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Structural analysis of chloroplast transit peptides (¢TPs), including secondary structure prediction and analysis of ¢TP-like' peplides of known
D rtrudture, suggests that ¢TPs are essentially flexible peptides devaid of regular secondary or testiary steacture. 1t is proposed that ¢TPs may
be designed to interact with a succession of different chuperones on the chloroplast protein-import pathway.
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1. INTRODUCTION

Chloroplast transit peptides (¢TPs) serve to target
nuclear encoded proteins to chloroplasts with high
specificity {1,2]; yet, compared to other targeting pep-
tides such as secretory signal peptides or mitochondrial
transit peptides, they lack obvious structural consensus
features beyond a general enrichment for serine and
threonine residues, a relatively low level of acidic
residues, and a semi-conserved pattern of residues im-
mediately surrounding the cleavage site for the stromal
processing protease [3,4]. They also vary greatly in
length, from around 30 residues up to more than 80
residues, Fig. 1, and, although it has been postulated
that some consensus secondary structure must exist [3],
no suggestions as to the most likely conformation(s)
have been forthcoming.

This has led us to consider the obvious alternative,
namely that ¢TPs are designed to be devoid of any
regular secondary or tertiary structure. In this paper,
we show that results both from secondary structure
predictions and from an analysis of the conformations
of short ‘¢TP-like’ peptides in proteins of known 3D
structure support this possibility. If ¢TPs indeed are
‘perfect random coils’, a series of interactions with
cytosolic and chloroplastic chaperones could be all that
is required for chloroplast targeting and import.
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2. METHODS

45 non-homologous higher-plant ¢TPs with known cleavage sites
for the stromal processing protease were extracted from a collection
of about 150 published sequences (a listing is available from G.v.H.),
The highly conserved N-terminal Met=-Ala dipeptide {3), as well as 2
semi-conserved residues from the C-terminus [4) were removed, and
the secondary structure of the remaining sequences was predicted us-
inga ‘joint' prediction method {6) that achieves an improved predic-
tion accuracy by combining the output from 3 widely uscd methods
[7-11}. In addition, the Brookhaven Protein Data Bank of 3D pro-
tein structures was screened for 10-residue peptides containing at
least 8 hydroxylated (Ser, Thr, Asn, Gln) or Pro residues, and the
secondary  structure of these segments as classified by the
Kabsch~Sander method [12] was recorded.

3. RESULTS AND DISCUSSION

¢TPs have an extremely high content of hydroxylated
amino acids, Ser and Thr in particular, and a
significantly lowered content of acidic residues [3].
Positively charged residues are found, but only at
about the same frequencies as they appear in soluble
proteins in general. In addition, the N-terminal 5~i0
residues in most cases lack both positively charged
residues as well as Gly and Pro [3], and the 3 C-
terminal residues often fit a semi-conserved consensus
motif [4], possibly as part of a slightly longer segment
with a certain potential for forming an amphiphilic g-
strand [3]. Beyond this, no clear structural feaiures
have been identified so far; in particular, stretches of
apolar amino acids (as found in secretory signal pep-
tides) or segments that can be folded into an am-
phiphilic a-helical structure (as found in mitochondrial
targeting peptides) do not seem to be present [3].
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Fig. 1. Three ¢TPs from spinach, chosen to demonstrate their wide range of variation in sequencs. Sequence 1 [21] lacks charged residues
altogether; sequence 2.{22] is 84 resndues long; and sequence 3 [23] is only 32 resndues‘ long. The cleavage site for the stromal processing peptidase
is indicated by ‘+°.

Some typical cTPs are shown in Fig. 1. Note that
.positively charged residues can be completely absent
(sequence 1), and that hydroxylated and turn- or coil-
promoting residues seem to  be distributed rather
uniformly along the entire length of the peptides. In
fact, we have been unable to detect any significant
clusters of the more abundant residues, either alone or
in combination (data not shown), suggesting a more or
less random distribution throughout the major part of
the ¢TPs.

In order to look for less obvious structural features,

we have performed secondary structure prediction on
45 non-homologous ¢'TPs with known cleavage sites for’

the stromal processing protease (2186 residues), ex-
tracted from a collection of some 150 published se-
quences.  Secondary structure was predicted by
different algorithms (see Section 2), which allows more

reliably (i.e. unanimously) : predicted regions to be |

distinguished from regions of lower reliability [6]. The
results are shown in Table I: for 39% of the residues,
all 5 methods give the same prediction' totalling 5%

helix, 6% sheet, and 89% coil; for an additional 26%

of the residues 4 out of 5 methods agree and predict
12% helix, 16% sheet, and 72% coil. On a large control
sample of globular proteins, the average coil prediction
is around 55% (our unpublished results). Thus; two-
thirds of all residues can be predicted with reasonable

Table 1

Secondary structure prediction

Conformation Percent Peicent Percent
: (5/5) 4/5) (5/5+4/5)
Helix 5 ] 8
Sheet ‘ 6 ‘ 16 10
Coil : ‘ 89 ] 82
3D structure analysis

Structural class Percent

H 4

G 2
E 13

B 6

T 19

) ‘ 17

rregular : 39

2

confidence (the expected accuracy is 65-75% [13]), and
the overall result is 82% coil, with only small amounts
of helix and sheet.

We have also sought for structural correlates by
scanning proteins of known 3D structure for peptldes
with an overall amino acid composmon similar to the
¢TPs. A rather stringent screen requiring at'least 8
residues out of 10 to be Ser, Thr, Asn, Gin, or Pro (in
our current ¢TP sample, Pro is significantly enriched
except in the N-terminal 10 positions = fprs = 0.069
compared 0 fpro = 0.48 in mature imported proteins;
P < 107% produced 16 non-homologous : segments
shown in: Fig.'2, Their secondary structure -was
classified according to the Kabsch—Sander method
[12], Fig. 2 and Table I. Out of 175 residues, only 33
(19%) are parts- of repeating secondary structures
(helices or B-strands), the remaining 142 residues (81%)
are classified as either isolated residues. making
hydrogen bonds to (G-sheets, turns, bends, or irregular
structure. “In -large samples. of globular proteins of
known 3D structure, the correspondmg percentages are
around 50% helix + sheet and 50% non- -regular struc-
ture [14] (and our own unpublished results).

The failure to find good candidates for membrane-
interacting structures or other regular structures by
such a diverse set of methods (hydrophobicity and
hydrophobic-moment analysis [3], secondary structure
predictions, and analysis of model peptides of known
3D structure) leads us to suggest that cTPs are in fact
designed to be flexible peptides with a minimal content
of regular secondary or higher-order structure,i.e. ran-
dom coils. This would also be consistent with their
large variation in length, and their relative tolerance to
both deletions and msertlons in thelr central region
[15].

If our hypothesis is correct, it could have mterestmg
implications for the mechanism of chloroplast protein

" import. Polar peptldes of diverse sequences have. been

shown to bind efflcnently to chaperones such as BiP and
hsc70 [16], and it thus appears possible that ¢TPs
would similarly have “a . strong  affinity . for  other

‘members of the lisp70-family. Although the sequence

specificity of these chaperones is: not known; we note -
that all but one of the 4 highest-affinity peptides
studied by Flynn et al. [16] lack acidic residues (as do
most ¢TPs), whereas all of ‘the 4 lowest- affinity pep-
tides contain one or-more acxdlc resxdues. Recently, ‘
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Fig. 2. 16 segments of known 3D structurc with a high content of Ser,
Tht, Asn, Gin and Pro residues -extracied from the Protein Data
Bark (see seetion. 2). The PDB-codeis shown with the- protem name.

The Kabsch~Sander secondary structure assignments are given below

eich sequence. H = a-hellx, G = 310-helix, E'= G-sheet, B.=5- bndge
L5 e isolated res1due making a hydrogen bond to a A-strand), T
l turm, S ‘bend, blank = eregular structure.

~hsp70 homologues have been detected in chioroplasts:
two are located in the stroma, and:one is tightly
assocxated with the outer membrane but is not exposed

on the surface of the organclle [17]. One rmght thus im-"
agme an import pathway where the ¢TP is first bound ‘

- to .a cytoplasmic hsp70, then transferred to . the
membrane-bound- chloroplastic hsp70, and fmally to
t.he stromal ‘hsp70-proteins.

In sucli a model; targeting spec1f1c1ty would result
from - the preferential binding .of the cTP to the
- membrane-bound. hsp70, i:e. this chaperone would
“seive as a ‘¢TP receptor . Discrimination against’ ather
unfolded polypeptides mlght at least in part bé based
“on the near-absence of acidic résidues in ¢TPs: in ‘addi-

o tion, the uncharged M-terminal region and:the semi-
__ conserved reglon around the cleavage site mlght also be o
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lnvolved in- recogmnon of the cTP by the membrane- .
“bound’ hsp?O So far, the best candidate for a TP

receptor. was: Jdentxﬁed using an approach based on "
antl—ldlutypxc anhbodxes [lS] However, recent work

" suggests: ‘that this. receptor. 'is [ identical to the .
: phosphate-S-phosphoglyccrate-phosphate translocator,

see [19], suggesting a moré indirect’ role in targeting.
Finally, all but one (MEV coat protein) of the polar -
segmeénts found in our screenof the Protein Data Bank, .
Fig.. 2, come from secreted protems or the extracellular ,
domains of cell-surface proteins, consistent. with the
observation that extracellular proteins tend to be richin .
hydroxylated residues and prolines {20} 1f ¢TPs arein- -
deed- designed. to bind efﬁcnently 10 chaperones, short
cTP-hke peptides may be expected 16 be used also in -
proteins. that, like. secretory. proteins, need to’ mteract o
with chaperones during their bxosym:hesxs. ‘
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