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Leader peptldase from l~dwrh'hio ¢,/i was able to pr0ce~s the precursor ol'pea eytochromefsynthesiscd in vitro, N.Terminal sequ~ncing establish=d 
that cleavallc by leader peptida=e ~enerated the same mature sequence as in pea chloroplasts. Processln~ by leader peptida~e was much more emclent 
co,translationally rather than post-translaflonally, at~d the ex ten t  of poll-translational pro,.~:cssing declined with lime sull~testlnll that the ¢ytochrome 
./'precursor folded to an uneleavable contbrmati0n. Deterllent extracts of pea thylakoid membranes were unable to process the cytochromefprecur- 

sor co- or post.translational ,y, 

Cytochrom¢ 1~ Leader peptidttsc; Thylakoida! procelsinlt peplidase; Co.lranflafion:tl processinE; Post.translational processing 

1. INTRODUCTION 

Most chloroplast-encoded integral membrane pro- 
teins of the thylakoid membrane are synthesised with- 
out a cleavable presequence [1]. Only four proteins, 
cytochrome f ,  CFo subunits I and IV of ATP synthase, 
and the K protein of photosystem II, are currently 
recognised as being synthesised with cleavable N- 
terminal presequences [2-5] and, of  these, the synthesis 
of only cytochrome f has been studied in detail. Cyto- 
chrome f is synthesised on thylakoid-bound ribosomes 
[6,7] and assembled into the cytochrome bf complex in 
isolated pea chloroplasts [8]. Comparison of the se- 
quence of mature cytochrome f with that predicted 
from the cytochrome f gene (petA) indicates that the 
protein is synthesised with an N-terminal presequence 
of 35 amino acid residues [2,9,10]. The cleavage site for 
removal of the presequence conformed to the consensus 
for signal sequence cleavage sites recognised by yon 
Heijne [11,121. Gene-fusions of the 5' region of the pea 
petA gene with lacZ indicated that the N.terrninal 
presequence acted as a signal sequence to direct ~3- 
galactosidase to the plasma membrane of Escherichia 
colt in a secA.dependent manner [13] and it is assumed 
that in chloroplasts the presequence similarly directs 
cy tochromef  to the thylakoid membrane. 

The functional similarity between the cytochrome f 
presequence and bacterial signal sequences suggests that 
presequence cleavage may also be similar in chloro- 
plasts and bacteria. Kirwin et al. [14] have identified a 
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processing activity in thylakoid membranes which 
removes the thylakoid targeting domain from plasto- 
cyanin, a nuclear-encoded lumenal protein. The puri- 
fied thylakoid processing peptidase also removes the 
thylakoid targeting domains of the 33 kDa and 23 kDa 
polypeptides of the oxygen-evolving complex [15,16]. 
The reaction specificity of  the thylakoid processing pep- 
tidase has recently been shown to be identical to that of 
E. colt leader peptidase [17]. This suggests that the 
thylakoid processing peptidase acting on nuclear- 
encoded proteins may also be responsible for removing 
the presequence from the cytochrome f precursor. The 
aim of the present study was to investigate the process- 
ing of the cytochrome f precursor by bacterial leader 
peptidase and by thylakoid extracts. 

2. MATERIALS AND METHODS 

2.1. Preparation of radio/abe/led precursor protein 
A vector for the expression of the pea preapocytochrome f gene 

(petA) was constructed from pT7CF-35, a plasmid containing a 1.38 
kbp RsaI.Xbal fragment of pea chloroplast DNA [2] inserted in the 
Smal and XbaI sites of pGEM-3 (Promega). This plasmid was cut 
with Asp718l, treated with SI nuclease and then cut with Hindlll to 
give a 1.38 kbp fragment encoding the entire preapocytochrome f 
polype.['~tide This fragment was inserted into the prokaryote expres- 
sion vector pKK223-3 [18] which had been cut with EcoRl. end.filled 
and then cut with Hindlll. This produced a construct with a tae pro- 
moter and ribosome.binding site positioned just upstream from the 
coding region of the pea petA gene. Radiolabelled cytochrome f 
precursor was produced from this construct in vitro using a coupled 
transcription-translation system prepared from E. colt strain PR7 
[19,20]. Coupled transcription/translatiozi WaS Carried out at 37~'C in 
a total volume of 5-30 #1 with 0.3-2 #g plasmid DNA and 3-15 rtCi 
L-[ZSSlmethionine (1200 Ci - retool-~), as described b~,' Collins [21]. 
Immunoprecipitation of the products of the coupled transcrip- 
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lion/translation syslem with antibodle~ to dlarlo,;k cym~:hrom¢ 
j16,221 and proleln A.$epharos~ wa~ ¢~rrie¢l out ~s de~:ribed by 
Howe ¢t al, [20]. 

2,2. Pro¢¢ssimt o/precursor protein 
Pro~:es~lflg lt~say~ ~ were carried out bolh co- and post-lranshl. 

tlonally. Co,translational pro~:e~sing wa~ studied by Inch=dinl~, 1, jtl or 
~. eoli leader peptidase (100 ~g protein, ml = i) a n d  I ~1 of 0,6,~'~. (vtv)  
Triton X. i00 in a ~; #1 lranscrtption/trandatlon =s~ay, Incubations 
were carried out for I h at ;~7~C. Post.lran~lational processing was 
carried out by' Incubating 2 pl of the products of transcrtptionttransla- 
lion in vitro with 1/~1 of leader peptldas¢ and 2/el o f  0.3~= (v/v)  Triton 
X.100 in 20 m ~  Tris-CI, pH 7.0, in a final ~,olume of 5 td, Processing 
was allowed to proceed for I h at 37"C, Reactions were stopped by ad. 
dil lon of $ ~=! or elec:trophoresis sample buffer consisting of  80 mM 
Tri~-CI, pH 6.8, 10¢;o (v/v) glycerol, 10~', (w/v) sodium 
dodecylsulphate. (SDS), 0,002q'= (w/v) Bromophenol blue, $=/~, (v/v] 
2-mercaptoetllanol (added just before use) and boiling for 2 rain, Pro- 
rein products were separated by dectrophoresis on 12,5e/0 
polyacrylamid¢ gels in the presence of SDS [23] and detected by 
fluorography using Amplify (Amershant), Thylakoid extrttets were 
prepared fron~ pea chloroplasts as described by Kirwin et el, 114, IS]. 
Purified thylakoid processing peptidase and E. coil leader peptidase 
were gifts front Dr C, Robinson. University of Warwick, 

I 

2,3, Peotein sequen¢tn& 
Protein seqtaencing was carried our on the precursor protein pro. 

duced by coupled transcription/translation in a 30/d incubation with 
60 ,~Ci L-[ Slmethionin¢ (1200 Ci,ntmol 'D), I00 ~.Ci L. 
(2,3,$,6JHltyrosine (100 Ci '  mnlol'~) and 100 uCi L. 
[2,3,4,5,6JH]phenylalanine (130 Ci. mmol" ), and on Ihe processed 
protein produced in a similar co.translattenal processinl~ assay with 1 
/d leader peptidase (100 ~g protein, ml" 1) ror 90 rain at 37=C. Pro. 
ducts (30 #1) were separated by ¢lectrophoresis on 12.5o10 
polyacrylamide gels in the presence of SDS [23] with 2 mM 
thioglycollic acid included in the upper reservoir buffer to scavenge N. 
blocking free radicals, The proteins were transferred to 
polyvinylidene difluoride (PVDF) membrane [24] by ¢lectroblotting 
in a buffer containing 25 mM Tris, 190 mM glycine and 1007o (v/v) 
methanol for 3 h at 300 mA. After washing in water and air-drying the 
membrane v~as autoradiographed to Iocalise the cytochrome f 
polypeptides, Sequencing was carried out on an Applied Biosystems 
470A gas.phase sequencer as described previously [25]. Samples from 
each cycle were assayed for radioactivity in a scintillation counter. 

3, RESULTS 

Two major  products of  41 kDa and 31 kDa were ob- 
tained when the expression vector pKK223-3 containing 
the pea cytochrome f gene was transcribed and 
translated in an E. coli S-30 extract (Fig. 1). The 41 kDa 
polypeptide is the correct size for the precursor of  
cytochrome f and was immunoprecipitated with an- 
tibodies to charlock cytochrome f (data not shown). 
The 31 kDa polypeptide is the correct size for the/3- 
lactamase precursor which is encoded within pKK223-3, 
The addition of  E, coil leader peptidase and 0.1°70 
Tri ton X-ICO during coupled transcription/translation 
resulted in the processing of  both the cytochrome f and 
the t~-lactamase precursors (Fig, 1). The cytochrome f 
precursor was processed to a 37 kDa form which cor- 
responds to the mature protein [2,6], and the /3. 
lactamase precursor was processed to a 29 kDa form. 
The cytochrome f precursor appeared to be a better 
substrate for leader peptidase than the (3..lactamase 
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Fig. !. Co.translational processing of the precursors of cytochromef 
and B.lactamas¢ by E, coil leader peptidase. Lane 1 shows the 
[~S]methionlne.labelled products of coupled transcription/transla. 
tion of the pea petA gene in pKK223-3. Lane 2 contains the products 
of transcription/translation carried out in the presence of 0,1207o 
Triton X-IO0. Lane 3 shows the result of including leader peptidase 
and 0.12070 Triton X.100 during transcription/translation. Reactions 
were carried out for 1 h at 37"C. ~C-labelled molecular mass start- 
dards were bovine serum albumin (68 kDa), ovalbumh~ (43 kDa), car- 
bonic anhydrase (29 kDa), trypsin inhibitor (20 kDa) and cytodrrome 
c (12,5 kDa). Precursor and processed forms of cytochrome f are 

marked with arrowheads. 

precursor as indicated by the almost complete process- 
ing of  the former and about 50°70 processing of  the lat- 
t e r  The addition o f  Triton X-100 alone had no effect 
on the sizes of  the products of the transcription/transla- 
tion system. Small amounts o f  the mature-sized pro- 
ducts were present even in the absence of  added leader 
peptidase, most probably due to the presence of  en- 
dogenous leader peptidase in the E. colt S-30 extract. 
Centrifugation of the S-30 extract at 135 0 0 0 x g  for 5 
min, to deplete the extract of  membranes but not 
ribosomes, resulted in decreased amounts  o f  the 
mature-sized products in incubations without added 
leader peptidase (data not shown). 

The site of  cleavage of  the cy toch romefp recu r so r  by 
leader peptidase was determined by N-terminal sequen- 
cing of  radioactively labelled precursor and product.  
The precursor protein was synthesised in the coupled 
transcription/translat ion system in the presence of  
[3SS]methionine, [3H]tyrosine and [3H]phenylalanine to 
provide suitably positioned amino acids for sequencing, 
and was then incubated with leader peptidase. The 
precursor and product  were separated by dec- 
trophoresis, blotted on to PVDF membrane and se- 
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Fig. 2, N-Terminal sequencing or the precursor and processed forms 
of cytochrome f synthesised in the presence of [3~S]methionine, 
[3H]tyrosine and l~H]phen.vlalanine in the coupled transcrip- 
tion/translation system, The radioactivity in the fractions generated 
by Edman degradation was determlned by scintillation counting, The 
upper panel shows the results obtained with the precursor, tl~e lower 
panel shows the results obtained witl~ tl~e processed product, The ex. 
petted sequence of the polypeptides is shown in the single-letter code. 

quenced (Fig. 2). Radioactive amino acids were 
detected at cycles 1 (35S) and 7 (3H) on sequencing the 
precursor, indicating that translation had initiated at 
the first of two in-frame ATG codons to produce the 
full presequence of 35 amino acid residues. On sequenc- 
ing the processed form of cytochrome f ,  [3H]amino 
acids were detected at cycles 1, 4 and 9, corresponding 
exactly to the positions of the tyrosine anct 
phenylalanine residues. This clearly indicates that 
leader peptidase cleaved the cytochrome f precursor to 
give the same N-terminal sequence found in the mature 
isolated from pea chloroplasts [2]. 

Attempts to carry out post-translational processing 
with leader peptidase on preparations of the 
cytochrome f precursor which had been stored at 
-20°C,  -80°C or -140°C were unsuccessful. 
However, post-translational processing was possible 
provided that the time which elapsed beween the com- 
pletion of  protein synthesis and the addition of leader 
peptidase did not exceed approximately 45 min (Fig. 3). 
The most efficient post-translational processing was ob- 
tained when leader peptidase was added immediately 
after the completion of protein synthesis, although the 
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Fig, 3. Post.translational processing oF th© cytochromefprecursor by 
E, coli leader pcptidnse, Transcription/translation was allowed to 
proceed for 15 rain at 37"C and stopped by transferring the sample to 
ice. At the various times indicated after the termination of the redo. 
tion, samples (2 ~1) were added to tubes containing 1 01 o f  leader pep- 
tidase and 2 #1 of 0.3% Trtxon X- 100 and incubated at 37"C for t 11, 
Reactions were stopped by boiling the samples in $/al of SDS-sample 
buffer for 2 min, the products were separated by electrophoresis and 
the labelled polypeptidcs detecled by fluorography, The e~tenl of pro- 
cessing was determined by scanning densitometry with a Molecular 

Dynamics 300A scanning densltometer. 

extent of  processing was less t ban that obtained with co- 
translational addition of leader peptidase. Decreased 
processing was observed with increased periods of time 
before leader peptidase addition. After 45 rain there 
was only a very low level of processing observed. This 
suggests that soon after synthesis the cytochrome f 
precursor adopts a conformation which is not a 
substrate for leader peptidase. Attempts to detect 
cleavage of the cytochrome f precursor, co- or post- 
translationally, with extracts of pea thylakoid mem- 
branes were unsuccessful. Preparations of  the 
thylakoidal processing peptidase which were active in 
processing the precursors of  nuclear-encoded lumenal 
proteins [14-17] were unable to process the cytochrome 
f precursor (data not shown). 

4. DISCUSSION 

Purified leader peptidase from E. coli was capable of 
processing the precursors of  cytochrome f and g- 
lactamase co-translationally in vitro. N.Terminal 
amino acid sequencing of the processed eytoehrome f 
product indicated that the bacterial enzyme cleaved the 
precursor at an alanine-tyrosine bond which is the site 
at which processing occurs in rive [2]. Leader peptidase 

385 



Volume 2110, number 2 FEBS L~ ~TERS Mar~h 1991 

has also been shown to be capable o f  processing the 
precursors o f  two thylakoid lumen proteins, the 33 kDa 
and 23 kDa polypeptides o f  the oxyilen-evolvintt system 
of  photosystem [ l .  to mature  size [I6,171. Both o f  these 
proteins are nuclear-encoded and  are syntheslsed with 
presequences consisting o f  two domains ,  a chloroplast .  
import domain which is removed by a peptldase located 
in the s t roma and a thylakoid- t ransfer  domain  which is 
removed by a peptidase located in the thylakoid mem- 
brane [16,26], Correct  cleavage o f  the 23 kOa polypep-  
tide precursor by E, coi l  leader peptidase was conf i rmed 
by N.terminal  sequencing o f  the processed prote in  [ 17]. 
It was also demonst ra ted  that in vitro leader peptidase 
processed several precursor  proteins including those for 
the 33 kDa and 23 kDa polypcptides both  co- and post .  
translationally with equal efficiencies, In contrast ,  post-  
t ranslat ional  processing o f  c y t o c h r o m e f  precursor  was 
less efficient than co-translat ional  processing and,  fur- 
thermore ,  post-translational processing o f  the 
cy tochrome f precursor  was possibile only with freshly 
prepared  protein, Protein which was more than about  
45 rain old when leader peptidase was added was pro- 
cessed only very poorly,  if at all. These results suggest 
that very soon after synthesis the c y t o c h r o m e f p r e c u r -  
sot  adopts  a confo rmat ion  which is inaccessible to 
leader peptidase, Halpin  et al. [17] obta ined similar 
results with yeast pre-a  factor. Leader peptidase was 
able to process pre-= factor  co. translat ional ly,  but not 
post-translationally.  

Halp in  et al. [17] have recently shown that  the reac- 
tion specificities of  leader peptidase and a partially 
purified thylakoid protease are identical, However ,  this 
thylakoidal  processing peptidase was unable to process 
the cytochrome f precursor  ei ther co- or  post-  
translationally.  This may suggest that  a different pro- 
tease is involved in processing the cy tochrome f precur-  
sor, although such an activity could not be detected in 
detergent  extracts o f  pea thy lakoid  membranes .  
However ,  it is possible that the thylakoid  extracts were 
not active enough to allow efficient processing of  a 
ey tochrome f precursor which rapidly  folded to a con- 
fo rmat ion  inaccessible to processing. Wallace et al. [27] 
have recently shown that the react ion specificities o f  
pea and  cyanobacterial  thylakoid  processing peptidases 
are s imi la r  but  not identical, and  have raised the 
possibility that two peptidases are required for the pro- 
cessing of  the precursor  of  the 9 kDa  lumenal polypep-  
tide. Howe  and Wallace [28] constructed a weight 
mat r ix  which accurately predicted the cleavage sites o f  
several prokaryot ic  and eukaryot ic  thylakoid lumen 
proteins .  However ,  the matr ix  was much less successful 
at predicting the processing sites for  a number  o f  
chloroplast -encoded intrinsic thylakoid proteins in- 
cluding cytochrorne f ,  and the existence o f  more  than 
one thylakoidal  processing pept idase was proposed to 
explain the results. The nature of  the peptidase respon- 

sible for processinil the cytochrome ,/" precursor in 
thylakoid membranes  requires further study. 
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