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Transit peptides of nuclear-encoded chloroplast proteins share a
common amino acid framework
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We have identified three major blocks of amino acid homo-
logy shared by the transit peptides of two nuclear-encoded
chloroplast proteins, the light-harvesting chlorophyll a/b-
protein (LHCP) II of the thylakoid membrane and the small
subunit (SSU) of ribulose 1,5-bisphosphate carboxylase/oxy-
genase (RuBisCO) of the stroma. These previously unrecog-
nized homology blocks lie at the beginning, middle and end
of both transit sequences, and are separated by differing
lengths of unshared (interblock) sequence in the two proteins.
These interblocks may be dispensible or they might confer
a specific property on the individual proteins, such as facili-
tating proper compartmentalization within the chloroplast.
We propose that these three shared sequence elements form
a common framework in transit-bearing chloroplast precur-
sors which mediates the common functions perfonned by each
transit peptide. Ferredoxin, the only other such nuclear-
encoded protein for which a published transit sequence ex-
ists, conforms to the predictions of this hypothesis. These find-
ings stand in contrast to mitochondrial leader sequences and
the well-studied signal peptides of secretory and certain inte-
gral membrane proteins in which no such framework has
been observed.
Key words: light-harvesting chlorophyll a/b-binding proteins/
nuclear-encoded chloroplast proteins/precursor protein import/
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Introduction
Numerous chloroplast proteins are encoded by the nuclear
genome (Ellis, 1981). These gene products are synthesized on
cytosolic ribosomes and then post-translationally imported into
the chloroplast (Gilham et al., 1978). Their ultimate functional
locations within the chloroplast include the envelope membranes,
the stroma, the thylakoid membranes and the lumen (Chua and
Schmidt, 1979; Haehnel et al., 1981; Grossman et al., 1982;
Ortiz et al., 1985). The structural features of these proteins and
the mechanisms which are responsible for their targeting to the
proper organelle, their uptake and processing by it, and their pro-
per intra-chloroplast localization are little understood.

Studies have shown that a number of these nuclear-encoded
chloroplast proteins are synthesized as larger mol. wt. precur-
sors containing an amino-terminal sequence which is cleaved from
the mature protein during or after transport into the chloroplast
(reviewed by Chua and Schmidt, 1979; Schmidt et al., 1982;
Grossman et al., 1982; Smeekens et al., 1985). Chua and
Schmidt (1979) proposed calling this amino-terminal extension
a 'transit peptide' both to distinguish it from the more hydro-
phobic signal peptide which mediates the co-translational transport
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of secretory protein precursors (von Heijne, 1983; Walter et al.,
1984) and to suggest its involvement in post-translational transport
of chloroplast precursors. This suggestion is supported by experi-
ments showing that at least two different precursor polypeptides
- the small subunit (SSU) of ribulose 1,5-bisphosphate carbox-
ylase/oxygenase (RuBisCO) and the light-harvesting chlorophyll
a/b-protein (LHCP) II - can be synthesized in vitro and subse-
quently taken up by isolated chloroplasts and processed to their
final functional forms (Chua and Schmidt, 1978; Schmidt et al.,
1982). More recently it has been shown that the SSU transit pep-
tide is necessary and sufficient for the import of proteins into
the chloroplast (Mishkind et al., 1985; Van den Broeck et al.,
1985).
The best-studied of these extra-chloroplast encoded proteins,

SSU, has been sequenced from a number of plant species in-
cluding monocots (Lemna and wheat), dicots (pea, soybean and
tobacco) and an alga, Chlamydomonas. Comparisons of the
directly determined or deduced amino acid sequences have shown
all of these to contain highly conserved mature proteins with
notably less well-conserved transit sequences. The latter vary in
length from 44 amino acids (Chlamydomonas) to 57 amino acids
(pea, Lemna and tobacco). Despite the poorer conservation of
SSU transit peptide sequence, substantial regions of amino acid
homology and conservation of charged residues have been noted
for it among the species compared (Broglie et al., 1983; Stiekema
et al., 1983; Mishkind et al., 1985).

Furthermore, the variability in size and amino acid sequence
of the SSU transit peptide (see Figure lb) does not seem to reflect
divergence of its functionally important residues or the chloroplast
components which recognize and act upon them. In vitro recon-
sitution experiments in which SSU precursor protein (pS) was
fed to heterologous isolated chloroplasts have shown that the im-
port and processing ofpS to its mature size occurs by mechanisms
conserved in the higher plants examined (Chua and Schmidt,
1978; Coruzzi et al., 1983b; Mishkind et al., 1985). Thus, pea
or spinach pS can be taken up, cleaved to its mature size and
complexed into RuBisCO holoenzyme by isolated chloroplasts
from either plant (Chua and Schmidt, 1978). Similar results were
obtained for the uptake of pS from monocots (wheat and barley)
by isolated dicot chloroplasts (pea and spinach, respectively)
(Coruzzi et al., 1983b; Mishkind et al., 1985). These results are
complemented by in vivo transformation experiments in which
pea transit sequences were able to direct an adjoining polypep-
tide into tobacco or petunia chloroplasts (Van den Broeck et al.,
1985; Schreier et al., 1985; Broglie et al., 1984). Thus, at least
for the SSU precursor, both the organellar components necessary
for its proper uptake, processing and localization within the
chloroplast, and the transit peptide with which they interact are
functionally well conserved among distantly related species.

Results and Discussion
In this work we have considered whether or not the transit se-
quences of all known nuclear-encoded chloroplast proteins have
structural similarities which can ultimately be related to com-
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mon mechanisms of import and processing. It has been general-
ly concluded from the limited data available that this is not the
case, although a few similarities have been noted (Cashmore,
1984; Mishkind et al., 1985; Dunsmuir, 1985; Lamppa et al.,
1985; Smeekens et al., 1985). We have recently completed the
sequences of light-harvesting chlorophyll a/b-proteins from two
additional species (Lemna, Karlin-Neumann et al., 1985; Kohorn
et al., 1986; Arabidopsis, Leutwiler et al., in preparation).
Analysis of these, in conjunction with the other available data,
demonstrates that in fact three distinct blocks of amino acid
homology are shared by the LHCP II and SSU transit peptides,
and also by that of a third chloroplast protein, ferredoxin.
LHCP II and SSU transit peptides share three major blocks of
amino acid homology
Figure la and b shows the LHCP II and SSU transit peptides
to be well conserved among diverse species. Figure la presents
a compilation of LHCP II transit sequences as well as a consen-
sus sequence drawn from five plant species, including two
monocots (Lemna and wheat) and three dicots (Arabidopsis, pea
and petunia). Where mutliple gene sequences from a single
species were available, a consensus sequence is shown, with the
exception of Lemna. Here, two very dissimilar transit sequences
are shown separately. Figure lb shows a compilation of SSU
transit sequences from two monocots, three dicots and an alga,
and a consensus sequence drawn from all of these. Amino acids
outlined by dotted boxes indicate that a majority of the residues
are identical at that position: these positions comprise -90%
of the LHCP II transit sequence and -75% for that of SSU.

If one compares the most conserved regions (lying at the begin-
ning, middle and end) of the LHCP II and SSU transit sequences,
three major homology blocks are found which are shared by these
two proteins. These are enclosed in boxes with solid lines and
labeled as I, II and IH. It is seen that identically numbered boxes
of the SSU and LHCP II consensus sequences (Figure la and
b) each share a series of residues (shaded); these homology blocks
appear in the same order in both proteins. Additionally, two other
nearly invariant residues, proline (P) and serine (S), are found
in similar positions (relative to the adjacent major blocks) in in-
terblock 2 (Figure Id) of both transit sequences. The shared
residues within each block may be separated by one or more non-
shared residues, and the internal spacing between shared residues
of each block varies slightly between the LHCP II and SSU transit
peptides. The amino acid sequence characteristic of each of the
three common sequence blocks appears in Figure Id as part of
a larger shared framework.
We propose the term 'framework' to suggest that these com-

mon sequence elements, either individually or in concert, are
essential for the common events mediated by the transit peptides
during import of chloroplast precursors. These may include bind-
ing to receptors in the chloroplast envelope (Cline et al., 1985),
transport through the envelope and processing to the mature-sized
product. Since the mature LCHP II and SSU proteins are situated
in different locations within the chloroplast, it would not be ex-
pected that these common sequence elements are themselves
responsible for final localization of the chloroplast precursors.
If the transit peptide also plays a role in this event, its contribu-
tion would be expected to lie elsewhere.

In this regard, a significant feature of the framework may lie
in the non-shared interblocks (1 and 2, see Figure ld). The dis-
similarity of these regions between the SSU and LHCP II transit
peptides might reflect their participiation in a class-specific event,
such as compartmentalization within the chloroplast or, alter-

natively, it might reflect their expendability. If either is involv-
ed in any as yet hypothetical class-specific role(s), interblock 2
appears to be the more likely candidate: there are a number of
well-conserved residues in each protein's interblock 2, but few
of these are shared, and the size of this region differs greatly
between the two proteins. Several features of this interblock,
however, are common to both proteins and may reflect some
common structural requirements even for this region: (i) each
bears the conserved 'P' residue an identical distance from block
II, and the conserved 'S' residue within several amino acids of
block III; (ii) both proteins usually contain another pair of 'S'
or 'TS' (T = threonine) residues on the N-terminal side of the
shared 'S' residue; and (iii) adjacent to this area the transit pep-
tides of both bear the single acidic residue found along their en-
tire lengths - glutamic acid (E) in LHCP II and aspartic acid
(D) in SSU. It is noteworthy that as previously observed for
mitochondrial leader sequences and the transit peptide of SSU
(Horwich et al., 1984; Broglie et al., 1983), the basic character
of the LHCP II transit peptide is due not only to a somewhat
greater frequency of basic residues (R or K) than found in the
mature protein (1/11 compared with 1/14), but even more so to
the strikingly lower frequency of acidic residues in the transit
peptide portion (1/34 compared with 1/10). This suggests a
general selection against acidic residues in these transit peptides
and, perhaps further, that the single conserved acidic residue may
be involved in a significant interaction(s) with one or more of
the basic residues found in both of these transit peptides.

In contrast to the suggested importance of interblock 2 for the
proper functioning of the LHCP II and SSU transit peptides, in-
terblock 1 is wholly absent from LHCP II and appears to be large-
ly unnecessary in SSU. In the latter, beyond the general variability
in length and sequence of this region (Figure lb), 12 of its 18
residues are absent in the wheat SSU consensus sequence. Despite
this absence, wheat pS is properly imported and processed by
pea chloroplasts (Coruzzi et al., 1983b). There are, however,
some well-conserved amino acids at the margins of interblock
- notably an invariant alanine (A) adjacent to block I and an

invariant valine (V) adjacent to block II. Thus, although several
of the marginal residues of interblock 1 may be important, much
of the sequence between blocks I and II seems to be generally
dispensible for pS uptake and processing by chloroplasts. It will
be interesting to see if more concise transit peptides can substitute
for the longer native sequences in homologous systems.
Do other nuclear-encoded chloroplast precursors also share the
framework?
If our postulation of the functional importance of the framework
sequence is correct, we would expect the transit sequences of
other nuclear-encoded chloroplast proteins to share these sequence
elements. At present, there is only one other such protein for
which a published sequence exists and against which this hypo-
thesis can be measured: this is for ferredoxin, a thylakoid-
associated stromal-facing protein, from Silene pratensis
(Smeekens et al., 1985). As can be seen in Figure Ic, each of
the three major blocks is present in this 48-amino acid long transit
sequence, albeit with different spacing between them than found
in either LHCP II or SSU. One or both of the threonines in block
I of ferredoxin may be functionally conservative substitutions for
serines found in similar positions in the other two proteins.
Smeekens and co-workers also note the presence of the 'GRV'
triplet of block III in both the ferredoxin and SSU transit pep-
tides and speculate on its involvement in processing. The fer-
redoxin transit peptide, too, has a higher frequency of basic
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residues (1/12) compared with that found in the mature protein
(1/20) and an unusually low occurrence of acidic residues (0/48)
compared with mature ferredoxin (1/5). It is also interesting that
there is no interblock 2 in this transit sequence. Assuming this
sequence represents a functional transit peptide, this might reflect
an expendability of even interblock 2 (see above). Alternative-
ly, perhaps necessary structure present in this region in both
LHCP II and SSU transit peptides may be unnecessary for fer-
redoxin or permutable to another region(s) of the transit sequence.
Although some further similarities can be seen between the fer-
redoxin and SSU transit sequences (e.g., interblock 1), more
complete comparison will have to await the accumulation of fer-
redoxin transit sequences from multiple species.

Possible functions served by the homology blocks
Possible functional roles for the framework elements are sug-
gested by this and other work. We propose that homology blocks
I and/or II are essential and perhaps sufficient for mediating
recognition, binding and uptake of precursors into the chloroplast.
This is based on the following observations: (i) Chlamydomonas
pS is both imported and partially processed by isolated spinach
and pea chloroplasts, but the absence of either the entire or just
the N-terminal portion of this transit peptide through the middle
of block II is sufficient to block in vitro uptake of the truncated
precursor (Mishkind et al., 1985); (ii) the Chlamydomonas transit
peptide contains homology blocks I and II, and they are largely
within the N-terminal portion necessary for import; it lacks most
of interblock 2 and homology block HI, and as would be predicted
(see below), it is not cleaved at the appropriate nearby junction
between transit and mature sequences (Mishkind et al., 1985);
and (iii) as argued above, interblock 1 appears to be largely or
entirely unnecessary for proper import and processing of either
SSU or LHCP II precursors. It has been previously proposed
that the net positive charge of the SSU transit peptide may be
important in binding to the negatively charged outer surface of
the chloroplast (Broglie et al., 1983), presumably facilitating
recognition and subsequent import of the precursor. The pres-
ent analysis suggests this basic character may be a general pro-
perty of transit peptides. However, this is also a property
exhibited by the leader sequences of cytoplasmically synthesiz-
ed mitochondrial precursors (Horwich et al., 1984) and would,
therefore, not seem to permit discrimination by itself of
chloroplast from mitochondrial precursors.
Homology block II may be important for an intermediate pro-

cessing event. pS from both an alga and a vascular plant is first
cleaved to an intermediate form (iS) during two-step processing
to mature SSU, as has been found for several nuclear-encoded
mitochondrial precursors (Hay et al., 1984). In the best-
characterized of these intermediates, Chlamydomonas pS im-
ported by isolated spinach and pea chloroplasts was found by
micro-sequencing to be cleaved between the two alanines (A)
of homology block II (Mishkind et al., 1985). Intermediate pro-
cessing was also demonstrated in a homologous system by Robin-
son and Ellis (1984b) where a partially purified protease from
pea chloroplasts generates a discrete intermediate during in vitro
production of mature-sized SSU from pea pS. The site of this
latter cleavage, however, is as yet unknown.

It seems probable that homology block III is important for
cleavage at the mature processing site of transit-bearing chloro-
plast precursors from vascular plants. Although there is some
uncertainty about the exact cleavage site for the LHCP II precur-
sor, evidence is consistent with it occurring on one side or the
other of the methionine (Cashmore, 1984). In any case, all of
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the cleavages occur within one to three residues of homology
block III in each of the three proteins analyzed here (Figure
la - c; Cashmore, 1984; Schmidt et al., 1979; Smeekens et al.,
1985) and, aside from the presence of methionine (M) adjacent
to each of these junctions, homology block III is the only uniform-
ly well-conserved sequence in this region. It is also noteworthy
that the only transit sequence lacking homology block III, that
of Chlamydomonas pS, fails to undergo cleavage at the mature
processing site when imported by vascular plant chloroplasts (see
above). The 'GGRV' sequence of block III has further struc-
tural properties which may argue for its involvement in the
neighboring cleavage. This sequence contains several glycine (G)
residues which, along with proline, are the strongest disrupters
of ordered secondary structure (Chou and Fasman, 1978). It also
contains a basic residue, arginine (R). It is thus likely that this
region is maintained in a random coil configuration and kept
superficial by the positive charge. Geisow and Smyth (1980) have
suggested that such characteristics make a region susceptible to
proteolytic cleavage. In this context, it is interesting that
homology block II, which also contains a basic residue, lysine
(K), and several disrupters of secondary structure (P and G), has
been shown to be a site of intermediate cleavage in pS from
Chlamydomonas (see above).
A common operator on transit sequences may already have been
identified
The work of Robinson and Ellis (1984a) offers support for the
framework hypothesis in another important way. The partially
purified pea proteolytic activity which processes the SSU precur-
sor can also process the precursors of plastocyanin from wheat
and barley to their mature sizes, but does not affect non-chloro-
plast proteins. Thus, if a single protease is responsible for cleaving
both pS and pre-plastocyanin to their mature forms, it may repre-
sent one of the postulated components of a common chloroplast
uptake and processing apparatus. It would be predicted, then,
that such a protease would recognize similar structures in the two
transit peptides. It will be interesting to see if homology block
III ('GGRV'), as well as the other major blocks, are found in
the plastocyanin transit sequence.
No comparable framework is observed in mitochondrial leader
sequences or in signal peptides
Although amino-terminal pre-sequences have been found to be
sufficient to direct fusion proteins into mitochondria (Hurt et al.,
1984; Horwich et al., 1985) and the endoplasmic reticulum
(Lingappa et al., 1984), analyses of both mitochondrial leader
sequences (Horwich et al., 1984; Morohashi et al., 1984) and
numerous signal sequences (von Heijne, 1983, 1984) have shown
only some general structural similarities in either of these. In
neither leader nor signal sequences has any evidence been found
for a framework of shared amino acids such as we see for the
chloroplast transit sequences.

In summary, this analysis supports the proposition that transport
of nuclear-encoded precursors to and into the chloroplast, as well
as processing to their mature forms, is mediated by common
molecular features in their transit peptides and in the cellular com-
ponents which recognize and act on these signals. Importantly,
it identifies common sequence elements and their linear relation-
ships to one another which are shared by all presently character-
ized chloroplast protein transit peptides. These elements, either
individually or in concert, may be responsible for the associated
events of precursor recognition by the chloroplast, uptake and
cleavage to the mature polypeptide. Fuller testing of this
hypothesis will have to await the accumulation of sequence data
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for other chloroplast precursors, as well as direct experimental
challenge of its predictions. Identification of these conserved
blocks will provide a rational basis for dissecting the multiple
roles which the transit peptide plays in the uptake and process-
ing of nuclear-encoded chloroplast precursors.
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Note added in proof
After submission of this paper, the sequence of a fourth nuclear-encoded chloroplast
protein, plastocyanin, was reported by Smeekens et al. (Nature, 317, 456-458).
The N-terminal sequence of this transit peptide (MATVTSS) resembles homology
block I. Homology block H is present (PSFAGLK) and very nearly identical to
those of LHCP II and SSU. It is separated from the first homology block by
a short hydrophobic interblock 1 sequence of five amino acids. These authors have
also noticed some general similarities in these regions among the same four tran-
sit peptides. Homology block III appears less well-conserved in this single example,
but is probably present as the sequence GILAGNA adjacent to the inferred pro-
cessing site in this species. This sequence bears the two proximate glycines (G)
characteristic of block Ill, but seems to have replaced the basic residue, arginine
(R), with asparagine (N) and the hydrophobic residue, valine (V), with another
hydrophobic residue, alanine (A). In this block, as well as about the adjacent
mature processing site, it is most similar in sequence to ferredoxin. Homology
blocks H and III are separated by an unusually long interblock 2 (38 amino acids)
which may, as these authors also suggest, be instrumental in compartmentaliza-
tion of plastocyanin within the chloroplast. Finally, it is noteworthy that the plasto-
cyanin transit peptide is also very basic, due primarily to the absence of acidic
residues (1/66 in the transit sequence versus 1/7 in the mature protein). The single
acidic residue in the plastocyanin transit sequence, glutamic acid (D), is found
in its interblock 2, a feature shared by LHCP II and SSU transit peptides.
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H. (1982) J. Cell Biol., 91, 468-478.
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