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It is thought that two to three thousand different proteins are

targeted to the chloroplast, and the ‘transit peptides’ that act as

chloroplast targeting sequences are probably the largest class of

targeting sequences in plants. At a primary structural level, transit

peptide sequences are highly divergent in length, composition and

organization. An emerging concept suggests that transit peptides

contain multiple domains that provide either distinct or overlapping

functions. These functions include direct interaction with envelope

lipids, chloroplast receptors and the stromal processing peptidase.

The genomic organization of transit peptides suggests that these

domains might have originated from distinct exons, which were

shuffled and streamlined throughout evolution to yield a modern,

multifunctional transit peptide. Although still poorly characterized,

this evolutionary process could yield transit peptides with different

domain organizations. The plasticity of transit peptide design is

consistent with the diverse biological functions of chloroplast proteins.
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The family of plant organelles, collectively known
as plastids, are widely accepted to have evolved
from free-living cyanobacteria through the process
of endosymbiosis. Although a modern plastid still
retains a semi-autonomous genome, its coding
capacity has been reduced to only 100-200 genes.
The now classic assumption of the endosymbiotic
theory, which was initially articulated by Weeden'!,
is that the proteins encoded by the genes newly
transferred from the endosymbiant to the host gen-
ome will return to the organelle from which they
originated. Considering that a typical cyanobacteria
contains ~3200 genes?, several thousand gene prod-
ucts must be targeted back to the plastid to enable
the same level of metabolic complexity in a modern
plant cell as existed in the ancestral cyanobacteria.
The vast majority of these proteins are targeted back
into the chloroplast as a precursor protein whose
transport is facilitated by the acquisition of an N-
terminal extension referred to as a transit peptide.
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Although the first demonstration of precursor trans-
port into chloroplasts was shown over two decades
ago>*, only now is this area of cell biology becom-
ing well understood. Many excellent reviews have
been published recently on the evolution of plas-
tids®, the evolution of organelle genomes®, the
mechanism of gene transfer from organelles to the
nucleus’ and the mechanism of protein import into
chloroplasts®°.

Proteins destined to plastids and other organ-
elles share in common the requirement for ‘new’
sequence information to facilitate their correct
trafficking within the cell. Although in most cases
this information resides in a cleavable, N-terminal
sequence often collectively referred to as signal
sequence, the different organelle-targeting se-
quences have distinct properties and names:
‘signal peptides’ for the endoplasmic reticulum,
‘presequences’ for the mitochondria and ‘transit
peptides’ for chloroplasts and other plastids. This
review focuses on recent progress in dissecting
the role of the stromal-targeting domain of chloro-
plast transit peptides. I will consider briefly the
multitude of distinct functions that transit peptides
perform, provide an update on the limited struc-
tural information of a number of transit peptides
and finally give some ideas on their evolution.
Figure 1 provides a schematic illustration of the
chloroplast translocation apparatus and a work-
ing model of different transit peptide-mediated in-
teractions that must occur during successful protein
import. This model is based on multiple obser-
vations and contributions from several laboratories
and has been simplified for the purposes of this
review.

The pool size of chloroplast precursors

With the recent progress in genomic sequencing
efforts, it is not surprising that the number of po-
tential chloroplast precursors identified is growing
rapidly. Although certainly not up to date, the
CHLPEP database!'® contains sequences for nearly
300 different transit peptides. A similar database
today might contain well over a thousand dif-
ferent transit peptides. However, it is difficult to
know how many different precursors are targeted to
plastids during the life span of a typical plant.
Recently, ChloroP, a neural network-based method
of predicting transit peptides was used to analyse
the 715 Arabidopsis proteins found in SWISS-
PROT!L. ChloroP showed that 13-22% of the pro-
teins contained potential chloroplast transit pep-
tides. Extrapolating to the entire Arabidopsis
genome!?13, using even the lower value (13%), gives
a predicted number of chloroplast-targeted precur-
sors of 2900-3500, depending upon the estimated
size of the genome. However, it is both interest-
ing and reassuring that analysis of the existing
Arabidopsis genomic databases with the best com-
putational tools currently available confirms the
original predictions on the number of chloroplast
precursors required to permit plastid metabolic
complexity to approach that of a free-living cyano-
bacterium!%13.
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General import pathway for plastid precursor import. Three hypothetical domains of the transit peptide are shown in red, green and
yellow. Multiple steps of transit peptide-mediated protein import are shown by the following numbers: (1) Interaction of the
precursor containing a phosphorylated serine in the transit peptide (*precursor) with soluble factors such as the molecular chaperone
14-3-3 protein in the cytoplasm. (2a) Partitioning of the precursor out of the cytoplasm on to the chloroplast surface through a
direct NTP-independent interaction of the transit peptide with the chloroplast-specific lipids monogalactosyldiacylglycerol (MGDG),
sulfolipid (SL) and phosphatidylglycerol (PG). (2b and 2c) Direct interaction of the precursor with Toc components, facilitated by
association with the 14-3-3 molecular chaperone. (3) Peptide-lipid interactions resulting in reciprocal changes in both the transit
peptide structure (shown as a green helix) and the lipid phase preference of the envelope (shown as an inverted micelle).

(4) Recognition and interaction of transit peptide with Toc86/159 receptor. (5 and 6) Lateral movement and/or association of
Toc86/159 with Toc34, resulting in the creation of a membrane contact site containing both the inner and outer envelope
translocons. This also illustrates the sequential or concurrent GTP-driven insertion of the transit peptide into Toc75. (7) Precursor
translocation across the outer envelope membrane by a push—pull mechanism using the ATP-dependent molecular motor(s) Com70
and/or IAP70. (8) Precursor translocation across the inner envelop membrane by a push—pull mechanism using the ATP-dependent

molecular motor(s) IAP70 and/or CSS1.

Structural analysis of transit peptides

In contrast to the rapid progress in elucidating the
primary structure of chloroplast transit peptides, only
limited information is available concerning the struc-
ture of transit peptides. The lack of structural infor-
mation is not only a result of limited investigation
but also might reflect a fundamental property of
transit peptides. Experimental results reveal that, in
an aqueous environment, transit peptides are largely
unstructured'#16, reinforcing an earlier proposal that
they have evolved to maximize the potential to form
arandom coilV’. Attempts to measure the structure of
transit peptides have utilized membrane-mimetic sol-
vents such as TFE (2,2,2-trifluoroethanol) and aqueous
buffers containing detergent micelles. Analysis of
transit peptides in these solvents by circular dichro-
ism spectrometry'4-1%18 has demonstrated that transit
peptides might contain significant a-helical struc-
ture(s); for example, in the transit peptide for prSSU
(SStp), both the N- and the C-termini exhibit a-helical
structure'. Although no single mechanism accounts
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for the ability of TFE to preferentially stabilize pep-
tides in a helical conformation, it is clear that this
helix stabilization is not indiscriminate but does in-
deed reflect the underlying structural preferences of
a given peptide sequence'’.

Attempts to refine the identity and placement of
transit peptide structural elements have used multi-
dimensional NMR on either synthetic or recombi-
nant transit peptides. To date, the only two structures
reported are for the ferredoxin?® and Rubisco acti-
vase!® transit peptide from the algae Chlamydomonas.
Figure 2 shows the lowest-energy structures for these
transit peptides. Both of these structures were deter-
mined in the presence of TFE and shown to contain
a helix and a random coil. However, the order of
these two motifs is reversed. Ferredoxin has an a-
helix at its N-terminus from position A,-V,,, fol-
lowed by an unstructured C-terminal domain of ~19
amino acids. By contrast, the activase peptide ex-
hibits an unstructured N-terminus of ~15 residues,
followed by an a-helix from position A;¢-L,.
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Chlamydomonas ferredoxin
MAMANVRSTFAARVGAKPAVRGARPASRMSCVA

Chlamydomonas Rubisco activase
MQVTMKSSAVSGQRVGGARVATRSVRRAQLQV
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FIGURE 2

NMR structures for two Chlamydomonas transit peptides. The left panel includes an
overlay of the 27 lowest-energy structures of the 32-residue ferredoxin transit
peptide, and one isolated structure that denotes the N- and C-termini. The right
panel shows an overlay of the 22 lowest-energy structures of the 32-residue Rubisco
activase transit peptide, and one isolated structure that denotes the N- and
C-termini. Note the inverted organization of these two peptides, helix—coil for
ferredoxin versus coil-helix for activase.
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FIGURE 3

Helical wheel projection of prSSU transit peptide amino
acids 38-55. The C-terminal region of the prSSU transit
peptide is an example of an amphipathic sequence within

a chloroplast transit peptide. However, unlike

mitochondrial presequences, this amphipathicity is largely
the result of the selective placement of the hydroxylated
amino acids serine and threonine on one face of this potential a-
helix. Black indicates hydrophobic amino acids.

Red/pink represents acidic/polar amino acids. Blue
represents basic amino acids. Yellow represents hydroxylated
amino acids. Green represents the helix-breaking

residues glycine/proline.

Unfortunately, the only NMR data for higher-
plant transit peptides are for Silene ferredoxin (trFd).
Since plant transit peptides are much longer that
algal transit peptides, this work required that the
full-length peptide be expressed and labelled with
stable isotopes in Escherichia coli'>. These inves-
tigators evaluated the structure in both TFE and a
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more physiological micellar system that contained
monogalactosyldiacylglycerol (MGDG) and an an-
ionic detergent, dodecylphosphoglycol?!. Insertion/
association of trFD with these micelles introduced
two helical domains (S,,-L,; and G,,-F,,) in an
otherwise unstructured peptide. Further relaxation
experiments indicated that, although the whole
peptide backbone is flexible, the central proline-rich
region (P,-P,,) is highly unstructured, suggesting
that this region of the trFD requires extreme flexi-
bility for its function. Suggestions for functions for
this region include a role as a flexible linker that dis-
rupts or separates other functional regions, or alter-
natively this region could act as a recognition motif
for some later step in protein import, as was sug-
gested earlier??.

Although only a few transit peptides have been
analysed by NMR and circular dichroism, some gen-
eral conclusions are apparent. In aqueous solution,
transit peptides are largely unstructured. When
placed in either a more hydrophobic solvent or,
upon insertion into micelles, one or more regions
of the transit peptide become «-helical. Although
algal transit peptides appear to contain only a single
helical domain, both the higher plant ferredoxin
and small subunit transit peptide contain two dis-
continuous a-helical domains. In addition, although
both transit peptides and presequences contain
regions that are amphipathic, the amphipathicity
in transit peptides is determined by hydroxylated
amino acids instead of the basic residues seen in pre-
sequences. Although the helix-coil-helix organ-
ization of higher-plant transit peptides might be a
universal feature, the position and degree of amphi-
pathicity of these two helices could vary. For in-
stance, in trFd, NMR indicates that the N-terminal
helix is amphipathic, whereas, in SStp, the C-terminal
region is predicted to be amphipathic (Fig. 3).

Such membrane-induced secondary structures in
transit peptides could define an otherwise ‘silent’
recognition element(s) for the import machinery.
An attractive feature of this hypothesis is that the
environment at the chloroplast surface might in-
duce a ‘common’ conformation in transit peptides,
enabling a single receptor at the outer chloroplast
envelope, such as Toc86/159, to bind to and facili-
tate transport of potentially thousands of different
precursors?®. Although two related receptors, Toc120
and Toc 132, were identified recently, structural el-
ement(s) in transit peptides might still be required
to ensure the high level of fidelity in targeting plastid-
destined precursors?4. To firmly establish the gener-
ality of these structural motifs, it will be necessary to
extend these structural studies to a wider range of
chloroplast transit peptides.

Domain structure and modular organization
Although early investigation into the primary se-
quences of transit peptides identified three major
blocks of amino acid homology?®, the concept of
‘homology blocks’ was challenged and shown not to
describe transit peptides as a group?®. However, that
report and others concluded that stromal-targeting
transit peptides do contain three distinct regions: an
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uncharged N-terminal domain of ~10 residues be-
ginning with MA- and terminating with a G/P, a
central domain lacking acidic residues but enriched
in S/T and, finally, a C-terminal domain enriched in
arginines and potentially forming an amphiphilic B
strand?’.

Part of the variability of transit peptides sequences
might be explained by the recent discovery that the
import receptor of the outer envelope, Toc86/159,
has two related receptors, Toc120 and Toc132, that
together make up a small gene family?. Although
the basis of interaction between transit peptides and
this family of receptors is still unknown, it has been
proposed that Toc86/159 functions primarily in the
import of photosynthesis-related precursors into
chloroplasts, whereas Toc120 and Toc132 might
function in the import of precursors to other types
of plastids (amyloplasts, chromoplasts, leucoplasts,
etc.) that are not active in photosynthesis?*. This
hypothesis could partially explain why transit pep-
tides as a group fail to comply with the original ‘ho-
mology block’ model of transit peptides. As a more
detailed understanding of the interaction between
transit peptides and these receptors emerges, we
might be able to reclassify transit peptides into spe-
cific subgroups. Further ‘bioinformatic’ analysis of
these subgroups of transit peptides might identify
currently unrecognized regions of homology or
functional similarity.

Lipid interacting activity

Without exception, membranes that are active in
protein translocation contain significant levels of
lipids that strongly prefer to adopt a non-bilayer
structure. In plastids, MGDG has a wedge-like
molecular shape and prefers to form an H; phase
when isolated. Several reports suggest that non-
bilayer-forming lipids are required at one or more
steps during protein translocation?®?°. In support
of this idea, several studies have demonstrated that
the interaction between transit peptides and artifi-
cial bilayers is dependent upon lipid composition.
Specifically, this interaction is clearly increased
when the artificial membrane contains MGDG3%31,
Although other studies have demonstrated that the
ferredoxin transit peptide-lipid interaction is de-
pendent on the presence of the anionic lipids PG
and sulfoquinosyldiacylglycerol (SL), a significant
interaction still occurs with monolayers containing
MGDG?2.

These results suggest two possible interactions
between transit peptides and membrane lipids: an
initial ionic interaction between the anionic phos-
pholipids and the basic amino acids of the transit
peptide, and a second interaction that involves the
galactose headgroups of the glycolipids and the hy-
droxylated amino acids of the transit peptide. The
latter could involve direct hydrogen bonding be-
tween the hydroxyl groups of the transit peptide
and the galactose. Alternatively, the formation of
‘new’ hydrogen bonds between the hydroxylated
amino acids and tightly bound water molecules at
the membrane interface could result in a reduced
hydration shell of the galactolipids!. This transit
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peptide-induced ‘competition’ for water molecules
would favour the non-bilayer-forming tendency
of MGDG and thereby promote transient lipid
polymorphisms. Localized H; phase conformations
(Fig. 1, Step 3) could be a crucial step in initiating
protein targeting/translocation.

Attempts to map the region(s) of transit peptides
involved in lipid interaction have identified do-
mains at both the N- and C-termini of the few tran-
sit peptides that have been investigated. Analysis of
the SStp indicates that primarily the last 10 amino
acids of the C-terminal region of the transit pep-
tide are responsible for interaction with artificial
bilayers containing MGDG?3!. This region is within
the predicted amphipathic a-helix containing the
hydroxylated amino acids serine and threonine
(Fig. 3). Analysis of the transit peptide for plasto-
cyanin indicates that the lipid-interacting domain is
within the first 10 amino acid residues of the
thylakoid targeting domain, which is C-terminal
to the stromal targeting domain!8. By contrast, a
detailed study using deletion mutants of trFd have
shown that the N-terminal region primarily interacts
with MGDG, whereas the C-terminus mediates
recognition of negatively charged phospholipids?2.

The ability of one or more regions of a transit pep-
tide to interact directly with chloroplast lipids (Fig. 1,
Step 2a) could provide the initial ATP-independent
step in precursor association with the chloroplast
surface. The unusually low protein content of the
outer envelope would provide a two-dimensional
surface that is defined predominantly by its lipid
composition33. This observation coupled with the
apparent lack of obligate cytosolic factors (see be-
low) suggests that the initial partitioning of pre-
cursor molecules from the site of synthesis to the
chloroplast surface might rely heavily on the rec-
ognition of plastid-specific lipids. In addition, the
ability of transit peptides to gain secondary struc-
ture in a membrane-mimetic environment suggests
that transit peptide-lipid interactions are recip-
rocal in nature. These ‘mew’ membrane-induced
structural motifs (Fig. 1, Step 4) might facilitate a
secondary interaction with one or more compo-
nents of the translocation apparatus. As the struc-
ture of more transit peptides in different environ-
ments becomes available, the physicochemical basis
of the transit peptide-lipid interaction should be-
come clearer.

Transit peptide-receptor interactions

As is shown in Fig. 1, the precursor is recognized
by one or more chloroplast-specific receptors. Al-
though most models depict this interaction as being
mediated predominantly by the transit peptide,
there is evidence implicating that the mature do-
main might in some way modulate this interac-
tion3*. Most of the detailed information concerning
interaction between chloroplast precursors and
components of the translocation apparatus has
come from studying the two precursors prSSU and
prFd by photochemical crosslinking®-37. In the
absence of an ATP source, two components of the
translocation apparatus Toc86 and Toc75 crosslink
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to the precursor, presumably through the transit
peptide3>36. This crosslinked species represents a
bound intermediate where Toc86/159 functions as
an acceptor for the transit peptide/precursor. When
the concentration of ATP was increased, the cross-
linking occurred predominately between the precur-
sor and Toc753%3%, In addition, an inner membrane
protein has been identified, Tic20, that probably
contacts the incoming precursor in the inner mem-
brane space®¢3’. This crosslinked form of the pre-
cursor represents a true translocation intermediate
(Fig. 1, Steps 6 and 7) that has crossed the outer
envelope. In none of these studies has the specific
region of either the transit peptide or the trans-
location component been identified.

A recent, systematic, attempt to explore interac-
tions between the transit peptide and the trans-
location apparatus utilized multiple mutants of the
prFd in which internal portions of the transit pep-
tide were deleted®”. This study utilized the same
label-transfer crosslinking strategy used in the pre-
vious studies3>3%. The authors demonstrated that,
although the whole transit peptide is important for
the overall efficiency of binding and import, the
N-terminal region (residues 6-14) was crucial for
initial interaction with the translocation apparatus
and potentially contains essential information for
interacting with Toc86/159. A second region (resi-
dues 15-25) was found to contribute to interaction
with Toc86/159; however, this region is respon-
sible primarily for interaction with components of
the inner membrane, such as Tic20. Surprisingly,
no region within the transit peptide was found to
interact specifically with Toc75. The authors con-
clude that the information for interaction with the
outer and inner membrane components resides in
two separate, but partly overlapping, domains in
the first 25 amino acids of the ferredoxin transit
peptide. It will require similar detailed analysis
of several transit peptides before there is sufficient
information to evaluate how these different do-
mains interact with the receptors in general.

Recently, as illustrated in Fig. 1, the outer en-
velope protein Toc34 has also been shown to inter-
act directly with the chloroplast precursor prSSU38.
Toc34 is a GTPase (as is Toc86/159)3°4°, The inter-
action between prSSU and Toc34 is through a phos-
phorylated form of the transit peptide. Moreover,
the affinity of interaction between Toc34 and the
transit peptide is mediated by GTP binding to
Toc34, with the precursor being released or inserted
into the translocon upon nucleotide hydrolysis or
exchange?8. Although the details of the coordinate
interaction of Toc34 and Toc86/159 are still unclear
and difficult to differentiate through in situ experi-
ments*!, it appears that Toc34 is involved somehow
in ‘handing over’ the transit peptide/precursor to
the translocon (Fig. 1, Steps 5 and 6).

In vivo analysis of transit peptide activity

In addition, to the in vitro analysis of different
regions of the transit peptide in receptor inter-
action, recent efforts have begun to evaluate the role
of different regions of the transit peptide in vivo.

This work has involved transgenic work in Chlamydo-
monas*>*3 and Arabidopsis**. The in vitro and in vivo
effects of mutations in the transit peptides of ferre-
doxin??#4, plastocyanin*?4> and the gamma subunit
of CF1 have been compared*’. Surprisingly, the
results derived from these two approaches did not
agree, suggesting that in vivo and in vitro analyses
probe different aspects of the chloroplast protein
import process. However, some general conclusions
can be drawn:

e most transit peptide mutations affect in vitro im-
port more severely than in vivo import;

e deletions in the transit peptide N-termini elimi-
nate in vivo import, suggesting that this region
might be required to compete successfully with
other precursors for import in vivo; and

e severely impaired precursors might still accumu-
late in vivo to a sufficient level to maintain viability.

Interaction with soluble targeting factors

In the targeting of proteins to organelles, soluble
targeting factors have been shown to help main-
tain proteins in a transport-competent confor-
mation, as well as provide an increased fidelity of
targeting*. However, it is thought that plastid-
destined precursors do not require a soluble target-
ing factor. This notion is consistent with the transit
peptide-lipid interaction being the initial organelle-
specific interaction between a precursor and the
plastid!®.

New evidence is emerging that suggests a role of
soluble factors in chloroplast protein import. Tran-
sit peptides may contain a motif that is specifically
recognized by a member of the 14-3-3 class of
molecular chaperones?’. The role of these chaper-
ones in protein transport has already been estab-
lished since one member, ‘mitochondrial import
stimulating factor’ (MSF), has been shown to fa-
cilitate the delivery of import-competent precursors
to the mitochondrial translocation apparatus?.
Recently it was shown that chloroplast transit pep-
tides, when phosphorylated, could possibly func-
tion as a recognition domain for a 14-3-3 pro-
tein*50. This involvement has been advanced by
the recent demonstration that, when translated in a
wheat germ lysate, prSSU exists as a high-molecular-
mass complex containing a 14-3-3 protein and an
Hsp70. The complex maintains the precursor in a
highly import-competent state, such that it imports
in vitro into chloroplasts at a rate three to fourfold
higher than that of the free precursor’’. Whether
this complex is responsible for targeting prSSU to a
specific envelope receptor (Fig. 1, Step 2b), similar to
the role of MSF in mitochondria protein targeting*®,
or alternatively enables the precursor to bypass one
or more of the early steps in translocation (Fig. 1,
Step 2c¢), making the import process more efficient,
is not known. However, the fact that purified, re-
combinant chloroplast precursors can be imported
in vitro, in the absence of the 14-3-3-Hsp70 com-
plex, at rates comparable to requisite physiological
targeting rates argues that interaction with a soluble
component it is not an obligate step in the trans-
location process34S1.
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Recognition by Hsp70 molecular chaperones

For almost a decade, it has been proposed that the
high random-coil content that is predicted for chloro-
plast transit peptides functions to provide a sub-
strate for the Hsp70 class of molecular chaperones!’.
Although Hsp70 chaperones have been proposed to
function as the molecular motor driving precursor
translocation into the ER and mitochondria®?, there
has been little support for chloroplasts utilizing an
Hsp70 as the ATP-dependent molecular motor. There-
fore, even though chloroplasts contain three Hsp70
homologues®}, current models depict an Hsp100
(CIpC) as the motor driving precursor import®. How-
ever, recent evidence clearly indicates that the transit
peptide for prSSU interacts both in vitro and in E. coli
with Hsp70 proteins®. Furthermore, combination
of statistical algorithms and biochemical analysis in
vitro identified a specific domain of the prSSU tran-
sit peptide that interacts with the chloroplast stro-
mal Hsp70, CSS1 (Ref. 55). When these algorithms
were applied to transit peptides in the CHLPEP data-
basel®, >75% of the transit peptides were also pre-
dicted to contain an Hsp70 recognition domain
within the N-terminal third of the transit peptide’®.
Interestingly, this work also demonstrated that many
transit peptides contained a second, lower-affinity,
site that was positioned in the central third of the tran-
sit peptide. In prSSU, the positions of these two sites
were spaced appropriately to enable one transit pep-
tide to engage Hsp70 simultaneously on both the cis
and trans side of either the outer or inner envelope
membrane. Involvement of Hsp70 as the chloroplast
translocation motor is supported by the recent dis-
covery that one component of the inner envelope
translocator, Tic40, is related to the Hsp70-interacting
protein Hip®®. This finding suggests that Tic40 might
function to recruit Hsp70 to the inner envelope,
where the chaperone utilizes ATP hydrolysis to drive
the movement of a precursor protein across one or
both envelope membranes. The ability of transit
peptides to act as substrates for Hsp70 proteins
provides a surprising functional similarity between
transit peptides and mitochondrial presequences
as presequences have also been shown to contain
Hsp70-recognition domains at their N-terminus®’.

Origin of the chloroplast translocation
apparatus and transit peptides

Insight into the origin of the chloroplast translo-
cation apparatus has recently benefited from the
completion of the genome sequence? of the cyano-
bacterium Synechocystis, as discussed in several re-
views®8-61. Analysis of this sequence indicates that
three translocation components, Toc75, Tic22 and
Tic20, evolved from existing proteins in the cyano-
bacterial genome. The best characterized of these
homologues, SynToc75, is speculated to have been
transferred from the cyanobacteria into the ‘host’
nucleus yet retained its function as a transport protein.
However, upon insertion into the plastid outer mem-
brane, Toc75 adopted an inverted topology relative to
that which it possessed when in the cyanobacterial cyto-
plasm, such that it could now function as an impor-
ter of molecules into the plastid, as is shown in Fig. 4a.
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Model demonstrating possible evolutionary origin of Toc75 and modern transit
peptides. (a) Possible role of SynToc75 in Synechocystis in facilitating the
secretion of virulence factors. The substrates for this transporter might include
sequences (shown in green) that are recognized by the SynToc75 and might
provide the evolutionary origin of at least one domain of the modern
chloroplast transit peptide. (b) Movement of genes encoding both SynToc75
and substrate(s) out of the cyanobacteria into the new host genome. The Toc75
protein is now inserted back into the plastid outer membrane in such a way that
it now facilitates protein import back into the organelle. Some of the original
information recognized by SynToc 75 (shown in green) is rearranged by exon
shuffling, eventually yielding a modern transit peptide with the addition of new
functional domains (shown in red and blue) positioned at the N-terminus of the
‘new’ precursor. This model is based on some of the ideas originally presented by

G. McFadden®'.

Related to this proposal, sequences contained
within the cyanobacterial genome might also have
provided the source of coding information for
modern transit peptides. One interesting pos-
sibility is that the ‘signal’ that targeted proteins
for secretion via SynToc75 could have given rise to
some or all of the information now contained
within a modern transit peptide (Fig. 4b). The
emerging notion that transit peptides are orga-
nized as functional domains indicates that transit
peptides emerged by shuffling of existing cyano-
bacterial exons, which through selective pressure
could yield a transit peptide capable of targeting
and translocating the nucleus-encoded cyano-
bacterial proteins back into the plastid. The recent
report that ‘early’ exons would encode protein mod-
ules of 15-30 amino acids in length suggests that the
average transit peptide could have evolved through
the linking of three separate exons®2. In support
of this hypothesis, the transit peptides of several
chloroplast precursors are still in fact encoded by
three distinct exons®%4. A very similar evolution-
ary mechanism has been demonstrated for a plant
mitochondria presequence that originated from the
acquisition of three exons from a separate donor
protein®. The fact that this multiple-exon organi-
zation of the transit peptide might not be charac-
teristic of all plastid precursors suggests that, over
time, genetic streamlining resulted in the loss of
introns from the transit peptide coding region®®.
Moreover, the process of exon shuffling might yield
transit peptides with alternative domain organi-
zations, as has been observed for the two Chlamydo-
monas transit peptides shown above (coil-helix vs
helix—coil; Fig. 2)16:20,
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Concluding remarks

Taking all the structural data into account, it can
be seen that transit peptides contain substantial re-
gions of flexibility. Inserted within these extended,
flexible structures are regions with helix-forming
potential that become ‘activated’ when exposed to
membrane-mimetic environments. Higher plants
appear to require at least two helical domains,
whereas the shorter algal transit peptides appear to
contain only one. The basis for an additional se-
quence requirement in plants is not known but
probably reflects the requirement for increased tar-
geting fidelity and/or efficacy in a more complex
cellular environment. Overlaid on top of these
structural motifs are the multiple and potentially
overlapping recognition elements for cytosolic fac-
tors, envelope receptors, molecular chaperones and
the stromal processing protease. The ability of one
short peptide sequence to satisfy simultaneously all
of these various roles indicates both an exquisite
evolutionary refinement and the possibility of a
given sequence to reflect alternative properties when
exposed to different chemical environments. This
type of functional ‘schizophrenia’ could be a com-
mon trait of highly evolved targeting sequences in
general. Moreover, the plasticity in design of a given
transit peptide and for transit peptides as a group is
ironically fitting for an organelle named in recog-
nition of its own plasticity in form and function.
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Orchestrating cell division

In the April to May transition of this

year, a conference in Roscoff, France*
paid tribute to Yoshio Masui one of
the founders of the cell-cycle field and
was a forum for discussion of some of
the central features that cause cells to
transit from one cell-cycle stage to
another. Although this meeting was
billed as ‘The Cell Division Cycle’, the
choice of speakers clearly pointed to
an intense interest in the architecture
and regulation of M phase.

Are centrosomes an essential
structure?

Centrosomes are thought to be re-
quired for the assembly of the mitotic
spindle and thus for correct chromo-
some segregation. This view has been
challenged lately by a number of stud-
ies that highlight alternative mecha-
nisms for the formation of the spindle
and the maintenance of its bipolarity.
Whether or not there is an absolute
need for a centrosome is controver-
sial, and work presented by K. Sluder
(Worcester, USA) fuelled the debate. He
described a delicate microsurgical pro-
cedure developed to cut cells in two just
between the nucleus and centrosome.
The resulting acentrosomal karyoplasts
are able to form a bipolar spindle and
can go through a round of chromo-
somal division but cannot complete
the final stages of cytokinesis. These
binucleate acentrosomal karyoplasts
are unable to enter the next cell cycle
and consequently arrest in G1 phase.
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Other observations do point to a
central role of the centrosome in the
establishment of a functional bipolar
mitotic spindle. As an example,
Drosophila mutants in key centro-
somal components display gross
spindle morphological and functional
defects. One such mutant, dd4, a mu-
tant in the spc98 Drosophila homo-
logue dGRIP91, has abnormal mitotic
spindles with a reduced number of
microtubules (D. Glover, Cambridge,
UK; Fig. 1).

It is often said that a book is better
than a movie, but, in cell biology, it is
just the opposite. Many presentations
contained spectacular movies of gyrat-
ing spindles, dancing centrosomes and
dividing chromosomes. For example,
the movies shown by M. Bornens (Paris,
France) that accompanied a recent
publication were certainly more enter-
taining and informative than the corre-
sponding print version'. GFP-labelled
centrin labels the mother centriole
more brightly than the daughter, pro-
viding a means to discriminate the
two as they perform their separation
dance during anaphase. The daughter
centriole leaps and twitches around
the unmoving mother and, if she

Pll: $0962-8924(00)01820-1

dances near the midbody, the con-
nection between two recently formed
daughter cells is severed and the cells
are free to move apart.

Until recently, the process of cen-
trosome duplication has been poorly
understood, and the first insights
came from work on the budding
yeast spindle pole body (SPB). It soon
became apparent that the proteins
involved in SPB duplication had func-
tional homologues in higher eukary-
otes. One such example is the S. cere-
visiae kinase MPS1, also required for
the spindle integrity checkpoint?. Two
informative  MPST mutant alleles,
mps1-7 and mps1-8, were described
by M. Winey (Boulder, USA). Mps1-7
mutants are defective in the spindle
checkpoint and show abnormalities
in meiotic chromosome segregation,
implying a new function for MPS1
during meiosis. Mps1-8 defects are
exclusively on the duplication of the
SPB and relate to the structure of the
half-bridge.

A link between regulatory and struc-
tural cell-cycle events was provided
by E. Nigg (Martinsreid, Germany).
The nuclear cell cycle and the centro-
some cycle appear to be linked through

0962-8924/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
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