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Current Views on Chloroplast Protein Import
and Hypotheses on the Origin of the
Transport Mechanism'
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Abstract

Most chloroplastic proteins are synthesized as precursors in the cytosol prior
to their transport into chloroplasts. These precursors are generally synthesized
in a form that is larger than the mature form found inside chloroplasts. The
extra amino acids, called transit peptides, are present at the amino terminus.
The transit peptide is necessary and sufficient to recognize the chloroplast and
induce movement of the attached protein across the envelope membranes. In
this review, we discuss the primary and secondary structure of transit pep-
tides, describe what is known about the import process, and present some
hypotheses on the evolutionary origin of the import mechanism.

Key Words: Chloroplast; import; protein; evolutionary origin; binding;
translocation.

Introduction

Most chloroplastic proteins are synthesized as precursors in the cytosol
prior to their transport into chloroplasts. These precursors are generally
synthesized in a form that is larger than the mature form found inside

' Abbreviations: DHFR, dihydrofolate reductase; EPSP synthase, S-enolpyrovylshikimate-3-
phosphate synthase; hsp heat-shock protein; LHCP I1, light-harvesting chlorophyll a/b binding
protein; OEE 16, 23, and 33, the 16-, 23-, and 33-kDa proteins of the oxygen-evolving complex;
pr, precursor; rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase; SS, rubisco small
subunit.
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Fig. 1. General model of chloropolast protein import. After synthesis on cytosolic ribosomes,
precursors bind to the chloroplast envelope. This binding may involve protein-lipid interactions
and one or more envelope proteins. For convenience alone we have simply indicated a single
receptor-like protein. After binding, the precursor is translocated across the envelope into the
stroma, where it may be processed to mature size, or further targeted to intrachloroplastic
compartments.

chloroplasts. The extra amino acids, called transit peptides, are present at the
amino terminus. As described in more detail below, this transit peptide is
necessary and sufficient to direct import into chloroplasts. Much of the
knowledge about dctails of the import process derives from studies per-
formed using an in vitro reconstituted assay with radiolabeled precursor
proteins and isolated intact chloroplasts. For example, in vitro studies have
revealed that import can be divided into several steps (Fig. 1). Precursor
proteins first bind to the surface of chloroplasts. The bound precursors are
then translocated across the two envelope membranes into the stromal space.
During or immediately after translocation, a stromal processing protease
removes the import domain of the transit peptide. For stromal proteins,
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assembly and/or prosthetic group addition yields a functional enzyme.
Thylakoid membrane proteins need to be inserted into the membrane
whereas lumenal proteins need to be transported across the thylakoid
membrane. The targeting information to direct these additional steps is
sometimes found in part of the transit peptide, but can also be found within
the mature protein. The structure of transit peptide as well as the information
available about each of the steps in the import process is described in more
detail below.

Transit Peptide Structure

Chloroplast transit peptides are necessary and sufficient to induce
import of the attached protein into chloroplasts. Proteins lacking a transit
peptide are not transported, whereas proteins with a transit peptide are
successfully translocated across the envelope membranes (Mishkind et al.,
1985; Anderson and Smith, 1986). This is true even if the passenger protein
is foreign to chloroplasts—chimeric precursor proteins containing a transit
peptide at the amino terminus are imported (van den Broeck et al., 1985;
Lubben et al., 1986). Any receptor-recognition or transport-induction
domain must therefore be located within the transit peptide.

Characterization of Primary Sequences

The nucleic acid sequence of many precursor genes has been determined
in recent years, leading to a great deal of information about the sequence of
transit peptides (see Keegstra er al.,, 1989 and von Heijne et al., 1989 for
compilations of transit sequences). In general, transit peptides from different
precursors have few sequence similarities, although all chloroplast transit
peptides share certain characteristics. They contain a high proportion of
small aliphatic amino acids such as valine and alanine, and usually have a net
positive charge. They also contain 20-35% hydroxylated amino acids and
tend to be deficient in glutamate and aspartate, features shared with mito-
chondrial transit peptides (von Heijne ez al., 1989).

Comparison of transit sequences from different plant species show that
some homology can be detected when the analysis is confined to a specific
protein. Keegstra et al. (1989) have aligned the amino acid sequences for 48
different ribulose bisphosphate carboxylase small subunit precursor proteins
(prSS) from 22 different plant species. A consensus sequence developed from
this analysis is shown in Table I, with a few representative sequences.
Keegstra et al. noted two di- and tripeptide sequences that are especiaily
conserved (see Table 1, denoted by underlining). The most highly conserved
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region is that from - 10 through the processing site. This region is similar in
both monocots and dicots. Curiously, the sequence for prSS from the green
alga Chamydomonas has none of the conserved regions seen in higher plants.

Table II shows transit peptide sequences for other proteins targeted to
the stroma, and for proteins targeted to the thylakoid membrane and the
lumen. Although other stromal proteins are destined for the same compart-
ment as prSS, their transit peptides show no sequence similarity with prSS.
These transit peptides range in length from 32 amino acids for spinach nitrite
reductase (Back ez al., 1988) to nearly 100 amino acids for Arabidopsis
acetolactate synthase (not shown, Mazur ez a/., 1987). All contain at least one
positively charged residue within 11 amino acids of the processing site, but
the conserved di- and tripeptides noted for prSS are not consistently present.

Once inside the chloroplast, precursor proteins may remain in the
stroma or they may be directed to one of several other compartments. Two
locations that have been studied are the thylakoid membrane and the
thylakoid lumen. Further targeting to one of these compartments is accom-
plished by additional sequences located either within the mature protein
itself, or at the carboxy terminus of the transit peptide.

Sequences are available for a number of thylakoid membrane and
thylakoid lumen proteins. Most thylakoid lumen transit peptides have a
two-domain structure, with a chloroplast targeting domain at the amino
terminus followed by a lumenal targeting domain (Smeekens et al., 1985,
1988). Deletion of the second domain presents translocation across the
thylakoid membrane (Hageman er al., personal communication). The
lumenal targeting domain is very similar to bacterial signal peptides, contain-
ing a hydrophobic core flanked on the amino-terminal side by charged amino
acids (von Heijne ef al., 1989). Like stromal targeting peptides, there is little
similarity between sequences from different proteins.

Integral thylakoid membrane proteins contain only chloroplast target-
ing sequences at their amino termini, and do not contain a second thylakoid
targeting domain within the transit peptide. Lamppa (1988) showed that the
transit peptide for the chlorophyll a/b binding protein (LHCP II), an integral
thylakoid membrane protein, serves only to target the precursor to the
chloroplast, and can functionally be replaced by the transit peptide of SS.
The SS transit-LHCP 1II chimeric protein was correctly targeted, imported,
and inserted into the thylakoid membrane, indicating that targeting infor-
mation for the thylakoid membrane must reside within the mature LHCP IL.
Hand et al. (1989) carried this approach one step further by showing that the
LHCP 11 transit-SS mature chimeric protein remained in the stroma. Kohorn
and Tobin (1989) showed that deletions at the carboxy terminus of LHCP II
prevented insertion into the thylakoid membrane, suggesting that the internal
targeting sequence may reside there. The PSII 10-kDa protein also contains
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a chloroplast targeting sequence without a second domain (Webber et al.,
1989). Webber noted that the internal sequence for the PSII 10-dDa protein
contains a hydrophobic region much like the hydrophobic core of the
lumenal targeting domain.

Less is known about proteins targeted to the remaining chloroplast
compartments. One precursor protein, the phosphate translocator, has been
described which is targeted to the inner envelope membrane (Fligge et al.,
1989). Its transit peptide has little in common with other chloroplast target-
ing sequences. Work is in progress on the isolation and analysis of genes for
proteins whose final destination is the outer envelope membrane or the
intermembrane space. As yet, however, we have no information on sequences
which target to these locations.

Secondary Structure

It is reasonable to expect transit peptides targeting to the same com-
partment to have some structural features in common. Since similarities in
primary structure are not obvious, the next level of protein organization to
examine is secondary structure. The four types of secondary structure—alpha
helix, beta sheet, reverse turn and coil—can be predicted from primary
sequences using several differnt approaches. Current methods suffer from an
inability to predict with greater than 50-60% accuracy. As a consequence,
discussions of secondary structure are necessarily constrained by a significant
degree of uncertainty. Nevertheless, knowledge of predicted trends may be
useful in future approaches to structure-function relationships.

For the following discussions, comparisons of secondary structure were
made using the algorithms described by Garnier ef al (1978), and by Chou
and Fasman (1978) as modified by Nishikawa (1983). As much as possible,
we confine our comments to structures predicted by both methods.

Comparison of the secondary structures predicted for prSS from dif-
ferent species gave the most consistent patterns, perhaps as a natural
result of similarity at the primary sequence level. The first 10-15 amino
acids at the amino terminus tend toward alpha helix potential. At the
carboxy terminus, there is a region of beta sheet potential approximately
4-8 amino acids long, sometimes longer, which extends into the processing
site. This region is usually associated with a hydrophobic moment; that is,
there is a tendency for one side of the sheet to be hydrophobic and for the
other side to be hydrophilic. The beta sheet region is generally preceeded
by a reverse turn. Surprisingly, the secondary structure prediction for
Chlamydomonas prSS, whose primary structure shows very little consensus
with that for higher plants, follows the pattern of secondary structure just
described.
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Other stromal precursors do not exhibit the patterns observed for prSS.
Analysis of the transit peptides from seven different stromal proteins includ-
ing acyl carrier protein, ferredoxin, nitrate reductase, pyruvate phosphate
dikinase, S5-enolpyrovylshikimate-3-phosphate (EPSP) synthase, ribulose
bisphosphate carboxylase (rubisco) activase, and phosphoribulokinase
shows no discernable trends in secondary structure.

The predictions for transit sequences of LHCP II protein are also
variable, with some tendency for more alpha helix than beta sheet potential
throughout the transit peptide. Similarities are easier to find in the transit
peptides of lumenal proteins. We examined plastocyanin and the 33-kDa,
the 23-kDa, and the 16-kDa proteins from the oxygen-evolving complex
of photosystem II (OEE33, OEE23, and OEEI6, respectively). The first
domain, which targets the precursor to the chloroplast, tends to show alpha
helix potential at the amino-terminal 12 amino acids, usually without hydro-
phobic moment. In the domain which contains the thylakoid targeting signal,
alpha helix potential is favored, particularly at the carboxy terminus. This
helical region is also not predicted to contain a hydrophobic moment.

The inability to detect stronger, more specific patterns at the secondary
level of organization is probably due to the inaccuracy inherent in current
predictive methods. The eventual purification of precursors in quantity,
allowing empirical determinations of secondary and tertiary structures may
be necessary before patterns can be detected.

Import

Import of precursors into chloroplasts can be divided into two steps;
first, binding of the precursor to the chloroplast envelope and second, trans-
location across the envelope membranes. The two steps can be physically
separated by keeping the import reaction cold, or by carrying out the reaction
in the presence of very low levels of ATP. Those conditions permit binding,
but block translocation. The ability to stop import at the binding step has
proved very useful in defining specific requirements and characteristics of
each stage.

Binding

As described above, binding can be studied apart from translocation by
keeping the reaction mixture of precursors and isolated chloroplasts cold or
by maintaining low ATP concentrations (Cline et al., 1985). Warming the
reaction or adding ATP causes most of the bound precursor to be imported,
indicating that the binding is physiologically significant. ATP is required at
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low concentrations for efficient binding, but a membrane potential is not
needed (Olsen er al., 1989). Binding specifically requires the presence of a
transit peptide; mature proteins lacking the transit peptide bind very poorly
(Friedman and Keegstra, 1989). In addition to a precursor and energy in the
form of ATP, other components expected to affect binding include the
envelope membrane lipids and integral membrane proteins, although their
roles are not understood.

ATP Requirement for Binding. Olsen et al. (1989) have demonstrated
that precursor binding is stimulated 5—10 fold by low levels of ATP. They
found that the amount of bound precursors was maximal at approximately
75 um ATP. Higher ATP concentrations were sufficient to allow low amounts
of translocation, which decreased the apparent number of precursors bound.
Other nucleotides (CTP, GTP, UTP and ADP) could substitute for ATP, but
were less efficient—supporting 55-70% of the level bound in the presence of
ATP. Non-hydrolyzable nucleotide analogs did not support binding.

The location of the ATP requirement was shown to be inside the outer
envelope membrane, either in the intermembrane space or within the stroma.
The intermembrane space and the stroma cannot yet be separated by techni-
cal means, so it is not possible to define a more exact location. More recently,
Olsen has provided additional evidence that the NTP requirement for bind-
ing is located in the intermembrane space (L. Olsen and K. Keegstra,
unpublished results). This location makes intuitive sense for a process
believed to occur on the chloroplast surface.

The ATP requirement for precursor binding supports the hypothesis
that envelope proteins are needed for binding, since it is difficult to imagine
how precursor binding to lipids would require ATP. A number of proteins
present in the chloroplast envelope could mediate ATP utilization in binding,
including protein kinases (Soll, 1988; Soll e al., 1988), ATPases (McCarty
et al., 1984), and hsp70 proteins (Marshall ez al., 1990). Identification of the
ATP-requiring protein will be a key development in determining the role of
ATP in binding.

Identification of Receptors. Protease-treated chloroplasts bind pre-
cursors with decreased efficiency, providing further evidence that efficient
binding requires a protein, possibly a receptor, exposed on the chloroplast
surface (Cline ef al., 1985). A second piece of evidence favoring a receptor is
the observation that binding sites are imited and saturable. Friedman and
Keegstra (1989) showed that binding for prSS saturated at between 1500 and
3500 sites per chloroplast. Pfisterer et al. (1982) reported a similar number of
sites using a pool of various precursors.

Several approaches have been used to identify putative receptor
proteins. Cornwell and Keegstra (1987) used a heterobifunctional cross-
linker to identify a 66-kDa protein cross-linked to bound prSS. The 66-kDa
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protein could represent a receptor, or possibly a component of the transport
apparatus in close association with the precursor protein.

Pain et al. (1988) used a unique approach to the problem of receptor
identification. They raised antibodies against a synthetic peptide based on the
carboxy-terminal 30 amino acids of the pea prSS transit peptide. These
antibodies were used in turn as antigens to raise anti-idiotypic antibodies.
The anti-idiotypic antibodies were found to block import of prSS, presumably
because they resembled the three-dimensional shape of the transit peptide
and bound at the receptor site. The anti-idiotypic antibodies were then used
to probe Western blots of chloroplast proteins. The antibodies detected the
larger subunit of rubisco for unexplained reasons, and a 30-kDa envelope
protein that Pain ez al. concluded was the prSS receptor. A 30-kDa envelope
protein, present in large quantities, has been identified as a phosphate
translocator (Joyard and Douce, 1988). Pain and Blobel (1988) subsequently
reported, however, that the protein identified by their antibodies, although of
the same molecular weight, was in fact a distinct protein.

Kaderbhai et al. (1988) also detected a 30-kDa protein by cross-linking
with a synthetic peptide based on the 24 amino-terminal amino acids of
wheat prSS. They concluded that their 30-kDa protein was actually the
phosphate translocator protein. Perhaps this indicates a role for the phos-
phate translocator in binding, or perhaps this protein is detected because of
its sheer abundance in the envelope. Clearly there is much work remaining in
the elucidation of receptors and other components involved in binding.

Lipid Interactions in Binding. Lipids in the outer membrane may also
be involved in precursor binding. Protease-treated chloroplasts will bind
detectable amounts of precursors (Cline et al., 1985); if one assumes that
surface proteins have been digested, the most available alternate components
to which a precursor could bind would be lipids.

Binding to lipids has been demonstrated for mitochondrial precursors.
Endo and Schatz (1988) found that mitochondrial precursors bound to
protein-free artificial membranes, and that this binding was lipid-specific.
The precise lipid requirement implies more than simply nonspecific associ-
ation. Rietveld ez al. (1986) showed that mitochondrial precursors not only
bound to protein-free membranes, but that such precursor-lipid binding can
be import productive. Mitochondrial targeting sequences have some features
in common with chloroplast transit peptides, suggesting that chloroplast
transit peptides too might bind lipids. As yet, information on the binding of
chloroplast precursors with protein-free lipid bilayers is currently lacking,
but would be extremely useful in defining the role of lipids in the binding step.

General Binding Model. We propose that binding occurs in two steps.
The first step is an interaction between envelope membrane lipids and a
lipid-interactive domain in the transit peptide. This preliminary binding
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would occur without energy input. The precursor then diffuses through the
two-dimensional space of the membrane, encountering receptor proteins
with a much greater efficiency than possible in the three-dimensional space of
the cytosol. The receptor is recognized by a second transit peptide domain,
which binds to the receptor protein in a step which requires low levels of
ATP. Skerjanc et al. (1987) have proposed a similar model for the binding
step of mitochondrial precursors.

The model predicts the existence of a transit peptide domain which
interacts with lipids. In preliminary experiments, a synthetic peptide corre-
sponding to the first 20 residues at the amino terminus of prSS was found to
lyse chloroplasts, suggesting a membrane-active function for this region of
the transit peptide (Perry and Keegstra, unpublished results). Edwards et al.
reported that the first 25 amino acids of the prSS transit peptide would insert
into lipid monolayers (Edwards et al., 1988). Since it is expected that lipids
are present in greater numbers than receptor proteins, the lipid-binding
domain should saturate at higher levels than the receptor-binding domain.
This test has yet to be performed. Another prediction is that a synthetic
peptide corresponding to the receptor-binding domain should bind in the
presence of ATP, saturating at levels similar to those found for precursor
proteins. At saturating levels the receptor-binding peptide should block
binding of a precursor protein by virtue of having filled all the available
binding sites. Preliminary results with synthetic peptides corresponding to the
middle region of the prSS transit peptide indicate that they block binding and
translocation of full-length precursors (Perry and Keegstra, unpublished
results). The use of synthetic peptides shows much promise as a tool for
future testing of the binding model.

Translocation

The second stage of import moves the bound precursor across the
membranes of the chloropolast envelope. Very little is known about the
components of the transport apparatus, or the mechanism by which trans-
location occurs. Two arcas that have been pursued are the energy require-
ment for translocation, and the conformation of precursors during passage
across the envelope. Below we discuss the available results and compare them
to findings from mitochondria.

Energy Requirement for Translocation Transport across the envelope
requires energy in the form of ATP (Grossman ef al., 1980; Cline ef al., 1985).
The ATP requirement is specific and cannot be substituted for by other
nucleotide triphosphates such as CTP or GTP (Flugge and Hinz, 1986; Pain
and Blobel, 1987; Schindler et al., 1987). As in binding, the ATP require-
ment implies involvment of an ATP-utilizing protein; however, the ATP
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concentrations necessary to support maximal translocation are at least ten-
fold higher than that for maximal precursor binding (Theg et al., 1989). This
suggests that the ATP-utilizing activities for these two steps may be different
proteins.

The site where ATP is used in translocation has been a matter of some
controversy. To determine whether ATP used in import was required outside
the chloroplast, Theg e al. (1989) controlled the external ATP concen-
trations with glucose-hexokinase, which rapidly depleted ATP as was demon-
strated by assaying for external ATP concentrations. Under conditions where
ATP was not detectable outside the chloroplasts, several different precursors
were imported at high rates as long as ATP was available in the chloroplast
interior. Pain and Blobel (1987), working independently, obtained similar
results.

In contrast, Flugge and Hinz (1986) and Schindler et a/. (1987) reported
that protein import required ATP on the outside of the chloroplast. How-
ever, Flugge and Hinz depleted external ATP with alkaline phosphatase, an
enzyme which also attacks phosphate groups on proteins. Phosphorylation
of outer-membrane proteins has been linked with chloroplast protein import
(Hinz and Flugge, 1988); the inhibition of import when external ATP was
depeleted with this enzyme may actually be related to dephosphorylation
events. Resolution of the conflicting results will be important for developing
models of the transport mechanism, as ATP used within the chloroplast must
be playing a different role than ATP used externally.

Mitochondrial protein transport also requires ATP; recent work indi-
cates that the location of its utilization is internal (Hwang and Schatz, 1989).
In addition, mitochondria require a protonmotive force (Chen and Douglas,
1987; Eilers et al., 1987), while chloroplasts do not (Grossman et al., 1980;
Flugge and Hinz, 1986; Theg et al., 1989). Since the chloroplast envelope
membranes are not capable of generating a protonmotive force, it is not
surprising that protein translocation occurs without it. Whether this signals
a different translocation mechanism for the two organelles is not yet clear.

Precursor Conformation. The conformational status of the precursor
during transloction is of particular interest in the development of transport
models. Many reports on the conformation of mitochondrial precursors have
argued that the precursor must be unfolded for translocation to occur (for a
full discussion of precursor conformation during transport into mito-
chondria see Verner and Schatz, 1988). In support of this contention, Eilers
and Schatz (1986) showed that when a precursor was presented to mito-
chondria in a tighly folded conformation, translocation was blocked. They
used a chimeric protein containing the transit peptide from cytochrome
oxidase attached to the amino terminus of dihydrofolate reductase (DHFR).
The hybrid protein was correctly targeted and imported. To test the transport
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competence of DHFR in its native tertiary conformation, the substrate
analog methotrexate was added. Methotrexate binds to the active site of
DHFR with an extremely low dissociation constant, producing a rigid
DHFR-methotrexate complex similar in shape to the native structure
(Matthews et al., 1977; Stammers et al., 1987; Ratnam et al., 1988). Import
of this complex was blocked. It was suggested that methotrexate stabilized
DHEFR in its native tertiary conformation, preventing unfolding and thereby
preventing import.

Recently, experiments were conducted with DHFR constructs contain-
ing chloroplast transit peptides (Hageman ez al., unpublished results). In the
presence of methotrexate, the DHFR chimeric protein was imported into
isolated chloroplasts with little or no inhibition. Once inside, DHFR
molecules imported in the presence of methotrexate were resistant to internal
proteases, whereas DHFR imported in the absence of the ligand produced
several diagnostic degradation fragments. One interpretation of these results
is that the DHFR-methotrexate complex can be imported into chloroplasts,
and that the tight folding induced by methotrexate in the ligand binding site
confers protease resistance. Since the ligand binding site is lost when DHFR
is unfolded, DHFR must be transported in its native, tertiary conformation.

In a similar experiment, della-Cioppa and Kishore (1988) found that in
the presence of the substrate analog glyphosate, chloroplast import of EPSP
synthase was reduced about 75%, but not completely blocked. Presumably
the presence of glyphosate in the active site influenced import efficiency.
Della-Cioppa and Kishore suggested that precursor unfolding may be
important for efficient translocation. Their results are intriguing in light of
the DHFR experiment described above. It should be noted that EPSP
synthase is a much larger protein (approximately 55kDa) than DHFR
(approximately 18 kDa). Perhaps molecular flexibility, often reduced in the
presence of a ligand, is especially important in the import of larger proteins.

Progress towards a Translocation Model. The movement of proteins
across membranes is currently a problem of considerable interest. For
chloroplasts and mitochondria, translocation means passage across not
one, but two, membranes. In both organelles translocation requires ATP
hydrolysis, and in both it is believed to be protein-mediated. Is the mech-
anism of transport into both the same?

The mitochondrial requirement for a membrane potential has been
clearly established and is an obvious difference in comparisons of protein
import for the two organelles. Since the chloroplast envelope cannot generate
a membrane potential and the mitochondrial envelope can, mitochondrial
transport may have taken evolutionary advantage of what was a readily avail-
able energy source. The membrane potential may increase the efficiency of the
translocation process in a way that does not affect the basic mechanism, or
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it may indicate a significant difference in the way mitochondria and chloro-
plasts import proteins.

Models of mitochondrial protein transport generally propose precursor
translocation in an unfolded conformation (Pfanner et al., 1988; Verner and
Schatz, 1988). Verner and Schatz have reviewed the data from several
experimental approaches which support such models. As discussed above,
there is some evidence that proteins may be imported into chloroplasts in a
folded conformation. If these observations are substantiated, they would be
good evidence in favor of different transport mechanisms.

These differences may be minor variations on a theme, or they may be
symptomatic of fundamentally different mechanisms. Understanding how
energy is used in transport and clarifing the nature of precursor conformation
will be critical in the continued development of translocation models.

Processing

During or after translocation, precursors are processed to their mature
size by a stromal processing peptidase. Robinson and FEllis (1984) partially
purified a stromal protein from pea which processed prSS to its mature size.
The processing activity was associated with a 180-kDa protein and was
inhibited by metal chelators such as EDTA. Abad et a/. (1989) have described
a soluble processing enzyme also from pea chioroplasts which cleaved
prLHCP to its mature size. The activity was partially purified on a Sephacryl
S-300 gel column and was associated with a 240-kDa protein. The same
fraction correctly processed prSS as well, suggesting that both stromal and
thylakoid membrane precursors may be recognized by the same processing
enzyme, or by a group of enzymes with similar properties.

Intrachloroplastic Transport

Insertion of Proteins into the Thylakoid Membrane

Although several thylakoid membrane proteins are synthesized in the
cytosol, most transport studies have been conducted with prLHCP I1. LHCP
IT is an integral membrane protein that spans the membrane at least three
times (Karlin-Neumann et al., 1985). Current evidence (Cline et al., 1989)
supports the hypothesis that prLHCP II is transported into chloroplasts by
a process similar to that used for stromal proteins, but is subsequently
inserted into the thylakoid membrane (Fig. 1). The insertion process can be
reconstituted with isolated thylakoid membranes and in vitro synthesized
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precursors (Cline, 1986; Chitnis ef al., 1987). Such studies have demonstrated
that insertion requires energy in the form of ATP, as well as a stromal
protein.

Transport to the Thylakoid Lumen

Transport from the cytoplasm to the thylakoid lumen is particularly
interesting because it is one of the few situations where proteins cross three
membranes. Transport to the lumen occurs in two steps. The first step,
transport across the envelope membranes, is similar to the transport of
stromal proteins which was discussed in detail above. The second step is
transport across the thylakoid membrane. This step has many similarities
with the transport of proteins across bacterial membranes. Indeed, it most
probably derives from a similar step in cyanobacteria, where lumenal
proteins need to be transported across the thylakoid membrane. After the
endosymbiotic event, when the gene coding for a protein of the thylakoid
lumen was relocated into the nucleus, the thylakoid signal peptide respon-
sible for thylakoid transport was retained and a stromal targeting transit
peptide was added on its amino terminus to ensure initial delivery into the
stromal compartment. A similar model, known as the conservative sorting
hypothesis, has been proposed for the targeting of several proteins to the
intermembrane space of mitochondria (Hartl ez al., 1989).

As might be expected, a composite transit peptide with two topogenic
sequences is needed to accomplish the two transport steps (see discussion
above in the section on transit peptide structure). The amino terminal region
of the composite transit peptide is necessary for transport into chloroplasts
(Smeekens et al., 1986); if it is deleted, transport is abolished. This domain
is functionaly equivalent to the transit peptide of stomal precursors as
demonstrated by the observation that this region can be replaced by the
transit peptide of stromal precursors (Ko and Cashmore, 1989).

The second step is directed by a second domain found at the carboxyl
end of the transit peptide. The second domain is necessary, but not always
sufficient, for transport across the thylakoid membrane. If the second domain
is deleted, the truncated precursor containing only the first domain is
transported into chloroplasts, but not across the thylakoid membrane
(Weisbeek er al., 1989). When foreign passenger proteins are imported by the
prPC transit peptide, they accumulate in the stromal space as intermediate-
sized molecules (Smeekens ez al., 1986; 1987). At present it is not understood
what else is needed to transport foreign proteins across the thylakoid
membrane, but one possibility is that mature PC contains additional topo-
genic information. Howver, if the composite transit peptide of other lumenal
precursors are used, transport of some foreign proteins to the thylakoid
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lumen can be observed. Both Meadows ef al. (1989) and Ko and Cashmore
(1989) reported the transport of dihydrofolate reductase to the lumen, but
Ko and Cashmore reported that glycolate oxidase was not transported to the
lumen. Thus, the ability to direct foreign proteins to the thylakoid lumen may
depend not only upon the transit peptide employed, but also on the passenger
protein.

Recently it has become possible to reconstitute the second step using
isolated thylakoid membranes and in vitro synthesized precursors (Kirwin
et al., 1989; Bauerle and Keegstra, unpublished observations). The avail-
ability of this new assay should provide new insights into the details of this
step. Results to date indicate that this step requires ATP and results in the
accumulation of mature-sized protein within the thylakoid lumen (Kirwin
et al., 1989; Bauerle and Keegstra, unpublished observations). Although the
two groups used different precursors (precursor to the 33-kD protein of the
oxygen-evolving complex by Kirwin et al. and prPC by Bauerle and
Keegstra), the system is currently limited in that not all lumenal precursors
can be transported in this assay.

Evolutionary Origin of the Transport Mechanism

According to the endosymbiotic theory of chloroplast evolution, chloro-
plasts have descended from free-living photosynthetic prokaryotes. Com-
pelling arguments in favor of the theory have been articulated by Gray and
Doolittle (1982), who noted the prokaryotic nature of chloroplastic ribo-
somal RNA, transcription factors, DNA structure, and gene organization.
Comparison of the 16S RNA sequences for cyanobacteria, cyanelles, and
chloroplasts indicates that chloroplasts may be derived from a cyanobacterial
lineage (Giovannoni et al., 1988).

Though once independent, chloroplasts are now incapable of life on
their own. This is due in part to the chloroplast genome, which is no longer
complete for all the genes necessary for organelle functions. Many essential
genes are now located in the nucleus, and it is thought that during the
evolution of the organelle these genes were transferred from the genome of
the chloroplast progenitor to their current location. Proteins coded for by
these genes are translated on cytosolic ribosomes and are imported into the
chloroplast where they function.

A natural question arises, how did the first nuclear-encoded protein get
back inside the chloropolast? One can hardly suppose that a specific trans-
port apparatus was in place prior to the need for it. We will consider two
possibilities. First, that the original mechanism of entry was spontaneous
translocation across the chloropolast envelope. This mechanism required a
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precursor protein which had membrane-active properties but did not require
interaction with proteins in the membrane. Second, that translocation was
mediated by a proteinaceous transport apparatus that already existed for the
uptake of other molecules. We hope that examining the possible sources of
the modern transport mechanism will be useful in stimulating new
approaches to studying chloroplast protein import.

Spontaneous Transport

Many proteins are membrane-active; that is, they can disturb the
organization of a lipid bilayer, and may induce their own movement into or
through the membrane (Batenburg et al., 1987, 1988; Rietveld e al., 1986).
Once could imagine that the first chloroplast gene to migrate to the nuclear
genome might have fortuitously integrated behind a genomic sequence
coding for a membrane-active peptide. Once synthesized, such a protein
could induce its own translocation across the envelope, perhaps by destabilz-
ing the envelope membranes and causing a temporary lipid rearrangement.
Over time, a more efficient and specific transport mechanism could have
evolved, including receptor proteins and perhaps other transport-facilitating
proteins.

Do features of contemporary protein transport support spontaneous
translocation as the original mechanism? The key attribute is the ability of
transit peptides to disturb lipid bilayers. Development of a protein-mediated
transport apparatus may have reduced the need for high membrane activity,
so modern transit peptides may no longer exhibit this capability to any great
degree. Nevertheless, one might expect transit peptides to retain traces of
their ancestral function.

One assay for chloroplast transit peptide membrane activity is the
presentation of peptides to protein-free lipid bilayers, followed by analysis of
membrane penetration. A preliminary report indicates that a synthetic pep-
tide corresponding to the first 25 amino acids of the prSS transit peptide
self-inserted into a protein-free lipid monolayer (Edwards et al., 1987).
Mitochondrial proteins, whose targeting sequences have some features in
common with these for chloroplasts, are able to bind to and induce trans-
location through protein-free artificial membranes (Rietveld es al., 1986;
Endo et al., 1989). That mitochondrial proteins retain the ability to transport
themselves across protein-free membranes does not prove that chloropolast
proteins do also, but the findings are suggestive. Chloroplast transit peptides
can induce the translocation of an attached protein into yeast mitochondria
(Hurt et al., 1986), indicating that transport mechanisms of chloroplasts and
mitochondria may be similar, and hence that the transit peptides may share
similar functions.
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Mediated Translocation

An alternative to spontanecous translocation is transport via an
apparatus involved in the import of other molecules. It is not intuitively easy
to imagine transport machinery which functions to import small molecules as
capable of also transporting large proteins. Yet such transport mechanisms
exist, particularly well known in the enteric bacteria.

The bacterial transport machinery for vitamin B12, nucleosides, and
iron complexes involves a receptor protein in the outer membrane and at least
one, probably more, protein(s) in the cytoplasmic membrane (Fischer et al.,
1989). The same transport apparatus has been co-opted by a bacterial defense
system to induce the uptake of toxic proteins known as colicins (Sabet and
Schnaitman, 1971; Pugsley and Reeves, 1975; Hantke, 1976). The colicin
protein, excreted by a competing bacterial strain, induces its own uptake by
a susceptible bacterium via the transport apparatus. The susceptible
bacterium is then killed by the action of the toxin.

In the first step of colicin translocation, the colicin receptor recognition
domain binds to the receptor protein in the outer membrane. This binding
does not require a membrane potential (Kadner et al., 1979). The colicin
transport induction domain then moves the protein across the outer
membrane via an interaction between the receptor protein and the proteins
present in the cytoplasmic membrane (Fischer et al., 1989). This step does
require energy in the form of a membrane potential (Kadner et al., 1979).
Once inside the periplasmic space between the outer and cytoplasmic mem-
branes, a number of colicins then penetrate the inner membrane and form an
ion channel, producing toxic effects by the formation of the pore. Other
colicins, however, cross the cytoplasmic membrane and act within the cell
itself (Pugsley 1984). The mechanism of movement across the cytoplasmic
membrane is not yet characterized.

The colicin transport system demonstrates that a translocation
apparatus which functions in the transport of small molecules can also be
induced to transport proteins. An interesting question is whether cyano-
bacteria, the presumed chloroplast progenitors, contain such a transport
system. Cyanobacteria, like the gram-negative enteric bacteria, possess two
membranes defining their exterior, and might be expected to face similar
problems in transporting small molecules to the cell interior. Cyanobacteria
also take up iron in the form of iron siderophere complexes, complexes which
bacteria take up via the transport apparatus described above. In fact,
cyanobacteria recognize and transport certain bacterial iron siderophores,
suggesting that similar transport mechanisms are possible (Goldman ez al.,
1983). Whether the cyanobacterial iron translocation apparatus resembles
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that used by bacteria and whether it can be induced to take up proteins is
unknown, but presents an intriguing area for future investigation.

The question at hand is how a protein which must enter the chloroplast
might have taken advantage of such a transport system. Again we must
invoke the fortuitous integration of the gene behind nuclear sequences which
coded for receptor-recognizing peptides, and which could induce transport of
the protein through the existing apparatus. Since both the protein-mediated
and spontaneous transport mechanisms require nuclear sequences to
facilitate translocation, it is worth noting that many random sequences from
both prokaryotic and eukaryotic genomes are capable of causing protein
translocation across membranes. Baker and Schatz (1987) found that more
than 2.7% of clones generated from E. coli DNA could restore correct
mitochondrial targeting to a cytochrome ¢ oxidase protein that lacked a
presequence. Kaiser et al. (1987) found that an astonishing 20% of random
sequences from the human genome could function as targeting elements for
the secreted protein invertase in yeast. The ability of a peptide to target and
translocate a protein across a membrane is clearly not a rare one.

We have discussed two possible means for the original transport of a
protein into the chloroplast. As yet, there is little direct support for either
mechanism. More information on the interaction of chloroplast transit pep-
tides and protein-free lipid bilayers would be useful in the assessment of
spontaneous translocation. Identification of chloroplast proteins of the
import apparatus and elucidation of their relationships with cyanobacterial
and bacterial proteins will be invaluable in understanding the origin of the
contemporary transport machinery. As a final note, we may find that early
chloroplast protein import used a mixture of membrane perturbation and
protein interaction to move across the envelope barrier; it may well be that
present chloroplast protein transport employs a similar mechanism.
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