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Abstract We have analysed 1H, 15N-HSQC spectra of the
recombinant, NADP(H)-binding component of transhydrogenase
in the context of the emerging three dimensional structure of the
protein. Chemical shift perturbations of amino acid residues
following replacement of NADP+ with NADPH were observed
in both the adenosine and nicotinamide parts of the dinucleotide
binding site and in a region which straddles the protein. These
observations reflect the structural changes resulting from hydride
transfer. The interactions between the recombinant, NADP(H)-
binding component and its partner, NAD(H)-binding protein, are
complicated. Helix B of the recombinant, NADP(H)-binding
component may play an important role in the binding process.
z 1999 Federation of European Biochemical Societies.

Key words: Transhydrogenase; NMR; Nicotinamide
nucleotide; Model structure; Rhodospirillum rubrum

1. Introduction

Transhydrogenase, found in bacteria and animal mitochon-
dria, couples the transfer of reducing equivalents between
NAD(H) and NADP(H) to the translocation of protons
across a membrane. For recent reviews, see [1^3]. The reaction
is driven from left to right, in the following equation, by the
energy of the proton electrochemical gradient (vp), generated
by respiratory or photosynthetic electron transport.

NADH�NADP� � nH�OUTINAD� �NADPH� nH�IN �1�

Where n is probably 1 [4]. The protein has a tripartite struc-
ture. The NAD(H)-binding protein (dI) component, which
binds NAD� and NADH and the recombinant, NADP(H)-
binding (dIII) component, which binds NADP� and
NADPH, protrude from the membrane, while dII spans the
membrane. Recombinant forms of dI and dIII have been iso-
lated from transhydrogenases of several species [5^10]. Re-
markably, a mixture of the two proteins, even in the absence
of dII, gives a complex which can catalyse transhydrogenation
[7^12].

The dIII component is particularly interesting because it
binds NADP� and NADPH very tightly in the absence of
dII [8]. On the dIII protein, NADPH is stabilised relative to
NADP�, thus increasing the nucleotide redox potential [13].
We have proposed that, in the complete enzyme, the coupling
between transhydrogenation and vp is achieved through alter-
ations in the binding energies of the protein for NADP� and

NADPH [1,8,13,14]. Interestingly, the binding of NADP� and
NADPH, either to the complete enzyme or to isolated dIII,
leads to protein conformational changes that can be detected
by Trp £uorescence, circular dichroism [9] or changes in sus-
ceptibility to proteolysis [15], though it remains to be estab-
lished which, if any, of these conformational changes are of
signi¢cance in the process of energy coupling.

In this report we use NMR spectroscopy to identify two
classes of amino acid residues in the recombinant dIII protein
from Rhodospirillum rubrum transhydrogenase: (a) those
whose micro environment is altered by replacement of
NADP� with NADPH and (b) those a¡ected by the binding
of dI protein. These observations will help to de¢ne which
amino acid residues are involved in conformational changes
that occur at the NADP(H)-binding site during the transhy-
drogenation reaction and which residues on dIII might be
involved in an interaction with dI. The residues are mapped
on to our emerging NMR structure of the dIII protein [16].
The existence of a GXGXXA/V sequence motif in dIII led to
the suggestion [17^19] that dIII might have a typical dinucleo-
tide-binding fold [20]. On this basis, Fjellstroëm et al. [21]
devised a partial model of the Escherichia coli dIII protein
using the secondary structure predictions of the PHD pro-
gramm [22]. Below, we use a di¡erent algorithm to generate
a model of R. rubrum dIII. 1H-1H NOE data, interpreted
using our recently published NMR assignments [16], provide
support for the model but also reveal interesting di¡erences
from the archetypal dinucleotide-binding fold.

Some of the results reported below, including the prelimi-
nary NMR structure, were described on a poster presented at
the 10th European Bioenergetics Meeting, Gothenburg, June
1998.

2. Materials and methods

The dI and dIII proteins of R. rubrum transhydrogenase were ex-
pressed in E. coli from the plasmids pCD1 [5] and pNIC2 [16], re-
spectively. The dI protein was isolated and puri¢ed as described [5].
Isotopically labelled dIII protein was extracted from cells grown in
M9 medium [23], in which [15N]NH4Cl was the sole nitrogen source
and puri¢ed by column chromatography, in bu¡er containing 4 WM
NADP� [8]. The dIII protein, as isolated, contains approximately one
mole of tightly bound nucleotide, a mixture of NADP� and NADPH,
per mole of protein. We have been unable to remove this bound
nucleotide without the protein precipitating, but we can convert it
into fully oxidised or fully reduced forms. Residual NADPH on the
dIII protein was oxidised with dI plus AcPdAD�, followed by further
chromatography [16]. Replacement of NADP� on dIII with NADPH
was achieved through incubation with 100 WM reduced nucleotide for
4 h (protein concentration V30 WM). Excess NADPH was then re-
moved by ¢ltration (Vivascience, 5 kDa cut-o¡) [24]. The purity of the
proteins was routinely examined by SDS-PAGE and protein concen-
trations were estimated by the microtannin procedure [25], values
given in the ¢gure legends refer to the concentration of monomers.
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The dI and dIII proteins were prepared for NMR spectroscopy as
described [6,16].

All NMR experiments reported here were performed on a Bruker
AMX 500 spectrometer, operating at 500.13 MHz for 1H. The 1H,
15N-HSQC experiments were performed using the FHSQC pulse se-
quence [26] with a relaxation delay of 1 s between each scan. The
spectral widths were 7575 Hz in the 1H dimension and 1723 Hz in
the 15N dimension. 1 K data points were collected in the direct di-
mension and 256 rows in the indirect dimension, each comprising
between 16 and 64 scans. Experiments were performed at 30³C and
pH 7.2, unless otherwise stated.

For the titration of dI into dIII, aliquots of unlabelled dI protein
were added in separate experiments to NADP�- or NADPH-bound
dIII and 1H, 15N-HSQC spectra were acquired over a range of dI:dIII
concentration ratios between 1:75 and 1:1. In these experiments, both
dI and dIII were prepared in bu¡er containing 8% 2H2O, 10 mM
HEPES, pH 7.2, 10 mM (NH4)2SO4, 0.15% sodium azide, 10 WM
NADP� or NADPH and 1 mM DTT.

For the investigation of amide proton exchange rates, dIII was
prepared in 1H2O bu¡er. The 1H2O was exchanged for 2H2O by
repeated washing of the protein solution with deuterated bu¡er, fol-
lowed by ¢lter concentration (Vivascience, 5 kDa cut-o¡). This was
performed at 4³C and took approximately 3 h. The sample was trans-
ferred to the NMR tube and incubated at 30³C for a further 2 h
before acquisition of the HSQC spectrum.

3. Results

Fig. 1 shows the amino acid sequence of our recombinant
dIII protein of R. rubrum transhydrogenase. The N-terminal
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Fig. 1. Amino acid sequence of the recombinant dIII protein of R. rubrum transhydrogenase, conserved residues, secondary structure predic-
tions and 1H/2H exchange. The top row shows the amino acid sequence of the recombinant dIII protein of R. rubrum transhydrogenase. Resi-
dues which are invariant in 10 other available sequences are printed in bold type. The second row shows secondary structure predictions of the
PSA programme [27]: H = helix, B =L strand, T = turn. The third row shows the predictions of secondary structure, based on chemical shift in-
dexing [28]. The fourth row shows 1H/2H exchange with the E symbol indicating amide protons which had only partially exchanged with sol-
vent deuterons over a 5 h period.

Fig. 2. Model of the secondary structure of the recombinant dIII
protein of R. rubrum transhydrogenase. The model is based on the
secondary structure predictions shown in Fig. 1 and on NOEs iden-
ti¢ed from 15N- and 13C-resolved NOESY experiments (M. Jeeves
et al., unpublished observations). We have adopted the system of
Branden and Tooze [31] for naming the strands and helices. The
limits of the strands and helices (from NOEs) are as follows: L1,
residues 46^52; L2, 79^85; L3, 124^128; L4, 137^144; L5, 160^166;
L6, 184^189; KA, 55^76; KB, 94^102; KE, 171^180; KF, 191^200.
* Amino acid residues whose resonances in the 1H, 15N-HSQC spec-
trum are shifted upon substitution of NADP� by NADPH (see Ta-
ble 1). b Amino acid residues whose resonances in the 1H, 15N-
HSQC spectrum are characterised by intermediate exchange with dI
protein (see Fig. 3). aa Gly-148, see text.
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Fig. 3. 1H, 15N-HSQC spectra of the recombinant dIII protein of R. rubrum transhydrogenase. (A) Spectrum of 600 WM dIII protein com-
plexed with NADP� (complete assignments are given elsewhere [16]). Assignments of the eight residues whose intensities are considerably de-
creased upon addition of dI protein (class (3), see text) are given. (B) Spectrum of 500 WM dIII protein complexed with NADPH. (C) Spectrum
of 500 WM dIII.NADP� in the presence of 70 WM dI protein. (D) and (E) Expanded portions of (A) and (C), respectively, to illustrate the
three classes of resonance behaviour described in the text: class (1) Ala-20, class (3) His-85, class (2) the rest. The peak height of the Ala-20
resonance was used as an internal reference and the spectra were scaled accordingly.
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residue (Met-1) corresponds to Met-262 of the L subunit of
the complete enzyme [8]. Residues that are invariant in the 10
other, currently available, transhydrogenase sequences are
printed in bold type. The second row in the ¢gure gives the
predictions of secondary structure elements using the PSA
program of Stultz, White and Smith [27], accessed through
the PSA web site (http://bmerc-www.bu.edu/psa). The algo-
rithm is based on comparisons between overlapping segments
of the sequence and known three dimensional structures. The
third row in Fig. 1 gives predictions of K helix and L strand in
dIII, based on chemical shift indexing of the HK, CK, CL and
C= atoms in the protein backbone [28], using software avail-
able at the web site http://www.pence.ualberta.ca. In this
method, the chemical shifts of several signals from each resi-
due are scored and placed within one of three classes: random
coil, helical or sheet (the boundaries of these classes having
been determined empirically). The location of helices and
sheets is indicated by the occurrence of continuous groups
of signals lying within the corresponding class. There is rea-
sonable, though not perfect, agreement between the two sets
of predictions. The fourth row in Fig. 1 shows the extent to
which 1H atoms bound to the backbone amide nitrogen atoms
of the dIII protein exchange with solvent 2H2O during a peri-
od of approximately 5 h. Generally, hydrogen/deuterium ex-
change is slow in segments of proteins with extensive hydro-
gen bonding, for example in K helices and, particularly, in L
sheet. The data with the dIII protein show that all the pre-
dicted L strand residues, apart from those of strand 4 (and, to
some extent, those in strand 1), and about half the predicted K
helix residues, are indeed slow to exchange, whereas the turns
between these elements of secondary structure exhibit a rapid

exchange. No amide proton signals remained after 24 h incu-
bation in 2H2O bu¡er at 30³C.

Fig. 2 shows a structural model partly based on the pre-
dictions of Fig. 1, but modi¢ed on the basis of 1H-1H NOEs
observed in a series of 15N- and 13C-resolved NOESY experi-
ments (M. Jeeves et al., unpublished data). Importantly, the
NOEs establish (a) the locations of the L strands and K helices
in the polypeptide chain (see ¢gure legend) and (b) the relative
positions of adjacent strands and the fact that they are aligned
in a parallel L sheet. NOEs between strands L1 and L4 reveal
a line of symmetry between two L-K-L motifs. The model and
NOE information show that the dIII protein has the structure
of a Rossmann dinucleotide-binding fold [20]. However, there
are clear indications that some features of dIII are atypical.
`Helix D', found in other Rossmann structures, is not pre-
dicted by the modelling program and, to date, we have not
found NOEs that are consistent with the helical character in
this segment of the polypeptide chain. Interestingly, the sec-
ondary structure predictions also failed to reveal L4, but this
strand is predicted by the chemical shift indexing and by
NOEs to L1. As will be evident from the e¡ects of nucleotide
replacement (see below), this promises to be an interesting
region of the protein. Note that both the modelling, the chem-
ical shift indexing and a lack of NOEs suggest that N-terminal
residues 1^25 are disordered. However, there is some second-
ary structure in the segment of polypeptide from residues 26^
45 before the ¢rst strand of the Rossmann fold. NADP(H) is
expected to bind in a shallow crevice outside the C-terminal
ends of strands L1 and L4 with the adenosine moiety located
in the ¢rst L-K-L mononucleotide-binding region (L1-KA-L2-
KB-L3), the nicotinamide-ribose moiety located in the second
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Table 1
Chemical shift mapping of dIII protein upon replacement of NADP� by NADPH

Residue NADP� bound NADPH bound Chemical shift perturbation (Hz)

HN N v HN v N

Gly-54 7.35 107.16 30.10 0.13 55.9
Tyr-55 9.52 121.57 0.39 0.79 234.9
Ala-88 8.12 126.48 2 2 2
Gly-89 10.21 110.16 30.41 0.06 206.3
Met-91 7.61 120.02 0.07 30.82 75.2
Met-95 9.11 112.96 0.11 30.01 54.5
Asn-131 10.66 116.73 0.20 0.65 133.9
Asp-132 10.81 129.64 0.12 0.74 99.3
Val-133 7.11 104.37 0.16 0.94 125.9
Asn-135 7.13 122.27 0.26 30.58 160.8
Ala-137 8.79 125.90 2 2 2
Lys-139 7.85 113.97 2 2 2
Thr-140 7.83 108.69 30.20 1.04 150.4
Asp-141 8.32 123.16 2 2 2
Ser-143 7.99 114.07 0.25 1.13 183.5
Ser-144 8.11 121.10 2 2 2
Ile-146 7.16 109.53 0.18 0.16 99.1
Gly-148 8.70 117.82 0.02 31.08 63.2
Met-149 8.04 126.13 30.13 31.35 132.4
Val-154 7.56 116.73 30.02 30.78 50.5
Gly-170 8.91 111.93 30.12 0.11 66.7
Tyr-171 9.16 128.69 30.28 30.01 142.0
Ala-172 10.97 121.60 0.21 0.52 130.4
Gly-173 8.04 107.29 30.08 30.29 55.3
Glu-177 9.42 125.93 30.12 30.18 54.5

The ¢rst two columns indicate the amide 1H and 15N chemical shifts (ppm) for the NADP�-bound protein. Columns 3 and 4 indicate the chemical
shift changes (in ppm, where 1 ppmr500.13 Hz) following substitution by NADPH. A negative value indicates an up¢eld movement. The chemical
shift perturbation (column 5) for each residue was calculated as described in the text: the table lists the residues for which this value exceeded 50 Hz.
Residues indicated by 2 have not yet been de¢nitively assigned in NADPH-bound dIII but show large chemical shift perturbations (s 50 Hz).
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(L4-loop D-L5-KE-L6) and with the pyrophosphate group ad-
jacent to the glycine-rich turn between strand L1 and helix
KA.

Fig. 3A shows the 1H, 15N-HSQC spectrum of 15N-labelled
dIII protein in its NADP�-bound form. In this spectrum,
each amide H atom is correlated to its chemically bonded N
atom. Almost all the peaks have been assigned from triple
resonance experiments [16]. Those remaining unassigned orig-
inate either from side chain amides or from the 12 N-terminal
residues. In addition, 171 residues have been assigned in the
HSQC spectrum of dIII.NADPH, by comparison with that of
dIII.NADP�. When the bound NADP� was exchanged for
NADPH (see Section 2), about 40 of the total V230 peaks
were shifted in the 1H and/or 15N dimensions (Fig. 3B), in-
dicating a change in the magnetic environment of the -NH
group. Such perturbations could arise either from changes in
the local protein conformation or from altered interactions
with the nucleotide cofactor. In order to quantify the changes,
the chemical shift perturbation was de¢ned as the sum of the
absolute values of the individual 1H and 15N movements, ex-
pressed in Hz [29]. For the 171 assigned residues, the mean
perturbation was 25 Hz and we have chosen a threshold value
of 50 Hz as indicating a substantial change in environment.
The amino acid residues whose chemical shift perturbations
exceeded 50 Hz are listed in Table 1 and their positions are
mapped onto the structural model, using the * symbol (Fig.
2). The protein seems not to be globally a¡ected by nucleotide
replacement, instead, the changes appear to be clustered into
two areas. (1) There are shifts of resonances attributable to
amino acid residues that are located in the vicinity of the
bound nucleotide (see above). Unexpectedly, the backbone -
NH groups of amino acid residues close to the binding pocket
of both the adenosine moiety and the nicotinamide mononu-
cleotide moiety are in£uenced by the substitution, as well as
those in the glycine-rich pyrophosphate-binding region. (2)
Replacement of bound NADP� with NADPH results in a
`spur' of magnetic change which descends the full lengths of
strand L4 (and into the C-terminus of the `crossover' loop C),
`loop D' (see above) and helix E.

Fig. 3C shows the e¡ect on the HSQC spectrum of the
NADP�-loaded dIII protein (500 WM) of adding isotopically
unlabelled dI protein from R. rubrum transhydrogenase (70
WM). Three classes of behaviour were observed, as illustrated
by the expanded section of the spectrum shown in Fig. 3D,E.
(1) The peaks assigned to the N-terminus (residues 1^31) and
C-terminus (residue 203) of the protein were una¡ected by the
addition of dI protein. (2) For the majority of the peaks in the
HSQC spectrum, addition of dI protein led to partial loss of
signal intensity (25^40%). (3) The signals from eight backbone
(V59, H85, G93, N96, L98, Y106, F110, G148) and four side
chain (not yet assigned) amides su¡ered a more pronounced
loss of intensity (s 75%). On the structural model, ¢ve of the
amino acid residues assigned to this group of resonances clus-
tered in and around helix B and there were single representa-
tives in the adjacent helix A and strand 2 (see the b symbols
in Fig. 2). Interestingly, the signal from G148, located in loop
D and labelled aa in Fig. 2, also underwent an up¢eld shift in
both the 1H (s 0.01 ppm) and 15N (s 0.2 ppm) dimensions,
moving partially under that of E37. None of the other resi-
dues was shifted signi¢cantly. At higher concentrations of dI
protein (200 WM, dI:dIII ratio of 1:1), dIII resonances in the
¢rst class again showed little change in intensity and resonan-

ces in the second and third classes continued the trends ob-
served at low dI concentration (data not shown).

The experiment shown in Fig. 3C was also performed with
dIII protein loaded with NADPH instead of NADP�. Upon
addition of dI protein, the same three classes of behaviour of
resonances in the HSQC spectrum were observed (data not
shown). There were some slight di¡erences in the behaviour of
the class (3) resonances: notably H85, Y106 and F110 were
less a¡ected than with dIII.NADP� but V59, G93, N96 and
the sensitive side chain amide NH groups were a¡ected in the
same way. The addition of dI to dIII.NADPH did not lead to
a detectable change in the chemical shift of G148 but did
cause broadening comparable to that of the other class (3)
resonances.

Four of the class (3) resonances (V59, G93, N96, L98) ex-
hibited much less broadening when the HSQC experiment in
the presence of dI protein was performed at 20³C instead of
30³C. This is a clear indication that these residues were in
intermediate exchange on the NMR time scale at the higher
temperature, moving to the slow exchange region upon cool-
ing. Similarly, many class (2) resonances gained some intensity
at the lower temperature, as their initially slow intermediate
exchange rates decreased further towards the slow limit.

4. Discussion

Chemical shift perturbations revealed by 1H, 15N-HSQC
experiments indicate alterations in the magnetic environment
of nuclei, but cannot be rigorously interpreted in terms of
speci¢c changes in the protein structure. Nevertheless, the
locations of residues of dIII undergoing large perturbations,
following substitution of NADPH for NADP�, provide a
strong indication of regions of the protein where structural
changes might be taking place. A lack of chemical shift
change for part of the backbone, however, cannot necessarily
be interpreted as indicating an absence of conformational
change in that region.

Di¡erences between the solution structures of NADP� and
NADPH are mainly con¢ned to the nicotinamide rings. In the
oxidised nucleotide, the ring is aromatic, cationic and almost
planar, whereas the dihydronicotinamide ring is uncharged
and puckered [30]. However, the HSQC spectra indicate pos-
sible structural changes in both the adenosine- and the nico-
tinamide-binding parts of the dIII protein when NADPH is
substituted for NADP� (Fig. 3A,B). Thus, during catalytic
turnover, a conformational change, propagated by reduction
of the nicotinamide ring, is transmitted to the adenosine-bind-
ing region. Transmission could occur either directly, through
the rigidity of the bound dinucleotide, or indirectly, through
changes in orientation of the protein strands and helices. A
second set of chemical shift changes, resulting from replace-
ment of NADP� by NADPH, occurs along strand L4 (into
loop C), loop D and helix E. Interestingly, this change in the
magnetic environment seems to straddle the protein in a re-
gion which shows some deviation from the archetypal Ross-
mann structure. In our working model for the mechanism of
transhydrogenase [1,8,13,14], the binding of substrate NADP�

and the release of product NADPH take place in an `open
state' of dIII, whereas transfer of the hydride ion from
NADH to NADP� occurs within an `occluded state' in which
NADPH is stabilised relative to NADP� and in which both
these nucleotides are very slow to exchange with the solvent.
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Appropriately gated power strokes use the energy of vp to
drive the enzyme ¢rstly from the open state to the occluded
state and then, following hydride transfer, from the occluded
state to the open state. Isolated dIII is locked into the oc-
cluded state [8]. We therefore envisage that the changes in
the HSQC spectrum, described above, re£ect changes in the
conformation that are required, following conversion of
NADP� to NADPH (by hydride transfer from NADH), to
prime dIII ready for the second power stroke and/or the as-
sociated gating processes.

Analysis of steady state [8] and stopped £ow [24] experi-
ments indicates that the Kd for the dissociation of the catalytic
dI:dIII complex is 6 1036 M and that the koff value is ap-
proximately 50/s. In the conditions of the experiment shown
in Fig. 3C and E, it follows that the exchange rate between
dIII, in its free and its complexed forms, will be relatively slow
on the NMR time scale. Due to a longer correlation time, the
T2 of the catalytic complex will be signi¢cantly shorter than
that of isolated dIII and therefore the apparent loss of inten-
sity in the majority of the peaks upon addition of dI (class (2),
Fig. 3C and E) can be explained on the basis of signal broad-
ening resulting from this slow-intermediate exchange. Those
peaks in the HSQC spectrum which remain una¡ected by
addition of dI (class (1)) are located predominantly at the
N-terminus of dIII, suggesting that this region of the protein
retains a high degree of segmental mobility despite formation
of the complex. This is consistent with the ¢nding that the N-
terminal region of recombinant dIII seems to be rather un-
structured. Those 12 peaks in the HSQC spectrum which
undergo an apparent intensity loss due to intermediate ex-
change upon addition of dI (class (3)) re£ect a lower a¤nity
binding process (Kd of the order of 1035 M). This phenom-
enon might arise from the fact that the dI protein is dimeric
[5] while the dIII protein is monomeric. It is unlikely to rep-
resent an initial recognition of the dI dimer by the ¢rst dIII
molecule, since such a complex would be converted rapidly
into the tight, slowly exchanging (dI)2.(dIII) complex, respon-
sible for the behaviour of the class (2) amides. Instead, we
suggest that this lower a¤nity process corresponds to the
addition of a second molecule of dIII to the (dI)2.(dIII) com-
plex, i.e. dIII+(dI)2.dIIII(dI)2.(dIII)2. This interpretation is
consistent with stopped £ow experiments on the formation of
the catalytic complex, which were interpreted as evidence that
the second dIII binds to the dI dimer with a Kd of 20^50 WM
[24]. Assuming that the second dIII binds at its proper site,
this indicates that the region in and around helix B is mainly
responsible for the initial interaction with dI.
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