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The Rex-family repressors sense redox levels by alternative binding to NADH or NAD*. RSP is the homo-
logue of Rex in Thermoanaerobacter ethanolicus JW200" and regulates ethanol fermentation in this obli-
gate anaerobe. The dimeric repressor binds to DNA by an open conformation. The crystal structure of
RSP/a-NAD™ complex shows a different set of ligand interactions mainly due to the unique configuration
of the nicotinamide moiety. The positively charged ring is covered by the Tyr102 side chain and interacts
with a sulfate ion adjacent to the N-terminus of helix «8. Consequently, the RSP dimer may be locked in a
closed conformation that does not bind to DNA. However, o-NAD" does not show a higher affinity to RSP
than B-NAD". It has to be improved for possible use as an effector in modulating the repressor.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The Rex-family repressors are negative regulatory proteins that
control the expression of genes in respiratory metabolic pathways
[1]. By alternatively binding to either NAD" or NADH in the
C-terminal Rossmann-fold domain, the homodimeric Rex assumes
a flexible open conformation that allows DNA binding to the
N-terminal winged-helix domain, or a more rigid closed conforma-
tion that does not bind to DNA [2-5]. In this way, Rex directly senses
the NADH and NAD" concentrations as a redox state indicator, and
actively modulates the metabolic pathways at the transcription
level. In Thermoanaerobacter ethanolicus the Rex ortholog is termed
RSP (for redox sensing protein). It binds to palindromic sequences
in the transcription regulation regions (TRR) of ethanol fermentation
gene operons adhA, adhB and adhE (Fig. 1) [6].

The mechanism of anaerobic RSP regulation is similar to the
aerobic Rex system while showing a number of variations. Previ-
ously we showed that in the RSP/DNA/B-NAD" complex, each
monomer in the RSP dimer contains a bound p-NAD* [7]. When
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there is plenty of NADH, it replaces NAD" in the same binding site
(Fig. 1). The nicotinamide shows a syn orientation in B-NAD®,
which is different from the anti orientation in B-NADH. The inter-
actions between RSP and B-NADH trigger movements of the
swapped C-terminal helices «8a/a8b and make the repressor into
a closed conformation. Interestingly, NADH binds to RSP as a
B-anomer despite the use of a-NADH in co-crystallization, presum-
ably due to rapid epimerization (Zheng et al., unpublished data). In
contrast, the oxidized a-NAD" does not epimerize into p-NAD" [8].
Enzymatic oxidation of o-NADH has been reported [9], whereas
the accumulation of a-NAD* would lead to continual loss of cellu-
lar redox currency [10].

To investigate the possible role of a-NAD" in redox regulation,
we co-crystallized RSP with o-NAD* and determined the complex
structure by X-ray diffraction. The RSP dimer turned out to be in
the closed conformation, with the nicotinamide moiety of o-
NAD" disposed in a different way from those of B-NAD" and B-
NADH. We also compared the affinity of RSP to both anomers of
NAD* by using isothermal titration calorimetry (ITC).

2. Materials and methods

2.1. Determination of the RSP/oa-NAD" structure

The RSP protein was expressed by using the plasmid pET28a-RSP
in Escherichia coli BL21 (DE3) and purified as described previously
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[7]. The expression was induced by adding IPTG and continued for
6 h at 30 °C. The protein was purified by a heat treatment and a
chromatography on DEAE Sepharose, and concentrated to
10 mgml~' after (NH,),SO, precipitation and dialysis against
150 mM NaCl, 25 mM Tris pH 7.5. The RSP/a-NAD" crystals were
obtained by sitting drop method at 25 °C with 5 mM o-NAD" added
to the protein solution and a reservoir solution of 20% w/v polyeth-
ylene glycol (PEG) 3350, 0.4 M (NH4),SO4 and 0.1 M Bis-Tris pH 5.5.
X-ray diffraction data were collected at the National Synchrotron
Radiation Research Center (NSRRC; BL13B1) in Hsinchu, Taiwan,
and processed by using HKL2000 [11]. The crystal did not need a
cryoprotectant.

Using the apo-form RSP (PDB: 3WG9) as a search model, the
crystal structure was determined by molecular replacement

Table 1
Statistics of the RSP/a-NAD* crystal.

Data collection
Space group P2,242

Unit cell a, b, ¢ (A)
Resolution (A)*
Unique reflections
Average redundancy
Completeness (%)
Average <I>[<a(I)>
Rmerge (%)

Wilson B factor (A?)

Refinement
No. of reflections”

139.8, 74.1, 54.8
25-2.10 (2.18-2.10)
33,930 (3243)

5.0 (4.7)

99.4 (96.6)

20.7 (2.5)

7.2 (45.6)

31.3

32,146 (2834)

Rwork (95% data) 0.179 (0.218)
Rfree (5% data) 0.231 (0.284)
RMSD bonds (A) 0.0169
RMSD angles (°) 1.82
Ramachandran (%)

Favored/allowed/outliers 96.0/3.1/0.9
Baverage (A%)/atoms

Protein 35.4/3430
Cofactor 33.1/88
Water 51.4/418
lons 60.6/30
PDB code 3WGG

2 Numbers in parentheses are for the outermost resolution shells.
b All positive reflections were used in the refinement.

ethanol

acid, aldehyde

(MR). The space group is P2:2;2 with one RSP dimer in an asym-
metric unit. The program CNS [12] was used for MR calculations
as well as subsequent computational refinement. Manual adjust-
ment of the model was carried out by using Coot [13,14]. The struc-
ture was further refined by using REFMAC5 with TLS and isotropic
temperature factors [15]. Structural analysis, comparison and pre-
sentation employed the programs Coot [13], MolProbity [16] and
PyMOL (http://pymol.sourceforge.net/). Some data collection and
refinement statistics can be found in Table 1.

2.2. Affinity measurement with ITC

All samples of the ITC experiments were prepared in a buffer of
50 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 6.5 and
freshly degassed right before use. All titrations were performed
at 25 °C and a stirring speed of 60 rpm, using TAM III isothermal
calorimeter (TA Instruments-Waters LLC, USA). The reaction cell
was filled with 850 pl RSP solution at a concentration of 80 nuM.
The titrated o/B-NAD" concentration was 1 mM. Raw data were
processed and fitted by using the software NanoAnalyze supplied
with the instrument, and a best fit of the data was obtained by
using a single set of independent binding model. The background
was subtracted using the average data points of the last few sam-
ple injections, which approximated saturation. The dilution heat of
titrant was also assessed by injecting the ligands into the buffer. In
both cases it was relatively small and constant.

3. Results
3.1. The closed RSP/o-NAD" structure

Although by employing a similar reservoir solution, the RSP/a-
NAD" complex crystallized in a different space group from that of
the apo-form crystal. The former contains one RSP dimer in an
asymmetric unit, whereas the latter contains two. All three dimers
show a closed conformation, with RMSD of about 0.7 A between
the Ca-atoms (Fig. S1). Each RSP monomer contains a bound dinu-
cleotide on the C-terminal end of the parallel B-sheet in the Ross-
mann fold domain (Fig. S2). The adenine ring binds to a nonpolar
pocket lined by I1e90, Ile118, Val135, Ile154 and Pro155 near the
protein surface (Fig. 2A). It is sandwiched between the side chains

-AGO

s

AdhB, AdhE, AdhA

Fig. 1. Metabolic regulation by RSP. The genes adhA, adhB and adhE involved in ethanol production are repressed by RSP binding to their operator regions. When plenty of

NADH is present, it binds to RSP and results in gene induction.
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Fig. 2. RSP interactions with NAD. The dinucleotide is shown as a thick stick model with green carbon atoms, and the protein as a thin stick model with cyan carbons.
Hydrogen bonds are indicated by gray dashed lines. In (A) the view is centered on the adenosine and pyrophosphate moieties in the RSP/a-NAD* complex. The red sphere
indicates a mediating water molecule. In (B) the view is switched to the nicotinamide and ribose parts. Here a sulfate ion is also shown. The corresponding parts in the RSP/
DNA/B-NAD* (PDB: 3WGI) and RSP/B-NADH (PDB: 3WGH) complexes are shown in (C) and (D). All amino acid residues involved in the interactions are labeled. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of lle118 and Ile154, and presumably stabilized by strong van der
Waals (VDW) interactions. Besides, the N6 and N7 form hydrogen
bonds with Thr162 (OG1) and Asn158 (ND2). The A-ribose ring
shows VDW interactions with Gly91 and Pro155, and its 2’-OH
and 3’-OH form hydrogen bonds with the side chain of Asp117,
which is further bound to Ala92 and Asn119.

The pyrophosphate of o-NAD" binds to the N-terminal end of
helix o5a, forming two hydrogen bonds with the backbone N of
Asn94 and Leu95. It is also bound to the side chain ND2 of Asn101*
from the other monomer (designated by an asterisk) and a buried
water molecule with low temperature factor, which is held by
Gly93, Gly96 and Cys153. The 3’-OH of N-ribose is hydrogen
bonded to the backbone O of Ile154 and the sugar ring is in VDW
contacts with the Leu95 and Leu178 side chains (Fig. 2B). The nic-
otinamide ring, which shows an anti orientation, stacks with the
Tyr102* side chain. On the other side it is in contact with Pro179.
Its amide group forms two hydrogen bonds to Ser104* (N and
0OG). Interestingly, the amide N7 is bound to a sulfate ion, which

also interacts with the positively charged ring at a distance of
3.4 A and makes two HBs to Ser196 (N and OG) at the N-terminus
of helix a8a.

3.2. NAD" dffinity to RSP

The absorption spectrum of RSP did not show a peak for NAD at
340 nm, and the peak at 280 nm did not shift to lower wave-
lengths, indicating that the protein did not co-purify with bound
dinucleotide. Previous attempts to co-crystallize RSP with B-
NAD* were not successful, while complex crystals with o-NAD*
were obtained first. Therefore it is intriguing to find out if o-
NAD" actually binds to RSP in solution. By using ITC, the dissocia-
tion equilibrium constant (Kp) of &-NAD" and RSP was measured as
39.9 uM. For comparison, the Kp of B-NAD* and RSP was also mea-
sured and found to be 17.6 uM (Fig. S3). The large negative
enthalpy change (AH) in comparison with the entropy change
(AS; Table 2) indicates that both a-NAD* and B-NAD* binding are
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Table 2
Thermodynamic components from ITC measurements.
Ko (M™")  Kp (uUM)  AG (k]/mol) AH (kJ/mol) —TAS (kJ/mol)
o-NAD* 25,084 39.9 -25.1 -23.7 -14
B-NAD" 56,936 17.6 =271 -32.8 5.7

mostly enthalpy-driven. However, a small positive entropic contri-
bution is also observed for o-NAD".

4. Discussion

T. ethanolicus JW200 is an obligate anaerobe that ferments
glucose and xylose into ethanol and CO,. Unlike those in aerobic
organisms, the RSP-regulated genes are not involved in oxidative
phosphorylation but related to alcohol dehydrogenases [6]. In gen-
eral, a Rex-family protein is flexible as a free dimer, or when bound
to B-NAD". It binds to operator DNA at low NADH levels. At higher
NADH levels, due to the 20,000 times stronger affinity of NADH
than NAD*, NADH replaces NAD" in the binding pocket [4]. It was
shown that the in vitro transcription of adhB was repressed by
RSP but recovered by adding NADH [6]. In the RSP/DNA/B-NAD*
complex, the syn-nicotinamide of B-NAD" interacts with the pyro-
phosphate group and amino acids from both monomers, including
Tyr102* (Fig. 2C). In the RSP/NADH complex, the uncharged anti-
nicotinamide of B-NADH is surrounded by more non-polar amino
acid residues at the dimer interface and also stacked with Tyr102*
(Fig. 2D). Interestingly, the relative dispositions of Tyr102* are both
different from that in the RSP/a-NAD" complex (Fig. 2B).

The difference can be attributed largely to the binding modes of
the N-ribose and nicotinamide moieties, especially the latter. The
nicotinamide of o-NAD" is bound in an extended conformation
(anti) and sandwiched between Pro179 and Tyr102*, which also
shields the nicotinamide from the bulk solvent (Fig. 2B). In
B-NAD", the nicotinamide turns back (syn) to form a hydrogen
bond with the pyrophosphate and stacks only on one side with
Tyr102*, while the other side is partially exposed to solvent
(Fig. 2C). The uncharged, high-affinity B-NADH binds to RSP with
more nonpolar interactions, but the nicotinamide is not covered
by Tyr102* (Fig. 2D). The interactions may account for an unfavor-
able entropy component (AS) of B-NAD* binding in comparison
with o-NAD*. As a natural “substrate”, B-NAD" may bind to RSP
by rapid equilibrium between bound and unbound forms, suggest-
ing an “induced-fit” mode of binding, whereas o-NAD" as an “ana-
logue” appears to bind in a more rigid, “lock-and-key” manner.

As shown above, the binding mode of o-NAD" in the crystal also
used a sulfate ion to bridge the positively charged nicotinamide
ring and the N-terminal dipole of helix a8a, resulting in a similar
closed conformation to that of RSP/NADH complex. However, o-
NAD* made fewer direct bonds to the protein than did B-NAD,
and the absence of sulfate in the solution of ITC experiments fur-
ther reduced the number of indirect bonds to o-NAD*, resulting
in a smaller AH. The presence of MES in the buffer of ITC may have
some effects against o-NAD" binding. Not only does the sulfonate
part resemble the bound sulfate but the morpholine moiety can
also mimic the nicotinamide ring, making MES a competitive
antagonist of o-NAD™ (Fig. S4).

Previous soaking experiments of apo-RSP crystals with p-NAD*
yielded poor X-ray diffraction data sets with electron densities
for the ADP moiety only, and so did cocrystallization (results not
shown). In both cases the RSP dimer adopted the closed conforma-
tion. On the other hand, Rex from Bacillus subtilis with bound
NADH or ATP showed an extended conformation in which the N
terminal domain was stretched out and the nicotinamide-ribose
moiety was not seen [4]. Due to the similar affinity of o-NAD"

and B-NAD", it is not likely for a-NAD" alone to displace B-NAD*
or NADH. However, by taking the mediating sulfate ion into
account, it may be possible to design an artificial nicotinamide-
ribonucleoside and sulfonate-based inducer which would not
interfere with other NAD-dependent metabolic processes. It prob-
ably does not need the ADP moiety which is readily available
in vivo. The inducer can be used in a similar way to using IPTG in
controlling the lac operon, for example, but producing more etha-
nol in the fermentation process by T. ethanolicus.
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