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Two cDNA clones for the ~-subunit of rat liver electron transfer flavo- 
protein were isolated and their nucleotide suquences were determined. The 
longer cDNA contained a protein-coding region of 900 nucleotides and 3'- 
noncoding region of 335 nucleotides. The identity of the clone was 
confirmed by matching the amino acid sequence predicted from the cDNA with 
the sequence of one of the lysyl endopeptidase-digested peptides from the 
purified ~-subunit. The molecular weight of the protein calculated from the 
protein-coding nucleotides was approx. 3,000 daltons smaller than that of 
the precursor, suggesting that the cDNA was not of full length. The derived 
amino acid composition fairly agreed with the chemically determined amino acid 
composition of the purified e-subunit, indicating that the protein-coding 
region contains most of the mature ~-subunit. © 1988Academic Press, Inc. 

Electron transfer flavoprotein (ETF) located in mitochondria is a 

specific electron acceptor for mitochondrial flavin enzymes such as branched 

acyl CoA dehydrogenase, sarcosine dehydrogenase, and dimethylglycine 

dehydrogenase. ETF consists of two non identical subunits (1,2). The 

molecular weight of the larger subunit (~-subunit) was estimated to be 31-32 

K and that of the smaller one (8-subunit), 26-27 K, for both pig liver ETF 

(2) and rat liver ETF (3). From studies on in vitro biosynthesis, the @- 

subunit was shown to be synthesized as a precursor of larger molecular 

weight (34-35 K) and the 8-subunit, as a protein having the same molecular 

weight as the mature form (3,4). We attempted cDNA cloning for both 

subunits of rat liver ETF in order to clarify the protein and gene struc- 

tures. In this paper, we report the isolation of cDNA for the e-subunit. 
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MATERIALS AND METHODS 

Purification of ETF and its subunits. Rat liver mitochondria were suspended 
in 20 mM Tris-HC1 buffer, pH 7.5, containing 1 mM EDTA and 30 mM KCI, to be 
i00 mg protefn/ml, sonicated for 1 minx 4 in an ice bath with a sonicator 
(Model W-225R, Heat Systems Ultrasonics, Inc., Plainview, NY), and centri- 
fuged for 30 min at 105,000 g and 4°C. The supernatant was fractionated 
with ammonium sulfate between 50 to 80% saturation. The precipitate was 
suspended in i0 ml of i0 mM potassium phosphate buffer, pH 7.5, containing 
10% glycerol and 0.5 mM EDTA, and dialyzed against the same buffer overnight 
at 4°C. The solution was applied onto a column (2.5 x 17 cm) of Matrex gel 
red A (Amicon Corp., Danvers, MA) previously equilibrated with the same 
buffer, and was eluted with the same buffer containing 60 mM KCI. Fractions 
containing ETF, which was detected by immunoblotting using anti-pig liver 
ETF antibody raised in a rabbit (4), were collected and concentrated to be 
50 ml. After dialysis against the same buffer, the solution was applied 
onto a column (1.5 x 8 cm) of Bio-Gel HTP (Bio-Rad Laboratories, Richmond, 
CA) previously equilibrated with the same buffer. ETF was eluted with a 
gradient concentration of 10-80 mM potassium phosphate buffer containing 10% 
glycerol and 0.5 mM EDTA. Fractions containing ETF were collected, concen- 
trated, and subjected to 12% SDS-polyacrylamide gel electrophoresis. The 
gel was soaked in 4 M ammonium acetate to visualize proteins. Segments 
containing each subunit were cut out separately and the subunits were eluted 
by shaking the segments with distilled water overnight at room temperature. 
The purified ~-subunit was used for the following experiments. 

Antibody. Antibody against the ~-subunit was raised in a rabbit. Immuno- 
blotting analysis showed that the antibody could cross-react with the @- 
subunit, but not with ~-subunit. 

Isolation of cDNA clone for rat liver ETF e-subunit, cDNA clones for the ~- 
subunit were isolated by immunoscreening a rat liver cDNA library con- 
structed in Igtll (Clontech Laboratories, Inc., Palo Alto, CA) according to 
the method of Young and Davis (5). Screening procedure, analysis of fusion 
protein, and epitope selection (6) were carried out as described previously 
(7). 

DNA sequence analysis, cDNA inserts were inserted into EcoRI site of pUCI9 
and restriction fragments were subcloned into M13mpl8 phage vector. DNA was 
sequenced by the MI3 chain termination method of Sanger et al. (8). 

Amino acid sequence and amino acid composition analysis. Rat liver ETF ~- 
subunit prepared as described above was digested with lysyl endopeptidase 
(Wako Pure Chemicals Ind., Ltd., Osaka). The digested peptides were sepa- 
rated by reverse-phase HPLC and amino acid sequence of one of the peptides 
was determined in a gas-phase sequenator (Model 470A, Applied Biosystems, 
Foster City, CA). In order to determine the amino acid composition of the 
~-subunit, the protein was hydrolyzed with 6N HCI containing 4% thioglycolic 
acid at ll0°C for 22 h, and amino acid analysis was performed with an amino 
acid analyzer (Model 835, Hitachi, Tokyo). 

RESULTS AND DISCUSSION 

When a rat liver Igtll cDNA library was screened with anti-pig liver 

ETF antibody, five candidate phages were obtained among 5 x 105 recombinant 

phages and one of them, designated E~-2, was identified by epitope selection 

as a clone containing cDNA of the ~-subunit. The size of the insert was 

estimated to be 700 bp by analysis on agarose gel electrophoresis. 
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We therefore attempted to obtain a clone having a much longer cDNA 

insert, and a rat liver Igtll cDNA library was screened with anti-rat liver 

ETF e-subunit antibody. Ten candidate phages were obtained among 5 x 105 

recombinant phages. One of them, designated Ee-8, was identified by epitope 

selection as a clone containing cDNA of the ~-subunit, and the insert was 

estimated to be 1,250 bp. 

Restriction maps and sequencing strategy for E~-2 and 8 are shown in 

Fig. i, indicating that clone E~-8 has a longer nucleotide sequence over- 

lapping the sequence of E~-2. 

sequences are shown in Fig. 2. 

ends with TGA terminal codon. 

The nucleotide and deduced amino acid 

The open reading frame of 900 nucleotides 

The amino acid sequence of a peptide (i0 

amino acids) from rat liver ETF ~-subunit perfectly matched that deduced 

from the DNA sequence (Fig. 2, underlined amino acids). This confirmed the 

identity of the cDNA clone. However, we assume that the cDNA is not of full 

length, since the molecular weight (31 K) of the reading frame was almost 

the same as that of the mature e-subunit and smaller than that of the 

precursor (34-35 K). The amino acid composition obtained by chemical 

analysis of the ~-subunit of rat liver or pig liver ETF (2) fairly agreed 
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Fig. i. Restriction maps and sequence strategy for rat liver ETF ~-subunit 

cDNA clone (E~-2 and 8). The arrows represent the direction and length of 
the sequence runs. The boxed region of the cDNA indicates protein-coding 

regions. 
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GAATT•CGGGAGGGTACCGCTGGGCTGACTAGAACAGAGACAATGTTTCGAGCAGCGGCGCCTGGG•AGCT•CGGCGGGCGGCCTCGTTG 90 
G•uG•yThrA•aG•yLeuThrArgThrG•uThr•ETPheArgA•aA•aA•aPr•GlyG•nLeuArgArgA•aA•aSerLeu 

CTCCG•TTTCAGAGCACCTTGGTAATAGCTGAGCATGCGAATGATTCTCTAGCACCTATTACTCTAAACACTATCACTGCAGCTGGACGT 180 
LeuArgPheG]nSerThrLeuVa]I]eA]aG]uHisA]~i~]AspSerLeuA]aPr~I]eT~rLeuAsnThrI]eThrA]aA]aG]yArg 

CTTGGAGGTGAAGTGTCCTGCTTAGTAGCTGGAACAAAATGTGACAAGGTGGTA~AGGATCTCTGTAAAGTAGCAGGCGTGG~AAAGGTT 270 
LeuG]yG]yG•u•a]•erCysLeu•a]A]aG]yT•rLys•ysAs•Lys•a••a]G]nAspLeu•ysLysVa]A•aG]y•a]A]aLys•a] 

•TGGTGGCTCAGCATGATGCGTACAAAGGCCTTCTTCCAGAGGAACTCACACCATTGATTTTGGAAACTCAGAAGCAGTTCAGTTACACA 360 
LeuVa•A]aG]nHisAs•A]aTyrLysG]yLeuLeuPr•G]uG•uLeuT•rPr•LeuI]eLeuG]uThrG]nLysG•nPhe•erTyrThr 

CACATCGTTGCTGGAGCATCTGCTTTTGGAAAGAACCTTCTGCCCAGAGTAGCAGCCAAACTTAATGTTGCCCCAGTTTCTGACATCATT 450 
His••e•a•A•aG]yA•a•e•A•aPheG•yLysAsnLeuLeuPr•Arg•a•A•aA•aLysLeuAsn•a•A•aPr••a••erAspI•e••e 

GAGATCAAGTCACCTGACACATTTGTGAGAACTATCTATGCAGCAAATGCATTGTGTACAGTGAAATGTGATGAGAAAGTGAAGGTGTTT 540 
G~u~eLysSerPr~AspThrPheVa~ArgThr~eTyrA~aA]aAsnA~aLeuCysThrVa~LysCysAspG~uLysva~Lys~a~Phe 

TCTGTTCGAGGAACATCTTTTGAGGCTGCAGCAGCAAGTGGAGGTAGTGC•AGTTCAGAAAAGGCACCAAGTTCTTCATCAGCAGGAATA 630 
•er•a•ArgG•yThrSerPheG•uA•aAlaA•aA•aSerG•yG•y•erA•a•erserG•uLysA]aPr••erSerSerserA•aG•yI•e 

TCAGAGTGGCTTGACCAGAAATTGACAAAAAGTGACCGACCAGAGCTAACTGGTGCCAAAGTGGTGGTATCTGGTGGTCGGGGCTTGAAG 720 
SerG•uTrpLeuAs•G•nLysLeuThrLysSerAspArg•r•G•uLeuThrG•yA•aLysVa•V•aVa•SerG•yG•yArgG•yLeuLys 

AGTGGAGAGAACTTTAAACTGCAGTATGACTTGGCAGATCAGCTGCATGCTGCAGTTGGTGCTTCCCGTGCTGCTGTTGATGCTGGCTTT 810 
SerG~yG~uAsnPheLysLeuG~nTyrAspLeuA~aAspG~nLeuHisA~aA~a~a~G~yA~aSerArgA~aA~aVa~AspA~aG~yPhe 

GTTCCCAATGACATGCAAGTTGGTCAGACAGGAAAAATAGTAGCTCCAGAACTTTATATTGCTGTTGGAATATCTGGAGCCATCCAGCAT 900 
Va~Pr~AsnAspMETG~n~a~G~yG1nThrG~yLysI~eVa~A~a~r~G~uLeuTyrI~eA~a~a~G~yI~e~erG~yA~aI~eG~nHis 

TTAGCTGGATGAAGGACAGCAAGACAATTGTGGCTATTAACAAAGACCCAGAAGCTCCAATTTTCCAAGTGGCAGATTATGGAATAGTTG 990 
LeuAlaGly*** 

CAGATTTATTTAAGGTGGTTCCTGAAATGACAGAAATACTGAAGAAAAAATAAGTCAAAATCATATCTTAAGGAAACTGTCAAAAGTATT i080 

CAGATTGAAATCATAGCAACTTCATAATCCAAAGAAAGAAAATATGCTAACAGCAGCTACAATGCCTTTTGATGAATCAATTATTATATT i170 

CCTTTTTAATTTTTTGTGATTCCAAACAATTATTTTTACATTTTCTAATTCTATAAT-A-AA-AAATATAA-TAAAGCGAATTC 

Fig. 2. Sequence of rat liver ETF ~-subunit cDNA and deduced amino acid 
sequence. The amino acid residues that were confirmed by amino acid 
sequencing of the purified e-subunit are underlined. Polyadenylation signal 
is indicated by broken lines. The predicted N-glycosylation site is boxed. 
***, termination codon. 

with that calculated from the deduced amino acid sequence (Table i), 

indicating that the reading frame contains most of the sequence of the 

mature e-subunit. A preliminary experiment showed the N-terminus to be 

blocked. The reading frame contains one potential N-glycosylation site 

(Asn-X-Ser or Thr), but there is no evidence that the protein is a glyco- 

protein. The cDNA insert contains a 3'-noncoding region of 335 nucleotides, 

which contains two polyadenylation signals (AATAAA) (Fig. 2, nucleotides 

with broken lines). 

In the last decade, evidence obtained by immunoblotting techniques has 

indicated a genetic deficiency of ETF to be one of the causes of metabolic 

disorders such as glutaric aciduria type II and ethylmalonic adipic aciduria 

(9-i1). Further, Ikeda et al. (3) have reported that in a patient of 

glutaric aciduria type II, the synthesis of the ~-subunit, but not that of 
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Table I. Amino acid composition of rat liver ETF e-subunit 

Amino acid Deduced from DNA sequence 
(nucleotide No. 10-909) 

Protein analysis 

Rat liver Pig liver a 

Ala 44 57.6 37.4 
Asp/ASh 20 22.6 28.6 
Arg 12 5.1 7.2 
Cys 5 4.5 N.D. 
Glu/Gln 27 20.8 25.4 
Gly 27 52.6 27.9 
His 5 3.7 5.1 
Ile 14 14.8 15.8 
Leu 29 25.2 27.8 
Lys 19 20.4 23.7 
Met 2 2.4 2.7 
Phe 9 6.2 8.4 
Pro ii 13.7 17.4 
Set 24 22.0 19.0 
Thr 19 15.8 16.8 
Trp 1 0.6 0.2 
Tyr 5 4.0 6.0 
Val 27 27.3 26.4 

Mr 31,176 31,000 31,100 

The values are numbers of residues of ETF e-subunit, aData of 
McKean et al. (2). N.D., not detemined. 

the B-subunit, was defective. Accordingly, the cDNA encoding the ~-subunit 

we isolated in the present study should be useful for investigating ETF 

deficient disorders. 
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