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Introduction
The ability to receive and interpret signals from the environment as well as the coordinated and

specific response to these signals is of primary importance for every living cell. Many diseases,
such as degenerative and malignant disorders, arise from errors or misinterpretations in this signal
transduction. The common principle of signal transduction includes sensing of signalling molecules
by an intra- or extracellular receptor, transduction of this signal through the activated receptor by
activation of transducer molecules and subsequent regulation of second messenger molecules or
effector proteins, that, in the end, trigger a biological effect. These sophisticated pathways enable
adaption, modulation, and amplification of signal and response. Besides the well established
signalling mechanism through reversible phosphorylation, the reversible redox modification of
protein side chains as key mechanism, affecting essentially all signalling pathways, came into focus
in recent years (1–3). Redox modifications appear to be rapid, compartmentalised, reversible and
highly specific (1,4–7). None of these post-translational redox modifications occur randomly, they
need to be catalysed by specific enzymes (2).

1.1

Redox signalling

In the past, the measure of the change in Gibb's free energy (ΔG) during a chemical reaction has
been used to characterise redox modifications with the help of redox potentials. This concept is
based on the assumption of an equilibrium between pro- and anti-oxidants within the cell. An
imbalance favouring the oxidation of biomolecules was defined as oxidative stress (8,9). Oxidative
stress was held responsible for a variety of pathological conditions such as neurodegenerative
diseases or cancer, supported by the apparent accumulation of oxidised molecules (10–12). During
the last decade, however, the paradigm started to shift from oxidative stress to well defined and very
specific redox signalling mechanisms. These mechanisms depend on rapid, compartmentalised,
reversible and specific redox modifications of target molecules and proteins (4–7). Signal
transduction depends on reaction kinetics and enzymatic catalysis, that are not determined by ΔG.
In this new concept, based on specific redox dependent modifications, the enzyme family of
oxidoreductases as well as reactive oxygen, nitrogen, and sulphur species came into focus as key
elements of redox signalling (3,13–15). The cysteinyl thiol group is a major target in redox
signalling due to its unique chemistry (16).

1.1.1 Redox modifications of cysteinyl side chains
The cysteinyl side chains are the major target of redox signalling (Fig. 1, left side). Oxidation of
protein thiols can lead to the formation of inter- or intramolecular disulphides. A disulphide may
also be formed with small molecular weight thiols, such as glutathione (GSH), the most abundant
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cellular thiol compound, a process known as S-glutathionylation (2). Reaction of endogenously
produced nitric oxide with thiols, catalysed by metals, can induce S-nitrosylation of protein thiols.
Another way for S-nitrosylation is the transfer of S-nitroso groups to other protein thiols, i.e. transnitrosylation (17,18). Cysteinyl thiols may also be oxidised to sulphenic acid, or even further to
sulphinic or sulphonic acid, by reaction with hydrogen peroxide or peroxy nitrite (19). Sulphinic
and sulphonic acid occur at specific target sites but are considered to be irreversible (20). The
described modifications are specific for the redox active compound, for example second messenger
molecules, as well as the cysteinyl side chains of transducer and effector proteins (21). The
molecular environment of the thiol group and the enzymes involved in the reaction determine this
specificity (1).

Fig. 1: Redox modifications of protein cysteinyl and methionyl residues. In the presence of another thiol (SH), the
cysteinyl residue (left site, blue) can be modified to a protein (cysteinyl-cysteinyl) disulphide, that can be reduced by
Trxs and Grxs, or cysteinyl-glutathione mixed disulphides. Protein cysteinyl residues can be oxidised to sulphenic acid
(R-SOH) by peroxides or (at least in some cases) by specific enzymes. In the presence of excessive peroxides this may
be irreversibly 'over'-oxidised to sulphinic (R-SO2-H) and sulphonic acid (R-SO3-H). Cysteinyl-glutathione disulphides
may also be formed through thiol-disulphide exchange reactions with glutathione disulphide or by specific enzymes,
e.g. Grxs that also specifically catalyse the reduction of these disulphides. Nitric oxide (·NO) in general can only lead to
the nitrosylation of cysteinyl residues through the catalysis during which one electron is transferred from the ·NO to a
recipient, e.g. a metal cofactor. S-nitrosylation can be reversed by trans-nitrosylation to another protein thiol, e.g. to the
active site of Trxs. Methionyl residues (right site, green) are oxidised stereo-selective to R- or S-methionyl-sulphoxides.
These are specific substrates for methionine sulphoxide reductases (Msr) B and A, respectively. Further oxidation of
methionyl sulphoxides results in methionyl sulphone, a step that has to be considered irreversible. From Gellert et al.:
Redox regulation of cytoskeletal dynamics during differentiation and de-differentiation (article IV in this thesis). (1)

1.1.2 Methionine sulphoxidation
The thioether group of methionine can be reversibly oxidised to methionine sulphoxide (Fig. 1,
right side), a modification also recognised as a redox signalling mechanism (22). Oxidation of the
methionyl residues is also specifically catalysed by enzymes suggesting a fine tuned activation or
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inactivation of protein functions via the methionine sulphoxide formation (22,23). Oxidation of the
methionine thioether group results in a mixture of methionine-S-sulphoxide and methionine-Rsuphoxide, the two diastereomers. The stereospecific reduction of methionine-S-sulphoxide is
catalysed by methionine sulphoxide reductase (Msr) A, in a mechanism that requires three cysteinyl
residues in the catalytic centre. Methionine-R-sulphoxide, on the other hand, is stereospecifically
reduced by MsrB, the activity of which requires only two cysteinyl residues (24). Human MsrA is
expressed in various isoforms and localised in different compartments (25–27). The oxidised
enzyme is reduced by thioredoxins (Trxs) or glutaredoxins (Grxs) (24,28). Of the three MsrB genes
that most mammalian genomes posses, MsrB1 exhibits the highest activity. MsrB1 contains a
selenocysteinyl residue in its active site instead of the catalytic cysteinyl residue. MsrB2 and 3 are
less catalytically efficient and contain cysteinyl residues only (29,30). Oxidised MsrB is reduced by
Trxs or Grx, directly or via a glutathione-mixed disulphide (24,28,29). An overview of the reaction
mechanism of MsrA and B is depicted in Fig. 2C. In contrast to the two separate mammalian MsrA
and B enzymes, the two enzymes are translationally fused as MsrAB in some bacteria, such as
Streptococcus pneumoniae, Neisseria gonorrhoeae and Haemophilus influenzae (31–33). Oxidised
MsrAB is subsequently reduced by Trxs (34–36). Fused SpMsrAB2 also carries a transmembrane
domain that anchors the protein to the membrane. Both catalytic domains reduce stereo-specific
methionyl sulphoxides as described above (Fig. 1). The cytosolic NADPH pool provides electrons,
that are shuttled between cytosolic Trx and integral membrane proteins to two surface-exposed
thioredoxin-like lipoproteins (Etrx1/2), to keep pneumococcal surface proteins in the reduced state.
The molecular architecture of Etrx1 and Etrx2 and their redox partner SpMsrAB2, in S. pneumoniae
will be presented later in this thesis [article II].

1.1.3 The thioredoxin-fold family of proteins
Many key enzymes of redox signalling, which catalyse the modifications of thiol groups, e.g.
disulphide reduction, glutathionylation or trans-nitrosylation, are members of the so called
thioredoxin family of proteins. The name-giving Trxs as well as Grxs and peroxiredoxins (Prx)
belong to this protein family, with isoforms expressed ubiquitously in all organisms, tissues, cells
and organelles (37–40). Their common structural motif, the thioredoxin fold, that, in its most basic
form, consists of a central four stranded β-sheet surrounded by three α-helices, defines the Trx
family of proteins (41).
Trxs were discovered in E. coli around 1968 as electron donor for ribonucleotide reductase
(RNR) (42,43). The small, approximately 12 kDa proteins are characterised by their highly
conserved Cys-Gly-Pro-Cys active site motif. About a decade later, Grxs were identified as GSHdependent alternative electron donor for RNR in E. coli (44–46). Additionally, Grxs are divided in
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two major subfamilies, depending on their active site motif. Dithiol-Grxs (Cys-Pro-Tyr-Cys) and
monothiol-Grxs (Cys-Gly-Phe-Ser) both require GSH for their extensive functions in redox
signalling and iron metabolism, respectively (37). Proteins of the third branch of the Trx family of
proteins, Prxs, reduce peroxides rather than protein disulphide (3).
Both, Trxs and dithiol-Grxs use the Cys-X-X-Cys active site, located on the loop connecting
sheet 1 and helix 1 (bacterial Grx numbering), to catalyse the reduction of protein disulphides in the
so called dithiol mechanism (see Fig. 2, A and B). The low pKa value of the N-terminal active site

Fig. 2: Reaction mechanisms of thioredoxins, glutaredoxins, and methionine sulphoxide reductase. (A) Trxs (red)
reduce protein disulphides in the dithiol mechanism using both active site thiols (SH). The N-terminal active site
cysteinyl residue forms a covalent mixed disulphide intermediate with the oxidised substrate protein (A 1), which is
reduced in the second step by the C-terminal active site cysteinyl residue, releasing a reduced protein (A 2). The
disulphide in the active site of oxidised Trx is reduced by NADPH-dependent TrxR in a similar reaction sequence (A 3
and 4). (B) Grxs (blue) also reduce protein disulphides, similar to Trxs, but their active site disulphide is reduced by two
molecules of glutathione (GSH) (B 1a-4). In addition, Grxs reduce protein-cysteinyl-glutathione mixed disulphides in
the so called monothiol mechanism (B 1b and 4), that only depends on the N-terminal active site cysteinyl residue. This
thiolate attacks the GSH moiety and forms a GSH-mixed disulphide intermediate itself (B 1b), that is subsequently
reduced by another GSH molecule (B 4). (C) The catalytic active site sulphenic cysteinyl residue of MsrAs and Bs
(black/grey) reacts with methionine-R/S-sulphoxide yielding a sulphenic acid intermediate (C 1a) or a methionyl-bound
intermediate (C 1b). Both are attacked by the second cysteinyl residue leading to the formation of a disulphide with the
catalytic cysteinyl residue (C 2). In case of MsrAs, this disulphide is attacked by a third cysteinyl residue leading to a
disulphide between the second and third cysteinyl residues (C 8). In either case, the disulphide in the active sites of the
MsrA and MsrB is a substrate for Trxs or Grxs (C 3-4 or 8-10). Alternatively, the sulphenic/selenenic intermediate may
react with GSH yielding a glutathione mixed disulphide (C 6), that is reduced by Grxs (C 7). From Gellert et al.: Redox
regulation of cytoskeletal dynamics during differentiation and de-differentiation (article IV in this thesis). (1)
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thiol allows the initiation of a nucleophilic attack on one of the sulphur atoms of the substrates
disulphide, leading to the formation of a transient mixed disulphide intermediate (47). In the second
reaction step, this mixed disulphide intermediate is reduced by the second C-terminal cysteinyl
residue, resulting in the release of a reduced substrate and an oxidised Trx or Grx, respectively (38).
The oxidised active site of Trx is regenerated by NADPH-dependent thioredoxin reductase (TrxR)
(48). Oxidised Grx, on the other hand, is reduced by NADPH via the glutathione reductase (GR)
and GSH (49). Reversible (de-)glutathionylation, exclusively catalysed by dithiol Grx and few
monothiol Grx, depends only on the N-terminal active site cysteine (50,51). The nucleophilic attack
of this N-terminal active site thiol on the sulphur atom of the GSH in the glutathionylated protein
leads to the release of the reduced target protein and the formation of a mixed disulphide between
Grx and GSH (Fig. 2B). This mixed disulphide is subsequently reduced by a second GSH molecule
(52,53). In the third branch of thioredoxin family proteins, six mammalian peroxiredoxins that are
divided into 3 groups, based on their structure and catalytic mechanism, have been described. They
are categorised as 2-Cys Prx (Prx1-4), atypical 2-Cys Prx (Prx5), and 1-Cys Prx (Prx6) (54,55).
Prxs are highly abundant proteins with a peroxidase activity but alternative functions have been
proposed. Most Prxs function as homodimers, but also form decamers and stacks of decamers (2Cys Prx) (3).

1.1.4 Cytosolic thioredoxin
One cytosolic and one mitochondrial Trx/TrxR couple are encoded in the mammalian genome
(3). Trxs catalyse the protein disulphide reduction via the two cysteines in the highly conserved
Cys-Gly-Pro-Cys active site, discovered in 1968 (56). As depicted in Fig. 2A the N-terminal
cysteinyl residue induces the formation of a mixed disulphide intermediate via nucleophilic attack
of a target protein disulphide. This mixed disulphide is reduced by the C-terminal active site
cysteine, resulting in the release of a reduced target protein and an oxidised Trx (57). In addition to
the active site cysteines, Trx1 contains three structural cysteinyl residues that have been implicated
in the formation of Trx1-dimers as well as regulatory functions (58,59). Although Trx1 is a
cytosolic protein without a nuclear localisation sequence, the translocation to the nucleus has been
observed under certain conditions (60,61). It has also been demonstrated that Trx1, even though it
lacks a signal sequence for secretion via the endoplasmatic reticulum (ER), is secreted in a nonclassic pathway involving neither the ER nor the Golgi apparatus and is independent of the redox
state of Trx1 (62,63).
Oxidised Trxs are reduced by TrxR using electrons derived from NADPH in a similar reaction
mechanism. Mammalian TrxRs are selenoproteins containing a flavin adenine di-nucleotide (FAD)
domain as well as an NADPH binding domain. TrxRs form homodimers in a head-to-tail
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conformation and possess two active site motifs, the selenocysteine containing active site (Gly-CysSec-Gly) being located at the C-terminus of the protein (64,65). The second active site motif (CysVal-Asn-Val-Gly-Cys) is located at the N-terminus, adjacent to the FAD domain (65).

1.1.5 Mammalian glutaredoxins
Four different mammalian Grxs have been identified, so far. All four of them are well conserved
in other vertebrate species. Two Grxs, Grx1 and 2, are classical dithiol Grx and two monothiol Grx,
Grx3 (also known as PICOT (PKC-interacting cousin of thioredoxin) or TXNL-2 (thioredoxinlike2)) and Grx5 (66–69). The multidomain monothiol Grxs are restricted to eukaryotic cells only,
whereas dithiol and single domain monothiol Grxs are ubiquitously present in all kingdoms of life
(37).
The dithiol Grx1 is the most well characterised mammalian Grx with a widely conserved CysPro-Tyr-Cys active site motif. The protein of about 12 kDa is considered to be located in the
cytosol, the nucleus and the mitochondrial intermembrane space (70,71). Glutaredoxin 1 has been
shown to support RNR with electrons and general dithiol-disulphide exchange reactions (72). It was
also demonstrated to be involved in dehydroascorbate reduction, cellular differentiation, regulation
of transcription factors, and apoptosis (38,73–79).
Grx2, about 14 kDa in size (18 kDa unprocessed), shares 34% sequence homology with Grx1.
The active site of Grx2 consists of Cys-Ser-Tyr-Cys, with an exchange of the prolyl for a seryl
residue (67,80). This altered active site sequence results in an increased affinity of Grx2 for
glutathionylated proteins and therefore leads to an increased catalytic efficiency compared to Grx1.
Grx2 can be reduced by either GSH or TrxR, combining characteristics of Trxs and Grxs. It was
also described as the first Trx family protein that complexes an iron-sulphur cluster (81–83).
The monothiol Grx3 is a multidomain protein of about 37 kDa, that is located in the cytosol. It
consists of an N-terminal Trx domain, with a redox inactive active site and two C-terminal
monothiol Grx domains, that posses highly conserved Cys-Gly-Phe-Ser active sites (51,69).
Grx5 is a single domain monothiol Grx located in mitochondria. It is comparable in size to the
dithiol Grxs with the same active site motif as the monothiol Grx3 (Cys-Gly-Phe-Ser). Neither
Grx5 nor Grx3 catalyse mono- or dithiol mechanism reactions (51). Both proteins, Grx3 and 5, are
important for iron homoeostasis and the synthesis of iron-sulphur proteins in vertebrates and yeast,
respectively (3,84–87).

1.1.5.1 Glutaredoxin 2 isoforms
In 2001, the mammalian Grx2 (Gene: GLRX2) was identified and proposed to have two
isoforms differing in their first exon (67,80). The GLRX2 gene consists of five exons, including two
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alternative first exons (Ia and Ib). The core domain of Grx2, including the active site, is encoded by
exon II-IV. Alternative transcription and splicing results in three transcript variants. Exon Ia
encodes a mitochondrial localisation sequence and is part of the mRNA variant GLRX_v1 (exon IaII-III-IV). This mitochondrial Grx2a is ubiquitously expressed. GLRX_v2 and v3 are products of
two alternative splice donor sites of the alternative exon Ib, they encode the nuclear and cytosolic
isoforms Grx2b and Grx2c. The expression of Grx2b and Grx2c is restricted to testis, in adult
human tissues, but has also been demonstrated in various cancer cell lines (88). In contrast, the
mouse GLRX2 gene consists of six exons, three constitutive exons (II, III, IV), two alternative first
exons (Ia, Ib) and one single cassette exon. Five transcript variants encoding for three protein
isoforms arise through alternative transcription and splicing, but the mitochondrial Grx2a and the
nuclear/cytosolic Grx2c are conserved from mouse to man. Testis-specific Grx2d is unique to
mouse (89).

1.1.5.2 Cytosolic glutaredoxin 2
Also genomes of other vertebrate species, like zebrafish for instance, contain genes encoding
homologues to the cytosolic Grx2 isoform. It has been demonstrated, that this cytosolic zfGrx2 is
essential for brain development. Zebrafish with silenced expression of cytosolic Grx2 lose
essentially all types of neurons by apoptotic cell death and fail to develop an axonal scaffold (90).
Only the re-introduction of wildtype Grx2c could rescue the defects, but neither of the redoxinactive active site mutants, that are not able to catalyse protein disulphide reduction (90).
Overexpression of Grx2c in SH-SY5Y neuroblastoma cells during retinoic acid induced
differentiation increases axon length by a factor of 1.5 to 2 and the number of branching points 2fold (90). Cytosolic Grx2 has an essential function also for vascular development and maintenance
of cardiovascular function (50,91). Zebrafish lacking cytosolic Grx2 have an impaired heart looping
and defects in heart functionality due to a failed migration of cardiac neural crest cells (92). This
heart looping defect could be rescued by introduction of the active site mutant of zfGrx2 that is still
able to catalyse monothiol mechanism reactions (92). Grx2c has also an essential function in
spermatogenesis, a process that includes the migration of spermatogenic cells through the close
Sertoli cell formation (88). Taken together, all these findings suggest that Grx2c may promote cell
motility as well as invasion behaviour of cells in general. Characterisation of a HeLa cell line
overexpressing Grx2c at moderate levels (HeLa Grx2c+ cells, (93)), which induces dramatic
alterations in cell morphology, motility, and invasion, will be presented in [manuscript VI].
In a proteomic approach, Schütte et al. were able to identify target proteins, that undergo thioldisulphide exchange reactions catalysed by Grx2 in the dithiol reaction mechanism (94). One
potential target protein identified was collapsin response mediator protein 2 (CRMP2). As part of
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Fig. 3: Redox switches in semaphorin signalling, cofilin, and actin dynamics. Sema3A binding to NP1 activates
PlexA and the semaphorin signalling cascade. Activated PlexA interacts with MICAL1/2 that then leads to actin depolymerisation, through cofilin activation or the proposed sulphoxidation of methionyl residues of β-actin. CRMP2 is
another mediator of the Sema3A signalling cascade that induces growth cone collapse and axon repulsion (left side:
'oxidation'). Without ligand binding, MICALs are not activated by the NP1/PlexA receptor. The reduction of CRMP2 by
cytosolic Grx2c leads to a conformational change of the homotetramer. This conformational change causes (directly or
indirectly) the polymerisation of actin and tubulin. MsrB1 is able to reduce the sulphoxides of methionyl residues of βactin, allowing polymerisation. The WAVE complex is activated close to the membrane by active Rac1 and binds
Arp2/3 which leads to actin polymerisation and branching. Activated Rac1 also leads to the phosphorylation and
therefore inactivation of cofilin. The absence of Sema3A and the resulting changes of the cytoskeletal dynamics lead to
axon outgrowth and branching as well as enabling active migration (right side: 'reduction'). From Gellert et al.: Redox
regulation of cytoskeletal dynamics during differentiation and de-differentiation (article IV in this thesis) (1)

the semaphorin3A-signalling cascade and regulator of cytoskeletal dynamics, CRMP2 has critical
functions for both axon guidance and cell migration (95,96). In agreement with these results,
CRMP2 was significantly more oxidised in zebrafish lacking the cytosolic form of Grx2 (90).

1.2

Collapsin response mediator protein family

The collapsin response mediator protein family consists of 5 homologous cytosolic proteins. The
proteins of this family were identified by various authors and have been named in many different
ways, e.g. TOAD-64 (turned on after division, 64 kDa), Ulip (uncoordinated 33-like protein), and
DRP or DPYL/DPYSL (dihydropyrimidinase-related protein), but the most frequently notation used
today is CRMP (97,98). CRMP1-4 share about 75% homology with each other and function as
tetrameric complexes, while CRMP5 shares only 50% homology and may form heterodimers with
CRMP1-4 (99,100). Additionally, CRMP1, 2, and 4 can be expressed in two alternative isoforms,
derived from alternative splicing, leading to alternative N-termini (100). The C-terminal regions of
the proteins were predicted to be rather unfolded, however, these regions contain binding sites for
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the two major proteins of the cytoskeleton, i.e. tubulin and actin (99), and various regulatory
phosphorylation sites (97). The CRMPs do not function as enzymes, instead they are thought to
function as scaffolds for specific protein-protein interactions (97–99). All CRMPs are highly
expressed in the nervous system with distinct spatio-temporally controlled expression patterns and
localisations during development (101–103). Particularly in this phase, the proteins are required for,
e.g., axon formation and extension (CRMP1), axon guidance, elongation, and branching (CRMP2
and 4), as well as filopodial dynamics and the development of growth cones (CRMP5).

1.2.1 CRMP2
The first identified, most abundant, and also the most widely studied protein of the CRMP family
is CRMP2 (DPYSL2). CRMP2 regulates and controls various physiological processes such as cell
signalling, metabolism, cell migration and trafficking, growth, and immune function. All of these
functions, however, come down to the proteins function as a scaffold for protein-protein
interactions, primarily for proteins that control cytoskeletal dynamics, e.g. cell adhesion and
migration (97–99, 123). Alternative first exons give rise to two different CRMP2 isoforms
(CRMP2A and B) with opposing activities, contributing to cell morphology and axonogenesis by
microtubule remodelling (105). The subcellular localisation of these isoforms depends on cell type,
developmental stage, and neuronal compartment (106). In general, ‘CRMP2’ refers to the canonical
isoform CRMP2B (unless otherwise stated).
CRMP2 forms homo- as well as heterotetrameric complexes (107–110), the formation of
CRMP2 homotetramers in vitro will also be presented in [article I]. Binding of tubulin-heterodimers
and the promotion of microtubule assembly during axonal outgrowth is an established function of
CRMP2 (111). It also directly interacts with the specifically Rac1-associated protein 1 (Sra1)/WASP
family veroprolin-homologous protein 1 (WAVE1) complex, a regulator of actin dynamics (112).
CRMP2 affects axon outgrowth also through the kinesin 1-dependent transport of the Sra1/WAVE1
complex via direct interaction between CRMP2 and the light chain of kinesin 1 (112). The activity
of CRMP2 is modulated by α2-chimaerin in the regulation of bipolar transition and neuronal
migration (113). Direct interaction of CRMP2 with N-type Ca2+ channels modulates the Ca2+ influx
into the nerve terminals, and therefore the synaptic strength (114). In non-neuronal cells, MICALL1 (MICAL-like protein 1) has been identified as interaction partner of CRMP2 (115).

1.2.1.1 Posttranslational modifications of CRMP2
CRMP2 is regulated via various posttranslational modifications. Foremost, several
phosphorylation sites, mostly located in the C-terminus of CRMP2, affect its function in the
semaphorin 3A (Sema3A)-signalling pathway (see below) (97). These differential phosphorylation
events modulate the contribution of CRMP2 to cytoskeletal remodelling during neuronal
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development as well as to the chemokine-directed T-cell migration (116). The priming
phosphorylation of Ser522 by cyclin-dependent kinase 5/p35 (CDK5) facilitates the
phosphorylation of Thr509, Thr514, and Ser518 by glycogen synthase kinase-3 beta (GSK3β) (117–
121). Phosphorylation of Tyr32 is catalysed by tyrosine-protein kinase Fyn (122). These five
phosphorylation events control, among other functions, the binding of CRMP2 to tubulin (117–
119). In contrast, the promotion of microtubule assembly by CRMP2 is turned-off by
phosphorylation of CRMP2 at Thr555 by Rho kinase (123,124). The chemokine stromal cellderived factor-1α (CXCL12) leads to a decreased phosphorylation of GSK3β targeted residues
(Thr509/514) of CRMP2 as well as to an increased phosphorylation at Tyr479 by the protooncogene Src-family tyrosine-protein kinase Yes (116). The de-phosphorylation of CRMP2, on the
other hand, has only been demonstrated as a function of the protein phosphatase 2A (PP2A) (125).
Recently, SUMOylation (small ubiquitin-like modifier) has been described for CRMP2 at Lys374,
that is enhanced by prior phosphorylation by CDK5 (126). Phosphorylation by Fyn, on the other
hand, prevented SUMOylation. Modification of CRMP2 by SUMOylation may be involved in the
regulation of the voltage-gated sodium channel NaV1.7 (126,127).
Another recently discovered regulatory posttranslational modification is the reversible formation
of an intermolecular disulphide between two subunits in the homotetrameric CRMP2 complex
(128). This regulatory dithiol-disulphide switch between the Cys504 residues of two adjacent
subunits leads to a profound conformational change of the CRMP2 homotetramer (128). Grx2c has
been identified as specific reductase of this intermolecular disulphide both in vivo and in vitro
(90,94,128). The identification of this CRMP2 dithiol-disulphide switch will be presented in
[article I]. The currently available crystal structures contain only the rigid body of CRMP2 but lack
the flexible C-terminus, including the described regulatory sites (108,129). The structural
characterisation of the conformational change by molecular dynamics simulations combined with in
vitro analysis will be presented in [manuscript V].

1.2.1.2 Functions of CRMP2 in the nervous system
In neuronal development, CRMP2 is crucial for axon outgrowth and guidance, to determine
axon-dendrite fate, and therefore for establishment and maintenance of neuronal polarity (95,130).
As early as 1992, Li et al. identified mutations in the unc-33 gene of Caenorhabditis elegans to be
responsible for uncoordinated movements and severe abnormalities in axon outgrowth and guidance
(131). Three years later, Goshima et al. identified a collapsin response mediator protein (CRMP-62,
62 kDa protein) required for semaphorin 3A (Sema3A) signal transduction in chick dorsal root
ganglia (132). This CRMP-62 shared homology not only with the nematode neuronal protein unc33 (uncoordinated protein 33), but also with human proteins termed hCRMP1 and hCRMP2 (132).
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Around the same time, Minturn and collaborators discovered that rat TOAD-64 (Turned On After
Division, 64 kDa protein) was a homologue of unc-33 gene from C. elegans (133). TOAD-64 was
described to be specifically localised in lamellipodia and filopodia of growth cones with a thigh but
not strict membrane association (133). In cultured hippocampal neurons, CRMP2 is enriched in the
distal part of growing axons. Overexpression of CRMP2 induces the formation of multiple axons
(130). In 2005 Chung et al. identified a 58 kDa calpain-cleaved form of CRMP2 (134). This short
isoform of CRMP2 has been shown to be derived from C-terminal processing and is formed during
brain development. While CRMP2 is localised in the cytoplasm only, the short form has been
identified in the nuclear fraction of brain extracts as well (135). Calpain-cleaved CRMP2 has been
reported to be inhibiting neurite regeneration after traumatic brain injury (136,137).

1.2.1.3 The semaphorin signalling pathway
CRMP2 acts downstream of the semaphorin 3A receptor. Semaphorins (Sema's) are secreted
signalling proteins involved in the control of organogenesis and cellular differentiation. Ureteric
bud branching and podocyte-endothelial crosstalk are modulated by Sema3A, for instance (138).
Sema3A controls migration of developing thymocytes within the thymic lobules as well as adult Tcell polarisation and migration (139,140). The role of Sema3A signalling in bone remodelling is
discussed for example in (141) and (142). Sema signalling is involved in the development of the
lymphatic and blood vascular system, indicating signalling pathways similar to those involved in
the nervous system (143). Sema3A was the first vertebrate semaphorin identified. It can cause
growth cone collapse and acts therefore primarily as axon guidance cue (144). A heterodimer
consisting of neuropilin-1 (NP1), the high-affinity ligand binding partner, and a class A plexin
(PlexA), the signal transducing part, is the Sema3A receptor (Fig. 3) (144). Varying receptor
complexes for class 3 semaphorins were discussed to be important for their various biological
functions (145). Goshima and collaborators identified the chicken CRMP-62 (CRMP2) to be
essential, mediating the repulsive effect of Sema3A (collapsin-1) (132).

1.2.1.4 Interaction of CRMP2 with MICAL proteins
MICAL (Molecule interacting with CasL) is a direct interaction partner of PlexA and is required
for signal transduction in the Sema3A pathway (146). The mammalian MICAL protein family
consists of three MICAL proteins and two MICAL-like homologues. From invertebrates to
vertebrates, MICAL proteins are highly conserved (147). MICALs are large cytosolic multidomain
proteins including an N-terminal flavin monooxygenase domain (146,148). Through NADPH
consumption, the FAD cofactor is reduced to FADH2 which can react with molecular oxygen,
yielding peroxyflavin (149). One of these oxygen atoms may be transferred to a nucleophilic
substrate, e.g. reaction with protein thiolates may yield sulphenic acids. Another potential reaction
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way that has been discussed before is the dissociation of the peroxyflavin yielding H2O2 (149). The
production of H2O2 by MICAL was even suggested to occur in response to receptor activation
(150,151). Oxidation of the CRMP2 redox switch was suggested to occur after H2O2 production by
MICAL (151). The second order rate constant of CRMP2 oxidation by H2O2 is about 0.82 M-1s-1, as
described in [manuscript V]. The peroxidatic cysteinyl residue in the active site of peroxiredoxins
possess a rate constant from 3x105 to 107 M-1s-1 for the reduction of H2O2. This is five to seven
orders of magnitude higher compared to 'regular' cysteines, e.g. Cys504 of CRMP2. In vivo, H2O2
will therefore react with the thiol groups of dedicated peroxidases primarily, unless H2O2 would be
produced in the ultimate vicinity of the thiol group (152). This suggests additional transducer
proteins that may be involved in the signal transduction from MICALs to CRMP2.
In 2010, Hung et al. identified MICAL as necessary and sufficient for semaphorin mediated Factin remodelling (153). Further characterisation revealed that actin methionyl residues 44 and 47
are oxidised to methionine sulphoxides by MICAL, leading to the disassembly of actin filaments
(154). MICAL1 and MICAL2 generate methionine-R-sulphoxide, which is stereo-specifically
reduced by MsrB1 (155). The efficiency of F-actin disassembly due to oxidation via MICAL is
accelerated by the increased binding of cofilin upon actin oxidation, suggesting that MICAL and the
severing protein cofilin act synergistic in F-actin disassembly (see Fig. 3) (156).

1.2.1.5 Regulation of actin and tubulin dynamics
Axon outgrowth and guidance, growth cone collapse, and cell migration share many similarities
with respect to the morphological changes as well as the underlying regulatory dynamics. These
processes require a very fine tuned regulation of cytoskeletal dynamics. Numerous actin binding
proteins, which stabilise or severe filaments, promote elongation or nucleation of new filaments
have been described before (157,158). One of theses proteins is the actin-related protein (Arp)2/3
complex, consisting of seven subunits, that promote a network of branched actin filaments, the tips
of which push the cell membrane forward (159). The Arp2/3 complex is activated by so called
nucleation promoting factors of the Wiskott-Alrich syndrome protein (WASP) and WASP-family
veropolin-homologous protein (WAVE) families of proteins (160,161). In response to a variety of
signalling pathways, these WASP/WAVE complexes are recruited to the membrane and activated by
the action of Ras (rat sarcoma) family GTPases, e.g. Rho (Ras homologue family member), CDC42
(cell division control protein 42), or Rac (Ras-related C3 botulinum toxin substrate) (162). When
phosphorylated by CDK5 and GSK3β, CRMP2 interacts with cytoplasmic FMR1-interacting
protein 1 (Cyfip1), also referred to as Sra1 (163). Active Rac recruits Cyfip1 and, in turn, this
complex activates the Arp2/3 complex-dependent WAVE nucleation activity (164).
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Downstream of the Sema3A signalling pathway (see above), the remodelling of the cytoskeleton
involves the regulation of Rac1 as well as cofilin activity. The FARP proteins (FERM, RhoGEF
(ARHGEF), and pleckstrin domain protein) are major players in this pathway (165,166). FARP1
activates Rac1 and promotes F-actin assembly to promote dendrite outgrowth of developing motor
neurons (165), FARP2, on the other hand, is a mediator of axon guidance. Both, FARP1 and 2 act as
transducers of the semaphorin signalling pathway (165,167). The guanine nucleotide exchange
factor Trio, that interacts with and activates Rac1, mediates axonal development (168). In the
characterisation of HeLa-Grx2c cells, that will be presented in [manuscript VI], we identified Trio
as one of the most affected proteins in a proteomic and phospho-proteomic approach. Noteworthy,
Hall et al. demonstrated, that effects and morphology induced by a dominant active Rac1 mutant
can be rescued by overexpression of CRMP2 (169). This suggests an interaction of CRMP2, which
is predominantly oxidised in the absence of Grx2c (see [manuscript VI]), with Cyfip1/WAVE,
antagonising its sequestration by active Rac1.
Dimers of α/β-tubulin assemble end to end at centromers and form microtubules (usually
consisting of 13 protofilaments). Similar to actin dynamics, microtubule-associated proteins (MAP)
stabilise or destabilise microtubules, facilitating microtubule dynamics (170). Microtubules in
dendrites and axons are likely to have a stable minus and dynamic plus ends, and are involved in
maintaining the plasticity of neurons (170). CRMP2 has been characterised as MAP itself (171).
One of the primary microtubule functions is the cargo transport throughout the cell, by motor
proteins such as dynein or kinesin (170). CRMP2 has also been described to be involved in dynein
as well as kinesin dependent transport (112,115). Both α- and β-tubulin are potential protein
disulphide substrates for Grx2c, which possesses crucial functions in neuronal development itself,
as described before (see 1.1.5.2) (94).
More detailed insights in the complex redox regulation of actin and tubulin dynamics, cofilin as
actin severing protein, and an overview of the Sema3A signalling pathway, CRMP2 and MICALs is
presented in [article IV].

1.3
Relevance of CRMP2s redox switch in physiology
and pathophysiology
Over the last decade, a change of paradigms – from oxidative stress to the spatio-temporal
resolved, localised, and very specific redox signalling – took place. As major regulators of the redox
state of cysteinyl thiol groups, thioredoxin family proteins hold a prominent role in these redox
regulatory circuits. For instance, numerous members Trx family proteins are essential for embryonic
development and their loss is embryonically lethal, e.g. Trx1, Trx2, Grx3, while others severely
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impair development, leading to defects, e.g., in the metabolism, the skeleton, or the cardiovascular
system (3).

1.3.1 Neuronal de- and regeneration
The high metabolic activity and high oxygen consumption accompanied with a limited
regeneration capacity explain why especially cells of the nervous system are highly susceptible to
oxidative damage (3). It is therefore not surprising that many proteins of the Trx family are present
in various tissues and cell types of the brain (3,172). The appearance of 8-hydroxy-guanosine,
decreased glutathione levels, increased lipid peroxidation, and increasing amounts of
malondialdehyde in the substantia nigra of the brain are suggested as oxidative damage in
Parkinson’s disease (173,174). Alzheimer’s disease is another major neurodegenerative disorder that
is connected to oxidative damage. Lipid peroxidation and malondialdehyde levels, for instance, are
increased in the temporal cortex and the hippocampus in the brain of Alzheimer’s patients (175).
The amyloid precurser protein, that was associated with Alzheimer's disease before, reduces Cu(II)
to Cu(I) in an electron-transfer reaction that could also lead to the production of hydroxyl radicals
(176). Accumulation of neurofibrillary tangles leads to loss of neurons in Alzheimer's disease. A
monoclonal antibody raised against these neurofibrillary tangles labelled a highly phosphorylated
form of CRMP2 (177,178). The role of Sema3A in the adult nervous system is not well understood,
but accumulation of Sema3A was observed in Alzheimer's disease, contributing to the progression
by either direct neurodegeneration or indirect by abrogation of recovery capabilities (179). In
patients suffering from amyotrophic lateral sclerosis (ALS), protein carbonylation was increased in
the spinal cord and motor cortex. Elevated levels of 3-nitrotyrosine and 8-hydroxy-guanosine were
described in ALS patients as well as mutations in the copper/zinc superoxide dismutase in cases of
familial motor neuron diseases like ALS (180). An antibody against neuropilin 1, that prevents
binding of Sema3A, inhibited growth cone collapse and resulted in the delayed appearance of motor
deficits in a mouse model for ALS, indicating that the Sema3A signalling through neuropilin 1 and
CRMP2 is involved in the progression of this neurodegenerative disorder (181). The
Sema3A/NP1/CRMP2 signalling pathway as well as the redox regulation of CRMP2 by cytosolic
Grx2c are essential for brain development, axon outgrowth and guidance (90,144). CRMP2,
especially the non-phosphorylated form, might be important to maintain synaptic plasticity in adult
neurons (182). Components of the Sema3A signalling cascade are therefore attractive targets in the
development of new drugs to treat various neurodegenerative disorders. The natural sulphur amino
acid metabolite lanthionine ketimine (LK) and its cell permeable ester (LKE) interact with CRMP2
and exhibit potent neurotrophic activity (183). In a mouse model for Alzheimer's disease, LKE
treatment altered the phosphorylation status of CRMP2 and improved cognition (184). The
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interaction of LKE and CRMP2 provided neuroprotective effects in mouse models of multiple
sclerosis and cerebral ischemia, respectively (185,186). The interference of these compounds in the
Sema3A signalling pathway, promoting the maintenance of nerve plasticity, might also have
potential therapeutic value for recovery after spinal cord injury (187). Another compound reported
to interact with CRMP2 is lacosamide (Vimpat®), used for treatment of epilepsy. Lacosamide
reduces the neuronal excitability through-voltage gated sodium channels, but the role of CRMP2 in
epilepsy as well as the interaction with lacosamide needs to be further elucidated (188). In a model
for perinatal asphyxia, Trx1 and Grx2 are required to maintain the phenotype and integrity of
neurons [article III] (189). The reduction of CRMP2 by Grx2c and the resulting signalling
mechanisms that promote axon outgrowth and cytoskeletal dynamics might thus be of importance
for neuronal regeneration.

1.3.2 Cancer progression and metastasis
Cell motility and invasion are important characteristics for neuronal cells during development
and axonogenesis, but are also hallmark features for disseminating and metastasising cancer cells.
Migration of cells requires a continuous re-arrangement of the cytoskeleton but also interaction with
neighbouring cells and surrounding matrix. Cytosolic Grx2 regulates cytoskeletal dynamics trough
the CRMP2 redox switch in neuronal development (90). In adult human tissue Grx2c is exclusively
expressed in testis with an essential role in spermatogenesis (88). However, Grx2c was also
expressed in about 60% of various cancer cell lines (88). Grx2c may therefore promote the
migration and invasion behaviour of cells in general. The characterisation of a stable Grx2c
expressing HeLa cell line, to test this hypothesis, will be presented in [manuscript VI]. This
hypothesis and the results presented in [manuscript VI] are further supported by the results of a
clinical pilot study that we performed. Loss of the mitochondrial isoform of Grx2 (Grx2a) increases
the sensitivity of cells against doxorubicin, a common chemotherapeutic (190). The degree of
differentiation in lung cancer correlates with the immuno-histochemical staining for Grx2, although
it was not possible to distinguish between the cytosolic and mitochondrial isoform (191).
The same proteins described for neuronal development and involved in severe neurological
disorders, modulate the behaviour of cancer cells or promote cancer progression. Sema3A inhibits
the migration and spreading of breast and the invasiveness of prostate cancer cells. There were also
reports suggesting contribution of Sema3A to progression of pancreatic and colon cancer (192).
Reduction of Sema3A or NP1 expression or inhibition of the PlexA signalling in breast carcinoma
enhanced cell migration (193). Alterations in expression and phosphorylation of CRMP2 were
reported to be involved in breast cancer progression, as well (194). Research targeting the
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regulation of the actin cytoskeleton by MICAL proteins could also lead to new therapeutic advances
and design of novel drugs (195).
The Sema3A signalling cascade as well as the redox regulation of CRMP2 are involved in
neuronal development and cancer progression. Identification of interaction partners and
characterisation of reaction mechanisms will contribute to improve diagnostics and design of new
drugs.
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Conclusions
I.

Article: Identification of a thiol redox switch in CRMP2

The vertebrate-specific glutaredoxin 2 (Grx2) is expressed in at least two isoforms,
mitochondrial Grx2a and cytosolic Grx2c. Prior to this thesis, we demonstrated that cytosolic Grx2
is essential for embryonic brain development (92). Collapsin response mediator protein 2
(CRMP2/DPYSL2) was identified as redox-regulated target of Grx2c and this redox regulation of
CRMP2 is essential for axonal outgrowth (90,94).
In article I, we identified a specific and reversible intermolecular dithiol-disulphide switch
between adjacent Cys504 residues of two subunits in the homotetrameric CRMP2. This switch
determines two distinct conformations of the quaternary CRMP2 complex, and is reduced
specifically by Grx2c in a dithiol reaction mechanism. This switch is triggered during neuronal
differentiation and controls regular axonal outgrowth.

II.

Article: Pneumococcal surface oxidative resistance system

Streptococcus pneumoniae, a gram-positive human commensal, but also a respiratory pathogen,
has evolved efficient mechanisms to resist oxidative stress conditions as well as to displace other
bacteria in the nasopharynx. S. pneumoniae has a high virulence potential and can cause respiratory
and life-threatening diseases, such as pneumonia, meningitis, and septicaemia.
In article II, we characterised the surface-exposed thioredoxin family lipoproteins Etrx1 and
Etrx2 at physiological, functional, and structural levels. Both proteins show strong similarities in
their overall fold, but also relevant differences between the active sites, e.g. Etrx2s hydrophobic
cavity, electrostatic potential, CXXC active site motif. A structural basis for the specific interaction
of Etrx with the MsrA or MsrB domain in SpMsrAB is provided by these differences. A loss of
function of either both Etrx proteins or SpMsrAB dramatically reduced the pneumococcal virulence
in a mouse model of acute pneumonia. Additionally, under these conditions, the bacterial uptake by
macrophages was enhanced, and the pneumococcal killing by hydrogen peroxide or free methionine
sulphoxide accelerated. Both Etrx proteins can compensate for each other, but the lack of the two
Etrx redox pathways leads to an accumulation of oxidised SpMsrAB. Identification of this redoxregulated system and its target proteins may therefore contribute to the design of novel
antimicrobials.

18

Conclusions

III.

Article: Grx2 and Trx1 contribute to neuronal integrity

Members of the thioredoxin family of proteins regulate the thiol redox state of various key
proteins as well as the amount of the intracellular second messenger hydrogen peroxide. These
proteins are crucial mediators of cell function and their expression, localisation and individual
functions are altered under various pathological conditions.
In article III, we analysed the regulation and potential functions of Trx family proteins during
hypoxia/ischemia and reoxygenation of the developing brain, in both a cellular and an animal model
of perinatal asphyxia. We discovered a complex, cell-type and tissue specific, expression pattern of
these proteins following hypoxia/ischemia and reoxygenation. Especially Grx2 and Trx1 showed
distinct alterations during tissue recovery following the treatment. The importance of these proteins
to maintain the regular neuronal phenotype was confirmed in a cellular model by siRNA mediated
silencing of these two proteins and hypoxia-reoxygenation treatment. Both, Grx2 and Trx1, could
be clinically relevant in neuronal damage following perinatal asphyxia, but also in many other
neuronal disorders.

IV.

Article: Redox regulation of cytoskeletal dynamics

In contrast to the bony skeleton of vertebrates or the exoskeleton of invertebrates, the
cytoskeleton consists of a dynamic meshwork of protein filaments that spans through the cytosol of
eukaryotic cells. Particularly actin filaments and microtubules provide structure and points of
attachment. They are responsible for cell shape, all types of cell movement, and are the basis of
intracellular transport and distribution. Through specific junctions and points of adhesions, actin
filaments and microtubules join cells together to form tissues, organs, and organisms. Therefore, a
very fine tuned regulation of cytoskeletal dynamics is absolutely essential for cell differentiation
and developmental processes.
In article IV, we discuss the control of this dynamic remodelling by redox signalling
mechanisms, focussing on recent discoveries, that demonstrated reversible thiol and methionyl
switches in the regulation of actin dynamics. The dynamic remodelling of the cytoskeleton,
indispensable during development and organogenesis, can be spatio-temporally controlled by
various redox signalling mechanisms, e.g. the thiol-disulphide switch in CRMP2 and methionylmethionyl sulphoxide switches in β-actin. These mechanisms might also contribute to a variety of
pathological conditions. Over the last decade, we could witness a shift in paradigms. The redox
switches that control cellular functions are not a result of random modifications by unspecific
oxidants, but appear to be rather controlled by specific enzymes. Reduction and oxidation of these
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distinct redox modifications is specifically catalysed by these enzymes, similar to the regulation by
(de-)phosphorylation.

V.

Manuscript: Structural analysis of the CRMP2 thiol switch

Collapsin response mediator protein 2 (CRMP2/DPYSL2), a mediator of semaphorin signalling,
is crucial for neuronal development. The homotetrameric complex is regulated via phosphorylation
by specific kinases, but also by reversible disulphide formation between two Cys504 residues of
adjacent subunits. Available X-ray structures of CRMP2 contain only the rigid body of the molecule
but lack the flexible C-terminus including the important sites for phosphorylation and redox
regulation.
In manuscript V, we investigated the effects of the CRMP2 dithiol-disulphide redox switch on
the protein using a combination of in vitro analysis and force field molecular dynamics. Model
structures for both redox states were established, that are consistent with results gained from CD
spectroscopy using recombinantly expressed CRMP2. The second order rate constant of CRMP2
oxidation by hydrogen peroxide was determined and the solvent accessible surface area of certain
phosphorylation sites in both redox states simulated. The results presented in this manuscript give
first detailed insight in the distinct structural changes of homotetrameric CRMP2 following
oxidation. They also indicate a tight connection between the regulation by phosphorylation and
redox modification.

VI.

Manuscript: Cancer-specific Grx2c promotes migration and
invasion

The vertebrate specific cytosolic isoform of glutaredoxin 2 (Grx2c) is essential for brain
development and axonal outgrowth, spermatogenesis, and is also specifically induced in various
cancer cell lines (88,90). Axonal outgrowth and transmigration of spermatogenic cells depends on
the cells abilities to migrate as well as invade, hallmark features of disseminating and metastasising
cancer cells. Cell motility and invasion require a very complex regulation of cytoskeletal dynamics.
In manuscript VI, we investigated the effects of Grx2c expression on cell morphology, migration,
and invasion behaviour. A low expression of Grx2c in HeLa cells led to dramatic alterations in
cytoskeletal dynamics, a significantly increased motility, and enabled the cells to invade a model
3D-matrix. To characterise the underlying mechanisms, we used stable isotope labelling combined
with phospho-peptide enrichment and high-accuracy mass spectrometry. We identified specific
changes in proteins and pathways regulating cytoskeletal dynamics, cell adhesion, and receptormediated signal transduction. Grx2c was also expressed with significantly higher frequency in clear
cell renal cell carcinoma (ccRCC) compared to healthy kidney tissue. Tumours tested positive for
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Grx2c expression had a strong trend for more locally advanced tumour stages and a clear tendency
for a decreased cancer-specific survival, compared to patients without detectable Grx2c. Taken
together, the results presented in this manuscript suggest a critical function of Grx2c in cell
morphology, migration and invasion, and also in cancer development and progression.

Summary

3

21

Summary
Numerous signalling pathways orchestrate the development, the functions, and the survival of

cells, mostly in response to external stimuli. An overwhelming amount of data supports the concept
of specific, spatio-temporal redox signalling pathways that affect the redox state of protein cysteinyl
side chains and thus the biological function of these proteins. Glutaredoxins (Grxs) and thioredoxins
(Trxs) catalyse reversible thiol-disulphide exchange reactions. The cytosolic Grx2 isoform Grx2c is
essential for brain development and axonal outgrowth. A reversible dithiol-disulphide switch of
CRMP2 has been identified as one of the major targets regulated by Grx2c. This CRMP2 redox
switch is toggled in neuronal differentiation. Reduction of CRMP2 thiols induces profound
conformational changes, modifying interactions and downstream elements of this redox switch. In
[article I] and [manuscript V], we identified the Cys504 of CRMP2 to be the redox regulated
residue. We used various in vitro assays with recombinant protein and molecular dynamics
simulations to characterise the conformational change. Model structures for reduced and oxidised
CRMP2 confirmed the oxidation induced changes in the secondary structure detected by CD
spectroscopy. The changes involve the solvent accessible surface area of at least one known
phosphorylation site at the C-terminus of the protein.
In [article III], we analysed the function of Grx2 and Trx1 in a model for perinatal asphyxia. Trx
family proteins exhibit a very complex, cell-type and tissue specific expression pattern following
hypoxia/ischemia and reoxygenation, especially Trx1 and Grx2. SiRNA-mediated silencing of these
proteins in a cellular hypoxia-reoxygenation model confirmed the importance of Grx2 and Trx1 to
maintain the neuronal phenotype. The results imply the clinical relevance for both proteins in
perinatal asphyxia as well as many other neurological disorders. In agreement with the results
presented in [articleI], Grx2 may be required for the re-establishment of neuronal integrity and
connectivity.
Cell shape, all forms of intracellular transport, and cell movement depend on the cytoskeleton,
particularly on the dynamic re-arrangement of actin filaments and microtubules. The fine tuned and
complex regulation of cytoskeletal dynamics is essential for cell differentiation and development. In
[article IV], we discuss the redox regulation of this dynamic cytoskeletal remodelling. Taking recent
discoveries into account, we focus on redox signalling mechanisms, e.g. reversible thiol and
methionyl switches in the regulation of actin dynamics and the thiol-disulphide switch of CRMP2
(Fig. 3). These switches are specifically controlled by enzymes such as Trx1 and Grx2c, for
instance, and not the result of random modification by unspecific oxidants. Methionyl
sulphoxidation of actin can be reversed by methionyl sulphoxide reductase (MsrA) in a stereo-
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specific manner, promoting actin polymerisation. Human cells express two different Msr enzymes
(MsrA and MsrB), that can reduce S- and R-methionyl sulphoxide, respectively. In the grampositive Streptococcus pneumoniae, on the other hand, both Msr genes and thus enzymes were
fused during evolution. In [article II], we characterised the surface-exposed thioredoxin family
lipoproteins Etrx1 and 2 and regulators of this Msr (SpMsrAB). A structural basis for the specific
interaction of Etrx with SpMsrAB is provided by differences between the Etrx1 and 2 active sites. A
loss of function of both Etrx proteins or SpMsrAB dramatically reduced pneumococcal virulence,
enhanced the bacterial uptake by macrophages, and accelerated pneumococcal killing by H2O2 or
free methionine sulphoxide. Identification and characterisation of components of this redox
regulated system may contribute to the design of new antimicrobials.
In [manuscript VI], we investigated the effects of Grx2c expression on cell morphology,
migration, and invasion behaviour of cancer cells. Grx2c expressing cancer cells developed
dramatic changes in phenotype, including alterations in cytoskeletal dynamics and significantly
increased motility. The expression of Grx2c enabled the cells to invade a 3D collagen matrix. We
used stable isotope labelling combined with phosphopeptide enrichment and high accuracy mass
spectrometry to characterise the underlying mechanisms. Proteins and pathways regulating
cytoskeletal dynamics, cell adhesion, and receptor-mediated signal transduction were detected to be
specifically altered. We started a clinical pilot study with patients suffering from clear cell renal cell
carcinoma (ccRCC). Grx2c was expressed with significantly higher frequency in ccRCC compared
to healthy kidney tissue. Grx2c positive tumours had a strong trend for locally more advanced
tumour stages and a clear tendency for a decreased cancer-specific survival, compared to patients
without detectable Grx2c. These results were supported by data from 'The Cancer Genome Atlas'.
In synopsis, the results presented and discussed in these articles and manuscripts, support the
concept of specific redox signalling in different models and model organisms. They also
demonstrate the importance of the specific redox control of signalling pathways that, in the case of
errors or misinterpretations, contribute to pathophysiological alterations. The regulation of the
CRMP2 redox switch by Grx2c, for instance, is physiologically essential for brain development, but
might lead to cancer progression, if 'switched on' in adult tissue. Identification of further interaction
partners as well as the development of compounds modulating this redox switch and CRMP2s
conformations, will be part of our future research.
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Abbreviations

Arp2/3

actin-related protein 2/3

ALS

amyotrophic lateral sclerosis

ccRCC

clear cell renal cell carcinoma

CDC42

cell division control protein 42

CDK5

cyclin-dependent kinase 5/p35

CXCL12

chemokine stromal cell-derived factor 1α

CRMP

collapsin response mediator protein

Cyfip1

cytoplasmic FMR1-interactin protein 1

DRP

dihydropyrimidinase-related protein

Etrx

surface-exposed thioredoxin-like lipoprotein

FAD

flavin adenine dinucleotide

FARP

FERM, RhoGEF (ARHGEF), and pleckstrin domain protein)

Fyn

Tyrosin-protein kinase Fyn

GR

Glutathione reductase

Grx

Glutaredoxin

GSH

Glutathione

GSK3β

glycogen synthase kinase-3 beta

LK(E)

lanthionine ketimine (ester)

MAP

microtubule associated protein

MICAL

Molecule interacting with CasL

MICAL-L

MICAL-like protein

Msr

Methionine sulphoxide reductase

NADPH

nicotinamide andenine dinucleotide phosphate

NP

neuropilin

PlexA

class A plexin
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PPA2

protein phosphatase 2A

Prx

Peroxiredoxin

Rac

Ras-related C3 botulinum toxin substrate

Ras

rat sarcoma

Rho

Ras homologue family member

RNR

Ribonucleotide reductase

Sema

semaphorin

Sra1

specifically Rac1-associated protein 1

Src

Proto-oncogene tyrosine-protein kinase Src

SUMO

small ubiquitin-like modifier

TOAD

turned on after division

TrxR

Thioredoxin reductase

Trx

Thioredoxin

Ulip

uncoordinated 33-like protein

unc-33

uncoordinated protein 33

WASP

Wiskott-Aldrich syndrome protein

WAVE

WASP-family veropolin homologous protein

Yes

Tyrosine-protein kinase Yes
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