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Summary

The redox-sensing repressor Rex regulates transcrip-
tion of respiratory genes in response to the intra-
cellular NADH/NAD+ redox poise. As a step toward
elucidating the molecular mechanism of NADH/NAD+

sensing, the X-ray structure of Thermus aquaticus
Rex (T-Rex) bound to effector NADH has been deter-
mined at 2.9 Å resolution. The fold of the C-terminal
domain of T-Rex is characteristic of NAD(H)-depen-
dent enzymes, whereas the N-terminal domain is sim-
ilar to a winged helix DNA binding motif. T-Rex dimer-
ization is primarily mediated by “domain-swapped” �
helices. Each NADH molecule binds to the C-terminal
domain near the dimer interface. In contrast to NAD(H)-
dependent enzymes, the nicotinamide is deeply buried
within a hydrophobic pocket that appears to preclude
substrate entry. We show that T-Rex binds to the Rex
operator, and NADH but not NAD+ inhibits T-Rex/DNA
binding activity. A mechanism for redox sensing by
Rex family members is proposed by analogy with do-
main closure of NAD(H)-dependent enzymes.

Introduction

Aerobic organisms depend on a continuous supply of
molecular oxygen primarily to act as a terminal electron
acceptor during respiration. However, environmental
oxygen levels can vary widely, and so cells have
evolved elaborate mechanisms for sensing and adapt-
ing to these changes. Bacteria use a wide variety of
sensors to continually monitor oxygen levels and cellu-
lar redox state and then transduce these signals into
biological responses through induced conformational
changes in regulatory proteins or enzymes. Adaptive
responses to oxygen limitation include the repression
of enzymes of the citric acid cycle, the production of
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alternative terminal oxidases with higher affinity for
oxygen, and, in facultative bacteria, the production of
enzymes that take advantage of different electron ac-
ceptors such as nitrate or fumarate (Patschkowski et
al., 2000). Oxygen can also serve to regulate or impact
several other processes including taxis (Taylor et al.,
1999), pathogenesis (Brook, 2002; Murdoch, 1998; Park
et al., 2003), industrial fermentation (Flores et al., 1997;
Sassi et al., 1996), bioremediation (Van Hamme et al.,
2003), and nitrogen fixation (Dixon and Kahn, 2004).
Much progress has been made in identifying and char-
acterizing the regulatory systems involved in sensing
and responding to oxygen changes. Regulators can be
broadly divided into those that sense oxygen directly,
including the iron-sulfur cluster-containing sensor FNR
(Jordan et al., 1997; Khoroshilova et al., 1997) and the
haem-based sensor HemAT (Zhang and Phillips, 2003),
and those that monitor the level or redox state of partic-
ular cellular metabolites. An example of the latter is the
ArcB-ArcA two component system. The sensor kinase
ArcB is thought to sense the redox state of the mem-
brane-bound quinone pool, which shifts from an oxi-
dized to a reduced state during oxygen limitation. Since
oxidized but not reduced quinones inhibit the auto-
phosphorylation of ArcB, oxygen limitation stimulates
the ArcB-dependent phosphorylation of the response
regulator ArcA (Georgellis et al., 2001).

Given its different metabolic fates under anaerobic
versus aerobic conditions, NADH is particularly well
suited to regulate transcriptional activity in response to
changes in cellular redox balance. During catabolism
of fuel molecules, NAD+ is reduced to NADH. Under
aerobic conditions, NADH is reoxidized to NAD+ by
the electron transport chain with concurrent reduction
of molecular oxygen to water. In contrast, when the
oxygen supply is limited, NAD+ is regenerated through
reduction of metabolic intermediates or alternative
electron acceptors. Under steady-state conditions, the
cytoplasmic concentration of free NAD+ is much greater
than that of its NADH counterpart (Williamson et al.,
1967); hence, the relative fluctuations in free NADH
levels are more dependent on the cellular redox state
than on reciprocal changes in the NAD+ concentration.

Recently, a novel redox-sensing repressor was dis-
covered in Streptomyces coelicolor (Rex) that re-
presses transcription of respiratory chain components
in response to changes in the intracellular NADH/NAD+

ratio (Brekasis and Paget, 2003). Rex is one member
of a conserved family that is widespread among gram-
positive bacteria, including the human pathogens Ba-
cillus anthracis (anthrax), Streptococcus pneumoniae
(pneumonia), and Clostridium tetani (lockjaw) (Figure
1A). Although both reduced and oxidized forms of
NAD(H) dinucleotide bind to Rex, NADH but not NAD+

inhibits DNA binding. The DNA target site of Rex (Rex
operator, ROP) is an inverted repeat found upstream of
several genes encoding respiratory proteins, including
cytochrome bd terminal oxidase, heme biosynthetic
enzymes, NADH dehydrogenase, and Rex itself. Thus,
when oxygen is limiting, the lowered respiratory rate is
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Figure 1. Function of the Rex Family

(A) Sequence alignment of representative members of the Rex family of transcription factors. Thermus aquaticus (Q9X2V5, T-Rex), Streptomy-
ces coelicolor (Q9WX14, S-Rex), Listeria monocytogenes (CAD00150), Bacillus anthracis (Q81VE5), Staphyloccocus aureus (P60385), Strepto-
ccocus pneumoniae (Q97QV8), Clostridium tetani (Q891F1), Desulfovibrio vulgaris (YP_010137). A unique C-terminal S-Rex extension (S-Rex
residues 223–258) has been omitted for the sake of clarity. Residues that are identical in at least seven of the eight sequences are shown in
bold. The Gly-rich signature motif of the Rossmann fold (red), the conserved Asp residue that distinguishes NADH from NADPH (red), and the
conserved wing segment (blue) are shaded. T-Rex secondary structural elements observed in our X-ray structure are indicated above the
sequences in blue or red for the WH or NAD(H) binding domains, respectively.
(B) Schematic overview of Rex control of respiratory gene transcription in response to the NADH/NAD+ ratio. The target DNA is colored gold,
the DNA-bound state of Rex is shown in red, the NADH-bound form in green. NAD, nicotinamide adenine dinucleotide; ROP, Rex operator;
CAC, citric acid cycle; ETC, electron transport chain.
thought to cause NADH levels to rise, allowing NADH a
tto replace NAD+ bound to Rex, presumably triggering

a conformational change that inhibits DNA binding. The p
treduced DNA binding affinity of the Rex/NADH complex

removes the repressor from ROP sites so that genes m
iare induced to ensure more efficient oxygen use (cyto-

chrome bd terminal oxidase) and to recycle the excess l
eNADH (NADH dehydrogenase; Figure 1B).

In eukaryotes, the structural basis of NAD(H)-depen- i
ddent transcriptional regulation is understood for several
pathways, including the transcriptional corepressor CtBP
nd the sirtuin (SIR2) protein deacetylases. The struc-
ures of CtBP/NAD(H) and CtBP/NADH/peptide com-
lexes (Kumar et al., 2002; Nardini et al., 2003) reveal
hat binding of the dinucleotide to CtBP promotes for-
ation of a closed dimeric conformation in which CtBP

nfluences cell differentiation and development by se-
ectively recognizing multimeric protein partners. Sev-
ral structures of SIR2 family members provide insights

nto the mechanism of gene silencing by NAD+-depen-
ent histone deacetylation (Avalos et al., 2004, 2002;
Chang et al., 2002; Finnin et al., 2001; Min et al., 2001;
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Zhao et al., 2003a, 2003b) via a reaction that consumes
NAD+ and releases nicotinamide and O-acetyl ADP ri-
bose as products (Blander and Guarente, 2004). Cur-
rently, our structural understanding of prokaryotic gene
regulation by redox poise is limited (reviewed in Bauer
et al., 1999). One exceptional example is that the signif-
icant conformational change triggered by formation of
an intramolecular disulfide bond alters DNA recognition
by the transcription factor OxyR (Choi et al., 2001;
Christman et al., 1989).

To understand the conformational transitions respon-
sible for redox sensing by the Rex family of transcrip-
tional regulators, we have determined the X-ray struc-
ture of the Rex homolog from the thermophile Thermus
aquaticus (T-Rex) bound to NADH at 2.9 Å resolution.
The thermostability and minimal size of T-Rex presents
an ideal model system for studying the structural mecha-
nism of NADH/NAD+ sensing by the Rex family of tran-
scriptional repressors. We use electromobility shift
(EMSA) and surface plasmon resonance (SPR) assays
to show that T-Rex binds DNA in an NADH-responsive
manner. NADH but not NAD+ inhibits DNA binding by
T-Rex, indicating that the ability of Rex family members
to respond to the redox poise of the NADH/NAD+ pool
is widespread. The X-ray structure reveals a homodi-
mer, with each subunit composed of an NAD(H) binding
domain and putative DNA binding domain. Similarities
with NAD(H)-dependent dehydrogenases suggest a
possible mechanism for allosteric regulation of the Rex/
DNA complex formation by NADH.

Results and Discussion

T-Rex DNA Binding Is Inhibited by NADH
Absorbance spectroscopy on purified, recombinant T-Rex
indicated that it contained significant amounts of
NADH, as judged by an absorbance peak at 340 nm
and subsequently by its electron density in the X-ray
structure (Figure 2; see below). Since S. coelicolor Rex
(designated S-Rex hereafter) is unable to bind DNA in
the presence of NADH, we attempted to remove NADH
from T-Rex by ammonium sulfate precipitation under
acidic conditions. The resulting protein had greatly di-
minished absorbance at 340 nm, indicating that most
but not all NADH had been removed (Figure 2A). Since
there are currently no known natural targets of T-Rex,
the ability to bind to an S-Rex target was tested. As
shown in Figure 3A, T-Rex bound to a S. coelicolor pro-
moter fragment that contains a ROP site, and the DNA
binding activity increased when NADH was depleted.
To test if NADH alone inhibited DNA binding, the effect
of all four pyridine dinucleotides was investigated (Fig-
ure 3B). NADH completely abolished T-Rex/ROP com-
plex formation, whereas NAD+ and NADP+ had little
effect. Surprisingly, although NADPH does not signifi-
cantly affect the DNA binding activity of S-Rex (Brek-
asis and Paget, 2003), 1 mM NADPH completely abol-
ished T-Rex/ROP complex formation. At this time, the
effect of NADPH on T-Rex is not considered to be phys-
iologically relevant, although further investigation will
be required to test this. NADH titration experiments re-
vealed that 100–250 nM NADH caused a 50% loss of
the T-Rex/ROP complex (Figure 3C).
SPR experiments were then conducted to determine
Figure 2. T-Rex Copurified with NADH

(A) Absorption spectrum of purified T-Rex protein before (i) and
after (ii) depletion of NADH by acidic ammonium sulfate precipita-
tion. The peak at 340 nm is characteristic of reduced NADH.
(B) Representative omit |Fobserved|-|Fcalculated| electron density map
for the NADH (contoured at 1.5σ). The NADH molecule, which was
omitted from atomic coordinates used for the phase calculation, is
represented as a ball-and-stick figure color-coded by atom type (C,
yellow; N, blue; O, red; P, purple). Structure representations were
prepared by use of BOBSCRIPT (Esnouf, 1997), MOLSCRIPT
(Kraulis, 1991), and RASTER3D (Merritt and Bacon, 1997).
whether NADH compared with oxidized NAD+ could
actively dissociate the T-Rex/DNA complex (Figure 3D).
A biotinylated oligonucleotide containing the ROP site
was attached to the streptavidin sensor chip. T-Rex
was then bound to the sensor chip in the absence of
dinucleotides to give a response unit (RU) shift of w350
RU. In support of the EMSA data, addition of 1 �M
NADH completely dissociated the T-Rex/DNA complex.
In contrast, addition of 1 mM NAD+ had little effect on
T-Rex/DNA dissociation but strongly inhibited the abil-
ity of NADH to dissociate the T-Rex/DNA complex.
Hence, NAD+ competes with NADH for T-Rex binding,
and NAD+-bound T-Rex retains DNA binding activity,
whereas NADH dissociates the T-Rex/DNA complex, as
observed for S-Rex (Brekasis and Paget, 2003). The
similar sensitivity of T-Rex and S-Rex to NADH/NAD+

establishes that the mechanism of repressing gene ex-
pression in response to the NADH/NAD+ redox poise is
conserved among Rex family members.

Structure Determination
The structure of T-Rex bound to NADH was determined
at 2.9 Å resolution using selenomethionine-based multi-
wavelength anomalous dispersion (MAD) phasing (Hen-

drickson, 1991) (Table 1). Noncrystallographic symmetry
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Figure 3. The DNA Binding Activity of T-Rex Is Sensitive to the NADH/NAD+ Redox Poise

(A) Inset: electromobility shift assay (EMSA) using the ROP-containing rex promoter fragment (Brekasis and Paget, 2003) as probe and
increasing amounts of T-Rex (5 nM, 10 nM, 25 nM, 50 nM, 250 nM, 500 nM, 1 �M, 2.5 �M, and 5�M) prior to (i) or after (ii) depletion of NADH.
The closed arrow indicates unbound probe, and the open arrow indicates T-Rex/DNA complex. P, probe alone.
(B) EMSAs were performed as in (A) using 4 �M NADH-depleted T-Rex and 0.1 mM or 1 mM pyridine dinucleotides as indicated.
(C) EMSAs were performed as in (A) using 200 nM NADH-depleted T-Rex and increasing concentrations of NADH.
(D) An SPR sensorgram indicating that NADH but not NAD+ actively dissociates T-Rex from a ROP site. (1) NADH-depleted T-Rex was injected
to give a response unit shift of 350 RU, (2) end of T-Rex injection, (3) injection of 1 �M NADH (i), 1 �M NADH + 1mM NAD+ (ii), or 1 mM NAD+

(iii). Sensorgrams were obtained by the subtraction of background values obtained from a DNA-free flow cell from the raw interaction data
and then overlayed.
averaging among the seven protein-ligand complexes g
Tin the crystallographic asymmetric unit was essential to

obtain an interpretable electron density map. The crys- l
ptallized protein contained bound NADH, based upon

the characteristic shape of the electron density and the s
cstrong absorbance of the purified protein at 340 nm

(Klingenberg, 1963) (Figure 2). Of 211 T-Rex residues, (
M1–207 were interpretable in some or all of the subunits,

whereas residues 4–203 were observed in all copies T
mcomprising the asymmetric unit. One subunit appears

poorly ordered due to asymmetric interactions at the m
minterface of the dimer found on a crystallographic

2-fold axis and was excluded from detailed structural l
aanalyses. A flexible loop region (residues 53–60) was

disordered in four of the seven polypeptide chains. m
1Four C-terminal T-Rex residues and three N-terminal

residues arising from the protein expression vector w
awere not visible in the experimental electron density

map. The final refinement model (crystallographic R T
afactor = 22.8%, free R factor = 27.6%) includes seven

1:1 T-Rex/NADH complexes and five calcium ions lo- N
cated near the NADH phosphates, with excellent ste- R
reochemistry (Table 1).

SRex Sequence Comparisons and Homology Models
TPrevious database searches established that examples

of the Rex family are found within the genomes of most a
ram-positive bacteria (Brekasis and Paget, 2003).
hus, the amino acid sequence of T-Rex is clearly re-

ated to homologous proteins encoded by most gram-
ositive bacteria, including important human pathogens
uch as Bacillus anthracis (34% identity), Streptococ-
us pneumoniae (35% identity), and Clostridium tetani
37% identity) (Figure 1A). Homology modeling with

ODWEB (Pieper et al., 2004) demonstrates that the
-Rex structure provides relatively accurate homology
odels (model score w1.0) for more than 30 Rex family
embers (>30% identity) and less accurate homology
odels (model score R 0.7) for 117 more distantly re-

ated sequences (%30% identity). (Models are publicly
vailable from MODBASE [http://alto.compbio.ucsf.edu/
odbase] via the advanced search with PDB code

XCB.) The T-Rex sequence is closely related to the
ell-characterized S. coelicolor S-Rex prototype (Brek-
sis and Paget, 2003) (45% identity, model score w1.0).
he high level of phylogenetic sequence conservation
nd excellent model scores indicate that the T-Rex/
ADH structure is common to that of S-Rex and other
ex family members.

tructural Overview
he presence of seven T-Rex/NADH complexes in the
symmetric unit of the crystal provides seven indepen-

http://alto.compbio.ucsf.edu/modbase
http://alto.compbio.ucsf.edu/modbase
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Table 1. Summary of Data Collection and Refinement Statistics

Crystallographic Data

Data Set (Wavelength, Å) Se Inflection (0.9794) Se Peakc (0.9792) Se Remote (0.9648) Hg (0.9990)
Diffraction limit (Å) 2.9 2.9 3.0 2.8
Redundancy 3.8 2.6 2.2 2.6
Completenessa (%) 99.7 (97.3) 100.0 (100.0) 99.7 (99.8) 97.7 (82.2)
Rsym

a,b (%) 8.7 (32.2) 9.7 (36.4) 10.8 (40.8) 7.8 (32.4)
< I/σ(I)>a 14.9 (4.5) 13.7 (4.0) 9.2 (2.6) 14.4 (4.1)

Refinement Statistics

No. of atoms
Protein 11,117
Calcium ions 5
NADH 7 (C21H27N7O14P2)

R factorc,d (%)
Rcryst 22.8
Rfree 27.6

Rms deviations
Bond lengths (Å) 0.009
Bond angles (°) 1.5

Overall B factor (Å2) 33.8

Ramachandran Distributions (%)

Most favored region 81.6
Additional allowed 17.7
Generously allowed 0.7
Disallowed region 0

a Values in parentheses are for the highest-resolution shell, 3.00–2.90 Å for Se peak and inflection data sets, 3.11–3.00 Å for Se remote data,
and 2.80–2.90Å for the Hg data.
b Rsym = ShklSi|Ii − <I>|/ShklSiIi, where Ii is an intensity I for the ith measurement of a reflection with indices hkl, and <I> is the weighted mean
of all measurements of I.
c Data used for refinement.
d Rcryst = Shkl||Fobs(hkl)| − k|Fcalc(hkl)||)/Shkl|Fobs(hkl)| for the working set of reflections; Rfree is Rcryst for 7.5% of the reflections excluded from
the refinement.
dent views of this redox-sensing transcriptional regula-
tor. The heptameric assembly can be further subdi-
vided into four tight dimers, with one of the dimers
straddling a crystallographic 2-fold axis (Supplemental
Figure S1). The T-Rex monomer is bilobal, giving rise a
butterfly-shaped dimer (Figure 4A) with overall molecu-
lar dimensions 60 Å × 50 Å × 30 Å and a central
w12 Å diameter opening. A smaller α/β N-terminal do-
main (residues 2–76; α1-β1-α2-α3-β2-α4) with similarity
to the winged helix (WH) family of transcription factors
(reviewed in Gajiwala and Burley, 2000) is connected by
a linker region to a larger α/β C-terminal domain (resi-
dues 81–187; β3-α5-β4-β5-β6-α6-β7-α7-β8-β9-α8) that
has the “Rossmann fold” characteristic of pyridine-
nucleotide-dependent dehydrogenases (Rao and Ross-
mann, 1973). At the C terminus, a “domain-swapped”
helix (residues 188–203; α9) inserts into the interdomain
cleft of the other subunit, forming the symmetric homo-
dimer. NADH molecules are bound with 1:1 stoichiome-
try with each C-terminal domain near the dimer inter-
face. The C-terminal NAD(H) binding domains of the
subunits are very similar, with pairwise α-carbon root-
mean-square differences (rmsd) = 0.4–0.6 Å. The N-ter-
minal WH domains are more variable in structure (pair-
wise α-carbon rmsds = 0.6–1.3 Å in α-carbon positions)
in part due to a flexible glycine-rich loop separating α
helix 3 and β strand 2 (residues 53–60) that usually con-
tributes an additional β strand in DNA-bound WH struc-
tures. Although the overall topologies of the molecules
are similar, the relative orientation of the N- and C-ter-
minal domains varies within the asymmetric unit, as de-
scribed below (Figure 4B).

The T-Rex Dimer
The T-Rex dimers have an extensive buried surface area
(2650 Å2 per subunit) that is nearly twice that of the
largest interdimer interface identified within the crystal-
lographic asymmetric unit (1100 Å2 per subunit). Ac-
cordingly, both T-Rex and S-Rex proteins occur as large
dimers (w60 KD), as judged by gel filtration chromatog-
raphy and dynamic light scattering studies (data not
shown). Although the N-terminal WH domains contact
one another via their N-terminal α helices, the buried
surface area between the WH domains is significantly
smaller than expected for established homodimeric
structures of comparable size (170 Å2 versus 500 Å2,
respectively) (Jones and Thornton, 1995). Instead, the
C-terminal α helix of each T-Rex monomer contributes
the majority of the buried surface area (68%) of the di-
mer interface by a type of self-association called
“three-dimensional domain swapping,” in which one
polypeptide exchanges a secondary structural element
with an identical partner (Bennett et al., 1994) (Figure
5A). The C-terminal α helix is completely buried be-
tween the domains of the reciprocal subunit, with one
face interacting with side chains displayed on three β
strands of the NAD(H) binding domain (β7, β8, β9),
whereas the other face packs against the C-terminal tip
of the last α helix (α4) in the WH domain and antiparallel
to the first α helix (α1). The interdomain linker (residues
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Figure 4. Overall T-Rex Structure and Oligomeric Organization
(

(A) View of the functional dimer with each subunit colored red/gold o
or blue/green according to secondary structure (α helices/β b
sheets). The NAD(H) binding domain (Rossmann fold) and DNA o
binding (WH) domain are labeled. The A/B dimer is shown in Fig-
ures 3–7 and colored identically unless otherwise indicated.
(B) Comparison of the seven independent copies of the T-Rex poly-
peptide in the asymmetric unit. The subunits were superimposed f
using the Cα atoms of the C-terminal domain (residues 81–187).

aThe rotation of the N-terminal domain relative to the stationary C-ter-
dminal domain is illustrated by a color ramp ranging from blue to
twhite to red. The hinge axis for rotation is indicated with a line. For

clarity, a single representative NADH molecule is shown. (
a

igure 5. T-Rex Dimer

A) Interactions mediated by the domain-swapped α helix. Residue
abels from the other half of the homodimer are distinguished with
rimed italics as in the text.

B) Interactions between the C-terminal domains/NADH molecules
f the dimer, viewed down the two-fold axis relating the two NAD(H)
inding domains following rotation by 90° about the horizontal axis
f Figure 3B.
p77–81) and the loop between α helices α5 and β4 (resi-
adues 99–105) encircle the remainder of the C-terminal α
shelix surface. Conserved features of the C-terminal arm
binclude two leucine residues (Leu193 and Leu196) that
tinteract with hydrophobic residues of the C-terminal
cNAD(H) binding domain (Phe105# and Ile143#, respec-
etively; italics indicate residues arising from the other
ahalf of the homodimer) and a salt bridge (Asp188-
fArg195#) formed with the N-terminal WH domain. Addi-
ttional aromatic residues (Trp205 and Phe198) that ap-
tpear unique to the T-Rex protein sequence may con-

tribute to thermostability of the T. aquaticus dimer. t
In addition to the C-terminal α helix, the dimeric con-
ormation is promoted by intersubunit interactions
mong the first α helix of the Rossmann fold (α5, resi-
ues 90–95), a loop segment (residues 96–99), and the
wo NADH molecules located at the dimer interface
Figure 5B). Both NAD(H) molecules are enclosed by
n asymmetric set of aromatic interactions. The parallel
lanes of the nicotinamide rings at the dimer interface
re less than 10 Å apart, permitting intercalation of a
ingle aromatic amino acid side chain. This role is filled
y Phe189#, which is donated by the linker preceding

he C-terminal α helix of one subunit. The Phe189# side
hain inserts between the NADH molecules, making an
dge-to-face interaction with the plane of the nicotin-
mide ring (70° average interplanar angles). The other
aces of the Phe189# side chain are packed between
he edges of Phe171/Phe171# in a “T-shaped” interac-
ion, which is an energetically stabilizing mode of in-
eraction often observed among aromatic side chains
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in proteins (Burley and Petsko, 1988). In contrast,
Phe189 in the other half of the dimer folds back to pack
against Phe101# and Phe171# in the protein core. The
exterior portion of the nicotinamide ring is enclosed by
Tyr98, which packs in turn against the preceding Pro99
residue and Pro173# of the neighboring molecule.
Asymmetric packing interactions among the Phe189
side chains and the nicotinamide rings affects the incli-
nation of the aromatic side chain of Tyr98# relative to
the major plane of the nicotinamide ring (57° versus 31°
average interplanar angle relative to the nicotinamide
ring for the intercalated Phe189# and back-folded
Phe189 conformations, respectively).

The local asymmetry at the NADH binding site propa-
gates into global asymmetry in the relative orientation
of the N- and C-terminal domains of the two halves of
the homodimer. In subunits with Phe189 inserted be-
tween the NAD(H) molecules (designated polypeptide
chains A, C, and E; shown in blue in Figure 4B), the
N-terminal WH domains are consistently rotated closer
to the C-terminal domains than in the subunits with
Phe189 folded back into the interior of the protein (des-
ignated polypeptide chains B, D, and F; shown in red
in Figure 4B). Systematic analyses of interdomain orien-
tations using DynDom (Hayward and Lee, 2002) show
that the WH domain is rotated up to 15° relative to the
NAD(H) binding domain about an effective hinge axis
that occurs between residues 76 and 77 of the linker.
The direction of this hinge axis lies approximately paral-
lel to the first α helix of the NAD(H) binding domain (α5
loop, residues 90–99), a region that contributes to the
dimer interface and interacts with the nicotinamide ring
of the cofactor (Figure 5B). The observation that small
differences in the conformation of residues at the NADH
binding sites propagates into global rotations of the
DNA binding domains provides a mechanism whereby
redox sensing alters the DNA binding properties of the
homodimer.

The NAD(H) Binding Domain
Despite low pairwise sequence identities between T-Rex
and other members of the Rossmann fold family, the
core structure and classic dinucleotide interaction mo-
tifs are conserved (Lesk, 1995; Rao and Rossmann,
1973). Comparison of the T-Rex C-terminal domain
against the Protein Data Bank (www.rcsb.org/pdb)
using the DALI server (Holm and Sander, 1993) de-
tected similarity with several NAD(H)-dependent en-
zymes, including biliverdin reductase (BVR; PDB code
1GCU; Z score, 12.0; rmsd, 3.4 Å; sequence identity,
17% for 120 α-carbon pairs), dihydrodipicolinate reduc-
tase (DHPR; PDB code 1DRW; Z score, 10.6; rmsd,
2.8 Å; sequence identity, 13% for 116 α-carbon pairs),
and liver alcohol dehydrogenase (LADH; PDB code
2OHX; Z score, 8.5; rmsd, 3.6 Å; sequence identity, 7%
for 112 α-carbon pairs). It is remarkable that no sim-
ilarity with the NAD(H)-responsive CtBP was detected,
and structural homology with SIR2 was weak (PDB
code 1J8F; Z score, 4.7; rmsd, 3.5 Å; sequence identity,
7% for 94 α-carbon pairs). Conserved T-Rex sequence
features that are common to dinucleotide binding pro-
teins include the Gly-X-Gly-X-X-Gly signature se-
quence of the P loop (T-Rex residues 87–92; Gly-Met-
Gly-Arg-Leu-Gly) and a key acidic residue (Asp112) that
often discriminates NAD(H) from phosphorylated
NADP(H) by interacting with the adenosine 2# hydroxyl
group (Lesk, 1995; Saraste et al., 1990).

Each NADH molecule is bound in an extended con-
formation similar to that described for other dinucleo-
tide binding domains (Lesk, 1995), with the distinguish-
ing feature that the nicotinamide binding site is located
at the T-Rex dimer interface rather than the traditional
position between NAD(H) and substrate binding do-
mains of enzyme active sites. The T-Rex NAD(H) dinu-
cleotide binding site can be divided into two distinct
sets of interactions (Figures 6A and 6B), one with the
adenosine moiety at the loop regions of the C-terminal
domain, and the other with the nicotinamide portion of
the effector molecule bound to the opposing subunit.
The adenine base of the dinucleotide is sandwiched
between the hydrophobic side chains of two loop resi-
dues (Val113 and Val148), with the amines at the base
edge in a relatively solvent-exposed position. The
α-carbon of the first glycine (Gly87) in the P loop makes
van der Waals contact with the opposite edge of the
adenine base (average Cα-N3 distance is 3.7 Å). The
NADH pyrophosphate moiety interacts with the P loop
Gly89, Arg90, and N terminus of α helix 5. Mutation of
the corresponding S-Rex glycine residue (S-Rex-
Gly102, T-Rex Gly89) to Ala eliminated NADH-depen-
dent modulation of DNA binding (Brekasis and Paget,
2003). The final glycine of the P loop (Gly92) forms a
sharp turn that initiates α helix 5. Tyr98# from the other
half of the homodimer faces the nicotinamide pro-R hy-
drogen and completely masks the nicotinamide from
solvent. As described above, an asymmetric array of
hydrophobic residues fill the region between the nico-
tinamide rings at the dimer interface. Although most of
the NADH contacts are similar within distinct subunits,
a preferential hydrogen bond is formed between the
carboxamide oxygen and the backbone of the Phe189#
side chain (Figure 6A).

When the structure of T-Rex is compared with
NAD(H)-dependent enzymes such as LADH (Eklund et
al., 1981) bound to inhibitors, the Tyr98# side chain
occupies the location of bound substrates (Figure 6C).
Although the Tyr98# directly interacts with the reduced
carbon of the nicotinamide ring (average NC4-Cδ1 dis-
tance is 3.8 Å), it appears highly unlikely that the aro-
matic side chain could serve as a substrate for the
bound NADH, given the mechanistic and energetic diffi-
culty of reducing the phenol-like ring (Boll et al., 2002)
and the reduced spectral characteristics of the bound
NADH (Klingenberg, 1963). No cavities for entry of other
substrates are observed in the vicinity of the NAD(H)
binding site (using the program Voidoo [Kleywegt and
Jones, 1994] with 1.4 Å water molecule probe radius).
During substrate reduction by LADH, kinetic and struc-
tural analyses indicate that a bound Zn+2 ion plus histi-
dine and serine side chains stabilize and facilitate pro-
tonation of an anionic intermediate (Eklund et al., 1982;
LeBrun et al., 2004; Leskovac et al., 1999). In contrast,
polar functional groups are conspicuously absent in the
tight hydrophobic pocket that encloses the nicotin-
amide ring in T-Rex. These results indicate that T-Rex
is unlikely to have enzymatic activity.

http://www.rcsb.org/pdb
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Figure 6. The T-Rex NAD(H) Binding Sites and Comparison with NAD(H)-Dependent Dehydrogenase

(A) T-Rex interactions with the NADH effector molecule, in the conformation with Phe189 inserted between the nicotinamide rings. Average
distances between interacting atoms of the three subunits exhibiting this conformation are indicated.
(B) T-Rex interactions with the NADH# molecule bound to the opposite subunit, in the conformation with Phe189 folded back and buried
within the hydrophobic core.
(C) LADH interactions with bound NADH, zinc ion (ZN), and DMSO substrate.
The Winged Helix Domain f
PThe DNA binding properties of T-Rex almost certainly

stem from the presence of the N-terminal domain, be- i
mcause fusion with an N-terminal peptide inhibits DNA

binding (Du and Pene, 1999). Accordingly, the N-ter- 3
pminal domain of T-Rex (residues 2–76) displays struc-

tural similarity with several DNA binding proteins that r
αcontain HTH motifs or are members of the WH subfam-

ily, although the relationships are less striking than the “
pclear Rossmann fold of the T-Rex C-terminal domain.

The most similar structures detected using the DALI s
fserver (Holm and Sander, 1993) include double-stranded

RNA-specific adenosine deaminase (ADAR1; PDB code t
d1QBJ; Z score, 5.8; rmsd, 2.6 Å; sequence identity, 14%

for 59 α-carbon pairs), LexA repressor (LexA; PDB code f
d1LEA; Z score, 4.4; rmsd, 2.5 Å; sequence identity, 5%
or 59 α-carbon pairs), tetracycline repressor (TetR;
DB code 2TCT; Z score, 3.8; rmsd, 2.9 Å; sequence

dentity, 13% for 54 α-carbon pairs), and the fatty acid
etabolism regulator (FadR; PDB code 1E2X; Z score,

.7; rmsd, 3.1 Å; sequence identity, 17% for 63 α-carbon
airs). The (α1-β1-α2-α3-β2) T-Rex subdomain displays
easonable similarity with a WH motif (topology α1-β1-
2-α3-β2-W-β3, where W separates the β strands of the
wing”). The T-Rex HTH submotif (α2-α3) displays a
acking angle (102°) that is characteristic of the WH
ubfamily, rather than the 120° value typically observed
or HTH proteins (Gajiwala and Burley, 2000). However,
he normal wing β strand pattern of hydrogen bonds is
istorted among three of the seven copies of T-Rex

ound in the asymmetric unit and completely disor-
ered among the remaining four copies. These devia-
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tions from the structure of a canonical WH motif appear
to result from the inherent flexibility of a Gly-rich region
within the T-Rex wing (residues 54–57). It is remarkable
that the conformation of the Gly-rich wing is correlated
with the asymmetry of the NAD(H) binding sites. The
wing appears disordered in the three subunits in which
Phe189 is folded back into the protein interior, but is
readily visible in the three subunits in which Phe189# is
inserted between the NADH molecules at the dimer
interface.

Insights into the possible mode of T-Rex/DNA re-
cognition are available from comparison of T-Rex with
similar structures of WH or HTH/DNA complexes. For
most WH or HTH motifs, sequence-specific DNA con-
tacts are formed by a so-called “recognition helix” po-
sitioned within the DNA major groove (Gajiwala and
Burley, 2000; Huffman and Brennan, 2002). When the
T-Rex WH domain is docked into a protein-DNA com-
plex using previously experimental structures of the
WH-containing protein FadR bound to DNA (van Aalten
et al., 2001; Xu et al., 2001), the recognition helix (α3)
fits in the major groove, with the side chains of T-rex
residues Thr41, Phe43, and Gln44 (corresponding to
S-Rex Asn54, Ala56, and Lys57) positioned on one face
of the α helix near the edges of the base pairs (Figure
7). Adjacent to the recognition helix, a Gly-rich T-Rex
region corresponding to the FadR wing turns over the
sugar-phosphate backbone and intrudes into the DNA
minor groove. The wing of most WH-containing pro-
teins increases DNA binding affinity without necessarily
affecting specificity (Gajiwala and Burley, 2000). Ac-
cordingly, the Gly-rich T-Rex sequence (residues 53–62)
is highly conserved among Rex homologs (consensus
[Gly-X-X-Gly-X-(Arg/Lys)-Gly-X-Gly-Tyr]), in contrast with
the relatively divergent residues of the recognition helix
that could discriminate different operator sequences. In
addition, a few conserved Rex residues, including
Arg46, Ser30, and Arg10, appear capable of making
nonspecific contacts with the phosphate backbone in
an analogous manner to the corresponding residues
found in FadR and TetR.

Model for Redox Sensing
S-Rex regulates transcription of several respiratory
genes by responding to changes in the NADH/NAD+ ra-
tio, since NADH but not NAD+ inhibits S-Rex operator
DNA binding (Brekasis and Paget, 2003). Given high se-
Figure 7. Model for T-Rex/DNA Recognition

(A) T-Rex WH domain docked with DNA op-
erator from FadR/DNA (PDB code 1HW2)
based upon superposition of matching Cα
positions. Putative interacting residues are
shown with ball-and-stick representations.
The DNA strands and base pairs are shown
as a coil.
(B) View of FadR/DNA complex for com-
parison.
quence identity with S-Rex (45% identity), our T-Rex/
NADH costructure almost certainly represents the con-
formation of the protein with low affinity for DNA. The
recognition helices of the four independent T-Rex di-
mers observed in our crystals are related by a 154–161°
relative rotation and 13–17 Å relative translation, which
is incompatible with the requirement for a 180° relative
rotation and 27 Å relative translation between separate
palindromic octameric half-sites of the Rex operator
(assuming canonical B-form DNA). This geometric in-
compatibility is visible from the results of our docking
study, which demonstrates that one of the T-Rex WH
motifs in the NADH-bound conformation would be pre-
dicted to make a steric clash with the DNA backbone
using either the FadR (van Aalten et al., 2001; Xu et al.,
2001) or the TetR operators (Orth et al., 2000). By anal-
ogy with other transcriptional regulatory systems (Huff-
man and Brennan, 2002), it is likely that replacing the
effector NADH with NAD+ would induce significant con-
formational changes in the T-Rex dimer that would en-
able DNA recognition.

Although conformational changes are difficult to pre-
dict, comparison of the T-Rex structure with the classic
substrate-induced domain closure of liver alcohol de-
hydrogenase (LADH) may indicate which residues play
critical roles in NAD(H)-regulated DNA binding. In
LADH, the NAD(H) cofactor and the alcohol/aldehyde
substrates bind the C-terminal and N-terminal domains,
respectively, giving rise to local conformational changes
that close the active site by propagating a relative 10°
rigid-body rotation of the domains (Colonna-Cesari et
al., 1986; Hayward, 2004). When the NAD(H) binding do-
mains of T-Rex and LADH are superimposed (1.9 Å
rmsd for 63 equivalent α-carbon atoms), the LADH
active site is located at the T-Rex dimerization inter-
face, where the LADH substrate binding domain over-
laps one of the T-Rex subunits (Figure 6C). Since the
LADH active site opens in the absence of NAD(H), this
observation suggests that the T-Rex subunits may shift
apart when NADH is removed.

LADH-Val294 undergoes one of the largest move-
ments among the active site residues of the LADH apo-
enzyme versus substrate/NADH-bound forms (Eklund
et al., 1981), swinging 6 Å (Cγ-holo-Cγ-apo) to interact
with substrate bound to the active site. In our T-Rex
structure, a highly conserved proline (Pro173#) corres-
ponds to LADH-Val294. This T-Rex Pro173# packs
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3against the Tyr98 side chain, which in turn occupies the
eposition of LADH substrate. As described above, the
0packing angle between the side chain of Tyr98 and
a

the nicotinamide ring varies according to the asymmet- l
ric conformations of Phe189/Phe189# in the two halves g

1of the homodimer. More dramatic changes can be envi-
msioned upon side chain π-stacking with a planar,
lcharged NAD+ versus a puckered NADH ring. Alterna-
Ktively, the charge or pucker of the nicotinamide ring
S

may alter the direction of the domain-swapped α helix, f
for example by electrostatic repulsion of the N terminus f

fof the α helix (Hol, 1985). Since this domain-swapped
aα helix forms the major interface between the effector
Sbinding and DNA binding domains, reorientation could
lalter the position of the DNA binding domain of the
i

other dimer subunit and thereby modulate its nucleic i
acid binding properties. s

dUniversal themes and intriguing differences are ob-
0served among structures of transcription factors bound
ato their small molecule effectors or DNA operators
T(Huffman and Brennan, 2002; Orth et al., 2000; Saenger
g

et al., 2000; van Aalten et al., 2001, 2000; Xu et al., 1
2001). Although the details of the allosteric transitions i

avary considerably, it is clear that small local conforma-
Ttional changes within an effector binding domain can
abe amplified throughout the tertiary structure of the

transcription factor to alter the relative disposition of
the DNA binding domains. In such cases, the effector

Soften inhibits DNA binding of a dimeric transcription
S

factor by increasing the distance separating the DNA c
binding domains, resulting in a clash with the DNA
double helix. The structure of the T-Rex/NADH complex
suggests that Rex family members may employ a novel A
variation on this theme, in which bound NADH dissoci-

Aates Rex from the target operator site by reducing the
Bintradimer distance between the WH motifs in a manner
eanalogous with enzymatic domain closure. Full evalua-
J

tion of this model for redox sensing by Rex family mem- m
bers must await further mutagenesis and structures of a
Rex in the NAD+- and DNA-bound states. f

n
Experimental Procedures P

f
EMSA and SPR Experiments K
The T-Rex protein was expressed as described in the E. coli strain L
BL21 (Du and Pene, 1999) and purified by anion-exchange, cation- l
exchange, and heparin-affinity chromatography. For DNA binding s
studies, NADH was depleted from T-Rex preparations by precipita- g
tion using an acidified (pH 3.0) saturated ammonium sulfate solu-
tion followed by extensive dialysis, as described (Gomi et al., 1990).

RFor EMSAs, the rex promoter probe was generated by PCR, 5# end
Rlabeled using [γ-32P]ATP, and reactions were performed as de-
Ascribed (Brekasis and Paget, 2003). SPR experiments were con-
Pducted in HBS-T buffer (10 mM HEPES [pH 7.4], 150 mM NaCl,

3.4 mM EDTA, 0.005% Tween-20) using a BIAcore 2000 instrument
(BIAcore AB, Uppsala, Sweden) at a flow rate of 20 �l/minute. The R
target was a biotinylated 37 bp double-stranded oligonucleotide
containing the ROP site that lies upstream of the S. coelicolor nuoA A
gene (Brekasis and Paget, 2003). NADH-depleted T-Rex was pre- a
bound to the DNA by injecting 6 �M aliquots to give a final increase a
of w350 RU. NADH and/or NAD+ made up in HBS-T were then A
injected, and the change in RU was monitored over time. f

6
Crystallization and Structure Determination

BA solution of protein (1 �l of 25 mg/ml) containing 100 mM NaCl
cand 15 mM N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid

(HEPES) was mixed with 1 �l of reservoir solution containing B
0%(v/v) PEG400, 200 mM CaCl2, 100 mM HEPES (pH 7.5) and
quilibrated by the hanging drop vapor diffusion method against
.6 ml of the same reservoir solution at 4°C. Crystals appeared
fter 2 weeks. Se-Met-labeled protein was expressed and crystal-

ized in a similar manner. Crystals belong to monoclinic space
roup C2 (unit cell dimensions a = 189 Å, b = 89 Å, c = 113 Å, β =
06°) with seven polypeptide chains per asymmetric unit. Three
ultiwavelength anomalous dispersion (MAD) data sets were col-

ected from cryogenically cooled crystals in the vicinity of the Se
-absorption edge (Hendrickson, 1991) at Beamline X9A (National
ynchrotron Light Source, Brookhaven National Laboratory). A

ourth data set was obtained near the Hg L(III)-absorption edge
rom an S-Met crystal soaked in 0.5 mM ethyl-mercuric phosphate
or 4 hr. Data were processed using Denzo/Scalepack (Otwinowski
nd Minor, 1997), and initial heavy atom sites were located using
nB (Weeks and Miller, 1999). Unless otherwise indicated, crystal-

ographic manipulations were carried out using CCP4 (1994). The
nitial overall figure of merit (FoM) of 0.30 at 2.9 Å resolution was
mproved by iterative density modification and noncrystallographic
ymmetry averaging among the C- or N-terminal domains of three
imers to provide an interpretable electron density map (FoM =
.82). The seventh molecule lies on a crystallographic two-fold, and
symmetric residues at the NAD(H) binding site are poorly ordered.
he polypeptide chain structure was built manually using the pro-
ram O (Jones et al., 1991) and refined using CNS (Brunger et al.,
998). The NADH dinucleotide bound to each monomer was readily

dentified from difference electron density maps and interpreted
s the reduced form based upon distinctive absorbance of purified
-Rex protein at 340 nM (Klingenberg, 1963). Structure determination
nd final refinement statistics are given in Table 1.

upplemental Data
upplemental Data are available at http://www.structure.org/cgi/
ontent/full/13/1/43/DC1/.
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