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ABSTRACT: Mt0807 is an 85-residue thiol-redox protein from the anaerobic archaebacteriumMethano-
bacterium thermoautotrophicum. Its small size, its participation in certain redox reactions, and the presence
of a “classic” glutareodoxin active-site sequence have led to the suggestion that it might be a glutaredoxin.
However, studies by previous workers indicated that it exhibited neither glutaredoxin-like nor thioredoxin-
like properties. To clarify the true role of this protein and its structure/functional relationship with a
paralogous thioredoxin (Mt0895, 28% sequence identity) and a recently characterized orthologous protein
(Mj0307, 51% sequence identity), we undertook a series of biochemical and biophysical studies.
Comparative enzymatic assays and thiol titration experiments were combined with NMR structural studies
and detailed 3D structure comparisons. Structurally, our results show that Mt0807 has a glutaredoxin-like
fold (central four-strandedâ-sheet core surrounded by two helices on one side and a third on the other).
However, more detailed comparisons with other members of the thioredoxin superfamily indicate that
Mt0807 actually has several key structural and active-site characteristics more common to a thioredoxin.
Furthermore, biochemical tests show that Mt0807 actually behaves as true thioredoxin. Comparisons
between Mt0807 and its paralogue, Mt0895, indicate these two archaebacterial thioredoxins share very
similar folds, but exhibit very different activities and likely serve somewhat different roles. On the basis
of its greater relative abundance and significantly stronger redox activity, we believe that Mt0807 is the
primary thioredoxin forM. thermoautotrophicum, while Mt0895 plays a minor or supportive role. We
also suggest that these two molecules (Mt0807 and Mt0895) may represent a group of ancient proteins
that were ancestral to both thioredoxins and glutaredoxins.

Thioredoxins and glutaredoxins are two classes of redox
active proteins which are members of the thioredoxin
superfamily. They take part in reactions such as redox control
of transcription factors, electron transport to ribonucleotide
reductase for the reduction of ribonucleosides, formation of
disulfides in protein folding, or defense against oxidative
stress and apoptosis (1-5).

Thioredoxins and glutaredoxins are characterized by
having a common fold (the thioredoxin fold, a central four-
stranded beta sheet flanked by three or four alpha helices)
and an active site motif consisting of Cys-Xaa-Xaa-Cys,
where Xaa corresponds to any naturally occurring amino acid
(6, 7). The cysteines in the active site, which undergo
reversible disulfide exchange reactions with their respective
substrates, are located at the N-terminus of a conserved alpha
helix (8). In the reduced form, the N-terminal cysteine is
generally solvent exposed and acts as a nucleophile, whereas
the more C-terminal cysteine is buried (9). The difference
between thioredoxin and glutaredoxin is that thioredoxin is
reduced to the dithiol form by NADPH and thioredoxin
reductase (the thioredoxin system), while glutaredoxin (2)
is reduced by the tripeptide glutathione (GSH),1 which in

turn is reduced by NADPH and glutathione reductase (the
glutaredoxin system). Thioredoxins and glutaredoxins can
also be distinguished by their lack of cross reactivity with
antibodies raised specifically against each protein (10). The
protein coded by gene 0807 ofMethanobacterium thermo-
autotrophicum(strain Marburg), a hyperthermophilic ar-
chaeon, has been shown by McFarlan and co-workers (10)
to be a redox protein with an active site sequence similar to
known glutaredoxins (-Cys-Pro-Tyr-Cys-) but with some
properties inconsistent with either a glutaredoxin or a
thioredoxin. Specifically, they reported that the protein does
not function as a glutathione-disulfide oxidoreductase in the
presence of glutathione/glutathione reductase, thereby sug-
gesting it was not a glutaredoxin. However, they also found
that even though it exhibited some thioredoxin-like proper-
ties, it was not a substrate for the thioredoxin reductase,
thereby suggesting that it was not a true thioredoxin either.
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Recent whole genome analyses of various hyperthermo-
philic organisms (11-17) as well as NrdH proteins isolated
from mesophilic organisms (5, 18) have revealed that there
are classes of small redox proteins that have sequences and
folds similar to glutaredoxins but which have true thiore-
doxin-like activities (19-21). Most interestingly, studies by
Bhattacharyya et al. (20) have revealed the presence of
another paralogous thioredoxin (Mt0895) inM. thermoauto-
trophicum that shares 28% sequence identity to Mt0807.
Additionally, work by Lee et al. (19) has demonstrated true
thioredoxin activity for a small redox protein fromMetha-
nococcus jannaschii(Mj0307) which has 51% sequence
identity to Mt0807.

To clarify the role of Mt0807 and its relationship (both
structural and functional) to its paralogue Mt0895, we
undertook additional biochemical/biophysical tests on Mt0807.
We have also determined its solution structure via NMR to
explore the structure-function relationship between Mt0807
and Mt0895. Our findings show that Mt0807, despite having
a classic glutaredoxin active site sequence (-Cys-Pro-Tyr-
Cys-) and a classic glutaredoxin fold, is actually a true
thioredoxin. Sequence comparisons, detailed structural analy-
ses of the charge distribution around the active site, as well
as enzymatic assays (which employed a more sensitive two-
step redox activity assay than used by previous workers (10))
clearly indicate that Mt0807 is similar to other known
thioredoxins from Archaea. Our data also show that Mt0807
is more oxidizing than its paralogue Mt0895, even though
the two proteins have very similar structures and appear to
use the same reducing system.

MATERIALS AND METHODS

Protein Expression, Purification, and Sample Preparation.
The Mt0807 gene was provided by professor Cheryl Ar-
rowsmith of the division of Molecular and Structural Biology,
Ontario Cancer Institute (Toronto, Canada). The gene was
subcloned into a pET15b vector (Novagen) and transformed
into a BL21 (DE3) strain ofEscherichia colifor expression.
The vector expresses the protein with an N-terminal hexa-
histidine tag followed by a thrombin cleavage site. Protein
expression was accomplished by growing the transformed
E. coli cells in a minimal (M9) growth medium. Uniform
isotopic enrichment with15N or 15N/13C was accomplished
by substituting the NH4Cl and/or glucose in the M9 medium
with 15NH4Cl and [U-13C]-glucose (Martek Labs, Richmond,
VA), respectively. Cells were grown at 37°C in shaker flasks
to an optical density of 0.6 and then induced with isopropyl-
â-D-thiogalactopyranoside (IPTG) to a final concentration
of 1 mM. The cells were allowed to grow for an additional
8 h before harvesting and centrifugation. Cell pellets were
resuspended in a lysis buffer (50 mM NaHPO4, 300 mM
NaCl, 10 mM imidazole, pH 8.0) using 5 mL of the buffer
per gram (wet weight) of cell pellet. Lysozyme was added
to a concentration of 10µg/mL. The mixture was then
incubated in dry ice for 30 min and thawed in a water bath
at 37°C for 30 min. This freeze-thaw process was repeated
three times. The lysed cells were then centrifuged at 15 000
rpm for 90 min at 4°C. The supernatant was isolated, and
RNase and Dnase 1 were added to a concentration of 10
µg/mL. The mixture was incubated at room temperature for
10 min and centrifuged at 15 000 rpm for 45 min. The protein
was then purified in the native condition using the nickel

nitrilotriacetic acid-agarose resin (Ni-NTA) column (Qiagen)
as described elsewhere (22). The histidine tag was not
cleaved from the protein as this type of tag does not interfere
with the spectral properties or functional activities of the
protein (77, 78).

NMR Spectroscopy.NMR samples were prepared by
dissolving about 6 mg of protein in 500µL of a buffer
solution (pH 6.0) made up of 50 mM NaH2PO4, 100 mM
NaCl, 50µL of D2O, 1 mM DSS, and 10µL of a 3% solution
of sodium azide. NMR experiments were recorded at 25°C
on a Varian Inova 500 MHz spectrometer equipped with a
5-mm triple resonance and pulse gradient accessories. Two-
dimensional1H-NOESY (mixing times of 80 ms and 150
ms), 2-D1H-TOCSY (mixing time of 60 ms) experiments
were acquired on the unlabeled sample (23, 24). Additionally,
1H-15N HSQC,1H-15N NOESY-HSQC (mixing time 80 and
150 ms), and1H-15N TOCSY-HSQC (mixing times of 50
and 100 ms) experiments were collected on the15N-labeled
sample (24, 25). In addition, HNCO (26) and HNCACB (27)
data were collected on the15N/13C labeled sample. All spectra
were processed with an in-house spectral processing program
(PROSIGN), which is a menu driven package written
specifically for the Varian VNMR environment.

Assignments and Experimental Restraints.Sequential
chemical shift assignments for Mt0807 were obtained by
identifying13CR(i) to 13CR (i-1) and 13Câ(i) to 13Câ(i-1)
connectivities from the HNCACB spectrum. The backbone
chemical shift assignment was then completed using data
from HNCO and1H-15N TOCSY-HSQC spectra. Side chain
1H assignments of each amino acid was then added using
the1H-15N HSQC (Figure 1) and spin systems obtained from
the 1H-15N TOCSY-HSQC spectra. Stereospecific assign-
ments of1Hâ protons were based on the intensities of1HN-
1Hâ and1HR-1Hâ cross-peaks in the1H-15N NOESY-HSQC
and 2-D1H-NOESY spectra. The methyl groups of Val and
Leu were assigned stereospecifically based on the intensity
of 1HN-1Hγ, 1HR-1Hγ cross-peaks. NOE distance restraints
were obtained from the1H-15N NOESY-HSQC and 2-D
1H-NOESY spectra. NOE peak intensities were obtained
from the volume integration of well resolved cross-peaks.
Assigned NOE restraints were classified into three distance
ranges: 1.8-2.7 Å, 1.8-3.5 Å, and 1.8-5.0 Å corresponding
to strong, medium, and weak NOE intensities, respectively.
Torsion angle constraints were predicted using an in-house
program called SHIFTOR (28), which calculates both the
phi and psi torsion angles from observed1HN, 1HR, 13CR,
13Câ, and 13CO chemical shifts. Hydrogen bond restraints
(dO-HN ) 1.6-2.4 Å anddO-N ) 2.6-3.4 Å) were identified
from the pattern of sequential and inter-strand NOEs involv-
ing amide and alpha protons and from the chemical shift
index (29).

Structure Calculations.Structures for Mt0807 were cal-
culated using X-PLOR version 3.851 (30). Sixty random
structures were generated using X-PLOR’s standard simu-
lated annealing protocol for NMR structure determination
(31, 32). Only NOE-derived internuclear distance constraints
representing the secondary structure elements were used (33).
These random structures were then regularized using the
distance geometry/simulated annealing protocol (dgsa.inp)
(32, 34, 35) of X-PLOR with additional sets of NOE
constraints. The regularization stage was repeated after
correcting NOE distance violations (usually by extending
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their upper distance limits) after visually reassessing the
corresponding NOE spectral intensities. Typically these
problem NOEs were borderline cases falling between the
strong/medium or medium/weak NOE intensity categories.
Dihedral angle and hydrogen bond restraints were then
introduced and the structures were further refined using
X-PLOR’s simulated annealing refinement (refine.inp) pro-
tocol for NMR structure determination (34). A total of 997
restraints (comprising of 214 intraresidue NOEs, 659 inter-
residue NOEs (345 sequential, 187 medium range and 127
long range), 82 dihedral angle restraints and 42 hydrogen
bonds) were used for the structure calculations. The final
set of 20 structures was selected based on the acceptance
criteria that no interproton distance violation could be more
than 0.5 Å, no torsion angle, bond angle, or improper dihedral
angle restraint violation could be greater than 5.0° and no
bond violation could be greater than 0.05 Å. The dihedral
angle and NOE-(distance)-refined structures were further
refined using the mini•shift•coup.inp protocol of X-PLOR
(36-38). This protocol refines the structures based on NOE
distance, dihedral angle, and chemical shift restraints. The
refined structures were analyzed with PROCHECK-NMR
(39) and VADAR (40). MOLMOL (41) was used to visualize
all the structures (Figure 2a,b) and to calculate the RMSD
values.

Measurement of Thiol Ionization in Mt0807 by UltraViolet
Absorbance.Thiol Ionization constants for Mt0807 were
measured using the protocol of Dyson et al. (42). Fresh
samples of Mt0807 (1.0 mL of a 1 mM sample in 0.1 M
potassium phosphate, 0.1 mM EDTA, pH 7.0 under argon)
was reduced using 1.0 mL of a 10 mM DTT. Excess DTT
was removed by dialysis against the same buffer under an
argon atmosphere. After dialysis, the protein sample was
diluted to a concentration of about 30µM in a 0.1 mM

EDTA, and 100 mM potassium phosphate buffer (pH 6.0).
Thiol ionization was monitored by measuring the protein
absorbance at 240 nm on a Pharmacia Biotech Ultraspec
3000 UV/Vis spectrophotometer. Small aliquots of 1.0 M
NaOH or 2.0 M HCl were added to adjust the pH up or
down. After each addition, the change in protein concentra-

FIGURE 1: 1H-15N HSQC spectrum from 1 mM Mt0807 in 500µL of a buffer solution made of 50 mM NaH2PO4, 100 mM NaCl, 50µL
of D2O, 1 mM DSS pH 6.0 and 10µL of a 3% solution of sodium azide, collected on Varian Inova 500 MHz spectrometer.

FIGURE 2: (a) A stereoview of the MOLMOL superposition of
backbone atoms from the 20 best calculated structures. (b) Ribbon
diagram of a representative structure of Mt0807.
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tion was noted at 280 nm. The concentration of Mt0807 was
calculated at 280 nm using an extinction coefficient of 3230
M-1 cm-1.

Measurement of Thioredoxin/Glutaredoxin actiVity. Thiore-
doxin/Glutaredoxin activity measurements were performed
using the method described by Holmgren (43). To assay for
glutaredoxin activity, a solution containing 750µL of 100
mM Tris HCl (pH 8.0) with 1 mM EDTA, 0.35 mM
NADPH, 1 mM glutathione, and 0.75 nM yeast glutathione
reductase (Sigma, St. Louis, MO) was prepared. After 5 min
of equilibration, a quantity (20µL of 0.2 mM) of either
Mt0807, Mt0895, E. coli thioredoxin (Sigma),E. coli
glutaredoxin (Sigma), or T4 glutaredoxin (44) was added to
the reaction mixture and the change in absorbance was
monitored at 340 nm. To assay for thioredoxin activity, a
solution containing 750µL of 100 mM Tris HCl (pH 8.0)
with 1 mM EDTA, 0.35 mM NADPH, and 0.02 mM of
either Mt0807, Mt895, T4 glutaredoxin, orE. coli thioredoxin
was prepared. After allowing the solution to equilibrate for
3 min, 20µL of a 0.01 mM solution ofE. coli thioredoxin
reductase (Sigma) was added and the oxidation of NADPH
was monitored at 340 nm using a Pharmacia Biotech
Ultraspec 3000 UV/Vis spectrophotometer. After 25 min,
40 µL of a 10 mM solution of DTNB (5,5′-dithiobis (2-
nitrobenzoic acid)) was added and the change in absorbance
at 412 nm was further monitored.

RESULTS

Solution Structure.Statistical parameters for the ensemble
of 20 calculated structures are presented in Table 1. All the
structures (Figure 2a) show good covalent geometry as
indicated by a low RMSD from idealized values and by low
NOE, dihedral angle, and van der Waals energies. The
refined structures were analyzed with PROCHECK-NMR
(39), which indicated that for all 20 structures, 99.0% of the
main chain (φ,ψ) angles fall into the allowed regions of the
Ramachandran map. With the exception of the active site
loop, (residues 12-16) and the C-terminus (residues 84-
85), all portions of the Mt0807 structure are well-defined
by NMR standards. The complete set of 20 Mt0807 structures
has been deposited with the Protein Data Bank (PDB
accession: 1NHO). The complete set of1H, 13C, and15N
chemical shifts has been deposited with the BioMagResBank
(BMRB accession number: 5622). Visual inspection of the
structure shows that Mt0807 is made up of a four-stranded
â-sheet sandwiched between two helices on one side and a

third on the other (Figure 2b). Theâ-sheets have a
vâ4Vâ3vâ1vâ2 orientation with helices 1 and 3 packing against
each other on one side of theâ-sheet and helix 2 on the
other. The fourâ-strands in Mt0807 include residues 3-8
(strandâ1), 34-39 (strandâ2), 58-61 (strandâ3), and 65-
68 (strandâ4). The first helix (R-helix1) is the longest and
runs from residue 19-30. The third helix (R-helix3) is on
the same side of the sheets asR-helix1 and is composed of
residues 74-84. The second helix (residues 45-50) exhibits
properties of a 310 helix and connects strandâ2 to â3. Despite
having “helical” chemical shifts, this 310 helix was found to
have the characteristic HR(i)-HN(i + 2) NOE connectivities
along its length and was marked by an absence of HR(i)-
HN(i + 4) NOE interactions (33). The presence of a 310 helix
was also confirmed by the secondary structure analysis of
the final protein structures with MOLMOL (41) and VADAR
(40). Another structural feature characteristic of the thiore-
doxin/glutaredoxin fold includes a cis-peptide bond (preced-
ing strandâ3) at Pro 57 (6). The presence of this cis-peptide
bond was confirmed by the characteristic HR(i)-HR(i + 1)
and HN(i)-HR(i + 1) NOE connectivities (33). Additionally,
the side chain of Phe 8 is found to pack into a hydrophobic
pocket formed by the N-terminus ofR-helix2 and it is highly
conserved in all disulfide oxido-reductases as either a tyrosine
or a phenylalanine residue (45). The topological arrangement
of the secondary structural elements (â-R-â-R-â-â-
R) and the overall 3D structure clearly indicates that Mt0807
has a glutaredoxin-like fold (2) as has been found for other
members of the archaeabacterial redox protein family
(19, 20).

Sequence and Structural Comparison with Other Thiore-
doxins and Glutaredoxins.Primary sequence analysis was
conducted on Mt0807 using PSI-BLAST (72). Results
obtained from the database search clearly show that Mt0807
belongs to the thioredoxin/glutaredoxin superfamily. It shows
relatively high sequence identity with orthologous members
in the Archaea family (ranging from between 51-28%) and
also with the bacterial thioredoxins/glutaredoxins. However,
the level of sequence identity of Mt0807 to the well-
characerized members of the thioredoxin superfamily rarely
exceeded 20%. Primary sequence alignment based on
structural alignments obtained from the Combinatorial
Extension (71) database was done on Mt0807 using repre-
sentative structures from the thioredoxin/glutaredoxin su-
perfamily. The structures included: thioredoxin H from
Chlamydomonas reinhardtii(1TOF), thioredoxin fromE. coli
(1XOB), Human thioredoxin (4TRX), thioredoxin fromM.
jannaschii(1FO5), thioredoxin fromM. thermoautotrophi-
cum(1ILO), glutaredoxin fromE. coli (1EGR), and human
glutaredoxin (1JHB). The result is shown in Figure 3 and it
indicates that even though the sequence identities might be
low, the secondary structure however is very much con-
served. These results also show that the active site sequence
in Mt0807 is a classic (-Cys-Pro-Tyr-Cys-) glutaredoxin
active-site sequence.

A qualitative structural comparison was carried out
between Mt0807 and other representative members of the
thioredoxin/glutaredoxin superfamily including: (i) T4 glu-
taredoxin (1DE1); (ii) thioredoxin (E. coli, 1XOB); (iii)
glutaredoxin-1 (E. coli, 1EG0); (iv) human glutaredoxin
(1JHB); (v) human thioredoxin-like (1GH2); (vi) thioredoxin
Mt0895 (1ILO) and (vii) thioredoxin Mj0307 (1F05). This

Table 1: Structural Statistics for Mt0807: (Final 20 Models)

total restraints used 997
total noe restraints 863

intraresidue 214
sequential (|i-j| ) 1) 345
medium range (1< |i-j| < 5) 187
long range (|i-j| > 4) 127

no. hydrogen bonds 42
no. dihedral restraints 82
coordinate precision (angstroms)

RMSD of all backbone atoms 0.55( 0.21 Å
RMSD of all heavy atoms 1.09( 0.33 Å

procheck nmr statistics
residues in most favored region 67.0%
residues in additional allowed region 30.6%
residues in generously allowed region 1.3%
residues in disallowed region 1.1%
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detailed visual analysis revealed obvious similarities among
all the structures as expected for the glutaredoxin/thioredoxin
superfamily. One difference of note between the structure
of Mt0807 and the standard glutaredoxin fold is the con-
nection betweenâ4 and R3. In the archaebacterial redox
proteins, this connection is made up of between 4 and 6
residues, whereas this junction inE. coli glutaredoxin-1 (and
all mesophilic prokaryotic or eukaryotic glutaredoxin struc-
tures) is rather short, typically consisting of a single glycine
residue (45). Therefore, this loop is more similar to that of
E. coli thioredoxin. Also helix2 is considerably shorter in
archaebacterial redox proteins than in glutaredoxins but
comparable to that of thioredoxin fromE. coli. It was also
observed that the connection betweenâ2 and R2 is much
shorter than inE. coli glutaredoxin but comparable to that
of E. coli thioredoxin. A hydrophobic pocket at the surface
and the loop betweenR2 andâ3 is a common determinant in
all other thiol redoxins, for the recognition and binding of
thioredoxin to thioredoxin reductase. This loop occupies a
complementary groove on the surface of thioredoxin reduc-
tase upon binding (46). In Mt0807, this loop (residues 51-
56) occupies a similar position and orientation when Mt0807
and the other thioredoxin-like proteins are superimposeds
much more so than when it is superimposed withE. coli
glutaredoxin. At the C-terminal end ofâ4 is glycine residue

(Gly69 in Mt0807), which is highly conserved in the
thioredoxin superfamily (47). This residue has been shown
to be important in binding of thioredoxin to other molecules
such as T7 DNA polymerase, thioredoxin reductase (48), or
in the assembly of filamentous phages (49). One unique
difference between the structure of Mt0807 and that of the
other known oxido-reductase proteins is that helix2 is a 310

helix in Mt0807, whereas it is an alpha helix in the others.
More quantitative comparison of the structure of Mt0807
with other known thioredoxins/glutaredoxins was also achieved
by submitting the representative structure of Mt0807 to be
searched against the PDB, Dali (68, 69), SCOP (70), and
CE (71) databases. The results are listed in Table 2 and
commented on in the discussion section.

Thiol Ionization by UV Spectroscopy.The thiol ionization
measurement of the pKa is based on the principle that the
thiol (-SH) and the thiolate ion (-S-) absorbs UV light to
different extents at a wavelength of 240 nm with a difference
in extinction coefficient of about 4000 M-1 cm-1 (50-52).
This extinction coefficient difference is sufficiently high to
permit facile monitoring of thiol ionization without interfer-
ence from peptide absorption bands at 200-220 nm or
aromatic absorption bands at 260 nm. Figure 4 shows the
result of the thiol ionization test conducted on Mt0807. A
titration is clearly visible with a midpoint at∼pH 6.2 and a

FIGURE 3: Structure-based sequence alignment of Mt0807, thioredoxin H fromChlamydomonas reinhardtii(1TOF), thioredoxin fromE.
coli (1XOB), human thioredoxin (4TRX), thioredoxin fromM. thermoautotrophicum(1ILO), thioredoxin fromM. jannaschii (1FO5),
glutaredoxin fromE. coli (1EGR), and human glutaredoxin (1JHB). Theâ-strands andR-helices are marked gray. The 100% conserved
residues are enclosed in a box.

Table 2: Protein Structures Similar to Mt0807 Derived from the SCOP Database

protein Z score RMSD
alignment

length
sequence

length
no of
gaps PDB code

thioredoxin Mt0895 (Methanobacterium thermoautotrophicum) 8.58 2.9 60 77 5 1ilo
thioredoxin Mj0307 (Methanococcus jannaschii) 8.47 3.2 69 85 6 1fo5
glutaredoxin (Escherichia coli) 8.40 3.3 64 85 6 1egr
glutaredoxin (Bacteriophage T4) 8.31 3.3 64 87 7 1de2
thioredoxin H (Chlamydomonas reinhardtii) 8.0 3.5 74 112 4 1tof
thioredoxin-like (2Fe-2S) ferredoxin (Aquifex aeolicus) 7.8 3.2 64 109 6 1f37
glutaredoxin (Bacteriophage T4) 7.6 3.4 65 87 6 1aaz
glutathione transferase P1-1 (Homo sapiens) 7.5 3.7 67 209 5 1eoh
glutathione transferase P1-1 complexed with cibacron blue (Homo sapiens) 7.4 3.7 66 208 6 20gs
thioredoxin (Homo sapiens) 7.4 3.3 71 105 5 3trx
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change in extinction coefficient of about 7900 M-1 cm-1

between pH 5.90 and 6.40, corresponding to two thiols
titrating at the same pH. Fitting this value to the Henderson-
Hasselbach equation gives an approximate pKa of 6.23 for
both Cys13 and Cys16 in the active site of the enzyme. The
curve also shows other groups possibly titrating in the basic
medium, although this may be due to the partial unfolding
of the protein at high pH (42).

Thioredoxin ActiVity. Thioredoxin reductase specifically
reduces oxidized thioredoxin to reduced thioredoxin using
NADPH. The reduced thioredoxin forms a powerful protein
disulfide reductase and spontaneously reduces other oxidized
proteins. This is expressed in eqs 1 and 2 below and it
describes the principle behind all thioredoxin/thioredoxin
reductase assays (53).

Thioredoxin reductase is an FAD-containing enzyme and
functions by transferring reducing equivalents to a disulfide
bond in the active site of a redox protein via FAD. The
thioredoxin reductase subunits contains FAD and NADPH
binding domains and studies suggest that thioredoxin reduc-
tase must undergo a large conformational change during
enzyme catalysis for oxidized thioredoxin to be reduced by
the dithiol of the reduced enzyme (54). E. coli thioredoxin
reductase is specific for its homologous oxidized thioredoxin
molecule, but it also shows reactivity with other thioredoxin
molecules from other organisms (53). The results of the
thioredoxin activity assay for Mt0807 indicate that the first
part (Figure 5b) of the two-step reaction is occurring in all
the proteins used in the test. This indicates that thioredoxin
reductase is reducing the proteins and Mt0807 is by far the

most oxidizing protein of the protein molecules tested. The
second step (Figure 5c) seems to be nonexistent for Mt0807,
while T4 glutaredoxin andE. coli thioredoxin showed the
highest activity and Mt895 shows only moderate activity. It
is worth noting here that T4 glutaredoxin is the only redox
protein reported to have both glutaredoxin and thioredoxin
activity (10, 55). Our results suggest that even though
Mt0807 is showing a very strong interaction withE. coli
thioredoxin reductase, it lacks the spontaneous reduction
activity observed for many thioredoxin-like molecules in its
class. Mt0807 is, therefore, more of an oxidizing protein than
a reducing one. This is manifested by its low pKa value and
may also be related to the very reducing environmental niche
that M. thermoautotrophicumoccupies (8, 19, 56).

Glutaredoxin AciVity. Glutaredoxin activity is shown by
Holmgren (57) as a two-step reaction as indicated by eqs 3
and 4 below.

FIGURE 4: Measurement of thiol ionization in Mt0807 by ultraviolet
absorbance at 240 nm. Theε240 (extinction coefficient at 240 nm)
from pH 5.0 to 10.0 of a solution of Mt0807 containing 30µM
protein was recorded in 0.1 mM EDTA and 100 mM potassium
phosphate buffer.
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FIGURE 5: Measurement of thioredoxin and glutaredoxin activity
via ultraviolet absorbance (a) Glutaredoxin activity kinetics. The
∆A340 (change in absorbance at 340 nm) for T4 glutaredoxin (* ),
E. coli glutaredoxin ([), E. coli thioredoxin (9) Mt0895 (b) and
Mt0807 (2). (b) Thioredoxin activity kinetics (oxidation of
NADPH). The ∆A340 (change in absorbance at 340 nm) for T4
glutaredoxin (9), E. coli thioredoxin ([), Mt0895 (2) and Mt0807
(b). (c) Thioredoxin activity kinetics (reduction of DTNB). The
∆A340 (change in absorbance at 340 nm) for T4 glutaredoxin (9)
E. coli thioredoxin ([), Mt0895 (2), and Mt0807 (b).
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The glutaredoxin activity test, therefore, should depend on
the ability of the redox protein to bind and oxidize glu-
tathione. Figure 5a shows the results of this test for T4
glutaredoxin, E. coli glutaredixin, E. coli thioredoxin,
Mt0895, and Mt0807. The glutaredoxin activity observed for
Mt0807 is more than that observed for Mt0895 (a recently
characterized thioredoxin fromM. thermoautotrophicum) and
E. coli thioredoxin. It has been demonstrated thatE. coli
thioredoxin is reduced extremely slowly by NADPH, GSH,
and glutathione reductase (55). The activity of Mt0807 is
however much lower than those observed for T4 glutaredoxin
and E. coli glutaredoxin. The weak glutaredoxin activity
observed for Mt0807 could be due to some hydrophobic
binding to glutathione and the high oxidative properties that
it exhibits.

DISCUSSION

Sequence and Structure Comparison.Sequence compari-
son between Mt0807 and “standard” thioredoxins/glutare-
doxins (Figure 3) indicate that only a few residues are fully
conserved. As a rule, the active site sequence -Trp-Cys-
Gly-Pro-Cys- is highly conserved in the thioredoxins where
as the glutaredoxins have the conserved -Cys-Pro-Tyr-
Cys- sequence in their active site (20). On the basis of its
sequence alone, Mt0807 would be expected to behave like
a glutaredoxin. Furthermore, the structure of Mt0807 clearly
shows that it has a glutaredoxin-like fold. Typically, a
glutaredoxin fold is similar to a thioredoxin-like fold except
that the N-terminal residues (forming aâ-R secondary
structure) are truncated. However, more detailed structural
comparisons with other members of the thioredoxin super-
family indicate that the general fold, even though similar to
that of glutaredoxin, has several characteristics more common
to a thioredoxin. Furthermore, biochemical tests suggest
Mt0807 functions much more like a thioredoxin.

Submission of the representative structure to search for
structure neighbors in the DALI, CE, SCOP, and PDB
databases yielded very useful results. Table 2 lists the
summary of the top hits from a SCOP database search. These
same hits were also among the top hits in the CE, PDB, and
Dali databases. The structures were assessed by their Z
scores, alignment length, and RMSD values. Interestingly,
the top hits from all these searches were from Archaebacteria
with Mt0807’s paralogue, Mt0895 topping the list and
Mj0307 (its othologue) in second place. These were followed
by the glutaredoxins and then bacteriophage T4 glutaredoxin.
At the bottom of the list were either the thioredoxins or
glutathione transferases. These results indicate that even

though Mt0807 is a true thioredoxin, its overall fold is closer
to the glutaredoxins than the thioredoxins, suggesting (in
addition to other evidence discussed below) that it may be
ancestral to the glutaredoxins.

While these fold comparisons are useful for understanding
the possible evolution or phylogeny of archaebacterial
thioredoxins, it is also important to emphasize that more
detailed structural comparisons can help explain Mt0807’s
observed activity. In particular, the similarities between
Mt0807 and other known thioredoxins in terms of the length
and orientation of helix2, the loop connecting helix2 and
strandâ3, the presence of a glycine residue at the C-terminal
end of strandâ4 and the hydrophobic pocket on the surface
of the moleculesall of these features are key determinants
for thioredoxin reductase binding (48), which is observed
for Mt0807. Additional structural comparisons between
Mt0807 and known glutaredoxins show that Mt0807 lacks
the positively charged residues at the opposite sides of its
redox-active disulfide bridge which are thought to be
essential to glutaredoxin activity.

Thiol Ionization by UV Spectroscopy.The thiol ionization
test performed clearly gave results that are consistent with
those observed forE. coli thioredoxin and with other
archaeabacterial thioredoxins. The structure of Mt0807
obtained by NMR shows that the active site cysteines (Cys13
and Cys16) are in a loop between strand-â1 andR-helix 1
(Figure 2b). Cysteine 13 is exposed, while cysteine 16 is
buried. As observed forE. coli thioredoxin, the-SH group
of Cys13 is expected to be neutralized prior to Cys16 as the
pH is increased (9). Thus, forE. coli thioredoxin, the pKa’s
for the exposed and buried cysteines have been reported to
be 7.1 and 9.9, respectively (42). In glutaredoxins, the pKa

of the exposed cysteine is typically below 5 (those of
thioredoxins are above 6.5), while the buried cysteine
typically has a pKa above 9 as in thioredoxins (58-60). It
has also been found that the ionization of the active site thiols
is significantly affected by the presence of other charged
groups in the molecule. InE. coli, these groups are Asp26
and Lys57 and when either one or both residues are mutated
in E. coli, the two thiols either titrate simultaneously with
the same pKa value (42, 61) or titrate at very close/similar
pKa’s (62). Aspartic acid 26 is completely buried and in close
proximity to the active site (the closest approach being the
carboxyl group of Asp26 to the sulfur of Cys35 at 5.9 Å in
reduced thioredoxin and 5.6 Å in oxidized thioredoxin (63)).
The function of Lys57 is not completely clear, but it is
thought to be a possible hydrogen bond donor or salt bridge
partner for the Asp 26 carboxyl group (42). The pKa of
thioredoxins/glutaredoxins is also influenced by the residues
between the active site thiols (19).

Structural analysis of the Mt0807 protein shows that
neither of these groups (Asp or Lys) is proximal to the sulfur
of Cys16. Thus, a two-step endpoint with very similar pKa’s
or a single pKa for both thiols would be expected (as was
observed). The pKa value of 6.23 for both thiols is more
typical for the exposed cysteine of thioredoxins than for
glutaredoxins (64, 65). Our thiol titration result is in close
agreement with the published value of an orthologous protein
(Mj0307) from Methanococcus jannaschii(pKa 6.27) with
which Mt0807 has 51% sequence identity (19). Our results
also agree closely with the value (6.7) obtained for its
paralogue, Mt0895. The low pKa value is also consistent with
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the strong oxidative properties shown by Mt0807 in the
thioredoxin activity test (8, 19).

Thioredoxin ActiVity. The thioredoxin activity test used
here allows the two steps involved in the reaction to be
monitored separately. Thus, one may ascertain which step
is taking place and which is not. The first part of the reaction
involves the binding and interaction with thioredoxin reduc-
tase, and our results clearly indicate that this step is taking
place for all the four proteins used in the experiment. This
observation confirms the thioredoxin-like nature of Mt0807
and the extent of the oxidation seen here (which is quite
high) is in close agreement with what would be expected on
the basis of results recently published by Mossner et al. (8).
These workers demonstrated that when the dipeptide se-
quence between the active site cysteines in a thioredoxin is
mutated from the wild type (-Cys-Gly-Pro-Cys-) to those
of a glutaredoxin (-Cys-Pro-Tyr-Cys-), a protein disulfide
isomerase (-Cys-Gly-His-Cys-), or a DsbA (-Cys-Pro-
His-Cys-), all the variants proved to be stronger oxidants
than the wild type (8). The order of oxidizing strength was
reported to be glutaredoxin-type> DsbA-type> PDI-type
> wild-type with the most oxidizing mutant having the
lowest pKa value for the exposed active site cysteine (pKa

of 5.9). A similar result (73) was obtained when the Pro in
the dipeptide sequence between the active site cysteines in
E. coli was mutated to His to mimic that of PDI (protein
disulfide isomerase). The mutagenized thioredoxin had an
increased redox potential resulting in significant increase in
ability to serve as a substrate for thioredoxin reductase and
a decrease in its ability to reduce protein disulfides (73). The
active site sequence of Mt0807 is the same as that of a
glutaredoxin (-Cys-Pro-Tyr-Cys-), so it is not surprising
that Mt0807 exhibits strong oxidizing activity. The second
step in the reaction, a reduction step, is almost nonexistent
for Mt0807 as compared to the control proteins. This is
expected for a molecule which is such a strong oxidant. This
result may also explain why Mt0807 fromM. thermoautrophi-
cum (Strain Marburg) was originally reported as not being
a substrate for thioredoxin reductase (10). In all the thiore-
doxin/thioredoxin reductase assays used by McFarlan and
co-workers (10), it was the reduction step, not the binding
step, which was measured.

Glutaredoxin ActiVity. To more fully understand the
apparent glutaredoxin activity in Mt0807, it is perhaps
worthwhile reviewing what is known about a much better
characterized glutaredoxin- E. coli glutaredoxin.E. coli
glutaredoxin activity is attributed to residues 12-13 in the
active site (Pro-Tyr), 59-60 (Val-Pro), and 69-71 (Gly-
Gly-Tyr), which form a hydrophobic surface on one side
of the redox-active site. This hydrophobic surface has been
suggested to be the binding site for glutathione and other
proteins for the redox reaction (47). It is also postulated that
Arg8, Lys18, and Asp19 inE. coli glutaredoxin, which are
located at the opposite sides of the redox active disulfide
bridge, may be involved in the actual redox process. An Asp
residue located at the N-terminus of the third helix inE.
coli glutaredoxin is also found in most glutaredoxins (20).
These charged residues, which are all near the active site,
have been implicated in the specific participation of ionic
interactions with glutathione (66, 67). The structure of
Mt0807 shows similar positions of equivalent residues which
may form the same hydrophobic binding surface (residues

15-16 of the active site (Pro-Tyr), 56-57 (Val-Pro), 67-
69 (Phe-Val-Gly)). However, Mt0807 lacks the positively
charged residues at the opposite sides of the redox-active
disulfide bridge which are thought to be essential in the actual
redox process. In our assays, Mt0807 exhibited some
oxidation of glutathione; however, this was small compared
to that ofE. coli glutaredoxin and T4 glutaredoxin. The low
level of glutathione oxidation which was observed could be
attributed to nonspecific binding of glutathione and the
intrinsic oxidative ability of Mt0807. Glutathione is essential
for glutaredoxin function and a literature search revealed that
most archaeabacteria, includingM. thermoautotrophicumdo
not contain glutathione or a glutathione-like cystolic thiols
(10, 19, 20). Since glutathione has not been isolated in this
organism, it seems reasonable to suggest that the activity
obtained was perhaps more an artifact of its structural or
sequential similarity to glutaredoxin than its evolved function.
However, it could also be argued that this activity is an early
precursor toward glutaredoxin activity.

Functional Relationship between Mt0807 and Mt0895. An
important question that may be asked is why does a simple
archaeon likeM. thermoautotrophicumhave two thioredox-
ins? It is important to note that most eubacteria and all
eukaryotes have both a thioredoxin and a glutaredoxin
encoded in their genomes. This redundancy in redox function
for these organisms may have arisen because the activities
sustained by glutaredoxin and thioredoxin (DNA synthesis,
transcriptional control, and protein function regulation) are
so vital to an organism’s viability (74). The same may be
true for M. thermoautotrophicumand other archeons, too.

Structural characterization and biochemical assay com-
parisons between Mt0807 and Mt0895 indicate that both
proteins have similar structures, and both use the same
reducing system (the thioredoxin system). Mt0807 is,
however, more oxidative and seem to have very little
reductive ability as compared to Mt0895. Evidence suggests
that Mt0807 is the much more abundant protein inM.
thermoautotrophicum, especially when grown under native-
like anaerobic conditions (10). The strong reducing environ-
ment in which this organism thrives (19) suggests the need
for a strongly oxidizing form of thioredoxin to provide the
reducing equivalents to ribonucleotide reductase for DNA
synthesis. It appears that Mt0807 fits the bill. In contrast,
Mt0895 which is the less abundant protein may be a “back-
up” to Mt0807 or it may be involved in other, less important
disulfide redox activities within the cytoplasm. Alternately,
Mt0895 may be the thioredoxin produced whenM. ther-
moautotrophicumis exposed to more aerobic conditions.

While both Mt0895 and Mt0807 are true thioredoxins, in
some respects, Mt0807 seems to play the role of a glutare-
doxin (with its strong oxidizing potential and other physical
features), while Mt0895 seems to play the role of a
thioredoxin. Given the “archaic” nature of Archea and their
hypothesized role in eubacterial and eukaryotic evolution,
we would suggest that Mt0807 and Mt0895 may be molec-
ular “fossils” representing an early branch point in the
evolution of glutaredoxins and thioredoxins. One could
speculate that Mt0807 (or a related ancient variant) main-
tained its size, shape, and active site residues but changed
certain adjacent charged residues to become a glutaredoxin,
while Mt0895 (or a related ancient variant) lengthened and
slightly changed its active site to become a more effective
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thioredoxin. The dual characteristics (thioredoxin-like and
glutaredoxin-like) shown by Mt0807, such as the sequence
and active site similarities to glutaredoxins (10), overall
structure similarity to glutaredoxins, but with structural
details and enzymology more akin to thioredoxins, are all
factors that would seem to support this assertion. Glutathione
(GSH) is known to be absent inM. thermoautotrophicum
(10, 19, 20); however, it is widely distributed in high
concentrations (0.1-10 mM) in animal tissues, plants, and
microorganisms (75, 76). It might be that when glutathione
became more abundant 1-2 billion years ago, Mt0807-like
proteins may have evolved toward a glutaredoxin-like
function, using GSH to provide the reducing equivalents for
ribonucleotide reductase for DNA synthesis. The relatively
small number of residue changes (i.e., two positively charged
residues around the active site) that may be needed to convert
Mt0807 to a fully functional glutaredoxin (10) suggests that
the evolutionary process may have been relatively quick and
facile.

CONCLUSION

This project was undertaken to clarify/identify the possible
redox role of Mt0807. Earlier workers had found conflicting
evidence about the possible functions for this protein and
had suggested that Mt0807 may be part of a distinct
ribonucleotide-reducing system involving ferredoxins and
ferredoxin-thioredoxin reductases (10). This suggestion arose
because of the apparent inactivity between Mt0807 and
thioredoxin reductase. Using an improved, two-part thiore-
doxin reductase assay, we have shown that Mt0807 does
indeed interact with thioredoxin reductase. In addition,
functional and structural comparisons of Mt0807 to an
orthologous (51% identity) thioredoxin fromM. jannaschi
as well as detailed analysis of its own surface topology
indicate that Mt0807 is indeed a true thioredoxin and that it
belongs to the thioredoxin-thioredoxin reductase system of
redox proteins. To further confirm this assessment, we have
conducted sequence searches against theM. thermoau-
totrophicumgenome to attempt to identify possible ferre-
doxin-thioredoxin homologues and have found no significant
(E < 0.0 1) hits. This evidence strongly indicates that Mt0807
is not part of a distinct ribonucleotide-reducing system as
had been postulated earlier. However, the unusual activity,
sequence, and structure of Mt0807 (and its paralogue
Mt0895) have led us to speculate that these two molecules
may represent a group of ancient proteins that were ancestral
to both thioredoxins and glutaredoxins.
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