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NMR characterization of the NADP(H)-binding domain of
Escherichia coli transhydrogenase: sequential assignment and global fold
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Abstract The soluble NADP(H)-binding domain of Escherichia
coli transhydrogenase (186 amino acids, 20.4 kDa, rotational
correlation time 14 ns) was characterized using NMR techniques.
The global fold is similar to that of a classical dinucleotide-
binding fold with six parallel B-strands in a central sheet
surrounded by helices and irregular structures, but is lacking
both oD and oE. The substrate is bound in an extended
conformation at the C-terminal end of the parallel B-sheet and
our data support the notion of a redox dependent structural
rearrangement.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Nicotinamide nucleotide transhydrogenase (EC 1.6.1.1) is a
membrane-bound enzyme that utilizes the energy stored in the
electrochemical gradient for the production of NADPH. The
reduction of NADP* by NADH is coupled to proton trans-
location across the membrane (Fig. 1). Several different trans-
hydrogenases have been cloned and ca. 23% of the amino
acids are invariant. The enzyme consists of three domains,
domain I and III that bind NAD(H) and NADP(H), respec-
tively, and the membrane spanning domain II, through which
protons are translocated. This organization is conserved be-
tween species, but the domains are distributed over one (e.g.
bovine), two (e.g. Escherichia coli) or three (e.g. Rhodospiril-
lum rubrum) polypeptide chains and a cyclic permutation is
also found (e.g. Eimeria tenella). The N-terminal part of the
protein harbors the NAD(H)-binding domain, ecl, consisting
of residues ol-0404 (E. coli terminology), whereas the
NADP(H)-binding domain, eclll, is located in the C-terminal
part, residues 286—462.

Little structural information is known for transhydroge-
nase. A predicted model of ecl has been presented and it
was suggested that NAD(H) binds to a classical dinucleo-
tide-binding domain [1]. The structure of alanine dehydroge-
nase, a homologue of domain I of transhydrogenase, has re-
cently been determined [2]. The hexameric quarternary
structure could be regarded as a trimer of dimers and the
monomeric unit consists of two structurally similar domains,
one of which binds NAD(H) to a classical dinucleotide-bind-
ing fold. Domain III, on the other hand, shows no sequence
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similarity with known sequences in the databases and the
putative dinucleotide-binding site is less obvious [3].

The soluble domains of E. coli transhydrogenase were pre-
viously characterized using a variety of biophysical techniques
[4], including one dimensional NMR spectroscopy of domain
I primarily from R. rubrum, but also from E. coli [5]. Mixtures
of domain I and III from the same or different species display
catalytic activities, indicating native-like structures [4,6-8].

In later years, the techniques for structure determination of
macromolecules have made rapid progress. The combined use
of uniform ¥C and "N-labelling and novel pulse sequences
have extended the study of proteins up to the size of ca. 20-25
kDa and the use of deuteration to suppress relaxation has
extended this range to 30 kDa and above. Recently, we [9]
and others [10] used NMR techniques in the characterization
of the NADP(H)-binding domain from E. coli and R. rubrum,
respectively, and a secondary structure model of the R ru-
brum domain was also reported [11].

In this work, we report on the NMR characterization of the
NADP(H)-binding domain of E. coli transhydrogenase. We
have used the above-mentioned techniques, combined with
specific labelling experiments, to obtain essentially complete
resonance assignments of the protein backbone and secondary
structure determination of the 20.4 kDa NADP(H)-binding
domain of E. coli transhydrogenase. Long-range NOEs iden-
tified a central B-sheet and observation of a limited number of
methyl-methyl NOEs was used in the definition of the global
fold. Our results are not in agreement with the previously
published structure model [11], but differ both in core regions
of the domain, as well as in the substrate-binding area.

2. Materials and methods

The C-terminal 177 residues of the protein (286-462) were sub-
cloned in a T7 expression system [12] following a N-terminal Met-
(His)s-Ser-Ser-tag, expressed in BL21(DE3) cells and purified as pre-
viously described [4]. In some cases, 2 mM NADP" was present in
buffers used in size exclusion chromatography. Absorbance spectros-
copy was used to characterize substrate-binding. The theoretical &3
of the protein is 10800 M~! cm™!, whereas & of the NADP™ sub-
strate is 18000 M~! cm™!. Thus, An,y is an indicator of the fraction
of apo-protein. The absorbance at 340 nm was used to determine the
oxidation state of the protein-bound substrate. Following purification,
the integrity of the protein and level of labelling were checked with
MALDI-TOF mass spectrometry.

Labelled protein was prepared by growing cells in M9 minimal
medium [13], using [’N]ammonium chloride (Martek) and/or
[*Clglucose (Martek) as nitrogen and carbon source, respectively.
Deuterated protein was obtained by growing cells in 99% D,0O (Cam-
bridge Isotope Laboratories), using either protonated glucose or deu-
terated glycerol (Martek) as carbon source. Labelling of specific res-
idues was performed by adding '*N-labelled amino acids (Cambridge
Isotope Laboratories) to the minimal medium, in the presence or
absence of unlabelled amino acids. The concentrations of amino acids
in the medium were as described in [14].
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NMR samples contained 0.9—-1.5 mM protein in 10 mM phosphate,
100 mM NacCl, pH 7.0, at 25°C. NMR experiments were performed at
the Swedish NMR Center on Varian Inova spectrometers. A sensitiv-
ity-enhanced version of N HSQC [15] was used. HNCA, HNCO,
HN(CO)CA, HNCACB and HN(CO)CACB experiments for assign-
ment purposes were performed at 600 MHz, essentially as described
by Kay and co-workers [16-18]. "’ N-filtered NOESY-HSQC spectra
were recorded at 600 and 800 MHz, with NOESY mixing times be-
tween 50 and 200 ms. In N-filtered TOCSY-HSQC experiments at
600 MHz, mixing times of 50 ms were used and in HCCH-TOCSY
and *C NOESY-HSQC experiments at 800 MHz, mixing times of 21
and 50 ms were used, respectively. The 'H chemical shifts were refer-
enced by using DSS as internal reference. >N and '*C chemical shifts
were referenced indirectly by multiplying the 'H reference with appro-
priate conversion factors [19]. Spectra were analyzed using ANSIG
[20].

T, and T, relaxation experiments were performed as described [21].
Experiments using 7} relaxation delays of 0.0111 (Xx2), 0.111, 0.2775,
0.555 and 1.221 s and 75 relaxation delays of 0.014 (Xx2), 0.028,
0.042, 0.070 and 0.140 s were collected at 600 MHz and spectra
were collected as 2048 X256 complex points with eight transients
per increment. The 7} and T, relaxation times were determined and
the modelfree software package [22] was used to estimate 7.

Exchange of amide protons was studied by lyophilizing the NMR
sample and dissolving it in D,O. HN exchange was observed in two
dimensional (2D) HSQC experiments and the first experiment was
recorded within 10 min after transfer to D,O. NMR spectra were
recorded with increasing intervals during a total period of 3 weeks.
Between experiments, the sample was kept at 25°C.

Bound NADP" was exchanged by the addition of stoichiometric
amounts of NADPH. The exchange was completed within a few mi-
nutes. Residues that were affected were analyzed in 2D HSQC experi-
ments.

3. Results and discussion

Expression levels using M9 minimal medium were in the
order of 6-8 mg purified protein per 1 culture. These levels
were not affected when producing '*C- and/or '’N-labelled
protein, but decreased by a factor two when growing cells
in 99% D,0. The composition of the medium used during
cultivation affected both the redox state of the bound sub-
strate and the proportion of apo-protein. eclll purified from
minimal medium in H>,O bound ca. 80% NADP* and 20%
NADPH as determined from absorbance spectroscopy and
NMR experiments. When growing cells in minimal medium
supplemented with all amino acids, this ratio was changed to
50% NADP* and 50% NADPH. Cultivation in D,O affected
substrate-binding since only 80% of the deuterated ecIIl was
purified with bound substrate. In size exclusion chromatogra-
phy, which was used as second purification step, deuterated
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Fig. 1. The major pumps of the plasma membrane of E. coli. Trans-

hydrogenase is believed to be important for the redox balance of

NADP(H) in the cell. Transhydrogenase is depicted in its active di-
meric form.
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Fig. 2. 2D N HSQC spectra of eclIl with bound NADP* (10 con-
tour levels) and NADPH (one contour level). Backbone amide
groups that shift on substrate reduction are labelled.

eclll eluted from the column as two peaks corresponding to
molecular masses of 24 and 19 kDa, respectively. The first
peak contained no bound substrate as judged from its max-
imum absorbance at 280 nm. This assumption was substanti-
ated by the observation that the enzymatic activity increased
upon addition of NADP*. The second peak showed maxi-
mum absorbance at 267 nm and consequently contained
bound substrate. The change in elution volumes reflects a
change in the hydrodynamic radius of the molecule. This in-
dicates that the apo-form of eclll existed in a somewhat less
compact state than when substrate is bound. The apo-protein
was not stable and to protect it from degradation, NADP*
was added in the final step of this preparation.

The 2D HSQC spectrum of ’N-labelled ecIII with bound
NADP* is shown in Fig. 2. The signals are well-dispersed
although some signals overlap. On addition of stoichiometric
amounts of NADPH, the substrate exchanges readily. The
exchange is conveniently followed in the 2D N HSQC spec-
trum, where some signals shift considerably (Fig. 2).

In the analysis of >N relaxation data at 25°C and pH 7, 66
isolated peaks distributed over the eclll sequence were used.
The average and S.D. of the 7,/T, ratio were calculated and
used as input into the tmest program from the modelfree
software package. The resulting calculated value of 7, was
14.23+2.2 ns (T1/T,=20.4%5.7). The 66 peaks used in the
relaxation analysis were grouped according to their secondary
structure type. Of these, 16 residues were located in a-helices,
26 were located in B-strands and 24 residues were found in
loop regions (this also included what we believe to be sub-
strate-binding regions). The 7. value was calculated to
13.45%+1.3 ns for residues in helical regions (7}/
T,=18.3%£3.2) and 14.73 £ 1.5 ns for residues from B-strands
(T1/T,=21.9%3.9), suggesting (as expected) a somewhat more
rigid structure for the B-strands compared to the a-helices.
Since the S.D.s for the loop region peaks were very high
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Fig. 3. 2D N HSQC spectra of eclll specifically labelled with
[ NJalanine.

(T\/T>,=20.1£8.0), the tmest program was unable to yield a
reliable error estimate for these regions. Even so, the average
value of 7. was also around 14 ns.

The value of 7., 14 ns, is larger than expected for a globular
monomeric protein of 20 kDa at room temperature. The large
value could be due to the shape of the protein or because of
dimerization or aggregation. The observed 7. value, 14 ns,
corresponds well with what would be expected for a dimer
of eclll. The intact enzyme is purified in a dimeric state in
membrane preparations, but in size exclusion chromatogra-
phy, eclll behaves as if it was a monomer, also at high protein
concentrations (~ 10 mg/ml). Similarly, dynamic light scatter-
ing experiments at concentrations around 1 mM (Johansson et
al., unpublished) indicated that the solution molecular weight
of ecllIl is 20 kDa and, thus, that ecIIl exists in a monomeric
form. The relaxation behavior of eclll suggested the use of a
deuterated sample in order to perform the sequential assign-
ment.

The sequential assignment was based on U(*C, PN, 85%
2H) labelling with backbone experiments, in combination with
specific [’N]Ala, Val and Lys labelling (Fig. 3). "N-filtered
TOCSY and NOESY experiments were used to assign H*
resonances and a U('*C, '’N) sample was used in HCCH-
TOCSY and '3C NOESY-HSQC experiments to assign the
side chains of all amino acids that contain methyl groups.
Resonance assignments of HN, N, C* C’ and H* were de-
posited in the BioMagResBank (accession number 4329). The
secondary structure elements were identified using chemical
shift data (Fig. 4), short-range NOEs in o-helices and -
strands and amide exchange data (Fig. 5). Long-range
NOEs across B-strands (Fig. 6) defined a six-stranded parallel
B-sheet with a strand order 3, 2, 1, 4, 5, 6. The first B-strand is
preceded by an o-helix, al, and o-helices also connect B-
strands 1-4 (02, o3 and o4). B-strand 4 is followed by a short
o-helix (o5) but the connection to $5 and 6 does not involve
regular secondary structure elements. Finally, B-strand 6 is
followed by the last o-helix, a6.

The chemical shift changes that are observed on exchange
of NADP* for NADPH define the substrate-binding region in
ecIIl. Affected residues are primarily located C-terminal to -
strands (with the exception of $3) and extend several residues
away in these loops. In the sequence that follows B1, residues
in o2 are affected until the kink-inducing proline. Similarly,
following B2, both the loop and the greater part of o3 are
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affected. The sequence that follows B4 and B5 has a little
ordered secondary structure (except for the short aS) and
here, the chemical shift changes can be observed in regions
that extend more than 20 residues away, primarily residues
406412 and 425434 following B4 and 5, respectively. The
observed chemical shift changes would primarily be expected
to be located in one region of the substrate-binding area,
reflecting the change in the oxidation state of the nicotinamide
ring. However, the extension of chemical shift changes in es-
sentially the entire width of the the dinucleotide-binding re-
gion suggests that additional structural changes are coupled to
the substrate redox reaction.

The long-range HN-HY NOEs that were used to define the
secondary structure cannot be used to unambiguously deter-
mine the topology of the B-sheet nor the location of a-helices
relative to the sheet. For this reason, the side chains of amino
acids containing methyl groups were assigned and NOEs in-
volving methyl groups were used to determine the global fold.
The observed side chain NOE between methyl groups of res-
idues Val-309 (B1) and Thr-384 (B4) defines the front of the B-
sheet and the NOE between Ile-310 (B1) and Val-385 (B4)
originates from side chains that protrude from the back of
the B-sheet. Similar to Thr-384, the side chain of Leu-386 is
also in front of the sheet and the observed NOE to Ile-421
(B5) and the NOE from Ile-421 to Leu-447 (6) define the side
chain topology for strands B1, B4, B5 and 6. The observed
NOE between Ile-310 (B1) and Tle-375 (04) places 04 behind
the sheet and for topology reasons, o2 and o3 must not be
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Fig. 4. Chemical shift differences for C* (A), C' (B) and H* (C)
were calculated by subtracting an average chemical shift value for
each amino acid from the actual chemical shift [24]. In the case of
C* and C’, consecutive values above zero indicate the presence of
an o-helix and consecutive values below zero indicate the presence
of a B-strand. H* has the opposite relationship. The chemical shift
differences are of the same order of magnitude in C* and C’, but
the chemical shift differences of H* are ca. five times lower and of
opposite sign. A summary of the chemical shift information is pre-
sented in (D), where the chemical shift differences have been added
according to the formula: diff (C*)+diff (C’)—5Xdiff (H*). In this
graph, positive values are indicative of a-helices and negative values
define B-strands.
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Fig. 5. Summary of amide proton exchange rates and sequential and medium-range NOE connectivities for the ecIIl domain of E. coli transhy-
drogenase. Residues for which the amide proton signal was still observed in the 2D >N HSQC spectrum after the lyophilized protein has been
dissolved in D,O are marked with O (after 20 min) or @ (after 32 h). NOE connectivities between residue 7 and i+1 are indicated with a bar
under residue i. Medium-range NOEs are represented by continuous lines connecting the residues. The secondary structures based on NOEs,
exchange data and the chemical shift index are indicated as bars above the sequence. Residues for which the amide group experiences a chemi-

cal shift change upon titration of NADPH are shaded.

located on the same side as od. NOEs between Ala-318 (02)
and Leu-358 (a3) and Ala-327 (a2) and Ala-362 (a.3) confirm
that the helices are located on the same side and pack against
each other. Furthermore, Leu-359 (a3) makes contact with
Val-369 (B3), which in turn has a NOE to the B-proton of
Phe-342 (B2), and the side chain topology of the entire B-sheet
is determined.

Finally, our data can now define the position of a-helices 1
and 6, relative to the B-sheet. The two observed NOEs be-
tween ol and B4 (Leu-302-Leu-386) and ol and B6(Thr-299—
Leu-447), respectively, position ol in front of the sheet. Sim-
ilarly, the observed NOE between Val-340 (82) and the penul-
timate Ala-461 (06) together with the two NOEs between (4
and a6 (Ile-388-Ala-451), (Ile-388-Val-455) define the posi-
tion of o6 in front of the sheet. Together, the observed
NOEs define the global fold in Fig. 7. Interestingly, we also
observe a few NOEs that are located in the loop regions
following the [B-strands. Especially, the NOEs in the loop
between B4 and B5 (Val-394-Val-411) and (Ala-397-Ile-406),
respectively, are separated by the short o5 and define an ex-
tended loop, the top of which (residues 406-412) is involved in
substrate interaction.

Both the secondary structure and the model differ from the
model recently published for a homologous domain III from
R. rubrum [11]. In this model, B-strand 3 is not observed in the
sequence and an extra B-strand is suggested to exist in the
sequence between B-strands 4 and 5. Furthermore, a5 is not
observed but the presence of an o-helix in the sequence be-
tween B5 and B6 is suggested. Considering that the domains
are of equal length and > 50% identical, the discrepancies are
substantial. Despite the differences in the location of the sec-
ondary structure elements, a parallel six-stranded B-sheet is
suggested with the same strand order and as a consequence,
the suggested substrate-binding site is severely distorted.

The global fold of eclll shares many of the features com-
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Fig. 7. Global fold based on NMR constraints. The substrate-bind-
ing site is located C-terminal to the B-strands in the B-sheet. The
fold is similar to that of a classical dinucleotide-binding domain,
but oD and oE are missing and instead, the C-terminal o6 is lo-
cated on the same side as o2 and o3.

monly found in dinucleotide-binding domains. The domain is
dominated by the central B-sheet and both helices 02 and a3,
as well as o4, involved in the cross over between Bl and 4,
are found. The classical dinucleotide-binding domain is often
associated with a 2-fold symmetry, caused by two additional
o-helices, aE and oF, connecting the C-terminal B-strands
[23]. In eclll, however, the 2-fold symmetry does not exist,
since neither of the two o-helices is present. Instead, the C-
terminal o6 is found on the same side as o2 and o3, relative
to the B-sheet. At present, though, we can only speculate how
the observed changes in domain architecture will be reflected
in substrate-binding and domain interactions within the pro-
tein.
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