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High-resolution structures of oxidized and reduced

thioredoxin reductase from Helicobacter pylori

The crystal structures of homodimeric thioredoxin reductase
(TrxR) from the gastric pathogen Helicobacter pylori in
complex with NADP" have been determined for the oxidized
and reduced form of the enzyme at 1.7 and 1.45 A resolution,
respectively. The enzyme subunit is built up of FAD- and
NAD(P)H-binding domains, each of which contain variants of
the Rossmann fold typical of nucleotide-binding proteins. The
majority of the amino-acid residues binding the cofactors FAD
and NAD(P)H are conserved in the low-molecular-weight
thioredoxin reductases. In the reduced species the isoallox-
azine ring of FAD is bent along an axis passing through the N5
and N10 atoms with an angle of 22° and the ribityl moiety
adopts an unusual conformation. Well defined electron density
shows the position of the whole NADP* molecule with a
binding mode similar to that observed in the Escherichia coli
TrxR-thioredoxin complex, although the orientation of the
NAD(P)H-binding domain is different. Rigid-body rotation of
this domain to the orientation observed in the E. coli TrxR-
thioredoxin complex positions NADP" adjacent to the FAD
molecule, suitable for electron transfer, without any readjust-
ments of the conformation of NADP*. A comparison of the
binding surfaces of thioredoxin and thioredoxin reductases
from H. pylori and E. coli shows that the overall surface
charge distribution in these proteins is conserved and that
residue substitutions that change the shape of the binding
surface may account for the species-specific recognition of
thioredoxin by TrxR.

1. Introduction

The gastric pathogen Helicobacter pylori is the main aetio-
logical agent in peptic ulcer disease and type B gastritis and
has been classified as a definite carcinogen by the World
Health Organization owing to its strong correlation with
gastric carcinoma and gastric lymphoma (Suerbaum &
Michetti, 2002). It has been estimated that half of the world
population is infected, with frequencies ranging from 20 to
80% and showing a clear correlation with low developmental
and socioeconomic status (Kusters et al., 2006; Bjorkholm et
al., 2003). Like many other pathogens, H. pylori shows
increasing resistance towards commonly used antibiotics,
which gives rise to concerns about future capabilities for
clinical treatment (Calvet, 2006). Therefore, there is an
obvious need to characterize new antibacterial targets in H.
pylori.

Colonization of the host by H. pylori often results in a
strong inflammatory response, with a massive production of
reactive oxygen species (Matthews & Butler, 2005). Although
H. pylori is a microaerophile that requires low oxygen tension
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for in vitro cultivation, it is able to withstand this onslaught
and establish persistent infections. Several different enzymatic
activities are responsible for protection against these condi-
tions, some of which are thioredoxin-dependent (Wang et al.,
2006).

Thioredoxin (Trx), a widely expressed 12 kDa protein, is a
key participant in several crucial cellular pathways
(Holmgren, 1985). Trx contains two active-site cysteine resi-
dues that transfer electrons to the substrate, generating a
disulfide. Thioredoxin is in turn reduced by thioredoxin
reductase, which together with NADPH makes up the thio-
redoxin system (Holmgren & Bjornstedt, 1995; Arner &
Holmgren, 2000). The thioredoxin system is present in all
organisms so far investigated and in most cases is comple-
mented by the glutathione/glutaredoxin system (Fernandes &
Holmgren, 2004). Reduced thioredoxin is an electron donor
for ribonucleotide reductase, protein methionine sulfoxide
reductase and thioredoxin-dependent peroxidases (Ritz &
Beckwith, 2001; Kondo et al., 2006; Lillig & Holmgren, 2007).

Unlike other bacteria, H. pylori lacks glutathione and
glutathione-dependent enzymes such as glutaredoxins (Fahey,
2001). However, in the H. pylori genome there are two genes
encoding thioredoxins and one gene encoding a thioredoxin
reductase (Baker et al., 2001), suggesting a strong dependence
on the thioredoxin system for reduction of the essential
enzyme ribonucleotide reductase and protection against
oxidative stress.

Thioredoxin reductase (TrxR; EC 1.6.4.5) is a member of
the pyridine nucleotide-disulfide oxidoreductase family
(Luthman & Holmgren, 1982; Holmgren & Bjornstedt, 1995;
Williams et al., 2000). Enzymes belonging to this family, for
example TrxR (Kuriyan et al., 1991), glutathione reductase
(GR; Karplus & Schulz, 1989), lipoamide dehydrogenase
(Mattevi et al., 1992), trypanothione reductase (Zhang et al.,
1996) and mercuric ion reductase (Schiering et al., 1991), are
characterized by a common fold, a redox-active disulfide bond
and a tightly bound FAD molecule. The members of this
family reduce disulfide bonds in many different substrates,
catalyzing electron transfer from NAD(P)H via a flavin to a
disulfide-containing substrate. The TrxRs present in prokary-
otes, yeast and plants differs from other members of the family
(including GR and mammalian TrxR) in several aspects: they
lack the interface domains that are responsible for dimeriza-
tion in other proteins belonging to this family and the active
disulfide is located at different regions of the chain. Further-
more, a large rotation of one domain in low-molecular-weight
TxrRs is necessary for completion of the catalytic cycle
(Lennon et al., 2000), in contrast to the mechanism of the
larger mammalian enzymes (Zhong et al., 2000; Sandalova et
al., 2001; Biterova et al., 2005).

All plant and microbial TrxRs have subunits of MW 33—
37 kDa, in contrast to 55 kDa or larger for the mammalian
TrxRs. Three-dimensional structures of low-molecular-weight
TrxRs from three different organisms have been published:
those from E. coli (Kuriyan et al., 1991; Waksman et al., 1994),
Arabidopsis thaliana (Dai et al., 1996) and Mycobacterium
tuberculosis (AKkif et al., 2005). The alignment of the amino-

acid sequence of H. pylori TrxR with that of TrxRs of known
three-dimensional structure shows 35-37% identity, sugges-
ting that the overall folds of these proteins are the same.

Here, we report the three-dimensional structure of wild
type H. pylori thioredoxin reductase complexed with NADP*
as the oxidized and sodium dithionite-reduced species. The
crystal structure analysis provides insights into the archi-
tecture of the active site and forms the basis of a comparison
to other members of the low-molecular-weight TrxR
subfamily.

2. Experimental procedures
2.1. Protein production

E. coli strain BL21(DE3) TrxB~ (with chromosomal in-
activation of the gene coding for E. coli thioredoxin reductase)
was transformed with the plasmid pPROK/TR harbouring the
gene (HP0825) encoding H. pylori thioredoxin reductase from
strain 26695 (Baker et al., 2001). Large-scale production was
performed in 201 fermentor format, in which the cells were
grown to an ODygq, of 0.7 at 310 K in standard LB medium.
Gene expression was induced with 1 mM IPTG for Sh at
310 K, after which the cells were harvested, frozen and
disrupted using a French press.

2.2. Protein purification

A 10.5 g cell pellet (equivalent to 51 culture) was thawed
and resuspended in 120 ml 50 mM Tris buffer pH 8.0
containing 1 mM EDTA, 0.1 mM FAD, 0.1 mg ml~" lysozyme,
4 ug ml~' DNAse I, 1 mM PMSF and two Complete EDTA-
free protease inhibitor tablets (Roche). The lysate was
sonicated on ice, cleared by centrifugation for 1 h at 20 000g
and precipitated with 80% (NH,;),SO,4. The slurry was
centrifuged for 90 min at 20 000g, the pellet was resuspended
in 50 ml 50 mM Tris—-HCI pH 8.0, 1 mM EDTA (buffer A),
centrifuged again for 1 h at 20 000g and desalted using a G25
Sephadex column equilibrated with the same buffer. The
desalted solution was loaded onto a DEAE-Sephacel column
(120 ml) equilibrated with buffer A, washed with one column
volume of buffer A followed by several column volumes of
50 mM Tris—-HCI pH 7.5, 1.0 mM EDTA (buffer B) and eluted
using buffer B by increasing the concentration of NaCl step-
wise from 50 to 200 mM. After elution, the protein was
directly loaded onto a 2',5-ADP-Sepharose column (35 ml
bed volume) equilibrated with buffer B, washed with several
column volumes of buffer B, increasing the concentration of
NaCl stepwise to 200 mM, and eluted using the same buffer by
a stepwise increase of the salt concentration to 1.0 M. The
purest fractions as judged by visual inspections of Coomassie-
stained SDS-PAGE were concentrated to 20 mg ml~' and
separated on a pre-packed 16/60 Superdex 200 gel-filtration
column equilibrated with 50 mM Tris-HCl pH 7.7, 1 mM
EDTA at a flow rate of 0.5 mlmin~'. The purest fractions
were pooled, concentrated to about 30 mg ml™" and stored at
277 or 193 K until further use. Typically, 15-20 mg electro-
phoretically pure protein was obtained per litre of culture.
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Table 1

Data-collection and refinement statistics of TrxR from H. pylori.

Values in parentheses are for the highest resolution shell.

Oxidized Reduced
Data collection
Resolution (A) 64.0-1.7 64.0-1.45
(1.79-1.70) (1.53-1.45)
Space group P2, P2,
Unit-cell parameters
a(A) 50.1 50.4
b (A) 99.2 99.4
c(A) 64.4 64.8
B () 100.0 97.9
No. of reflections
Observed 237222 370050
Unique 66999 105645
(Ilo(D)) 16.6 (2.1) 18.0 (4.0)
Completeness (%) 98.4 (90.1) 94.5 (69.7)
Rumerge (%) 5.9 (42.9) 5.7 (19.5)
No. of monomers per ASU 2 2
Solvent content (%) . 48 48
B factor from Wilson plot (A%) 25.0 14.5
Refinement statistics
Reryst (%) 18.8 16.9
Riree (%) 22.6 19.4
No. of atoms with occupancy > 0
Total 5249 5521
Protein 4690 4789
FAD 106 106
NADP* 96 96
Solvent 357 530
B factors (A?)
Average 29.4 16.5
Protein main chains 282 14.4
Protein side chains 30.1 16.9
FAD 212 10.8
NADP* 21.3 20.1
Solvent 38.2 25.8
R.m.s.d. from ideal geometry
Bond lengths (A) 0.011 0.008
Bond angles (°) 1.60 1.48
Ramachandran plot
Residues in most favoured regions (%) 90.0 90.0
Residues in disallowed regions (%) 0.0 0.0

2.3. Crystallization

4 ul protein solution (10-15mgml™' enzyme in 50 mM
Tris-HCI, 1 mM EDTA pre-incubated with 15 mM NADP"
and 30 mM MgCl, for 30 min) was mixed with 1 pl 71 mM
pentaethylene glycol monooctyl ether or 80 mM CHAPSO
and 4 pl well solution containing 20-25% PEG 1500, 100 mM
MIB buffer composed of malonic acid, imidazole and boric
acid (Newman, 2004) pH 6.0 in sitting-drop plates and the
drops were allowed to equilibrate for 2-3 d, after which
streak-seeding was performed. Crystals usually appeared after
2-5 d and grew to full size in 2-4 weeks. The best diffracting
crystals were generally obtained after two or three rounds of
streak-seeding and grew as bright yellow rods.

2.4. Crystallographic data collection

X-ray data were collected at a temperature of 100 K and a
wavelength of 0.9393 A at the synchrotron beamline 1D23-1,
ESRF, Grenoble to 1.45 A resolution for reduced TrxR and
1.7 A resolution for the oxidized enzyme. In order to prepare

reduced TrxR, crystals were briefly soaked in crystallization
buffer containing 35% PEG 1500 for cryoprotection and
100 mM sodium dithionite. X-ray data were processed with
MOSFLM (Leslie, 1992) and scaled using the program
SCALA from the CCP4 suite (Collaborative Computational
Project, Number 4, 1994). The statistics of the data sets are
given in Table 1. The crystals belong to the monoclinic space
group P2;, with unit-cell parameters a = 50.1, b = 99.2,
c=644 A, B=100.0° for oxidized TrxR and a = 50.4, b = 99.4,
c =648 A, B = 97.9° for reduced TrxR. Estimation of the
solvent content suggested that the asymmetric unit is
most likely to contain a dimer (Mathews coefficient =
238 A®Da™!).

2.5. Molecular replacement and crystallographic refinement

Molecular replacement was carried out using the program
MOLREP (Vagin & Teplyakov, 1997). Of the members of the
bacterial pyridine nucleotide—disulfide oxidoreductase family
of known three-dimensional structure, the amino-acid
sequence of H. pylori TrxR is most similar to those of the
enzymes from M. tuberculosis (37% identity) and E. coli
(35%). A polyserine model of a monomer of E. coli TrxR
(PDB code 1tde) was generated and used as a search model
for the data set collected from the oxidized TrxR crystal. The
calculations resulted in two solutions above all others, giving
one dimer in the asymmetric unit with R = 54.4% and perfect
crystal packing. The next best solution had an R value of 59%.

The coenzyme FAD was excluded from the search model
and the correctness of the molecular-replacement solution was
confirmed by electron density for FAD appearing at the
expected positions. Refinement of oxidized TrxR was
performed with REFMACS (Murshudov et al., 1997) and 5%
of the data were selected in order to monitor the progress of
the refinement by the calculation of Ry... The first rounds of
restrained refinement with tight NCS restraints resulted in a
decrease of Rp. from 50.4% to 44.3%. Later during refine-
ment, medium NCS restraints were used. Manual rebuilding of
the model was performed using the programs O (Jones et al.,
1991) and Coot (Emsley & Cowtan, 2004). The program ARP/
wWARP (Morris et al., 2003) was used to fit the sequence of the
H. pylori TrxR to the electron-density map. The 2'-phospho-
AMP moiety of NADP" was easily modelled in strong positive
difference electron density (>40) observed at the expected
binding sites in both subunits, whereas electron density for the
whole NADP" molecule is only clearly seen in subunit A.
Water molecules were added based on peak heights, shape of
the electron density, temperature factors and capability to
form hydrogen bonds to surrounding protein residues and/or
other water molecules. Isotropic individual B-factor refine-
ment was employed throughout. At the end of the refinement
procedure, several cycles of TLS refinement were carried out.
Every subunit was divided into 12 TLS groups as suggested by
the TLS Motion Determination server (Painter & Merritt,
2006).

Refinement of reduced TrxR was initiated with five cycles of
rigid-body refinement with the fully refined oxidized TrxR as
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the starting model. These steps were followed by several cycles
of restrained refinement using REFMACS interspersed with
manual adjustment of the model. After refinement using the
protocol outlined above (except for the TLS refinement step)
had converged, the NCS restraints were removed, resulting in
a fall in Rp.. of 3.0%. In the very last steps, restrained
anisotropic atomic displacement parameters (ADP) refine-
ment without noncrystallographic symmetry restraints was
used. The refinement and final model statistics for reduced and
oxidized TrxR are shown in Table 1.

During refinement, the protein model was analyzed using
MOLPROBITY (Davis et al., 2004) in order to monitor the
stereochemistry. A model of H. pylori thioredoxin (Trx1) was
created using the SwissProt modelling server (Schwede et al.,
2003) and the coordinates of E. coli Trx (Lennon et al., 2000).
Analysis of the dimer interface was performed using the PISA
server (Krissinel & Henrick, 2005). Atomic structure repre-
sentations were generated using PyMOL (DeLano, 2002) and
surface representations were made using GRASP (Nicholls et
al., 1991).

3. Results and discussion
3.1. Electron-density map and quality of the model

The structures of TrxR from H. pylori were refined in the
oxidized and reduced forms to 1.7 and 1.45 A resolution,
respectively. The polypeptide chain (a total of 311 residues)
for both subunits of the dimer is well defined in the electron-
density maps, except for the C-terminal histidine residue and
the very mobile loop comprising residues 34-36. The final
models include residues 1-311 of both subunits for reduced
and oxidized TrxR. For several residues of the 1.45 A model
alternative conformations were suggested by the electron-
density map and were modelled accordingly. The FAD mole-
cules are very well defined in the electron density in both
forms of TrxR (Fig. 1). NADP" molecules could be modelled
in both subunits of the reduced TrxR and in subunit A of the
oxidized enzyme. In subunit B of the oxidized enzyme only the
2’-phospho-AMP moiety of the NADP" was refined with full
occupancy and the occupancy of the nicotinamide ring was set
to 0.5. The stereochemistry of the model is good (Table 1),
with 90% of the residues within the most favourable Rama-
chandran regions.

3.2. Overall structure of H. pylori TrxR

The overall structure of H. pylori TrxR is very similar in
both forms; superposition of the reduced and oxidized enzyme
results in an r.m.s.d. value of 0.8 A for 612 C* atoms. The
asymmetric unit of the crystal contains a dimer of TrxR. The
last steps of crystallographic refinement were carried out
without noncrystallographic symmetry restraints for the high-
resolution data set (Table 1). Despite the independent
refinement of the two subunits, their backbones are rather
similar, with an r.m.s.d. of 0.53 A for all amino acids when the
two subunits of reduced TrxR are superimposed. Several loop
regions show slightly different conformations, with the largest

shift of 2 A found for residue 211. However, the overall
structure is very similar and the following description of the
TrxR structure and the active-site architecture is valid for all
subunits until indicated otherwise.

The subunit of the H. pylori enzyme as well as that of other
low-molecular-weight TrxRs consists of two domains: the
FAD-binding domain (residues 1-115 and 239-311) and the
NAD(P)H-binding domain (residues 116-238) (Figs. 2a and
3). The two domains of the subunit are separated by a large
cleft filled with solvent molecules and there are only a few
contacts between protein atoms from these two domains. The
structural cores of the FAD- and NAD(P)H-binding domains
are both variants of the Rossmann fold, with each domain
containing two pf-sheets, a central five-stranded parallel
B-sheet and a three-stranded B-meander which is packed
against the larger S-sheet (Fig. 2a). The other side of the
parallel sheet is covered by several w«-helices. These nucleo-
tide-binding domains bind NAD(P)H and FAD in a manner

Figure 1

Electron-density maps. Parts of 2F, — F, OMIT maps at the active site of
oxidized (@) and reduced (b) H. pylori TrxR contoured at 1.30. The
refined models of oxidized and reduced TrxR are superimposed. Both
conformations of the side chain of Cys133 in reduced TrxR are shown.
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that is characteristic of this fold (Karplus & Schulz, 1989). The
redox-active disulfide of H. pylori TrxR is located in the
NADP(H)-binding domain as in all low-molecular-weight
TxrRs (Kuriyan et al., 1991). Similar to other proteins with the
Rossmann fold, the active site is located at the C-terminus of
the central B-sheet. Residues from the loops that connect
B-strands to the following helices are the main building blocks
of the active site. Loop B8-«4 contains the first active-site
cysteine residue Cys133 [here and in the following residues
that are conserved in low-molecular-weight TrxRs (Fig. 3) are
shown in bold] and the second, Cys136, is situated in helix o4.

The relative orientation of the FAD- and NAD(P)H-
binding domains differs in the FO and FR conformations of
E. coli TrxR (Lennon et al., 2000). In the FO state (allowing
flavin oxidation by the disulfide), the orientations of the
NAD(P)H and FAD domains are such that the nicotinamide
ring of NADPH is located very far from the
FAD molecule and the active-site disulfide is
buried between the domains and is non-
accessible to water molecules (and even less
so to the bulky thioredoxin). A large rota-
tion of the NAD(P)H-binding domain
brings the nicotinamide ring close to the
isoalloxazine and exposes Cys133 for reac-
tion with the substrate. This conformation
has been called the FR state since it allows
flavin reduction by NADPH (Lennon &
Williams, 1996). It is worth emphasizing that
the FO and FR conformations differ in the
domain arrangement rather than the redox
state of the protein. Both the structures
described here are in the FO conformation
independently of the state of the active-site
redox centres.

3.3. Dimer interface

H. pylori TxrR is found as a homodimer
both in solution and in the crystal, with a
dimerization mode that differs from that of
the GR-type oxidoreductases. In GR-like
proteins the interface domain is mostly
responsible for the dimerization and the
active sites are located at the interface
between the two subunits. The interface
domain is absent in low-molecular-weight
TrxRs and the FAD-binding domain of
subunit A makes contacts with both
domains of subunit B. Owing to the large
rotation of one of the domains, the interface
differs between the FO and FR states of the
protein. In the FO state the subunit—subunit
interface contains two parts: a larger part
between the FAD domains of both subunits
and a smaller part which covers 400 A?
between the FAD domain of one subunit
and the NADP(H) domain of another. The

N
Figure 2

NADP

whole inter-subunit buried surface area is about 2200 Az,
which is 15% of the fully accessible surface area of the subunit.
The majority (63 %) of the interface residues are nonpolar, but
19 hydrogen bonds also contribute to the subunit—subunit
interactions. Another interaction area is formed by residues of
the NAD(P)H domain in the vicinity of the active-site disul-
fide and the last C-terminal helix 7. Of the 14 residues that
form inter-subunit hydrogen bonds in H. pylori TrxR, seven
are conserved in other low-molecular-weight TrxRs and a
further five have conserved substitutions (Fig. 3). A central
role in the formation of the dimer interface of the FO state is
taken by the invariant Arg22 (Fig. 2b). The side chain of this
residue participates in four hydrogen bonds with amino acids
from the other subunit. Two of them ensure the specific
conformation of the Arg22 guanidinium group, interacting
with the side chain of the invariant residue Glu47 (NE- - -OEl,

(a)

&

Glud7

(a) Stereo ribbon representation of the dimer of H. pylori thioredoxin reductase. Bound FAD
and NADP" are shown in stick representation. Subunits are coloured by domain organization,
with the FAD-binding domains in blue and red and the NAD(P)H-binding domains in yellow
and green. (b) Interactions of the conserved residue Arg22 in the dimer interface of TrxR of H.
pylori. The two subunits are indicated in different colours.
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NH2- - -OE1). Two other hydrogen bonds are formed with the
main-chain O atoms O135 and O136, creating a distortion of
the short helix 134-141 that contains Cys136, the active-site
cysteine residue closest to the flavin.

3.4. Comparison with related enzymes

Three-dimensional structures of low-molecular-weight

TxrR from three different organisms have been determined to
date: several structures of E. coli TrxRs (Kuriyan et al., 1991;
Waksman et al., 1994; Lennon et al., 1999, 2000) and TrxR from
A. thaliana (Dai et al., 1996) and from M. tuberculosis (AKkif et

al., 2005). E. coli oxidized TrxR was refined to 2 A resolution
and all others to resolutions of 2.5 A (PDB codes 1clo and
1vdc) and 3 A (PDB codes 1f6m and 2a87). Thus, the struc-
tures of H. pylori TrxR are the highest resolution structures of
low-molecular-weight TrxRs determined to date.
Low-molecular-weight TrxRs share 35-37% identical resi-
dues and superposition of their three-dimensional structures
shows that their overall fold and dimerization mode are rather
similar, giving r.m.s.d. values of 1.3-1.4 A for superposition of
the monomers and about 1.5 A for the dimers. Fig. 3 shows the
structural alignment of the low-molecular-weight TrxRs with
known three-dimensional structure together with the
secondary structure of H. pylori TrxR as
determined using the program TOP3D
(Lu, 2000). The enzyme from H. pylori
is the shortest TrxR; the polypeptide
chains of other members of this family
display insertions in the loop regions
and at the N- and C-termini. Conserved
regions mostly form the cofactor-

TRXE_HELPY
TRXB_ECOLI
TRXB1_ARATH
TRXB_MYCTU

TRXE_HELPY
TRXB_ECOLI

TRXB1l_ARATH EIEY

TRXB_MYCTU

binding sites or take part in the forma-
tion of dimer interfaces.

3.5. FAD binding in oxidized TrxR

The cofactor FAD is tightly but
noncovalently bound to H. pylori TrxR.
The conformation of the FAD molecule
is very similar to that observed in other
enzymes belonging to the pyridine
nucleotide—disulfide oxidoreductase
family. However, the adenine moiety is
more accessible to the solvent, a feature

TRXE_HELPY
TRXB_ECOLI
TRXB1_ARATH
TRXB_MYCTU

that is shared with other low-molecular-
weight TrxRs. The isoalloxazine ring of

FAD is entirely buried in the interior of
the protein and almost all FAD atoms
that can act as a hydrogen donor or
acceptor are engaged in hydrogen

TRXE_HELPY
TRXB_ECOLI
TRXB1_ARATH
TRXE_MYCTU

bonds. Many of these interactions
between FAD and the enzyme involve

Figure 3

Amino-acid sequence conservation in low-molecular-weight TrxRs. Structural alignment of the
sequence of H. pylori TrxR with the sequences of three other enzymes from the family: TrxR from
E. coli (TRXB_ECOLI), M. tuberculosis (TRXB_MYCTU) and A. thaliana (TRXB1_ARATH).
Invariant residues are highlighted by a red background. Residues from the NADP(H)-binding
domain are underlined in green. The secondary structure of H. pylori TrxR assigned by the program
TOP3D (Lu, 2000) is shown on the top line. Possible functions of individual residues are indicated
on the bottom line [a, catalytically active cysteine residues; f, flavin binding, n, NAD(P)H-binding, d,
participation in dimer interface, t, thioredoxin binding]. The figure was produced using the program
MULTALIN (Corpet, 1988) and the ESPript server (Gouet et al., 2003).

EA[D|S

conserved residues from the FAD-
binding domain and no hydrogen bonds
are made to residues located in the
NAD(P)H-binding domain (Table 2).
The FAD-binding domain is
composed of two parts in the low-
molecular-weight TrxRs. The first part
of the chain (residues 1-115) binds to
atoms from different FAD moieties,
while the second half of the FAD
domain (residues 228-311) is only close
to the FMN moiety of the cofactor. The
FAD adenosine packs against the
parallel B-sheet in the FAD domain.
The adenine ring is located between the
side chain of Lys33, which partly shields

TDALIGAQR
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Table 2

Interactions of FAD with reduced H. pylori thioredoxin reductase.

Hydrogen bonds (cutoff <3.2 A) and salt bridges (cutoff <3.8 A) are listed.

FAD atom TrxR atom Distance (A)
Adenine moiety

N1 Val81 NH 2.9

N3 Lys33 NH 33

N6 Val81 CO 2.9
Adenine ribose

O3%* Glu32 OE1 2.7

02 Glu32 OE2 3.0
Pyrophosphate

OAB GIn39 NH 2.9

OAC GIn39 NE2 2.9

OBZ Asp281 NH 2.9

OBZ Glyl11 NH Water mediated

OBY Alal2 NH 3.0

OBY Glyl13 NH Water mediated
FMN ribityl

o2 Lys288 O 2.9

o3 Asp281 OD1 2.5

o4 Tle40 NH Water mediated
Isoalloxazine

02 Val290 NH 2.8

N3 Asnd8 OD1 2.8

04 Glu47 NH Water mediated

N5 Serd3 OG Water mediated

the adenine from the solvent, and the conserved region Gly8—
Gly10, which allows tight packing although it does not form
any hydrogen bonds to the FAD molecule. Both hydroxyl O
atoms of the adenosine ribose, O2* and O3*, form hydrogen
bonds with the carboxyl group of Glu32. This feature has been
found in many nucleotide-binding proteins, including gluta-
thione reductase (Karplus & Schulz, 1989) and lipoamide

(b)

Figure 4

Stereoview of the differences in the hydrogen-bonding interactions of the ribityl moiety of

FAD in oxidized (a) and reduced (b) thioredoxin reductase.

dehydrogenase (Mattevi et al., 1992), but not in mammalian
TrxR, where the replacement of glutamic acid by the shorter
side chain of Asp42 only allows the formation of one hydrogen
bond to the ribose. However, residue Glu32 is not conserved
in low-molecular-weight TrxRs (Fig. 3). In the E. coli enzyme a
hydrogen bond was found between O2* and Ser9 OG and in
the M. tuberculosis enzyme O2* and O3* form hydrogen
bonds with main-chain atoms (O47 and N50), whereas only
water molecules are in contact with the ribose O atoms in
-A. thaliana TrxR.

With the exception of the hydrogen bond to the side chain
of the conserved residue GIn39, the O atoms of the diphos-
phate group interact exclusively with main-chain N atoms
(Table 2). The side chains of other residues are not engaged in
hydrogen bonds to the diphosphate moiety; nevertheless, this
part of the FAD-binding site is one of the most conserved in
the enzyme family, suggesting that shape complementarity
may be an important determinant in recognition and binding.
As in other pyridine nucleotide—disulfide oxidoreductases,
there is no positively charged residue in the immediate vicinity
of the diphosphate group. The negative charge is compensated
through the dipole of helix @l and two hydrogen bonds to
main-chain N atoms. In H. pylori TrxR, as well as in GR and
lipoamide dehydrogenase, several water molecules participate
in a hydrogen-bond network that tethers the diphosphate
group to the protein.

The isoalloxazine ring forms fewer hydrogen bonds to TrxR
protein atoms than observed in other GR-like proteins. Only
two atoms, N3 and O2, make direct hydrogen bonds to protein
atoms (Table 2). The O2 atom interacts with the backbone N
atom of the N-terminal residue of helix 7, Val290, and forms
another water-mediated hydrogen bond to
the amide N atom of Val291. These inter-
actions are not only conserved in this
enzyme family, including GR (Karplus &
Schulz, 1989), but are also found in other
flavoenzymes such as p-hydroxybenzoate
hydroxylase (Schreuder er al, 1994) and
phenol hydroxylase (Enroth et al., 1998).
This interaction is assumed to stabilize the
negative charge at the O2 atom during
catalysis (Hol et al., 1978). The N3 atom of
the isoalloxazine ring forms a hydrogen
bond to the side chain of Asn48. Atoms O4
and NS5 only form water-mediated hydrogen
bonds and their positions and hydrogen-
bond distances are the same in both struc-
tures of H. pylori TrxR.

3.6. Structural differences between
oxidized and reduced TrxR

In the structure of oxidized TrxR, the
isoalloxazine ring is planar (Fig. 1) and the
distance between the S atoms of Cys133 and
Cys136 is about 2 /0\, which corresponds to
the length of a disulfide bond. Cys136 S” is
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Table 3
Interactions of NADP* with reduced H. pylori thioredoxin reductase.

Hydrogen bonds (cutoff <3.2 A) and salt bridges (cutoff <3.8 A) are listed.

NADP" atom TrxR atom Distance (A)
Adenine ring

N3 Argl74 NH Water mediated

N6 Thr117 CO Water mediated

N7 Val237 CO Water mediated
Adenine ribose

O3* Glyl51 NH 3.0
Phosphate of NADP

OP1 Argl79 NE 29

OP1 Argl79 NH2 32

OP1 Argl75 NH2 2.8

OP2 Argl75 NE 29

OP2 Argl74 NE 2.9

OP3 Argl74 NH2 33

OP3 Argl79 NH2 33
Pyrophosphate

OAB Aspl53 NH Water mediated

OAC Lys115 NE Water mediated

OAC Tyr239 NH Water mediated

OAZ Thr154 NH 3.1

OAZ Aspl53 NH 3.4

OAZ Alal55 NH Water mediated

OAY Thr154 OG1 32

OAY Gly238 NH Water mediated
Nicotinamide ribose

OBH Aspl53 OD2 2.6
Nicotinamide

NBO Glul57 OE2 3.0

2.9 A from the Cda atom of FAD, which is suitable for electron
transfer between FAD and the disulfide. Addition of sodium
dithionite to TrxR results in cleavage of the disulfide bond and
reduction of FAD. While the side chain of Cys136 retains
almost the same position as in the oxidized TrxR, the side
chain of Cys133 adopts two alternative conformations in the
reduced enzyme (Fig. 1). Reduction of FAD and the active-
site cysteine residues has only minor effects on the positions of
other amino acids within the active site.

Reduced FAD exhibits a Re-face bending of the isoallox-
azine ring, resulting in a butterfly-like structure with the outer
rings forming the wings (Fig. 1). Atoms N5 and N10 have
moved away from the catalytic cysteine residues by 1.2 A,
whereas atoms O2 and C9 are at almost the same positions as
in the oxidized species. The bending angle of 22°, which is
significantly smaller than the angle of 34° observed in reduced
E. coli TrxR (Lennon et al., 1999), falls into the range 15-28°
suggested from molecular-orbital calculations for reduced free
flavins (Dixon et al., 1979).

The conformation of the FMN ribityl moiety differs
between the oxidized and reduced proteins (Fig. 4). In
oxidized TrxR, the O(2") hydroxyl group is at a distance of
3.3 A from the main-chain NH group of I1e40. In the reduced
FAD, this group has flipped to the opposite side of the ribityl
chain and is at hydrogen-bonding distance to the main-chain
carbonyl O atom of Lys288. The O(2’) atom can also serve as
an acceptor of a hydrogen bond from the protonated N1 atom
in the reduced isoalloxazine ring, an interaction that will
stabilize the bent conformation of the isoalloxazine as was
suggested for FAD bound to E. coli TrxR (Lennon et al.,

1999). Unlike the E. coli enzyme, the O(3") hydroxyl group is
only marginally affected by this conformational change and
the same hydrogen bond to OD1 of the conserved Asp281 is
found in the reduced and oxidized forms of TrxR.

3.7. NADP* binding

The 2’-phospho-AMP moiety of NADP" is well defined in
all four subunits. However, there is no continuous electron
density for the nicotinamide part of NADP" in subunit B in
oxidized H. pylori TrxR and the occupancies for those atoms
were therefore set to 0.5 in the model. Similar disorder of the
nicotinamide moiety of NADP" has also been observed in
other pyridine nucleotide—disulfide oxidoreductases (Karplus
& Schulz, 1989; Sandalova et al., 2001). In the reduced struc-
ture, however, there is well defined electron density for the
whole NADP™ molecule (Fig. 5) that allows a reliable deter-
mination of the NADP*-TxrR interactions (Table 3). NADP*
binds to H. pylori TrxR in a conformation very similar to that
of AADP" observed in the complex of E. coli TrxR with
thioredoxin (Lennon et al., 2000) despite the fact that the
orientation of the NAD(P)H- and FAD-binding domains is
different in these two structures. The closest distance between
the isoalloxazine and the nicotinamide rings is 17.3 A.

The adenine moiety is packed close to the inter-domain
hinge region, the pyrophosphate binds at the C-terminus of
the central B-sheet of the NAD(P)H-binding domain and the
nicotinamide ring is located near helix 5. The alignment of
various low-molecular-weight TrxRs shows there are three
conserved regions that are involved in interactions with the
phosphate groups of NADP". The loop 88-w4 containing the
active-site disulfide Cys133-Cys136 and the loop B9-o5
(residues "GGGDT/SAV/ME"’) bind the pyrophosphate of
NADP; residues Argl74, Argl75 and Argl79 from the loop
after B10 tightly interact with the 2’-phosphate group of
NADP"*.

Figure 5

Electron-density map calculated for the final model with NADP" omitted
from the structure-factor calculation. The final model of NADP* and
protein is shown in stick representation.
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The adenine ring is bound in a pocket lined with hydro-
phobic residues and packs with one side against Leul49 and
Val237. The other face of the ring system is engaged in a
stacking interaction with the guanidinium group of Argl74 at
a distance of 3.4-3.6 A. None of the adenine atoms form direct
hydrogen bonds to the protein. The adenine atom N3 makes
two hydrogen bonds via water molecules to His173 NE2 and
Argl74 NH. The N6 and N7 atoms of adenine establish two
other water-mediated hydrogen bonds to main-chain atoms of
Thr117 and Val237, respectively. The ribose oxygen O3* forms
one hydrogen bond to the main-chain N atom of Gly151.

TrxR from H. pylori is very specific for NADP(H) and
cannot utilize NAD(H) (Baker et al., 2001), a property that
can be rationalized from the structure. The 2’-phosphate
group of NADP(H) forms seven hydrogen bonds/salt bridges
to the side chains of three invariant arginine residues, Argl74,
Argl75 and Argl79, a feature that favours binding of
NADP(H) versus NAD(H).

Each of the O atoms of the diphosphate moiety of NADP*
forms direct or solvent-mediated hydrogen bonds to protein

(a)
Figure 6

residues. Most of the bonds are formed by main-chain atoms
of the conserved region Glyl52-Asp153-Thr154-Alal55. Two
hydrogen bonds are responsible for the binding and the
orientation of the nicotinamide moiety of NADP™ (Table 3).
In particular, the interaction between the side chain of Glul57
and the carboxamide group of the nicotinamide ring appears
to be important in maintaining a conformation suitable for
catalysis. Tyr260 does not bind to NADP™ directly; however, it
is rather close to the nicotinamide ring and partly shields it
from the solvent (Fig. 5).

3.8. Thioredoxin-binding site

The structural basis of the binding of thioredoxin by low-
molecular-weight TrxRs was first elucidated by crystallo-
graphic analysis of the E. coli TrxR C135S mutant complexed
with the NADP analogue AADP" and thioredoxin (Lennon et
al., 2000). The covalent bond between Cys138 of E. coli TrxR
and Cys32 of Trx maintains the complex in the FR confor-
mation. NADP(H) is buried between the domains, with the

Surface Potentia

Electrostatic potentials at the interaction surfaces of E. coli (a) and H. pylori (b) Trx (upper panel) and TrxR (lower panel). The thioredoxin-binding site
of E. coli TrxR and the location of the active-site disulfides in Trx are indicated by arrows. The figures were generated using the coordinates of H. pylori
TrxR and the E. coli TrxR-Trx complex (PDB code 1fém). The coordinates of E. coli Trx were also used to construct the homology model of H. pylori

Trx.
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nicotinamide ring packed parallel to the isoalloxazine ring of
FAD at a distance of 3.5 A, suitable for electron transfer
(Waksman et al., 1994; Lennon et al., 2000). The active-site
cysteine residues are only available for reaction with the
substrate in the FR state. The Trx-binding site is composed
mostly of helix 4 containing Cys136 and the loops after 83, 85,
B12, B14 and helix 3 (Fig. 3). Six residues of E. coli TrxR form
hydrogen bonds with Trx: Asp99, Asnl100, Gly129, Argl30,
Asp139 and Phel42.

It has been shown that H. pylori TrxR can reduce thio-
redoxin from E. coli, albeit with lower catalytic efficiency
(Baker et al., 2001). The thioredoxin-binding surfaces of the
E. coli and H. pylori TrxRs (Fig. 6) are both characterized by a
negative electrostatic potential, with a less negatively charged
surface in H. pylori TrxR owing to the exchange of Glu38 and
Asp82 in E. coli TrxR to Met and Thr, respectively. A
comparison of the surface-charge distribution of the E. coli
and H. pylori thioredoxins shows that they both have rather
acidic surfaces, except for the region that forms the interface
in the thioredoxin-thioredoxin reductase complex (Fig. 6).
This surface area is predominantly nonpolar, i.e. uncharged,
and therefore does not show any overall charge comple-
mentarity to the negatively charged binding surface in the
thioredoxin reductases. Owing to residue substitutions in TrxR
at positions Met37 (Gly in H. pylori TrxR), His83 (Ala) and
Phe80 (Met), the shape of the binding surface differs and these
substitutions may account for the species-specific recognition
of Trx by TrxR (Baker et al., 2001).

In conclusion, the high-resolution structures of oxidized and
reduced thioredoxin reductase from H. pylori reported here
provide a structural framework for the design and optimiza-
tion of potent inhibitors with the potential to be developed
into new drugs active against this human pathogen.
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