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A conserved cleavage-site motif in chloroplast transit peptides
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A collection of 32 stroma-targeting chloroplast transit peptides with known cleavage sites have been analysed in terms of amino acid preferences

in the vicinity of the processing site. A loosely conserved consensus motif (Val/Ile)-X-(Ala/Cys)| Ala is found in the majority of the transit peptides.

About 30% of the sequences have a perfect match to the consensus. When such a match is found, there is a 90% probability that it specifies the
correct cleavage site.
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1. INTRODUCTION

Most chloroplast proteins are made as precursors in
the cytoplasm and imported post-translationally into
the organelle [1]. Targeting to the stromal compart-
ment is effected by amino terminal chloroplast transit
peptides (cTPs) that are subsequently removed by
stromal proteases. In general, cTPs from higher plants
have a high content of hydroxylated Ser and Thr
residues but contain very few acidic amino acids. In ad-
dition, 3 structural domains can be discerned in higher
plant ¢TPs: an uncharged amino-terminal domain, a
central positively charged domain lacking acidic
residues, and a carboxy-terminal domain with a high
potential for forming an amphiphilic #-strand [2]. cTPs
from the green alga Chlamydomonas reinhardtii have a
domain structure that is distinct from the higher plant
¢TPs and closer to the structure of mitochondrial
targeting peptides {31.

Although an early study reported that ¢cTPs contain
a conserved ‘homology block’ Gly-X-Gly-Arg-Val
close to the processing site [4], it is now clear that most
cTPs do not have such a well-conserved cleavage site.
In this paper, we report that higher plant ¢TPs fit a
more loosely defined cleavage site consensus sequence:
(Val/lle)-X-(Ala/Cys)l Ala. In addition, arginines are
often found in positions —6 to —10.
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2. MATERIALS AND METHODS

32 non-homologous cTPs with known cleavage sites were collected
from the literature (table 1 [S—38]). Amino acid counts as a function
of position relative to the cleavage site were obtained, and the
statistical significance of prominent peaks in the amino acid distribu-
tion profiles was assessed by calculating the probability of obtaining
a similar or larger deviation from the mean in a binomial distribution
with the mean frequency of the amino acid in question put equal to
its mean frequency in the sample. For peaks within the transit pep-
tides, the overall frequencies in the whole sample of cTPs (with initial
methionines removed) were used. Overall frequencies according to [2]
were used for peaks situated in the mature parts.

3. RESULTS

3.1. Hle and Val are enriched in position —3

About 60% of the cTPs in our sample have a G-
carbon branched hydrophobic residue (Ile or Val) in
position —3 relative to the cleavage site (fig.1). Assum-
ing a binomial distribution, the probability for a devia-
tion of this magnitude in any one position is P < § X
1078 for both Ile and Val, which is clearly significant
even though we are making multiple tests (20 amino
acids — i.e. 20 observations — for each position, and
10—-15 independent positions). A fairly high count is
found also for position —2, though statistically this is
not significant (P = 0.05 for both Ile and Val).

3.2. Ala and Cys are often found in positions —1 and
+1

A high significant enrichment for Cys (fcys = 20%,

P < 1x107% is seen in position —1 (fig.2A). Likewise,

about 45% of the sequences have Ala in positions —1
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Table 1

Chloroplast transit peptides
Known cleavage sites are indicated by +. Perfect matches to the conserved motif are underlined

1) ... .ELGERNLLPOKKPPKMACSLSFSSSVSTFHLPTTTOSRQAPPNNNATTLP TTNP IQC+ANLRELRDRIGSVKNTOKK I
2) MITAVIAAVSFPSTKTTSLSARSSSVISPDKISYKKVPLYYRNVSATGKMGP IRA+QIASDVEAPPPAPAKVEKMS
3) MAAATASLSSTLLAPCSSKQPQPOQQHOHQOQLKCKSFSGLRPLKLNISSNNSSSSLSMSSARRSMTCRA+ELSPSLVISLSTGLSLFLGR
4) MAAHTIFTTTSYYNSFLFPIASSNTNSAPSLSSSFHGVSLKVKSKTPQSLTLSSVTSPKPF IVEA+ATKKAVAVLKGTSMVEGVVT
5) MAALATSQLVATRAGLGVPDASTFRRGAAQGLRGARASAAADTLSMRTSARAAPRHOQQARRGGRFPSLYVC+ASAGMNVVEY

6} MAALONPVALQSRTTTAVAALSTSSTTSPPKPFSLSFSSSTATFNPLRLKILTASKLTAKPRGGALGTRM+VDSTASRYASALADVADVTG
73 MAASSSSSMALSSPTLAGKOLKLNPSSQELGAARFT+MRKSA

8) MAASVSRAICVQKPGSKCTRDREATSFARRSVAAPRPPHAKAAGVIRSDSGAGRGQHCSPLRAVYDAAP IQ+TTKKRVFHF GKGKSEGNKTM
9) MAATTTMATLNLPSLTSHPNSSTFPKHPQPLOFPFRTTTNPISLSSTRTTRLRP IA+AVEAPEKIEQLGTQLSGLTL
10) MAHCLAAVSSFSPSAVRRRLSSQVANVVSSRSSVSFHSROMSFVSISSRPSSLRFKICC+AAMGEAQAKKETVDKVCMIV
11 MAIENCLQLSTSASVGTVAVKSHVHHLQOPSSKVNPVPTFRGLKRSFPALSSSVSSSSPROFRYSSVVC+KASEAVKEVQDVND SSWKEF
12} MALQLLPSTLSVPKKGSSMGAVAVKD TAAFLGVS SKAKKASLAVRTQVATAP SPVTTSPGSTASSP SGKKTLRQ+GVVVITGASSGLGLAARKAL
i3 MAMATOATLFSPSSLSSAKPIDTRLTTSFKQP SAVTFASKPASRHHS IRA+AAAAEGKRAAATE TKEAPKG
14) MAQINNMAQGIQTLNPNSNFHKPQVPKSSSFLVFGSKKLKNSANSMLVLKKDS IFMQKFCSFRISASVATAQ+KPSEIVLOPIKEISGTVKLP
13) MASATF SVAKPAIKANGKGE SEF SGLRNSSRELPFSRKSSDDFHSLVTF QTNAVGSSGGHKKSLVVEA+KQLKVAINGFGRIGRNFLRC
16} MASIMMNKSVVLSKECAKPLATPKVTLNKRGFATT IATKNRE +MMVWQPFNNKMFETFSFLPP
Iy MASLATLAAVQPTTLKGLAGSSIAGTKLEIKPARQSFKLNNVRSGAIVA+KYGDKSVYFDLEDNANTTGY
18) MASLPVNKIIPSSTTLLSSSNNNRRRNNSSIR+COKAVSPAAETAAVSPSVDA
19) MASLSATTTVRVOPSSSSLHKLSQGNGRCSSIVCLDWGKSSFPTLRTSRRRSF ISACAKKETIDRKVCDIVKEKLALG
20) MASQTLVSPSPLSSHSLLRTSFSGVSVKLAPQFSTLATSNFKPLTMXAiAAKKAVAVLKGTSAVEGVVT
21) MASSIVSSAAVATRSNVAQASMVAPF TGLKSAASFPVTKKNNNVDITSLASNGGRVRC+MQVWPP INMKKYETLSYLPD
22) MASSMLSATTVPLQQGGGLSEF SGLRSSASLPMRRNATSDDFMSAVSFRTHAVGTSGGPRRAPTEA+KLKVAINGFGRIGRNF LRCW
23} MASTLSTLSVSASLLPKQQPMVASSLPTNMGOALFGLKAGSRGRVTAM+ATYKVTLITK

24 MASTNMASATSRFMLAAGIPSGANGGVSSRVSFLPSNRLGLKLVAR+AEEPTAARPAEPAPAADEKP
25) MASTVMSSLSLKPTFTLERTSVKGLPSLARSSSSFKVVA+SGVKKLKTDKP YGINGSMAL
26) MATAVSTVGAATRAPLNLNGSSAGASVPTSGFLGSSLKKHTNVRFPSSSRT TSMTVKA+AENEEKNTDKWAHLAKDF SD
27) MATSVMSSLSLKPSSFGVDTKSAVKGLPSLSRSSASFTVRA+SGVKKIKVDKP LG I GGGMKL
28} MATTFSASVSMQATSLATTTRISFQKPVLVSNHGRTNLSFNLSRTRLSISCHAAKQETVEKVSEIVKKQLSL
29) MAVCTVYTIPTTTHLGS SENQNNKQVFFNYKRSSSSNNTLF TTRPSYVITC+SQQQTIVIGLAADSGCGKST
303 MGLSTVYSPAGPRLVPAPLGRCRSAQPRRPRRAPLATVRCSVDATKQAQDGVATAVA+TEAPASRKECFGVFCTTYDL
31) MIISIFNOQLHLTENSSLMASFTLSSATPSQLCSSKNGMFAPSLALAKAGRYVNVLISKERIRGMKLTCQ+ATS IPADNVPDMOKRETNLN
32) MTANGAHLFNHYSSNSRFIHFTSRNTSSKLLTKTSHFRRPKRCFHVNN+TLSEKIHHP ITQGEESDLSS

Protein names and references:

1) ATP synthase gamma subunit, spinach (5,6}

2) FNR, spinach (7]

3) PSIV, spinach [8]

4) SOD, petunia {9} )

5) UDPGle:starch glucosy! transferase, maize {10]
6) ATPase delta subunit, spinach [11]

7y LHCIL, pea {12} )

8) pyruvate, ortophosphate dikinase, maize [13]

9) ribosomal protein L12, spinach [14]

10} acy! carrier protein, barley [15]

11) thioredoxin m, spinach [16]

12) PCR, barley, stroma {17]

13) PS I 20kDa subunit, spinach [18]

14) ESPS, petunia {19]

15) GapA, pea [20]

16) SSU, Acetabularia mediterranea [21]

17) PSI VI, spinach [22]

18) nitrate reductase, spinach {23]

19) acy! carrier protein 1, spinach [24]

20) Cu/Zn-superoxide dismutase, pea [25]

21) SSU, Solanum tuberosum, $troma [26] )
22) glyceraldehyde-3-phosphate dehydrogenase, maize {27,28]
23) FD, ferredoxin, Silene, stroma [29]

24) PSI 10.8 kDa protein, barley {30]

25) PS II ST-LS], potato {31] ) .
26) ribulose-bisphosphate carboxylase/oxygenase activase, spinach {32]
27) 10 kd, spinach, thylakoid membrane {33}

28) acyl carrier protein, Brassica napus [34)

29) phosphoribulokinase, spinach [35]

30) NADP-malate dehydrogenase, maize [36]

31) Rieske FeS protein, spinach [37]

32) alpha-glycan phosphorylase, potato [38]

and/or +1 (P < 1 x 107%) (fig.2B). All of the cTPs with 3.3. Arg is abundant in —10 to —6 and in -2

Cys_1, 65% with Ala_;, and 70% with Ala., have Ile Although not clearly concentrated in one or a couple
or Val in —3, suggesting that the (Ile/Val)-2: and the of positions, Arg is quite abundant throughout the
(Ala/Cys)-_1lAla,, patterns correlate. region —10 to —6, and also in —2 (fig.3).
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Fig.1. Positional distribution of Ile + Val residues in cTPs aligned
according to the cleavage site (between positions —1 and +1).

4. DISCUSSION

The statistical data presented above suggests that a
majority of higher plant cTPs are characterized by a
reasonable fit to the cleavage site motif (Ile/Val)-X-
(Ala/Cys){ Ala. In addition, one often finds one or
more arginines in the region —6 to —10. It is possible
that sequences which do not fit this pattern may at least
in some cases be cleaved in more than one step by dif-
ferent proteases, since reasonable matches are often
found in internal positions.
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Fig.2. Positional distribution of Cys (panel A) and Ala (panel B)
residues in ¢TPs.
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Fig.3. Positional distribution of Arg residues in cTPs.

Only a small number of mutations in the region of
the cleavage site have been studied so far. In general,
when more than a couple of residues are removed from
the cleavage region, either no processing or aberrant
cleavage products are observed [39—41]. The study by
Smeekens et al. [41] is particularly interesting, since
removal of residues —1 and —2 from the Silene fer-
redoxin ¢TP have no apparent effect on processing.
The ferredoxin cTP has the cleavage site ...Arg-Val-
Thr-Ala-MetlAla-Thr... with the consensus motif
(underlined) displaced one step from its normal posi-
tion. However, since N-terminal methionines on
plastid-encoded proteins are normally removed
[42—-45], the Met may be cleaved off by a stromal
methionyl-aminopeptidase after an initial cleavage at
the consensus motif. In the deletion mutant, the se-
quence becomes ...Arg-Val-Thr-AlalThr..., and
cleavage after the consensus motif would produce a
molecule only one residue shorter than the wild-type
protein and most likely indistinguishable on SDS gels.

We have shown previously [2,3] that the cleavage
region has a high potential for forming amphiphilic 8-
strands in many ¢TPs. In this regard, it is notable that
both Ile and Val have a high potential for forming ex-
tended G-strand structures [46], whereas Leu, which is
largely absent from the cleavage site region, is a strong
helix-former. Arg is indifferent in terms of secondary
structure propensities, but Lys, the other positively
charged amino acid (which is not enriched in ¢TPs), is
a strong helix-former. Ala and Cys tend to be found in
helical regions of proteins. The Arg-...-(Ile/Val) part
of the consensus cleavage site motif is thus consistent
with the idea of an amphiphilic #-strand being an im-
portant element in the cleavage region; the
(Ala/Cys){Ala part may signal a transition from G-
strand to a possibly more helical structure.

Nine of the 32 ¢TP cleavage sites in the sample (30%)
match the consensus motif perfectly. As shown in table
1, there are only 3 other perfect matches in the sample,
two of which are very close to the amino-terminus of
the respective cTP. The third is found in a ¢TP that
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does not have a good match to the consensus at its
reported cleavage site, suggesting that it may be pro-
cessed in more than one step. At any rate, when a
perfect match to the consensus motif is found at a
reasonable distance from the amino terminus (30-75
residues, say) — this should happen in about one-third
of all newly sequenced ¢TPs — one can be about 90%
confident that it signals the correct cleavage site. When
no perfect match is found, one can still guess at the
most likely cleavage site by roughly locating it to a
region where there is a drop in the frequency of serine
and a corresponding increase in the frequency of acidic
residues, and then looking for partial matches to the
consensus within this region. We feel, however, that
more sequence-data is needed before one can design an
automatic routine along these lines.
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