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Based on the amino acid sequence of the N-terminus of the soluble subunit of the Rhodospir- 
illum rubrum nicotinamide nucleotide transhydrogenase, two oligonucleotide primers were 
synthesized and used to amplify the corresponding DNA segment (110 base pairs) by the 
polymerase chain reaction. Using this PCR product as a probe, one clone with the insert of 
6.4 kbp was isolated from a genomic library of R. rubrum and sequenced. This sequence 
contained three open reading frames, constituting the genes nntA1, nntA2, and nntB of the 
R. rubrum transhydrogenase operon. The polypeptides encoded by these genes were designated 
cd, a2, and/3, respectively, and are considered to be the subunits of the R. rubrum transhy- 
drogenase. The predicted amino acid sequence of the c~l subunit (384 residues; molecular 
weight 40276) has considerable sequence similarity to the c~ subunit of the Escherichia coli 
and the N-terminal 43-kDa segment of the bovine transhydrogenases. Like the latter, it has 
a/3c~/3 fold in the corresponding region, and the purified, soluble ~1 subunit cross-reacts with 
antibody to the bovine N-terminal 43-kDa fragment. The predicted amino acid sequence of the 
/3 subunit of the R. rubrum transhydrogenase (464 residues; molecular weight 47808) has 
extensive sequence identity with the/3 subunit of the E. coli and the corresponding C-terminal 
sequence of the bovine transhydrogenases. The chromatophores of R. rubrum contain a 48-kDa 
polypeptide, which cross-reacts with antibody to the C-terminal 20-kDa fragment of the bovine 
transhydrogenase. The predicted amino acid sequence of the c~2 subunit of the R. rubrum 
enzyme (139 residues; molecular weight 14888) has considerable sequence identity in its C- 
terminal half to the corresponding segments of the bovine and the c~ subunit of the E. coli 
transhydrogenases. 

KEY WORDS: Nicotinamide nucleotide transhydrogenase; subunits; amino acid sequence; Rhodospirillum 
rubrum; proton pump. 

I N T R O D U C T I O N  

The energy-transducing nicotinamide nucleotide 
transhydrogenases are integral membrane  proteins, 
and catalyze the direct and stereospecific transfer of  
a hydride ion between the 4A position of  N A D ( H )  
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and the 4B position of  NADP(H)  in a reaction that 
is coupled to t ransmembrane proton translocation 
with a H + / H  - stoichiometry close to unity [equation 
(1); for recent reviews, see Hatefi and Yamaguchi,  
1992; Olausson et al., 1992; Lee and Ernster, 1989]. 

N A D H  + N A D P  + Hout + 

N A D  + N A D P H  + Hi + (1) 

The bovine mitochondrial  transhydrogenase is a 
homodimer  of  monomer  molecular weight 109,065 
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and 1043 amino acid residues (Yamaguchi et al., 
1988). The sequence of these residues has been 
deduced from cDNA clones (Yamaguchi et al., 
1988), the enzyme's binding domains for NAD(H) 
and NADP(H) (Yamaguchi and Hatefi, 1993), and 
sites of modification by several inhibitors have been 
determined (Wakabayashi and Hatefi, 1987a,b; 
Phelps and Hatefi, 1984a,b, 1985), and extensive 
studies have been done on its membrane topology 
and mechanism of action (Yamaguchi and Hatefi, 
1989, 1991; Yamaguchi et al., 1990; Hatefi and 
Yamaguchi, 1992). The transhydrogenases from 
Escherichia coli and Rhodobacter capsulatus have 
also been purified (Clarke and Bragg, 1985; Lever et 
al., 1991). Each enzyme consists of two subunits, with 
approximate Mr values of 54,000 and 49,000. The 
E. coli enzyme is tetrameric (c~2/32) (Hou et al., 1990), 
and the amino acid sequences of its subunits have 
been deduced from the genes (Clarke et al., 1986). 
There is considerable sequence identity between the 
bovine and the E. coli transhydrogenases, especially 
in the nucleotide binding domains as determined for 
the bovine enzyme. 

In addition to the above, it has long been known 
that Rhodospirillum rubrum chromatophores contain 
a form of energy-linked nicotinamide nucleotide trans- 
hydrogenase of which one subunit is water-soluble and 
easily removed from the membranes (Fisher and Guil- 
lory, 1971). Jackson and coworkers have recently pur- 
ified this subunit (Cunningham et al., 1992), and shown 
that its N-terminal 37 residues have considerable 
sequence identity to that segment of the c~ subunit of 
the E. coli transhydrogenase and to residues 14-50 of 
the bovine enzyme. Furthermore, this soluble subunit 
was shown to be dimeric with a monomer Mr of 43,000, 
features that are shared with a soluble 43-kDa tryptic 
fragment of the bovine enzyme. 

This paper shows that the R. rubrum trans- 
hydrogenase message is contained in a cluster of 
three genes, which have been sequenced and the 
amino acid sequences of the corresponding subunits 
deduced therefrom. Comparisons between these data 
and the amino acid sequences of the bovine and the 
E. coli transhydrogenase will also be presented. 

MATERIALS AND METHODS 

Materials 

Restriction enzymes were obtained from New 

England Biolabs and Stratagene. pBluescript II 
KS(+) was from Stratagene. Klenow fragment, 
Sequenase version 1.0, nucleotide kit for sequencing 
with 7-deaza-dGTP, and random primed DNA label- 
ing kit were from United States Biochemicals. 
TaqDNA polymerase was from Gibco BRL. BA-85 
nitrocellulose filters were from Schleicher & Schuell. 
[c~-32p]dCTP (3000Ci/mmol) and a-thio-[35S]dATP 
(1200Ci/mmol) were from Amersham. NAD- 
agarose (Type I) was prepared by the method of 
Mosbach et al. (1972). 

Amplification of DNA Fragment by PCR 

PCR 2 amplification (Saiki et al., 1988) of the 
portion of the gene encoding the N-terminal 
sequence of the soluble subunit (al  subunit) was 
performed with Twin Block System from Ericomp, 
Inc. Based on the amino acid sequences 1-7 
(MKIAIPK) and 31-37 (FEVIVEQ) of the soluble 
subunit (c~1), degenerate sense and antisense primers 
containing 288 and 384 different sequences, respec- 
tively, were synthesized as shown: 

Sense primer 

5 t ATGAAAATAGCAATACCAAA 3 / 
G T T T T 

C G C G 
C C 

Antisense primer 

31 A A A C T T C A A T A A C A A C T T G T  5 t 
G C T T T C 

G G G 
C C 

DNA sequences were amplified with Taq DNA poly- 
merase in 100-#1 reaction mixtures containing 1 #g of 
R. rubrum DNA, 10mM Tris-HC1 (pH8.5), 50mM 
KC1, 2mM MgCI:, 0.1% Triton X-100, 250#M of 
each dNTP (dATP, dCTP, dGTP, and dCTP), 5 #g 
of both oligonucleotide primers, and 5 units of Taq 
DNA polymerase. The samples were subjected to 35 
amplification cycles, denaturation at 94°C for 90 s, 
annealing at 46°C for 30 s, and extension from the 
primers at 72°C for 2 min. The PCR products were 
separated by electrophoresis on 1.5% agarose gel. 

2 Abbreviations used: PCR, polymerase chain reaction; DCCD, 
N, Nt-dicyclohexylcarbodiimide; EEDQ, N-(ethoxycarbonyl)-2- 
ethoxy-l,2-dihydroquinoline; FSBA, [(p-fluorosulfonyl)benzoyl]- 
5~-adenosine; PVDF, poly(vinylidene difluoride); bp, base pair; 
SDS, sodium dodecyl sulfate. 
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The major amplification product of the predicted size 
(110bp) was isolated from the gel and subcloned into 
the E c o R V  site ofpBluescript II. Five clones inserted by 
the PCR product were chosen, and their DNA 
sequences determined as described below. Four of the 
clones had the same DNA sequence. This sequence was 
consistent with the amino acid sequence of the N-ter- 
minus (residues 1-37) of the soluble subunit of the R. 
rubrum transhydrogenase, as reported by Cunningham 
et al. (1992). The insert of this clone was radiolabeled, 
using [~32-P]dCTP and random primed DNA labeling 
kit, and was employed as a probe. 

Construction and Screening of the Genomic Library 
from R. rubrum 

General cloning techniques were carried out 
essentially as described by Sambrook et al. (1989). 
Genomic DNA from R. rubrum was isolated as 
described by Saito and Miura (1963). The genomic 
DNA was digested with B a m H I  and subjected to 
agarose gel electrophoresis. The region (5-8 kbp) of 
the agarose gel that reacted with the PCR product 
probe was excised, and the DNA fragments were iso- 
lated. The genomic library was prepared by ligation of 
the fragments into the BarnHI site of pBluescript II 
phagemid vector. The library was screened by colony 
hybridization, using BA-85 nitrocellulose filters. 
Replicate filters were prehybridized at 42°C for 2h 
in a solution consisting of 50% formamide, 5 × SSC 
(1 ×SSC=0 .15MNaC1 ,  0.015M sodium citrate, 
pH7.2), 1 x Denhardt's solution (Denhardt, 1966), 
0.2% SDS, and calf thymus DNA (100#g/ml). 
Hybridization was carried out overnight at 42°C in 

prehybridization solution with the [a-32p]dCYP - 
labeled probes (~ 106 cpm/ml). The filters were washed 
at 42°C for 1 h in 5 × SSC containing 50% formamide 
and 0.2% SDS, and then in 5 × SSC containing 
0.2% SDS. They were further washed in 2 × SSC at 
42°C for 30m in. Autoradiography was carried out 
overnight with Fuji RX film and intensifying screens. 

DNA Sequencing Strategy 

The DNA insert in the phagemid was cut with 
restriction enzymes and the fragment ends were 
blunted by fill-in with Klenow fragment and dNTPs. 
Each fragment was subcloned into the E c o R V  site of 
pBluescript II. After purification and alkali denatura- 
tion (Chen and Seeburg, 1985) of phagemid, DNA 
sequencing was carried out by the dideoxynucleotide 
method (Sanger et aI., 1977) with Sequenase and 7- 
deaza-dGTP sequencing kit. Universal primers, M13- 
20 primer and reverse primer, and internal unique pri- 
mers 18 bases in length were used for DNA sequencing. 

Analysis of Nucleotide and Protein Sequences 

The University of Wisconsin Genetic Computer 
Group's software programs were used to analyze the 
sequence data (Devereux et al., 1984). Comparison of 
the polypeptides was made with the B~STF~T and PILaUP 
programs. 

Purification of the Soluble Subunit of R. rubrum 
Transhydrogenase 

R. rubrum cells were grown photosynthetically 
(Ormerod et aL, 1961), and crude soluble subunit 

4 5 7 
q I I 

kbp 
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• - ' . . . .  

i i i ii 
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F i g  1. Restriction map of the insert of the isolated clone pRRTH-11 and 
its expanded transhydrogenase coding region. Three structural genes 
(nntA1, nntA2, and nntB) of R. rubrum transhydrogenase are encoded in 
the expanded region of the insert (6.4 kbp BamHI fragment) of pRRTH- 11. 
Structural genes nntA1, nnt2, and nntB encode subunits a l ,  c~2, and /3, 
respectively. Both strands of the expanded SmaI-EcoRI 3.7kbp region 
were completely sequenced. 
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1 ~CCrACC6~CCGCCGGC6~TGCTC~h~C~CCGA~GCCAC~TTC6~TGGCGATG&~TCGATC~GCCT~CC " CGGGA~ 

I01 GTTTGATCC~GCGCTTTTC~C-CGGCGACCCCACGGAAAT6C~TTTACGACCC~TAATTCGCTTATGCGAAAGATCTT GGGGTCTTGT TCGCCCC 

2Ol GGc~TAc~G6~GGGG~Gc~TG~G~ccG6~T~c6~GT~cG~cGAc~GGT&TTGTGTcGG~ATGGGGG~GGG~cc~c~ 

nntA1 
301 GCT CGATAA6,ACCT TAGACCGT CT CACGA6AAT T GAT ~-GC GT TAT GAAGAT CC-CTAT T C CAAAAGA~GACGCCCC~T~C~T CGCGT CGC CAT C 

.M....K..I...A.... I.....P...K.. E.. B. %_~ _..G...E... D..R. V ..A ~ .. 

401 TCT CCCGAGGT GGTGAAGAAGCTCGTCGGCCT~TTCC=AGGTGATCGTCGAACAAGGGGCCGGT GTCGGCGCGTCGATAACCGACGATC-CCTT GACCG 
.S.....P.....E...V....v......K.....K....L.....v.....G.....L.....G....F.....E.~...v.....I.....V.....E.....~. G A G V G A S I T D D k L T A 

501 CCGCCGGCGCCACCAT CGCCAC-CACGGC GGCGCAGGCCCT GT CCCAC-GCCC~AT GT GGT CT GGAAGGTACAGCGGCCGAT GACCGCCGA~CCGA 
A G A T I A S T A A Q A L S Q A D V V W K V Q R P M T A E E G T D 

601 CGAGGT CGCCCT GAT GAAGGCGCGGT CCT GATGT C-CCAT CT T GGCC-CCCT C, ACCAACCGT CCGGT GGT CGAGGCCCT GACCAAC, CC, CAAGAT CACC 
E V A L I K E G A V L M C H L G A L T N R P V V E A L T K R K I T 

701 GCCTATGCCAT GGAACT GAT GC CGC ~ T  ~CGCGCCCAGT CGAT GGATAT CCT T T CCAGCCAGT CGAACCT CGCGGGCTAT CGCGCCGT GAT CGACG 
A Y A M E L M P R I S R A Q S M D I L S S Q S N L A G Y R A V I D G 

801 GcGcTTATGAATTCGCCCGcGCCTTTcCGAT`~ATGATGACCGCCGcCGGCACCGTGCCGCcGGCccGcGTGCTGGTGTTTGGcGTCGGcGTCGcCGGATT 
A Y E F A R A F P M M M T A A G T V P P A R V L V F G V G V A G L 

901 GCAGGC GAT CGCCACGGCCAAGCGCCT GGGCGCCGT GGT CAT GGCCACCGACGTTCGCGCCGCCACCAAGGAACAGGTGGAAA~~T T C 
Q A I A T A K R L G A V V M A T D V R A A T K E Q V E S L G G K F 

1001 AT CACCGT CGAT GACGAGGCGAT GAAGACCGCCGAGACCGCCGGCGGCTACGCCAAGGAAAT GGGCGAGGAGTT C C ~ C ~ C G A G G C C G T  GC 
I T V D D E A M K ..- -- -- -- -- -- ~ - -- -- .':: -.: ~:::::::: _ _ _ ~ .7 _ ~ _ ~ ~ T..A...E... T..A ...G... G...Y...A...K... E :::M:::GEE...F...R...K... K.. O...A... E...A...V . L 

II01 T CAAGGAACT GGT CAAGACCGATATCGCCATCACCACCGCCCT C~AT C C C C ~  C CGCGCCGGT GCT GAT CACCGAGGAGATGGT GAC CAAGATGAA 
K E L V K T D I A I T T A L I P G K P A P V L I T E E M V T K M K 

1201 G C C ~ G T  CATCATCGAT CTGGCCGT C~CGGCGGCAATT C-C CCGCT GT CGGAGCCGGGCAAGAT CGT T GT CAAACACGGCGT CAAGAT CGTT 
P G S V I I D L A V E A G G N C P L S E P G K I V V K H G V K I V 

1301 GGCCACACCAACGTC CCCT CGCGCGT CGCCGCCGACGCCAGCCCGT T GT T CGCCAAGAACCT T CT GAACT T CCT CACCCCCCACGT CGACAAGGACACGA 
G H T N V P S R V A A D A S P L F A K N L L N F L T P H V D K D T K 

1401 AGACGCTGGT GAT GAAGCT CGAGC4%CGAAACGGT T T CGGGCACCT GT GT GACCCGCGAT GGCGCCAT CGT CCAT CCGGCGCT G A C C G G g & ~ T A  
T L V M K L E D E T V S G T C V T R D G A I V H P A L T G Q G A * 

nntA2 
1501 AGCGAT GGAAGACAAGAACAT CCT CGT CGAGG JCT T CAAT CAGCT CT CGCAACAGGCCCT T GAAT T GT C CCAGCAT GCCCAGGCCCT C-GCCCT T ~ C 

M E D K N I L V E G F N Q L S Q Q A L E L S Q H A Q A L A L Q A 

1601 AGCCATGCGGTTCTC-CCC-GCCGCCGCCC-CCA ."GGAAGGCGCCAGCGAGTTCTGGTC-GCTGATGACGGTTTTCGTCCTGGCCTGCTTCATCGGCTTTTATG 
S H A V L P A A A A T E G A S E F W W L M T V F V L A C F I G F Y V 

1701 TGGTGTGGTCGGT GACCCCGGC~CTTCAcAGc~CGCTGATGGGCGTCA~CAA~GCCATTTCCTCGGTcAT~GT~GT~GCTGAT~GCCACcGGT CC 
V W S V T P A L H S P L M G V T N A I S S V I V V G A L I A T G P 

1801 T G ~ C T  T CAGCGCGT CGAAGGT GCT GGGCT T CT T CGCCAT CCT GCT T GC GAGCGT GAACAT CTT CGGCGGGTT CAT CGT GACCCAACGAATGCT GGCC 
E A F S A S K V L G F F A ~ L L A S V N I F G G F I V T Q R M L A 

MATGTT~G~G~AGTAAGGGGcACGCGAccATGAcGCATAGTCTTACCATGGcGGCCTATATCGT~GCcGGCGTGCTCTTCATTCTcGCcCTGMnntBT H S L T M A A Y I V A G V L F I L A L 1901 

2001 CGCGGCCTGT CCAAT CCGGAAT CC-C-CC-CGCAACC-GCAACCGCAT~T GGT CGGCAT GGCC~AT CGCCAT CCT GACCACGCT GCT GT CGCCT T CGGT T C 
R G L S N P E S A R N G N R M G M V G M A I A I L T T L L S P S V Q 

2101 AGGCCTATGCCTGGATCGT CCTC-GCGATCGCCAT CGC-CGGCGCCATCGGCACGGTGATCGCCAAAAAGGTGCTGATGACCGCCCTGCCGCAGCTTGTC~ 
A Y A W I V L A I A I G G A I G T V I A K K V L M T A L P Q L V A 

2201 CGCCTT CCACTCGCTGGTCGGC2%T~CGCCGTGCTGGT~CCACCGGCGCCcTGcT~TCccGAAGcCTAT~TCGGTTcGGCcGGGGcGATCCAC 
A F H S L V G M A A V L V A T G A L L N P E A Y G I G S A G A I H 

2301 GCCGGAT CGCT GGT T GAAAT GT CGCT CGGCCT C,C-CCGT CGGCGCCAT CACCT T CT CGGGATCGGTGATCGCCTTTGGCAAGCT T CAGGGGCT GATCGCCG 
A G S L V E M S L G L A V G A I T F S G S V I A F G K L Q G L I A G 

2401 ~ C G G T  GACCT T CCCGATGCAGCAT CC 3CTGAACGCCGT GCTTGGCATT CTC-CTGGTCGTGCTGCTGGTGGTCTTCGCCGCCACC AAC-CCACAC 
K P V T F P M Q H P L N A V L G I L L V V L L V V F A A T E S H T 
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2 5 O l  C~ATTTc~ecTc~c.iTCCTC-GCC~cGCeCTTGC-CTTCTTGC~C~CATT CCC~Tee~-,CC~CC-CCC~TGCC~TCGTCAT~C~C 
A Y F A L M I L A F A L G F L L I I P ~ G G A D M P V V I S M L N 

2601 AC-~TATTCC-~oC~ C~-_~R~C-CC~-~GC~TTIT~3CTT C.k, KCCCTGC.C~TCCGCT C-¢~IY ~ T ~ T  C ~ C ~ C ~  ~ T  C ~ T C G T  C ~  ~ T  C ~  ~ 
S Y S G W A A A G I G F T L G N P L L I I A G A L V G S S G A I L S 

2701 GCTACAT CATGT GCAAGGGC~T GAACCGCT CGAT CT T CAACGT CAT CCT GGGCGGCTT C C-GCAG~GAGGGCGGCGTAGCC-GCGGCCC-GT GGCGCGGCCGG 
Y I M C K G M N R S I F N V I L G G F G S E G G V A A A G G A A G 

2801 CC~.T CGT T CGGTC~KC~-CC~3CA~ffa2C~KC-~CGCC-W---~CTT CATCAT GAAG~CC.CCT CGz~C~IT ~ T  ~ T  C G T ~ C  C ~ A T  ~ T  ~ T  ~ C  
D R S V K A G S A E D A A F I M K N A S K V I I V P G Y G M A V A 

2901 C.~ff, C~CC, t~ - -~C ~ C  CT C-CGC~IMlkT C-W--~2CC~.T GT GCT C~C~,AC,-C~.~W-.~ GT C ~ T  T T C ~ A C ~  ~ T  C ~ T  C C ~ T  ~ C ~  CGTAT ~ C C ~  
Q A Q H A L R E M A D V L K K E G V E V S Y A I H P V A G R M P G H 

3001 ATAT ~ C G T  G(YI~ C~-~ C ~ R ~ C ~  CAAT GTC-~ ~CTATG~CC.AC-GT C~[Y T C G A ~  CC~/kAC4%C4kT ~ CGT T C ~ C C ~  C ~ T  GT C ~ T  CGT 
M N V L L A E A N V P Y D E V F E L E E I N S S F Q T A D V A F V 

3101 CAT CGC'~GCC~.C C~.CGT C - ~ C C A A C C C G C ~ C - ~ C C  C~kT C CGT C C~KGCCCC~KT CTACC~2,C~T ~ C ~ T  CCT T ~ C  GT T ~ C ~ C G T  G 
I G A N D V T N P A A K T D P S S P I Y G M P I L D V E K A G T V 

3201 CT GT T CAT CAI~.-~C~*T CG~.T C ~ C C T C ~ A T  C~2CC~..-CGT CCIA~KAC~ACT GT T CT T C~2-~K~kAC2kC ~ T  ~ T  ~ GT T T ~ C ~ ~  
L F I K R S M A S G Y A G V E N E L F F R N N T M M L F G D A K K M 

> ~ ) ,1 
3301 T GACC GAGCAGAT CGT C CAE-GC GAT GAACT GAC C GCTT GAGAGCGGT CATT GATTAC~GGGACCGGCAGCGGT C C CGC C CT T T G-CGCGAT T 

T E Q I V Q A M N 

3401 AGGC GACGCCT T T T GCCCGGGAT CAGCCGT CGT GGCGAT CAAGGAAC-GCGGC GACCGCGCC~TAT CCT TTACT T CGACAT GG~CAT G T ~  

3501 GGAGT CCGGGAAGACCGCC6AT T CCGCT T T GCCGAT GT GAT C GATGAAC~'~T GGAT GCAGGCCT GGGTCGCCTCAT CGAAGGCC-C C GC ~ATAAAT GAAG 

3601 GTCC-GCACGT CGAT CCT GG~qAGGCGGT CGAT GACGCT CCAGT C GC ~ T  C-CCGAT CACGT GGAAT T C 3671 

Fig. 2. Nucleotide sequences of R. rubrum transhydrogenase genes and the predicted amino acid 
sequences of the subunits. The amino acid sequences determined by protein analysis (Cunningham et 
al., 1992; Palmer et al., 1993) are underscored by dotted lines. The putative Shine-Dalgarno sequences 
are doubly overlined. The sequences similar to the tentative promoter sequences (- 10, -35 regions) of 
c~-purple bacteria (Steinrticke and Ludwig, 1993) are doubly underlined. Possible stem/loops are 
indicated by converging arrows. The GenBank Accession Number for the above sequences is U01158. 

(~1) and chromatophores were prepared from 12-g 
batches of cells as reported by Fisher and Guillory 
(1971). The crude soluble subunit ( a l )  (20ml) was 
desalted by passing through Sephadex G-50 column 
(2.5 x 30cm) equilibrated with 10raM Tris-HC1 
(pH 7.4) containing 0 .4ram dithiothreitol (Buffer A) 
and loaded onto a NAD-agarose colttmn (2.5 x 10 cm) 
equilibrated with Buffer A. The column was washed 
with 70 ml each of  Buffer A containing 20 mM NaC1 
and then with Buffer A. The soluble subunit (o~1) was 
eluted with 50ml of Buffer A containing 0 .5mM 
N A D H  and then with 50 ml of  Buffer A. Fractions 
(60ml) that exhibited transhydrogenase activity in 
the presence of  washed membranes were loaded 
onto a DEAE-Sephadex A-50 column (1 x 13cm) 
equilibrated with 10mM Tris-HC1 (pH8.0) con- 
taining 0.1 mM NADP,  14 mM 2-mercaptoethanol, 
and 1 mM dithiothreitol. The soluble subunit (c~l) 
was eluted with a linear gradient (0 to 20raM) of  
ammonium sulfate in the same buffer. Active 
fractions (11 ml) were concentrated to ~500 #1 using 
Centricon-30 concentrator. 

Detection of Peptides by Immunoblotting 

Protein samples were subjected to 13% SDS- 
polyacrylamide gel electrophoresis (Laemmli, 1970). 
Peptides were transferred onto PVDF membranes 
using a Bio-Rad Mini Trans-Blot apparatus. 
Immunoblott ing was carried out using affinity- 
purified antibodies raised to the N-terminal 43-kDa 
peptide and the C-terminal 20-kDa peptide of  bovine 
transhydrogenase as reported previously (Yamaguchi 
and Hatefi, 1991). 

RESULTS AND DISCUSSION 

Cloning of the Genes of Transhydrogenase Subunits 

Four PCR clones were isolated whose insert 
sequences were consistent with the amino acid 
sequences of  the N-terminus (residues 1-37) of the 
soluble R .  r u b r u m  transhydrogenase subunit (c~l). 
The insert ( l l 0 b p )  of  one clone was radiolabeled 
and employed as a probe. When Southern blotting 
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was carried out on the R. rubrum genomic DNA, one 
6.4 kbp BamHI fragment strongly reacted with this 
probe. Therefore, 5-8-kbp fragments were isolated 
from the BamHI digest of R. rubrum genomic DNA 
and a genomic library was constructed by ligation of 
the fragments into the BamHI site of pBluescript II. 
The library was screened by colony hybridization. 
From a population of 3000 colonies one clone 
strongly reacted with the probe. This clone 
(pRRTH-11) was found to contain the 6.4-kbp 
insert, which was subjected to further restriction and 
sequence analyses. 

DNA Sequence Analysis 

Figure 1 displays the restriction map of the 
6.4-kbp BamHI fragment of pRRTH-11. The PCR 
probe reacted with a 1.3-kbp BamHI-EcoRI frag- 
ment, but not with the initial 750 bp BamHI-HincII 
portion of this fragment. Therefore, the sequence 
encoding the N-terminus of the soluble subunit (al) 
was located in the following 550bp HincII-EcoRI 
region. Sequencing of this region revealed that the 
gene encoding the soluble subunit (~1) starts from 
850 bp downstream of the frst BamHI site and that 
the gene is coded toward the second BamHI site. 
Furthermore, the 3.7-kbp SmaI-EcoRI region (see 
Fig. 1) was found to have three open reading 
frames. These genes, whose nucleotide sequences 
are shown in Fig. 2, were designated nntA1, nntA2, 
and nntB (nnt for nicotinamide nucleotide trans- 
hydrogenase), and the polypeptides they encode 
were designated ~1, ~2, and/3, respectively. The puta- 
tive Shine-Dalgarno sequence (Shine and Dalgarno, 
1975) for ribosome binding is found 5-10 base pairs 
upstream from the initiation codon of each gene, as 
shown in Fig. 2. The inverted repeats in the region 
following the nntB gene can form step/loop structures 
and are considered to be the terminator of the nnt 
operon. 

It is known that R. rubrum has a high genomic 
GC content (60-70%) (Osawa et al., 1990). The GC 
contents of nntA1, nntA2, and nntB are 65.5, 61.2, 
and 64.1%, respectively. The amino acid composi- 
tions of the three subanits deduced from the gene 
sequences are shown in Table I. nntA1, nntA2, and 
nntB code for 3 polypeptides with 384, 139, and 464 
amino acid residues and calculated molecular 
weights of 40276, 14888, and 47808, respectively. 
The polarity indices of these polypeptides (~1, ~2, 
and /3) calculated by summation of the molar 

Table I. Amino Acid Compositions of the Transhydrogenase 
Subunits from Rhodospirillum rubrum 

Residues/subunit 

Amino acid al a2 /3 

Asp 17 1 10 
Asn 6 4 19 
Thr 30 6 18 
Ser 15 11 30 
Glu 27 6 18 
Gin 10 8 9 
Pro 19 4 18 
Gly 33 9 52 
Ala 55 21 71 
Cys 3 1 1 
Val 42 14 43 
Met 15 5 25 
Ile 22 8 37 
Leu 29 16 48 
Tyr 4 1 11 
Phe 8 11 20 
Lys 27 6 15 
His 5 3 8 
Arg 16 1 9 
Trp 1 3 2 

Total 384 139 464 

percentage of the polar amino acid residues (D, N, 
E, Q, S, T, H, K, and R) (Capaldi and Vanderkooi, 
1972) are 40, 33, and 29%, respectively. The polarity 
index (29%) of the latter polypeptide is much smaller 
than that (33%) of the corresponding E. coli/3 sub- 
unit. 

The Polypeptide Encoded by nntA1, nntA2, and nntB 

The amino acid sequences of the polypeptides 
encoded by nntA1, nntA2, and nntB are aligned in 
Fig. 3 with the amino acid sequence of the bovine 
(single subunit) and E. coli (two subunits) transhydro- 
genases. Also shown in Fig. 3 is the predicted amino 
acid sequence of a putative protein encoded by an 
Eimeria tenella gene. 

The presumption that nntA1, nntA2, and nntB 
encode three subunits (respectively ~1, ~2, and/3) of 
the R. rubrurn nicotinamide nucleotide transhydro- 
genase is based on the following considerations: (a) 
The soluble 40-kDa polypeptide (al) is required for 
the expression of transhydrogenase activity by washed 
R. rubrurn chromatophores. This polypeptide cross- 
reacts with antibody to the N-terminal 43-kDa 
tryptic fragment of the bovine transhydrogenase 
(Fig. 4, panel A), and, like the latter, it is dimeric 
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CSAPVKPGI. pyKQLTVGVPKEIFQNEKRVALSPAGVQALVKQGFNVVVESGAGEASKFSDDHYRAAGAQIQ.. GAKEVLASDLVVKVRAPMLNPTLGVH 

.............. MRI G I pRERLTNETRVAAT PKTVEQLLKLGFTVAVE SGAGQLASFDDKAFVQAGAE IV . . EGNSVWQSE 71 LKVNA~L ...... DD 

P.EERVD PS SWPY PRMAVGVLRD S . NG SVMVPVAPKFVPKLRKLAFRVNVES GAGADAGFTD EEYRRAGAEVLSGPDAVINQ SQVLLRVSAP ...... SPD 

.............. M~ I A~ P~ERP~GEDRVAI S PEV%q~KLVGLGFEV I VEQGAGVGAS I TDDALTAAGAT I AS TAAQAL S QADVV~q~VQ~ . TAEEGTD 
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EAD LLKT S GT L7 S F I y PAQN pD LLNKL SKRKT TVLAMD QVPRVT I AQGYDAL S SMAN TA~YKAVVLAANHFGRFFT GQ I TAAGKVP PAKI L IVGGGVAGL 

E IALLN PGTTLVSF I WPAQNPELMQKLAERNVTVMAMD SVPRI SRAQ S LDAL S SMAN IA~YRAI VEAAHEFGRFFT GQ I TAA~KVP PAKVMV7 GAGVAGL 

LVSRI PRDKVLI SYLFps INQQALDMLAR~GVTALAVD EVPRVTRAQKLDVKSAMQGLQGYRAV I EAFNALPKL SKAS I SAAGRVEAAKVFVI GAGVAGL 

EVAL I KE GAVLMCHLGALTNRPVVEALTKRKI TAYAM~ LMPRI SRAQS~ I LS S Q SNLAGYRAV I D GAY E FARAF PM~TAAGTVPPARVLVFGVGVAGL 

198 295 
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ASAGAAKSMGAIVR~FDTRAAALEQFKSLGAXPLEV~ . . LKESGEGQGGYAKEMSKEFIEA~MKLFAQQCKEVDILISTALIPGKKAPILFNKEMIESMK 

AAI GAANSLGAIVRAFDTRPE~-KEQVQSMGAEFLELD . . FKEEAGSGDGYAKVMSDAPIKAEMELFAAQAKEVDI IVTTALI PGKPAPKLTTREMVDSMK 

QAI S TAHGLGAQVFGHDVRSATRE EVE S CGGKF I GL . . RMGE E GEVLGGyAREMGDAy QRAQREM I ANT IKHCDVVI CTAAI HGRP S PKL I SRDMLRSMK 

QAIATAKRLGAVVMATDVRAATKEQVE SLGGKFI TV~DEAMKTA~TAGGYAKEMGEEFR~QAEAVLKELVKTD IAI TT~ I PGKPAPVL I TEEMVTKMK 
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EGSVVVDLAAEA ....... GGNFETTKPGELY. VHKGI TH I GYTDLPSRMATQASTLYSNN I TKLLKAI S PDKDNFYFEVKDD FDFGTMGHVI RGTVVMK 

A~SVIVDLAAQN ....... GG~CEYTVPGEIFTTENGVKVIGYTDLPGRLPTQSSQLyGRNLVNLLKLLCKEKDG... NTTVDFD .... DVVIRGVTVIR 

PGSVVVD LATEFGDVRS GWGGNVEVS PKDDQ IVVD. GVTVI GRRRI ETRMPI QASELFS~I CNLLEDLGGGSN ......... FRI~DEVIRGLVAVY 

PGSVI I DLAVEA ....... GGNCPLSEPGKI. VVKHGVKI VGHTNVP SRVAADAS PLFAKNLLNFLT P. HVDEDTKTLVMKLE ...... DETVSGTCVTR 
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D GQVI F PAPT P~ I P QGAPVKQKTVAELEAEKAAT I T pFRKTMT SASVYTAGLT G I LGLG I AA~NLAF .... S QMVT TFGLAG I VGYHTVWGVT PALHS P 

A~E I TWPAP . P I QVSAQ p QAAQKAAPEVKTEEKCT C S PWRKY ..... ALMALAI I LFGWMASVAPKE F .... LGHFTV~ALACVVGYYVVWNVSHALHT P 

QGRNVWQp S QPT PVSRT p pRGQMp pp SAPGAPAPEKpGAFAQALASDAFFAMCLVVAAAVVGLLGIVLD PVELKHLT LLGLS L IVGY Y CVWAVT PSLHT P 

DGAIVHPALTGQGA MEDKN I LVE GFNQLS QQALE L S QHAQALALQAS HAV . L pAAAATEGAS EF ...... WWLMTVPVLACF I GFYVVWSVT pALH S P 

~ 2  
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LMSVTNAI SGLTAVGGLVLMGGHLYPSTTSQGLAALATFI SSVN IAGGFLVTQRMLDMFKRPTD PpEYNYLYLLPAGTFVGGYLASLYSGYNI EQ IMYLG 

LMSVT~AI SGI IVVGALLQI GQGGWVSF .... LSFIAVLIAS IN I F G G F T V T ~  MSGGLVTAAY IV 

LMSVTNALSGVIVIGCMLEYGTAMI SGFT . . LLALIGTFLASV~VAGGFFVTHRMLKMFQI MPSLLGAVYLF 

LMGVTNAI SSVIWGALIATGpEAFSA. . SKVLGFFAILLASVNIFGGFIVTQ~QK MTHSLTMAAYIV 

584 683 
++ * *** +++ ** * *++ + * + * + ++ +* +*+ + ++ ,+*** +** **+***++ 

S GLCCVGALAGLST QGTARLG~ALGM I GVAGGLAAT LGGLKPCPELLAQMS GAMALGGT I GLT IAKRI Q I SD L PQLVAAFH SLVGLAAVLTC IAE Y I I E Y 

AAILFIFSLAGLSKHETSRQGNNFGIAGMAI~LIATI.. FGPDTGNVGWILLAMVIGGAIGIRLAKKVEMTEMPELVAILHSFVGLAAVLVGFNSYL... 

SAI CF I LCLRGL S T PQTAKRGN I LGLVGMVAAVVVTFT EAGFGQHYLLFFATA. ~ALGLGLY I AQ SVNMT EMPQLVALFHS FVGLAAVMVGFANF .... 

AGVLFI LALR~L SN PE SARNGNRMGMVGMAIAI LTTL . . LS PSVQAYAWIVLAIAI GGAI GTVI AKKVLMTALP QLVAAFHSLVGMAAVLVAT GA. LLNP 
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PHFATDAAANLTKI... VAY LGTY I GGVTF S GS LVAY GKLQG I LKSAPLLLPGRHLLNA~LLAG SVGGI I PFMMD P S FTT G I TCLGSVSALSAVMGVTLT 

• HHDA~MAP T LVN I HLT EVFLGI F I GAVTFT GSVVAFGKLCGKI S SKPLML ~ L A A L V V S  FLLL IVFVRTD SVGLQVLALL I MTAIALVFGWHLV 

• H S PAGVERAS S LLRLLEVYAGVFV~I TFT GSVVAAAKLHG SME SR~LRVPGRHALNTAT IAAI GVLGALFCVS S GHFTRMLCLYVNAGL SMWLGFHLV 

EAyGI GSAGAI HAGS LVEMS LGLAVGAI T F S G SV I AFGKLQGL IAGKPVT FPMQH PLNAVLG I LLVVLLVVFAATE S HT .... AYFALMI LAFALGFLL I 

781 879 
+ *********++ ******+* ++ ** * * **++ *** +***********+ **** +*++**++ + + 

AAI GGADMPVVI TVLN S Y S G~ALCAE GFLLNNNLLT IVGAL I GSS GAI LSY I MCVAMNRS LANVI LGGY GTT STAC~K~ME I S G. THTEINLDNAIDMIR 

AS I GGADMPVVVSMLNSY SGWAAAAAGFMLSNDLLIVTGALVGSSGAILSY I M ~ F I  SVIAGGFGTDGSSTGDDQEV. G. EHRE I TAEETAELLK 

AAIGGADMPVVISLLNSYSGVALAASGFMLDNNLLI IAGALI~SGAILSYIMCK~LWNVVLGGFEEAEDVGAASPQG. . .AVQQATADQVADELL 

I PI GGADMPVVI SMLNSYSGWAAAGI GFTLGNPLLI IAGALVGSSGAI LSY IMC~G~qRS I FNVI LGGFGSEGGV~RSVKAGSAEDAAFIMK 

880 979 
+ ++* ****+++* +* + * * * ********************* ***++* *+ *+* + * ++*+****++*+** +* * 

EANSI I I T PGY GLCAAKAQY P IADLVKMLSE QGKKVRFG I H PVAGRMPGQLNVLLAEAGVPYD 7 ~  E I NHDFPD TD LVLVI GAND TVN SAAQED PN S 

N S H SV I I T PGY GMAVAQAQY PVAE I TEKLRARG IN%'RFG I H PVAGRLPGH~fiqVLLAEAKVPYD I ~ E  INDD FAD TD TVLVl GANDTVN PAAQDD PKS 

AARKVL ZVPGYGMAVARCQSELAD IAKNL~CG I TVD FG I HPVAGRMPGH~r~EADVPYKIVKEMS EVN PEMS SYDVVLVVGAND TVN PAAL. EPGS 

NASKVI IVPGYGMAVAQAQHALREMADVLKE~GVEVS y~ H P V A G R M P ~ Y D  EVFE LE E IN S SFQTADVAFVI GANDVTN PAAKTD PS~ 

980 1043 
• ***+++++*+ , + ***+ *** + *++* ** **+,+** + 

I I AGMPVLEVWKSKQVI VMKRS LGVGYAAVDNP I FYKPNTAMLLGDA~T CDALQAKVRE S y QK .................. 

P I A~MPVLEVWKAQ~VIVFKRSMNT GyAGVQN pLFFKENT HMLFGDAKASVDAI LKAL ........................ 

K I S GMPVI EAWKARRVFVLKRSMAAGYAS I EN PLFHLENTRMLFGNAKNTT SAVFARVNARAE QMP p SAARDD LEAGLLEFD 

P I Y GMP I LDVEKAGTVLF I KRSMASGYAGVENE LFFRNN TP~qLFGDAKKMT E Q IVQAMN ....................... 

Fig. 3. Alignment of the amino acid sequences of transhydrogenases from bovine mitochondria (one subunit), Escherichia coli (two subunits), 
Eimeria tenella (one subunit, see text), and Rhodospirillum rubrum (three subunits). The presumed amino acid sequence of the E. tennella enzyme 
has been cut into two halves. Its N-terminal half is aligned with the C-terminal half of the bovine enzyme, and its C-terminal half is aligned with 
the N-terminal half of the bovine enzyme. Identities among all sequences are shown by asterisks, and among any three sequences, by plus signs. 
Alignment gaps are shown by dots. The sequence of each peptide was deduced from the nucleotide sequence of the genes or cDNA. 
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(Cunningham et al., 1992) and binds to NAD agarose 
(McFadden and Fisher, 1978). The amino acid 
sequence of ~1 shows considerable sequence identity 
to the c~ subunit of the E. coli and the N-terminal 
hydrophilic domain of the bovine transhydrog- 
enases. (b) Membrane extracts ofR.  rubrum chromato- 
phores, which in the presence of a l  exhibit 
transhydrogenase activity, contain a 48-kDa 
polypeptide which cross-reacts with antibody to the 
C-terminal 20-kDa fragment of the bovine transhy- 
drogenase (Fig. 4, panel B). The 48-kDa polypeptide 
encoded by nntB has extensive sequence identity to the 
/3 subunit of the E. coli and the C-terminal half of the 
bovine transhydrogenases (Fig. 3). (c) The 15-kDa 
polypeptide encoded by nntA2 has yet to be identified 
as a membrane-bound component of R. rubrum 
chromatophores. However, the amino acid sequence 
of the C-terminal half of this polypeptide has consid- 
erable sequence identity to the corresponding seg- 
ments of  the bovine and the a subunit of  the E. coli 
transhydrogenases. (d) As seen in the alignment of  
Fig. 5, the hydropathy plots of the R. rubrum a l ,  
~2, and /3 polypeptides are highly analogous to 
those of  the ~ and/3 subunits of  the E. coli transhy- 
drogenase. Therefore, it seems reasonable to assume 
that the R. rubrum operon containing the genes nntA1, 
nntA2, and nntB encodes a three-subunit nicotinamide 
nucleotide transhydrogenase, of  which subunit a 1 is a 
peripheral, water-soluble protein and subunits a2 and 
/3 are integral membrane proteins. 

Figure 3 also includes the amino acid sequence of 
a putative protein (single polypeptide) as predicted 
from the cDNA of Eimeria tenella (Kramer et al., 
1993; Vermeulen et al., 1993), which is an intracellu- 
lar protozoan parasite of  the cecal epithelium of  
chickens. Whether this gene encodes a viable trans- 
hydrogenase is not yet known. However, the amino 
acid sequence predicted therefrom bears considerable 
similarity to those of the other three transhydrog- 
enases of Fig. 3, except for the following interesting 
difference. The N-terminus of the E. tenella putative 
protein starts at a position corresponding in Fig. 3 to 
residue 573 of  the bovine enzyme (the E. coli and R. 
rubrum/3 subunits start at a position corresponding in 
Fig. 3 to residue 572 of the bovine transhydrogenase). 
Thus, the N-terminus of  the E. tenella putative protein 
has a 300-residue-long hydrophobic stretch. This is 
followed by a 600-residue-long hydrophilic stretch, 
corresponding to the NADP(H)  followed by the 
NAD(H)  binding domains of the bovine transhydrog- 
enase. The E. tenella putative protein ends with a 130- 

A B 
I I 

kDa 1 2 

I I 

1 2 

106 - 
8 0 -  

5 0 -  

3 3 -  

2 8 -  

1 9 -  

Fig. 4. Immunoblotting of transhydrogenase subunits. The puri- 
fied soluble subunit (al) (0.3/~g/lane) and deoxycholate extracts of 
KCl-washed R. rubrum chromatophores (2.4#g/lane) were sub- 
jected to SDS-polyacrylamide gel electrophoresis and transferred 
to PVDF membranes. Immunoblotting was carried out using 
afffinity-purified antibodies as described previously (Yamaguchi 
and Hatefi, 1991). Panel A, soluble subunit (al): lane 1, protein 
staining with Coomassie blue; lane 2, immunostaining with anti- 
body to the N-terminal 43-kDa peptide of bovine transhydrogen- 
ase. The lower Mr band in this lane is probably a degradation 
product of al. Panel B, chromatophore extract: lane 1, staining 
with Coomassie blue; lane 2, immunostaining with antibody to 
the C-terminal 20-kDa peptide of bovine transhydrogenase. As 
shown by the arrowhead, a 48-kDa peptide was immunostained 
with antibody to the bovine C-terminal 20-kDa peptide. 

residue-long hydrophobic stretch, which corresponds 
to the oz2 subunit of the R. rubrum and the C-terminal 
hydrophobic domain of  the a subunit of  the E. coli 
transhydrogenases. Therefore, in examining Fig. 3, 
the following points should be considered. (i) The 
predicted amino acid sequence of  the E. tenella 
putative protein has been divided into two halves. 
Its N-terminal half has been aligned with the C- 
terminal half of  the bovine transhydrogenase, and 
its C-terminal half with the N-terminal half of the 
bovine enzyme. (ii) All alignments are with respect 
to the amino acid sequence of  the bovine transhydrog- 
enase, whose amino acid sequence numbers are 
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Fig. 5. Hydropathy profiles of the E. coli and R.  rubrum transhydrogenases. Hydropathy scores 
were calculated by the method of Kyte and Doolittle (1982), using a setting of nine residues. The 
horizontal line at -0.4 on the ordinate denotes the average hydropathy of 84 fully sequenced soluble 
proteins. The areas above and below this line indicate relative hydrophobic and hydrophilic regions, 
respectively. 

indicated at the start and the end of each line. (iii) The 
N-termini of the o~1, c~2, and /3 subunits of the R. 
rubrum enzyme have been so labeled. (iv) Residue 
identities among the four sequences are marked by 
asterisks, and among any three sequences by plus 
signs. 

In addition to the sequence similarities seen in 
Fig. 3 among the bovine, E. coli, and the R. rubrum 
transhydrogenases, there are several interesting 
features of the amino acid sequence of the latter that 
are worthy of note. 

1. The NAD(H) binding domain of the bovine 
enzyme is marked by a /3c~/3 fold followed by 
an EEDQ-modifiable and NADH(and NMNH)- 
protectable Glu232, a FSBA-modifiable and NADH- 
protectable Tyr245, and a DCCD-modifiable and 
NADH(and AMP)-protectable Glu257 (Fig. 6). In 
the corresponding region of the c~l subunit of the 
R. rubrum transhydrogenase, there is also a/3o~,/3 fold 
(with the highest score of 11, see Wierenga et al., 
1986), and a conserved Tyr corresponding to Tyr245 

of the bovine enzyme (Fig. 6). The glutamic acid resi- 
dues modified by EEDQ and DCCD in the bovine 
enzyme are also present in the corresponding posi- 
tions of the a subunit of the E. coli, but not in the 
c~t subunit of the R. rubrum protein (Figs. 3 and 6). 

2. In the NADP(H) binding domain of the bovine 
transhydrogenase, there is an EEDQ-modifiable and 
NMNH-protectable Glus80 and a FSBA-modifiable 
Tyrl006. The latter, but not the former, is conserved 
in the corresponding position of the/3 subunit of the 
R. rubrum enzyme (Fig. 6). 

3. According to the site-directed mutagenesis 
studies of Olausson et al. (1992), the E. coli tyrosine 
residues corresponding to the FSBA-modifiable 
Tyr245 and Tyrl006 of the bovine enzymes are not 
essential residues. It is interesting, however, that 
these tyrosine residues are conserved in all the four 
sequences shown in Fig. 3. 

4. A striking feature of Fig. 3 is the high degree of 
sequence identity among the four proteins listed 
downstream of the bovine residue 781. This region 
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B • taurus 

R, rubrum 

EEDQ FSBA DCCD 

177 I~a0 ~ ~ ~257 
TAAGKVPP~ILIVGGGVAGLASAGAAKSMGAIVRG~RAAALEQFKSLGAEPLEVD,. LKESGEGQGGYAKEMSKEFIEAE 

;~G~; ;~VF~V~QAIAT~9~AV~T~TKE ;VE S LGGKF i ~DEAMXT~TAGGY~GEE ;RKKQ 

B • taurus 

R, rubrum 

EEDQ FSBA 
8804 937 999 ~ 1007 

EANSIIITPGYGLCAAKAQYPIADLVE24LSEQGKKVRFGIHPVAGRMPGQLNVLLAEA . . . . . . . . . .  KRSLGVGYA 

NASKVIIVPGYGMAVAQAQHALREMADVLKKEGVEVSYAIHPVAGRMPGHMNVLLAEA .......... KRSMASGYA 

Fig. 6. Portions of the NAD(H)-binding (residues 177-257) and NADP(H)-binding (residues 880-1007) domains of the bovine transhy- 
drogenase and the corresponding regions of the c~ 1 and ~3 subunits, respectively, of the R. rubrum transhydrogenase. Substrate-protectabte 
residues modified by EEDQ, FSBA, and DCCD in the bovine enzyme are marked by arrows, and flail folds, which are hallmarks of protein 
binding domains for ADP, ATP, NAD, and FAD (Wierenga et  al., 1986), are boxed. 

starts with a short hydrophobic segment, correspond- 
ing to two possible membrane-spanning a helices, 
followed by a 200-residue-long hydrophilic segment, 
which we have shown in the bovine enzyme to include 
the NADP(H) binding domain. The high degree of 
sequence conservation in this region may be relevant 
to the mechanism of energy transduction by the 
transhydrogenase, as we have proposed elsewhere 
(Yamaguchi and Hatefi, 1989; Yamaguchi et al., 
1990; Hatefi and Yamaguchi, 1992). As seen in equa- 
tion (1) in the reverse direction, oxidation of NADPH 
by NAD results in uphill proton translocation and 
establishment of a transmembrane proton electroche- 
mical potential. Since the NADPH/NADP and the 
NADH/NAD couples have nearly the same reduc- 
tion potentials (AEm,7--~ 5mV) and all substrates 
and products are on the same side of the membrane, 
the only source of energy for uphill proton transloca- 
tion in the reversal of equation (1) is the difference in 
the concentrations (or binding energies) of reactants 
(NADPH and NAD) and products (NADP and 
NADH). Furthermore, since the scalar transhydro- 
genation reaction [equation (1)] does not involve 
release or uptake of protons (hydride ion transfer 
between NAD and NADP is direct), and the enzyme 
does not contain a prototropic cofactor capable of 
translocating protons across the membrane, it 
follows that proton uptake and release across the 
membrane must be accomplished by pKa changes of 
appropriate amino acid residues of the enzyme itself. 
These considerations suggested, therefore, that energy 
transduction by the transhydrogenase occurs via 
substrate-induced conformation change of the pro- 
tein. In this manner, the difference in the binding 
energies of substrates and products would be commu- 
nicated to the protein, resulting in pK a changes of 
appropriate residues and proton uptake and release 

on opposite sides of the membrane. Consistent with 
this view, we have shown that NADP and NADPH 
(but not NAD or NADH) binding causes different 
changes in the conformation of the bovine enzyme 
(Yamaguchi and Hatefi, 1989; Yamaguchi et al., 
1990), and changes the pKa of Cys893:9.5 in the 
presence of NADP and 8.7 in the presence of 
NADPH (Yamaguchi and Hatefi, 1989). It is, there- 
fore, noteworthy that the NADP(H) binding domain 
of the transhydrogenase and a nearby hydrophobic 
segment capable of membrane intercalation are 
highly conserved in the four sequences shown in Fig. 3. 
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