IAP34 and IAP86 take part in regulating
presentation of the transit sequence to the
protein conducting channel. This would be
analogous to the presentation of the signal
sequence to the endoplasmic reticulum’s
protein conducting channel that appears to
be mediated by the GTP-binding subunits
of the signal recognition particle (SRP) and
the SRP receptor (31, 32). IAP75 might
constitute the channel, and the hsp70 IAP
may bind to the portion of the import sub-
strate that first appears in the intermem-
brane space thereby preventing its back-
ward fluctuation out of the channel. Addi-
tional functions for the IAPs, such as regu-
lating channel opening or establishing
contact between the outer and inner mem-
brane channels, are also possible.

In our procedure, we used an import
reaction with a urea-denatured import sub-
strate. Thus, possible requirements for cyto-
solic factors (specific signal recognition fac-
tors or cytoplasmic chaperones) are likely
bypassed. This allowed us to examine the
nucleotide requirements for precursor bind-
ing at the chloroplast envelope indepen-
dently from those in the cytosol (such as an
ATP-requiring cytosolic hsp70 or a cytoso-
lic GTP binding protein that may serve in

b
@

T-lysin =
Trypsin =
TX-100 =

Low salt

High salt

pH 11.5
4
1+

1
++1

-
N
w

3 XA AT 4 5

Fig. 6. Characteristics of the membrane associa- -
tion of IAP75. (A) OM (10 ng of protein) were
resuspended in TE buffer (low salt), TE buffer con-
taining 1 M NaCl (high salt), or 0.1 M Na,COj; (pH
11.5) (36). The membranes were collected, and
associated proteins were resolved by SDS-PAGE
and immunoblotted with anti-IAP75 (72). (B) Iso-
lated chloroplasts (equivalent to 25 pg of chloro-
phyll) were incubated with thermolysin (+ T-lysin)
or trypsin (+ trypsin) in the presence (+) or ab-
sence (—) of Triton X-100 (TX-100) (36). Thereaf-
ter, the proteins were resolved by SDS-PAGE and
immunoblotted with anti-IAP75 (12).
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signal recognition). In this simplified cy-
tosol-independent system there was none-
theless a requirement for ATP (15) and
GTP in the binding of the precursor to the
chloroplast (11). GTP (and its hydrolysis)
may be required on the cis side of the chan-
nel and take part in the targeting and pre-
sentation of the transit sequence to the out-
er membrane channel and thereby partici-
pate in regulating opening of the channel.
In contrast, ATP would be required by
the hsp70 IAP on the trans side of the outer
membrane channel to keep the import in-
termediate anchored in the outer mem-

brane channel. In the absence of ATP, the

precursor might open the channel (requir-
ing GTP hydrolysis) but might slip out of it
resulting in channel closure and in a lack of
“binding” to the chloroplast. In this view,
the ATP- and GTP-dependent “binding” of
the precursor to the chloroplast is the result
of not one, but several, reactions that yield
an early import intermediate whose NH,-
terminus has traversed the outer membrane
channel and is retained in it by the hsp70
IAP (Fig. 8).

We believe that it is this channel-span-
ning import intermediate that allowed iso-
lation of the outer membrane’s import ma-
chinery. Because the import machinery of
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Fig. 7. Deduced amino acid sequence of IAP75 cDNA (26). The amino acid residues, represented by
their single letter code, are numbered at the right of the figure. Residues corresponding to peptide
sequences obtained from IAP75 are underlined. The GenBank accession number for the IAP75 cDNA

sequence is L36858.
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the inner membrane was not yet engaged,
the outer membrane import machinery
could be isolated separately from that of the
inner membrane. Indeed, all of the early
IAPs that we have characterized are integral
proteins of the outer membrane. The sepa-
rate isolation of the outer membrane import
machinery suggests that it is not linked a
priori to that of the inner membrane. Such a
linkage appears to be accomplished, at least
in part, by later import intermediates. If the
four early IAPs make up a functional import
complex, it may be possible to reconstitute
the outer membrane machinery in whole or
part and study their function in the translo-
cation process by biochemical and electro-

" physiological methods.

The method of using channel-spanning
translocation intermediates to isolate pro-
tein conducting channels and associated
proteins may be productive for the isolation
of the protein translocation machineries of
other cellular membranes. The advantage of
this method is that it appears to identify
components of the translocation apparatus
in apparently stoichiometric amounts rela-
tive to the translocation intermediates.
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