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ABSTRACT: Thioredoxin reductases (TrxRs) regulate the intracellular redox environment by using NADPH
to provide reducing equivalents for thioredoxins (Trxs). Here we present the cloning and biochemical
characterization of a putative TrxR (Ta0984) and a putative Trx (Ta0866) from Thermoplasma acidophilum.
Our data identify Ta0866 as a Trx through its capacity to reduce insulin and be reduced by Escherichia
coli TrxR in a NADPH-dependent manner. Our data also establish Ta0984 as a TrxR due to its ability to
reduce T. acidophilum Trx (taTrx), although not in a NADPH- or NADH-dependent manner. To explore
the apparent inability of taTrxR to use NADPH or NADH as a reductant, we carried out a complete
electrochemical characterization, which suggests that redox potential is not the source of this nonreactivity
[Hamill et al. (2008) Biochemistry 47, 9738-9746]. Turning to crystallographic analysis, a 2.35 Å resolution
structure of taTrxR, also presented here, shows that despite the overall structural similarity to the well-
characterized TrxR from E. coli (RMSD 1.30 Å2 for chain A), the “NADPH binding pocket” is not
conserved. E. coli TrxR residues implicated in NADPH binding, H175, R176, R177, and R181, have
been substituted with E185, Y186, M187, and M191 in the ta protein. Thus, we have identified a Trx and
TrxR protein system from T. acidophilum for which the TrxR shares overall structural and redox properties
with other TrxRs but lacks the appropriate binding motif to use the standard NADPH reductant. Our
discovery of a TrxR that does not use NADPH provides a new twist in redox regulation.

Tight regulation of the cellular redox environment is
crucial for cell survival. Cellular viability relies on the
reduction of metabolites for energy production, on the
oxidation of small molecules to assemble structural scaffolds,
and on the maintenance of the proper disulfide state in the
extracellular or intracellular environments. An imbalance in
redox regulation can trigger a cascade of genetic responses,

the most extreme of which can lead to cell death (reviewed
in refs 1-4).

The principal protein systems that act as reductants are
NADPH1-dependent thioredoxin reductase (TrxR)/thiore-
doxin (Trx) and glutathione reductase (GSSGR)/glutathione
(GDH)/glutaredoxin (Grx) (Figure 1A) (1, 2, 4-6). NADPH
reduces the FAD of TrxRs, which in turn reduces Trxs
through disulfide exchange (Figure 1B). The TrxR/Trx
system is responsible for providing reducing equivalents for
many cellular processes including the reduction of ribo-
nucleotide reductase (RNR) during the conversion of nucle-
otides to deoxynucleotides (7). This reaction is essential for
maintaining the appropriate levels of deoxynucleotides in the
cell for DNA repair and for cellular replication (8, 9). The
significance of the redox regulation of these and other
biochemical pathways has led to renewed interest in anti-
bacterial or antitumorgenic therapies that are targeted to
disrupt redox regulation (1, 10-13).

Here we study putative TrxR and Trx from Thermoplasma
acidophilum, an organism first isolated from a self-heating
coal refuse pile at the Friar Tuck mine in southwest Indiana.
This organism lacks a cell wall, and optimal growth occurs
at 59 °C and at pH 1-2 (14). Despite the organism’s ability
to grow at low pH, the cytoplasmic pH of T. acidophilum
was reported to be between 5.5 and 6.9 (15, 16). The 1.56
Mb genomic sequence of T. acidophilum encoding 1509 open
reading frames (ORFs) has been reported (17), allowing us
to identify a putative TrxR (Ta0984) and Trx (Ta0866).
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We report the cloning, expression, and purification of gene
products Ta0984 and Ta0866 and show that Ta0866 exhibits
thioredoxin-like activity and that Ta0984 is able to reduce
T. acidophilum Trx (taTrx), establishing its identity as a
thioredoxin reductase. An accompanying paper (46) describes
the full electrochemical characterization of T. acidophilum
TrxR (taTrxR). While the redox potential is within the
expected range for TrxRs, we find that the standard TrxR
reducing agents NADPH and NADH do not reduce the
taTrxR flavin. The X-ray structure of taTrxR to 2.35 Å
resolution presented here reveals a major modification of the
classic TrxR NADPH binding site, suggesting that T.
acidophilum may utilize a novel reductant.

EXPERIMENTAL PROCEDURES

Materials. The organism T. acidophilum (ATCC number
27656) was obtained from the American Tissue Culture
Center. TOPO and TOPO Zero Blunt PCR cloning kits were
obtained from Invitrogen (Carlsbad, CA). NovaBlue com-
petent cells, Rosetta (DE3)pLysS competent cells, and
pET28a plasmid were purchased from Novagen (Madison,
WI). pfuTurbo DNA polymerase and a PCR optimization
kit were obtained from Stratagene (Cedar Creek, TX).
Primers were obtained from Integrated DNA Technologies
(Coralville, IA). Nickel nitrilotriacetic acid (Ni-NTA) was
purchased from Qiagen (Valencia, CA). Restriction enzymes
were purchased from New England BioLabs (Beverly, MA).
Kanamycin, chloramphenicol, Tris-HCl, ethylenediamine-
tetraacetic acid (EDTA), and phenylmethanesulfonyl fluoride
(PMSF) were obtained from Sigma-Aldrich (St. Louis, MO).

Genomic Analysis of T. acidophilum Genome. The genome
of T. acidophilum DSM1728 (RefSeq NC_002578, GenBank
AL139299) was analyzed using the web interface at the
National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov) for putative thioredoxin reductase
(TrxR) and thioredoxin (Trx) open reading frames (ORFs).

An ORF encoding a 319 amino acid protein, Ta0984, and
an ORF encoding for a 113 amino acid protein, Ta0866, were
identified by sequence homology to known TrxRs and Trxs
using PSI-BLAST (18). Protein sequences were aligned using
the program ClustalW (19), and the output was rendered
using the web interface ESPript 2.2 (20) (Supporting
Information Figure S1 and S2).

Cloning of taTrxR and taTrx. The taTrxR and taTrx genes
were amplified by the polymerase chain reaction (PCR) using
genomic DNA from a cell suspension and the primers 5′-A
TGC CAT ATG GCA TAT GGA ATT TAA CCT GCA
TGC AGT A-3′ and 5′-TCA GCC AAG CTT CAT TTT
TTG GAT ATA GAA TCA-3′ for taTrxR and 5′-A TGC
CAT ATG GCA TAT GAA GAA TTA TAT GGG CTG
CG-3′ and 5′-TAG CGG CCG CTC AGA CGG AAT CGC
AGG GA-3′ for taTrx (restriction sites are underlined). PCR
products were cloned into the expression vector pET28a
using NdeI and HindIII restriction enzymes for taTrxR and
NdeI and NotI for taTrx. The sequence of the pET28a-taTrxR
and pET28a-taTrx cDNA was confirmed at the MIT Biopoly-
mers Sequencing Facility (Supporting Information Figures
S3 and S4). After confirmation of the correct sequences, the
resulting constructs were transformed into Rosetta (DE3)pLysS
cells for facile protein expression.

Purification of Recombinant taTrxR and taTrx. Rosetta
(DE3)pLysS transformed with either pET28a-taTrxR or
pET28a-taTrx constructs were used to inoculate TB media
supplemented with 20 µg mL-1 kanamycin and 34 µg mL-1

chloramphenicol. The culture was grown at 37 °C to an
OD600 of 0.8 and induced with 0.8 mM isopropyl thio-�-D-
galactoside (IPTG) for 4 h. The cells were harvested by
centrifugation, resuspended in lysis buffer (10 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 10 mM imidazole, 1 mM PMSF),
and disrupted by sonication using a Digital Sonifier 250
(Branson, CN). Insoluble material was removed by ultra-
centrifugation at 40000g using a Beckman Avanti J-25
centrifuge (Beckman, PA, CA). The supernatant was sub-
jected to heating at 70 °C for 45 min and then centrifuged
at 40000g. The clarified supernatant was loaded onto a Ni-
NTA column, washed with high salt buffer, and eluted with
buffer containing 10 mM Tris-HCl, pH 8.0, 150 mM NaCl,
and 200 mM imidazole. Eluted fractions were analyzed by
a SDS-PAGE 4-20% gel, and those fractions containing
proteins with comparable size to taTrxR or taTrx were
concentrated using an Amicon (Millipore, Bedford, MA)
stirred ultrafiltration cell.

The eluted protein was dialyzed overnight in 20 mM
HEPES, pH 7.5, 20 mM NaCl, 0.5 mM EDTA, and 1 mM
1,4-dithio-DL-threitol (DTT) with thrombin (0.05 unit mL-1)
to remove the N-terminal poly-His tag. The digested protein
fraction was loaded onto an SEC-30 high-prep size exclusion
column from Amersham Biosciences (Piscataway, NJ), which
was preequilibrated with storage buffer (10 mM HEPES, pH
7.0, 20 mM NaCl). Fractions containing protein of either
MW ∼34 kDa (taTrxR) or MW ∼13 kDa (taTrx) were
concentrated using a Centriprep YM-3 filter from Amicon
(Millipore, Bedford, MA). Protein purity was analyzed by
SDS-PAGE 4-20% gel (Supporting Information Figure
S5), and protein concentration was determined from the
theoretical extinction coefficient at 280 nm (23040 M-1 cm-1

for taTrxR and 16500 M-1 cm-1 for taTrx) (ProtParam,
ExPaSy web server). A Cary 300 spectrophotometer (Varian,

FIGURE 1: NADPH participation in cellular redox regulation. (A)
NADPH-dependent redox regulatory pathways. (B) A mechanism
of NADPH-dependent cellular reduction by the thioredoxin reduc-
tase system.
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CA) was used to analyze the purified taTrxR for flavin
incorporation.

Temperature Stability of NADPH and NADH. NADPH
(0.22 µM) and NADH (0.26 µM) were analyzed for
temperature-dependent degradation in 50 mM Tris-HCl, pH
7.5, and 150 mM NaCl (Figure S6). Initial UV/visible spectra
were collected at 20 °C from 800 to 240 nm. The temperature
was increased to 80 °C, and the reaction was allowed to
equilibrate for 5 min before full spectra were collected. The
reaction was cooled to 20 °C, and then another full spectrum
was collected. To measure time-dependent degradation,
NADPH or NADH was heated to the desired temperature
(20, 60, and 80 °C), and a reading was collected at 340 nm
in 5 min increments for 45 min. Degradation of NADPH or
NADH was inferred from the decrease in absorbance at 340
nm normalized to 100% of the absorbance for the sample at
time zero. Experiments were performed in triplicate.

ActiVity of taTrx Measured by Insulin and DTT Assays.
Purified taTrx was assayed for disulfide reductase activity
by the insulin reduction method (21). The standard assay
mixture contained 1.25 mM bovine insulin, 100 mM potas-
sium phosphate, pH 7.0, 2 mM EDTA, and taTrx (43, 66,
or 70 µM). The reaction was initiated by the addition of 1
mM DTT. An increase in absorbance at 650 nm was
monitored at 25 °C.

Purified oxidized taTrx was also assayed for its ability to
be reduced by ecTrxR using the DTNB method (22). Briefly,
this colorimetric assay measures the Trx-dependent reduction

of DTNB to 5-thio-2-nitrobenzoic acid (TNB), which absorbs
strongly at 405-414 nm, using TrxR and NADPH as electron
donors. The reaction was performed using 3.8 µM ecTrxR,
in 50 mM Tris-HCl, pH 8.0, 2 mM EDTA, 0.5 mM NADPH,
and 0.6 mM DTNB. Each assay was initiated by the addition
of taTrx (5-60 µM) to the reaction mixture, and the
conversion of DTNB to TNB was monitored by the increase
in absorbance at 412 nm.

Titration of taTrxR and ecTrxR with NADPH and NADH.
taTrxR (43.3 µM) was titrated with NADPH or with NADH
(0.5-5.0 mol of NAD(P)H/mol of FAD) under anaerobic
conditions at 59 °C in 50 mM Tris-HCl, pH 7.5, and 150
mM NaCl. Spectra were collected from 800 to 240 nm to
monitor the reduction of the enzyme-bound flavin by
NADPH or NADH. ecTrxR (40.5 µM) was titrated with
NADPH or with NADH (0.5-5.0 mol of NADPH or NADH/
mol of FAD) under anaerobic conditions at 25 °C in 50 mM
Tris-HCl, pH 7.5, and 150 mM NaCl. Spectra for NADPH
reduction of ecTrxR were recorded as described above and
were corrected for dilution. The reduction of bound FAD
was monitored by observing the change in absorbance at 457
nm over 45 min. taTrxR (43.3 µM) and ecTrxR (40.5 µM)
were titrated with 2.5 mM NADPH or NADH for 45 min.
For taTrxR, spectra were collected every minute, and for
ecTrxR, spectra were collected every 0.1 min for the initial
5 min and then every 5 min thereafter.

Ability of taTrxR To Reduce taTrx. To verify that the
reduced taTrxR was capable of passing electrons to taTrx,
the xanthine/xanthine oxidase reduction system, described
by Massey and co-workers, was used (23). After complete
reduction of a sample of taTrxR, the reoxidation of taTrxR
(4 µM) was monitored spectroscopically in the visible region
following the addition of taTrx or ecTrx (8 µM). In a 1 cm
path length curvette stirred continuously and held at 25 °C
in a MBraun Labmaster glovebox, the taTrxR reduction was
performed as follows: to a solution of 100 mM phosphate
buffer (pH 7.5) with 1 µM benzyl viologen, 250 µ xanthine,
and 4 µM taTrxR, an aliquot of xanthinc oxidase was added
to a final concentration of ∼0.25 nM to initiate the reaction.
This solution was monitored in the visible region of the
spectrum, using an SI Photonics spectrophotometer contained
within the glovebox, over the course of 1.5 h, upon which
complete reduction of the taTrxR was achieved. Oxidized
Trx was then added to a final concentration of 8 µM, and
the spectral features were monitored.

Analysis of T. acidophilum Genome for AlternatiVe Redox
Regulation Pathways. To investigate if T. acidophilum uses
alternative characterized reduction pathways, the T. acido-
philum genome was mined for known pathways using NCBI
BLAST (18) to compare known proteins involved in the
formation of glutathione or of coenzyme F420 to the ORFs
of T. acidophilum. Pathway members were identified using
ExPASy PATHWAY service (http://ca.expasy.org/cgi-bin/
lists?pathway.txt).

Crystallization and Data Collection. taTrxR was crystal-
lized by incubating 2.0 µL of protein solution (65 mg mL-1

taTrxR in 10 mM HEPES, pH 7.5, and 20 mM NaCl) and
2.0 µL of precipitant solution (0.28 M MgCl2, 0.1 M Bis-
Tris, pH 5.5, 25% (w/v) PEG 3350) in a sitting drop at room
temperature. Crystals had cubic geometry, and their bright
yellow color confirmed the incorporation of FAD by the
enzyme. They grew to approximately 100 µM per side in

Table 1: Data and Refinement Statistics for taTrxR Structure

native

Data Set
wavelength (Å) 1.2710
beamline ALS 5.0.2
space group I23
a ) b ) c (Å) 165.95
resolution (Å) 50-2.35
Rsym (%) 6.9 (52.1)a

no. of observations 434549
unique observation 31586
I/σI 32.9 (7.6)
completeness (%) 99.9 (100.0)
Refinement Statistics
resolution limits (Å) 50-2.35
no. of reflections 31128
no. of reflections (test set) 1809
Rwork (%)b 22.5
Rfree (%)c 26.0
Wilson B factor (Å2) 68.3
B factor chain A (Å2) 55.4
B factor chain B (Å2) 62.1
B factor FAD 1 (Å2) 49.2
B factor FAD 2 (Å2) 59.4
B factor waters (Å2) 68.0
solvent content (%) 56.4
no. of protein atoms 2272 (2285)d

no. of water atoms 111
no. of nonprotein atoms (FAD) 106
bond length deviation (Å) 0.0073
bond angle deviation (deg) 1.2
Ramachandran Plot
residues in most favored regions (%) 93.6
residues in allowed region (%) 6.2
residues in disallowed region (%) 0.2

a Statistics for highest resolution shell (2.35-2.43 Å) are in
parentheses. b Rwork ) ∑||Fo| - |Fc||/∑|Fo|. c Rfree calculated using 5% of
the total reflections, which were not used in refinement. d Number of
atoms in chain A and chain B.
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3-4 days. These crystals were soaked for 30 s in a
cryoprotectant solution of 0.28 M MgCl2, 0.1 M Bis-Tris,
pH 5.5, 25% (w/v) PEG 3350, and 25% PEG 400 before
cryocooling in liquid nitrogen.

All diffraction data were collected at 100 K at the

Advanced Light Source (Berkeley, CA), beamline 5.0.2. Data
were processed and scaled using DENZO and SCALEPACK
from the HKL (24) program suite (see Table 1). The crystals
belong to the I23 (I-centered cubic) space group (a ) b )
c ) 165.95 Å), with one homodimer per asymmetric unit.

FIGURE 2: Anaerobic titration of taTrxR and ecTrxR with NADPH and NADH. (A) Visible spectra of taTrxR (43.3 µM) titrated with
NADPH at 59 °C. Solid line is without NADPH, dashed line is with 0.5 mol of NADPH/mol of FAD, dotted line is with 1.0 mol of
NADPH, dash-dot line is with 2.0 mol of NADPH, and dash-dot-dot line is with 5 mol of NADPH. (B) Visible spectra of taTrxR titrated
with NADH at 59 °C. (C) Visible spectra of ecTrxR (40.5 µM) titrated with NADPH at 25 °C. (D) Visible spectra of ecTrxR (40.5 µM)
titrated with NADH at 25 °C. Spectra B-D were recorded as in spectrum A. (E) Time-dependent reduction of taTrxR and NADPH at 59
°C (closed triangles), taTrxR and NADH at 59 °C (closed circles), and ecTrxR at 25 °C with NADPH (closed squares).
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Molecular Replacement Solution and Refinement. The
crystal structure of the thioredoxin reductase was solved by
the method of molecular replacement. Initial phases were
obtained from a full-length polyalanine model of thioredoxin
reductase from Escherichia coli (PDB code 1TDE) (25). The
solution was found using PHASER (26) with two search
models consisting of the flavin binding domain and the
NADPH binding domain of the E. coli structure, utilizing
data from a resolution range of 4.0-12.0 Å. PHASER was
first used to find a solution for the FAD binding domain of
taTrxR (residues 1-126 and 250-319). This solution was
fixed, and a second round of molecular replacement was
performed to find the NADPH binding domain (residues
127-249).

Refinement was carried out in CNS (27) with rigid body
refinement followed by simulated annealing. Manual fitting
of amino acid residues was done using XFIT (28). Subse-
quent rounds of refinement included simulated annealing,
energy minimization, and B-factor refinement without sigma
cutoff. Topology and parameter files for the FAD moiety
were obtained from HIC-UP (29) (PDB code 1N1P). Water
molecules were added with CNS and were manually checked
against 2Fo - Fc and Fo - Fc electron density maps. A
composite omit map was prepared in CNS and used to
confirm the assignment of model atoms. The final model
contains a biologically relevant dimer in the asymmetric unit,
which consists of residues 14-319 for molecule A of 319,
and residues 13-319 of 319 for molecule B, one flavin
molecule per monomer, and 114 water molecules.

RESULTS

Cloning, Purification, and Characterization of taTrxR and
taTrx. Using the T. acidophilum genome database, we
identified two ORFs (Accession nos. Ta0984 and Ta0866):
one encoding a putative thioredoxin reductase and the other
one encoding a thioredoxin homologue. The Ta0984 gene
encodes a protein of 319 amino acids with a predicted
molecular mass of 34116 Da (Supporting Information Figure
S3). The deduced amino acid sequence contains 28% identity
(48% similarity) to the ecTrxR (Supporting Information

Figure S1). The Ta0866 gene encodes a 133 amino acid
protein (Supporting Information Figure S4) with a CxxC
disulfide-reducing motif and displays 34% identity (58%
similarity) to ecTrx (Supporting Information Figure S2).
These ORFs have been amplified by PCR, cloned, sequenced,
and compared to the sequence in the T. acidophilum genome
database.

The purified taTrxR yields visible absorption spectra
typical for flavoproteins with absorbance maxima at 380 and
460 nm. Freshly purified protein has an A280/A460 ratio of
between 7.5 and 8.0, in agreement with the full incorporation
of FAD as previously observed for ecTrxR (30). Expression
and subsequent purification yield ∼18.5 mg from a 1 L
culture. The molecular mass of the protein is estimated to
be approximately 34 kDa by SDS-PAGE (Supporting
Information Figure S5a). This molecular mass is in agreement
with values predicted by the gene analysis. The native
molecular mass is determined to be about 70 kDa by gel
filtration using a Sephacryl SEC-75 HR 16/60 column. These
results suggest that the native state of taTrxR is a homodimer,
similar to ecTrxR (31). Expression of taTrx yields a protein
of 13.2 kDa as analyzed by SDS-PAGE (Supporting
Information Figure S5b). Subsequent gel filtration using a
Sephacryl SEC-30 HR 16/60 column reveals a native
molecular mass of ∼13 kDa, suggesting that the taTrx is a
monomer in its native state.

Lack of ActiVity of taTrxR with NADPH or NADH. All
previously characterized TrxRs are reduced by NADPH
(reviewed in refs (2, 32), and (33)). For ecTrxR, reaction of
NADPH with the FAD cofactor occurs rapidly (2000
turnovers FAD-1 min-1) with a Km for NADPH of 1.2 µM
(34). While there is no measurement of Km for NADH with
ecTrxR, it has been estimated to be 400-fold higher than
that of NADPH (31). Therefore, it is surprising that titration
of taTrxR with concentrations of up to 5-fold molar excess
of NADPH does not reduce its FAD cofactor to any
appreciable extent, showing no significant spectral change
in the visible part of the spectra (Figure 2A). For comparison,
titration of ecTrxR with NADPH results in a rapid reduction
of the bound FAD, decreasing the absorbance at 460 nm
(Figure 2C). Titration of taTrxR with NADH shows minimal
reduction of FAD as indicated by the small change in the
shoulder at 460 nm (Figure 2B). Although NADPH is the
preferred substrate for ecTrxR, NADH does reduce the flavin
to some extent in this protein (Figure 2D). The reduction is,
in fact, greater than that observed for taTrxR. Compared to
the rapid reduction of ecTrxR by NADPH (turnover rate is
2000 FAD-1 min-1) (34), the changes observed for taTrxR
appear too slow and too small to be physiologically relevant
(Figure 2E). The inability of NADPH or NADH to rapidly
reduce taTrxR is not due to instability of these components
at 59 °C, the physiological temperature of T. acidophilum.
Analysis of the time-dependent degradation of NADPH and
NADH at 59 °C shows that there is negligible degradation
at 5 min under assay conditions, not enough to explain this
lack of activity (Supporting Information Figure S6). At the
higher temperature of 80 °C, degradation is increased, but
even then less than 10% of NADPH or NADH is degraded
during the first 5 min of the assay, and only 30% is degraded
by 45 min (Supporting Information Figure S6).

Disulfide Reductase ActiVity of taTrx. The lack of measur-
able activity between taTrxR and NADPH prevented the use

FIGURE 3: Demonstration of taTrxR/Trx reactivity. Reduction of
oxidized taTrxR (4 µM) was achieved by use of a modified
xanthine/xanthine oxidase system, as described in the Experimental
Procedures section. Oxidized taTrxR (solid line) was reduced with
xanthine as the source of electrons, over the course of 90 min, in
order to build up a stable reduced form of the enzyme (dashed
line). Upon introduction of 2 equiv of the taTrx, the sample was
completely reoxidized within 1 min (dotted line).
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of a coupled assay for taTrx activity, requiring us to turn to
other methods to characterize the taTrx. The reduction of
insulin disulfides can be monitored by following the increase
in turbidity at 650 nm due to the precipitation of the free
B-chain (21). The recombinant taTrx reduced insulin in a
protein concentration-dependent manner (Supporting Infor-
mation Figure S7). To investigate whether taTrx is able to
be reduced by ecTrxR, we performed the DTNB assay using
NADPH, ecTrxR, and taTrx. taTrx is reduced by ecTrxR
with an apparent Km of 14.4 ((7.0) µM for the ecTrxR
(Figure S8). This Km value is higher than for the ecTrxR/
ecTrx system (Km of 2.8 µM) (31), which is not surprising
in that the two proteins (ecTrxR and taTrx) did not evolve

to interact. These experiments confirm that the taTrx is a
thioredoxin-like protein capable of performing disulfide
exchange.

Thioredoxin Reductase ActiVity of taTrxR. To verify that
taTrxR can catalyze a disulfide exchange with taTrx, we
prereduced taTrxR using a modified xanthine/xanthine oxi-
dase system (see Experimental Procedures) at 25 °C; after
complete reduction of the taTrxR flavin, the reduced enzyme
was treated with oxidized taTrx. Upon the introduction of 2
equiv of taTrx, the taTrxR was rapidly oxidized, achieving
complete reoxidation of the FAD within 1 min (Figure 3).
This experiment indicates that taTrxR is a biologically
relevant TrxR, which does not use NADPH as a reductant.

FIGURE 4: Ribbon diagram structure of the taTrxR dimer. (A) Monomers of taTrxR are colored by chain. The flavin molecule (1 per
monomer) is represented as space-filled spheres and colored by atom (C in light gray, N in blue, O in red, P in orange). Circle highlights
C145/C148 disulfide. (B) Superposition of the taTrxR “NADPH binding domain” with the ecTrxR NADPH binding domain. (C) Superposition
of the taTrxR FAD binding domain in yellow with the ecTrxR FAD binding domain in cyan.
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OVerall Structure. The structure of taTrxR was solved to
2.35 Å resolution with the physiological dimer in the
asymmetric unit and an R and Rfree of 22.5% and 26.0%,
respectively (see Table 1 for statistics). Each taTrxR
monomer consists of a FAD binding domain (residues
14-125 and 251-319) and a “NADPH binding domain”
(residues 126-250) (Figure 4A). Each domain of taTrxR is
quite similar to the equivalent domain of ecTrxR, with an
RMSD of 1.23 Å for the 166 CR of the FAD binding domain
and an RMSD of 1.17 Å for 121 CR of the “NADPH binding
domains” (Figure 4B,C). The taTrxR structure has one FAD
molecule bound in a similar conformation as the ecTrxR
structure (Supporting Information Figure S9) and with similar
protein-FAD interactions (Supporting Information Figure
S10).

ecTrxR is known to undergo a large conformational change
during catalysis, rotating between a “flavin oxidizing” form
(FO) and a “flavin reducing” form (FR) (25, 35, 36). In the
FR form, the FAD domain is positioned such that NADPH
can reduce the FAD by hydride transfer (Figure 4A). In

the FO form, the FAD domain is positioned adjacent to the
disulfide such that the FADH2 can be oxidized by the
disulfide. Structures of both conformations are available for
the E. coli enzyme: the structure of wild-type ecTrxR
represents the FO state, and a structure of a complex between
ecTrxR and ecTrx represents the FR state. Interestingly, while
all other structures of uncomplexed TrxRs are in the FO state,
the taTrxR structure is of the FR form. The taTrxR FR
conformation is very similar to that of ecTrxR in the FR
state with an RMSD of 1.30 Å for chain A and 1.73 Å for
chain B when all the CR atoms are superimposed. As with
the ecTrxR FR structure, the taTrxR FAD domain is
positioned near the putative NADPH binding site and away
from the catalytic cysteines (Cys145 and Cys148), which
are oxidized with an S-S distance of 2.04 Å. A discussion
of the conformational dynamics of TrxRs is available in the
accompanying paper (46).

Major Differences in the Domain That Typically Binds
NADPH. Structural superposition of the “NADPH binding
domains” from ecTrxR and taTrxR reveals that the

FIGURE 5: Ribbon representation of the ecTrxR NADPH binding domain (cyan) (PDB code 1TDF) and taTrxR “NADPH binding domain”
(yellow). (A) ecTrxR with NADPH binding amino acids, H175, R176, R177, and R181, represented in stick form. (B) taTrxR structure
with corresponding structurally aligned amino acids, E185, Y186, M187, and M191, represented in stick form with modeled NADPH. (C)
Superposition of ecTrxR and taTrxR “NADPH binding domains” with NADPH from the ecTrxR structure. (D) Sequence alignment of the
“NADPH binding domain” regions.
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backbone of residues 184-191 of the taTrxR structure is
constrained into a slightly different conformation than is
found in ecTrxR. This different loop conformation appears
to result from the presence of a proline (P188) in the
taTrxR sequence (Figure 5C) and not the presence or
absence of nucleotide in the structure (Supporting Infor-
mation Figure S12). This variation in loop conformation
is subtle and is unlikely to explain the lack of affinity of
NADPH for the ta enzyme. In contrast, while the
“NADPH binding domains” for taTrxR and ecTrxR
display an overall similar fold, close examination reveals
several highly conserved residues in all bacterial TrxRs
that are not conserved in the taTrxR sequence. The ecTrxR
structure, which was cocrystallized with NADP+, shows
that the NADPH 2′-phosphate is surrounded by a histidine
(H175) and three arginines (R176, R177, and R181)
creating a positively charged pocket that complements the
negatively charged phosphate (Figures 5A, 6A, and S11A).
The lower activity (400-fold) for NADH compared to
NADPH (31) is presumably due to the loss of interactions
between the cofactor and residues that form this positively
charged pocket (Figure 6C). In taTrxR, none of the
residues that form this pocket are conserved. The classic

NADPH binding motif VxxxHRRDxxRA is replaced with
VxxxEYMPxxMC in taTrxR (Figure 5D). ecTrxRs his-
tidine 175, which points directly toward the 2′-phosphate
of the NADPH, is substituted with a glutamic acid (E185)
in taTrxR, and the three arginine residues (R176, R177,
and R181) are replaced by a tyrosine (Y186) and two
methionines (M187 and M191) (Figure 5B,C). These
substitutions dramatically change the electrostatics of this
protein surface (Figures 6 and S11). In a model of NADH
bound to taTrxR, an unfavorable interaction between E185
and the 2′-phosphate of NADPH is relieved (Figure 6D),
but neither NADPH nor NADH would be expected to bind
with any kind of reasonable affinity, consistent with the
lack of rapid reduction of FAD by these molecules.
Analysis of all known bacterial and archaeal genomes
shows that only one other organism, the close cousin to
T. acidophilum, Thermoplasma Volcanicum, contains an
identical VxxxEYMPxxMC sequence. All others use a
variant of the Arg-rich VxxxHRRDxxRA motif.

DISCUSSION

The protein derived from Ta0984 is a thioredoxin reduc-
tase. Our structural and biochemical studies reveal a protein

FIGURE 6: Surface representation of NADPH binding pocket with blue representing basic residues; red, acidic residues; and white, neutral
residues. (A) ecTrxR structure with NADPH bound. (B) taTrxR structure with modeled NADPH. (C) ecTrxR structure with NADH modeled
in the NADPH binding site. (D) taTrxR structure with NADH modeled in the NADPH binding site. The orientations shown in Figure 6 are
similar to those shown in Figure 5, with the panels in Figure 6 rotated slightly to the left so that the NAD(P)H adenine rings are more
clearly visible. Surface calculations were made using the APBS module in Pymol (45).
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with an FAD cofactor and an overall similar fold to the
ecTrxR. However, unlike all other characterized TrxRs,
taTrxR is not reduced by NADPH. This lack of reactivity is
unlikely to be due to redox potential differences between
TrxRs (see accompanying paper (46)). The redox potential
of taTrxR is within 35 mV of ecTrxR (-305 vs -270 mV)
(37), and when reduced with a xanthine/xanthine oxidase
system, taTrxR is able to react stoichiometrically with taTrx.

Examination of the taTrxR structure suggests that the lack
of activity with NADPH is due to amino acid substitutions
as compared to the E. coli enzyme. The “NADPH binding
site” of taTrxR does not appear to be designed to bind
NADPH, with neutral and negatively charged amino acids
replacing the canonical Arg-rich motif. The “NADPH
binding site” is also structurally constrained by P188.
Sequence analysis shows that only one other organism, the
closely related T. Volcanicum, shares taTrxR’s unusual
sequence.

The lack of a NADPH-dependent TrxR/Trx reduction
system in T. acidophilum led us to investigate whether this
organism might rely heavily on GSSGR/Grx systems instead
of on thioredoxins. Analysis of the T. acidophilum genome,
however, revealed no GSSGR/Grx system, nor enzymes for
the biosynthesis of glutaredoxin (38). Our extensive data
mining and sequence alignments have not produced any near
or distantly related GSSGR/Grx proteins from this organism.

We also considered whether T. acidophilum uses NADH
or NADPH in other cellular processes. Our genomic analysis
reveals a putative NAD kinase, the enzyme responsible for
the conversion of NAD to NADP, and several putative
NADH and NADPH utilizing enzymes, which suggests that
T. acidophilium does use these cofactors. To date, there are
only a few characterized enzymes in T. acidophilum that use
NADH (aldohexose dehydrogenase) (39) or NADPH (gly-
deraldehyde dehydrogenase) (40) or both NADH and NAD-
PH as substrates (41). However, the use of NADPH or
NADH by any T. acidophilum enzyme, in addition to the
presence of the NAD kinase gene, indicates that availability
of these cofactors is not the reason for the observed variation
in the TrxR protein.

The above data challenges the paradigm shown in Figure
1A. Our data block the arrow to the left, and the lack of
GSSGR/Grx blocks the arrow to the right. Given this, we
revisited the T. acidophilum genome to search again for other
putative TrxR sequences and found none. Unless there is a
TrxR with a very different sequence, we have cloned the
only one in T. acidophilum.

If NADPH does not reduce this taTrxR, and this TrxR is
the only TrxR in T. acidophilum, and there are no obvious
GSSGR/Grx candidates, there must be some small molecule
that can provide reducing equivalents or the cytoplasmic
environment would quickly oxidize and the organism would
expire. One such molecule, coenzyme F420, has been shown
to be a physiological reductant in methane-reducing ther-
mophilic organisms (reviewed in refs 42-44). However,
genomic analysis of T. acidophilum does not reveal any of
the enzymes involved in the biosynthesis of F420. The lack
of molecular pathways for the biosynthesis of coenzyme
F420, along with the lack of other F420-dependent enzymes
in T. acidophilum, seems to indicate that coenzyme F420 is
not a reductant of taTrxR. Of course, we cannot rule out the

possibility that F420 is generated by a different set of
enzymes in this organism.

CONCLUSIONS

To date, there is no well-characterized example of an
organism that uses a reductant other than NADPH to
maintain its intracellular redox environment. Here we present
evidence that one organism, T. acidophilum, which does not
contain a Grx system, uses an alternative method to reduce
the bound FAD of the TrxR system. This work lays the
foundation for a biochemical search for the molecular redox
partners of T. acidophilum TrxR.
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