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1. Introduction
1.1 Redox signaling
The ground-breaking analysis published by Martin Rodbell and Alfred Goodman Gilman
addressing the transduction of extracellular signals to intracellular effector molecules via G-protein
coupled receptors was the basis for the concept of specific cell signaling [1], [2]. Cell signaling
includes a series of crucial interconnected physiological processes permitting cells to adapt and
respond to intra- and extracellular changes [3]. Misinterpretation in signal transduction results in
many pathological conditions, i.e. degenerative and malignant disorders, cancer, or metabolic
disorders [4]. Over the past decades the understanding of redox modifications changed from socalled “oxidative stress” towards specific redox signaling, and the number of identified pathways
affected by specific redox signaling events increases ever since. Redox mediated signal transduction
occurs both via oxidation and reduction of key molecules and depends on enzyme activity [5]–[8].
Enzymes involved in redox signaling catalyze rapid electron transfer reactions inducing specific,
reversible modifications and thereby e.g. change the activity of the substrate protein [9]. Members
of the thioredoxin family of proteins, i.e. thioredoxins (Trx), glutaredoxins (Grx) and
peroxiredoxins (Prx) became one focus in redox research as these enzymes catalyze electron
transfer reactions and play a key role in various (patho-)physiological conditions [10].

1.2 Thioredoxin family proteins
The thiol group of cysteinyl side chains is one major target for specific redox modifications, e.g.
dithiol-disulfide exchange reactions, (de-)glutathionylation, trans-nitrosylation, peroxide reduction,
and the reactions that are catalyzed by members of the Trx family proteins. The Trx family of
proteins is characterized by the presence of a common structural motif, the Trx fold. In its most
basic form, the Trx fold consists of a central four-stranded β-sheet surrounded by three flanking αhelices and the conserved active site motif Cys-Gly-Pro-Cys [11]–[13]. Trxs, the name-giving
members of this family, as well as Grxs, Prxs, glutathione peroxidases (Gpxs), protein disulfide
isomerases (PDIs), and glutathione S transferases (GSTs) are ubiquitously expressed in all
organisms, tissues, cells, and organelles [11], [14]–[16]. At least one functional Trx system appears
to be encoded in the genome of LUCA, the last universal common ancestor of all live forms [17]. In
the following sections, the Trx and Grx systems are introduced in terms of structures, functions, and
substrate specificity.
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1.2.1 Thioredoxins
Trx was first described as an electron donor for E. coli ribonucleotide reductase (RNR) in 1964
[18]. More than a decade later, in 1979, it was recognized as a general cellular disulfide reductase
[19], [20]. Most of the Trxs are small proteins (12 kDa) characterized by the highly conserved CysGly-Pro-Cys active site motif, that is located on a loop connecting sheet 1 and helix 1 in the most
basic representation of the Trx fold [13], [21]. In addition to the characteristic Trx fold, E. coli Trx1
possesses one more β-sheet and one α-helix, and it was described as an alternative electron donor
for 3-phosphoadenosine-5-phosphosulphate (PAPS) reductase (PR) [13], [22], [23]. Mammalian
genomes encode approximately 24 Trxs or Trx- domain-containing proteins, with cytosolic human
Trx1 (hTrx1) being the most studied among them [24]. Besides the two cysteinyl residues in the
active site, hTrx1 contains three additional cysteinyl residues necessary for its unique biological
properties in dimer formation and regulation [25], [26]. Although hTrx1 lacks any nuclear
localization sequence, translocation of hTrx1 to the nucleus was observed under certain conditions,
see for instance [27], [28]. Despite the absence of a signal peptide for secretion via endoplasmic
reticulum (ER), hTrx1 is secreted but in a non-classical way involving neither ER nor the Golgi
apparatus, and independent of its redox state [29], [30]. Under physiological conditions, hTrx1
exists in two different configurations: either fully reduced or oxidized with an intramolecular
disulfide bridge in its active site [31].
The Trx reaction mechanism involves both cysteinyl residues in its active site. The reaction is
initiated by the nucleophilic attack of the N-terminal active site cysteinyl residue, characterized by a
particularly low pKa value, on a sulfur atom of the disulfide in the target proteins. This results in a
mixed disulfide intermediate, that, in the second reaction step, is reduced by the C-terminal
cysteinyl residue, leading to the release of the reduced target protein and the oxidized Trx (Fig. 1)
[15], [32], [33]. The oxidized Trx is reduced by thioredoxin reductase (TrxR) in a similar reaction
mechanism. In the mammalian Trx system, electrons are transferred from NADPH to flavin adenine
dinucleotide (FAD) of the thioredoxin reductase (TrxR). Subsequently, the electrons are transferred
to the N-terminal active site disulfide in one subunit of TrxR, and then to the C-terminal active site
disulfide of the second TrxR subunit. Finally, the disulfide in the active site of the oxidized Trx is
reduced. In addition to oxidized Trxs, Mustacich and Powis have shown other endogenous
substrates, e.g. lipoic acid, lipid hydroperoxides, dehydroascorbic acid, and tumor suppressor
protein p53 that is reduced by TrxR [34].
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Fig. 1: Redox cycles catalyzed by a mammalian thioredoxin (Trx) system comprising NADPH, thioredoxin
reductase (TrxR), and Trx. Electrons are transferred from NADPH to FAD, then to the N-terminal active site disulfide
in one subunit of TrxR, and subsequently to the C-terminal active site of the second TrxR subunit (1-2). The oxidized
Trx is reduced by the selenoenzyme TrxR at the expense of NADPH (3). Reduced Trx catalyzes dithiol-disulfide
exchange reactions in many proteins (4). Figure adapted from [154].

1.2.2 Thioredoxin reductase
Thioredoxin reductase (TrxR) is a NADPH dependent flavoenzyme, existing as both low
molecular weight (approx. 35 kDa) and high molecular weight (approx. 55 kDa) homodimers in a
head to tail conformation [14], [35]. The low molecular weight type of TrxR is found in archaea,
bacteria, and some eukaryotes. The high molecular weight type is encoded in the genome of higher
eukaryotes, i.e. mammals. Each subunit of the homodimeric TrxR contains a FAD domain, a
NADPH binding domain, and an interface domain containing the active sites [34], [35].
The mammalian genome encodes 25 selenoproteins [36]. TrxR is one of them expressed in three
isoforms: cytosolic TrxR1, mitochondrial TrxR2, and the testis-specific thioredoxin glutathione
reductase (TGR), also known as TrxR3 [37]–[40]. Mammalian TrxR belongs to a family of homodimeric pyridine nucleotide-disulfide oxidoreductases, as does the closely related glutathione
reductase (GR) [38]. TrxR possesses two active site motifs: first, the N-terminal active site Cys-ValAsn-Val-Gly-Cys that is buried in the protein in close proximity to the FAD domain [10]; second,
the selenocysteine containing active site Gly-Cys-Sec-Gly, located on a highly accessible arm of the
C-terminus that is essential for its catalytic efficiency. The selenocysteinyl residue is highly
accessible and reactive, and its presence in TrxR leads to a higher specificity towards its substrates,
e.g. Trxs, PDI, Grx2, and dehydroascorbate (DHA) [41]–[43]. In the case of hTrxR, it uses its
flexible C-terminal arm for the electron transport to its substrate hTrx1 [44].
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Fig. 2: Molecular interaction surfaces of the hTrx1 and hTrxR1 complex. (A) Cartoon representation of the
secondary structures of hTrx1 (blue) and hTrxR1 (red and yellow) complex, PDB 3QFA. (B) The complex structure was
opened by rotating both Trx and TrxR structures by 90° forward and backward, respectively. The contact patches with
direct molecular contacts were highlighted in yellow using UCSF chimera. (C) The isosurfaces of the electrostatic
potential were depicted as ± 1 kB·T⋅e-1 (± 25.8 mV) blue (positive) and red (negative), respectively. kB is the Boltzmann
constant (1.380649·10-23 J/K), e- the elementary charge (1.602177·10-19 C). The temperature at which the calculations
were performed is 25°C. The active site cysteinyl residues and interaction surfaces in the immediate contact area in both
proteins were encircled in white lines. From Hossain et al., Molecular basis for the interactions of human thioredoxins
with their respective reductases (article 1 in this thesis).

The experimentally determined stable complex structure of hTrx1 and hTrxR shows that the
hTrx1 is located close to the N-terminal domain of the hTrxR homodimer. Opening the complex
structure by rotating both proteins by 90° reveals the complementary electrostatic surface
(explained in section 1.4.3) between these two proteins. The orientation of the active site cysteinyl
residues in the structure towards camera perspective confirms perfect geometric complementarity of
the isosurfaces around the active site cysteinyl residues and the interaction surfaces between hTrx1
and hTrxR (Fig. 2). We proposed that the interaction of Trxs with thioredoxin reductase is
controlled by electrostatic compatibility. The structural characterization and interaction of hTrx1
with TrxR is presented in [article 1] in a combination of electrostatic calculation, molecular
dynamics simulation, and in vitro analysis.

1.2.3 Glutaredoxin
The Grxs were first described as Glutathione (GSH) dependent alternative electron donors for
RNR in 1976 [45]. Later on, Grxs were identified as thiol-disulfide oxidoreductases for their
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aptitude to specifically reduce mixed disulfides between protein thiols and GSH, a reaction named
de-glutathionylation [46]. Several substrates e.g. PAPS reductase, arsenate reductase (ArsC), plant
Prx, and OxyR were demonstrated to be reduced by Grxs [14], [47]–[50].
Structurally, Grxs belong to the Trx family proteins with bacterial Grxs displaying the most basic
representation of the Trx fold [13]. The N-terminal Cys residue in the active site of Grxs is, similar
to Trxs, surface-exposed and has a low pKa value, while the C- terminal Cys is buried within the
protein. The surface-exposed hydrophobic area on the protein is believed to favor interactions with
protein substrates [51]. An evolutionary conserved GSH binding site in Grxs allows the use of GSH
as substrate. Traditionally, Grxs were named by numbers in the order of their discovery in various
species. At present, depending on the active site, structure, and phylogeny Grxs are classified into
two types, first, CxxC/S or class I Grxs, mostly containing a Cys-Pro-Tyr-Cys active site motif
(formerly termed dithiol Grxs), and second, CGFS type or class II Grxs containing a Cys-Gly-PheSer active site motif (formerly termed monothiol Grxs) [12]. There are evolutionary differences
between these two classes. The presence of five amino acids adjacent to the active site of class II

Fig. 3: Reaction mechanism of Grxs. Protein disulfides are reduced via the dithiol reaction mechanism that involves
both active site cysteinyl residues of the class I Grxs (reactions 1-4). A reduced Grx forms a mixed disulfide with its Nterminal active site cysteinyl residue and the thiol of a target protein (1). This intermediate is reduced by the C-terminal
active site cysteinyl residue leading to the release of the reduced substrate target protein (2). The oxidized Grx is
sequentially reduced by two molecules of GSH (3+4). Reduced Grx can also catalyze deglutathionylation of a target
protein in the monothiol reaction mechanism that only requires the N-terminal active site cysteinyl residue (5).
Subsequently, the mixed disulfide between Grx and GSH is reduced by a second molecule of GSH (4). Some
glutathionylated proteins containing two adjacent cysteinyl residues can also oxidize spontaneously, form an
intramolecular disulfide, and release GSH (6). GSSG is reduced by glutathione reductase (GR) at the expense of
NADPH (7). Figure adapted from Trnka et al.: Role of GSH and Iron-Sulfur Glutaredoxins in Iron Metabolism—
Review (article 2 in this thesis).
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Grxs gives a unique loop structure which is absent in class I Grxs. This distinct loop structure is the
key determinant of the Grx function [46], [52]. The loop structure preceding the active site and the
presence of glycyl residue in position 2 of the active site give class I Grxs a specific conformation
favorable for the attack of second GSH. In both Grxs classes, a conserved lysine residue is present
before the active site (preceding the loop structure in case of class II). An alternative orientation of
that lysyl residue is independent of GSH binding [46]. Recently, Liedgens et al. also addressed the
structural differences between the class I and class II Grxs with focus on the mechanistic
understanding of the oxidoreductase activity of Grxs [52].
The reduction of disulfides in target proteins is catalyzed by class I or CxxC/S type particularly
CxxC type Grxs in the so-called dithiol reaction mechanism. Similar to the Trx reaction mechanism,
the N-terminal active site cysteinyl residue forms a mixed disulfide intermediate between Grx and
the target protein, which is subsequently reduced by the C-terminal active site cysteinyl residue,
releasing the reduced protein. The oxidized Grx is reduced by two GSH molecules. The reduction of
an intermediate disulfide between the target protein and GSH, or de-glutathionylation, is catalyzed
in the so-called monothiol reaction mechanism where only the N-terminal cysteinyl residue in the
active site is required. Following the reaction, the reduced protein is released, and a mixed
intermediate disulfide is formed between Grx and GSH, which in return is reduced by a second
GSH molecule. Some glutathionylated proteins containing two adjacent cysteinyl residues release
GSH and oxidize spontaneously to form an intramolecular disulfide. Glutathione disulfide (GSSG)
is reduced by glutathione reductase (GR) at the expense of NADPH (Fig. 3). Both reactions
catalyzed by CxxC type Grxs are reversible [53]. CGFS type or class II Grxs, with few exceptions,
are inactive as oxidoreductases and function in cellular iron metabolism as described in the
following sections [53]–[57].

1.2.3.1 Glutaredoxin 1
In the 1970’s, Grx1 (approx. 12 kDa) was discovered and characterized as an electron donor for
metabolic enzyme RNR and later for PAPS reductase [14], [20], [47]. It is the most well
characterized mammalian Grx that belongs to the class I Grxs, with the characteristic Trx fold and a
Cys-Pro-Tyr-Cys active site motif. It is expressed in the cytosol, nucleus, and the mitochondrial
intermembrane space [59], [60]. Grx1 was reported to be involved in DHA reduction, cellular
differentiation, regulation of transcription factors, and apoptosis [15], [61]–[67]. Grx1 knockout
mice were shown to develop obesity, hyperlipidemia, and fatty liver [68].
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1.2.3.2 Glutaredoxin 2
In 2001, mammalian Grx2 (approx 18 kDa) was discovered by two research groups,
simultaneously [69], [70]. Both groups characterized Grx2 as oxidoreductase that reduces mixed
disulfides and effectively (de-)glutathionylates target proteins [71]. In 2005, human Grx2 was
characterized as an FeS protein [72]. The human GLRX2 gene encoding for Grx2 consists of 5
exons, including two alternative first exons (Ia and Ib). Exons II – IV encode for the core domain of
hGrx2, including the active site. Human Grx2 has three alternative splicing forms emerging from
alternative splicing: Grx2a, Grx2b, and Grx2c. Grx2a is localized in mitochondria; Grx2b and
Grx2c is localized in the cytoplasm and nucleus and are expressed specifically during neuronal
development, while the expression in adults is limited to testis [73]. These two variants were also
demonstrated to be expressed not only in different cancer cell lines, but the expression of Grx2c in
patients suffering from clear cell renal cell carcinoma correlates with a decreased cancer-specific
survival [74]–[76]. In contrast to humans, the mouse GLRX2 gene contains six exons, resulting in
five transcript variants and three protein isoforms through alternative splicing and alternative
transcription initiation. The mitochondrial Grx2a and nuclear/cytosolic Grx2c are conserved, while
the testis-specific Grx2d is unique to mice [77]. The active site motif of the CxxC/S-type Grx2,
Cys-Ser-Tyr-Cys (CSYC), contains a seryl residue instead of a prolyl residue, that essentially leads
to a higher affinity of Grx2 for glutathionylated substrates, and allows reduction by either GSH or
TrxR. The dimeric inactive holo Grx2, together with 2 molecules of GSH, bridges an FeS cluster.
Degradation of the cluster under oxidative conditions results in a monomeric active Grx2, which is
a functional indication of redox sensor in vivo [72].

1.2.3.3 Glutaredoxin 3
Grx3 is a small protein ubiquitously expressed across all domains of life, from viruses, bacteria
to plants, and animals [78]–[80]. In contrast to other organisms, human Grx3 (approx. 37kDa), also
known as PICOT, TXNL-2, and HUSSY-22, is ubiquitously expressed as a multi-domain protein
and belongs to the class II Grxs [52], [71], [72]. Structurally, human Grx3 consists of an Nterminal, normally redox inactive, Trx domain followed by two CGFS type-Grx domains (see Fig.
4). Haunhorst et al. demonstrated that Grx3 forms a homodimeric complex in vitro, bridging two
Fe2S2 clusters [83]. The Fe2S2 cluster is coordinated by the active site cysteinyl residues of the two
Grx domains of both Grx monomers and the free sulfhydryl group on each of the two molecules of
GSH, noncovalently bound to the Grx domains (Fig. 4). Co-immunoprecipitation studies in Jurkat
cells confirm iron-binding of Grx3 in vivo [57], [69], [70].
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Fig. 4: Multidomain structure and hypothetical model of holo Grx3. The human cytosolic Grx3 consists of three
domains: an N-terminal Trx-domain and two Grx-domains, named GrxA and GrxB. Grx domains exhibit a CGFS active
site motif, that is implicated in FeS-cluster binding, and the Trx-domain lacks a redox-active motif (A). A schematic
model of homodimeric Grx3 shows Grx3 monomers bridged by two Fe 2S2 clusters, each bound to the active site
cysteine of the Grx-domain and non-covalently bound GSH (B). A hypothetical model of the homo-dimeric Grx3complex (C). Figure adapted from [155].

Grx3 was identified initially as an interaction partner of protein kinase C (PKC) [82]. An
increasing number of studies shows that Grx3 plays an essential role in several signaling pathways
that initiate the activation of cellular events e.g. immune cell response, cell cycle progression during
embryogenesis, cancer cell growth, and metastasis [85]–[87]. Furthermore, Grx3 was found to be a
negative regulator of cardiac hypertrophy, as protein levels of Grx3 were up-regulated in animal
models of cardiac hypertrophy. It takes part in heme biosynthesis but doesn’t affect globin
biosynthesis, also illustrating its importance in iron metabolism [58], [88]. Grx3 is essential during
embryonic differentiation, as knock-out of Grx3 in mice is shown to be embryonically lethal [89],
[90]. The functional role of Grx3 in iron metabolism and in FeS cluster transfer will be presented
later in this thesis in [article 2].

1.2.3.4 Glutaredoxin 5
CGFS-type Grx5 (approx. 17kDa) with the consensus, Cys-Gly-Phe-Ser active site motif
translocates into the mitochondria. It is one of the central proteins in the mitochondrial iron-sulfur
cluster (ISC) machinery, as well as in FeS cluster trafficking and iron homeostasis [91], [92]. A
previously described structural plasticity is required to transfer the Fe2S2 cluster to target proteins, a
process that is also promoted by the liability of the holo Grx5 [93], [94]. It has a lack of significant
oxidoreductase activity [46]. In humans, Grx5 is highly expressed in erythroid cells. Deficiency of
Grx5 was reported to cause sideroblastic anemia by specific impairment of the heme biosynthesis
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and depletion of cytosolic iron in human erythroblasts [91]. Mutation in hGrx5 may cause
nonketotic hyperglycemia and cause childhood-onset spastic paraplegia, spinal lesion, and optic
atrophy [92]. In mice, deletion of Grx5 was shown to be embryonically lethal [95]. Details of
structural analysis and the role of Grx5 in FeS cluster formation and the transfer will be presented
later in this thesis [article 2 & 3].
In addition to the involvement in redox reactions, Grxs are also required for the FeS-cluster
assembly and heme biosynthesis. A short overview of iron metabolism, and biogenesis and
trafficking of FeS clusters is given in the following chapters.

1.3 Iron metabolism
Iron is an essential element for numerous fundamental biological processes that are important for
the survival of almost all living organisms. It acts as a protein cofactor for several proteins and is
incorporated e.g. in heme, FeS cluster, and other functional groups [96]. Numerous molecular
mechanisms within the cell control and process the quantity of iron within a biological system.
Dysregulation of iron metabolism is a major cause of a wide range of diseases, e.g. Alzheimer's
disease, Parkinson's disease [97], [98]. To avoid iron overload or deficiency, the internal equilibrium
of iron must be maintained. In mammals, the intracellular iron homeostasis is regulated by a posttranscriptional feedback mechanism [99]. The systemic and intracellular distribution, uptake, and
storage of iron are controlled by proteins such as hepcidin or the iron regulatory proteins (IRP) that
act in an iron-dependent manner [100]–[102]. For instance, in the case of iron deficiency, the
cytosolic IRP1, and IRP2 bind to iron-responsive elements (IRE) located in the untranslated regions
of mRNA that encodes for proteins involved in iron homeostasis [103].
1.3.1 FeS cluster biogenesis
FeS proteins are essential for life. They exhibit a very high capacity of accepting and donating
electrons and thereby play an essential role in the efficiency of the electron transport chain [104].
They display several functions including electron transfer, enzymatic catalysis, and control of the
stability of biomolecules [72], [105], [106]. They can also act as regulatory sensors and enzymes in
redox reactions [107], [108]. Human mitochondrial Grx2 was one of the first Grxs described to
complex an FeS cluster [72]. In eukaryotic cells, the Fe2S2 cluster biogenesis is initiated from iron
and cysteine-derived sulfur by the mitochondrial iron-sulfur cluster (ISC) assembly machinery.
Afterward, this Fe2S2 cluster is transferred to the CGFS-type Grx5 with the help of a heat shock
protein HSP70 chaperone system [109]. In the following step, the clusters are either directly
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transferred to Fe2S2 target proteins or to protein complexes of ISCA1, ISCA2, and the iron sulfur
cluster assembly factor IBA57 to assemble the Fe4S4 cluster (Fig. 5) [110]. ISCAs and IBA57
proteins are essential for the formation of mitochondrial Fe 4S4 proteins [93], [111]. A recent
sequence-based bioinformatic study has shown that the majority of extra-mitochondrial FeS
proteins complexes a Fe4S4 cluster [112]. Numerous proteins are required to assemble FeS clusters
into cytosolic and nuclear proteins. This process is facilitated by the cytosolic iron-sulfur cluster
assembly machinery (CIA) [113]. The overall processes of the biogenesis of FeS proteins in
different species will be presented later in this thesis [article 3].

Fig. 5: Glutathione and Glutaredoxins in iron-sulfur cluster synthesis and maturation in mammalian cells. The
initial synthesis of Fe2S2 clusters are catalyzed by the mitochondrial iron-sulfur cluster synthesis machinery on the
scaffold protein Iron sulfur cluster assembly enzyme (ISCU2). From there, clusters are distributed in a process that
depends on the CGFS-type Grx5 to Fe 2S2 and Fe4S4 target proteins, e.g. in the mitochondrial electron chain. Besides, a
yet to uncover compound ‘X’ is exported in a GSH-dependent manner to the cytosol, where it serves as a substrate for
the cytosolic iron-sulfur cluster assembly machinery. The multi-domain CGFS-type Grx3 is in some way required for
the distribution of iron from the so-called labile iron pool to most, if not all, cellular iron-dependent processes. Grxs are
depicted in light blue, GSH in green, iron in red, and sulfur in yellow. Figure adapted from Trnka et al.: Role of GSH
and iron-sulfur glutaredoxins in iron metabolism – review (article 2 in this thesis).
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1.3.2 BolA- like proteins
The highly conserved BolA- like protein family is expressed from bacteria to higher eukaryotes
[114]. The BolA gene was first identified in E. coli and was described as a stress-responsive
transcriptional regulator [115]. BolA- like proteins are classified into three subfamilies termed
BolA1-, BolA2-, and BolA3- like proteins. BolA2- and BolA3- like proteins are exclusively found
in eukaryotes, whereas BolA1- like proteins are found both in prokaryotes and eukaryotes.
Overexpression of BolA in E. coli results in osmotically stable round cells and induces biofilm
formation [114], [116]. Several genetic and biochemical studies of BolA- like proteins and CGFStype Grxs interaction confirmed their essential role in iron signaling, iron trafficking, and FeS
cluster maturation in Saccharomyces cerevisiae, Schizosaccharomyces pombe, E. coli and human
[53], [57]. In 2015, Banci et al. proposed and later demonstrated that human BolA2-Grx3 complex
is involved in Fe2S2 cluster transfer to CIAPIN1 (also named anamorsin, Fig. 5) [117], [118].
All reactions and pathways described before require direct protein-protein interactions. How
proteins interact with specific partners and the molecular basis of theses protein-protein interactions
is outlined in the following chapters.

1.4 Protein-protein interaction
It has been revealed that, in biological systems, most of the proteins interact with multiple
partners and are part of dynamic and complex interaction networks or highly regulated pathways.
Protein-protein interactions allow a wide range of biochemical events to be achieved in organisms,
reaching from regulatory or inhibitory effects to physiological and pathological reactions [119]. All
interactions are controlled and regulated within the biological systems through multiple control
mechanisms, for instance, electrostatic interactions, hydrogen-bond formation, van der Waals
interactions, and polarity [120]. Each of these interactions mentioned is not system specific in the
sense that the interaction potential is a known function of distance, such as a power law or an
exponential function. Less studied is a specific binding mechanism between certain molecules.
Specific interactions arise when a combination of physical (noncovalent) bonds act together. Early
last century, biologists like Paul Ehrlich suggested that certain biomolecules have a perfect
geometrical fit which allows them to bind together [121]. Thus, specific interactions arise when two
proteins act together cooperatively to bind. A specific bond is not necessarily strong, but it is always
selective. Shape and chemical complementarity occur between exposed regions of the interaction
partners. Attractive forces act between some molecular groups on the sterically complementary
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surfaces. Taken individually, each of these forces is weak. By acting together, these weak forces
gain in importance.
For comparison, an ionic bond is usually very strong, but not selective. Any anion will bind to
any cation in any direction due to the isotropic Coulomb-potential. In contrast, some of the Hbonding pairs in DNA or in α-helices may bond only when mutually aligned in a specific way.
Frequently, the biological interactions take place between an enzyme and a substrate, which is
then converted into a product. These enzyme-substrate interactions are highly specific and often
reduce the transition barriers for necessary reactions in vivo [122].

1.4.1 Protein function
Within a cell, proteins play a crucial role because of their involvement in virtually any functional
aspects in biological systems. They provide structural support and are involved in enzymatic
activity, movement, and several biochemical reactions [123]. Often proteins interact with one
another for a common function. A change or modification of the interaction partner of a protein
leads to an alteration in the functions of that particular protein [124]. Generally, members of the Trx
family of proteins are present in the same compartment in most species, including bacteria, fungi,
mammals, and plants [24]. In principle, these Trx family proteins from similar compartments ought
to have overlapping functions. Several studies were performed to understand their function and
reactivity [12], [47], [77], [84]. However, redox active Trx family proteins cannot randomly reduce
all present protein disulfides. Instead, they show a broad but distinct substrate specificity, which
may also be a reason for the various isoforms and Trx domain-containing proteins encoded in the
genome of higher eukaryotes [24].

1.4.2 Substrate specificity
So far, many hypotheses describe various determinants of the substrate specificity for enzymes
that appeared to be questionable. The discovery of E. coli Grx3 first raised concerns about what
might control the reactivity of Grxs with specific substrates. E. coli Grx1 and Grx3 both are closely
related proteins with an identical active site motif (Cys-Pro-Tyr-Cys), but they exhibit different
reactivities with RNR [45]. The catalytic efficiency of Grx3 with RNR is significantly lower than
the catalytic efficiency of Grx1 [121], [122]. A similar phenomenon is observed for the interaction
of Grx3 and PAPS reductase. Grx1 acts as an efficient reductant, whereas Grx3 does not support
significant reaction rates [127]. These distinct reactivities were explained based on the differences
in redox potential between Grx1 and Grx3 [128]. The standard redox potentials of Grx1 and Grx3
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are E°’=-233 mV and -198 mV, respectively, and were determined via protein-protein equilibrium
reactions. From a thermodynamic point of view, Grx1 is multiple times better disulfide reductant
than Grx3 [128]. However, considering these facts, E. coli Trx1, with a standard redox potential of
E°’=-270mV, should be a better reductant for RNR than Grx1 [129], [130]. In fact, Grx1 catalyzes
the reduction of E. coli RNR with a 10 fold higher efficiency leading to a paradox to the concept of
redox potential as a major determinant of substrate specificity [20].
The nucleophilicity of the N-terminal thiol has a significant influence on the reactivity of the
redoxin [131]. The de-protonation before or during the nucleophilic attack of the N-terminal active
site residue is a pre-requisite for the thiol-disulfide exchange reaction to occur. This nucleophilic
catalytic thiol exhibits a low pKa value compared to free cysteines [131]. The pKa values of E. coli
Grx1 and Grx3 are almost identical, approximately pK a = 5.0 [132]. Although the nucleophilicity of
the N-terminal thiol has a high impact on the reactivity, it does not determine or contribute to the
substrate specificity of the redoxins. Recently, a new entropy-driven mechanism for the target
recognition of Trx family proteins was suggested [133]. The thermodynamic depiction of noncovalent interactions of Trxs and target proteins were characterized by isothermal titration
calorimetry. It was indicated that Trxs recognize the target proteins exclusively in their oxidized
forms. This mechanism is based on the thermodynamic characterization of an equilibrium reaction
[133]. Nevertheless, thermodynamics does not allow any estimation of actual reaction rates in vivo.
Although this hypothesis explains the reason for preferences of oxidized over reduced target
proteins, it does not offer any clue concerning the specificity of Trxs for their target proteins.
Berndt et al. systematically investigated the interaction mechanism between E. coli PAPS
reductase with Trxs and Grxs [134]. This study proposed that the catalytic efficiency of the redoxins
with PAPS reductase correlates strongly to the electrostatic and geometric complementarity of the
contact surfaces. Based on this study, we proposed that the specificity of protein-protein interactions
depend mainly on two factors, first geometric complementarity, and second electrostatic
compatibility (Fig. 2). Our study provides further evidence to support this hypothesis. Details on the
importance of the electrostatic and geometric compatibility for the substrate specificity of Trx1 will
be presented later in this thesis [article 4].

1.4.3 Protein electrostatics
The electrostatic force is one of the strongest and long-ranged forces in nature. It is believed to
be a major determinant of the function and stability of proteins and other biomolecules. The protein
electrostatic properties are essentially the interplay between inter- and intra-molecular forces [135].
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Electrostatics provides a driving force for protein folding and stability, protein-protein binding, ion
binding, and many other relevant biological aspects [136]. A favorable electrostatic interaction can
aid in the assembly of a reaction complex by steering the substrate or other ligands towards the
enzyme active site or binding sites, and may thereby enhance the association of two proteins by a
factor of at least 103 to 104 [137], [138]. In general, the rate-limiting step in an enzymatic catalysis
reaction is the diffusion of the substrate towards the enzyme [139]. The diffusion rate is strongly
affected by the electrostatics of the interacting proteins, which eventually determines the binding
constants [140].
In terms of protein-protein recognition, our understanding is dominated by the analysis of
experimentally determined protein structures and their stable complexes. The interaction surfaces
are almost similar to the solvent-exposed surface area of the globular proteins. Proteins that
exchange electrons with each other ought to form a rather short-lived complex, which is a
prerequisite for significant reaction rates. In the thiol-disulfide exchange reactions, the velocity of
the reaction between two proteins is the product of the rate constant, koverall and the concentrations of
the two proteins (eq. 1).
v = koverall [Xreduced]·[Yoxidized]

(eq. 1)
(eq. 2)

A = ρ·Ζ

(eq. 3)

The Arrhenius equation defines the rate constant k, where A is the frequency factor, Ea is the
activation energy, R the universal gas constant, and T the absolute temperature (eq. 2). The
frequency factor, A is the product of the steric factor, ρ and collision frequency, Z (eq. 3). The longrange interaction between two proteins affects the steric factor, ρ, and thus, determines the
probability for effective collisions that lead to thiol-disulfide exchange reaction. It was suggested
that the slow binding depends on short-range interaction, whereas fast reactions are controlled by
long-range electrostatic interactions.
For example, in Cytochrome C, the presence of several positively charged lysyl residues located
on the surface makes it more favorable to interact with physiological target molecules and provides
evolutionary conserved large dipole moment to the protein [141], [142]. In 1983, Mathews et al.
proposed that electrostatic forces pre-orientate the reaction partners before the formation of a
complex and increase the association constant ka [143]. Electrostatic interactions may control the
diffusion of one protein along the surface of an interaction partner, and thus increase the rate of
association [24]. In this thesis, a new integrated multistep model for the reaction of a Trx family
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oxidoreductase with a target protein is proposed (Fig. 6). This model consists of a series of five
consecutive steps which are described below.
1. The first step in this model must be the recognition of the two solvated proteins from a
distance and proper (pre-)orientation for the formation of a functional complex. This step ought to
be dominated by long-range electrostatic interactions.
2. The second step is the attraction which must be dominated by forces that pull the two proteins
towards each other. In a normal physiological environment, this step should also be dominated by
electrostatic attraction and diffusion in an attractive field.
3. In the third step, the two proteins begin to desolvate. Short-range molecular interactions affect
the proteins, leading to the formation of the encounter complex. This step requires geometric and
physicochemical complementarity, i.e. matching electrostatic and hydrophobic surfaces, van der
Waals interactions, hydrogen bond acceptors and donors, close-range polarization, etc.
4. The fourth step, the thiol-disulfide exchange reaction requires the correct geometry of the
disulfide on one protein and the thiolate on the other for the nucleophilic attack. It is initiated by the
equalization in energy levels, subjected to thermodynamic restrictions, set by differences in redox
potential, likely driven by entropy changes as proposed by K. Caroll, and completed by the
relaxation of the product complex [131].
5. After the thiol-disulfide exchange reaction, the tendency of the protein complex to separate
can increase, resulting in the dissociation of the complex.

Fig. 6: Proposed multistep model for the reaction of a Trx family protein with a target protein. The structure of the
complex between Hordeum vulgare TrxH2 and BASI (PDB: 2IWT) is used for building this model
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We have applied this hypothetical integrated model to determine the significance of electrostatic

interactions in substrate specificity and reactivity for Trxs and its reductase using mathematical
modeling (section 1.4.5) and in vitro analysis which will be presented in [article 1].

1.4.4 Molecular Modeling
Molecular modeling and simulation of biomolecules have become an important means in
molecular biology research. It refers to the application of computer-generated models in molecular
studies ranging from few atoms to a multitude of biomolecules [145]. The simulated models can be
used to observe the very fast atomic movement as 1·10-15 seconds to slow as few seconds. The subangstrom differences between structures or atoms may have a significant influence on the
interactions and functions of the biomolecules. Often this simulation is so fast that it is very difficult
to follow the calculated molecular changes in conventional laboratory experiments.
Molecular dynamics (MD) simulations, first developed in the late 70s, has now become an
essential tool to simulate biological systems, e.g. entire proteins in solution with explicit solvent
representations [146]–[148]. With the development of computational equipment, especially the use
of graphical processing units (GPUs), and the improvements made in the optimization of different
algorithms, the application of MD simulations have increased several folds for the detailed
investigation of large biomolecular complexes. To acknowledge the significance of such simulation,
the Nobel prize in chemistry was awarded for the development of multiscale models for complex
chemical systems in 2013 [149].
Starting from a 3D structure, the forces that act on the atoms are calculated and the system is
propagated in time according to Newton’s equation of motion, F = m·a, where F is the force, m is
the mass and a is the acceleration. The potential energy is calculated at the positions of every atom
in the system. By differentiating the potential energy with respect to the position, and using
Newton’s second law, the velocities and the transitions through space caused by external forces can
be obtained. In [article 3], we have shown, all-atom MD simulations of Grx2 and Grx5 as apo
proteins. The non-covalent Grx:GSH complex demonstrates the distinct orientation of GSH thiols
and a conserved lysyl residue in both Grx2 and Grx5. In addition to this, this simulation confirms
that the alternative orientation of the lysyl residue is independent of GSH binding. The overall
structural analysis leads to the conclusion that the alternative loop and the active site structures are
the molecular basis for the oxidoreductase inactivity of the CGFS type or class II Grxs and the loss
of activity of CxxC/S or class I Grxs as FeS transferase [46]. We have also performed MD
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simulation for the complex Trx1-TrxR from Trx family proteins, the results are summarized in
[article 1] in this thesis.

1.4.4.1 Homology Modeling
In the case of proteins lacking experimentally determined 3D structures, homology modeling is a
popular and common approach to model the structures based on available templates on the
database. The aim of homology modeling is to predict a structure from its sequence with an
accuracy that is similar to the experimentally obtained results. This technique relaxes the stringent
criterias of the force field and enormous conformation searching. It deals with the calculation of a
force field and replaces it, in large part, with the counting of sequence identities [150]. Homology
modeling is based on the notion that evolutionary primary sequence conservation is correlated to the
conservation of the tertiary structures [145].
To evaluate the modeled structure for anticipating functions at a reasonable speed, it is essential
to take the advantage of mathematical algorithms. We have developed one mathematical model for
the functional prediction of proteins which will be presented in the following chapter.

1.4.5 Mathematical Modeling
In the modern history of biochemistry, the in silico analysis of proteins has become more and
more prevalent considering the generation of data by computer analysis being less time consuming
and by far more efficient than most traditional methods. The application of a mathematical
algorithm has tremendously enhanced the pace of research in almost all research fields. In this
work, we have developed a mathematical model and demonstrated it for protein clustering based on
the electrostatic properties of proteins. The results allow functional classification and prediction of
the function of Trx family proteins which will be presented in [article 4].
This model hypothesizes that two redoxins with similar electric fields will have the same
functional specification. It starts working with the 3D coordinates of a protein. In the absence of
experimentally determined structures, homology modeling is applied to originate the 3D
coordinates. The electrostatic potentials are computed using Adaptive Poisson-Boltzmann Solver
(APBS) in Visual Molecular Dynamics (VMD) [151], [152]. The Gromov-Wasserstein distance is
based on ideas of optimal transportation and compares the inner distances of two coordinates of a
protein [153]. The differences within the proteins are then compared to another protein. Earth
mover distance further calculates the differences between two proteins and graphically represents
these differences on a tree diagram. Despite the superiority of such in silico calculations,
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verification by in vitro or in vivo experiments is indispensable. At this moment, this mathematical
model predicts the function of Trx family proteins with an accuracy of over 85%. We have applied
this model for the functional classification of Trxs and Grxs, which will be presented in [article 4].
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2. Conclusions
Article 1: Molecular basis for the interactions of human thioredoxins with their
respective reductases
The mechanisms that control the specificity of Trxs and Grxs for their target proteins are key to
understand the reduction of catalytic disulfides or thiol switches. The mammalian cytosolic Trx
system consists of Trx1 and its reductase, the NADPH dependent seleno-enzyme TrxR1.
In [article 1], we analyzed the interactions between these two proteins. We confirmed the
formation of an encounter complex between the proteins that is independent of the subsequent
redox reaction. Electrostatic complementarity presents as the major force controlling the formation
of these encounter complexes and thus the efficiency of the subsequent electron transfer reactions.
Not only the immediate contact area but also electrostatic complementarity in regions outside the
contact area play an essential role in the pre-orientation of the protein towards its substrate and
fruitful collisions. Alterations in the electrostatic properties of human Trx1 can have a large
influence on the catalytic efficiency in the reaction with TrxR1.

Article 2: Role of GSH and iron-sulfur glutaredoxins in iron metabolism
Glutathione (GSH) is a ubiquitous nucleophile required in redox homeostasis and iron
metabolism. It is indispensable in mitochondrial FeS cluster biosynthesis. CGFS-type Grxs use
GSH as a cofactor to fulfill their essential functions in FeS cluster biosynthesis and transfer.
In [article 2], we summarized the recent advances and discoveries in this field. We compiled the
functions of GSH and FeS-Grxs in iron metabolism in mammalian and other cells. The cysteinyl
thiol group in GSH is the most crucial element for its functions. This thiol can complex metals, and
be oxidized to disulfides which can be reduced by GR at the expense of NADPH. Besides being a
cofactor for Grx in the mitochondrial FeS-Cluster biosynthesis, GSH may have a significant impact
on the transport of a yet to be defined precursor for FeS cluster maturation in the cytosol. In the past
decade, the understanding of the role of GSH and Grxs in iron metabolisms has remarkably
progressed. The yeast Grx3/4-Fra2-mediated regulation of iron homeostasis and the first
physiological function of the Grx-BolA hetero-complex are characterized in more detail.
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Article 3: Molecular basis for the distinct functions of redox active and FeStransfering Glutaredoxins
Grxs are members of the Trx family proteins broadly classified into two categories - Class I
(CxxC/S) and Class II (CGFS) Grxs. Both of these Grxs are GSH dependent proteins that function
as oxidoreductases (class I) or mediate cellular iron trafficking (class II). Proteins from CxxC/Stype catalyze thiol-disulfide exchange reactions including the reduction and de-glutathionylation of
target proteins. The second group of proteins with a consensus CGFS-type motif can form Fe 2S2
clusters and transfer this cluster to other proteins.
In [article 3], we demonstrated that the presence of a distinct loop structure adjacent to the active
site of class I Grxs is the critical determinant of its oxidoreductase activity. Insertion of the CxxC/Stype loop before the active site into the class II Grx5 showed again oxidoreductase activity, which
could further be increased upon an additional mutation of the wild type active site towards the
active site of class I Grx2. Exchange of the loop structure in the engineered mutants of hGrx2 and
hGrx5 leads to the loss of oxidoreductase activity in CxxC/S-type Grxs and gain of oxidoreductase
activity in CGFS-type Grxs. The structural analysis reveals the significance of a conserved lysyl
residue for the function of both classes of Grxs. The orientation of the ε-amino group and therefore
the interaction with the GSH depends on the presence of the loop structure and affects how the FeS
cluster is bound, the stability of the holo complexes, and their interaction with target proteins.
Overall, this study provides a structural and mechanistic explanation for both, the lack of redox
activity of CGFS-type Grxs and their higher tendency for Fe2S2 cluster transfer activity.

Article 4: Substrate specificity of thioredoxins and glutaredoxins – towards a
functional classification
The Trxs family proteins are encoded in essentially every genome and are localized in all
compartments of eukaryotic cells. Both Trxs and Grxs, two major groups within this family, share
the common Trx fold. In most of the species, Trx family proteins are present in the same
compartment but show distinct substrate specificities and overlapping functions.
In [article 4], we provided a detailed comparison of the similarity of redoxins in primary,
secondary, and tertiary structure, and electrostatic properties. The practicality of a mathematical
model was exploited for the automated clustering of the electrostatic properties for the functional
classification of Trx family proteins and the prediction of their functions. The analysis clearly
confirmed that there is no correlation of primary and tertiary structure similarity and redox potential
to target specificity of the proteins as thiol-disulfide oxidoreductases. However, the electrostatic
properties of the whole protein plays a significant role in target specificity and discrimination.
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3. Summary
The thioredoxin (Trx) family of proteins comprises many key enzymes in redox signaling, that
catalyzes specific reversible redox reactions, e.g. dithiol-disulfide exchange reactions,
(de-)glutathionylation, trans-nitrosylation, or peroxide reduction. With the analysis of a large
number of proteins, as well as a certain redox couple in [article 1] and [article 4], we demonstrated
that electrostatic complementarity is the major distinguishing feature that controls the specific
interactions of Trxs with their target proteins. The primary aim of this work was to determine the
importance of this specific interaction and the prediction, modulation, and engineering of
functional redox interactions of Trx family proteins. To understand the role of electrostatic
complementarity for the mammalian Trx1-TrxR complex, we generated more than 20 hTrx1
mutants and systematically engineered the electrostatic potential within and outside the contact
area with TrxR [article 1]. The effects of these specific alterations distributed all over the protein
surface were analyzed by enzyme kinetics, differential scanning fluorimetry (DSF), circular
dichroism (CD) spectroscopy, and MD simulations. Trx family proteins have a broad and very
distinct substrate specificity, which is a prerequisite for redox switching. In [article 4], we
comprehensively compared the classification of various redoxins from all kingdoms of life based
on their similarity in amino acid sequence, tertiary structure, and electrostatic properties. These
similarities were then correlated to the existence of common interaction partners. Our analyses
confirmed that the primary and tertiary structure similarities do not correlate to the target
specificity of the proteins as thiol-disulfide oxidoreductases. However, we demonstrated that the
electrostatic properties of the protein from both Trx or Grx subfamilies is the major determinant for
their target specificity.
Although structurally very similar, CxxC/S-type or class I Grxs act as oxidoreductases and
CGFS-type or class II Grxs act as FeS cluster transferases. In [article 3], we re-investigated the
structural differences between the two main classes of Grxs to solve the mystery of the missing FeS
transferase activity of the CxxC/S-type and the lack of oxidoreductase activity of the CGFS-type
Grxs. The presence of a distinct loop structure adjacent to the active site is the major determinant
of the Grx function. We confirmed that the function of Grxs can be switched from oxidoreductase
to FeS cluster transferase by construction of a CxxC/S-type Grx with a CGFS-type Grx loop and
vice versa. Results of several in vitro and in vivo assays together with the detailed structural
analyses indicate that not a radically different substrate specificity accounts for the lack of activity,
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but rather slightly different modes of GSH binding, which is an essential nucleophile required in
redox and iron homeostasis.
Various processes within the cell depend on GSH, including redox reactions, reversible
posttranslational modifications, and iron metabolim. GSH is not only important in the export of
FeS precursors from mitochondria, but it is also an essential cofactor for cluster binding in iron
sulfur Grxs. In [article 2], we discussed the role of GSH and iron sulfur Grxs in iron metabolism,
the physiological role of CGFS-type Grx interactions with BolA- like proteins, and the cluster
transfer between Grxs and recipient proteins. The first well characterized physiological function of
a Grx-BolA hetero complex is presented with the Grx3/4-Fra2-mediated regulation of iron
homeostasis in yeast.
In synopsis, the results presented and discussed in these articles and the manuscript support the
concept of electrostatic properties as the main determinant in substrate specificity towards
functional predictions in Trx family proteins. The mathematical model presented here showed
significantly accuracy and precision in function prediction. We are aware that our findings are
focused on Trx family proteins as a particular family of proteins, but by using a machine learning
strategy this mathematical model is being trained with numerous different protein models for better
efficacy and accuracy, that may lead to new insights also in the specific interactions of other
protein families. The new concept for the substrate specificity determinant doesn’t eliminate
previously described aspects for molecular recognition, instead it reveals a deeper understanding of
the protein-protein interaction. The 3D structural elements of a protein play a significant role in the
specificity and function. We have been able to activate an inactive protein by replacing defined
structural elements. Elimination of the loop structure from CGFS-type Grx5 transformed it from an
FeS transferase into an oxidoreductase and the activity was further increased by modification of the
active site. We believe that the present findings may be useful to investigate proteins in great detail
regarding their function based on structure and electrostatic properties. Understanding the nature of
the specific interactions may enable us to specifically modify the signal transduction pathways.
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5. Abbreviations
ABC

ATP-binding casette

ALAS2

aminolaevulinate synthase 2

APBS

Adaptive Poisson-Boltzmann Solver

ArsC

arsenate reductase

BSA

bovine serum albumin

CD

circular dichroism

CFD1

cytosolic FeS cluster deficient protein 1

CIA

cytosolic iron sulfer cluster assembly

CIAPIN1

cytokine-induced apoptosis inhibitor 1

DINIC

dinitrosyl-iron complex

DOX

doxorubicin

Dsb

disulfide bond

DSF

differential scanning fluoriometry

DTNB

5,5'-dithiobis-(2-nitrobenzoic acid)

DTT

dithiothreitol

EDTA

Ethylene diamine tetra acetic acid

EPR

electron paramagnetic resonance

ER

endoplasmic reticulum

FAD

flavin adenine dinuclotide

FDX2

ferredoxin 2

FeS

iron sulfer

Fra

Fe repressor of activation

GFP

green fluorescent protein

GPAT

glutamine phosphoribosylpyrophosphate amidotransferase

GPX

Glutathione peroxidas

GR

Glutathione reductase

Grx

Glutaredoxin

GSH

Glutathione

GSSG

Glutathione disulfide

GST

Glutathione S-transferase

HED

2-hydroxyethyl disulfide

HUSSY 22

human sequence similar to yeast, number 22
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IOP1

iron-only hydrogenase-like protein

IPTG

isopropyl-1-thio-β-d-galactopyranoside

IRP1

iron regulatory protein 1

ISC

iron sulfer cluster

ISCA

Iron sulfer cluster assembly

ISCU2

Iron sulfer cluster assembly enzyme ISCU

kcat

turnover number

km

Michelis menten constant

MD

molecular dynamics

NADPH

nicotinamide adenine dinucleotide phophate

NBP35

nucleotide binding protein 35

NDOR1

NADPH-dependent diflavin oxidoreductase 1

NDUF

NADH-ubiquinone oxidoreductase

NEM

N-ethylmaleimide

NMR

nuclear magnetic resonance

NO

nitric oxide

Nrx

Nucleoredoxin

NPT

constant number, pressure, and temperature

NVT

constant number, volume, and temperature

PAPS reductase

3-phosphoadenosine-5-phosphosulfate reductase

PCR

Polymerase chain reaction

PDI

protein disulfide isomerase

PICOT

PKC interacting cousin of thioredoxin

PKC

protein kinase C

PME

Particle mesh-ewald

Prx

Peroxiredoxin

rmsd

root mean square deviation

RMSF

root mean square fluctuation

RNR

Ribonucleotide reductase

roGFP

reduction-oxidation sensitive green fluorescent protein

SDS

sodium dodecyl sulfate

TCEP

(tris(2-carboxyethyl)phosphine

Tf

Transferrin
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TGR

Thioredoxin glutathione reductase

Trx

Thioredoxin

TrxR

Thioredoxin reductase

TSA

Thermal shift assay

Txndc

Thioredoxin domain containing protein

TXNL-2

Thioredoxin like protein-2

UPGMA

unweighted pair group method with arithmetic mean

VMD

visual molecular dynamics

βME

β-mercapto ethanol
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