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SUMMARY. We have isolated cDNA clones corresponding to partially 
processed human liver cytochrome b, mRNAs. All the clones 
contained poly(A) sequences, and one clone had a shorter 3' non- 
translated sequence, indicating the use of an alternative poly(A) 
addition signal. In addition, all the clones contained the 
coding information for amino acids 87-134; however, there were 
two types of intron junction adjacent to the coding sequence. 
Detailed analysis of the Type I clones showed that the Type II 
intron sequence was contained within the Type I sequence, but 
approximately 1000 bp 5' of the Type I intron-exon junction 
showed alternative splicing within this intron. In addition, we 
have isolated two pseudogenes which lack introns, suggesting the 
retroviral insertion of human liver cytochrome b, mRNA sequences 
into the human genome. Q 1989 Academic Press, Inc. 

Cytochrome b, (b,) is involved in the stimulation of many 

cytochrome P-450 catalyzed liver reactions (1) and in the 

erythrocyte acts with cytochrome b, reductase to convert 

methemoglobin back to hemoglobin (2), thereby maintaining the 

normal physiological function of blood. There is also one 

reported instance of a form of inherited methemoglobinemia due to 

defective b, protein (3), although many other instances are 

thought to exist but either have not been fully reported or 

accurately diagnosed (4). Cytochrome b, is a small amphipathic 

protein that has either 134 or 98 amino acids in the liver or 

erythrocyte, respectively. In most species the first 97 amino 

acids are the same for both forms of the protein (5), however, in 

bovine all 98 are conserved (6). It is not clear whether there 

are two b, genes or whether there are two b, mRNAs derived from 
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one gene by alternative splicing. In bovine there is also the 

possibility of post-translational processing. Recently, 

nucleotide sequences have been reported for bovine, chicken, 

human and rabbit liver b, mRNA's (7-lo), and there is 

considerable sequence homology between them, although the chicken 

sequence showed five extra amino acids at the NH, and one less at 

the COOH termini, respectively (8). There is no data on the gene 

organization other than the rat bs gene is believed to contain at 

least five exons (ll), and the chicken gene at least two exons 

(8). In rat there is an indication that there are two b, mRNAs 

with different lengths of 3' non-translated sequence (11). 

In order to understand the exact relationship between the 

liver and erythrocyte bg's, and to study the molecular lesions 

responsible for one form of methemoglobinemia, it is necessary to 

understand the exact organization of the b, gene(s). 

MATERIALS AND METHODS. The human liver Xgtll cDNA libraries were 
either purchased from Clontech, Ltd. (Palo Alto, CA) or obtained 
as a gift from Dr. S.L.C. Woo (Baylor, TX). The human genomic 
DNA libraries were purchased from Clontech, or a gift from Dr. T. 
Maniatis (Harvard, MA) (12). The libraries were screened using 
standard procedures (7,9,10,13) with full-sized rabbit liver b, 
or human liver b, (Hb,) cDNA's as probes (9,lO). The probes 
were labelled with [=P]dCTP to a specific activity of ca 
lxlOgcpm/lrg using random hexamer priming (14). Restriction and 
DNA modification enzymes were purchased from Pharmacia 
(Piscataway, NJ). DNA fragments were subcloned into the 
pBluescript KS(-) vector (Stratagene, La Jolla, CA) and sequenced 
using oligonucleotide primers (15). In some instances, deletions 
were prepared using exonuclease III, and mung bean nuclease (16) 
in order to facilitate DNA sequencing. 

RESULTS AND DISCUSSION. Eight different cDNA clones for 

partially processed mRNAs were isolated from the two cDNA 

libraries and all contained the coding information corresponding 

to amino acids 87-134 of Hb, (Fig. 1). They were put into two 

main groups based on DNA sequence analysis. The Type I group 

(five clones) all had a 3' non-translated sequence exactly the 

same as that of Hb, mRNA (9), but with variable length poly(A) 
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Figure 1. The comparison of three types of cDNA clones derived 
from partially processed Hb, mRNAs to full size Hb, cDNA. (1) - 
In this group (5 clones) the intron sequence ranged from ca 1350 
to ca 360 bp in length, the poly(A) tails (A,,) contained from 18 
to ca 70 adenylic acid residues. B, H, P represent BamHI, Hind 
III and Pst I sites. (IIa). In this group (one clone), the 
intron sequence was ca 1250 bp, and the 3' non-translated 
sequence was only 220 bp long with a ca 70 bp poly(A) tail. 
(IIb). These two clones had intron sequences of ca 550 and 
350 bp, ca 330 bp 3' non-translated sequences, and 18 and ca 
70 bp poly(A) tails. Hb, cDNA represents full-sized human liver 
cytochrome b, cDNA (9). The presence of the alternative poly(A) 
splicing sequences in the 3' 
indicated (17,18). 

non-translated region of Hb, is 

tails (18 to ca 70 bp). The Type II group (3 clones) also had 

variable length poly(A) tails (18-70 bp), but one clone (Fig. 1, 

IIa) had a shorter 3' non-translated sequence, i.e., ca 220 

instead of 320 bp. Analysis of this 3' sequence indicated the 

use of an alternative poly(A) splicing site AACAAA (17) instead 

of AATATA (18). Both sites plus another AATATA are present in 

the longer 3' non-translated sequences of the Type I clones and 

the full-sized Hb, cDNA (Fig. 1) (9). There is no consensus 

AATAAA poly(A) signal in the Hb5 sequence (9,19). Overall, there 

are three possible poly(A) splicing signals, of which two appear 

to be used. In addition, the sequence at the Type II intron-exon 

junction was different to that of the Type I intron-exon junction 

(Fig. 1). Using a combination of restriction enzyme mapping and 

DNA sequencing, we determined that the Type II sequence was 
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actually part of the Type I sequence occurring ca 1000 bp 5' of 

the Type I intron-exon junction (Fig. 1). The 3' end of the 

Type I intron, and both the 5' and 3' ends of the spliced 

sequence leading to the Type II intron agree with the GT-AG 

consensus sequence (20), which might explain the alternative 

splicing leading to the Type II clones. 

The analysis of the Hb, gene system is further complicated 

by the presence of pseudogenes (Fig. 2). Neither of the 

pseudogenes contained introns in the coding sequence, and both 

are probably due to the retroviral insertion of Hb, mRWA. Psgb,l 

was isolated from the Maniatis library and Psgb,2 from the 

Clontech library. 

Psgb,l contains the complete nucleotide sequence for liver 

b, plus 39bp of flanking 5' and 118bp of flanking 3' sequence. 

It also contains five deletions and 88 base changes, 43 of these 

changes occur in the coding region of the b, sequence (Fig. 2). 

In contrast Psgb,Z is a truncated b, sequence (Fig. 2), with the 

coding region equivalent starting at amino acid 43. There are 

83bp 5' of this junction and 207 bp in the 3' flanking sequence 

(Fig. 2). Overall there are 59 bp changes, 31 in the coding 

region plus two deletions and one 15bp insertion. We do not yet 

know whether there are other pseudogenes present in the two 

libraries. Possibly different populations contain different 

numbers or types of pseudogenes. Psgb,l has two small (6bp, 7bp) 

repeat sequences in the 5' and 3' flanking regions (Fig. 2 

underlined sequences) whereas Psgb,2 has after allowing for minor 

insertions, 17bp repeat sequences in the 5' and 3' flanking 

regions (Fig. 2 underlined sequences). This is in agreement with 

other pseudogenes (21), and is indicative of the retroviral 

insertion of mFtNA sequences (21). 
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Hb, CAGCCAGCTC!GACGGGGCTGTGTG 
Psgb,l GGGGAATGTCCCAGGTGGAGCTGGCGGAGTCACAAGCTCT CT CA C A 

AASeq. MAEQSDEAVKYY 
Hb, TGCTGGGCCTGGCTCGCGGCGMCCGAGATGGCAGAG~GTCGGACGAGGCCGTG~GTACTA 
Psgb,l A C c c CT 
Psgb,2 

AASeq. TLEEIQKHNHSKSTWLILHHK 
Hb, CACCCTAGAGGAGATTCAGAAGCACAACCACAGCAAGAGCACCTGGCTGATCCTGCACCACAA 
Psgb,l G A T 
Psgb,2 TAAACTAGAAAACCTACAAGAAATGATAAATTCCTTGACACATACACCCTCTCAA 

- 

AASeq. VYDLTKFLEEHPGGEEVLREQ 
Hb, GGTGTACGATTTGACCAAATTTCTGGAAGAGCATCCTGGTGGGGAAGAAGTT~AAGGGAACA 
Psgb51 - T T C 
Psgb,2 GACTGAACCAGGAAGAAATTGAATACCT A G 

AASeq. AGGDATENFEDVGHSTDAREM 
Hb, AGCTGGAGGTGACGCTACTGAG~~~GAGGATGTCGGGCACT~ACAGATGCCA~G-T 
Psgb,l T TCT TG T T 
Psgb,2 CA T T T 

AASeq. SKTFIIGELHPDDRPKLNKPP 
Hb, GTCCAAAACATTCATCATTGGGGAGCTCCATCCAGATGACCCTCC 
Psgb51 AT CA C C T- 
Psgb,2 AT A T TA TT G TT 

AASeq. ETLITTIDSSSSWWTNWVIPA 
H4 GGAAACTCTTATCACTACTATTGATTCTAGTTCCAGTn;GCCCTGC 
Psgb,l G G c A 
Psgb52 A T G G T C 

A.&Sea. ISAVAVALMYRLYHAENxxx 
Hb, - CATCTCTGCAGTGGCCGTCGCCTTGAn;TATCGCCTATACCC 
Psgb,l G A ATCAAGGCAC----- AG -- 
Psgb,l AA T T G A A A 

Hb, TCAGAAGTCAGCGCAGGAAGAGCCTGCCTGGACACGGGAC 
Psgb,l C T AT A A CA A T 
Psgb,2 C T A A A 

Hbs !l’TCAACTGACAGAAACCTTCACl’TGAAAACAATGATTTl’AATATATCTC!TTTCTTTTTCTTCC 
Psgb,l C A T A A C TC G 
Psgb,l A A TA - C G-- C A 

Hb, GACATTAGAAACAAAACAAhAGMCTGTCCTTCCTGCGCTCMATl’l’TTCGAGTGTGCCTTT 
Psgb,l T T T T GG 
Psgb,l G T TGTG A 

Hbs TTATTCATCTACTTTATTTTGATGTTTCCTl'AATGTGTAATTTAC!CTATTATAAGCATGATCT 
Psgb,l - T C AC G G 
Psgb,2 CA G 

Fiqure 2. A comparison of the nucleotide sequences of the Hh, 
pseudogenes, Psgb,l, Psgb,2, with Iih,. AASeq. indicates the amino 
acid sequence of Hb,. For the two pseudogenes, only nucleotide 
changes are indicated. - indicates a deletion. Insertions into 
the coding sequence are bracketed. Insertions into sequences 
outside of the coding regions are double underlined. The repeat 
sequences are single underlined. 
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Hb, TTTAAAMTATATTTGGCTTTAAAGTAAAAAAAAAAAAA 
Psgb,l C cc A C T T GGCTGGGCGCCGTGGCTCATGCCTA 
Psgb,Z CA G TAACAAGTTCTGAAATGATAAATAG 

- - 

Psgb,l TAATCCCAGC!ACTTTGGGAGGCTGAAGGGGTTGGATCACAAGGTCAGGAGTTCGAAACCAACC 
Psgb,2 CCTACCAACCAAAAAAAAAAAAAAAAAAAAAGGCCAGGACCAGATGGTTTCACAGCTGAATTC 

Psgb,l TGGCCPATATGGTGAAACCCCGTGTCCACT 
Psgb,l TACCAGATGTATAAAGAAAAGCTGGTACTATTTCTACTGA 

Psgb,l AGAGGGACTCCTCCTTAACTCATTCTATAAAGCCAGCCAGCATCATCCTGATACC~GC 

Fig. 2 - Continued 

Overall, our data from the partially processed mHNA's would 

indicate that the Hb, gene(s) contains at least two exons with a 

>2kb intron separating them. Southern blot analysis of Hind III 

digested genomic DNA showed 5 hybridizing bands of 3-9 kb in size 

(data not shown). Other estimates based on the chicken and rat 

genomes are >2 and >5 exons, respectively (8,ll). All the data 

could be explained by two genes, each with two exons, with 

possibly one or more pseudogenes. If, however, Psgb,2 was 

derived from partially processed Hb, mHNA then the truncation 

point in Psgb,2 might represent an intron-exon junction. In this 

case, the Hb, gene would have at least 3 exons, e.g., 5'-42, 43- 

86, W-3“ which is similar to one prediction (11). It is 

somewhat odd, that all the partially processed mNNA's we found 

contained coding sequences 87-3', whereas Psgb,2 contained coding 

sequences 43-3'. This would suggest the possibility of finding, 

partially processed mRNA’s with coding sequences 43-3' and 

psuedogenes with coding sequences 87-3'. Clearly the analysis of 

the Hb, gene family is going to be much more complicated than 

originally anticipated. 
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