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Energy-Transducing Nicotinamide Nucleotide
Transhydrogenase: Nucleotide Sequences of the Genes and
Predicted Amino Acid Sequences of the Subunits of the Enzyme
from Rhodospirillum rubrum
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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
6.4kbp was isolated from a genomic library of R. rubrum and sequenced. This sequence
contained three open reading frames, constituting the genes nnrdl, nntA2, and nntB of the
R. rubrum transhydrogenase operon. The polypeptides encoded by these genes were designated
al, a2, and 3, respectively, and are considered to be the subunits of the R. rubrum transhy-
drogenase. The predicted amino acid sequence of the al subunit (384 residues; molecular
weight 40276) has considerable sequence similarity to the o subunit of the Escherichia coli
and the N-terminal 43-kDa segment of the bovine transhydrogenases. Like the latter, it has
a Bof fold in the corresponding region, and the purified, soluble a1 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 o2 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 « subunit of the E. coli
transhydrogenases.

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

INTRODUCTION and the 4B position of NADP(H) in a reaction that
is coupled to transmembrane proton translocation

The energy-transducing nicotinamide nucleotide with a H" /H™ stoichiometry close to unity [equation
transhydrogenases are integral membrane proteins, (1); for recent reviews, see Hatefi and Yamaguchi,

and catalyze the direct and stereospecific transfer of 1992; Olausson et al., 1992; Lee and Ernster, 1989].

a hydride ion between the 4A position of NAD(H)

NADH + NADP + Hf,,
- = NAD + NADPH + H}, (1)
! Division of Biochemistry, Department of Molecular and Experi- . . . .
mental Medicine, The Scripps Research Institute, La Jolla, The bovine mitochondrial transhydrogenase is a

Catifornia 92037.

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 er 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 M, values of 54,000 and 49,000. The
E. coli enzyme is tetrameric (a,5;) (Hou et al., 1990),
and the amino acid sequences of its subunits have
been deduced from the genes (Clarke er 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 ef al., 1992), and shown
that its N-terminal 37 residues have considerable
sequence identity to that segment of the o 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 M, 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
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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.
TagDNA polymerase was from Gibco BRL. BA-85
nitrocellulose filters were from Schleicher & Schuell.
[«-*?PIACTP (3000 Ci/mmol) and o-thio-[>*S]dATP
(1200 Ci/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? amplification (Saiki et al., 1988) of the
portion of the gene encoding the N-terminal
sequence of the soluble subunit (ol 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 (al), degenerate sense and antisense primers
containing 288 and 384 different sequences, respec-
tively, were synthesized as shown:

Sense primer

5 ATGAAAATAGCAATACCAAA 3
G T T T T
cC G C G
C C

Antisense primer

3 AAACTTCAATAACAACTTGT ¥
G ¢C T T T C
G G G
C C

DNA sequences were amplified with Tag DNA poly-
merase in 100-ul reaction mixtures containing 1 ug of
R. rubrum DNA, 10mM Tris-HCI (pH 8.5), 50 mM
KCl, 2mM MgCl,, 0.1% Triton X-100, 250 uM of
each ANTP (dATP, dCTP, dGTP, and dCTP), Spug
of both oligonucleotide primers, and 5 units of Tag
DNA polymerase. The samples were subjected to 35
amplification cycles, denaturation at 94°C for 90s,
annealing at 46°C for 30s, and extension from the
primers at 72°C for 2min. The PCR products were
separated by electrophoresis on 1.5% agarose gel.

2 Abbreviations used: PCR, polymerase chain reaction; DCCD,
N, N'-dicyclohexylcarbodiimide; EEDQ, N-(ethoxycarbonyl)-2-
ethoxy-1,2-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 EcoRYV site of pBluescript I1. 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 [o2-PldCTP 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 BamHI 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 BamHI site of pBluescript 11
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 x SSC
(1 x SSC=0.15MNaCl, 0.015M sodium citrate,
pH7.2), 1 x Denhardt’s solution (Denhardt, 1966),
0.2% SDS, and calf thymus DNA (100 pg/ml).
Hybridization was carried out overnight at 42°C in

1 2 3

o
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prehybridization solution with the [a-**P]dCTP-
labeled probes (~10° cpm/ml). The filters were washed
at 42°C for 1 hin 5 x SSC containing 50% formamide
and 0.2% SDS, and then in 5 x SSC containing
0.2% SDS. They were further washed in 2 x SSC at
42°C for 30min. 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 EcoRYV site of
pBluescript 1. After purification and alkali denatura-
tion (Chen and Seeburg, 1985) of phagemid, DNA
sequencing was carried out by the dideoxynucleotide
method (Sanger ef al., 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 BesTrIT and PILEUP
programs.

Purification of the Soluble Subunit of R. rubrum
Transhydrogenase

R. rubrum cells were grown photosynthetically
(Ormerod et al., 1961), and crude solubie subunit
kbp

5 6 7
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Fig 1. Restriction map of the insert of the isolated clone pRRTH-11 and

its expanded transhydrogenase coding region. Three structural genes
(nntdl, 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 nntAl, nnt2, and nntB encode subunits o1, o2, and 3,
respectively. Both strands of the expanded Smal-EcoRI 3.7kbp region

were completely sequenced.
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1 AAGCCTACCCACCGCCGGCGAAATGCTCAAAGCCACCGATGCCACTTTCGATGGCGATGGCTTCGATCAGGCCTGGAAGACCGAAGAAAAGGCCEGEATE

101 GTTTGATCGGGCGCTTTTGCGCGECGACCCCACGGARATCCGGGCTTTACGACCCEEGGTAATTCGCTTATGCGAAAGATCTTGGGGTCTTGTTCGCCCE

201 GGCTTACCG&CGGGGAAGCATGAAGcheéCTAAAALuuéugu;11uuu&1uuAcCGGTéTTGTGTcsegéggggccAAéGGGCATGGT&CCGCCCTTG&

nntAl
301 GCTCGATAAGACCTTAGACCGTCTCACGACAATTGAT TGCGTTATGAAGATCGCTATTCCAAAAGAGCGACGCCCCGGCGAGGATCGCGTCGCCATC
M K I A I P K E R R P G E D R V A I

401 TCTCCCGAGGTGGTGAAGAA&LLLQLLMLL GGGGTT u:AGGTGATCGTCGAACAAGGGGCCGGTGTCGGCGCGTCGATAACCGACGATGCCTTGACCG
s ..P.E V.K.K.L Vv ¢ L 6 F B V I V..EQ 6 A GV 6 A s I T DDA ATILTA

501 CCGCCGGCGCCACCATCGCCAGCACGGCGECECAGGCCCTGTCCCAGGCCAATGTGETCTGGAAGGTACAGCGGCCGATGACCGCCGAGGAGGGCACCGA
A G AT TIASTAATGOQATLTGST QA ADTYTYVWIE KTYOQRTUPMTATETETGTD

601 CGAGGTCGCCCTGATCAAGGAAGGCGCGGTCCTGATGTGCCATCTTGGCGCCCTGACCAACCGTCCGGTGGTCGAGGCCCTGACCAAGCGCAAGATCACC
E V A L I K E G A VvV L M C G A L T P V V. EA LT K RK I T

701 GCCTATGCCATGGAACTGATGCCGCGGAT CAGCCGCGCCCAGTCGATGGATATCCTTTCCAGCCAGT CGAACCTCGCGGGCTATCGCGCCGT GA'I‘CGACG
A Y A M E L P R I 8 RA Q s M DI L S8 8 Q@ S NLAGVYURA AV I DG

801 GCGCTTATGAATTCGCCCGCGCCTTTCCGAT.-.ATGATGACCGCCGCCGGCACCGTGCCGCCGGCCCGCGTGCTGGTGTTTGGCGTCGGCGTCGCCGGATT
A E F A RA F P MMMTAW AGTV P ARV LY F 6V 6V A G L

901 GCAGGCGATCGCCACGGCCAAGCGCCTGGGCECCETEGTCATGECCACCGACGTTCOCGCCGCCACCAAGGAACAGGTGGAAAGCCTGGGCGGCAAGTTS
Q A I ATAZXKTRTLTGAVV MATDTVR RAATTEKTET QT VTET STLS GG GEXKF

1001 ATCACCGTCGAT GACGAGGCGATGAAGACCGCCGAGACCGCCGGCGGCTACGCCAAGGAAA GGGCGAGGAGTTCCGCAAGAAGCAGGC&GAGGCCGTG&
1 T v b D EA MK T A E. T G .G Y A EE K Q A E A V L

1101 TCAAGGAACTGGTCAAGACCGATATCGCCATCACCACCGCCCTGATCCCCGGCAAGCCCGCGCCGGTGCTGATCACCGAGGAGATGGT GACCAAGATGAA
K E L vV XK TD I ATITTATILTIP P A PV L I T EZEMVTIXKMIK

1201 GCCGGGCAGCGTCATCATCGATCTGGCCGTCGAAGCCGGCGGCAATTGCCCGCTGTCGGAGCCGGGCAAGAT CGTT GTCAAACACGGCGTCAAGATCGTT
P G 8§ v 1 I D AV E A G GG N C P L P G K I V vV K H G V K I V

1301 GGCCACACCAACGTCCCCTCGCGCGTCGCCGCCGACGCCAGCCCGTTGTTCGCCAAGARCCTTCTGAACT TCCTCACCCCCCACGTCGACARGGACACGA
G HT NVPSRVAATDASTPTLTFA ATZEKINTELTLTOSNTFETILTTP®HTYVDTI KTDT K

1401 AGACGCTGGTGATGAAGCTCGAGGACGAAACGGT'I'TCGGGCACCTG'l'GTGACCCGCGATGGCGCCATCGTCCATCCGGCGCTGACCGGACMCATA
T L VvV M K L D E T V s c T R G A I V H P AL T G Q G A *

nntA2
1501 AGCGATGGAAGACAAGAACATCCTCGTCGAGGuCTTCAATCAGCTCTCGCAACAGGCCCTTGAATTGTCCCAGCATGCCCAGGCCCTGGCCCTTCAGGCC
M E D KNI L V E G F N QL S Q Q AL EUL S Q HAQ AILAUDLQ A

1601 AGCCATGCGGTTCTGCCGGCCGCCGCCGCCA "GGAAGGCGCCAGCEAGTTCTGGTGGCTGATGACGGTT I TCGTCCTGGCCTGCTTCATCGGCTTTTATG
S H AV LPAAMAAATTETGA ATSTETF@®W®WTILMTV VT FVTLATCCTFTITGTF ¥

1701 TGGTGTGGTCGGTGACCCCGGCCCTTCACAGCCCGCTGATGGECGTCACCAACGCCATTTCCTCGGTCATCGTCETCGGGECGCTGATCGCCACCGGTCC
VWsSVTTPALTHTSTPTLMG VTN A ATILISSVIVYGATZLTIATTGP

1801 TGAAGCCTTCAGCGCGTCGAAGGTGCTGGGCTTCT TCGCCATCCTGCTTGCGAGCGTGAACATCTTCGGCGGGTTCATCGTGACCCAACGAATGCTGGCC
E AF S A S KVLGTFTFEFATILITELTELHA AT ST VNTITFTGTEGTFTITVTTEGQT RMTLA

1501 ATGTTCAAGAAGAAGCAGAAGTAAGGGGCACGCGACCATGACGCATAGTCTTACCATGGCGGCCTATATCGTCGCCEGCETECTCTTCATTCTCGCCCTG
M F K K K @ K * M T H 8 L T M A AZY I V A GV L FTIILAL

2001 CGCGGCCTGTCCAATCCGGAATCGGCGCGCAACGGCAACCGCATGGGCATGGTCEGCATGGCGATCGCCATCCTGACCACGCTGCTGTCGCCTTCGATTC
R GL S NUPTETSATRNTGTONTERMGMTYGMATZA ATITLTTTILTLST PGSV Q

2101 AGGCCTATGCCTGGATCGTCCTGGCGATCGCCATCOGCGGCGCCATCGGCACGGTGATCGCCAAAAAGGTGCTGATGACCGCCCTGCCGCAGCTTGTCGE
A Y AWTIUVTILATTG ATITGTGA ATITG TV VTIATZEKTEKTYTELMTATLTPTO QTLUV A

2201 CGCCTTCCACTCGCTGGTCGGCATGGCCGCCGTGCTGGTGGCCACCGGCGCCCTGCTCAATCCCGAAGCCTATGGCATCEGTTCGGCCGEGGCGATCCAC
A F H S LV GMAAMACYTELTVYATGATLTELTNTPTETA AZYTEGTITGSAT G ATIH

2301 GCCGGATCGCTGGTTGAAATGTCGCTCGGCCTGGCCGTCGGCGCCATCACCTTCTCGGGATCGGTGATCGCCTTTGGCARGCTTCAGGGGCTGATCGCCG
A G S L VEMSGSTILGTELA AT YVTGA ATITTFSTSSGS SUVTIATFTG GTZ X TUELUGOGTELTIAG

2401 GCAAGCCGGTGACCTTCCCGATGCAGCATCC jCTGAACGCCGTGCTTGGCATTCTGCTGETCGTGCTGCTGGTGETCTTCGCCGCCACCCAAAGCCACAS
K PV TTFTPMOQEHTPLUNATVTELTGTITELTZLTYVJVTLTLTYVTYVTFTA AT BATTETSTHT
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CGCCTATTTCGCCCTGATGATCCTGGCCTTCGCCCTTGGCT TCTTGCTGATCATTCCGATCGGCGGCGCCGACATGCCEGTCGTCATCTCGATGCTCAAC
A Y F A L MTITLATPFA ATLTGTFTLTLELTITIT®P® I G GATDMMTPTVJTVTISMTLELHN

AGCTATTCGéGCTGGGCGGéTGCGGGCAI*GGCTTCACCéTGGGCAATCéGCTGCTGATCATCGCCGGCGCCCTGGTCGGGTCGTCGGGCGCCATCCTGA
S ¥ 8 G W A A A G I 6 FTLGNUPILTILTIIWASGA ATLTYG S S 6 A I L s

GCTACATCATGTGCAAGGGCATGAACCGCTCGATCTTCAACGTCATCCTGGGCGGCTTCGGCAGC
Y C

GAGGGCGECETAGCGGCEGCCGGTEECGCEGCCGE
G M N RS I F N I L G G F E G G

V A A A G 6 A A G

CGATCGTTCGGTCAAGGCCGGCAGCGCCGARGACGCGGCCTTCATCATGAAGAACGCCT CGAAGGTCATCATCGTGCCCGGCTATGGCATGGCGETGGCS
D R 8 V XA G S A EDAATVFTIMI KNDNASI KU YV I I VP GY G MAUV A

CAGGCCCAGCACGCCCTGCGCGAAATGGCCEATGTGCTCAAGAAGGAAGGCGTCGAGGTTTCCTACGCCAT CCATCCGGTGGCCGACCATATGCCCERAC
©C A Q HATLTPRTETMATDTYTLTEXKTKTETGTVTETYTSTZYATITEHTEP?TYVATCGRMTEPOG H

ATATGAACGTGCTGCTGGCCGAGGCCAATGTGCCCTATGACGAGGTCT TCGAGCT CGAAGAGATCAACAGCTCGT TCCAGACCGCCGATGTCGCCTTCGT
M N VLLAEANTYTP®ZYDTETVTFTETLTETETITNTSTSTFTG QTATDTYATFV

CATCGGCGCCAACGACGTGACCAACCCGGCGGCCAAGACCGATCCGTCGAGCCCGATCTACGGCATGCCGATCCTTGACGTTGAAAAGGCCGGAACCGTG
@ AN D V T NP A AI KTUD P S s P I ¥ G M P I L DV EIKAGTYV

CTGTTCATCAAGCGCTCGATGGCCTCGGGCTATGCCGGCGTCGAGAACGAACTGTTCTTCCGCAACAACACGATGATGCTGTTTGGCGACGCCAAGAAGA
L F I K R 8 A 5 G Y A G V E N E F F R N NTMMUL F 6 D A K K M

TGACCGAGCAGATCGTCCAGGCGATGAACTGACCGCTTGAGAGCGGTCATTGAETACGAAAAAGGGCGGGACCGGCAGCGGTCCCGCCCTTTGCGCGATT
T E Q Q A M N

AGGCGACGCCTTTTGCCCGGGATCAGCCETCGTGGCGATCAAGGAAGGCGOCGACCECGCCCAGGCAGATATCCT TTACT TCGACATGEGGCATGTGGCT
GGAGTCCGGGAAGACCGCCCATTCCECTTTGCCGATGTGATCGATGAACGGCTGGATGCAGGCCTGGGTCGCCTCATCGAAGGCGCCGCGATAAATGAAG

GTCGECACGTCGATCCTGGGCAGGCEGTCAATGACGCTCCAGTCGCGCAGGETGCCGATCACGTGGAATTC 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 ez
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
a-purple bacteria (Steinriicke and Ludwig, 1993) are doubly underlined. Possible stem/loops are
mdicated by converging arrows. The GenBank Accession Number for the above sequences is U01158.

(al) and chromatophores were prepared from 12-g
batches of cells as reported by Fisher and Guillory
(1971). The crude soluble subunit (a1) (20ml) was
desalted by passing through Sephadex G-50 column
(2.5 x30cm) equilibrated with 10mM Tris-HCl
(pH 7.4) containing 0.4mM dithiothreitol (Buffer A)

and loaded onto a NAD-agarose column (2.5 x 10 cm) .

equilibrated with Buffer A. The column was washed
with 70 ml each of Buffer A containing 20 mM NaCl
and then with Buffer A. The soluble subunit (1) was
eluted with 50ml of Buffer A containing 0.5mM
NADH 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-HCl (pH8.0) con-
taining 0.1mM NADP, 14mM 2-mercaptoethanol,
and 1mM dithiothreitol. The soluble subunit (al)
was eluted with a linear gradient (0 to 20mM) of
ammonium sulfate in the same buffer. Active
fractions (11 ml) were concentrated to ~500 zl 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.
Immunoblotting 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. rubrum transhydrogenase subunit (al).
The insert (110bp) 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
6.4kbp 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
(pPRRTH-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 750bp BamHI-Hincll
portion of this fragment. Therefore, the sequence
encoding the N-terminus of the soluble subunit («1)
was located in the following 550bp Hincll-EcoR1
region. Sequencing of this region revealed that the
gene encoding the soluble subunit (1) starts from
850 bp downstream of the first BamHI site and that
the gene is coded toward the second BamHI site.
Furthermore, the 3.7-kbp Smal-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 nntAl, nntA2,
and nntB (nnt for nicotinamide nucleotide trans-
hydrogenase), and the polypeptides they encode
were designated a1, a2, and S, 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 nntAl, nntA2, and nntB are 65.5, 61.2,
and 64.1%, respectively. The amino acid composi-
tions of the three subunits deduced from the gene
sequences are shown in Table I. nntAdl, 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 (al, a2,
and () calculated by summation of the molar
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Table I. Amino Acid Compositions of the Transhydrogenase
Subunits from Rhodospirillum rubrum

Residues/subunit
Amino acid al a2 )
Asp 17 i 10
Asn 6 4 19
Thr 30 6 18
Ser 15 11 30
Glu 27 6 18
Gln 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 nntAl, nntA2, and nntB

The amino acid sequences of the polypeptides
encoded by nntAl, nniA2, 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 nutAl, nntA2, and nntB
encode three subunits (respectively al, a2, and §) of
the R. rubrum 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. rubrum 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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R.rubrum  .......onovn.-- MKIAIPKERRPGEDRVAISPEVVKKLVGLGFEVIVEQGAGVGASITDDALTAAGATIASTAAQALSQADVVWKVQRPM . TAEEGTD

ol

88 197

+ o+ * + o+ x o+ % ok bkk Fwx & ke o+ bkedrd H+ + + 4+ Fhakk kbbbt b ok Rkakk

B.taurus EADLLKTSGTLISFIYPAQNPDLINKLSKRKTTVLAMDOVPRVT IAQGYDALS SMANIAGYKAVVLAANHFGRFFTGQITAAGKVPPAKILIVGGGVAGL
E.coli EIALLNPGTTILVSFIWPAQNPELMOKLAERNVTVMAMD SVPRI SRAQSLDALSSMANIAGYRAIVEAAHEFGRFFTGQI TAAGKVPPAKVMVIGAGVAGL

E.tenella LVSRIPRDKVLISYLFPSINQQOALDMLARQGVTALAVDEVPRVTRAQKLDVKSAMQOGLOGYRAVIEAFNALPKLSKASISAAGRVEAAKVFVIGAGVAGL
R.rubrum EVALIKEGAVIMCHLGALTNRPVVEALTKRKITAYAMELMPRI SRAQSMDILSSQSNLAGYRAVIDGAYEFARAFPMMMTAAGTVPPARVLVFGVGVAGL

198 285

++ ok ke ¥ * k + k++ x x4+ + + + hRkktER + o+ + + + rt + kktbkdkdtbhk x+ ko Fkk

B. taurus ASAGARKSMGAIVRGFDTRAAALEQFKSLGAEPLEVD . . LKESGEGQGGYAKEMSKEFIEAEMKLFAQQCKEVDILISTALIPGKKAPILFNKEMIESMK
E.coli AAIGAANSLGAIVRAFDTRPEVKEQVQSMGAEFLELD . . FKEEAGSGDGYAKVMSDAF IKAEMELFAAQAKEVDI IVTITALI PGKPAPKLITREMVDSMK

E.tenella QAISTAHGLGAQVFGHDVRSATREEVESCGGKFIGL. .RMGEEGEVLGGYAREMGDAYQRAQREMIANTIKHCDVVICTAAIBGRPSPKLISRDMLRSMK
R. rubrum QAIATAKRLGAVVMATDVRAATKEQVESLGGKEFITVDDEAMKTAETAGGYAKEMGEEFRKKQARAVLKELVKTDIAITTALI PGKPAPVLITEEMVTKMK

296 387

kkk dhkkk + kkk 4 ++ + x+ 4x + + x ++x L 2 +4 + + +++k 4+
B. taurus EGSVVVDLAAEA....... GGNFETTKPGELY . VHKGITEIGYTDLPSRMATQASTLY SNNITKLLKAI SPDKDNFYFEVRKDDFDFGTMGHVIRGTVVMK
E.coli AGSVIVDLAAQN. ... ...GGNCEYTVPGEIFTTENGVKVIGYTDLPGRLPTQSSQLYGRNLVNLLKLL.CKEKDG. . .NITVDFD. . . .DVVIRGVIVIR
E.tenella PGSVVVDLATEFGDVRSGWGGNVEVSPKDDQIVVD.GVIVIGRRRIETRMPIQASELFSMNICNLLEDLGGGSN......... FRINMDDEVIRGLVAVY
R.rubrum PGSVIIDLAVEA....... GGNCPLSEPGKI . VVKHGVKIVGHTNVPSRVAADASPLFAKNLLNFLTP . HVDKDTKTLVMKLE. . . .. . DETVSGTCVTR
388 483
* ++ o+ + * 4+ kb Fkbd kk kdbERn *
B. taurus DGQVIFPAPTPKNI PQGAPVKQKTVAELEAEKAATITPFRKTMTSASWTAGLTGILGLGIAAPNIAF . - SQMVTTFGLAGIVGYHTVWGVTPALHSP
E.coli AGEITWPAP. PIQVSAQPQAAOKAAPEVKTEEKCTCSPWRKY . . . . . ALMALATILFGWMASVAPKEF. . . . LGHFTVFALACVVGYYVVWNVSHALHT?
E.tenella QGRNVWQPSQPTPVSRTPPRGOMPPPSAPGAPAPEKPGAFAQALASDAFFAMCLVVAAAVVGLLGIVLDPVELKHLTLLGLSLIVGYYCVHAVTPSLHTP
R.rubrum  DGAIVHPALTGQGA MEDKNILVEGFNQLSQOALELSQHAQALALOASHAV.LPAAAATEGASEF. . ... WWLMIVFVLACFIGFYVVWSVIPALHSP

a2

484 583

khktkkdk+hkt FHEr + * * + +htkd wkk kkbhkhhk kk + + %
B. taurus LMSVTINAISGLTAVGGLVLMGGHLYPSTTSQGLAALATFISSVNIAGGFLVIQRMLDMFKRPTDPPEYNY LYLLPAGTFVGGYLASLY SGYNIEQIMYLG
E.coldi IMSVINAISGIIVVGALLQIGQGGWVSF. . . . LSFIAVLIASINIFGGFTVTQRMLKMFRKN MSGGLVTAAYIV
E.tenella IMSVINALSGVIVIGCMLEYGTAMISGFT. .LLALIGTFLASVNVAGGFFVTHRMLKMFQI MPSLLGAVYLF
R.rubrum  LMGVTNAISSVIVVGALIATGPEAFSA. . SKVLGFFAILLASVNIFGGFIVTQRMLAMFKKKQK MTHSLTMAAYIV

B
584 683
+4+ ok Wk +++ kk  * k++ + * + * F ++ +x k4 -+ xbhkk dkk kkbwkk+t

B. taurus SGLCCVGALAGLSTQGTARLGNALGMIGVAGGLAATLGGLKPCPELLAQMSGAMALGGTIGLTIAKRIQI SDLPOQLVAAFRSLVGLAAVLICIARYIIEY
E.coli AAILFIFSLAGLSKHETSROGNNFGIAGMAIALIATI. . FGPDTGNVGWILLAMVIGGAIGIRLAKKVEMTEMPELVAILHSFVGLAARVLVGFNSYL. . .

E.tenella SAICFILCLRGLSTPQTAKRGNILGLVGMVAAVVVIFTEAGFGQHYLLFFATA.APALGLGLYIAQSVNMTEMPQLVALFHSFVGLAAVMVGFANF. ...
R.xubrum  AGVLFILALRGLSNPESARNGNRMGMVGMATAILTTL. .LSPSVQAYAWIVLAIAIGGAIGTVIAKKVLMTALPOLVAAFHSLVGMAAVLVATGA . LLNP

684 780

+ + + + + ¥ 4+  kk kkdbdk ke ok + ++ ok Fx dw + * + + + *  x
B. taurus PHFATDAAANLTKI. . .VAYLGTYIGGVTFSGSLVAYGKLQOGI LKSAPLLLPGRHLINAGLLAGSVGGI I PFMMDPSFTTGITCLGSVSALSAVMGVTLT
E.coli - HHDAGMAPILVNIHLTEVFLGIFIGAVTFTGSVVAFGKLCGKI SSKPLMLPNREKMNLAALVVSFLLLIVFVRTDSVGLQVLALLIMTATALVEFGWHLY

E.tenella .HSPAGVERASSLLRLLEVYAGVFVAGITFIGSVVAAAKLHGSMESRSLRVPGRHALNTATIAAIGVLGALFCVSSGHFTRMLCLYVNAGLSMWLGFHLY
R. rubrum EAYGIGSAGAIHAGSLVEMSLGLAVGAITFSGSVIAFGKLQGLIAGKPVTFPMOHPLNAVLGILLVVLLVVFAATESHT . | . . AYFALMILAFALGFLLI

781 879
4 okkkkkkhkkbt Akdkkakdk bE okk kA kkdd kkk Rk dk Rk kkdk hRbbakdt + 4+
B. taurus AAIGGADMPVVITVINSY SGWALCAEGFLLNNNLLT IVGALIGSSGAILSY IMCVAMNRSLANVILGGYGTTSTAGGKPMEISG. THTEINLDNAIDMIR
E.coli ASIGGADMPVVVSMINSY SGHAAAAAGFMLSNDLLIVTGALVGSSGAILSY IMCKAMNRSFISVIAGGFGTDGSSTGDDQEV . G, EHREITAEETAELLK

E.tenella AAIGGADMPVVISLLNSYSGVALAASGFMLDNNLLIIAGALIASSGAILSYIMCKGMNRSLWNVVLGGFEEAEDVGAASPQG. . .AVQQATADQVADELL
R. rubrum IPIGGADMPVVISMLNSYSGWAAAGIGFTLGNPLLI IAGALVGSSGAILSY IMCKGMNRS I FNVILGGFGSEGGVAAAGGAAGDRSVKAGSARDAAFIMK

880 978

+ ++% kkkk+tbrk % + * * * dthkkkkrktrhtthhkrkhkx kkhdtr k+ ktw + * tHktrkkAkndbkdhkh +x *

B. taurus EANSIIITPGYGLCAAKAQYPIADLVKMLSEQGKKVRFGIHPVAGRMPGQLNVLLAEAGVPYDIVLEMDEINHDFPDTDLVLVIGANDTVNSARQEDPNS
E.cold NSHSVIITPGYGMAVAQAQYPVAEITEKLRARGINVRFGIHPVAGRLPGEMNVLLAEAKVPYD IVLEMDE INDDFADTDTVLVIGANDTVNPAAQDDPKS

E.tenella AARKVLIVPGYGMAVARCQSELADIAKNLMNCGITVDFGIHPVAGRMPGEMNVLLAEADVPYKIVKEMSEVNPEMSSYDVVLVVGANDTVNPAAL . EPGS
R.rubrum  NASKVIIVPGYGMAVAQAQHALREMADVLKKEGVEVSYATHPVAGRMPGHMNVLLAEANVPYDEVFELEEINSSFQTADVAFVIGANDVTNPAAKTDPSS

980 1043
* kkkttttrht ok + okkkt kkE 4 kddk k& kkdhdkk +
B. taurus IIAGMPVLEVWKSKQVIVMKRS LGVGYAAVDNPIFYKPNTAMLLGDAKKTCDALQAKVRESYQK. . ... vv vt v v i enns
E.coli PIAGMPVLEVWKAQNVIVFKRSMNTGYAGVONPLFFKENTHMLFGDAKASVDAILKAL. . . ..o vvne s v nnn v e

E.tenella KISGMPVIEAWKARRVFVLKRSMAAGYASIENPLFHLENTRMLFGNAKNTTSAVFARVNARAEQMPPSAARDDLEAGLLEFD
R. rubrum PIYGMPILDVEKAGTVLFIKRSMASGYAGVERELFFRNNTMMLFGDAKKMTEQIVQAMN ,

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 a1 shows considerable sequence identity
to the « subunit of the E. coli and the N-terminal
hydrophilic domain of the bovine transhydrog-
enases. (b) Membrane extracts of R. rubrum chromato-
phores, which in the presence of «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). (¢) The 15-kDa
polypeptide encoded by nnzA2 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 « subunit of the E. coli
transhydrogenases. (d) As seen in the alignment of
Fig. 5, the hydropathy plots of the R. rubrum al,
a2, 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 a1 is a
peripheral, water-soluble protein and subunits o2 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-
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Fig. 4. Immunoblotting of transhydrogenase subunits. The puri-
fied soluble subunit («1) (0.3 pug/lane) and deoxycholate extracts of
KCl-washed R. rubrum chromatophores (2.4 ug/lane) were sub-
jected to SDS-polyacrylamide gel electrophoresis and transferred
to PVDF membranes. Immunoblotting was carried out using
affinity-purified antibodies as described previously (Yamaguchi
and Hatefi, 1991). Panel A, soluble subunit («1): 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 M, band in this lane is probably a degradation
product of «l. 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 o2 subunit of the R. rubrum and the C-terminal
hydrophobic domain of the o 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 «l, o2, 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 (af fold followed by
an EEDQ-modifiable and NADH(and NMNH)-
protectable Gluys,, a FSBA-modifiable and NADH-
protectable Tyryys, and a DCCD-modifiable and
NADH(and AMP)-protectable Glu,s; (Fig. 6). In
the corresponding region of the al subunit of the
R. rubrum transhydrogenase, there is also a Sa/3 fold
(with the highest score of 11, see Wierenga et al.,
1986), and a conserved Tyr corresponding to Tyrpys

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 « subunit of the E. coli, but not in the
al 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 Glugg, and a FSBA-modifiable
Tyriges. 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
Tyrys and Tyrige 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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EEDQ FSBA DCcD

177 pap l i 1257

B.taurus TAAGKVPPAKILIVGGGVAGLASAGAAKSMGATVRGFDI'RAAALEQFKSLGAEPLEVD . . LKESGEGQGGYAKEMSKEFIEAE
hdekk hkhk * *  dekkhh w* * *k * * Hkk * % % %k * % * e ok ok ok gk *
R.rubrum TAAGTVEPARVLVFGVGVAGLOATIATAKRL.GAVVMATDVRAATKEQVES LGGKF ITVDDEAMKTAETAGGYAKEMGEEFRKKQ
EEDQ FSBA

gsol 937 999 1l 1007

B. taurus EANSIIITPGYGLCAAKAQYPIADLVKMLSEQGKKVRFGIHPVAGRMPGOLNVLLAEA . . . v voe. .. KRSLGVGYA
* *k xh® * %% * * LA XXX R R X Y] LA X 2 X X} * ke e * %N

R.rubrum NASKVIIVPGYGMAVAQAQHALREMADVLKKEGVEVSYAIHPVAGRMPGHMNVLLAEA . « s 5000 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 o1 and 3 subunits, respectively, of the R. rubrum transhydrogenase. Substrate-protectable
residues modified by EEDQ, FSBA, and DCCD in the bovine enzyme are marked by arrows, and a3 folds, which are hallmarks of protein
binding domains for ADP, ATP, NAD, and FAD (Wierenga er al., 1986), are boxed. .

starts with a short hydrophobic segment, correspond-
ing to two possible membrane-spanning « 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 er 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 (AE, ; ~ 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 pK, 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, 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 pK, of Cysges: 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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