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We have used the polymerase chain reaction to amplify cDNA fragments that encode the amino-terminal sequences of 
cytochrome c 1 from two distantly related kinetoplastid species, Crithidia fasciculata and Bodo caudatus. Cloning and sequencing 
of these fragments have revealed that these proteins lack conventional mitochondrial targeting presequences. 

Cytochrome cl is a membrane-associated subunit of 
the cytochrome c reductase complex. The eukaryotic 
cytochromes c~ thus far examined are nuclear encoded 
and are translated on cytoplasmic ribosomes as precur- 
sor proteins with amino-terminal extensions that vary 
in length (84 to 61 amino acids) depending on the 
species (for review see Refs. 1 and 2). These exten- 
sions, or presequences, have been implicated in mito- 
chondrial targeting, import, and sorting [3,4]. Prior to 
assembly of the functional protein complex, the prese- 
quence is removed by processing proteases to give the 
mature-sized cytochrome c 1 protein [5]. We have cloned 
cDNA fragments encoding the amino-terminal regions 
of Crithidia fasciculata and Bodo caudatus cytochrome 
cl and have determined that both proteins lack conven- 
tional presequences. The mature C. fasciculata cy- 
tochrome c I protein is formed by the removal of a 
single methionine residue from the amino terminus of 
the precursor protein. 

Total RNA was isolated from C. fasciculata and B. 
caudatus cells using the SDS/ho t  phenol method de- 
scribed in Adler, et al. [6]. Poly(A) ÷ RNA was selected 
by oligo(dT) cellulose column chromatography [7], and 
first strand cDNA was synthesized using an oligo(dT)15 
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primer and AMV reverse transcriptase as directed by 
the manufacturer (Promega). Three deoxyoligonu- 
cleotides were purchased from Oligos Etc. (Guilford, 
CT): JP-1 (5'-CAG TTT CTG TAC T I T  AqT G-3'), 
corresponding to part of the miniexon sequence of C. 
fasciculata [8], WP-2 (5'-NAC RTC YTT NGC CAT 
YTG-3'), a degenerate sequence deduced from a con- 
served cytochrome c I protein sequence [9], and OP-1 
(5'-CAA GGC GAA GAT GTA GTC AG-3'), a se- 
quence determined from a genomic clone of B. cauda- 
tus cytochrome c 1 [9]. 

A cytochrome c 1 fragment was amplified from C. 
fasciculata cDNA by polymerase chain reaction using 
100 /zM concentrations of oligonucleotides JP-1 and 
WP-2 and 400 ~M dNTPs as described in Priest and 
Hajduk [9]. The extension protocol was 5 cycles of 94°C 
for 1 min, 37°C for 1 min, and 72°C for 2 min; 30 cycles 
of 94°C for 1 min, 55°C for 2 min, and 72°C for 3 min; 
and one cycle of 72°C for 15 min. A DNA band of 
approx. 750 bp was purified from a 1.25% Seaplaque 
GTG agarose gel (FMC) and was reamplified using the 
same conditions except that the initial 5 cycles at 37°C 
were omitted. The reamplified product was digested 
with Pst I and a fragment of approx. 500 bp was puri- 
fied from a 4% polyacrylamide gel. This fragment was 
ligated into E c o R V / P s t I  digested Bluescript SK ÷ 
plasmid (Stratagene) and used to transform DH5a E. 
coli cells (BRL) [7]. Using oligonucleotides JP-1 and 
OP-1 and the conditions and protocol described above, 
a cytochrome c I fragment was also amplified from B. 
caudatus cDNA. A DNA band of approx. 430 bp was 
purified from a 1.25% Seaplaque GTG agarose gel and 
was reamplified using the same conditions and exten- 
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1 ICAGTTTCTGTACTTTATTQTAATCGTAGTCGC TGGTGTCCACACCAATCCAACGAGAGA 

60 ACAGGAACAAC TCACAAAGGAATAGTAGACAAGTTAGCGTGC TTCCCCCTCCAGTTCAAG 

120 CCACAGACATACACACGTGTACC TAGGGTCATCATGGCGGGAAAGAAGGCGCACCCCATC 
M~A G K K A H P I 

180 AAGCGGGACTGGTACTGGAACCACAATGACCGCTTCGAGATCTGGCACAGCCTCGACTGG 
K R D W Y W N H N D R F E I W H S L D W 

240 CCC TCGGTCC GTCGCGGCC GCCAGATCTACACGGAGGTCTTCGCCCCCTGCCACTCCCTC 
P S V R R G R Q I Y T E V F A P C H S L 

300 GGCC GCATGACC TTCACCCAC TTCCAGGGCTTCATGACCC GCGAGGAGATCAAGCAGCTC 
G R M T F T H F Q G F M T R E E I K Q L 

360 GCCTCCCAGTAC GAGGTCATCGACAGCGAGCCGGACTCCCAGGGCAACCTCAACCGCCGC 
A S Q Y E V I D S E P D S Q G N L N R R 

420 CCCGGCAAGCCGACCGACACGCTGC CCACGCCCTACCCGAACCAGCGTGCCGCCCAGTTC 
P G K P T D T L P T P Y P N Q R A A Q F 

480 GCGAACAACGGTGCGGAGCCGCCGGATCTGCAG 
A N N G A E P P D L Q 

Fig. 1. Nucleotide and deduced amino acid sequence of C. fascicu- 
lata cytochrome c; cDNA. The sequence of the miniexon primer 
(JP-1) is boxed. The arrow indicates the mature amino terminus of 
the protein as determined by peptide sequencing [9]. The heme 
binding site sequence consists of the underlined amino acid residues 
beginning at nucleotide position 279 [9]. For the remainder of the 

known protein coding sequence see Priest and Hajduk [9]. 

sion protocol. The reamplified product was purified on 
a 1.25% Seaplaque GTG agarose, ligated into Blue- 
script SK ÷ plasmid using B a m H I  linkers [10], and used 
to transform D H 5 a  cells. 

Both strands of the resulting cDNA clones were 
sequenced using the chain termination technique (Se- 
quenase version 2.0, USB Corp). The cDNA sequence 
of the C. fasciculata cytochrome c 1 clone is shown in 
Fig. 1. This clone contains only one in-frame ATG 
initiation codon between the end of the mini-exon 
sequence at nucleotide position 19 and the beginning 
of the heme binding site sequence at position 279. This 
methionine codon is located immediately adjacent to 
the sequence that encodes the mature amino terminus 
of the protein [9]. Thus we conclude that the C. fascic- 

ulata cytochrome c I lacks a conventional mitochon- 
drial targeting presequence and that a single methion- 
ine is removed from the precursor protein to form the 
mature cytochrome c 1. As in the C. fasciculata clone, 

1 ICAGTTTCTGTACTTTATT~TAG~CATGGGAGG~AGCGCGCACATCCCGTCCAC 
M G G K R A H P V H  

59 CGTGACTGGTACTGGGAGCAC~TGATCACTGGGGAGTCTGG~GTCTCTTGACTGGCCC 
R D W Y W E H N D H W G V W K S L D W P  

119 TCTGTTCGCCGTGGCCGCCAGGTCTACGCTGAGGTCTTCGCCCCTTGCCATCCCCTCGGT 
S V R R G R Q V Y A E V F A P C H P L G  

179 AAGCTCACCTTCATGCACTTCCAGGCCTTCATGACCCGTGAGGAGATTAGG~GTTGGCC 
K L T F M H F Q A F M T R E E I R K L A  

239 TCTCAGTACGAGGTCATTGATCAGGAGCCCGATGCTGAGGGTCTCTTGCTCCCCCGTCTC 
S Q Y E V I D Q E P D A E G L L L P R L  

299 GGT~GCCCACCGATACTCTTCCGGCTCCCTATGCC~TCAGCGTGCTGCTCAGTTCGCT 
G K P T D T L P A P Y A N Q R A A Q F A  

359 ~CAACGGTGCTGAGCCCCCGGATTTGCAGACTGCTCACTTCGGT~GGAGGGTGGCTCT 
N N G A E P P D L Q T A H F G K E G G S  

419 GACTACATCTTCGCCTTG 
D Y I F A L  

Fig. 2. Nucleotide and deduced amino acid sequence of B. caudat~ 
cyt~hrome c 1 cDNA. The sequence of the miniexon primer (JP-1) is 
boxed. The heine binding site sequence consists of the underlined 

amino acid residues beginning at nucleotide position 155 [9]. 

1 50 
Cfcl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Bccl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Egcl .................................................. 
Humcl maaaaaslrg vvlgprgagl pgarargllc sarpgqlplr tpqavalssk 
Nccl ........... mlartclrs trtfasakng afkfakrsas tqssgaaaes 
Yecl .................... mfsnlskrwa qrtlsksfys tatgaasksg 

51 96 
Cfcl ................................. mAGKKAH P IKRDW 
Bccl ................................. MGGKRAH PVHRDW 
Egcl .................................. mGVDSH PPALPW 

Humcl sglsrgrkvm isalgmlaag gaglavalhs avsaSDLEVH PPSYPW 
Nccl plrlniaaaa atavaagsia wyyhlygfas aMTPAEEGLH ATKYPW 
Yecl kltqklvtag vaaagitast llyadsltae aMTA~EHGLH APAYAW 

Fig. 3. Amino-terminal sequence alignment of C. fasciculata (Cfcl) 
and B. caudatus (Bccl) cytochromes c~ with those of E. gracilis 
(Egcl) [11], human (Humcl) [13], Neurospora crassa (Nccl) [14], and 
yeast (Yecl) [15]. Residues known to be removed by processing are 
indicated in lower-case letters. The mature amino terminus has not 

yet been determined for the B. caudatus protein. 

the sequence of the B. caudatus cytochrome c I cDNA 
clone shown in Fig. 2 contains only one in-frame ATG 
methionine initiation codon between the end of the 
mini-exon primer and the beginning of the heme bind- 
ing site sequence. Based on sequence homology, the 
mature amino terminus of the B. caudatus protein 
probably begins at the glycine immediately adjacent to 
this methionine. Since there is not sufficient sequence 
in the 5' untranslated region of the B. caudatus clone 
to encode a signal peptide, the observed absence of a 
presequence is not a PCR artifact. 

In Fig. 3 the deduced amino-terminal sequences of 
these two cDNA clones are aligned with those of 
several representative eukaryotic cytochromes c t. The 
relative proximity of the amino termini of the C. fascic- 
ulata and B. caudatus cytochromes c 1 to the mature 
amino termini of the other eukaryotic proteins sup- 
ports the conclusion that the kinetoplastid proteins 
lack conventional presequences. Surprisingly, the se- 
quence alignment also shows that the absence of a 
presequence is a feature shared with the primitive 
protozoan flagellate Euglena gracilis. Like the kineto- 
plastid cDNA sequences, the E. gracilis cDNA se- 
quence reported by Mukai et al. [11] contains only one 
ATG initiation codon which is located immediately 
upstream of the codon for the mature amino-terminal 
residue. The lack of a presequence implies that the 
cytochrome ct proteins of the kinetoplastids and the 
euglenoids are imported into the mitochondrion along 
a "non-conservative" import pathway [12]. We are cur- 
rently studying this import in vitro. 
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