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ABSTRACT. Using the purified NADP(H)-binding domain of proton-translocatiggcherichia coli
transhydrogenase (eclll) overexpressed'iN- and ?H-labeled medium, together with the purified
NAD(H)-binding domain fromE. coli (ecl), the interface between eclll and ecl, the NADP(H)-binding

site and the influence on the interface by NAD(P)(H) was investigated in solution by NMR chemical
shift mapping. Mapping of the NADP(H)-binding site showed that the NADP(H) substrate is bound to
eclll in an extended conformation at the C-terminal end of the pafafibleet. The distribution of chemical

shift perturbations in the NADP(H)-binding site, and the nature of the interaction between ecl and eclll,
indicated that the nicotinamide moiety of NADP(H) is located near the loop comprising residues P346-
G353, in agreement with the recently determined crystal structures of bovine [Prasad, G. S., et al. (1999)
Nat Struct. Biol. 6 1126-1131] and human heart [White, A. W., et al. (20@jucture 8 1-12] trans-
hydrogenases. Further chemical shift perturbation analysis also identified regions comprising residues
G389-1406 and G430-V434 at the C-terminal end of eclfi‘sheet as part of the eekclll interface,

which were regulated by the redox state of the NAD(P)(H) substrates. To investigate the role of these
loop regions in the interaction with domain I, the single cysteine mutants T393C, R425C, G430C, and
A432C were generated in eclll and the transhydrogenase activities of the resulting mutant proteins
characterized using the NAD(H)-binding domain | frédhodospirillum rubrundrrl). All mutants except

R425C showed altered NADP(H) binding and domain interaction properties. In contrast, the R425C mutant
showed almost exclusively changes in the NADP(H)-binding properties, without changing the affinity
for rrl. Finally, by combining the above conclusions with information obtained by a further characterization
of previously constructed mutants, the implications of the findings were considered in a mechanistic context.

Nicotinamide nucleotide transhydrogenase (EC 1.6.1.1) is A 1 Rt
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harbors the NAD(H)-binding domain, ecl, consisting of
residues M1-S402, whereas {hsubunit harbors the NADP-
(H)-binding domain, eclll, consisting of residues C260-L462
(1—4).

Bergkvist et al.

reveal unexpected redox-dependent changes of thesedl
interface suggested to be relevant for the overall reaction
mechanism of the intact enzyme.

The genes of the soluble domains of transhydrogenaseMATERIALS AND METHODS

from several species have been overexpressed and the

proteins have been purified and characterized9). In all

cases, domain | was expressed as a dimer and found to lac

bound substrates. In contrast, isolated domain Il exists as
monomer and contains tightly bound NADP(H), reflecting
a dramatically increased affinity for NADP(H) as compared

to the intact enzyme. Even in the absence of the transmem-

brane domain Il, domain | and Il from the same or different
species form a catalytically active complex capable of
catalyzing the various transhydrogenation reactid@sg(
10). However, the tight binding of NADP(H) and thus the
limiting NADP(H) release results in low reaction rates for
the reverse and forward reactions catalyzed by thdlldl
complex {7, 10—13).

In R. rubrum rrl is naturally expressed as a separate
soluble subunit. The rirlll and rrl-eclll complexes catalyze
a cyclic reaction, i.e., reduction of the NAD-analogue
AcPyAD" by NADH mediated by bound NADP(H) in

domain lll, essentially with the same characteristics and rates

as those of the intad®. rubrumenzyme ¢, 10). The rrk

rrlll or rrl -eclll complexes could thus be regarded as nearly

identical to the intact enzyme during hydride transfer. In
contrast, a mixture of ect eclll catalyzes hydride transfer
only at a very low rate&), which may be explained by a
low affinity between the twcE. coli domains in solution
making the complex short-lived.Q). The different properties
of the ecteclll and the rrieclll complexes have proven very
useful. Utilizing the short-lived eeéclll complex made it

g
a

Site-Directed Mutagenesi€ysteine mutations were in-
roduced into the eclll gene at positions T393, R425, G430,
and A432. All mutants except R425C were constructed using
the pET8c plasmid) carrying the eclll gene as a DNA
template. The R425C mutant was based on the pEclll
plasmid, in which the eclll gene is under control of a lac
promoter 20). The mutants were introduced by using the
Quikchange mutagenesis kit (Stratagene) as described by the
manufacturer. The correctness of the mutant products was
checked by DNA sequencing.

Expression and PurificatiorVild-type and mutant eclll
were derived from the C-terminal 177 residug¢i>285-
pL462) of the E. coli transhydrogenas@-subunit. The
R425C mutant plasmid was transformed ifocoli TG1
cells and expressed as described in2@fwhile the wild-
type and other mutant plasmids were transformed Hto
coli BL21(DE3) cells and expressed as described inbref
All eclll genes were expressed with an N-terminal His-tag.
The purification of the wild-type and mutant eclll domains
was carried out essentially as described insiegxcept that
the domains were eluted from the gel filtration column in
10 mM sodium phosphate buffer (pH 7.0) containing 100
mM NaCl. The wild-type protein was uniformiyN-labeled
and 85%?H-labeled by growing the cells in 99%,D and
using 1>NH,Cl (Martek) as the sole nitrogen source in M9
medium. Carbon-labeled wild-type protein was prepared by
growing cells in [¥C]glucose as the sole carbon source.

possible to measure chemical shift changes with fast Following purification, integrity of the protein and level of

exchange in NMR, whereas the more long-livececlll
proved suitable for performing kinetic assays at reliably
measurable reaction rates.

Until recently the structural information available for the

labeling were checked with MALDI-TOF mass spectroscopy.
The NAD(H)-binding N-terminal 394 residues of tike

coli transhydrogenase-subunit (ecl) were subcloned fol-

lowing an N-terminal Met-(Hig}Gly tag and expressed in

soluble domains of transhydrogenase has been scarce. AFG1 cells under the control of thiac promoter ). The
predicted model of ecl was presented which was suggestecf€lls were grown in LB-medium at 37C for about 18 h,

to contain a classical dinucleotide-binding domain similar
to that in alanine dehydrogenas&4). A global fold and
identification of the substrate-binding site of eclll, based on
NMR data, has also been presentd®)( However, only
limited information is available regarding the structural
aspects of complex formation between the two hydrophilic
transhydrogenase domaink6). Recently, however, high-
resolution crystal structures of domain Il of bovire?( and
human (8, 19) heart transhydrogenases, both with bound
NADP*, have been presented. The structural information
essentially confirmed the global fold concluded earliEs) (
although at a molecular level. Moreover, as previously
considered a possibility2Q), the positioning of the bound
NADP* was shown to be turned 18@s compared to most
other dehydrogenases/reductasks 19).

By using NMR in combination with mutagenesis, an

after which they were harvested at 7000 rpm for 15 min at
a temperature of 4C, frozen, and stored at80 °C. The
methods used for further purification of ecl were the same
as those for eclll.

A plasmid, pCD1, containing the gene coding for rrl, was
transformed into the TG1 strain &. coli. The gene was
overexpressed6], and the protein purified following the
method described?@) with modifications. The supernatant
obtained after sonication and centrifugatidrid_ of culture
was loaded onto a 15 mL Q-Sepharose HP column (Phar-
macia) equilibrated with 20 mM Tris-HCI and 10 mM
(NH,4)2SO; (pH 8.0). The protein was eluted with about 70
mL of the same buffer. (N|.SO, was then added to the
sample to a concentration of 1.6 M. Afté h incubation
the sample was centrifugedrfd h at 18 000 rpm in a
Beckman JA20 rotor, and the supernatant was loaded onto

extensive characterization of the interface between eclll anda 20 mL Butyl Toyopearl column (Tosohaas). The protein

ecl, as well as a characterization of the NADP(H)-binding
site and structural changes in eclll following NAD(H)
binding in ecl, has been carried out. In addition to infor-
mation regarding important residues involved in the
NADP(H)-binding site and the eeleclll interface, the results

was eluted with a gradient (300 mL) of 1@ M (NH,).SO,
in 20 mM Tris-HCI (pH 8.0), and stored at20 °C in 20%
glycerol.

All domains displayed a purity greater than 90% as judged
by SDS—polyacrylamide gel electrophoresis using &%
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Ficure 2: Solution structure model and secondary structure elements of eclll based on NMR data. (A) Solution structure model of eclll.
The paralle|3-sheet, comprising-strands 3, 2, 1, 4, 5, and 6, is visible in the center of the proteimelices 3, 2, 6, and 1 are facing the

viewer anda-helix 4 and loops betweet¥4 andf5 and betwee5 andj6 are situated behind thizsheet. (B) Amino acid sequence with
secondary structure elements of eclll. Black shaded residues are conserved and gray shaded residues are similar among different species
of transhydrogenase.

gradient gels in the Phast system (Amersham Pharmacia >N and H'chemical shift changes in ecllil upon alterations
Biotech). in domain interaction and substrate-binding states were
Determination of Protein Concentration and Substrate monitored in**N HSQC spectra at 800 MHz. These spectra
Content.Protein concentrations were determined by absor- were recorded with 2048 complex points tthand 512t;
bance spectroscopy at 280 nm, usiginaop+) = 15 000 increments, with sweep widths of 12 000 and 3003 Hz,

M1 cm ! and €eciapo) = 23 470 ML cmi 2. Alternatively, respectively. Data in the indirect dimension were zero-filled

the bicinchoninic acid assay with bovine serum albumin as to twice the amount of acquired points and apodized using

standard was used for protein determinatiaf)( a Gaussian window function before Fourier transformation.
Substrate binding was determined by Yvis spectros- ~ NMR data were analyzed using ANSIGY 26).

copy. The theoreticadgois 10 800 Mt cm™1, whereas: g0 Solution Structure Model DeterminatiorA solution

of the NADP' substrate is 18 000 M cm™%; Anaxis therefore structure model of eclll (Figure 2) was obtained by applying
a good indicator of the fraction of apo-protein. The absor- 102 H'-HN NOEs, 64 additional NOEs involving side chain
bance at 340 nm was used to determine the redox state ofprotons, 67 dihedral angles and 422 hydrogen bonds as
the substrate, whereas the content of NAD® wild-type restraints in a structure calculation using the standard
and mutant eclll was determined by fluorescence using aannealing protocol in DYANA 27). The NOEs were
modified Klingenberg procedure as described previowsly (  classified according to the following schemeN kb HN
Activity AssaysTranshydrogenation reactions catalyzed sequential NOEs were given an upper limit of 3.0 A,
by mutant and wild-type eclll were analyzed usRgrubrum ~ a-helical H' to HN (i,i+2) were given an upper limit of 4.5
domain I. Proteir-protein titrations were performed in which A and long-range FtHN NOEs were given upper limits of
the eclll concentration was kept constant, and the rrl 3.1, 4.0, or 5.0 A based on NOE intensityN Ho H¢
concentration was varied until a maximum rate was achieved.sequential NOEs occurring ifi-strands were given upper
The dtdIll assay buffer [20 mM each of Mes, Mops, Ches, limits of 2.5 A and the upper limit of NOEs involving methyl
and Tris, 50 mM NaCl (pH 7.0)] was used for assay of this groups was set to 5.0 A. The dihedral angles were introduced
reconstituted dHlll system. The reverse and cyclic reactions based on chemical shift information and subsequent second-
were measured optically as describBd3). Measurements  ary structure identification ag angle restraint intervals of
were performed at 25C. 110-180C for -strands and-55 to—15° for a-helices. The
NMR Experiments\MR samples contained 0-4.5 mM hydrogen bonds were introduced as distance restraint inter-
eclll in 10 mM sodium phosphate, 100 mM NaCl, and 90% Vals, 2.6-1.8 A between the amide proton and the acceptor
H,0/10% DO at pH 7.0, and experiments were performed atom and 3.62.7 A between the amide nitrogen and the
at 25 °C on Varian Inova spectrometers. The backbone &cceptor atom, based on amide exchange information, when
assignment of eclll has been reported earld).(Side chain  the acceptor atom could be identified in regular secondary
and NOE assignments were accomplished using a numbestructure elements. An ensemble of 20 structures was

of heteronuclear NMR experiment$N-filtered NOESY- calculated and 10 of these structures with the lowest overall
HSQC spectra were recorded at 600 and 800 MHz with target function were selected for further analysis.
mixing times between 50 and 200 M3\-filtered TOCSY~ Domain and Substrate Titrations for NMR stock

HSQC experiments were performed at 600 MHz with a solution of 1.1 mM apo-ecl was prepared in a 10 mM sodium
mixing time of 50 ms. A HCCH-TOCSY and &C phosphate, 100 mM NacCl, and 90%®10% DO buffer

NOESY—HSQC experiment were performed at 800 MHz at pH 7.0. At the titration steps, amounts from this stock
using mixing times of 21 and 50 ms, respectively. solution were added to and mixed with a NMR sample of
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Table 1: Content of Bound NADP(H) in Wild-Type and Mutant thio"SpeCiﬁC_prObe_s ir! a forthcoming study. However, in
ecllla the present investigation the mutants were used as local
NADP* NADPH _apo-form perturbations at the respective sites of the protein. The yield
eclll enzyme Amax (%) (%) (%) ref of mutant eclll varied between 1 to 15 mg of protein/L of
I 267 87 5 8 this study cult|vat|o_n. Interes_tlngly, _the _G430C mutant spontaneogsly
eclllH345C 267 44 25 31 20 formed dimers during purification. The existence of disulfide
eclllA348C 267 6 60 34 20 bridges was corroborated by running SBISAGE in the
eclliR350C 267 24 30 46 20 presence and absence of a reducing agent (not shown).
ecllibs92¢c 277 0 0 100 20 One of the characteristic features of the separately
eclllIT393C 267 34 66 0 this study . ) ' .
eclllK424C 267 22 15 63 20 expressed wild-type eclll domain was its content of tightly
eclllR425C 277 0 0 100 thisstudy ~ bound NADP(H) in almost 100% of the protein molecules
eclliG430C 267 3 65 32 thisstudy  (5), The proportion of oxidized and reduced bound substrate
eclliA432C 267 0 8 22 thisstudy  yaried less than 5% from one preparation to another for the
@The concentrations of NADPH were estimated from -ts same wild-type or mutant protein. To examine if a mutation

spectra and the concentrations of NADWere determined by a hindi ;
modified Klingenberg procedure (See Materials and Methods) AFhe affected these substrate-binding propertiég. and the

value corresponds to the wavelength at which maximal absorption was pr,Oport,'onS of NADPH and NADP wgre routinely deter-
observed for the interval 230450 nm in UV-vis spectra. mined in all mutants. Table 1 summarizes the results for the

eclll mutants constructed in this work and also lists a
comparison with previously characterized eclll mutants. It
can be noted that in all mutants, except for T393C, in which
case the apo-form was absent, the proportion of apo-protein
Jvas increased reflecting a lowered substrate affinity than that
of the wild-type eclll. The NADPH/NADP ratio was also
changed, especially when a mutation was introduced in loops
succeedings3, 4, andgs (cf. Figure 2), i.e., in the case of
A348C, T393C, G430C, and A432C, in which case this ratio
was inverted. The most dramatic change, however, occurred
in the D392C and R425C mutants, which both were devoid
of bound substrate and thus displayetnaat 277 nm. This
suggests that these two residues are crucial for substrate
binding.

Expression and Purification of ecl and rThe yield of
ecl was approximately 42 mg/L whereas that of rrl was

pproximately 100 mg/L. UV vis spectroscopy suggested
hat both ecl and rrl were purified in the apo-form. Size-
exclusion chromatography showed that both ecl and rrl
migrate as dimers, in agreement with earlier finding5j.

NMR ExperimentsA rotational correlation time of 14 ns

0.9 mM eclll at molar ecl:eclll ratios of 0, 1, and 2. After
each addition of ecl, the NMR sample was concentrated in
order to maintain the eclll concentration. The pH of the
protein solution was checked before each measurement an
was, when necessary, adjusted to 7.0. After the last NMR
experiment in the titration series, the sample with an ecl:
eclll molar ratio of 2 was supplemented first with NAD
and then with NADH. Substrates were taken from concen-
trated stock solutions and reached final concentrations of 4
mM each in the NMR sample. Since the added volumes of
substrates were small, the dilution effects were considered
negligible.

To visualize the chemical shift differences between the
different forms of eclll, the solution structure model was
color coded according to the magnitude of chemical shift
perturbation in each residue. Residues were considere
strongly perturbed if the magnitude of perturbation for either
HN or >N exceeded 32 or 12 Hz, respectively, and colored
red. Residues whose magnitude of perturbation frai
15N were in the interval 1632 Hz or 6-12 Hz, respectively,

wer lored vellow. Resid wh mid ir had n tfor eclll (15, 24) constitutes an unusually unfavorable
ere colored yellow. Resldues whose amide pair had not ., 4itin for NMR experiments and a deuterated sample was
been assigned, were overlapped, were too weak to be

I 0,
observed or for other reasons could not be accuratelytherefore required. The 2BN HSQC spectrum of 85%

oL . by
observed in théSN—HSQC spectra were colored pale green. deuterated®N-labeled isolated eclll exhibited an excellent

. . ; . signal dispersion and 213 peaks were readily identified
Observable residues with chemical shift changes below 16 = L
Hz (HN) and 6 Hz EN), were colored white. Color (Figure 3). Eclll was expected to give rise to 175 backbone

. . . signals, 72 side-chain signals, and 4 signals from the bound
illustrations were prepared using MOLMORS). substrate, in total 251 possibly observable signals. The

RESULTS previously reported backbone assignme&#)(included all
amide proton and nitrogen resonances with the exception
Expression and Purification of ecllExpression levels  for the His-tag and three residues in the unstructured
using M9 minimal medium yielded approximately 13 mg of N-terminus. Of these signals, 14 were overlapped or ex-
deuterated®N-labeled wild-type eclll/L of culture, a higher  change broadened, thus allowing the assignment and moni-
yield than previously reportedl®). Eclll behaved as a toring of up to 150 signals in the subsequent interaction
monomer both in light scattering and size-exclusion chro- analysis.
matography experiments (data not shown). Solution Structure Modellen structures with the lowest
A set of cysteine mutants, i.e., T393C, R425C, G430C, overall target functions were selected from 20 calculated
and A432C were constructed and characterized in which structures in DYANA. The average global RMSD between
conserved or semi-conserved residues were targeted basetihe regular secondary structure elements of these 10 struc-
on loop regions in the protein which were predicted to be tures were 4.5 1.0 A (Table 2).
exposed on the surfac@ (Table 1). Additional, but One of the 10 structures was selected as a model for the
previously constructed mutants included in this investigation global fold (Figure 2). A large number of HN NOEs
were H345C, A348C, R350C, and D39220) (Table 1). between thefS-strands unambiguously defined a central
All were cysteine residues since they will be reacted with parallel 3-sheet with the strand order 3, 2, 1, 4, 5, and 6.
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Ficure 3: 1®N—HSQC spectra of isolated eclli(NADB®and of ecll(NADP")-ecl(apo) showing chemical shift perturbations upon complex
formation between eclll and ecl. Boxed peaks highlight examples of amide groups that shift upon complex formation. G353 is an example
of a peak which shifted more than 32 Hz in thB-Himension or more than 12 Hz in th&N-dimension (colored red in subsequent figures).
G343 is an example of a peak which shifted in the intervals3BHz in the H-dimension or 6-12 Hz in the'*N-dimension (colored
yellow in subsequent figures).

This type of3-sheet introduces sterical restrictions on the Tap1e7 " siatistics for eclil Global Fold Structure Calculation
o-helices and loops around tifiesheet. Specifically, helix

a2 anda3 were topologically confined to different sides of

structure generation

the 3-sheet tham4 ando5 which was confirmed by several restraint type number
NOEs. A folding motif with such g-sheet and arrangement NOEs, total 166
of a-helices is typical of a classical dinucleotide-binding sequential|{ —j| =1) 65
motif. Long-range NOEs defined the positions @f and I'gﬁg';‘;]grg%gf (‘11"5)_” <9) gg
06 on the same side a2 anda3. Interestingly ol anda6 dihedral ang|esJ - 67
arranged themselves diagonally acrossifsheet with the hydrogen bonds 84
C-terminal end ofa6, i.e., the C-terminus of the protein, structure evaluation

average global RMSD 4510A

almost buried in the center of the protein nexto®. The

2The dihedral angle restraints were included/aangles based on

6 were largely comprised of loops and few long-range a chemical shift index calculation. Hydrogen bonds were included as
o distance restraints based on deuterium exchange experiments, one

_NOES were assigned to these regions. Neverthele;s, SteriCafom the slowly exchanging proton to the acceptor atom and one from
interferences prevented these elements from occurring on thehe donor to the acceptor atom. The structure evaluation was performed
same side asl ando6. on an ensemble of 10 nonedited structures. The average global RMSD

Chemical Shift Perturbation Mappinglpon addition of was evaluated on the regular secondary structure elements as listed in
ecl(apo) to eclll(NADP), chemical shift perturbations were ~ F'9ure 3B

secondary structures betwgefhandss and betweefis and




12600 Biochemistry, Vol. 39, No. 41, 2000 Bergkvist et al.

80 ecl-eclll complex could not be saturated with ecl, and the
Hz complex lifetime could therefore not be determined. How-
60 ever, the largest fast-exchanging chemical shift perturbation
40 - | at a ecl/eclll molar ratio of 2, i.e., 76.0 Hz (the amide proton
! of residue Y324) on the 800 MHz spectrometer, cor-
20 responded to an upper limit of the complex lifetin29) of
0 | Il JJ [ﬂwﬂwi uﬁ%"ﬂm 14 ms. For comparative reasons, eclll(NADRvas mixed
| with rri(apo) and analyzed in @iN—HSQC spectrum. Due
-20 - to the long lifetime of the resulting complex most of the
40 \ resonance signals were in slow exchange and the interaction

could not be followed as chemical shift changes. However,
280 300 320 340 360 380 400 420 440 460 several resonances showed exchange broadening, indicating
residue number that they were involved in the eclli(NADRB-rrl(apo)
FiIGURE 4: Chemical shift differences fro"N—HSQC peaks interface and that the corresponding residues were qualita-
between isolated ecll(NADF) and the eclli(NADP)-ecl(apo) tively the same as those found in the ecll(NADP+
complex. The ecl/eclll ratio was 1:2. Open bars correspond to the g an0) titration series (results not shown). Quirk et al.
amplitude oftH and filled bars correspond to the negative amplitude L -
of 15N chemical shift perturbations, respectively. (16) reported exchange broadening in the correspondmg
rrlll(NADP *)-rrl(apo) complex. The implicated residues
detected in th&®N—HSQC spectra (Figure 3). The interaction agree with our findings, even though the two structural NMR
was governed by fast exchange, and chemical shift changesnodels differ cf. {5, 16).
were traced in a series of titrations. The chemical shift Chemical shifts of individual residues are depicted as
changes between isolated eclli(NADRand eclli(NADP) strong (red), intermediate (yellow), and no observed changes
in complex with ecl(apo) at an ecl/eclll molar ratio of 2 are (white/green) (Figure 5) as described in Materials and
shown in Figure 4. At the protein concentrations used, the Methods. The chemical shift changes of thi d&hd the'>N

Ficure 5: Color-coded solution structure models demonstrating the chemical shift differences between various complexed or isolated
forms of eclil. (A) eclli(NADP") compared to eclli(NADP)-ecl(apo). (B) eclll(NADP)-ecl(apo) compared to eclli(NADP-ecl(NAD").

(C) eclli(NADP") compared to eclli(NADPH). (DX eclli(NADPH)-ecl(NADH) — ecll(NADPH)} — {ecll(NADP")-ecl(NAD") —
eclll(NADP")}. Residues with no or small chemical shift perturbations are colored white. Chemical shift differences larger théh 16 (H

or 6 (*°N) Hz, but not larger than 32 (1§ or 12 (°N) Hz, are colored yellow. Chemical shift differences larger than 39 @t 12 (°N)

Hz are colored red. Residues that are exchange broadened below the limit of detection, shifted beyond detection, overlapped or lacking
assignments are colored pale green.
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nuclei were thus compiled and color-coding was performed eclll(NADPH) gives the interaction surface of eclll with ecl
on a per-residue basis. However, interpretations of thein the presence of reduced substrates. In the same manner,
chemical shift changes (see below) were performed with the interaction surface obtained with oxidized substrates

emphasis on regions rather than on individual residues.
A color-coded solution structure model illustrating the

was derived by evaluating the chemical shift differences
between the eclll(NADP)-ecl(NAD") complex and isolated

chemical shift differences between the isolated eclll and the eclll(NADP"). Chemical shift mapping of both these interac-

ecl complex form of eclll is shown in Figure 5A. The largest
chemical shift differences occurreda® (V319-E328), in
the loop connectings2 with a3 (G343-G353), in a3
(L358—E361), and at the N-terminal end of4 (E371

tion surfaces showed large similarities with that in the
eclll(NADP™")-ecl(apo) complex (Figure 5A). However, the
difference between the two interaction surfaces may be
evaluated in order to deduce changes as a result of redox

E374). Local chemical shift changes also occurred at the change of the substrates, i.éeclli(NADPH)-ecl(NADH)

center of g5 (V422) and 36 (H445), and around the
N-terminal end off1 (H307-S308). Some chemical shift
changes were also observed in the loops betyédesnds5
(D392, G408, V411) and betwegtb and 6 (V434). No
chemical shift changes were observediih ando®.

To investigate the effects of NAD(H) binding in ecl on
eclll, NAD* was first added to the eclli(NADP-ecl(apo)
NMR sample. Thé’N—HSQC spectrum of eclli(NADP
in complex with ecl(NAD) showed significant chemical
shift differences as compared to that of the ecll(NADP
ecl(apo) complex (Figure 5B). As a consequence of NAD

eclll(NADPH)} {eclli(NADP")-ecl(NAD")
eclli(NADP™)}. The resulting chemical shift perturbations
were mapped on the structure model in Figure 5D. Once
again, chemical shift perturbations m2 (V319, A320,
T330), in the loop connecting? anda3 (V347—-G353) and

in a3 (M355-E361) were observed. However, this time
perturbations in the loops betwega ands5 (G389-1406)

and betweerB5 andf6 (G430-V434) were also observed.
These perturbations were particularly interesting since the
previous domain interaction studies (Figure 5A) showed no
indication that these residues participate in the interaction

binding to ecl, chemical shift changes were detected in the surface of eclll with ecl. The perturbations thus suggest that

loop connectingg2 anda3 (V347—G349) and i3 (V357).

these regions are in redox-regulated contact with ecl or that

Significant chemical shift changes were also observed in thethey are indirectly affected through the substrate-binding site.

part of thes-sheet formed by4 (L386, G389),55 (1421,
V422), andf6 (H445, M446). With the exception of the
N-terminal end off1, chemical shift changes were not
observed in the othgi-strandsp 1, a6, or the loops between
p4 andps and betweeip5 andj6.

A change of the redox state of NADP(H) also affected
the chemical shifts of eclll1B) and rrlll (16). Previous

In either case, the regions identified here seem to have

important roles in the mechanism of action of the protein.
Substrate Binding and Catalytic Actiies of MutantsOf

the mutated residues used in this investigation, residues

H345, A348, and R350 are located in the loop betwg2n

and a3, residues D392 and T393 are located in the loop

following 4 and residues K424, R425, G430, and A432

gualitative results have shown that the chemical shift are located in the loop following5. All of these residues

differences between isolated ecll(NADPand isolated
eclli(NADPH) map out the C-terminal end of thesheet

(15), the expected substrate-binding site in a dinucleotide-

binding motif. The available structure model and a more

are believed to form part of the interface and/or the
NADP(H)-binding site {7—20) and also show chemical shift
perturbations in the present NMR study. The reverse and
cyclic reactions catalyzed by mutant ectH rrl mixtures

guantitative analysis made it possible to map the chemical were analyzed using proteiprotein titrations in which the
shift perturbations on the structure model caused by exchangeeclll concentration was kept constant and rrl varied until a

of NADP* for NADPH (Figure 5C). It is clear that the

maximal reaction rate was reached, giving a [rrl)/[ecll]] ratio

C-terminal end of the protein constitutes the substrate-binding required for half-saturation.

site. The fact that chemical shift perturbations occur across The maximal rate of the reverse reaction catalyzed by
the length of thgs-sheet indicates that the substrate is bound mixtures of rrl and eclll at pH 7.0 has been shown to be
in an extended conformation. Several strong chemical shift limited by the slow release of NADP(7, 10—-13). All

perturbations occurred in the loop connectjp? and a3
(H345-L351), and ina3 itself (H354-L359) upon addition

of NADPH. These results indicate that, in agreement with
the crystal structures of the mitochondrial domain I,
19), the nicotinamide moiety in NADP(H) is located near
the loop connectingg2 anda3 (residues P346G353) in
eclll. The loops followings4 (G389-A397, 1406-M409)
and 5 (K424—V434) showed significant chemical shift

cysteine mutants described in Table 3 showed increased
maximal reverse rates, which in most cases is explained by
the decreased affinity for NADP(H) caused by the introduced
mutation (cf. Table 1). Thus, mutation of the neighboring

residues D392 and T393 to cysteines led to completely
opposite effects with respect to content of NADP(H), i.e.,

the former showed 100% apo-form whereas the latter showed
0% apo-form (Table 1). Consequently, the D392C mutant

changes, indicating that these regions are important for catalyzed the highest reverse activity and T393C one of the

substrate affinity and/or specificity.

lowest activities (Table 3). K424C, R350C, H345C, and

A substrate redox change can also be achieved in theA432C showed an almost linear correlation between content

eclli(NADP*)-ecl(NAD") complex by the addition of NADH.
Since the affinities of rri/eclll and eclll for the reduced

of apo-form and activity, whereas A348C and G430C both
had an NADP(H) content of 3234% and an unproportion-

substrates are much greater than those for the oxidizedately high activity, i.e., 850% of wild-type (Table 3).

equivalents %, 30), addition of NADH will rapidly replace
NADT in rrl and reduce NADP to NADPH in eclll.

Evaluating the chemical shift differences between the re-

sulting eclli(NADPH}ecl(NADH) complex and isolated

The rri-titration curve for the reverse reaction is complex,
with the concentration of rrl required for half-saturation
depending both on the rate of release of the NABdmed
as well as on the dissociation constant for theeclll
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Table 3: Rates of the Reverse Reaction Catalyzed by Wild-Type and Mutant eclll in the Presence of rrl

Vmax

[eclll] [rrl] [rrl)/ (mol of AcPyADH)
eclll enzyme (nM) (nM) [eclll] (mol of eclll) "t min~* % ref
eclll 4900 20 0.004 4 100 20
eclllH345C 1300 60 0.046 10 250 20
eclllA348C 690 90 0.130 33 825 20
eclllIR350C 1240 100 0.081 10 250 20
eclllD392C 470 100 0.213 55 1375 20
eclllT393C 2500 50 0.020 7 175 this study
eclllK424C 730 60 0.082 17 425 20
eclliR425C 1000 90 0.090 17 425 this study
eclllG430C 1000 320 0.320 34 850 this study
eclllA432C 2500 90 0.036 6 150 this study

aThe values are estimations derived from—reklll titration curves where the concentration of rrl was varied (not shown). The assays were
carried out in didlll assay buffer (see Materials and Methods). The [eclll] values refer to the fixed enzyme concentrations used in the protein
protein titrations. The [rrl] values correspond to the concentration of rrl required to reach half-maximal rates.

Table 4: Rates of the Cyclic Reaction Catalyzed by Wild-Type and Mutant eclll Complexed gith rrl

Vmax

[eclll] [rrl] Ky (mol of AcPyADH)
eclll enzyme (nM) (nM) (nM) (mol of eclil)™* min~* % ref
eclll 40 70 50 4900 100 20
eclll 125 30 24 4900 100 20
eclll 4 25 23 4900 100 20
eclllH345C 39 320 300 1250 26 20
eclllA348C 7 50 46 3300 67 20
eclllR350C 8 50 46 2000 41 20
eclllD392C 43 450 429 900 18 20
eclllT393C 125 110 104 2400 49 this study
eclllk424C 9 60 55 2200 45 20
eclllR425C 40 60 40 600 12 this study
eclllG430C 40 320 300 700 14 this study
eclllA432C 125 90 84 3100 63 this study

a Conditions were as described in Table 3.

complex (L0). The ratio of rrl/eclll at'/,Vmax Of the reverse  concentration at/;Vimax Was significantly increased in five
reaction was apparently correlated with the rate of reverseof the mutants (Table 4). T393C and A432C showed about
transhydrogenation (Table 3), i.e., the release of NADP a 2-fold increase irKy, whereas the H345C, D392C, and
However, the G430C mutant displayed the highest rrl/eclll G430C mutants showed a more pronounced increakg, in
ratio even though the activity of the reverse reaction catalyzede.g., the G430C mutant displayed more than a 15-fold
by this mutant was not the highest. Obviously, the affinity increase in the concentration of rrl required #iVmax In
of the mutant eclll for rrl was reduced to a greater extent in contrast, despite catalyzing a very low cyclic reaction, R425C
the G430C mutant than in, e.g., the D392C mutant. displayed an essentially unchanged affinity for rrl as judged
The maximal rate of the cyclic reaction is limited by the by the rrl concentration required for half-saturation of the
hydride transfer steps at pH 7.00-13). Most eclll mutants cyclic reaction (Table 4). This property of R425C is
showed relatively high maximal cyclic reaction rates, which presumably due to its poor ability to bind NADPH in a
indicated an ability of these domains to form catalytically correct position for hydride transfer (cf. Table 1).
active complexes with rrl similar to wild-type eclll (Table
4). On the other hand, the most affected mutants, R4250DISCUSSION
and G430C, showed only 12 and 14% of wild-type eclll  Global Fold of eclll. The solution structure model
cyclic activity (Table 3), respectively, indicating a substantial described in the present investigation defines a distinct global
loss of hydride transfer ability for these mutants. The fold and on which side of thg-sheet allr-helices and loops
corresponding value for D392C was 18%, whereas the are located. However, at the moment, our NMR data are not
remaining mutants showed activities between 26 and 67%sufficient to define the precise positions of all side chains
of wild-type (Table 4). and backbone elements. The loops betwgérands5 and
The rrl concentration required for half-saturation of the betweens5 andf36 have few structural restraints and it is
cyclic reaction is a measure of the dissociation constant for thus not possible to deduce any detailed structural informa-
the rrl-eclll complex @0). At YVmax 50% of the eclll tion for these elements, other than their positions relative to
molecules take part in complexes with rrl. Depending on theS-sheet. With these limitations in mind, it is still possible
the affinity between the two domains, the concentration of to successfully use the model to interpret the chemical shift
rrl required for half-saturation will vary. Ky for the rrl- perturbations in structural terms.
eclll complex is calculated from the actual rrl and eclll The NMR solution structure presented in this investigation
concentrations at/,Vimax i.€., Kq = [rrl]-[eclll]/2. The rrl is quite different from that deduced by NMR of tHe



Domain Interactions in Transhydrogenase Biochemistry, Vol. 39, No. 41, 20002603

rubrumrrlll (16), but very similar to those deduced by X-ray affinity for NADP(H) essentially unaffected. This latter
crystallography of bovine mitochondrial?]) and human mutant contained bound substrate to 100% and the maximal
mitochondrial (8, 19) domain Ill. As a result of the rate of the reverse reaction was increased only 1.75 times
establishment of the crystal structures, a number of residuegTables 1 and 3). Thus, despite being neighboring residues,
have been identified as functionally important. The functional the side chain of T393 is apparently not involved in
roles of the majority of the corresponditig coli residues, NADP(H) binding presumably because it is positioned away
most of which are invariant, have previously been character- from the NADP(H)-binding site.
ized extensively using site-directed mutagenesis by Bragg The remarkable specificity of dlll for NADP(H) relative
and collaborators4) and by Rydstim and collaborators3( to NAD(H) (20, 34, 35) is probably dependent on the
5, 14, 20, 31). interactions between thé-phosphate of the nucleotide with
Substrate Binding and Catalytic Acities. Chemical shift the region in the protein composed of K424, R425, and S426
mapping provides general information about the position and (17—19). K424—R425-S426 was earlier suggested to play
extent of the substrate-binding site surface, whereas activitya key role in NADP(H) binding%, 20, 31). These conserved
measurements and determination of substrate content ofamino acid residues are involved in seven proposed hydrogen
mutant eclll provides important information regarding the bonds between NADP(H) and the protein and the side chain
involvement of specific residues in substrate binding. The of R425 stacks with the adening9). Mutation of K424 and
maximal rate of the reverse reaction catalyzed by the rrl R425 residues caused dramatic changes in the NADP(H)-
eclll complex is limited by the release of NADR10—12, binding properties of dlll, the most prominent effect being
32). Vmax Of the reverse reaction is thus another important the lack of bound substrate in the R425C mutant (Table 1).
indicator for how the NADP(H) affinity has changed due to Both K424C and R425C mutants showed a 4-fold increase
a mutation of a certain amino acid residue. Eclll mutants in the maximal rate of the reverse reaction, reflecting the
with a pronounced increase in the maximal rates of the diminished affinity for NADP (Table 3). Interestingly, the
reverse reaction were A348C, D392C, K424C, R425C, and R425C mutant was also capable of catalyzing the cyclic
G430C (Table 3). Chemical shift mapping suggested that reaction in the absence of added NADEC. Johansson,
these residues were either involved primarily in the-ecl unpublished material), an observation which suggests that
eclll interface (A348), a redox-regulated interface (A348, this mutant has lost its specificity for NADP(H) without
D392), or the NADP(H)-binding site (K424, R425, and loosing its dinucleotide affinity. The K424R mutant was
G430). Taken together, these results thus indicate that allpreviously proposed to have lost its low affinity binding of
these residues, directly or indirectly, have an important role NADH in the cyclic reaction without added NADP(H3Y).
in substrate binding. Taken together, these findings strongly support the original
In the recently determined crystal structures of transhy- suggestionsy, 20, 31) that K424 and R425 play a major
drogenase domain Ill from bovin&?) and humani9) heart, role in the specificity of dlll for NADP(H).
details of the NADP(H)-binding site are presented, including G430 seems to be of great importance for the mechanism
hydrogen bonds as well as other interactions between domairof transhydrogenase for several reasons. This conserved
Il and NADP*. In the crystal structures, A348 is located glycine residue allows the close fitting of the dinucleotide-
close to the nicotinamide ring where its carboxyl group is binding motif to NADP(H) and also makes direct contact
hydrogen bonded to one of the amide protons of NADP by its amide group to the ribose 0f52ADP (17). The 8-fold
The carbonyl oxygen of R350 was suggested to take part inincrease in the maximal rate of the reverse reaction catalyzed
electrostatic interactions with the nicotinamide ridg) in by the G430C mutant may be explained in terms of a lost
addition, the side chain of R350 makes important hydrogen flexibility caused by the substitution in this position (Table
bond contacts with both the ribose moiety of NMN and the 3). In all mutants discussed above, with the exception of
pyrophosphate. In the present study, the maximal rate of theR425C, the NADP/NADPH ratio was inverted compared
reverse reaction catalyzed by the A348C and the R350Cto wild-type eclll, i.e., the proportion of NADPH was
mutants was increased by 8 and 2.5 times, respectively, asncreased at the expense of NAQRhe most affected being
compared to wild-type eclll (Table 3). Keeping the positions the G430C and A432C mutants where almost all bound
of A348 and R350 in mind, it is rather surprising that a substrate was NADPH (Table 1). It is suggested that this
cysteine mutation in the A348 position caused a more G430-Y431—-A432 region constitutes a “redox sensor”,
pronounced decrease in NADRffinity than in the R350  which can assume conformations that bind either NADP
position. A cysteine residue in the A348 position should be or NADPH. It is extremely interesting that this region also
able to in part take over the role of the alanine. In contrast, constitutes part of the “lid” suggested to be involved in the
the side chain of the original arginine in position 350 should occluded state of the enzymé&§j. It should be stressed,
be more difficult to replace. This unexpected result suggestshowever, that the mechanism by which wild-type eclll is
that the role of A348 in binding NADPis more important  isolated with mainly bound NADPE despite the fact that
in E. coli dlll than suggested by the crystal structures. the affinity for NADPH is 2 orders of magnitude higher, is
The pronounced effect of mutating D392 to a cysteine not clear.
could be explained by its central role in substrate binding  Transhydrogenation occurs through direct hydride transfer
(20, 31, 33), making hydrogen bond contacts both with the between the substrate36], i.e., the nicotinamide moieties
ribose moiety of NMN and with the pyrophosphate group must be located in near proximity to each other. Many
(17, 19). The importance of this residue in NADP(H) binding significant chemical shift perturbations occur in the loop
was also demonstrated by the fact that the D392C mutantconnecting2 anda3, and ina3 itself, upon change of the
did not contain any detectable substrate (Table 1). In contrast,redox state of NADP(H). In agreement with the available
the replacement of the nearby T393 by cysteine left the crystal structures of domain Il of the bovine and human
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enzymes, the distribution of the chemical shift perturbations
and the location of the domain interaction surface on eclll
suggest that the nicotinamide moiety in NADP(H) is located
near the loop connecting? anda3 (residues P346G353)

in eclll. This conclusion is consistent with the high reactivity
of A348C in eclll with an NADP-analogue with a modified
nicotinamide moiety Z0).

Domain InteractionsThe present results, based on chemi-
cal shift mapping, clearly indicate that the region which
includes residues V319E328 @2), G343-E361 @3 and
£3), and G408-V411 form part of the interface between di
and dlll. In addition, residues G383406 and G430-V434
are suggested to form a redox-regulated part of the interface
The recently published crystal structures of domain Il from
human (9) and bovine {7) transhydrogenase both suggest
surfaces of domain Ill likely to form an interface with domain

Bergkvist et al.

with domain | directly, even though they are involved in
binding to the nicotinamide mononucleotide moiety of
NADP(H).

Effect of the Redox State of NAD(P) on Domain Interac-
tions. The D392 has been shown to be surface expokéd (
and suggested to play a major role in substrate binding and
catalysis 19, 20, 31, 33). Mutation of this residue to a
cysteine, and also to a lesser degree the T393C mutation,
caused a decrease in the affinity for domain | (Table 4),
reflecting an apparent involvement in the interface with
domain I. The region G3891406 showed chemical shift
perturbations upon reduction of the NADBubstrate in eclll

{(Figure 5C) and it was also identified as an NAD(P)(H)

redox-regulated part of the interface with domain | (Figure
5D). This finding is consistent with the proposed key role
of D392 in catalytic activity and proton translocatio20(

. In both cases, the strongly conserved region comprised 0f31, 33), and may also explain the dramatic changes in the

residues 1344 A362 (the loop connecting2 anda3, and
a3 itself) was proposed to form a rather hydrophobic
interface with domain I. The present results confirm that this
region indeed is part of the dllll interface (Figure 5A).
There were different opinions regarding the role of the
conserved acidic region (“acidic patch”) formed by residues
E361-D383 (froma3 throughp3 to a4). This region was
proposed to interact either with domain19j or with the
extramembraneous loops of domain 1I7). In the present

affinity of the E. coli (37) and bovine heart38, 39)
transhydrogenase for NADH in the presence of an electro-
chemical proton gradient.

The loop composed of residues G43@434 was also
identified as an NAD(P)(H) redox-regulated part of the
interface (Figure 5D). The G430C and A432C mutations
were shown to affect the affinity to domain | in the titration
of the cyclic reaction (Table 4). In contrast, the K424C and
R425C mutants were examples of mutations causing changes

NMR experiments these residues were not affected by thej, he substrate-binding properties, without affecting the

addition of ecl, as judged by the observed chemical shift
perturbations (Figure 5A), thus excluding the possibility that
this region is part of the ddllll interface. Other residues that
were suggested to form part of an interface with domain |
were the conserved G408, M409, and P41IT) &nd residues
involved in nucleotide binding, e.g., Y315, R350, and R425
(19). Residues G408V411 were indeed confirmed to be
part of the didlll interface, whereas R350 was confirmed
to be part of both the redox-regulateddill interface and
the NADP(H)-binding site. However, Y315 and R425 were
not affected upon addition of ecl in the present experiments
(Figure 5A), even though they were clearly involved in
substrate binding (Figure 5C).

NMR chemical shift mapping has been an excellent tool
for determining the interface between domain Ill and domain
I. Activity measurements of the reverse and cyclic reaction
catalyzed by mixtures of mutant eclll and rrl have provided
additional information about the involvement of individual
residues in the interface, since the effect of a specific
mutation in eclll on the affinity for rrl could be analyzed
by rrl—eclll titrations. In these experiments, the eclll

concentration was kept constant and the rrl concentration

affinity for domain I. The dissociation constant for the
complex remained unchanged in both these mutants (Table
4), confirming that neither residue have a role in the
interaction with domain 1.

A possible mechanism for the above redox-regulated
perturbations is that a conformational change, triggered by
the replacement of NAD by NADH in ecl, is propagated
into eclll via the concomitant change of NADEo NADPH.

An alternative mechanism is suggested by the intriguing
NAD(H) redox-dependent chemical shift perturbationg4n
(L386, G389),55 (1421-V422), and 36 (H445-M446)
(Figure 5B). According to this mechanism, a conformational
change is propagated from NAD(H) into the domagfomain
interface, and through4 reaches the perturbed part of the
pB-sheet (Figure 5B). It is indeed interesting that this redox-
affected region is relatively close to the suggested redox-
sensing G436Y431—-A432 region in the C-terminal loop
of 5 (see above).

CONCLUSIONS

In this work, a characterization of the interface between

was increased until a maximal rate was achieved. The domain Ill and domain I irE. colitranshydrogenase has been
concentration required to reach half-saturation of the cyclic deduced and an upper limit of the complex lifetime has been
reaction was only dependent on the affinity between the two estimated. The C-terminal end of thesheet forms the
domains and was thus a measure of the dissociation constansubstrate-binding site, and the nicotinamide moiety has been
for the rrl-eclll complex 0). confirmed to reside near the loop comprising residues P346
H345, A348, and R350 all form part of the predominately G353. Chemical shift changes in eclll caused by substrate
hydrophobic surface proposed to interact with domaiti7/] ( binding in ecl have been identified and interpreted as a
19). However, of the corresponding cysteine mutants only conformational change, possibly important for the reaction
the H345C mutant displayed a significantly increased amount mechanism. The loops containing residues G396 and
of rrl required to saturate the cyclic reaction (Table 4). The G430-V434 have been identified as involved in a redox-
dissociation constant for the relclll complex was unaffected  regulated part of the ellllll complex interface. It is proposed
in the A348C and R350C mutants (Table 4). It is therefore that these substrate/redox-induced alterations are involved
unlikely that these latter residues take part in the interaction in the reaction mechanism.
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