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Ferredoxin is an iron-sulfur protein that serves as an electron carrier for the 

mitochondrial oxidation/reduction system. During the characterization of the 

human ferredoxin gene, we have identified three Alu sequences surrounding it. 

When these Alu sequences were compared with others, all three of them are more 

related to the consensus Alu than the 7SL gene, the progenitor of the Alu family. It 

suggests that they are members of the modern Alu family. Their sequences differ 

from the Alu consensus sequence by about 5%, indicating that they were inserted 

into the chromosome about 35 million years ago. 0 1991 Academic PES.5, Inc. 

Ferredoxin is an iron-sulfur containing protein that serves as an electron donor 

in the oxidation/reduction reactions catalyzed by the mitochondrial cytochromes 

P450 (1). The mitochondrial electron-transport system is present in the adrenal, 

liver, and kidney for the synthesis and metabolism of steroids, vitamin D, and bile 

acids (2). In this system, electrons are donated by NADPH via NADP-ferredoxin- 

dependent oxidoreductase and ferredoxin to the terminal cytochrome P450, which 

in turn transfers electrons to substrates to form products (1). 

Ferredoxin has been found most abundantly in the adrenal, hence it is termed 

adrenodoxin (3). In the adrenal, synthesis of adrenodoxin is stimulated by 

adrenocorticotropin using CAMP as an intracellular messenger (4, 5). In other 

steroidogenic tissues such as placenta and ovary, ferredoxin synthesis is stimulated 

by gonadotropins via CAMP (6-8). Therefore CAMP plays an important role in the 

stimulation of ferredoxin transcription (9). In order to understand that structural 

and regulational aspects of the ferredoxin gene, we have cloned and characterized 
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the human ferredoxin genes (10). In addition to the active gene, the human 

ferredoxin gene family contains two pseudogenes (11). We have studied the 

structure of the flanking regions of the ferredoxin gene and found three Alu repeats 

surrounding it. 

Human Alu repeats are a family of DNA sequences roughly 300 bp in length 

that has been repeated 500,000 times in the human genome (12). Although some 

Alu sequences have been identified in cDNA’s and hence are transcribed by either 

RNA polymerase II or III (13,14), most of the Alu sequences are probably present as 

nonfunctional pseudogenes (12). 

All Alu sequences are derived from a common progenitor 7SL gene (15), a series 

of mutations have accumulated during the 30 million years that Alu sequences 

have evolv8ed. The 500,000 Alu sequences can be classified into many subfamilies 

that were derived from distinct sets of founder sequences (16-20). Jurka and Smith 

have classified Alu sequences into the 7SL like Alu-J and the other modern Alu-S 

families (21.). Our present study on the Alu repeats surrounding the human 

ferredoxin genes suggests that these Alu’s belong to the modern Alu family. 

Materials and Methods 

The cloning, hybridization, and subcloning experiments used standard 
procedures as reported previously (11). Dideoxy sequencing procedures were 
performed :from Ml3 templates using a Sequenase kit purchased from USB. DNA 
sequences were analyzed using the program purchased from GCG (Madison, WI). 

Results and Discussion 

1. Characterization and Organization of Alu Repeats in the Human Ferredoxin 

Gene 

We have reported the cloning and organization of members of the human 

ferredoxin gene (11). This gene family contains two pseudogenes h2 and h3 in 

additional to the active genes (11). During characterization of the sequences flanking 

the ferredoxin genes, we have identified three Alu sequences. One is present at 

about 1000 bp upstream from the active gene h5, termed h5-Alu. The others are each 

located about 100 bp upstream and downstream from the h3 pseudogene, termed h3- 

Alu’s. All three Alu sequences contain poly(A) tails at their 3’-end and are flanked 

by direct repeats, therefore they arose through RNA-mediated transposition events. 

2. These Alu sequences belong to the Modern Alu familv 

To stud.y the mutational rates of the h3- and h5-Alu sequences, we compared 

them with the progenitor 7SL gene and a consensus Alu sequence that was 

generated by Jurka and Smith (Fig. 1). Jurka and Smith have classified all Alu 
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ISL GCCGGGCGCGGTGG CGCGTGCCTGTAGTC CCAGCTACT-CGGGA 
Alu-cons GGCCGGGCGCGGTGG CTCACGCCTGTAATC CCAGC-ACTTTGGGA 
H3-5' T AA TT 
H3-3' A AT A - 

7SL GGCTGAGGCTGGBGG ATCGCXTGAGZCAG GAGTTC----CCAGC 
Alu-cons GGCCGAGGCGGGCGG ATCACCTGAGGTCAG GAGTTCGAGACCAGC 
H3-5' A A AT T C 
H3-3' C TA --T A A 

7SL CTGGGCAACATAGCG AQXCCCGTCTCT 
Alu-cons CTGGQXACATGGTG ABACCCCGTCTCTAC TAAAAATACAAAAA- 
H3-5' T G 
H3-3' T A 

ISL GCCGGGCGCGGT GGCGCGTGCCTGTAG TCCCAGCTACTCGGG 
Alu-cons TTAGCCGGGCGTGGT GGCGCGCGCCTGTm TCCCAGCTACTCGGG 
H3-5' A- T T ATAT AG T 
H3-3' T T G G 
H5 *TG C T AA G T 

ISL AGGCTGAGGCTGGAG GATCGCTTGAGTCCA GGAGTTCTGGGCTGT 
Al u-cons AGGCTGAGGCAGGAG SATCGCTTGAA_CCCG GGAGGCGGAGGZTGC 
H3-5' T G -------- ------------ 
H3-3' GT T A C 
H5 A T 

7SL AGTGCGCCTGxGA-- --GCCACTGCACTCC AGCCTGGGCAACATA 
Alu-cons AGTGAGCC-GAGATC GCGCCACTGCACTCC AGCCTGGGCGACAGA 
H3-5' A A A A 
H3-3' T TT A 
H5 T T A AGA T 

7SL GCGAGACCCCGTCTC 
Alu-cons GCGAGACTCCGTCTC 
H3-5' A -- 
H3-3' A A A 
H5 A C AG 

Fig. 1. Comparison of alu sequences surrounding the ferredoxin gene family with 
consensus Alu sequence and the homologous regions of human 7SL DNA. 
Sequences of h3-5’, h3-3’, and h5-Alu are shown only when they are different from 
the consensus. Dashes indicate base deletions. The asterisk marks the start site of 
h5-alu. 

sequences into the ancient Alu-J and modern Alu-S subfamilies (1988). Fifteen 

positions that are typically different between the ancient 7SL DNA and the 

consensus Alu are used as diagnostic positions for comparison. About 83% of the 

modern Alu-S sequences would be identical to the consensus at these 15 positions 

and conversely, 69% of the the J-Class Alu sequence would be identical to the 7SL 

DNA at these positions (Table 1). The h3-5’, h3-3’, and h5-Alu sequences have 60%, 

73%, and 71% identity to the consensus in these diagnostic positions and only 13%, 

13%, and 28% identity to the 7SL DNA. Therefore we conclude that they belong to 

the modern Alu-S subfamily (Table 1). 
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Table 1. Frequency of bases identical to that of consensus at diagnostic 
positions in ferredoxin Alu sequences and the major Alu subfamilies 

Alu -~ 
Frequency Match Frequency Match Frequency 
with Consensus with 7SL DNA Mismatch 

H3-5 0.60 (g/15) 0.13 (2/15) 0.26 (4/15) 
H3-3 0.73 (11/15) 0.13 (2/15) 0.13 (2/15) 

H5 0.71 (5/7) 0.28 (2/7) 0 (O/7) 

J-Class* 0.17 0.69 0.16 
_ S-Class* 0.83 0.09 0.08 

Sequences of h3- and h5-Alu were compared with the consensus 
and 7SL DNA at diagnostic positions that are underlined in Fig. 1. The 
percentage of bases that is identical to both the consensus, the 7SL DNA, or 
none of the two is listed. 

*The percentage of Alu-S and Alu-J sequences that are identical to the 
consensus, the 7SL DNA, or nothing has been calculated from the 
numbers taken from Jurka and Smith (1988). 

The modern Alu sequence evolves at a neutral drift rate with the exception of 

the 25 CpG dinucleotides which are mutational hot spots (Britten et al., 1988; 

Coulondre et al., 1978). Excluding CpG mutations, both h3-Alu sequences 

accumulated 15 nucleotide differences from the consensus, while h5-Alu has 9 

nucleotide differences in its half sequence. This translates into a mutation rate of 5.3 

and 5.7%. Taking the drift rate as 0.15% for the non-CpG Alu repeat (Britten, 1986; 

Britten et al., 1988), they were calculated to have been inserted into the 

chromosomes about 35 Myr ago. Britten et al. classified modern Alu sequences into 

four classes according to their order of appearance (1988). H5-Alu and h3-Alu would 

fall into a class between III and IV following such classification. 
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