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A B S T R A C T

The crystal structure of the enzyme previously characterized as a type-2 NADH:menaquinone oxidoreductase
(NDH-2) from Thermus thermophilus has been solved at a resolution of 2.9 Å and revealed that this protein is, in
fact, a coenzyme A-disulfide reductase (CoADR). Coenzyme A (CoASH) replaces glutathione as the major low
molecular weight thiol in Thermus thermophilus and is maintained in the reduced state by this enzyme (CoADR).
Although the enzyme does exhibit NADH:menadione oxidoreductase activity expected for NDH-2 enzymes, the
specific activity with CoAD as an electron acceptor is about 5-fold higher than with menadione. Furthermore, the
crystal structure contains coenzyme A covalently linked Cys44, a catalytic intermediate (Cys44-S-S-CoA) re-
duced by NADH via the FAD cofactor. Soaking the crystals with menadione shows that menadione can bind to a
site near the redox active FAD, consistent with the observed NADH:menadione oxidoreductase activity. CoADRs
from other species were also examined and shown to have measurable NADH:menadione oxidoreductase ac-
tivity. Although a common feature of this family of enzymes, no biological relevance is proposed. The CoADR
from T. thermophilus is a soluble homodimeric enzyme. Expression of the recombinant TtCoADR at high levels in
E. coli results in a small fraction that co-purifies with the membrane fraction, which was used previously to
isolate the enzyme wrongly identified as a membrane-bound NDH-2. It is concluded that T. thermophilus does not
contain an authentic NDH-2 component in its aerobic respiratory chain.

1. Introduction

Inside the cell, oxygen can be partially reduced by quinones, metal
centers and flavin cofactors, leading to endogenous formation of re-
active oxygen species (ROS), like superoxide (O2%

−), hydrogen per-
oxide (H2O2) and hydroxyl radical (OH%). These oxidant species can
inactivate enzymes, as well as damage DNA and membrane lipids [1,2].
Thus, aerobic organisms need to maintain an intracellular reducing
environment, while living in an oxidizing world. This is achieved by
making use of different oxidoreductases, able to neutralize harmful
species, and keeping high concentrations of low-molecular-weight
(LMW) thiols, which serve as redox buffers, protecting the cell against a
variety of stresses including ROS [3].

The best known LMW thiol is glutathione (GSH). However, GSH is
not ubiquitous and is substituted in different species by high con-
centrations of other sulfur compounds such as bacillithiol (BSH),
coenzyme A (CoA/CoASH), cysteine (Cys), ergothioneine (ESH) and

mycothiol (MSH) [4,5]. In general, BSH is the major LMW thiol in fir-
micutes, GSH in eukaryotes and gram-negative bacteria, ESH in fungi
and mycobacteria, and MSH in actinomycetes. Cys, a reactive amino
acid, and CoASH, a universal metabolic cofactor, have important roles
besides redox balance and are present in all organisms [6].

CoASH is an essential cofactor in numerous metabolic and energy-
yielding reactions and is involved in the regulation of key metabolic
enzymes [7]. CoASH is also the source of metabolic intermediates,
which are required in several metabolic pathways, among them, fatty
acid synthesis, the Krebs cycle and polyketide synthesis [8]. CoASH is
resistant to autooxidation at high temperature, another advantage to its
use as an antioxidant in thermophilic and hyperthermophilic organisms
[9,10].

Thermus thermophilus is an aerobic thermophilic organism, with a
maximum growth temperature of about 85 °C, originally isolated from a
Japanese hot spring [11]. T. thermophilus lacks the ability to synthesize
GSH but encodes the gene to synthetize CoASH and a gene that encodes
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for a putative CoA disulfide reductase (CoADR), suggesting that CoASH
plays a role in redox homeostasis in this organism [12]. The gene
predicted to encode TtCoADR (NCBI gi: 46199786), has also been an-
notated as encoding an NADH oxidase [13], since both of these en-
zymes share a common set of sequence motifs. Cloning, expression and
isolation of the protein encoded by this gene yielded a recombinant
protein isolated from the membrane fraction of E. coli which was shown
to have NADH:menaquinone oxidoreductase activity, expected for
NDH-2 [14], an enzyme closely related to both CoADR and NADH
oxidase [13]. The T. thermophilus NDH-2 (TtNDH-2) was previously
isolated and characterized from the membranes of T. thermophilus [15]
with similar properties to the recombinant enzyme [14]. In the current
work, the X-ray crystal structure of the recombinant enzyme thought to
be TtNDH-2 is reported and the enzyme is shown to actually be
TtCoADR. It is concluded that T. thermophilus does not contain an au-
thentic NDH-2 component of its aerobic respiratory chain and that the
previous identifications of TtNDH-2, both from native membranes and a
recombinant source [14,15], were based on enzyme activities that are
artifacts and likely not physiologically meaningful.

2. Materials and methods

2.1. Strains and plasmids

E. coli and T. thermophilus strains expressing TtCoADR were pre-
viously constructed by Venkatakrishnan et al. [14]. E. coli strains and
plasmids expressing B. anthracis [16], P. horikoshii [17] and S. aureus
[18] CoADR were constructed as previously described.

2.2. Cell growth, protein expression and purification and crystallization

Recombinant E. coli cells carrying the expression vectors encoding
CoADRs were grown at 37 °C in LB medium, supplemented with the
correspondent antibiotic, and induced with IPTG as described else-
where [14,16,17,19]. T. thermophilus cells carrying the TtCoADR into
the shuttle vector pMKPbcbgaA were grown in Thermus Broth (TB)
medium supplemented with 30 μg/ml kanamycin at 60 °C, as previously
described [14].

Membrane and cytoplasmic fractions were obtained as follows. All
procedures were performed at 4 °C. Briefly, cells were harvested and
resuspended in buffer A (50mM sodium phosphate buffer pH 7.5,
300mM NaCl), plus 5mM MgSO4, DNAse I and protease inhibitor
cocktail (Sigma-Aldrich Corp., St. Louis, MO, USA). They were then
disrupted by passing three times through a microfluidizer at 80,000 psi
pressure and the resulting extracts were centrifuged at 12,000 ×g for
10min to remove unbroken cells. Cell extracts were centrifuged once at
150,000 ×g for 3 h to separate membrane fractions for further protein
purification, or twice at 150,000 ×g for 1 h to study the binding of
different CoADRs to the membrane. When cell extracts were centrifuged
twice, these were resuspended in buffer A in between centrifugation
steps.

For protein purification, all steps were carried out at 4 °C.
Membrane pellets were resuspended in buffer A plus the protease in-
hibitor cocktail and solubilized by addition of a stock solution of 20%
dodecyl-β-D-maltoside (DDM) dropwise to a final concentration of 1%.
The suspension was incubated at 4 °C for 2 h with mild agitation, then
cleared by centrifugation at 65,000 ×g for 1 h. Cytoplasmic super-
natant and solubilized membranes were added to 5ml of Ni-NTA resin
(QIAGEN Sciences, Germantown, MD, USA) pre-equilibrated with
buffer A plus 10mM imidazole. The protein bound to the resin was
washed with buffer A plus 50mM imidazole (30mM for P. horikoshii
enzyme) and eluted with buffer A with 200mM imidazole. Buffers used
for purification from membrane fractions also contained 0.05% DDM.
Eluates were concentrated by filtration, and imidazole was removed by
a series of filtration and buffer A washing steps. The purified protein
could be stored frozen at −80 °C after addition of glycerol to a final

concentration of 10%.
For crystallization of the T. thermophilus enzyme the phosphate in

buffer A was replaced by 20mM HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid), pH 7.5, and a gel filtration step (Superdex
200 10/300, GE Healthcare Life Sciences, Freiburg, Germany) was
added for final purification. For crystallization the protein was con-
centrated to 10mg/ml using 20mM HEPES-Na, pH 7.5, 0.3 M NaCl,
20 μM FAD and 0.02% (w/v) n-dodecyl-β-D-maltoside as buffer. Then
10% (v/v) glycerol and 100 nls of the well solution (0.8–1.4M am-
monium sulfate, 0.1M ADA (2-[(2-amino-2-oxoethyl)-(carboxymethyl)
amino]acetic acid Na, pH 6.4–6.8) were added to 100 nl aliquots for
crystallization by vapor diffusion using our in-house crystallization fa-
cility [20]. Crystals appeared after 40 to 100 days. For freezing the
crystals were transferred to the cryosolution (well solution containing
23.3% (v/v) glycerol) and flash frozen in a liquid nitrogen stream.
Soaking with menadione was performed using a cryobuffer containing
21% (v/v) glycerol and 0.8mM menadione (Sigma-Aldrich, Tauf-
kirchen, Germany) for 100min; for soaking with NADH the cryobuffer
contained 42mM NADH (Sigma-Aldrich) instead of menadione and the
soaking time was reduced to 5min prior to freezing.

2.3. Sequence and structure analysis

Sequence alignments were performed using CLUSTAL W [21]. Jal-
view software was used for visualization and analysis [22]. VMD soft-
ware was used for structure visualization, analysis and comparison with
existent X-ray structures [23].

2.4. Enzymatic activity assays

A UV–Vis spectrophotometer (Agilent Technologies, model 8453)
was used to follow absorbance of NAD(P)H or 5,5′-dithiobis(2-ni-
trobenzoic acid) (DTNB) oxidation, after incubation of 2 nM enzyme for
2min at 60 °C (or 42 °C as specified). All assays were carried out in
50mM sodium phosphate buffer, pH 7.5 and 300mM NaCl. Inhibition
by p-chloromercuribenzoic acid (p-CMB) was tested by addition of
1mM of the compound. NADH background oxidation was discounted
when appropriate.

NAD(P)H:DTNB disulfide reductase: DTNB oxidation/TNB formation
was detected by the increase in absorbance at 412 nm, in the presence
of 100 μM of NAD(P)H and 2mM of DTNB, as previously described
[24].

NAD(P)H:CoAD reductase: NAD(P)H oxidation was determined by
the decrease in absorbance at 340 nm, in the presence of 200 μM CoA
disulfide (CoAD) and 100 μM NAD(P)H, as previously described [9].

NAD(P)H oxidase: NAD(P)H oxidation by oxygen was determined by
the decrease in absorbance at 340 nm, in the presence of 100 μM NAD
(P)H under aerobic conditions.

NAD(P)H peroxidase: NAD(P)H oxidation by H2O2 was determined
by the decrease in absorbance at 340 nm, in the presence of 100 μM
NAD(P)H and 200 μM H2O2 under aerobic conditions.

NAD(P)H:quinone reductase: NAD(P)H oxidation was determined by
the decrease in absorbance at 340 nm, in the presence of 100 μM of the
soluble quinone analog menadione (MD) and 100 μM NAD(P)H.

NADH oxidation coupled to E. coli respiratory chain: NAD(P)H oxi-
dation was determined by the decrease in absorbance at 340 nm, in the
presence of 125 μg/ml of ΔnuoΔndh E. coli membranes [25,26] and
100 μM NAD(P)H. Assays were performed at 42 °C to preserve mem-
brane integrity.

2.5. Determination of kinetic parameters

The rate of NADH oxidation was determined using a UV–Vis spec-
trophotometer (Agilent Technologies, model 8453) by following ab-
sorbance at 340 nm upon addition of 2–200 μM NADH to the reaction
mix containing 2–200 μM of CoAD and 2 nM enzyme, at 60 °C. Enzyme
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rates are expressed as a turnover number (kcat) based on moles of
NADH oxidized per second per mol of enzyme (mol NADH s−1 mol
enzyme−1).

2.6. Analytical methods

Protein purity was determined by SDS-PAGE using a 4–20% gra-
dient gel (NuSep). The presence of recombinant his-tagged proteins was
observed by western blot, using the Westernbreeze chromogenic kit
(Thermo Fisher Scientific). Protein concentration in different cellular
fractions was determined using the BCA kit (Thermo Fisher Scientific).

2.7. X-ray data collection, processing, and refinement

X-ray diffraction data were collected from the flash-frozen crystals
using the synchrotron beamlines I03 at Diamond, UK and ID23-2 of the
ESRF, France, respectively. The three collected data sets were indexed
and processed with the program XDS [27] to a resolution of 2.9 or
3.0 Å, respectively. Because radiation damage was a severe problem
several data collection runs were performed at different positions of the
same crystal and the first 200, 150, or 50 undamaged reflections, re-
spectively, where selected and combined in XSCALE to the used full
datasets. Data collection statistics are listed in Table 1. F2mtz and cad
from the CCP4 collection of crystallographic programs [28] were used
to generate mtz-files for the next steps. For molecular replacement

(MR), the PDB [29] entry 3nta [30] was selected as the best candidate
using the Phyre2 web portal [31]. The final native structure had been
determined employing the Phyre2 sequence corrected model of 3nta in
the Phenix program Phaser-MR [32]. According to Matthews' coeffi-
cient [33] four copies of the molecule are necessary to fill the asym-
metric unit (ASU). In a first run only one position for the protein mo-
lecule could be detected, while in a second run with the first found
position fixed a second orientation readily appeared forming a dimer
with the first one. Only with this dimer as new search ensemble further
progress could be made, when in an additional MR run the orientation
of a second dimer appeared. Thus, the four molecules inside the ASU
are arranged in two dimers and were constrained in two non-crystal-
lographic symmetry groups during refinement. Refinement of the four
molecules against the three datasets was performed also in Phenix using
its rigid body, torsion angle annealing, and individual adp protocols.
Between the refinement rounds 2Fo–Fc electron density maps and
Fo–Fc difference-density maps were inspected utilizing the graphics
program Coot [34]. Some loop regions had to be improved and C- and
N-terminal residues could be added. To detect firmly bound water
molecules the find waters dialog of Coot was applied. Later during re-
finement some of the water positions could be replaced with atoms of
the cofactors.

3. Results

3.1. TtCoADR X-ray structure was determined at 2.9 Å resolution

The crystal structure of the T. thermophilus CoADR enzyme (PDB ID:
6RUZ), purified from E. coli after heterologous expression, was de-
termined by molecular replacement based on P. horikoshii CoADR
structure (PDB ID: 4FX9) [17]. TtCoADR is a homodimer with a non-
crystallographic 2-fold center of symmetry (Fig. 1). The fold is similar
to that of other enzymes in the Flavin Disulfide Reductase (FDR) family,
which includes NADH oxidases, NADH peroxidases and CoADR. The
CoADR monomer consists of three domains, the FAD-binding domain,
the NAD(P)H-binding domain and the C-terminal interface domain. The
FAD- and NAD(P)H-binding domains of CoADR both have canonical
Rossmann folds [35]. Specific details about the TtCoADR structure
compared to other CoADR are described below.

3.2. CoAD is the preferred electron acceptor for TtCoADR

Recombinant TtCoADR was previously shown to have
NADH:menaquinone oxidoreductase activity in vitro and designated an
NDH-2 [14]. Its X-ray structure presented here, however, resembles a
CoADR [9,10]. These inconsistent data are not surprising since many
members of the FDR family are unable to be distinguished based only
on their amino acid sequence. Consequently, many genes are mis-
annotated and others are postulated to have particular functions
without justification. Overlap of the NDH-2 structure from yeast (PDB
ID: 4G73 and 4G74) with the TtCoADR structure (PDB ID: 6RVH) shows
that both enzymes have the same π-stacking of FAD and NADH head
groups in the active site (Fig. 2). The menadione binding site identified
in the structure of TtCoADR is close to the analogous region that binds
quinone in the structures of authentic NDH-2s [36]. The two C-terminal
helices, α15 and α16, of authentic NDH-2 structures which are the
membrane-binding regions, however, are missing in TtCoADR.

The crystal structure of TtCoADR contains a CoA molecule cova-
lently bound to Cys44, close to the FAD and NADH molecules (Fig. 3).
This cysteine corresponds to the conserved catalytic residue present in
all group 3 FDR enzymes [37], typically within an SFXXC sequence
motif, but which is SYXXC in TtCoADR.

To understand the specificity of the enzyme for different substrates,
activity assays were performed in the presence of NDH-2 and CoADR
specific substrates: NADH/menadione (MD) and NADH/CoAD, respec-
tively. In addition, the following substrates used by group 3 FDR

Table 1
Data collection statistics.

PDB IDs 6RUZ 6RVB 6RVH

Soaked with 50mM NADH,
5min

1mM MD,
100min

Data collection Diamond ESRF Diamond
Wavelength (Å) 0.97625 0.8726 0.97625
Resolution (Å) 2.90 2.90 3.00
Unique reflections 72,881 75,111 63,717
Completeness (%) (last
shell)

98.2 (99.3) 99.9(100.0) 95.0 (96.9)

I/σI (last shell) 5.58 (1.24) 7.31 (1.06) 4.37 (1.25)
Rsym (%) (last shell) 30.0 (212.9) 26.6 (204.7) 29.4 (134.4)
Redundancy 4.41 6.6 3.01
Space group P42212 P42212 P42212
Used positions runs 1, 2, and

3
runs 4, 5, and 6 runs 1, 2, 3,

and 4
Unit cell dimensions

a, b, c (Å) 160.0, 160.0,
256.2

160.7, 160.7,
256.9

159.9, 159.9,
255.9

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90
Refinement
Rwork (%) 20.69 20.08 21.49
Rfree (%) 24.39 24.63 25.88
RMSD

Bond length (Å) 0.034 0.032 0.034
Bond angle (°) 2.903 2.984 2.967

Number of molecules in
ASU

4 4 4

B of cofactors (Å2) NADc: 60
FADa: 110 FAD: 80 FAD: 80
CoAb: 75 CoA: 75 CoA: 65

VK3d:100
B of protein molecules
(Å2)

71.79 53.71 53.13

Water molecules
refined

66 112 136

Ramachandran plot
Preferred (%) 87.02 87.19 85.94
Allowed (%) 7.94 7.77 8.16
Outliers (%) 5.05 5.05 5.90

a Flavin adenine dinucleotide.
b Coenzyme A.
c Nicotinamide adenine dinucleotide.
d Menadione.
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enzymes were examined in combination with NADH: DTNB, a synthetic
disulfide substrate that can be reduced by CoADRs; H2O2, reduced by
NADH peroxidases; and O2, reduced by NADH oxidases (Table 2). It is
worth noting that whereas the addition of 30 μM FAD increases the
NADH:menadione reductase activity [14], as observed for other flavo-
proteins purified with suboptimal amounts of FAD per protein [26,38],
the extra flavin does not affect the disulfide reductase activity of the
enzyme.

NADH oxidation in the presence of CoAD is about 5-fold higher than
the quinone reductase activity observed with menadione (kcat is 1
NADH oxidized per second) (Table 2). DTNB is also reduced by
TtCoADR at a faster rate than menadione [17,39]. No disulfide re-
ductase activity (DTNB) is seen after addition of the thiol-reactive
compound p-CMB, which blocks the catalytic cysteine. TtCoADR also
shows low NADH-dependent oxidase and peroxidase activities at 60 °C,
corresponding to 30% to 40% of the rate of menadione reduction.

Oxidase, peroxidase and menadione reductase activities were not in-
fluenced by the presence of p-CMB, suggesting the cysteine residue is
not involved in these reactions.

Although lacking transmembrane spans, NDH-2s are membrane-
bound enzymes, able to reduce quinones present in the membrane bi-
layer. Since the in vitro rate of reduction of quinone by TtCoADR (with
NADH) is significantly higher than the rate of reduction of oxygen or
peroxide, enzyme activity was also assayed in the presence of NADH
plus E. coli membranes to test for coupling of NADH oxidation to the
respiratory chain. Isolated membranes of an E. coli strain lacking
membrane-associated NADH dehydrogenase activity (deficient in
EcNDH-2 and EcComplex I) was used for these assays in order to remove
any background NADH oxidation. No NADH oxidation was observed by
purified TtCoADR in the presence of these membranes, suggesting the
quinone reductase activity is not relevant in vivo.

Table 3 summarizes steady state kinetics parameters Km can kcat for

Fig. 1. Global fold of Thermus thermophilus CoADR. Structure (ribbon representation) of the CoADR dimer, colored by subunit: chain A, magenta; chain B, cyan.
NADH (green), CoAD (orange) and FAD (purple) are represented as sticks in each monomer.

Fig. 2. Overlap of TtCoADR soaked with 1mM mena-
dione and yeast NDH-2 (4G73 and 4G74) monomeric
structures. Structures show similar fold but with different
alignments in the dimer. Yeast NDH-2 is missing the
CoAD molecule. The two NDH-2 structures are colored in
sky blue and light green, respectively, while the two
subunits of TtCoADR shown here are colored in green and
dark blue. The cofactors of TtCoADR are drawn in ball
and stick representation and color coded according to
their atom type, while the prosthetic groups of NDH-2 are
colored like their respective main chains.
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the TtCoADR and compares these values with those reported for
CoADRs from other species. The data show that the kinetics parameters
for TtCoADR are in the same range as those of other CoADRs.

A structural comparation of the CoAD binding sites of the TtCoADR,
SaCoADR and PhCoADR shows (Fig. 4) that the CoAD binding site in
TtCoADR is more similar (size and topology) to the one in SaCoADR
than to the CoAD binding site in PhCoADR. This is consistent with
TtCoADR and PhCoADR using the same substrate (CoAD), whereas
PhCoADR uses persulfide and polysulfide derivatives of small thiols
[17,40].

3.3. TtCoADR exclusively oxidizes NADH

CoADRs catalyze reduction of CoAD via oxidation of NAD(P)H. So
far, there are several characterized CoADRs: the NADPH-dependent
CoADRs from S. aureus and P. horikoshii; the CoADR from B. anthracis
with dual-specificity for NADH/NADPH [8,10,12]; and the NADH-

Fig. 3. CoASH binding site. (A) CoASH is found
covalently bound to Cys44 at the active site upon
purification. (B) The FAD group interacts with NADH
through π-stacking, indicated by the three close dis-
tances of 2.75, 3.22, and 3.56 Å, respectively, and is
aligned with the Cys44-S-S-CoA disulfide bond, fa-
voring electron transfer. Dashed red lines indicate the
distance in Å between the atoms at its end, which
were found to be in close contact. The refined struc-
ture is given in ball and stick representation with the
atoms colored according to their type. The electron
density is given as a light blue mesh. Capital letters
behind the residue numbers indicate the corre-
sponding subunit.

Table 2
TtCoADR enzyme activity with different electron
acceptor substrates at 60 °C.

Substrate akcat [s−1]

Menadione 1.0 ± 0.1
bDTNB 1.5 ± 0.2
CoAD 5.5 ± 0.7
O2 0.3 ± 0.0
H2O2 0.4 ± 0.1

aActivity is expressed as μmoles of NADH oxi-
dized or bDTNB reduced per second at 60 °C. Data
are expressed as average ± SD of three in-
dependent experiments.

Table 3
Steady state kinetics parameters for CoADRs from several species.

Source organism Preferred substrate Km(NAD(P)H) [μM] Km(CoAD) [μM] kcat [s−1] kcat/Km [M−1 s−1] Reference

P. horikoshii NADPH 9–73 30 7–8 2×105 [9]
B. burgdorferi NADH nd nd 14 nd [41]
T. thermophilusa NADH 2.5 72 5 7×104 This work
S. aureus NADPH 1 3 27 9×106 [43]
B. anthracis NAD(P)H 1–3 1 27–28 3×107 [16]

nd: Not determined.
a T. thermophilus Km (NADH)=2.5 ± 0.3; Km (CoAD)=71.6 ± 11.1; kcat = 5.53 ± 0.68 s−1. Data are expressed as average ± SD of three independent ex-

periments.
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dependent enzyme from B. burgdorferi [41]. However, there is no
structure available for this last one.

Specificity towards NADH or NADPH can be predicted based on
conserved amino acids [16,42]. The most commonly described residues
are a glutamate that interacts with the 2′‑oxygen of the adenosine ri-
bose in NADH, and an arginine that stabilizes the 2′-phosphate of the
adenosine in NADPH. Sequence alignments of TtCoADR with other
CoADRs of known specificity predict NADH specificity for TtCoARD by
the presence of a glutamate in the position 179 and the absence of an
arginine residue, which is replaced by Ala180 (Fig. 5A).

Soaking of the crystals with NADH allowed for structure determi-
nation of the NADH-bound structure (PDB ID: 6RVB). In this structure,
the nicotinamide ring of NADH and the FAD isoalloxazine ring can be

seen interacting primarily through π-stacking with only a few protein
residues making close connections with NADH. Specifically, Glu179 can
be seen in close contact with the adenosine ribose (Fig. 5B). These data
are consistent with the lack of any catalytic function of TtCoADR using
NADPH as reductant, and identifies TtCoADR as the first structure of a
NADH-specific CoADR.

3.4. Other CoADRs can be found in the membrane fraction

Since TtCoADR was initially reported by Yagi et al. [15], to have
been purified from the membrane fraction, we initially isolated the
protein from this fraction [14]. Although we demonstrate in the current
work that the majority of the protein is in the cytosol, there is a small

Fig. 4. Electrostatic surface maps of the (A) TtCoADR, (B) SaCoADR (1YQZ) and (C) PhCoADR (4FX9) CoA binding clefts. CoA is shown in orange sticks.

Fig. 5. TtCoADR shows specificity for NADH. (A) T.
thermophilus enzyme is predicted to only use NADH as
a substrate, based on sequence alignments showing
the presence of residues for specific interaction with
NADH (magenta/green) and absence of those specific
for NADPH (red) [16]. (B) NADH mainly interacts
with FAD through π-stacking and hydrogen bonds to
few amino acid residues, including Glu179. Re-
presentation of the refined structure and its electron
density like in Fig. 3.
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fraction of the enzyme that remains membrane-bound in our protocols.
To determine if the membrane-bound fraction is meaningful, the frac-
tion of recombinant CoADR that was associated with the membrane
fraction after two steps of washing and high speed centrifugation was
determined for CoADR from different species. Data are summarized in
Table 4, which shows the ratio of the amount of recombinant CoADR in
the cytoplasmic and membrane fractions following cell disruption. Also
shown is the total amount of CoADR per liter in the growth culture.
Relatively small amounts of recombinant CoADR from each species
sedimented with the membrane fraction. For TtCoADR expressed in E.
coli, overexpression produced 6.4 mg/l of protein and only 1% is found
in the membrane fraction. Overexpression using T. thermophilus as the
host resulted in a much lower protein yield (0.1 mg/l) with about 6%
found in the membrane. Overproduction of the S. aureus CoADR is very
high (57mg/l) but only about 1% is found in the membrane fraction.
Since we found no evidence of redox coupling between CoADR and the
E. coli respiratory chain components, these minor amounts apparently

associated with the membrane are interpreted as an artifact. An inter-
esting case is the CoADR from the hyperthermophile P. horikoshii,
where 33% of the protein sedimented with the membrane fraction. This
was not further explored but is also likely not physiological meaningful.

3.5. Quinones can interact with CoADR at the CoAD binding site

TtCoADR shows NADH oxidation in the presence of menadione, a
soluble naphthoquinone that is an analogue of menaquinones. To de-
termine where menadione binds, the protein structure was analyzed
after soaking the crystals with menadione.

The soaked crystals, show a weak electron density for the mena-
dione molecule, with a putative binding pocket at the dimer interface
(Fig. 6A) with the two quinone oxygen atoms most clearly identified.
The naphthoquinone ring is close to the disulfide bridge between the
catalytic Cys44 and CoA (Fig. 6B). Hence, menadione binds to the en-
zyme at a position allowing direct electron transfer from the FADH2

cofactor. Since p-CMB does not inhibit electron transfer to menadione,
direct reduction from FADH2 seems likely.

S. aureus CoADR has been crystallized in the presence of several
CoAS-mimetics, which irreversibly bind and inhibit the catalytic cy-
steine [43]. A CoASH analogue containing a phenyl vinyl sulfone group
(PhVS-CoA) shows the phenyl ring at the same site as the naphtho-
quinone ring in TtCoADR when structures are superimposed (Fig. 7).
During catalysis, CoAD is broken down into two CoAS molecules upon
reduction: CoAS-I, which initially remains bound to the active cysteine,
and CoAS-II, which dissociates from the enzyme. The electron-with-
drawing group (Ph-VS) seen at the proposed CoAS-II site coincides with
the CoAD binding cleft and overlaps with the bound menadione.

Table 4
Distribution of CoADR in the cell in different organisms.

Organism Cytoplasm:membrane Total amount of CoADR (mg/l)c

B. anthracis 14:1 0.5
P. horikoshii 2:1 1.9
S. aureusa 95:1 57
T. thermophilus 95:1 6.4
T. thermophilusb 15:1 0.1

a S. aureus with no tag, overexpressed in E. coli BL21.
b T. thermophilus enzyme expressed in the native organism.
c mg of protein purified per liter of culture from cytoplasm and membrane

combined.

Fig. 6. Menadione binds at the dimer interface in
close vicinity to the active site. (A) Menadione in-
teracts with the enzyme at the interface of the dimer.
(B) Amino acids from both monomers can be seen
interacting with menadione at the binding pocket.
The subunits shown here are indicated by the capital
letters C and D after each residue numbers. Like in
Figs. 3 and 5B, the electron density is shown as a light
blue mesh while the atoms are color coded according
to their atom type. Atoms in close contact are again
connected by dashed red lines with their distance
given in Å.
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4. Discussion

4.1. T. thermophilus NDH-2 is a CoADR

CoADR is a group-3 FDR with a single redox-active Cys, part of a
SFXXC motif, that reduces CoAD via formation of a protein-S-S-CoA
mixed disulfide [37]. This group of FDRs also includes NADH oxidase
and NADH peroxidase enzymes. NAD(P)H-dependent CoADRs have
been isolated and characterized from the pathogenic firmicutes S.
aureus [19,44] and B. anthracis [16], the Lyme disease spirochete Bor-
relia burgdorferi [41], and the thermophilic anaerobic archaeon P. hor-
ikoshii [9]. To this list, the current work adds the CoADR from T.
thermophilus.

The initial goal of the project was to identify the gene encoding T.
thermophilus NDH-2, a homodimeric, membrane-bound respiratory en-
zyme isolated and characterized by Yagi et al. [15], who first isolated
TtNDH-2 from membranes of the native organism. In an effort to
identify the gene encoding for the enzyme reported by Yagi et al. [14],
Venkatakrishnan et al. [15] cloned the gene NCBI gi:46199786 from T.
thermophilus HB27 and purified the membrane-associated recombinant
protein from an E. coli expression system. Although the recombinant
enzyme was annotated as encoding an NADH oxidase, the isolated
protein has very little NADH:O2 oxidoreductase activity. In contrast, the
isolated protein was found to oxidize NADH in the presence of a variety
of quinone substrates, including menadione, and the NADH:menadione
oxidoreductase specific activity is similar to that reported for the pre-
viously isolated TtNDH-2 [14].

The current work clearly shows that the protein encoded by NCBI
gi:46199786 is neither an NADH oxidase nor an NDH-2 but is, rather a
CoADR. Furthermore, it is concluded that the genome of T. thermophilus
HB27 does not encode an authentic NDH-2. The initial identification of
TtNDH-2 by Yagi et al. [15] was found to be a dihydrolipoyl dehy-
drogenase after mass spectrometry analyses (Takao Yagi, personal
communication, unpublished data). This protein corresponds to the E3
subunit of the pyruvate dehydrogenase complex (among other 2-ox-
oacid decarboxylases), a soluble complex able to oxidize NADH and
reduce dihydrolipoic acid to lipoic acid [45]. Hence, TtNDH-2 has been
incorrectly identified twice due in large part to the ability of the
TtCoADR as well as the E3 subunit of pyruvate dehydrogenase to cat-
alyze the reduction of menadione by NADH. Since the enzyme assays
are performed at temperatures well below the growth optimum for T.
thermophilus, it is expected that specific activity values might be low, as
is the case (Table 3). NADH:menadione oxidoreductase activity was
also examined with other CoADRs (PhCoADR and BaCoADR) and
shown to have one tenth of the measured CoADR activity for each en-
zyme. In the current work, the menadione binding site is located in the
crystal structure, bound to the cleft in the enzyme where part of the
CoA dimer binds, showing the origin of the artifactual menadione re-
ductase activity.

One important property of NDH-2 enzymes is that they are mem-
brane-bound and are monotopically bound to the cell membrane
[36,46,47]. In contrast, CoADRs are soluble proteins. Here, it was de-
monstrated that when overexpressed in E. coli, a small amount of re-
combinant CoADRs from different sources co-sediment with the mem-
brane fraction, even following washing the membranes and re-
sedimentation. Adding to the possible confusion is the fact that a sig-
nificant portion of recombinant NDH-2s, when overexpressed in E. coli,
is found in the cytosolic fraction [26]. This is likely to be not physio-
logically relevant but has contributed to the incorrect identification of
TtCoADR as an NDH-2.

It appears that all reports of NDH-2 activity associated with the
membranes of aerobically grown T. thermophilus are based on side re-
actions catalyzed by enzymes other than NDH-2. It is concluded that T.
thermophilus does not contain an authentic NDH-2 and, therefore, must
rely solely on Complex I to oxidize NADH and feed electrons into the
aerobic respiratory chain.
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