
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 

   

 

Downloaded from orbit.dtu.dk on: Dec 17, 2017

Structural Basis for Target Protein Regcognition by Thiredoxin

Maeda, Kenji; Svensson, Birte

Publication date:
2007

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Maeda, K., & Svensson, B. (2007). Structural Basis for Target Protein Regcognition by Thiredoxin.

http://orbit.dtu.dk/en/publications/structural-basis-for-target-protein-regcognition-by-thiredoxin(b91647c6-5b06-4a2e-8230-0ca1d4580bbf).html


 

 

 

Structural Basis for Target Protein Recognition by 

Thioredoxin 

 

by 

 

Kenji Maeda 

M. Sc. 

University of Copenhagen, 

Copenhagen, Denmark 

 

 

This thesis is submitted for the Ph.D. degree at the Technical University of Denmark 

 

 

Enzyme and Protein Chemistry, BioCentrum-DTU,  

Technical University of Denmark, 

Kgs Lyngby, Denmark 

 

 i



Acknowledgements 

 
The present Ph.D. project was supported by a Ph.D. scholarship from the Technical 

University of Denmark, the Danish Technical Research Council (STVF, grant nr 26-03-

0194) and the Carlsberg Foundation.  

 

Professor Birte Svensson (Enzyme and Protein Chemistry, BioCentrum-DTU) is 

acknowledged for creating financial and scientific basis for this project and for daily 

supervision and discussions. 

 

Professor Anette Henriksen (Biostructure Group, Carlsberg Laboratory) is acknowledged 

for making facilities of X-ray crystallography available for the present project, for 

supervision and support in theoretical and practical X-ray crystallography and for helpful 

discussions. 

 

Associate Professor Per Hägglund (Enzyme and Protein Chemistry, BioCentrum-DTU) is 

acknowledged for daily support and for helpful discussions. 

 

Associate Professor Christine Finnie (Enzyme and Protein Chemistry, BioCentrum-DTU) 

and Professor Jakob R. Winther (University of Copenhagen) are gratefully thanked for 

helpful discussions. 

 

All technicians at Enzyme and Protein Chemistry, BioCentrum-DTU, and especially 

Karina Rasmussen, Mette Therese Christensen and Anne Blicher are acknowledged for 

technical assistance.  

 ii



 

All former and present members of Enzyme and Protein Chemistry, BioCentrum-DTU, 

and Biostructure Group, Carlsberg Laboratory, are thanked for discussions and for creating 

excellent working environment. 

 

 iii



Table of contents  

 

Title         i 

Acknowledgements       ii 

 

Table of contents       1 

Abbreviations        5 

Thesis summary        7 

Dansk Resumé        8 

 

Chapter 1 

Introduction 

 1.1 Reactive nature of cysteine residues in proteins   9 

 1.2 Control of cellular redox status     10 

 1.3 Cysteine PTMs as signal transduction mechanisms  11 

 1.4 Structures and functions of Trx and Trx superfamily proteins 13 

 1.5 Strategies to map the features of cysteine PTMs at the proteome  

       level        16 

 1.6 Barley Trx h isoforms HvTrxh1 and HvTrxh2   18 

 

Objectives        20 

 
Chapter 2  

Structural basis for target protein recognition by the protein disulfide  

reductase thioredoxin  

 2.1 Summary       22 

 1



 2.2 Introduction       22 

 2.3 Results  

  2.3.1 Production of the HvTrxh2-S-S-BASI mixed disulfide 23 

  2.3.2 Architecture of HvTrxh2-S-S-BASI   26 

  2.3.3 The protein-protein interface of HvTrxh2-S-S-BASI 28 

2.3.4 Conservation of the substrate recognition loop motif  

         among Trx-fold proteins    29 

2.3.5 Comparison with the glutathione recognition  

         mechanisms of GST and Grx    32 

2.4 Discussion       34 

2.5 Experimental Procedures 

  2.5.1 Construction of mutants     40 

  2.5.2 Protein expression and purification   40 

  2.5.3 Trx-complex formation    41 

  2.5.4 Crystallization and X-ray crystallography  42 

2.5.5 Search for structural motifs in PDB entries  43 

 

Chapter 3  

Crystal structures of two barley thioredoxin h isoforms reveal features  

involved in protein recognition and possibly discriminating the isoform  

specificity 

 3.1 Summary        45 

 3.2 Introduction       46 

 3.3 Results and Discussion 

3.3.1 Protein crystallization, data collection and  

 2



         structure determination    46 

3.3.2 The fold of HvTrxh1 and HvTrxh2   48 

  3.3.3 The catalytic mechanism of HvTrxh1 and HvTrxh2  52 

3.3.4 A hydrophobic groove on HvTrxh1 and HvTrxh2  

         implicated for protein recognition   55 

3.3.5 Features of HvTrxh1 dimer interfaces   58 

3.3.6 The involvement of electrostatic interactions in  

         HvTrxh1 crystal dimer formations   61 

 3.4 Experimental procedures 

  3.4.1 X-ray crystallography    62 

 

Chapter 4  

Differentiated reactivity of the redox active cysteines in barley  

thioredoxin h isoforms, HvTrxh1 and HvTrxh2 

 4.1 Summary       64 

 4.2 Introduction       65 

 4.3 Results 

  4.3.1 Trx-Trx redox reaction kinetics for E°´ determination  

           of  HvTrxh1 and HvTrxh2    65 

  4.3.2 E°´ values for HvTrxh1 and HvTrxh2   67 

  4.3.3 pH-titration of CysN in HvTrxh1 and HvTrxh2  69 

 4.4 Discussion 

  4.4.1 Thermodynamics of HvTrxh1 and HvTrxh2  73 

  4.4.2 Thiol-pKa of CysN in HvTrxh1 and HvTrxh2  74 

  4.4.3 Biological roles of the h-type Trxs   76 

 3



 4.5 Experimental Procedures 

  4.5.1 Construction of mutants    77 

  4.5.2 Protein production     78 

  4.5.3 Emission spectra of HvTrxh1, HvTrxh2 and EcTrx 78 

  4.5.4 Redox potential assignment for HvTrxh1 and HvTrxh2  

           based on Trx-Trx redox kinetics   79 

  4.5.5 Alkylation kinetics for HvTrxh1, HvTrxh2 and their  

           CysC to Ser variants     80 

  4.5.6 Mass spectrometric analysis of carbamidomethylation  

           site in Trxs      80 

 

Concluding remarks and perspectives     82 

References        84 

 

Appendix I  

Maeda, K., Hägglund, P., Finnie, C., and Svensson, B. (2006). Proteomics of disulphide 

and cysteine oxidoreduction. In Plant Proteomics, The Annual Plant Reviews, Vol. 28, 

Finnie, C., ed. (Blackwell Publishing: Oxford, UK), pp. 71-97. 

 

Appendix II  

Maeda, K., Hägglund, P., Finnie, C., Svensson, B., and Henriksen, A. (2006). Structural 

basis for target protein recognition by the protein disulfide reductase thioredoxin. 

Structure 14, 1701−1710. 

 

 4



Abbreviations 

 

2-DE, two-dimensional gel electrophoresis 

ASA, accessible surface area  

ASK1, apoptosis signal-regulating kinase-1  

BASI, barley α−amylase/subtilisin inhibitor  

DTNB, 5,5´-dithiobis(2-nitrobenzoic acid)  

DTT, dithiothreitol  

E°´, standard redox potential  

EcTrx, Escherichia coli thioredoxin 1  

ER, endoplasmic reticulum 

Grx, glutaredoxin 

GSH, reduced glutathione 

GSSG, oxidized glutathione  

GST, glutathione transferase  

H2O2, hydrogen peroxide  

HvTrxh1, barley thioredoxin h isoform 1  

HvTrxh2, barley thioredoxin h isoform 2  

HvTrxh2-S-S-BASI, the disulfide-linked complex of HvTrxh2 and BASI 

IAM, iodoacetamide 

IPTG, isopropyl β-D-1-thiogalactopyranoside 

MR, molecular replacement  

Mw, molecular weight  

NO, nitric oxide 

NTR, NADPH-dependent Trx reductase  

 5



Orp1, oxidant receptor peroxidase 1  

PEG, polyethylene glycol  

PDI, protein disulfide isomerase  

PTM, post-translational modification 

Rmsd, root-mean-square difference 

RNS, reactive nitrogen species 

ROS, reactive oxygen species  

SOH, sulfenic acid 

SO2H, sulfinic acid  

SO3H, sulfonic acid 

TCEP, Tris(2-carboxyethyl)phosphine  

TFA, trifluoroacetic acid 

TNB, 2-nitro- 5-thiobenzoate  

Trx, thioredoxin 

 6



Thesis summary 

 
Thioredoxin (Trx) is an ubiquitous protein disulfide reductase that possesses two redox 

active cysteines in the conserved active site sequence motif, Trp-CysN-Gly/Pro-Pro-

CysC situated in the so called Trx-fold. The lack of insight into the protein substrate 

recognition mechanism of Trx has to date been a hindrance for comprehensive 

understanding of the functions and biological roles of Trx. This issue is addressed in the 

present study on two h-type Trxs, HvTrxh1 and HvTrxh2 from barley seeds. The crystal 

structure was determined for a stable, disulfide-linked complex of a HvTrxh2 mutant 

(Cys49Ser) and a mutant of an in vitro substrate α-amylase/subtilisin inhibitor (BASI) 

(Cys144Ser), as a reaction intermediate-mimic of Trx-catalyzed disulfide reduction. The 

resultant structure showed a sequence of BASI residues along a conserved hydrophobic 

groove constituted of three loop segments on HvTrxh2 surface, associated through 

several van der Waals contacts and three backbone-backbone hydrogen bonds 

resembling β-sheet formation. Moreover, a pattern of interactions essentially identical 

to that in HvTrxh2-S-S-BASI was observed in the structure of HvTrxh1 crystallized in 

the oxidized form. In the crystal lattice, HvTrxh1 formed a dimer, in which a loop 

segment from one molecule was situated along the hydrophobic groove at the active site 

of another molecule. The observed manner of protein recognition by Trx was similar in 

the central part to the glutathione recognition mechanisms of Trx-fold proteins 

glutaredoxin and glutathione transferase. This study suggests that the features of main 

chain conformation as well as charge property around disulfide bonds in protein 

substrates are important factors for interaction with Trx. Moreover, this study describes 

a detailed structural and biophysical comparison of the two coexisting h-type barley 

Trxs, HvTrxh1 and HvTrxh2. 
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Dansk Resumé 

 
Thioredoxin (Trx) er en allestedsnærværende protein-disulfid-reduktase, som har to 

redox aktive cysteiner i det konserverede active site sekvensmotiv, Trp-CysN-Gly/Pro-

Pro-CysC, placeret på den såkaldte Trx-fold. Mangelen på indblik i mekanismen bag 

Trxs substratgenkendelse har indtil idag været en forhindring til at opnå fuld forståelse 

for Trxs funktioner og biologiske rolle. Denne problemstilling bliver behandlet i det 

nærværende undersøgelse af to h-type Trx’er, HvTrxh1 and HvTrxh2 fra bygkerner. 

Krystalstrukturen er blevet bestemt for et stabilt, disulfidbundet kompleks af en 

HvTrxh2 mutant (Cys49Ser) og en mutant af et in vitro substrat, α-amylase/subtilisin 

inhibitor (BASI) (Cys144Ser), som repræsenterer et intermediat i Trx-katalyseret 

disulfid-reduktion. Den resulterende struktur viste en sekvens af BASI-rester langs en 

konserveret hydrofob rende bestående af tre loop segmenter på HvTrxh2 overfladen 

forbundet med en række van der Waals kontakter og tre backbone-backbone 

hydrogenbindinger, som ligner en β-sheet-dannelse. Desuden blev et mønster af 

interaktioner, der grundlæggende var identisk med det der ses i HvTrxh2-S-S-BASI, 

observeret i strukturen af HvTrxh1, som blev krystalliseret i den oxiderede form. I 

krystalgitteret dannede HvTrxh1 en dimer, hvori et loop segment fra det ene molekyle 

var placeret langs den hydrofobe rende i det andet molekyle. Den centrale del af denne 

observerede mechanismer for Trxs protein-genkendelse var sammenlignelig med 

glutathion-genkendelses mekanismer for Trx-fold-proteinerne, glutaredoxin og 

glutathion-transferase. Det nærværende arbejde foreslår, at såvel backbones 

konformation som ladningsfordelingen omkring disulfidbroer i protein-substrater er 

vigtige faktorer for interaktion med Trx. Desuden beskrives i det nærværende arbejde en 

detaljeret strukturel og biofysisk sammenligning af de to sameksisterende h-type byg 

Trx’er, HvTrxh1 and HvTrxh2. 
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Chapter 1 

Introduction 

 
1.1 Reactive nature of cysteine residues in proteins 

The proteome in a given cell or organelle of an organism is dynamic and changes both 

in terms of protein composition and post-translational modifications (PTMs). PTMs of 

specific amino acid residues can alter the properties and functions of proteins and are 

major regulatory mechanisms in diverse physiological processes. 

 Cysteine residues in protein three-dimensional structures are most commonly 

observed in the free thiol form or in the oxidized and paired form, in which two cysteine 

side chains are covalently cross-linked via a disulfide bond. Cysteine is the most 

reactive amino acid residue present in proteins apart from the rare selenocysteine and is 

often located in the active sites of enzymes. It can also have a structural role, for 

example, in iron–sulfur centers of metal proteins. A disulfide bond provides an 

additional covalent bond between two sequentially separated cysteine residues and is 

therefore an important stabilizing factor of protein structures. 

 Cysteine residues in various proteins can alter the redox status upon changes in 

the redox homeostasis. The cysteine thiol group is susceptible to several reversible and 

irreversible oxidative modifications including formation of sulfenic acid (SOH), sulfinic 

acid (SO2H), sulfonic acid (SO3H) and mixed disulfides with low-molecular-weight 

thiols such as glutathione, cysteine and homocysteine. Cysteine in the thiol form can 

furthermore react reversibly with nitric oxide (NO) to give a nitrosothiol. As cysteine 

often has catalytic or structural roles in proteins, such modifications can profoundly 

influence protein function. A wide variety of biological redox compounds, including 

proteins catalyzing cysteine redox modifications, regulate an array of biological 

processes. Several of these redox proteins such as protein disulfide isomerase (PDI) 
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have central roles in protein folding and function and have been studied for many 

decades (Wilkinson and Gilbert, 2004). Sulphiredoxin (Biteau et al., 2003) that can 

reduce cysteine SO2H, have been discovered recently, emphasizing the fact that our 

knowledge of thiol modification mechanisms is still incomplete. The expressions of 

these proteins in turn are often adjusted in response to cellular redox signals, and thus 

create highly complex regulatory networks. 

 

1.2 Control of cellular redox status 

Reactive oxygen/nitrogen species (ROS/RNS) such as hydrogen peroxide (H2O2), 

superoxide, singlet oxygen, NO and the hydroxyl radical can cause damage to 

biological macromolecules, including lipids, nucleic acids and proteins, and are very 

reactive against protein thiols. ROS production takes place, for instance, in the electron 

transport chain of the respiratory pathway in the mitochondrion, while ROS primarily 

are produced by chloroplasts and peroxisomes in plant tissues (Bailly, 2004).  

 A coordinated system for detoxification of ROS is required to remove the 

different toxic by-products of metabolism. The major control of cellular redox status is 

the ascorbate–glutathione cycle (Potters et al., 2002). The enzymes of the ascorbate–

glutathione cycle in plants occur in the chloroplast, mitochondrion and cytosol. 

Glutathione, the tripeptide glutamyl–cysteinyl–glycine, is the dominant low molecular 

weight (Mw) thiol in the cell, present at millimolar concentrations. The ratio of reduced 

(GSH) to oxidized (GSSG) glutathione is the major determinant of the cellular redox 

balance including the thiol/disulfide redox status. This ratio is around 100:1 in the 

cytoplasm of eukaryotic cells (Hwang et al., 1992) and the maintenance of the 

GSH/GSSG ratio is coupled by glutathione reductase to the availability of NADPH. The 

reducing environment of the cytosol does not favor disulfide formation. Disulfides 
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formed in cytosolic proteins are therefore likely to be transient and highly sensitive to 

changes in the redox status of the cell. In contrast to the cytoplasm the GSH/GSSG ratio 

is around 3:1 in the endoplasmic reticulum (ER). This more oxidizing environment 

favors disulfide bond formation. PDI catalyses disulfide formation and isomerization in 

the ER, and is responsible for the correct disulfide pairing in nascent secretory proteins. 

Although PDI has also been identified in chloroplasts of the unicellular green alga 

Chlamydomonas reinhardtti (Trebitsh et al., 2001), disulfide bonds are typically found 

in proteins that are processed via the secretory pathway.  

 In addition to the role of glutathione in maintenance and regulation of the 

cellular redox state, glutathionylation of thiol groups in proteins protects them from 

irreversible oxidation by ROS. The glutaredoxin (Grx) system is responsible for the 

deglutathionylation, which also requires reducing power from NADPH, supplied via 

glutathione reductase. Another major system for regulation of protein thiol redox status 

is the thioredoxin (Trx) system that also uses reducing power from NADPH, via Trx 

reductases, to reduce disulfide bonds in proteins. Cellular redox control and protein 

thiol status are intimately linked in a complex regulatory network that is increasingly 

recognized as central to metabolism. 

 

1.3 Cysteine PTMs as signal transduction mechanisms  

For a long time cysteine PTMs have been considered as events of toxic effects that 

damage and dysfunctions cells under conditions of diseases and oxidative stress. In 

recent years, progressing numbers of studies have provided evidence for that controlled 

regulation of cellular redox status serves as a mechanism of signal transduction that 

often is mediated by cysteine PTMs. For example, cytokines and hormones stimulate 

the production of ROS in eukaryotic cells, which in low, untoxic concentrations act as 

 11



messengers that transduce signals and regulate various biological processes, including 

hormone biosynthesis, proliferation and apoptosis (Nakamura et al., 1997; Gamaley and 

Klyubin, 1999; Thannickal and Fanburg, 2000).  

 A small number of such signaling pathways controlled by intracellular redox 

conditions are to date characterized in detail. The redox regulations of yeast 

transcription factor Yap1 and its prokaryotic counterpart OxyR, both involved in the 

expression of antioxidant proteins in Trx and glutathione systems, are examples of well-

studied signaling pathways mediated by cysteine PTMs (Toledano et al., 2004). In 

Escherichia coli, the stimulation of intracellular H2O2 release results in oxidation and 

formation of an intramolecular disulfide bond in OxyR that thereby alters the fold and 

activates the gene transcription (Åslund et al., 1999). In Saccharomyces cerevisiae, the 

corresponding mechanism of Yap1 regulation is more complicated. Firstly, H2O2 reacts 

with oxidant receptor peroxidase 1 (Orp1) to form a cysteine SOH. Yap1 is activated 

via specific protein-protein interaction involving the reaction between cysteine SOH of 

oxidized Orp1 with a dithiol in Yap1 that results in disulfide bond formation in Yap1 

(Delaunay et al., 2000, 2002). The Trx system is likely to be responsible for the 

reduction and deactivation of Yap1, as Yap1 is constitutively oxidized and active in the 

Trx-deficient yeast strains (Izawa et al., 1999). The depletion of Grx genes, on the other 

hand, does not show the same effect (Izawa et al., 1999). 

 The redox regulation of mitogen-activated protein kinase pathway via 

apoptosis signal-regulating kinase-1 (ASK1) is another well-characterized example of 

cysteine PTM involved in signaling mechanisms. ASK1 is inactive when associated 

with the reduced form of Trx, but the ROS-mediated Trx oxidation leads to the 

dissociation of ASK1-Trx complex and the activation of ASK1 (Liu et al., 2000). These 

 12



and other examples signify that cysteine PTMs and protein redox regulations are 

prevalent events controlling biological activities in organisms.  

 

1.4 Structures and functions of Trx and Trx superfamily proteins 

Trx plays roles in cellular metabolic activities by donating electrons to enzymes such as 

ribonucleotide reductase, methionine sulfoxide reductases and peroxiredoxins, and in 

redox regulation of an array of target proteins ranging from mammalian transcription 

factors to plant enzymes involved in photosynthesis (Arnér and Holmgren, 2000).  

 Trx, Grx, PDI and prokaryotic disulfide bond formation proteins such as DsbA 

all belong to the Trx superfamily, sharing a conserved active site motif, CysN-Xxx1-

Xxx2-CysC, situated in the Trx-fold with a βαβαββα topology (Martin, 1995). The 

overall fold of Trx is exceptionally well-conserved among species and constituted of a 

central five stranded β-sheet surrounded by four α-helices (Figure 1.1) (Holmgren et al., 

1975). The two redox active cysteine residues in the Trx active site sequence motif Trp-

CysN-Gly/Pro-Pro-CysC form an intramolecular disulfide in the oxidized state (Figure 

1.1). Trx receives reducing equivalents from NADPH via NADP-dependent Trx 

reductase (NTR) or in plant chloroplast from ferredoxin via ferredoxin-dependent Trx 

(Buchanan and Balmer, 2005). For reduction of protein disulfides, the surface-exposed 

thiol group of CysN in the reduced Trx carries out the initial nucleophilic attack to form 

a transient intermolecular disulfide bond, linking Trx and the substrate at the transition 

state (Kallis and Holmgren, 1980). CysC subsequently attacks the transient disulfide 

bond and releases the reduced substrate with concomitant formation of the disulfide 

bond in Trx. For the efficient (de)protonation of the CysC thiol group, a conserved 

aspartic acid in the Trx core (referred to in the followings as AspC) acts as a general 

acid/base catalyst (Figure 1.1) (Chivers and Raines, 1997). Studies on E. coli Trx 1 
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(EcTrx) has demonstrated that the Trx active site ionizes singly either on CysN or AspC 

at the pKa of 7.5, while the ionization on both groups occurs at pKa of 9.2, because the 

Coulombic interaction between the two proximity anionic ions creates negative 

cooperativity (Chivers et al., 1997). The two pKa values are referred as microscopic 

pKas. The CysC thiol group of Trx ionizes at pKa >11 (LeMaster, 1996; Chivers et al., 

1997). 

 

                        

 

Figure 1.1 Cartoon display of the crystal structure of oxidized EcTrx (PDB entry 2TRX, molecule A; 

Katti et al., 1991). Stick representation shows the redox active cysteine pair, Cys32/Cys35 (CysN/CysC), 

and Asp 26 (AspC). Carbon, oxygen, nitrogen and sulfur are colored green, red, blue and yellow, 

respectively. 

 

 Grx typically contain the active site sequence motif Cys-Pro-Tyr-Cys, although 

several Grx genes in A. thaliana show variation in this sequence. Grx can accept 
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reducing equivalents either from NADPH via Grx reductase or from GSH (Holmgren, 

1979a). Grx is, in terms of thermodynamics, a weaker reductant than Trx, by having 

standard redox potential of around −200 mV compared to about −270 mV for Trx 

(Åslund et al., 1997). In Grx, the thiol-pKa value of CysN is strongly perturbed and 

exceptionally low, for example 3.5 in yeast Grx (Gan et al., 1990). In addition, the 

function of Grx is diverged from that of Trx in terms of kinetics and specificity, as 

solely Grx exhibits affinity towards glutathionylated proteins (Fernandes and Holmgren, 

2004). Grx preferentially reduces glutathione mixed disulfides (Gravina and Mieyal, 

1993) and accounts for the majority of deglutathionylation activity in human cells 

(Chrestensen et al., 2000). Whereas both CysN and CysC are essential in reduction of 

disulfide bonds by Trx, CysN is sufficient for protein deglutathionylation by Grx, 

because it can receive the glutathione group from S-glutathionylated proteins by a single 

nucleophilic attack (Yang et al., 1998). Grxs and Grx variants lacking CysC retain the 

reductase activity towards S-glutathionylated proteins (Yang et al., 1998), 

dehydroascorbate and cysteine SOH in peroxiredoxin (Rouhier et al., 2002a, b). CysC is 

replaced by serine in a number of Grxs from A. thaliana (Rouhier et al., 2004). 

 The A. thaliana genome includes at least 19 and 31 genes encoding for Trx and 

Grx, respectively, in contrast to human, yeast and E. coli, only containing a few Trx and 

Grx encoding genes (Meyer et al., 2002b; Rouhier et al., 2004). The numerous isoforms 

of plant Trxs are grouped into six types based on the primary structure. The f-, m-, x- 

and y-types are chloroplastic, the o-type is mitochondrial and the h-type is mainly 

cytosolic although it has also been identified in the nucleus, mitochondria and phloem 

sieve tubes (Buchanan and Balmer, 2005). Some of the coexisting Trx isoforms in 

plants have been demonstrated to have distinct physiological functions. For instance, the 

chloroplastic Trx f reduces fructose-1,6-bisphosphatase in vitro much more efficiently 
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than Trx m (Wolosiuk et al., 1979). The isoforms of h-type Trxs, which constitute the 

major Trx sub-group in plants (at least nine genes in A. thaliana), carry out distinct 

biological roles in yeast complementarity studies (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 oxidative stress (Reichheld 

et a., 2002; Laloi et al., 2004). Thus in plants, the presence of numerous Trx isoforms, 

in combination with other redox active components, constitutes a complex redox 

regulatory system. 

 

1.5 Strategies to map the features of cysteine PTMs at the proteome level 

In order to reveal the features of cysteine PTMs at the proteome level, various 

proteomics techniques have in recent years been developed. These techniques have been 

applied for the identification of proteins and individual cysteine residues that undergo 

oxidoreductions upon treatment with oxidants or reductants in vitro and in vivo 

(reviewed in Maeda et al., 2006a; Appendix I). Such approaches have led to, for 

instance, the identifications of over hundred proteins which are suggested to be reduced 

by the Trx system. However, most redox proteomics approaches developed so far have 

difficulties in providing solid evidence for that the PTMs of particular cysteines take 

place to significant extents under physiologically relevant conditions in vivo. The 

difficulties in achieving comprehensive mapping of the redox proteome stem e.g. from 

that the techniques are not able to analyze the relatively low-abundant proteins or 

membrane proteins, and moreover are mostly non-quantitative. Furthermore, individual 

cysteine residues can rapidly alter the redox status via dithiol/disulfide exchanging 

reactions unless the sample proteins stay in acidic solutions. However, the regular 
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sample handling procedures of proteomics often necessitate the application of buffers of 

higher pH values, as for instance in tryptic digestion. 

 Another major challenge in plotting redox regulatory pathways is the 

assignment of oxidants and reductants responsible in vivo for the individual cysteine 

PTMs involved in the signal transduction. The coexistence of numerous redox active 

compounds in biological environment makes such an assignment a highly challenging 

task. Approaches based on knock-out or knock-down of the individual oxidoreductases 

combined with techniques of proteomics can be useful, but insufficient for some cases. 

For instance, knock-down of Trx genes will not only alter the redox status of the 

downstream interaction partners, but the general cellular redox homeostasis, because 

Trx is responsible for the delivery of electrons to antioxidants proteins such as 

peroxiredoxins. For these reasons, detailed knowledge of the kinetic determinants for 

reactions between biological oxidoreductants can be a support for the understanding of 

redox-mediated signal transduction pathways. The susceptibility of cysteine residues to 

undergo oxidoreductions largely depends on the values of thiol-pKa, but also on the 

specific interactions with oxidoreductants, as well-illustrated for the above-mentioned 

involvement of specific recognition of glutathionylated proteins in protein 

deglutathionylation by Grx. 

 Little is known currently about the substrate specificity of Trx, and it is still a 

matter of debate, to which extent the Trx-catalyzed disulfide reductions are governed by 

specific protein–protein interactions. Nevertheless, examinations of individual disulfide 

proteins and proteomics-based surveys for target proteins have shown substrate 

selectivity of Trx for certain protein disulfides (Østergaard et al., 2001; Yano et al., 

2001; Maeda et al., 2004; Maeda et al., 2005). Moreover, mutational analysis of the 

redox regulation of fructose-1,6-bisphosphatase by chloroplastic Trx has suggested 
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charge complementarity to influence the specificity of Trx (de Lamotte-Guery et al., 

1991; Geck et al., 1996; Mora-Garcia et al., 1998). However, the only structural studies 

to date on the interaction between Trx and target proteins are NMR structure 

determinations of two disulfide-bonded complexes between a mutant of human Trx and 

short synthetic peptide fragments derived from transcription factors NF-κB and Ref-1 

(Qin et al., 1995; Qin et al., 1996). Protein disulfides can be structurally diverse in 

various aspects, such as their surface exposure and their locations in secondary structure 

elements, the dihedral angles around the disulfide bond, and the identity of the amino 

acids present at spatially and sequentially close locations (Bhattacharyya et al., 2004). 

Structural determination of Trx-substrate protein-protein complexes will possibly 

identify the substrate recognition site(s) on Trx structure, and structural motif(s) around 

disulfides of Trx targets recognized by Trx.  

 

1.6 Barley Trx h isoforms HvTrxh1 and HvTrxh2 

In proteome analysis of barley seeds based on two-dimensional gel electrophoresis (2-

DE), two h-type Trx isoforms with 51% sequence identity were identified and termed 

HvTrxh1 and HvTrxh2 (Maeda et al., 2003). HvTrxh1 appeared in two spots with 

slightly different values of Mw in the 2D-gels of mature barley seeds, but the mass 

spectrometric analysis of the tryptic digests did not detected any PTMs or truncations 

that explain this observation. Detailed proteome analysis of the embryo, endosperm and 

aleurone layers from barley seeds in the mature state and six days after imbibition 

showed that the two Trxs have distinct patterns of spatial and temporal distribution. 

HvTrxh1 was abundant in all examined tissues of mature seeds. It remained abundant at 

similar levels in the embryo after imbibition, but diminished in endosperm and aleurone 
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layers. On the other hand, HvTrxh2 was mainly present in the embryo of mature seeds 

and decreased in the amount after imbibition.  

 In order to characterize the two barley Trxs, the encoding genes were cloned 

and the recombinant proteins produced in E. coli (Maeda et al., 2003). The protein 

disulfide reductase activities of the two barley Trxs were compared using the insulin 

assay (Holmgren, 1979b). In this assay, the efficiency of Trxs in catalyzing the 

reduction of insulin disulfides by dithiolthreitol (DTT) was measured, and the insulin 

reduction was followed spectrometrically based on the aggregation of the reduced 

insulin. Insulin reduction rates were ~30% higher for HvTrxh1 than HvTrxh2. HvTrxh1 

is also a better substrate for A. thaliana NTR with ~3 fold lower Km value than HvTrxh2. 

 H-type Trxs in cereal seeds have been shown to have positive influence on 

germination process, but little is yet known about their target proteins. Barley seed 

proteins susceptible to undergo reduction by HvTrxh1 and HvTrxh2 in vitro were 

identified using a proteomics technique, based on thiol-specific fluorescence labeling 

with monobromobimane and Cy5-maleimide, 2-DE and mass spectrometry (Maeda et 

al., 2004). The two Trxs reduced the same 16 seed proteins with various structures and 

functions. These possible Trx substrates include several endospermic enzyme inhibitors 

(α-amylase/subtilisin inhibitor (BASI) and trypsin/α-amylase inhibitors) and others. 

Subsequently, specific disulfide bonds reduced by Trx were identified in some of the 

Trx substrate proteins from barley seeds using another proteomics technique (Maeda et 

al., 2005). Although this technique was not quantitative, the BASI disulfide Cys144-

Cys148 was clearly a preferred Trx-substrate, in comparison with several other 

disulfides in the barley seed proteome. 
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Objectives 

 
The primary objective of the present Ph.D. project has been to reveal the structural 

background for the target protein recognition mechanism of Trx. The acquired 

knowledge will be useful as a tool to predict and understand the involvement of Trx in 

protein redox regulation and redox signaling pathways. Secondary, it has been intended 

to carry out comparative characterization of two barley Trx h isoforms, HvTrxh1 and 

HvTrxh2, with focus on their 3D structures, biophysical properties and substrate 

specificities. 

 

Chapter 2 describes the crystal structure of a HvTrxh2 mutant Cys49Ser in a disulfide-

linked complex with a BASI mutant Cys144Ser (HvTrxh2-S-S-BASI) as a reaction 

intermediate-mimic of the HvTrxh2-catalyzed reduction of the BASI disulfide Cys144-

Cys148. This BASI disulfide, which previously was identified as an excellent in vitro 

target of Trx (Maeda et al., 2004, 2005), serves here as a model for the analysis of Trx-

target protein interactions. The work is published in Structure (Maeda et al., 2006b) as 

the first reported structural study of a protein-protein complex of Trx and a target 

protein. 

 

Chapter 3 describes crystal structures of HvTrxh1 and HvTrxh2. This work has focus 

on the comparison of the putative substrate recognition motifs in the two Trxs. 

Moreover, protein-protein interfaces in the HvTrxh1 crystal lattice, involving 

interactions between the putative substrate recognition motif and a loop motif of 

independent HvTrxh1 molecules, are discussed in detail. These interactions are 

considered to serve as a model for the general target recognition features of Trx. The 
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studies included in this chapter are described in a manuscript, which soon will be 

submitted to Protein Science. 

 

Chapter 4 describes comparative biophysical characterization of HvTrxh1 and HvTrxh2. 

The values of the standard redox potential are determined for the two barley Trxs using 

a novel approach. The biophysical background for the distinct kinetic properties of the 

two Trxs is addressed based on the determination of thiol-pKas of CysN and site-directed 

mutagenesis. The studies included in this chapter is described in a manuscript, which 

soon will be submitted to Protein Science. 
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Chapter 2 

 

Structural basis for target protein recognition by the protein disulfide reductase 

thioredoxin 

 
2.1 Summary 

Thioredoxin (Trx) is ubiquitous and regulates various target proteins through disulfide 

bond reduction. We report the first structure of Trx (HvTrxh2 from barley) in a reaction 

intermediate complex with a protein substrate, barley α-amylase/subtilisin inhibitor 

(BASI). The crystal structure of this mixed disulfide shows a conserved hydrophobic 

motif in Trx interacting with a sequence of residues from BASI through van der Waals 

contacts and backbone-backbone hydrogen bonds. The observed structural 

complementarity suggests that the recognition of features around protein disulfides 

plays a major role in the specificity and protein disulfide reductase activity of Trx. This 

novel insight into the function of Trx constitutes a basis for comprehensive 

understanding of its biological role. Moreover, comparison with structurally related 

proteins shows that Trx shares a mechanism with glutaredoxin and glutathione 

transferase for correctly positioning substrate cysteine residues at the catalytic groups 

but possesses a unique structural element that allows recognition of protein disulfides. 

 

2.2 Introduction 

Our previous screenings for target proteins in barley seed extracts have shown that 

disulfide C144-C148 in BASI is reduced with high efficiency by h-type Trx, and that 

this disulfide is preferentially reduced compared to the other disulfide C43-C90 in BASI 

(Maeda et al., 2003; Maeda et al., 2004; Maeda et al., 2005). Here, the barley Trx h 

isoform 2 (HvTrxh2)-catalyzed disulfide reduction of BASI is used as a model system 
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to investigate structural requirements for recognition of a target protein disulfide bond 

by Trx. The crystal structure is solved for HvTrxh2-S-S-BASI, a trapped mixed 

disulfide that mimics the reaction intermediate of the reductase in complex with its 

target protein. 

 

2.3 Results 

2.3.1 Production of the HvTrxh2-S-S-BASI mixed disulfide 

To form a kinetically stable complex mimicking the intermolecular mixed disulfide 

intermediate in the disulfide reductase reaction pathway of Trx (Figure 2.1A), a 

HvTrxh2 mutant of CC (C49S) in the active site motif WCNGPCC and BASI mutants 

C144S and C148S from the target disulfide C144-C148 were used (Figure 2.1B). 

Briefly, the single cysteines C148BASI and C144BASI in C144S and C148S respectively, 

were conjugated to 2-nitro-5-thiobenzoate (TNB) and subsequently incubated with 

HvTrxh2 C49S to substitute TNB with C46HvTrxh2 (Figure 2.1B). To determine whether 

C144BASI or C148BASI are accessible to nucleophilic attack from C46HvTrxh2, the rate of 

the reaction was monitored spectrophotometrically by following the release of TNB 

(Figure 2.1B). The reaction progressed rapidly with C144S, whereas almost no 

substitution was observed for C148S (Figure 2.2A). The results suggest that essentially 

only C148BASI is accessible to C46HvTrxh2. This is in agreement with the Sγ atom of 

C148BASI being surface-exposed and covering the Sγ atom of C144BASI in the crystal 

structure of BASI in complex with barley α-amylase 2 (AMY2/BASI) (PDB entry 

1AVA; Vallée et al., 1998) (Figure 2.2B).  
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Figure 2.1 Mechanisms of Trx disulfide reductase activity and the strategy used here to form a kinetically 

stable mixed disulfide. (A) The N-terminal, exposed cysteine (CN) in the Trx active motif WCNG(P)PCC 

makes a nucleophilic attack on the target disulfide bond (I) to form an intermolecular mixed disulfide 

intermediate (II), which is subjected to intramolecular attack from the C-terminal, buried cysteine (CC) to 

release the reduced target protein and oxidized Trx (III) (B) Activated disulfides formed by conjugation 

of TNB to single cysteines C148BASI and C144BASI in the BASI target disulfide mutants C144S and 

C148S are attacked by CN (C46) in a HvTrxh2 mutant that lacks CC (C49S) (I), to form stable mixed 

disulfides between BASI and HvTrxh2 (II). The reaction is monitored spectrophotometrically by 

following the release of TNB at 412 nm. 
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Figure 2.2 Accessibility of the cysteines in the BASI C144-C148 disulfide bond. (A) The time course of 

the reaction between C49S HvTrxh2 (11.9 µM) and TNB-conjugated C144S ■ (16.4 µM) and C148S 

BASI ♦ (16.4 µM) is monitored by the liberation of TNB at 412 nm. (B) Close-up view of the disulfide 

C144-C148 in the crystal structure of BASI in complex with barley α-amylase 2 (PDB entry 1AVA, 

molecule D; Vallée et al., 1998) showing that C148 Sγ is exposed and shields C144 Sγ. The exposed 

surface is shown in white except for C144 and C148. For C144 and C148, carbon, oxygen, nitrogen and 

sulfur atoms are shown as van der Waals spheres and colored green, red, blue and yellow, respectively. 

 

According to the mechanism of bimolecular nucleophilic substitution, the thiolate anion 

of C46HvTrxh2 must perform the nucleophilic attack on an Sγ atom of a disulfide from a 

direction 180° away from the other Sγ atom that acts as a leaving group. Thus, the 

relative accessibilities of the two Sγ atoms permit C46HvTrxh2 to only attack on C148 of 

disulfide C144-C148 of BASI. C148BASI was therefore concluded to form an 

intermolecular disulfide bond in the Trx reaction intermediate, and the C46HvTrxh2-

C148BASI mixed disulfide (HvTrxh2-S-S-BASI) was prepared in large scale for 

crystallization. 
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2.3.2 Architecture of HvTrxh2-S-S-BASI 

The final electron density map of HvTrxh2-S-S-BASI at 2.3 Å resolution (PDB entry 

2IWT) unambiguously displays the covalent and non-covalent contacts between Trx 

and BASI in the single mixed-disulfide complex present in the asymmetric unit (Figure 

2.3A). The structural model comprises residues 13 to 120 of HvTrxh2 (122 amino 

acids), while the 12 residue N-terminal segment is not visible in the final 1σ 2Fo-Fc 

electron density map, presumably due to high flexibility. Residues 59-64, 94-101 and 

112-120 of HvTrxh2, located distant from the BASI interface, exhibit relatively high B-

factors presumably due to the small number of contacts with symmetry related 

molecules (in total 214 for HvTrxh2 versus 818 for BASI). HvTrxh2 has the typical fold 

of Trx with a five-stranded β-sheet surrounded by four α-helices in a βαβαβαββα 

topology. The overall structure of HvTrxh2 is representative for Trxs, as the Cα atoms 

can be superimposed on the crystal structures of oxidized Trxs from Escherichia coli 

(PDB entry 2TRX, molecule A; Katti et al., 1990), Homo sapiens (PDB entry 1ERU; 

Weichsel et al., 1996) and the green alga C. reinhardtii (h-type) (PDB entry 1EP7, 

molecule A; Menchise et al., 2001) with root-mean-square difference (rmsd) values of 

0.9 Å, 1.1 Å and 0.8 Å, respectively (70, 86 and 102 Cα atoms are used, respectively). 

Major deviations are observed for residues at the most N- and C-terminal ends and 

around α1, which in HvTrxh2 (residues 20-32) is particularly extended in comparison 

to Trxs from E. coli (residues 12-15, molecule A) or H. sapiens (residues 8-17). The β-

trefoil topology of BASI could be traced in the structure except for an alanine residue at 

the C-terminus. The global structure of the BASI mutant in HvTrxh2-S-S-BASI is 

superimposable on the wild-type in AMY2/BASI (molecule D) with rmsd of 0.5 Å 

using 161 Cα atoms (PDB entry 1AVA; Vallée et al., 1998). The intermolecular 

disulfide bond is as expected formed between C46HvTrxh2 and C148BASI.  
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Figure 2.3 The crystal structure of HvTrxh2-S-S-BASI. (A) Stereo view of the overall structure of 

HvTrxh2-S-S-BASI in cartoon display. HvTrxh2 and BASI are colored green and red, respectively. 

Secondary structure elements in HvTrxh2 are labeled. The segment 146DWC148
 in BASI is blue. The side 

chains of the disulfide bound C46HvTrxh2 and C148BASI, and the residues Q149BASI, E168BASI and E86HvTrxh2 

are shown in stick representation. Q149BASI and E168BASI are colored and labeled in red and E86HvTrxh2 in 

green. In C46HvTrxh2 and C148BASI, the carbon and sulfur atoms are colored green and yellow, respectively. 

The solvent accessible surface is shown in transparent grey for the residues of HvTrxh2 that are in contact 

with BASI. (B) Close up stereo view of the interaction between HvTrxh2 and BASI. The solvent 

accessible surface of HvTrxh2 is colored grey and shown transparent. Segment 146DWC148 of BASI and 

the substrate recognition loop motif composed of 45WCGP48, 87AMP89 and 104VGA106 of HvTrxh2 are 

shown in stick representation. Oxygen, nitrogen and sulfur are in red, blue and yellow, respectively. 

Carbon atoms are in green and blue for HvTrxh2 and BASI, respectively. Intermolecular hydrogen bonds 

are shown as dashed yellow lines. The 2Fo-Fc electron density map is presented as a dark grey 

isosurface-mesh at the 1.0σ level to a distance of 1.0 Å from 146DWC148 of BASI. Labels on residues 

from BASI and HvTrxh2 are in blue and green, respectively. 
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Neither of the bonded cysteines are in a strained conformation as the χ1 angle of 

C46HvTrxh2 is 175º, close to the values reported in reduced Trxs from other species, e.g. 

human Trx (χ1=192º, C32) (PDB entry 1ERT; Weichsel et al., 1996), while the χ1 

angle of C148BASI is -60º and comparable to that of C148 from the intact disulfide in 

wild-type BASI (PDB entry 1AVA; Vallée et al., 1998) (χ1=-71º in molecule C and 

χ1=-64º in molecule D). The intermolecular disulfide bond displays an architecture 

common to right-handed disulfide bonds (Petersen et al., 1999) with dihedral angles 

defined by Cαi-Cβi-Sγi-Sγj, Cαj-Cβj-Sγj-Sγi and Cβi-Sγi-Sγj-Cβj (i=C46HvTrxh2 and 

j=C148BASI) of 71º, 112º and 95º, respectively. 

 

2.3.3 The protein-protein interface of HvTrxh2-S-S-BASI 

In total, 762 Å2 of accessible surface area is buried in the protein interface of HvTrxh2-

S-S-BASI. This value is smaller than the reported average interface area of 1906 Å2 in 

70 assemblies of proteins or the interface area of 1140 Å2 in a well-characterized 

example of an electron transfer complex between cytochrome c peroxidase and 

cytochrome c (Pelletier and Kraut, 1992; Chakrabarti and Janin, 2002). The structure of 

HvTrxh2-S-S-BASI shows that BASI is recognized by HvTrxh2 primarily through 

C148BASI and two immediately preceding residues. This 146DWC148 segment is 

stabilized by a spatially defined motif on the HvTrxh2 surface composed of 45WCGP48, 

87AMP89 and 104VGA106 (referred to in the following as the substrate recognition loop 

motif) from three neighboring loops between β2-α2, α3-β4 and β5-α4 and the adjacent 

α2 and β5, all belonging to the core of the Trx-fold (Figures 2.3A, B). The substrate 

recognition loop motif constitutes a hydrophobic groove along which the backbone 

atoms of 146DWC148
 from BASI are positioned and form van der Waals interactions and 

backbone-backbone hydrogen bonds (Figure 2.3B). Although the conserved cis proline, 
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P89HvTrxh2, is buried and has no direct contact with BASI, it plays an essential structural 

role in this protein-protein interaction. The conformation of the cis peptide bond 

determines the direction of the main chain at the N-terminus of β4. Thereby the 

backbone amino and carbonyl groups of the adjacent M88HvTrxh2 are exposed on the 

surface, where they make two intermolecular backbone-backbone hydrogen bonds in an 

anti-parallel fashion to C148BASI (Figure 2.3B). In an adjacent loop between β5-α4, the 

backbone amino group of A106HvTrxh2 stabilizes the backbone carbonyl group of 

D146BASI through a hydrogen bond. The side chain of P48HvTrxh2 in the conserved active 

site sequence motif, WCGPC, further stabilizes the main chain of BASI by van der 

Waals contacts to five backbone atoms of D146BASI and W147BASI. The indole ring of 

W147BASI is accommodated between the two segments 87AMP89 and 104VGA106 of 

HvTrxh2 and makes hydrophobic interactions with the side chains of A87HvTrxh2 and 

V104HvTrxh2 (Figure 2.3B). Finally, the side chain of C148BASI fits in a shallow groove 

between the hydrophobic side chains of W45HvTrxh2 and P48HvTrxh2. In addition to the 

segment 146DWC148, E168BASI and Q149BASI make van der Waals interactions with 

E86HvTrxh2 (Figure 2.3A). 

 

2.3.4 Conservation of the substrate recognition loop motif among Trx-fold proteins 

The coordinates of the main chain atoms of 45WCGP48, 87AMP89 and 104VGA106 from 

HvTrxh2 that constitute the substrate recognition loop motif, interacting with 

146DWC148 of BASI were used to search for similar motifs in the existing PDB entries 

using the SPASM server (http://portray.bmc.uu.se/cgi-bin/spasm/scripts/spasm.pl; 

Kleywegt, 1999). The result shows that the main chain structure and a major part of the 

sequence in this motif is conserved among Trxs from diverse species (Table 2.1; 

maximum rmsd set to 1.0 Å for the initial search). For example, the corresponding 
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motifs in Trxs from H. sapiens (PDB entry 1ERT, reduced form) and E. coli (PDB entry 

2TRX, oxidized form) are superimposed on that of HvTrxh2 with rmsd values of 0.39 Å 

and 0.48 Å, respectively. Motifs with highly similar main chain structures are also 

identified in PDIs from E. coli (DsbC, PDB entry 1EEJ; DsbG, PDB entry 1V58) that 

catalyze formation and isomerization of disulfides in proteins, and in glutathione 

transferases (GSTs) of classes delta (PDB entries 1V2A and 1R5A), kappa (PDB entries 

1R4W and 1YZX) and tau (PDB entry 1GWC) that catalyze transfer of the cysteine 

thiol group in glutathione (Table 2.1). The other matched proteins have various 

functions, overall structures and sequences – nevertheless they all contain the Trx-fold 

(Table 2.1). The conservation of the substrate recognition loop motif in these proteins 

might therefore only reflect the conserved domain structure. To test this, the 

conservation of the overall Trx-fold in the identified proteins was examined by 

searching in the SPASM server using spatially defined fingerprint motifs from 

secondary structure elements in the Trx-fold of HvTrxh2. The fingerprint motifs 

β2α2α3, β2α3α4 and β2α2α4 were formed by combining the main chain atoms of 

segments 38-41 (β2), 53-55 (α2), 78-80 (α3) and 112-114 (α4). A majority of the Trxs 

that matched the substrate recognition loop motif also superimposed well with the 

fingerprint motifs from HvTrxh2, whereas most other Trx-fold proteins were either not 

identified or superimposed poorly with the fingerprint motifs (Table 2.1). Thus, the 

spatially-defined substrate recognition loop motif of HvTrxh2 is more conserved than 

the overall Trx-fold, supporting its functional significance proposed here. 
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Table 2.1. Proteins with motifs superimposable to the substrate recognition loop motif in HvTrxh2 

identified using the SPASM server  

Sequence rmsdb (Å) PDB  Protein 
WCGP-AMP-VGAa Loop motifc β2α2α3d β2α3α4d β2α2α4d

              Trxs 
1ERT H. sapiens WCGP-CMP-SGA 0.39 0.64 0.56 0.81
1XWA Drosophila melanogaster WCGP-SMP-AGA 0.40 0.56 0.57 0.62
2CVK Thermus thermophilus WCAP-SIP-VGA 0.45 0.41 0.78 -
1SYR Plasmodium falciparum WCGP-SMP-LGA 0.46 0.59 0.55 0.67
1EP7 C. reinhardtii WCGP-AMP-VGA 0.47 0.63 0.60 0.60
1R26 Trypanosoma brucei brucei WCGP-QLP-IGA 0.47 - 0.60 -
1T00 Streptomyces coelicolor WCGP-SIP-VGA 0.47 0.52 0.85 0.91
2TRX E. coli WCGP-GIP-VGA 0.48 0.52 0.93 -
1V98 Thermus thermophilus WCGP-SVP-VGA 0.55 0.55 0.92 0.98
1FB6 Spinacia oleracea WCGP-SIP-IGA 0.59 0.42 0.88 -
2F51 Trichomonas vaginalis WCGP-SIP-VGA 0.60 1.22 1.04 -
1THX Anabaena sp. WCGP-GVP-EGV 0.67 0.48 0.92 -
1W4V H. sapiens WCGP-AVP-VGI 0.69 - - -
1DBY C. reinhardtii WCGP-SIP-IGA 0.78 0.62 - 0.95
              GSTs 
1R4W Class kappa, Rattus norvegicus LSPY-GLP-FGS 0.40 - - -
1YZX Class kappa, H. sapiens LSPY-GLP-FGS 0.45 - - -
1V2A Class delta, Anopheles dirus ISPP-TIP-WES 0.78 - - -
1GWC Class tau, Aegilops tauschii PSPF-KIP-CES 0.82 - - -
1R5A Class delta, Anopheles dirus ASPP-CIP-WES 0.87 - - -
              PDIs 
1EEJ DsbC, E. coli TCGY-GTP-PGY 0.65 - 1.27 -
1V58 DsbG, E. coli FCPY-VTP-VGL 0.76 - - -
              Other proteins 
1ST9 Cytochrome c biosynthesis protein WCEP-PLP-TGT 0.43 0.85 - -
1J08 Glutaredoxin-like protein TCPY-AVP-EGA 0.46 - 0.97 -
1GH2 Trx-like protein GCGP-ATP-QGA 0.50 0.50 0.51 0.63
1VRS Electron transfer protein DsbD WCVA-GLP-TGF 0.52 - - -
1HYU Alkyl hydroperoxide reductase SCHN-GVP-QGR 0.66 - - -
1JFU Trx-like protein WCVP-GMP-AGP 0.67 0.84 - -
1A8L Protein disulfide oxidoreductase TCPY-AVP-EGA 0.78 - 1.00 -
1Z3E Transcriptional regulator SCTS-RRP-VGY 0.80 - - -
1G7O Glutaredoxin-2 HCPY-QVP-PES 0.84 - - -
1RW1 Hypothetical protein ACDT-KRP-VGF 0.91 - - -
1Z6N Hypothetical protein WCPD-AIP-VER 1.11 - - -
aSequence of the three segments constituting the substrate recognition loop motif of HvTrxh2. bRmsd 

values for the superimposition of 40 matched main chain atoms. cMain chain atoms for the substrate 

recognition loop motif of HvTrxh2 constituted of residues 45-48, 87-89 and 104-106 used as a search 

model. dCoordinates for the main chain atoms of residues in secondary structure elements β2 (residues 

38-41), α2 (residues 53-55), α3 (residues 78-80) and α4 (residues 112-114) constituted finger print 

motifs β2α2α3, β2α3α4 and β2α2α4, used as search models to track fold conservation. Proteins not 

identified using the finger print motifs are marked -. 
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2.3.5 Comparison with the glutathione recognition mechanisms of GST and Grx 

The motif comprised of residues 15LSPY18, 182GLP184 and 198FGS200 in rat mitochondrial 

class kappa GST (PDB entry 1R4W; Ladner et al., 2004) superimposed with the 

substrate recognition loop motif of HvTrxh2 (Table 2.1). This motif plays a central part 

in the interaction with the substrate glutathione (Ladner et al., 2004). Visual inspection 

of the aligned structural motifs reveals remarkable similarities as well as differences in 

the interactions that stabilize their respective substrate complexes (Figure 2.4A; aligned 

using Cα atoms only). Segment 182GLP184 in rat class kappa GST has a function 

analogous to the structural counterpart 87AMP89 of HvTrxh2. It binds the cysteine 

residue of glutathione through backbone-backbone hydrogen bonds from the residue 

preceding a cis proline in an anti-parallel fashion. The cysteine thiol group of 

glutathione is thereby situated at the catalytic hydroxyl group of S16 in GST (Ladner et 

al., 2004), superimposed on C46 in HvTrxh2 in the alignment. Segment 198FGS200 in rat 

class kappa GST involved in the specific recognition of glutathione corresponds to 

104VGA106 of HvTrxh2. The side chain and the backbone amino group of the conserved 

serine (S200, superimposed on A106HvTrxh2) in this segment form hydrogen bonds to the 

γ-glutamate group of glutathione (Figure 2.4A). The search in the SPASM server using 

the substrate recognition loop motif of HvTrxh2 only identified a single Grx, Grx-2 

from E. coli with an unusual C-terminal helical domain and overall structural similarity 

to mammalian GST (Xia et al., 2001) (Table 2.1). The absence of typical Grxs with a 

βαβαββα topology among the matched structures reveals that the region corresponding 

to the substrate recognition loop motif of HvTrxh2 differs in typical Grxs in spite of the 

high functional and structural similarity to Trx (Eklund et al., 1984). The substrate 

recognition loop motif of HvTrxh2 is aligned with the motif comprised of residues 
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36SCSY39, 80TVP82 and 92GGA94 from the crystal structure of human Grx in complex 

with glutathione (Figure 2.4B; PDB entry 2FLS). 

 

                        

 

Figure 2.4 Comparison with the glutathione recognition mechanisms of GST and Grx. Stereo views 

showing the alignment of Cα atoms in the substrate recognition loop motif of HvTrxh2 composed of 

45WCGP48, 87AMP89 and 104VGA106 with Cα atoms in (A) residues 15LSPY18, 182GLP184 and 198FGS200 of 

rat mitochondrial GST (PDB entry 1R4W; Ladner et al., 2004) and (B) residues 36SCSY39, 80TVP82 and 

92GGA94 of human Grx (PDB entry 2FLS) in complex with glutathione. HvTrxh2 and 146DWC148 of BASI 

are in grey except for the cysteine Sγ atoms in yellow. For GST and Grx, carbon, oxygen, nitrogen and 

sulfur atoms are colored green, red, blue and yellow, respectively. Side chains are not shown except for 

glutathione, cis proline and the catalytic cysteine and serine residues. For rat GST (A), the side chain of 

S200 is also shown. For human Grx (B), the main chain and the side chain of T95 is also shown. 

Intermolecular hydrogen bonds are shown as dashed yellow lines. 
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 The main chain Cα atoms of segments 36SCSY39 and 80TVP82 of human Grx 

superimpose well on the corresponding segments 45WCGP48 and 87AMP89 from 

HvTrxh2 and stabilize the substrate cysteine residue in a the same manner as observed 

in rat mitochondrial class kappa GST and in HvTrxh2-S-S-BASI (Figures 2.4A, B). In 

contrast, the position and orientation of the main chain Cα atoms of segment 92GGA94 

in human Grx and the corresponding segment 104VGA106 in HvTrxh2 clearly diverge. 

Whereas segment 104VGA106 constitutes a section of the elongated substrate binding 

groove in HvTrxh2 (Figure 2.3B), segment 92GGA94 and the side chain of the 

succeeding residue T95 block the corresponding groove section in human Grx and form 

hydrogen bonds with the γ-glutamate group of glutathione (Figure 2.4B). Moreover, 

whereas A106HvTrxh2 and D146BASI are in an antiparallel-like orientation appropriate for 

backbone-backbone hydrogen bond formation (Figure 2.3B), the main chain of A94 in 

human Grx is oriented almost perpendicularly to the substrate binding surface (Figure 

2.4B). 

 

2.4 Discussion 

The involvement of protein-protein interactions in the disulfide reductase activity of Trx 

towards a broad range of protein substrates has been the subject of extensive discussions 

(Holmgren, 1984; Meyer et al., 2002a; Buchanan and Balmer, 2005). In the present 

study, van der Waals contacts and three intermolecular backbone-backbone hydrogen 

bonds involving a structural motif created by the 45WCGP48, 87AMP89 and 104VGA106 

loops of HvTrxh2 are shown to stabilize the HvTrxh2-S-S-BASI reaction intermediate. 

HvTrxh2-S-S-BASI has a small interface area and differs largely in the overall 

interaction features from the two NMR structures of Trx-peptide mixed disulfides, in 

which at least nine residues of the 13 residues long synthetic peptides interact with 
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extended surface areas of human Trx (Qin et al., 1995; Qin et al., 1996). The larger 

number of residues involved in these Trx-peptide interactions most likely reflects the 

higher conformational freedom of a short peptide compared to a folded protein. 

Nevertheless, the intermolecular hydrogen bonding pattern observed in the present 

study is in accordance with the NMR structure of human Trx in complex with a peptide 

from Ref-1 (Qin et al., 1996). Moreover, a pattern of intermolecular backbone-backbone 

hydrogen bonds, essentially identical to that in HvTrxh2-S-S-BASI, is also observed in 

the crystal structure of a mixed disulfide protein-protein complex between the N- and C-

terminal domains of the electron transfer protein DsbD from E. coli (PDB entry 1VRS; 

Rozhkova et al., 2004; included in Table 2.1). The C-terminal domain of DsbD displays 

disulfide reductase activity, and is structurally similar to Trx with a βαβααβαβαβα 

topology and an active site sequence motif WCVAC. We postulate that the mode of 

interaction observed in HvTrxh2-S-S-BASI is a general feature of Trx-target protein 

complexes since the essential parts of the identified substrate recognition loop motif are 

conserved among Trxs from different species. In the NMR structure of human Trx in 

complex with a peptide from NF-κB, the parts of Trx forming intermolecular backbone-

backbone hydrogen bonds agree with the present study, but the direction of the bound 

peptide is reversed (Qin et al., 1995), suggesting that multiple patterns of Trx-target 

interactions may exist. 

 The conserved cis proline is present in various Trx-fold proteins (Martin, 1995) 

and structural studies have suggested its importance for peptide binding in Trx (Qin et 

al., 1995; Qin et al., 1996) and glutathione binding in Grx (Nordstrand et al., 1999) and 

in GST (Reinemer et al., 1991). In addition, the functional importance of the cis proline 

for Grx, GST and DsbA activity has been demonstrated by site-directed mutagenesis 

(Nikkola et al., 1991; Charbonnier et al, 1999; Nathaniel et al., 2003; Kadokura et al., 
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2004). The residue preceding the cis proline P89 in HvTrxh2 is shown here for the first 

time to stabilize the target cysteine residue of an intact target protein, supporting that 

this cis peptide bond is also important in Trx for correct positioning of the disulfide 

from the substrate at the catalytic site. On the other hand, the 104VGA106 segment of the 

substrate recognition loop motif from HvTrxh2 is shown here to contribute to the 

unique specificity of Trx. Accordingly, conserved polar and charged residues at the 

corresponding segments in structures of the diverse classes of GSTs are found to be 

crucial for the interactions with glutathione (reviewed in Oakley, 2005). The absence of 

polar or charged residues in Trxs at positions corresponding to 104VGA106 in HvTrxh2 

most likely impairs glutathione recognition. An NMR study of an E. coli Grx-

glutathione mixed disulfide has suggested that Trx with its hydrophobic active site 

surface is deficient in groups that complement the charged and polar groups of 

glutathione (Nordstrand et al., 1999). The present study, however, emphasizes the 

genuine structure-based specificity of Trx that cannot solely be explained by this 

inability to match with glutathione. The structurally conserved segment 104VGA106 of 

HvTrxh2 creates a hydrophobic and elongated groove that specifically interacts with a 

continuous peptide chain from a protein substrate. In contrast, this part of the Grx 

structure has an alternative main chain conformation and seems to be inappropriate for 

the recognition of protein substrates.  

 Trx also shares the redox active sequence motif CXXC and the cis proline with 

prokaryotic Trx-fold proteins DsbA, DsbC and DsbG, responsible for the formation of 

correct disulfide bonds in periplasmic proteins (reviewed in Kadokura et al., 2003). 

However, in the structures of DsbC and DsbG from E. coli (both included in Table 2.1; 

McCarthy et al., 2000; Heras et al., 2004) tyrosine and leucine residues, respectively, 

substitute A106 of HvTrxh2. In E. coli DsbA, conserved uncharged and hydrophobic 
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residues present around the loop corresponding to β5-α4 (residues 105-107) of 

HvTrxh2 are proposed to participate in interactions with unfolded and misfolded protein 

substrates (Guddat et al., 1997). 

 The small interface area that HvTrxh2 forms with a target protein in HvTrxh2-

S-S-BASI could account for the broad specificity of Trx towards protein disulfides. The 

interactions observed in HvTrxh2-S-S-BASI also provide, however, a structural basis to 

explain protein substrate discrimination by Trx. One of the cysteines in a target protein 

disulfide should ideally fulfill three structural criteria for optimal interaction with Trx: 

(1) The backbone amino and carbonyl groups of the cysteine residue, and the carbonyl 

group of the residue positioned two residues towards the N-terminus, should be solvent-

exposed and free of intramolecular contacts (such as backbone-backbone hydrogen 

bond arrangements in secondary structure elements), to allow the formation of 

backbone-backbone hydrogen bonds with Trx. (2) The peptide chain between the 

cysteine and the other residue forming intermolecular hydrogen bonds to Trx should 

have an extended main chain conformation without a turn or a bend to allow the best fit 

into the substrate binding groove in Trx. (3) The Sγ atom of the cysteine residue must 

be solvent-exposed in order to receive the nucleophilic attack from CN in Trx. There are 

only a few well-established Trx target proteins for which 3D structures have been 

solved and the redox active disulfide bond has been identified. Nevertheless, visual 

inspection of the structures shows that the proposed three criteria are fulfilled for the 

redox active intramolecular disulfide of oxidized E. coli 2-Cys peroxiredoxin (PDB 

entry 1QXH; Choi et al., 2003), the redox active intermolecular disulfide formed 

between subunits of rat 2-Cys peroxiredoxin in a homodimer (PDB entry 1QQ2; 

Hirotsu et al., 1999) and for the C-terminal regulatory disulfide in the oxidized sorghum 

malate dehydrogenase (PDB entry 7MDH; Johansson et al., 1999). Insulin is widely 
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used as a substrate to assay Trx activity (Holmgren, 1979b). C7 in chain B of insulin 

(involved in one of the two interchain disulfides) fulfills all the proposed criteria except 

that the backbone amino group of H10 in the subsequent α-helical region donates a 

hydrogen bond to the solvent-exposed carbonyl group of C7 (PDB entry 1APH; Gursky 

et al., 1992). Also in support of these propositions, a disulfide bond in a mutant of green 

fluorescent protein that connects two β-strands in the β-barrel structure is susceptible to 

reduction by reduced glutathione but not by Trx (Østergaard et al., 2001), presumably 

because the backbone atoms are unavailable for hydrogen bonding to Trx and thus 

criterion (1) is not fulfilled. In addition to the proposed criteria, the van der Waals 

interactions with W147BASI observed in HvTrxh2-S-S-BASI indicate that a hydrophobic 

side chain at this position interacting with A87 and V104 may promote the recognition. 

This is in agreement with our previous observation that hydrophobic residues are 

overrepresented in the sequences adjacent to the disulfides in barley seed proteins 

efficiently reduced by barley Trx h (Maeda et al., 2005). A87 and V104 of HvTrxh2, 

however, are not conserved among Trxs; these positions are occupied respectively by 

cysteine and serine in human Trx (PDB entry 1ERT) and by glycine and valine in E. 

coli Trx (PDB entry 2TRX). Thus, amino acid residues at these positions may 

contribute to the variation in target specificity among Trxs. 

 The surface charge distribution patterns also differ greatly among the Trx 

structures reported so far. Even though no charge-charge interactions are observed in 

HvTrxh2-S-S-BASI, the Trx-target interaction suggests that charge distribution could 

affect the specificity of Trxs by favoring or disfavoring Trx-target complex formation. 

In HvTrxh2-S-S-BASI, E86HvTrxh2 is within van der Waals distance from E168BASI 

(Figure 2.3A) and one may speculate that substitution by a basic amino acid would 

favor complex formation. In the crystal structures of the oxidized form of pea 
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chloroplastic fructose-1,6-bisphosphatase (PDB entries 1DCU and 1D9Q; Chiadmi et 

al., 1999), C173 in the regulatory disulfide C153-C173 has a solvent-exposed Sγ-atom 

with exposed backbone amino and carbonyl groups, but is situated in an α-helix and 

thus does not fulfill criteria (1) and (2) for target disulfide bonds of Trx proposed here. 

Indeed, most Trxs poorly reduce plant fructose-1,6-bisphosphatase (Meyer et al., 2002a). 

On the other hand, chloroplastic f-type Trx, which uniquely possesses several surface-

exposed basic residues at positions surrounding the substrate recognition loop motif 

defined in the present work, interacts with a cluster of acidic residues in fructose-1,6-

bisphosphatase and efficiently reduces this disulfide bond (de Lamotte-Guery et al., 

1991; Geck et al., 1996; Mora-García et al., 1998). 

 In conclusion, the present study reveals for the first time that structural features 

around disulfides in proteins are recognized by Trx. This insight is of great importance 

for understanding the target specificity of Trx. An array of proteomics techniques 

developed in recent years has been applied for identification of Trx target proteins 

(Verdoucq et al., 1999; Yano et al., 2001; Maeda et al., 2004), and Trx target disulfide 

bonds (Maeda et al., 2005). The structural information provided here can be applied for 

validation of identified target disulfides and prediction of novel redox regulatory 

pathways. Finally, the detailed knowledge about the structure/function relationship of 

Trx obtained here opens possibilities for manipulation of protein-protein interactions 

involving Trx and contributes to the characterization of the numerous other Trx-fold 

proteins with unresolved functions and specificities. 
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2.5 Experimental Procedures 

2.5.1 Construction of mutants  

Mutagenesis was performed using the QuikChange® Site-Directed Mutagenesis Kit 

(Stratagene, La Jolla, CA, USA). The genes encoding HvTrxh2 inserted into plasmid 

pET15b (contains a plasmid-encoded thrombin-cleavable N-terminal His-tag) and His-

tagged BASI (Bønsager et al., 2003) inserted into plasmid pET11a were used as 

templates. The following primers were used for mutagenesis; HvTrxh2 mutant C49S: 

5'-TGCATCATGGTGCGGACCATCGAGAATCATGGCTCCAGTTTTCG-3' and 5'-

CGAAAACTGGAGCCATGATTCTCGATGGTCCGCACCATGATGCA-3', BASI 

mutant C144S: 5’-GTACAAGCTGATGTCCTCAGGGGACTGGTGCCAGG-3’ and 

5’-CCTGGCACCAGTCCCCTGAGGACATCAGCTTGTAC-3’, BASI mutant C148S: 

5’-GCGGGGACTGGTCTCAGGACCTCGGCG-3’ and 5’-CGCCGAGGTCCTGAG-

ACCAGTCCCCGC-3’. The PCR products were treated with DpnI (Invitrogen, San 

Diego, CA, USA) to hydrolyze the template plasmid, and transformed into Escherichia 

coli DH5α. All mutations were confirmed by DNA sequencing at MWG Biotech 

(Ebersberg, Germany). 

 

2.5.2 Protein expression and purification 

His-tagged C49S HvTrxh2 mutant was expressed in E. coli Rosetta cells at 37°C for 3 h 

after induction with 100 µM isopropyl β-D-1-thiogalactopyranoside (IPTG). His-tagged 

BASI mutants C144S and C148S were expressed as described previously for wild-type 

BASI with minor modifications (Bønsager et al., 2003). Proteins were extracted with 

Bugbuster® Protein Extraction Reagent including Benzonase Nuclease (Novagen) and 

the supernatants were applied onto His-Trap HP columns (Amersham Biosciences) pre-

equilibrated with loading buffer (10 mM imidazole, 500 mM NaCl, 30 mM Tris/HCl pH 
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8.0), and eluted in a gradient of 10-200 mM imidazole. Fractions containing C49S 

HvTrxh2 were dialyzed against 30 mM Tris pH 8.0. For thiol-conjugation to TNB, the 

fractions containing BASI mutants C144S and C148S were incubated with an excess of 

5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) for 1 h at RT. TNB-conjugated BASI 

mutants were purified using HiLoad™ 16/60 Superdex™ 75 prep grade gel filtration 

column (Amersham Biosciences) equilibrated with 30 mM Tris pH 8.0. TNB-

conjugation of the BASI mutants C144S and C148S was confirmed by adding DTT (10 

mM) and quantifying the released TNB spectrophotometrically at 412 nm. Protein 

concentrations were deduced by aid of amino acid analysis. 

 

2.5.3 Trx-complex formation 

Analytical scale formation of mixed disulfides between TNB-conjugated C144S or 

C148S BASI mutants (11.9 µM) and C49S HvTrxh2 (16.4 µM) in a reaction volume of 

126 µl was monitored spectrophotometrically at 412 nm by the release of TNB. For 

production in preparative scale of HvTrxh2-S-S-BASI, C49S HvTrxh2 (44.7 µM) was 

incubated with TNB-conjugated C144S BASI (32.5 µM) in a reaction volume of 15 ml 

for 1 h at RT and purified using HiLoad™ 26/60 Superdex™ 75 prep grade gel filtration 

column (Amersham Biosciences) equilibrated with 50 mM ammonium acetate pH 6.0, 

200 mM NaCl. Fractions containing HvTrxh2-S-S-BASI were treated with immobilized 

thrombin (Calbiochem) in a 1:100 enzyme:substrate molar ratio for approximately 40 h 

to remove the N-terminal His-Tag from C49S HvTrxh2. Subsequently, HvTrxh2-S-S-

BASI was purified on a His-Trap HP column as described above. 
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2.5.4 Crystallization and X-ray crystallography 

HvTrxh2-S-S-BASI was dialyzed against 10 mM ammonium acetate pH 6.0 and 

concentrated to 8 mg·ml-1 using Centricon 10 (Millipore) filter units. Crystals of 

HvTrxh2-S-S-BASI were obtained using the hanging drop vapor diffusion method at 

room temperature with 2 µl each of protein solution and a reservoir solution containing 

0.1 M citric acid pH 5.0, 12 (w/v)% polyethylene glycol (PEG) 6000. All attempts to 

cryo-protect the crystals by soaking in cryo- protectants resulted in loss of resolution 

and the crystals suffered from radiation damage when data was collected at room 

temperature. The best data (present study) was obtained by flash freezing the crystals 

directly from the crystallization drop. Diffraction data were collected on a Rigaku RU-

H3RHB rotating Cu anode X-ray generator equipped with an R-AXIS IV++ imaging 

plate detector, a 700 series Cryostream cooler from Oxford Cryosystems operated at –

160 °C and MSC/Confocal Max-Flux mirrors. Reflections were indexed, integrated and 

scaled with MOSFLM (Leslie, 1994) and SCALA (Kabsch, 1988). A high Wilson B-

factor (48.3 Å2) is presumably due to the relatively high crystal mosaicity (estimated to 

0.6-0.8° in MOSFLM) and incomplete cryo-protection of the crystal. A minor ice-ring 

at ~3.7 Å is observed in collected diffraction data. The crystal structures of 

AMY2/BASI (Vallée et al., 1998) and the oxidized HvTrxh2 (Maeda et al., unpublished 

data) were used as search models for molecular replacement (MR) of HvTrxh2-S-S-

BASI in Molrep (Vagin and Teplyakov, 1997). The refinement was carried out with the 

program CNS (Brünger et al., 1998). Using the simulated annealing protocol against the 

MLF target function, individual, but restrained B-factors were refined after building the 

protein model. The xray/geometry weight was optimized by the automated CNS 

procedure. A non-uniform electron density quality with quite poor electron density 

contrast in some parts of the Trx molecule probably made the assignment of one overall 
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xray/geometry weight insufficient. To solve this problem by using a less restricted B-

factor refinement was judged inappropriate bearing the intermediate resolution of the 

data (2.3 Å) in mind. Water molecules and ions were added in the graphic program Coot 

(Emsley and Cowtan, 2004), also used for manual model rebuilding. The geometries of 

the refined structure were checked with PROCHECK (Laskowski et al., 1993). The 

resultant Ramachandran plot has a relative low (compared to better than 2Å resolution 

structures with R-factors < 20%) proportion of residues in the most favored areas of the 

plot, but 99.6% of residues are within the allowed regions and none in the disallowed 

regions. The coordinates and the structure factors of HvTrxh2-S-S-BASI have been 

deposited with PDB accession code 2IWT. The protein-protein interface in HvTrxh2-S-

S-BASI was analyzed using AREAIMOL (Lee and Richards, 1971) and NCONT 

(Collaborative Computational Project, Number 4, 1994). The numbers of contacts 

HvTrxh2 and BASI make with symmetry related atoms were determined by CONTACT 

(Collaborative Computational Project, Number 4, 1994) with cut-off distance of 5.0 Å. 

Figures of protein structures were made in Pymol (http://pymol.sourceforge.net/; 

DeLano, 2002). The statistics are listed in Table 2.2.  

 

2.5.5 Search for structural motifs in PDB entries 

The searches were performed in the SPASM server (http://portray.bmc.uu.se/cgi-

bin/spasm/scripts/spasm.pl; Kleywegt, 1999) with standard settings except that Cα-

atoms and main chain atoms only were used for the first and finer screenings, 

respectively. The minimum number of matched atom was set to 40 and maximum 

superimposing rmsd was set to 1 Å (when the substrate recognition loop motif was used 

as a template) and 1.3 Å (when the finger print motifs were used as templates). Matched 

PDB entries of mutant proteins were excluded from Table 2.1 except for 1VRS. The 
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substrate recognition loop motif was constituted of residues 45-48, 87-89 and 104-106 

of HvTrxh2. Residues 38-41, 53-55, 78-80 and 112-114 situated in the central parts of 

β2, α2, α3 and α4, respectively, were combined to constitute finger print motifs 

β2α2α3, β2α3α4 and β2α2α4. 

 

Table 2.2 Crystallographic data and refinement statistics
 HvTrxh2-S-S-BASI
Data collection  
Space group P 41212
Cell dimensions  
    a, b, c (Å) 76.1, 76.1, 129.4
Resolution (Å) 65.7–2.3
Rsym 0.079 (0.429)a

I / σI 6.6 (1.7)a

Completeness (%) 99.3 (99.7)a

Redundancy 4.4 (4.6)a

Wilson B-factor (Å2) 48.3
Refinement  
Resolution (Å) 24.9–2.3
No. reflections 17,377
Rwork / Rfree 22.4 (32.5)b / 26.4 (38.0)b

No. atoms  
    HvTrxh2 841 
    BASI 1401
    Ligand/ion 26 
    Water 125 
B-factors (Å2)  
   HvTrxh2 59.7
   BASI 43.0
    Ligand/ion 57.5
    Water 45.4
Rmsd  
    Bond lengths (Å) 0.009
    Bond angles (°) 1.4 
Ramachandran plot regions  
    Most favored  86.5
    Additional allowed 13.1
    Generously allowed 0.4 
    Disallowed 0.0 
 
aHighest-resolution data shell 2.4–2.3. bHighest-resolution data shell 2.4–2.3. 
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Chapter 3 

 
Crystal structures of two barley thioredoxin h isoforms reveal features involved in 

protein recognition and possibly discriminating the isoform specificity 

 
3.1 Summary 

H-type thioredoxins (Trxs) constitute a particularly large Trx sub-group in higher plants. 

The crystal structures of the two barley Trx h isoforms HvTrxh1 and HvTrxh2 have 

been determined in the partially radiation-reduced state to resolutions of 1.7 Å and 1.6 

Å, respectively. Additionally, the structure of HvTrxh2 in the oxidized state has been 

determined to 2.0 Å. The two Trxs are well conserved in overall fold considering their 

sequence identity of only 51%, and show the typical active site architecture of Trxs. 

Interestingly, the four independent HvTrxh1 molecules are found as two crystal dimers 

(AD and BC). The crystal interfaces serve as an excellent model for Trx substrate 

recognition, as the putative substrate recognition motif of molecules A and B, shaped as 

a hydrophobic groove, binds equivalent loop segments from the D and C molecules, 

respectively. In accordance with Trx-substrate protein interactions previously observed 

in engineered disulfide-linked reaction intermediate mimics, the HvTrxh1 pairs interact 

via numerous van der Waals contacts and three intermolecular hydrogen bonds 

resembling an anti-parallel β-sheet. The occurrence of these protein-protein interactions 

in the absence of an engineered disulfide-linkage suggests that Trx has affinity and 

specificity towards disulfides located on certain protein motifs. Moreover, Glu80 of the 

bound loop motif in molecules D and C forms a salt-bridge with Arg101 contiguous to 

the putative substrate recognition motif of molecules A and B, respectively. This 

arginine is replaced by an isoleucine in HvTrxh2, highlighting a potential for specificity 

differences between these two Trx isoforms. 
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3.2 Introduction 

Although Trx has a broad specificity, 3D-structures of disulfide-linked Trx-substrate 

reaction intermediate mimics provided evidence for recognition of structural elements 

in target protein motifs by Trxs (Qin et al., 1995; Qin et al., 1996; Maeda et al., 2006b 

(Chapter 2)). Previously, NMR and X-ray structures were determined for Trx h from C. 

reinhardtii (PDB entries 1TOF and 1EP7; Mittard et al., 1997; Menchise et al., 2001). 

Among higher plants, NMR structures have been reported for Trx h from A. thaliana 

(PBD entry 1XFL; Peterson et al., 2005) and Populus tremula (PDB entry 1TI3; 

Coudevylle et al., 2005). We recently reported the crystal structure of a barley Trx h 

isoform 2 (HvTrxh2) in a mixed disulfide-linked complex with a substrate protein, 

BASI (Maeda et al., 2006b (Chapter 2)). 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.  

 

3.3 Results and Discussion 

3.3.1 Protein crystallization, data collection and structure determination 

Diffraction data was collected for HvTrxh1 crystals obtained 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, 30% (w/v) PEG 4000 

(HvTrxh1PEG). For HvTrxh2, crystals were obtained in non-buffered 30% (w/v) PEG 

1500 (HvTrxh2PEG). The HvTrxh1PEG structure was solved by MR using the available 

crystal structure of C. reinhardtii Trx h as a search model (PDB entry 1EP7; Menchise 

et al., 2001). The HvTrxh1PEG structure was subsequently used for MR of HvTrxh1AS 

and HvTrxh2PEG. HvTrxh1PEG and HvTrxh1AS are both in the C2 space group, having 

nearly identical unit cell dimensions and crystal packing with four HvTrxh1 molecules 
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(A-D) per asymmetric unit, while HvTrxh2 has space group p2(1) and includes two 

HvTrxh2 molecules (A and B) per asymmetric unit.  

 For the initial refinement of Trxs, the redox cysteine pairs were fixed in 

disulfide bonds, as neither Trx samples had been treated with disulfide reductant and 

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 fixing the cysteine pairs in disulfide bonds 

resulted in disappearance of the negative electron density in Fo-Fc maps, giving Trx 

structures displaying various Sγ-Sγ distances of up to 3.0 Å, greatly exceeding the ideal 

disulfide bonded Sγ-Sγ 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 Sγ-Sγ distances, 

the HvTrxh2 structure was independently refined against the dataset 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 confirmed the progressive disruption of the disulfide during data collection, 

as the averaged Sγ-Sγ distances for the two independent HvTrxh2 molecules increased 

from 2.7 Å in HvTrxh2RED1 to 3.2 Å in HvTrxh2RED2.  

 To study structural consequences of Trx oxidoreduction, the structure of 

oxidized HvTrxh2 (HvTrxh2OX) was determined. Partially overlapping fractional 

datasets 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 datasets with the redox cysteine pairs fixed in 
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disulfide bonds. The absence of negative electron density at the center of disulfide 

bonds in the resultant 1σ Fo-Fc electron density map confirmed that radiation damage 

was limited. The data collection and refinement statistics are listed in Table 3.1. The 

statistics for HvTrxh1AS are superior to those for HvTrxh1PEG, and unless otherwise 

specified the following characterization is based on the HvTrxh1AS structure. Likewise, 

HvTrxh2RED1 is used to describe the HvTrxh2 structure unless otherwise specified. 

 

3.3.2 The fold of HvTrxh1 and HvTrxh2 

The primary structures of Trxs vary greatly both between species and between different 

isoforms within the same species. For instance, spinach chloroplastic Trxs categorized 

as f- and m-types share only 29% sequence identity (Capitani et al., 2000). Large 

variations are indeed observed in amino acid sequences of h-type Trxs (Figure 3.1A). 

3D structures of various Trxs nevertheless show little deviation in the overall fold. 

Accordingly, HvTrxh1 and HvTrxh2 have the typical fold of Trx consisting of a five 

stranded central β-sheet surrounded by four α-helices in a βαβαβαββα topology 

(Figures 3B, C). While the vast majority of residues in the folded regions of Trxs were 

modeled, the N-terminal regions preceding β1 in HvTrxh1 and HvTrxh2 displayed 

poorly interpretable electron densities for approximately eight and fourteen residues, 

respectively, and were not modeled. 
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Table 3.1 Data collection and refinement statistics 
 HvTrxh1AS HvTrxh1PEG HvTrxh2OX HvTrxh2RED1 HvTrxh2RED2

Data Collection      

Space group C2 C2 P21 P21 P21

Unit cell dimensions a = 120.9 Å 

b = 33.5 Å 

c = 131.0 Å 

β = 112.3° 

a = 121.7 Å 

b = 33.7 Å 

c = 132.2 Å 

β  = 112.5° 

a = 47.3 Å 

b = 38.4 Å 

c = 56.6 Å 

β = 109.8° 

a = 49.3 Å 

b = 38.6 Å 

c = 57.3 Å 

β = 105.8° 

a = 49.3 Å 

b = 38.6 Å 

c = 57.3 Å 

β = 105.8° 

T (K) 100 100 100 100 100 

Resolution (Å) 20.5 - 1.70 20.6 - 1.80 23.6 - 2.00 24.6 - 1.62 24.6 -1.62 

Rsym 0.073 (0.479)a 0.070 (0.348)a 0.147 (0.257)a 0.036 (0.226)a 0.035 (0.341)a

Completeness (%) 99.0 (96.0)a 99.3 (99.8)a 92.3 (94.7)a 89.3 (55.0)a 89.2 (54.8)a

I/σI 9.0 (1.6)a 6.5 (2.1)a 2.9 (2.3)a 12.3 (3.3)a 12.0 (2.2)a

Redundancy 4.8 (4.6)a 2.9 (2.8)a 2.5 (2.4)a 3.3 (2.3)a 3.3 (2.3)a

Wilson B factorb (Å2)  18.3 23.4 17.7 24.8 26.5 

Refinement      

No. of non-H protein atoms 3504 3391 1730 1832 1810 

No. of water molecules 468 545 131 257 253 

No. ions 4 0 0 0 0 

Rwork 0.18 (0.30)d 0.20 (0.31)d 0.20 (0.23)d 0.20 (0.44)d 0.19 (0.42)d

Rfree 0.22 (0.36)d 0.25 (0.40)d 0.27 (0.22)d 0.24 (0.54)d 0.24 (0.65)d

Rmsd. from idealitye      

   Bond length (Å) 0.012 0.016 0.010 0.013 0.029 

   Bond angle (°) 1.2 1.3 1.3 1.4 2.1 

Estimated overall coordinate 

error based on Rfree
f (Å) 

0.1 0.1 0.2 0.1 0.1 

B factors      

   Protein (Å2) 15.8 23.8 15.2 24.1 28.2 

   Solvent (Å2) 28.0 29.9 19.2 31.0 34.9 

Ramachandran plotg      

   Most favored regions (%) 95.1 94.5 90.5 92.1 92.6 

   Disallowed regions (%) 0 0 0 0 0 

 
Numbers in parenthesis refer to the outer resolution shell. aOuter resolution shell; HvTrxh1AS = 1.79 - 

1.70 Å, HvTrxh1PEG = 1.90 - 1.80 Å, HvTrxh2RED1 = 1.72 - 1.62 Å, HvTrxh2RED2 = 1.72 - 1.62 Å, 

HvTrxh2OX = 2.11 - 2.00 Å. bCalculated using TRUNCATE from the CCP4 suite. cRfree is equal to Rwork 

but calculated using 5% of the reflections, which were not included in the refinement procedure. dOuter 

resolution shell HvTrxh1AS = 1.74 - 1.70 Å, HvTrxh1PEG = 1.85 - 1.80 Å, HvTrxh2RED1 = 1.66 - 1.62 Å, 

HvTrxh2RED2 = 1.66 - 1.62 Å, HvTrxh2OX = 2.05 - 2.00 Å. eAs defined by (Engh and Huber, 1991). 

fCalculated in PROCHECK as implemented in the CCP4 suite. 
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Figure 3.1 Amino acid sequences and crystal structures of HvTrxh1 and HvTrxh2. (A) Multiple sequence 

alignment of HvTrxh1, HvTrxh2, five Arabidopsis Trx h isoforms (AtTrxh1-5), C. reinhardtii Trx h 

(CrTrxh) and P. tremula Trx h (PtTrxh). 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), 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, and the position of Asp34 (AspC) in 

HvTrxh1 is indicated with a black box. Amino acids identical to those in HvTrxh1 are indicated with grey 

background. The indicated secondary structure elements 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 
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green, respectively. Stick representation shows the redox active cysteine pairs, Cys40/Cys43 (HvTrxh1) 

and Cys46/Cys49 (HvTrxh2), and sulfur atoms are colored yellow. (D) Structural alignment of HvTrxh1 

and HvTrxh2 shown as Cα traces colored in accordance with Figures 3.1B, C. 

 

The same region of HvTrxh2 was also distorted in the crystal structure of HvTrxh2 in 

complex with BASI (Maeda et al., 2006b (Chapter 2). This region did not form any 

secondary structure in the NMR structures of h-type Trxs from A. thaliana (PDB entry 

1XFL, Peterson et al., 2005) or P. tremula (PDB entry 1TI3, Coudevylle et al., 2005). 

The N-terminal HvTrxh1 motif Met-Ala-Ala-Glu-Glu (Figure 3.1A), is essential for 

phloem trafficking of the closely related rice phloem Trx h (Ishiwatari et al., 1998). The 

longer and more hydrophobic N-terminal region present in HvTrxh2 was speculated to 

be involved in membrane association of wheat Trx h (Gautier et al., 1998). 

 HvTrxh1 molecule A can be superimposed on the three other HvTrxh1 

molecules in the asymmetric unit with rmsd of up to 0.4 Å using 92 Cα atoms. The two 

HvTrxh2 molecules in the asymmetric unit superimpose on one another with rmsd of 

0.2 Å using 102 Cα 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 90 Cα atoms (Figure 3.1D). Significant 

deviation is nevertheless seen at the C-terminal end of loop α3-β4, but this difference is 

most likely due to the influence of tight crystal packing of HvTrxh1 in this region, as 

discussed later.  

 The structure of HvTrxh1 (molecule A) superimposes on the crystal structure 

of C. reinhardtii Trx h (PDB entry 1EP7, molecule A; Menchise et al., 2001) with an 

rmsd of 0.7 Å using 91 Cα atoms, showing that the structures of h-type Trxs are well 
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conserved among species. In contrast, HvTrxh1 (molecule A) only superimposes on 

Trxs from E. coli (PDB entry 2TRX, molecule A; Katti et al., 1990) and human (PDB 

entry 1ERU; Weichsel, et al., 1996) with rmsd of 1.0 Å and 0.5 Å over a region of 68 

and 72 Cα atoms, respectively. The most N-terminal ~30 residues including β1 and α1 

(HvTrxh1 sequence) which show poor sequence conservation (Figure 3.1A) show as 

expected the largest variation in 3D-structure. While 14 residues constitute α1 in 

HvTrxh1, HvTrxh2 and C. reinhardtii Trx h (PDB entry 1EP7), 13 in A. thaliana Trx 

h1 (PDB entry 1XFL) and 11 in P. tremula Trx h (PDB entry 1TI3), only four residues 

form α1 in E. coli Trx (PDB entry 2TRX) and in spinach Trx m (PDB entry 1FB6). 

 

3.3.3 The catalytic mechanism of HvTrxh1 and HvTrxh2  

An aspartic acid (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). The equivalent aspartic acid 

residues occur in HvTrxh1 and HvTrxh2 at positions 34 and 40 with the carboxyl 

groups at distances of 5.6 Å and 5.5 Å from the CysC Sγ atom, respectively (Figures 

3.1A, 3.2).  

 The carboxyl group is surrounded by hydrophobic residues, but slightly 

exposed to solvent in the narrow internal cavity separating it from the CysC Sγ atom, as 

typically seen for Trx structures (Katti et al., 1990). While the residues in contact with 

the thiol groups of the redox active cysteines are all conserved, the Asp carboxyl group 

seems more desolvated in HvTrxh1 than in HvTrxh2. The side chain of Ile46 at position 

+3 from CysC in HvTrxh1 occupies more space in the internal cavity in the proximity of 

the Asp carboxyl group (Figure 3.2A) in comparison with Met52 at the equivalent 

position in HvTrxh2 (Figure 3.2B).  
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Figure 3.2 Stereo images of the active site architecture in HvTrxh1 (A) and HvTrxh2 (B). Carbon, nitrogen, oxygen 

and sulfur atoms are colored green, blue, red and yellow, respectively. Trxs are shown in transparent ribbon display 

and key residues are shown in stick representation. Water molecules in the Trx interior are shown as red spheres (a 

single water molecule was modeled at two alternative positions for HvTrxh1). The 2Fo−Fc electron density maps are 

presented as grey isosurface-mesh at the 1.0σ level. 

 

 The HvTrxh2 crystal structures in oxidized (HvTrxh2OX) and partially 

disulfide-disrupted states (HvTrxh2RED2) enable a detailed description of structural 

changes following the Trx oxidoreduction (Figure 3.3). The active site of HvTrxh2 is 

loosely packed in the crystals and therefore suited for such analysis. 
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Figure 3.3 Stereo images of segment Cys46−Cys49 in HvTrxh2RED2 (A) and HvTrxh2OX (B) shown in stick 

representation. Carbon, nitrogen, oxygen and sulfur atoms are colored green, blue, red and yellow, respectively. The 

2Fo−Fc electron density maps are presented as grey isosurface-mesh at the 1.0σ level. The Fo−Fc maps are shown as 

isosurface-mesh and colored red (at the 3.0σ level) and green (at the -3.0σ level). 

 

 The CysN Sγ−CysC Sγ distance increases from 2.0 Å in HvTrxh2OX to 3.2 Å in 

HvTrxh2RED2, in association with the shifts in CysN χ1 angle from 166° to −179° and 

CysC χ1 angle from −61° to −72° (Figure 3.3). Since the corresponding Sγ−Sγ distance 

is 3.9 Å in the NMR structure of the reduced human Trx (Weichsel et al., 1996), a major 

portion of HvTrxh2 was most likely in the reduced state during data collection for 

HvTrxh2RED2. Disulfide reduction does not alter the main chain conformation of 

HvTrxh2 to a significant extent at this resolution, 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 in position observed for the catalytic aspartic 

 54



acid nor for the water molecules buried in the cavity. The distance between the Asp40 

carboxyl group and CysC Sγ atom is 5.7 and 5.4 Å in HvTrxh2OX and HvTrxh2RED2, 

respectively. 

 The Coulombic interaction between the proximate CysN thiolate anion and the 

Asp26 carboxylate anion in the reduced E. coli Trx creates negative cooperativity and 

microscopic pKas of 7.5 and 9.2 for the respective ionizing groups (Chivers et al., 1997). 

CysN and Asp40 in HvTrxh2RED2 are at a distance of 7.8 Å, close to the corresponding 

distance of ~8.0 Å in the NMR structure of reduced E. coli Trx (Jeng et al., 1994). 

 

3.3.4 A hydrophobic groove on HvTrxh1 and HvTrxh2 implicated for protein 

recognition  

Solvent-exposed hydrophobic and non-charged residues constitute an elongated shallow 

groove at the redox active cysteines of HvTrxh1 and HvTrxh2 (Figure 3.4). 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 binding of substrate proteins (Qin et al., 1995; Qin 

et al., 1996; Maeda et al., 2006b (Chapter 2); Chartron et al., 2007). This motif involves 

three loop segments, Trp39-Cys40(CysN)-Gly41-Pro42, Ala81-Met82-Pro83 and 

Val98-Gly99-Gly100 of HvTrxh1 (Figure 3.4A). The Gly100 is substituted with an 

alanine in HvTrxh2 (Figure 3.4B) that is more commonly present at this position in 

Trxs (Figure 3.1A). The equivalent loop regions in glutaredoxin and glutathione 

transferase, which share the Trx-fold, are involved in their glutathione affinity 

(Reinemer et al., 1991; Nordstrand et al., 1999). 
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Figure 3.4 The vacuum electrostatic potential surfaces of HvTrxh1 (A) and HvTrxh2 (B). The surfaces 

are shown transparently. Sticks are shown for HvTrxh1 segments Trp39−Pro42, Glu80−Pro83 and 

Val98−Arg101 and for the equivalent residues in HvTrxh2. Carbon, nitrogen, oxygen and sulfur atoms 

are colored green, blue, red and yellow, respectively. Met82 of HvTrxh1 and Met88 of HvTrxh2 are 

modeled in two alternative conformations. 

 

 In the HvTrxH1 structure, the substrate binding loop motif is largely buried in 

the two protein-protein interfaces formed between molecules A and D in the same 

asymmetric unit and between molecules B and C in two translationally related units 

(Figure 3.5A). The residues in the three loop segments account for >85% of the total 

buried accessible surface area (ASA) (902 Å2 (AD) and 989 Å2 (BC)). The two 

interfaces display essentially identical protein-protein interactions, as the two HvTrxh1 

molecular pairs AD and BC can be aligned with an rmsd of 1.1 Å using 199 Cα atoms 

(Figure 3.5B). The HvTrxh1 crystal dimers do not lie on crystallographic two-fold axes 

as often seen in protein homodimers, and no evidence suggests 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 
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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 of HvTrxh1PEG crystals have high B 

factors or not modeled. In both crystal forms, molecule C seems to be forced into a 

slightly constrained conformation during crystal packing, as the helical structure is 

deformed at the most N-terminal part of α2, which is in contact with molecule B. 

   

 

 

Figure 3.5 The two HvTrxh1 crystal dimers. (A) Cartoon display shows the four crystallographically 

independent HvTrxh1 molecules A, B, C and D in the same asymmetric unit, colored green, cyan, 

magenta and yellow, respectively. Molecule C from a translationally (-½,½,0) related asymmetric unit is 

also shown and colored magenta. Sticks are shown for residues Trp39−Pro42, Ala81−Pro83 and 

Val98−G100 that constitute the substrate binding loop motif. Sulfur, nitrogen, oxygen are colored yellow, 

blue and red, respectively. (B) Cα traces of two crystal dimers of HvTrxh1 molecules AD and BC. 

HvTrxh1 molecules are colored in accordance with Figure 3.5A. 
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3.3.5 Features of HvTrxh1 dimer interfaces 

For simplicity, the following descriptions of the dimer interfaces are based on the AD 

interface unless specified. The indole group of Trp39 in A is positioned close to the 

CysN thiol group of the same molecule as seen in most other Trx structures and greatly 

contributes to the buried ASA (Figures 3.6A, B). In contrast, the indole group in the 

molecule D is ‘flipped out’ and located distantly from CysN. 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 loop 

segment α3-β4 of molecule D (Glu80-Ala81-Met82) has extended main chain 

conformation and is bound along the hydrophobic groove formed by the substrate-

binding loop motif on the surface of molecule A (Figures 3.6A, B). This contact 

includes several van der Waals interactions and three intermolecular backbone-

backbone hydrogen bonds, resembling an anti-parallel β-sheet. Of particular importance, 

this mode of binding brings the Met82 side chain Cγ of the bound molecule D loop α3-

β4 to a distance of 4.1 Å from the CysN thiol group Sγ of molecule A (Figures 3.6A, B). 

The dithiol/disulfide exchange reaction between Trx and a substrate protein requires the 

approximation of the CysN thiol group and a cysteine Sγ atom (positionally equivalent 

to the Met Cγ atom) of the substrate protein in the disulfide form. Therefore, the 

protein-protein interaction features of the HvTrxh1 dimer interfaces could represent a 

model for the Trx-substrate interaction. 

 The pattern of intermolecular hydrogen bonds observed in the HvTrxh1 dimer 

interfaces was previously seen in structures of disulfide-linked Trx-substrate complexes 

mimicking reaction intermediates as determined by NMR (Qin et al., 1996) and X-ray 

crystallography (Maeda et al., 2006b (Chapter 2)). Figures 3.6E and F show the crystal 

structure of a HvTrxh2 mutant disulfide-linked via CysN with Cys148 of a BASI mutant 
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(HvTrxh2-S-S-BASI; Maeda et al., 2006b (Chapter 2)) representing an outcome of 

initial nucleophilic attack from HvTrxh2 CysN on BASI disulfide Cys144-Cys148. Both 

the main chain and side chain orientations of the disulfide-linked BASI segment, 

Asp146-Trp147-Cys148, on the HvTrxh2 surface resemble those of the loop segment 

Glu80-Ala81-Met82 of the HvTrxh1 molecule D on molecule A. Most recently, the 

crystal structure of the 3´-phosphoadenosine-5´-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). The equivalent Trx moieties are 

also shown to bind a disulfide-linked peptide in the parallel direction (Qin et al., 1995). 

A pattern of intermolecular hydrogen bonding, essentially identical to that observed 

here, is present in a crystal structure of the N-terminal domain of E. coli DsbD, with 

Trx-like structure and activity, in a disulfide-linked complex with DsbD C-terminal 

domain (Rozhkova et al., 2004). We previously proposed that this mode of 

intermolecular hydrogen bond formation plays an essential role in substrate recognition 

by Trx (Maeda et al., 2006b (Chapter 2)). Nevertheless this manner of interactions 

between Trx and its substrates has until now only been demonstrated using covalently-

bound complexes (Qin et al., 1996; Maeda et al., 2006b (Chapter 2); Chartron et al., 

2007). Non-covalent association of Trx with substrate proteins was considered to be 

weak and thus unfeasible for structural analysis either by NMR or X-ray 

crystallography. The present study, however, provides remarkable structural evidence 

for selective binding of a protein loop motif to the active site of HvTrxh1 in the absence 

of an engineered disulfide-linkage. This pattern of intermolecular backbone-backbone 

hydrogen bonds is also involved in the crystal structure of E. coli Trx in a non-covalent 

complex with bacteriophage T7 DNA polymerase (PDB entry 1T7P; Doublié et al., 

1998). 
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Figure 3.6 Cartoon display of protein−protein interfaces formed in HvTrxh1 crystal dimers of molecules 

AD (A, B) and BC (C, D) and in HvTrxh2-S-S-BASI (E, F) (Maeda et al., 2006b (Chapter 2)). Key 

residues are shown in stick representation. Residue labels for HvTrxh1 molecules C and D and BASI are 

colored red. HvTrxh1 molecules A, B, C and D are colored green, cyan, magenta and yellow, respectively. 

HvTrxh2 and BASI are colored blue and pink, respectively. Sulfur, nitrogen, oxygen atoms are colored 

yellow, blue, red respectively. Hydrogen bonds are shown as dashed yellow lines. The vacuum 

electrostatic potential surfaces are shown for HvTrxh1 molecule A (B), HvTrxh1 molecule B (D) and 

HvTrxh2 (F). Met82 (molecules A, B and C), Glu80 (molecules C and D) and Val98 (molecule B) of 

HvTrxh1 are modeled in two alternative conformations. 
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3.3.6 The involvement of electrostatic interactions in HvTrxh1 crystal dimer 

formations 

The protein-protein interactions found in HvTrxh1 are absent in the HvTrxh2 crystal. A 

brief inspection of the existing PDB entries has not revealed such interaction patterns 

among Trx structures, although two-fold 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 

may signify structural self-complementarity. Whilst the hydrophobicity of the substrate-

binding loop motif is well-conserved among Trxs, surrounding solvent-exposed 

residues are more divergent in the electrostatic features. For instance, the substitution of 

HvTrxh1 Arg101 with an isoleucine (Ile107) in HvTrxh2 changes the electrostatic 

properties of the surface contiguous to the substrate-binding loop motif (Figure 3.4). At 

the opposite edge of the substrate-binding loop motif, Glu80 (HvTrxh1 numbering) is 

present in both Trxs. Close to the HvTrxh1 crystal interfaces, the Arg101 guanidinium 

cation from molecule A forms an electrostatic interaction with the Glu80 carboxylate 

anion of the bound molecule D loop segment (Figures 3.6A, B). This interaction is 

evident in the AD interface where the distances between the Arg101 guanidinium and 

Glu80 carboxylate (two alternative confirmations are modeled for Glu80 in both 

molecules C and D) are 2.7 Å and 3.9 Å, while the groups are 6.7 Å and 10.2 Å apart in 

the BC interface. The other pair of Glu80 carboxylate (of molecule A) and Arg101 

guanidinium (of molecule D) in HvTrxh1 dimers at a distance of 7.2 Å, and the 

HvTrxh1 interfaces involve no obvious conflicting contacts of charged groups.  

 Electrostatic complementarity is a major driving force for the rapid association 

of electron donors and acceptor proteins into complexes (Crowley and Carrondo, 2004). 

Accordingly, a charge mutation of E. coli Trx at the position equivalent to HvTrxh1 
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Arg101 affects its reactivity towards fructose-1,6-bisphosphatase (Mora-Garcia et al., 

1998). The features of the HvTrxh1 crystal complex support that electrostatic 

interactions are involved in the Trx substrate recognition mechanism, and suggest that 

the substitution of HvTrxh1 Arg101 to the uncharged isoleucine in HvTrxh2 may give 

rise to differential interaction with some redox partners.  

 

3.4 Experimental procedures 

3.4.1 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 (Millipore). Crystals of HvTrxh1 and HvTrxh2 were 

obtained using the hanging drop vapor diffusion method at room temperature with 2 µL 

each of reservoir and protein solutions. HvTrxh1 solutions of 10 mg/mL and 20 mg/mL 

were used for the crystallization in 0.1 M Mes pH 6.0, 2.4 M ammonium sulfate and in 

0.2 M ammonium acetate, 0.1 M tri-sodium citrate pH 5.6, 30% (w/v) PEG 4000, 

respectively. A HvTrxh2 solution of 20 mg/mL was used for crystallization in non-

buffered 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 Cryosystems) at –

160 °C. To generate a structural model for oxidized HvTrxh2, diffraction data was 

collected from three isomorphous HvTrxh2 crystals through 40° rotation (80 diffraction 

images) each. Reflections were indexed, integrated and scaled with MOSFLM (Leslie et 

al., 1992) and SCALA (Collaborative Computational Project, Number 4, 1994). MR 

was performed in Phaser (Collaborative Computational Project, Number 4, 1994; 

Storoni et al., 2004). The refinement was carried out with the program CNS (Brünger et 
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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 et al., 2004). 

The final refinements were performed in Refmac 5 and CNS. 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 Interaction Server (V1.5) 

(http://www.biochem.ucl.ac.uk/bsm/PP/server/; Jones and Thornton, 1996). Figures of 

protein structures are made in Pymol (http://pymol.sourceforge.net/; DeLano, 2002). 
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Chapter 4 

 

Differentiated reactivity of the redox active cysteines in barley thioredoxin h isoforms, 

HvTrxh1 and HvTrxh2 

 
4.1 Summary 

Thioredoxin (Trx) is a protein disulfide reductase possessing two redox active cysteines in 

the active site motif, Trp−CysN−Gly/Pro−Pro−CysC. The redox properties of two h-type 

barley Trxs, HvTrxh1 and HvTrxh2, were here compared. For determination of standard 

redox potentials (E°´), the reaction constants were fluorometrically determined for the 

bidirectional redox reactions between the barley Trxs and a reference, E. coli Trx (EcTrx; 

E°´ = −270 mV). The E°´ values for HvTrxh1 (−268 mV) and HvTrxh2 (−270 mV) 

assigned by this novel approach were similar, but the oxidoreduction rates of HvTrxh1 

were higher than those of HvTrxh2 in both directions. Moreover, even though the primary 

nucleophile CysN of both Trxs was alkylated in the pH interval 5.5−9.4 with rate constants 

(k) that excellently fit with a pKa of 7.7, CysN in HvTrxh1 approached ~70% higher kmax 

value (at high pH) than in HvTrxh2 and was more nucleophilic. The conserved aspartic 

acid (AspC) in EcTrx is previously shown to titrate at a perturbed and slightly basic pKa 

value and create for CysN a heterogeneous electrostatic milieu and two microscopic pKas. 

Considering this, the pKa assigned here most likely represents CysN titration in the AspC–

protonated Trx fractions, while the distinct nucleophilicity of CysN in the two Trxs 

indicates that AspC in HvTrxh1 has a higher pKa value than in HvTrxh2. Accordingly, 

CysN was almost equally nucleophilic in CysC to Ser variants of HvTrxh1 and HvTrxh2, in 

which CysN was decreased in pKa and therefore presumed to titrate predominantly under 

AspC-protonated state. 
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4.2 Introduction 

H-type Trxs are yet poorly characterized in terms of biological roles, 3D structures and 

biophysical properties, in comparison with EcTrx or chloroplastic Trxs. The present study 

reports biophysical comparison of two barley Trx h isoforms, HvTrxh1 and HvTrxh2 

(Maeda et al., 2003). 

 

4.3 Results 

4.3.1 Trx-Trx redox reaction kinetics for E°´ determination of HvTrxh1 and HvTrxh2 

The calculation of standard redox potential (E°´) for a given substance by the Nernst 

equation requires an experimentally assigned equilibrium constant (K) for the redox 

reaction between the substance and any reference with known E°´. The well-characterized 

EcTrx was chosen as the reference (−270 mV) (Åslund et al., 1997) for the present E°´ 

assignment for HvTrxh1 and HvTrxh2, because the K values of redox reactions involving 

pairs of Trxs were presumed to be close to unity and thereby easy to precisely determine 

experimentally. 

 

 

Figure 4.1 Sequence alignment of EcTrx (P0AA27), HvTrxh1 (AAP72290) and HvTrxh2 (AAP72291). The 

positions of the conserved active site sequence motif, Trp-CysN-Gly/Pro-Pro-CysC and AspC are indicated 

with black boxes. Tryptophan residues are indicated with gray background. 
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 The fluorescence emission of EcTrx intensifies ~6 folds upon reduction of the 

active site disulfide bond (Holmgren, 1972). This redox dependency chiefly stems from the 

unique tryptophan residue at position −3 from CysN, and not from the conserved 

tryptophan in the Trx active site at the immediate N-terminus of CysN (Figure 4.1) 

(Holmgren, 1972). Whilst HvTrxh1 possesses only the conserved tryptophan in the active 

site, an additional tryptophan is present in HvTrxh2 at position 23 (Figure 4.1). Figure 4.2 

shows fluorescence emission spectra at 300−400 nm (excitation at 280 nm) for the 

oxidized and reduced forms of EcTrx, HvTrxh1 and HvTrxh2 at pH 7.0. The oxidized 

forms of HvTrxh1 and EcTrx exhibit emission maxima at ~310 nm and ~350 nm, 

respectively. In comparison, the overall intensity for the emission spectrum of the oxidized 

HvTrxh2 with a maximum at ~340 nm is several folds higher, presumably due to the 

presence of Trp23.  

 

 

Figure 4.2 Fluorescence emission spectra for HvTrxh1, HvTrxh2 and EcTrx1 in the oxidized and reduced 

forms. The excitation is at 280 nm and the emission spectra cover 300−400 nm. The spectra for the reduced 

forms are shown with black lines, while those for the oxidized forms are shown with dashed line. 
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Upon complete disulfide reduction by a large excess of the disulfide reductant Tris(2-

carboxyethyl)phosphine (TCEP), the emission intensity substantially increases for EcTrx 

(>5 folds) but remains nearly unchanged for the two barley Trxs (Figure 4.2). We take 

advantage of this unique redox dependency of the emission intensity for EcTrx to 

fluormetrically determine the rates of redox reactions between Trx pairs, EcTrx−HvTrxh1 

and EcTrx−EcTrxh2. The second orders reaction constants (k) are determined for the 

bidirectional reactions between the Trxs, and used for the calculation of K (K=k2/k1), and 

E°´ for HvTrxh1 and HvTrxh2. 

 

4.3.2 E°´ values for HvTrxh1 and HvTrxh2 

The fluorescence emission was measured at 380 nm (excitation at 280 nm) throughout the 

analysis of Trx−Trx redox reactions. At this wavelength, the reduction of the active site 

disulfide bond increased the emission intensity of EcTrx1, HvTrxh1 and HvTrxh2 with 28, 

2 and 4 units/µM, respectively. Accordingly, completion of the redox reaction between 1.0 

µM each of oxidized EcTrx and reduced HvTrxh1 alters the emission intensity with +26 

units (−26 units for the reversed reaction). The corresponding values are +24 and –24 units 

for the redox reactions between EcTrx and HvTrxh2. 

 6.0 µM oxidized EcTrx was mixed with an equimolar concentration of the 

reduced HvTrxh1 or HvTrxh2, and the fluorescence emission intensity was monitored 

(Figure 4.3A). For both reactions an increase in intensity was observed in accordance with 

the reduction of EcTrx. The increase in intensity continued for ~5 and ~10 hours for the 

reaction mixtures containing HvTrxh1 and HvTrxh2, respectively, followed by a slow 

decrease, presumably due to Trx oxidation by dissolved oxygen or precipitation (Figure 

3.3A). 
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Figure 4.3 The redox reactions between Trxs followed fluorimetrically. (A) The time courses of change in 

emission intensity for the reaction mixture containing 6.0 µM each of the oxidized EcTrx and the reduced 

forms of HvTrxh1 or HvTrxh2 followed for ten hours. (B) The initial time courses of change in emission 

intensity for Trx-Trx redox reactions. The reaction mixtures contain following Trxs (6.0 µM each); (1) 

oxidized EcTrx and reduced HvTrxh1 (filled diamonds) (2) oxidized EcTrx and reduced HvTrxh2 (filled 

triangles), (3) reduced EcTrx and oxidized HvTrxh1 (unfilled diamonds), (4) reduced EcTrx and oxidized 

HvTrxh2 (unfilled triangles). All measuring results represent the mean values for the duplicated 

measurements (C) Time courses of decrease in the molar concentrations of the individual reactants calculated 

for the same reaction mixtures as in Figure 4.3B.  

 

Determination of k values was based on fluorescence measurements recorded during the 

initial 20 and 40 minutes for HvTrxh1 and HvTrxh2, respectively (Figure 4.3B). The 

molar concentrations of the remaining individual reactants at different time point were 

calculated for each reaction mixture based on the measured change in emission intensity 

(Figure 4.3C). The reactions between the products were here ignored, as less than 15 % of 

the initial reactants were converted into the products in these time intervals. By using curve 

fitting, the second orders reaction constants for the redox reaction between the oxidized 
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EcTrx1 and reduced HvTrxh1 (k1), and the reverse reaction (k2) were determined to 13 M-

1s-1 and 15 M-1s-1, respectively, while the corresponding values were 8.1 M-1s-1 and 8.1 M-

1s-1 for the redox reactions involving HvTrxh2. The equilibrium constants (k2/k1) for redox 

reactions between the two Trx pairs, EcTrx−HvTrxh1 and EcTrx−HvTrxh2, were thereby 

calculated to 1.2 and 1.0, respectively, and finally the E°´ values for HvTrxh1 and 

HvTrxh2 were determined to −268 mV and −270 mV, respectively, using the E°´ value of 

−270 mV for EcTrx (Åslund et al., 1997). The standard deviations of the duplicated E°´ 

determinations for HvTrxh1 and HvTrxh2 were 0.5 mV and 1.1 mV, respectively. 

 The two barley Trx h isoforms thus appear to be analogous in the redox properties 

in terms of thermodynamics. Nevertheless, the faster oxidoreduction rates of HvTrxh1 in 

comparison with HvTrxh2 indicate distinct reactivities of the active site cysteines in the 

two barley Trxs, in agreement with the previously reported superior insulin reduction 

efficiency of HvTrxh1 (Maeda et al., 2003). 

 

4.3.3 pH-titration of CysN in HvTrxh1 and HvTrxh2 

The pH dependency of CysN ionization in HvTrxh1 and HvTrxh2 was analyzed here based 

on kinetics of the reaction between CysN thiolate anion and iodoacetamide (IAM). Studies 

on EcTrx have shown that CysN but not CysC is alkylated by IAM (Takahashi and 

Creighton, 1996). The same pattern was expected for HvTrxh1 and HvTrxh2, as only the 

CysN thiol group is solvent exposed (Figure 4.4; Chapter 3). 
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Figure 4.4 Crystal structure of HvTrxh1 in the partially radiation-reduced form. The overall structure is 

shown in cartoon display with regions of helices, sheets and loops colored yellow, red and green, respectively. 

Cys40 (CysN), Cys46 (CysC) and Asp36 (AspC) are displayed in stick representation. 

 

The analysis was performed for pH 5.5−9.4, while conditions of higher pH values seemed 

to either damage the Trxs or cause modification on unspecified protein moieties. The 

reactions were quenched at different time points by addition of acetic acid to 10% (v/v), 

and the unmodified and CysN-carbamidomethylated forms of Trxs were separated and 

relatively quantified on a reversed-phase HPLC column. The resultant chromatograms for 

the two Trxs showed resolved peaks for the unmodified Trxs and the CysN-

carbamidomethylated Trxs (Figure 4.5A). The CysN-carbamidomethylation of HvTrxh2 in 

the peak of shorter retention time was confirmed by trypsin digestion followed by tandem 

mass spectrometry of the relevant peptide (data not shown). The second order reaction 

constants at each pH value were calculated for HvTrxh1 and HvTrxh2 (Figure 4.5B). 

Curve fitting of the pH-titration data to the Henderson-Hasselbalch equation, which does 

not account for cooperativity between proximity ionizing groups, assigned an identical 
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CysN pKa value of 7.7 for both barley Trxs (Figure 4.5B). On contrary, the kmax values (k at 

high pH) of 0.82 and 0.48 nM−1⋅s−1 determined for HvTrxh1 and HvTrxh2, respectively, 

considerably diverged. 

 

                        

 

Figure 4.5 Alkylation rates of CysN in HvTrxh1, HvTrxh2 and in their CysC to Ser variants. (A) 

Chromatograms showing the pH-dependency of CysN alkylation rates in HvTrxh1 and in HvTrxh2. Trxs (4.0 

µM) are incubated for 40 seconds with 20 µM IAM under conditions of various pH values. The reactions are 

quenched with addition of acetic acid to 10% (v/v), and the unmodified and CysN-carbamidomethylated Trxs 

are separated with on a reverse phase HPLC column. (B) The determined second orders reaction constants 

for HvTrxh1 (filled diamond) and HvTrxh2 (unfilled diamonds). (C) The determined second orders reaction 

constants for HvTrxh1 Cys43Ser (filled diamond) and HvTrxh2 Cys49Ser (unfilled diamonds). All 

measuring results in Figure 4.5B, C represent the mean values for the duplicated measurements. 
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 The conserved AspC in the active site of Trx has been shown to a have strongly 

perturbed pKa (7.5 in EcTrx) (Langsetmo et al., 1991; Chivers et al., 1997). The proximity 

of the AspC carboxyl and CysN thiol in HvTrxh1 and HvTrxh2 (~8 Å; Chapter 3) 

necessitates the consideration that the ionization of the two residues are interdependent. It 

may therefore be postulated that the assigned CysN pKa of 7.7 only represent fractional 

ionization in the AspC-protonated Trx populations, while the remaining fractions of CysN 

ionizes with a more basic pKa value (>9.4). In view of this hypothesis, the observed 

difference in the kmax values signifies that a larger fraction of the CysN population in 

HvTrxh1 ionizes with the pKa of 7.7 relative to that in HvTrxh2. This implies that the AspC 

must have a higher pKa value and be less ionized in HvTrxh1 than in HvTrxh2. The AspC 

pKa values in the two barley Trxs must moreover be close to that of CysN for the creation 

of microscopic CysN pKas. Alternatively, the observed difference in kmax values can be due 

to distinctly different accessibility of the CysN thiolate anion in the two Trxs. The later is 

however unlikely in view of the superimposable active site structures (Chapter 3) and the 

equivalent pKa values assigned here for both Trxs, since solvent accessibility in general 

affects pKa values of protein ionizable groups (Li et al., 2005). 

 To further investigate the ionization of CysN, pKa values were determined for 

CysC to Ser mutants of HvTrxh1 (Cys43Ser) and HvTrxh2 (Cys49Ser). The pH-dependent 

titration of Cys43Ser and Cys49Ser resulted in pKa values of 6.9 and 7.0, respectively, in 

accordance with the replacement of CysC sulfhydryl, in van der Waals contact with that of 

CysN, with the more hydrophilic serine hydroxyl group (Figure 4.5C). The decrease in 

CysN pKa values in the mutants were accompanied by diminution and almost complete 

equalization of kmax values, determined to 0.19 and 0.18 nM−1⋅s−1 for the HvTrxh1 and 

HvTrxh2 mutants, respectively (Figure 4.5C). Firstly, the decrease in kmax values for the 
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mutants occurring in association with the decrease in CysN pKa values is in accordance 

with the Brønsted relationship for thiol/disulfide exchange reactions (Szajewski and 

Whitesides, 1980). Secondly, the equalized kmax values in the mutants of HvTrxh1 and 

HvTrxh2 exclude the possibility that the CysN thiol group has differentiated accessibility in 

the two wild type Trxs, since CysC to Ser mutations does not largely alter the Trx active 

site architecture (Dyson et al., 1994; Maeda et al., 2006b (Chapter 2)). On the contrary, this 

behavior supports our hypothesis that the different kmax values observed for the wildtype 

HvTrxh1 and HvTrxh2 reflects the influence of AspC ionization. At the lowered CysN pKa 

values determined for the mutants, larger fractions of CysN will titrate while AspC is 

protonated and the interference of the AspC carboxylate anion will be diminished. 

 

4.4 Discussion 

4.4.1 Thermodynamics of HvTrxh1 and HvTrxh2 

The application of Trx superfamily proteins for redox potential measurements as 

alternatives to the more traditionally used low-Mw references such as NADPH or 

glutathione has been proposed by Åslund et al. (1997). These authors assigned the E°´ 

values for Grxs through direct protein-protein equilibrium with the reference, EcTrx, and 

chromatographic quantification of the reduced and oxidized species.  

 EcTrx is likewise used as a reference here, nevertheless, the novel approach 

introduced for E°´ assignment of the two barley Trxs has advantageously provided 

information regarding the redox kinetics of the two proteins. In addition to comparative 

studies on Trxs, this approach can be used in mutagenesis studies on Trxs and other redox 

proteins, since it can reveal thermodynamic and kinetic consequences of mutations in a 

straightforward manner. Remarkably, the redox dependent behavior of the fluorescence 
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emission of EcTrx has been demonstrated to be transferable to another Trx superfamily 

protein, DsbD, by simply introducing tryptophan at position −3 from CysN (Rozhkova and 

Glockshuber, 2007). 

 The E°´ values of −268 mV and −270 mV assigned here for HvTrxh1 and 

HvTrxh2, respectively, show that the redox properties of the barley Trxs are analogous to 

that of EcTrx in terms of thermodynamics. E°´ values of −290 mV and −300 mV has been 

assigned for C. reinhardtii Trx h using an approach that employs DTT as the reference 

(Krimm et al., 1998; Setterdahl et al., 2003). Since a E°´ value of −285 mV has been 

assigned for EcTrx using this approach (Setterdahl et al., 2003) compared to −270 mV 

adopted here (Åslund et al., 1997), this deviation is chiefly due to the difference in the 

experimental procedures. 

 

4.4.2 Thiol-pKa of CysN in HvTrxh1 and HvTrxh2 

The thiol-pKa of CysN influences the reaction kinetics and thermodynamics of Trx 

superfamily proteins (Chivers et al., 1996). In general, a shift in pKa is associated with two 

counteracting effects on the reactivity of the thiol group, as thiol of lower pKa is more 

ionized but the corresponding thiolate anion is intrinsically less nucleophilic (Gilbert, 

1990). The crystal structures of HvTrxh1 and HvTrxh2 previously showed active site 

architectures typical for Trxs and of high similarity to that in the well-characterized EcTrx 

(Maeda et al., 2006b (Chapter 2); Chapter 3). It was thereby indicated that the active site 

residues in the two barley Trxs have ionization features analogous to those of the 

equivalent residues in EcTrx. Firstly, this indication was in part confirmed in the present 

study by the assignment of CysN pKa of 7.7 for HvTrxh1 and HvTrxh2, a value close to 7.5 

for EcTrx determined by NMR spectroscopy (Chivers et al., 1997). Secondly, the results of 
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pH titrations of CysN in the wild type barley Trxs and their CysC to Ser variants are in 

consistence with the existence of negative cooperativity between the ionization of CysN 

and AspC. Moreover, these results are best explained by proposing that the value of AspC 

pKa is higher in HvTrxh1 than in HvTrxh2, even though the assignment of AspC pKa 

requiring NMR spectroscopy has not been carried out here. This proposal does not only fit 

with the results of the pH titrations, but also provides explanation for the superior 

oxidoreduction rates that HvTrxh1 has exhibited in the redox reactions with EcTrx. Since 

the Sγ atom of CysC is buried in both the oxidized and reduced forms of Trxs (Chapter 3), 

the Trx-Trx redox reactions are most likely initiated by the CysN thiolate anion of the 

reduced Trx performing a nucleophilic attack on the CysN Sγ atom of the oxidized Trx 

(Figure 4.6A). In the transition state, a single negative charge is shared between the CysN 

Sγ atoms of the reduced Trx and the CysC Sγ atom of the oxidized Trx (Figure 4.6B). 

Firstly, a higher AspC pKa value decreases the fraction of AspC in the anionic state that 

disfavors the partial charge on CysC Sγ atom in the transition state, and thereby enhances 

the rate of HvTrxh1 reduction by EcTrx in comparison with that of HvTrxh2. Secondly, a 

higher AspC pKa value diminishes the negative influence on the formation of CysN thiolate 

anion in the reduced form of Trx and explains that HvTrxh1 reduces EcTrx faster than 

HvTrxh2. Furthermore, such a proposal is in accordance with the previously observed 

structural variation around the AspC carboxyl group between the two barley Trxs (Chapter 

3). The AspC carboxyl group is situated in the hydrophobic core of Trxs, disfavoring the 

formation of carboxylate anion and explains its pKa around neutral pH. Nevertheless, the 

AspC carboxyl group is slightly exposed to the solvent in the narrow cavity that separates it 

from the CysC thiol group with a distance of ~5.5 Å. Whilst the majority of the surrounding 

residues are conserved, the substitution of isoleucine at position +3 from CysC in HvTrxh1 
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with methionine in HvTrxh2 differentiates the local environment of the AspC carboxyl 

group. The branched side chain of isoleucine exposed to the internal cavity makes the AspC 

carboxyl group more desolvated in HvTrxh1, in accordance with our proposal of a higher 

AspC pKa in HvTrxh1. 

 

                   

 

Figure 4.6 Putative mechanism of Trx-Trx redox reaction showing the reaction initiation (A) and the 

transition state (B). 

 

4.4.3 Biological roles of the h-type Trxs 

As described in the Introduction, the two barley Trxs have distinct patterns of appearance 

in barley seeds (Maeda et al., 2003). While both Trx isoforms are abundant in the embryo, 

HvTrxh1 is predominantly present in the endosperm. A study on transgenic barley 

overexpressing wheat Trx h has shown that the Trx h in the endosperm has a positive 

influence on the germination process (Wong et al., 2002). Moreover, proteomics-based 

studies have demonstrated the ability of h-type Trxs to reduce various endospermic 

proteins in vitro (Wong et al., 2004; Maeda et al., 2004, 2005). The endosperm of 
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germinating cereal grain is acidified to pH ~5 (Mikola and Virtanen, 1980) and therefore 

represents a distinctly different environment from the cytoplasm where Trxs primarily 

exist. The biophysical properties of both HvTrxh1 and HvTrxh2 revealed here are 

nevertheless typical for Trxs. Further studies are required to understand the molecular basis 

for the suggested roles of Trx h in the germination process, as the acidic environment in 

the endosperm of germinating cereal seeds presumably almost entirely protonates the CysN 

and suppress the Trx activity. 

 In conclusion, the present study has unveiled a detailed biophysical 

characterization of two h-type Trxs from barley. This information is of fundamental 

importance for interpreting the structures of these proteins (Maeda et al., 2006b (Chapter 

2); Chapter 3), and is essential for understanding the biological importance of h-type Trxs 

in germinating seeds. 

 

4.5 Experimental Procedures 

4.5.1 Construction of mutants  

The expression systems for the N-terminal His-tagged forms of HvTrxh1 and HvTrxh2 

were constructed by inserting the encoding genes (Maeda et al., 2003) into the plasmid 

pET15b. Construction of the Cys49Ser mutant of HvTrxh2 was described previously 

(Maeda et al., 2006b (Chapter 2)). A Cys43Ser mutation of HvTrxh1 was constructed 

using the QuikChange® Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). 

The gene encoding HvTrxh1 inserted into plasmid pET15b was used as template and the 

primers were 5'- CCTGGTGCGGTCCATCACGTGTCATAGCCCC -3' and 5'- 

GGGGCTATGACACGTGATGGACCGCACCAGG -3'. The PCR products were treated 

with DpnI (Invitrogen, San Diego, CA, USA) to hydrolyze the template plasmid, and 
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transformed into Escherichia coli DH5α. The mutations were confirmed by DNA 

sequencing at MWG Biotech (Ebersberg, Germany). 

 

4.5.2 Protein production 

Non-tagged HvTrxh1 and HvTrxh2 were produced in E. coli and purified using heat 

treatment, anion exchanging chromatography and gel filtration chromatography as 

previously described (Maeda et al., 2003). The N-terminal His-tagged HvTrxh1, HvTrxh2, 

Cys43Ser and Cys49Ser were produced in E. coli Rosetta cells at 37°C for 3 h after 

induction with 100 µM IPTG. Proteins were extracted with Bugbuster® Protein Extraction 

Reagent including Benzonase Nuclease (Novagen) and the supernatants were applied onto 

His-Trap HP columns (Amersham Biosciences) pre-equilibrated with loading buffer (10 

mM imidazole, 500 mM NaCl, 30 mM Tris/HCl pH 8.0), and eluted by a gradient of 10-

200 mM imidazole.  

  

4.5.3 Emission spectra of HvTrxh1, HvTrxh2 and EcTrx 

Non-tagged HvTrxh1 and HvTrxh2 were used for all fluorimetric measurements. EcTrx 

was from Promega (Madison, WI , USA). Fluorescence spectra of Trxs were acquired on a 

Perkin-Elmer Luminescence Spectrometer LS55 with a thermostated single-cell. The 

excitation wavelength was 280 nm (5 nm slit width) and the emission covered wavelengths 

of 300−400 nm (8 nm slit width). Measurements were performed on 12.0 µM Trx in 100 

mM Hepes buffer at pH 7.0 and 1 mM EDTA at 25 °C. The spectra of Trxs in the reduced 

forms were obtained under the same conditions except the addition of 100 µM TCEP and 

incubated for at least one hour at room temperature (22 °C) to achieve complete disulfide 

reduction. 
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4.5.4 Redox potential assignment for HvTrxh1 and HvTrxh2 based on Trx-Trx redox 

kinetics 

Prior to all experiments, the buffer was thoroughly purged with argon to prevent Trx 

oxidation by dissolved molecular oxygen. Trxs (60  µM) were reduced by 1.0 mM TCEP 

in 100 µL 100 mM HEPES pH 7.0 and 1 mM EDTA for at least one hour at room 

temperature. Reduced Trxs were purified by gel filtration chromatography using NAP-5 

columns (GE Healthcare) pre-equilibrated with 100 mM HEPES pH 7.0 and 1 mM EDTA 

to final volume of ~500 µL and concentrations of ~12 µM. The precise concentrations 

were determined based on the fluorescence emission intensity at excitation and emission 

wavelengths of 280 nm and 380 nm (8 nm slit widths), respectively. For determination of 

Trx-Trx redox reaction rates, the oxidized and reduced Trxs were mixed to final 

concentrations of 6.0 µM each in final volumes of ~150 µL 100 mM HEPES pH 7.0 and 1 

mM EDTA, and the reactions were followed at 25 °C with excitation and emission 

wavelengths at 280 nm and 380 nm (8 nm slit widths), respectively. Since changes in 

emission intensities that accompanies the small temperature adjustment at the insertion of 

the reaction cell into the fluorimeter can obscure the kinetic measurements, the first 

measurements (time 0) were performed four minutes after the reaction initiation. This dead 

time was ignored in the present calculations of reaction constants as only <3% of reactants 

were estimated to be consumed in this time length based on the determined reaction rates. 

The E°´ values were calculated using the Nernst equation, E°´ = E°´EcTrx − 

(R⋅T/n⋅F)ln(k2/k1), in which E°´EcTrx is the E°´ value of −270 mV for EcTrx (Åslund et al., 

1997). 
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4.5.5 Alkylation kinetics for HvTrxh1, HvTrxh2 and their CysC to Ser variants 

CysN thiol-pKa values in the barley Trxs and their variants were determined based on the 

second orders reaction constants between the Trxs and IAM in the pH interval of 5.5-9.4. 

To ensure the fully reduction of cysteine residues, 12 µM Trxs were pre-incubated for at 

least one hour with 0.50 mM TCEP in 1.0 mM HEPES buffer pH 7.0 at room temperature. 

The alkylation reactions were performed with 4.0 µM reduced Trxs and 20 µM IAM in 

150 µL solutions of 30 mM buffers of different pH values, 1 mM EDTA and 200 mM 

NaCl at room temperature. The buffers used were MES for pH 5.5−6.6, HEPES for pH 

7.0−7.8, Tris-HCl for pH 8.0−9.0 and glycine for pH 9.4. After incubation for various time 

lengths, the reactions were quenched with 1/3 volume of 40% acetic acid. Trxs in the 

unmodified and carbamidomethylated forms were separated and quantified using a C18 

reversed-phase HPLC column on an ICS-3000 Ion Chromatography System (Dionex, 

Sunnyvale, CA, USA) at 30 °C. The column was pre-equilibrated with solution A (0.1% 

trifluoroacetic acid (TFA)), and the proteins were eluted with a linear gradient of solution 

B (0.1% TFA and 90% acetonitrile) 37−54% in 25 min at a flow rate of 1.0 mL/min. The 

elution of proteins was followed at 215 nm. The determined reaction rate constants at 

different pH values were fitted to the Henderson-Hasselbalch equation, k´ = k´max/[1 + 

10(pKa-pH)], using CurveExpert v. 1.3 (D.G. Hyams, Hixson, TN, USA). 

 

4.5.6 Mass spectrometric analysis of carbamidomethylation site in Trxs 

Trxs in collected chromatographic fractions were subjected to digestion by ~1:100 (w/w) 

of trypsin in 50 mM NH4HCO3 pH 8.8 for 3 h. The resultant tryptic peptides were desalted 

and concentrated on a home-made 5 mm nano-column (Gobom et al., 1999) as described 

previously (Finnie et al., 2002). Peptides were eluted with 0.8 µL matrix (20 mg/ml α-
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cyano 4-hydroxycinnamic acid in 70% acetonitrile/ 0.1% TFA) and deposited directly on 

to the MALDI target. A Bruker ultraflex II TOF/TOF (Bruker-Daltonics, Bremen, 

Germany) in positive-ion reflector mode was used to analyze tryptic peptides. 
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Concluding remarks and perspectives 

 
The present Ph.D. project has provided the first reported structure of a protein-protein 

complex of Trx and a substrate. The structure of HvTrxh2-S-S-BASI, together with that of 

HvTrxh1 crystal dimers, has provided evidence for that Trx is able to recognize protein 

substrates via interaction with specific structural features around protein disulfides. Our 

studies suggest that Trx-catalyzed disulfide reduction is dependent on protein-protein 

interactions and targeted towards specific interaction partners, and thereby challenges the 

commonly accepted view of Trx as a general protein disulfide reductase. The achieved 

knowledge in Trx specificity will enable structure-based prediction and validation of Trx-

substrate interactions and a more complete mapping of redox regulatory pathways 

involving Trx. Moreover, the novel insight into the structure/function relationship of Trx 

will support characterization of numerous Trx-fold proteins with still unresolved functions, 

specificities and biological roles. Additional studies are however required to verify that the 

suggested mode of target recognition truly plays a central role for the disulfide reductase 

activity and specificity of Trx. These studies can include e.g. site-directed mutagenesis of 

some key residues in the putative substrate binding motif.  

 Besides knowledge in substrate recognition mechanism relevant for Trx in all 

species, the present Ph.D. project has achieved detailed structural and biophysical 

characterizations of the barley Trxs, HvTrxh1 and HvTrxh2. While a number of studies 

have comparatively characterized h-type Trx isoforms from different plants for biological 

aspects, few studies have compared them at the protein chemistry level. The two barley 

Trxs are shown here to be similar in the overall structures and in redox properties in terms 

of thermodynamics, but to vary in the biophysical properties and in the charge distribution 
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patterns around the putative substrate recognition motif, indicating specificity 

differentiation among coexisting Trx h isoforms. 

 Finally, the knowledge achieved in the present Ph.D. project is not exclusively 

valuable for the field of research, but also of pharmacological science. The Trx system and 

redox homeostasis play roles in diverse human diseases (Burke-Gaffney et al., 2005). For 

instance, the level of Trx increases under malignant disease and harms the patients, 

because the anti-apoptotic effect of Trx enhances tumor growth (Lincoln et al., 2003). 

Firstly, the attained information regarding the Trx-substrate interactions supplies structural 

basis for the assignment of precise molecular mechanisms for Trx roles in diseases. 

Secondly, it can support the ongoing efforts for acquiring control of the physiological Trx 

activity, for instance by the development of Trx inhibitors which can be beneficial as anti-

cancer therapeutic agents (Pallis et al., 2003; Welsh et al., 2003). 
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Summary

Thioredoxin is ubiquitous and regulates various target

proteins through disulfide bond reduction. We report
the structure of thioredoxin (HvTrxh2 from barley) in

a reaction intermediate complex with a protein sub-
strate, barley a-amylase/subtilisin inhibitor (BASI).

The crystal structure of this mixed disulfide shows
a conserved hydrophobic motif in thioredoxin inter-

acting with a sequence of residues from BASI through
van der Waals contacts and backbone-backbone

hydrogen bonds. The observed structural comple-
mentarity suggests that the recognition of features

around protein disulfides plays a major role in the
specificity and protein disulfide reductase activity of

thioredoxin. This novel insight into the function of

thioredoxin constitutes a basis for comprehensive
understanding of its biological role. Moreover, com-

parison with structurally related proteins shows that
thioredoxin shares a mechanism with glutaredoxin

and glutathione transferase for correctly positioning
substrate cysteine residues at the catalytic groups

but possesses a unique structural element that allows
recognition of protein disulfides.

Introduction

Thioredoxins (Trxs) are ubiquitous small proteins (w12–
14 kDa) with protein disulfide reductase activity that play
central roles in cellular metabolic activities by donating
electrons to enzymes such as ribonucleotide reductase,
methionine sulfoxide reductases, and peroxiredoxins
(Arnér and Holmgren, 2000). In addition, an array of tar-
get proteins ranging from mammalian transcription fac-
tors to plant enzymes involved in photosynthesis are
regulated by Trx-catalyzed disulfide bond reduction
(Schenk et al., 1994; Buchanan and Balmer, 2005). De-
spite the importance of Trx in a wide variety of biological

processes, it is not known to what extent the disulfide
reductase activity of Trx depends on recognition of
a structural motif in the protein substrates. This lack of
insight into the substrate interaction features has to
date been a hindrance for a complete mapping of redox
signaling pathways involving Trx.

The structure of Trx is highly conserved among spe-
cies, with a central five-stranded b sheet surrounded
by four a helices in a babababba topology that includes
the so-called Trx fold (bababba) (Holmgren et al., 1975;
Katti et al., 1990; Weichsel et al., 1996; Menchise et al.,
2001). In spite of considerable variation in overall struc-
tures, sequences, and functions, the Trx fold is also
present in glutaredoxin (Grx), which catalyzes protein
deglutathionylation, glutathione transferase (GST), pro-
tein disulfide isomerase (PDI), glutathione peroxidase,
and the disulfide-forming protein DsbA (reviewed in
Martin, 1995). The redox activity of Trx involves two cys-
teines in the conserved active site motif WCNG(P)PCC.
The cysteines form an intramolecular disulfide in the
oxidized state and universally receive reducing equiva-
lents from either NADPH via Trx reductase (Arnér and
Holmgren, 2000) or in plant chloroplasts via ferredoxin
and ferredoxin-Trx reductase (Buchanan and Balmer,
2005). In the reduced dithiol state, the surface-exposed
cysteine at the N-terminal side of the motif (CN) attacks
disulfide bonds in protein substrates with formation of
an intermolecular disulfide intermediate (Kallis and
Holmgren, 1980) (Figure 1A). This mixed disulfide is sub-
sequently attacked by the buried C-terminal cysteine
(CC), resulting in release of the reduced target protein
and the oxidized Trx.

Even though Trx is proposed to act as a general pro-
tein disulfide reductase, examinations of individual
disulfide proteins and proteomics-based surveys for
target proteins have shown substrate selectivity of Trx
for certain protein disulfides (Østergaard et al., 2001;
Yano et al., 2001; Maeda et al., 2004, 2005). Moreover,
although Trx shares the Trx fold and catalytic sequence
motif CXXC with Grx (typically CPYC in Grx), Trx reduces
glutathione mixed disulfides much less efficiently and
thus differs in specificity from Grx (reviewed in Fer-
nandes and Holmgren, 2004). Mutational analysis of
the specific redox regulation of fructose-1,6-bisphos-
phatase by chloroplastic Trx has suggested charge
complementarity to influence the specificity of Trx (de
Lamotte-Guery et al., 1991; Geck et al., 1996; Mora-Gar-
cı́a et al., 1997). However, the only structural studies to
date of the interaction between Trx and target proteins
are NMR structure determinations of two disulfide-
bonded complexes between a mutant of human Trx
and short synthetic peptide fragments derived from
transcription factors NF-kB and Ref-1 (Qin et al., 1995,
1996). Protein disulfides can be structurally diverse in
various aspects, such as their surface exposure and
their locations in secondary structure elements, the di-
hedral angles around the disulfide bond, and the identity
of the amino acids present at spatially and sequentially
close locations (Bhattacharyya et al., 2004). Thus, deter-
mination of the structure of a Trx-target protein-protein
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complex is essential to fully reveal the structural fea-
tures involved in recognition of protein disulfides by Trx.

Plants contain multiple Trxs that show diverse subcel-
lular locations and have been classified into groups
(e.g., h, f, and m types) based on sequence similarity
(Gelhaye et al., 2005). The h-type thioredoxins are found
in cytosol, nucleus, mitochondria, and phloem sieve
tubes. Our previous screenings for target proteins in
barley seed extracts have shown that disulfide C144-
C148 in a-amylase/subtilisin inhibitor (BASI) is reduced
with high efficiency by h-type Trx, and that this disulfide
is preferentially reduced compared to the other disulfide
C43-C90 in BASI (Maeda et al., 2003, 2004, 2005). Here,
the barley Trx h isoform 2 (HvTrxh2)-catalyzed disulfide
reduction of BASI is used as a model system to investi-
gate structural requirements for recognition of a target
protein disulfide bond by Trx. The crystal structure is
solved for HvTrxh2-S-S-BASI, a trapped mixed disulfide
that mimics the reaction intermediate of the reductase in
complex with its target protein.

Results

Production of the HvTrxh2-S-S-BASI Mixed Disulfide
To form a kinetically stable complex mimicking the inter-
molecular mixed-disulfide intermediate in the disulfide
reductase reaction pathway of Trx (Figure 1A), an
HvTrxh2 mutant of CC (C49S) in the active site motif
WCNGPCC and BASI mutants C144S and C148S from
the target disulfide C144-C148 were used (Figure 1B).
Briefly, the single cysteines C148BASI and C144BASI in
C144S and C148S, respectively, were conjugated to 2-ni-
tro-5-thiobenzoate (TNB) and subsequently incubated
with HvTrxh2 C49S to substitute TNB with C46HvTrxh2

(Figure 1B). To determine whether C144BASI or C148BASI

are accessible to nucleophilic attack from C46HvTrxh2,
the rate of the reaction was monitored spectrophotomet-
rically by following the release of TNB (Figure 1B). The
reaction progressed rapidly with C144S, whereas almost
no substitution was observed for C148S (Figure 2A). The
results suggest that essentially only C148BASI is accessi-
ble to C46HvTrxh2. This is in agreement with the Sg atom of
C148BASI being surface exposed and covering the Sg
atom of C144BASI in the crystal structure of BASI in com-

plex with barley a-amylase 2 (AMY2/BASI) (Protein Data
Bank [PDB] ID code 1AVA; Vallée et al., 1998) (Figure 2B).
According to the mechanism of bimolecular nucleophilic
substitution, the thiolate anion of C46HvTrxh2 must per-
form the nucleophilic attack on an Sg atom of a disulfide
from a direction 180� away from the other Sg atom that
acts as a leaving group. Thus, the relative accessibilities
of the two Sg atoms permit C46HvTrxh2 to only attack on
C148 of disulfide C144-C148 of BASI. C148BASI was
therefore concluded to form an intermolecular disul-
fide bond in the Trx reaction intermediate, and the
C46HvTrxh2-C148BASI mixed disulfide (HvTrxh2-S-S-
BASI) was prepared in large scale for crystallization.

Architecture of HvTrxh2-S-S-BASI

The final electron density map of HvTrxh2-S-S-BASI at
2.3 Å resolution (PDB ID code 2IWT) unambiguously dis-
plays the covalent and noncovalent contacts between
Trx and BASI in the single mixed-disulfide complex
present in the asymmetric unit (Figure 3A). The structural
model comprises residues 13–120 of HvTrxh2 (122
amino acids), while the 12 residue N-terminal segment
is not visible in the final 1s 2Fo 2 Fc electron density
map, presumably due to high flexibility. Residues 59–
64, 94–101, and 112–120 of HvTrxh2, located distantly
from the BASI interface, exhibit relatively high B factors,
presumably due to the small number of contacts with
symmetry-related molecules (in total 214 for HvTrxh2
versus 818 for BASI). HvTrxh2 has the typical fold of
Trx with a five-stranded b sheet surrounded by four a he-
lices in a babababba topology. The overall structure of
HvTrxh2 is representative for Trxs, as the Ca atoms
can be superimposed on the crystal structures of oxi-
dized Trxs from Escherichia coli (PDB ID code 2TRX,
molecule A; Katti et al., 1990), Homo sapiens (PDB ID
code 1ERU; Weichsel et al., 1996), and the green alga
Chlamydomonas reinhardtii (h type) (PDB ID code
1EP7, molecule A; Menchise et al., 2001) with root-
mean-square difference (rmsd) values of 0.9, 1.1, and
0.8 Å, respectively (70, 86, and 102 Ca atoms are used,
respectively). Major deviations are observed for resi-
dues at the most N- and C-terminal ends and around
a1, which in HvTrxh2 (residues 20–32) is particularly
extended in comparison to Trxs from E. coli (residues

Figure 1. Mechanisms of Trx Disulfide Re-

ductase Activity and the Strategy Used Here

to Form a Kinetically Stable Mixed Disulfide

(A) The N-terminal, exposed cysteine (CN) in the

Trx active site sequence motif WCNG(P)PCC

makes a nucleophilic attack on the target disul-

fide bond (I) to form an intermolecular mixed-

disulfide intermediate (II), which is subjected

to intramolecular attack from the C-terminal,

buried cysteine (CC) to release the reduced tar-

get protein and oxidized Trx (III).

(B) Activated disulfides formed by conjuga-

tion of TNB to single cysteines C148BASI and

C144BASI in the BASI-target disulfide mutants

C144S and C148S are attacked by CN (C46) in

an HvTrxh2 mutant that lacks CC (C49S) (I), to

form stable mixed disulfides between BASI

and HvTrxh2 (II). The reaction is monitored

spectrophotometrically by following the

release of TNB at 412 nm.
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12–15, molecule A) or H. sapiens (residues 8–17). The b-
trefoil topology of BASI could be traced in the structure
except for an alanine residue at the C terminus. The
global structure of the BASI mutant in HvTrxh2-S-S-
BASI is superimposable on the wild-type in AMY2/
BASI (molecule D) with rmsd of 0.5 Å using 161 Ca atoms
(PDB ID code 1AVA; Vallée et al., 1998). The intermolec-
ular disulfide bond is as expected formed between
C46HvTrxh2 and C148BASI. Neither of the bonded cyste-
ines is in a strained conformation as the c1 angle of
C46HvTrxh2 is 175�, close to the values reported in re-
duced Trxs from other species such as human Trx
(c1 = 192�, C32) (PDB ID code 1ERT; Weichsel et al.,
1996), while the c1 angle of C148BASI is 260� and com-

parable to that of C148 from the intact disulfide in
wild-type BASI (PDB ID code 1AVA; Vallée et al., 1998)
(c1 = 271� in molecule C and c1 = 264� in molecule
D). The intermolecular disulfide bond displays an archi-
tecture common to right-handed disulfide bonds
(Petersen et al., 1999), with dihedral angles defined by
Cai-Cbi-Sgi-Sgj, Caj-Cbj-Sgj-Sgi, and Cbi-Sgi-Sgj-Cbj

(i = C46HvTrxh2 and j = C148BASI) of 71�, 112�, and 95�,
respectively.

The Protein-Protein Interface of HvTrxh2-S-S-BASI

In total, 762 Å2 of accessible surface area is buried in
the protein interface of HvTrxh2-S-S-BASI. This value
is smaller than the reported average interface area of

Figure 2. Accessibility of the Cysteines in the

BASI C144-C148 Disulfide Bond

(A) The time course of the reaction between

C49S HvTrxh2 (16.4 mM) and TNB-conjugated

C144S (-) (11.9 mM) and C148S BASI (A)

(11.9 mM) is monitored by the liberation of

TNB at 412 nm. Error bars indicate the

maxima and minima from duplicate measure-

ments.

(B) Close-up view of the disulfide C144-C148

in the crystal structure of BASI in complex

with barley a-amylase 2 (PDB ID code 1AVA,

molecule D; Vallée et al., 1998) showing that

C148 Sg is exposed and shields C144 Sg.

The exposed surface is shown in white except

for C144 and C148. For C144 and C148, car-

bon, oxygen, nitrogen, and sulfur atoms are

shown as van der Waals spheres and colored

green, red, blue, and yellow, respectively.

Figure 3. The Crystal Structure of HvTrxh2-

S-S-BASI

(A) Stereo view of the overall structure of

HvTrxh2-S-S-BASI in cartoon display.

HvTrxh2 and BASI are colored green and

red, respectively. Secondary structure ele-

ments in HvTrxh2 are labeled. The segment

146DWC148 in BASI is blue. The side chains of

the disulfide-bound C46HvTrxh2 and C148BASI,

and the residues Q149BASI, E168BASI, and

E86HvTrxh2, are shown in stick representation.

Q149BASI and E168BASI are colored and

labeled in red and E86HvTrxh2 in green. In

C46HvTrxh2 andC148BASI, thecarbon andsulfur

atoms are colored green and yellow, respec-

tively. The solvent-accessible surface is

shown in transparent gray for the residues of

HvTrxh2 that are in contact with BASI.

(B) Close-up stereo view of the interaction

between HvTrxh2 and BASI. The solvent-

accessible surface of HvTrxh2 is colored

gray and shown transparent. Segment

146DWC148 of BASI and the substrate recogni-

tion loop motif composed of 45WCGP48,

87AMP89, and 104VGA106 of HvTrxh2 are shown

in stick representation. Oxygen, nitrogen, and

sulfur atoms are in red, blue, and yellow, re-

spectively. Carbon atoms are in green and

blue for HvTrxh2 and BASI, respectively. Inter-

molecular hydrogen bonds are shown as

dashed yellow lines. The 2Fo 2 Fc electron

density map is presented as a dark gray iso-

surface mesh at the 1.0s level to a distance

of 1.0 Å from 146DWC148 of BASI. Labels on

residues from BASI and HvTrxh2 are in blue

and green, respectively.
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1906 Å2 in 70 assemblies of proteins or the interface area
of 1140 Å2 in a well-characterized example of an electron-
transfer complex between cytochrome c peroxidase
and cytochrome c (Pelletier and Kraut, 1992; Chakra-
barti and Janin, 2002). The structure of HvTrxh2-S-S-
BASI shows that BASI is recognized by HvTrxh2 primar-
ily through C148BASI and two immediately preceding
residues. This 146DWC148 segment is stabilized by a spa-
tially defined motif on the HvTrxh2 surface composed of

45WCGP48, 87AMP89, and 104VGA106 (referred to in the
following as the substrate recognition loop motif) from
three neighboring loops between b2-a2, a3-b4, and b5-
a4 and the adjacent a2 and b5, all belonging to the
core of the Trx fold (Figures 3A and 3B). The substrate
recognition loop motif constitutes a hydrophobic groove
along which the backbone atoms of 146DWC148 from
BASI are positioned and form van der Waals interactions
and backbone-backbone hydrogen bonds (Figure 3B).
Although the conserved cis proline, P89HvTrxh2, is buried
and has no direct contact with BASI, it plays an essential
structural role in this protein-protein interaction. The
conformation of the cis peptide bond determines the di-
rection of the main chain at the N terminus of b4. Thereby
the backbone amino and carbonyl groups of the adja-
cent M88HvTrxh2 are exposed on the surface, where
they make two intermolecular backbone-backbone hy-
drogen bonds in an antiparallel fashion to C148BASI

(Figure 3B). In an adjacent loop between b5 and a4,
the backbone amino group of A106HvTrxh2 stabilizes
the backbone carbonyl group of D146BASI through a hy-
drogen bond. The side chain of P48HvTrxh2 in the con-
served active site sequence motif WCGPC further stabi-
lizes the main chain of BASI by van der Waals contacts
to five backbone atoms of D146BASI and W147BASI. The
indole ring of W147BASI is accommodated between the
two segments 87AMP89 and 104VGA106 of HvTrxh2 and
makes hydrophobic interactions with the side chains
of A87HvTrxh2 and V104HvTrxh2 (Figure 3B). Finally, the
side chain of C148BASI fits into a shallow groove be-
tween the hydrophobic side chains of W45HvTrxh2 and
P48HvTrxh2. In addition to the segment 146DWC148,
E168BASI and Q149BASI make van der Waals interactions
with E86HvTrxh2 (Figure 3A).

Conservation of the Substrate Recognition Loop

Motif among Trx-Fold Proteins
The coordinates of the main-chain atoms of 45WCGP48,

87AMP89, and 104VGA106 from HvTrxh2 that constitute
the substrate recognition loop motif, interacting with

146DWC148 of BASI, were used to search for similar
motifs in the existing PDB entries using the SPASM ser-
ver (http://portray.bmc.uu.se/cgi-bin/spasm/scripts/
spasm.pl; Kleywegt, 1999). The result shows that the
main-chain structure and a major part of the sequence
in this motif is conserved among Trxs from diverse spe-
cies (Table 1; maximum rmsd set to 1.0 Å for the initial
search). For example, the corresponding motifs in Trxs
from H. sapiens (PDB ID code 1ERT, reduced form)
and E. coli (PDB ID code 2TRX, oxidized form) are super-
imposed on that of HvTrxh2 with rmsd values of 0.39 Å
and 0.48 Å, respectively. Motifs with highly similar
main-chain structures are also identified in PDIs from
E. coli (DsbC, PDB ID code 1EEJ; DsbG, PDB ID code
1V58) that catalyze formation and isomerization of disul-

fides in proteins, and in GSTs of classes delta (PDB ID
codes 1V2A and 1R5A), kappa (PDB ID codes 1R4W
and 1YZX), and tau (PDB ID code 1GWC) that catalyze
transfer of the cysteine thiol group in glutathione (Table
1). The other matched proteins have various functions,
overall structures, and sequences—nevertheless they
all contain the Trx fold (Table 1). The conservation of
the substrate recognition loop motif in these proteins
might therefore only reflect the conserved domain struc-
ture. To test this, the conservation of the overall Trx fold
in the identified proteins was examined by searching in
the SPASM server using spatially defined fingerprint
motifs from secondary structure elements in the Trx
fold of HvTrxh2. The fingerprint motifs b2a2a3, b2a3a4,
and b2a2a4 were formed by combining the main-chain
atoms of segments 38–41 (b2), 53–55 (a2), 78–80 (a3),
and 112–114 (a4). A majority of the Trxs that matched
the substrate recognition loop motif also superimposed
well with the fingerprint motifs from HvTrxh2, whereas
most other Trx-fold proteins were either not identified
or superimposed poorly with the fingerprint motifs
(Table 1). Thus, the spatially defined substrate recogni-
tion loop motif of HvTrxh2 is more conserved than the
overall Trx fold, supporting its functional significance
proposed here.

Comparison with the Glutathione Recognition

Mechanisms of GST and Grx
The motif comprised of residues 15LSPY18, 182GLP184,
and 198FGS200 in rat mitochondrial class kappa GST
(PDB ID code 1R4W; Ladner et al., 2004) can be super-
imposed with the substrate recognition loop motif of
HvTrxh2 (Table 1). This motif plays a central part in the
interaction with the substrate glutathione (Ladner
et al., 2004). Visual inspection of the aligned structural
motifs reveals remarkable similarities as well as differ-
ences in the interactions that stabilize their respective
substrate complexes (Figure 4A; aligned using Ca atoms
only). Segment 182GLP184 in rat class kappa GST has
a function analogous to the structural counterpart

87AMP89 of HvTrxh2. It binds the cysteine residue of glu-
tathione through backbone-backbone hydrogen bonds
from the residue preceding a cis proline in an antiparallel
fashion. The cysteine thiol group of glutathione is
thereby situated at the catalytic hydroxyl group of S16
in GST (Ladner et al., 2004), superimposed on C46 in
HvTrxh2 in the alignment. Segment 198FGS200 in rat
class kappa GST involved in the specific recognition of
glutathione corresponds to 104VGA106 of HvTrxh2. The
side chain and the backbone amino group of the con-
served serine (S200, superimposed on A106HvTrxh2) in
this segment form hydrogen bonds to the g-glutamate
residue of glutathione (Figure 4A).

The search in the SPASM server using the substrate
recognition loop motif of HvTrxh2 only identified a single
Grx, Grx-2 from E. coli, with an unusual C-terminal helical
domain and overall structural similarity to mammalian
GST (Xia et al., 2001) (Table 1). The absence of typical
Grxs with a bababba topology among the matched struc-
tures reveals that the region corresponding to the sub-
strate recognition loop motif of HvTrxh2 differs in typical
Grxs in spite of the high functional and structural similar-
ity to Trx (Eklund et al., 1984). The substrate recognition
loop motif of HvTrxh2 is aligned with the motif comprised
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of residues 36SCSY39, 80TVP82, and 92GGA94 from the
crystal structure of human Grx in complex with glutathi-
one (Figure 4B; PDB ID code 2FLS). The main-chain Ca

atoms of segments 36SCSY39 and 80TVP82 of human
Grx superimpose well on the corresponding segments

45WCGP48 and 87AMP89 from HvTrxh2 and stabilize the
substrate cysteine residue in the same manner as ob-
served in rat mitochondrial class kappa GST and in
HvTrxh2-S-S-BASI (Figures 4A and 4B). In contrast, the
position and orientation of the main-chain Ca atoms
of segment 92GGA94 in human Grx and the correspond-
ing segment 104VGA106 in HvTrxh2 clearly diverge.
Whereas segment 104VGA106 constitutes a section of
the elongated substrate binding groove in HvTrxh2 (Fig-
ure 3B), segment 92GGA94 and the side chain of the suc-
ceeding residue T95 block the corresponding groove
section in human Grx and form hydrogen bonds with

the g-glutamate residue of glutathione (Figure 4B).
Moreover, whereas A106HvTrxh2 and D146BASI are in an
antiparallel-like orientation appropriate for backbone-
backbone hydrogen bond formation (Figure 3B), the
main chain of A94 in human Grx is oriented almost per-
pendicularly to the substrate binding surface (Figure 4B).

Discussion

The involvement of protein-protein interactions in the
disulfide reductase activity of Trx toward a broad range
of protein substrates has been the subject of extensive
discussions (Holmgren, 1984; Meyer et al., 2002; Bu-
chanan and Balmer, 2005). In the present study, van
der Waals contacts and three intermolecular backbone-
backbone hydrogen bonds involving a structural motif
created by the 45WCGP48, 87AMP89, and 104VGA106 loops

Table 1. Proteins with Motifs Superimposable to the Substrate Recognition Loop Motif in HvTrxh2 Identified Using the SPASM Server

PDB ID Code Protein

Sequence Rmsdb (Å)

WCGP-AMP-VGAa Loop Motifc b2a2a3d b2a3a4d b2a2a4d

Trxs

1ERT H. sapiens WCGP-CMP-SGA 0.39 0.64 0.56 0.81

1XWA Drosophila melanogaster WCGP-SMP-AGA 0.40 0.56 0.57 0.62

2CVK Thermus thermophilus WCAP-SIP-VGA 0.45 0.41 0.78 —

1SYR Plasmodium falciparum WCGP-SMP-LGA 0.46 0.59 0.55 0.67

1EP7 C. reinhardtii WCGP-AMP-VGA 0.47 0.63 0.60 0.60

1R26 Trypanosoma brucei brucei WCGP-QLP-IGA 0.47 — 0.60 —

1T00 Streptomyces coelicolor WCGP-SIP-VGA 0.47 0.52 0.85 0.91

2TRX E. coli WCGP-GIP-VGA 0.48 0.52 0.93 —

1V98 T. thermophilus WCGP-SVP-VGA 0.55 0.55 0.92 0.98

1FB6 Spinacia oleracea WCGP-SIP-IGA 0.59 0.42 0.88 —

2F51 Trichomonas vaginalis WCGP-SIP-VGA 0.60 1.22 1.04 —

1THX Anabaena sp. WCGP-GVP-EGV 0.67 0.48 0.92 —

1W4V H. sapiens WCGP-AVP-VGI 0.69 — — —

1DBY C. reinhardtii WCGP-SIP-IGA 0.78 0.62 — 0.95

GSTs

1R4W Class kappa, Rattus norvegicus LSPY-GLP-FGS 0.40 — — —

1YZX Class kappa, H. sapiens LSPY-GLP-FGS 0.45 — — —

1V2A Class delta, Anopheles dirus ISPP-TIP-WES 0.78 — — —

1GWC Class tau, Aegilops tauschii PSPF-KIP-CES 0.82 — — —

1R5A Class delta, A. dirus ASPP-CIP-WES 0.87 — — —

PDIs

1EEJ DsbC, E. coli TCGY-GTP-PGY 0.65 — 1.27 —

1V58 DsbG, E. coli FCPY-VTP-VGL 0.76 — — —

Other Proteins

1ST9 Cytochrome c biosynthesis protein WCEP-PLP-TGT 0.43 0.85 — —

1J08 Glutaredoxin-like protein TCPY-AVP-EGA 0.46 — 0.97 —

1GH2 Thioredoxin-like protein GCGP-ATP-QGA 0.50 0.50 0.51 0.63

1VRS Electron-transfer protein DsbD WCVA-GLP-TGF 0.52 — — —

1HYU Alkyl hydroperoxide reductase SCHN-GVP-QGR 0.66 — — —

1JFU Thioredoxin-like protein WCVP-GMP-AGP 0.67 0.84 — —

1A8L Protein disulfide oxidoreductase TCPY-AVP-EGA 0.78 — 1.00 —

1Z3E Transcriptional regulator SCTS-RRP-VGY 0.80 — — —

1G7O Glutaredoxin-2 HCPY-QVP-PES 0.84 — — —

1RW1 Hypothetical protein ACDT-KRP-VGF 0.91 — — —

1Z6N Hypothetical protein WCPD-AIP-VER 1.11 — — —

a Sequence of the three segments constituting the substrate recognition loop motif of HvTrxh2.
b Rmsd values for the superimposition of 40 matched main-chain atoms.
c Main-chain atoms for the substrate recognition loop motif of HvTrxh2 constituted of residues 45–48, 87–89, and 104–106 used as a search

model.
d Coordinates for the main-chain atoms of residues in secondary structure elements b2 (residues 38–41), a2 (residues 53–55), a3 (residues 78–80),

and a4 (residues 112–114) constituted fingerprint motifs b2a2a3, b2a3a4, and b2a2a4, used as search models to track fold conservation. Proteins

not identified using the fingerprint motifs are marked —.
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of HvTrxh2 are shown to stabilize the HvTrxh2-S-S-BASI
reaction intermediate. HvTrxh2-S-S-BASI has a small in-
terface area and differs largely in the overall interaction
features from the two NMR structures of Trx-peptide
mixed disulfides, in which at least 9 residues of the 13
residue long synthetic peptides interact with extended
surface areas of human Trx (Qin et al., 1995, 1996). The
larger number of residues involved in these Trx-peptide
interactions most likely reflects the higher conforma-
tional freedom of a short peptide compared to a folded
protein. Nevertheless, the intermolecular hydrogen
bonding pattern observed in the present study is in
accordance with the NMR structure of human Trx in
complex with a peptide from Ref-1 (Qin et al., 1996).
Moreover, a pattern of intermolecular backbone-
backbone hydrogen bonds, essentially identical to that
in HvTrxh2-S-S-BASI, is also observed in the crystal
structure of a mixed-disulfide protein-protein complex
between the N- and C-terminal domains of the electron-
transfer protein DsbD (DsbDN and DsbDC) from E. coli
(PDB ID code 1VRS; Rozhkova et al., 2004; included in
Table 1). DsbDC, which transfers electrons to DsbDN,
displays disulfide reductase activity and is structurally
similar to Trx with a babaabababa topology and an ac-
tive site sequence motif WCVAC. The crystal structure
of a protein-protein mixed-disulfide complex, which dis-
plays the interactions occurring during the transfer of
electrons from DsbDN to the Trx folded domain of
DsbC (PDB ID code 1JZB; Haebel et al., 2002), also in-
cludes the pattern of intermolecular hydrogen bonds
observed in HvTrxh2-S-S-BASI. We postulate that the
mode of interaction observed in HvTrxh2-S-S-BASI is
a general feature of Trx-target protein complexes, as
the essential parts of the identified substrate recognition
loop motif are conserved among Trxs from different spe-
cies. In the NMR structure of human Trx in complex with
a peptide from NF-kB, the parts of Trx forming intermo-

lecular backbone-backbone hydrogen bonds agree with
the present study, but the direction of the bound peptide
is reversed (Qin et al., 1995), suggesting that multiple
patterns of Trx-target interactions may exist.

The conserved cis proline is present in various Trx-fold
proteins (Martin, 1995), and structural studies have sug-
gested its importance for peptide binding in Trx (Qin
et al., 1995, 1996) and glutathione binding in Grx (Nord-
strand et al., 1999) and in GST (Reinemer et al., 1991).
In addition, the functional importance of the cis proline
for Grx, GST, and DsbA activity has been demonstrated
by site-directed mutagenesis (Nikkola et al., 1991; Char-
bonnier et al., 1999; Nathaniel et al., 2003; Kadokura
et al., 2004). The residue preceding the cis proline P89
in HvTrxh2 is shown here to stabilize the target cysteine
residue of an intact target protein, supporting that this cis
peptide bond is also important in Trx for correct position-
ing of the disulfide from the substrate at the catalytic site.
On the other hand, the 104VGA106 segment of the sub-
strate recognition loop motif from HvTrxh2 is shown
here to contribute to the unique specificity of Trx. Ac-
cordingly, conserved polar and charged residues at the
corresponding segments in structures of the diverse
classes of GSTs are found to be crucial for the inter-
actions with glutathione (reviewed in Oakley, 2005). The
absence of polar or charged residues in Trxs at positions
corresponding to 104VGA106 in HvTrxh2 most likely im-
pairs glutathione recognition. An NMR study of an E.
coli Grx-glutathione mixed disulfide has suggested that
Trx with its hydrophobic active site surface is deficient
in groups that complement the charged and polar
groups of glutathione (Nordstrand et al., 1999). The pres-
ent study, however, emphasizes the genuine structure-
based specificity of Trx that cannot solely be explained
by this inability to match with glutathione. The structur-
ally conserved segment 104VGA106 of HvTrxh2 creates
a hydrophobic and elongated groove that specifically

Figure 4. Comparison with the Glutathione

Recognition Mechanisms of GST and Grx

Stereo views showing the alignment of Ca

atoms in the substrate recognition loop

motif of HvTrxh2 composed of 45WCGP48,

87AMP89, and 104VGA106 with Ca atoms in (A)

residues 15LSPY18, 182GLP184, and 198FGS200

of rat mitochondrial GST (PDB ID code

1R4W; Ladner et al., 2004) and (B) residues

36SCSY39, 80TVP82, and 92GGA94 of human

Grx (PDB ID code 2FLS; C. Johansson, C.

Smee, K. Kavanagh, J. Debreczeni, U. Opper-

mann, and M. Sundström, personal commu-

nication) in complex with glutathione.

HvTrxh2 and 146DWC148 of BASI are in gray

except for the cysteine Sg atoms in yellow.

For GST and Grx, carbon, oxygen, nitrogen,

and sulfur atoms are colored green, red,

blue, and yellow, respectively. Side chains

are not shown except for glutathione, the

cis proline, and the catalytic cysteine and ser-

ine residues. For rat GST (A), the side chain of

S200 is also shown. For human Grx (B), the

main chain and the side chain of T95 are

also shown. Intermolecular hydrogen bonds

are shown as dashed yellow lines.
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interacts with a continuous peptide chain from a protein
substrate. In contrast, this part of the Grx structure has
an alternative main-chain conformation and seems
to be inappropriate for the recognition of protein
substrates.

Trx also shares the redox active sequence motif CXXC
and the cis proline with prokaryotic Trx-fold proteins
DsbA, DsbC, and DsbG, responsible for the formation
of correct disulfide bonds in periplasmic proteins (re-
viewed in Kadokura et al., 2003). However, in the struc-
tures of DsbC and DsbG from E. coli (both included in
Table 1; McCarthy et al., 2000; Heras et al., 2004), tyro-
sine and leucine residues, respectively, substitute
A106 of HvTrxh2. In E. coli DsbA, conserved uncharged
and hydrophobic residues present around the loop cor-
responding to b5-a4 (residues 105–107) of HvTrxh2 are
proposed to participate in interactions with unfolded
and misfolded protein substrates (Guddat et al., 1997).

The small interface area that HvTrxh2 forms with a tar-
get protein in HvTrxh2-S-S-BASI could account for the
broad specificity of Trx toward protein disulfides. The in-
teractions observed in HvTrxh2-S-S-BASI also provide,
however, a structural basis to explain protein substrate
discrimination by Trx. One of the cysteines in a target
protein disulfide should ideally fulfill three structural cri-
teria for optimal interaction with Trx: (1) The backbone
amino and carbonyl groups of the cysteine residue,
and the carbonyl group of the residue positioned two
residues toward the N terminus, should be solvent
exposed and free of intramolecular contacts (such as
backbone-backbone hydrogen bond arrangements in
secondary structure elements) to allow the formation of
backbone-backbone hydrogen bonds with Trx. (2) The
peptide chain between the cysteine and the other resi-
due forming intermolecular hydrogen bonds to Trx
should have an extended main-chain conformation with-
out a turn or a bend to allow the best fit into the substrate
binding groove in Trx. (3) The Sg atom of the cysteine
residue must be solvent exposed in order to receive
the nucleophilic attack from CN in Trx. There are only
a few well-established Trx-target proteins for which 3D
structures have been solved and the redox active disul-
fide bond has been identified. Nevertheless, visual in-
spection of the structures shows that the proposed three
criteria are fulfilled for the redox active intramolecular
disulfide of oxidized E. coli 2-Cys peroxiredoxin (PDB
ID code 1QXH; Choi et al., 2003), the redox active inter-
molecular disulfide formed between subunits of rat
2-Cys peroxiredoxin in a homodimer (PDB ID code
1QQ2; Hirotsu et al., 1999), and for the C-terminal regula-
tory disulfide in the oxidized sorghum malate dehydro-
genase (PDB ID code 7MDH; Johansson et al., 1999). In-
sulin is widely used as a substrate to assay Trx activity
(Holmgren, 1979). C7 in chain B of insulin (involved in
one of the two interchain disulfides) fulfills all the pro-
posed criteria except that the backbone amino group
of H10 in the subsequent a-helical region donates a hy-
drogen bond to the solvent-exposed carbonyl group of
C7 (PDB ID code 1APH; Gursky et al., 1992). The redox
active disulfide in DsbDN that receives electrons from
the Trx folded DsbDC and donates them to periplasmic
Trx-fold proteins such as DsbC also fulfills the proposed
criteria (PDB ID code 1JZB; Haebel et al., 2002). Also in
support of these propositions, a disulfide bond in a

mutant of green fluorescent protein that connects two
b strands in the b-barrel structure is susceptible to re-
duction by reduced glutathione but not by Trx (Øster-
gaard et al., 2001), presumably because the backbone
atoms are unavailable for hydrogen bonding to Trx and
thus criterion (1) is not fulfilled. In addition to the pro-
posed criteria, the van der Waals interactions with
W147BASI observed in HvTrxh2-S-S-BASI indicate that
a hydrophobic side chain at this position interacting
with A87 and V104 may promote the recognition. This
is in agreement with our previous observation that
hydrophobic residues are overrepresented in the se-
quences adjacent to the disulfides in barley-seed pro-
teins efficiently reduced by barley Trx h (Maeda et al.,
2005). A87 and V104 of HvTrxh2, however, are not con-
served among Trxs; these positions are occupied
respectively by cysteine and serine in human Trx (PDB
ID code 1ERT) and by glycine and valine in E. coli Trx
(PDB ID code 2TRX). Thus, amino acid residues at these
positions may contribute to the variation in target spec-
ificity among Trxs.

The surface charge distribution patterns also differ
greatly among the Trx structures reported so far. Even
though no charge-charge interactions are observed in
HvTrxh2-S-S-BASI, the Trx-target interaction suggests
that charge distribution could affect the specificity of
Trxs by favoring or disfavoring Trx-target complex for-
mation. In HvTrxh2-S-S-BASI, E86HvTrxh2 is within van
der Waals distance from E168BASI (Figure 3A), and one
may speculate that substitution by a basic amino acid
would favor complex formation. In the crystal structures
of the oxidized form of pea chloroplastic fructose-1,6-
bisphosphatase (PDB ID codes 1DCU and 1D9Q;
Chiadmi et al., 1999), C173 in the regulatory disulfide
C153-C173 has a solvent-exposed Sg atom with ex-
posed backbone amino and carbonyl groups, but is
situated in an a helix and thus does not fulfill criteria
(1) and (2) for target disulfide bonds of Trx proposed
here. Indeed, most Trxs poorly reduce plant fructose-
1,6-bisphosphatase (Meyer et al., 2002). On the other
hand, chloroplastic f-type Trx, which uniquely pos-
sesses several surface-exposed basic residues at
positions surrounding the substrate recognition loop
motif defined in the present work, interacts with a cluster
of acidic residues in fructose-1,6-bisphosphatase and
efficiently reduces this disulfide bond (de Lamotte-
Guery et al., 1991; Geck et al., 1996; Mora-Garcı́a
et al., 1997).

In conclusion, the present study reveals that structural
features around disulfides in proteins are recognized by
Trx. This insight is of great importance for understanding
the target specificity of Trx. An array of proteomics tech-
niques developed in recent years has been applied for
identification of Trx-target proteins (Verdoucq et al.,
1999; Yano et al., 2001; Maeda et al., 2004) and Trx-target
disulfide bonds (Maeda et al., 2005). The structural infor-
mation provided here can be applied for validation of
identified target disulfides and prediction of novel redox
regulatory pathways. Finally, the detailed knowledge
about the structure-function relationship of Trx obtained
here opens possibilities for manipulation of protein-pro-
tein interactions involving Trx and contributes to the
characterization of the numerous other Trx-fold proteins
with unresolved functions and specificities.
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Experimental Procedures

Construction of Mutants

Mutagenesis was performed using the QuikChange Site-Directed

Mutagenesis Kit (Stratagene). The genes encoding HvTrxh2 inserted

into plasmid pET15b (contains a plasmid-encoded thrombin-cleav-

able N-terminal His tag) and His-tagged BASI (Bønsager et al.,

2003) inserted into plasmid pET11a were used as templates. The

following primers were used for mutagenesis; HvTrxh2 mutant

C49S: 50-TGCATCATGGTGCGGACCATCGAGAATCATGGCTCCAG

TTTTCG-30 and 50-CGAAAACTGGAGCCATGATTCTCGATGGTCCG

CACCATGATGCA-30; BASI mutant C144S: 50-GTACAAGCTGATGTC

CTCAGGGGACTGGTGCCAGG-30 and 50-CCTGGCACCAGTCCCCT

GAGGACATCAGCTTGTAC-30; and BASI mutant C148S: 50-GCGGG

GACTGGTCTCAGGACCTCGGCG-30 and 50-CGCCGAGGTCCTGA

G-ACCAGTCCCCGC-30. The polymerase chain reaction (PCR) prod-

ucts were treated with DpnI (Invitrogen) to hydrolyze the template

plasmid, and transformed into E. coli DH5a. All mutations were con-

firmed by DNA sequencing at MWG Biotech (Ebersberg, Germany).

Protein Expression and Purification

His-tagged C49S HvTrxh2 mutant was expressed in E. coli Rosetta

cells at 37�C for 3 hr after induction with 100 mM isopropyl b-D-1-thi-

ogalactopyranoside (IPTG). His-tagged BASI mutants C144S and

C148S were expressed as described previously for wild-type BASI

with minor modifications (Bønsager et al., 2003). Proteins were

extracted with Bugbuster protein extraction reagent including ben-

zonase nuclease (Novagen) and the supernatants were applied onto

His-Trap HP columns (Amersham Biosciences) preequilibrated with

loading buffer (10 mM imidazole, 500 mM NaCl, 30 mM Tris-HCl [pH

8.0]) and eluted in a gradient of 10–200 mM imidazole. Fractions

containing C49S HvTrxh2 were dialyzed against 30 mM Tris [pH

8.0]. For thiol conjugation to TNB, the fractions containing BASI

mutants C144S and C148S were incubated with an excess of 5,50-

dithiobis(2-nitrobenzoic acid) (DTNB) for 1 hr at room temperature.

TNB-conjugated BASI mutants were purified using HiLoad 16/60

Superdex 75 preparative-grade gel-filtration columns (Amersham

Biosciences) equilibrated with 30 mM Tris (pH 8.0). TNB conjugation

of the BASI mutants C144S and C148S was confirmed by adding

dithiothreitol (DTT) (10 mM) and quantifying the released TNB spec-

trophotometrically at 412 nm. Protein concentrations were deduced

by aid of amino-acid analysis.

Trx-Complex Formation

Analytical scale formation of mixed disulfides between TNB-conju-

gated C144S or C148S BASI mutants (11.9 mM) and C49S HvTrxh2

(16.4 mM) in a reaction volume of 126 ml was monitored spectropho-

tometrically at 412 nm by the release of TNB. For production in pre-

parative scale of HvTrxh2-S-S-BASI, C49S HvTrxh2 (44.7 mM) was

incubated with TNB-conjugated C144S BASI (32.5 mM) in a reaction

volume of 15 ml for 1 hr at room temperature and purified using

a HiLoad 26/60 Superdex 75 preparative-grade gel-filtration column

(Amersham Biosciences) equilibrated with 50 mM ammonium ace-

tate (pH 6.0), 200 mM NaCl. Fractions containing HvTrxh2-S-S-

BASI were treated with immobilized thrombin (Calbiochem) in

a 1:100 enzyme:substrate molar ratio for approximately 40 hr to re-

move the N-terminal His tag from C49S HvTrxh2. Subsequently,

HvTrxh2-S-S-BASI was purified on a His-Trap HP column as de-

scribed above.

Crystallization and X-Ray Crystallography

HvTrxh2-S-S-BASI was dialyzed against 10 mM ammonium acetate

(pH 6.0) and concentrated to 8 mg/ml using Centricon 10 (Millipore)

filter units. Crystals of HvTrxh2-S-S-BASI were obtained using the

hanging-drop vapor-diffusion method at room temperature with 2

ml each of protein solution and a reservoir solution containing 0.1

M citric acid (pH 5.0), 12% (w/v) polyethylene glycol (PEG) 6000.

All attempts to cryoprotect the crystals by soaking in cryoprotec-

tants resulted in loss of resolution, and the crystals suffered from

radiation damage when data were collected at room temperature.

The best data (present study) was obtained by flash freezing the

crystals directly from the crystallization drop (the cover slide was re-

moved from the crystallization plate a few minutes before freezing

the crystals to evaporate water from the crystallization drop and

increase the PEG 6000 concentration to some extent). Diffraction

data were collected on a Rigaku RU-H3RHB rotating Cu anode X-

ray generator equipped with an R-AXIS IV++ imaging plate detector,

a 700 series cryostream cooler from Oxford Cryosystems operated

at 2160�C, and Molecular Structure Corporation (MSC)/confocal

Max-Flux mirrors. Reflections were indexed, integrated, and scaled

with MOSFLM (Leslie, 1994) and SCALA (Kabsch, 1988). A high Wil-

son B factor (48.3) is presumably due to the relatively high crystal

mosaicity (estimated to 0.6�–0.8� in MOSFLM) and incomplete cryo-

protection of the crystal. A minor ice ring at w3.7 Å is observed in

collected diffraction data. The crystal structures of AMY2/BASI

(Vallée et al., 1998) and the oxidized HvTrxh2 (K.M., P.H., C.F., J.

Winther, B.S., and A.H., unpublished data) were used as search

models for molecular replacement of HvTrxh2-S-S-BASI in MOLREP

(Vagin and Teplyakov, 1997). The refinement was carried out with the

program CNS (Brünger et al., 1998). Using the simulated annealing

protocol against the MLF target function, individual, but restrained,

B factors were refined after building the protein model. The X-ray/

geometry weight was optimized by the automated CNS procedure.

A nonuniform electron-density quality with quite poor electron-den-

sity contrast in some parts of the HvTrxh2 molecule probably made

the assignment of one overall X-ray/geometry weight insufficient.

Bearing the intermediate resolution of the data (2.3 Å) in mind, it

was judged inappropriate to solve this problem by using a less re-

stricted B factor refinement. Water molecules and ions were added

in the graphic program Coot (Emsley and Cowtan, 2004), also used

for manual model rebuilding. The geometries of the refined structure

were checked with PROCHECK (Laskowski et al., 1993). The resul-

tant Ramachandran plot has a relatively low (compared to better

than 2 Å resolution structures with R factors < 20%) proportion of

residues in the most favored areas of the plot, but 99.6% of residues

are within the allowed regions and none are in the disallowed

Table 2. Crystallographic Data and Refinement Statistics

HvTrxh2-S-S-BASI

Data Collection

Space group P 41212

Cell dimensions

a, b, c (Å) 76.1, 76.1, 129.4

Resolution (Å) 65.7–2.3

Rsym 0.079 (0.429)a

I/sI 6.6 (1.7)a

Completeness (%) 99.3 (99.7)a

Redundancy 4.4 (4.6)a

Wilson B factor 48.3

Refinement

Resolution (Å) 24.9–2.3

Number of reflections 17,377

Rwork/Rfree 22.4 (32.5)b/26.4 (38.0)b

Number of atoms

HvTrxh2 841

BASI 1404

Ligand/ion 26

Water 125

B factors

HvTrxh2 59.7

BASI 43.0

Ligand/ion 57.5

Water 45.4

Rmsd

Bond lengths (Å) 0.009

Bond angles (�) 1.4

Ramachandran Plot Regions (%)

Most favored 86.5

Additional allowed 13.1

Generously allowed 0.4

Disallowed 0.0

a Highest resolution data shell 2.4–2.3.
b Highest resolution data shell 2.4–2.3.
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regions. The coordinates and structure factors of HvTrxh2-S-S-BASI

have been deposited in the Protein Data Bank under ID code 2IWT.

The protein-protein interface in HvTrxh2-S-S-BASI was analyzed us-

ing AREAIMOL (Lee and Richards, 1971) and NCONT (CCP4, 1994).

The numbers of contacts HvTrxh2 and BASI make with symmetry-

related atoms were determined by CONTACT (CCP4, 1994) with

a cutoff distance of 5.0 Å. Figures of protein structures were made

in PyMOL (http://pymol.sourceforge.net/; DeLano, 2002). The statis-

tics are listed in Table 2.

Search for Structural Motifs in PDB Entries

The searches were performed in the SPASM server (http://portray.

bmc.uu.se/cgi-bin/spasm/scripts/spasm.pl; Kleywegt, 1999) with

standard settings except that Ca atoms and main-chain atoms

only were used for the first and finer screenings, respectively. The

minimum number of matched atoms was set to 40 and maximum

superimposing rmsd was set to 1 Å (when the substrate recognition

loop motif was used as a template) and 1.3 Å (when the fingerprint

motifs were used as templates). Matched PDB ID codes of mutant

proteins were excluded from Table 1 except for PDB ID code

1VRS. The substrate recognition loop motif was constituted of resi-

dues 45–48, 87–89, and 104–106 of HvTrxh2. Residues 38–41, 53–55,

78–80, and 112–114 situated in the central parts of b2, a2, a3, and a4,

respectively, were combined to constitute fingerprint motifs b2a2a3,

b2a3a4, and b2a2a4.
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Höög, J.O., and Brändén, C.I. (1984). Conformational and functional

similarities between glutaredoxin and thioredoxins. EMBO J. 3,

1443–1449.

Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for

molecular graphics. Acta Crystallogr. D Biol. Crystallogr. 60, 2126–

2132.

Fernandes, A.P., and Holmgren, A. (2004). Glutaredoxins: glutathi-

one-dependent redox enzymes with functions far beyond a simple

thioredoxin backup system. Antioxid. Redox Signal. 6, 63–74.

Geck, M.K., Larimer, F.K., and Hartman, F.C. (1996). Identification of

residues of spinach thioredoxin f that influence interactions with tar-

get enzymes. J. Biol. Chem. 271, 24736–24740.

Gelhaye, E., Rouhier, N., Navrot, N., and Jacquot, J.P. (2005). The

plant thioredoxin system. Cell. Mol. Life Sci. 62, 24–35.

Guddat, L.W., Bardwell, J.C., Zander, T., and Martin, J.L. (1997). The

uncharged surface features surrounding the active site of Escheri-

chia coli DsbA are conserved and are implicated in peptide binding.

Protein Sci. 6, 1148–1156.

Gursky, O., Badger, J., Li, Y., and Caspar, D.L. (1992). Conforma-

tional changes in cubic insulin crystals in the pH range 7–11. Bio-

phys. J. 63, 1210–1220.

Haebel, P.W., Goldstone, D., Katzen, F., Beckwith, J., and Metcalf, P.

(2002). The disulfide bond isomerase DsbC is activated by an immu-

noglobulin-fold thiol oxidoreductase: crystal structure of the DsbC-

DsbDa complex. EMBO J. 21, 4774–4784.

Heras, B., Edeling, M.A., Schirra, H.J., Raina, S., and Martin, J.L.

(2004). Crystal structures of the DsbG disulfide isomerase reveal

an unstable disulfide. Proc. Natl. Acad. Sci. USA 101, 8876–8881.

Hirotsu, S., Abe, Y., Okada, K., Nagahara, N., Hori, H., Nishino, T.,

and Hakoshima, T. (1999). Crystal structure of a multifunctional

2-Cys peroxiredoxin heme-binding protein 23 kDa/proliferation-as-

sociated gene product. Proc. Natl. Acad. Sci. USA 96, 12333–12338.

Holmgren, A. (1979). Thioredoxin catalyzes the reduction of insulin

disulfides by dithiothreitol and dihydrolipoamide. J. Biol. Chem.

254, 9627–9632.

Holmgren, A. (1984). Enzymatic reduction-oxidation of protein disul-

fides by thioredoxin. Methods Enzymol. 107, 295–300.
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