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Conformational Change in the NADP(H) Binding Domain of Transhydrogenase
Defines Four Statés
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ABSTRACT: Proton-translocating transhydrogenase (TH) couples direct and stereospecific hydride transfer
between NAD(H) and NADP(H), bound to soluble domains dl and dlll, respectively, to proton translocation
across a membrane bound domain, dll. The reaction occurs with proton-gradient coupled conformational
changes, which affect the energetics of substrate binding and interdomain interactions. The crystal structure
of TH dlll from Rhodospirillum rubrumhas been determined in the presence of NADPH (2.4 A) and
NADP (2.1 A) (space group6,22). Each structure has two molecules in the asymmetric unit, differing

in the conformation of the NADP(H) binding loop D. In one molecule, loop D has an open conformation,
with the B face of (dihydro)nicotinamide exposed to solvent. In the other molecule, loop D adopts a
hitherto unobserved closed conformation, resulting in close interactions between NADP(H) and side chains
of the highly conserved residugtSer4055Pro406, anglle407. The conformational change shields the

B face of (dihydro)nicotinamide from solvent, which would block hydride transfer in the intact enzyme.

It also alters the environments of invariant residbidis346 and3Asp393. However, there is little difference

in either the open or the closed conformation upon change in oxidation state of nicotinamide, i.e., for
NADP vs. NADPH. Consequently, the occurrence of two loop D conformations for both substrate oxidation
states gives rise to four states: NADP-open, NADP-closed, NADPH-open, and NADPH-closed. Because
these states are distinguished by protein conformation and by net charge they may be important in the
proton translocating mechanism of intact TH.

Transhydrogenase (THis a homodimeric integral mem-  direct, involving no reactive intermediates. Although the
brane enzyme found in the prokaryotic cell membrane and three-dimensional arrangement of domains in the intact
eukaryotic inner mitochondrial membrane. The monomer hasenzyme is unknown, the soluble domains must interact to
a molecular mass of~110 kDa (—4) and consists of a  bring the (dihydro)nicotinamide rings of NAD(H) and
soluble NAD(H) binding domain (dl, 400430 residues), a  NADP(H) into direct contact{3 A) with each other. As
membrane-bound proton-translocating domain (dIl,-360 the difference between the redox potentials of NAD(H) and
400 residues), and a soluble NADP(H) binding domain (dIll, NADP(H) is negligible, it is expected that in both forward
~200 residues), with linkers of variable length connecting and reverse directions (eq 1), proton flux across the
the domains. Both dI and dlll occur on the same side of the membrane-spanning domain is coupled to changes in the
membrane in the prokaryotic cytosol or the eukaryotic conformations of soluble domains of TH-{4).
mitochondrial matrix. TH couples proton translocation across  |n eukaryotic mitochondria, the three domains of TH
dll to hydride ion transfer between NAD(H) and NADP- comprise a single polypeptide chain, in the orderdil —

(H), with a H*/H™ stoichiometry ofn = 1 in the equation:  dIl from the NH,- to COOH-terminus. Protozoan species

+ (Eimeria tenellaand Entamoeba histolytigaalso have a

NADH + NADP + nH "o, = single polypeptide, but with a shuffled arrangement of the
NAD + NADPH + nH+in (1) three domainsy). In prokaryotic cells, TH typically consists
of two or three subunits:Escherichia coliTH has ana
subunit that comprises dl and an N-terminal portion of dll,
and af subunit that contains the rest of dIl and all of dlll.
In Rhodospirillum rubrumtheao. subunit is expressed as two

l;g; rfjsea“?? was St‘jipp_ortlengé’ ng.r:am GM|61545- 4 1pno  POlyPeptides, while the subunit corresponds to thosefin
(NADPH Coerﬂgfe')'(())_n codes: ( complex) an Q coli and other prokaryotes (Figure 1a). An alignment of dill

* Corresponding author: tel.: 858-784-8738; fax: 858-784-2857; residues from 51 prokaryotic and eukaryotic species is given

e-TZEbdaYe@SCfiFTJ%S-edU- o NAD. nicotinamide aden in the Supporting Information (Figure S1).
reviations: , transhydrogenase; , hicotinamide adenine . T
dinucleotide; NADH, dihydronicotinamide adenine dinucleotide; NADP, The soluble domains have been expressef.icoli for

nicotinamide adenine dinucleotide phosphate; NADPH, dihydronico- biochemical and structural investigations. TH dlll is ex-
tinamide adenine dinucleotide phosphate; AcPyAD, acetylpyridine pressed as a monomer with one molecule of NADP(H)
adenine dinucleotide; IAEDANS, 5-((((2-iodoacety)amino)ethylamino 1,5 nq - while TH dl is expressed as a dimer with one
naphthalene-1-sulfonic acid); MIANS, 2:{haleimidylanilino)naph- . .
thalene-6-sulfonic acid; NEMy-ethylmaleimide; DTT, dithiothreotol; molecule of NAD(H) bound¥). A reconstituted mixture of

PMSF, phenylmethylsulfonyl fluoride. dl and dlll from the same species or from different species

The hydride transfer is stereospecific, between the 4A
position of NAD(H) and the 4B position of NADP(H), and
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Ficure 1: (a) Arrangement of the three tranhydrogenase (TH)
domains (1, 11, 1ll) in theR. rubrumenzyme, which is comprised

of three subunitsg, o, ands. Domains | and Il bind NAD(H)
and NADP(H), respectively, and domain Il contains the proton
channel and is membrane intercalated. For crystallization of domain
Il residues 294-464 of thef subunit were expressed as a construct

Sundaresan et al.

substrates are in the oxidized state and NAD is bound in the
dl monomer farther from dlll and NADP. The structures of
the dl dimer and the dlll monomer in this complex are very
similar to those observed in crystal structures of the
individual domains.

The available structures of TH dIl9¢-11, 15) are all
similar to one another. However, other experiments indicate
that significant conformational change, required for proton
pumping in the absence of a net redox potential3), occurs
in some component of dlll. For example, tryptic cleavage
of intact (16) and proteinase K-bisected?®) bovine TH is
accelerated in the presence of NADPH compared to NADP,
but largely unaffected by either NAD or NADH. These and
other data indicate that the oxidation state of NADP(H)
bound to dlll has a significant effect either on the conforma-
tion of dlll and/or on the interactions between dl and dlll
(18—20). Incorporating this information, the crystal structure
of the “heterotrimeric” complex, and extensive kinetic data,
an “alternating site, binding change mechanism” has been
proposed for TH §), which entails large changes in the
relative arrangement of dl and dlll. Two loops in dlll in
association with NADP(H) have been specifically implicated
in conformational change. Mutagenesis studies, fluorescence
resonance energy transfer experiments, and kinetic studies
(18—20) with the E. coli and R. rubrumproteins indicate
that loop D of dlll mediates interactions with dl, and that
loop E accommodates NADP(H) binding and release.

In this paper, we report the first structure of dlll bound to
NADPH. R. rubrumdlll bound to NADP was crystallized
under similar conditions. In each case, the asymmetric unit
in the crystal form obtained contains two molecules: in one
the conformation of loop D is “open”, as observed previously
(9—11, 15) with the B face of the (dihydro)nicotinamide ring
exposed to solvent; in the other it is “closed”, blocking this

engineered to have a 22-residue N-terminal sequence containing #ace from solvent. The closed conformation involves large

10-residue poly-His tag. (b) UVvisible absorbance spectra of
crystals of domain Ill ofR. rubrumTH grown with the NADP
complex (gray line) and with the NADPH complex (black line).
The crystals containing NADPH show a characteristic absorbance
at ~340 nm for dihydronicotinamide, which is absent in crystals
containing NADP. Similar spectra were obtained for at least five
crystal specimens of both the NADP and NADPH complexes.

can catalyze hydride transfer between NAD(H) and NADP-
(H) in solution 6—8) in the absence of dll, the proton
translocating domain. The structure of TH dlll bound to
NADP has been determined crystallographically for the
bovine @) and human 10) proteins and by using NMR
methods for théR. rubrumprotein (L1). In these structures,
NADP is bound such that the B face of the nicotinamide

movement of loop D residues. Surprisingly, however, the
presence of NADPH vs. NADP does not affect the confor-
mation of either the open or closed forms. Consequently,
the structures define four states of dlll potentially relevant
to the TH mechanism: NADP-open, NADP-closed, NADPH-
open, and NADPH-closed.

EXPERIMENTAL PROCEDURES

Protein Expression and PurificationRecombinantR.
rubrum TH dlll was expressed iie. coli and purified as
described %). The purified protein has an engineered
N-terminal histidine tag preceding residgé&294 (Figure
1la) and contains both NADP and NADPH in the ratio 4:6.

ring is exposed to solvent. Crystal structures have also beenThe NADPH form of dlll was prepared by incubating

determined for TH dl fromR. rubrum in the presence of
NAD (12), in the presence of NADH, and in the absence of
substrateX3). These structures show interdigitating contacts
and an extensive network of interactions between the two
closely associated monomers of dl with NAD(H) bound such
that the A face of its (dihydro)nicotinamide ring is exposed
to solvent. One molecule of NAD(H) is bound per dI dimer,
consistent with the experimentally observed “half-the-sites-
reactivity” profile of the enzyme 1(4). A “heterotrimer”
cocrystal structure has been report&8)( containing a dlll
monomer with NADP bound, in association with a dI dimer
with one molecule of NAD bound. In this structure, both

purified dIll with a 10-fold excess of NADPH, followed by
gel filtration on Sephadex G-50 to remove excess nucleotides.
ExpressedR. rubrumdlll has a high avidity for NADPH

vs. NADP 6). The NADP form of dlll was prepared by
incubating purified dlIl with a catalytic amount &. rubrum

dl and AcPyAD to oxidize bound NADPHG6|. Extra
nucleotides and the dl protein were removed by DEAE-
Sephadex column chromatography. The -txsible spec-
trum confirmed the oxidation state for each preparation.
Subsequently, single-crystal spectra confirmed the oxidation
state of the nicotinamide cofactors in the crystals (Figure
1b). Protein preparations were exchanged in® Dsing a
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Sephadex G-50 column equilibrated with 20 mM THEI
buffer adjusted to pH* 8.2 containing 0.8 mM DTT, 0.4 mM
PMSF, and 1 mM NADP or 1mM NADPH. Protein samples

Table 1: Crystallographic Analysis

Crystals

) . complex NADP NADPH
were concentrated to-14 mg/mL in a Centricon-10 con-  no. of crystals 1 1
centrator. space group P6,22 P6,22

unit cell @b,c)2 (A) 117.9x 117.9x 211.3 118.3x 118.3x 212.8
Data Collection

Crystallization and Data CollectionCrystallization was
done by vapor diffusion with kL of protein solution in

i i i i i SSRL beam line 11-1 9-1
(D:zodntjlxed with 'é#Lt' f<_3f dtr;e retsrtlarv“?lr ;sol_uttmn in éo wavelength (A) 0965 0079
onditions were identified from the “footprint scree il resolution range (&) 29:62.1 19724
and refined. Hexagonal bipyramidal crystalsRf rubrum total observations 172,564 317,639
dill with NADPH bound were obtained with a reservoir unique reflections 50,245 34,800
solution consisting of 0.6 M (NSO, and 30 mM sodium red}?agﬁiy a4 01
citrate buffer at _pH 5.5. Crystal nuclgatlon and gromh completeness 98.5% 99.0%
occurred at 8°C in 2—-3 days. The estimated pH in the g 10.7 (1.2) 17.3 (1.4)
crystallization drops was 6-5%.7, based on measurements Rsymm(1)° 0.076 (0.786) 0.085 (0.635)
for an equal volume mixture of the buffers in 50%@at Molecular Replacement
8 °C, and based on indicator dyes foul aliquots of the Log Likelihood Gain  Number
drops. For dlll with NADP bound, the reservoir solution 1st molecule 242.1 45
i i i 25.3 7
go?fsst?d |—?f5154Ah/r|1 (Nlajgsg and ZSH_mM SOqIL'ltmt C|ftrate . ond molecule 2606 105
uffer at pH 5.5. A heavy microcrystalline precipitate forme 12782 17
at 24 °C overnight, from which hexagonal bipyramidal Refinement
crystals_ grew over 45 days. The estimated pH in these g tactor 20.9% 21.7%
crystallization drops was 5:75.8, based on measurements R (5% ofdata)  23.1% 23.1%
for an equal volume mixture of the buffers in 50%Mat rms deviation 0.007 0.008
24°C, and based on indicator dyes foxl aliquots of the b%“ds. (tA) 115 15
drops. For cryoprotection prior to X-ray data collection, rmzngﬁgﬁ(g:g,) : '
crystals were soaked in synthetic mother liquor containing No. of Atoms/Avg B-Factor (A
25% glycerol added to the reservoir solution iBCH Data proteirt" 2698/48.2 g 2698/48.7
were collected at 100 K at the Stanford Synchrotron NADP(H) 96/45.8 96/55.7
Radiation Laboratory (SSRL) beam lines 9-2 and 11-1, and water molecules 233/52.1 166/63.4

processed with CCP4£2) programs (Table 1).
Single-Crystal Spectrophotometifyhe oxidation state of
NADP(H) in TH dlll crystals was investigated by collecting
single-crystal spectra in the UWisible range (Figure 1b).

Spectra were collected in the wavelength range-2810

aMatthew’s coefficient 5.3 ADa; solvent content 76.6% Values
for the highest resolution shell in parentheses. Valued/ofll< 2.0
are accepted due to some anisotropy in the diffracti®tatistics for
Beast £3) calculations for the NADP data set to 3.5 A resolution.
d Ramachandran plot for both molecules in the asymmetric unit: 91.7%
of residues in most favored regions; 7.7% in allowed regions; 0.6% in

nm from six crystals with NADP bound and five crystals
with NADPH bound. Crystals were soaked in the cryopro-
tecting solution for~10 min to soak out unbound NADP-
(H). The single-crystal microspectrophotometer was equipped

generously allowed regions; 0.0% in disfavored regiSi®esidues
294464 of thes subunit ofR. rubrumTH (Figure S1) plus engineered
N-terminal residues (nine in chain A and six in chain Bjwo
molecules in the asymmetric unit (chain A, closed conformation; chain
B, open conformation).

with a Mercury-Xenon arc lamp light source, optical
components to focus the incident beam ta,5and linear angles and fractional coordinates before carrying out rotation
CCD array detector (E. Getzoff, personal communication). searches for the second copy and subsequent translation
Crystals were mounted on nylon cryoloops, transferred to asearches. The log-likelihood gains and the number of
goniometer head, positioned with translation stages, viewedmembers associated with the best solutions are given in Table
with a binocular microscope, and maintained at 100 K with 1. This molecular replacement solution, containing two
a liquid N, supplied cryostream. Crystals were positioned molecules in the asymmetric unit, was used as a search model
to optimize absorbance at340 nm. Due to variable for the dataset obtained for crystals containing NADPH.
absorption by the crystals, the incident beam intensity and The molecular replacement solution gave an R-factor of
count time were then adjusted to obtain comparable absor-~37% [Riee ~ 39%) after rigid-body refinement against the
bance over 406700 nm for different specimens. For data for NADP containing crystals using CN&4J. Initial
comparison, reference background spectra were measure@|F,|—|F.| and|F,|—|F¢ maps showed unambiguous density
for each incident intensity and count time. for NADP in both copies in the asymmetric unit. Two NADP
Molecular Replacement, Model Building, and Refinement. molecules were positioned in the density using X#6)
A molecular replacement solution, using tie rubrum and the updated model was subjected to simulated annealing,
domain 1l from the “heterotrimer” structurel®) as the energy minimization, and isotropic B-factor refinement in
search model, was found in the likelihood based program  CNS. Unbiaseda-weighted 2F,|—|F] composite omit maps
BEAST (23) using data truncated to 3.5 A resolution. The revealed that the portion of the molecule between the residues
best three solutions from the first rotation function search SAsn396 angsAsp414 had a substantially different confor-
were used for translation function searches and solutions weremation in one of the two molecules in the asymmetric unit.
monitored both for log-likelihood gain and the number of These residues were rebuilt into the electron density using
members in each solution cluster. The first copy of the Xfit. The portion of the engineered N-terminal sequence that
molecule was located and fixed at its corresponding Eulerian had well-resolved electron density in the maps was also built
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for each copy in the model. The model was further refined mation leaves the B face of the (dihydro)nicotinamide ring
by energy minimization and isotropic B-factor refinement of the substrate exposed to solvent, while the closed
in CNS. This process was repeated with the molecular conformation blocks this face from solvent. However,
replacement solution obtained for the dataset obtained fromcomparing the molecules in which the oxidation states of
an NADPH containing crystal. The final refined models have bound nucleotides differ, substantial structural identity is
R of 20.9% Riee 23.1%) for the structure with NADP bound, found between the two in the closed conformation (Figure
andR of 21.7% Riee 23.1%) for the structure with NADPH  2c¢) and the two in the open conformation (Figure 2d).
bound. The coordinates have been deposited with the Protein  NADP(H) ConformationFor both oxidation states of the
Data Bank with deposition codes, 1PNO and 1PNQ, for the substrate, and for both molecules in the asymmetric unit,
NADP and NADPH containindgR. rubrumdlll structures, NADP(H) electron density is well defined in unbiaséd|—
respectively. The models have good geometry with no |F¢ and oa-weighted 2F,—|F; composite omit maps
residues in disallowed regions of the Ramachandran plot (Figure 3a). B-factor refinement was consistent with full

(Table 1). occupancy in each case. Superposition of all four NADP and
NADPH molecules in the final structures (Figure 3b) shows
RESULTS that the conformation does not change significantly with

I . change in oxidation state. In each case, the glycosyl torsion
Oxidation State of NADP(H) in the CrystalSrystals of ;416" for the nicotinamide is syn. As previously observed

R. rubrumdlll were grown using the NADP and NADPH  (g) “the dinucleotide binds across the C-terminal edge of the
complexes specifically prepared as described in Experlmentalﬂ_sheet in an inverted orientation compared to other dinucle-

Procedures. Single-crystal UWWisible absorbance spectra otide binding proteins7). Consequently, NADP(H) lies in
were measured to confirm the oxidation state of the NADP , . |oft flanked by relatively rigid se,condary structure
and NADPH bound in the protein crystaR. rubrumdill elements on one side and flexible loops on the other (Figure
crystals grown in either 5 mM NADP or 5 mM NADPH 5y ‘the A face of the (dihydro)nicotinamide packs against
were soaked in synthetic mother liquor to remove excess hydrophobic residues in loop B and the helical dipole of h
unbound reagents and cryoprotected as for X-ray diffraction i jriented toward the dinucleotide phosphates, while the
experiments. Spectra were measured at 100Kusingasingle-reactive B-face is oriented toward the solvent and the
crystal microspectrophotometer (see Experimental Proce'adjoining ribose is adjacent to the flexible loop D.

dures). A distinct peak at 340 nm was observed in all the Loop ConformationsThe electron density is equally well

NADPH-containing crystals, while spectra of NADP-  jaginaq for both the closed (Figure 4a) and the open (Figure
containing crystals exhibited no absorbance at wavelengths4b) conformations of loop D in both NADP and NADPH

beyond the sho.ulder of the.lntens_e protein peak at 280 MMpound dlll. In this region, the protein chain turns from strand
(Figure 1b). This was_conﬁrmed In SIX .N.ADP contammg_ B4 at the invariant residugGly390 (Figure S1), and goes
crystals compared to five NADPH containing crystal Speci- 4,91 a single helical turn ¢ at the invariant residue
mens, and with variation in the incident beam intensity. The SAsp393, which is followed by another invariant residue
absorption at 340 nm in the NADPH containing crystals is (ﬂAsn39é) and short helix () (Figure 2a). The sequence
consistent with the presence of dihydronicotinamitig 26). from ALys400 to fAsp4l4 comprises loop D, which is
Domain IIl Architecture In intact TH the N-terminus of  followed by another helical turn ). Loop D includes the
dill is linked to dIl, the proton channel domain, while the jnvariant residueggGly409 andgPro411, and the highly
C-terminus of dlll coincides with the C-terminus of tffe conserved residu8Met410, which is replaced by Leu in 1
subunit of theR. rubrumenzyme. The overall structure of  of 51 species.
dill in the hexagonal Crystal form is similar to that of the The open conformation of |00p Dis very similar to that
bovine @) and human X0) dill crystal structures, ant. observed in previously reported crystal structuge<.(, 15).
rubrumdlll in the “heterotrimer” structurel). The nucle- | contrast, the closed conformation is such that conserved
otide binding fold contains a central six-stranded, parallel resjdues are repositioned byl0 A to interact directly with
p-sheet flanked by helices and loops (Figure 2a). An the B face of the NADP(H) ring. In this conformation, the
additionalf strand o) and ano-helix (ho) precede the first  picotinamide is sandwiched between loops D and B and both
strand of theS-sheet. Twoo-helices (i and hv) connect  faces are blocked from solvent. In addition, when loop D
strands8, and 3z, while strandg8, andf; are connected by adopts the closed conformation, the side chains of residues
a loop and aru-helix (loop B and ). The crossover helix  gpro411 tofAsp414 are such that a correlatedl A
(hc), connecting the two halves of the sheet 35251~ movement in loop B keeps the nicotinamide occluded from
BaPsPe), has mixedr- and 3o-helical character. The protein  solvent (Figure 2a,b). Hence, in intact TH the open confor-
sequence connecting stranflsand s consists largely of  mation of loop D would be expected to allow direct hydride
the extended loop D, interspersed with short helical turns transfer to proceed, but the closed conformation would block
(ho, hp, and ). Strand$3s andps are connected by another  thjs reaction. Aside from the differences in loops B and D,
extended loop, loop E, and a short helical turg)(I5trand  there is no substantial change in other structural elements
Be is followed by a C-terminala-helix (he), which lies  of the domain, including loop E, which contributes to NADP-
between b ha, and h. (H) binding and extends into the solvent adjacent to loop D.
There is marked conformational difference between the Consered ResiduesThe loop D conformational change
two molecules in the asymmetric unit in both the NADP from open to closed results in new interactions between the
(Figure 2a) and NADPH (Figure 2b) bound forms of dIll. NADP(H) and the side chains ¢Ser405,5Pro406, and
Each has a distinct conformation for loop D and helix h  Slle407 (Figure 5a). In the open conformation, the ©f
one being “open” and the other “closed”. The open confor- ASer405 is 11.7 A away from the ribose®/droxyl; in the
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Ficure 2: Overlaid views of ribbon representations of domain IlIRf rubrumTH. The two dlll molecules in the asymmetric unit of
crystals containing NADP (red, blue) and in crystals containing NADPH (pink, green) are superimposed in (a) and (b), respectively. Secondary
structural elements of the domain are labeled in panel a. The molecules with closed and open conformations of loop D, but with different
oxidation states of NADP(H) are superimposed in (c) and (d), respectively.

closed conformation it moves to within hydrogen bonding itself. Hydrogen bonding interactions are maintained at the

distance, 3.4 A. The movement also allofte407 to stack ~ N- and C-terminal ends of helixchand loop D, serving to

with the ribose ring, anPro406 to stack within 3.5 A of  anchor the conformational change. The amidgasn396

the B face of nicotinamide. These interactions are essentially hydrogen bonds with the carbonyl Asp393 while the side

tﬁhseerzaz)rgii:jne E:hheai;eggg:?s gr?z?lltaeﬁ'n;(t)énr](’)tgrﬁceerp(tFitgjrt'etgg) chain of8Asn396 maintains interactions with the main chain
) - ~“atfAla398 and3Glu436 in both conformations (Figure 5b).

pSerd05 andslle407 are conserved in 49 of 51 species Atﬂthe C-termﬁal end of loop D, a network (()f Eydroge)n

(Figure S1), being replaced by Thr and Leu, respectively; . . . . .
BPro406 is slightly more variable, being replaced in eight bonds is retained, involvingHis346, fAsn377, fPro411,

species. This sequence conservation is consistent with theP!l€412,5Leu413,5Aspa14, anggVal394 (Figure 5c). These

nature of the additional interactions observed in the closed interactions involve primarily main chain atoms or the side
conformation. chains of highly conserved residues. In general, the interac-

The change from the open to the closed conformation tions involving either end of loop D correlate very strongly
occurs without large internal rearrangement within loop D with sequence conservation (Figure S1).
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Ficure 3: Binding conformation of NADP and NADPH iR. rubrumdlll. (a) Stereoview of NADP bound to dlll with loop D in the
closed conformation and its unbiasegweighted 2F,|—|F¢| electron density at 2.1 A resolution, contoured at 4 and(B) Stereoview
of the superimposition of both NADP and both NADPH molecules from the final refined structures.

Environment ofgAsp393This invariant residue at the end

conformations ,8Asp393 retains hydrogen bonds with the

of strandf, hydrogen bonds with the nicotinamide ribose 3'-hydroxyl of the nicotinamide ribose and the amide of the

(9, 10; Figure 6a). The change in conformation of helix h

loop E residuefAlad33 (Figure 6a). Despite the change in

and loop D results in exchange of the hydrophobic residuespacking environment, the solvent exposureféisp393 is
adjacent tg5Asp393, but the position of this side chain is not significantly alteredgAla399, flle407, fMet410, and
unaffected (Figure 5b,c). In the open conformation, the side fAla433 are highly conserved residues (Figure S1).

chains ofglle407 and3Met410 pack negbAsp393 (Figure

Environment off3His346. This residue occurs within the

6a). When loop D changes to the closed conformation, invariant domain Ill sequence Hi$ProValAlaGlyArg(Met/

SAIa399 moves into the space occupieddie407,511e407
moves into the space occupied Bilet410, andsMet410
moves away, i.e., lle, Met> Ala, lle (Figure 6a). In both

Leu)ProGly of thes subunit (Figure S1), which comprises
loop B (Figure 2a). In this case, the conformational change
in loop D results in a distinct change in the environment of
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Ficure 4: Conformational change in loop D. Stereoview of the electron density and models for loop D in (a) the closed conformation, and
(b) the open conformation, for the 2.1 A resolution structures of the NADP complex of dlll. The unbigseeighted 2F,|—|F| electron

density map, contoured atrlis shown for the nicotinamide nucleoside group of NADP, the main chain of resithe393 tofLeu413,

and the side chains of the invariant resigifsp393 and the conserved resid@&er405 5Pro406, angblle407. Electron density maps for

the open and closed conformations of loop D in the NADPH complex at 2.4 A resolution are very similar.

the side chain. ThgHis346 imidazole is a hydrogen bond DISCUSSION

acceptor with the amide o,BV_aI348 e_md donor to the TH couples proton-translocation across the membrane to
carbonyl offPro411, and these interactions are observed for direct hydride transfer between NAD(H) and NADP(H) (eq
both the open and closed conformations of loop D (Figure 1y Reactants and products occur on the same side of the
6b,c). In the open conformatiofiiis346 is in a hydrophobic  emprane and the difference in redox potentials of NAD-
environment due fo the adjacent side chaingiBfo347,  (14) and NADP(H) is negligible. It is generally accepted that
pVal3as, fAla349, fLeud?3 fVal394, fMetd10,5Prodll,  hygride transfer and proton translocation are coupled to
plle412, andsLeu413; however, the edge of the imidazole enzyme conformational changes. In the forward reaction, the
remains exposed to solvent (Figure 6b). In the closed proton motive force favors a conformation of TH that has
conformation, the environment ¢fHis346 becomes even increased affinity for NADH and NADP, resulting in hydride
more hydrophobic due to the shift in positions fife407 transfer. In the reverse reaction conformational change
andSMet410 (Figure 6a). The lle side chain moves closer associated with binding of NADPH promotes outward proton
to the imidazole ring to occupy the position of the Met, which translocation {—4). Crystal structures of TH dl with and

in turn moves to shield the edge of imidazole ring from without NAD(H) (12, 13) do not reveal any major confor-
solvent (Figure 6c¢). Thus, the addition Gfle407 to the mational changes upon binding or change of oxidation state
immediate environment @His346 in the closed conforma-  of NAD(H). Rather, the data indicate that conformational
tion of loop D results in the imidazole being buried in a change occurs within dllI{6—20). Available structures of
pocket of increased hydrophobicity. dill have been obtained with NADP boun®-11, 15);
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however, these structures are all very similar. We set out to
{oop D (closed) obtain a structure of dlll with NADPH bound. A very

\ different “closed” conformation is observed, together with
the “open” conformation, confirming the ability of the
domain to undergo significant conformational change, and
indicating how it occurs. Surprisingly, however, NADPH
itself does not affect the conformation compared to NADP.
Hence, the crystal structures define four distinct states:
NADP-open, NADP-closed, NADPH-open, and NADPH-
closed. In the intact enzyme, these states could be associated
with the conformational change that is coupled to proton
translocation.

Crystallization ConditionsCrystals ofR. rubrumdlIll were
obtained from solutions containing,@ and DO in a 1:1
ratio after a number of other approaches were unsuccessful
(Experimental Procedures). Transfer of proteins frop®OH
to DO decreases the enthalpy of unfolding, but stability
remains largely unchanged due to entropic compensation
(28). The higher heat capacity of hydrophobic surfa@® (
and increased unfolding transition temperati@®) (n D,O
can be supposed to induce greater order in exposed hydro-
phobic surfaces, favoring nucleation and crystal growth. Both
NADP and NADPH bound dIll were crystallized from 50%
D,O, but the crystals were obtained at different ionic
strengths and temperatures. The structures are isomorphous
and single-crystal UV visible spectra establish the oxidation
state for both NADP and NADPH containing crystals (Figure
1b). Given these considerations, we do not expect the
presence of BD to have affected domain Ill conformation
significantly in comparison to what it would be in,@.

Crystal PackingSome of the interactions between sym-
metry related molecules involve loop D residues. In par-
ticular, the open conformation of one molecule makes crystal
packing contacts with the open conformation of another
(Figure 7). Molecules that have loop D in the closed
conformation do not make mutual crystal packing contacts.
Hence, all of the contacts of loop D residues in the closed
conformation occur within the asymmetric unit, i.e., to a copy
of dlll in the open conformation (Figure 7). The open
conformation of loop D has been observed under a variety
of conditions 9, 10, 15) including those employed here.
However, the closed conformation has not been observed
previously. The occurrence of both conformations in the
hexagonal lattice could be related to several factors, including
the presence of 50% JO, an engineered 22-residue N-
terminal sequence (Figure 1a) differing from intact TH, and
a 10-residue His-tag within the engineered sequence, which
raises the pl of the domain from4.75 to~6.25.

Effect of pH.Another explanation for why the crystals have
captured two conformations is that the conditions are
FIGURE 5: Interactions of conserved residues in loop D. (a) The relatively acidic; for the NADP bound form the pH 186,
conserved residug8Ser405,3Pro406, ang3lle407 interact with ~ and for the NADPH bound form the pH is6.5 (Experi-
the NADP(H) nicotinamide and ribose in the closed conformation mental Procedures). The initial rate of reverse transhydro-
of loop D, but not in the open conformation. A change in the side genation between dIl:NADPH and dl:AcPyAD, and the

chain torsion angle g8Ser405 is the only significant difference in : .
the oxidized vs. reduced states of the closed form. Relative distance sf[eady state rate of cyclic transhydrogenation, both decrease

in angstroms in the two conformations are indicated. (b) Interactions Significantly at low pH with a  of ~5.1 (19). Both of these
of invariant$Asn396 at the N-terminal end of helixyhand loop activities are dominated by the rate of hydride transfer, which
D which are retained in both conformations of loop D. (c) Hydrogen would be diminished, if not prevented, by the closed

bonlds i”éo"’ing ":j‘(a”a”: reSid“wgo“ll. o '°°Ft) 3 arf't"i33‘.‘6 | engConformation of loop D (Figures 2 and 5a). Hence, the closed
on loop B, and adjacent conserved residues at the C-terminal en -
of loop D, which are retained in both conformations. The dill copies [orM ©of loop D could be more favored at acidic pH, and

are colored: NADP-open (red), NADPH-open (pink), NADP-closed Crystals grown at pH 66.5 would grow from a solution
(blue), NADPH-closed (cyan). containing both conformations. Crystallization of dlll in

(@)

loop D (open)
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FIGURE 6: Interactions 0ffAsp393 angsHis346 with respect to the movement of loop D. Stereoviews of the environmentsAgpB93
in the open and closed conformations of loop D,/blis346 in the open conformation, and #Hlis346 in the closed conformation of loop
D. The hydrophobic side chains Ala399, Slle407, andSMet410 shift position with respect 16Asp393 (a), so thgfMet410 shields
PHis346 from solvent in the closed conformation (6His346 appears to retain two hydrogen bonds yéitfal348 andsPro411 in both
conformations. The dlll copies are colored as in Figure 5.

exclusively the open conformation of loop D has occurred  Biochemical StudiesThe structures are consistent with
at pH 7.6 0) and pH 8.2 10). Regardless of the cause, the mutagenesis and labeling studies. ReplacemefiSeir404
closed form of loop D results in the highly conserved residues in E. coli dlll (Ser405 inR. rubrum Figure S1) with Cys
BSer4055Pro406, anglle407 moving over 10 Ato interact  and labeling with MIANS indicates that this side chain is
with NADP(H) (Figures 5a and 6a). oriented toward the substrat&8). This is especially true
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replaced with cysteine and labeled with IAEDANS, k&
rubrum dlll (20). fGly434 is at the apex of loop E, and
BGlu416 is in helix k- at the base of loop D (Figure 2a).
The results show that the distance between the two residues
increased by 1.3 0.2 A at pH 5.5 20). The derived distance

is consistent with the structures in that loop E essentially
does not move in the open vs. closed conformations (Figure
2a,b). However, a small shift in helixxh observed for the
closed conformation (Figure 2a), is consistent witk A
increase in distance betweg@Glu416 on this helix and the
apex of loop E.

SAsp393 angbHis346.Two invariant, ionizable residues
in proximity to NADP(H) are3Asp393 angbHis346 (Figures
B 6 and S1). These residues ar® A apart on either side of
FiGure 7: Packing diagram for crystals d®. rubrumdlll in the_ nlcotlnamlde rihosefAsp393 is essential for enzyme
hexagonal crystals (space groBf:22). dill molecules with loop ~ @ctivity (30, 31). The carboxylate 0ffAsp393 accepts
D in the closed conformation are shown in blue; those in the open hydrogen bonds from ribose and the amide f#la433
conformation are shown in red. The crystal packing diagram viewed (Figure 6a), and interacts with,8 molecules associated with
along thex-axis (a) and along the-axis (b) of the unit cell shows loop E. The X, of SAsp393 may be elevated due to

the distribution of solvent channels and intermolecular contacts. .
Panel (c) shows two adjacent asymmetric units from the view along proximity of NADP(H) phosphates~3.3 A) and four

the x-axis that are related by a crystallographic 2-fold axis. The hydrophobic side chains (Figure 6a). While three of these
asymmetric unit comprises two molecules of dlll that differ in their Side chains shift positions upon conformational change, the
loop D conformations. Residug#ro403 ang8Tyr408 in loop D solvent exposure oBfAsp393 remains largely unaffected.

make packing contacts with corresponding residues in a 2-fold Hence, the [, of this aspartate may be significantly elevated,
related molecule for the open conformation, but not for the closed but not significantly different in the open vs. closed

conformation. .

conformations.
for the closed conformation of loop D, in whiglSer405 is PHis346 resides within a hydrophobic pocket in loop B;
hydrogen bonded to the nicotinamide (Figure 5a). These eight of nine residues in this loop are invariant (Figures 2a
experiments also showed a role félte407 (51le406 inE. and S1). Substitution of the His 8. coli TH with Asn or
coli) in modulating the properties gfAsp393 (8), which GIn results in large decreases in both proton translocation

is in accord with the structures (Figure 6a). Fluorescence and hydride transfer activitie82, 33). The environment of
resonance energy transfer was used to determine the distanc@His346 becomes even more hydrophobic due to the
betweengGlu416, replaced with tryptophan, apély434, movement of loop D to the closed form (Figure 6b,c).

Ficure 8: Four states of domain Il oR. rubrumTH are defined by the conformation of loop D and the oxidation state of bound
NADP(H). The closed conformation of loop D is shown in blue and green; the open conformation is shown in red and pink (as in
Figure 2). All atoms of conserved loop D residygSer405,5Pro406, ang3lle407 are shown for each state. Hydride transfer between
NADP(H) in domain Il and NAD(H) in domain | is expected to occur only in the open conformation; in the closed conformation the
nicotinamide ring of NADP(H) is blocked. Each state is unique with respect to net charge on nicotinamide and protein conformation.
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Although hydrogen bonding interactions are consistent with SUPPORTING INFORMATION AVAILABLE

the imidazole being unprotonated, the movemerii\ét410
could be expected to further lower th&pof fHis346.
Consequently, the structures indicate that tigqf SAsp393
may be elevated while the<p of SHis346 may be depressed,

An alignment of dlll residues from 51 prokaryotic and
eukaryotic species. This material is available free of charge
via the Internet at http://pubs.acs.org.

consistent with each playing a role in proton uptake or REFERENCES

translocation.

Four States of Domain IlIThe crystal structures of dlll L

with NADP and NADPH bound reveal that loop D can adopt
two conformations (Figure 2a,b), which are observed for both >

D leaves the (dihydro)nicotinamide ring of NADP(H)
exposed to solvent while the closed form blocks it (Figure
5a). Apparently, the closed conformation is more favored at

the acidic pH of crystallization. A surprising result is that 5.

the conformation of dlll is unchanged by the binding of
NADP vs. NADPH, contradicting the expectation that
NADPH binding induces conformational change as a basis 7
for proton translocationl—4). However, if the closed form

is protonated relative to the open form, this can be explained.
For instance, if fAsp393 is protonated, the structures g
correspond to (Nlopen, Asp), (N*/closed, Asp), (N/open,
Asp’), and (N/closed, Asp) (where N N are NADP,
NADPH, respectively). Each state is unique in terms of
electrostatic interaction between the cofactor and the protein
while the conformation also differs; this is the essential
requirement for function in dlll (Figure 8).

Mechanistic Considerationn contrast with loop D, only
one conformation of loop E is observed in the structures of
bovine, human, anR. rubrumdlll when NADP(H) is bound
(9, 10, 15; Figure 2). Interactions of conserved loop E
residues are retained for both the open and closed forms of
loop D with NADP(H) bound (Figures 5b and 6a). Neverthe-
less, kinetic and mutagenesis experiments focused on the
conserved sequence GlyTyrAla at the tip of looSEyr432;
Figure S1) indicate that this loop plays an important role in
NADP(H) binding and releasel8). Fluorescence experi-
ments withR. rubrumdlll in which the conserved loop E
residueSTyr432 was mutated to tryptophan show accelerated
rates of release for NADP and NADPH at lower pib).

The absence of change in loop E in crystals atgh] despite
large movement in loop D, implies that conformational
changes occurring in these loops during turnover in intact
TH may be mutually exclusive.

Because the nicotinamide ring is blocked in the closed
form, hydride transfer is expected to occur in the open form
(Figure 8). In crystals of the “heterotrimeric” dl:dlll complex
loop D is in the open conformation and in contact with dl at
the conserved “RQD” loopl®). This association is modeled
to allow direct interaction of NAD(H) and NADP(H) for
hydride transfer ). However, superposition of the closed
conformation of dlll onto this complex reveals a severe steric
clash of loop D with the RQD loop of dI. This would provide
a mechanism by which to transmit conformational change
from dlll to dl, if following hydride transfer, uptake of a
proton within domain Il results in the closed conformation.
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