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Abstract 

The amino acid code and surrounding regions in the bovine ferrochelatase gene were amplified by a combination of reverse 
transcriptase PCR and vectorette PCR and sequenced. The bovine code was 86% homologous to the human ferrochelatase code but was 
altered at a position corresponding to the presumed human initiator codon. 
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Ferrochelatase occupies sites in the inner mitochondrial 
membrane [l] where it catalyzes the chelation of ferrous 
ion by protoporphyrin to complete heme biosynthesis. 
Protopotphyria is a disease in which protoporphyrin accu- 
mulates due to ferrochelatase deficiency. Dermal photosen- 
sitivity is a prominent symptom of this disease. Several 
mutations in the human ferrochelatase gene have been 
associated with either dominant or recessive protopor- 
phyria [2-41. 

A recessive form of protoporphyria occurs in limousin 
and blond de’Aquitaine cattle [5,6]. Biochemical and im- 
munochemical analyses of residual ferrochelatase in ho- 
mozygous affected cattle suggested that bovine protopor- 
phyria results from a mutation in the coding region of the 
ferrochelatase gene [7,8]. In this study, we report the total 
coding sequence for normal bovine ferrochelatase. 

Total RNA [9] from bovine blood leukocytes was used 
as template for routine reverse transcriptase PCR 
(RT/PCR). A poly-T oligonucleotide was used to prime 
the M-MLV reverse transcriptase. Five overlapping gene 
segments (Fig. 1; primers l-10) were amplified with 
ferrochelatase-specific PCR primers (Table 1). Direct se- 

* The sequence data reported in this paper have been submitted to the 
EMBL/GenBank’” Data Libraries under accession numbers L34172, 
L34 173 and L34 174. 
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quencing [lo] confirmed the identity of the amplification 
products and revealed 1224 bp of open reading frame 
representing 98% of the coding region of the bovine 
ferrochelatase gene. However, we were unable to deter- 
mine sequences at the 5’ or 3’ ends of the bovine fer- 
rochelatase gene code by RT/PCR. 

To ascertain the nucleotide sequences at the 5’ and 3’ 
ends of the code for bovine ferrochelatase, genomic DNA 
was extracted from blood leukocytes and used as template 
for vectorette-PCR (Vt/PCR) amplification. A standard 
procedure [ 1 l] was used for Vt/PCR amplification; how- 
ever, our vectorette (see Table 1) was unusual in that it 
contained 5’ single-strand extensions at both ends. The 
GATC 5’ extension at one end of the vectorette was used 
to ligate to ‘sticky ends’ on Mb01 or Bell restriction 
fragments. In separate experiments, the CG 5’ extension at 
the other end of the vectorette was used to ligate to ‘sticky 
ends’ on Hpall restriction fragments. Orientation of the 
vectorette was determined by selection of the appropriate 
vectorette oligonucleotide for phosphorylation with T4 
polynucleotide kinase prior to ligation [ 111. 

The template for amplification of gene segments around 
the 3’ end of the ferrochelatase code was the vectorette 
ligated to Mb01 restriction fragments of bovine genomic 
DNA. The PCR amplification was done in two stages. 
First, vectorette-specific primer No. 20 (Table l), was 
paired with bovine-ferrochelatase-specific primer # 11. Al- 
though distinct bands were not detected with ethidium 
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Fig. I. The coding region of the bovine ferrochelatase gene (rectangle) is flanked by sequenced untranslated regions (lines). Dotted lines above the 

rectangle represent segments sequenced from RT/PCR amplicons. Dotted lines below the rectangle represent segments sequenced from Vt/PCR 

amplicons. Double-headed arrows show the position and orientation of the vectorette (stippled arrowhead represents the end with the 5’ CG overhang; 

solid arrowhead represents the end with the 5’ GATC overhang). 

bromide, the product was used as template in a second 
stage of amplification with primers 12 and 21 (Fig. I). 
This ‘nested’ PCR amplification produced a 0.86 kb gene 
fragment for direct sequencing. Because Mb01 restriction 
sites occur near the 5’ end of the bovine sequence deter- 
mined by RT/PCR, the vectorette/Mol restriction frag- 
ment ‘library’ could not be used to study the beginning of 
the bovine ferrochelatase code. Therefore, the desired seg- 

Table I 
Oligonucleotide sequences 

ment was amplified from a vectorette/Hpall ‘library.’ In 
this two-stage amplification, vectorette primer No. 22 was 
paired with specific primer 13 and then vectorette primer 
23 was used with specific primer 14. This ‘nested’ PCR 
amplification produced a 0.09 kb amplification product for 
direct sequencing. From this sequence, bovine fer- 
rochelatase-specific primers 1.5 and 16 were designed and 
used consecutively with vectorette primers 20 and 21 to 

Single-copy primers: 
Primer 1 
Primer 2 
Primer 3 
Primer 4 
Primer 5 
Primer 6 
Primer 1 
Primer 8 
Primer 9 
Primer 10 
Primer 11 
Primer 12 
Primer 13 
Primer 14 
Primer 15 
Primer 16 
Primer 17 
Primer 18 
Primer 19 

5’ CAA TGC GTT CAC TCG GCG CAA ACA TG 3’ 
5’ TTG GAC GGG GAG CGT CAT GAG GTC 3’ 
5’ GGAAGCCGAAAACTGGAATATTAATG 3’ 
5’ CCACCTGTGGTGGAGCAGCTGTACTG 3’ 
5’ ATA GCC CCT CAC AAA TAC TAT ATT GG 3’ 
5’ ‘PTA C-I-T ACA GAC ATC GGC AGT GAG TG 3’ 
5’ CAGTGCTTTGCAGATCATATTCTAAA 3’ 
5’ ACCTCCTTGGCTAAAACTTGAGAGTA 3’ 
5’ TAGGlTGGTCCGATGCCCTGGl-tGGG 3’ 
5’ - TCACAGCTGTTGGCTGGTGAAGAA 3’ 
5’ GTC TGT CCT GCA GGC CCr GGC CGA 3 ’ 
5’ ACG CCG ATC GCG GAG CAG GAC GCC 3’ 
5’ GCG GAG CAG GAC GCC CGC AGA TCG 3’ 
5’ AAG GCC GCA GCC Al’G ITT GCG CCG AC 3’ 
5’ CAGCCATGTTTGCGCCGAC’EAAAGC 3’ 
5’ GCC GCC GGA GGA ACC CCG GTC CCG 3’ 
5’ TGA CAG GCC C’IT GAG KG CCG TAC AG 3’ 
5’ ACA CCT CCA GTC CAA GGA GCG CTG 3’ 
5’ TGG AGG AGC CfG GGG GCT ACA GTC CG 3’ 

Vectorette primers: 
Primer 20 5’ - CGC XT CTG TAG AAG GTA AGG AAC GG 3’ 
Primer 21 5’ TCT GTA GAA GGT AAG GAA CGG ACG AG 3’ 
Primer 22 5’ TCT CGA ATC GTA AGC GTT ‘XT ACG AG 3’ 
Primer 23 5’ CGT TCX TAC GAG AAT CGC TGT CTC TG 3’ 

vectorette anchor*: 
5’ CGAATGCAGAGACGCTGTCTAGAAGGTAAGGAACGGACGAGAGAAGGGAGCA - 3’ 

3’ TTACGTCTCTGTCGCTAAGAGCATGCTTGCGAATGCTAAGCKT”rCCCTCGTCTAG 3’ 

a Underline indicates the mismatched portion of the vectorette 
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CCqCqqCtaqqCqqttqqCqqqqCqqqttCttqqttqtactgccgccggaggaaccccggtcccgggccgggctttcagtcggcg~~~~c 
-30 

~etAlaAlaAlaLeuArgSerAlaGlyValLeuLeuArgAepArgLeuLeu~rGl~lySeIArgAlaCyeGlnP~oArgArgCYeGln 
ATGGCTGCGGCCTIY;CGAT~GCGGGCGTCerGCTCCG 

-1 +1 
SerGlyAlaAlaThrAlaAlaAlaAlaThrGluThrAlaGlnArgAlaArgSerProLysProG~~~aG~nProG~yAenArgLyePro 
TCAOOTGCOOCCACAGCGGCGOCCGCCACGGAAACCOCCCCC GGGGA&C?+GGAAGCcA 

30 
ArgThrGlyI1eLeuMetLeuAsnMetGlyOlyProGluThrValGluGluValGl~6pPheLeuGlnArgLeuPheLeuAepGlnAspGl~~p 
AGGACTGGAATATTGATGCI'GAACAlUXXGGC CC~CCGTCOAAOAAGTC~~~C~~~~~~~~AC~~C 

60 
LeuMetThrLeuProValGlnAspLysLeuGlyProPheIleAlaLysArgArgThrProLysIleGlnGluGlnTyrArgArgIleGly 
CTCATGACGCTCCCCGTCCAAGATAAG CTGGGACCATTCATCGCCAAACGCCOAACCCCCAAAATTC 

90 
GlyGlySerProI1eLysMetTrpThrSerLysGlnGlyGluGlyMetValLy~LeuLe~~pGluLeuSerProHisThrAlaProHis 
GGCGGATCGCCCATCAAGATGTGGACCFX!AAGCA GGGGGAAOGCATOG~GerGCTGOATOAOerOTCCCCC~~~~~CCCG~C 

120 
LysTyrTyrIlaGlyPheArgTyrValHieProLeuThrGluGl~laIleGluGl~etGl~gA6pGly~uGl~gAlaValAla 
AAATACTATA~A~CCGGTACGTCCACCCGTTAACA 

150 
PheThrGlnTyrPrd3lnTyrSerCyeSe~hrThrGlySerSerLeuAenAlaIleTyrArgTyrTyrAsnGluValGlyArgLysPro 
TTCACGCAGTACCCCCAGTACAG~GCK!C!ACCACAGGCAGCAGClT?+AATGCCATITACAGATACl'AC!U+TGWxGTGGGCA GGAAGCCC 

180 
ThrMetLysTrpSerThrIleAspArgTrpProThrHisProLeuLeuIleGln~sPheAlaAepHisIleLeutysGluLeuAspHis 
ACCATGAAGTGGAGCACGATCGACAOOTOOCCCACGCACC 

210 
PheProProGluLysArgArgGluValValIleLeuPheSerAlaHisSerLeuProMetSerValValAsnArgGlyAapProTyrPro 
TTTCCTCCTGAGAAGAGACGCGAGGTGGTCATI'~ CTG~CACTCAeM3CC~GT~T~~GAG 

240 
GlnGluValGlyAlaThrValGlllArgValMetAspLysLeuGl~rSerA~nPro~r~gLeuValT~Gl~erLysValGlyPro 
CAAGAGOTAGGCGCCACTGTCCAGAGAGTCATOGACAAOCCCG 

270 
MetProTrpLeuGlyProGlnThrA~pGl~laI1eLyeGlyLeuCysLysArgGlyArgLysAsnIleLeuLeuValProIleAlaPhe 
ATGCCCn;GCTGGGTC~C~~C~~~T~~~GT~GA~~~~G~~TC~AGT~~TAGCG~ 

300 
ThrSerAspHisIleGluThLeuTyrGluLeuAspIleGluT~Se~lnValLe~laSerGlu~~GlyLeuGl~~nIle~g~g 
ACCAGCOATCACATCGAAAC~AT~G~~T~GTA~~~G~~A~~GTGAG~T~A~G~~T~~~ 

330 
AlaGluSerLeuAsnGlyAsnProLeuPheSerLy~Al~e~l~~pLeuValHisSerHisLeuGlnSerLysGluArgCysSerThr 
GCGGAOTererrAATGGAAACCCACPOTPCTCGAAGOCCC CTCACACCK!CAGTCC CTCCACA 

360 
GlnLeuThrLeuSerCysProLeu~~ValA8nProT~~~~gGlu~rLysSerPhePheT~Se~lnGl~eu*** 
CAGCTGACTCTGAGCTGTCC~~~GTG~CCCPACCTccccggcgg 

cacgccgctgggaggtgcgcgtgcccgcctcccgacacctccgaggaggaggagggcgcat~cggccgttagggaggaggttacatccgt 

gccggcgtagcctctggccacaaactgtgtgctttctccaggaaggggctctgaagtccttcttgagggctttctacttttatagaccaa 

cacagtaagcatttatggtccctcctccctgggttactagtttggaatgtccactagaccatttttaaaaatgagttttaaaaatgtatc 

ttctgaaatgcatacacattctcagtaccgatttgggtttggtagcaacacccccacccccccaaaaaacaaccgtgcaagggtgtgaag 

agtttgttttgtgggctgtcagtgtgcatggtgggggtgggggtttagtcgctcagtctgtccgactctttgcgacccacqqactqtaqc 

CCCCaqqCtCCtccatccatqqqattctccaqqcaqaqatqctqqaqtqqqctq~cacttccttctCcaqqcaqtqtqcqtqaqqtctqt 

ttaaaqtcccqcacttqttttqqqaaqtqaacataqttqaqtaaaqqaqatataattttaqaaaaqaaaqqcqcctqctctttccctcaq 

CCCqtqqqttacqqaatqccqqtctqatqqtqtqqttcccacaqtqactqctcctqqqaqqtcactqttqatc 
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Fig. 2. A composite nucleotide sequence for bovine ferrochelatase determined by sequencing RT/PCR and Vt/PCR amplicons. Uppercase letters show 
the translated region. The probable leader peptide is shown in italics. Underlined sequences were determined only from genomic DNA by Vt/PCR and 
have not been confirmed with RT/PCR. 
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Human ggctggggacgcgcgtggggatcgctacccggctcggccactgctggg 
Bovine atgcaccggtggggctgagtggctggttqgtgctgggctccgcggcta 
Mouse 9ggcgctgtggcgcgggtgcggagcgctgcca 

Human cggacacctgggcgcgccgccgcgggaggagcccggactcgggccgag 
Bovine ggcggttggcggggcgggttcttggttgtgctgccgccggaggaaccc 
Mouse ggtcggcgttcccgggccttgccggagcgccgccgcagaggatccctg 

Human gctgcccaggcaATGCGTTCACTCGGCGCMACATGGCTGCGGCCCTG 
Bovine cggtcccgggccgggctttcagtcggcgcaaacATGGCTGCGGCCTTG 
Mouse gccgtcccggaaATaCTTTCGGCCAGCGCCAGGCTGCGGCCCTG 
Kozak seq. gccrccATGG gccrccATGG 

Fig, 3. Nucleotide sequences surrounding possible initiator sites in the human, bovine and murine ferrochelatase gene. In-frame methionine codons and 
stop codons are shown in bold. The consensus sequence for initiation sites compiled by Koaak [I41 is provided on the bottom line for comparison. 

amplify a Bell vectorette ‘library,’ extending the sequence 
106 bp further upstream from the ferrochelatase code (Fig. 
I>. 

To verify that sequences determined by Vt/PCR from 
genomic DNA templates were also present in cDNA, 
bovine-sequence primers 17 and 18 were used for RT/PCR 
amplification near the 5’ end of the code and bovine-se- 
quence primers 12 and 19 were used to amplify near the 3’ 
end. Direct sequencing confirmed that the genomic DNA 
and the cDNA sequences were identical in these segments. 

Fig. 2 contains a composite sequence assembled from 
overlapping segments obtained with RT/PCR and 
Vt/PCR. The bovine nucleotide code is 86% homologous 
to the human code [ 121 and 85% homologous to the mouse 
code [13]. A notable species difference is the GGG in the 
bovine gene at a position corresponding to that considered 
to be the initiator methionine codon in the human and 
mouse gene [ 12,131. An ATG, 7 codons downstream, is 
likely to be the initiator codon for the bovine gene, as it is 
the first methionine downstream from an in-frame TGA 
stop codon. The human and mouse genes also have an 
ATG at a position corresponding to this bovine ATG. As 
illustrated in Fig. 3, comparisons of the sequences sur- 
rounding the two ATG codons in man and mouse with the 
consensus sequences around known initiator codons [14] 
suggest that the downstream ATGs may also initiate trans- 
lation in these species. 

As illustrated in Fig. 2, the probable N-terminal amino 
acid of mature bovine ferrochelatase, determined by anal- 
ogy to the mouse gene [ 131, is preceded by a 47-residue 

leader peptide which includes eight argininyl groups and 
only two acidic amino acid residues. This composition is 
typical of a mitochondrial-targeting leader peptide [ 151. 
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