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ABSTRACT. Transhydrogenase couples the redox (hydride-transfer) reaction between NAD(H) and NADP(H)
to proton translocation across a membrane. The redox reaction is catalyzed at the interface between two
components (dl and dlll) which protrude from the membrane. A complex formed from recombinant

dl and dlll (the didlll, complex) fromRhodospirillum rubruntranshydrogenase catalyzes fast single-
turnover hydride transfer between bound nucleotides. In this report we describe three new crystal structures
of the dkdlll; complex in different nucleotide-bound forms. The structures reveal an asymmetry in
nucleotide binding that complements results from solution studies and supports the notion that intact
transhydrogenase functions by an alternating site mechanism. In one structure, the redox site is occupied
by NADH (on dl) and NADPH (on dlll). The dihydronicotinamide rings take up positions which may
approximate to the ground state for hydride transfer: the redox-actiyeat®ns are separated by only

3.6 A, and the perceived reaction stereochemistry matches that observed experimentally. The NADH
conformation is different in the two dl polypeptides of this form of thedtll; complex. Comparisons
between a number of X-ray structures show that a conformational change in the NADH is driven by
relative movement of the two domains which comprise dl. It is suggested that an equivalent conformational
change in the intact enzyme is important in gating the hydride-transfer reaction. The observed nucleotide
conformational change in the «dlll; complex is accompanied by rearrangements in the orientation of
local amino acid side chains which may be responsible for sealing the site from the solvent and polarizing
hydride transfer.

There are many important proteins that couple a chemical mechanism in which conformational changes for transmission
transformation step to the translocation of solutes/ions acrossto ion translocation sites are propagated by chemical
membranes. They include the ABC transporters, the phos-transformation. A subcomplex of transhydrogenase (the dl
phoenolpyruvate-dependent phosphotransferases, and thdill; complex), which catalyzes this primary event, is
P-type, F-type, and V-type ATPases. Recent structure amenable to structure investigations and to studies on the
determinations indicate that the conformational changesreaction kinetics and protein dynamics. In this report we
responsible for coupling in some of these proteins are largejdentify, using X-ray crystallography, conformational changes
and involve subunit rearrangements that establish newthat appear to be associated with the reaction chemistry.

interfaces between domairs {3). Currently, a considerable Transhydrogenase, which is found in the inner membranes
research effort is to define the character of these rearrange—of animalymit(?chondr,ia and the cvtoplasmic membranes of
ments and to discover the mechanisms by which the ytop

conformational changes are (reversibly) linked to chemical bacteria, couples the redox (hydride-transter) Teac“F’” be-
transformation and to solute/ion translocation. It is likely that tween NAD(H) and NADP(H) to proton .translocatlon (Figure
underlying principles are similar in different proteins. Dif- 1)- FOr reviews, see ref-6. The functions of transhydro-
ferential expression of ligand-binding energies at appropriate 9€Nase are tissue- and species-specific Under many
points in the reaction cycle will provide driving forces for Physiological conditions, the reaction is driven “forward”
protein motions, and gating devices to switch ligand access(toward NADP" reduction and NADH oxidation) by the
and a means to transmit information across the protein toProton electrochemical gradieniAf) generated by the
synchronize key steps are essential. The proton pump,respiratory (sometimes photosynthetic) electron-transport

transhydrogenase, offers an opportunity to investigate onechain. Then, either the product NADPH is used in biosyn-
thesis and in glutathione reduction (needed to minimize
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H since the dihydronicotinamide and nicotinamide rings are

highly reactive: to prevent a noncoupled redox reaction, they
e® must be kept apart on the enzyme until the appropriate step
NADH --_ I8 V v in the reaction is reached. Here we present evidence for our
NAD < k- ¥ aey| ¥ aia)

proposals and further information on the character of the
NaDP -~ [ conformational changes in the nucleotides and protein.

NADPH |t | dm In the absence of dll, simple mixtures of recombinant dl
{ D embrane and dlll fromRhodospirillum rubruntranshydrogenase form
dn dn i a stable didlll; complex @4) which catalyzes very rapid
’ single turnovers of hydride transfer between bound nucleo-
I tides @5, 26). A second dlll component will bind to produce
H a dkdlll; complex but only with extremely low affinity2().
FicurRe 1: Domain structure of transhydrogenase. The gray-shaded The X-ray structure of the gdlll, complex was solved to
regions represent the Alll; complex. The two dI polypeptides 2.5 A resolution 15). Its asymmetry, taken together with
each comprise two domains, dI.1 and dl.2, which are separated byearlier experiments using chemical modification reagents that
a deep cleft. The dlll component comprises a single domain. The suggested half-of-the-sites reactivit®8( 29), indicates an

dl polypeptide in the complex whose cleft is not associated with It ti it hanism for the intact ) dl
dlll is designated dI(A), and the dI polypeptide which is closely &'lernating-site mechanismior the intact enzyme. as one dl-

associated with dlll is designated dI(B). The intact, membrane- dll-dlll monomer enters the open state to permit product
located enzyme is a dimer of two dI-dll-dlll monomers: the release and substrate binding, the other enters the occluded
predicted organization of components that are absent in the dI  state to permit hydride transfer. The dI(B)-dlll polypeptides
dill; complex is shown by the dotted lines. The dil componentis ¢ dbdlll; complex (see Figure 1 for nomenclature) adopt
thought to have 12, 13, or 14 transmembrane helices, depending . .
on species@4, 65). The di and dill components protrude from the & conformation which resembles that of the occluded state,
membrane on the cytoplasmic side in bacteria and on the matrix and the di(A) polypeptide is essentially in its open stafs).(
side in mitochondria. The dashed arrows depict forward transhy-  prghably because of asymmetries in the nucleotide-binding
g;op%g?(?;'?rr‘aﬁggég%é?]'f:k solid arrows, the corresponding direction e ties of the dtllll, complex, the X-ray data obtained
on crystals grown in the presence of 5 mM NARnd 5

Transhydrogenase is a moderately sized protein comprisingm™M NADP* (15) revealed good electron density for the
three components. The dl component400 amino acid ~ NADP* in dlll and for the NAD' in dI(A) but only very
residues), which binds NADNADH, and the dill compo- ~ Weak density in the NAD(H)-binding site of dI(B). To
nent (200 residues), which binds NADINADPH, pro- visualize the hydride-transfer reaction, an NADH was
trude from the membrane, and dH-400 residues) spans modeled into the dI(B) site in the conformation of the NAD
the membrane (Figure 1). The intact protein is a “dimer” of in dI(A). The pyrophosphate and ribesphosphate bonds
two dI-dll-dIlI “monomers”, although there is variability ~Of the modeled NADH were then rotated to bring the redox-
in the polypeptide composition among species. High-resolu- active C4-H atom of its dihydronicotinamide ring into
tion structures of the membrane-peripheral components inhydride-transfer distance with G4of the NADP". We
various nucleotide-bound forms from both animal and suggested that these modeled rotations reflect real events
bacterial sources have recently been publish&€d-19). A during the interconversion of the open and occluded states
minimal mechanism for energy coupling was developed from in the intact enzyme: the rotations are central to the on/off
observations on the enzyme’s reaction kinetics and nucleo-switch for hydride transfer. In the present work we have
tide-binding affinities §): the monomers of transhydrogenase Pperformed experiments in which we attempted to fill all of
operating in the forward direction, for example, are driven the nucleotide-binding sites in thexdlll; complex and thus
from the “open” to the “occluded” conformational states, and ©obtain a better view of the hydride-transfer reaction and
then back to the open state, by protonation/deprotonationassociated conformational changes. The results provide
associated with the translocation reactic®3<22). Product ~ strong support for the earlier modeling studies and begin to
nucleotides are released and fresh substrate nucleotides binéndicate howlocal changes at the active site might propagate
only in the open state, and hydride transfer takes place onlythe interdomainconformational changes that are involved
in the occluded state. The conformational changes associated coupling to proton translocation.
with on and off switching of hydride transfer are crucial for
tight coupling between the redox reaction and proton EXPERIMENTAL PROCEDURES
translocation. From an examination of structures of the
nucleotide-binding components of transhydrogenase, we
proposed that relative movements of the 1,4-dihydronico-
tinamide ring of NADH and the nicotinamide ring of NADP
between “distal” and “proximal” positions are an importan
feature of the switch1(5, 17, 18). Although the switching
of chemical specificity is a feature of all coupled translocators
(23), there is a particularly acute problem in transhydrogenase

The dl and dlll proteins oR. rubrumtranshydrogenase
and the dlll protein of human transhydrogenase were
prepared as describe80—32). R. rubrumdl is a discrete
¢ polypeptide in the intact enzyme. In bokh rubrumand
human transhydrogenases, the dlll components are on the
same polypeptide chain as dll. Stop codons were therefore
introduced by site-directed mutagenesis to isolate the DNA
encoding just the dlll components. All three proteins were
expressed to high yields in induced, appropriately engineered

1 Abbreviations: asu, aymmetric unit; ADPR, adenosihdiphos- i~hi ; o
phoribose; dl, the NAD(H)-binding component of transhydrogenase; cells of Escherichia coliand were purified by column

dll, the membrane-spanning component; dlll, the NADP(H)-binding  chromatography. The quality of the proteins was routinely
component. checked by SDSPAGE and by measuring rates of cyclic
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Table 1: Data Collection and Refinement Statistics
data set 1U28 1U2D 1U2G 1U31
cell dimensions (A) 71.% 73.9x 204.2 72.3x 74.6 x 204.2 72.4x 73.8x 205.0 57.8x 57.8x 250.9
no. of observations 214162 (19270) 154069 (21818) 231170 (16709) 60151 (3329)
no. of unique observations 47505 (5633) 22872 (3246) 55412 (7070) 19463 (1982)
completeness (%) 96.7 (80.8) 100 (100) 97.8 (87.0) 82.4 (66.5)
redundancy 4.5(3.4) 6.7 (6.7) 4.2 (2.4) 3.2(1.7)
l/ol 11.6 (2.3) 20.3 (3.6) 17.0 (2.1) 10.6 (10.4)
Reym (%0)P 7.7 (41.3) 10.7 (56.5) 4.6 (42.5) 4.9 (5.6)
resolution range (A) 492.3 (2.42-2.3) 50-3.0 (3.16-3) 46-2.2 (2.32-2.2) 63-2.3 (2.46-2.3)
R factor (%) 22.8 (27.0) 21.0 (34.0) 23.2(35.0) 22.9(28.8)
R free! (%) 29.2 (40.0) 26.7 (42.0) 25.9(39.0) 28.1(31.9)
RMSD bond anglegdeg) 1.15 1.23 1.18 1.61
RMSD bond lengtr{A) 0.008 0.008 0.007 0.007

2Values in parentheses indicate data in the highest resolution 3Rgl, = Y +|(I0— 14|/3 00 wherel, is the intensity of thenth reflection and
Qis the average intensity of symmetry-related reflectidi® factor = S al|Fol — |F¢ll/|Fol. ¢ R free = R factor based upon 5% of the data
withheld from the refinement procesRMSD bond lengths and angles are the root mean square deviations from ideal bonds and angles, respectively.

transhydrogenation in glll; complexes. The proteins were Diagrams were constructed with the programs MOL-
stored in 25% glycerol at20 °C before use. The numbering SCRIPT @0), BOBSCRIPT §1), RASTER-3D #2), and
system for the amino acid sequences is as described in relGRASP 43).

15. The NAD(P)(H) atoms are numbered according to the
IUPAC—IUB system as describe®3). Thus, C4 is the

carbon atom at positio# of the nicotinamide ring. Crystal Structures of gdllll ; Complexes with Bound NAD
Crystallization of R. rubrum dldlll; complexes was  and NADP. We suggested that NADbinding to the dI(B)
carried out at the nucleotide concentrations described in Tablepolypeptide of the dhlll; complex is not as strong as to

2 and after optimizing the conditions outlined in . In the dI(A) polypeptide. This would explain why the electron
all three cases, the buffer was 100 mM 2-morpholinoethane- density in the binding site of the former is much weaker
sulfonic acid, pH 6.5, containing 10% glycerol. For the than that in the latter in crystals grown in 5 mM NARnd
NADH-—NADPH crystals, 3860 mM ammonium sulfate 5 mM NADP* [PDB 1HZZ (15)]. However, the point is
and 21-23% 8K poly(ethylene glycol) were optimal, and difficult to prove directly because the dissociation constants
for both the NAD —NADP" crystals and the ADPR for NAD* are very high and measurements are therefore
NADPH crystals, 2474 mM ammonium sulfate and 38 inaccurate [e.qg., thi of the isolated dI dimer for NAD is
22% 8K poly(ethylene glycol) were optimal. Crystals of ~300 uM (44)]. An important objective is to study the
sufficient size for data collection (typically 0-4 0.1 x 0.07 hydride-transfer site at the dI(B)Il interface of transhy-
mm for all three liganded forms) were obtained without drogenase, and therefore in the present work, we sought to
seeding. They were formed within 1 week of setting up the jncrease occupation of dI(B) in the complex by growing
drops. Crystals were removed from the mother liquor, soaked crystals at elevated concentrations of NABO mM) while

in a similar solution (but one containing fresh nucleotides keeping the NADP at 5 mM. Good crystals, diffracting to
and supplemented with 18% glycerol), and then plunged into 2.3 A, were obtained with otherwise only minor changes in

liquid nitrogen for storage before mounting in the X-ray beam growth conditions, and the structure was solved by molecular
at the European Synchrotron Radiation Facility at Grenoble. replacement (Table 1).

Data sets were collected for different nucleotide combinations  The fold of the new structure (PDB designation 1U28) is
as shown in Tables 1 and 2. The data were integrated andvery similar to that of 1HZZ (a set of PDB file listings of
scaled using the programs MOSFLBHj and SCALA @35). transhydrogenase components is presented in Table 2). The
Each of the structures was refined independently in REF- diII polypeptide and its bound NADPare in almost identical
MAC (36) using 1HZZ (see Table 1), with its nucleotides conformations (0.74 A RMS deviation for 174 equivalent
and waters removed, as a starting mode) ( pairs of G _atoms). However, there are differences between
Isolated human dlll in its NADPH form was crystallized 1HZZ and 1U28 in the nucleotide-binding sites of both of
essentially as described for the oxidized form (1DJL3,(  the dI polypeptides. There is the hoped for improvement in
37), taking equivalent precautions to those outlined above nucleotide electron density in dI(B) reflecting the predicted
for the crystallization ofR. rubrumdl.dlll; complexes. A increase in site occupancy, although not all of the NAD
complete data set was collected to 2.3 A and processed asnolecule is ordered. The adenosine and pyrophosphate
outlined above. The human dill structure with bound NADP  groups are in satisfactory density, but the nicotinamide and
was refined against the structure factor amplitudes of dlll nicotinamide-ribose cannot be discerned. Thus, again we
with bound NADPH using the program CNS8). are unable directly to visualize the nucleotides in their
The absorbance spectra of single crystals were recordechydride-transfer positions. Note that it is necessary to have
on the microspectrophotometer describ88)(The crystals, both nucleotides in the same oxidation state during crystal-
supported on goniometer loops, were briefly washed by lization to prevent hydride transfer, and the juxtaposition of
passing through a solution identical in composition to the the positively charged nicotinamide rings of both NABnd
mother liquor but containing no nucleotides and supple- NADP™ may be a factor that contributes to perturbation of
mented with 18% glycerol. Spectra were referenced againstthe site. Apparent movements of the nicotinamide mono-
a similar solution. nucleotide moiety of the NAD(H) are a feature revealed also

RESULTS AND DISCUSSION
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Table 2: Crystal Structures of Isolated dl and dlll Components astlitil Complexes of Transhydrogenases

conformation of

polypeptides spacegroup nic ring of PDB
species protein ligand (m09!) in the asfi (resolution, A) NAD(H)¢ code ref
R. rubrum isolated dI NAD (10) A P12,1 (2.00) distakyn 1F8G 13
B disordered
C disordered
D proximalanti
R. rubrum isolated dI NADH (5) A P12,1 (1.90) distalnti 1L7E 16
B disordered
C disordered
D distalanti
R. rubrum isolated dI none A,B,C,D P12,1 (1.81) 1L7D 16
human isolated dllI NADP (0)® two P4,22 (2.00) 1DJL 12
bovine isolated dlll NADP (unavailabl€) one P1(1.21) 1D40 11
human isolated dllI NADPH (5) two P4,22 (2.30) 1U31 d
human isolated dllI s-NADP(5) two P4,22 (2.42) 1PT9 18
R. rubrum isolated dllI NADP' (unavailable) two P6,22 (2.10) 1PNO 19
R. rubrum isolated dlll NADPH (unavailable) two P6,22 (2.40) 1PNQ 19
R. rubrum dizdllly NADT (5) di(A) P2,2:2; (2.50) distalanti 1HZZ 15
complex NADP (5) di(B) disordered
diil
R. rubrum didlll, NAD™ (50) di(A) P2:2,2, (2.30) distalanti + syn 1U28 d
complex NADF (5) di(B) disordered
dil
R. rubrum dizdlll, NADH (50) di(A) P2,2:2; (3.00) distalanti 1U2D d
complex NADPH (5) di(B) proximadnti
diil
R.rubrum  didlll; ADPR (50) di(A), di(B), dill  P2;2:2; (2.20) 26 d
complex NADPH (5)
R.rubrum  didlll, s-NAD* (5) di(A) P2,2,2; (2.61) distalanti 1PTJ 18
complex NADF (5) di(B) disordered
diil
R. rubrum dldlll NAD™ (5) di(A) P2,2:2, (2.40) distalanti 1INM5 17
complex NADF (5) di(B) disordered
(d1-Q132N) dill

aThe ligand concentration in the crystallization drop is shown in parenthe3és. A polypeptides of all dtlll; complexes are structurally
equivalent with reference to the position of the dlll polypeptide (e.g., see Figure 1) and, similarly, the B polypeptides.dflallodimplexes.
However, there is no implied equivalence between the A (or B) polypeptides of Athél dcomplexes and the A (or B) polypeptides of isolated
dl proteins; the designations were employed only for descriptive convenigmbe.conformation of the (dihydro)nicotinamide ring of NAD(H) is
described as distal or proximal to the NADP(H)-binding site, as described in the text. Thesiararsd anti refer to the relative orientations of
the nicotinamide and ribose rings around the glycosidic bond; se&réfThis work. € Ligand tightly bound to protein from purification procedure.
f Unavailable= not given in the cited reference.

in other structures described below, and their significance syn carboxamide
will be discussed later.

The electron density of the bound NADnN the dI(A)
polypeptide of 1HZZ indicates that the 3-carboxamide group
of the nicotinamide ring isanti relative to the ribose (the
glycosidic bond dihedral, X = —145°). However, in 1U28
two protuberances of density probably associated with the
carboxamide group of the nicotinamide ring of the NAD
in dI(A) suggest that botanti (X, = —123) andsyn(X, =
42°) conformations are possible (Figure 2). Simulated
annealing omit maps (not shown) confirmed the positions
of these protuberances. The difference in the electron density
profiles of 1U28 and 1HZZ may be due to either the higher FIGURE 2: Electron density and atom coordinates of NAD the
resolution or the switch from CNS to REFMAC for the A Polypeptide of the ddlll, complex (PDB 1U28). The map

. . (resolution 2.3 A) is B, — F¢, SigmaA-weighted, and contoured
refinement of the latter. The two values of, Are both in at 1o.
the ranges commonly found fanti andsynconformations
of NAD(P)(H) in other proteins45). Analogousanti and to find a protein that can bind nucleotides with both
synconformations of the NAD nicotinamide were observed nicotinamide orientations. When poised for catalysis, the
in the crystal structure of isolated dl, 1F8G, though in orientation determines whether the-R or pro-Shydrogen
different polypeptide chaind ). There are four polypeptides atom of C4 is transferred in the redox reaction, and by
in the asymmetric unit of 1F8G (see Table 2): in polypeptide influencing the ring pucker, the site geometry of some soluble
A, the nicotinamide issyn in D the arrangement ianti, dehydrogenase enzymes is thought to activate the pseudoaxial
and in B and C the nicotinamide part is disordered (in all hydride @5). Note, however, that the dI(A) polypeptide of
four the adenosine moieties are in good density). It is unusualthe dkdlll; complex of transhydrogenase is thought to be

nicotinamide ring

“ anti
carboxamide



10956 Biochemistry, Vol. 43, No. 34, 2004

(a

Mather et al.

)
NADPl—T\’ )

pro-RH

T - .—-\

Ficure 3: Stereoview of the apposed dihydronicotinamide rings of NADH and NADPH in the hydride-transfer site ofile dbmplex
(PDB 1U2D). (a) The view is approximately normal to the plane of the nicotinamide rings. (b) The view is rotated to show how hydride

transfer would lead to known stereochemistry. Color code: yellow, carbon; red, oxygen; blue, nitrogen; white, hydrogen. The green dotted

lines show an H-bond between the carboxamide group of the NADH nicotinamide andGité¢ & the NADPH ribose.

locked in the open statel(5, 15) where, importantly, the
hydride-transfer reaction must be switched off. A crucial
feature of the open state is that thex@ the NADH on dli
and the C4 of the NADP' on dlll are held apart (to beyond

nicotinamide ring 46). Simulated annealing omit maps,

however, establish that the nucleotides in the dl and dlll
binding sites have intact ring structures in the nicotinamide
region (not shown). The nucleotide is probably more resistant

hydride-transfer distance): whether the rings are bound in to degradation when bound within the protein environment.

anti or synconformations at this stage is therefore not critical

This is the first instance of a crystal structure of addll ;

to the proposed reaction mechanism (contrast this with thecomplex of transhydrogenase with all three nucleotide-
occluded state; see below). We suggest that the nicotinamidebinding sites occupied. The clearly defined densities of the

mononucleotide moiety of NAD in the open state of

NADH and NADPH at the dI(B}-dlll interface of the dJ-

transhydrogenase is weakly bound (the adenosine moietydlll; complex reveal the structural basis for the knownA
provides most of the binding energy) and, when the protein B” stereochemistry of the redox reaction in transhydrogenase
is in aqueous solution, the nicotinamide ring can flip between (47, 48) and show how hydride transfer between the

theanti andsynforms. The conformation of the carboxamide
group in dI(A) of 1HZZ is also unusual in that the E&tom

is cis to C2y (18), and the H-bonding pattern of thamti
form of dI(A) of 1U28 indicates a similar organization. In
thesynform, the conformation of the carboxamide group is
not determined at this resolution.

Crystal Structures of dillll; Complexes with Bound
NADH and NADPH: Nucleotide Conformations during
Hydride TransferMeasurements by microcalorimetry sug-
gest that the dI(A) polypeptide of the.dlll; complex binds
NADH quite tightly (Kq ~ 20 «M) and the dI(B) binds the
nucleotide rather more weakK{ ~ 300 uM) (24). The
dlll component binds NADPand NADPH extremely tightly
(K4 < 1 nM), the reduced nucleotide somewhat more tightly
than the oxidized 31). Crystals of the complex grown in
the presence of 50 MM NADH and 5 mM NADPH had good
electron density for nucleotide in all three polypeptides
(Table 1, PDB code 1U2D). NADH and NADPH are not

nucleotides can proceed directly without the participation of
redox intermediates1Q). Figure 3a illustrates the organiza-
tion of the two dihydronicotinamide rings in the site. The
NADH dihydronicotinamide is in armanti conformation,
whereas that of the NADPH syn The carboxamide group

of the NADH is within H-bonding distance of thé-@H of

the N-ribose ring of the NADPH. The planes of the two
dihydronicotinamide rings are approximately parallel. The
rings do not stack face to face but are offset from one another
such that the G¢C5y bond of the NADPH stacks against
the C3,—C4y bond of the NADH, and the Nt-C6y and
C5y—C6y bonds of the NADPH stack against the 3-car-
boxamide group of the NADH. This arrangement brings the
two C4, atoms into apposition, close enough (3.6 A) for
direct hydride transfer between them. Because both nucleo-
tides in the structure are reduced, there must be some
distortion in the site geometry (from the extra H atom and
loss of positive charge) when compared, for example, to that

completely stable at neutral pH, but we conclude that those with bound NADH and NADP, the physiological substrates
in the structure do represent the undegraded nucleotides. (13uring forward transhydrogenation. Nevertheless, it is clear
Optical spectra of single crystals (obtained with the help of how thepro-Rhydrogen of C4 of NADH can be transferred

Dr. I. Clifton, University of Oxford) revealed a broad

to thesi face of C4 of NADP™ (Figure 3b), thus yielding

absorbance peak at approximately 330 nm, indicating reducedhe experimentally observed#B transfer between NAD(H)
nicotinamide nucleotide (data not shown). The peak position and NADP(H).

was significantly greater than the wavelengt¥8(0 nm) at

NAD(H) Conformational Changes Preceding and Follow-

which high levels of scattering by the crystals led to stray ing the Hydride-Transfer Reactioifhe conformation of the

light distortion of the spectra3@). (2) NAD(P)H decomposi-

NADH in dI(A) of 1U2D, the polypeptide that is not

tion in aqueous solution leads to irreversible opening of the associated with a dlll, is distinctively different from that in
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ring is close to the “proximal position” postulated in LEf,

and it shows that interconversion with the distal dihydroni-

cotinamide ring position in dI(A) can be achieved by the
e bond rotations described in Table 3.

There are now three crystal structures of the wild-type dI

dill; complex of R. rubrum transhydrogenase which are

either completely or partially loaded with physiological

nucleotides (1U28, 1U2D, and 1HZZ) and two of the isolated
Ficure 4. Conformations of the nicotinamide nucleotides bound | protein (the NAD-bound form, 1F8G, and the NADH-

to the dbdlll; complex. Nitrogen atoms are shown in blue and . .
oxygen in red. The carbon and phosphorus atoms of NADH in bound form, 1L7E); each of the isolated dI structures has

polypeptide di(B) of 1U2D are shown in green (a proximal four polypeptides in the asymmetric unit (asu); see Table 2.
structure; see text), those of NADH in dI(A) of 1U2D are in brown It is instructive to compare the dl structures on the basis of

(a distal structure), and those of NADN polypeptide di(A) of  the conformation of the bound nucleotides (i.e., whether
1Hﬁz azje in yellow (distal). The nucleotides were superimposed proximal or distal as defined above and illustrated in Figure
at the adenine group. 4). Three categories can be recognized: (1) those where the
electron density for the adenosine moiety is quite clear but

Table 3: Bond Rotations Involved in the Change in Conformation

of NADH between the dI(A) and dI(B) Polypeptides of thedlll; that for the nicotinamide moiety is weak, a feature that
Complex presumably reflects structural disorder at this end of the
rotation rotation bound ligand (this category in(_;ludes the B polypeptide _of
bond (deg) bond (deg) 1U28 and the B and C polypeptides of 1F8G); (2) those with
N9A—CT'» > OP3-Py o5 aII. of the .bognd I.iganld _in good de_nsity ant':ilwhere the
C1'a—04A 2% Py—05 16 (dihydro)nicotinamide is in the proximal position (the B
O4p—C4a 7* 05'n—C5n 27 polypeptide of 1U2D and the D polypeptide of 1F3@nd
C4a—CSa 13 C3y—C4y 4 (3) those with all of the bound ligand in good density and
C5,—054 4 C4ny—04y 27*

, f " where the (dihydro)nicotinamide is in the distal position (the
O5,—P -17 04y—C1’ 16 \
P —OP3 10 Ch—N1' 4 A polypeptides of 1HZZ, 1U28, and 1U2D, the A polypep-
aThe rotations are of the NADH bonds in dI(B) relative to those in tide of 1F8G, and the A and D polypeptides of 1L7E). Now

dI(A). They are measured along the bond as viewed from the adenine When the structures of the dl polypeptides are superimposed,
end of the molecule in the 1U2D structure. A positive value is a it is found that there is a difference in the domain organiza-

clockwise rotation of the atom closest to the nicotinamide ring with tion between those having nucleotide in the proximal
St omeamona o Shraions o s g ey conformation and those having nucleotide in he disal
and do not greatly affgct the ovgrall conformation of the nuclge?)tide. Conformatlon'_ In the former, the cleft (Flgurg 1), between
the two domains of dl (denoted dl.1 and dlI.2) is distorted as
) . . ) the result of a rotation of dI.1 relative to dl.2. Analysis by
di(B); see Figure 4. The adenine rings of the nucleotides the program DYNDOM %0) shows that the rotation com-
are bound in a very similar manner in the two polypeptides, prises both closure and twist components and that the bending
but the effect of cumulative small bond rotations, particularly gmino acid residues and hinges are located in the two long
in the pyrophosphate and ribesphosphate regions (Table o helices which link dI.1 and dI.2 (S141Y146 in a6 and
3), leads to a large relative displacement of the dihydroni- G319-A328 in a11; see Figure 3 in ref). From this
cotinamide rings (Gémoves by about 2.9 A). Remarkably, correlation, we suggest that the interdomain rotation is the
the conformation of the NADH in dI(A) of 1U2D is very  cause of the distalproximal movement of the NAD(H)
similar to that of the NAD seen in dI(A) of the 1HZZ  pjicotinamide which we believe is crucial for the hydride-
structure of the gHlll, complex (also shown in Figure 4).  transfer switch. The core of dI.1 is exceptionally rigid and
Modeling studies showed that ¢4f nucleotide in this  conformationally homogeneous). Its movement relative
conformation at the hydride-transfer site would be too far to dI.2 will lead to compression of the “RQD loop” (residues
from that of the NADP(H) on a partner dill to permit a redox 126-136), which lines the cleft and provides numerous
reaction; we designated this the “distal” organizatid@,(  contacts with the (dihydro)nicotinamide ring of NAD(H),
18). We proposed that, in its initial binding to the open state shifting the ring between its distal and proximal positions.
of dl in intact transhydrogenase, NADH adopts this confor- |n solution, NADH binds to isolate®®. rubrumdl with a
mation to prevent the redox reaction with NADRrom singleKq of about 20uM (two nucleotides per dimerpd).
occurring in the absence of proton translocation. When the If there is any cooperativity between the two sites, it falls
enzyme is driven into its occluded state by protonation/ within the experimental and systematic error of the measure-
deprotonation reactions associated with translocation, thement (perhaps:=5 uM). However, during crystallization of
dihydronicotinamide and nicotinamide rings are moved isolated dl, packing forces cause different relative rotations
toward each other to switch on hydride transfer. In 1HZZ of dl.1 and dI.2 in the four subunits of the asu, and we
the dI(B) site was empty, and we could only guess at the suggest that this differentially affects the conformation of
nature of the movement. A modeling exercise showed that the bound nucleotide. Superimposition of the four polypep-
apposition could be achieved by rotating the dihydronico- tides of the asu of apo-dl (1L7D) shows equivalent arrange-
tinamide ring of NADH into a proximal position for hydride  ments of dl.1 and dI.2 to those in the NAB and NADH-
transfer (5). The 1U2D structure now provides strong dl structures (LF8G and 1L7E, respectively), indicating the
supporting evidence for this suggestion: the electron densityprimacy of the domain organization in determining the
for the NADH in dI(B) shows that the dihydronicotinamide nucleotide conformation and the propensity toward asym-
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NADPH NADH

Ficure 5: Bound nucleotides are occluded by the mobile loop of dI and loop E of dlll in thkldlcomplex. (a) A surface representation
of the interface of the dI(B) and dlll polypeptides. (b) The same view but with amino acid residue24£21the mobile loop) of dI(B)
and residues 164178 (loop E) of dlll removed. NADH and NADPH are shown in stick format.

metry in the physiological dI dimer. In gdlll; complexes,
asymmetry is imposed on the dl protein by the interaction
with the single, occluded-state dlll polypeptide even in

apo-dl (1L7D), R127 can adopt several different conforma-
tions, but in all cases the side chain either protrudes into the
solvent or lies along the cleft opening between dl.1 and dI.2.

aqueous solution: this, we suggest, can account for theBoth the narrow line width in the NMR experiments and

different measured affinities of dI(A) and dI(B) for NADH
that were referred to above. All crystal structures ot ;
complexes [including that of (@132N)dlll;, INM5, and
that of wild-type proteins loaded with thio-NAD and
NADP*, 1PTJ] reveal equivalent differences in the relative
organization of dl.1 versus dl.2 in the two dl polypeptides.
The implications of these structural features of thgldl,
complex to the mechanism of proton translocation by intact
transhydrogenase will be discussed in a later section.

Protein Rearrangements at the Hydride-Transfer Site.

the lack of density in the crystal structure reveal the
segmental flexibility of the mobile loop in this form of the
protein (see above). Upon NADor NADH binding, the
R127 side chain is drawn more deeply into the cleft. In the
nine dl polypeptides having bound NAD(H) and where the
electron density for these features is good enough for model
building (polypeptides A-D of 1F8G, polypeptides A and

D of 1L7E, the A polypeptide of 1HZZ, and the A and B
polypeptides of 1U2D), the side chain of R127 contacts both
Y235 (located near the apex of the mobile loop) and the

the NMR spectrum of dl, resonances from the long loop nucleotide (via its guanidinium group and the nucleotide
comprising amino acid residues 22339 are narrower than  diphosphate, or the nicotinamide ribose, or both), e.g., Figure
those from other parts of the molecule, showing that this 6. Evidently, the bound nucleotide, the inwardly directed side
segment of the polypeptide chain is relatively mobile in the chain of R127, and the mobile loop form a tightly interacting
solution state %2). Upon nucleotide binding to dl, these unit.

resonances shift and broaden, indicating that the “mobile  |n the two structures that we identified above as having a
loop” closes down on the protein surface. Consistent with proximally positioned (dihydro)nicotinamide ring (polypep-
this, the electron density of the feature in X-ray structures tide D in 1F8G and polypeptide B in 1U2D), the R127 side
is generally much better when the binding site is occupied chain lies much deeper in the cleft than in the structures
with NAD™ or NADH. Where the density is good, the loop  characterized by distal NAD(H). Thus in 1F8G(D), the

can be seen to extend from dlI.2 across the cleft and contactguanidinium group of the side chain makes H-bonds with
R127 in the RQD loop of dI.1, thus shielding the bound

nucleotide from the solvent. The mobile loop could be traced
only partially and only in the A polypeptide of the earlier
structure of the @dlll; complex (1HZZ), but it is quite clear

in both polypeptides of the new structure, 1U2D: the
backbone of the loop is very similar to that observed in
isolated dI (that is, in all four polypeptides of 1F8G and in
the A and D polypeptides of 1L7E). At the di(Bylll
interface of 1U2D(B), the loop lies close to, but does not
contact, amino acid residues and NADPH in dlll. A surface

the carboxylate of D135 and with hydroxyl group of S138,
and in 1U2D(B), where the proximal nucleotide is oriented
for the redox reaction with nucleotide bound to dlll, it makes
two H-bonds to the carboxylate of D135. The side chains
are in similar positions in these two structures, but small
changes in their rotation have led to a different H-bonding
organization. We suggest that the movement of the (dihydro)-
nicotinamide of the NAD(H) from the distal to the proximal
position is coupled to a deeper inward movement of the R127
side chain. It is envisaged that, as dl.1 moves against dl.2

representation to show how the loop covers the bound NADH (see above), the (dihydro)nicotinamide ring is pushed toward

is shown in Figure 5.

A comparison of the available structures of dI indicates
that nucleotide binding, movement of the R127 side chain,

the rim of the cleft into the proximal position ready for
hydride transfer and that this permits the R127 side chain to
be drawn deeper into the cleft where it is stabilized by the

and closure of the mobile loop are coupled events. In isolatedformation of the charged H-bonds with D135 (compare
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Ficure 6: Stereoviews of the nucleotide-binding sites ofddll; complexes (a) The NADH-binding site in the dI(A) polypeptide of
1U2D. The nucleotide is shown in the atom colors described in Figure 3 (in additiqns@#cyan and phosphorus is in purple) and the
protein (main chain and side chains) is in brown. (b) The NADH- and NADPH-binding sites at the dI(B) and dlll polypeptides of 1U2D.

The main chain of the dlll polypeptide is in blue, and the main chain and side chains of dI(B) are in green. (c) The ADPR-binding site of
dI(A) of 1U2G. The main chain and side chains are in brown. Hydrogen bonds mentioned in the text are shown as either blue dotted lines

(between amino acid side chains) or green dotted lines (between nucleotides).

panels a and b of Figure 6). Also consistent with this view, with D135, the residue retains van der Waals contact with
R127 adopts its deep-lying position and forms an H-bond the tyrosine ring of Y235. The latter is then stabilized in a
with D135 in the B polypeptide of 1HZZ; although the different rotamer in which the tyrosine ring arches over the
electron densities for the nicotinamide of the bound NAD  NAD(H)-binding site (Figure 6b). We propose that this seals
and the mobile loop are weak, this is the dl polypeptide in the site and helps to exclude water in preparation for hydride
the complex which, through its interaction with dlll, would transfer. Again, a comparison with other dl structures
be expected to drive the nicotinamide into the proximal supports the idea that this is a coupled motion. Thus, in the
position ready for hydride transfer. A polypeptide of isolated 1L7E and in the A polypeptide of
The deeper movement of the R127 side chain that we the complex 1HZZ, where in both cases the (dihydro)-
suggest is associated with the distalproximal conversion nicotinamide is distal and the R127 side chain is only slightly
also appears to be correlated with a change in the Y235 drawn into the cleft, the tyrosine ring of Y235 is turned back
conformation, and this too may have mechanistic signifi- toward the stem of the mobile loop. However, in polypeptides
cance. In dI(A) of 1U2D (distal NADH nicotinamide) the B, C (no density for the nicotinamide), and D (proximal
position of R127 and that of P268 (in the so-called TAGP nicotinamide) of 1F8G and in polypeptide B of 1HZZ
loop; see reb) maintain Y235 in a rotamer which turns the  (“expected” to be proximal; see above), where the R127 side
aromatic side chain back toward the stem of the mobile loop chain is deep in the cleft, the Y235 tyrosine ring is arched
(Figure 6a). In dI(B) the organization is more compact over the hydride-transfer site. The correlation cannot be
(proximal NADH nicotinamide). As the R127 side chain extended to polypeptide D of 1L7E and polypeptide A of
migrates deeper into the cleft and forms its new H-bonds 1F8G because the improbably short distances between Y235



10960 Biochemistry, Vol. 43, No. 34, 2004 Mather et al.

and adjacent atoms indicate that the chain was not properlygroup of Q132 in the folded back conformation and the
traced through the rather weak density in this part of the NAD(H) (dihydro)nicotinamide ring may contribute to
mobile loop. The importance of Y235 is suggested by the important polarization changes in the nucleotides during
fact that substitution with either phenylalanine or asparagine hydride transfer (see above). Thus, the amide group of Q132

residues led to a-24-fold increase in th&y for NADH is located only a short distance 8 A) from the C4 of the
binding by isolated dl and to pronounced inhibition of NADH and is involved in a network of H-bonds with D135
hydride transfer in intact transhydrogena$Sg, (54). and S138.

There appear to be somewhat equivalent interactions to Crystal Structure of dtlll; Complexes with Bound ADP-
those described for dl between arginine and tyrosine residuesibose (ADPR) and NADPHTo investigate further the
and the (dihydro)nicotinamide ring at the NADP(H)-binding suggestion that the distal-to-proximal movement of the
site in dlll. Here, R90 from the nicotinamide-binding loop (dihydro)nicotinamide ring in dl is coupled to side-chain
forms H-bonds with the nucleotide pyrophosphate and movements of amino acid residues in the RQD loop, the dI
intercalates between Y55 and the nicotinamide ring. The dlll; complex was crystallized in the presence of 50 mM
tyrosine ring of Y171 in the loop E “lid” (which appears to ADPR and 5 mM NADPH. The X-ray structure was solved
share similar features to the mobile loop of dl) also interacts to 2.2 A resolution (Table 1) and is designated 1U2G in the
with the nicotinamide ring and with R90. Loop E of dlll  PDB. ADPR is NAD(H) with its (dihydro)nicotinamide
covers bound NADP(H) in the same way that the mobile group hydrolytically removed at the glycosidic bond. There
loop of dI covers bound NAD(H); see Figure 5. Polarization is good electron density for NADPH in dlll and for ADPR
of the nucleotides by the arginine residues at both sites,in both dI(A) and dI(B). It is clear that the adenosine moiety
enhanced by the local low dielectric constant imposed by binds to both polypeptides in the same way that the adenosine
the adjacent tyrosine residues, may contribute to the distortedof NAD(H) is bound in the previously described structures.
equilibrium constantl > 36) for the redox reaction in the  In both the dI(A) and dI(B) polypeptides the “nicotinamide”
occluded state by destabilizing the substrate nucleotides andibose group of the ADPR occupies slightly different
stabilizing the products2(). positions from those in the NAD(H) structures presumably

In 1HZZ the side chain of Q132 in the RQD loop of dI- because constraints resulting from interactions between the
(B) can be seen to stretch across the interface with dlll and nicotinamide and the protein are lost. As expected, there is
make an H-bond with the’2DOH group of the NADP ribose. no electron density in the nicotinamide-binding pocket that
We suggested that this might provide a means to “tether” can be attributed to the presence of atoms from the ligand.
the nucleotides prior to the hydride-transfer sté&f)(In As in all other X-ray structures of gillll, complexes, the
support of this proposal, substitution of Q132 with an shape of the cleft of dI(B) in 1U2G is slightly different from
asparagine residue resulted in loss of the apparent H-bondhat in dI(A). This supports the suggestion that the movement
with the NADP' ribose at the dI(B)-dlll interface of an of dl.1 against dl.2 in the B polypeptide is determined by
X-ray structure and am~1000-fold decrease in the rate the bound dlll, and it is consistent with the idea that this is
constant for hydride transfer measured in stopped-flow the motion that leads to the distal-to-proximal shift in the
experiments. In dI(B) of 1U2D, where the nucleotide-binding nicotinamide nucleotide conformation. The opposite view,
site is occupied by NADH with its dihydronico- that asymmetries in the dl dimer (e.g., resulting from the
tinamide in a proximal position, the side chain of Q132 is interaction with dIll) force the (dihydro)nicotinamide of
rotated about its €-Cs bond, and this results in its amide bound NAD(H) into proximal and distal positions and that
group folding back into H-bond contact with invariant S138 this causes the movement of dl.1 against dl.2, is untenable.
and into van der Waals contact with tis face of the As in the structure of the complexes with bound NAD
dihydronicotinamide ring (Figure 6b). A very similar orga- and NADP" (1HZZ and 1U28), the electron density of the
nization is observed in the other structure with nucleotide mobile loop is better in the A polypeptide of 1U2G (Figure
in the proximal position (i.e., polypeptide D in 1F8G where, 6c¢) than in the B polypeptide. The fact that there is good
of course, the nucleotide is in the oxidized form and there is density for the loop in at least one of the subunits indicates
no associated dlll). In almost all other dI polypeptides that its closure does not require the presence of the
[including dI(A) of 1U2D; see Figure 6a] the Q132 side chain nicotinamide ring. In 1U2G and in all other dl structures
is in the extended conformation. The only exception is having good density for the mobile loop, there is contact
1HZZ(A), where the residue adopts an intermediate form, between A236 and the adenine rings of the bound nucleo-
but note that, in the somewhat equivalent 1U28(A), Q132 is tide: in 1U2G, this is the only contact between the loop and
extended. The indications are therefore that Q132 movesthe nucleotide but in dl with either bound NADbr bound
from its fully extended to its fully folded back conformation NADH there are additional interactions between Y235 and
when the (dihydro)nicotinamide ring of the NAD(H) moves the nicotinamide mononucleotide moiety (see above). In
into the proximal position. The movement of the Q132 side earlier work, it was shown that substituting A236 with
chain appears to be necessary to allow displacement of theglycine had only a partial inhibitory effect on the rate of
NAD(H) (dihydro)nicotinamide between the distal and hydride transfer in intact transhydrogenase at saturating
proximal positions without clashing. We suggest, therefore, nucleotide concentrations but that it substantially lowered
that Q132 tethers the RQD loop of dl to the NADP(H) ribose the affinity of isolated dI for NADH (theKy was increased
in preparation for the dl.1/dl.2 interdomain movement that >10-fold) and increased the concentration of nucleotide
drives the distal-to-proximal shift of the (dihydro)nicotin- required to broaden the mobile loop resonances in NMR
amide ring of the NAD(H) but that, as the shift occurs, the experimentsj5). Mutations in other amino acid residues in
nicotinamide displaces the Q132 side chain into the folded the mobile loop (including Y235; see above) led to much
back conformation. The close interaction between the amide smaller effects on the NADH-binding affinity. It is therefore
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suggested that the A236 contact with the adenine group ishelix D/loop D and loop E) caused by exchanging NADP
important during loop closure over the dl cleft but that, once with NADPH on dlll are unlikely to be the result of large
the loop has closed (through interactions between Y235 andatomic displacements. They might result from changes in
the bound nucleotide), the redox reaction can proceed at athe electrical polarization of amino acid residues in these
substantial rate. secondary-structure features or from atomic displacements
An important finding is that in dI(A) of 1U2G the side that are too small to be detected by X-ray crystallography at
chain of R127 is inserted deep into the cleft between dl.1 the presently available resolutions. However, the direction-
and dl.2 with its guanidinium group in H-bond contact with ality and extent of the chemical shift changes across the dlll
D135 (Figure 6¢). As described above, this organization is polypeptide may point to a mechanistic significance (see
observed only in the two nicotinamide-proximal structures below).
(the B polypeptide of 1HZZ and the D polypeptide of 1IF8G).  Coupling between the Redox Reaction and Proton Trans-
We therefore conclude that it is the absence of the (dihydro)- location in Intact Transhydrogenas&/e have showni(,
nicotinamide ring from the distal position, and not the 21,22, 31, 58, 59) that the properties of the 4l ; complex
presence of a (dihydro)nicotinamide ring in the proximal formed upon mixing recombinant dl and dlll [notably, the
position, that favors this organization. The fact that the R127 capacity for very high rates of hydride transfer at the dl-
side chain is not located in its deep-lying position in isolated (B)—dlll interface and the very low rates of release of bound
apo-dl (1L7D) shows that closure of the mobile loop NADP*/NADPH] are, within the context of our binding-
(probably resulting from interactions between A236 and the change mechanism, precisely what would be expected of a
adenine ring system; see above) and the consequent interaczatalytic intermediate (the “occluded state”) in the reaction.
tions between Y235, R127, and the nucleotide are necessaryWe had suggested that, in the absence of the membrane-
for the stabilization of this configuration. Consistent with spanning dll, the dI(B) and dlll polypeptides of the complex
the corollary developed in the previous section, the tyrosine arelockedin this occluded state, whereas in intact transhy-
ring of Y235 is pulled down by its interaction with the deep- drogenase proton translocation through dll would drive the
lying R127 and thus arches over and more completely sealsenzyme betweenthe occluded and open states. Recent
the site (Figure 6c). mutagenesis experiments provide good evidence for an
The side chain of Q132 is in its extended conformation in important feature of this mechanisd0j. WhenG252 in
both the A and the B polypeptides of 1U2G. Thus, in the the dll component of the intad. coli transhydrogenase is
latter it reaches across the dI(BJlll interface and makes  substituted with other amino acid residues, the mutant
H-bond contact with the nicotinamideibose of the bound  enzymes behave precisely like the isolated (wild-type) di
NADPH, and in the former (Figure 6c) it protrudes into the dlll; complex: they have the capacity for rapid hydride
solvent. This supports the above suggestion that Q132 adoptsransfer, but rates of release of NADRnd NADPH from
its folded back conformation only when the NAD(H) binding the enzyme are greatly retarded and the nucleotides remain
site is occupied by a (dihydro)nicotinamide group in the tightly bound to the protein. These dll mutations appear to

proximal position. decouple hydride transfer from proton translocation and thus
Crystal Structure of Human dlll with Bound NADPHhe lock the peripheral components in the occluded state. The
solution structure of isolateR. rubrumdlll in its NADP™* experiments therefore provide a valuable link between the

form was solved by NMR spectroscopy4j. When bound work on the didlll; complex and that on the intact
NADP* was replaced with NADPH in this protein, pro- transhydrogenase; i.e., mutation 6252 and “removal”
nounced chemical shift changes of backbone amide groupsof dil from the nucleotide-binding components have es-
were revealed in an HSQC experiment, not just in the sentially the same effect. Substitution#H91 andjfN222,
(dihydro)nicotinamide binding pocket, but also in a spur of also in dll, with positively charged residues has a similar,
amino acids that extends unidirectionally into helix D/loop though slightly more complex resuil). Somewhat surpris-

D and loop E 27). Similar changes were later observed in ingly, substitution of3G252 in Cys-free, His-tagges. coli
isolatedE. colidlll (56, 57). In both cases the chemical shift transhydrogenase led to pronounced inhibition of hydride
perturbations were taken as evidence either for changes intransfer 62). Hitherto it had been thought that the Cys-free,
conformation or for polarization of amino acid residues His-tagged enzyme had essentially wild-type properties. Why
resulting from the altered redox state of the nucleotide. mutants of this protein variant should behave differently to
However, in the work described above, it emerged that the those of the wild-type paren6Q) is unclear, and it will be
crystal structure of the dlll component indlll ; complexes important to establish the reasons for the discrepancy.

of R. rubrumtranshydrogenase is remarkably similar when  The architecture of the intact transhydrogenase deduced
either NADP" or NADPH is bound. Furthermore, a new from the crystal structure of the 4illl; complex indicates
crystal structure of isolated dlll fronR. rubrumtranshy- that the hydride-transfer site is located some distance from
drogenase with bound NADR1PNO) is similar to that with ~ the membrane (see Figure 1). The conformational changes
bound NADPH (1PNQ)19). We report here that the crystal that are generated by proton translocation through dll and
structure of isolated human dlll with bound NADPH solved that cause active-site opening/occlusion and gate the hydride-
to a resolution of 2.3 A (Table 1, 1U31) is similar to that transfer step must therefore be transmitted across dlll (some
with bound NADP (1DJL) (12); the RMS deviationis 0.16 30 A). We suggested that energy transmission probably
A for 176 equivalent pairs of Catoms. involves loop E and helix D/loop D of dlllg, 15). Thus,

The prediction of structure changes from the chemical shift movements of loop E were proposed to regulate the access
changes of substituent atoms in macromolecules is not yet aof bound NADP and NADPH to the solvent, and move-
feasible exercise. However, it is clear from these recent ments of the adjacent helix D/loop D were proposed to be
crystal structures that the large chemical shift changes (inimportant in driving the dl.1/dl.2 rotations that alter the



10962 Biochemistry, Vol. 43, No. 34, 2004 Mather et al.

NAD(H) conformation (see above). Recently, two different ~ We suggested that proton binding to the outside aqueous
conformations of loop D were observed in the X-ray structure phase and proton release to the inside agueous phase are the
of crystals of isolated dlll grown in 50%H,0 (19). One events in proton translocation that are coupled to the open
conformation is very similar to that seen in all previous dlll — occluded and occluded> open transitions of intact
structures, but in the other, the tip of loop D is moved by transhydrogenasel(, 21). It is therefore essential for the
~10 A (toward the bound nucleotide), strongly supporting enzyme to switch access of the proton translocation device
the view that this feature might indeed undergo a confor- to either the inside or outside aqueous phases in concert with
mational change during turnover of the intact enzyme. the redox reaction. Before the crystal structures were solved,
Following the recognition that hydride transfer must be we proposed that the redox state of the dlll-bound NADP(H)
prevented in some reaction intermediate 21), the authors is probably the important determinant of proton access, and
of this work suggested that, by covering thieface of the this still seems to us to be the most plausible mechanism.
nicotinamide ring, the observed movement of loop D might Clearly, the coordinating signal must be transmitted back
be responsible for the necessary blockade of the redoxacross dlll to dll to have its effect. Information transmission
reaction. However, we think that this is unlikely since their need not involve large conformational changes, and it is
putative “blocked state” is a very closed structure (both helix possible that the magnetization changes that propagate
D/loop D and loop E shroud the nucleotide) but it is in the through helix D/loop D and loop E, as observed in NMR
openstate of transhydrogenase (when product nucleotidesexperiments when NADPis replaced by NADPH on the
are released and fresh nucleotides bind) that there is aisolated dlll component (see above and refand27), are
requirement to prevent hydride transfer. Rather, the original a manifestation of the signal.
suggestion, that movement of loop D causes the opening and In other membrane proteins, local changes in the orienta-
closing of the dI cleft$, 15), is to be preferred. Thus, inall  tion of amino acid side chains at the catalytic site are also
structures of dilll; complexes (Table 2) the tip of loop D expected to be associated with the larger scale conformational
contacts the highly conserved RQD loop of dl.1(B), and changes that are responsible for coupling the chemical
helicesaA and aB on the other side of dlll, which are transformation to solute/ion translocation (e.g., &j. In
packed closely against the sheet core, contact dl.2(B). some of these proteins, the character of the large-scale
Changes in the conformation of loop D of the type seen in conformational change is established, but the relationship
ref 19 would therefore lead to the relative movements of with events at the catalytic site is still far from clear. The
di.1(B) and dI.2(B) that influence the cleft region and the fact that the didlll; complex of transhydrogenase can be
distak-proximal equilibrium. loaded with redox-inactive combinations of nucleotides
The structures described in the present report provide enables us to visualize microstates of the active site in some
further information on the probable events associated with detail. There are likely to be similarities in the energy
hydride transfer in transhydrogenase. NADH binds with coupling mechanisms of different translocation proteins, and
moderate affinity to isolated dl and to open-state dI(A) in observations on structure changes of thgldll; complex
the dbdlll; complex @4, 44). Partial closure of the mobile  may provide useful information on the fundamental principles
loop accompanies the binding of this nucleotide indepen- of this process.
dently of events in dll and dllI52). Thus, the configuration
of the bound NADH and protein observed in dI(A) of 1U2D ACKNOWLEDGMENT
(Figure 6a) is what we should expect in the intact enzyme
immediately after nucleotide binding to that dlI-dll-dlll
monomer which is in the open state. NADH is in the distal
position, and Y235 of the mobile loop only partly seals the
site from the solvent. However, as dlll is shifted (by proton
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