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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 [1] where it catalyzes the chelation of ferrous
ion by protoporphyrin to complete heme biosynthesis.
Protoporphyria 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 [2-4].

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-MLYV reverse transcriptase. Five overlapping gene
segments (Fig. 1; primers 1-10) were amplified with
ferrochelatase-specific PCR primers (Table 1). Direct se-
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quencing {10] 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 [11] 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 Mbol or Bcll 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 [11].

The template for amplification of gene segments around
the 3’ end of the ferrochelatase code was the vectorette
ligated to Mbol restriction fragments of bovine genomic
DNA. The PCR amplification was done in two stages.
First, vectorette-specific primer No. 20 (Table 1), was
paired with bovine-ferrochelatase-specific primer #11. Al-
though distinct bands were not detected with ethidium
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Fig. 1. The coding region of the bovine ferrochelatase gene (rectangle) is flanked by sequenced untransiated regions (lines). Dotted lines above the
rectangle represent segments sequenced from RT/PCR amplicons. Dotted lines below the rectangle represent segments sequenced from Vi/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. 1).
This ‘nested” PCR amplification produced a 0.86 kb gene
fragment for direct sequencing. Because Mbol restriction
sites occur near the 5’ end of the bovine sequence deter-
mined by RT/PCR, the vectorette /Mbol restriction frag-
ment ‘library’ could not be used to study the beginning of
the bovine ferrochelatase code. Therefore, the desired seg-

Table 1
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 15 and 16 were designed and
used consecutively with vectorette primers 20 and 21 to

Single-copy primers:

Primer 1 5 - CAA TGC GTT CAC
Primer 2 5 - TTG GAC GGG GAG
Primer 3 5 - GGA AGC CGA AAA
Primer 4 5’ - CCA CCT GTG GTG
Primer 5 S’ - ATA GCC CCT CAC
Primexr 6 S’ - TTA CTT ACA GAC
Primer 7 5 - CAG TGC TTT GCA
Primer 8 5’ - ACC TCC TTG GCT
Primer 9 5 - TAG GTT GGT CCG
Pzimer 10 S* - TCA CAG CTG TTG
Primer 11 5 - GTC TGT CCT GCA
Primer 12 5 ACG CCG ATC GCG
Primer 13 S’ - GCG GAG CAG GAC
Primer 14 S’ - AAG GCC GCA GCC
Primer 15 5’ - CAG CCA TGT TTG
Primer 16 5* - GCC GCC GGA GGA
Primer 17 5 TGA CAG GCC CTT
Primer 18 5‘ - ACA CCT CCA GTC
Primer 19 5 TGG AGG AGC CTG
Vectorette primers:

Primer 20 S’ - CGC TGT CTG TAG
Primexr 21 5’ - TCT GTA GAA GGT
Primer 22 5’ - TCT CGA ATC GTA
Primer 23 5’ - CGT TCG TAC GAG

Vectorette anchor+*:
5
3 -

AAG
ARG
AGC
AAT

- OGAATGCAGAGACGCTGTCTGTAGAAGGTAAGGAACGGACGAGAGAAGGGAGCA -
TTACGTCTCTGTCGCTAAGAGCATGCTTGCGAATGCTAAGCTCTTCCCTCGTCTAG -

GCG
CAT
GAA
CAG
TAC

ACA TG -
GTC -

CAT
ACT
ccc
GGT
CcCT
CAG
CGC

3¢
3¢
GCC - 3°
TCG - 3
AC -
GC -
ccG - 3
AG -
CTG - 3°
G -

CGA
CCG
CcG
GGA
GCT

GTA
GAA
GTT
CGC

GG
AG
AG
TG

ACG -
CTC -
30

3

# Underline indicates the mismatched portion of the vectorette.
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atgcaccggtgggqgetgagtggctggttggtgctggget 33

cegeggetaggeaqt tggeggggeqqgt tettggt tgtgetgecgecggaggaaccceggt cocogggeeggget ttcagteggegcaaac 129

-30
MetAlaAlaAlaLeuArgSerAlaGlyValleuLeuArgAspArgleuLeuTyrGlyGlySerArgAlaCysGlnProArgArgCysGln
ATGGCTGCGGCCTTGCGATCTGCGEGCGTCCTGCTCCGCGATCGGCTGCTCTACGGCGGCTCAAGGGCCTGTCAGCCACGGAGGTGCCAG 219

-1 +1
SerGlyAlaAlaThrAlaAlaAlaAlaThrGluThrAlaGlnArgAlaArgSerProlysProGlnAlaGlnProGlyAsnArgLysPro
TCAGGTGCGGCCACAGCGGCGGCCGCCACGGAAACCGCCCAGCGTGCCAGAAGCCCCAAGCCTCAGGCTCAGCCGGGGAACAGGAAGCCA 309

30
ArgThrGlyIleLeuMetLeuAsnMetGlyGlyProGluThrValGluGluValGlnAspPheLeuGlnArgleuPheLeuAspGlnAsp
AGGACTGGAATATTGATGCTGAACATGGGGCGCCCGGAAACCGTCGAAGAAGTCCAGGACTTCCTTCAGAGGCTCTTTCTGGACCAAGAC 399

60
LeuMet ThrLeuProvalGlnAspLyslLeuGlyProPheIleAlaliyeArgArgThrProlysIleGlnGluGlnTyrArgArglleGly
CTCATGACGCTCCCCGTCCAAGATAAGCTGGGACCATTCATCGCCAAACGCCGAACCCCCAAAATTCAGGAGCAGTACCGCAGGATTGGA 489

S0
GlyGlySerProlleLysMetTrpThrSerLysGlnGlyGluGlyMetVallysLeuLeulspGluLeuSerProHisThrAlaProHis
GGCGGATCGCCCATCAAGATGTGGACCTCCAAGCAGGGGGAAGGCATGGTGAAGCTGCTGGATGAGCTGTCCCCACACACAGCCCCGCAC 579

120
LyeTyrTyrI1leGlyPheArgTyrValHisProLeuThrGluGluAlalleGluGluMetGluArgAspGlyLeuGluArgAlaValala
AAATACTATATTGGATTCCGGTACGTCCACCCGTTAACAGAGGAAGCAATTGAAGAGATGGAGAGGGACGGCCTGGAGAGGGCGGTTGCT 669

150
PheThrGlnTyrProGlnTyrSerCysSerThrThrGlySerSerLeuAsnAlalleTyrArgTyrTyrAsnGluvValGlyArgLysPro
TTCACGCAGTACCCCCAGTACAGCTGCTCCACCACAGGCAGCAGCTTAAATGCCATTTACAGATACTACAATGAAGTGGGCAGGAAGCCC 759

180
ThrMetLysTrpSerThrIleAspArgTrpProThrHisProLeuleulleGlnCysPheAlaAspHisIleLeulysGluLeuAspHis
ACCATGAAGTGGAGCACGATCGACAGGTGGCCCACGCACCCCCTCCTCATCCAGTGCTTTGCTGACCATATTCTGAAAGAGCTGGATCAC 849

210
PheProProGlulysArgArgGluValvVallleLeuPheSerAlaHisSerLeuProMetSerValValAsnArgGlyAspProTyrPro
TTTCCTCCTGAGAAGAGACGCGAGGTGGTCATTCTTTTTTCTGCTCACTCACTGCCAATGTCTGTGGTCAACAGAGGGGACCCCTATCCT 939

240
G1lnGluValGlyAlaThrValGlnArgValMetAspLysLeuGlyTyrSerAsnProTyrArgLeuValTrpGlnSerLysValGlyPro
CAAGAGGTAGGCGCCACTGTCCAGAGAGTCATGGACAAGCTGGGTTACTCCAACCCCTACCGACTTGTTTGGCAGTCCAAGGTTGGCCCG 1029

270
Met ProTrpLeuGlyProGlnThrAspGluAlalleLysGlyLeuCysLysArgGlyArgLysAsnlleLeuleuValProlleAlaPhe
ATGCCCTGGCTGGGTCCTCAGACAGACGAGGCCATCAAAGGGCTTTGTAAGAGGGGAAGGAAGAACATCCTTTTAGTGCCAATAGCGTTT 1119

300
ThrSerAspHisIleGluThrLeuTyrGluLeuAsplleGluTyrSerGlnVallLeuAlaSerGluCysGlyLeuGluAsnlleArgArg
ACCAGCGATCACATCGAAACGCTCTATGAGCTGGACATCGAGTACTCTCAAGTTCTAGCCAGTGAGTGTGGACTTGAAAACATCAGAAGA 1209

330
AlaGluSerLeuAsnGlyAsnProLeuPheSerLysAlaLeuAlaAspLeuValHisSerHisLeuGlnSerLysGluArgCysSerThr
GCGGAGTCTCTTAATGGARACCCACTGTTCTCGAAGGCCCTGGCCGACCTGETGCACTCACACCTCCAGTCCAAGGAGCGCTGCTCCACA 1299

360
GlnLeuThrLeuSerCygProLeuCysValAsnProThrCysArgGluThrLysSerPhePheThrSerGlnGlnLeu** *
CAGCTGACTCTGAGCTGTCCGCTCTGCGTGAACCCTACCTGCAGGGAGACCAAATCCTTCTTCACCAGCCAGCAGCTGTGACcccggegy 1389

cacgecegectgggaggtgegegtgocegect cecgacacct cegaggaggaggagggegeatcoeggeegttagggaggaggttacatcegt 1479
geeggegtagectetggecacaaactgtgtgetttetoccaggaaggggectctgaagtecttcttgagggetttoctacttttatagaccaa 1569
cacagtaagcatttatggtocctoctcoctgggttactagtttggaatgteccactagaccatttttaaaaatgagttttaaaaatgtate 1659
ttctgaaatgcatacacattctcagtaccgatttgggtttggtagecaacacecccaccccoccaaaaaacaaccgtgcaagggtgtgaag 1749
agtttgttttgtgggetgtcagtgtgeatggtgggggtgggggtttagtegetcagtetgtecgactetttgegacecacggactgtage 1839

ccccaggetoctecatocatgggattetccaggecagagatqgetggagtgagetgecacttecttet ccagqecagtgtgegtgaqgtetqt 1929

ttaaagtcccgcacttgttttgggaagtgaacatagttgagtaaaggagatataattttagaaaagaaaggegectgetctttecctecag 2019
ccegtgggttacqgqaatgeeggtetgatggtgtggttceccacagtgactgetectgggaggtcactgttgate 2092

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 ggctggggacgcgcegtggggatcgectacceggetoggecactgectggg
Bovine atgcaccggtggggctgagtggctggttggtgetgggectcegeggeta
Mouse gggcgctgtggegegggtgcggagegetgeca
Human cggacacctgggegegecgeegegggaggageccggactegggecgag
Bovine ggcggttggeggggogggttecttggttgtgetgecgecggaggaacce
Mouse ggtcggegttccecgggecttgecggagegecgecgecagaggatcectg
Human gctgcccaggCaATGCGTTCACTCGGCGCAAACATGGCTGCGGCCCTG
Bovine cggtcccgggcegggetttcagtcggegcaaacATEGGCTGCGGCCTTG

Mouse gccgtcccggaaATGCTTTCGGCCAGCGCCAACATGGCTGCGGCCCTG

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 Kozak [14] is provided on the bottom line for comparison.

amplify a Bcll vectorette ‘library,” extending the sequence
106 bp further upstream from the ferrochelatase code (Fig.
.

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 [12] 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 [12,13]. 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 [13], 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 [15].
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