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Abstract

The pyridine nucleotide transhydrogenase of Escherichia coli is a proton pump composed of two different subunits (K and
L) assembled as a tetramer (K2L2) in the cytoplasmic membrane. A series of mutants was generated in which the carboxyl-
terminal region of the L subunit was progressively truncated. Removal of the two carboxyl-terminal amino acid residues
prevented incorporation of the enzyme into the cytoplasmic membrane. Deletion of the carboxyl-terminal amino acid
allowed incorporation of the K subunit to near normal levels, but the amount of the L subunit was much decreased. It is
concluded that, although the K subunit can be incorporated into the cytoplasmic membrane without the L subunit, the
carboxyl-terminal region of the L subunit is involved in determining the correct conformation of the K subunit for assembly.
The carboxyl-terminal amino acid of the L subunit, LLeu462, and the penultimate residue, LAla461, were individually
mutated and the effect on two transhydrogenase activities determined. The reduction of 3-acetylpyridine adenine
dinucleotide (AcPyAD�) by NADPH, and by NADH in the presence of NADP�, was decreased maximally by about 60%.
The reduction of AcPyAD� by NADH in the absence of NADP� was decreased to a greater extent. Most mutants of
LLeu462 showed at least an 80% reduction in activity as well as abnormal kinetics. The abnormal kinetics were explored in
the LA461P mutant and were attributed to tighter binding of the product AcPyADH. This compound competed with
NADP� at the NADP(H)-binding site. It is concluded that the carboxyl-terminal region of the L subunit contributes to the
NADP(H)-binding site on this subunit ß 1998 Elsevier Science B.V. All rights reserved.

Keywords: Transhydrogenase; Proton pumping; Pyridine nucleotide transhydrogenase; Subunit truncation; Enzyme assembly; Cyclic
transhydrogenation

1. Introduction

In Escherichia coli, the pyridine nucleotide trans-
hydrogenase is an integral cytoplasmic membrane
protein that catalyzes the transfer of a hydride ion
equivalent between NAD(H) and NADP(H) and is
coupled to proton translocation from the cytosolic
side of the membrane to the periplasm [1^3]. The
enzyme is composed of two di¡erent subunits (K,
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Abbreviations: AcPyAD�, 3-acetylpyridine adenine dinucleo-
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zineethanesulfonic acid; MES, 2-[N-morpholino]ethanesulfonic
acid; SDS-PAGE sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis
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510 residues; L, 462 residues) assembled as an K2L2

tetramer [4^7]. All membrane pyridine nucleotide
transhydrogenases are organized into three domains
[2,3,8] (Fig. 1). Domain 1 is a cytosolic domain
which contains the binding site for NAD(H) and is
the amino-terminal region of the K subunit. Domain
3 is a cytosolic domain found at the carboxyl-termi-
nus of the L subunit. It contains the NADP(H)-bind-
ing site [2,3,6,9]. Domain 2 is the transmembranous
domain of the enzyme. In E. coli, it consists of two
parts [5,10]. The K subunit of this organism termi-
nates in four transmembrane K-helices and a short
(10 residues) hydrophilic `tail'. The second portion of
domain 2 is at the amino-terminus of the L subunit
and consists of eight transmembrane K-helices
[10,11].

In previous work [12], we studied the e¡ect of
deleting portions of the K and L subunits on the
assembly of the tetramer in the membrane. Deletions
in domain 1 prevented assembly of the enzyme. Re-
moval of the ¢rst two transmembrane helices of the
K subunit did not prevent incorporation of the tet-
ramer into the membrane, although the enzyme was
non-functional. The last two transmembrane helices
of the K-subunit were indispensable. Deletions in the
domain 2 region of the L subunit allowed incorpo-
ration of a truncated form of the tetramer into the
membrane. Deletions in domain 3 prevented incor-
poration of the truncated L subunit into the mem-
brane enzyme; however, the K2 portion of the tet-
ramer was incorporated into the membrane. We
concluded that the assembly of the tetrameric K2L2

transhydrogenase required preassembly of the K2

moiety with subsequent addition of the two L sub-
units or of a L2 dimer. In a subsequent paper, we
showed that the 10-residue hydrophilic `tail' at the
carboxyl-terminus of the K subunit had a critical role
in both the activity and assembly of the transhydro-
genase tetramer [13]. Removal of the six carboxyl-
terminal residues resulted in abolition of enzyme ac-
tivity. The conformation of the L subunit was per-
turbed, although K and L subunits were incorporated
into the membrane. Systematic truncation and site-
directed mutagenesis revealed that at least one pos-
itively-charged amino acid in the tail region was re-
quired for assembly of the subunits into a functional

enzyme, while a phenylalanine residue (KPhe507) was
essential for activity.

The essentiality of such a small region of the mol-
ecule for the proper conformation of the subunits,
assembly into the membrane, and the activity of
the enzyme prompted the present study of the role
of the carboxyl-terminal region of the L subunit in
the assembly and activity of the E. coli transhydro-
genase. In our previous study [12], deletions in the L
subunit had not extended beyond residue 394. In the
present paper, we describe the e¡ect of systematically
truncating the L subunit from the carboxyl terminus.
We show that the two carboxyl-terminal amino acids
are critical for the successful assembly of the trans-
hydrogenase in the inner membrane of E. coli and
for the activity of the enzyme.

2. Materials and methods

2.1. Bacterial strain, plasmids and mutagenesis

E. coli JM109 cells containing wild-type (pSA2) or
mutant plasmids were grown overnight at 37³C in
LB broth. The medium was shaken at 250 rpm in a
New Brunswick Scienti¢c Controlled Environment
Incubator Shaker. Plasmid pSA2 contains the pnt
genes of the pyridine nucleotide transhydrogenase
of E. coli introduced into the pGEM-7Zf(+) plasmid
[6].

Plasmid pSA2 was used to isolate single-stranded
phagemid DNA. Site-directed mutagenesis to convert
selected residues was performed by the method of
Taylor et al. [14] using degenerate primers. The re-
agents and protocols as outlined in the Amersham
and the BioRad Muta-Gene Phagemid In Vitro mu-
tagenesis kits were followed, except that competent
E. coli JM109 cells were used for transformation.
Plasmid DNA was prepared from individual colo-
nies, and the mutants were identi¢ed by double-
stranded DNA sequencing. The entire coding region
of the pnt genes from each mutant was completely
resequenced.

The carboxyl-terminus deletion mutants of the L
subunit were generated by the introduction of TAA
or TAG termination codons at selected sites.
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2.2. Preparation of membrane vesicles containing
transhydrogenase

The cell cultures were harvested by centrifugation
at 4400Ug for 20 min. The cell pellets were washed
by resuspension in 0.9% NaCl followed by centrifu-
gation at 12 000Ug for 15 min. Cell pellets were re-
suspended in bu¡er A (50 mM Tris-HCl, pH 7.8,
1 mM DTT, 1 mM EDTA) at 1 g wet weight/5 ml.
All steps were performed at 0^4³C. The cells were
lysed by passage through an AMINCO French Pres-
sure Cell at 1400 kg/cm2. Unbroken cells were re-
moved by centrifugation at 12 000Ug for 10 min.
The supernatant was centrifuged at 252 000Ug for
2 h, and the membrane pellet containing everted
membrane vesicles was suspended in bu¡er A at 1 g
wet weight/5 ml. Membrane vesicles (1.5 ml) were
layered on a 6 ml sucrose cushion (45% sucrose (w/
w) in bu¡er A) and centrifuged in a Beckman Type
65 ¢xed angle rotor at 40 000 rpm (139 000Ug) for
1 h. The outer membrane fraction pelleted to the
bottom of the tube and was discarded while the
everted membrane vesicles banded at the interface
and were removed by a syringe. The vesicles were
diluted with bu¡er A then centrifuged at
252 000Ug for 3 h. The washed membrane pellet
was suspended in 50 mM HEPES-KOH, pH 8, 5
mM magnesium acetate for use.

2.3. Measurement of transhydrogenation activities

Transhydrogenation of AcPyAD� by NADPH
was measured as described previously [15]. An ap-
propriate amount of washed membrane (20^100 Wg
protein) was added to 1 ml of 50 mM sodium phos-
phate bu¡er (pH 7), 0.5 mM EDTA, 2 mM DTT,
0.01% Brij 35 containing AcPyAD� and NADPH at
0.5 mM. Reduction of AcPyAD� was followed at
375 nm using a Perkin^Elmer Lambda 3A UV/VIS
spectrophotometer. For assay of transhydrogenase
activities at pH 6, the bu¡er was 50 mM MES-

KOH (pH 6.0) containing 0.5 mM EDTA, 2 mM
DTT and 0.01% Brij 35. For transhydrogenation of
AcPyAD� by NADH, 0.5 mM NADH was used
instead of NADPH. For transhydrogenation of
AcPyAD� in the presence of NADP� (`cyclic reac-
tion'), 0.5 mM NADP� was added. Protein concen-
tration was determined by the method of Lowry et
al. [16].

2.4. SDS-PAGE

Membrane vesicles were examined by SDS-polya-
crylamide gel electrophoresis [17] and stained with
Coomassie blue [18]. The level of incorporation of
the K and L subunits was determined by scanning
stained gels dried on a transparent plastic sheet
with a LKB UltroScan XL laser densitometer.

2.5. Materials

All biochemicals including NADH, AcPyAD�,

Fig. 1. The domain structure of the E. coli transhydrogenase. Transmembrane domain 2 is composed of the carboxyl-terminal region
of the K subunit and the amino-terminal region of the L subunit. The asterisk indicates the site of mutations used in this study.

Fig. 2. SDS-PAGE of cytoplasmic membrane vesicles from L
subunit carboxyl-terminal truncation mutants. Lane 1, non-mu-
tant; lane 2, 21 residues deleted; lane 3, 15 residues deleted;
lane 4, 7 residues deleted; lane 5, 3 residues deleted; lane 6,
LK460Q mutant; lane 7, 2 residues deleted; lane 8, 1 residue
deleted. a, b denote K and L subunits of the transhydrogenase.
The concentration of acrylamide was 9% (w/v).
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AcPyADH, NADP� and NADPH were obtained
from Sigma. LB broth was supplied by Difco.

3. Results

Everted cytoplasmic membrane vesicles were used
in this study. The very high level of enzyme expres-
sion from the plasmids encoding the transhydrogen-
ase makes this enzyme the predominant protein in
non-mutant vesicles (Fig. 2).

3.1. E¡ect of truncation of the L subunit on enzyme
activity and incorporation into the cytoplasmic
membrane

Termination codons were introduced at selected
sites in the plasmid DNA encoding the L subunit
of the transhydrogenase. A series of mutants was
generated in which the L subunit was shortened
from the carboxyl end by 1^32 residues (Fig. 3).
The transhydrogenase activities of everted cytoplas-
mic membrane vesicles prepared from these mutants
were measured. The rates of reduction of AcPyAD�

by NADPH, or by NADH in the presence of added
NADP�, were determined. In the ¢rst reaction,
AcPyAD� is used as an analog of NAD� since the

absorption maximum of the product AcPyADH (375
nm) is su¤ciently displaced from that of the sub-
strate NADPH (340 nm) to permit transhydrogen-
ation to be followed spectrophotometrically. The lat-
ter reaction (the `cyclic reaction') probably involves
reduction by NADH of bound NADP� at the
NADP(H)-binding site followed by reoxidation of
the NADPH by reduction of AcPyAD�. NADH
and AcPyAD� alternately occupy the NAD(H)-bind-
ing site on the K subunit of the transhydrogenase
[19^22]. Table 1 shows that removal of two or
more amino acid residues from the carboxyl end of
the L subunit results in almost complete loss of trans-
hydrogenase activities. Removal of only the carbox-
yl-terminal amino acid reduced transhydrogenase ac-
tivities by over 70%. The e¡ect of the mutations on
incorporation of the transhydrogenase into the cyto-
plasmic membrane is shown in Table 2 and Fig. 2.
Little enzyme was detected in the membranes from
mutants in which two or more residues had been
removed from the carboxyl end of the L subunit.
Deletion of the carboxyl-terminal amino acid gave
only a small reduction in the incorporation of the
K subunit. Incorporation of the L subunit was re-
duced by about 60%. Thus, the e¡ect of truncation
of the L subunit on transhydrogenase activities mir-
rors the extent of incorporation of the enzyme into

Fig. 3. Carboxyl-terminal sequence of L subunit. The residues whose codon was converted to a termination codon are starred.

Table 1
Transhydrogenase activities of L subunit termination mutants

Number of amino acid residues in L subunit Speci¢c activity for the reduction of AcPyAD� by:

NADPH NADH (+NADP�)

462 9.9 32.8
461 2.8 8.8
460 0.26 0.72
459 0.07 0.14
455 0.09 0.19
447 0.13 0.38
441 0.75 2.3
430 0.04 0.03

The activities were assayed as described in Section 2. Speci¢c activity is expressed as Wmol AcPyAD� reduced/min/mg protein.
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the membrane. The activity remaining in the mutant
membranes is likely due to chromosomally encoded
transhydrogenase.

3.2. Transhydrogenase activities of LLys460,
LAla461 and LLeu462 mutants

Since removal of one or two carboxyl-terminal
amino acids from the L subunit had a signi¢cant
e¡ect on transhydrogenase activity and incorpora-
tion, mutants of LLys460, LAla461 and LLeu462
were isolated. The transhydrogenase activities of
everted cytoplasmic membrane vesicles of these mu-
tants are shown in Table 3. In addition to the assays
previously described, the reduction of AcPyAD� by
NADH, in the absence of added NADP(H), was
measured. The mechanism of this reaction is unclear.
It may involve binding of NADH or AcPyAD� at
the NADP(H)-binding site, not normally occupied
by these substrates [23,24], or more likely by
NAD� participating in a cyclic mechanism analo-
gous to that with added NADP� [25]. The reduction
of AcPyAD� by NADPH, or by NADH in the pres-
ence of NADP�, was a¡ected to a limited extent
(maximally 60%) in the mutants examined (Table
3). The e¡ect of the mutations on the reduction of
AcPyAD� by NADH, in the absence of NADP�,
was more interesting. Mutants of LAla461 were rel-
atively little a¡ected except that the activity in cyto-
plasmic membrane vesicles of LA461L was enhanced
and that of LA461P was decreased by 85%. However,
mutants of the carboxyl-terminal amino acid,
LLeu462, with exception of the mutant LL462G,
showed activities reduced by 80^97%. Moreover,

the activities were abnormal, rapidly declining from
the initial rate to approach zero activity. This was
true also of LL462G, which had a very high activity
initially. The mutant transhydrogenase in cytoplas-
mic membrane vesicles of LA461P behaved similarly
to the LLeu462 mutants. In Fig. 4, the abnormal
reduction of AcPyAD� by NADH in cytoplasmic
membrane vesicles of LA461P is compared with
that in vesicles of LA461L, which do not show the
decrease in rate of reduction of AcPyAD�. The re-
duction of AcPyAD� by NADH, in the presence of

Table 2
Extent of incorporation of transhydrogenase subunits into inner membrane vesicles of L subunit termination mutants

Number of amino acid residues in L subunit Incorporation (%)

K subunit L subunit

462 100 100
461 82 39
460 0 0
459 0 0
455 0 0
447 0 0
441 0 0
430 0 0

Incorporation of K and L subunits was measured by scanning stained SDS-polyacrylamide electrophoresis gels.

Table 3
Transhydrogenase activities of LLeu462 and LAla461 mutants

Mutant Speci¢c activity for reduction of AcPyAD�

by:

NADPH NADH NADH (+NADP�)

Non-mutant 11.5 5.0 44
LL462A 4.4 0.13a 24
LL462E 5.4 0.80a 31
LL462G 6.7 7.3a 38
LL462P 4.3 1.1a 23
LL462R 4.3 0.81a 20
LL462T 7.1 1.1a 45
LA461C 5.3 4.9 25
LA461F 4.8 7.3 31
LA461P 5.5 0.77a 26
LA461R 9.9 5.2 52
LA461S 7.9 4.4 41
LA461L 7.8 17 38
LK460Q 6.6 3.6 27

The activities were assayed as described in Section 2. Speci¢c
activity is expressed as Wmol AcPyAD� reduced/min/mg pro-
tein.
aInitial rate of a curved plot going to zero rate.
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NADP�, was similar in both strains and did not
show the decrease in rate.

The possible role of bound NADP(H) in the ab-
normal reduction of AcPyAD� by NADH was ex-
amined. As shown in Table 4, cytoplasmic membrane
vesicles from the non-mutant strain, as well as se-
lected mutants of LAla461 and LLeu462, contained
0.066 or less mol NADP�/mol tetrameric transhy-
drogenase. NADPH was absent. Since these mutants
showed a variety of kinetic properties, it is unlikely
that the abnormal of reduction of AcPyAD by
NADH in some of them was due to the presence
of inhibitory NADP� or NADPH. Furthermore,
the high activities of the LA461L or LA462F enzymes
in this reaction, in comparison with that of the
LA461P enzyme, cannot be due to di¡erent levels
of bound NADP(H). A similar comparison can be
made between the enzymes from the LL462G and
LL462A mutants (Tables 3 and 4). The amount of
bound NADP� in the non-mutant enzyme (0.028
mol/transhydrogenase tetramer) is in reasonable
agreement with the highest value (0.02 mol/transhy-
drogenase tetramer) previously reported [23] (Note
that in [23], the value was reported as 0.01 mol
NADP�/transhydrogenase dimer.)

Calculation of the amount of AcPyADH which
had been formed when near-zero reduction of Ac-
PyAD had been achieved gave the data shown in
Table 5. The amounts formed by the di¡erent vesicle

preparations related to their activities in reducing
AcPyAD� by NADH. Thus, a larger amount of Ac-
PyADH was formed by vesicles of the LL462G
strain, and a lesser amount by the LL462A strain,
in comparison with the other strains (Tables 3 and
5). These results suggested that the di¡erence in the
kinetic behavior of the various mutants in the reduc-
tion of AcPyAD� by NADH re£ects the a¤nity of
the enzyme for the product AcPyADH. This hypoth-
esis was examined using membrane vesicles from
LA461L and LA461P mutants. The speci¢c activities
for the reduction of AcPyAD� by NADPH (7.8 vs.
5.5) and by NADH in the presence of NADP� (38
vs. 26) di¡ered less than the activities for the reduc-
tion of AcPyAD� by NADH in the absence of
NADP� (17 vs. 0.77) (Table 3). Moreover, the rate
of reduction of AcPyAD� in the last reaction de-
clined only with membrane vesicles from the
LA461P mutant.

Table 4
NADP(H) content of membrane-bound transhydrogenases

Mutant mol nucleotide/mol transhydrogenase
tetramer

NADP� NADPH

Non-mutant 0.028 0
LA461C 0.049 0
LA461F 0.033 0
LA461L 0.064 0
LA461P 0.041 0
LA461R 0.053 0
LA461S 0.066 0
LL462A 0.022 0
LL462G 0.060 0

Nucleotides were analyzed as described in [23]. The values are
the mean of analyses with two di¡erent membrane prepara-
tions.

Table 5
Extent of formation of AcPyADH when the reduction of
AcPyAD� by NADH had reached a near-zero rate

Mutant mol AcPyADH/mol transhydrogenase tetramer

LL462A 72
LL462E 266
LL462G 1607
LL462P 235
LL462R 322
LL462T 346
LA461P 274

Fig. 4. Change in absorbance (A) at 375 nm with time follow-
ing addition of membrane vesicles (1, 13.5 Wg LA461L; 2, 15
Wg LA461P; 3, 2.7 Wg LA461L; 3.0 Wg LA461P) to 1 ml of a
bu¡er containing 50 mM MES-NaOH, 2 mM DTT, 0.5 mM
EDTA, 0.01% (w/v) Brij-35, 0.5 mM AcPyAD� and 0.5 mM
NADH at pH 6.0. The cuvette also contained 0.5 mM NADP�

for the experiments giving traces 3 and 4.
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Using these two mutants, Km values for NADH,
AcPyAD� and NADPH were determined from Ea-
die^Hofstee kinetic plots for the various transhydro-
genase reactions (Table 6). In addition, the Kmfor
NADP�for the reduction of AcPyAD�by NADH,
in the presence of NADP�, was measured as well
as the inhibitor constant (Ki) for the product Ac-
PyADH. Although there were some di¡erences be-
tween the strains in Kmvalues for NADH, Ac-
PyAD�and NADPH, larger di¡erences between the
two strains occurred with KNADP

m and KAcPyADH
i .

KAcPyADH
i was signi¢cantly smaller with the LA461P

enzyme than with the LA461L transhydrogenase (Ta-
ble 6). This indicates that the product AcPyADH
binds more strongly to the LA461P than to the
LA461L enzyme. AcPyADH is competitive with re-
spect to NADP�in the cyclic reaction as shown by
the converging lines in Fig. 5. Thus, it is possible that
tighter binding of AcPyADH at the NADP(H)-bind-

ing site was responsible for the progressive decrease
in the rate of reduction of AcPyAD�by NADH
which occurred with the LA461P enzyme.

4. Discussion

Two main points emerge from the experiments de-
scribed in this paper. First, even small deletions from
the carboxyl-terminus of the L subunit have a pro-
found e¡ect on the assembly of the transhydrogenase
in the membrane. Second, mutations in this region
a¡ect transhydrogenase activity.

Removal of only the carboxyl-terminal alanine
and leucine residues (LAla461 and LLeu462) (Fig.
3) resulted in complete lack of incorporation of the
transhydrogenase into the cytoplasmic membrane.
Deletion of only the carboxyl-terminal leucine resi-
due drastically decreased the incorporation of the L
subunit, although incorporation of the K subunit was
little impaired. We have encountered this situation
previously [12] when deletions in domain 3 allowed
insertion into the membrane of the K subunit but not
of the truncated L subunit. Several deletions in the L
subunit from residue 236 to residue 394 were e¡ective
in this respect. Since these deletions removed rela-
tively large segments of the protein, the smallest de-
letion being of 46 amino acid residues, it was not
surprising to ¢nd that the L subunit could not be
properly assembled in the enzyme. Therefore the ef-
fect of deleting one or two carboxyl-terminal resi-
dues, as described here, is more dramatic and indi-
cates the important role of this region of the L
subunit in the assembly of the transhydrogenase
and even in the incorporation of the K dimer into
the cytoplasmic membrane. Presumably, interaction
with the carboxyl-terminus of the L subunit is re-
quired to establish the conformation of the K subunit
appropriate for assembly and incorporation into the
membrane. In the previously studied deletion mu-

Fig. 5. Inhibition by AcPyADH of the cyclic reduction of
AcPyAD� by NADH. The concentration of AcPyADH was
0.16 mM. v is expressed as Wmol AcPyAD� reduced/min/mg
protein. The concentration of NADP� is given as WM.

Table 6
Km values for the reduction of AcPyAD� by NADPH, NADH and NADH in presence of NADP�

Mutant NADPH NADH NADH+NADP�

KNADPH
m (WM) KAcPyAD

m (WM) KNADH
m (WM) KAcPyAD

m (WM) KNADH
m (WM) KAcPyAD

m (WM) KNADP
m (WM) KAcPyADH

i (WM)

LA461L 42 69 104 121 14 223 0.39 419
LA461P 35 60 110 159 21 191 0.79 177

BBABIO 44645 10-7-98

P.D. Bragg, C. Hou / Biochimica et Biophysica Acta 1365 (1998) 464^472470



tants this region of the L subunit was still present.
Therefore, assembly of the K dimer and incorpora-
tion into the membrane could occur, but the inter-
actions were not su¤ciently strong to permit the in-
corporation of the L subunit also. In the present
study, removal of the carboxyl-terminal leucine resi-
due was not su¤cient to prevent incorporation of the
K subunit, and some truncated L subunit was as-
sembled also, although in reduced amount. The car-
boxyl-terminal residues (alanine and leucine) are
both non-polar. However, this does not appear to
be the major determining factor in their role in as-
sembly since replacement of one or the other by a
variety of polar or charged residues has a relatively
limited e¡ect on enzyme activity. For example, re-
placement of the carboxyl-terminal leucine residue
(LLeu462) by glutamic acid or arginine residues di-
minished the reduction of AcPyAD� by NADPH by
50^60%, and replacement of LAla461 by an arginine
residue decreased activity by 14%.

Although reduction of AcPyAD� by NADPH,
and by NADH in the presence of NADP� (`cyclic'
reaction), were relatively tolerant of amino acid re-
placements in LLeu462 and LAla461, the reduction
of AcPyAD� by NADH alone was more a¡ected. In
the case of LLeu462, most of the amino acid replace-
ments drastically a¡ected this reaction. This was
most evident as a lower than control rate declining
rapidly to zero. Although, most of the mutations in
LAla461 did not greatly a¡ect the reduction of
AcPyAD� by NADH alone, the LA461P mutant
had lowered activity and behaved similarly to the
LLeu462 mutants. As discussed in the Section 3, we
attribute the abnormal reduction of AcPyAD by
NADH to tighter binding of product AcPyADH to
the enzyme.

Residue LTyr431 is equivalent to Tyr1006 of the
mitochondrial transhydrogenase. The latter is cova-
lently labeled by the nucleotide substrate analogs 5P-
(p-£uorosulfonylbenzoyl)adenosine and 8-azidoAMP
[26^28]. Although LTyr431 is not an essential resi-
due, these results, nonetheless, suggest that the re-
gion about this residue is part of the NADP(H)-
binding site on the L subunit, which also encom-
passes the sequence from residues 315 to 350 [9].
Thus, it seems likely that LAla461 and LLeu462 are
part of this binding site. In the mutants of these two
amino acids showing abnormal kinetics for the re-

duction of AcPyAD� by NADH (in the absence of
NADP�), it is possible that the inhibitory AcPyADH
binds to the NADP(H)-binding site on the L subunit.
The kinetic evidence that NADP� and AcPyADH
are competitive in the cyclic reaction is consistent
with this suggestion.
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