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Abstract

H-type thioredoxins (Trxs) constitute a particularly large Trx sub-group in higher plants. Here, the
crystal structures are determined for the two barley Trx h isoforms, HvTrxh1 and HvTrxh2, in the
partially radiation-reduced state to resolutions of 1.7 Å, and for HvTrxh2 in the oxidized state to 2.0 Å.
The two Trxs have a sequence identity of 51% and highly similar fold and active-site architecture.
Interestingly, the four independent molecules in the crystals of HvTrxh1 form two relatively large and
essentially identical protein–protein interfaces. In each interface, a loop segment of one HvTrxh1
molecule is positioned along a shallow hydrophobic groove at the primary nucleophile Cys40 of another
HvTrxh1 molecule. The association mode can serve as a model for the target protein recognition by Trx,
as it brings the Met82 Cg atom (g position as a disulfide sulfur) of the bound loop segment in the proximity
of the Cys40 thiol. The interaction involves three characteristic backbone–backbone hydrogen bonds
in an antiparallel b-sheet-like arrangement, similar to the arrangement observed in the structure of an
engineered, covalently bound complex between Trx and a substrate protein, as reported by Maeda et al.
in an earlier paper. The occurrence of an intermolecular salt bridge between Glu80 of the bound loop
segment and Arg101 near the hydrophobic groove suggests that charge complementarity plays a role
in the specificity of Trx. In HvTrxh2, isoleucine corresponds to this arginine, which emphasizes the
potential for specificity differences between the coexisting barley Trx isoforms.
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Thioredoxin (Trx) is a ubiquitous protein disulfide re-
ductase of ;12 kDa (Holmgren 1985). Trx employs
two redox-active cysteines in the conserved active-site
motif, Trp-CysN-Gly/Pro-Pro-CysC, to transfer electrons
via dithiol/disulfide exchange reactions. For electron
donation, the CysN thiol of reduced Trx exerts a nucleo-
philic attack on a protein disulfide and transiently forms
an intermolecular disulfide bond (Kallis and Holmgren
1980). The subsequent attack from CysC releases reduced
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target protein and oxidized disulfide-bonded Trx. The
oxidized Trx is converted to the reduced, dithiol form by
accepting electrons from either NADPH via NADPH-
dependent Trx reductase (NTR), or, in plant chloroplasts,
from ferredoxin via ferredoxin-dependent Trx reductase.

Trx donates electrons to redox enzymes including
ribonucleotide reductase, methionine sulfoxide reductase,
and peroxiredoxin (Arnér and Holmgren 2000) and is
moreover involved in the activity regulation of mamma-
lian transcription factors and plant photosynthetic en-
zymes in a redox-dependent way (Schenk et al. 1994;
Buchanan and Balmer 2005). Recent progress in proteo-
mics has led to the identification of a large number of
proteins possibly regulated by Trx (Verdoucq et al. 1999;
Yano et al. 2001; Maeda et al. 2004, 2005). The coex-
istence of multiple Trx isoforms, other oxidoreductases,
and low-molecular weight redox-active compounds in
physiological environments makes it difficult to identify
specific interaction partners of individual Trx isoforms.
Undoubtedly, the most complex array of Trx isoforms is
found in higher plants. For example, at least 19 Trx genes
and numerous closely related genes have been identified
in the genome of Arabidopsis thaliana (Meyer et al. 2002).
Based on sequence similarities, plant Trxs are categorized
into chloroplastic f-, m-, x-, and y-types; mitochondrial
o-type; and the h-type, which has been identified in cytosol,
nucleus, and mitochondria (Buchanan and Balmer 2005).
The physiological importance of the nine Trx h isoforms of
the A. thaliana genome (Meyer et al. 2002) has not been
established, but complementation studies in Saccharomyces
cerevisiae demonstrated functional differentiation among
Trx h isoforms from A. thaliana, the green alga Chlamy-
domonas reinhardtii, and Pisum sativum (Mouaheb et al.
1998; Sarkar et al. 2005; Traverso et al. 2007). Moreover,
genes encoding A. thaliana Trx h isoforms are differentially
regulated in response to pathogens and under conditions of
oxidative stress (Reichheld et al. 2002; Laloi et al. 2004).

Although Trx has a broad specificity, 3D structures
of disulfide-linked Trx–substrate reaction intermediate
mimics have provided evidence for recognition of struc-
tural elements in target protein motifs by Trxs (Qin et al.
1995, 1996; Maeda et al. 2006; Chartron et al. 2007).
Moreover, mutational studies on Trxs have suggested that
surface charge distribution patterns influence the reac-
tivity of Trxs toward chloroplastic fructose-1,6-bisphos-
phatase (de Lamotte-Guery et al. 1991; Geck et al. 1996;
Mora-Garcı́a et al. 1998). Previously, NMR and X-ray
structures were determined for Trx h from C. reinhardtii
(Mittard et al. 1997; Menchise et al. 2001). Among higher
plants, NMR structures have been reported for Trx h from
A. thaliana (Peterson et al. 2005) and Populus tremula
(Coudevylle et al. 2005). We recently reported the crystal
structure of a barley Trx h isoform 2 (HvTrxh2) in an
engineered, mixed disulfide-linked complex with a sub-

strate protein, a-amylase/subtilisin inhibitor (BASI)
(Maeda et al. 2006).

The crystal structures of the two barley Trx h isoforms,
HvTrxh1 and HvTrxh2, determined in the present study
allow the first 3D structure comparison of two Trx h
isoforms from the same plant species. HvTrxh1 and
HvTrxh2 share 51% sequence identity and coexist in
barley seeds but vary in temporal and spatial distribution
(Maeda et al. 2003). The two isoforms exhibit distinct
kinetic properties in the insulin reduction assay and are
reduced by A. thaliana NTR with a threefold difference in
apparent Km values (Maeda et al. 2003).

Results and Discussion

Protein crystallization, data collection,
and structure determination

Diffraction data were collected for HvTrxh1 crystals ob-
tained from two different reservoir solutions: (1) 0.1 M
MES pH 6.0, 2.4 M ammonium sulfate (HvTrxh1AS) and
(2) 0.2 M ammonium acetate, 0.1 M sodium acetate
trihydrate pH 4.6, 30% (w/v) polyethylene glycol (PEG)
4000 (HvTrxh1PEG). For HvTrxh2, crystals were obtained
in nonbuffered 30% (w/v) PEG 1500 (HvTrxh2). The
HvTrxh1PEG structure was solved by molecular replace-
ment (MR) using the crystal structure of C. reinhardtii
Trx h as a search model (PDB code 1EP7) (Menchise
et al. 2001). The HvTrxh1PEG structure was subsequently
used for MR of HvTrxh1AS and HvTrxh2. HvTrxh1PEG

and HvTrxh1AS are both in the C2 space group, having
nearly identical unit cell dimensions and crystal packing
with four HvTrxh1 molecules (A–D) per asymmetric unit,
while HvTrxh2 crystallizes in space group P21 with two
HvTrxh2 molecules (A and B) per asymmetric unit.

The redox–cysteine pairs were parameterized as disul-
fides for the initial refinement, as none of the Trx samples
had been treated with disulfide reductant. They were thus
presumed to be in the oxidized state. However, the
resultant Fo–Fc electron density maps had significant
negative electron density at the center of the disulfide
bonds. A revised model refinement without restraining
the cysteine pairs to disulfide bonds resulted in disap-
pearance of the negative electron density in Fo–Fc maps,
giving Trx structures displaying various Sg–Sg distances
of up to ;3 Å, which greatly exceed the ideal disulfide
bonded Sg–Sg distance of 2.03 Å. Disulfide bonds are in
general highly radiation-sensitive (Ravelli and McSweeney
2000), and radiation disruption of redox-active disulfide
bonds in Trxs and related proteins during X-ray data
collection has often been observed (Friemann et al. 2003;
Stirnimann et al. 2006). To confirm that the exposure of
crystals to X-ray radiation was the cause of the enlarged
Sg–Sg distances, the HvTrxh2 structure was independently
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refined against the data set partitioned into the initial half
(HvTrxh2RED1) and the final half (HvTrxh2RED2) of data
collection, each containing an equal number of images. The
two time- and space-averaged HvTrxh2 structures con-
firmed the progressive disruption of the disulfide during data
collection, as the averaged unrestrained Sg–Sg distances
for the two independent HvTrxh2 molecules shifted from
3.1 Å in HvTrxh2RED1 with ;50% of the molecules in the
reduced state toward 3.5 Å in HvTrxh2RED2 with ;80% of
the molecules in the reduced state after prolonged X-ray
exposure.

The structure of oxidized HvTrxh2 (HvTrxh2OX) was
determined to study structural consequences of Trx oxi-
doreduction. Partially overlapping fractional data sets

were collected from three isomorphous HvTrxh2 crystals
in order to diminish the radiation-damaged portion of
the diffraction data. The HvTrxh2 structure was refined
against the merged fractional data sets with the redox–
cysteine pairs fixed in disulfide bonds. The absence of
significant negative electron density at the center of dis-
ulfide bonds in the resultant 1s Fo–Fc electron density
map confirmed that radiation damage was limited. The
data collection and refinement statistics are listed in Table
1. The statistics for HvTrxh1AS are superior to those for
HvTrxh1PEG, and unless otherwise specified, the follow-
ing characterization is based on the HvTrxh1AS structure.
Likewise, HvTrxh2RED1 is used to describe the HvTrxh2
structure unless otherwise specified.

Table 1. Data collection and refinement statistics

HvTrxh1AS HvTrxh1PEG HvTrxh2OX HvTrxh2RED1 HvTrxh2RED2

Data collection

Space group C2 C2 P21 P21 P21

Unit cell dimensions

a ¼ 120.9 Å a ¼ 121.7 Å a ¼ 47.3 Å a ¼ 49.3 Å a ¼ 49.2 Å

b ¼ 33.5 Å b ¼ 33.7 Å b ¼ 38.4 Å b ¼ 38.6 Å b ¼ 38.7 Å

c ¼ 131.0 Å c ¼ 132.2 Å c ¼ 56.6 Å c ¼ 57.3 Å c ¼ 57.3 Å

b ¼ 112.3° b ¼ 112.5° b ¼ 109.8° b ¼ 105.8° b ¼ 105.7°
T (K) 100 100 100 100 100

Resolution (Å) 20.5–1.70 20.6–1.80 23.6–2.00 24.6–1.70 24.6–1.70

Rsym
a 0.073 (0.479) 0.070 (0.348) 0.147 (0.257) 0.033 (0.199) 0.033 (0.270)

Completeness (%)a 99.0 (96.0) 99.3 (99.8) 92.3 (94.7) 95.3 (82.5) 95.2 (81.7)

I/sI a 9.0 (1.6) 6.5 (2.1) 2.9 (2.3) 13.5 (3.6) 12.3 (2.7)

Redundancya 4.8 (4.6) 2.9 (2.8) 2.5 (2.4) 3.5 (2.8) 3.4 (2.7)

Wilson B factor (Å2)b 18.3 23.4 17.7 24.0 26.5

Refinement

No. of non-H protein atoms 3504 3391 1727 1846 1834

No. of water molecules 468 544 131 257 253

No. of ions 4 0 0 0 0

Rcryst
c,d 0.18 (0.30) 0.20 (0.31) 0.19 (0.21) 0.20 (0.27) 0.20 (0.28)

Rfree
d 0.22 (0.36) 0.25 (0.40) 0.27 (0.25) 0.24 (0.31) 0.24 (0.33)

RMSD from idealitye

Bond length (Å) 0.012 0.016 0.020 0.006 0.006

Bond angle (°) 1.2 1.3 1.8 0.9 0.9

Estimated overall coordinate error

based on Rfree (Å)f 0.1 0.1 0.2 0.1 0.1

Temperature factor

Protein (Å2) 15.8 23.8 15.4 29.7 33.8

Solvent (Å2) 28.0 29.9 19.1 43.0 47.9

Ramachandran plot

Most-favored regions (%) 95.1 94.5 90.0 94.0 93.6

Disallowed regions (%) 0 0 0 0 0

Numbers in parentheses refer to the outer resolution shell.
a Outer resolution shell; HvTrxh1AS ¼ 1.79–1.70 Å, HvTrxh1PEG ¼ 1.90–1.80 Å, HvTrxh2OX ¼ 2.11–2.00 Å, HvTrxh2RED1 ¼ 1.79–1.70 Å, HvTrxh2RED2 ¼
1.79–1.70 Å.
bCalculated using TRUNCATE from the CCP4 suite (Collaborative Computational Project, Number 4 1994).
c Rcryst ¼ +hklkFoj-jFck/+hkljFoj but calculated using 5% of the reflections, which were not included in the refinement procedure.
dOuter resolution shell HvTrxh1AS ¼ 1.74–1.70 Å, HvTrxh1PEG ¼ 1.85–1.80 Å, HvTrxh2OX ¼ 2.05–2.00 Å, HvTrxh2RED1 ¼ 1.66–1.62 Å, HvTrxh2RED2 ¼
1.66–1.62 Å.
e As defined by Engh and Huber (1991).
f As calculated in REFMAC 5.2.
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Fold of HvTrxh1 and HvTrxh2

The primary structures of Trxs vary greatly both between
species and between different isoforms from the same
species. Large variations are indeed observed also in
sequences of plant Trxs categorized as h-types based on
the sequence similarity (Fig. 1A). The 3D structures of
various Trxs nevertheless show little deviation in the
overall fold. HvTrxh1 and HvTrxh2 thus have the typical
fold of Trx consisting of a five-stranded central b-sheet
surrounded by four a-helices in a babababba topology
(Fig. 1B,C). While the vast majority of residues in the
folded regions of Trxs were modeled, the N-terminal
regions preceding b1 in HvTrxh1 and HvTrxh2 displayed
poorly interpretable electron densities for approximately
five and 11 residues, respectively, and were not modeled.
The same region was also distorted in the previously
reported crystal structure of HvTrxh2 in complex with

BASI (Maeda et al. 2006). The present HvTrxh2 structure
and the structure of HvTrxh2 in complex with BASI show
no major difference in the active-site architecture or in
the overall fold and can be superimposed to a root mean
square deviation (RMSD) of 0.5 Å using 97 Ca atoms
(molecule A of HvTrxh2RED1).

HvTrxh1 molecule A can be superimposed on the three
other HvTrxh1 molecules in the asymmetric unit with
RMSDs of up to 0.4 Å using 93 Ca atoms. The two
HvTrxh2 molecules in the asymmetric unit superimpose
on one another with an RMSD of 0.2 Å using 103 Ca

atoms. This excellent superimposition of independent
molecules shows that the structures of HvTrxh1 and
HvTrxh2 are rigid. Despite having only 56% sequence
identity in the folded regions, HvTrxh1 molecule A aligns
with HvTrxh2 molecule A with an RMSD of 0.6 Å using
89 Ca atoms (Fig. 1D). Significant deviation is never-
theless seen at loop a3–b4, which is most likely caused

Figure 1. Amino acid sequences and crystal structures of HvTrxh1 and HvTrxh2. (A) Multiple sequence alignment of HvTrxh1,

HvTrxh2, and selected h-type Trxs. HvTrxh1 (Q7XZK3), HvTrxh2 (Q7XZK2), AtTrxh1 (A. thaliana Trx h-type 1, P29448), AtTrxh2

(A. thaliana Trx H-type 2, Q38879), AtTrxh3 (A. thaliana Trx h-type 3, Q42403), AtTrxh4 (A. thaliana Trx h-type 4, Q39239) AtTrxh5

(A. thaliana Trx H-type 5, Q39241), CrTrxh (C. reinhardtii Trx-h, P80028), and PtTrxh (P. tremula Trx-h, Q8S3L3) were aligned using

ClustalW at the European Bioinformatics Institute (http://www.ebi.ac.uk/clustalw/). The redox-active–cysteine pair is indicated with

bold red letters. Positions of the HvTrxh1 loop segments, Trp39-Pro42, Ala81-Pro83, and Val98-Gly100, are indicated with green

boxes. The position of the catalytic aspartate (Asp34 in HvTrxh1) is indicated with a black box. Amino acids identical to those in

HvTrxh1 are indicated with a gray background. The indication of secondary-structure elements and residue numbering are based on the

structure of HvTrxh1 molecule A. (B,C) Cartoon display of the crystal structures of HvTrxh1 (B) and HvTrxh2 (C) colored magenta

and green, respectively. (D) Structural alignment of HvTrxh1 (magenta) and HvTrxh2 (green) shown as Ca traces.
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by its involvement in the crystal packing of HvTrxh1, as
will be discussed later.

The structure of HvTrxh1 (molecule A) superimposes
on the crystal structure of C. reinhardtii Trx h (PDB code
1EP7, molecule A) (Menchise et al. 2001) with an RMSD
of 0.7 Å using 91 Ca atoms, emphasizing the conserva-
tion of fold among h-type Trxs from different species.
In contrast, HvTrxh1 (molecule A) only superimposes on
Trxs from Escherichia coli (PDB code 2TRX, molecule
A) (Katti et al. 1990) and human (PDB code 1ERU)
(Weichsel et al. 1996) with RMSDs of 1.0 and 0.5 Å over
a region of 68 and 74 Ca atoms, respectively. The most
N-terminal ;30 residues including b1 and a1 (HvTrxh1
sequence) with poor sequence conservation (Fig. 1A)
show, as expected, the largest variation in 3D structure.
While 14 residues thus constitute a1 in HvTrxh1, HvTrxh2,
and C. reinhardtii Trx h (PDB code 1EP7) (Menchise
et al. 2001), 13 in A. thaliana Trx h1 (PDB code 1XFL)
(Peterson et al. 2005), and 11 in P. tremula Trx h (PDB
code 1TI3) (Coudevylle et al. 2005), only four residues
form a1 in E. coli Trx (PDB code 2TRX) (Katti et al.
1990).

Catalytic mechanism of HvTrxh1 and HvTrxh2

An aspartate (Asp26) in the hydrophobic interior of
E. coli Trx acts as a general acid/base catalyst for the
protonation/deprotonation of the buried CysC thiol group
during the oxidoreduction (Chivers and Raines 1997).
In HvTrxh1 and HvTrxh2, the corresponding residues are
Asp34 and Asp40 (Fig. 1A), respectively. The carboxyl
group is surrounded by hydrophobic residues but partly
exposed to solvent in the narrow internal cavity separat-
ing it from the CysC Sg atom (Fig. 2), as typically seen

for Trx structures (Katti et al. 1990). The aspartate
carboxyl group appears to have distinct environments in
HvTrxh1 and HvTrxh2. The side chain of Ile46 occupies
space in the internal cavity of HvTrxh1 with one of the
Cg atoms only 4.9 Å away from the aspartate carboxyl
group on average, while the side chain of Met52 at the
equivalent position in HvTrxh2 is at a distance of 5.3 Å
(Cb atom) (Fig. 2).

The HvTrxh2 crystal structures in oxidized (HvTrxh2OX)
and the partially disulfide-disrupted states (HvTrxh2RED1/RED2)
enable a detailed description of structural changes follow-
ing the Trx oxidoreduction. The average CysN Sg to CysC Sg

distance increases from HvTrxh2OX to HvTrxh2RED2, in
association with shifts in the average CysN x1 angle from
160° toward �174° and in the average CysC x1 angle from
�61° toward �72° (Fig. 3A,B). Disulfide reduction seems
to only slightly alter the main-chain conformation at this
resolution (Fig. 3A,B), in accordance with studies on Trxs
from E. coli (Jeng et al. 1994), human (Weichsel et al. 1996),
and spinach (Capitani et al. 2000). Neither is any major
change observed for the catalytic aspartate nor for the
water molecules buried in the cavity. Moreover, by compar-
ing the structure amplitudes of HvTrxh2RED1 and
HvTrxh2RED2, a time-dependent difference electron density
map [1/V+ j F(h)RED1� F(h)RED2 j eiuRED2(h)e�2pi(h � r)] is
generated and shown with the HvTrxh2RED1 structure in
Figure 3C. The map reveals an area of intensive positive
density (less electron density in HvTrxh2RED2) (green) that
covers the positions of the disulfide-bonded Sg atoms of
CysN and CysC, and two areas of negative density (more
electron density in HvTrxh2RED2) (red) flanking the disulfide
bond. This feature confirms that the oxidoreduction of
HvTrxh2 is primarily associated with side-chain conforma-
tional changes of the two redox-active cysteines.

Hydrophobic groove on HvTrxh1 implicated in protein
recognition is buried in a protein–protein interface

Solvent-exposed hydrophobic and uncharged residues
form an elongated shallow groove next to the redox-
active cysteines of HvTrxh1 and HvTrxh2. We refer to
this conserved feature in Trx structures as the substrate-
binding loop motif, since it is proposed to play a central
role in the recognition of substrate proteins (Qin et al.
1995; 1996; Maeda et al. 2006; Chartron et al. 2007). This
motif involves three loop segments, Trp39-Cys40(CysN)-
Gly41-Pro42, Ala81-Met82-Pro83, and Val98-Gly99-
Gly100 of HvTrxh1 (Fig. 4A). The Gly100 corresponds
to an alanine in HvTrxh2 that is more commonly present
at this position in Trxs (Figs. 1A, 4B).

In the HvTrxh1 structure, the substrate-binding loop
motif is largely buried in the two protein–protein inter-
faces formed between the two pairs of molecules in the
asymmetric unit, molecules A and D and molecules B and

Figure 2. Active-site architecture of HvTrxh1 (A) and HvTrxh2 (B).

Carbon, nitrogen, oxygen, and sulfur atoms are colored green, blue, red,

and yellow, respectively. The 2Fo–Fc electron density maps are presented

as a gray isosurface mesh at the 1.0s level. The water molecule buried in

the internal cavity is shown as a sphere and is modeled in two alternative

positions in HvTrxh1. For the HvTrxh2 structure, Cys46 and Cys49 are

shown only in the reduced conformations, although they are also modeled

in the oxidized conformations.
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C, respectively (Fig. 5A). The residues in the three loop
segments account for >85% of the total buried accessible
surface area (ASA) (902 Å2 [A:D] and 989 Å2 [B:C]).
The two interfaces display essentially identical protein–
protein interactions, as the two HvTrxh1 molecular pairs
can be aligned with an RMSD of 1.1 Å using 199 Ca

atoms. The HvTrxh1 crystal dimers do not lie on crys-
tallographic twofold axes as often seen in protein homo-
dimers, and there is no evidence that the dimer represents
the in vivo quaternary structure of HvTrxh1. The interface
areas in the HvTrxh1 crystals are in accordance with
those found in crystals of monomeric proteins, typically
burying 200–1200 Å2 ASA (Janin and Rodier 1995), and
are smaller than protein dimer interfaces that generally

bury >2000 Å2 ASA (Bahadur et al. 2003). Nevertheless,
the HvTrxh1 crystal dimers must either be formed in
solution under crystallization conditions or be strongly
favored to form during crystal growth. The residues in the
AD interface have well-defined electron density both in
the HvTrxh1AS and HvTrxh1PEG crystals. A few residues
around the BC interface in the HvTrxh1PEG crystals have
high B factors or are not modeled. In both crystal forms,
molecule C seems to be forced into a slightly constrained
conformation by the crystal packing, as the helical
structure is deformed at the most N-terminal part of a2,
which is in contact with molecule B.

HvTrxh1 crystal dimer interfaces suggest a mechanism
for substrate recognition by Trx

The following descriptions of the dimer interfaces are
based on the AD interface unless specified. The indole
group of Trp39 in molecule A is positioned close to the
CysN thiol group of the same molecule, as seen in most

Figure 3. Radiation disruption of the active-site disulfide in HvTrxh2.

Stereo images of HvTrxh2OX (A) and HvTrxh2RED2, 80% reduced (B),

showing a close-up view of segment Cys46�Cys49. The 2Fo–Fc electron

density maps are shown as gray isosurface mesh at the 1.0s level. (C)

HvTrxh2RED1 with the 1/V+ j F(h)RED1 � F(h)RED2 j eiuRED2(h)e�2pi(h � r)

difference electron density contoured at the 7s level. Significant negative

(red) density represents areas where the HvTrxh2RED2 structure has a

higher level of electron density than the HvTrxh2RED1 structure, and

positive (green) electron density, the opposite. For HvTrxh2RED1 and

HvTrxh2RED2 structures, Cys46 and Cys49 are modeled and shown in two

alternative conformations (for oxidized and reduced states).

Figure 4. Substrate-binding loop motif in HvTrxh1 (A) and HvTrxh2 (B).

Cartoon display of HvTrxh1 with sticks showing the loop segments Trp39-

Pro42, Ala81-Pro83, and Val98-Gly100 (A, left). The vacuum electrostatic

potential surface of HvTrxh1 (from the same angle as the left image) with

the positions for Glu80 and Arg101 indicated (A, right). HvTrxh2 is

presented accordingly (B). Met82 of HvTrxh1 and Met88 of HvTrxh2 are

modeled and shown in two alternative conformations. For the HvTrxh2

structure, Cys46 is only shown in the reduced conformation, although it

was also modeled in the oxidized conformation.
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other Trx structures, and greatly contributes to the buried
ASA (Fig. 5B). In contrast, the indole group in molecule
D is ‘‘flipped out’’ and located distantly from CysN (Fig.
5B). The equivalent tryptophan residue is also observed
in both conformations in crystal structures of Trx from
spinach (Capitani et al. 2000) and Trypanosoma brucei
brucei (Friemann et al. 2003). The a3–b4 loop segment
of molecule D, Glu80-Ala81-Met82 (partially overlap-
ping with the substrate-binding loop motif), has extended
main chain conformation and is bound along the hydro-
phobic groove formed by the substrate-binding loop motif
on the surface of molecule A (Fig. 5B,C). Of particular
importance, this mode of binding brings the Met82 side
chain Cg of the bound molecule D a3–b4 loop to a
distance of 4.1 Å from the CysN thiol group Sg of
molecule A (Fig. 5B,C). The dithiol/disulfide exchange
reaction between Trx and a substrate protein requires the
approximation of the CysN thiol group and a cysteine Sg

atom in the disulfide form (positionally analogous to the
Met Cg atom) of the substrate protein. Therefore, the

protein–protein interaction features of the HvTrxh1 dimer
interfaces can represent a model for the Trx–substrate
interaction. The a3–b4 loop segment in molecule D is
bound on the surface of molecule A by several van der
Waals interactions and three intermolecular backbone–
backbone hydrogen bonds, resembling antiparallel b-
sheet formation. This pattern of intermolecular hydrogen
bonds was previously seen in structures of engineered,
disulfide-linked Trx–substrate complexes mimicking reac-
tion intermediates. These include the NMR structure of
human Trx in complex with a synthetic peptide from Ref-
1 (Qin et al. 1996) and the crystal structure of HvTrxh2
in complex with BASI, representing the outcome of the
initial nucleophilic attack from HvTrxh2 CysN on BASI
disulfide Cys144–Cys148 (Fig. 5D; Maeda et al. 2006).
An essentially identical pattern of intermolecular hydro-
gen bond formation was also observed in the crystal
structure of the N-terminal Trx-like domain of E. coli
DsbD in a disulfide-linked complex with DsbD C-terminal
domain (Rozhkova et al. 2004). The crystal structure of

Figure 5. Features of the HvTrxh1 crystal dimer. (A) Cartoon display shows the dimerization of HvTrxh1 molecules A (green) and D

(yellow). Residues Trp39�Pro42, Ala81�Pro83, and Val98�G100 that constitute the substrate-binding loop motif are colored red. (B)

Stereoview of the interface between HvTrxh1 molecules A and D. Cartoon display is shown transparently and colored green (molecule

A) and yellow (molecule D). Key residues are shown in stick representation and labeled in black (molecule A) and red (molecule D),

respectively. Hydrogen bonds are shown as dashed yellow lines. Glu80 (molecule D) is modeled in two alternative conformations. (C)

The image is identical to the left image of Figure 5B, except that the vacuum electrostatic potential surface is shown for HvTrxh1

molecule A. (D) Cartoon display shows the interface between HvTrxh2 (blue) and BASI (pink) in the structure of HvTrxh2–BASI

complex (Maeda et al. 2006). Key residues are shown in stick representations and labeled with black (HvTrxh2) and red (BASI) letters.

The vacuum electrostatic potential surface is shown for HvTrxh2 in the right image.
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39-phosphoadenosine-59-phosphosulfate reductase in a
disulfide-linked complex with E. coli Trx showed a similar
mode of binding except that one of the hydrogen bonds is
absent (Chartron et al. 2007). Based on the HvTrxh2-BASI
complex structure, we previously proposed that this mode
of intermolecular-hydrogen-bond formation plays an
important role in substrate recognition and selectivity of
Trx. The present study provides remarkable structural
evidence for such selective binding of a protein motif with
extended backbone conformation to the active site of Trx
also in the absence of an engineered disulfide linkage.
Moreover, this study emphasizes the possible involvement
of the substrate-binding loop motif in protein–protein
association not involving dithiol/disulfide exchanging, as
seen in the binding of the reduced E. coli Trx with
bacteriophage T7 DNA polymerase (PDB code 1T7P)
(Doublié et al. 1998).

Involvement of electrostatic interactions in HvTrxh1
crystal dimer formations

The protein–protein interactions found in HvTrxh1 are
absent in the HvTrxh2 crystal. Inspection of the existing
PDB entries of Trx structures neither revealed such
interaction patterns although twofold symmetry-related
dimerization is reported in crystals of a C. reinhardtii
Trx h mutant (Menchise et al. 2001) and for Drosophila
melanogaster Trx (Wahl et al. 2005). Hence, the HvTrxh1
crystal complex formation must signify its unique struc-
tural self-complementarity. While the fold and hydro-
phobicity of the substrate-binding loop motif are well
conserved among Trxs, surrounding solvent-exposed res-
idues are divergent. In HvTrxh1, the substrate-binding
loop motif is flanked by solvent-exposed Glu80 and
Arg101 (Figs. 4, 5B). In the crystal dimer AD, the
Arg101 guanidinium cation from molecule A forms an
electrostatic interaction with the Glu80 carboxylate anion
of the bound molecule D loop segment with distances of
2.7 and 3.9 Å (Fig. 5B,C), while the same groups are 6.7
and 10.2 Å apart in the BC interface (Glu80 modeled in
two alternative confirmations in both molecules C and
D). The other pair of Glu80 carboxylate anion (of
molecule A) and Arg101 guanidinium cation (of mole-
cule D) in HvTrxh1 crystal dimers are separated by 7.2 Å,
and the HvTrxh1 interfaces involve no obvious conflict-
ing contacts of charged groups. Similar structural self-
complementarity is not present in the HvTrxh2 structure,
as the HvTrxh1 Arg101 is not conserved among h-type
Trxs (Fig. 1A). This residue is substituted with Ile107 in
HvTrxh2.

In general, electrostatic complementarity is considered
to be a major driving force for the rapid association of
electron donors and acceptor proteins into complexes
(Crowley and Carrondo 2004). The present study has

indicated that HvTrxh1 Arg101 can play a particularly
crucial role in the association of HvTrxh1 with target pro-
teins by forming electrostatic interactions with a protein
motif bound in the substrate-binding loop motif. Indeed, a
charge mutation of E. coli Trx at this particular position is shown
to affect its reactivity toward fructose-1,6-bisphosphatase
(Mora-Garcı́a et al. 1998). The presence of Arg101 in
HvTrxh1 and the uncharged Ile107 in HvTrxh2 may there-
fore give rise to differential isoform interaction with some
redox partners.

Materials and Methods

X-ray crystallography

Recombinant HvTrxh1 and HvTrxh2 were expressed in E. coli
and purified as described previously (Maeda et al. 2003).
Purified Trxs were dialyzed against water and concentrated
using Centricon-10 filters (Millipore). Crystals of HvTrxh1 and
HvTrxh2 were obtained using the hanging-drop vapor-diffusion
method at room temperature with 2 mL each of reservoir and
protein solutions. HvTrxh1 solutions of 10 and 20 mg/mL were
used for crystallization in 0.1 M MES pH 6.0, 2.4 M ammonium
sulfate and in 0.2 M ammonium acetate, 0.1 M sodium acetate
trihydrate pH 4.6, 30% (w/v) PEG 4000, respectively. A
HvTrxh2 solution of 20 mg/mL was used for crystallization in
nonbuffered 30% (w/v) PEG 1500. All diffraction data were
collected on a Rigaku RU-H3RHB rotating Cu anode X-ray
generator equipped with an R-AXIS IV++ imaging plate
detector and a 700 series Cryostream cooler (Oxford Cryo-
systems) at –160°C. To generate a structural model for oxidized
HvTrxh2, diffraction data were collected from three isomorphous
HvTrxh2 crystals by 40° rotation (80 diffraction images) each.
Reflections were indexed, integrated, and scaled with MOSFLM
(Leslie 1992) and SCALA (Collaborative Computational Proj-
ect, Number 4 1994). MR was performed in Phaser (Collabo-
rative Computational Project, Number 4 1994; Storoni et al.
2004). The structure of C. reinhardtii Trx h was used as a search
model, because the MR was performed before the previously
published crystal structure of HvTrxh2 in complex with BASI
was available (PDB code 2IWT). The refinement was carried
out with the programs CNS (Brünger et al. 1998) and Refmac
5 (Collaborative Computational Project, Number 4 1994;
Murshudov et al. 1997). The electron density maps of HvTrxh1
and HvTrxh2 allowed manual building of the models in O (Jones
et al. 1991) and Coot (Emsley and Cowtan 2004). Final refine-
ments were performed in Refmac 5 and CNS. Two alternate
conformations of Cys46/Cys49 were included for the refine-
ment of the two HvTrxh2RED structures, one with the distance
between sulfur atoms restrained by a disulfide bond and one with
no bond restraint. The occupancy of each conformation was
optimized by evaluation of the resultant Fo–Fc difference Fourier
keeping the total occupancy of each residue ¼ 1 and the
occupancy of the cysteines in a Cys46/Cys49 pair equal. The
geometries of the refined structures were checked with
PROCHECK (Laskowski et al. 1993). Secondary structures
were assigned in Stride (http://webclu.bio.wzw.tum.de/cgi-bin/
stride/stridecgi.py/) (Frishman and Argos 1995). The protein–
protein interfaces were analyzed in the Protein–Protein Inter-
action Server (V1.5) (http://www.biochem.ucl.ac.uk/bsm/PP/
server/) (Jones and Thornton 1996). Figures of protein structures
are made in PyMOL (Delano Scientific).
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Data deposition

The coordinates of the present crystal structures have been
deposited to the RCSB Protein Data Bank with the codes 2VM1
(HvTrxh1AS), 2VM2 (HvTrxh1PEG), 2VLT (HvTrxh2OX), 2VLU
(HvTrxh2RED1), and 2VLV (HvTrxh2RED2).
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