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Figure 2. The Tripartite Binding Cavity of Sid-
erocalin with Ferric Enterochelin Hydrolysis
Products (Blue)

The Fe is in pink and protein (1L6M) is in
white (A, surface rendering; B, backbone il-
lustration).
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Selected Reading

adapt to different ligands. Thus PXR is able to upregu-
late the expression of drug-metabolizing enzymes in re- Holmes, M.A., Paulsene, W., Jide, X., Ratledge, C., and Strong, R.K.
sponse to the binding of structurally diverse xenobio- (2005). Structure 13, this issue, 29–41.

tics. In the PXR isolated ligand binding domain, a single Faraldo-Gomez, J.D., and Sansom, M.S. (2003). Nat. Rev. Mol. Cell
Biol. 4, 105–116.ligand can be observed in three distinct orientations. In
Flo, T.H., Smith, K.D., Sato, S., Rodriguez, D.J., Holmes, M.A.,contrast, although the siderophores are not tightly fixed
Strong, R.K., Akira, S., and Aderem, A. (2004). Nature 432, 917–921.in the siderocalin binding site (as judged from the ap-
Goetz, D.H., Holmes, M.A., Borregaard, N., Bluhm, M.E., Raymond,pearance of the electron density), they are trapped in a
K.N., and Strong, R.K. (2002). Mol. Cell 10, 1033–1043.single orientation primarily by electrostatic and cation-
Watkins, R.E., Maglich, J.M., Moore, L.B., Wisely, G.B., Noble, S.M.,pi interactions.
Davis-Searles, P.R., Lambert, M.H., Kliewer, S.A., and Redinbo,

Given the large number of sequences that are associ- M.R. (2003). Biochemistry 42, 1430–1438.
ated with the lipocalin superfamily, and the fact that for Watkins, R.E., Wisely, G.B., Moore, L.B., Collins, J.L., Lambert,
many of these proteins a function remains to be as- M.H., Williams, S.P., Willson, T.M., Kliewer, S.A., and Redinbo, M.R.
(2001). Science 292, 2329–2333.cribed, the work of Holmes and colleagues (2005) sug-

Structure, Vol. 13, January, 2005, ©2005 Elsevier Ltd All rights reserved. DOI 10.1016/j.str.2004.12.002
a
g
w
o
m

Oxygen, Metabolism, and Gene
Expression: The T-Rex Connection

fIn this issue of Structure, Sickmier et al. (2005) report
sthe structure of the redox-sensing repressor from the
bgram-positive bacterium Thermus aquaticus (T-Rex),
va protein that links gene expression to oxygen limita-
rtion and the metabolic state of the cell.
a
t
hOrganisms from microbes to humans have evolved a
variety of enzymes to adjust their metabolism to fluctu-
tions in oxygen availability. However, we are only be-
inning to understand the molecular mechanisms by
hich organisms detect changes in the oxygen levels
f their environment and modulate the expression of
etabolic genes. Cells are faced with two alternatives

or sensing oxygen levels. One option is to directly
ense intracellular levels of oxygen. This is exemplified
y hypoxia-inducible factor (HIF), a transcriptional acti-
ator of genes important for both acute and chronic
esponses to low oxygen in higher eukaryotes. HIF is
ctive under conditions where oxygen is limiting, but in
he presence of abundant oxygen, a proline residue is
ydroxylated resulting in polyubiquitination and proteo-
somal destruction of the HIF protein (Ivan et al., 2001).



Previews
3

The Escherichia coli transcription factor FNR, which
serves as both a transcriptional activator and repressor
of respiratory genes, is also directly regulated by oxy-
gen levels (Lazazzera et al., 1996). Under anaerobic
conditions a 4Fe-4S cluster maintains the protein as a
functionally active dimer. In the presence of oxygen, the
4Fe-4S cluster rapidly converts to a 2Fe-2S form result-
ing in monomeric and inactive FNR. A second option is
to respond to the metabolic consequences of perturba-
tions in oxygen levels. This type of regulation is exem-
plified by the E. coli ArcAB two-component system,
which also modulates the transcription of respiratory
genes (Georgellis et al., 2001). Under aerobic condi-
tions, ArcB kinase activity is directly inhibited by the
oxidized form of quinone electron carriers. Under limit-
ing oxygen conditions, the cellular levels of oxidized
quinones decrease leading to activation of the ArcAB
signaling pathway.

Until the discovery of the Streptomyces coelicolor
redox-sensing repressor (Rex), little was known about
how most Gram-positive bacterial species regulate
gene expression in response to limiting oxygen (Bre-
kasis and Paget, 2003). Brekasis and Paget began in-
vestigating the mechanism by which S. coelicolor re-
sponds to oxygen deprivation by focusing on the
cydABCD operon, which was known to be induced by
oxygen limitation in other bacterial species. Upon iden-
tifying a cydABCD promoter that was induced by low
oxygen, they noted an inverted repeat DNA sequence
(ROP–Rex operator) that could potentially serve as a
transcription control site. Genome-wide searches for
the ROP sequence resulted in the identification of ROP
sequences upstream of other respiratory operons, in-
cluding an operon encoding an uncharacterized DNA
binding protein later renamed Rex. Genetic and bio-
chemical experiments showed that Rex was necessary
for cydABCD repression under aerobic conditions and
could directly bind the ROP site. Interestingly, Rex also
contained a dinucleotide binding domain commonly
found in NAD+-dependent dehydrogenases. Biochemi-
cal experiments investigating the DNA binding proper-
ties of Rex revealed that the DNA binding protein tightly
interacted with the ROP site in the presence of NAD+.
In contrast, low micromolar concentrations of NADH
caused Rex to dissociate from the ROP sequence. Fur-
ther experiments showed that NAD+ competes with
NADH for Rex binding. Taking into consideration that
NADH/NAD+ ratios have been found to increase in oxy-
gen-limited E. coli cultures, Brekasis and Paget pro-
posed that the DNA binding activity of Rex is regulated
in response to oxygen levels via NADH/NAD+ redox
poise.

In the present study, Sickmier et al. (2005) provide
the molecular basis for NADH-dependent allosteric in-
hibition of the Rex-DNA interaction. The authors deter-
mined the structure of the T. aquaticus version of Rex
(T-Rex), which exhibits the same functional characteris-
tics as its S. coelicolor homolog. The domain topology
of NADH-bound T-Rex is similar to other NAD+-depen-
dent hydrogenases in that it contains two domains; in
the case of T-Rex, a winged-helix DNA binding domain
and a dinucleotide binding domain (Figure 1). Three
structural observations provide insight into the mecha-
nism by which NADH/NAD+ exchange alters the DNA

affinity of dimeric T-Rex. First, the two winged-helix
Figure 1. Structural Comparison of T-Rex and CtBP

(A) Structure of the T-Rex dimer with the C-terminal domain
swapped α helices located between the dinucleotide binding do-
mains and winged-helix domains.
(B) Structure of the human CtBP dimer, a NAD-dependent tran-
scriptional regulatory protein, with the NAD molecules located be-
tween the dinucleotide binding domains and substrate binding do-
mains. The NADH molecules are displayed in space-filling style.
DNA binding domains are oriented in such a way that
would not allow T-Rex to bind the ROP site, explaining
why NADH binding results in Rex dissociation from
DNA. Second, the dinucleotide binding site is located
at the dimer interface of T-Rex, with the nicotinamide
rings of NADH buried between the domains. In con-
trast, the NAD+ is bound between the substrate binding
domain and dinucleotide domain in NAD+-dependent
dehydrogenases such as the C-terminal Binding Pro-
tein (CtBP) (Figure 1) (Kumar et al., 2002). In T-Rex, the
exchange of NADH for NAD+ would likely have dramatic
effects on the dimer interface resulting in reorientation
of the wing-helix DNA binding domains. A similar con-
formational change is thought to occur in the DNA
binding domains of the transcription factor OxyR upon
disulfide bond formation (Choi et al., 2001). Third, the
C-terminal α-helix of each T-Rex monomer inserts be-

tween the winged-helix domain and dinucleotide do-
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main of the opposing monomer. Since the C-terminal M
Cα-helix is connected to a loop that directly contacts the
Nnicotinamide ring, the helix could serve as the lever that

allows the DNA binding domains to reorient in response
Nto NADH/NAD+ exchange.
BWhile the structure of NADH bound T-Rex adds new

insight into NADH/NAD+ regulation of gene expression,
Sit raises new questions as well. What type of conforma-

tional change occurs upon NADH/NAD+ exchange,
Bwhat is the role of the C-terminal α-helix, and what are
Cthe NADH and NAD+ dissociation constants? It has
abeen reported that CtBP, which functions as both a de-
Ghydrogenase and a eukaryotic transcriptional corepres-
2

sor, as well as the NPAS/BMAL transcription factors
Ialso are regulated by dinucleotide ratios (Rutter et al.,
A

2001; Zhang et al., 2002). How many other proteins are 4
modulated by fluctuations in NADH/NAD+ ratios, and K
what other conformational changes are brought about c

1by dinucleotide binding? Did even Tyrannosaurus Rex
contain a T-Rex protein? Finally, two critical questions L

Kin all organisms with putative NADH/NAD+ sensors are:
Rhow do the concentrations of free NADH and NAD+

2compare to the binding affinities of the sensor proteins
Sand how do NADH/NAD+ ratios change in different oxy-
Pgen environments, cells types, and subcellular com-
t

partments? It is likely that Rex will serve as a paradigm
Z

for answering many of these questions.
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